the Met markers pattern, the major Fe?*
cleavage occurs between Met*® and Met#®°
(Fig. 5, lane 7). At the same time, the major
cleavage product co-migrates with the
Cys** marker (Fig. 5, lane 6; and Fig. 1). As
can be seen from Fig. 1, Cys*** flanks the
evolutionarily conserved region D of the B’
polypeptide containing the NADFDGD
(13) sequence. Thus, the major Fe?* cleav-
age occurs next to this motif.

These results strongly suggest that the
aspartates of the NADFDGD sequence are
involved in chelating the Mg?* ion in the
active center of RNAP (14). In DNA poly-
merase | and human immunodeficiency vi-
rus reverse transcriptase, the acidic residues
that perform this function are located at the
base of the cleft in the three-dimensional
(3D) structure, the site where the catalytic
reaction is believed to take place (I). A
similar cleft has been observed in low-reso-
lution contours of RNAP from E. coli (15)
and yeast RNAP II (16) and RNAP I (17).
Thus, in these large multisubunit RNAPs,
the NADFDGD motif is probably located
in the base of the cleft, where it forms the
crucial element of the active center. Further
evidence for the' functional importance of
the NADFDGD motif has come from ex-
tensive mutagenesis performed on yeast
RNA polymerase III (18). Previous cross-
linking experiments have implicated other
sites in the active center of E. coli RNAP.
Segments 515 to 660 and 1091 to 1107 in B
and 330 to 366 and 932 to 1020 in B’ are
facing the 3’ terminus of RNA in the cat-
alytic pocket (19, 20). Lys'% and His'*37
of the B subunit are located on the 5’ side
facing the priming nucleoside triphosphate
(21, 22). The Rif-binding site is located
upstream of the 5’ face along the exit path
of the transcript (12, 23). Our present re-
sults indicate that all these sites are juxta-
posed to the NADFDGD motif in the 3D
structure of RNAP and probably line the
surface of the cleft where the active center
is located.
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Prevention of Islet Allograft Rejection with
Engineered Myoblasts Expressing FasL in Mice

Henry T. Lau,” Ming Yu, Adriano Fontana,
Christian J. Stoeckert Jr.

Allogeneic transplantation of islets of Langerhans was facilitated by the cotransplantation
of syngeneic myoblasts genetically engineered to express the Fas ligand (FasL). Com-
posite grafting of allogeneic islets with syngeneic myoblasts expressing FasL protected
the islet graft from immune rejection and maintained normoglycemia for more than 80
days in mice with streptozotocin-induced diabetes. Graft survival was not prolonged with
composite grafts of unmodified myoblasts or Fas-expressing myoblasts. Islet allografts
transplanted separately from FaslL-expressing myoblasts into the contralateral kidney
were rejected, as were similarly transplanted third-party thyroid allografts. Thus, the FasL
signal provided site- and immune-specific protection of islet allografts.

Immunological rejection of pancreatic islet
allografts remains a major obstacle toward
the application of such transplants in. the
treatment of diabetes mellitus. Interactions
of Fas with its ligand (FasL) are thought to
play a major role in the maintenance of
immunological homeostasis and peripheral
tolerance (1). We investigated whether
provision of the FasL signal by transfected
syngeneic myoblasts within the local envi-
ronment of an islet allograft can deliver a
death signal to infiltrating allo-activated T
cells that express Fas (2) and thereby pro-
tect the islet allograft from rejection. This
approach could permit the use of plasmid-
based gene delivery into carrier cells such as
myoblasts and make unnecessary the direct
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transfection of islet allografts.

A muscle cell-based delivery system that
is effective in the delivery of recombinant
molecules (3) was used. Primary myoblasts
from adule C57BL/6 (B6) (H-2) mice were
transfected with the plasmid BCMGS Neo-
FasL (4), and G418-resistant colonies were
pooled and designated Bfasl. These cells
were analyzed for FasL expression by fluo-
rescence-activated cell sorting (FACS)
with the fusion protein Fas-Fc, which is the
specific counterreceptor for FasL. The Bfasl
cells were positive for FasL, whereas non-
transfected B6 myoblasts (designated B6a)
showed only background staining (Fig. 1A).
The ability of B6 myoblasts to express re-
combinant FasL and to survive is consistent
with the observation that muscle cells do
not express Fas (5). The Fas* murine lym-
phoma cell line YAC-1 was used as a target
in a cytotoxicity assay (6) to ascertain
whether the FasL-expressing myoblasts
could deliver an apoptotic signal to Fas-
bearing cells. Bfasl myoblasts cocultured
with YAC-1 cells for 12 hours induced
YAC-1 cell death (Fig. 1B) and DNA frag-
mentation (Fig. 1C), consistent with death
by apoptosis (7), whereas coculture with
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B6a myoblasts had no effect.
Transplantation experiments were per-
formed with composite grafts of genetically
engineered myoblasts and unmanipulated
allogeneic islets to test whether expression
of FasL in the vicinity of the islet allograft
conferred protection from rejection. Dia-
betic B6 mice were used as recipients be-
cause they are syngeneic to Bfasl muscle
cells. The composite grafts were transplant-
ed under the kidney capsule (8). Control

Fig. 1. Bfasl myoblast expression of FasL and
induction of apoptosis in Fas* YAC-1 cells. (A)
FACS analysis of Bfasl myoblasts with the specific
counterreceptor Fas-Fc fusion protein. B6a (solid
trace) and Bfasl (dotted trace) myoblasts were
stained with a 96-hour culture supernatant from
Neuro-2a cells (American Type Culture Collection,
Rockville, Maryland) that had been transfected
with the expression plasmid pFAS-Fcll (73) with
the use of lipofectamine (4). Binding of the fusion
protein was detected by sequential labeling with
biotin-conjugated goat antibodies to human im-
munoglobulin (Fc-specific) and streptavidin-con-
jugated fluorescein isothiocyanate (Zymed, San
Francisco, California). (B) Bfasl myoblast-induced
death of Fas* YAC-1 cells. YAC-1 cells (1 X 10%)
were cocultured with various numbers of Bfasl
(open bars) or B6a (shaded bars) myoblasts, as
indicated, in 96-well flat-bottom tissue culture
plates. After incubation for 12 hours, equal por-
tions of nonadherent cells were removed and per-
centage cell death was measured with a colori-

animals (Table 1, group 1) that received
composite grafts of nontransfected, B6a
myoblasts or Fas-expressing myoblasts to-
gether with allogeneic C3H (H-2%) islets
had a mean survival time (MST) of 10.1
and 7.8 days, respectively, similar to the
MST of 10.8 days of control animals that
received C3H islet allografts alone. In con-
trast, transplantation of composite grafts of
Bfasl myoblasts (Table 1, group 2) resulted
in uniform prolongation of islet allograft
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metric assay as described (74). (C) Bfasl myoblast-induced fragmentation of YAC-1 nuclear DNA.
YAC-1 cells (2 x 10%) were cocultured with a confluent monolayer of B6a (lane 2) or Bfasl (lane 3)
myoblasts in 35-mm plates for 12 hours. DNA from YAC-1 cells was isolated with a G NOME DNA (BIO
101, La Jolla, California) isolation kit, resolved on a 2% agarose gel, and stained with ethidium bromide.

Lane 1, DNA molecular size markers.

Fig. 2. Histological comparison of
Bfasl and B6a composite C3H islet
allografts and a third-party thyroid
allograft 10 days after transplanta-
tion. (A) Rejection of third-party
A/J (H-29) thyroid allograft in the
contralateral kidney of a B6 recip-
ient of a Bfasl composite islet al-
lograft. The hematoxylin and eosin
(H&E)-stained  paraffin  section
shows the remaining thyroid folli-
cle (arrow). (B) H&E-stained sec-
tion of a Bfasl composite islet al-

lograft, showing an intact islet (arrow) surrounded by muscle cells. (Inset)
Higher magnification of islet cells. (C) H&E-stained section of a control
B6a composite graft. (D and E) Expression of FasL by muscle cells in
a Bfasl composite graft (D) but not by those of a B6a composite graft (E)
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survival with an MST of >84 days for those
animals that received the largest number of
Bfasl muscle cells. Reducing the number of
Bfasl myoblasts cotransplanted with the is-
let allograft resulted in a decrease in MST,
demonstrating dose dependency of protec-
tion against rejection.

To ascertain whether the Bfasl myo-
blasts conferred immunoprotection in a
transplant site—specific fashion, we trans-
planted Bfasl myoblasts and C3H islet al-
lografts separately into contralateral kid-
neys of B6 recipients. These recipients re-
jected the islet allograft in the normal man-
ner, with an MST of 10.4 days (Table 1,
group 3). To test for immunospecificity, we
transplanted Bfasl and C3H islet composite
grafts and a third-party A/] (H-2?) thyroid
allograft separately into the two kidneys of
B6 recipients. Histological examination af-
ter 10 days revealed almost complete rejec-
tion of the thyroid graft (Fig. 2A). In con-
trast, histology of the contralateral graft
revealed the presence of intact islets sur-
rounded by muscle cells (Fig. 2B). Control
animals that received B6a myoblast—islet
composite grafts showed the complete ab-
sence of islet cells 10 days after transplan-
tation (Fig. 2C). The muscle cells in the
Bfasl composite graft were positive for FasL
expression (Fig. 2D), whereas those in the
B6a graft were FasL~ (Fig. 2E). The infil-
trating mononuclear cells in the Bfasl com-
posite graft showed extensive apoptosis
(Fig. 2F), as detected by in situ terminal
deoxytransferase—catalyzed DNA nick end
labeling (TUNEL) (9); infiltrating mono-

(15). (F and G) In situ detection of apoptosis of infiltrating mononuclear
cells by TUNEL staining (76) in a Bfasl composite graft (F) and in
a B6a composite graft (G). KC, kidney capsule. Magnification, 60 (inset,



nuclear cells in the control B6a graft
showed minimal evidence of apoptosis (Fig.
2G).

To confirm that the composite Bfasl
myoblast—islet allografts were responsible for
maintenance of normoglycemia, we removed
the manipulated kidneys of two grafted ani-
mals 30 and 44 days after transplantation.
The blood glucose concentrations of both
animals reverted to pretransplant, hypergly-
cemic values within 48 hours of nephrecto-
my (Fig. 3, A and B). In ~25% of the
animals that received =10° Bfasl myoblasts
with their islet allografts, blood glucose con-
centrations fluctuated within the first 10
days after transplantation (Fig. 3B) and then
stabilized at normoglycemic values. Such
fluctuation was not observed in animals that
received smaller numbers of myoblasts in
their composite grafts. Histological examina-
tion of the explanted grafts (Fig. 3C) re-
vealed the presence under the kidney cap-
sule of cells containing insulin granules in-
terspersed with multinucleated cells that
showed a morphology consistent with that of
fused myotubules and which also expressed
FasL. All the animals that received compos-
ite Bfasl myoblast and islet allografts re-
mained apparently healthy and active. Ran-
dom evaluation of liver function revealed
that serum concentrations of alanine amino-
transferase, aspartate aminotransferase, total
bilirubin, and a-glutamyl transpeptidase
were within normal limits. In addition, these
animals showed normal concentrations of
blood urea nitrogen and creatinine, indicat-

Table 1. Survival of C3H islet allografts in B6
diabetic recipients. In groups 1 and 2, compos-
ite myoblast and islet allografts were transplant-
ed under the left kidney capsule. In group 3, the
islets and Bfasl myoblasts were transplanted
separately under the left and right kidney cap-
sules, respectively.

Myoblasts Ir;iir\cs/gfl MST
(number) (days) (days)
Group 1
None 10,10, 11, 11,12 10.8
B6a (1 x 109) 9,9 10,10, 11, 12 10.1
Bfas (1 X 108) 6,7,8,8,10 7.8
Group 2
Bfasl (2 x 108) 69, 70, 77, 77, 80, >84.1
>100, >100,
>100
Bfasl (1 x 106) 30, 44,7 61, 61,65, >79
88, >100, >100
Bfasl (0.5 x 10%) 24, 49, 56, 59, 68, 66.6
77,77,81,85,90
Bfasl (1 X 10%) 15,15, 15,41, 41 26
Group 3
Bfasl (1 X 109) 10, 10, 10, 10, 12 10.4

*Allograft-bearing kidneys were removed at the indicated
times for histological examination, and the blood glucose
concentration of the animals was monitored (Fig. 3).

ing normal liver and kidney function. In
animals that became hyperglycemic after 60
days, histology revealed loss of both islets
and FasL expression despite the presence of
muscle cells (10).

Obur data are consistent with recent dem-
onstrations that FasL expression in the an-
terior chamber of the eye and testes is re-
sponsible in part for the immunoprivileged
status of these sites (11). Soluble FasL or
monoclonal antibodies to Fas produced sys-
temic “toxicity in the form of fulminant
hepatic failure in mice (12). However, the
animals in our study showed no gross ab-
normalities and had normal kidney and liv-
er function. The loss of transgene expres-
sion after 60 days correlated with rejection
of the islet allograft, indicating that contin-
ued expression of FasL is necessary for pro-
tection against allograft rejection.

We have developed an approach toward
facilitation of islet allograft transplantation
that relies on syngeneic myoblasts geneti-
cally engineered to deliver an apoptotic
signal by means of FasL expression. This
approach offers an opportunity to manipu-
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Fig. 3. Effects of removal of the kidney bearing
composite Bfasl myoblast and C3H islet allografts
from B6 recipient mice. (A and B) Blood glucose
concentrations at the indicated times after trans-
plantation; arrows indicate nephrectomy per-
formed 44 (A) and 30 (B) days after transplanta-
tion. Shaded horizontal line represents the upper
limit of normal blood glucose concentrations (80
to 200 mg/dl). (C) Histology of graft 44 days after
transplantation stained with aldehyde fuchsin to
detect insulin granules. (Inset) Muscle cells
stained for FasL (75). Magnification, 100X (inset,
200X).
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late the local environment of an islet al-
lograft in composite grafting. The ability of
genetically engineered primary myoblasts to
differentiate into postmitotic myotubules
and to continue to express recombinant
protein makes them potentially safe, non-
malignant carrier cells for the delivery of
FasL or other immunosuppressive mole-
cules. Further investigations will be neces-
sary to elucidate whether such an approach
will confer long-term safety and specific
immunotolerance.
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15. Grafts fixed with Bouin’s solution were embedded in
paraffin, which was subsequently removed from
5-pum sections by treatment with xylene. The sec-
tions were rehydrated by exposure to a graded se-
ries of ethanol solutions, and endogenous peroxi-
dase was quenched with 0.1% H,0, in phosphate-
buffered saline (PBS) for 15 min. Nonspecific sites
were blocked with 10% goat serum and 0.3% Triton
X-100in PBS for 1 hour, with addition of free avidin
to block endogenous biotin followed by incubation
for 30 min with free biotin. The sections were then

* incubated overnight at 4°C with undiluted culture
supernatant from pFAS-Fcli-transfected Neuro-2a

cells. Fas-Fc binding was detected by sequential
application of biotin-conjugated goat antibodies to
human immunoglobulin (Fc specific), streptavidin-
conjugated horseradish peroxidase, and diamino-
benzidine substrate solution (Zymed, San Fran-
cisco, CA). Sections were than counterstained with
hematoxylin.

16. Grafts fixed with Bouin’s solution were processed for
paraffin sectioning. Deparaffinized and rehydrated
sections were digested with proteinase K (20 wg/mi)
for 15 min at room temperature, and endogenous
peroxidase activity was quenched with 0.1% H,O, in
PBS for 15 min. Sections were then incubated with

Evidence for Physical and Functional
Association Between EMB-5 and
LIN-12 in Caenorhabditis elegans

E. Jane Albert Hubbard, Qu Dong, lva Greenwald*

The Caenorhabditis elegans LIN-12 and GLP-1 proteins are members of the LIN-12/
Notch family of receptors for intercellular signals that specify cell fate. Evidence
presented here suggests that the intracellular domains of LIN-12 and GLP-1 interact
with the C. elegans EMB-5 protein and that the emb-5 gene functions in the same
pathway as the /in-12 and glp-7 genes. EMB-5 is similar in sequence to a yeast protein
that controls chromatin structure. Hence, a direct consequence of LIN-12 or GLP-1
activation may be an alteration of chromatin structure that produces changes in

transcriptional activity.

T tansimembrane proteins of the LIN-12/
Notch family are found throughout the an-
imal kingdom. The Caenorhabditis elegans
genes lin-12 and glp-1 and the Drosophila
gene Notch were first defined by mutations
that alter cell fate decisions involving cell-
cell interactions (1-3). In vertebrates, lin-
12/Notch genes are also involved in cell fate
decisions (4). It is now generally accepted
that LIN-12/Notch proteins function as re-
ceptors that are activated by binding li-
gands of the Delta/Serrate/LAG-2 family
(5). The intracellular domain of LIN-12/
Notch proteins, and in particular the region
encompassing six CDCI10/SWI6 (ankyrin)
motifs, has the intrinsic signal-transducing
activity of the intact protein (6). However,
there is no known biochemical activity as-
sociated with the intracellular domain of

LIN-12/Notch proteins. Understanding the.

downstream consequences of receptor acti-
vation therefore requires the identification
and characterization of the interacting
components involved in lin-12/Notch-me-
diated cell fate decisions.
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One such component, named Su(H) in
Drosophila and LAG-1 in C. elegans, is sim-
ilar to the mammalian CBF1 transcription
factor (7, 8). Genetic studies in Drosophila
and C. elegans have established that Su(H)
and LAG-1 are involved in LIN-12/Notch—
mediated reception of intercellular signals
(7, 9-11). Furthermore, Su(H) interacts
physically with the intracellular domain of
Notch (10). These findings, along with the
observations that the intracellular domains
of LIN-12/Notch proteins have intrinsic
signal-transducing activity and when ex-
pressed alone are localized in the nucleus,
have led to models proposing that there is
no intervening cascade of second messen-
gers involved in signal transduction initiat-
ed by LIN-12/Notch activation. Instead,
upon receptor activation, the intracellular
domain may influence target gene expres-
sion by activating a transcription complex,
or it may function as part of a transcription
complex (5).

To identify potential components in-
volved in LIN-12/Notch signal transduc-
tion, we used the yeast two-hybrid screen
(12, 13). A plasmid library of fusions be-
tween the GAL4 activation domain (GAD)
and C. elegans cDNA sequences (14) was
screened for interaction with a fusion pro-
tein containing the Gal4p DNA binding
domain (GBD) and the CDCI10/SWI6
(ankyrin) motifs of LIN-12 (15). Partial-

sequence analysis of candidate clones and
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subsequent database searches revealed that
two clones, E7 and E16, contain different
GAD fusions to EMB-5 sequences (Table
1). E7 and E16 also interact to a comparable
extent with a fusion protein containing the
corresponding region of GLP-1 fused to
GBD (Table 1). This result suggests that
the interaction is meaningful, because lin-
12 and glp-1 are functionally and biochem-
ically interchangeable (9, 16). In contrast,
E7 and E16 do not interact with the func-
tionally and structurally unrelated proteins
lamin (human) and SNF1 (Saccharomyces
cerevisiae), or with a functionally unrelated
C. elegans protein FEM-1 that contains
CDC10/SW16 motifs (Table 1).

Table 1. EMB-5 interacts with LIN-12 and GLP-1
in the yeast two-hybrid system. Yeast strain Y153
(73) was sequentially transformed with () a plas-
mid encoding a fusion protein between the Galdp
DNA binding domain (GBD) and another se-
quence (DNA binding hybrid) and (i) a plasmid
encoding a fusion protein between the Galdp ac-
tivation domain (GAD) and another sequence (ac-
tivation hybrid). A blue colony color in the filter
assay indicates that B-galactosidase (B-Gal) ac-
tivity is present, implying a physical association
between the DNA binding and activation domain
hybrids as a result of inserted sequences. nd, not
done.

. B-Gal

bDNA Act- Colony activity

inding vation ’
hvbrid® hybrid color (Miller

Y v units)f
LIN-12 EMB-5 Blue 4.7 £ 0.6
GLP-1 EMB-5 Blue 53 +0.2
LIN-12 SNF4 White 0.8 +0.6
GLP-1 SNF4 White 0.4 =01
SNF1 EMB-5 White 0.6 +0.1
Lamin EMB-5 White nd
FEM-1 EMB-5 White nd
SNF1 SNF4 Blue 285+ 4.5

*DNA binding hybrids in the pAS1 vector (73) contain
sequences fused to GAL4p(1-147). LIN-12 = pASL2,
containing LIN-12(940-1320). GLP-1 = pASG2, con-
taining GLP-1(867-1171). pAS-SNF1 was derived from
PEES5 (12). pAS-FEM-1 encodes a hybrid containing the
CDC10-SWI6 motifs of FEM-1 (26). TEMB-5 activa-
tion domain hybrids in the pACT vector contain sequenc-
es fused to GAL4p(768-881) (13). For EMB-5, the data
are from the E7 clone, which contains EMB-5(894-1521).
Similar results were obtained for the E16 clone, which
contains EMB-5(835-1521) (27). The SNF4 clone was
pNI12 (12). fMiller units are described in (28). The
standard deviation is indicated. Each value is the average
of four transformants.





