
Differentiation of Mouse Erythroleukemia Cel ls  (20). ~ h r e e  separate transfectiom with 

Enhanced by Alternatively Spliced c-myb mRNA pMbm2 were pertbrmed in parallel with the 
fbIIowing control transfettions (Fig. 2) : (i) 
p ~ b m 2  was linearized with Eco fi, which 

BARBARA L. WEBER, ERIC H. WESTIN, MICHAEL F. CLARKE* cleaves twice within the protein coding se- 
quence, such that no full-length message 
was expressed. (ii) A fi-ame shift mutant of 

Gmyb, the normal altular homolog of the ramviral tansforming gene v-myb, pMbm2 (psst-) was constructed by dele- 
encodes a nuclear, tramcriptid regulatory protein @7SE-r*?. C-myb is involved in tion of 4 bp at the Sst I resmction site 
regulating normal human hanatopoiesis, and iahibits dimcthyl sdhi-duced located 206 bp downstream from the mbm2 
differentiation of Friend murine crythroleukcmia (F-MEL) &. An alternately spliced initiation codon (21). This deletion altered 
c-myb mRNA encodes a truncated version of p7SC"yb (mbm2) that includes the DNA the reading fiame and allowed expression of 
binding region and nuclear localization signal present in the c-myb protein, but does the mbm2 mRNA but not the mbm2 protein 
not contain the tramcriptional regulatory regions. constitutive expression ofmbm2, in product. (iii) A construct similar to pMbrn2 
contrast to c-myb, here resulted in enhanocd difkmtiation of F-MEL. &. These data but with a full-length c-myb cDNA, 
suggest that the c-myb promoncogme encodes alternately spliced mRNA species with pMbml, was linearized with Kpn I. 
opposing effeas on difkzntiation. Stable transf.ectants were isolated from 

each experiment and treated with 0.5 or 

C -my& ENCODES A DNA-BINDING end, where an alternate initiation site results 1.5% DMSO for 3 days. Differentiation was 
protein with aanscriptional activat- in an mbm2 protein product beginning 20 determined by analysis of intact cells with 
ing activity in vitro (1-9). Recent amino acids downstream of the mbml initia- benzidine staining before (spontaneous) and 

studies provide evidence that c-myb plays a tion d o n .  Primer extension analysis of after (induced) DMSO exposure. In all three 
role in growth and difkrentiation of normal RNA fiom CCKF-CEM cells verifies the tcansf~ections, the pMbm2-transfected cells 
hematopietic cells (10). In addition, consti- existence of an mRNA species predicted by showed significantly enhanced dilkentia- 
tutive expression of c-myb inhibits dirnethyl the 5' mbm2 sequence (15, 117). The 5' tion (P < 0.01) after 3 days in DMSO, as 
sulfbxide (DMSO)-iinduced dilkentiation region of c-myb, which is deleted in mbm2 compared to control cells (Table 1 and Fig. 
of Friend murine erythroleukemia (F-MEL) and v-myb, contains a phosphorylation-sen- 3). Cdls transfected with pSst- (Fig. 3) or 
cells (11-13). C-myb encodes several mRNA sitive element that inhibits sequence-specific 
species ranging from 3.4 to 4.5 kb (14, 19, DNA binding when phosphorylated (18). 1 2 3 
which are thought to originate from variable The functional significance of the 5' alter- 
initiation sites or alternate splicing events. ation of mbm2 is unknown. 
The predominant transcript is 3.8 kb. While Mbm2 mRNA was shown to be present in 
characterizing a W-length c-myb cDNA vivo by Northern (RNA) blot analysis of 
(11), we identified an alternately spliced c- both uninduced HL-60 and CCRF-CEM 
myb mRNA which appears to promote cells, representing 5 to 10% of the predomi- 

3.3 kb ) 

DMSO-induced diffkrentiation of F-MEL nant c-myb manscript (15). No signal was 
cells. detected in differentiated HL-60 cells (Fig. 

Approximately 50 clones were isolated by 1). 
homology to a human genomic c-myb probe Afm arposure to DMSO, F-MEL cells 
(16) fiom a cDNA library constructed from diErentiate along the erythroid pathway 
the T-lyrnphoblastic leukemia cell line and produce hemoglobin (19). Optimal dif- 
CCRF-CEM. One 3.4kb clone, mbml, was ferentiation, typified by the presence of he- 
sequenced and found to be homologous to moglobin in 60 to 80% of cells, occurs after 
known human c-myb sequences. A second exposure to 1.8% DMSO b r  5 days. In m. 1. ~~~~h~~ blot of CCRF-CEM 
done, mbm2, of similar size and with a order to examine the function ofthe truncat- and HL60 mRNk Five mi- of oli- 
restriction site pattern similar to that of ed protein, mbm2 was inserted into a eukary- go(0-selected RNA from uninduced HG60 
mbml, was also sequenced. In mbm2, an otic expression vector under the control of (lane HL-60 cells induced *tiate 

with 1.3% DMSO (lane 2), and CCRF-CEM alternate splice donor-acceptor site is used at the SV40 promoter (Fig. 2). The recombi- c& (lane 3) was p- with a 30-bese Omu- 
the j~IIcti0n of exom five and six, which nant plasmid pMbm2 was with &otide homol*m to the unique region of the 
resdts in the insertion of a 122-bp cryptic Kpn I and transfected into F-MEL cells mbm2 exon 516 splice junction (28). 
sixth exon. This exon contains an in-flame 
stop codon (UAA) 102 bp beyond the 
alternate splice junction. Southern (DNA) Tabk 1. Benzidine staining of pMbm2-trans- clones. Percentage (21  SD) of cells stained with 
blot and sequence analysis demo-tes that bemidine after 3 days arpomrr to DMSO at the concentrations indicated. Statistical signi6cance was 

the sixth of mbm2 is derived from the determined from the Behrms-Fisher t test. Control (n = 21), wild-type F-MEL ceh or cdls t r a d m d  
with Kpn I- ' pSa- or b RI- ' pMbm2, pMbrn2 (n = 18), cells t r a n s f d  with 

6f'& genomic c - m ~ b  ( l5). pMbm2. Each-was am+ed at least-&xs. Difhnces benwcn a n d  subsets war not 
Mbml and mbm2 also diverge at their 5' statisti* s im- t  (P > 0.2). 

cnt of Intcmal DMSO 
Benzidine-positive (%) 

B. L. Wckr and M. F. Clulrc 
M e ,  UWersiy of Mi&% 1 o f M a d i c i ,  (%I Control 
Ann Arbor, MI 48109. pMbm2 
E. H. Wadn, Dcpemnans of Medicine, Microbi 2.4 + 2.7 10.5 + 8.1 P < 0.001 
mod, VA 23298. 12.2 2 6.8 29.9 + 17.5 P < 0.001 

1.5 17.4 + 7.7 43.8 + 20.8 P < 0.001 
T o  whom C O ~ C ~ K C  should be addrcsscd. 
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Eco RI-linearized pMbm2 (22) were indis- 
tinguishable from wild-type F-MEL cells at 
both concentrations of DMSO tested. As 

have been identified (14, 23), but the func- 
tion of these mnsaipts is not known. The 
presence of mbm2 mRNA appears to have an 
efFect directly opposing that of c-myb 
mRNA. The mebnism fbr this efkct re- 
mains unknown. The predicted mbm2 pro- 
tein product encodes the DNA biding and 
nuclear localization signals present in c-myb 
but not the distinct, highly conserved do- 
main shown to have mnscciptional activat- 
ing and suppressing activity (2, 3). We 
speculate that the mbm2 protein may be 
functioning as a competitive inhibitor of 
c-myb protein by occupying the same DNA 
binding sites without regulatory activity, a 
type of dominant negative function (24). 
This hypothesis remains to be tested direct- 
ly. Such a competition has been demibed 
fbr alternately spliced translation products 
of the protooncogene c-erbA (25). Both 
proteins recognize the same DNA sequence, 
but only one protein also binds thyroid 
hormone and functions as a mnscciptional 
activator. The alternate protein acts as an 
inhibitor, presumably duough competitive 
binding. The -rally produced yeast 
GAZA-LacZ fusion protein may also func- 
tion in that manner (26). GALA protein 
binding to a specific site upstream of both 
the GAL1 and GAL10 loci is required for 
e%iaent transaiption of these genes. The 
GALALacZ fusion protein, containing only 
the DNA biding regions of GAL4, does 
not activate aanscription and functions as a 
repressor when properly positioned in b n t  
of the genes. 

has been reported previously, pMbml trans- 
fecrants were mistant to induction with 
DMSO (Fig. 3) (1 1). 

Ten random uninduced pMbm2-Kpn I 
dona were assayed for presence of mbmZ 
mRNA by S1 nuclease protection. A 1. 1-kb 
probe (Fig. 2) was used that was specific to 
d m 2  and included upstream 5' nontcanslat- 
ed regions and the first 4% bp of the coding 
sequence, to detect transfected human 
mRNA sequences but not endogenous Fig. 4. S1 nudease analysis of mRNA from ten 

cepmentative mbm2-transfected cloned cell lines. 
(A) The Cla I-Eco RI fragment (Fig. 2) of 
pMbm2 was isolated, end-labeled with [y32P] 
ATP, and hybridized overnight at 51°C to 10 p.g 
of total cellular RNA from each done. Sampks 
were digested for 1 hour with S1 nudease and 
adyzed by gel electrophoresis. The gel was fixed 
and dried under vacuum before autoradiognphy. 
Probe, hybridization without added RNA, MEL, 
RNA from uninduced F-MEL cells; lanes 1 to 10, 
individual dona  of F-MEL cells d e c t e d  with 
Kpn I-linearized pMbm2. The 1.1-kb band rep  
resents undigested pmbc and the 0.9-kb band 
c e p m t s  digested probe protected by hybridiza- 
tion to mbm2 mRNA. (0) Percentage of cells in 
each done that differentiate spontaneously (benzi- 
dine-positive) during exponential growth. (C) 
Pemntagc of cells that differentiate (benzidine- 
positive) after treatment for 3 days with 0.5% 
DMSO. 

mouse c-myb mRNA sequences. ~ ra r&c i~ t s  
of mbm2 were detected in all clones. As 
arpectad, wild-type F-MEL ceh did not 
contain deteaable levels of mbm2 transaip. 
Analysis of the dona  demonstrated that a 
tendency toward spontaneous diflkntia- 
tion and the extent of enhanced DMSO- 
induced differentiation generally correlated 
with higher expression of mbm2 (Fig. 4). 
Clone 2, which did not show evidence of 
enhanced spontaneous differentiation, ap- 
peared to express a form of mbm2 with a 
deletion in the 5' portion of the cDNA. We 
postulate that this may have d t e d  in the 
production of a nonfimctional mbm2 pro- 
tein. 

Several oncogenes are known to encode 
more than one protein product, sometimes 
by means of alternately spliced mRNA spc- 
aes. The done d m 2  represents an alternate- 
ly spliced c-myb mRNA. Other structurally 
distinct alternately spliced c-myb &As 

The role of mbm2 in normal Merentiation 
is unknown. The absence of mbm2 tram 
sc r ip  in differentiated HG60 cells suggests 
that mbm2 may be required only briefly in 
the diikentiation process, but this remains 
speculative. It is possible that deletion or 
inactivation ofsplice sites required to gener- 
ate the mbm2 mRNA would result in cells 

Fig. 2. struccurr of -- - - 
pMbm2. The Eco RI- 43 3 s i i  
Cla I restriction £rag- 
ment used as a probe for 
the sl n u b  pmec- W I  'H" I&%, WI mbm~ Ir%N 
tion assay is indicated. 
The plasmid was linear- -slpnbe 

izcd with Kpn I for 
pMbm2 tlxdhio11~ 

1Y 
and with Eco RI for w n d  tansfcctons. The Sst I site in the d m 2  coding region was deleted from 
psst-. 

with d d  mential for nonnal differ- 
entiation.  his &dd explain the uncxpea- 
d y  high incidence of homozygosity at the 
c-myb locus found in a panel of 35 solid 
tumors (27). In order to elucidate the role of 
mbm2 in differentiation, fkther studies will 
be needed to identi@ mbm2 mRNA in differ- 
entiating cells and to determine the cellular 
location and DNA binding activity of the 
mbm2 protein. 

Flg. 3. DiiEcatiation 
patterns of F-MEL cells 
transfected with pMbm2 
and c o n d  cells. Indi- 
vidual clones of F-MEL 
cells tansfkted with 
P M ~  (.I, P&- (O), 
or pMbml (A), and 
wild-type F-MEL cells 
(0) crposed to 
DMSO in the wncentra- 
tiom indicated for 3 
days. Cclls were stained 
with benzidine as previ- 
ouslg described (11) and 
wunted in a hanocy- 
tometer. At least 100 
cells per sample were 
wunted. 
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Induction of Donor-Specific Unresponsiveness by 
Intrathymic Islet Transplantation 

ANDREW M. POSSELT, CLYDE F. BARKER, JOHN E. TOMASZEWSKI, 
JAMES F. MARKMANN, MICHAEL A. CHOTI, ALI NAJI* 

The application of isolated pancreatic islet transplantation for treatment of diabetes 
mellitus has been hampered by the vulnerability of islet allografts to  immunologic 
rejection. Rat islet allografts that were transplanted into the thymus of recipients 
treated with a single injection of anti-lymphocyte serum survived indefinitely. A state 
of donor-specific unresponsiveness was achieved that permitted survival of a second 
donor strain islet allograft transplanted to  an extrathymic site. Maturation of T cell 
precursors in a thymic microenvironment that is harboring foreign alloantigen may 
induce the selective unresponsiveness. This model provides an approach for pancreatic 
islet transplantation and a potential strategy for specific modification of the peripheral 
immune repertoire. 

T RANSPLANTATION OF ISOLATED 

pancreatic islets is the most specific 
therapy for insulin-dependent diabe- 

tes mellitus (1). However, despite immuno- 
suppression, no human islet allografts have 
escaped rejection, possibly because cellular 
allografts such as bone marrow or islets are 
more vulnerable to rejection than vascular- 
ized organ allografts such as kidney, liver, or 
whole pancreas (2). Greater success has been 
achieved in experimental animals by chronic 

administration of potent immunosuppres- 
sants or by reducing the immunogenicity of 
the graft before transplantation (3, 4). The 
latter can be achieved by prolonged tissue 
culture, ultraviolet irradiation, or treatment 
of islets with specific antibodies to delete or 
inactivate intra-islet antigen presenting cells 
(APCs) ( I ,  3, 5) .  An alternative strategy 
would be transplantation to an immunologi- 
cally privileged site. Thus far only the brain 
and the testicle have shown promise in this 
regard (6,  7). Our data support the thymus 

A. M. Posselt, C. F. Barker, J. F. Markmann, M. A. as a new immunologicaUy privileged site for 
Choti, A. ~ a j i ,  Deparunent of Surgery, Hospital of the islet transplantation. The prolonged resi- 
University of Pennsylvania, Philadelphia, PA 19104. 
J. E Tomaszewski, Department of Pathology, University dence of allogeneic islets in the thymus 
of Pennsylvania School of Medicine, Philadelphia, PA induced unresponsiveness to donor islets 
19104. transplanted extrathymically. 
*To whom correspondence should be addressed. ~slets were isolated f r o m ~ e w i s  (RT~ ' )  or 

DA(RTla) donors and transplanted to ma- 
jor histocompatibility complex (MHC) in- 
compatible Wistar Furth (WF,RTIu) recipi- 
ents-(8 to 10 weeks old) in which diabetes 
(blood glucose > 300 mg/dl) had been in- 
duced 2 to 3 weeks earlier with intravenous 
streptozotocin (65 mg per kilogram of body 
weight). Islets (1000 to 1200) were inocu- 
lated into conventional islet transplant sites 
(beneath the renal capsule or into the liver, 
via the portal vein) (a), into a known privi- 
leged site (the testicle), or into the thymus 
by direct injection of 500 to 600 islets into 
each lobe. In some instances freshly isolated 
islets were transplanted, whereas in others 
islets were maintained in tissue culture for 
14 days before transplantation (to delete 
intra-islet APCs). Where noted, recipients 
received a single intraperitoneal injection (1  
cm3) of rabbit antiserum to rat lymphocytes 
(ALS) at the time of islet transplantation. 
Islet grafts were considered technically suc- 
cessful if the nonfasting blood glucose re- 
turned to normal (<200 mg/dl) within 2 to 
3 days. Rejection was diagnosed by subse- 

&/dl) and confirmed by histological exami- 
nation of the graft. 

All transplants of freshly isolated (non- 
~ ~ C - d e ~ l e ; e d )  Lewis islets were rejected 
promptly by nonimmunosuppressed WF 
rats if transplanted to the liver or renal 
subcapsule [median survival times (MST), 8 
and 9.5 days respectively; Table 11. Survival 
of freshly isolated islets in the thymus was 
prolonged (MST, 17  days), and one of 
seven such islet allografts survived perma- 
nently. 

Administration of ALS (1 cm3) at the 
time of transplantation delayed rejection of 
freshly isolated islets transplanted to the 
liver (MST, 29 days) or renal subcapsule 
(MST, 47 days). Although rejection was fur- 
ther postponkd by transplantation to a clas- 

, , , , 

l(1)12) 13) 14) (5) / 
-20 0 40 80 120 200 220 240 

Time after transplant (days) 

Fig. 1. Representative blood glucose profiles of 
WF rats transplanted with freshly isolated pancre- 
atic islets in various sites. (1) Streptozotocin 
administration. (2) Transplantation of fresh Lew- 
is islets (W-W, intraportal; 0 -0 ,  intrathymic, 
animal # l ;  0-0, intrathymic, animal #2). All 
animals received ALS (1  cm3) at time of trans- 
plantation. (3) Second renal subcapsular trans- 
plants of either Lewis (0-0) or DA (0 -0 )  islets. 
(4) Thymectomy. (5) Removal of islet bearing 
kidneys. 
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