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We found no engraftment in both mice (Fig. 7 L), which
indicates that the resistance to-the donor HSC engraftment
during steady-state hematopoiesis is maintained in Evil*/~
mice. Collectively, these data suggest that Evil is dispensable
for the regulation of proliferative and differentiation capacity
of ST-HSCs/MPPs, but is strictly required for the mainte-
nance of LT-HSC activity.

To investigate the mechanism behind the impaired HSC
activity, we performed cell-cycle and apoptosis assays, but
found no differences in the cell-cycle profile or apoptotic
rates of Flk-27 CD34~ LSK cells between Evif*/* and
Evi1*/~ mice (unpublished data). Collectively, in consider-
ation of the accelerated loss of LT-HSC activity in Evi1*/~
mice, it is supposed that Evil heterozygosity directs LT-HSCs
from self-renewal toward differentiation to generate more
committed progenitors, which is uncoupled from cell-cycle
progression Or apoptosis.

Forced expression of Evi1 prevents HSPC differentiation

and enhances their expansion

The findings noted above led us to hypothesize Evil has the
potential to inhibit differentiation and enhance HSC self-
renewal independent of cell-cycle progression. To clarify this,
we adopted a gain-of-function approach, in which WT LSK
cells were transduced with Evil, and then incubated in serum-
free medium. Although forced expression of Evil gave
no apparent growth advantage for the first 10 d of culture,
Evil-transduced LSK cells subsequently manifested a mild
but significant increase in proliferation rate (Fig. 8 A). More-
over, we found a substantial increase in the frequency of the
remaining LSK fraction in cultured Evil-transduced cells
compared with control cells (Fig. 8 B). In parallel, the num-
ber of colonies derived from cultured Evil-transduced LSK
cell was drastically increased (Fig. 8 C). These results suggest
that Evil activation restricts lineage differentiation and en-
hances self-renewal activity of HSPCs. Collectively, our data
provide compelling evidence that Evil regulates the devel-
opmental transition from HSPCs to more committed pro-
genitors, suggesting a crucial role of Evil in controlling the
balance between self~renewal and differentiation.

A recent work suggests that the longer, PR domain-
containing isoform Mds1-Evi] (ME) deficiency alone causes
a reduction in the number of HSCs with a loss of long-term
repopulation capacity (Zhang et al., 2011). Because both ME
and Evil are inactivated in our Evil KO model (Goyama
et al., 2008), we attempted to genetically dissect the relative
roles of ME and Evil in maintaining LT-HSCs. For this pur-
pose, we transduced Evil or ME into Evi1*/~ Flk-2~ CD34~
LSK cells and examined whether they could maintain stem

cell phenotype after in vitro culture. Reintroduction of Evil -

led to a significant increase in the proportion that remained
in the LSK fraction, similar to observations made in Evi{**
cells (Fig. 8 D). However, retroviral transfer of ME was
unable to normalize the frequency of the remaining LSK
fraction (Fig. 8 D), indicating that Evil preferentially rescues
Evi1*/~ LT-HSC defects. Given that ME has broader effects
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on the hematopoietic system than Evil and acts in part by
maintaining HSC quiescence through up-regulation of Cdkn1c
transcription (Zhang et al., 2011), Evil and ME may exert
their functions in regulating hematopoiesis at different stages
and by different mechanisms.

DISCUSSION

In this study, we show that the amount of Evi{ transcript can
be indicative of an undifferentiated state with multipotent
differentiation capacity within HSPCs. In both the fetal and
adult hematopoietic systems, Evil expression can mark long-
term multilineage repopulating HSCs, and enhance HSC puri-
fication with a combination of other surface markers, suggesting
a specific relationship between HSC activity and Evil ex-
pression throughout ontogeny. This stem cell-specific ex-~
pression pattern of Evil allows us to functionally identify
self-renewing HSCs by using Evil-IRES-GFP knock-in
mice, and suggests the relevance of Evil in fine-tuning of
stem cell properties. Indeed, we provide the genetic evidence
confirming that Evil has a predominant effect on LT-HSCs
by specifically regulating their self-renewal capacity.

The prospective isolation of HSCs is the most important
step to dissect their function. The strategy commonly used
for HSC isolation is putification based on the expression of a
combination of cell surface markers. However, some of these
parameters differ between strains of mice, change dramatically
during development, and are expressed on many non-HSCs.
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Figure 8. Forced expression of Evi1 prevents HSPC differentiation
and promotes their expansion. (A) Proliferation of 3,000 control- or
Evil-transduced LSK cells cultured in serum-free medium with 20 ng/ml
SCF and 20 ng/mi TPO for 14 d (*, P < 0.05; n = 3). (B) After 7 d of culture,
the percentage of the remaining LSK fraction in cultured control- or Evi1-
transduced LSK cells was analyzed (*, P < 0.01; n = 3). (C) In vitro colony-
forming assay was performed to assess the numbers of CFU-GM,
CFU-GEMM, and BFU-E colonies after 3,000 control- or Evil-transduced
LSK cells were cultured for 14 d (¥ P < 0.005; *, P < 0.0005; n = 3).

(D) Control-, Evi1-, or ME-transduced Evi1*+ or EviT*~ Flk-2— CD34~
LSK cells were cultured in medium containing 10% serum with 50 ngfml

* SCF, 50 ng/ml TPO, 10 ng/ml IL-3, and 10 ng/ml IL-6 for 5 d, and the per-

centages of the remaining LSK fraction were analyzed (%, P < 0.05;
** P < 0.0005; n = 5-6). Data represent mean + SD.
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Here, we reveal that Evil expression specifically correlates
with functional HSCs, whereas lack of Evil expression ex-
clusively identifies cells without functional HSC activity in
both the fetal and adult hematopoietic systems. In particular,
Evil expression can segregate long-term repopulating HSCs
from cells without self-renewal potential even within the
highly subfractionated Flk-2~ CD34~ LSK or CD48~ CD150*
LSK compartments. In addition, Evil-IRES-GFP knock-in
mice offer advantages over the conventional HSC surface
markers, as the GFP~ and GEP* subfractions of the Flk-2~
CD34~ LSK or CD48~ CD150% LSK cells show a quite sim-
ilar distribution of these markers (unpublished data). Moreover,
our findings that Evil specifically regulates the self-renewal
capacity of HSCs guarantee the potential utility of Evil ex-
pression as an indicator of HSC activity. Therefore, the
Evil-IRES-GFP knock-in mouse line provides a powerful
approach for the functional identification of self-renewing
HSCs in vivo, thus opening a new avenue for investigating
HSC biology.

Although functional HSCs exclusively reside in the GFP*
population, a proportion of GFP* cells lack HSC function.
As GFP protein is quite stable and degraded more slowly than
Evil protein (unpublished data), these observations may re-
flect a remnant of GFP expression from cells that have just
differentiated from GFP* HSCs. However, it is possible that
Evil expression distinguishes self-renewing ST-HSCs from
cells with no self-renewal activity in the ST-HSC/MPP frac-
tion, as Evil heterozygosity affects the short-term repopulac-
ing capacity of CD34* LSK cells.

The present findings in the hematopoietic system encour-
age us to examine the possibility that Evil expression serves
as a selective marker for stem cells in other tissues or in cancer
systems. We show that mesenchymal stem cells (MSCs), one
of the few tissue stem cell types that have been established to
self-renew in vivo (Morikawa et al., 2009), do not express
Evil. However, a mouse gene expression atlas and prior
studies examining the expression pattern of Evil in various
tissues have reported Evil expression in the kidney, ovary,
uterus, intestine, stomach, lung, trachea, and nasal cavity in
the adult mouse (Morishita et al., 1990; Perkins et al., 1991;
Su et al.,, 2004). It will be interesting to determine, using
Evil-IRES-GFP knock-in mice, whether Evil-expressing
cells in these organs are enriched with tissue stem cells.

Our data suggest a unique association between Evil ex-
pression and HSC self-renewal activity throughout hematopoi-
etic ontogeny. Along with this stem cell-specific expression
pattern of Bvil, the fact that the disruption of a single allele
of Evil leads to a near total loss of self-renewing HSCs impli-
cates Evil as a central regulator in HSC self-renewal. In ad-
dition, a recent gene expression profile analysis showed that
Evil binding sites are enriched in the upstream region of
genes expressed selectively in LT-HSCs (Forsberg et al,
2010). In fact, several molecules involved in the regulation of
HSC self-renewal have been identified as downstream targets
or interacting proteins of Evil, including Gata2 (Sato et al,,
2008; Yuasa et al., 2005), Pbx1 (Shimabe et al., 2009), Runx!
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(Senyuk et al., 2007), and TGF- (Kurokawa et al., 1998).
Together with these findings, our data strongly support a
model in which Evil gene dosage is a critical determinant of
HSC self-renewal potential. _

Inappropriate expressioh of EVI1 confers poor prognosis
in patients with AML (Lugthart et al., 2008; Groschel et al,
2010), and therefore improvement of the therapeutic out-
come of leukemia with high EVI1 expression is needed. In
this study, we reveal that Evil overexpression blocks differ-
entiation and induces HSPC expansion. Our data fit with
other studiés showing that retroviral integration at the Ewil
locus can be associated with long-term in vivo clonal domi-
nance, occasionally leading to leukemic transformation
(Stein et al., 2010). The genetic events underlying AML
pathogenesis fall into two groups: (1) mutations that enhance
proliferation and survival of hematopoietic progenitors, or (2)
mutations that result in impaired differentiation or aberrant

acquisition of self-renewal properties of HSPCs (Frohling et al., |

2005). Our data indicate that Evil activation can function
as the latter mutation and confer enhanced self-renewal ca-
pacity in myeloid neoplasms. In addition, we demonstrate
that retroviral transfer of Evil, but not ME, can ameliorate
the self-renewal defects in Evi1*/~ HSCs, highlighting a dis-
tinct role of Evil in HSC self-renewal. These findings may
explain the underlying mechanisms of the clinical observa-
tions that, irrespective of ME expression, aberrant EVI1
expression carries an adverse prognostic value in AML (Lugthart
etal., 2008, 2010). As it is becoming evident that leukemic
stem cells share self-renewal machinery with normal HSCs,
the elucidation of how Evil controls HSC self-renewal may
provide biological insight into the pathogenesis of Evil-
related leukemia.

MATERIALS AND METHODS

Generation of Evil-IRES-GFP knock-in mice. The targeting construct
was assembled in the plasmid vector pBluescript KS. The 5" arm of the tar-
geting vector consists of a 5.1-kb fragment of BAC clone RP24-481A14 and
the 3’ arm consists of a 3.1-kb fragment. The 5’ arm contains Evi? intron 8
and exon 9, and the 3’ arm contains intron 9, exon 10, and intron 10. Both
arms were obtained by PCR using BAC clone RP24-481A14 as a template,
all sequenced, and then inserted into pBluescript KS. Mouse Evil cDNA
was isolated from murine embryo cDNA by PCR,, with an EcoR1I site at the
5" end and a BamHI site at the 3’ end, which was cloned into pBluescript
KS. A 1.3-kb IRES-GFP cassctte derived from pGCDNsam-IRES-GFP
retroviral vector was inserted downstream of the aforementioned Evil frag-
ment. A polyadenylation (pA) cassette was then ligated 3 to the IRES-GFP
cassette. A neomycin-positive selection (Neo?) cassette, expressed under
control of the PGK promoter, was inserted downstream of the pA cassette.
Both pA cassette and loxP-flanked neomycin-positive selection cassette were
derived from DT-A/AFP(EGFP)/Neo vector (a gift from the Institute of
Physical and Chemical Research Center for Developmental Biology, Kobe,
Japan). The partial Evil ¢cDNA-IRES-GFP-pA-loxP-neo was released intact
by digestion with Sse83871 and cloned into a unique Sse83871 site in exon 9
of BAC arm. A diphtheria toxin—negative selection cassette was cloned into
pBluescript XS, 3’ to the targeting construct. The targeting construct was
linearized by Sacll and transfected into TT2 ES cells by electroporation.
Homologous recombinant clones were identified by Southern blot analysis
of genomic DNA isolated from individual G418/FIAU-resistant ES cell col-
onies. The DNA was digested with Xbal, blotted to nylon membranes, and
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hybridized with a 3" external Evil probe. Confirmatory Southern blotting
could detect a 9.1-kb WT Ewi1 allele band and a 4.1-kb correctly targeted
Evi1-IRES-GFP allele band with this 3’ probe. In EcoR V-digested genomic
DNA from positive ES cell clones, a 5" external probe detected 10- and
11-kb bands from the WT and targeted alleles, respectively. Next, appropri-
ately targeted ES clones were aggregated with 8-cell stage of ICR. embryo,
and resultant blastocysts were injected into pseudopregnant foster ICR.
mothers. Chimeric males, which gave germ-line transmission, were crossed
with C57BL/6 females. Blastocyst injection and breeding of chimeras were
perfi)rmed in the Animal Center for Biomedical Research, University of
Tokyo, Tokyo, Japan.

Mice. Evil-IRES-GFP knock-in mice were backcrossed onto a C57BL/6
background (Ly5.1 or Ly5.2) for at least four generations (Sankyo-Laboratory
Service). Heterozygous Evil KO mice (Evil*/~ mice) were previously de-
scribed (Goyama et al.,, 2008). C57BL/6-Ly5.1 mice were crossed with
Ly5.2 mice to obtain Ly5.1/Ly5.2 mice. Littermates were used as controls in
all experiments. All animal experiments were approved by the University of
Tokyo Ethics Committee for Animal Experiments and strictly adhered to
the guidelines for animal experiments of the University of Tokyo.

Genotype analysis. Evi{*/~ mice were genotyped by PCR as previously
described (Goyama et al., 2008). Evi1*/CP mice were genotyped using a
multiplex PCR to detect both WT and Evil-IRES-GFP alleles. Genomic
DNA was isolated from tail biopsies and subjected to PCR using Neo and
Evi1 primers. PCR with Neo primers detects the knock-in allele, and that
with Evi1 primers detects the WT allele. The PCR samples were denatured
at 94°C for 2 min, subjected to 30 cycles of amplification (94°C for 30 s,
65°C for 1 min, and 72°C for 1 min), and followed by a final extension step
at 72°C. PCR products were resolved by agarose gel electrophoresis. PCR
primers are listed below: Neo primer forward, 5'-AGGGGATCCGCTG-
TAAGTCT-3', reverse, 5'-GCACTGACTGCTCATCCAAA-3'"; Evil
primer forward, 5'-ATGTCAGCAATTGAGAACATGG-3', reverse,
5'-ATCCAAAGGTCCTGAGTTCAAA-3'.

Flow cytometry. A list of antibodies is provided in Table S1. Stained cells
were sorted with a FACSAriall, and analysis was performed on LSRII (both
from BD). A mixture of antibodies recognizing CD3, CD4, CD8, B220,
TER-119, Mac-1, or Gr-1 was used to identify Lin* cells. Anti-CD127 anti-
body was added to the lineage mixture, except for the analysis of CLPs.
The data analyses were performed with FlowJo software (Tree Star). In ex-
periments with the Evit-IRES-GFP knock-in mouse, a “fluorescence minus
one” littermate control was analyzed in parallel to set GFP gates.

Cell-cycle analyses. For Hoechst 33342 and pyronin Y staining, cells were
incubated with 5 ng/ml Hoechst 33342 (Invitrogen) and 25 pg/ml vera-
pamil at 37°C for 45 min. Next, pyronin Y (Sigma-Aldrich) was added to
1 pg/mi, and the cells were incubated for an additional 15 min.

In vitro culture. For in vitro serum-free culture, cells were cultured in
StemSpan SFEM (StemCell Technologies) supp]cmcnted with 20 ng/ml
mouse SCF and 20 ng/ml human TPO, and subsequently subjected to flow
cytometry or colony-forming assay at the indicated day after incubation. For
colony-forming assay, cells were seeded in duplicate and cultured in cyto-
kine-supplemented methylcellulose medium (MethoCult GF M3434; Stem
Cell Technologies). Subsequently, colonies were counted and identified
based on morphological examination on day 12. For in vitro differentiation,
LSK GFP* cells were cultured in RPMI-1640 medium (Wako) containing
10% serum with 50 ng/ml mouse SCF, 50 ng/ml human TPO, 10 ng/ml
mouse [L-3, and 10 ng/m! human 1L-6, and subjected to flow cytometry or
colony-forming assay after 5 d of incubation.

Single-cell culture. Cells were clone-sorted into 96-well plates using
FACS-based automated cell deposition unit and cultured in StemSpan SFEM
supplemented with 20 ng/ml mouse SCF and 20 ng/ml human TPO. After
14 d of culture, cell numbers in each colony were analyzed.
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In vivo transplantation assay. Transplantation assays were performed
using the Ly5 congenic mouse system. In CRAs, lethally irradiated (9.5 Gy)
mice were reconstituted with the indicated subsets from Evi1*/*, Epi1*/CFF,
or Evi1*/~ mice, in competition with 2 X 10 unfractionated BM cells from
congenic mice. For second BM transplantation, BM cells (1/2 femur equiva-
lent) were obtained from recipient mice 16 wk after transplantation, and
transplanted into a second set of lethally irradiated (9.5 Gy) mice. For recip-
rocal transplantation assays, lethally irradiated (9.5 Gy) or unirradiated
Evi1*"* and Evi1*/~ mice were transplanted with 2 X 10° WT BM cells
without competitor cells. In non-CRAs, lethally irradiated (9.5 Gy) mice
were reconstituted with Evi1*/* and Evi1*/~ Flk-2~ CD34~ LSK cells with-
out competitor cells. Reconstitution of donor-derived cells was monitored
by staining PB cells with antibodies against Ly5.1, Ly5.2, CD3, CD4, CD8,
B220, Mac-1, and Gr-1. When CD48* CD150~ LSK cells were trans-
planted, nonblocking anti-CD48 antibody (MRC OX78 clone) was used
(Grassinger et al., 2010).

CFU-S assay. For CFU-S assay, 100 CD34* LSK cells were injected into
lethally irradiated (9.5 Gy) mice. Spleens in transplanted mice were isolated
11 d later, and visually inspected for the presence of macroscopic colonies
after fixation in Tellyesniczky’s solution.

RQ-PCR. Total RNA was prepared using RNeasy Mini kit (QIAGEN),
then cDNA was synthesized with a QuantiTect Reverse Transcription kit
(QIAGEN), and used for RQ-PCR. with FastStart SYBR Green Master and
LightCycler 480 System (Roche Applied Science) according to the manu-
facturer’s instructions. All assays were performed in triplicate and relative
expression was normalized to the internal control GAPDH. PCR primers
are listed below: GAPDH primer forward, 5'-CCATCACCATCTTC-
CAGGAG-3', reverse, 5'-CCTGCTTCACCACCTTCTTG-3'; Evil
primer forward, 5'-ATCGGAAGATCTTAGATGAGTTTTG-3', reverse,
5'-CTTCCTACATCTGGTTGACTGG-3'

Western blotting. Western blotting was performed as previously described
(Goyama et al., 2008). In bricf, mouse embryo fibroblast cells were lysed in
TNE buffer, subjected to 7% SDS-PAGE, and transferred to a PVDF mem-
brane (Millipore). The blot was incubated with an Evi-1 (C50E12) rabbit
monoclonal antibody (Cell Signaling Technology), and visualized by ECL
Plus (GE Healthcare).

AGM and placental cell preparation. The day of vaginal plug observa-
tion was considered as day 0.5 postcoitum (E0.5). E10.5 AGM region or
E12.5 placenta were carefully dissected from embryos, dissociated by incuba-
tion with 250 U/ml dispase (Godo Shusei) for 20 min and cell dissociation
buffer (Invitrogen) for 20 min at 37°C, and followed by passages through
18-25 G needles. Single cell suspensions were filtered through 70-pm cell
strainer and analyzed by flow cytometry.

Endothelial cell (EC), osteoblast (OB), and MSC preparation. After
BM cells were flushed out, bones were crushed with a pestle and mortar.
Then bone fragments were incubated with a Collagenase/Dispase (1 mg/ml;
Roche Applied Science) in MEM o (Wako) with 20% serum and gently agi-
tated for 90 min at 37°C. The dissociated cells were collected, and bone-
associated mononuclear cells were isolated with the use of density
centrifugation with Histopaque-1083 (Sigma-Aldrich). ECs were defined as
CD31* TER-1197 CD45~, OBs were defined as CD31~ TER-119~ CD45~
Sca-1= ALCAM* cells (Nakamura et al, 2010), and MSCs were defined as
CD31~ TER-119~ CD45™ Sca-1* PDGFRat cells (Morikawa et al., 2009).

Plasmid construct and retroviral transduction of LSK cells. The
murine Evi1 or ME cDNA were inserted into a site upstream of an TRES-
EGFP cassette in the retroviral vector pPGCDNsam. To produce Evil-GFP-
expressing retrovirus, Plat-E packaging cells were transiently transfected
with retroviral constructs by using FuGENE 6 transfection reagent (Rooche).
LSK cells were purified and incubated in StemSpan SFEM medium and cyto-
kines (100 ng/ml mouse SCF and 100 ng/ml human TPO) for 24 h.
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Next, cultured LSK cells were infected with Evil-GFP retrovirus in the pres-
ence of RetroNectin (Takara Bio Inc.). The infected LSK cells were harvested
36 h after retrovirus infection, and GFP* cells were sorted and subjected to
in vitro culture. For retroviral transduction of Evil or ME into Evi1*/* and
Evi1*/~ Flk-2~ CD34~ LSK cells, those cells were sorted and immediately
infected with Evil- or ME-GFP retroviruses in the presence of RetroNectin.
These cells were incubated in RPMI-1640 medium containing 10% serum
and cytokines (50 ng/ml mouse SCF, 50 ng/ml human TPO, 10 ng/ml mousc
IL-3, and 10 ng/ml human IL-6). After 5 d of culture, the percentage of the
remaining LSK fraction in GFP* cells was analyzed by flow cytometry.

Statistical analysis. Statistical significance of differences between parame-
ters was assessed using a two-tailed unpaired Student’s 1 test or Wilcoxon
rank sum test. :

Online supplemental material. Fig. S1 shows FACS gating strategy used
to identify GFP* populition’ from adult BM of Evi1*/FP mice. Fig. S2
shows FACS gating strategy used to identify' GFP* population from E12.5
placenta or E14.5 FL of Evi1*/SFP embryos. Table S1 lists the antibodies used
for flow cytometry. Online supplemental material is available at heep://
www.jem.org/cgi/content/full/jem.20110447/DC1.
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Insulin Signaling through IRSs/PISKs/AKTs
insulin binding to its receptor (IR) initiates a complex spectrum of biological effects in mammalian cells. Insulin binding activates the IR B subunit tyrosme kinase that phosphory-
lates IR substrate proteins (IRS proteins). The two major substrates, IRS-1 and IRS-2, are linked to the activation of the phosphatidylinositol 3-kinase (PI3K)-Akt pathway, which
is responsible for most of the metabolic actions of insulin, and to the Ras-mitogen-activated protein kinase (MAPK) pathway, which cooperates with the PI3K pathway to control
cell proliferation. IR can phosphorylate at least six known substrate proteins that are capable of interacting with five major forms of the PI3K regutatory subunit, which associate
with three forms of the PI3K catalytic subunit. The subsequent generation of phosphatidylinositol-3,4,5-triphosphate (PIP3) leads to the activation of the three known isoforms of
Akt via the PDK1 kinase. These combinatorial possibilities allow for the incredible diversification and fine-tuning of insulin signaling in normal physiology and disease states.
Metabolic Effects
Insulin signaling to Akt modulates a range of metabolic processes. In myocytes and adipocytes, phosphorylation of the Rab—GTPase—actlvatmg proteins AS160 (TBC1D4) and
TBC1D1 by multiple kinases, including Akt, promotes glucose uptake. In hepatocytes, insulin-induced repression of genes involved in gluconeogenesis depends, at least in part,
on Akt-mediated phosphorylation and inactivation of the forkhead transcription factor FoxO1. Moreover, insulin increases lipogenesis via kinase-dependent pathways involving
PI3K, PDK1, PKCA/, and SREBP1c. It also increases glycogen synthesis via the GSK3B/glycogen synthase pathway and inhibits lipolysis via the Akt/PDESB pathway.
Impact on Cell Proliferation and Death
In addition to metabolic effects, insulin has been reported to stimulate cell proliferation and to inhibit apoptosis. Tuberous sclerosis complex 1/2 is phosphorylated by several
kinases, including Akt. Phosphorylation suppresses its GTPase-activating protein activity, leading to activation of the mTORC1 activator Rheb, a ras-like small GTPase, which
ultimately results in increased cell proliferation through phosphorylation of S6K1 (p70 S6 kinase 1) and stimulation of translation. Insulin signaling also supports prohferatlon
through activation of the Son-of-Sevenless {SOS)-initiated MAP kinase cascade. Insulin inhibits apoptosis via the Akt/BAD axis. Furthermore, insulin signaling in worms and flies
has been shown to be involved in the negative regulation of life span via inhibition of FoxO1.

Interestingly, AMP kinase activation by adiponectin receptor signaling cooperates with the insulin signaling to increase glucose uptake via AS160 and/or TBC1D1, whereas
this activation slows cell proliferation via inhibition of mMTORC1. )

Regulatory Control Mechanisms )
Insulin signaling and the downstream pathways are subject to multilayered regulatory controls. These mechanisms include feedback loops and pathway responses to

diverse stimuli.

Feedback Loops
Control of IR Activity. A nonreceptor-type phosphotyrosine phosphatase PTP1B, dephosphorylates IR, limiting its activity. However, IR stgnalmg produces H,0, that inhibits
PTP1B, leading to prolonged insulin signaling. An SH2-containing adaptor protein, Grb10, binds and inhibits IR kinase activity. Recently, mTORC1 has been shown to phospho-

rylate and enhance the inhibitory effect of Grb10 on IR.
At the IRS Level. Several serine/threonine kinases are known to phosphory|ate and inhibit the recognition of IRS proteins by IR. S6K1 and mTORC1 phosphorylate serine residues

of IRS-1, thereby inhibiting its tyrosine phosphorylation.

Effects on Downstream Pathways. PIP,, a product of PI3K, is mainly degraded by two lipid phosphatases, PTEN {phosphatase and tensin homolog deleted from chromosome
10) and SHIP (src-homology 2-contammg inositol 5' phosphatase). At the Akt level, TRB3 (tribbles homolog 3) interacts with Akt, thereby inhibiting the recognition of Akt by PDK1
and mTORC2. Akt activity is also negatively regulated by PP2A (protein phosphatase 2A), which dephosphorylates two key phosphorylated resides, Thr308 and Ser473. Akt
promotes nuclear excursion of FoxO1, leading to a rapid reduction of |RS-2 transcription, which is induced by FoxO1.

Induced Regulatory Mechanisms
Control of IR Activity. Proinflammatdry cytokines acting through their receptors activate SOCS-3 (suppressor of cytokine signaling-3), which binds to IR and inhibits its ability to

recognize IRS and initiate signaling.
At the IRS Level. JNK1 activated by various stimuli, such as cytokines, free fatty acids, ER stress, oxidative stress, and insulin, phosphorylates serine residues in the PTB domain

of IRS-1, leading to a reduction of tyrosine phosphorylation. PKC# activated by intracellular lipid accumulation phosphorylates the same residues of IRS-1. Beyond its interaction
with the receptor, SOCS-3 also binds to IRS proteins and functions as a ubiquitin ligase, inducing their degradation and reducing their signaling.
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Impact of the Dipeptidyl Peptidase-4 Inhibitor
Vildagliptin on Glucose Tolerance and p-Cell Function
and Mass in Insulin Receptor Substrate-2-Knockout
Mice Fed a High-Fat Diet
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Type 2 diabetes is characterized by diminished pancreatic g-cell mass and function. Glucagon-like
peptide-1 has been reported to increase islet cell proliferation and reduce apoptosis of g-cells in
rodents. In this study, we explored the effect of chronic administration of the dipeptidyl pepti-
dase-4 inhibitor vildagliptin on glucose tolerance, g-cell function, and g-cell mass in Irs2-knockout
(Irs27'~) mice. Wild-type and Irs2~'~ mice were fed a high-fat diet for 20 wk, with or without
vildagliptin. In both genotypes of mice, vildagliptin significantly decreased the area under the
curve (0~120 min) of blood glucose and increased the insulin response to glucose during the oral
glucose tolerance test. In the oral glucose tolerance test performed 1 d after discontinuation of
vildagliptin administration, the area under the curve (0-120 min) of blood glucose was still sig-
nificantly decreased and the insulin response to glucose was significantly increased in the Irs2~/~
mice treated with vildagliptin as compared with the valuesin the mice not treated withvildagliptin.
Histochemical analysis of the pancreatic islets revealed significant increase of the p-cell mass and
decrease in the proportion of terminal deoxynucleotidyl transferase dUTP nick end labeling-pos-
itive B-cells but no significant increase of the bromodeoxyuridine incorporation in Irs2™/~ mice
treated with vildagliptin. Our results suggest that vildagliptin improved glucose tolerance and
increased the B-cell mass by reducing B-cell apoptosis in the Irs2™/~ mice, and that the reduction
of B-cell apoptosis by vildagliptin was independent of the Irs2 expression in the cells.
(Endocrinology 153: 1093-1102, 2012)

or lean, show a net decrease of the B-cell mass (4). How-
ever, the mechanism of increase of the B-cell mass in re-

ype 2 diabetes mellitus is a chronic metabolic disease
caused by peripheral insulin resistance and impaired

insulin secretion by the pancreatic B-cells (1, 2). In subjects
predisposed to diabetes, blood glucose levels are main-
tained within the normal range by compensatory increase
of the B-cell mass and/or function in response to insulin
resistance. Diabetes develops only in subjects that are un-
able to sustain the compensatory 3-cell response (3). In-
deed, most individuals with type 2 diabetes, whether obese
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sponse to insulin resistance is not yet fully understood, and
precise clarification of this mechanism is required for de-
veloping effective strategies for the treatment of diabetes
mellitus.

Insulin receptor substrate-2 (Irs2) is one of the major
substrates of insulin receptor tyrosine kinase and IGF re-
ceptor kinase (5). Irs2-knockout (Irs2™/7) mice develop

Abbreviations: AUC, Area under the curve; BrdU, bromodeoxyuridine; CREB, CAMP re-
sponse element-binding protein; DPP-4, dipeptidyl peptidase-4; GIP, glucose-dependent
insulinotropic polypeptide; GLP, glucagon-like peptide; GSIS, glucose-stimulated insulin
secretion; HF, high-fat; Irs2, insulin receptor substrate-2; OGTT, oral glucose tolerance test;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; WAT, white adipose
tissue.
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type 2 diabetes in association with hepatic insulin resis-
tance and lack of compensatory B-cell hyperplasia (6). We
previously demonstrated that wild-type mice adminis-
tered a high-fat diet showed marked B-cell hyperplasia to
compensate for the insulin resistance, whereas mice with
haploinsufficiency of Irs2 (Irs2*/7) and homozygous de-
letion of Irs2 (Irs2™/7) showed insufficient B-cell hyper-
plasia (7). In high-fat (HF) diet-fed mice with haploinsuf-
ficiency of B-cell- and brain-specific glucokinase (Gck ™’
-), which show decreased B-cell proliferation and
insufficient B-cell hyperplasia in response to insulin resis-
tance, overexpression of Irs2 in the B-cells partially pre-
vented diabetes by inducing B-cell proliferation (7). These
results suggest that Irs2 could play a pivotal role in regu-
lating B-cell proliferation in response to HF diet-induced
insulin resistance. Moreover, Irs2 is known to play an
important role in protecting against apoptosis (8, 9). In-
creased numbers of apoptotic cells were present in the
islets of Irs2 ™/~ mice as compared with those in wild-type
mice (8), and expression of Irs2 protected B-cells from
transcription factor 3-induced apoptosis (9).

Incretins are peptide hormones secreted after meal in-
gestion that potentiate glucose-stimulated insulin secre-
tion. The two predominant incretins are glucagon-like
peptide (GLP)-1 and glucose-dependent insulinotropic
polypeptide (GIP) (10). Human recombinant GLP-1 has
been shown not only to enhance glucose-stimulated insu-
lin secretion, but also to increase islet cell proliferation and
B-cell mass and decrease cellular apoptosis in rodents {(11).
Inaddition, its effect of chronic administration upon -cell
growth and survival are thought to be mediated by Irs2 (9,
12). However, both GLP-1 and GIP are rapidly degraded
and inactivated iz vivo, primarily by the enzyme dipepti-
dyl peptidase-4 (DPP-4) (13). Therefore, DPP-4 inhibitors
to prolong the effects of endogenous incretins began to be
developed as a novel strategy (14). Vildagliptin is a DPP-4
inhibitor that was shown to improve glucose tolerance in
both rodents and humans with type 2 diabetes and has
gained approval around the world as a new class of drugs
for the treatment of type 2 diabetes mellitus (15-18).
However, little is known about whether vildagliptin can
also increase the pancreatic B-cell mass and whether Irs2
might be involved in the effect of chronic administration
of vildagliptin on the B-cell mass (16,19,20). We therefore
examined the metabolic consequences of chronic admin-
istration of the DPP-4 inhibitor vildagliptin for 20 wk in
wild-type and Irs2™/~ mice fed a HF diet.

Materials and Methods
Animals

Irs2™'~ mice generated by Kubota et al. (6) were backcrossed
with C57BL/6] mice for more than 10 generations. Wild-type

Endocrinology, March 2012, 153(3):1093-1102

and Irs2™/~ mice were prepared by intercrossing of Irs2 ™/~ mice.
Each of the genotypes of mice derived from the same genetic
background were fed standard chow until 8 wk of age and then
given free access to a HF diet for 20 wk. Half of the animals of
each genotype were given vildagliptin mixed in their drinking
water (0.3 mg/ml), whereas the remaining half were given tap
water not containing vildagliptin. All experiments in this study
were performed using male littermates. The animals were main-
tained by standard animal care procedures based on the institu-
tional guideline. The animal housing rooms were maintained at
aconstant room temperature (25 C) and under a 12-h light (0800
h), 12-h dark (2000 h) cycle. .

Diet protocol

The compositions of the standard chow and HF diet (CLEA
Rodent Diet CE-2 and High Fat Diet 32, respectively; Clea Japan,
Inc., Tokyo, Japan) have been described previously (7, 21). Half
of the animals in each genotype were given the DPP-4 inhibitor
vildagliptin (kindly gifted by Novartis Pharmaceuticals Corpo-
ration, East Hanover, NJ) mixed in drinking water (0.3 mg/ml,
~3 umol vildagliptin/d-mouse, a dosing regimen previously
demonstrated to provide >80-90% inactivation of the plasma
DPP-4 activity throughout the day) (22).

Measurement of the biochemical parameters

Blood glucose was measured by a portable glucose meter us-
ing Glutest Neo (Sanwa Chemical Co., Nagoya, Japan). Insulin
levels were determined with an insulin ELISA kit (Morinaga In-
stitute of Biological Science, Inc., Yokohama, Japan). Plasma
levels of free fatty acid, total cholesterol, and triglycerides were
assayed by enzymatic methods (Wako Pure Chemical Industries
Ltd., Osaka, Japan). .

Oral glucose tolerance test (OGTT)

Mice denied access to food for more than 18 h before the study
were loaded orally with glucose at 1.5 mg/g body weight. Blood
samples were collected from the tail before and 15, 30, 60, and
120 min after the glucose loading. Blood glucose levels were
determined using Glutest Neo (Sanwa). Whole blood was col-
lected and centrifuged in heparinized tubes, and the plasma was
stored at —20 C. Plasma insulin levels were determined using an
insulin ELISA kit (Morinaga Institute of Biological Science) with
mouse insulin as a standard.

Insulin tolerance test

The insulin tolerance test was performed without de-
nying animal access to food. Insulin (1.5 mU/g body
weight) was injected ip, and blood samples were collected
from the tail before and 30, 60, 90, and 120 min after the

injection.

Glucose-stimulated insulin secretion (GSIS) by the

islets

Islets were isolated with collagenase XI (Sigma-Aldrich Co.,
St. Louis, MO) 2 d after discontinuation of vildagliptin admin-
istration. Immediately or after culture for 12 h in RPMI 1640
medium containing 11 mM glucose supplemented with 10% fetal
calf serum, 100 U/ml penicillin, and 100 pg/ml streptomycin
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(Sigma), 10 islets were incubated at 37 C for 1.5 h in Krebs-
Ringer bicarbonate buffer containing 2.8, 8.3, or 22.2 mM glu-
cose. The isolated islets were extracted in acid ethanol, and their
insulin content was measured as described previously, with slight
modifications (6). The insulin concentration of the assay buffer
was measured using an insulin ELISA kit (Morinaga Institute of
Biological Science).

Immunohistochemical analysis for estimation of

the B-cell mass

Isolated pancreata were immersion-fixed overnight in 10%
formalin at 4 C. The tissue specimens were then routinely pro-
cessed for paraffin embedding, and 4-pm sections mounted on
glass slides were immunostained with rabbit antihuman insulin
(diluted 1:1000) antibody (Santa Cruz Biotechnology Inc., Santa
Cruz, CA). The area of the B-cells relative to the area of the whole
pancreatic tissue was calculated with the Win ROOF software
(Mitani Corp., Tokyo, Japan), as described elsewhere (7, 23).
The sections were immunostained with antibodies to glucagon
(Abcam, Cambridge, UK) and insulin (Santa Cruz Biotechnol-
ogy), and Alexa Fluor 488- and 555-conjugated secondary an-
tibodies (Invitrogen, Carlsbad, CA) were used for the fluores-
cence microscopy. The images were acquired using an Olympus
FV1000-D confocal laser scanning microscope. Approximately
100 islets per mouse were counted in each group.

Analysis of bromodeoxyuridine (BrdU)
incorporation

BrdU incorporation was analyzed as described previously (7).
In brief, BrdU (100 mg/kg in PBS; Nacalai Tesque, Inc., Kyoto,
Japan) was injected ip, and the pancreas was removed 6 h later.
The sections were double immunostained with anti-BrdU anti-
body (diluted 1:10) (BD Biosciences, San Diego, CA) and anti-
insulin antibody (diluted 1:1000). BrdU-positive B-cells were
quantitatively assessed as a percentage of the total number of
B-cells by counting 50-150 islets per mouse.

Detection of apoptotic cells

Apoptotic cells were detected in deparaffinized pancreatic
tissue sections by the terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) method using an ApopTag
(Chemicon International Inc., Temecula, CA), according to the
manufacturer’s recommendations. Sections were also immuno-
stained for insulin and counterstained with 4',6-diamidino-2-
phenylindole. TUNEL-positive B-cells were counted as insulin-
stained cells and divided by the total number of B-cells.

Real-time PCR

For preparation for the mRNA, islets were isolated with col-
lagenase X1 (Sigma-Aldrich) (24). cDNA was prepared using the
TagMan reverse transcriptase kit (Applied Biosystems, Carls-
bad, CA) and subjected to quantitative PCR by performing Tag-
Man gene expression assays using the Universal Master Mix
(7500 real-time PCR system; Applied Biosystems). All probes
used in the TagMan gene expression assays were purchased from
Applied Biosystems. Each quantitative reaction was performed
in duplicate. The data were normalized to the values for B-actin.
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Western blot analysis

For immunoblotting, isolated islets (120 islets) were lysed
in ice-cold radioimmune precipitation assay buffer (Cell Sig-
naling Technology, Inc., Danvers, MA) with Complete pro-
tease inhibitor mixture (Roche Diagnostics, Tokyo, Japan).
After centrifugation, the extracts were subjected to immu-
noblotting with antibodies to Bcl-2 (Trevigen, Inc., Gaith-
ersburg, MD), Bax (Santa Cruz), cleaved caspase-3 and
caspase-3 (Cell Signaling Technology), and glyceraldehyde-
3-phosphate dehydrogenase (Abcam). Densitometry was
performed using NIH Image] software.

Statistics

Results are expressed as means * sEM (n). Statistical
analysis was performed using Microsoft Excel Statistics
2003 for Windows (SSRI Co., Ltd., Tokyo, Japan) and
SPSS version 11 (SPSS Inc., Chicago, IL). Differences be-
tween two groups were analyzed for statistical significance
by Student’s ¢ test or ANOVA. P < 0.05 was considered
as indicative of statistical significance.

Results

Vildagliptin decreased fasting blood glucose in the
Irs2™'~ mice

To investigate the effect of vildagliptin on the body
weight and blood glucose levels, the mice were not treated
or treated with vildagliptin mixed in their drinking water.
After 20 wk of treatment, there were no differences in the
body weight as compared with that of the control mice in
any of the genotypes of the mice (Fig. 1A). No significant
differences in the epididymal white adipose tissue (WAT),
retroperitoneal WAT, mesenteric WAT, sc WAT, or liver
weight were observed between the control mice and the
treated mice of any genotype, except for the epididymal
WAT in the Irs2™'~ mice and retroperitoneal WAT in the
wild-type mice (Table 1). Vildagliptin also had no effect on
the food intake in any of the genotypes of mice (Fig. 1B).
The fasting blood glucose tended to be higher in the Irs2*/~
mice and was significantly higher in Irs2™'~ mice as com-
pared than that in the wild-type mice. Wild-type mice treated
with vildagliptin for 20 wk showed fasting blood glucose
levels similar to wild-type mice not treated with vildagliptin;
on the other hand, the fasting blood glucose levels in the
Irs2*'~ mice treated with vildagliptin tended to be lower
than those in the Irs2™~ mice not treated with vildagliptin
and the levels in the Irs2™/~ mice treated with vildagliptin
were significantly lower than the levels in the Irs2 ™~ mice
not treated with vildagliptin (Fig. 1C). No significant differ-
ences in the plasma lipid parameters or triglyceride contents
in the liver were observed between the untreated and
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I control ment with vildagliptin per se might
B vildagliptin - have contributed to the improvement
of the glucose tolerance, we also per-
formed OGTT 1 d after discontinua-
tion of vildagliptin administration. The
area under the curve (AUC)g_120.mi; Of
blood glucose was still significantly de-
creased, and the insulin response to glu-
" cose 15 min after the oral glucose load
was significantly increased in both
Irs2*'~ and Irs2™'~ mice treated with
vildagliptin as compared with those in -
the corresponding mouse genotypes not
treated with vildagliptin. Meanwhile, the
AUC,_150min Of blood glucose was not
significantly decreased, and the insulin
response to glucose 15 min after the oral
glucose load was not significantly in-
creased in the wild-type mice treated with

FIG. 1. Vildagliptin had no significant effect on the body weight gain or food intake but vildagliptin as compared with those

reduced the fasting blood glucose in Irs2™/~ mice. A-C, Body weight (A), food intake (B), and
fasting blood glucose (C) in the wild-type, /rs2*/~, and Irs2™/~ mice after 20 wk on a HF diet

(n = 5-7). *, P < 0.05. The results are presented as the mean = st.

treated mice of any genotype, except for the low-density
lipoprotein cholesterol in the Irs2*/~ mice and free fatty
acid in the Irs2™’~ mice (Table 1).

Vildagliptin improved glucose tolerance

Vildagliptin treatment for 20 wk significantly reduced
the glycemic excursions after oral glucose loading in all the
genotypes of mice, which was correlated with the increase
in the plasma levels of insulin 15 min after the oral glucose
load (Fig. 2, A-D). To investigate whether long-term treat-

without vildagliptin in the OGTT per-
formed 1 d after discontinuation of vilda-
gliptin administration.

Then, to assess the effect of vildagliptin
on the insulin sensitivity, we performed the insulin tolerance
test. Among the wild-type mice, the blood glucose levels in the
vildagliptin-treated group at 60, 90, and 120 min after the in-
jection were significantly lower than those in the untreated con-
trol group (Fig. 2E). Among the Irs2*/~ and Irs2~'~ mice, the
blood glucose levels before the injection in the treated groups
were already lower than those in the untreated control groups,
and there were no differences in the blood glucose levels at any
time point after the insulin injection (Fig. 2, F and G).

TABLE 1. WAT and liver weight relative to the body weight, plasma lipid parameters, and triglyceride content of

the liver in wild-type, /rs2*/~, and Irs2™~ mice

Irs2+/~ Irs2=/~

Control Vildagliptin Control Vildagliptin

Wild-type
Control Vildagliptin
WAT

Epididymal 304+25 301+x24
Retroperitoneal 15.0 = 1.0 9.8 = 0.7°
Mesentetric 267 1.2 203+ 34

Subcutaneous 66.9 + 3.4 542 £ 5.5
Total 139.7 =46 1143+ 104

Liver 67.1 =75 50.3 6.6
Total cholesterol (mg/df) 215.8 + 221 168.2 =259
Triglyceride (mg/dl) 584 +72 465+ 49
LDL cholesterol (mg/d)) 1252 +17.0 955=%=170
_ Free fatty acid (mEg/liter) 219+ 0.27 1.69 +0.21

TG content in the liver (mg/g tissue) 190.9 + 13.3 136.3 + 30.3

317+ 28 27.8 %26 344+ 1.3 27.6 = 1.3°
103 =04 9.5*0.9 8709 7.5 =11
183 0.6 19.2 £ 03 181 %15 158 = 1.0
49.6 = 2.9 573 =30 415x28 449 = 33
110.0 2 3.0 113.8%x59 102740 95.8 58
545+ 3.8 61.8 = 4.1 579 =30 58.0 =28

144086 1283 116 1640*=13.2 1414 =154
354+ 3.3 29.7 £4.2 32.3=x=53 21.6 =38
88344 58.6 9.8 813=*85 64.9 = 84
1.62 +£0.11 139*x0.15 161 =x0.08 1.27=0.09°

1208 £ 247 143463 1143+ 115 1242 +50

Each WAT and liver are represented-as (1000 X respective weight/body weight). Data represent means = sg; n = 5-7. LDL, Low-density

lipoprotein; TG, triglyceride.
2 P < 0.05 relative to control.
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FIG. 2. Twenty weeks of vildagliptin treatment improved the glucose tolerance as

~ determined by an OGTT. A-C, OGTT was performed in wild-type (A), is2*/~ (B), and Irs2™/~

(C) mice after 20 wk of vildagliptin (V) treatment (n = 6- 10). AUC was calculated for the
glucose excursions during the OGTT from 0-120 min. D, Plasma insulin levels in the wild-
type, Irs2¥/~, and /rs2™'~ mice after 20 wk of vildagliptin treatment (n = 6- 10). V (off),
Mouse group in which the OGTT was performed 1 d after discontinuation of administration
of vildagliptin. E-G, Insulin tolerance test results in the wild-type (E), Irs27/~ (F), and frs2™"~
(G) mice after 20 wk of vildagliptin treatment (n = 10). *, Statistical significance ( P < 0.05)
for the V group vs. control; **, statistical significance (P < 0.01) for the V group vs. control;
t, statistical significance (P < 0.05) for the V (off) group vs. control. The results are presented
as the mean = se.
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Ex vivo evaluation of the islet
insulin content and function

The effects of chronic DPP-4 inhib-
itor administration in the function of
the pancreatic islets were evaluated us-
ing islets isolated from animals treated
for 20 wk with vildagliptin. To evaluate
the effects of chronic administration of
vildagliptin, rather than its direct ef-
fects, on the B-cells, we isolated islets
2 d after discontinuation of vildagliptin
administration. In the absence of vilda-
gliptin treatment, the islet insulin con-
tent of the Irs2™'~ mice was signifi-
cantly decreased as compared with that
of the wild-type mice, and that of the
Irs2*'~ mice was decreased by 16% as
compared with the value for the wild-
type mice. Although the islet insulin
content was indistinguishable between
the wild-type mice treated and not
treated with vildagliptin, the islet insu-
lin content of the Irs2™/~ mice treated
with vildagliptin was significantly in-
creased as compared with that of the
untreated control mice, and there was
also a trend toward increase in the
Irs2™'~ mice treated with vildagliptin
(Fig. 3A).

Then, we assessed the GSIS of each
genotype of mice after 20 wk of treat-
ment. There were no differences in the
GSIS between the untreated control
and treated wild-type or Irs2*'™ mice.
The insulin secretory response to 8.3
and 22.2 mm glucose in the Irs2™/~
mice treated with vildagliptin was in-
creased by 34 and 35 %, respectively, as
compared with that in the untreated
control mice, although the difference
was not statistically significant (Fig.
3B). When we calculated the insulin se-
cretory responses normalized by the is-
let insulin content, no improvement of
the GSIS was observed in any of the ge-
notypes of mice (Fig. 3C).

Increased B-cell mass in the islets
of the Irs2™/~ mice

In the absence of vildagliptin treat-
ment, the B-cell mass of the Irs2™/~
mice was significantly decreased as



1098  Satoetal. Long-Term Effect of Vildagliptin

A [ control |
ntr
. B vildagliptin O contro
=043 1 14 B vildagliptin
’ £
= P=0,12 £ [
B e
2 350 . L § L o ‘
5 300 | 3 o
S 0 = £ g o
Z 5 g2 i it | 2] B
$ 200 - £ - i E : :
2 i = » 1 :
5 150 - £ el 5 il
o | 3 = B 1 F
g 100 ¢ 2 N i 11
B et e
£ o LE= - - rs2 $fx +L . HE HL . x4 o
Irs2 ++ +- - : 28mM 8.3mM 72.2mM
C . [J control
B vildagliptin
5 ¢
£
£ 4
(=3 i
@ |
£ 3}
o |
2 I
8 2
® |
£ 1 |
= |
7] i
E ot _

Irs2 ¥ 3 J- T
2.3mM 8.3mM 22.2mM

FIG. 3. Ex vivo analyses of pancreatic islets. Islets were isolated from wild-type, Irs2*/~, and
Irs2™'~ mice after 20 wk of vildagliptin treatment. A, The insulin content in the islets was
determined after acid ethanol extraction; B and C, insulin secretory responses to 2.8, 8.3, and
22.2 mm glucose (B) and the insulin secretory ratio adjusted by the insulin content (C) were
determined by 90-min static incubations in Krebs-Ringer bicarbonate buffer medium (n = 5).
*, P <'0.05. The results are presented as the mean = st.

compared with that of the wild-type mice, and that of the
Irs2™'~ mice was decreased by 19% as compared with the
value for the wild-type mice. To assess the effect of chronic
administration of vildagliptin on the pancreatic islets, we
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FIG. 4. Twenty weeks of vildagliptin treatment increased the g-cell mass in /rs2~/~ mice. A,
Insulin-positive p-cell area relative to the whole pancreatic area (n = 5- 8); B, glucagon-
positive a-cell area relative to the whole pancreatic area (n = 5); C, ratios of the insulin-
positive B-cell area to the sum of the glucagon-positive a-cell area plus the insulin-positive
p-cell area (n = 5- 8). *, P < 0.05. The results are presented as the mean = se.
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measured the B-cell mass of each geno-
type of mice after 20 wk of treatment.
Although vildagliptin exerted no effect
on the B-cell mass in the wild-type mice,
the B-cell mass of the Irs2™/~ mice
treated with vildagliptin was signifi-
cantly increased as compared with that
of the mice not treated with vildaglip-
tin, and there was also a trend toward
increase in the mass in the Irs2 %/~ mice
(Fig. 4A). Then, we measured the a-cell
mass of each genotype of mice after 20
wk of treatment. In the absence of
vildagliptin treatment, each genotype
of mice showed similar values of the
a-cell mass, and there were no differ-
ences in the a-cell mass between the un-
treated control mice and treated mice,
irrespective of the genotype (Fig. 4B).
When we calculated the ratio of the
B-cell area to the total area of «- and
B-cells in the wild-type mice, the treated
group showed a ratio similar to that in
the untreated control group. In the
Irs2™' mice, the ratio in the treated

group was significantly increased as compared with that in
the untreated control group, and there was also a trend
toward increase in the Irs2*'~ mice (Fig. 4C).

Vildagliptin protected the B-cells
of the Irs2™/~ mice from apoptosis
To determine the mechanism of in-
crease of the B-cell mass by vildagliptin
treatment in the Irs2™'~ mice, we first
assessed the proliferative activity of the
B-cells. In the absence of vildagliptin

_treatment, Irs2™'" mice showed a sig-

nificant decrease in the ratio of BrdU-
positive B-cells as compared with that
in the wild-type mice, and vildagliptin
had no effect on the ratio of the BrdU-
positive B-cells in either genotype of
mice (Fig. SA). We next assessed the ap-
optotic activity of the B-cells. In the ab-
sence of vildagliptin treatment, Irs2 ™'~
mice showed a significant increase in
the percentage of TUNEL-positive
B-cells as compared with that in the
wild-type mice (Fig. 5B). Although
there was no difference in the percent-
age of TUNEL-positive 3-cells between
the untreated control and treated wild-
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FIG. 5. Twenty weeks of vildagliptin treatment failed to increase the number of BrdU-positive vildagliptin. The protein expression

p-cells, but reduced the number of TUNEL-positive B-cells in the irs2~/~ mice. A, Percentage
of BrdU-positive g-cells relative to the total number of g-cells (n = 5); B, percentage of

levels in islets after 20 wk of treatment

TUNEL-positive g-cells relative to the total number of g-cells (n = 5). *, P < 0.05. The results were also evaluated. No significant dif-

are presented as the mean = st.

type mice, the percentage of TUNEL-positive B-cells was
significantly decreased in the Irs2™/~ mice treated with
vildagliptin as compared with that in the same genotype of
mice not treated with vildagliptin.

Vildagliptin increased the mRNA expression level
of bcl-2 in the Irs2™/~ mice

To determine how vildagliptin protected against 3-cell
apoptosis in the Irs2™~ mice, we assessed the mRNA ex-
pression levels of markers of apoptosis or endoplasmic
reticulum stress in the wild-type mice and Irs2™/~ mice.
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Bcl-2, Bax. and cleaved caspase-3 were
observed between the control mice and the treated mice of
both genotypes (Fig. 6B).

Discussion

Ever since the discovery of DPP-4 inhibitors, numerous

studies have demonstrated the antidiabetic efficacy of
these agents in rodents (25, 26). The effect of chronic ad-
ministration of vildagliptin on glucose metabolism, how-
ever, had not been clarified. We, as well as others, had
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FIG. 6. Twenty weeks of vildagliptin treatment increased the mRNA expression level of bc/-2 in the irs2™/~ mice. A, mRNA expression levels in the
islets of the wild-type and /rs2~/~ mice after 20 wk of vildagliptin treatment by real-time PCR (n = 5); B, upper panel, protein expression of Bcl-2,

Bax, cleaved caspase-3, caspase-3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the islets of the wild-type and Irs2

~/~ mice after.

20 wk of vildagliptin treatment by Western blotting; lower panel, intensity of the signals quantified by densitometry (NIH ImageJ) and corrected by
the intensity of the GAPDH signal (n = 3). *, P < 0.05. The results are presented as the mean = sE.
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previously hypothesized that Irs2 is involved not only in
B-cell proliferation but also in protecting against apopto-
sis (7-9). Here, we examined the effect of 20 wk vilda-
gliptin treatment on the glucose tolerance and B-cell mass
in wild-type, Irs2*/~, and Irs2™'" mice fed a HF diet. We
confirmed the effect of vildagliptin on the p-cell mass in
vivo and demonstrated two novel findings. First, long-

“term administration of vildagliptin improved the glucose
metabolism in the Irs2*/~ and Irs2™/~ mice fed a HF diet.
Second, and more importantly, vildagliptin had the po-
tential to reduce B-cell apoptosis in an Irs2-independent
manner in the Irs2™'~ mice. :

The results of this study showed that vildagliptin ad-
ministered for 20 wk had a glucose-lowering efficacy. It
has been reported that vildagliptin treatment for 12 wk
improved the glucose tolerance in rodents (18). On the
other hand, we demonstrated its effect of longer-term
treatment. Thus, vildagliptin is able to improve glucose
metabolism over the long term even under HF diet-fed
conditions, although whether long-term treatment per se
might affect the glucose tolerance is not known. The
changes observed in the OGTT performed 1 d after dis-
continuation of vildagliptin administration demonstrated
that vildagliptin still exerted a glucose-lowering efficacy in
addition to its direct effects in the Irs2™~ and Irs2™'~
mice. But in the wild-type mice, such efficacy was not
observed in the OGTT performed 1 d after discontinua-
tion of vildagliptin administration. Taken together with
the results on the roles of vildagliptin in 8-cell function and
B-cell mass, the effect of long-term administration of
vildagliptin on glucose tolerance in the Irs2 ™'~ mice seems
to be attributable to the increased B-cell mass rather than
to improved B-cell function, and the glucose-lowering ef-
ficacy in the wild-type mice in the OGTT seems to be
mainly due to a direct effect of vildagliptin on insulin
secretion.

The results of this study also demonstrated that vilda-
gliptin increased the B-cell mass in the Irs2™'~ mice by
protecting the cells against apoptosis, rather than by stim-
ulating their proliferation. This result raises the possibility
that vildagliptin might suppress 8-cell apoptosisin an Irs2-
independent manner in the Irs2™'~ mice. Because it has
previously been reported that GLP-1 receptor agonists
stimulated B-cell proliferation and neogenesis and inhib-
ited B-cell apoptosis, thereby increasing the B-cell mass in
rodents (11, 27), and that a GLP-1 receptor agonist failed
to increase the B-cell mass and proliferation in Irs2™/~
mice {12), Irs2 is thought to be required for GLP-1 sig-
naling to increase the B-cell mass. These results prompted
us to hypothesize that vildagliptin might increase the B-cell
‘mass in wild-type mice but not in Irs27'~ mice; therefore,
our findings were unexpected.

Endocrinology, March 2012, 153(3):1093-1102

Park-et al. (12) supposed the inhibition of apoptosis by
exendin-4 largely failed in the Irs27/~ mice because the
B-cell mass in these mice decreased to a similar degree as
that in the Irs2 ™'~ islets, irrespective of whether or not the
mice were treated with exendin-4. By contrast, we here
demonstrated that vildagliptin increased the B-cell mass
by reducing B-cell apoptosisin the Irs2 ™'~ mice. However,
there were some environmental differences between our
study and the previously cited study. First, the genetic
background of our Irs2™/~ mice was different from that of
their Irs2 ™' mice, which showed utterly damaged B-cells.
Second, we treated the mice with a DPP-4 inhibitor for 20
wk, and they treated mice with a GLP-1 receptor agonist

for 4 wk. Taken together, it seems likely that vildagliptin

may have the potential to suppress B-cell apoptosis by
both Irs2-dependent and Irs-2-independent pathways in
Irs2™'~ mice.

What then is the Irs2-independent pathway? The bind-
ing of GLP-1 to its specific receptor on the pancreatic
B-cells leads to activation of adenylate cyclase activity and
production of cAMP (28). Xie et al. (29) reported that
mice with B-cell-specific Gsa deficiency showed signifi-
cantly increased B-cell apoptosis, whereas expression of
Irs2 and the downstream Pdx1 gene remained unaffected.
Kim et al. (30) also reported that stimulation of INS-1 cells
with GIP resulted in increased Bcl-2 promoter activity in-
volving cAMP/protein kinase A-dependent regulation of
cAMP response element-binding protein (CREB) activity,
which seems to play an important role in the survival of 8
cells (31). In the present study, vildagliptin increased the
mRNA expression level of bcl-2 in the Irs2™/~ mice, but
such alteration was not evident in the protein levels (Fig.
6, A and B). We therefore assume that it is uncertain
whether the increased bcl-2 mRNA expression was in-
volved in the Irs2-independent antiapoptotic effect of
vildagliptin through the cAMP/protein kinase A/CREB
protein pathway. Further study is needed to clarify the
detailed molecular mechanisms.

In general, DPP-4 inhibitors behave as secretagogues
and improve B-cell function, as a direct effect, in adult
rodents (26, 32). In addition, DPP-4 inhibitors have the
potential to induce long-term increase of the B-cell mass,
which is attributed to its activity of increasing the prolif-
erative activity and decreasing the apoptotic activity of the
B-cells (19, 23). Moreover, the results of the current study
revealed that vildagliptin could suppress 8-cell apoptosis
even in the absence of Irs2.

In summary, chronic administration of vildagliptin in
Irs2™'" mice improved the glucose metabolism and sup-
pressed B-cell apoptosis. These findings suggest that vilda-
gliptin may be extremely promising for the treatment of
diabetes mellitus.
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SnapShot: Physmiagy ef Eﬁguim
‘Signaling

Apparently normal intrauterine growth and development, severe hyperglycemia and hyperke-
tonemia, perinatal death as the result of diabetic ketoacidosis within 48-72 hours |

Retarded embryonal and postnatal growth, insulin resistance, normal fasting glycemia and
normal or mild glucose intolerance, hyperinsulinemia

Insulin resistance, impaired glucose tolerance, impaired insulin secretion, decreased 8 cell
mass

Obesity, increased body fat mass, insulin resistance, hyperinsulinemia, hypertriglyceridemia,
increased food intake (female only)

Obesity, increased body fat mass, insulin resistance, impaired glucose tolerance,
hyperinsulinemia, extended life span, more active and greater glucose oxidation, increased
superoxide dismutase-2 in the hypothalamus

Normal body weight, severe insulin resistance, impaired glucose tolerance, hyperinsulinemia,
increased hepatic glucose production

IRS-1 Normal body weight, normal insulin sensitivity during fasting but insulin resistance after

refeeding

IRS-2 Normal body weight, normal insulin sensitivity after refeeding but insulin resistance during fast- -
ing

IRS-1/IRS-2 Normal body weight, severe insulin resistance, severe glucose intolerance, marked hyperin- |
sulinemia

Skeletal muscle | IR Normal body weight, normal insulin and glucose tolerance, increased epididymal fat pad,
hypertriglyceridemia, increased FFA levels

IRS-1 Normal body weight, normal insulin and glucose tolerance, decreased skeletal muscle mass
IRS-2 Normal body weight, normal insulin and glucose tolerance, normal skeletal muscle mass

IRS-1/IRS-2 Reduced body weight and body length, insulin resistance, normal glucose tolerance, reduced
skeletal muscle mass, increased lactate levels

Heart IR Normal body weight, normal insulin and glucose tolerance, decreased cardiac size and cardiac
output, decreased fatty acid oxidation ;

Kidney Normal body weight, normal insulin and glucose tolerance, albuminuria, histological features of
diabetic nephropathy

B cell Normal body weight, normal insulin tolerance, impaired glucose tolerance, impaired glucose-
stimulated insulin secretion, decreased B cell mass

Impaired glucose tolerance, impaired insulin secretion, decreased § cell mass

Macrophage Normal body weight, normal insulin and glucose tolerance, protected from obesity-linked insulin }
resistance due to decreased hepatic glucose production and increased glucose disposal in
skeletal muscle

Endothelial cell Normal body weight, normal insulin and glucose tolerance, reduced eNOS and endothelin-1
expression, insulin resistance on a low-salt diet

Normal body weight, normal insulin and glucose tolerance, normal insulin signaling in
endothelial cells

Normal body weight, insulin resistance, impaired glucose tolerance, impaired insulin-induced
eNOS phosphorylation, attenuation of insulin-induced capillary recruitment and insulin
delivery associated with reduced glucose uptake by skeletal muscle

IRS-1/IRS-2 Normal body weight, insulin resistance, impaired glucose tolerance, impaired insulin-induced
eNOS phosphorylation in endothelial cells

Adipose tissue IR Reduced body weight and fat mass, protected from Gold thioglucose (GTG)-induced obesity,
insulin resistance, impared glucose tolerance, extended life span

Hyperglycemia, hyperinsulinemia, severe insulin resistance, acanthosis nigricans, hyperandro-

IR mutation ?
genemia

834 Cell 148, February 17,2012 ©2012 Elsevfer Inc. DOI10.101 6/j.cell.2012.02.004 See online version for legend and referénces.
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Many facets of metabolic syndrome arise from changes in insulin sensitivity and the downstream signaling responses. Mouse models have provided useful tools for studying and
understanding the mechanisms underlying the human disease phenotypes. Insulin signaling relies on activation of the insulin receptor (IR) and subsequent phosphorylation of
insulin receptor substrates (IRS), particularly IRS-1 and IRS-2. This SnapShot provides a guide to the mouse phenotypes resulting from knockout of IR, IRS-1, IRS-2, or IRS-1 and
IRS-2 in different tissues and cell types. These phenotypes illustrate that IRS-1 and IRS-2 only show partial functional overlap. The systemic consequences of human mutations
in IR are included and show highly related phenotypic outcomes. )
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