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Genetic engineering of non-f cells to release insulin upon feeding could be a
therapeutic modality for patients with diabetes. A tumor-derived K-cell line was
induced to produce human insulin by providing the cells with the human insulin
gene linked to the 5'-regulatory region of the gene encoding glucose-dependent
insulinotropic polypeptide (GIP). Mice expressing this transgene produced hu-
man insulin specifically in gut K cells. This insulin protected the mice from
developing diabetes and maintained glucose tolerance after destruction of the

native insulin-producing 3 cells.

Diabetes mellitus (DM) is a debilitating met-
abolic disease caused by absent (type 1) or
insufficient (type 2) insulin production from
pancreatic 3 cells. In these patients, glucose
control depends on careful coordination of
insulin doses, food intake, and physical ac-
tivity and close monitoring of blood glucose
concentrations. Ideal glucose levels are rarely
attainable in patients requiring insulin injec-
tions (/). As a result, diabetic patients are
presently still at risk for the development of
serious long-term complications, such as car-
diovascular disorders, kidney disease, and
blindness.

A number of studies have addressed the
feasibility of in vivo gene therapy for the
delivery of insulin to diabetic patients. Engi-
neering of ectopic insulin production and se-
cretion in autologous non-f cells is expected
to create cells that evade immune destruction
and to provide a steady supply of insulin.
Target tissues tested include liver, muscle,
pituitary, hematopoietic stem cells, fibro-
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blasts, and exocrine glands of the gastrointes-
tinal tract (2-7). However, achieving glu-
cose-dependent insulin release continues to
limit the clinical application of these ap-
proaches. Some researchers have attempted
to derive glucose-regulated insulin produc-
tion by driving insulin gene expression with
various glucose-sensitive promoter elements
(8). However, the slow time course of tran-
scriptional control by glucose makes syn-
chronizing insulin production with the peri-
odic fluctuations in blood glucose levels an
extremely difficult task. The timing of insulin
delivery is crucial for optimal regulation of
glucose homeostasis; late delivery of insulin
can lead to impaired glucose tolerance and
potentially lethal episodes of hypoglycemic
shock. Therefore, what is needed for insulin
gene therapy is a target endocrine cell that is
capable of processing and storing insulin and
of releasing it in such a way that normal
glucose homeostasis is maintained.

Other than B cells, there are very few
glucose-responsive native endocrine cells in
the body. K cells located primarily in the
stomach, duodenum, and jejunum secrete the
hormone GIP (9, 10), which normally func-
tions to potentiate insulin release after a meal
(11). Notably, the secretion kinetics of GIP in
humans closely parallels that of insulin, ris-
ing within a few minutes after glucose inges-
tion and returning to basal levels within 2
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hours (/2). GIP expression (/3) and release
(14) have also been shown to be glucose-
dependent in vitro. However, the mechanism
that governs such glucose-responsiveness is
unclear. We made an interesting observation
of glucokinase (GK) expression in gut K cells
(Fig. 1A). GK, a rate-limiting enzyme of
glucose metabolism in B cells, is recognized
as the pancreatic “glucose-sensor” (15). This
observation raises the possibility that GK
may also confer glucose-responsiveness to
these gut endocrine cells. Given the similar-
ities between K cells and pancreatic 3 cells,
we proposed to use K cells in the gut as target
cells for insulin gene therapy.

A GIP-expressing cell line was estab-
lished to investigate whether the GIP promot-
er is effective in targeting insulin gene ex-
pression to K cells. This cell line was cloned
from the murine intestinal cell line STC-1, a
mixed population of gut endocrine cells (16).
K cells in this population were visually iden-
tified by transfection of an expression plas-
mid containing ~2.5 kb of the rat GIP pro-
moter fused to the gene encoding the en-
hanced green fluorescent protein (EGFP)
(17). After clonal expansion of the transiently
fluorescent cells, clones were analyzed for
the expression of GIP mRNA by Northern
blotting (/8). The amount of GIP mRNA in
one clone (GIP tumor cells; GTC-1) was ~8
times that in the parental heterogeneous
STC-1 cells (Fig. 1B). Transfection of GTC-1
cells with the human genomic preproinsulin
gene linked to the 3" end of ~2.5 kb of the rat
GIP promoter (Fig. 1C, GIP/Ins) resulted in a
correctly processed human preproinsulin
mRNA transcript (/9) (Fig. 1D). When the
same GIP/Ins construct was transfected into a
B-cell line (INS-1), a liver cell line (HepG2),
and a rat fibroblast (3T3-L1) cell line, little
human preproinsulin mRNA was detectable
(20). These observations suggest that the GIP
promoter used is cell-specific and is likely to
be effective in targeting transgene expression
specifically to K cells in vivo. Western blot
analysis revealed that the proprotein conver-
tases required for correct processing of pro-
insulin to mature insulin (PC1/3 and PC2)
(21) were expressed in GTC-1 cells (Fig. 1E)
(22). Consistent with this observation, a sim-
ilar molar ratio of human insulin and C pep-
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Fig. 1. Expression of
human insulin in tu-
mor-derived K cells. (A)
Immunofluorescence
staining for glucoki-
nase (GK, red) and GIP
(green) in mouse duo-
denal sections. (B)
Northern blot analysis €
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tide was observed in culture medium from
cells transfected with the GIP/Ins construct.
Furthermore, release of insulin from these
cells was glucose-dependent (Fig. 1F) (23).
To determine whether the GIP/Ins trans-
gene can specifically target expression of
human insulin to gut K cells in vivo, we
generated transgenic mice by injecting the
linearized GIP/Ins fragment into pronuclei
of fertilized mouse embryos (24). In the
resulting transgenic mice, human insulin
was expressed in duodenum and stomach,
but not in other tissues examined (Fig. 2A).
The insulin mRNA detected in the duode-
num sample from the transgenic mice was
confirmed by reverse transcription—poly-
merase chain reaction (RT-PCR) to be a
product of the transgene and not contami-
nation from adjacent mouse pancreas (25)
(Fig. 2B). This tissue distribution of insulin
gene expression in transgenic animals cor-
responds to the known tissue expression
pattern of GIP (9, 10). The cellular local-
ization of human insulin protein was deter-
mined in tissue samples from transgenic
mice by using antisera to human insulin.
Insulin immunoreactivity was detected in
distinct endocrine cells in sections from
stomach (Fig. 2C, left) and duodenum (Fig.
2C, middle) of transgenic animals. Further-

more, these cells were identified as K cells
by the coexpression of immunoreactive
GIP (26) (Fig. 2C, right), confirming that
human insulin production was specifically
targeted to gut K cells. Plasma levels of
human insulin in pooled samples collected
after an oral glucose challenge were 39.0 =
9.8 pM (» = 10, mean * SEM) in trans-
genic and undetectable in controls (n = 5).
It is interesting that amounts of mouse C
peptide after an oral glucose load in trans-
genics were ~30% lower than those of
controls (227.1 * 31.5 pM versus 361.5 *
31.2 pM, n = 3 in each group, mean *
SEM) (27). This observation suggests that
human insulin produced from the gut may
have led to compensatory down-regulation
of endogenous insulin production.
Whether human insulin production from
gut K cells was capable of protecting trans-
genic mice from diabetes was investigated.
Streptozotocin (STZ), a B-cell toxin, was
administered to transgenic mice and age-
matched controls. In control animals, STZ
treatment resulted in fasting hyperglycemia
(26.2 = 1.52 mM, n = 3, mean * SEM)
and the presence of glucose in the urine
within 3 to 4 days, indicating the develop-
ment of diabetes. When left untreated,
these animals deteriorated rapidly and died

within 7 to 10 days. In contrast, neither
glucosuria nor fasting hyperglycemia
(9.52 = 0.67 mM, n = 5, mean = SEM)
was detected in transgenic mice for up to 3
months after STZ treatment, and they con-
tinued to gain weight normally. To deter-
mine whether insulin production from K
cells was able to maintain oral glucose
tolerance in these mice, despite the severe
B-cell damage by STZ, mice were chal-
lenged with an oral glucose load (28). Con-
trol mice given STZ were severely hyper-
glycemic both before and after the glucose
ingestion (Fig. 3A). In contrast, STZ-treat-
ed transgenic mice had normal blood glu-
cose levels and rapidly disposed of the oral
glucose load as did normal age-matched
control mice (Fig. 3A). To ensure that the
STZ treatment effectively destroyed the B
cells in these experimental animals, pancre-
atic sections from controls and STZ-treated
transgenic animals were immunostained for
mouse insulin (26). The number of cell
clusters positively stained for mouse insu-
lin was substantially lower in STZ-treated
animals when compared with sham-treated
controls (Fig. 3B). Total insulin in the pan-
creas (29) in STZ-treated transgenic mice
was only 0.5% that of the sham-treated
controls (0.18 versus 34.0 pg insulin per
pancreas, n = 2). These STZ-treated trans-
genic mice disposed of oral glucose in the
same way that normal mice do, despite
having virtually no pancreatic B cells,
which indicates that human insulin pro-
duced from the gut was sufficient to main-
tain normal glucose tolerance. Previous at-
tempts to replace insulin by gene therapy
prevented glucosuria and lethal conse-
quences of diabetes, such as ketoacidosis,
but were unable to restore normal glucose
tolerance (2). Our findings suggest that in-
sulin production from gut K cells may cor-
rect diabetes to the extent of restoring nor-
mal glucose tolerance.

The identification of a glucose-responsive
endocrine cell target for endogenous insulin
production represents an important step to-
ward a potential gene therapy for DM.
However, an effective means of therapeutic
gene delivery to gastrointestinal cells needs
to be developed. There are many features of
the upper gastrointestinal tract that make it
an attractive target tissue for gene therapy.
This region of the gut is readily accessible
by noninvasive techniques, such as oral
formulations or endoscopic procedures, for
therapeutic gene transfer. The gut epitheli-
um is also one of the most rapidly renewing
tissues in the body and has a large number
of proliferative cells, thus allowing the de-
ployment of retroviral vectors that are ap-
proved for human investigation. Indeed, the
gut—the largest endocrine organ—may
have the highest concentration of stem cells
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mal were also examined
by immunofluorescence mi-
croscopy (right column). Tis-
sue sections were costained

with antisera specific for
insulin (INS, green) and GIP (red).

found anywhere in the body (30). These
cells, which give rise to the various cells
lining the gut epithelium, including billions
of K cells (37), are situated in the crypts of
Lieberkiihn (30). Successful transduction
of these stem cells should allow long-term
expression of the transgene, as occurs in
our transgenic mice. Viral vectors have
already been developed that deliver genes
to cells of the intestinal tract, including the
stem cells (32, 33). Given the massive
number of K cells, appropriately regulated
insulin secretion from a fraction of these
cells may be sufficient for adequate in-
sulin replacement for patients with diabe-
tes. This gene therapy approach is also
amenable to the expression of alternate in-
sulin analogs, which could have more po-
tent glucose-lowering activity and/or long-
er duration of action, as required. There-
fore, genetic engineering of gut K cells to
secrete insulin may represent a viable mode
of therapy for diabetes, freeing patients
from repeated insulin injections and reduc-
ing or even eliminating the associated de-
bilitating complications.
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Response to RAG-Mediated V(D))
Cleavage by NBS1 and y-H2AX
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Michael ). Difilippantonio,?* Jie Zhu," Martin ). Brown,’
Xuguang Tai," Emmy P. Rogakou,? Tilmann M. Brotz,’
William M. Bonner,® Thomas Ried,? André Nussenzweig'+

Genetic disorders affecting cellular responses to DNA damage are characterized
by high rates of translocations involving antigen receptor loci and increased
susceptibility to lymphoid malignancies. We report that the Nijmegen breakage
syndrome protein (NBS1) and histone y-H2AX, which associate with irradia-
tion-induced DNA double-strand breaks (DSBs), are also found at sites of V(D))
(variable, diversity, joining) recombination-induced DSBs. In developing thy-
mocytes, NBS1 and y-H2AX form nuclear foci that colocalize with the T cell
receptor a locus in response to recombination activating gene (RAG) protein—
mediated V(D)) cleavage. Our results suggest that surveillance of T cell receptor
recombination intermediates by NBS1 and y-H2AX may be important for

preventing oncogenic translocations.

V(D)J recombination is initiated by lym-
phoid-specific recombination activating gene
1 (RAGI) and RAG2 proteins, which intro-
duce DSBs precisely between immunoglobu-
lin and T cell receptor (TCR) coding gene
segments and flanking recombination sig-
nal sequences. RAG-mediated cleavage
generates four broken-end intermediates:
two blunt signal ends and two covalently
closed coding hairpin ends (/). The subse-
quent resolution of V(D)J ends into coding
and signal joints requires ubiquitously ex-
pressed factors that function in general
DSB repair (2, 3). Although V(D)J recom-
bination generates DNA damage, it has
been presumed that broken DNA interme-
diates, which associate with RAG proteins
within a postcleavage synaptic complex (4,
5), are sequestered from the DNA damage

'Experimental Immunology Branch, National Cancer
Institute, National Institutes of Health, Bethesda, MD
20892, USA. 2Genetics Department, National Cancer
Institute, National Institutes of Health, Bethesda, MD
20892, USA. 3Laboratory of Molecular Pharmacology,
National Cancer Institute, National Institutes of
Health, Bethesda, MD 20892, USA.

*These authors contributed equally to this work.
+To whom correspondence should be addressed. E-
mail: andre_nussenzweig@nih.gov

surveillance machinery. Primary DNA
damage sensors include histone H2AX.
which becomes rapidly phosphorylated (y-
H2AX) in response to external damage (6,
7), and the MREI1/RADS0/NBS1 com-
plex, which forms ionizing irradiation-in-
duced foci at DSBs (8, 9). Although y-H2AX
and MRE11/RADS0/NBS! appear to play an
important role in monitoring chromosome in-
tegrity, the physiological conditions that acti-
vate these DNA damage surveillance/signaling
factors have not been described.

To determine whether NBS1 and y-H2AX
are present at antigen receptor gene—specific
breaks introduced during V(D)J recombina-
tion, we examined wild-type thymocytes by
immunofluorescence analysis (/0). We found
that approximately 20% of freshly isolated
thymocytes showed intense NBSI and
v-H2AX foci (Fig. 1, A and B). Dual immu-
nostaining revealed that H2AX was generally
phosphorylated in the same nuclear domains
where NBSI foci were found (Fig. I, I
through K). The majority of thymocytes with
intense NBS1/y-H2AX staining contained
one distinct spot, although cells were occa-
sionally found to contain two, and less
frequently, three or more foci. In contrast.
multiple foci were distributed throughout
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