7); perhaps markers commonly deleted in
other genitourinary tract neoplasms may fa-
cilitate the detection of other neoplasms
that exfoliate cells into urine sediment.

Finally, our approach highlights the im-
mediate utility of studies that demonstrate
LOH in human cancer and of the develop-
ment of molecular progression models for
clinical detection (18). In most of the cases
in this study, morphologic and cytologic
analyses were not diagnostic. Molecular
analysis reliably detected tumors of all
grades and stages, including those often
missed by cytology. In principle, this mo-
lecular approach can be performed at ap-
proximately one-third the cost of cytology
and does not require exhaustive expert in-
terpretation. Moreover, the entire assay is
amenable to nonradioactive, non—gel sepa-
ration techniques (19) and potentially
could lead to a reliable, yet inexpensive,
molecular screening test. .
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Expression of a Plasmodium Gene Introduced
into Subtelomeric Regions of Plasmodium
berghei Chromosomes

Melissa R. van Dijk, Chris J. Janse, Andrew P. Waters*

Targeted integration of exogenous DNA into the genome of malaria parasites will allow their
phenotype to be modulated by means of gene disruption or the stable expression of foreign
and mutated genes. Described here is the site-specific integration through reciprocal
exchange, and subsequent expression, of a selectable marker gene into the genome of the
pathogenic, bloodstage forms of the rodent malaria parasite Plasmodium berghei. Stable
integration of a single copy of the marker gene (retained for more than 70 generations in
the absence of drug pressure) into a nontranscribed subtelomeric repeat array of different
chromosomes was observed. Expression of the gene within the subtelomeres indicated
that the previously recorded absence of transcription in these regions could be due to a
corresponding absence of genes rather than active silencing mechanisms.

Systems enabling the genetic manipulation
of malaria parasites will play a crucial role
in furthering our understanding of the biol-
ogy of these protozoa. In turn, this knowl-
edge might contribute to improved ration-
ales for the combat of the disease. Targeted
insertion of foreign DNA into the malaria
parasite genome will permit the examina-
tion of the function of parasite genes and
the reintroduction of mutated forms of
those same genes. The successful introduc-
tion of functional plasmid DNA into ma-
laria parasites has been demonstrated in
both transient (1) and stable (2) proce-
dures, but neither random nor site-directed
integration of the introduced DNA into the
Plasmodium genome has been reported.
We have previously shown that it is pos-
sible to stably introduce plasmid DNA con-
taining the gene encoding the bifunctional
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enzyme dihydrofolate-thymidylate synthase
(DHFR-TS) (which confers resistance to the
drug pyrimethamine) and additional parasite
DNA into bloodstages of Plasmodium berghei
(2). When two different plasmids (pMD223
and pMD221) with the potential to inte-
grate into the genome were introduced in
both circular and linear forms, we observed
only drug-resistant, transformed parasites
that maintained the plasmids episomally. In
the experiments described here we intro-
duced linearized pMD223 containing an in-
ternal 2.2-kb portion of a 2.3-kb repeat ele-
ment. This 2.3-kb element is a nontran-
scribed repetitive DNA sequence specific to
the rodent malaria parasite P. berghei. It is
present in a total copy number of 200 to 300
in the genome, arranged as a head-to-tail
array, and located exclusively in the subtelo-
meric regions of several chromosomes (3).
Plasmid pMD223 was linearized at a unique
Spe 1 site present in the 2.3-kb repeat. In
four separate experiments (T6, T7, T8, and
T9), the linear form of pMD223 was electro-



porated into 10° merozoites of the drug-
sensitive clone 15cyl, followed by selection
for pyrimethamine resistance (2). Stable,
drug-resistant parasites were recovered in all
instances (T6, T7, T8, and T9 parental
lines). Parasites from the T6 and T9 lines
were cloned by limiting dilution, and we
obtained three clones from T6 (examples
discussed, T6.1 and T6.2) and nine clones
from T9 (examples discussed, T9.1 and
T9.2). All parasite lines and clones from
these experiments were highly resistant to
pyrimethamine. The IC,, values (the 50%
inhibitory concentration) for pyrimeth-
amine, as determined in vitro (2), were 530
to 930 times the ICq, values of the sensitive
parent clone 15cyl (T6.1, 530X%; T6.2,
920%; T7,930X%; T8, 920X; and T9, 530X).
This level of resistance is comparable with
the high level of resistance observed in P.
berghei parasites that contain the amino acid
substitution Ser''°—Asn in the chromo-
somal copy of the DHFR-TS gene (4). Poly-
merase chain reaction analysis of all trans-
formed parasites indicated that pMD223
DNA was present (5).

Chromosomes from the four parental
lines were separated by clamped homoge-
nous electric fields (CHEF) gel electrophore-
sis, transferred to nylon membranes, and hy-
bridized to probes for the DHFR-TS gene
and the vector (pBSKS) (Fig. 1, A and B).
As expected, all lines showed a positive sig-
nal with the DHFR-TS probe to chromo-
some 7 where the parental, centromeric copy
of the DHFR-TS gene is located. In addi-
tion, the combination of hybridization sig-
nals suggested that an additional DHFR-TS
gene linked toplasmid DNA was integrated
into chromosome 7 (T6), chromosomes 13/
14 (T7 and T8), and both chromosome 7
and 13/14 (T9). Chromosomes 7 and 13/14
of the parental, drug-sensitive clone 15cyl
contain the highest copy number of the 2.3-
kb repeat target (3). The T9 parental line
consisted of a mixture of parasites, with
pMD?223 integrated either in chromosome 7
(T9.2) or in chromosome group 13/14
(T9.1) (5). The clones from the T6 popula-
tion (T6.1 and T6.2) both contained the
extra copy of DHFR-TS gene in chromo-
some 7.

The digestion of purified chromosome 7
of clones T6.1, T6.2, and T9.2 with Apa I
and hybridization to the DHFR-TS probe
confirmed the presence of an extra, integrat-
ed copy of the DHFR-TS gene on this chro-
mosome in addition to the normal copy that
lies on a 270-kb internal fragment (Fig. 1, C
to E, H, and I). Further hybridization of the
restriction fragments to a telomeric probe
indicated that the additional DHFR-TS
gene was located on a telomeric fragment of
the chromosome. Similar analysis of the
chromosomes 13/14 from the T7, T8, and T9
lines and clone T9.1 showed that integrated

copies of the DHFR-TS gene were also lo-
cated on telomeric fragments (Fig. 1, F and
G). The T7 and T8 populations were heter-
ogenous, indicating that integration could
have occurred in either chromosome 13 or
14, or both. Because of the difficulty of re-
solving these two chromosomes by electro-
phoresis, no further attempt was made to
analyze these populations.

The whole chromosome analyses indicat-
ed that, in T6, integration of the vector
occurred without a noticeable reduction in
size of chromosome 7; however, the Apa [
restriction fragment containing the integrat-
ed vector showed a slight size reduction.
These data are consistent with site-directed
integration into the 2.3-kb repeat arrays

through a reciprocal exchange event span-
ning and deleting a small number of the
tandem repeats. However, in T9 (for exam-
ple, clone T9.2), integration into chromo-
some 7 was associated with a larger (~100-
kb) reduction in size of the subtelomeric Apa
[ restriction fragment. This suggested one of
the following: (i) The.reciprocal exchange
event spanned and deleted many 2.3-kb
units within the tandem array. (ii) A single
nonreciprocal exchange occurred followed
by telomere addition with a resultant short-
ening of the target chromosome. (iii) The
integration proceeded normally, and there
was a secondary deletion of a variable num-
ber of 2.3-kb repeats. The internal Apa I
fragments of the smaller form of chromo-
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Fig. 1. Chromosome analysis of drug-resistant P. berghei parasites that were transformed with linear
pMD223. (A and B) Analysis of the location of pMD223 in parasite chromosomes of parental populations
of transformed parasites. Chromosomes of the parasites from experiments T6 through T9 were sepa-
rated by CHEF, transferred to nylon filters, and hybridized to (A) the DHFR-TS probe or (B) the pBSKS
probe. Film autoradiograms are shown. Probe labeling and hybridization were as described (2). CHEF
conditions were as follows: first run, 60 hours, 3.5 V.cm™?, pulse time from 500 to 700 s; second run, 25
hours, 3.5 V.cm~", pulse time 300 to 500 s; and third run: 8 hours, 3.5 V. cm~", pulse time from 200 to
300 s. Lane 1, clone 15cy1; lanes 2 to 5, T6 to T9 parental lines, respectively. (C to I) Analysis of the
location of pMD223 in Apa | restriction fragments of purified chromosomes. Chromosomes were sepa-
rated by field inversion gel electrophoresis (FIGE) and stained with ethidium bromide after which appro-
priate chromosomes were excised in agarose. Blocks were incubated for 24 hours in 200 ml of restriction
buffer containing bovine serum albumin (100 mg/ml) and 10 units of Apa |. Restriction fragments were
separated by FIGE (3). Identical blots were initially hybridized to the DHFR-TS probe (C, F, and H) or
pBSKS (D), and after stripping hybridized to the telomere probe (E, G, and |) (3). For the last probe, blots
were washed with 1X standard saline citrate (SSC) containing 0.5% SDS at 65°C. FIGE conditions were
as follows: first run, 20 hours, 1.2 V cm~?, pulse time from 15 to 39 s; and second run, 3 hours, 1.5V
cm™', pulse time 10 to 14.5 s. In (G) there is a contaminating telomeric fragment of chromosome 11
(arrows). This is due to chromosome trapping during electrophoresis and is always observed when
separating and analyzing P. berghei chromosomes of this size range (77). The telomeric fragment of
increased size indicated by the arrow in (l), lane 2, demonstrates the frequent size polymorphism of the
telomeric fragments. The additional bands hybridizing to the telomere probe in (l), lane 3, are from
chromosomes 5 and 6, which comigrate because of the reduction in size of chromosome 7. For a
detailed explanation, see (77). In (C), (D), and (E): lane 1, clone 15cy1, chromosome 7; lane 2, clone T6.2,
chromosome 7; lane 3, clone T6.1, chromosome 7. In (F) and (G): lane 1, T7, chromosome 13/14; lane
2, T8, chromosome 13/14; lane 3, T9, chromosome 13/14; and lane 4, T9.1, chromosome 13/14. In (H)
and (l): lane 1, high producer E, chromosome 7; lane 2, clone T9.1, chromosome 7; and lane 3, clone
T9.2, chromosome 7.
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some 7 carried by clone T9.2 were in all
respects identical to those from the parental,
sensitive clone, indicating that no obvious
internal rearrangements had occurred. Den-
sitometric examination of the blots probed
with the DHFR-TS probe revealed that a
single copy of the vector had integrated.
Integration of the vector was confirmed
by Southern (DNA) blot analysis of Hind
[1I-digested parasite DNA from the paren-
tal lines T6 through T9, demonstrating the
presence of a predicted novel band of 3 kb
hybridizing to the DHFR-TS locus probe.
This band is indicative of vector integration
into the 2.3-kb repeat (6) and was found for
all the parental lines and clones analyzed
(Fig. 2A). Plasmid rescue was also per-
formed in which Escherichia coli was trans-
formed with the same Hind III-digested,
total parasite DNA from the T6 through T9
lines that had been circularized after diges-
tion. Rescued plasmids contained the Hind
III site of the target 2.3-kb repeat element
in which integration had occurred (Fig.
2B), which was confirmed by DNA se-
quence analysis of the rescued plasmids (5).
Taken together, the data are indicative of
accurate, site-directed entry of the integra-
tion vector into the parasite genome. Anal-
ysis of clone T9.2 containing the truncated
form of chromosome 7 indicated that inte-
gration had occurred through a reciprocal
exchange, and the disposition of the inte-
grated DNA was again characteristic of sin-
gle-copy integration. The amount of
DHFR-TS mRNA transcribed by the trans-
formed parasites was on average 3.5 times
that (range 2.5 to 4.0 times, 10 separate

measurements) found in naturally resistant
parasites carrying the Ser!!°—Asn amino
acid substitution in the allelic copy (5).
This suggested that the integrated DHFR-
TS gene was in fact transcriptionally up-
regulated rather than silenced, which might
reflect a selective requirement for increased
concentrations of DHFR-TS.

The 2.3-kb repeats are exclusively locat-
ed in subtelomeric regions of P. berghei
chromosomes, regions that have been
shown to be transcriptionally inactive in
Plasmodium (7) in a process that might re-
sult from an active silencing mechanism
(8). Genes introduced into these regions
were effectively expressed, thus refuting the
possibility of a general silencing mechanism
and pointing to a general paucity of genes
in subtelomeric regions of Plasmodium. The
observed limited distribution of integration
sites may reflect either the local density of
the integration target at the sites of integra-
tion or that only a subset of the possible
integration sites will support gene expres-
sion in bloodstage parasites.

The integrated pMD223 was stable dur-
ing asexual multiplication in the absence of
pyrimethamine for 10 weeks (~70 genera-
tions) in all transformants tested (T6, T6.1,
and T9.1). These parasites were analyzed as
described above, and all the transformed
parasites remained unaltered, being both
highly drug resistant and positive in the
diagnostic Hind 111 analysis of their genom-
ic DNA (Fig. 2A). The stability was unex-
pected, as subtelomeric regions in Saccharo-
myces cerevisiae (9), trypanosomes (10), and
Plasmodium falciparum (11) are known to be

Fig. 2. Stable, targeted insertion of the integration vector
into the 2.3-kb tandem repeat array occurred by homolo-
gous recombination. (A) Integration of linear pMD223 into
the 2.3-kb repeat of P. berghei. Genomic DNA isolated
from parasites from the transformed clones grown with (+)
or without (—) drug pressure was digested with Hind IIl.
DNA digests were size fractionated on 0.6% agarose gels,
transferred to nylon filters, and analyzed by hybridization to
the DHFR-TS locus probe (top panel) and to the pBSKS
probe (bottom panel). Blots were washed with 0.1X SSC
containing 0.5% SDS at 65°C. The following DNAs were
used: lane 1, clone 15cy1; lane 2, clone T6.1+; lane 3,
clone T6.2+; lane 4, clone T9.1+; lane 5, pMD223; lane 6,
clone T6.1—; and lane 7, clone T9.1-. E, endogenous; |,
integrated; and V, vector. Sizes of DNA fragments are in-
dicated in kilobases. (B) Predicted rescue of the genomic
Hind Il restriction site adjacent to the site of integration.
Total genomic DNA from parental lines T6 through T9 was
digested with Hind lll, diluted, and circularized with DNA
ligase. The circularized DNA was then used to transform E.
coli. Plasmid DNA was isolated from randomly picked col-
onies and cut with various restriction enzymes. Plasmids
containing the Hind ll-Eco Rl 2.3-kb fragment could be
rescued from the four parental lines and are distinguishable
from original pMD223 (which might have either circularized
on introduction to the parasite or spontaneously excised

B
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and religated) by the absence of the 1.2-kb band released by the double digestion. Hind lll-Eco RI double
digestion of plasmid DNA rescued from total DNA from: lanes 1 to 3, T6; lanes 4 and 5, T7; lanes 6 to 8,
T8; lane 9 to 11, T9; and lane 12, Hind lll-digested, diluted, and recircularized pMD223. M, marker.
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preferential sites for genomic rearrange-
ments. Furthermore, the 2.3-kb repeat is
involved in the generation of chromosome-
size polymorphism (3) and recombination
between nonhomologous chromosomes
during mitosis in P. berghei (12).

These features of the 2.3-kb repeat unit
may have different consequences for the
stability of the inserted genes into these
targets. It is possible that as a result of
rearrangements involving the repeats, the
inserted DNA may easily be mutated or
lost, which we have not observed. Second,
the inserted genes might be translocated (or
duplicated) to other chromosomes, because
of recombination between nonhomologous
chromosomes involving or even mediated
by the subtelomeric repeats (11). It will be
of interest to observe if rearrangements oc-
cur during the obligatory meiosis in the
zygote in the mosquito midgut.

This technique of site-directed integra-
tion of introduced DNA into the genome of
malaria parasites brings us closer to being
able to perform stable interruption, dele-
tion, and modification of chosen endoge-
nous genes of the parasite. In contrast to our
previous report of episomal maintenance of
introduced DNA (2), the data presented
here show the site-directed insertion of
pMD223 into the 2.3-kb tandem repeat
cluster to be an effective and reproducible
event. The results also support our interpre-
tation of the earlier work, suggesting that
propagation of circular DNA in Plasmodium
is favored over integration of linear DNA.
Thus, through removal of the circular form
of the vector from the transfected DNA,
integration events became observable.
Moreover, the size of the flanking target
sequences contained on the vector (800
and 1350 base pairs) was sufficient for the
integration event to proceed with accuracy
to specific sites.
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IRS-1-Mediated Inhibition of Insulin Receptor
Tyrosine Kinase Activity in TNF-a— and
Obesity-Induced Insulin Resistance

Gokhan S. Hotamisligil,* Pascal Peraldi, Adriane Budavari,
Ramsey Ellis, Morris F. White, Bruce M. Spiegelmant

Tumor necrosis factor~a ( TNF-a) is an important mediator of insulin resistance in obesity
and diabetes through its ability to decrease the tyrosine kinase activity of the insulin
receptor (IR). Treatment of cultured murine adipocytes with TNF-a was shown to induce
serine phosphorylation of insulin receptor substrate 1 (IRS-1) and convert IRS-1 into an
inhibitor of the IR tyrosine kinase activity in vitro. Myeloid 32D cells, which lack endog-
enous IRS-1, were resistant to TNF-a-mediated inhibition of IR signaling, whereas trans-
fected 32D cells that express IRS-1 were very sensitive to this effect of TNF-a. An
inhibitory form of IRS-1 was observed in muscle and fat tissues from obese rats. These
results indicate that TNF-« induces insulin resistance through an unexpected action of

IRS-1 to attenuate insulin receptor signaling.

Tnsulin resistance, a smaller than normal
response to a given amount of insulin, is a
common pathological state frequently asso-
ciated with a number of diseases, including
chronic infection, cancer, and obesity (I,
2). In the case of obesity, insulin resistance
is a ubiquitous correlate and predisposes the
obese individual to the most deleterious
consequences of this condition, such as car-
diovascular complications and, especially,
non—insulin-dependent diabetes mellitus
(NIDDM) (3). However, the molecular
mechanisms responsible for the develop-
ment of insulin resistance in obesity are not
well understood.

Overexpression of TNF-a from adipose
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tissue is a common feature of many different
rodent models of obesity (4, 5). Increased
TNF-a expression in adipose tissue is also
present in human obesity and correlates
with the extent of obesity and the level of
hyperinsulinemia, an indirect measure of
insulin resistance (6). Moreover, neutraliza-
tion of TNF-a in obese and insulin-resist-
ant rats improves IR signaling and insulin
sensitivity of peripheral tissues, demonstrat-
ing that TNF-a interferes with insulin ac-
tion in this disease (4, 7).

Binding of insulin stimulates the intrin-
sic tyrosine kinase of the IR, which results
in autophosphorylation of the 8 subunits.on
tyrosine residues and subsequent phospho-
rylation of insulin receptor substrate 1
(IRS-1) (8). One mechanism by which
TNF-a interferes with insulin action is
through its ability to inhibit these proximal
steps in IR signaling in both cultured cells
and whole animals (7, 9, 10). Treatment of
adipose cells with TNF-a produces a de-
crease in both insulin-stimulated IR auto-
phosphorylation and subsequent tyrosine
phosphorylation of IRS-1 (9). -Similar re-
sults have also been obtained with cultured
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hepatoma cells, muscle cells, and fibroblasts
(10-12). The time course of TNF-« effects
on IR signaling, however, is variable in
these different cell types.

TNF-«a initiates a cascade of signal trans-
duction events through the activation of
multiple protein kinases (13). We therefore
examined whether TNF-a also induces alter-
ations in the phosphorylation of IR or IRS-1
or both. We metabolically labeled 3T3-
F442A adipocytes with [**Plorthophosphate
and determined the phosphorylation pat-
terns of IR and IRS-1 before and after
TNF-a treatment. As expected, insulin-
stimulated autophosphorylation of the IR
and phosphorylation of IRS-1 were reduced
in TNF-a—treated adipocytes (Fig. 1A). An
increase (~threefold) in IRS-1 phosphoryl-
ation was apparent in TNF-a—treated cells
compared with the controls. There was no
detectable tyrosine phosphorylation of IRS-1
without insulin stimulation. However, we
observed two proteins, p120 and p210, that
were tyrosine phosphorylated upon TNF-a
stimulation. The identity of these proteins is
currently unknown. Phosphoamino acid
analysis of IRS-1 isolated from control and
TNF-a—treated cells revealed that the TNF-
o—induced phosphorylation of IRS-1 oc-
curred exclusively on serine residues (Fig.
1C). No phosphorylation of IRS-1 was de-
tected in control adipocytes.

Phosphorylation of IRS-1 on serine and
threonine residues interferes with the sub-
sequent insulin-stimulated tyrosine phos-
phorylation of IRS-1 by the IR (14). Treat-
ment of adipocytes with okadaic acid, a
protein phosphatase inhibitor, which results
in increased serine and threonine phos-
phorylation of IRS-1, also reduces the ca-
pacity of IRS-1 to be phosphorylated by the
IR and induces a state of cellular insulin
resistance (14). We therefore asked wheth-
er the serine-phosphorylated IRS-1 from
TNF-a—treated cells can be phosphorylated
normally by the IR after insulin stimulation.
IRS-1 was immunoprecipitated from con-
trol and TNF-a—treated cells and incorpo-
rated in an in vitro kinase assay with par-
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