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Fig. 1. Morphological appearance of blood vessel development to hollow fibers implanted s.c. into NMRI mice. A, typical appearance of subdermal vasculature in the absence of
fibers. BlOOdvessel development to fibers containing MAC 15A cells on days 4 (B), 7 (C), 14 (D), 21 (A), 28 (F), and 32 (G) after implantation at the s.c. site. H. absence of blood
vessel development to fibers containing medium only (28 days after implantation s.c.).
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Table1 Deliveryofdoxorubicinto the interiorof blankand MACiSAcellscontaininghollow
fibers implantedeithers.c.ori.p.Doxorubicin

concentration (ng mg I) inside fibers with and without MAC l5Acellson
days4 and28 afterimp1antation.'@Doxorubicin

DoxorubicinDoxorubicinDoxorubicin
(day 28) (day 4) (day28)Site

of fiber (day4) control control MAC15A MACISA

Table 2 Response ofMAC 15A cells in hollowfibers implanted s.c. and i.p.aftertreatment
with doxorubicin on days 4 and 28 afterimplantation.a%

Cell survival % CellsurvivalSite
of implantation (treatment time, day 4) (treatment time, day 28)

S.C.

BLOOD VESSEL DEVELOPMENTTO HOLLOWFIBERS

characterized cells (including patterns of growth factor expression)
can be implanted into fibers, and that these cells can be retrieved intact
at various stages after implantation without host cell infiltration.
Additional studies are required, however, to determine whether an
giogenesis in the hollow fiber model has advantages over presently
existing techniques (13), particularly with respect to quantitation, the
use of windows to observe blood vessel development, and the use of
fibers containing gels impregnated with growth factors.

The presence or absence of a vascular supply to hollow fibers
implanted s.c. has a significant effect on both drug delivery (Table 1)
and chemosensitivity (Table 2). In terms of drug delivery, the con
centration of doxorubicin in hollow fibers (s.c.) containing MAC 15A
cells (Table 1) is significantly higher when doxorubicin is adminis
tered 28 days after implantation (0.43 Â±0.35 ng mg i) compared
with the same fibers treated 4 days after implantation (<0.015 ng
mg i)â€¢In hollow fibers (s.c.) containing medium only, no significant
differences exist in doxorubicin levels inside fibers treated either 28 or
4 days after implantation (Table 1), which reflects the fact that

development of a blood vessel supply does not occur in blank fibers
(Fig. 1). Similarly in fibers implanted i.p. post implantation, times
have no significant effect on drug concentrations inside the fiber,
although much greater concentrations are achieved compared with
fibers implanted s.c. (Table 1). The relationship between drug distri
bution and blood vessel development is also reflected in terms of
chemosensitivity in that s.c. fibers treated when a vascular supply is
established (day 28) are more sensitive to doxorubicin than s.c. fibers
treated in the absence of a vascular supply (Table 2). No significant
difference exists between the response of MAC l5A cells in fibers
implanted i.p. for 4 or 28 days before drug administration (Table 2).

The results of this study demonstrate that the treatment of hollow
fibers s.c. with doxorubicin in the absence of an established blood
supply gives rise to a false negative result due largely to the fact that
drug delivery is impaired. In terms of drug screening, experimental

models must meet several criteria, one of which being that the
predictive value of the model is such that false negative results are
kept to a minimum. In the case of the hollow fiber assay, no published
information is available on the predictive value of the hollow fiber
assay in terms of whether or not responses in hollow fibers correlate
with activity in xenografts. Hollingshead et a!. (8) have demonstrated
activity, however, against fibers implanted s.c. for several standard
anticancer agents, although it is not known how drugs reach this site
in the absence of a vascular supply. As impaired drug delivery to
tumors is a major obstacle for an effective anticancer drug therapy, it
could be argued that compounds that are active against hollow fibers
at the s.c. site have the highly desirable property of being efficiently
delivered to tumors in the absence of a good blood supply. In addition,
modifications to the hollow fiber assay to commence chemotherapy
once a blood supply has been established would lead to more com
pounds going through to testing against xenograft models, resulting in
possible logistical problems for large-scale screening programs. Nev
ertheless, the results of this study raise the possibility that potentially
useful compounds may be missed and suggest that additional studies
to address the issues of false negative prediction rates and the feasi
bility of screening potentially more compounds against xenografts are
required.

S.C. 0.016 Â±0.002 0.04 Â±0.05 <0.015 0.43 Â±0.35
i.p. 42.4Â±21.8 23.7Â±11.7 19.6Â±10.8 13.0Â±16.6

a Each value represents the mean Â± SD of at least three independent experiments.

Blood Vessel Development to Hollow Fibers. As the production of
growth factors such as vascular endothelial growth factor is enhanced under
hypoxic conditions (11), implantation of â€œmatureâ€•fibers containing central
necrotic cores (7) may further stimulate angiogenesis. After 14 days of culture
in vitro, hollow fibers (containingcentralnecroticcores)wereimplanteds.c.
using a sterile trocar (3 fibers/mouse at the same site). At various times after
implantation, mice were sacrificed by cervical dislocation, a central midline
incision made, and the skin peeled back to reveal the fibers in situ. Blood
vessel development to fibers was recorded photographically. Fibers containing
medium alone were also implanted s.c. to serve as controls.

Chemosensitivity Studies. Fibers containing MAC 15A cells were im
planted s.c. and i.p. using a sterile trocar (3 fibers/site). For implantation of
fibers i.p., mice were anesthetized before implantation using a trocar. Doxo
rubicin was administered to mice (10 mg kg@ i.p.) on days 4 or 28 after fiber
implantation at both the i.p. and s.c. sites. Fibers were retrieved from mice 6
days after drug administration (time from first treatment to fiber removal is
comparable with protocols used by the NC!), and chemosensitivity assessed
using a modified MTF assay, details of which are described elsewhere (8).
Chemosensitivity was expressed in terms of the percentage of cell survival
taldng the absorbance ofcontrol fibers (mice treated with drug vehicle only) to
represent 100% cell survival. Statistical comparisons were made using Stu
dent's t test.

Drug Analysis. Mice bearing fibers containing MAC l5A cells implanted
s.c. and i.p. were treated with doxorubicin (10 mg kg â€˜,ip) either on days 4
or 28 after implantation. Fibers were removed 1h after drug administration, the
heat seals removed, and the contents expelled by air into a preweighed
Eppendorftube. Fibers were flushed with PBS (50 @l)into the same tube, and
protein was precipitated by the addition of 100 @.tlMeCN:methanol (3:1). After
centrifugation at 7,000 X g for 5 mm, doxorubicin concentration (expressed as
amount/weight of fiber contents) was determined by high-performance liquid
chromatography, as described elsewhere (12). Control fibers (containing me
chumonly) were treated in an identical manner to fibers containing MAC l5A
cells, and results were expressed in terms of amount/weight of fiber contents.
Statistical comparisons were made using Student's t test.

Results and Discussion

The hollow fiber assay presently in use by the NC! is a relatively
short-term assay conducted over a period of6 days in vivo. During this
time period, the development of a vascular supply to hollow fibers has
not been reported, and Hollingshead et a!. (8) conclude that the hollow
fiber assay is not appropriate for studying host/tumor interactions such
as angiogenesis.By extendingthe postimplantationtime in vivo,
however, extensive vascular networks to hollow fibers containing
MAC 15A cells do develop over a period of 28â€”32 days (Fig. 1).

Similar results were obtained with other MAC cell lines (MAC 13 in
NMRJ mice and MCF-7 in NCR nude mice) with extensive vascular
networks established 28 days after implantation (data not shown). The
development of a blood supply is dependent on the presence of tumor
cells, as control fibers containing medium only do not stimulate
angiogenesis over a similar time scale (Fig. 1). Although the original
aim of this study was not to develop and fully characterize a novel
model ofangiogenesis, the results of this study suggest that the hollow
fiber techniques could be used in the field of angiogenesis and the
search for angiogenesis inhibitors. It has certain theoretical advan
tages over presently available techniques, in that genetically well

97.6 Â±20.1 47.8 Â±14.3
i.p. 10.1 Â±6.5 2.8 Â±2.0

a Each value represents the mean Â± SD of at least three independent experiments.
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In conclusion, this study has demonstrated that hollow fibers con
taming tumor cells can induce angiogenesis in mice and this has direct
implications for drug delivery and chemosensitivity. These results
suggest that the treatment of fibers before blood vessel development
occurs may be a source of false negative predictions, and studies to
address this question need to be conducted. Finally, the demonstration
that hollow fiber tumor models can induce an angiogenic response in
the host suggests that this model may have some use in the search for
antiangiogenic drugs, although considerable refinement of the assay to
address questions such as quantitation of blood vessel development
need to be addressed.
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Abstract

Peutz-Jeghers syndrome (PJS) Is an autosomal dominant condition
characterized by Intestinal hamartomatous polyps, mucocutaneous mela
nm deposition, and increased risk of cancer. Families with PJS from the
Johns Hopkins POIyPOSISRegistry were studied to identify the molecular
basIs of this syndrome and to characterize the pathogenesis of gastroin
testinal hamartomas and adenocarcinomas in PJS patients. Linkage anal

@1sIn the family originally described by Jeghers in 1949 and five other
families confirmed linkage to 19p13.3 near a recently identified gene
responsible for PJS. Germ-line mutations in this gene, STKJ1, were iden
tifled In all six families by sequencing genomic DNA. Analysis of hamar
tomas and adenocarcinomas from patients with PJS identified loss of
heterozygo.lty (LOB) of 19p markers near STKJJ in 70% of tumors.
Haplotype analysis indicated that the retained allele carried a germ-line
mutation, confirming that STKJJ Is a tumor suppressor gene. LOH of 17p
and lSq was Identified in an adenocarcinoma but not In hamartÃ¶mas,
implying that allelic loss of these two regions corresponds to late melee
War events In the pathogenesis of cancer in PJS. The adenocarcinomas
showing 17p LOH also demonstrated altered p53 by immunohistochem
istry. None ofthe 18 PJS tumors showed microsatellite instabifity, LOH on
Sq near APC, or mutations in codons 12 or 13 of the K-ms proto
oncogene. These data provide evidence that STK11 Is a tumor suppressor
gene that acts as an early gatekeeper regulating the development of
hamartomas In PJS and suggest that hamartomas may be pathogenetic
precursors of adenocarcinoma. Additional somatic mutational events un
derlie the progression of hamartomas to adenocarcinomas, and some of
these somatic mutations are common to the later stages of tumor progres
slon seen In the majority of colorectal carcinomas.

Introduction

In several polyposis syndromes, patients have increased risk of
gastrointestinal cancer. Familial adenomatous polyposis carries a
nearly 100% life-time risk of colorectal cancer, and cancer arises
through a series of well-characterized genetic events (1). In contrast,
the molecular pathogenesis of cancer in PJS3 is poorly defined. PJS is
recognized by the presence of benign hamartomatous polyps of the
gastrointestinal tract, often in conjunction with macular light brown
pigment deposition on the lips, buccal mucosa, eyelids, and fingertips
(2â€”4).The most common complication of PJS is small bowel obstruc
ton from enlarginghamartomasand intussusception,but these pa
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tients are also at increased risk of gastrointestinal and nongastrointes
tinal cancer (4â€”6). Histopathological studies have shown that
hamartomas are occasionally identified in contiguity with adenocar
cinoma in PJS, and hamartomas with dysplasia may represent early
lesions in the pathogenesis of cancer (5, 7â€”9).

Hemminki et a!. (10) identified a susceptibility locus for PJS on
19p13.3 using comparative genomic hybridization to conduct a tar
geted linkage analysis. These investigators demonstrated LOH in this
region of l9p for hamartomas and found strong evidence of linkage
closest to marker D19S886. They postulated that inactivation of this
putative tumor suppressor gene is a critical early event in the devel
opment of hamartomas and adenocarcinomas, although adenocarci
nomas were not analyzed. Recently, two groups simultaneously re
ported the positional cloning of a candidate gene for PJS, STKIJ (11,
12). This gene is a serine-threonine kinase; the contribution of this
gene to the pathogenesis of cancer has not been fully defined.

We studied six PJS families to identify the molecular basis of the
phenotype and to characterize the pathogenesis of the gastrointestinal
hamartomas and adenocarcinomas that arise in those with this syn
drome. Linkage analysis confirmed the mapping of PJS and provided
haplotype data for examining LOH. Sequencing analysis of the entire
coding region of STKJJ identified germ-line heterozygous mutations
that segregated with the PJS phenotype in all six pedigrees. LOH and
mutational analyses of hamartomas and adenocarcinomas helped
characterize tumorigenesis in this syndrome.

Materials and Methods

Six unrelated families with PJS from the Johns Hopkins Polyposis Registry,
including the original family described by Jeghers et a!. (Fig. 1, Family 1; Ref.
3), were selected for this study based on availability of DNA and tumor
specimens. One individual from a seventh family was also included because
tumor blocks from multiple hamartomas and an adenocarcinoma arising within
a hamartomatous polyp were available. Informed consent was obtained from
each family member participating in the study through a protocol approved by
the Joint Committee on Clinical Investigation at The Johns Hopkins University
School of Medicine. DNA was available from 29 affected and 35 unaffected
family members. The diagnosis of PJS was confirmed by histopathology,
physical exam, and/or medical records for each family member (4).

Genotyping was performed on DNA derived from lymphocytes for 237
dinucleotide markers spanning the genome at a marker distance of 10â€”20cM.
PCR and electrophoresis conditions were performed as described previously
(13). Two-point linkage analysis using FASTLINK (14) assumed autosomal
dominant inheritance for PJS with a penetrance of 100% and a gene frequency
of 0.0001. Marker allele frequencies were estimated as 1/n for the whole
genome scan, where n is the number of alleles at a given locus. Allele
frequencies from Center Etudes Polymorphism Humane were used for the
detailed linkage analysis of chromosome l9p markers. All analyses were
repeated using a gene frequency of 0.002, and no important differences were
observed. Linkage heterogeneity tests were conducted using the HOMOG
program (http:/Ilinkage.rockefeller.edu/soft/homog.html; Ref. 15).

Genomic DNA from lymphoblastoid lines of affected individuals was
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Fig. I. Pedigrees of six families with PJS. Solid symbols,
affected individuals; open symbols. unaffected individuals. ?. fam
ily members without knowledge of affection status. Family I was
originally described by Jeghers et al. (3).
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Family 6Family 5
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Family 2
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Family 4

amplified to sequence the complete coding region ofSTKIJ (described previously
as LKBI). Primer sequences were generouslyprovided by L. Aaltonen prior to
publication (11). Fluorescent sequencing reactions were analyzed on an ABI
automatedsequencer.Sequencehomologywas facilitatedusing a BLAST search
to help identifymutationsin comparisonwith the publishedsequencesofLKBI in
GenBank (http:llwww.ncbi.nlm.nth.gov/cgi-bin/BLAST/).

DNA was extracted from tumor specimens after histopathological review
and microdissection of nonneoplastic mucosa, epithelium of hamartomas, and
adenocarcinomas (16). Persons performing the microdissections of the adeno
carcinomas were careful to remove homogeneous areas of epithelial tumor.
Areas with different histopathological features were microdissected and ana
lyzed separately. These included discontinuous epithelial regions of hamarto
mas as well as mucinous and glandular areas of adenocarcinomas. Samples
were incubated overnight at 56Â°Cin 1X TK buffer (0.5% Tween 20, 0.2 mg/mI
proteinase K, and 0.1 X TE9), treated with 2X volume of 5% Chelex in 0.1%
TE9, and heated to 100Â°Cfor 10 mm. Microsatellite markers D19S886 (0DB:
608640) and D19S565 (GDB:343597) were amplified with 30 PCR cycles
(denatured for 1 mm at 95Â°C,annealed for 1 mm at 52Â°C(D19S886) and 50Â°C
(D19S565),and elongatedfor1 mm at72Â°C).D18S55, D18S58, D18S61,

D18S64, and D18S69 were amplified with 38 PCR cycles (denatured for 30 s
at 93Â°C,annealed for 30 s at 55Â°C,and elongated for I mm at 72Â°C)in 6%
DMSO and a PCR buffer composed of 670 mM Tris (pH 8.8), 67 mM
magnesium chloride, 166 msi ammonium sulfate, and 100 mM f3-mercapto

a a

ethanol. The primers for the l8q markers were described previously (17).
Allelic loss and microsatellite instability were assessed by denaturing gel
electrophoresis performed with 6% polyacrylamide gels.

Tumor DNA was amplified for somatic mutational analyses. Amplified DNA
from the first exon of K-ras was prepared using a PCR Master kit (Boebringer
Mannheim, Mannheim, Germany) with 40 amplification cycles (denatured for 1
rain at 94Â°C,annealed for 1 ruin at 50Â°C,and elongated for 1 rain at 72Â°C).Primers
for amplification were 5'-GAGAAUCATGACFGAATATAAACfl'GT-3' and
5'-TCGAAUCCFCTAUG'fl@GGATCATATFCG-3'. Sequencing reactions
were performed with a Sequitherm Excel kit (Epicentre Technologiea, Madison,
WI) usingthe sequencingprimer5'-ATFCGTCCACAAAATGAT-3'and were
run on 6% polyaciylamidegels. A subset of the samples were also evaluated by
allele-specifichybridizationfor mutationsof K-ms (18).Somaticmutationsof p53
were evaluated by immunohistochemical detection of intranuclear p53 gene prod
uct and alleic loss of l7p as described previously (19).

Results and Discussion

Linkage to 19p13.3 and STKJJ Germ-Line Mutations in PJS.
Each of the six PJS families was consistent with autosomal dominant
inheritance with complete penetrance (Fig. 1). A genome-wide link
age analysis in family 1 confirmed linkage to 19p13.3 near D19S886
with a led score of Z 2.5 at a recombination fraction of 0 0.0 and
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