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Abstract. Peutz-Jeghers syndrome (PJS) is a classic,
but not widely known hereditary trait [1, 2]. Its clini-
cal hallmarks are intestinal hamartomatous polyposis
and melanin pigmentation of the skin and mucous
membranes. In addition, PJS predisposes to cancer [3,
4]. The most common malignancies are small intesti-
nal, colorectal, stomach and pancreatic adenocar-
cinomas. Other cancer types that probably occur in
excess in PJS families include breast and uterine cervi-
cal cancer, as well as testicular and ovarian sex cord

tumors. The relative risk of cancer may be as high as
18 times that of the general population, and the can-
cer patients’ prognosis is reduced. Recently, the pre-
disposing locus was mapped to 19p13.3 using a novel
method [5]. Subsequently, the causative gene was
shown to be LKBI (a.k.a. STKI11), a serine/threonine
kinase of unknown function [6]. Although preliminary
reports seem to suggest a minor role for LKBI in
sporadic tumorigenesis [7—12], further investigations
are needed.
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The Peutz-Jeghers syndrome

The first report describing Peutz-Jeghers syndrome
(PJS) was probably by a London surgeon, Jonathan
Hutchinson, in 1896 [13]. He reported identical twins
with spots on the lips and buccal mucosa. However, the
first investigator to recognize the connection between
‘polyps and spots’ was Dr. Peutz in 1921 [1]. In 1949
Drs. Jeghers, McKusick and Katz realized the autoso-
mal dominant inheritance and made the syndrome bet-
ter known to the scientific community [2]. Originally,
the increased risk of cancer associated with the syn-
drome was not recognized, and interest in PJS was
mainly due to the morbidity and mortality caused by
the intestinal hamartomas and the sometimes conspicu-
ous melanin pigmentation.

PJS and the other intestinal polyposes are inherited in
an autosomal dominant manner. The frequency is not

known, since its malignant potential has been recog-
nized only recently, and there are no accurate registries
that would give a reliable figure. An estimate has placed
the frequency between 1:8300 and 1:29,000 births [14],
whereas in Finland it has been estimated to be between
1:50,000 and 1:100,000 (H. Jirvinen, unpublished). Im-
proved awareness and proper registries may improve
the accuracy of these figures.

Although PIJS is a classic syndrome, interest in deter-
mining the genetic defect has only recently been created,
since it has been realized, that the cancerogenic poten-
tial of the hereditary mutation is actually quite signifi-
cant [3, 4, 15]. In 1995, Bali and colleagues reported
evidence of linkage of the syndrome to chromosome 1
[16]. However, this preliminary finding could not be
confirmed with analysis of additional markers (C.
Amos, unpublished). Markie and colleagues described a
PJS patient with a pericentric inversion in chromosome
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Figure 1. A Peutz-Jeghers patient showing perioral mucocutaneous pigmentation.

6, proposing candidate loci [17], but no linkage was
detected in PJS families [18]. In 1997 the predisposing
locus was shown to be in 19p13.3 with linkage analysis
targeted with comparative genomic hybridization and
microsatellite loss of heterozygosity analysis [5]. The
next year the causative gene was shown to be LKBI, a
previously known but unmapped serine/threonine ki-
nase of unknown function [6].

Clinical aspects of PJS

The age of onset of the pigmentation (fig. 1) is usually
in the first decade. However, it varies from 15 days [19]
to no pigmentation at all. In a large Japanese series, the
average age of diagnosis was 23 years in males and 26 in
females. The presenting clinical symptoms were obstruc-
tion (43%), abdominal pain (23%), rectal bleeding (14%)
and extrusion of polyp (7%). Intussusception occured in
47% of patients [20]. The penetrance of the genotype
into a phenotype seems to be high. In most studies, no
cases of nonpenetrance have been seen [5, 21-23], but
one case has been reported [24]. However, as similar
pigmentation occurs in up to 15% of the general popu-
lation [25], the diagnosis should be based on detection
of polyps and histological examination to confirm that
at least some of the polyps represent typical PJS hamar-
tomas (table 1).

In PJS, polyps can arise anywhere in the gastrointesti-
nal tract, but are most common in the jejunum. In three
large series with a total of 404 patients, 78% of patients
had polyps in their small intestine, 42% in their colon,

38% in their stomach, and 28% had polyps in their
rectum [20, 26, 27]. More rarely, polyps have been
reported in the mouth, esophagus, ureter, bladder, renal
pelvis, bronchus, nose, maxillary sinuses and breasts
[28—33]. Classically, the polyps are hamartomatous in
appearance, but the histology varies. In the intestine as
well as elsewhere, adenomatous and hyperplastic polyps
can be found in addition to hamartomatous polyps, and
mixtures of different histologies are not uncommon.
The polyps are covered with the epithelium that would
usually be present at the respective site. The typical
histological picture of a hamartomatous polyp is that of
a pedunculated polyp consisting of disorganized glan-
dular tissue resembling adenomatous change, but dis-
tinct [34]. There is a connective tissue core infiltrated by
smooth muscle. Although it can be demonstrated with
immunofluorescent techniques that there are smooth

Table 1. Features suggesting Peutz-Jeghers syndrome.

e The presence of multiple hamartomatous polyps with the
characteristic smooth muscle component present
Characteristic melanin pigmentation found on the buccal
mucosa, around the mouth, and anus or palms of hands or
feet

A family history of verified PJS

Direct detection of a loss-of-function mutation in LKBI

If two criteria are fulfilled, the patient is likely to be or become
affected with the syndrome, and should be enrolled in a screening
protocol. According to current data, direct detection of a loss-of-
function mutation in LKBI alone makes a patient a likely PJS
candidate. Table modified from [90].
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muscle fibers present also in juvenile and adenomatous
polyps, often the histological picture of a Peutz-Jeghers
hamartoma is easy to distinguish because the smooth
muscle component is dramatic and can be seen even
with a regular hematoxylin-eosin staining [35]. Cysts
lined with an increased number of clear, gobletlike cells
often form in the glandular parts of the polyps. Some-
times the hamartomas are intramural, and may resem-
ble enteritis cystica profunda [36]. It has been reported
that the number of polyps may decrease with advancing
age [37].

The expression and penetrance of the mucocutaneus
pigmentation varies, and it seems to get less pronounced
with advancing age, sometimes even disappearing com-
pletely. The lips and oral area are the most common
place for the spots (in 94% of patients), and they may
be more constant in the buccal mucosa than elsewhere
[2]. Also, the buccal mucosal spots can be useful in
differential diagnosis between Peutz-Jeghers and ordi-
nary freckles, as the latter are not regularly found on
mucosal membranes [38], although another study re-
ports buccal mucosal pigmentation spots in 5.6% of
healthy young adults [25]. Other common loci for the
spots include the hands (74%), and feet (62%), while in
21% spots also appear elsewhere [20]. It remains to be
seen whether the type of mutation contributes to the
amount or location of the pigment spots. In conclusion,
pigmentation should not form the basis of a PJS diag-
nosis, as similar pigmentation is not rare in the unaf-
fected population [25].

Psoriasis and PJS have been described in the same
patient [39]. In addition to the usual loci, the melanin
spots were localized also in psoriatic plaques in sites not
usually seen in PJS patients: scalp, elbow, buttocks and
legs. The investigators proposed that the formation of
melanin spots in PJS patients might be connected to
inflammation, as the melanin pigmentation seems to
arise in areas of frequent trauma. Inflammation may
block transfer of melanin granules from melanocytes to
keratinocytes, leading to pigment spots. The spots
would then fade when the inflammation would subside.
The histological picture of PJS melanin spots is distinc-
tive, with an increased number of melanosomes in
melanocytes with long dendrites, and a reduced amount
of melanosomes in keratinocytes [40]. This suggests a
transport block either at the melanocyte of keratinocyte
membrane, but further investigations are needed to
clarify the issue. A likely hypothesis is that the gene has
something to do with growth control in general [30],
which would be in accord with the function of many
other tumor suppressors.

A family segregating PJS and polycystic kidney disease
has been reported [41]. The cosegregation of the pheno-
types was not complete, and the family was relatively
small, so it is not clear whether this represents a chance
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finding or is due to the genes residing close to each
other.

Cancer risk in PJS

It was originally proposed that malignant change is very
common in PJS polyps, but the matter has been cor-
rectly disputed mainly because early reports probably
mixed hamartomatous tissue with adenomatous [26, 27,
42-45]. After the possibility of misdiagnosis was recog-
nized and excessive scepticism avoided, true malignant
change has been reported in hamartomas. In parallel to
the well-documented adenoma-carcinoma sequence in
colorectal cancer [46], the reports of adenomatous and
carcinomatous change in PJS polyps suggests a hamar-
toma-adenoma-carcinoma sequence [4, 30, 31, 43, 47—
49]. Furthermore, clonal deletions have been detected in
PJS hamartomas [5], supporting the view that intestinal
hamartomas can be considered preneoplastic lesions—
at least in PJS. The rate of malignant change seems
much lower than with adenomas.

Despite the dispute regarding hamartomas and malig-
nant change, an increased risk of intestinal cancer was
suggested early [20, 49]. The matter was not settled until
the report of Giardiello and colleagues, who had fol-
lowed 31 PJS patients for 12 years and found an 18-fold
relative risk of intestinal as well as extraintestinal cancer
[3]. The median age of diagnosis for PJS was 17 years,
whereas cancer was detected 25 years later on average.
Spigelman and colleagues followed a large number of
PJS patients and found that the risk of dying from
cancer was 48% by the age of 57. According to this
report, the survival of PJS cancer patients is strikingly
lower than usual. All cancers were lethal at an average
age of 39, except one female patient with basal cell
carcinoma [4]. The relative risks of dying from cancer
were 13 and 9 for gastrointestinal and extraintestinal
cancers, respectively.

In a recent study with 34 patients, the overall relative
risk for the development of cancer was 9.9 [15]. Interest-
ingly, the risk was 18.5 for women and 6.2 for men.
Fifty percent of the women in this study developed
gynecologic or breast cancer, and their relative risk for
intestinal cancer was as high as 150.9, whereas for both
sexes it was 50.5. The mean age of cancer diagnosis was
39.4 years.

The cancer types that convincingly seem to occur more
commonly in PJS mutation carriers than in the general
population are colon, stomach, small intestinal and
pancreatic cancer. Also, breast (often bilateral), ovarian
(granulosa or Sertoli cell), testicular (Sertoli cell) and
uterine cervical cancers may occur more frequently in
PJS than in the average population [3, 4, 15, 30, 50—54].
Adenoma malignum is a peculiar variant of cervical
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Table 2. Cancer cases reported in PJS patients.
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Gastrointestinal No. Average age of diagnosis if available  Extraintestinal No. Average age of diagnosis (years)
Duodenum 5 40.2 ovary 8 29
Jejunum 5 353 fallopian tube 1 40
Duodenojejunal flexure 2 33 endometrium 2 n.a.
uterine cervix*® 13 37.4
Undefined small intes- 10 n.a. breast 22 439
tinal
(Total small intestinal) 39 34.9 testis 1 7 months
prostate 1 66
lung 9 50.8
Esophagus 1 33 gall bladder 1 n.a.
Stomach 17 33.5 biliary tree 1 6
Pancreas 8 52.5 liver 1 n.a.
Colorectal 31 46.6 basal cell 1 39
thyroid 2 31.5
osteosarcoma 1 n.a.
leiomyosarcoma 2 34
multiple 2 62.5
myeloma
unknown pri- 7 50.3
mary

Mean age of cancer diagnosis: 40.5 years.
Total number of cancer cases reported: 181.

Total number of patients in studies (cross-sectional and follow-up studies): 513.

Summary from [3, 4, 15, 20, 31, 36, 49-51, 53, 54, 73, 90, 127, 128]. Please note that some of the cases result from cross-sectional
studies, whereas others are from case series or follow-up studies, so the numbers should not be considered epidemiologically applicable.
What can be seen is the relative excess of certain cancers such as small intestinal, stomach and pancreatic cancers, compared with
common cancer types such as lung cancer. A factor that further disturbs analysis is that some patient groups were only followed up
for intestinal cancer, but mostly all cancer cases were reported. Only histologically verified cases are included. The underscored cancer

types may occur in excess in PJS (A. Hemminki, unpublished).
*Including 4 cases of adenoma malignum.

adenocarcinoma and relatively often seen in PJS pa-
tients, although it is very rare otherwise [S1]. There has
been one report of breast cancer arising in a fibroade-
noma in a PJS patient [31], suggesting a premalignant
role for this lesion. Also, melanoma developing in a
rectal pigment lesion of a PJS patient has been reported
[55]. As this is the only report of melanoma within a
PJS pigment spot, it is unlikely that the spots predispose
to malignancy.

Sex cord tumors with annular tubules (SCTAT) are
very common in PJS patients, and it has been suggested
that they can be found in all female PJS patients if
enough sampling is done [51]. These peculiar tumors are
usually multifocal and bilateral, and can undergo differ-
entiation into granulosa cell or Sertoli cell tumors.
Granulosa cell tumors and Sertoli cell tumors are usu-
ally benign, but can undergo malignant change. Hor-
mone production causing gynecomastia or endometrial
hypertrophy by any of these three tumor types is not
uncommon, although SCTATSs are usually inactive.
Other nonmalignant tumors that have been described in
Peutz-Jeghers patients include fibroadenoma of the
breast, various cystadenomas of the ovaries and colloid
nodules of the thyroid [31, 53]. Also, a PJS patient with
multiple bronchial adenomas has been reported [53]. A

summary of cancer cases reported in PJS families is
presented in table 2.

Otbher intestinal cancer syndromes

PJS is a member of a group of hereditary diseases called
the polyposes (see table 3), characterized by intestinal
polyps and often extraintestinal manifestations as well.
Most of the syndromes in this group have been the
subject of intense interest recently, and the genetic back-
ground for most of them has been revealed. Interest-
ingly, the identification of a causative gene and
demonstration of mutations has often clarified the clini-
cal picture, as it has become possible to determine
which clinical entities are actually variants of the same
syndrome.

Familial adenomatous polyposis (FAP) may be the best
known and most common polyposis with a frequency of
ca. 1:7000 live births [46]. It is characterized by thou-
sands of polyps, mainly in the large intestine, some of
which eventually progress to adenoma and carcinoma.
Cowden syndrome (CS) is caused by mutations in the
PTEN gene, a tumor suppressor inactivated in various
sporadic tumor types as well [56—-62]. CS patients de-
velop hamartomas of various organs, including trich-
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Table 3. Hereditary intestinal cancer syndromes.
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Syndrome

Gene and locus

Characteristics

Variants

Polyposes

Familial adenomatous
polyposis

Peutz-Jeghers syndrome

Juvenile polyposis

Cowden syndrome
Neurofibromatosis type 1

Inflammatory polyposis:
ulcerative colitis

Non-polyposes
Hereditary nonpolyposis
colorectal cancer

APC (5q21)

LKBI1 (19p13.3)

SMAD4 (18q21.1)

PTEN (18q21.1)

NFI (17q11.2)

unknown, HLA
association possible

MSH2 (2p16), MLH]
(3p21), PMSI (2q32),
PMS2 (Tp22), MSH6
(2p16), TGFRRII (3p22)

thousands of colonic adenomas,
cancer risk 100% if untreated

intestinal hamartomas, melanin
spots, elevated cancer risk
juvenile polyps (adenomatous and
hamartomatous features), elevated
cancer risk

intestinal polyps, hamartomatous
and adenomatous, skin tumors
multiple peripheral neurofibromas
present also in the submucosa of
intestinal walls

chronic inflammation causes
for-mation of polyps, elevated
cancer risk; genetic background
unsettled, multifactorial
inheritance likely

cancer family syndrome: increased
risk of colorectal, endometrial,
stomach, biliary tract, ureteral,
small intestinal and breast cancers

Turcot’s syndrome (brain cancer),
Gardner’s syndrome
(extraintestinal tumors)

some families may have
mutations in PTEN; hereditary
mixed polyposis: putative
location on 6q
Bannayan-Zonana
(malformations)

Turcot’s syndrome (colorectal
and brain cancer), Muir-Torre
syndrome (colorectal and skin
cancer)

Table modified from [90].

lemmomas of the skin, benign and malignant tumors of
the breast, thyroid, intestine and brain. Up to 50% of
women with CS develop breast cancer [56]. The intesti-
nal polyps in CS have varied histologies, but often
hamartomas are present. However, the hamartomas
lack the smooth muscle infiltration of polyp stroma that
it characteristic of PJS.

Solitary juvenile polyps are common in young individu-
als, but juvenile polyposis (JP) is rare. The genetic
background of the syndrome is a bit unsettled, as a few
families have been reported to segregate PTEN muta-
tions [63], whereas in a large number PTEN has been
excluded [64]. The main gene for JP seems to be DPC4/
SMAD4[65]. The histology of juvenile polyps resembles
the polyps found in CS, but extraintestinal manifesta-
tions usually help in differential diagnosis. Also, JP
usually presents at an earlier age. Traditionally, no
extraintestinal features have been linked to JP, but
recently it has been suggested that various developmen-
tal defects may commonly occur [66]. Skin and skeletal
abnormalities were most common, especially telangiec-
tasies and hypertelorism.

Hereditary nonpolyposis colorectal cancer (HNPCC) is
the most common of the intestinal cancer syndromes,
with a frequency of at least 1:1000 live births [67]. Thus,
HNPCC accounts for a minimum of 2% of all col-
orectal cancers, one of the most common cancer types
in Western societies. As the name implies, polyps do not

occur as commonly in HNPCC as in the polyposes. The
syndrome is characterized by a high risk of colorectal,
endometrial and other cancer types. It is caused by
germline defects in mismatch repair genes which can
been observed as replication errors (RER, a.k.a. mi-
crosatellite instability) in tumor tissue [68].

Localization of the PJS gene

As previous attempts to localize the PJS gene had failed
[16—18], a novel approach was developed [5]. It was
hypothesized that the hamartomas commonly found in
PJS patients would be clonal tissue but premalignant, so
that the putative changes would not be too numerous to
complicate interpretation of results. This is contrary to
earlier reports describing hamartomas as nonclonal tis-
sue with little or no malignant potential [26, 27, 34,
42-45]. In addition, it was thought the gene would be a
tumor suppressor, and according to the Knudson model
[69, 70], the wild-type allele should then be lost in tumor
tissue. Since comparative genomic hybridization (CGH)
was to be used for localization of the losses, it was also
thought that at least some of the losses would be large
enough to be detected (over 10 mb).

CGH is a screening method for detecting genomic gains
and losses in tumor tissue [71, 72]. Briefly: equal
amounts of fluorescently labeled tumor and normal
tissue are hybridized to a normal metaphase spread,



740 A. Hemminki

and the respective signal intensities are compared with a
fluorescent microscope coupled to a computer-based
digital image analysis system. The ratio of tumor to
normal tissue is calculated for each chromosomal locus.
An advantage of the method is that the whole genome
can be analyzed simultaneously, but disadvantages in-
clude low sensitivity, especially for deletions. Also,
many regions (centromeric and telomeric areas) cannot
be reliably analyzed.

Sixteen polyps were obtained from a single PJS patient,
and CGH was performed on these. Overall, the kary-
otypes of the hamartomas looked quite benign, confir-
ming the hypothesis of hamartomas being not very
malignant. However, in 6 out of the 16 polyps, it looked
like the end of the short arm of chromosome 19 was lost
[5], thus suggesting clonality. The changes were detected
in the glandular part of the polyp, whereas deletions
were not seen in the stromal part with the smooth
muscle (A. Hemminki, unpublished). This may suggest
that only the glandular part is neoplastic and the muscle
reactive, but further investigations are necessary, since
muscle tissue has less genetic material (a smaller nuclei
to cytosol ratio) than glandular tissue, and thus con-
taminating cells may disturb the analysis more. Interest-
ingly, there has been a report describing sarcoma within
a PJS polyp [73], perhaps suggesting that the stroma
may also become malignant.

The hamartoma-adenoma-carcinoma sequence

As most of the cancers arising in PJS patients are
adenocarcinomas, the detection of clonal changes in the
glandular part of the polyps is not surprising. It is well
known that the intestinal epithelium can progress to
adenoma, which can then become carcinoma [46]. In
contrast, hamartomas have traditionally been consid-
ered benign lesions with little or no potential for malig-
nant transformation [26, 27, 34, 42, 45]. Based on
observation of adenomatous or carcinomatous foci
within PJS hamartomas, the possibility of a hamar-
toma-adenoma-carcinoma sequence was suggested pre-
viously [4, 30, 31, 43, 47—-49]. The study by Hemminki
and colleagues provided the first evidence of clonal
genetic changes detected in hamartomas, which sup-
ports the notion of their being premalignant lesions [5].
A similar situation is seen with ‘regular’ intestinal ade-
nomas, as it has been shown that APC mutations are
often seen in the smallest adenomas and even in aber-
rant crypt foci, but not in hyperplastic or inflammatory
polyps [74-T7].

Currently it is not clear if most cases of cancer in PJS
patients develop from premalignant lesions. The num-
ber of polyps may decrease with advancing age [37],
whereas cancer is most often detected in the third and

The molecular basis and clinical aspects of Peutz-Jeghers syndrome

fourth decades (table 2). This may suggest that hamar-
tomas and the development of cancer are not always
connected. However, the more likely but unproven hy-
pothesis is that, as a result of loss of both alleles of
LKBI, growth control is decreased, and premalignant
lesions (hamartomatous or other) can form. Then, in
the course of years or decades, additional mutations
provide the malignant phenotype.

Microsatellite LOH analysis of PJS polyps

The power of CGH as a screening method was effec-
tively demonstrated when deletions in 19p13.3 were
seen as the only recurrent change in PJS polyps [5].
However, microsatellite analysis was necessary, as CGH
analysis is often disturbed by artefacts, especially in
telomeric and centromeric areas. Also, 19 is not the
easiest chromosome to analyze because of its high GC
content and the indirect deoxy-uridine-triphosphate
(dUTP)-labeling method used.

Three of the six polyps that had shown loss of genetic
material in the CGH experiments were chosen for loss
of heterozygosity (LOH) analysis. In all cases, the losses
could be confirmed, and the most frequently lost area
could be determined to be the very end of chromosome
19p. However, the LOH was not convincing until mi-
crodissection of the hamartomas was performed with
selective ultraviolet radiation fractionation (SURF) [5].
SURF is a quick and easy microdissection technique
based on labeling of interesting areas with a microma-
nipulator under a microscope. Then UV light is applied
to destroy the remaining tissue [78]. The need for mi-
crodissection to get convincing LOH supports the no-
tion that only the glandular epithelium is clonal.

LOH was detected in the glandular epithelium, particu-
larly in cystic areas, where the amount of clear, goblet-
like cells was clearly increased. The degree of LOH
seemed to correlate with the amount of gobletlike cells
in the specimen extracted (A. Hemminki, unpublished).
However, a systematic study is needed to confirm this.
In every case the loss affected the wild-type chromo-
some that the patient had inherited from the unaffected
parent. This supports the tumor suppressor gene hy-
pothesis and also increased confidence that the LOH
results were nonrandom.

Linkage analysis in PJS families and the question of
heterogeneity

To confirm the presence of a PJS locus in 19p13.3, 12
well-characterized PJS families were analyzed with the
same markers that had shown LOH. All informative
families showed linkage to the most telomeric marker,
D19S886, and no cases of nonpenetrance were ob-
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served. A neighboring marker on the centromeric side,
D19S565, showed recombinations, limiting the candi-
date area to approximately 6.5 cM. The pairwise loga-
rithm of odds (lod) score was 5.4 for D19S886.
Considering that only one locus was analyzed, the find-
ing was unambiguous. Multipoint linkage calculations
gave a conclusive lod score of 7.00 at D19S886 [5].
Linkage disequilibrium was not detected in families of
Finnish or other origin (A. Hemminki, unpublished).
Later, linkage of PJS to 19p13.3 was confirmed in five
studies [21-24, 79], although additional loci have been
suggested. Olschwang and colleagues report three
families that might be unlinked to 19p13.3 [24], and
Mehenni and colleagues report positive lod scores for a
locus in 19q in a large Indian family [22]. This family
also shows a lod of over 2 for the 19p locus, but no
LKBI mutation was found [80]. Boardman and col-
leagues report two families which seem unlinked to
LKBI [79]. One family shows lod scores to a locus
slightly centromeric to LKBI, whereas one family seems
clearly unlinked. When LKBI is analyzed in the possi-
bly unlinked families, the issue of heterogeneity may be
clarified.

One possible explanation for the unlinked families is
misdiagnosis. Misdiagnosis of PJS may be common,
especially in new cases or when the diagnosis is not
made in collaboration between an experienced clinician
and pathologist. Diagnosis should not be based solely
on pigmentation, as this can vary even within the same
family, and may be totally absent in affected individu-
als. Also, pigmentation similar to the PJS type can be
seen as a normal variant in up to 15% of healthy young
adults [25]. Histological evidence of smooth muscle
infiltration of the stromal core of a hamartomatous
polyp should form the basis of the diagnosis. As an
extrapolation based on Knudson’s two-hit hypothesis,
solitary Peutz-Jeghers polyps may form because of spo-
radic inactivation of both alleles of the PJS gene. For
the diagnosis of Peutz-Jeghers syndrome to be made,
multiple polyps should be seen with or without mucocu-
taneous melanin pigmentation. See table 1 for features
suggesting PJS.

Identification of the PJS gene

The original region candidate region for the PJS gene
was limited between the 19p telomere and marker
D19S565, a distance of 6.5 ¢cM, which translates into
about 3 mb in this region [5]. Using approximately 30
families and 15 novel markers, the critical region could
be reduced to 800 kb [6]. 19p13.3 is one of the most
gene-rich regions in the human genome, and the 800 kb
can be estimated to contain about 40 genes. This is
considerably less than the 160 genes that would have
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been inside the original area. Direct complementary
DNA (cDNA) selection was performed to produce se-
quence from approximately 40 genes mapping inside the
final candidate region of 800 kb [6]. Some of these gave
direct homology to previously known, but unmapped
genes.

Novel genes and genes that had been previously
mapped to the candidate area by Lawrence Livermore
National Laboratories (LLNL) [81, 82] were sequenced
from PJS patients. Expressed sequence tags (ESTs)
from the Human Transcript Map [83] were further
mapped with the help of a cosmid contig produced by
LLNL [81, 82]. The novel sequences and ESTs were
further elongated by doing database searches in Gen-
Bank and sequence assembly. Figure 2 illustrates the
protocol used to create and analyze candidate genes in
cloning the PJS gene [6].

After about 600 kb of sequencing of candidate genes,
reverse transcriptase polymerase chain reaction (RT-
PCR) experiments were being done on the 29th tran-
script, and a double band was seen in the sample from
the original proband whose polyps had led to localiza-
tion of the gene. The gene was LKBI, a serine/threonine
protein kinase [6]. It had been identified and submitted
to GenBank previously, but had not been localized, nor
was anything known about its substrates or regulation
[84]. When the coding region of the gene was sequenced
from PJS patients, 11 out of 12 families showed muta-
tions, most of which were truncating [6]. Genomic PCR
reactions confirmed each mutation and segregation of
the mutation with the phenotype in families. None of
the presumed mutations could be found in control
individuals [6]. Using the linkage information obtained
from the PJS consortium [6], another group was almost

Novel transcripts ESTs

\ v

Elongation of transcripts: EST contigs,
sequencing of EST clones, hits to further ESTs

v

IPlan STS -> does transcript localize to most recent candidate area ? |

N '

Reduction of candidate [Evaluation of candidates: homology searches|
area: new families, new
markers

nguencing of candidates l

Ildentification of mutations |

Figure 2. Flow chart of the strategy to identify the PJS gene.
Adapted from [90].



742 A. Hemminki

simultaneously able to find LKBI mutations in PJS
patients [85].

LKBI, a serine/threonine kinase, is the Peutz-Jeghers
gene

Homology searches to the GenBank nonredundant gene
database [86] returned a large number of human and
other genes that were homologous to the kinase domain
of LKBI1 (codons 50-337), but only one gene had any
homology outside it. This was a Xenopus (frog) serine/
threonine kinase XEEK (for Xenopus egg and embryo
kinase) [87]. Xeekl has 83.7% amino acid identity to
Lkbl [88]. In addition, a mouse EST showed high
homology to Lkbl [89]. Xeek] has been reported to be
a 432-amino acid cytosolic protein with narrow sub-
strate specificity and may be phosphorylated by protein
kinase A. It is expressed in Xenopus oocytes and fertil-
ized eggs but much less in later embryonic stages. How-
ever, mature Xenopus tissues were not examined [87].
The closest yeast homolog was Snfl/AMPK with 35%
identity, but this protein may not be the yeast counter-
part of Lkbl, since Lkbl is not the closest human
homolog of yeast Snfl.

The expression of LKBI was studied using commercial
multiple tissue Northern blot filters I and II (Clontech).
Expression was detected in all tissues examined, with
the strongest signals seen with testis and skeletal muscle
[90]. To confirm the Northern blot results, RT-PCR
experiments were done on cDNA from various tissues,
and the same ubiquitous expression was seen [6].

LKBI1 mutations in Peutz-Jeghers families and sporadic
cases

When 12 PJS families linked to 19p13.3 were analyzed
for LKB1 mutations, 11 were found [6] (table 4). There
were four single-base substitutions leading to immediate
stop codons, three small deletions or insertions causing
frameshifts and premature stop codons, two larger dele-
tions of 188 bp and 174 bp, one 9-bp deletion causing
alteration of isoleucine-arginine-glutamine-histidine to
asparagine and one missense type change (leucine to
proline). All of the mutations were found in the con-
served kinase domain of the gene, and were not found
in controls. The truncating nature of the mutations fits
well with the finding of deletions in the hamartomas [5]
and seems to indicate that the healthy Lkbl protein
serves a tumor-suppressing function. The 12 families
used in the primary panel for mutation detection were
known to be linked to 19p13.3. Thus the results do not
exclude the possibility of additional PJS genes existing
elsewhere in the genome. All of the mutations occurred
within the conserved kinase domain, and 7 of the 11

The molecular basis and clinical aspects of Peutz-Jeghers syndrome

mutations occured within exon 1, suggesting a hotspot
area.

Jenne and colleagues reported five LKBI mutations in
PJS patients [85]. Three of the five patients had
frameshift mutations leading to stop codons, one was a
nonsense point mutation and one was a four-exon dele-
tion. The authors suggest de novo identification of the
PJS gene (renamed STK11), although LKBI had been
submitted to GenBank in 1996 by Nezu and colleagues
[84]. Jenne and colleagues considered LKBI a likely
candidate gene because of strong linkage equilibrium
between the PJS locus and D19S886. In contrast, link-
age disequilibrium is not seen in Finnish families or in
families of other origins (A. Hemminki, unpublished),
nor has it been reported in the literature confirming
linkage [21-24].

Other investigators have also found LKBI mutations in
PJS families (see table 4 for mutations reported to date).
Nakagawa and colleagues report 10 mutations in 15
families [91]. One mutation was found in two families,
but a founder effect is unlikely since one family is
caucasian and the other Japanese. Six of the 9 different
mutations were frameshift or nonsense causing prema-
ture stop codons, whereas two were splice junction
changes and one was an inframe deletion of one codon.
Three of the five frameshift mutations occured in a
mononucleotide repeat (CCCCCC) at codons 279-281,
and two additional mutations occurred within exon 6.
None of the mutations described by Hemminki and
colleagues hit these codons, but it may represent an-
other hotspot.

Ylikorkala, Avizienyte and others analyzed 33 unre-
lated PJS cases, 20 of which were familial, 8 sporadic
(no family history, but polyposis and/or pigmentation)
and in 5 cases the family history was unknown [92].
LKB1 mutations were detected in 12/20 familial cases,
4/8 sporadic and 3/5 in the cases with unknown family
history. Most of the mutations described (12/19) cause
frameshifts and/or premature stop codons within the
kinase domain and thus strongly support a tumor sup-
pressor function for the protein. In addition, two novel
missense changes, one small inframe deletion within the
kinase domain, three splice site changes and one large
genomic rearrangement are reported. The authors also
investigated the consequences of some of the less dra-
matic mutations. Cases SL8, SL25 and SL26 (numbers
1, 5 and 6 in table 4) were all shown to cause loss of
autophosphorylation seen with wild-type Lkbl.
Boardman and colleagues report LKBI mutations in
three out of six PJS families [79]. Two of these are
truncating, whereas one is missense. In addition, the
authors analyzed nine sporadic PJS cases, three of
which showed germline LKBI mutations. One of the
familial cases and one sporadic case had the same 1-bp
insertion near the putative mutation hotspot repeat in
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Table 4. Mutations of LKBI reported in PJS patients’ germlines.

No. Patient/family Nucleotide change* Predicted consequence*~T Exon Family history Ref
1 SL8 loss of exon 8 (307-370) fs, stop at 404 8 yes 6
2 SL12 Gto T at57 glutamic acid to stop 1 yes 6
3 SL14 29 bp del 66-75 fs, stop at 152 1 yes 6
4 SL20 G toTat 70 glutamic acid to stop 1 yes 6
5 SL25 T to C at 67 leucine to Proline 1 yes 6
6 SL26 9 bp del 303-306 Ile-Arg-Gln-His to Asn 7 yes 6
7 SL27 C to G at 60 tyrosine to stop 1 yes 6
8 SL28 1 bp ins at 55-57 fs, stop at 162 1 yes 6
9 SL29 loss of exons 2-3 (98-155) truncated protein 2-3 yes 6

10 SL31 2 bp del at 277-278 fs, stop at 283 6 yes 6

11 SL32 A to T at 84 lysine to stop 1 yes 6

12 A inv/del 156-307 truncated protein 4-7 yes 85

13 D AG to AA at 5 splice site skipping of exon 4? 3-4 yes 85

14 B 4 bp del at 240 fs, stop at 285 5 unknown 85

15 MA C to A at 252 tyrosine to stop 6 yes 85

16 FA del G at 280 fs, stop at 286 6 unknown 85

17 N ins GC at 38 fs, stop at 51 1 yes 91

18 G AG to AC at 5 splice site skipping of exon 2? 1-2 yes 91

19 L del C at 140 fs, stop at 160 3 yes 91

20 E del C at 245 fs, stop at 286 5 yes 91

21 J GTA to GTT at 3’ splice site aberrant splicing?§ 5-6 yes 91

22 M CA to AG at 246-247 tyrosine to stop 6 yes 91

23 K 3 bp del at 247 del asparagine 6 yes 91

24 B del C at 281 fs, stop at 286 6 yes 91

25 C ins C at 281 fs, stop at 2849 6 yes 91

26 P ins C at 281 fs, stop at 284 9 6 yes 91

27 P9 2 kb genomic del? aberrant/absent prot. ? yes 92

28 P13 del A at 53 fs, stop at 63 1 yes 92

29 P16 T to C at 157 phenylalanine to serine 4 yes 92

30 P20 4 bp del at 264 fs, stop at 285 6 yes 92

31 P21 Cto T at 152 glutamine to stop 3 yes 92

32 P22 AG to AC at 5 splice site skipping of exon 8?| 7-8 yes 92

33 P23 8 bp del at 258 fs, stop at 262 6 yes 92

34 P25 AtoT at 84 lysine to stopi 1 yes 92

35 P27 14 bp del at 249 fs, stop at 260 6 yes 92

36 P28 CtoT at 86 arginine to stop 1 yes 92

37 P29 del A at 305 fs, stop at 335 7 yes 92

38 P32 9 bp del at 137 GIn-Glu-Met-Leu to Leu 3 yes 92

39 P3 20 bp del at 202 fs, stop at 258 5 no 92

40 P8 del C at 281 fs, stop at 286 6 no 92

41 P14 GTA to GTT at 3’ splice site aberrant splicing?§ 5-6 no 92

42 P15 A to T at 181 asparagine to tyrosine 4 no 92

43 P10 G to A at 308 tryptophan to stop 8 unknown 92

4 P11 AG to AC at 5 splice site skipping of exon 8?|| 7-8 unknown 92

45 P12 Cto T at 220 Glutamine to stop 5 unknown 92

46 BF1** 5 bp del fs, stop codon 8 yes 79

47 BF2 1 bp ins at 283 fs, stop codontt 6 yes 79

48 BF3 GtoT arginine to serine yes 79

49 BS1 1 bp ins at 283 fs, stop codontt no 79

50 BS2 altered splice acceptor 5-6 no 79

51 BS3 CtoT histidine to tyrosine no 79

52 PJF263 del 4 bp at 262 fs, stop at 286 6 yes 93

53 PJF512 del 6 bp at 175 in-frame del Lys-Asp 4 yes 93

54 PJ1 G to A at 251 glysine to alanine 6 no 93

55 PJG42 Cto T at 304 arginine to tryptophan 7 no 93

56 PJSO1 del 18 bp, ins 6 bp at 50-53 del Leu-Met-Gly-Asp 1 yes 80

57 PJS02 ins A fs, stop codon 4 yes 80

58 PJS03 intronic ins A altered splicing? 5-6 yes 80

59 PJS04 G to T at 308 tryptophan to cysteine 8 yes 80

60  PJSOS G to A at 526 aspartic acid to asparagine 4 yes 80

61 PJS06 del G at 301 fs, stop codon 7 yes 80

62 PJS09 del 52 bp altered protein 7 yes 80

* The numbers denote codons of LKBI. 1 fs, frameshift. § Families SL32 and P25 have same mutation. § Family J and case P14 have
same mutation. Y Families C and P have same mutation. | Family P22 and case P11 have same mutation. ** The cases BF1-BF3 and
BS1-3 refer to uncoded cases published by Boardman et al. 1 Family BF2 and case BS1 have same mutation.
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exon 6. Resta and others studied nine PJS families for
LKBI mutations and found four: one frameshift, a
deletion of two amino acids and two missense changes
within the kinase domain [93].

Mehenni and colleagues reported seven mutations in
their nine PJS families [80]. Two mutations created
frameshifts and premature stop codons, two mutations
were likely to cause splicing defects, whereas one was a
deletion combined with an insertion and two mutations
were of the missense type. An autophosphorylation
assay similar to the one used by Ylikorkala and col-
leagues [92] again showed autophosphorylation of the
wild-type Lkbl, but not of the three missense mutations
studied (D176N, W308C, L67P). In addition, three-di-
mensional computer analysis was performed on one
mutation (D176N), and this mutation was presumed to
prevent proper catalysis at the active site.

LKBI is a serine/threonine protein kinase with
unknown functions and substrates

Upon discovery of mutations in LKBI, homology
searches were done. The kinase domain that makes up
the majority of the gene was similar to a large number
of various serine/threonine kinases. However, outside
the kinase domain, no human homologs were found. A
frog kinase, Xeekl, and a mouse EST were found
highly homologous to Lkbl [6]. Various other kinases
are involved in hereditary and sporadic carcinogenesis,
but LKBI is the first serine/threonine kinase whose
inactivating germline mutations cause a cancer suscepti-
bility syndrome. The mutations in LKB]I are inactivat-
ing, and the wild-type allele is knocked out during
hamartoma formation, so the Knudson ‘two-hit’ hy-
pothesis is fulfilled, suggesting tumor suppressor func-
tion. To study the function and interactions of Lkbl,
investigators performed an in vitro kinase assay [92].
Autocatalytic phosphorylation was detected, but com-
mon substrates like myelin basic protein, histone H1 or
RNA polymerase II were not implicated.

The role of LKBI in development is an interesting, but
very much unsettled issue. The frog homolog XEEK is
expressed in early embryological phases, but the expres-
sion seems to decrease during later phases, although
mature tissues have not been examined [87]. There have
been a few reports discussing the possible connection
between developmental abnormalities and PJS. A fam-
ily with polycystic kidney disease partially cosegregating
with PJS [41], a father and son with PJS and poly-
dactyly [94], and single patients with congenital heart
defects [19] or cleft lip in combination with PJS [95]
have been reported. The kinase function of Lkbl does
not exclude a role for the protein during development,
but further evidence must be gathered.

The molecular basis and clinical aspects of Peutz-Jeghers syndrome

Cowdon syndrome (CS) and Bannayan-Zonana syn-
drome are similar traits characterized by hamartoma
formation as well as extraintestinal features and are
caused by mutations in PTEN, also known as MMACI
[56, 57, 61]. PTEN stands for phosphatase and tensin
homolog and is known to be regulated by transformin
growth factor-f (Tgff), suggesting a signal transduc-
tion pathway for PTEN [96]. Because kinases add phos-
phate groups to enzymes, and phosphatases remove
them, and the phenotypes of PJS and CS have common
features, it is tempting to speculate about functional
connection. However, currently there is no evidence
supporting such a theory.

Other kinases in carcinogenesis

The Tgff receptor II (Tgffrll) is a serine/threonine
kinase that functions as a transmembrane receptor for
Tegff together with Tgffrl. Tgff is an important in-
hibitory regulator of growth of various cell types. In
HNPCC cancers the gene coding for Tgffrll is often
somatically inactivated. This seems to be associated
with adenoma to carcinoma progression, providing
growth advantage to the tumors [97—-99]. Interestingly,
there is a report of a germline TGFfRII mutation in an
RER(—) HNPCC family [100]. Further molecules in
the Tgfp signaling pathway include Smad2, Smad3 and
especially Smad4, which may be an important tumor
suppressor inactivated during the progression of col-
orectal cancer [101]. It has recently been shown that at
least a portion of JP families have germline mutations
in SMAD4 (not a kinase), further underlining the im-
portance of this pathway in colon tumorigenesis [65].
Other kinases that are important in hereditary cancer
include RET, a tyrosine kinase whose mutations cause
multiple endocrine neoplasia (MEN, types 2a and 2b
and familial medullar thyroid carcinoma) [102]. Cyclin-
dependent kinase 4 (CDK4) is inactivated in the
germline of a subset of familial melanoma families
[103], and activating missense germline mutations in the
tyrosine kinase domain of MET cause hereditary papil-
lary renal carcinoma [104].

LKB1 mutations in sporadic cancers

The germline mutations that cause PJS result in inacti-
vation of the protein product, thus suggesting a tumor
suppressor role for the gene. However, a useful current
definition for tumor suppressors is ‘genes that sustain
loss-of-function mutations in the development of can-
cer’ [105]. This criterion is not fulfilled before it is
known whether LKBI is inactivated in cancer tissue.
Since inactivation of both alleles of the gene in hamar-
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toma has been observed [5], it is not unlikely that
mutations will be found also in cancers, at least in
PJS patients.

Recent evidence does not suggest a very prominent
role for LKBI in sporadic breast, colorectal or testicu-
lar tumorigenesis [7, 8, 11]. The only variant found in
these studies was a missense-type change found in a
testicular tumor [7]. Interestingly, the tumor was of a
mixed histology with features of both seminoma, im-
mature and mature teratoma. Perhaps this is parallel
with the mixed histology often seen in PJS intestinal
polyps. The finding was strengthened by biochemical
kinase assay performed with the mutation [92]. Only
minimal activity was detected with the mutant allele.
Contrary to the observations discussed above, fre-
quent somatic mutations have been reported in left-
sided Korean colon cancers [9]. In this study, LOH in
the LKBI region was seen in 52.6% (10/19) of sam-
ples, and in 7 cases mutations were detected. No mu-
tations were detected in right-sided colorectal cancer,
but in 53.8% of the left-sided cases LKBI was mu-
tated. In all but one noninformative case, both alleles
seemed to be lost. The gene was found mutated also
in 2/7 left-sided adenomas. Eight of the 9 mutations
were missense, and one was frameshift, actually the
same mutation detected earlier in a PJS family. Eight
out of these 9 mutations were located within the con-
served kinase domain supporting their relevance.
While the findings of these authors are in contrast to
the findings of Avizienyte, Wang and colleagues, who
between them analyzed 105 colorectal cancer samples
[7, 11], in theory it may be possible that certain envi-
ronmental or genetic factors may predispose a certain
population to certain mutations.

In two unpublished series from Finland and Britain,
LOH in the PJS region has been observed in 26% and
20% of colorectal cancer samples, respectively [7, 11].
Resta and colleagues also studied LOH at D19S886
and found it in 19.2% [93]. The authors did single
strand conformation polymorphism analysis (SSCP) of
72 colorectal cancer samples and found one missense
change (proline to histidine at codon 314). This was
not in any of the samples showing LOH.

In a recent article, an LKBI missense-type mutation
was found in a gastric cancer [10]. Although the
change is not very dramatic (proline to leucine), it
does occur within the kinase domain. In addition to
this mutation the authors report non-amino acid-alter-
ing changes that were not present in the germline. The
significance of these silent changes remains uncertain.
Constant deletions at 19p13.3 have been seen in ade-
noma malignums [106], tumors seen often in PJS, but
rare otherwise [51]. However, the most commonly lost
regions seem to reside 10 mb proximal to LKBI. In-
terestingly, a PJS family has been reported to show
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positive lod scores to this region with a likely recom-
bination to the LKBI locus [79].

In addition to the cancer types discussed above,
Avizienyte and colleagues studied a large number of
different tumor types: 6 melanoma and 8 myeloma cell
lines, 12 pancreatic, 8 gastric, 12 ovarian granulosa
cell, 26 cervical, 18 lung, 24 soft tissue and 19 renal
neoplasms were studied [12]. In a cervical adenocar-
cinoma, a somatic frameshift and a transversion lead-
ing to a stop codon were noted at codon 335. In a
lung adenocarcinoma, a somatic aspartic acid to va-
line transversion was seen at codon 194, with LOH of
the normal allele. In addition, a silent C125T change
was seen in a pancreatic cancer. These findings sup-
port previous reports indicating that LKBI1 mutations
are not common in sporadic tumors, but that they do
sometimes occur. The two cases with mutations of
both alleles provide additional evidence that LKBI
acts as a tumor suppressor and is recessive at the
cellular level.

It is important to investigate whether LKBI is mu-
tated in sporadic tumors. Rare hereditary syndromes
have often led to the discovery of growth regulatory
genes whose inactivation is very important in the
propagation of various common and sporadic tumor
types. Examples include 4PC, which was found as a
result of studies on familial adenomatous polyposis,
RBI (hereditary retinoblastoma), CDKN2D (hereditary
melanoma), VHL and WTI1 (familial kidney cancer)
all of which have proved important tumor suppressor
genes. However, not all cancer susceptibility genes are
mutated in the corresponding sporadic tumors. For
instance, few coding region mutations have been re-
ported in the breast and ovarian cancer susceptibility
genes BRCAI and BRCA2 [107-110] or the mismatch
repair genes responsible for HNPCC [111-113]. Nev-
ertheless, there is some recent evidence that suggests
the involvement of both HNPCC and BRCA genes in
their sporadic counterparts, not by somatic coding re-
gion mutations, but rather by methylation of the pro-
moter, causing an absence of the transcript [114—118].
Indeed, up to 90% of sporadic colorectal cancer with
the RER + phenotype may be caused by promoter
methylation of MLHI, an HNPCC gene [116]. This
may mean that epigenetic mechanisms play an impor-
tant role in the development of very common types of
cancer.

In addition to methylation defects, there are various
types of mutations which cannot be seen with the
techniques used in the studies discussed above. For
example, large genomic deletions and promoter region
mutations would go unseen in SSCP or genomic se-
quencing analysis. Future studies will show if such
factors play a role in LKBI-related carcinogenesis.
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Patient management

Because PJS syndrome is relatively rare, the diagnosis
and recommended follow-up are probably often ne-
glected. Few registries have been set up for follow-up of
patients, since the syndrome’s malignant potential has
only recently become evident. Given the dramatic in-
crease in patients’ risk of cancer and the diminished
survival associated with these cancers, diagnosis com-
bined with regular follow-up of affected family members
should become routine clinical practice. In a study by
Spigelman and colleagues all patients affected with can-
cer died from it, with the exception of one patient with
facial basalioma [4]. Another well-executed investigation
found the PJS patients’ cancer risk to be 18 times that of
the general population [3]. Additional support for the
need for aggressive screening is provided by the morbid-
ity caused by the polyps if left untreated. The cumulative
number of polyps that arise in PJS patients can range
from a few to hundreds, while the average number of
polypectomies may be between 5 and 10, although
prospective studies have not been done. Typically, the
polyps cause abdominal pain, bleeding and obstruction,
which can be life-threatening. The features in table 1 can
be used for detecting the patients that probably are or
will be affected with PJS.

The most common malignancies seem to be stomach,
small intestinal, pancreatic and colorectal adenocar-
cinomas (table 2). Thus gastroduodeno- and colono-
scopies and removal of all polyps should be performed
regularly. The lower small intestine remains problematic,
as its endoscopic evaluation is difficult with currently
used routine noninvasive methods. However, at laparo-
tomy, a combined endoscopic and surgical approach can
visualize the whole small intestine [28, 119, 120]. Better
equipment and methods for direct jejunoileal endoscopy
(push enteroscopy) are under development, and the
method has been used successfully for screening of
Peutz-Jeghers patients, although the whole small intes-
tine could not be viewed [121, 122]. Traditional barium
double-contrast radiology is probably effective with
larger polyps, which can then be removed at laparotomy.
However, small polyps can easily be missed. These
approaches could be combined with abdominal and
pelvic ultrasound and meticulous examination of the
breasts and testes to detect tumors as early as possible.
The interval between examination of PJS patients needs
to be further evaluated, but in the meanwhile, biannual
gastro-, colono- and enteroscopies combined with annual
hemoglobin, abdominal and vaginal ultrasound, gyneco-
logical examination with cervical smear, and perhaps
also testicular examination seem indicated due to the
highly aggressive nature of the cancers [30, 90, 120, 123,
129] (table 5, H. Jarvinen, unpublished). There may be
little value in mammography for women under 35 be-
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cause of the density of the normal breast tissue in young
women, so it may be best to start these at 35 [124].
Careful palpation and ultrasound are more useful in
women under 35.

The youngest affected patient reported has been 15 days
[19], but presentation with polyps in the second decade
is more common. Often, in previously known PJS
families, genetic tests are not necessary for diagnosis of
affected or unaffected, since the typical pigmentation is
often visible during the first years of life. However, in new
cases, or in families with little pigmentation, direct testing
of LKBI mutations may be useful. Current ethical views
do not favor genetic testing of minors, but in PJS there
are multiple case reports of fatal cancer arising in very
young individuals. For example, there has been stomach
cancer reported in patients aged 13, 14 and 17, ovarian
cancer at 19, 21 and 22, testicular cancer at 7 months, and
intestinal cancer at 26 (twice) and 27 [4, 20, 36, 49, 53].
The situation with PJS is similar to the situation with
FAP, where young individuals are at risk of cancer before
adulthood. Screening of gene carriers in such a setting is
usually not considered unethical, and since only half of
family members have the genetic defect, genetic testing
may be useful to avoid psychologically exhausting
screening of unaffected individuals [125]. Until more
thorough studies are done on the subject, a starting age
of 14 to 16 might be suggested for testing and screening
of the affected individuals. There is no evidence that few
symptoms would mean a smaller cancer risk.

Table 5. Summary of screening protocol suggested for patients
14-16 years and older.

e Hemoglobin concentration: annually

e Abdominal ultrasound: annually

e Gynecological and breast examination: annually
o Cervical smears: annually

e Vaginal ultrasound: annually

e Testicular examination, ultrasound if clinical symptoms:
annually

e Colonoscopy: biannually
o Gastroduodenoscopy: biannually

e Small intestinal double-contrast radiology or push en-
teroscopy: biannually

e Mammography: biannually starting from 35, annual after
50

Summary from [30, 90, 120, 123, 129]. In addition, unpublished
data by Drs. Heikki Jarvinen and Akseli Hemminki are pre-
sented.
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Conclusions

The identification of LKBI as the gene responsible for
PJS, a cancer susceptibility syndrome, opens the field for
a great deal of protein research. Almost nothing is known
about the cellular location, functions, regulation or
partners of the Lkbl protein. It is possible, that Lkbl is
a member of a novel signal transduction pathway in the
cell. Based on current results obtained with SSCP and
direct sequencing, LKB1 does not seem to be commonly
involved in the carcinogenesis of common sporadic can-
cers. However, as LOH is seen in 19p13.3, and a few
mutations have been found, it may play a role. Also, it
is possible that the gene is important in a specific type of
cancer. Methylation defects of LKBI in tumor tissue
have not been studied.

Identification of the gene causative for the syndrome
makes direct and specific diagnosis of affected individu-
als possible. The small size of the gene and the usually
truncating nature of the mutations facilitate molecular
genetic diagnosis. However, due to the often conspicuous
phenotype, genetic testing is not always necessary to
recognize the affected individuals. However, in new PJS
families and in borderline cases with little pigmentation
or few polyps, a genetic test can be useful.

Now that the very malignant nature of the syndrome has
been realized, it is important that patients be diagnosed
and enrolled in screening programs. National or regional
registries would facilitate effective screening, which
would also help to assess the true frequency and conse-
quences of the syndrome. In HNPCC it has been shown
that regular screening significantly reduces morbidity
and mortality of patients [126]. Although such an inves-
tigation has not been reported for PJS, it is not unlikely
that similar results could be obtained.
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