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Pancreatic islets from cyclin-dependent kinase 4/R24C (Cdk4)
knockin mice have significantly increased beta cell mass and are

physiologically functional, indicating that Cdk4 is a potential target
for pancreatic beta cell mass regeneration in Type 1 diabetes
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Abstract

Aimefvpottesis. Cyclin-dependent kinase 4 (Cdkd) i=
crucial for beta cell development. A mutation in the
gene encoeding for Cdkd, CadkdR240C, canses this ki-
nase to ke insensitive o INE4 cell cycle inhibitois
and induces beta cell byperplasia i CabdR240
kmockin mice. We aimed o determine whether this
CAkdR24C mutation also affects proper islet funcion.
and whether it promotes iferation in human islets
lentivirally trarsduced with CdbdR24C cDM AL
Methods, Our study was conducted on wild-type and
Cabd R24C knockin mice. Pancreases wee morphometn-
cally anatysed. [ntraperitoneal glucose telemnce ests and
intravene dnsulin Ederance tests were performed on
wild-type and CabdR24C mce. W alao did in viteo islet
perfiEon studies and islet metabolic bbelling analy=i=
Human iglets were tranaduced with Catd B24C DN A,
Reswlts. Pancreatic i=lets from CdkdR24C knockin
mice exhibit a larger insulio-producing beta cell area
and a higher inaulin content than skt from wild-type
littermates. Inaulin secretion in msponse to glicoes is

faster and reaches a higher peak in CakdR240 mice
withont leading to hypoglycsemia. Conversion of pro-
inzulin into insulin and s intermediates i= similar in
CAbdR24C apd wild-type mice. Glucose uiilization
and oxidation measuied per izlet were similar in both
experimental groups, Insulin secretion was faster
and enhanced in CabdRMC islets perifused with
16.7 mmolA glucoss, with slower decay kinetics when
glucose retumed o 28 mmold. Moreover, human is-
etz expressing ClkdR24C cDMA exhibited higher
berta call proliferstion.

Comclusionsimerpresntion. Daspite their hyperplastic
grovwth, CaldR24C insulin-producing islet cella be-
have like differentiated beta cells with regard to insu-
lin producticn, insulin secretion in esponss o glu-
coae, and iglet glucose metbolism. Therefore Cdid
conld possibly Ee: usad to enginesr a source of beta
caill mass for islet transplantation.
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hvtrodhectism

Logs of beta cell nmss 12 due to the negative balance
betwaen tata cell recovery and destruction in Type 1
diabetes (pecurment destaction doe to anbobmmundty)
and in Type 2 disbetes (beta cell death nnrelated o an
Autoimamune process), Beta cell mass increases by dif-
ferentiation of precursar cells oo by replication of pre-
existing izlet calls [1]. The increass in beta cell mass
iz determined by the number of cells entering the cell
cycle (Gl phased rather than by changss in the rate of
caill eycle progression [2].

The transition between cell cycl phases is con-
trolled by critical checkpoints, in which cycling and
cyclin-dependent kinases pla'l.-' an important mls, Four
main types of cyclin ae irvolved in cell cycle contral:
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AL B, Dand E [3]. D eyelins (D1, D2, D3) facilitate
the entry of cells into the cell cycle 1G] phasze) in re-
aponse o growth-stimulating factors, by binding and
activating the specific protein-kinases cyclin-depen-
dent kinase 4 (Cdkd) and cyclin-dependent kinase &
Lil'. The activity of the Cdk-cyclin complex can be in-
ibited by phosphorylation o twough binding to Cdk
inhibitorz such s the Tnkd and CIPYETP famdlies [5].
By binding to cyclin D). medeover, Cdkd mediatas
post-natal beta cell proliferstion [2. 6], Howewer,
Cidkcd deficiency haz been shown o couge severs dis-
betes mellitus agsaciated with pancreatic islet degen-
eration [4. 7]. Abooemal expreasion of the Cdk inhibi-
tor p21 is asscciated with impaired teta cell prolifers-
ton in pancreatic islets, and this defect in beta cedl
proliferation i2 2een in some types of disbetes [8].

It hias recently been shown that CdkdR240C, the by-
pedactive mutatsd form of Cdkd that prevents the
binding of Cdicd o INE4 [9]. causes pancreatic isle
hyperploeia specific for beta cells [4]. In the present
smdy we aimed o characterisa the functionality of
pancieatic islets in meporee o glucoss in CdkdR240C
mice, and o causally relate Cdkd hypersctivation to
increased beda cell replication in responss to glucoss
in human iglets,

Materials amd metbods

Experomenial nire. CaddR24 0 knockin mice {Panlab, Cornel-
la, Spain’ have been previously described [4] in the mixed
COLL 25y elic background. Unles: ctherwise staied
Z.manth old homozygous CadbdRIGCRMC male ar femals
mice were sindied, and COL/L258y wildLype mice wens ussd
a2 a conirol group. The experimental mice were housed under
a 124 darklight cycle with free acoess 1o a standard rodent
dizt (Panlaby. All amimal experimental procadures waee re-
vizwed previcusly and approwed by the Instinvticnal Ethical
Commiites of the Uniwversity of Barcelona.

Morphometric stnaies. Mios were Killed by cervical dishaca-
ticn. Pancreases were then remevwed, fixed in 4% paraformal-
debiwde and dehydraied in 30% spcrose. For insulin immuno-
staining frozen sections were stained with an anti-iceulin anti-
bady (ICH, Cosia Mesa, Calif., USA ) dstecied by a peraxidai-
ed mcondury anfibody  (Sigma-Aldrich Qoimica, Badrid
_!'lu:ain]. AEC chromogen was used as peroxidass sobsmale.
oluidine bloe was used for islet counber-simining. The beia
cell arsa was gquaniified in a blinded fashion uzing optic mi-
croscapy and ﬁicm]mage saftwars (Hamburg, Germany).

Ielet insualin comteni. To obimin ioial islei proiin, isleis wepe iso-
labed by collagenase digestion of total pancreases, vsing a modi-
fied vemion of a previoosty described procedurs [10]. They
were then immersad in an acid-aleobel sohtion, somicaied and
left avarmight m 4 *C. After cenirifugation and protein purifica-
tion from the sopernatani, insolin conteni was delermined by
BILA ¢ Insulin-CT, CIS bio Iobermaiiomsl, Cedax, France). The ne-
suhs are axpressed as irenlin conbent par 10 islets.

Proinymia biogwatess and comversion. Tsolied islecs (60 is-
lx1s per experimental condition) from wild-type and ClkdR240
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mize were inmbated in 16,7 mmelfl glocose while being
ulsed for 1O min with *5-methionice (Amersham, Freiborg,
many} and chased for 30, 60, 180 and 300 min res pactive-
I¥. Islets ware |yed by sonication, pre-incobaied for | b in
Cowan solution {Sigma-Aldrich Clolmicay ai mom iempera-
ure, and & 4 3T overnight with [MAD B37 {inmlin im-
munoabsorbent) kindhy Em‘h’ldlc'd by 1. Huiton [De%mcnl of
Climical Piochemiziry, University of Cambridge, . Afier
wuh.n:lf with Low Background Salofion {25 mmol] Na,B, 0,
| mmikl EDTA, 0.9 Nal,, 19 Twesn-20, &% BSA: 3 wash-
211, Lysis Buffer (50 mmel]l TRIS pH 7.5, 150 mmold HaCl,
L% Tribon X-100, 0.1% SDE, 5 mmol1 EDTA, 1% deoxychal-
i sodium sali; 2 wmhes), and waier (| wash), insulin and pro-
insulin wapz elutad with 25% acetic acid and dried overnighe
using speed vacuum ol room Emperanre. Samples wers pesos-
peoded in loading boffer 9 molfl wea, 025 mall TRIE
pH E.3} and separaied in an alkaline urea g2l. Once 2leciropha-
resis hond fimished, the p=l was flucrographed using PPOfgla-
cial acetic acid and then dried, and expassd. Autcradicgr
werz quantified uring densicomeiric analysis and normalissd
per botal cpm incorporaied.

Resulis wers normalised according 1o the amount of radio-
labefled r::!lein. To guoantify the insulin released, the supema-
tant of the incubation with ¥Smethionine wa processed in
the same ways a the palleiz contaiming the islets.

Inzalin secrerion. The proiocal wa based on a modifisd ver-
sion of ane already described [11]. Isclited isleis were peri-
fuzed (33 isleis per perifosion chamber) with 2.8 mmaoli] glo-
cose for 15 min. At this time Ejuint the glucose concentration
was increased bo 6T mmel] tor 40 min and then returned o
28 mmall. Supematant was reirisved al varioos time poino
and insulin secretion detarmined by RLA.

Metabolic parameter. Blood glucoss was measured using an
mtomatic gliooe: meniloring  device  (Glucometer  elies;
Cuimica Farmacéntica Bayer, Barcelona, Spaint Insolinasmia
was memured by BLA. Teoemooth old m.l.IF:md femals mice
which had fasied for thires bours wers used o determine insuli-
naemia.

Intraperionen plucose folenaece fexr. Before the imiraperiio-
nzal glucoee tolerance fesi (IGTTH muce were anassihesised ns-
ing sodivm pentcbarbital (60 meTkes. After fatting for L6 b,
ihey rzceived an iniraperitoneal imjection of 150 mg glucose
par kg body weighl. Glyceemia and insulinmemia wers mea-
sured ai 0, L5, 30, 60 aod 120 min after the in__i-eclichn. Insuli-
niemia was deierminsd uzing an ulirasensitive rat insulin
ELISA kit (Mercordia, Upsala, Sweden). Glycasmia was de-
iermined as previonsly described.

Intravenoim dmswlia folemmce fest. Before the iniravenous inso-
lirs inlerance vast (ITT) mice were sraesihesised using sodinm

harbital {60 mefkgl. After 16 b of fasiing. 1 IU insolin
Eiig by mi;ﬁ I:E:gula.r Humulin; Lilﬁ Indiznapolis,
Iod., USA) wm injecied into the wil vein. Insolimaemia wos
measured al O min, and glycasmia a 0, 15, 30, 45 and &0 min
after the injection. Insulinaemia and glycacmia were deter-
mired o5 prewiously described.

Clavesr andaion and aridisation. Groups of 15 islets per con-
dition wers incobat=d ai 37 *C for 120 min in bicarbonaie
buffered mediom (40 pli (450 mmoll NaCl, 96 mmaol/]
FaHODy, 20 mmald ECI, 4 mmall MgCl,, 4 mmal] CaCl,,
16.7 mmclf]l gloeoss) contaiming TR(3*H) ghioces  and
D4 glucase. Incubation was si by the addition of
citrate-} buffer (400 mmclf, pH 49} containiog an-
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timyzin-A (10 pmall) (Sigma. Madrid, Spaind rolenans
(LD pmedd) (Sigma) and potesiom cyanide (5 mmolfl). Glo-
cose oxidation was measored by the peneration of hyamine hy-
droxide-irapped MO0y (Carlo Erba, Milan, haly) afier 60 min
inmbation al room lemperaiors. Glocoee wilisation was deter-
mined by memuring the amoont of *HyD in 0.5 ml HCI
{01 mald’ afier 20 h incobation al room teuﬁ;d:ur:. The islet
rize was homegensously distributed amang both experimental

groups, so both groups had the same number of largs, average-
rized and small mheis.

Lenrivirg vector comstnrcfion aed fuean isler dgfection. The
nan-eplicative lenfivins particles were produced as previous-
by dc-.i-:rib;fle}ﬂ]. Hrieﬂﬂ._ ihree plasmidic constmiciions wene
co-irarsfe in the Z92T cell line by the Call, precipitation
misthind in crder 1o obtain wiral particles o fallows: () the vee-
tar {envcoding plasmid) reqoirsd for the formation of the
Wesicolar Stomatitis Vires capsid; (i) the pChI¥ AR, non-
replicative, HIV.like wecior encoding for the gaﬁ and
lentiviral probsire required to encapsulaie the winal parmic
imio the Vasicular Siomatitis ¥ins capsid; and (iii} the third
wecior encoding the cONA of interes), ie. CdbdRI4C, Bopa-
lacicsidase (Lacd) or gresn flucrsscence protein (GFE ) under
the cyiomegaloviros (CMY) promoier (pHR.CAMY). The
pHRE' CMV.Lacd wecior, env-ooding vector and PCAMWARS
plamid wers provided by B. Thorens (Institoie of Pharmacal-
ogy. University of Lausanre, Switzerland

Human isleis were obiained by ooll asz digestion from
a deceasad and previously hca]lh?'rdmaﬂﬂn previcus writen
consent from the doner er close relatives, following our esiab-
lished pratooal [13] and cahured for 24 b in BPAMT 1640 madi-
um coniaining 1.1 mmol!l glicose ¢ BioWhiliaker, ¥erviers,
Bzlgium), glulaminz, penicillin-st in (BizWhittaker
a.ndlgll:ll‘.-'c FEE. The islelI:: wers Ihenriplf]l:lllﬁ'}::l fior 24 b in RFMI
1640 supplemenied with edther 5.5 mmoll or 11.1 mmolsd E'_!u-
cose, Mext islets were pariially disaggregaied in EH Ca—~ Fre
EGTA solution (30 mmel NaCl, 5.4 mmelf KCI, 05 mmeoll
Mg50, THYD, BT mmel] MaH PO, 14 mmelf] MaHDD,
1.5 mmed]l HEPES, | mmalil EGTA} and infacied for 4 b with
lertiviral pamicles (20 [UMbeta cell). Afier this, islels ware cul-
tured in the correspanding medivm (5 5 mmolf] or 1.1 mmolil
ghiooe=) I:'-:!r?d.'l.{':\ and 12.5 mmall hydrooyures medinm was
added for 24 h. Isleis were then wm in Hanks' Balanced
Sah Salnion and culiured in 5.5 mmall or [1.]1 mmell gho-
cose for B b afier which witiabed thymidine {7 H-thymidine,
370 kBg'ml) was added for | h. Nexi islew were counted and
the same cumber of izl pelleted for sach experimental con-
dition. To quarkify prolifaration, beia cell radistion was mea-
sured.

Sargiral mnobsis All valoes are expressed s meas = SEAM.
Siatistical analysis was by Stodent’s ¢ fesi or ANOVA, depand-
ing on the case. Findimgs were considerad 1o be siatistically
rignificart at a p valoe l:"_}:'] of le2s than 003 ar ai a p valoe
{**p) of lesz than 0005, The p values are given io the figore

l=gends.

Resulls

Higher bera cell massr ond insalin  comwenr in
CAkdR24C Enockin mice. s Cdkd i3 eszential for at-
taining the steady-siate bota cell mass that allows sta-
ble normoglycasmia. very probably by inducing beta
call prafiferation. we charactersad the insulin-produc-

N. Marzo et al.:

ing beta cell mas and insulin content per islet in
CakdR24C koockin mice and wild-type controls.
Whele pancreases from 2-month old  CakdR240
kneckin mice of wild-type littermates wede imomunc-
sained for insulin. The former exhibited a higher in-
Allin-producing beta cell area per islet. approximately
twice that of wild-type littermates (E24T knockin
miice: 472009135 pim?, a=180 islets from siv mice:
wild-fype mice: 248002356 pm?, v=180 izletz from
sin mice) (Fig. 1a). Our cbservation of a sigmificant
increase in beta call mass per islet when CDE4 ia by-
peractive explains the pancreatic islet hyperplsia ob-
served in CaBdB24T knockin mice [4]. Supporting
these findings the insulin content was also almost
twice as high i islets from CadkdR24C knockin mice
20 ng ingulin' 10 slet) o in wild-type mice (5356 ng
insudin/10 dslets) (Fig. 1b). Inberestingly, neither gly-
casmia oo insulinaemia differed significantly be-
tween the two groups at the two ages testad, ie 2
micnths young miced (Fig. 20, and 12 months (mature
miced (Fig 31 At matgity, moreover, CabdR240
kneckin mice had a normal response o exogenons
insulin (similar to that in wikd-type litkermates)
(Fig. 3c).

Prpinsulin boswihesis and conversion in CAbdR240
isters weiliered, To investigate whether proinsulin was
codrectly proceassd in CabdR24C iglets. we performed
pulse-chase experiments on islets from wild-type and
CakdR24C mice and determined piodreulin, inberme-
diate modecules and insulin by fluoregeaphy (Fig. 4a).
The ratio proinailin @ insulin plus intermediates was
quantified dersitometrically (Fig. 4bi. Meither qualita-
tive nor quantitative differences between CakdR240
and wikd-type isletz were obeerved in the processzing
of prodnsufin ints it intermediaies and  insalin
(Fig. 41, mggeating that the increassd inailin pro-
duced in CdkdR24C iskeis iz metabolically active. As
CakdR24C mice were nomoglycaemic and their fast-
ing irsulinaemnia was simdlar to that of wild-typs mice
LF%& 2. Fig. 3}, our results shaw that insulin secietion
tather than insulin production could be the key control
point in preventing hypeglycasmia in CakdR240
kmockin mice,

CakdR24C Enockin mice have q more tighily con-
rrolled nosmoglveaemia dug B woreased insalinaemia
i rerponse b ducose simalus, We did IGTTs on
CalkdR24C knockin mice and wild-type litermates to
determine whether the physiclogical rigeenng of in-
allin secretion was abiormal in the former Glycasmia
and insulinsemis were measured in parallel from
blood samples taken befoce (0 min) and at different
time points (15, 30 60 and 120 min) after an intesperi-
tomeal injection of glocose. The glycaemic peak
A0 min after the glucose injection was lower in
CalkdR24C krockin mice (8.7 mimolqy than that in
wild-type contrals (1115 mumoll, as was glycasmia
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Insulint 0 islets {mg)

L)

WT

Fig. L. Insulin immunosiaining of isleis (n) from wi]d-!ym
ileft) and CalkdRI4T mice l:rié:l:l. Bein cell surface per iz
was quantified. Insulin comiznt (b) from wild-iype (WT) and

Glycaemia (mmoalil)

WT F2dC

Fig. Z. Fasting hln-:-dﬁlu::-:ue in} and plisma insolin conoentra-
tion (b in 2.-manth old wildLype (W0 and CaliR24C (R24C)
mice. Resules are given as means = SEM. WT: a=7; R24C:
a=]1l

at &0 min, by which time CdbdR24C knockin mice
ware  already oormoglycsemic (3.8 mimall  ve
2.4 mmol/] in wild-type mice) (Fig. 3a). The wikd-type
group did not each normoglycaemia uobil 120 min.
The reallts for insnlinsemia mirreded the glycasmia
values (Fig. 3b), with Cald R24C knockin mice reach-
ing a significantly higher peak of insulinasmis
(1.77 ng inmilinmb 15 min after the glhcose injaction,
while the wild-type group was slower bo peak (at
30 minj. This peak was also significantly lower than
the 30-min value for CabdR240 knockin mice (1.24
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R24C

Catdl R (R24C) islets. Resoles are given as means = SEM
of hlinded observations on 6 different mice per experimental
group £2340 islets per mousz), *pi) 05

o

Insulinaamia (ngimi)

&
s
o4 -
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02
K|
o+

WT R2dC

va 1.43 ngfmi mespectively). Both groups had meturmed
to bemal insulin levels by 120 min after the glucoss in-
jection. These resulis suggest that CdkdR240C knockin
mice have more afficient gliceae clearance bacanss
their pancreatic ikl conmin more insuiin ready for
redease upon glucose stimulation.

Clucese wilization ond onidation @ CdkdR240C
Erockin mice. As glucose uptake, phospherylation and
ultenor metabolism in pancreatic islets trigger nsulin
gacretion in responss to blood gluccae levels, we as-
certained whether glucoss utilization in the glycolytic
pathway and ite oxidabion in the Erebs cycle am
altered in CadkdR24C knockin islets. To cbiain pancre-
atic islets, we killed the CabdR 240 knockin and wild-
type mice. We then incubated the isleis ex vivo at
A7 °C and two different glucese concentrationg (3.5
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Fig. 3. Fasting blood glocose (n} and plasma irsulin concenira-
tion (b1 in 12-manth old wildtrpe WTh and CalR4C

(R24C) mice, Besult: are given as mears = SEM uzing a mini-
mum of 3 f2male mice for fasting insulinasmia and 2 minimom
of & mice {male and female) for glreaemia measuremenis.
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pulseJabelled with 5% Meithionine and chased m different
times. [mmunoprecipiiation of insulin + intermediates (N3 +
15T} and proinsulin (FROINS} is shown. b Proimeolintinsolin
+ imemredizies lsvels duing chase. Values are expressed as
mzans = 3EM of 3 independent sxperimenis. Whiie bars: WT;
black bars: R240C

were intravenonsly injected | IU insulinkg body weight and
Elycasmia values were dztermiced af different time poing. Re-

sulis are giwven as mears = SEM. While squares: WT mice
in=6; black circles: R24C mice (n=5)
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and 16.7 mmolfd) for 2 h. This was done in the pres-
ence of either D-(5-"H) glucose (glucosa utilizaticn)
of D-{-1400 glucoss (glocoss oxidation). Afier incu-
bation wae stopped, we measured either IH,0 (utilisa-
tien) of WOy (oxidation). Mo significant differences
between the experimental groups were found (Fig. &),
when normalizsd per islet st the two concentrations
eated. These results sagpest that the physiokogical and
mied functionality of CafdB 240 islets i comparable
b0 Eheat of wild-typse counterparts at the ages analysed.
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Olycacsmia [mmell)

120

Time (mdn)

Fig. 5. Inraperitoreal glucose iolerance iesi oo wild-iype
{WTH and S R2SC (R2AC) mice. Time course of blood glo-
cose (ot and plasma insulin (b} afier a glocose injection at

a

8

%

§

H, 0 pemal - bt - 120 min!

5.6 187
Glucsas concemiration (mmalil)

Fig. fi. Gluoooss meinbolism in iscloed isleis of wild-iype
(W and CAHRASC (R24C0 mice. n Glocoes uiilisaiion. Be-
sultz are given a3 means = SEM of £ absarvations from 2 22pa-
raie experimznis. b Glocose oxidation. Resulis are given o

means = SEM of |2 cheervations fram 3 separale experiments.
While bars: WT. hlack bars: R24C

Ex vive perifused CakdR24C islers exhibin bigher and
mre lasting insulin secefion i response fo igh gla-
cose  concerdrafions  fhan  wild-tvpe  cosmierparis,
Adtbough the TGTT test revealed the close contol of
inaulin releass in CabdR24C knockin mice, it was an
in vivo cheervation, and therefore did not discrin-
nate between the intervention of various organs in
glacosa and inailin clearance from the blood. We
therefore performed islet penfusion using isclabed is-
letz in the presence of a high glioose concentration
and measuring insulin secretion to the mediom at dif-
ferent time points, Aliquots were withdewn from the
incubation media (Fig. 7) at the time podnts indicated
and insulin content assgayed by RIA. Upon stimoia-
tion with the high-glucose solution, wild-iype islets
reached an insulin feleass peak at about 32 min. re-
turning almast to bazal levels of insulin secretion af-
ter changing to the low-glucosa medium (35 min). [n-
terestingly. the amplitude of the insulin secretion
peak was greaber in the CdkdR240 iglets, in agree-
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ment with the IGTT test sesults. It also lasted longer
just starting to return to basal leveds at 35 min (the
end of the low-glucose mediom incubaticn) (Fig. T
This iz surprising, for despite the ex vivo insulin se-
credicdn of CdbdRMC dgleta in responge to glucoae,
living CabdR240 kneckin mice do not show fasting
typo ;Egrnsmm of hyperinsulinaemia. Moreover, din
the I tegl uging @ single glucose dnjection, the
rate of recovery of basal insulinaemia in CakdR240C
and wild-type mice was similar

ClkdR24C comfers higher proliferaive capabiliny on
Clld R 240 -epovasing human islers, The R24C mubs-
ticn in Cdkd could be nzed o generats an Animed-

talized human beta cell line for in viteo studies. We
therefore wondered whether Cdkd activation is suffi-
cient on ite owen b0 prodmste humsan beta cell prolifers-
ticn, thus providing a potentially unlimited source of
phyziclogically functional human teta cells for vee dn
isket transplantation. To answer this question, we in-
fected human islets with non-replicative lentiviral par-
ticles empreasing either CalbdR24C or Lacd as control,
and cuitured them in 3.5 or 111 mmolf glucoss, The
efficiency of infection wa monitored by infecting
geveral aslets with GFP-expressing lentiviral wvector
(after every efficient infection high levelz of GFP
protein could be observed in the islet core). Measure-
ment of FH-thymidine incorporation showed  that
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Fig. 7. Insulin secretion from perifused isleis. Doty are from 2
inig:ndeul experiments with izlets from wild-type (tomb} ar
Caltn 24T (square} mice. Resulo aore given as means + SEM of
& indspendent observations from 2 different experiments
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Lad RZAC
Fig. & Proliferation of buman islets infecied with lentiviral
weciors carrping Caltd R 24 C (R24C, blade bars) cDNA or fega-
lacicsidase Lac, white bars) a2 conirols. Analysis wae
ANOVA, Remhs are normalised per islet and expressed as
means = SEM. This figure is representative of 3 indepandent
experimenls. *pal 05

28 mmaolll

CakdR24C-infected iglets proliferated at higher rabes
(61.23 cpm) than LacZ-infected contiodz (41.8 cpm) at
1.1 mmal glueoss, and that pooiferation increasad
significantly when the ghoose concentrabtion was
raiged from 5.5 mmolf o 111 mmold in CalfdR 24C-
dnfected igleta (40.75 va &1.23% cpm) (Fig. 8. This re-
ault suggestz that Cdkd-induced profiferation in beta
cells is miated to changes in exogenous glucoss con-
canlration. which is a powerful physialogical stimu-
Tz

Discassion

The transplantation of teta cells s wital for restoning
normoglycaemia in Type 1 diabetic patients. Com-
pared with whole pancreas tiansplantation, beta cell
transplantation hee much lower levels of azsociated
morkadity and mortality [ 14]. Tis success and fessibili-
ty. however, are severaly limited by the relatively hiFah
number of wiahle human izleis required (120600 islet
aquivalentkg body weightd in each graft procedure
[15]). ket yiald sfter the isolation procedure iz not bo-
tally efficient and varies befween laboratories. with
two fo three donor pancreases nesded par Type 1 dia-
belic fecipient o pe-establish normoglycsemia [16].
Fou thess compelling reasons, several groups have at-
tempted o modify the oumber of islets transplanted
by making them more resistant to cell death or induc-
ing them to replicate, either in vitro, or after transplan-
tation [12, 17, 18], Cae approach invelves the condi-
ticnal transformation of a maouss beta cell line vsing
the SWV40 T antigen under the confrol of tetracycline-
eeporsive element [19].

The preaent smdy describen s new potential tangeat
for inducing teta cell replication. namely Cdkd, which
ia apacifically iovalved in post-natal beta cell prolifer-
ation. Hyperactivity of Cdkd. cansed by the 240 mo-
tation that inhikdits the binding of INE4 inhibitors to
Cdkd, promotes specific beta cell hyperplasia. The
miain function of the Cdkdlcyclin complenes could b
to phosphorylate and inactivate the retinoblastoma
(Eby protein [20]. INE4 iohibitos  associate with
Cdkd monomers in wivo [21] and prevent cyclin [H]
binding to Cdkd, causing cell cycle amest. The abo-
gation of IMEA inhitdtors banding to Cdkd promotes
the entrance of the beta call into the cycle, and an in-
crease in beia cell mass. Againsi this hackground. we
have charactensed the Cdk4R24C phenciype physio-
logically and biochemically to ascertsin whether insu-
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lin secretion and glucoss metabolizm emain wnsal-
tered. In addition, the Cdkd protein i onatucally es-
pressed in beta cefls and oot a nen-self antigen ex-
pressed ectopically to dnduce replicaticn [19]. As tata
cell mas= angmentation depends on cells likely o en-
ter the G1 phase. and as the bata cell area at the age of
2 months woe two times greater than in wikd-type
miics, we pioposs (and thede i3 experimental evidence
22). as well as a personal communication by B
Barbacid and 5. Ortega in support of our proposal)
that more cells undergs meplication in CadkdR240
kncckin mice than in wikd-typs mice.

W also wondered whether beta cell hyperplasia
could cause sustmined hypoglycaemia and hyperinsuli-
naemia in CabdR24C knockin mice. As noted. these
mice showed no sigre of fasting hypoglycaemia or by-
pernsulinaemia. The Cab4R240 knockin phenctyps
has tighly controlled in viwo insulin secretion in re-
aponse o glucoss, since the insulin secretion peak in
the IGTTe was higher and faster o matenalise, and
paralleled by a lower glycaemic peak in response o
an acute intraperitoneal glucose stimolos, without
leading to “houncsd” hypoglycasmis  As regands
the of metabolic parameters analysed (glucoss
onidaticn. wtilisation, and prodrsulin conversion),
CldR 240 islets remained completely nommal.

Hiowerver, in cur perifuzion shadies using islets from
CabdR 240 knockin or wild-type mice, the bucst of in-
sulin secretion after exposure o a high glucose con-
centeation was greater in amplinide and longer-lasting
in K24 iglets than that inwild-type contiols. Interest-
ingly, CabdR24C knockin mice develop a wide spec-
trumn of tumors at Laber ages. among © endocring
tumora (80% of the adenomasz found in CadkdR24C
pancieases cormespond to insulin-producing beta cellz
[23]0 This could explain the larger amplitude and
width of the inmilin secretion peak found in
CabdR24C islets in perifusicn experiments. However,
in our animal facility the CAdR 2T colony has not
b found to undeigo bypoglycaemia at advanced
ages, It is pesszible. therefore, that the ex vivo perifu-
sion expariments do not complately reflact the in vive
scenario. in which inaulin is metabolized in vadous
tizsies, especiaily the liver, thereby maintaining glu-
cose homeostazis. Importanily, although the RI4C
mintton could confer an extieme phenctyps oo
ClldR 240 koockin mice (leading to mmor formation
labe in fife), other milder ways of regulating Cdk4 ac-
tivity might constitube a new approach o increasing
teta cell mass. In this conbext, if is worth noting that
CabdR 240 mice beterozygous for the B24C mutation
have a lower incidence of tumar formaticn than mice
harmozygons for the mutstion.

It wag essential o determine whether bei call ep-
lication could be triggersd by Cdkd activation in bu-
man pancreatic iglets, in order to be able o target
Cdkd and dnduce specific beta cell replication. Oug
and other recent obaervations using viral veciors ghow
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the feasibility of expressing certain proteins in the is-
leta [24. 25, 26, 27] without compromising their func-
ticnality and wiability. Wa implemented the methodol-
opy equired to cbiain stable expressicn in islets in-
fected with lentivinizes becausze this methedolagy iz
mnofe efficient and allows the effects of increased e
lication to be evaluated in the mid and long berm [26].
Chur results show that CabdR24C-infectad islets exhib-
it enhanced proliferation in response o glucose. Glo-
cou bas been shown o have mitogenic effects on beta
cells [28, 29), and here we report that beta cell replica-
ticn induced by CabdR2AC depende on glocose simn-
lua, probably by changing the phosphorylation status
of certain key molacuies in the cell cycle and inducing
cyclin [ expression.

In concinsion, we have shown that Cald B2400 mice
we pormoglycsemic, despite exhibiting higher islet
insulin content than wild-type litbermates, due to a e
lective bata cell bypedplazia. Moreover pancreatic is-
leta from OB 240 knockin mice have normal insu-
lin biceynthesis, glucose uilization and oxidaticn. and
sacrete larger amounts of inaalin in response o a glo-
cos simuins Imﬂmmml}'. buman islet cells express-
ing CAk4R24C exhibit higher proliferation rates inre-
gponge o a glucoss stimulos than Lacf-expressing
continds. Taken together, these resuis suggest that
Cidk4 kinase iz a key molecule din the regulation of
riormal beta cell replication, and that Cdk4 could play
a key role in future therapeutic stratagies for Type |
diabebes,

Actnowledpements, This stpdy wme supporied im part by

ranis from Insiiioic d= Salod Carles 11, Bed de Canircs
FRE‘L'EH'J CO3E, Red de Gropos GO3/212 Fundacidn Salud
2000 and a prani from Minisierio d= Ciencia v Tecnologia
ICICYT SAF ref 20000063, N. Marzo bas a pre-docioral
fallowship fram the Insiitol de [mvestigacions Biomédiques
Angust Pi i Zunyer. C. Moara halds an advanced posi-docioral
fellowship fref. LOL2OOLE35) from the Juvenile Diabsies
Foundarion Iniematicnal. Cur thanks go to Maria Julid for
technical assistamce in islet isolation and 10 B. Thorens for
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