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I'was lucky to get a flying start in my scientific career. My
father was a professor of internal medicine in the Univer-
sity of Amsterdam in The Netherlands, a famous and
charismatic doctor, and an excellent clinical scientist.
Becoming a doctor, preferably a clinical scientist, was the
obvious career in our family. By accident I ended up in

biochemistry, however, as I have described elsewhere [1].
While I was doing my clinical internships, E. C. (Bill)
Slater, then professor of biochemistry in the University
of Amsterdam, induced me to take out 3 years for a PhD.
I produced a series of solid papers on tumor mitochon-
dria (which I found to be depressingly normal) and at
the end one real discovery, the malate-aspartate shuttle
(briefly known as the Borst cycle) for the reoxidation of
glycolytic NADH by mitochondria [1-3]. Notwithstand-
ing this good start in biochemistry, I still wanted to be-
come a clinician and managed to get myself accepted in
endocrinology, but not immediately. This gave me the
opportunity to do two post-doc years with Nobel laure-
ate Severo Ochoa in New York University, 1963—"64.
There I met Charles Weissmann, who had arrived 6
months before me, to start a new Ochoa project on
RNA bacteriophage MS2 of E. coli. We were to isolate
the replicase involved in phage RNA synthesis, which
turned out to be a tough problem to crack. With a par-
tially purified RNA replicase preparation, we managed
to make duplex RNA and get some idea of the interme-
diates involved in phage RNA replication [4-6]. My
most unexpected finding, however, was that the duplex
phage RNA, thought to be an intermediate in RNA repli-
cation, was actually a side product. The replicase enzyme
copying plus-strand RNA into minus-strand is able to
keep the two strands apart. As soon as the enzyme is re-
moved, however, the plus- and minus-strands, which are
in register, zipper up to form the (artefactual) duplex
RNA [7]. This conclusion was so unlikely that it took
years to get accepted. I consider it one of my more inter-
esting findings.
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While I was doing experiments in New York, university
education was rapidly expanding in The Netherlands. A
new position for an associate professor, teaching Bio-
chemistry to dental students, was created in Amsterdam
and Slater offered the job to me. I was enjoying experi-
ments, my interest in endocrinology had waned, and I
accepted the offer without much hesitation. Back in the
Netherlands in 1965, I decided to combine my old expe-
rience with mitochondria with my new knowledge of nu-
cleic acids and set up a project on nucleic acids in mito-
chondria. With Van Bruggen and Ruttenberg I soon found
that animal mitochondrial DNAs consist of 5-micron
circles [8, 9], and with quantitative DNA renaturation ex-
periments we showed unambiguously that there was only
a single type of circle in the mitochondrial DNA. This
proved that the genetic content of mitochondrial DNA is
very limited and completely insufficient to encode the
proteins known to reside in mitochondria [8].

A more detailed account of these highlights of my early
years in biochemistry can be found in ref. 1.

On to yeast and trypanosomes

Once I had a foothold in mitochondrial biogenesis, my
group rapidly expanded. We tackled mitochondrial DNA
(mtDNA) replication and transcription and branched out
into yeast and Tetrahymena [10]. While studying mtDNA
replication, we found displacement-loop DNA (D-loop
DNA) at the same time as Vinograd’s lab [11]. In search
of a convenient way to check the intactness of our animal
mtDNA circles, Cees Aaij and I developed ethidium-
agarose electrophoresis [12], a technique rapidly adopted
by other labs for the analysis of restriction digests of
DNA [13]. Soon uni-cellular eukaryotes came to do-
minate the lab, however. Yeast entered first. We found that
yeast mtDNA circles were 5 time the size of animal
mtDNA [14, 15]; we made the first restriction map of this
DNA [16] (at the time considered a huge DNA); we dis-
covered the first intron in an organelle DNA in the yeast
large TRNA gene [17] and we found introns in yeast
mtDNA that were dispensable, because they were absent
in the mtDNA of some yeast strains [18-20].

My most lasting relation with uni-cellular eukaryotes I
developed, however, with trypanosomes. Since I have de-
scribed my 35-year love affair with tryps in detail on the
Parasitic Protozoa web site (http://164.67.39.27/para-
site_course-old/personal%20stories/personal_histo-
ries_of_parasitolo.htm), I’ll only give a summary here.
The affair started by accident: as a mitochondrial expert
I was asked to attend a workshop on kinetoplast DNA
(kDNA), the unusual mtDNA of trypanosomatids, and I
became fascinated by the unusual structure of kDNA,
which consists of large catenated mini-circle networks. I
started working on the structure of these networks and we
soon found that the mini-circles were heterogeneous in

From cancer cells to trypanosomes and back again

sequence [21, 22] and that there were larger circles hid-
den in the network, which we called maxi-circles and
which contain the protein-coding mitochondrial genes
[23]. We also made the first EM pictures of segregating
kDNA networks, impressive structures. The most impor-
tant discovery on kDNA in Amsterdam, however, came
much later when I had handed over the project on mito-
chondrial biogenesis in trypanosomatids to Rob Benne, a
new associate professor: he discovered RNA editing [24].
In the meantime I became increasingly occupied with two
other projects, the glycosome and antigenic variation of
trypanosomes. The discovery of the glycosome arose from
my long-standing interest in oxidation of glycolytic
NADH by mitochondria [25], which had already led to
the malate-aspartate shuttle [2, 3]. In their mammalian
host the African trypanosomes, such as Trypanosoma
brucei, suppress the synthesis of a mitochondrial respira-
tory chain and they live off glycolytically generated ATP.
The excreted end product of glycolysis is pyruvate, not
lactate, and the trypanosomes reoxidize their glycolytic
NADH via a glycerolphosphate cycle. We located the
glycerolphosphate oxidase in the mitochondria, but on
the side discovered that the entire glycolytic pathway
from hexokinase down to phosphoglycerate kinase is lo-
cated in a modified peroxisome, for which I coined
the name glycosome [26]. I remained interested in glyco-
some/peroxisome biosynthesis [27, 28] and I even helped
to set up the first prenatal test for a severe human inborn
error of peroxisome biosynthesis, the Zellweger Syn-
drome [29, 30]. However, in the end my trypanosome
work would become focused on the mechanism of anti-
genic variation of T brucei, one of the most successful
scientific projects in my life.

African trypanosomes freely multiply in the bloodstream
of the mammalian host, allowing efficient pick-up by the
insect vector, the tsetse fly. The mammalian host makes
antibodies against the trypanosome coat, but the trypa-
nosome population manages to avoid total destruction by
repeatedly changing the coat in a small subfraction of the
population. George Cross (Cambridge, England; now
Rockefeller University) had shown that this coat consists
of a single protein, the Variant Surface Glycoprotein
(VSQ) and with George we started in 1979 to study the
molecular genetics of VSG switching. We soon found that
T brucei has an enormous repertoire of VSG genes (10°)
and that it can activate a silent VSG gene by transposing
a duplicate to an expression site (ES), where it displaces
the resident gene by gene conversion [31, 32]. This ex-
plained in essence how antigenic variation works [33], al-
though we and other labs would need decades to answer
many remaining questions.

The ES was adjacent to a telomere [34] and this allowed
us to clone trypanosome telomeres and show that they
end with (GGGTTA), repeats [35] and that these repeats
grow and contract [36]. Other labs found only later that
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the same hexamer sequences are present at the ends of
mammalian chromosomes and that growth and contrac-
tion is a feature of eukaryotic chromosomes in general.
Our experiments on antigenic variation spun off several
other interesting findings:

— We showed that the ES is a 60-kb transcription unit
[37, 38] and that the primary transcript is processed
by transsplicing [39—43] (also found by the labs of
Agabian and of Cross). Transcription of the ES proved
insensitive to a-amanitin [44] and we concluded that
the ES is transcribed by RNA polymerase I, rather
than Pol II. The availability of transsplicing allows the
synthesis of pre-mRNA by any polymerase [45], and
we reasoned that Pol I would allow more efficient
transcription of the ES than Pol II would be able to
provide. As only a single VSG gene in the ES yields
about 5% of the total trypanosomal mRNA popula-
tion, transcription has to be efficient. This reasoning
has survived until today.

— In an attempt to find out whether VSG genes can be
transposed to another chromosome, we hooked up with
David Schwartz in New York. David was developing
Pulsed Field Gradient (PFQG) gel electrophoresis in the
lab of Charles Cantor and he had succeeded in size-
fractionating the chromosome-sized DNA molecules
ofyeast. Alerted to this unpublished technique by David
Baltimore, I managed to convince Schwartz and Can-
tor to allow us to try their tricks on tryps. Like yeast,
pathogenic protozoa do not condense their chromo-
somes during cytokinesis and there are no metaphase
spreads suitable for in situ hybridization. The collabo-
ration with David Schwartz was a resounding success
[46, 47]. We found inter-chromosomal VSG gene trans-
position and a unique set of about 100 mini-chromo-
somes (50—150 kb) in T. brucei. We showed that PFG
gel electrophoresis can be used to size-fractionate the
chromosome-sized DNA molecules of other kineto-
plastid flagellates [48] and the technique would be-
come indispensable for studies on protozoa in general.

— The 60-kb ES transcription unit contains several genes,
besides the VSG gene, as shown by the Cross lab. The
Overath lab then found that two of these Expression
Site Associated Genes (ESAGs) encode a hetero-
dimeric transferrin receptor (Tf-R), which is essential
for taking up transferrin (Tf) from the mammalian
host to cover the trypanosomal iron requirements. We
and others had already found that trypanosomes do
not have a single VSG gene ES, but about 20, only one
of which is active at the time [49, 50]. The regulation
of the activity of these 20 ESs adds another layer of
complexity to the mechanism of antigenic variation
and it was long unclear why this was useful to the
trypanosome [51]. We found that the Tf-Rs encoded
by the 20 ESs are similar, but not identical, and sug-
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gested that this provided an explanation for multiplic-
ity of ESs.

At first, I thought that the ability to produce 20 slight-
ly different Tf-Rs allowed the trypanosome to escape
from host antibodies against one Tf-R by switching to
production of another Tf-R encoded in another ES
[52]. This purely immunological explanation proved
to be an oversimplification. The diversity of Tf-Rs ap-
pears to be required to allow T.brucei to tightly bind
the diverse range of Tfs from all the mammals it can
infect [53, 54]. Antibodies can only interfere with Tf
uptake, if the affinity of the receptor for Tf is low. I
think that we have presented overwhelming evidence
for this interpretation, but not everybody in the field is
overwhelmed yet. I probably need to go to Africa to
verify the predictions of our model in lions, wilde-
beests and pigs, but I have not found time for this ex-
tended scientific safari.

— When an ES is turned off, the VSG gene in it acquires
DNA modification [55]. It took us 10 years to show
that the modified base is a new one in DNA, S-gluco-
sylhydroxymethylU, or J for short [56]. J is present in
all kinetoplastid [57] flagellates and in Euglena [58]
and it replaces a small fraction of T in repetitive DNA,
predominantly in telomeric repeats [59]. Our indirect
evidence indicates that J is made in two steps, conver-
sion of T into hydroxymethylU, followed by transfer of
the glucose moiety [60]. We have found a specific pro-
tein that binds to J in duplex DNA [61] and this pro-
tein is essential in Leishmania [62]. We are still trying
to find out what J is doing.

Back to cancer

When [ moved my lab to The Netherlands Cancer Insti-
tute in 1983, the institute pressured me to stop my research
on yeast and trypanosomes, but I resisted the pressure.
Dropping yeast and organelle biosynthesis was OK, be-
cause my involvement in those topics had petered out
anyhow. The research on antigenic variation in trypano-
somes was going fine, however. [ had a very strong group
of students willing to make the move with me to the Can-
cer Institute. We produced a string of high-profile papers
in Cell and Nature and I was convinced that a scientific
institute needed a director with scientific authority, which
mainly came from my ongoing trypanosome research.
The strongest argument, however, was that I liked to work
on trypanosomes. I had grown fond of these elegant or-
ganisms with their original biochemical solutions. Drop-
ping trypanosomes was out of the question.

In the end my trypanosome research proved highly bene-
ficial to the Cancer Institute. Publicly funded institutes
were increasingly judged on the impact of the publica-
tions produced by their staff and my trypanosome papers
produced a substantial fraction of the impact generated
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by the Cancer Institute in the years between 1983 and
1986. After that period, the new staff members that I man-
aged to recruit increasingly helped to generate a scientific
output.

Nevertheless, it was not unreasonable for the director of a
cancer institute to work on cancer in his own lab and in
1984 1 started working on the mechanism of multidrug
resistance (MDR) in cancer cells. It was one of the few
moments in my scientific career that I did not start a new
line of research by accident, but made a real decision. I
chose MDR for 4 reasons:

— It looked like a biochemically interesting topic, for
which I was reasonably qualified. It was known al-
ready that MDR was associated with DNA amplifica-
tion and I had gained considerable experience with
DNA rearrangements in the trypanosome work.

— Drug resistance is a key problem in cancer therapy.
Our patients do not die of loco-regional disease, but
usually because their metastases have become insensi-
tive to all available chemotherapy.

— The field did not seem overly competitive making it
difficult for a newcomer to get a foothold.

— Finally, there was nobody working on mechanisms of
drug resistance in the Cancer Institute and I would
therefore not find my self in the awkward position of
directly competing with one of my staff members.

In 1985 I started looking for genes involved in MDR. Ini-
tially, I had difficulty in getting well-characterized MDR
cell lines from the labs that had generated them. I was a
nobody in the drug resistance field and my letters were
usually not even answered. This all changed when I went
to the Gordon Conference on clinical and experimental
chemotherapy of cancer. Sports acts as an important so-
cializer in Gordon Conferences and I therefore brought
my tennis racket, because I am a reasonably good tennis
player, having started early. I soon found out that one of
the key social events in the Gordon Conference was a
doubles match pitching New York University against
Yale. Yale had won in recent years, but when the team of
New York University found out that I had been a post-doc
at NYU, I was recruited to their noble cause. Fortunately
we won. American professors are fanatic tennis players,
but they never learn to play well as they start only when
they go to college at the age of 18. Our victory was cele-
brated and discussed even during the scientific sessions
and from that moment [ was accepted as a member of the
chemotherapy research community.

We started a collaboration with Victor Ling, who had dis-
covered P-glycoprotein as a constant element in MDR
cells, and found DNA amplicons in his cells that had
a limited set of three genes in common [63]. The genes
encoded large proteins and looked like good candidates
for the putative drug transporter responsible for MDR. As
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Ling decided to sequence the hamster versions of these
genes, we switched to the human ones. By the time we had
sequenced half of the human MDR1 gene the roof came
down: In papers in Cell and Nature other groups de-
scribed the sequence of the human MDR1 P-glycoprotein
gene (cDNA), one of the murine genes and an incomplete
version of a hamster gene. I had been rather naive to
tackle a major problem in cancer with a single graduate
student and expecting to get away with it.

Fortunately, my student Alexander van der Bliek had found
evidence for a second expressed P-glycoprotein gene in
the cDNA clones that he was sequencing [64]. The se-
quence of this gene most resembled the third of the three
hamster P-glycoprotein genes and we therefore called it
the MDR3 gene at the suggestion of Victor Ling. We now
had our own P-glycoprotein gene to work on, but unfor-
tunately, we were unable to find a plausible function for
this gene initially. The MDR3 P-glycoprotein looks ex-
actly like its MDR1 counterpart. The 2 proteins are 76%
identical in their amino-acid sequence, but cells trans-
fected with a MDR3 construct did not become MDR and
we were initially unable to find any drug transported
by this protein. (Much later another student in the lab,
Alexander Smith, did find transport of a limited set of
drugs and apparently the MDR3 P-glycoprotein has re-
tained some of the drug transporting capacity of its MDR1
counterpart, which is a dedicated transporter of xenotox-
ins [65]).

Confronted with a long series of negative experiments,
my student Jaap Smit and post-doc Alfred Schinkel de-
cided to take a major leap: they started generating a
knockout mouse, unable to make the mouse homologue
of the MDR3 P-glycoprotein, called Mdr2. The approach
made sense: the MDR3 P-glycoprotein gene is mainly
expressed in the liver and the protein is localized in the
canalicular membrane, which separates the hepatocyte
from small bile ducts. Hence, we were convinced that the
KO mouse would reveal the function of the MDR3/2 P-
glycoprotein. The protein was obviously secreting some-
thing from the liver into the bile. In the KO mouse, this
something should either accumulate in the liver or be
missing in the bile, or both. With hindsight the approach
was pretty obvious, but when we started, around 1990, it
was a risky adventure. Generation of KO mice was in its
infancy and still a major undertaking. We were fortunate,
however, that Hein te Riele and Anton Berns in the Can-
cer Institute had just introduced a major technical im-
provement in the gene technology. They had discovered
that the very low efficiency of homologous recombina-
tion between targeting construct and targeted gene in the
murine ES cells was due to the use of DNA constructs
from other mouse strains than the one from which the ES
cells were derived. The polymorphisms between mouse
strains result in imperfect homology between their DNAs.
This is recognized by the DNA mismatch repair system,



Cell. Mol. Life Sci.  Vol. 63, 2006

which removes most of the targeting construct trying to
insert into the target gene by homologous recombination.
By using DNA constructs of the mouse strain from which
the ES cells were derived, it was possible to get a much
higher frequency of targeting and avoid the use of com-
plex selection strategies. This shows that having the right
strategy is not enough; it really helps to work in a top in-
stitute where you have optimal access to new technology,
new ideas and new biochemical results.

We were also lucky in that our first KO mouse had a clear
phenotype: it developed a mild hepatitis, which looked
interesting enough to get the attention of hepatologists.
We teamed up with 2 biochemists with a reputation in he-
patology: Ronald Oude Elferink and Bert Groen at the
Academic Medical Center in Amsterdam. Together we
soon found out that our KO mice were lacking a major
component in their bile, phosphatidylcholine (PC). Even
more significant was the finding that mice, heterozygote
for the disrupted allele, had half of the amount of Mdr2
P-glycoprotein in their liver and half the amount of PC in
their bile, but no other defect whatsoever. This proved
that the murine Mdr2 P-glycoprotein and its human coun-
terpart, the MDR3 P-glycoprotein, are PC translocators
[66].

The mild hepatitis in our KO mice made sense: PC in bile
is essential to form mixed micelles with the high concen-
tration of bile salts present in bile. When PC is absent, the
bile salts start eluting phospholipids from the membranes
they contact, resulting in a sterile inflammation, exactly
the pathology observed in our mice. Humans have even
more hydrophobic, and therefore more aggressive bile
salts than mice. Total absence of the MDR3 P-glycopro-
tein in humans leads to a very severe form of liver disease
that requires liver transplantation. This is progressive fa-
milial intrahepatic cholestasis type II, which was much
later found to be caused by the MDR3 P-glycoprotein de-
ficiency by a French group in collaboration with Ronald
Oude Elferink.

It was great to find a function for the MDR3 P-glycopro-
tein, especially since it was a function with direct clinical
relevance. Although every discovery is obvious with
hindsight, I remember that the professor of gastro-entero-
logy in Amsterdam would not believe it at first. Transfer
of phospholipids into bile was considered a passive pro-
cess, mediated by bile salts, and since he had taught gener-
ations of medical students this fact, it could not be wrong.
Writing up our results was an interesting, but challenging
experience. Biochemistry and physiology of bile forma-
tion is a specialized field and for months I was combing
through the literature to see what was fact and what was
fiction. It did not help that I was writing up the elucida-
tion of the structure of our new base J in trypanosome
DNA at the same time, as that work involved a lot of com-
plex analytical and biophysical chemistry. I do not think
2 papers have ever been published by Cell in the same

Memories of a Senior Scientist 749

year from the same lab, which have so little in common as
the 2 papers that we produced [66, 67]. It was obvious,
however, that continued research on bile was a bridge too
far and we left the further analysis of our Mdr2 KO mouse
to the real experts, Oude Elferink and his friends.
Although the analysis of the MDR3 P-glycoprotein was
fun, our real interest was in the mouse homologues of the
drug transporting P-glycoprotein, involved in MDR. There
were good reasons to test what would happen in mice
without drug transporting P-glycoproteins: industry was
busily developing inhibitors of P-glycoprotein to be used
in patients. No doubt these inhibitors would also block P-
glycoprotein in normal tissues and this made it important
to get more information about the physiological role of
drug transporting P-glycoproteins. The location of these
transporters in the body made it likely that they would af-
fect disposition of substrate drugs. The ability of P-gly-
coprotein to transport some steroids had also led to the
suggestion that P-glycoprotein would be essential for the
excretion of corticosteroids from the adrenal cortex. If
true, this would compromise long-term treatment of cancer
patients with P-glycoprotein blockers. So post-doc Alfred
Schinkel started to generate a mouse with no drug trans-
porting P-glycoproteins. This was complicated, because
mice have 2 P-glycoprotein genes, usually now called
Mdrla and b to carry out the job done single-handedly
by the human MDR1 P-glycoprotein. Alfred Schinkel
knocked out the 1a gene, then the 1b gene and then made
the double KO. All mice were fine, showing that drug
transporting P-glycoproteins have no essential role in
normal metabolism, at least in mice living in cages in the
Cancer Institute [68, 69].

The excellent health of our KO mice was good news for
clinicians, planning to use P-glycoprotein blockers in pa-
tients, but a little meager for a paper in a top journal. We
expected substantial effects on disposition of drugs, how-
ever, and these should provide the positive arm of the KO
mice analysis. While Alfred Schinkel was brooding on
suitable protocols, he was rudely disturbed by a message
from our animal house: ‘your KO mice are dying.” Of
course ‘nothing’ had been done to the mice, but after some
probing Alfred found out that the mice had been treated
with ivermectin for a parasitic infection. More controlled
experiments showed that ivermectin is 100 fold more
toxic to the Mdrla KO mice than to their wilde-type lit-
termates, that ivermectin is an excellent P-glycoprotein
substrate, and that P-glycoprotein is present in the apical
membrane of the brain capillaries, where it prevents iver-
mectin from entering the brain [68]. This is why iver-
mectin, which acts as a nerve transmitter agonist ana-
logue, can be used to treat parasitic infections in mam-
mals: P-glycoprotein prevents it from reaching its targets
in the brain. Removal of this ‘guardian’ of the brain re-
moves the barrier and results in ivermectin-induced epi-
leptic insults that kill the mice.
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Medical students are usually taught that entry of drugs
and nutrients into the brain is a matter of hydrophobicity.
The more hydrophobic the compound, the better it gets
into the brain. Hydrophilic compounds, like glucose, re-
quire a dedicated transporter to pass the blood-brain bar-
rier. What medical students do not learn is that there are
many exceptions to this rule, only mentioned in the small
lettering. To our great satisfaction many of these excep-
tions proved to be P-glycoprotein substrates and most of
the other ones have been shown to be substrates since.
Although this may seem pretty obvious now, it was not in
1994. I remember giving a talk to the European Society
of Brain Research Meeting in Amsterdam. The preceding
talk was by an eminent pharmaceutical scientist, who ex-
plained with ingenious chemical arguments why many
hydrophobic compounds do not go to the brain and why
no compound with a mass over 800 enters the brain at all.
When I showed our ivermectin results and explained that
we can get quite large molecules, such as cyclosporin A,
into the brain by removing the P-glycoprotein from the
blood-brain barrier, I was met with complete incredulity.
How could I possibly have shown the presence of P-gly-
coprotein in every single capillary in the brain? We had
not, of course, but I explained that the ivermectin-treated
mice were stone dead, whereas their heterozygous litter-
mates were fine, showing that every part of the blood-
brain barrier must contain P-glycoprotein.

A second pharmacologically important location of P-gly-
coprotein proved to be the apical membrane of the gut
mucosa, where P-glycoprotein hinders the entry of sub-
strate drugs. The importance of this emerged from ex-
periments with digoxin by Alfred Schinkel and Ullrich
Mayer, a German doctor who spent 2 years in our lab.
Digoxin is an excellent P-glycoprotein substrate and
we used it to study whether the available P-glycoprotein
blockers were as effective as the complete removal of P-
glycoprotein in the KO mice in allowing access of dig-
oxin to mouse brain. On the side Ullrich found that the
KO mice excreted nearly all digoxin via the urine, where-
as in wild-type mice half of the digoxin leaves the body
with the feces. A possible explanation was that digoxin is
excreted from the liver into bile by P-glycoprotein and
that this route to the feces was not available in the KO
mice. This explanation proved incorrect, however. Intra-
venously administered digoxin in bile duct ligated mice
appeared in the feces in wild-type mice, but not in the
KO’s. Apparently, digoxin was able to diffuse from the
blood into the gut mucosa from which it was excreted by
P-glycoprotein into the gut contents in the wild-type mice
[70].

This immediately suggested that variations in MDRI1 ex-
pression in the gut could affect uptake of digoxin in pa-
tients and this was later shown to be the case by others.
Digoxin is a heart drug and we were more interested in
anti-cancer drugs. An obvious drug to test was paclitaxel
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(Taxol), an excellent P-glycoprotein substrate that has to
be administered intravenously, because it is hardly taken
up from the gut. In a collaboration with our pharmaco-
logical colleague in the Institute, Jos Beijnen, who has
played an essential role in our pharmacological studies,
we found that the oral availability of paclitaxel is dramat-
ically increased in the KO mice [71]. Since I work in an
integrated cancer center, combining research and patient
care, this finding was rapidly translated into clinical trials
in patients by the medical oncologist Jan Schellens with
help of Jos Beijnen.

Although we set out to generate KO mice in the context
of MDR, the most important insights that came from
these mice were in pharmacology and these insights have
found their way into the clinic. Most biochemists that I
know, whether originally medically or chemically trained,
like to see their findings be translated into practical ap-
plications in medicine. There is no need to push them.
The current emphasis on ‘translational research’ by fund-
ing agencies is therefore misdirected and it results in the
funding of a lot of trivial clinical research. Once there is
auseful new concept or fact emerging from basic science,
clinical application follows fast. I have worked for over
20 years on mechanisms of drug resistance in cancer cells,
and it has struck me how few investigators are looking at
mechanisms and how many are available to test expres-
sion of any new resistance gene on patient samples.
When Alfred Schinkel came back from a postdoctoral pe-
riod in the USA and set up his own lab in The Netherlands
Cancer Institute, — on another floor, a strict rule that I had
instituted as a director to avoid nepotism/servitude —, he
continued the P-glycoprotein work and I concentrated on
a second class of drug transporters, the multidrug resis-
tance-associated proteins (MRPs), now part of the ABCC
subfamily of ABC transporters. I first met the MRPs
through our work on Leishmania. 1 was frustrated that we
did not have a suitable plasmid system in trypanosomes
for transformation experiments, whereas in another kine-
toplastid flagellate, Leishmania, plasmids abound. I
therefore asked post-doc Ted White to look at the plas-
mids in an innocuous lizard Leishmania species, Leish-
mania tarentolae, to see whether he could find a plasmid
that would also work in 7. brucei. With hindsight, this was
a stupid suggestion, because the evolutionary distance
between Leishmania and trypanosoma is probably more
than a hundred million years and it is not very likely that
these organisms can still replicate and express each oth-
ers plasmids. Undeterred by these considerations Ted
started to study the H-circles of Leishmania, plasmids
that had already been described by Steve Beverley. We,
like Steve, obtained evidence that these plasmids may be
involved in drug resistance [72] and since half of my lab
was working with P-glycoprotein and drug resistance in
animal cells, Marc Ouellette, a Canadian post-doc who
had taken over from Ted White, decided to look for a P-
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glycoprotein gene on the H-circles of Leishmania, using
hybridization probes derived of mammalian P-glyco-
protein genes. This was a very long shot and I was not in
favor of these experiments, but Marc pushed on and
found the Pgp A gene [73]. The Pgp A gene has very low
homology with human P-glycoprotein genes, — it was a
miracle that Marc had picked it up at all —, and it can be
considered the founding father of the MRP (ABCC) sub-
family. Its involvement in resistance to arsenite and anti-
monite [74] was further worked out by Marc after he had
returned to Canada.

Our work on MRPs yielded a lot of useful results (and
highly quoted papers), but no major discoveries as with
P-glycoproteins. We showed that drug transporters like
MRP1, that are located in the basolateral membrane of
surface epithelia can nevertheless be vital for the protec-
tion of tissue stem cells and internal spaces, like the tes-
ticular tubuli and the CSF [75-77]. We found several ad-
ditional MRPs and we helped to characterize the function
and substrates specificity of some of these, by vesicular
transport studies and in KO mice. One of our most un-
expected findings is that MRP4 transports the prosta-
glandins E1 and E2 [78]. The physiological significance
of this finding is still unclear, however.

Scientific side activities

Some scientists get their best ideas in solitude, I like talk-
ing to people about experiments and I often get my best
ideas in discussions or during seminars. Anybody who
talks tends to express opinions and people with opinions
in academia get involved in administrative chores. I sat on
lots of university councils, I was the director of 2 insti-
tutes, and I was a member of more scientific advisory
boards and prize juries than I care to admit here. All these
side activities depended on up-to-date scientific knowl-
edge, however, and without running my lab I would not
have been able to be useful. Let me give a few examples.
In 1983 I moved my lab from the University of Amster-
dam to The Netherlands Cancer Institute, where I became
the Director of Research. The Cancer Institute had a long
and illustrious history, but was going through a deep valley.
It was in danger of losing its large government program
grant, which would have meant closure. I had to make
fundamental changes and running my own lab was essen-
tial in doing so. This gave me the scientific authority and
helped me to simplify procedures: I just did not have the
time for long meetings. Running a lab also helps a direc-
tor to keep his ear to the ground. No better source of in-
formation than your own students and post-docs, com-
plaining about the institute.

Of the Scientific Advisory Boards that I served on, two
stand out: The SAC of the EMBL in Heidelberg and The
Scientific Committee of the Louis Jeantet Foundation,
which selects the recipients of the Jeantet Prize, the most
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prestigious biomedical prize in Europe. The SAC of the
EMBL is one of the most powerful scientific committees
in the world, because it combines top-scientists from Eu-
rope and the US. All of these scientists run big labs, most
of them also run institutes or departments and each of
them is used to have the last word in discussions at home.
With 20 people around the table, who are used to take the
final decision, it can be difficult to come to conclusions.
Trying to coax those big ego’s into consensus was a chal-
lenging job that I enjoyed. Key elements in success were
informality and humor. Having worked in many different
fields of biochemistry was an advantage, as [ had some
familiarity with most of the topics discussed.

I found myself in the same situation as President of the
jury of the Jeantet Prize in 1998 —2004. With a strong re-
presentation from French-speaking countries, this jury
tended to operate more formally than the average scien-
tific advisory board. French scientists also have a ten-
dency, in my experience, to sit together and to continue
whispering in French while other committee members are
speaking. Regrouping this large jury in an alphabetical
order and introducing first names, even for the French,
helped to make the deliberations more congenial and
therefore more effective. Also in this function I profited
from the diversity of my research experience, as the Jean-
tet Prize covers all fields of medicine and medically rele-
vant biology.

Teaching was another side activity, although it is such an
integral part of an academic career that it can hardly be
called a side activity. In my university period there were
years that I would teach more than 100 lectures a year and
to all kinds of students, ranging from second year dental
students to specialized lectures to chemistry-majors.
What I liked best were the clinical biochemistry lectures
to medical students that I taught together with internal
medicine and pediatrics. The professor of Internal Medi-
cine would call me usually the evening before the lecture,
around 21:00 hrs, describing his interesting patient and |
would then spend hours in the backstreets of biochem-
istry, usually until deep in the night, to be able to present
an interesting and understandable complement to the cli-
nical presentation on the next morning. It was hard work
in the beginning, but fortunately the number of medically
relevant biochemical backstreets is limited and over the
years the lectures became less stressful and more an in-
teresting opportunity to learn about advances in clinical
medicine. Even some of my research projects originated
from these joint lectures, such as my work on peroxisome
biosynthesis.

In addition to teaching students, I spread the biochemical
gospel through reviews and commentaries. I did not con-
tribute more reviews to Nature, Science and Cell than
original papers, but they certainly get quoted more, not to
mention my lengthy reviews for the Ann. Rev. Biochem.
and Microbiology series.
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Life after 65

When I reached the age of 65, I retired as director of The
Netherlands Cancer Institute — Antoni van Leeuwenhoek
Hospital, but I was allowed to retain my lab as long as I
remained productive. This was an exceptional privilege,
which is possible in The Netherlands Cancer Institute,
but not yet in Dutch universities. Since I always ran an
American style lab, supervising my own students and post-
docs, nothing changed much in my life after 65. I just
have a little more time for reseach, a little only, because I
still have a lot of scientific side jobs.

My trypanosome research is now completely focused on
base J, its biosynthesis and its function. We recently had
a breakthrough in our studies of the enzymes involved in
biosynthesis and I am confident that I shall be able to see
the final solution of this problem. In the drug transporter
field, I remain interested in the physiological functions of
the MRPs, but I have also started a new project on study-
ing drug resistance mechanisms in the tumors arising in
the new genetically modified mouse models, developed
by Anton Berns and Jos Jonkers in The Netherlands Can-
cer Institute. A new post-doc in the lab, Sven Rottenberg,
has managed to get resistance of these (spontaneous) tu-
mors, a feat never accomplished before in animal models,
and we have high hopes that these new model systems
will allow us to find out what are the most important
resistance mechanisms in realistic animal models and
whether these models can be useful to clinicians to work
out better drug regimens. Enough to do.

Highlights in biochemistry come from teamwork and
lack of space has prevented me to highlight this suffi-
ciently here. I had the pleasure and privilege to colla-
borate with many excellent colleagues and with a large
number of smart, motivated and really nice students and
postdocs. More than 30 of these now sit on their own aca-
demic chair. Some of them have been so successful that
they qualify to write a sequal to my story. They will keep
the centrifuges humming.

1 Borst P. (2006) How I became a biochemist. IUBMB Life, in
Press

2 Borst P. (1963) Interrelations between cytoplasmic and mito-
chondrial diphosphopyridine nucleotide in Ehrlich ascites tu-
mor cells. Proceedings of the 5th International Congress of
Biochemistry, Moscow, 1961 Vol. 11, Pergamon Press, London,
pp. 233247

3 Borst P. (1963) Hydrogen transport and transport metabolites.
In: Funktionelle und morphologische Organisation der Zelle
pp. 137-162, Karlsson P. (ed.), Springer Verlag, Heidelberg

4 Weissmann, Ch. and Borst P. (1963) In vitro formation of dou-
ble-stranded RNA by MS2 phage-induced RNA synthetase.
Science 142: 1188-1191

5 Weissmann C., Borst P, Burdon R. H., Billeter M. A. and
Ochoa S. (1964) Replication of viral RNA III. Double-stranded
replicative form of MS2 phage RNA. Proc. Natl. Acad. Sci.
USA 51: 682-690

6 Weissmann C., Borst P., Burdon R. H., Billeter M. A. and
Ochoa S. (1964) Replication of viral RNA IV. Properties of

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

From cancer cells to trypanosomes and back again

RNA synthetase and enzymatic synthesis of MS2 phage RNA.
Proc. Natl. Acad. Sci. USA 51: 890-897

Borst P. and Weissmann C. (1965) Replication of viral RNA, 8.
Studies on the enzymatic mechanism of replication of MS2
RNA. Proc. Natl. Acad. Sci. USA 54: 982-987

Borst P, Ruttenberg G. J. (1966) Renaturation of mitochondrial
DNA. Biochim. Biophys. Acta 114: 645-647

Van Bruggen E. F., Borst P, Ruttenberg G. J., Gruber M. and
Kroon A. M. (1966) Circular mitochondrial DNA. Biochim.
Biophys. Acta 119: 437439

Borst P. (1972) Mitochondrial nucleic acids. Annual Review of
Biochemistry 41: 333-376

Schegget J. and Borst P. (1971) DNA synthesis by isolated mi-
tochondria. II. Detection of product DNA hydrogen-bonded to
closed duplex circles. Biochim. Biophys. Acta 246: 249-257
Aaij C. and Borst P. (1972) The gel electrophoresis of DNA.
Biochim. Biophys. Acta 269: 192-200

Borst P. (2005) Ethidium DNA agarose gel electrophoresis:
how it started. IUBMB Life 57: 745-747

Hollenberg C. P, Borst P, Thuring R. W. and Van Bruggen E. F.
(1969) Size, structure and genetic complexity of yeast mito-
chondrial DNA. Biochim. Biophys. Acta 186: 417419
Hollenberg C. P, Borst P. and Van Bruggen E. F. (1970) Mito-
chondrial DNA. V. A 25 micron closed circular duplex DNA
molecule in wild-type yeast mitochondria. Stucture and genetic
complexity. Biochim. Biophys. Acta 209: 1-15

Sanders J. P, Borst P. and Weijers P. J. (1975) The organization
of genes in yeast mitochondrial DNA II. The physical map of
EcoRI and HindII + III fragments. Mol. Gen. Genet. 143: 53—64
Bos J. L., Heyting C., Borst P, Arnberg A. C. and Van Bruggen
E. F. (1978) An insert in the single gene for the large ribosomal
RNA in yeast mitochondrial DNA. Nature 275: 336338
Sanders J. P. M., Heyting C., Verbeet M. P, Meijlink F. C. and
Borst P. (1977) The organization of genes in yeast mitochon-
drial DNA III. Comparison of the physical maps of the mito-
chondrial DNAs from three wild-type Saccharomyces strains.
Mol. Gen. Genet. 157: 239-261

Borst P. (1980) The optional introns in yeast mitochondrial
DNA. In: 31. Colloquium-Mosbach 1980: Biological Chem-
istry of Organelle Formation, pp. 27-41, Biicher, Th., Sebald
W. and Weiss H. (eds.), Springer Verlag, Berlin

Borst P. and Grivell L. A. (1978) The mitochondrial genome of
yeast. Cell 15: 705-723

Kleisen C. M. and Borst P. (1975) Sequence heterogeneity of
the mini-circles of kinetoplast DNA of Crithidia luciliae and
evidence for the presence of a component more complex than
mini-circle DNA in the kinetoplast network. Biochim. Biophys.
Acta 407: 473478

Kleisen M. C., Borst P. and Weijers P. J. (1976) The structure of
kinetoplast DNA. 1. The mini-circles of Crithidia lucilae are
heterogeneous in base sequence. Eur. J. Biochem. 64: 141-151
Kleisen C. M., Weislogel P. O., Fonck K. and Borst P. (1976)
The structure of kinetoplast DNA. 2. Characterization of a
novel component of high complexity present in the kinetoplast
DNA network of Crithidia luciliae. Eur. J. Biochem. 64: 153—
160

Benne R., Van den Burg J., Brakenhoff J. P, Sloof P, Van Boom
J. H. and Tromp M. C. (1986) Major transcript of the frame-
shifted coxIl gene from trypanosome mitochondria contains
four nucleotides that are not encoded in the DNA. Cell 46: 819—
826

Borst P. (1962) The aerobic oxidation of reduced diphosphopy-
ridine nucleotide formed by glycolysis in Ehrlich ascites-tu-
mour cells. Biochim. Biophys. Acta 57: 270282

Opperdoes F. R. and Borst P. (1977) Localization of nine gly-
colytic enzymes in a microbody-like organelle in Trypanosoma
brucei: the glycosome. FEBS Letters 80: 360-364

Kooter J. M., Wagter R., Van Harten-Loosbroek N., Winter A. J.
and Borst P. (1986) The transcription unit of an in situ activated



Cell. Mol. Life Sci.

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Vol. 63, 2006

variant surface glycoprotein (VSG) gene in T.b.brucei is at least
45 kb and yields multiple stable mRNAs. Journal of Cellular
Biochemistry, 10A, p. 134

Borst P. (1989) Peroxisome biogenesis revisited. Biochim. Bio-
phys. Acta 1008: 1-13

Borst P. (1983) Animal peroxisomes (microbodies), lipid
biosynthesis and the Zellweger syndrome. TIBS 8: 269-272
Heymans H. S., Schutgens R. B., Tan R., van den Bosch H. and
Borst P. (1983) Severe plasmalogen deficiency in tissues of in-
fants without peroxisomes (Zellweger syndrome). Nature 306:
69-70

Hoeijmakers J. H., Frasch A. C., Bernards A., Borst P. and
Cross G. A. M. (1980) Novel expression-linked copies of the
genes for variant surface antigens in trypanosomes. Nature
284: 78-80

Bernards A., Van der Ploeg L. H., Frasch A. C., Borst P,
Boothroyd J. C., Coleman S. et al. (1981) Activation of try-
panosome surface glycoprotein genes involves a duplication-
transposition leading to an altered 3’ end. Cell 27: 497-505
Borst P. and Cross G. A. M. (1982) Molecular basis for try-
panosome antigenic variation. Cell 29: 291-303

De Lange T. and Borst P. (1982) Genomic environment of the
expression-linked extra copies of genes for surface antigens of
Trypanosoma brucei resembles the end of a chromosome. Na-
ture 299: 451-453

Van der Ploeg L. H. T., Liu A. Y. C. and Borst P. (1984) Structure
of the growing telomeres of Trypanosomes. Cell 36: 459-468
Bernards A., Michels P. A., Lincke C. R. and Borst P. (1983)
Growth of chromosome ends in multiplying trypanosomes. Na-
ture 303: 592-597

Kooter J. M., van der Spek H. J., Wagter R., d’Oliveira C. E.,
van der Hoeven F., Johnson P. J. et al. (1987) The anatomy and
transcription of a telomeric expression site for variant-specific
surface antigens in T. brucei. Cell 51: 261-272

Johnson P. J., Kooter J. M. and Borst P. (1987) Inactivation of
transcription by UV irradiation of 7. brucei provides evidence
for a multicistronic transcription unit including a VSG gene.
Cell 51: 273-281

Van der Ploeg L. H., Liu A. Y., Michels P. A., De Lange T. D.,
Borst P, Majumder H. K. et al. (1982) RNA splicing is required
to make the messenger RNA for a variant surface antigen in try-
panosomes. Nucl. Acids Res. 10: 3591-3604

De Lange T., Liu A. Y., Van der Ploeg L. H., Borst P., Tromp M.
C. and Van Boom J. H. (1983) Tandem repetition of the 5" mini-
exon of variant surface glycoprotein genes: a multiple promoter
for VSG gene transcription? Cell 34: 891-900

Kooter J. M., De Lange T. and Borst P. (1984) Discontinuous
synthesis of mRNA in trypanosomes. EMBO J. 3: 2387-2392
De Lange T., Kooter J. M., Luirink J. and Borst P. (1985) Tran-
scription of a transposed trypanosome surface antigen gene starts
upstream of the transposed segment. EMBO J. 4: 3299-3306
Borst P. (1986) Discontinuous transcription and antigenic vari-
ation in trypanosomes. Annu. Rev. Biochem. 55: 701-732
Kooter J. M. and Borst P. (1984) Alpha-amanitin-insensitive
transcription of variant surface glycoprotein genes provides
further evidence for discontinuous transcription in try-
panosomes. Nucl. Acids Res. 12: 9457-9472

Borst P. (1991) Molecular genetics of antigenic variation. Im-
munol. Today 12: A29-A33

Van der Ploeg L. H., Schwartz D. C., Cantor C. R. and Borst P.
(1984) Antigenic variation in Trypanosoma brucei analyzed by
electrophoretic separation of chromosome-sized DNA mole-
cules. Cell 37: 77-84

Van der Ploeg L. H., Cornelissen A. W., Michels P. A. and Borst
P. (1984) Chromosome rearrangements in Trypanosoma brucei.
Cell 39: 213-221

Van der Ploeg L. H., Cornelissen A. W., Barry J. D. and Borst P.
(1984) Chromosomes of kinetoplastida. EMBO J. 3: 3109—
3115

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Memories of a Senior Scientist 753

Brunel E,, Davidson M., Merchez P. and Borst P. (1980) The use
of recombinant DNA techniques in the analysis of Trypano-
soma brucei kinetoplast DNA. In: DNA-Recombination Inter-
actions and Repair pp. 45-54, Zadrazil S. and Sponar J. (eds.),
Pergamon Press, Oxford

Chaves I., Rudenko G., Dirks-Mulder A., Cross M. and Borst P.
(1999) Control of variant surface glycoprotein gene expression
sites in Tirypanosoma brucei. EMBO J. 18: 4846-4855

Borst P. (2002) Antigenic variation and allelic exclusion. Cell
109: 5-8

Borst P. (1991) Transferrin receptor, antigenic variation and the
prospect of a trypanosome vaccine. Trends Genet. 7: 307-309
Bitter W., Gerrits H., Kieft R. and Borst P. (1998) The role of
transferrin-receptor variation in the host range of Trypanosoma
brucei. Nature 391: 499-502

Van Luenen H. G. A. M., Kieft R., Mussmann R., Engstler M.,
ter Riet B. and Borst P. (2005) Trypanosomes change their
transferrin receptor expression to allow effective uptake of host
transferrin. Mol. Microbiol. 58: 151-165

Bernards A., Van Harten-Loosbroek N. and Borst P. (1984)
Modification of telomeric DNA in Trypanosoma brucei; a role
in antigenic variation? Nucl. Acids Res. 12: 41534170
Gommers-Ampt J. H., Van Leeuwen E, de Beer A. L., Vliegen-
thart J. F,, Dizdaroglu M., Kowalak J. A. et al. (1993) beta-D-glu-
cosyl-hydroxymethyluracil: a novel modified base present in the
DNA of the parasitic protozoan 7 brucei. Cell 75: 1129-1136
Van Leeuwen F., Dirks-Mulder A., Dirks R. W., Borst P. and
Gibson W. (1998) The modified DNA base beta-D-glucosyl-
hydroxymethyluracil is not found in the tsetse fly stage of 7ry-
panosoma brucei. Mol. Biochem. Parasitol. 94: 127-130
Dooijes D., Chaves 1., Kieft R., Dirks-Mulder A., Martin W. and
Borst P. (2000) Base J originally found in Kinetoplastida is also
a minor constituent of nuclear DNA of Euglena gracilis. Nucl.
Acids Res. 28: 3017-3021

Van Leeuwen F., Wijsman E. R., Kieft R., van der Marel G. A.,
Van Boom J. H. and Borst P. (1997) Localisation of the modi-
fied base J in telomeric VSG gene expression sites of 7ry-
panosoma brucei. Genes & Dev. 11: 3232-3241

Van Leeuwen F,, Kieft R., Cross M. and Borst P. (1998) Biosyn-
thesis and function of the modified DNA base beta-D-glucosyl-
hydroxymethyluracil in Trypanosoma brucei. Mol. Cell. Biol.
10: 5643-5651

Cross M., Kieft R., Sabatini R., Wilm M., De Kort M., van der
Marel G. A. et al. (1999) The modified base J is the target for a
novel DNA-binding protein in kinetoplastid protozoans.
EMBO J 18: 6573-6581

Genest P. A, ter Riet B., Dumas C., Papadopoulou B., Van Lue-
nen H. G. and Borst P. (2005) Formation of linear inverted re-
peat amplicons following targeting of an essential gene in
Leishmania. Nucl. Acids Res. 33: 1699-1709

de Bruijn M. H., van der Bliek A. M., Biedler J. L. and Borst P.
(1986) Differential amplification and disproportionate expres-
sion of five genes in three multidrug-resistant Chinese hamster
lung cell lines. Mol. Cell. Biol. 6: 4717-4722

van der Bliek A. M., Baas F,, Ten Houte de Lange T., Kooiman
P. M., Van der Velde-Koerts T. and Borst P. (1987) The human
mdr3 gene encodes a novel P-glycoprotein homologue and
gives rise to alternatively spliced mRNAs in liver. EMBO J. 6:
3325-3331

Smith A. J., van Helvoort A., van Meer G., Borst P., Szabo, K.,
Welker E. et al. (2000) MDR3 P-glycoprotein, a phosphatidyl-
choline translocase, transports several cytotoxic drugs and di-
rectly interacts with drugs as judged by interference with nu-
cleotide trapping. J. Biol. Chem. 275: 23530-23539

Smit J. J. M., Schinkel A. H., Oude Elferink R. P. J., Groen A. K.,
Wagenaar E., Van Deemter L. et al. (1993) Homozygous dis-
ruption of the murine mdr2 P-glycoprotein gene leads to a com-
plete absence of phospholipid from bile and to liver disease.
Cell 75: 451-462



754

67

68

69

70

71

72

P. Borst

Gommers-Ampt J. H., Van Leeuwen F, De Beer A. L. I,
Vliegenthart J. F. G., Dizdaroglu M., Kowalak J. A. et al. (1993)
B-D-glucosyl-hydroxymethyluracil: a novel modified base pre-
sent in the DNA of the parasitic protozoan Trypanosoma bru-
cei. Cell 75: 1129-1136

Schinkel A. H., Smit J. J. M., Van Tellingen O., Beijnen J. H.,
Wagenaar E., Van Deemter L. et al. (1994) Disruption of the
mouse mdrla P-glycoprotein gene leads to a deficiency in the
blood-brain barrier and to increased sensitivity to drugs. Cell
77: 491-502

Schinkel A. H., Mayer U., Wagenaar E., Mol C. A. A. M., Van
Deemter L., Smit J. J. M. et al. (1997) Normal viability and al-
tered pharmacokinetics in mice lacking mdrl-type (drug-trans-
porting) P-glycoproteins. Proc. Natl. Acad. Sci. USA 94:
4028-4033

Mayer U., Wagenaar E., Beijnen J. H., Smit J. W., Meijer
D. K. F, Van Asperen J. et al. (1996) Substantial excretion of
digoxin via the intestinal mucosa and prevention of long-term
digoxin accumulation in the brain by the mdrla P-glycoprotein.
Br. J. Pharmacol. 119: 1038-1044

Sparreboom A., Van Asperen J., Mayer U., Schinkel A. H., Smit
J. W,, Meijer D. K. E et al. (1997) Limited oral bio-availability
and active epithelial excretion of paclitaxel (taxol) caused by P-
glycoprotein in the intestine. Proc. Natl. Acad. Sci. USA 94:
20312035

White T. C., Fase-Fowler F., van Luenen H., Calafat J. and Borst
P. (1988) The H circles of Leishmania tarentolae are a unique

73

74

75

76

77

78

From cancer cells to trypanosomes and back again

amplifiable system of oligomeric DNAs associated with drug
resistance. J. Biol. Chem. 263: 16977-16983

Ouellette M., Fase-Fowler F. and Borst P. (1990) The amplified
H circle of methotrexate-resistant Leishmania tarentolae con-
tains a novel P-glycoprotein gene. EMBO J. 9: 1027-1033
Ouellette M., Hettema E., Wust D., Fase-Fowler F. and Borst P.
(1991) Direct and inverted DNA repeats associated with P-gly-
coprotein gene amplification in drug resistant Leishmania.
EMBO J. 10: 1009-1016

Wijnholds J., Evers R., van Leusden M. R., Mol C. A. A. M.,
Zaman G. J. R., Mayer U. et al. (1997) Increased sensitivity to
anticancer drugs and decreased inflammatory response in mice
lacking MRP. Nature Med. 11: 1275-1279

Morrow C. S., Diah S., Smitherman K., Schneider E. and Towns-
end A. J. (1998) Multidrug resistance protein and glutathione S-
transferase P1-1 act in synergy to confer protection from 4-nitro-
quinoline 1-oxide toxicity. Carcinogenesis 19: 109—115
Wijnholds J., De Lange E. C. M., Scheffer G. L., Van den Berg
D.J.,, Mol C. A. A. M., Van der Valk M. et al. (2000) Multidrug-
resistance protein 1 protects the choroid plexus epithelium and
contributes to the blood -cerebrospinal fluid barrier. J. Clin. In-
vest. 105: 279-285

Reid G., Wielinga P, Zelcer N., Van der Heijden 1., Kuil A., De
Haas M. et al. (2003) The human multidrug resistance protein
MRP4 functions as a prostaglandin efflux transporter and is in-
hibited by nonsteroidal antiinflammatory drugs. Proc. Natl.
Acad. Sci. USA 100: 9244-9249

To access this journal online:
http://www.birkhauser.ch




