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Abstract Based on various hypotheses concerning lym-
phangiogenesis published in the literature, different putative
mechanisms of lymphangioma development are discussed
including failure of the lymphatic system to connect with
or separate from the venous system, abnormal budding of
the lymphatic system from the cardinal vein, or acquired
processes such as traumata, infections, chronic inflamma-
tions, and obstructions. Increasingly, the possible influence
of lymphangiogenic growth factors on the development
of lymphangiomas is discussed. The proved expression of
different growth factors in the endothelium of lymphangiomas
leads to new hypotheses regarding the pathogenesis of
lymphangiomas. Thus, further studies on the lymphangio-
genesis and the development of lymphangiomas will have to
clarify as to whether lymphangiomas are true malformations
or neoplastic in nature.
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Introduction

Lymphangiomas are benign malformations of the lymphatic
system. Morphologically, lymphangiomas are composed of
thin-walled, cystically dilated vascular channels lined by
inconspicuous endothelial cells and filled with proteina-
ceous lymph fluid (Fig. 1). Immunhistochemistry confirms
the endothelial line of differentiation in lymphangiomas.
Lymphangiomas often grow proportional to the patients’
body growth. Depending on the location of the lymphan-
gioma, an acute increase in size that is frequently triggered
by infectious diseases may lead to life-threatening compli-
cations, as well as severe functional and aesthetic impair-
ments for the patients.

Lymphangiomas are equally distributed among genders
and races [55]. In the pertinent literature, their incidence in
children is estimated to amount to 6% of all benign tumors
[2]. In about half of the patients the disease is already
obvious at the time of birth. During the first and second
year of life, the occurrence of lymphangioma is diagnosed
in 80-90% of the cases due to clinical symptoms [50].
About 60% of all lymphangiomas are found in the head and
neck region, primarily affecting the tongue and the floor of
the mouth [9, 44].

Traditionally, lymphangiomas are classified according to
their histological appearance into capillary, cavernous, and
cystic lymphangiomas [4]. This classification, however, is
being replaced by a classification based on morphologic
aspects into macrocystic, microcystic, and combined lym-
phangiomas [29] (Figs. 2 and 3).
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Fig. 1 a Microcystic lymphangioma of the tongue composed of
dilated thin-walled lymphatic channels that are covered by a partially
atrophic squamous epithelium. b Macrocystic lymphangioma situated

Lymphangiomas have to be distinguished from other
lymphatic tumors like acquired progressive lymphangioma,
lymphangiosarcoma and lymphangiomatosis. Acquired
progressive lymphangioma (lymphangioendothelioma) is a
cutaneous vascular neoplasm that typically presents as a
solitary, well-demarked patch or plaque on which small
erythematous papules may arise. Lesions are typically
slowly but progressively enlarging to a considerable size
[33]. Histologically, lymphangioendothelioma seems to be
similar to a low-grade malignancy. It is characterized by
vascular channels infiltrating the dermis in a diffuse and
dissecting manner, but in contrast to lymphangiosarcoma,
there is an absence of mitotic figures and significant nuclear
polymorphism [35]. Disseminated lymphangiomatosis is a
rare disease that is represented by a proliferation of lymph

Fig. 2 Macrocystic lymphangioma of the neck
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within normal connective tissue. The lumen contains proteinaceous
fluid and few lymphocytes

vessels involving soft tissue, parenchymal organs, dermis,
and the skeletal system. North et al. [34] recently described
a further entity, the so-called multifocal lymphangioendo-
theliomatosis. It describes the presence of multilocular
lesions similar to acquired progressive lymphangioma that
is typically solitary. Multifocal lymphangioendothelioma-
tosis was accompanied by a significant thrombocytopenia
in all patients resembling the coagulopathy that is found in
Kasabach—Merritt syndrome [34]. Lympangiosarcoma is a
rare, aggressive, vascular neoplasm typically arising within
the chronic lymphedema of the upper limb after mastecto-
my and radiotherapy for carcinoma of the breast but also in
chronic congenital or idiopathic lymphedema. It is charac-
terized by an irregular, diffusely infiltrative growth and
abnormal mitotic figures [33]. In addition to these lym-
phatic tumors, the histological and immunohistochemical
features of vascular neoplasms with a hobnail cytomorphol-
ogy like hobnail hemangioma and retiform hemangioendo-
thelioma suggest that they also represent tumors of the
lymphatic vessels [32].

While a large amount of information on the clinical and
histological appearance of lymphangiomas is already
available and even the appropriate therapeutic strategies
are summarized in several review articles [51], up to now,

Fig. 3 Microcystic lymphangioma of the orbit
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the pathogenesis of lymphangiomas was less focussed in
clinical as well as morphologic studies. The present review
summarizes the current knowledge of the physiological
development of lymphatic vessels as well as information
on the etiology and pathogenesis of lymphangiomas and,
based on this, discusses the different theories regarding the
mechanisms of lymphangioma formation.

Embryology of the lymphatic system

It is characteristic for the genesis of lymphangiomas that
they most commonly occur in locations where the lym-
phatic system is formed by the six primitive formations of
the lymph sacs during embryogenesis. Therefore, it seems
to be obvious that the development of lymphangiomas is
closely related to the maturation of the lymphatic system.

Lymphatic vessels were first described in the seven-
teenth century by Gasparo Aselli as “venae lactae” [3], and
they have been studied extensively during the beginning of
the last century. Since the embryonic development of the
lymphatic system is very complex, different theories are
discussed regarding its origin.

The first morphologically visible anlage of the lymphatic
system can be revealed in the sixth to seventh week of the
embryonic development. The primordial lymphatic forma-
tions, the lymph sacs, consist of two jugulo-axillary lymph
sacs in the area of the confluence of the subclavian vein and
the internal jugular vein, from which the lymph vessels of
the head, neck, and arms sprout. Furthermore, they consist
of two lumbo-iliacal lymph sacs, being the origin of the
lymph vessels of the inferior part of the body, the
retroperitoneal lymph sac, and the chylocyst [8] (Fig. 4).

superficial lymph vessels

jugulo-axillary lymph sac

thoracic duct

retroperitoneal lymph sac

chylocyst

lumbo-iliacal lymph sac

Fig. 4 Description of the primitive lymphatic system of the primary
lymphatic sacs of a 42 day-old human embryo (modified according to
Sabin [39])

Theory of centrifugal development

Sabin [39] assumed that the lymphatic system develops by
budding from embryonic veins of the already existing
venous system. According to this theory, endothelial cells
of the veins sprout into the surrounding tissues, and through
coating of the perivascular intercellular gaps with endothe-
lial tissue, the whole lymphatic system develops (Fig. 5).
Thus, lymphatic endothelial cells exclusively derive from
the endothelium of the venous system. Studies performed
by van der Putte [48], Wigle and coworkers [53], as well as
Jain and Padera [15] confirmed this assumption of a venous
origin of the lymphatic system. With this background,
endothelial cells of the cardinal vein of the early embryo
first express Lyve-1 and vascular endothelial growth
factor receptor 3 (VEGFR-3) that are also found on
normal adult lymphatic vessels. The lymphatic differenti-
ation of the cells is introduced by a signaling mechanism
that is not yet clearly identified and that triggers the
expression of transcription factor Prox-1. Cells expressing
Lyve-1, VEGFR-3, and Prox-1 secrete particular lymphoid
chemokines and increase their VEGFR-3 expression, thus
initiating the development of the lymphatic system [15].
Therefore, the endothelial cells of the cardinal vein are
probably initially bipotent, and the expression of Prox-1
causes the transformation of those cells into cells of
lymphatic differentiation.

Theory of centripetal development

This theory is based on the assumption that the peripheral
lymphatic vessels develop from putative mesenchymal
lymphangioblasts [18, 40]. The confluence of mesenchymal
clefts leads to the formation of lymphatic vessels that fuse
with the veins due to centripetal growth (Fig. 6). Therefore,
according to the centripetal theory, the lymphatic spaces
arise independently from the veins, spread from the
periphery of the embryo by annexing with other similar
spaces, and only secondarily obtain a connection to the
venous system. This assumption is supported by examina-
tions performed by Schneider et al. [40] who showed that
lymphangioblasts are already present in the peripheral
mesenchyme before the occurrence of the jugulo-axillary
lymph sacs.

Theory of combined venous—mesenchymal origin
of the lymphatic system

This theory combines the two previous theories and
supports the venous-mesenchymal origin. It was imple-
mented by van der Jagt [47] and Kutsuna [22] who
suggested that the central lymph vessels develop by
sprouting from lymph sacs and therefore have a venous
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Fig. 5 Theory of centrifugal
development (according to
Sabin [39])

lymphatic system

endothelial cells

origin and the peripheral lymph vessels arise by in situ
differentiation of mesenchymal precursors and therefore
have a mesenchymal origin. To conclude, this model proposes
that both abovementioned theories occur simultaneously.

The previous theories show that the origin and the
development of the lymphatic system are still controversial
issues that have to be clarified definitely. Considering the
different theories with regard to the development of the
lymphatic system, however, the hypotheses on the genesis
of lymphangiomas may be better understood.

Theories regarding the pathogenesis of lymphangiomas

A failure of the lymphatic system to connect with or
separate from the venous system or an abnormal budding
of lymphatic tissue from the cardinal vein are discussed
as reasons for the development of lymphangiomas. Even
traumata, infections, chronic inflammations, and obstruc-
tions during the embryonic development are suspected to
trigger development of lymphangiomas [4].

Sequestration of lymph tissue

Other authors think that lymphangiomas develop as a result
of sequestration of portions of the primitive lymphatic
anlage [23]. As a consequence of sequestered lymphatic
tissue during the embryonic development in regions
without regular connection to the normal lymphatic system
[37], the missing communication to the lymphatic system
could avoid the drainage of lymph fluid from the se-
questered parts. Therefore, a lymphatic blockade may arise
in a circumscribed area, possibly increasing in size as con-
sequence of infections or traumata. This theory may explain
the formation and morphology of peripherally located
smaller lymphangiomas.

Fig. 6 Theory of centripetal
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Abnormal budding of lymph vessels

Some studies assume that the development of lymphangio-
mas is due to an abnormal budding of lymphatic vessels from
the primitive lymphatic anlage. Those structures probably
possess further growth potential [5]; however, they loose
their connection to the primary lymphatic buds and thus
also the possibility of lymphatic drainage so that lymphan-
giomas may develop [58].

Lack of fusion with the venous system

Assuming a mesenchymal origin of the lymphatic system,
other authors postulate that a non-fusion of the lymph
sacs with the venous system leads to the development of
lymphangiomas [31]. Weingast [49] also supposed that a
missing connection of primordial lymphatic sacs to the
venous system leads to isolated lymphatic canals that
dilate and thus form the lymphangioma. This mechanism
is made responsible for the genesis of cystic hygromas of
the neck. The study results of Zadvinskis and co-workers
[58] seem to reveal that the missing drainage of the
jugulo-axillary lymph sac into the internal jugular vein is
responsible for the pathogenesis of cystic hygromas. This
assumption is supported by the results found by van der
Putte who could show that cystic hygromas are associated
with a missing connection between lymphatic system and
venous system in the jugulo-subclavian area [48].

Obstruction of lymph vessels

Furthermore, the theory is discussed that an obstruction of
the efferent lymphatic vessels causes accumulation of
lymph and dilatation of the lymph canals proximal to this
obstruction. This mechanism could result in the develop-
ment of lymphangioma [48].

vein

lymph vessel lymphatic system
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Genesis of lymphangiomas in adults

Even if the majority of lymphangiomas is diagnosed in
embryos, newborns, or infants, lymphangiomas may be
clinically apparent later in adults. In those cases, most of
the study groups assume that only a small defect exists in
the lymphatic system, which can be compensated under
healthy conditions. Pathologic conditions associated with
an increased lymphatic volume may then lead to the
formation of lymphangioma. Suk et al. [45] consider that
the origin of sudden occurrence of lymphangiomas in adults
is due to a delayed proliferation of cell rests. Triggering
stimuli for this proliferation are suspected to be infections
and traumata [52].

Molecular characteristics of lymphatics
and lymphangiomas

In contrast to the mentioned established theories on the
genesis of lymphangiomas, recent studies assume that in
lymphangiomas single lymphatic vessels have a tumorous
proliferative behavior and thus show neoplastic growth
[25]. This mechanism leads to a network of initial
lymphatics that never achieve sufficient anastomosis with
larger lymphatic vessels [25]. Enzinger and Weiss [7] sup-
pose that lymphangiomas have their origin in a hyperplasia
of transformed lymphatic endothelial or stroma cells, which
is caused by a dysregulation of growth factors [11]. In

Fig. 7 a Positive staining for
podoplanin is observed in the
endothelial cells lining this

microcystic lymphangioma of

the tongue. There is also slight v TN
podoplanin immunostaining in N (RO ~
the basal cells of the covering N, ‘ .
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this case, an aberrant regulation of growth factors might
modulate the pathogenesis of lymphangiomas.

Recently, the expression of several markers of lymphatic
endothelial cells like lymphatic endothelial hyaluron receptor-
1 (Lyve-1) and Podoplanin was detectable in lymphangiomas
(Fig. 7) and different specific lymphangiogenic growth
factors could be identified that are expressed on healthy
lymphatic endothelium and that are made responsible for
lymphangiogenesis. Some of these growth factors, such as
vascular endothelial growth factor C (VEGF-C), VEGFR-3,
and Prox-1, are meanwhile correlated with the genesis of
lymphangiomas, and their expression in lymphangiomas is
examined (Table 1).

One growth factor that is associated with the genesis of
lymphangiomas is the transcription factor Prox-1. Although
Prox-1 is expressed in a variety of cell types, its expression
in endothelial cells of the vascular system, however, is
reserved to lymphatic endothelial cells and lymphangio-
blasts. The expression of Prox-1 could also be detected in
the endothelium of human lymphangiomas [38, 57].
Different examinations could show that Prox-1 causes an
up-regulation of cell markers of the lymphatic endothelium,
such as VEGFR-3 [10, 19]. Moreover, it could be shown
that, based on the theory of a venous origin of the
lymphatic system, Prox-1 probably mainly influences the
molecular mechanism leading to the separation of initial
lymphatics from the cardinal vein [15, 36, 57]. Therefore, it
could be revealed that in Prox-1-deficient mouse embryos,
the budding of lymphatic vessels from the cardinal vein
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Table 1 Factors potentially associated with the pathogenesis of
lymphangiomas

Antigen Function Reference
VEGF-C Tyrosinkinase 11

VEGFR-3 Tyrosinkinase receptor 11, 26, 56, 57
Prox-1 Transcription factor 38, 57

bFGF Growth factor 42

PEDF Inhibitor of angiogenesis 42
Thrombospondin Inhibitor of angiogenesis 42

Reelin Glycoprotein 56

cMAF Transcription factor 56
Integrin-«1, -a9 Transmembrane proteins 56

does not occur, and lymphatic vessels do not develop while
the development of the vascular system is uneventful [54].

Another growth factor that is associated with the genesis
of lymphangiomas is VEGF-C. This factor belongs to the
PDGF/VEGF family of growth factors and is a ligand for
the endothelial-specific receptors VEGF-receptor-3 and
VEGF-receptor-2 to which it ligates with high affinity
[16]. The mouse model could reveal that, during embryonic
development, VEGF-C selectively induces lymphatic but
not endothelial cell proliferation and hyperplasia of the
vessels [11] and that a normal concentration of VEGF-C is
essential for normal development of the lymphatic vessels
[19]. Furthermore, the animal model could confirm that
the expression of VEGF-C receptor VEGFR-3 is restricted
to the lymphatic vessels in later stages of the embryonic
development [17]. Studies comparing the expression of
VEGFR-3 in lymphatic endothelium of lymphangiomas
and healthy lymphatic vessels could show a higher ex-
pression of VEGFR-3 in lymphangiomas [26]. This result
was confirmed by other study groups, which were able to
detect an increased VEGFR-3 expression in lymphan-
gioma [17, 37, 56].

Huang et al. [11] revealed the expression of VEGF-C as
well as its receptor VEGFR-3 only in endothelial cells of
lymphangiomas; however, they were not found in the
adjacent connective tissue or healthy lympho-endothelium.
Furthermore, no VEGF-C expression could be revealed in
hemangiomas and angiosarcomas [11]. Finally, it could be
shown that the occurrence of a genetic mutation in the
VEGFR-3 gene is associated with the so-called Nonne—
Milroy syndrome, which is accompanied by a lymphatic
hypoplasia and leads to the development of hereditary
lymphedema [13]. Besides, Karkkainen et al. [19] were able
to show that mutations inactivating VEGF-C lead to the
development of a primary lymphedema. Based on these
results, VEGF-C and its receptor VEGFR-3 are discussed
as being possible markers for lymphangiomas. Their
occurrence might play a key role in the development of
lymphangiomas [11].
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Additionally, Wilting and co-workers [56] could prove
the expression of different cell markers occurring in the
lympho-endothelium of healthy lymphatic vessels, such as
the glycoprotein reelin, the transcription factor cMAF as
well as the transmembrane proteins integrin-«1 and integrin-
«9, even in the endothelial cells of lymphangiomas.

A further factor that was examined in lymphangiomas is
Wilms tumor 1 gene (WT1). WT1 was initially identified as
one of the key players in the development of Wilms tumor
but is also expressed in cancers of other origins. Lawley
et al. [24] examined the expression in vascular tumors and
found a decreased endothelial staining in vascular malfor-
mations including lymphangiomas, while in hemangiomas,
strong endothelial staining was demonstrated. Therefore,
WTI seems to be a marker that distinguishes hemangiomas
from vascular malformations and the loss of WTI pro-
bably leads to the phenotype of vascular malformation by
enhancing the production of platelet-derived growth factor
family members. Moreover, the defective investment of
WT1-deficient endothelial cells by smooth muscle in
vascular malformations might be caused through loss of
WTI1 [24].

Finally, the significance of factors that mainly influence
angiogenesis was examined in lymphangiomas. For
example, the influence of PEDF, which inhibits angiogen-
esis was discussed for the development of lymphangiomas.
Sidle et al. [42] could reveal an increased expression of
VEGF and a reduced expression of PEDF in lymphangio-
mas and, thus, a high angiogenous activity. Moreover, a
high level of basic fibroblast growth factor (bFGF) could
be observed in lymphangioma cells as well as low levels
of thrombospondin-1, which is a natural inhibitor of angio-
genesis. These observations might indicate that lymphangio-
mas are influenced by an increased angiogenesis for
development and growth. If this hypothesis turns out to be
true, the benefit of antiangiogenetic therapies could be tested
in the therapy of lymphangiomas [27].

Based on the abovementioned theories, it can be
assumed that lymphangiomas at least partially and tempo-
rarily depend on an active lymphangiogenesis and possible
even on an increased angiogenesis with its biological
patterns. This correlation is well examined for tumor
diseases. According to the results in tumor diseases, it can
be assumed that a series of growth factors can stimulate or
inhibit lymphangiogenesis. An increased VEGF-C expres-
sion in different tumors, for instance, is associated with a
stimulation of lymphangiogenesis and an increased lym-
phogenic metastatic spread [28, 43]. In this context, it could
be shown that tumors themselves are able to induce
lymphangiogenesis [1, 6, 46]. VEGF-C secreted by the
tumor stimulates the budding of new lymph vessels and
thus increases the infiltrative potential of the tumor and
lymphogenic metastasis. Furthermore, due to endothelial
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proliferation of the vascular wall intraluminal VEGF-C
leads to dilatation of the lymph vessels, assuring the lym-
phatic drainage from the tumor [1]. Different study groups
[19, 41] could demonstrate that tumor-associated macro-
phages are related to peritumoral lymphangiogenesis and
lymphovascular invasion by expressing VEGF-C. More-
over, Jackowski et al. [14] could show that radiogenic
lymphangiogenesis during the first years after postoperative
radiotherapy for breast cancer might be mediated by
VEGF-C expression by invading macrophages. As macro-
phages are able to express VEGF-C and thus induce local
sprouting of lymphatic endothelial cells and trigger growth,
and hyperplasia of lymphatic vessels [20] and macrophages
seem to be able to transdifferentiate into lymphatic
endothelial cells as suggested by Maruyama [30], they
may have a crucial role in lymphangiogenesis. However, as
VEGF-C leads to peritumoral lymphatic vessel expansion,
the finding that the peritumoral lymphatic hyperplasia
initiated by VEGF-C overexpression can be reduced by
application of anti-VEGFR-3 antibodies [21] seems to be of
particular importance.

Conclusion

While in tumor diseases the impact of factors such as
VEGF-C und VEGFR-3 on the modulation of the lymphatic
system and the induction of lymphangiogenesis was exam-
ined in many studies, scientific publications revealing a
correlation between lymphangiomas and lymph-angiogenous
growth factors are still very rare. Further studies on lym-
phangiogenesis and the detection of markers of lymphangio-
genesis will be necessary to further prove this correlation.
Based on this background, therapeutic approaches for the
treatment of lymphangiomas could then be developed via
modulation of the growth factors.
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Abstract Based on the principle of nonsense-mediated
mRNA decay, we sought to identify MLH1 or MSH2-
deficient colorectal tumours through relative quantification
of mRNA expression with real-time PCR (RT-PCR)
analysis. MLHI and MSH2 mRNAs were almost equally
expressed as defined by MLHI to MSH?2 transcript ratio
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(mean 1.41) in microsatellite stable, mismatch repair
(MMR) proficient tumours (n=16). A close correlation
between loss of protein expression and MMR-mRNA
levels was found in highly microsatellite instable (MSI-H)
tumours deficient of MLH1 or MSH2. MLH1/MSH2 ratio
was low in 11 sporadic and nine hereditary MLH1-deficient
carcinomas (mean 0.51), whereas the ratio was high in 17
MSH2-deficient hereditary non-polyposis colorectal cancer
(HNPCC) associated carcinomas (mean 6.8). Notably, in
the normal tissues of HNPCC patients with MSH2
mutations, the MLH1/MSH?2 transcript ratios were signif-
icantly elevated (ratio>2.0) as compared to the ratios of
normal mucosa in patients with MMR-proficient tumours
(27 of 32 ratio<2.0; p=0.00113). Analysis of B-lympho-
cytes of HNPCC patients with proven MMR gene mutation
confirmed these findings. In conclusion, RT-PCR allows
relative quantification of MMR gene mRNA expression in
formalin-fixed and paraffin-embedded tissue. Furthermore,
this approach enables quantification of haploinsufficiency
due to nonsense-mediated mRNA decay in normal tissue
and B-lymphocytes from patients carrying MSH2 germline
mutations and may be useful for identification of asymp-
tomatic carriers of pathogenic germline mutations.

Keywords Diagnostic tool - MMR-deficient tumours -
Nonsense-mediated decay - qRT-PCR

Hereditary non-polyposis colorectal cancer (HNPCC) is an
autosomal dominantly inherited syndrome that accounts for
approximately 1-3% of all colorectal carcinomas [1, 8, 20, 21].
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HNPCC is caused by mutations in DNA mismatch repair
(MMR) genes MSH2, MLHI, MSH6 and PMS2 [2, 8, 20,
21, 29]. The vast majority of HNPCC cases are carriers of
mutations in MSH2 and MLHI, most of which result in
protein truncation [19]. Germline mutations in MSH6 or
PMS2 seem to be rare [2, 11, 19, 25, 26]. It has been
estimated that the lifetime risk for cancer approaches 80%
for carriers of MMR germline mutations [2, 11, 9, 14, 19,
25, 26].

Consequently, detection of mutation carriers before
tumour development is crucial since early and intensive
screening measures can reduce morbidity and mortality in
individuals at risk. Screening methods are microsatellite
instable (MSI) testing as a functional analysis of the MMR
system [15, 18, 28, 12] and immunohistochemical analysis
of MMR gene expression in tumours [9, 22, 30] which
identifies the mutated gene and allows focused mutation
analysis [6, 27].

Expression of one wildtype allele seems to be sufficient
to sustain mismatch repair capacity in normal tissue in
carriers of one mutated MMR gene allele. Somatic
inactivation of the wildtype allele is necessary for tumour
development. Therefore, analysis of protein expression of
MMR genes and MSI testing are meaningful if applied to
tumours but not if applied to normal tissue. Consequently,
carcinoma tissue of an index patient must be available to
identify the deficient MMR gene and, based on these
results, testing for germline mutation can be initiated.

It has to be assumed that protein expression of MMR
genes in normal and tumour tissue correlates with the
amount of corresponding mRNA. Nonsense-mediated
mRNA decay (for review see Hentze and Kulozik [10])
results in decreased expression of the mutated MMR allele
in normal tissue of carriers of pathogenic germline
mutations. Almost complete loss of mRNA expression
may be found in tumours, which have lost the wildtype
allele in addition [3, 13, 17]. Based on these assumptions,

Table 1 Summary of tissue samples used for this study

we developed a real-time qRT-PCR approach for mRNA
quantification of the mismatch repair genes MSH2 and MLH1
and compared mRNA levels with protein levels in paraffin-
embedded tumours. Normal tissue and B-lymphocytes from
carriers of pathogenic MMR gene mutations served as
controls.

Materials and methods
Patient and tissue specimens

Our study included 54 pairs of paraffin-embedded tissue
samples representing matched normal mucosa and tumour
from 53 patients who had undergone surgery for colorectal
cancer (Table 1).

Tissue blocks were selected from the archives of the
Institutes of Pathology, Klinikum Kassel and University of
Bonn (Germany). All specimens were supplied by the
German HNPCC Consortium.

Three different study groups were created:

1. Sixteen cases had microsatellite stable (MSS) carcinomas
with regular immunohistochemical expression of MLH1
and MSH2. Patients’ age ranged from 33 to 82 years
(mean 65).

2. The second group consisted of 11 patients with highly
microsatellite instable (MSI-H) tumours which exhibited
immunohistochemical loss of MLH]1 protein expression.
Patients’ age ranged from 64 to 92 years (mean 79) and
they had a negative family history. In these cases, the
MLHI1 gene was most likely inactivated by promoter
hypermethylation.

3. The third group comprised 27 tumours from 26
patients. All carcinomas were MSI-H and immunohis-
tochemistry revealed complete loss of either MLHI1 or
MSH2 protein expression except for one patient with

MMR status
Proficient Deficient
MLH]1-sporadic MLH]1-hereditary MSH2-hereditary
Tissue
Tumour 16 11 9 17
Normal 16 11 10 17
Non-pathogenic mutation Pathogenic mutation
Cell lines 3 _ 5 9

Tissue samples and B-lymphocyte cultures are given according to their mismatch repair status (MMR). The MMR-deficient cases were separated
into a MLH1 sporadic, a MLHI and a MSH2 HNPCC-associated group. In one MLH1-deficient HNPCC-associated case, RT-PCR data of tumour
tissue did not meet the quality inclusion criteria; only the normal tissue was included

@ Springer



Virchows Arch (2008) 453:9-16

11

two synchronous right-sided carcinomas. One tumour
expressed MSH2 and the other was MSH2 negative.
Patients’ age ranged from 33 to 66 years (mean
58 years). These cases met the Amsterdam criteria for
HNPCC and genetic testing revealed pathogenic MSH2
or MLHI mutations in 19 of 27 cases. All mutations
lead to a stop codon, reflecting the loss of protein
expression. We did not find a pathogenic mutation in
all cases probably due to mutations in the promotor
region or large genomic deletions. The percentage of
pathogenic mutations in these patients is in the range of
the HNPCC international study group.

Lymphocyte cell cultures

B-lymphocytes were obtained from 14 HNPCC patients
with proven pathogenic mutation of MLHI1 (n=5) and
MSH2 (n=9) genes. Three cell lines of healthy individuals
served as controls. The generation of B-lymphocyte cell
cultures was performed as described previously [16].

MSI analysis and immunohistochemical analyses

All tumour tissues were subjected to MSI analysis as
described in detail previously [20].

In accordance with the recommendation of the NCI and
the ICG-HNPCC [24], five microsatellite loci were used in
all tumour lesions for MSI analysis, two loci with
mononucleotide repeats (BAT25 and BAT26) and three
loci with CA dinucleotide repeats (D2S123, D5S346 and
D178250). If all microsatellites were identical in tumour
and normal tissues, the case was reported as MSS; if two or
more microsatellites differed between tumour and normal
tissues, the case was reported as MSI-H. Losses of
heterozygosity were not regarded as microsatellite instable.
If only one microsatellite differed between tumour and
normal tissues, the five additional microsatellites recom-
mended by the [IHC-HNPCC were analysed. Cases with a
minimum of two unstable loci were reported as MSI-H. The

Table 2 Primers used for real-time PCR

primer sequences of these microsatellite loci were reported
previously [6].

Loss of MMR protein expression was determined by
immunohistochemical analysis in carcinomas using mono-
clonal antibodies against MSH2 and MLHI1 as described in
detail earlier [28]. Only slides with distinct positive nuclear
staining in the basal crypt cells of normal mucosa, stromal
as well as inflammatory cells were evaluated. Loss of
MMR protein expression within the neoplastic lesions was
defined as complete when less than 10% of tumour cells
were stained. Incomplete loss (10-50% stained cells) or
only focal staining (cohesive nests of stained tumour cells)
was recorded as positive.

RNA extraction and cDNA synthesis

Total RNA of tumour tissue and corresponding normal
tissue were prepared from formalin-fixed deparaffinised
sections with HighPure RNA Paraffin Kit (Roche) according
to the manufacturer’s instructions. To avoid sampling errors,
only parts of the tissue sections that contained either at least
80% malignant cells in the carcinomas or only normal
mucosa in the matched controls were used.

Total RNA of cells cultured in vitro was extracted using
the HighPure RNA Extraction Kit (Roche) according to the
manufacturer’s instructions.

Extracted RNA from tissues and cell cultures were
reverse transcribed to cDNA using the AMV-RT Kit
(Roche) with MLHIrev and MSH2rev as specific primers
(Table 2) and G6PDH as the reference transcript (Roche).

Relative quantification of mRNA expression by real-time
PCR (RT-PCR) analysis

To analyse the expression status of the genes of interest, the
relative amount of the synthesised cDNA molecules was
determined by quantitative real-time PCR (LightCycler
System, Roche) using the RelQuant Software (Roche). As
control, mRNA from cultured cell lines with defined levels

Primer Sequence 5'—3' Length 5" position
MLHI1 for GATTACCCCTTCTGATTGACA 21 1,934
MLHI1 rev ACTGAGGCTTTCAAAACA 19 2,052
MLHI anchor GGAGGGACTGCCTATCTTCAT—fluorescein 21 1,971
MLHI1 red LightCycler Red 640-TTCGACTAGCACTGAGGTGAA 22 1,994
MSH2 for CAGTATATTGGAGAATCGCA 20 2,631
MSH2 rev AGGGCATTTGTTTCACC 17 2,754
MSH2 anchor CATGGAACCAGCAGCAAAGA—fluorescein 20 2,663
MSH?2 red LightCycler Red 640-TGCTATCTGGAAAGAGAGCAAGG 23 2,685
G6PDH LightCycler ref. detection mixes from DPD mRNA Quantif. KitPlus (Roche)
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of MLH1 and MSH2 mRNA was used (DPD mRNA
Quantif. KitPlus, Roche) and after reverse transcription
taken as calibrator cDNA.

The PCR results were controlled using polyacrylamide
gel electrophoresis and the PCR products were sequenced
using the ABI PRISM 310® Genetic Analyzer (Applied
Biosystems) to verify the nucleotide sequence.

For standardisation and exclusion of low quality specimens,
expression analysis of glucose-6-phosphatase-dehydrogenase
(G6PDH) was run as an internal quality control. Through
dilution series a cut-off of 10> G6PDH copies was determined
as the lower level of detection. In order to compensate for
further potential inter-individual or inter-specimen variations,
a quotient from MLH1 (numerator) to MSH2 (denominator)
was formed by calculating their crossing point as follows:
The RelQuant software (Roche) uses crossing point (CP) as
basis for the calculation of different mRNA (cDNA) levels.
In a first step, the software determined the ratio concentra-
tion, which is defined by the ratio of the median CP value of
the numerator replicates divided by the median CP value of
the denominator replicates. For normalisation, the following
algorithm was used: normalised ratio=[ratio concentration
sample/(ratio conc. calibrator)x correction factor]x multipli-
cation factor. Calibrator RNA derived from a cell line as well
as correction and multiplication factor were provided by the
manufacturer (DPD mRNA Quantif. KitPlus, Roche). Over-
expression or a loss of expression was defined in relation to
the calibrator. In case of identical ratio values from sample to
calibrator, both mRNA species must be expressed equally. In
addition, values of MLH1 or MSH2 mRNA copy number
were only accepted for further calculation if the deviation of
the CP value from the sample duplicates in LightCycler runs
was <1.0. All measurements were done in triplicate. From a
biological point of view, this reflects recent observations that
in quantitative RT-PCR analyses housekeeping genes such as
G6PDH vary between different tissues and thus must be
defined according to the sample studies [7]. In addition, there
is strong evidence that MLH1 and MSH2 are co-regulated,
e.g. by hypoxia leading to the coordinated repression of
MLHI1 and MSH2 [5]. Thus, putting MLH1 and MSH2 in
a quotient compensates for such superimposed alterations
in expression and activation patterns affecting both DNA
repair genes.

Data analysis

Statistical data analysis was performed using the JMP
software Version 4 (SAS Institute Inc., Cary, USA).
Wilcoxon test was used to assess the significance of inter-
group differences. The cut-off point for significance was set
to p<0.05.

@ Springer

Results

Feasibility of relative quantification of MMR gene
expression by qRT-PCR

Quantification of mRNA of MLHI1 and MSH2 in paraffin-
embedded tissues and in B-lymphocytes cultured in vitro
turned out to be a reliable and reproducible technique if
adequate controls were used.

After exclusion of 16% of initially analysed samples due
to low copy number (data not shown), all cases included in
this study had GGPDH mRNA copy numbers over 102 The
mean MLH1/MSH2 ratio value of MSS normal and tumour
tissue was used as cut-off value in paraffin-embedded tissue
being 1.2 in normal and 1.4 in tumour samples and of about
1.0 in B-lymphocytes cultured in vitro from patients with
MMR -proficient tumours.

gRT-PCR in tumour tissue

In tumour tissue, there was a close correlation between
mRNA and immunohistochemical expression levels (Fig. 1).
The mean ratio of MLH1 and MSH2 mRNA expression
measured by LightCycler qRT-PCR was 1.41 (range 0.47 to
5.13) in MMR-proficient colorectal cancer samples. Only in
one case the tumour tissue (MLH1 deficient) was excluded
from analysis due to the abovementioned quality control
measures (Table 1).

In the MLHI1-deficient tumours, the ratio values were
below 1 with mean values of 0.51 in hereditary and 0.42 in
sporadic tumours indicative of a reduced MLH1 mRNA
copy number.

In the MSH2-deficient tumour group, the mean MLH1/
MSH?2 ratio value was 6.02 in hereditary tumours indicating
a severely reduced MSH2 mRNA copy number. One patient
carried two synchronous MSI-H colon cancers with loss of
MSH2 expression in one tumour and preserved MSH2
protein expression in the second tumour. As shown in Fig. 1,
the MLH1/MSH2 ratio depicts this difference by a high
value in the MSH2-negative (ratio 8.94) and a low value
(ratio 0.46) in the MSH2-positive carcinoma.

The difference in MLH1 and MSH2 ratios between
MLHI1- or MSH2-deficient and proficient tumours was
statistically highly significant (»p<0.001).

qRT-PCR in normal tissue

The mean value ratio of MLH1 and MSH2 mRNA
measured by LightCycler PCRs was 1.22 (range 0.25 to
1.93) in normal MSS tissue samples (Fig. 2a). Consistently,
very similar ratios were measured in normal mucosa
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ties in MSS, MLHI1 and MSH2 deficient tissue samples
were identical (data not shown).

The ratios in normal tissue of hereditary MLH1-deficient
patients were not significantly different from the MSS- and
sporadic MLH1-deficient mucosa samples. It is known that
MLHI1 deficiency in these tumours results from promotor
methylation and possibly variable mRNA expression occurs
in the respective normal tissue.

gRT-PCR in B-lymphocytes

The mean value ratio of MLHI/MSH2 mRNA in B-
lymphocytes of normal controls (n=3) was 0.9 (range
0.85-1.00). All MSH2-deficient cell lines (n=9) had ratio
values above this value (Fig. 2b), whereas in four of five
MLH-deficient cell lines, ratio values were below this value
(ranging from 0.30 to 0.87 with one outlier with 3.45). These
data again are in favour of significant haploinsufficiency in
MSH2 gene expression in B-lymphocytes of patients with
MSH2 germline mutations (p<0.001).

Discussion

The present study demonstrates for the first time that
quantification of mRNA expression of the mismatch repair
genes MLHI and MSH2 in routinely formalin-fixed and
paraffin-embedded tissue is a valid and reliable method
using quantitative real-time PCR (qRT-PCR). Determination
of the ratio between MLHI and MSH2 mRNA copy
numbers showed a close correlation with immunohisto-
chemical loss of MMR gene expression. Furthermore, we
demonstrate that reduced mRNA expression of MSH2 in
normal tissue of HNPCC patients carrying pathogenic
mutations, which is most likely due to haploinsufficiency,
can be quantified by our approach.

For quality control and standardisation, calibrator RNA
served as a reference for the samples against a stable system
and controlled for variation of reverse transcription and PCR
performance. Low copy numbers of the calibrator point to an
error during analysis, whereas low copy numbers of the
patient samples are a sign of flaws during the process of tissue
sampling via fixation to RNA isolation. Special attention was
paid to the quality of samples. Accordingly, we used the
reference gene G6PDH as a further internal control for RNA
integrity. Only reactions that showed a copy number of at least
10> mRNA molecules were evaluated. In addition, values of
MLH]1 or MSH2 gene copy numbers were only accepted for
further calculation if the difference of the double-checked CP
values was <1.0. Using these safety precautions, we could
clearly identify and exclude from evaluation four samples
that were sent in for consultation without information on
type of fixation and age of sample (data not shown).

@ Springer

We calculated the transcript ratio of MLHI to MSH?2,
which further compensates for potential inter-individual and
inter-specimen variations. Indeed, this ratio turned out to be
a valid parameter for detection of differences in MMR gene
mRNA expression and correlated very well with immuno-
histochemical results. This reflects recent observations that
in quantitative RT-PCR analyses housekeeping genes such
as GOPDH vary between different tissues and thus must be
defined according to the sample studies [7]. In addition,
there is strong evidence that MLH1 and MSH2 are co-
regulated, e.g. by hypoxia leading to the coordinated
repression of MLH1 and MSH2 [5].

Accordingly, carcinomas with complete loss of MLH1
protein had ratios at the lower range level (most <0.5). In
contrast, tumours showing complete loss of MSH2 protein
expression were in the upper range level (>3.0). In one
HNPCC patient with synchronous MSI-H colonic carcino-
mas, one tumour showed complete loss of MSH2 and thus
the ratio was high with 8.94. Remarkably, the second
tumour stained strongly MSH2 positive, and consistently
the ratio was very low (0.46). A possible explanation for
this observation might be that the two tumours differ in
their second hit mutation leading to a still expressed, albeit
not functional, protein in one and to a truncated non-
detectable protein in the other tumour.

Another interesting observation is related to the expres-
sion levels within the normal mucosa. Regarding specimens
of patients with sporadic MSS carcinomas, ratios between
MLH]1 and MSH2 were similar to ratios in normal tissue of
MLH]1-deficient tumours, while ratios of normal tissue of
patients carrying MSH2-deficient tumours were significantly
higher. This observation was clearly confirmed by our
data with B-lymphocytes obtained and cultured in vitro
from patients with proven germline mutations in the
MMR genes and indicate a haploinsufficiency of MSH2
in non-tumorigenic cells of HNPCC patients.

The ratios of MLH1-associated HNPCC cases were not
statistically significantly different from the sporadic cases.
We should have expected that MLH1 to MSH2 ratios were
very low compared to the sporadic cases. This was
demonstrated by Tournier et al. showing a reduced MLH1
mRNA level of HNPCC patients versus normal blood donors
on a denaturing high-performance liquid chromatography-
based method [31]. In our study, we analysed colonic
mucosa, where the phenomenon of increasing methylation
of the colonic mucosa with age is one factor leading to
similar results in both groups.

To our knowledge, this study shows for the first time the
possibility to evaluate the expression of mismatch repair
protein mRNA by means of quantitative RT-PCR in paraffin-
embedded archival tissue. We expect an even more distinctive
separation of MMR-proficient and MMR-deficient tumours
on one hand and between MLHI- and MSH2-deficient
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normal tissues if more refined sampling procedures such as
laser microdissection and methylation-specific analysis will
be used [4, 23, 25].

Thus, we regard this technique as a real step forward in
MMR gene expression analysis particularly in normal tissue
where immunohistochemistry alone does not allow any
differentiation between cases with or without germline
mutation in one of the MMR genes.

Our approach, if confirmed within the ongoing studies of
the German HNPCC Consortium, which currently serves
for more than 3,000 families being at risk for HNPCC, may
be a potential screening tool for identification of asymp-
tomatic carriers of a pathogenic germline mutation.
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Appendix

The German HNPCC Consortium consists of the following
centers (in alphabetic order): Bochum (K Schulmann, FE
Brasch, JT Epplen, KM Miiller, C Pox, S Stemmler, J
Willert), Bonn (in addition to authors: W Friedl, J Girmscheid,
A Hirner, C Lamberti, M Mathiak, P Propping, T Sauerbruch,
K Siberg), Diisseldorf (G Moeslein, T Goecke, A Hansmann,
S Hoéwer, C Poremba, A Unger, C Wieland), Dresden (in
addition to authors: D Aust, F Balck, R Hohl, S Kriiger, E
Schrock, S Pistorius), Heidelberg (in addition to authors: F
Cremer, J Gebert, M Keller, P Kienle, M Kloor, U Mazitschek,
M Tariverdian), Miinchen/Regensburg (in addition to authors:
I Becker, E Holinski-Feder, G Keller, R Kopp, Y Miiller-
Koch, K Ott, P Riimmele), center for reference pathology
Kassel and center for documentation and biometry in Leipzig
(in addition to authors: J Forberg, M Herold, M Loeffler, J
Schaefer, R Speer).
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Abstract Due to the extensive pathologic evaluation of the
sentinel lymph node (SLN), micrometastases are frequently
observed. If micrometastases are clinically relevant, the
histopathologic examination of SLNs should be sensitive
enough to detect them. The probability of detecting micro-
metastases was calculated when examining the SLN
according to the current Dutch pathology protocol and
strategies evaluated to optimize the chance of detection.
The dimensions of 20 consecutive axillary SLNs in patients
with ¢T1-2NO breast cancer were measured. In a mathe-
matical model, the probability of detecting micrometastases
in a SLN was calculated. Similarly, strategies to optimize
the probability of detecting micrometastases were explored.
When applying the pathology guidelines, the calculated
probability to detect a micrometastasis was 18% for a
200-pm micrometastasis and 69% for a 2.0-mm metastasis
in a median sized SLN. To detect the smallest microme-
tastasis in a median-sized SLN with a 95% probability, the
interval between the sections must be decreased to 200 pum,
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and 20 levels from both halves must be examined. Given a
prognostic significance of micrometastases, our current
pathology guidelines are not sensitive enough. The number
of sections should be increased, while the interval between
cuts should be no more than 200 pum.

Keywords Breast cancer - Micrometastases - Pathology -
Sentinel lymph node - Staging

Introduction

Sentinel lymph node (SLN) biopsy has proven to be an
accurate staging procedure in breast cancer patients and has
replaced axillary lymph node dissection (ALND) in
clinically “node negative” axillas [20].

The extensive pathology workup of SLNs has resulted in
a frequent observation of micrometastases [2, 6]. The
clinical relevance of small lymph node metastasis (TNM-
stage N1mi) is still under debate. Some argue that the
prognosis of patients with N1mi is similar to the outcome
of patients with no lymph node (NO) involvement. Others,
however, believe that N1mi is of prognostic significance
and hence consider TNM-stage N1mi as an indication for
adjuvant systemic therapy [15, 16, 18, 22].

When micrometastases are clinically relevant, it is impor-
tant that the histopathologic examination is sensitive enough
to detect them. The current Dutch pathology guideline advo-
cates to bisect a SLN, submit both slices, and examine three
levels at 250-pum intervals. Yet, various other protocols are in
use by different laboratories [7]. The pathology protocol may
well have an effect on the probability to detect micro-
metastases and consequently influence treatment [2, 13].

Using a mathematical model, the probability of finding
micrometastases within a SLN, examined according to the
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national guidelines, was calculated. Subsequently, the model
was used to optimize histopathologic workup of SLNs.

Materials and methods

A mathematical model was designed to calculate the prob-
abilities of detecting micrometastases within a SLN. To
address these probabilities for an average SLN, the size of a
SLN in breast cancer patients was assessed first. Subsequently,
the model was used to assess the chances of detecting micro-
metastases when a SLN was examined following the national
pathology guideline. Lastly, alternative strategies to optimize
histopathologic workup were tested.

The Dutch national pathology guideline for the examination
of SLNs and definition of micrometastases

The guideline for evaluating SLNs advocates to bisect
SLNs and to take three cuts from both halves starting from
the center with 250-um distance between two cuts. SLNs
thicker than 10 mm are sectioned into 2-mm slices. It is
advised that samples are stained both with hematoxylin and
immunohistochemically with antibodies to cytokeratin [3].

A micrometastasis was defined as a tumor deposit in the
SLN >200 pm and <2 mm corresponding with N-stage
Nl1mi in the latest TNM classification [24].

The size of a SLN

Twenty consecutive SLNs were retrieved during the oper-
ations of 12 women with cT1-2NO breast cancer. After

Fig. 1 a, half length of SLN; a,
half width of SLN; b half height
of SLN; ¢ vertical size of a cut
(5 um); d vertical size in be-
tween cuts (250 um); x and y;
dimensions of a coupe of a
SLN; z dimension from which a
cut is taken; m metastasis

surgical extirpation and clearance of the surrounding fat of
the SLN and before fixation in the pathology department, the
SLN was measured by the pathologist. Length, height, width,
and volume of the SLN were assessed. Volume was measured
by placing the SLN in a cylinder with water, determining the
volume of the SLN by the volume shift of the water.

The probability of detecting metastases in a SLN

A mathematical model was designed to calculate the
probability that a single lymph node micrometastasis would
be detected by the nationally advocated histopathologic
examination protocol for SLN in breast cancer patients.

Figure 1 sketches the various assumptions and quantities
involved in modeling the detection of metastasis in a SLN.
A SLN is assumed to be aptly represented by a triaxial
ellipsoid shape with parameters (half lengths) ay, a,, and b
corresponding with the Euclidian dimensions x, y and z,
where x and y are the dimensions of a coupe (with zero
thickness) and z is the dimension from which the cuts are
taken. In line with current Dutch guidelines, it holds that
a, > a, > b>0. The metastasis is represented as a ball shape
with diameter m. A circular shape of a micrometastasis and
random location of the micrometastasis within the SLN
were assumed.

When applying the Dutch pathology guideline, detection
of micrometastases is based on six cuts (three cuts for both
halves) of the ellipsoid starting from the center. Each cut
has a vertical size equal to ¢ (5 pm) and a horizontal
dimension equal to the size of the ellipsoid (therefore
depending on the location of the cut). In between cuts, there
is a vertical distance equal d (250 pum).
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Determination of volumes

Based on the model assumptions, mathematical expressions
can be determined for the content of several relevant parts
of the tissue. We made expressions for:

1. the volume of the entire lymph node,
2. an arbitrary slice from the lymph node, and
3. the volume of the metastasis.

Volume of a lymph node

The contour of lymph nodes is modeled with a triaxial
ellipsoid whose Euclidian coordinates are defined as:

2 2 2
Xy oz
S ER | 1
a§+a§+b2 m

The parameters a,, a,, and b are half the size of the ellip-
soid in each of the corresponding dimensions, a, > a,, > b>0.
Based on 1, an arbitrary cut from this ellipsoid at a given z
position (—b < z < b) is described in terms of its x, y
coordinates as:

x2 y2

+
a(1-5%) «(1-%)

Which has surface S, defined as:

z? z2
Szﬂ\/a)%(lb—z)\/ai(lb—z)

2
= ﬂaxay<1 — IZ)—2> (3)

Integrating the cut surfaces S, over the relevant range of
z values, the vertical dimension of the ellipsoid, gives the
desired volume of the ellipsoid /(—b, b):

=1 (2)

2
4
I(=b,b) = J maya, (1 - ;) dz = ?ﬂaxayb 4)
b

Volume of a histopathologic cut

A similar expression for the volume of an arbitrary section /
(z0,21) taken from the ellipsoid between z, and z; in vertical
direction, —b < zy < z; < b, is derived using 4 as:

zy

2
I(z0,21) = [ 7raxay<l —bz)dz

Z0

Determining the volumes within the SLN
where a metastasis will or may be detected

Large metastases with a diameter >250 um will always be
detected in the area between the outer cuts of the upper and
lower halves of the ellipsoid. The area within the SLN, i.e.,
the vertical distance from the center line of the ellipsoid
where a metastasis will be detected, if present, is equal to:
three cuts plus two inter-cut spaces plus one diameter of the
metastasis (representing metastases just on the outer cut): 3¢ +
2d + m. Using 5, the volume of the remaining top and bottom
part of the SLN, or detection area D,, > ; is obtained as:

Dys>g =I(—(Bc+2d +m), (3¢+2d+m)) (6)

Small micrometastases with a diameter between 200 and
250 um may be located between the cuts without leaving
traces in one of the neighboring cuts. The previously deter-
mined “detection area” for larger metastases needs to be
corrected for this. If the metastasis is just next to the first cut,
then the unseen area is (¢ + m, ¢ + d). If it is between the
second and third cut, then the unseen area is (¢, ¢ + d — m).
This way two corrections are obtained:

— between cuts 1 and 2: (I(c, c+d—m)+I(c+

m, c¢+d))/2
— between cuts 2 and 3: (I/(2c+d, 2c+2d—m)+
I2c+d+m, 2c+2d))/2

Combining the volume of the area between the outer cuts
with these corrections and considering that corrections
apply to both the upper and lower halve of the ellipsoid
gives the volume of the detection area D,,,

Dypea =I(=(Bc+2d +m), (3c+2d+m))
(e, c+d—m)+I(c+m, c+d))

—(I(2c+d, 2c+2d—m)+12c+d+m, 2c+2d))

(7)
Determining the probability of detection

The probability of detection is obtained as the volume of
the detectable part of the ellipsoid divided by the total
volume of the detectable part of the ellipsoid. In case of the
“largest micrometastasis” (2 mm), this probability is:
P(detection|m > d) = Duzd (8)
- 1(—b,b)
In case of the “smallest micrometastasis” (200 pm), the
probability of detection is
Dm<d

P(detection|m < d) = (=b.5) 9)

The probability of not detecting a metastasis is equal to 1
minus the probability of detection. Note that these
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probabilities depend on the vertical size of the lymph node,
but not on the horizontal dimensions of the coupe, as the
parameters a, and a, as multiplication factors in 5 and 4
cancel from the ratios in 8 and 9.

Optimizing the detection of micrometastases

We subsequently used the model to develop a histopatho-
logic examination strategy with a 95% detection probability
of finding N1mi by:

1. varying the number of cuts and
2. decreasing the interval between the cuts (200 pm
instead of 250 pum).

Results

The median volume of a SLN was 0.8 cm® (range 0.3—
3.45). The dimensions of the median sized SLN were:
length 15 mm, width 10 mm, and height 10 mm. The
dimensions of the smallest SLN were 10, 7, and 5 mm,
respectively, and of the largest SLN 25, 20, and 12 mm,
respectively.

The probabilities of detecting micrometastases in a SLN
using the mathematical model and applying the Dutch
pathology guideline are summarized in Table 1. The
chance of missing a 200-pm micrometastasis was 82% in a
median sized SLN, the probability of missing a 2-mm
micrometastasis 31%. When examining SLNs according to
the guideline, only the chance to find the largest micro-
metastases in the smallest SLN would exceed the 95%
probability.

Table 1 Probability of detecting micrometastases (TNM-stage N1mi)
using the current Dutch pathology guidelines

Pdeleclb micrometastasis

Smallest Largest
micrometastasis micrometastasis
200 pum 2 mm
Volume and measures of the SLN®
Median SLN
0.8 cm® 15x10x10 mm  0.18 0.69

Smallest SLN

0.3 cm®; 10x7%5 mm 0.36 1.0

Largest SLN

3.45 cm®; 25%20%12 mm 0.15 0.59
0.11° 1.0°

@SN sentinel lymph node, ° Pyeeer probability of detection
“When examined according to the examination protocol for SLNs
thicker than 10 mm

@ Springer

Sectioning and examining SLNs at 2-mm intervals, as
proposed for SLNs thicker than 10 mm, would result in a
100% probability of finding 2-mm micrometastases in the
largest SLN, but at the expense of a lower chance of
detecting 200-pum micrometastases (11% instead of 15%).

The effect of augmenting the number of cuts (taken at
250-pum intervals) on the probability of detecting micro-
metastases is plotted for the median SLN in Fig. 2. By
adding seven additional cuts from both halves, a 95%
probability of detecting 2-mm metastases is reached. Yet,
even when the number of cuts is maximized, the probability
to detect 200-um micrometastases does not exceed 81%.

In Fig. 3, the effects of consecutive cuts at 200-pum inter-
vals is plotted. To detect a 200-pm metastasis in a median
SLN with a 95% probability, a total number of 20 cuts from
both halves of the SLN must be examined (Table 2). When a
5% risk of missing the smallest micrometastasis is consid-
ered acceptable, examination of the outer one sixth of the
height of both halves of the SLN may be omitted.

Discussion

We demonstrated that the risk of missing micrometastases in
the SLN in breast cancer patients is substantial when a SLN is
examined according to the current Dutch pathology guideline.
If discrimination between TNM-stage NO and NImi is
clinically relevant, histopathologic examination of the SLN
should be adjusted. The interval between the cuts should be
decreased, and the size of the SLN should be taken into
account. Starting from the center of the node, cuts from both
halves at 200-pum intervals should be examined comprehend-
ing at least 90% of the height of the SLN.

The SLN concept has gained wide acceptance as a
staging procedure for breast cancer patients, yet the method
of examining SLNs varies considerably. A recent interna-
tional survey among 240 pathology laboratories reported
123 different protocols for the workup of SLNs. Pathology
protocols ranged between two and five section levels per
lymph node to step sectioning SLNs at 40-um intervals [7,
28]. While the accepted risk of a false-negative procedure
(i.e., a SLN with no metastasis and a non-SLN with
metastasis) is estimated to range between 2% and 10% [5,
12, 17, 25, 27], less is published about the sensitivity of the
pathologic examination of the SLN itself (i.e., not detecting
a metastasis that is present in a SLN). Cserni [8] calculated,
also based on a model, that to detect macrometastases
sections at steps of 1 mm are sufficient and for the detection
of micrometastases sections at steps of 200—250 um should
suffice. Our study demonstrates that intervals between the
cuts should be 200 pm at most.

More slices at smaller intervals are likely to lead to a
more frequent detection of micrometastases [9, 11, 26, 29].
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Fig. 2 Pj.ecr, detection chance; +n, number of extra cuts taken from each half of the SLN

Pdetect
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Fig. 3 Pjeect> detection chance; +n, number of extra cuts taken from each half of the SLN
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Table 2 Number of pathology cuts necessary to detect the smallest
micrometastasis (200 pm) with a 95% probability

No. of cuts needed®
for 95% detection
probability

Maximum
No. of cuts®

Interval between cuts 250 um
Median SLN
0.8 cm®; 15x10%10 mm
Smallest SLN
0.3 cm®; 10x7%5 mm
Largest SLN
3.45 cm®; 25x20x 12 mm
Interval between cuts 200 um
Median SLN
0.8 cm?®; 15x10x 10 mm
Smallest SLN
0.3 crn3; 10x7%x5 mm
Largest SLN
3.45 cm®; 25%20x 12 mm

nr
b
nr

nr

20
10

24

19

23

24

12

29

#Number of cuts taken from each half starting from the center of the

SLN

® nr 95% detection probability not reached

Before the introduction of the SLN procedure, lymph nodes
were halved, and one cut from the center was stained with
hematoxylin and examined. The current practice, involving
more cuts and additional coloring with immunohistochem-
ical techniques, is time-consuming for the pathologist and

Pdetect

more expensive [11]. While the Dutch guideline states that
the guideline already is “a balance between the practical
feasibility and the sensitivity of the procedure”[21],
optimizing the pathology workup to reach a 95% sensitivity
would imply a sevenfold increase of the number of cuts to
be examined.

Worldwide, many pathology protocols are used for the
pathology workup of SLNs [7]. In Fig. 4, the yield of the
Dutch protocol is compared to the yield of a “commonly
used” pathology protocol (bisecting the SLN and examin-
ing six cuts of both halves at 150-um intervals) [7] and the
yield of the “Milan” protocol (bisecting a SLN, 15 levels of
each side at 40-um intervals and the remainder at 100-pm
intervals) [27]. Only the latter protocol resulted in a truly
substantial improvement of the probability of detection. At
the same time, the number of examined slices per lymph
node was 112 instead of six.

However, if breast cancer patients with TNM-stage
Nlmi have a worse prognosis in comparison to patients
staged as NO, extra work for the pathologist is not an
acceptable reason to perform a suboptimal examination.

To date, it is unclear whether “missing” lymphogenic
micrometastases is a clinical problem. It all comes down to
the question whether TNM-stage Nlmi is of prognostic
importance. Older studies gave conflicting results, some
suggesting a prognosis similar to patients with NO breast
cancer [1, 14, 30] while others reported prognosis compa-
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rable to patients with N1 disease [23]. Studies based on
examination of the SLN have a very limited follow-up and
have not shown any difference in overall survival. Then
again, a difference between NO and N1mi for disease-free
and metastasis-free survival was observed by Colleoni et al.
[4] in a large series of patients. Long-term data should be
awaited, but there appears to be some clinical relevance of
TNM-stage N1mi.

In the meantime, many medical oncologists tend to
advise systemic treatment for patients with lymphogenic
micrometastasis, considering micrometastasis in the region-
al lymph nodes of similar importance as macrometastasis.
In that respect, it is important to note that the current
guideline carries a risk of “missing” macrometastases too.
We showed that the chance of missing the largest micro-
metastasis (2 mm), i.e., the smallest macrometastasis is
31% in a SLN of median size.

On the other hand, if TNM-stage N1mi is not clinically
relevant, examination of the SLN by sectioning at 2-mm
intervals, as advised for SLNs thicker than 10 mm, instead
of 250-um intervals would be a more sensible approach
than the current guideline. This would result in fewer
sections, but nonetheless a 100% yield of detecting the
smallest macrometastases.

An important limitation of our study is that the
mathematical model does not take several biological
aspects into account. Firstly, the location of a micrometa-
stasis within a lymph node. We have assumed a random
distribution of the metastases within the node, while the
periphery of the lymph node seems to be the preferred
localization of micrometastases [10, 19]. Secondly, forma-
lin fixation leads to shrinking of tissue; this affects both the
volume of the “detection area” as well as the volume of the
metastasis to be detected. Furthermore, the model assumes
that every micrometastasis that appears in a cut is observed
too. Lastly, a micrometastasis that is seen in one cut may
well be larger than appears under the microscope when
studying that cut only. We do not know what the overall
effect of these biological factors is. Yet, despite these
limitations, it is unlikely that our mathematical model
substantially under- or overestimates the risk of missing
micrometastases.

In conclusion, the current Dutch pathology guideline is
insufficient to detect small lymph node metastases. If we
wish to detect micrometastases with a 95% probability rate,
more extensive histopathologic workup is required. Finally,
not doing so would also imply that we will never know the
exact prognostic significance of these small metastases.
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Abstract Plasma protein fibrinogen variants cause fibrino-
gen Aox-chain (AFib) amyloidosis, which presents with
hypertension, proteinuria, and azotemia. Six AFib mutations
have been reported thus far. We identified three patients who
presented with marked proteinuria and serum creatinine
elevations. Their kidney biopsies revealed destruction of the
glomerular architecture by amyloid deposits with typical,
apple-green birefringence in polarized light after Congo red
staining. We found immunoreactivity against fibrinogen,
which is typical for this type of amyloidosis. We sequenced
the FGA exon 5 and demonstrated heterozygosity for the p.
Glu526Val mutation in all three cases. This amino acid
substitution is the most common fibrinogen A«x-chain
variant causing AFib amyloidosis. The mutation has been
reported in individuals of European and American descent
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but not yet in German patients. AFib amyloidosis should
therefore be considered an important differential diagnosis
in German patients with renal amyloidosis. In the cases
described here, the use of antibodies directed against
fibrinogen, followed by direct gene sequencing, revealed
the underlying cause.

Keywords Kidney- Amyloid - Fibrinogen - FGA - ES26V

Abbreviations

FGA fibrinogen Ao-chain gene
HRA hereditary renal amyloidosis
TTR transthyretin

Fib fibrinogen A«-chain

Lys lysozyme

ApoAl  apolipoprotein Al

ApoAll apolipoprotein All
Introduction

Hereditary amyloidosis is an autosomal-dominant disease
characterized by insoluble protein deposits in various organs.
Hereditary amyloidosis has been associated with variant
apolipoprotein Al, apolipoprotein All, gelsolin, lysozyme,
fibrinogen Awx-chain, or transthyretin proteins. The most
frequent form is the transthyretin-derived ATTR amyloid-
osis, which clinically presents with polyneuropathy and/or
cardiomyopathy [3]. These symptoms clearly differ from
hereditary renal amyloidosis (HRA), where nephropathy is
the main manifestation. Several HRA kindred have been
reported since Ostertag [18] first described a German family
in 1932. Common HRA proteins are fibrinogen (AFib
amyloidosis), lysozyme (ALys amyloidosis), apolipoprotein
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Al (AApoAl amyloidosis), and apolipoprotein AIl
(AApoAIl amyloidosis). One ApoAl variant was reported
to also cause neuropathy [17, 18]. Six mutations in the
fibrinogen Aco-chain (FGA) cause AFib amyloidosis. The
most common variant is p.Glu526Val, which was first
described in 1994 in two Irish families [20]. The sole
clinical manifestation in those patients was a nephropathy
appearing at age 40-60 years without any sign of
neuropathy [21]. Five additional mutations causing AFib
amyloidosis were since reported. One was a single base
deletion at nucleotide 4897 resulting in p.Thr522fs first
described in a French family [10]. A G-to-T transversion
leading to the amino acid exchange p.Arg554Leu was
observed in a kindred of Peruvian descent [4]. A single base
deletion at nucleotide 4904 resulting in p.Ser524fs was
found in the US [22]. A p.Glu540Val replacement was
described in a German patient [6], and the p.
Asp517_Thr522delinsGInSer mutation was recently found
in a 7-year-old Korean girl [13] (Table 1).

Clinically, AFib amyloidosis presents with hypertension,
proteinuria, and azotemia. Amyloid is typically found in the
renal glomeruli, while the liver and spleen are only
involved in more advanced cases [2]. With the exception
of one reported case from Portugal, no neuropathy has been
observed in AFib amyloidosis. Fibrinogen is involved in
the coagulation process; however, the aforementioned
variants do not seem to affect the normal function of
fibrinogen [19]. Although hereditary amyloidosis is rela-
tively uncommon, 5% of patients referred to the UK
National Amyloidosis Center with an apparent diagnosis
of acquired AL amyloidosis carried the p.Glu526Val variant
of the fibrinogen Ax-chain [14].

Treatment options for this disease are limited. Renal
transplantation is associated with rapid recurrence of
amyloid deposits in the graft, resulting in subsequent
renal failure. Combined renal and hepatic transplantation
was reportedly successful in two amyloidogenic variants

Table 1 FGA mutations in AFib amyloidosis

and could be effective in all AFib amyloid cases. In the
presence of a normal liver, the variant fibrinogen is
eliminated from the serum, and the amyloid deposits can
be mobilized from the affected organs [15, 24]. We
describe three German patients with fibrinogen Ao-chain
amyloidosis due to the p.Glu526Val mutation. Since
pathologists will ultimately make the diagnosis of such
patients, their thorough knowledge of the genetic basis is
highly important for subsequent therapeutic plans.

Clinical history
Patient no. 1

A 62-year-old woman developed myalgia and low-grade
fever over a 20-year period. Hypertension developed after
10 years. Proteinuria of >1 g/day and a creatinine con-
centration of 2.3 mg/dl were observed 18 years after
symptom onset. A renal biopsy was then performed.
Amyloidosis of unknown cause and subtype was diagnosed.
Rheumatological examination ruled out a periodic fever
syndrome. The patient was then referred to the Amyloidosis
Clinic, University of Heidelberg. She had no macroglossia
and no cutaneous bleeding. The heart, liver, and gastroin-
testinal tract were not affected. However, the patient showed
early signs of a sensory polyneuropathy in fingers and feet,
which was confirmed by electrophysiological examination.
Laboratory tests showed no monoclonal gammopathy. The
free light chain test and a bone marrow biopsy were also
normal. The family history provided no evidence of a
hereditary amyloidosis or hereditary kidney disease.

Patient no. 2

A 49-year-old man without known kidney disease but
with hypertension, hyperlipidemia, and coronary artery

Mutation Clinical features Geographic origin Age of onset (years)
p-Glu526Val Nephropathy Americans of Irish descent [20] 40-60
Nephropathy—neuropathy Portugal [7] 55
Nephropathy Canadians of Polish descent [1, 21] ~50
Nephropathy UK [14]
Nephropathy Germany (current report) 40-65
p-Arg554Leu Nephropathy Mexicans of Peruvian descent [4] ~30
Nephropathy France [11] ~50
Nephropathy African—American [23] ~60
p-Ser524fs Nephropathy US [22] ~40
p-Thr522fs Nephropathy France [10] ~30 and 12
p-Glu540Val Nephropathy Germany [6] 40-50
p.Asp517_Thr522delinsGInSer Nephropathy Korea [13] 7
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disease was admitted to hospital with rising serum
creatinine levels and severe nephrotic syndrome. On
admission, the proteinuria was 15 g/day and the creatinine
clearance was 11 ml/min. A kidney biopsy revealed renal
amyloidosis (Fig. 1). No other organs were involved. The
patient’s mother had an unknown renal disease and died of
a myocardial infarction at the age of 61 years.

Fig. 1 Kidney biopsy obtained from patient no. 2. Hematoxylin-and-
eosin-stained (H&E) sections showed extensive destruction of the
glomerular architecture by amorphous eosinophilic material. Congo
red staining (CR) and polarization microscopy demonstrated the
typical apple-green birefringence of amyloid. The amyloid deposits

Patient no. 3

A 64-year-old man was admitted to the Amyloidosis Clinic,
University of Heidelberg, after a kidney biopsy disclosed
amyloidosis. He had developed hypertension 20 years
earlier and noted progressive dyspnea for 4 years. His
physician observed progressive proteinuria and renal failure

(Fib), while no immunostaining was found with antibodies directed
against AA amyloid (AA) or A-light chain (Lambda). Original
magnifications 100- (left upper panel) and 200-fold (all other panels).
Hematoxylin counterstain
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that culminated in dialysis. No monoclonal gammopathy,
free light chains, or increased plasma cells were found.
Amyloidosis elsewhere could not be established in this
patient.

Materials and methods
Histology and immunohistochemistry

The kidney biopsies were fixed in formalin and embedded
in paraffin. Serial sections were stained with hematoxylin
and eosin. Amyloid was detected in Congo-red-stained
sections viewed under cross-polarized light. Immunohisto-
chemistry was performed with commercially available
monoclonal antibodies directed against AA amyloid
(1:600) and polyclonal antibodies against amyloid P-
component (1:5,000), fibrinogen (1:2,000), lysozyme
(1:3,000), transthyretin (1:4,000), A-light chain
(1:160,000), «-light chain (1:160,000), and (32-microglo-
bulin (32 M; 1:2,000; all DAKO, Hamburg, Germany), as
well as with noncommercially available polyclonal anti-
bodies directed against apolipoprotein Al (anti-apo-Al;
dilution 1:1,000) [9], A-light chain-derived amyloid pro-
teins (anti-AL1 antibody; dilution 1:3,000) [5], and anti-A-
light chain-peptide antibodies (AL3, dilution 1:250; AL7,
1:500). Immunostaining was done with the BenchMark®
XT immunostainer using the ultraView™ Universal Alka-
line Phosphatase Red Detection Kit (both Ventana Medical
Systems, Inc., Tucson, AZ, USA). Prior to incubation with
anti-amyloid P component, -apoAl, -A and -k light chain,
-transthyretin antibodies, and AL7, sections were pretreated
with cell conditioning 1 according to the manufacturer’s
instructions (CC1; Ventana). The specificity of immunos-
taining was verified using specimens containing known
classes of amyloid (AA amyloid, apolipoprotein Al, (32
microglobulin, transthyretin, A-light chain) or by using
positive controls recommended by the manufacturers
(remaining antibodies). Omission of the primary antibodies
served as a negative control.

DNA isolation, PCR amplification, and sequence analysis

The participating subjects gave their written, informed
consent prior to the genetic analysis and the ethical
committee approved the study. Ethylene diamine tetraacetic
acid blood was drawn, and the genomic DNA was isolated
from peripheral blood leukocytes using the DNA blood
mini kit from Qiagen (Hilden, Germany). Amplification of
the 3’ end of FGA exon 5, encoding amino acids 508-611,
was performed in a 50-ul volume containing 1x reaction
buffer (Qiagen), 1.5 mM MgCl,, 125 uM dNTPs, 400 nM
each of the forward and reverse primer, approximately
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200 ng genomic DNA, and 2.5 U of HotStartTag DNA
polymerase (Qiagen). The following thermocycling con-
ditions were used: an initial denaturation step of 15 min at
95°C to activate the Taq polymerase, followed by 40 cycles
of 95°C for 20 s, 62°C for 20 s, and 72°C for 20 s, and a
final extension step of 72°C for 10 min. The polymerase
chain reaction (PCR) product size and quantity was
analyzed by agarose gel electrophoresis. Fragments were
purified with the ExoSAP-IT® kit for PCR product cleanup
(USB Corp., Cleveland, OH, USA) and sequenced with the
ABI PRISM® BigDye Terminator v3.1 Ready Reaction
Cycle Sequencing kit (Applied Biosystems, Foster City,
CA, USA). Sequences were analyzed on an ABI PRISM®
3130 Genetic Analyzer.

Results
Histology and immunohistochemistry

The kidney biopsies of all three patients showed extensive
effacement of the glomerular architecture by amorphous
amyloid deposits with typical apple-green birefringence in
polarized light after Congo red staining (Fig. 1). The amy-
loid deposits were purely glomerular in all three patients.
The amyloid deposits were immunoreactive for amyloid P
component but not for any of the other antibodies directed
against AA amyloid, ApoAl, lysozyme, {32-microglobulin,
A- and k-light chain, or transthyretin. An antibody directed
against fibrinogen stained some of the deposits intensely
and raised the suspicion of a hereditary AFib amyloidosis
in all patients (Fig. 1).

Sequence analysis

All three patients were shown to be heterozygous for a
¢.1577A>T substitution in exon 5 of the F'GA gene, leading
to the replacement of glutamic acid (GAG), by valine
(GTG) at residue 526. No mutations were found in the
genes coding for transthyretin, apolipoprotein Al, apolipo-
protein All, or lysozyme. Furthermore, we established that
the patients were not related.

Examination of family members

The daughter and son of patient no. 1 are clinically well.
Only the daughter underwent mutation screening and
harbored the p.Glu526Val mutation (Fig. 2a). The mother
of patient no. 2 had an undefined kidney disease and died
of myocardial infarction at the age of 61; her DNA was
never analyzed. The mother’s sister carries the mutation but
is asymptomatic thus far. Her daughter and grandchildren
have not undergone genetic testing. Two other siblings died
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Fig. 2 Pedigree analysis. a Patient no. 1 is represented by the filled
circle in generation 1. Her daughter is carrying the p.Glu526Val
mutation without any symptoms and her son is healthy and not
genetically examined. b Patient no. 2 is represented by the filled
square in generation IIl. The mother suffered from an undefined
kidney disease and died of myocardial infarction at the age 61. The
mother’s sister carries the p.Glu526Val mutation asymptomatically. It
is unknown whether her daughter (generation II) and granddaughters

of leukemia and cancer at the age of 50 and 59 years,
respectively (Fig. 2b). No information about the death of
the patient’s grandparents (generation 1) was available. The
patient himself has no siblings or children. The father and
aunt of patient no. 3 developed chronic kidney disease
(Fig. 2c). The patient’s three children are healthy. None of
the family members has undergone genetic testing thus far.

Discussion

The pathologist serves as consultant to the clinician.
Modern genetic analysis now enables the pathologist not
only to make highly specific, mechanistic diagnoses, but
also to provide clinically relevant information for the entire
family. Furthermore, steady progress is being made in the
development of novel amyloidosis therapies. These treat-
ments may also be gene specific in terms of efficacy. The
mutations we describe have hitherto fore not been described
in Germany.

Fibrinogen is a coagulation plasma protein synthesized
mainly in the liver [16]. The fibrinogen molecule is a 45-
nm structure consisting of two sets of disulfide-bridged
Ao, B3-, and y-chains. The A« chain is the largest of the
three with 610 amino acids and a molecular weight of
66 kDa [8]. The FGA gene spans over 7 kb and contains six

II

III

v

(generation IV) carry the mutation. The other two siblings of the
mother (generation II) were not genetically examined and died of
leukemia and cancer at the age of 50 and 59 years, respectively.
¢ Patient no. 3 is represented by the filled square in generation III.
The patient’s father and aunt suffered from chronic kidney disease but
were not genetically examined. Individuals that are not genetically
examined are represented by gray squares or circles

exons. Alternative splicing results in two isoforms, which
vary in the carboxyterminus [16]. Although #GA4 mutations
are rare, their effects are profound, namely dysfibrinogene-
mia, hypofibrinogenemia, afibrinogenemia, or AFib amy-
loidosis [16]. All six AFib amyloidosis mutations observed
thus far are located in exon 5 and affect one ore more
residues at amino acid positions 517-554. In patients
carrying the p.Arg554Leu variant, the amyloid fibril
subunit protein contains the fibrinogen o-chain residues
500-580. A similar deposited peptide is found in p.
Glu526Val carriers. The two frame shifts, p.Ser524fs and
p.Thr522fs, both result in a premature stop codon in amino
acid residue 548 [10, 22]. These four peptides found in
amyloid deposits all share the unchanged amino acid
sequence 500-521. Serpell et al. [19] believed that this
21-residue fragment is responsible for the formation of
amyloid fibrils, although that could not be the case with the
indel mutation, affecting amino acids 517-522.

Similar to other forms of hereditary amyloidosis, the
mechanisms underlying fibril formation in Awx-chain
amyloidosis are principally unknown. In contrast to ATTR
amyloidosis, where both the variant and the wild-type
protein are able to form amyloid, only the variants of the
fibrinogen Acx-chain are amyloidogenic. In some cases of
AFib amyloidosis, only the variant protein was found in the
blood [4, 10], while in others, the normal peptide was also
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found [7, 20, 22, 23]. Furthermore, no clear pattern
regarding the same type of mutation has been described.

The phenotypic penetrance of AFib amyloidosis is low
and most patients do not have a family history [12]. In our
cases, for example, the aunt of patient no. 2 is a carrier of
the same mutation but does not have any nephropathy. Her
daughter and granddaughters were not examined. Although
the patient’s mother could not be genetically examined, she
probably carried the mutation since she had an undiagnosed
renal disease. Similarly, no family history of renal amy-
loidosis was present for patient no. 1; however, genetic
examination of the daughter revealed that she also carried
the p.Glu526Val mutation. Probably one of the patient’s
parents harbored the mutation, although clinical manifes-
tations were not present or diagnosed.

Our results emphasize the importance of immunohisto-
chemical classification, combined with genetic analysis, in
the diagnostic workup of renal amyloidosis. Immunohisto-
chemistry excluded other causes of renal amyloidosis,
particularly the AA and AL types, and raised suspicion of
AFib amyloidosis. AFib was indeed confirmed by genetic
testing in all our patients. The correct classification of the
responsible protein is crucial in the clinical decision to
perform organ transplantation. Conceivably, combined
kidney and liver transplantation provides the solely effec-
tive clinical approach to this disease. Diagnosis of HRA can
readily be made, for example, by direct DNA sequencing or
single-strand conformation polymorphism analysis. The
nucleotide substitution resulting in the p.Glu526Val ex-
change also creates a Mae III restriction endonuclease
recognition site and can therefore also be analyzed by
restriction enzyme digestion [2]. In our three cases, the use
of polyclonal antibodies raised against fibrinogen was
suggestive for this type of amyloidosis. Direct sequencing
of FGA exon 5 then revealed the responsible p.Glu526Val
mutation. The onset of Acwx-chain amyloidosis occurs
mostly at the age of 30-50 [4, 20, 24]. One African—
American kindred showed a later onset (60 years) [22].
Two affected children aged 7 and 12 years also have been
reported (Table 1) [13, 10]. One of the patients described
here was 63 years old at the time of diagnosis, a slightly
later onset than observed in the other patients carrying the
p-Glu526Val mutation.

The p.Glu526Val substitution is the most common
fibrinogen Aox-chain defect connected with amyloidosis
and has been reported in kindred and individuals of
European and American descent; however, this mutation
has not been previously observed in German patients. HRA
was first described in a German family in an abstract in
1932 and as a full paper in 1950. At that time, the
molecular cause could not be established [18]. Since then,
the only reported amyloidogenic mutation in the fibrinogen
Aoa-chain gene found in a single German kindred was the
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p.Glu540Val variant reported in abstract form by Bybee et
al. in 2004 [6]. We here describe three additional German
patients with the p.Glu526Val variant also leading to AFib
amyloidosis, which may be more prevalent in the German
population than previously suspected. AFib amyloidosis
should therefore be included in the differential diagnosis of
every German patient presenting with renal amyloidosis.
The diagnostic workup described here, including immuno-
histochemical classification of the amyloid protein followed
by direct DNA sequencing, is reliable and excludes other
causes of amyloidosis.
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Abstract Intact cardiac muscle cells in the adult heart do
not express intermediate filament nestin. In this study, we
report on widespread expression of intermediate filament
nestin in human myocardium of patients who died from the
myocardial infarction. Nestin was detected in cardiomyo-
cytes, endothelial cells, and few interstitial cells. Elevated
levels of nestin were observed in cardiac muscle cells in all
specimens, although the intensity of immunoreactivity and
distribution of the signal differed. The strongest immuno-
reactivity was observed from 4 days after myocardial
infarction in the infarction border zone where nestin was
distributed homogeneously in the entire sarcoplasm of
cardiac muscle cells. Within the following week, nestin in
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immunoreactive cardiomyocytes was redistributed and
restricted to small subsarcolemmal foci and to intercalated
discs. Angiogenic capillaries that grew between vital nestin-
positive cardiomyocytes and entered the necrotic area
expressed also high levels of nestin. Nestin-positive
endothelial cells were often observed in mutual interactions
with nestin-positive cardiac muscle cells. These findings
document a crucial role of nestin in remodeling cytoskel-
eton of cells in the human postinfarcted myocardium.

Keywords Human heart - Nestin - Cardiac muscle cells -
Myocardium infarction - Myocardium regeneration

Abbreviation
PCNA proliferating cell nuclear antigen

Introduction

Intermediate filament protein nestin received its name
according to its high expression in neuroepithelial cells
(NEuroepithelial STem cell proteIN) [9]. However, nestin
expression is not limited to neural stem cells, but it can be
detected in other immature neural cells, undifferentiated
muscular tissue, newly formed endothelial cells [12, 14]
and few other cell types (reviewed in [13]). Nestin is
expressed temporarily in immature cells and in the course
of cell differentiation it is gradually replaced with another
intermediate filament; as a result terminally differentiated
cells do not express nestin. For example in nervous cells,
nestin is replaced with neurofilaments, in astrocytes with
GFAP (glial fibrillary acidic protein), in muscular elements
with desmin and in endothelial cells with vimentin. This
means that nestin expression is restricted to early develop-
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mental stages of few cell types and as the cells differentiate,
nestin levels are downregulated. For this property nestin
can be considered as a unique marker of undifferentiated
cells of a given lineage from differentiated elements.
Although nestin is absent in terminally differentiated cells,
it may be re-expressed in adult tissues under conditions
associated with production of new cells, e.g. during
physiological turnover, tumorigenesis or after repair of
tissues after injury or transplantation [14].

In the course of myogenesis, nestin is expressed in
immature muscle elements and as these differentiate it is
gradually replaced for vimentin and subsequently for desmin
[20]. In smooth muscle, for example in the wall of fetal
intestines, nestin is expressed in low levels. In the course of
neovascularization, nestin can be detected in myocytes of
arteries and veins. In the skeletal muscle, high levels of nestin
can be detected in the course of embryonic and fetal
development; nestin is expressed in myoblasts and myotubes.
In adulthood, skeletal muscle fibres almost do not contain
nestin with the exception of tiny sarcoplasmic areas associ-
ated with motor plate and myotendinous junctions [28].

Nestin expression in the course of cardiac muscle
development was reported by Kachinsky et al. [7]. The
authors gave evidence of transient nestin expression in
developing murine cardiomyocytes that lasted less than
2 days. After embryonic day 11, the signal disappeared
from the myocardium and was completely absent in the
foetal and adult mouse heart. In the adult rat heart, re-
expression of nestin was detected in the scar tissue that
formed after myocardial infarction induced by coronary
artery ligation [3]. The authors concluded that nestin was
expressed by neural stem cells that contributed to innerva-
tion of the scar. Analysis performed recently in mice
revealed nestin mRNA levels up-regulated shortly after
experimentally induced myocardial infarction [19]. Nestin
mRNA levels were also increased in tissue samples from 14
human patients with chronically failing hearts and in three
samples from acutely infarcted hearts [19].

Although the cardiac muscle had been long time
considered as incapable of regeneration due to high
specialisation of its cells, identification of cardiac muscle
stem cells [2, 11] confirmed that the adult myocardium may
be still capable of regeneration. Because undifferentiated
muscular progeny expresses nestin, we performed immu-
nohistochemical analysis of this intermediate filament
protein in samples of the myocardium taken from patients
who died at different intervals postinfarction. Using
antibody specific for human nestin, we studied nestin
expression in the myocardium of patients suffering from
ischemic heart disease and described morphological char-
acteristics and temporal changes in nestin distribution in
cardiac cells in time from the heart attack.
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Materials and methods

The tissue was obtained during necropsy in 25 patients who
died at different time periods after acute myocardial
infarction (age varied from 29 to 85 years, arithmetic mean
70.8 years). All these patients were diagnosed with
atherosclerotic disease II or III. For the other clinical data
see Table 1. Control tissue was obtained from seven
patients (aged from 27 to 41 years, mean 34.3 years) with
accidental death. The myocardial tissue was fixed in 10%
formalin for 7 days and then embedded in paraffin. One
slice in a series of parallel sections was stained with
haematoxylin and eosin; the neighbouring slices were
processed for immunohistochemistry.

Pseudoperoxidase activity in deparaffinized sections was
suppressed in solution of 3% H,O, in methanol. Revital-
isation of epitopes was performed by pretreatment in the
microwave oven [13]. After a thorough washing in phos-
phate-buffered solution (PBS) containing 5% Triton X-100
(Sigma), sections were incubated with a primary antibody at
4°C overnight. Nestin in the human tissue was identified
with monoclonal antibody 10C2 (Chemicon, UK). After
washing with PBS, sites where primary antibody bound to
nestin epitopes were visualized with a goat anti-mouse
biotinylated antibody, streptavidin conjugated to horseradish
peroxidase and diaminobenzidine (Sigma).

Sections were counterstained with the methyl green or
haematoxylin. To receive intense signal, some detections were
twice amplified with biotinylated tyramine and visualized
with streptavidin conjugated to fluorochrome Cy3 (Jackson
ImmunoResearch Laboratories). Detection of proliferating
cell nuclear antigen (PCNA) was performed is serial sections
using monoclonal antibody 5SA10 (Immunotech, France). Co-
expression of nestin with intermediate filament desmin in
cardiomyocytes was detected with rabbit polyclonal anti-
desmin antibody (Chemicon, UK), which was recognized
with goat anti-rabbit immunoglobulin conjugated to fluoro-
chrome Cy2 (Jackson Immunoresearch Laboratories). Sec-
tions processed with omission of the primary antibody were
used as controls. Nuclei were then counterstained with DAPI
and sections were mounted in polyvinylalcohol/glycerol with
DABCO; for light microscopy the sections were mounted in
DPX. Sections were examined in Olympus BX51 microscope
equipped with epifluorescence and DP-70 camera.

Results

The intact differentiated myocardium of adult people was
devoid of nestin immunoreactivity. However, in the
infarcted myocardium, nestin was re-expressed by many
cardiomyocytes as well as by endothelial cells (Table 1).
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Table 1 Patients’ characteristics

No. Gender Age Survival Localization Previous Hypertrophy Therapy, other diseases Nestin immunoreactivity
MI
1 M 80 18 h ™ 2 weeks LV, RV C, AC, ACVB 6 days, EC ++, CMC + (homogenous;
AAD, HTN subsarcolemmal)
2 M 80 10h SE - LV (mild) C, AAD EC-, faint signal in few CMC only
3 M 59 36h SE + LV, RV AC, D EC ++, CMC + (subsarcolemmal)
4 M 81 3 days TM:AS 2 weeks DIG, BB, AC, DM EC +, CMC ++ (mostly homogenous)
5 F 61 8 days TM:AS - LV, RV C, SM«xl1 EC ++, homogenous in small CMC ++
6 M 70 28 days SE - LV, RV ACEIL BB, ACVB EC ++, CMC + (faint, subsarcolemmal)
3 days,
7 F 80 36h TM:AL - LV AAD, SMual, PTCA EC +, CMC faint signal in few cells
3 days, HTN
8 M 80 7days TM 8 years LV D, BB, AC, DM, HTN  EC-, CMC ++ (homog; subsarcolemmal), I[C+
9 M 77 2 days TM:AS 3 years LV, RV C, AC, N, DM, HTN EC ++, CMC + (subsarcolemmal)
10 M 59 3days T™ - LV C, DM, CA sporadic small CMC + (homogenous)
11 F 76 10 days TM:IL 37 days LV, R C, AC, ACEI, BB EC £, CMC ++ (subsarcolemmal)
12 M 79 3h SE - LV C, D, HTN, DM, CA CMC + (homogenous, small groups)
13 F 70 10h TM:AL + LV C, AC, atropine, HTN  sporadic CMC +
14 M 63 8days TM,S - C, DM, haemodialysis ~ EC +, CMC ++ (subsarcolemmal;
homogenous)
15 M 56 5days TM:AS - LV, RV C, AAD, AC, PTCA EC ++, few CMC + (subsarcolemmal;
(5 days) homogenous)
16 F 75 24h SE - LV, RV C, ACVB (1 day), HTN EC-, CMC-
17 F 85 6days TM:AL + C, N, BB EC +, CMC + (homogenous)
18 F 29 S5days TM:AS - RV (mild) AC, AOE, DM, PTCA  EC +, few small CMC ++ (homogenous)
(5 days)
19 M 81 24h SE + LV, RV C, AC, BB EC ++, CMC (subsarcolemmal ++,
homogenous+)
20 M 68 8days SE 7 years ACVB (7 years), EC 4+, CMC ++ (subsarcolemmal), IC+
DM, HTN
21 M 75 3h ™ - LV, RV C, atropine, DM, HTN  no immunoreactivity
22 F 66 24h SE 10 days LV, RV C, ACVB (1 day) EC +, CMC ++ (homogenous)
23 F 84 3 days TM + LV (mild) TED, FNF few CMC + (subsarcolemmal; homogenous)
24 F 71 11 days TM: AS - LV, RV D, BB, ACEIL AC EC +, CMC + (subsarcolemmal;
homogenous)
25 M 66 3 days SE 2 years LV, RV C, AC, AAD, D, CMC + (subsarcolemmal;

few CMC homogenous)

Explanation and abbreviations: Survival: time from symptoms/diagnosis to death; Localization (of the infarction): 7M transmural, SE
subendocardial, 4S anteroseptal, 4L anterolateral, /L inferolateral, S septal; Previous MI (previous myocardial infarction in patient‘s history): +
indicates histopathological findings of previous MI (scar) without knowledge of time of previous MI in patient‘s history; Hypertrophy (of the
heart): LV left ventricle, RV right ventricle; Therapy, other diseases: 44D antiarrhythmic drugs, AC anticoagulants, ACEI ACE inhibitor, ACVB
aortocoronary venous bypass, AOE antioedematic drugs, BB beta blocker, C catecholamine, CA carcinoma, D digitalis, DM diabetes mellitus,
FNF fractured neck of femur, HTN hypertension, N nitrate, PTCA percutaneous coronary angioplasty, SMa/ sympatomimetic «1 drugs, 7TED
thromboembolic disease; Nestin immunoreactivity: £C endothelial cells, CMC cardiac muscle cells, /C interstitial cells.

Nestin" cardiomyocytes were found in frequent clusters in
vicinity to necrotic areas or in a small distance from them.
Each sample contained a different ratio of nestin™ and
nestin” cardiomyocytes. In early infarctions (approximately
10 h after heart attack), there were only few nestin®
cardiomyocytes, whereas by 4 to 5 days after infarction
there was an increase in the number of immunoreactive
cardiac cells and in lesions more than 1 week postinfarction
almost all cardiomyocytes neighbouring the scar areas were

nestin-positive. The largest amount of nestin” cardiomyo-
cytes was detected in the tissue obtained from patients
suffering from chronic ischemic disease.

Nestin levels as well as sarcoplasmic distribution of this
protein also differed between samples. The changes likely
corresponded to the time period from the onset of acute
infarction. Histological sections, taken from patients who
died after four to 5 days, contained small and intensively
stained cells with nestin homogenously distributed in their
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Fig. 1 Nestin-immunoreactive
cells in the infarcted human
myocardium. The largest nestin-
positive cells are represented by
cardiomyocytes (a—d). Few days
after infarction, nestin is homo-
geneously distributed in their
cell sarcoplasm. Nestin is
expressed in many but not in all
cardiac muscle cells (e.g. in b);
phase contrast (c) allows
visualization of all cells in the
microscopic field. Some of the
nestin® cardiomyocytes express
proliferating marker PCNA
(arrow in d and e) while the
others not. On the contrary, all
nestin' endothelial cells (arrows
in f) in angiogenic capillaries in
this tissue express PCNA
(corresponding PCNA™ cell nu-
clei indicated with arrows in g).
Scale bars indicate 40 um

sarcoplasm (Figs. la,b,d, and Fig.3a-b). After 10 days, in
most immunoreactive cells, signal was concentrated in one
to two subsarcolemmal foci and in the remaining sarco-
plasmic areas, nestin was downregulated (Figs. 2a—c) and
replaced with desmin (Figs. 2b, f). Quite frequently we also
observed cardiomyocytes containing nestin just in the
vicinity to the intercalated discs. Such nestin distribution
intensively visualized areas of intercalated discs between
coupled cardiomyocytes especially if nestin cardiac muscle
cell was connected with nestin cell (Figs. 2d,f).
Localization of the myocardial infarction had no effect on
intensity or distribution of immunoreactivity. In intramural
infarctions, nestin-immunoreactivity was often identified in
a tissue adjacent to the endocardium or pericardium. We
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observed nestin expression in all samples including the
tissues of elderly people (including eight patients who died
from myocardial infarction at the age from 80 to 85 years).
Cardiac muscle cells were not the only cells that
expressed nestin. Nestin was heavily expressed in blood
vessels, especially in capillaries (Figs. 3d—e). High levels of
nestin were observed in capillaries growing in the necrotic
tissue. The irregular endothelial cells at tips of such
capillaries had bizarre shapes sending tiny cytoplasmic
protrusions. Nestin® elements present in the infarcted
myocardium occupied distinct zones (Figs. 2e and 3c). In
the centre of the necrotic area (zone I), no nestin" cells were
observed. In the border area (zone II), numerous nestin"
capillaries grew into the necrotic tissue. In the next adjacent
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Fig. 2 Changes in nestin sarco-
plasmic distribution (a—d, f).
After 10 days from the onset of
the myocardial infarction, nestin
still remains in cardiac muscle
cells, but it does not occupy the
entire sarcoplasm but becomes
confined to some foci in the
peripheral sarcoplasm. Nestin-
negative areas contain interme-
diate filament desmin (green
signal in b and f, nestin is
visualized in red). In longitudi-
nal sections, nestin becomes
confined to areas of intercalated
discs (d, f). In d and f, nestin"
cardiomyocyte is coupled with
nestin-cardiomyocytes. In the
infarcted myocardium, nestin”
elements show characteristic
zonal arrangement (e). Necrotic
tissue in zone I is nestin . The
adjacent border zone (II) con-
tains nestin” capillaries that are
followed by the zone III, which
contains additionally nestin"
cardiomyocytes. Scale bars in-
dicate 20 um in a, b, d and

S0 uminc, e, f

zone (zone IIT), nestin® capillaries were found between
nestin cardiac muscle cells. Often nestin” endothelial cells
were in a close and intimate contact with nestin” cardiac
muscle cells, which indicated that active interaction between
these distinct nestin’ elements occurred in the zone III.
Rarely, few nestin® cells were encountered in the
interstitial tissue. Morphology of these cells differed from
cardiomyocytes and endothelial cells; they were usually
spindle-shaped with elongated cellular processes (Fig. 3f).
To identify whether appearance of nestin in the cell
cytoplasm is associated with cell proliferation a double
immunostaining was performed to recognize which nestin®
cells co-expressed PCNA. Anti-PCNA immunohistochemistry
stained most cells in the granulation tissue including infiltrat-
ing elements. Immunostaining of capillaries was distinct in
areas of the regenerating myocardium where the connective
tissue was reduced. In blood capillaries, nestin® endothelial

cells co-expressed a proliferating marker PCNA in their nuclei
(Figs. 1f-g). As opposed to endothelial cells, only a low
portion of cardiomyocytes expressed PCNA; nevertheless,
most PCNA" cardiomyocytes expressed nestin (Figs. 1d—e).

Discussion

We provide evidence on nestin expression in cardiac
muscle in patients who died from myocardial infarction.
The cells that expressed nestin positivity included cardio-
myocytes, endothelial cells and few other cell types.
Cardiac muscle cells of patients after heart attack expressed
high levels of nestin, whereas in the intact adult myocar-
dium nestin was not expressed.

During development, nestin is transiently expressed in
the embryonic cardiac muscle cells. In the course of cardiac
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Fig. 3 Nestin expression in dis-
tinct cell types of the infarcted
myocardium. Few days after
myocardial infarction, nestin is
re-expressed in cardiac muscle
cells; the specific signal is
homogenously distributed
throughout the sarcoplasm

(a, b). Nestin™ cardiomyocytes
and endothelial cells are distrib-
uted in three characteristic zones
(¢). In the infarction border
zone, nestin is also expressed in
endothelial cells of angiogenic
capillaries (d, e). On occasions,
nestin appears also in interstitial
cells that differ from endothelia
and cardiomyocytes in their
morphology and location (f).
Scale bars indicate 40 pm

myogenesis in mice, nestin was detected in atrial and
ventricular cells throughout the heart from embryonic day 9
(ED9) and its expression lasted until ED10.5 [7]. From
EDI11 to adulthood, nestin was absent from cardiac
myocytes. These data are in concordance with our
unpublished results of nestin expression in the rat and
human embryonic myocardium.

Despite the dogma that the myocardium is incapable of
reparation, it has been recently evidenced that the heart is
also capable of regeneration. In the intact adult cardiac
muscle, proliferation of cardiomyocytes occurs at low
frequency, which increases more than 50 times in response
to acute ischemic injury [1]. Recent identification of
multipotent cardiac stem cells [2, 11] confirms that the
myocardium has its own reservoir of endogenous tissue-
specific stem cells, which are able to produce the major
structural components of the heart tissue including cardiac
muscle, endothelial and smooth muscle cells (the latter
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participate in the formation of blood vessels). The stem
cells are activated after ischemic injury [27]. Thus, new
cardiomyocytes can be generated directly by cardiac tissue-
specific stem cells.

Another source for production of cardiac myocytes can
be also represented by neural crest stem cells because their
derivates during development contribute to generation of
the myocardium and cardiomyocytes [26]. Usually cardio-
myocytes are considered to be derived from the mesenchymal
stem cells. In adulthood, mesenchymal stem cells can be
isolated from the bone marrow as bone marrow stromal stem
cells or as multipotent adult progenitor cells [16, 18]. It may
be hypothesized that similar stem cells could be also
identified in other tissues derived from the mesenchyma.
Bone marrow stem cells have enormous plasticity and after
transplantation of bone marrow cells in chick embryonic
heart, the grafted cells can be converted in cardiomyocytes
[4]. Even after intracoronary or intramyocardial transplanta-
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tion these stem cells participate in regeneration of the
infarcted myocardium in mice and human patients [15, 24,
29] although results of some other authors do not confirm
effective participation of the transplanted bone marrow cells
in the repair of the infarcted heart tissue [8, 19].
Nevertheless, even cultured bone marrow mesenchymal
stem cells, according to our unpublished data and those of
others, can express nestin. Some authors consider nestin as a
marker of stem cells. Although nestin is expressed in neural
stem cells [5] and few other types of stem cells, it is not
found in all stem cell types, e.g. it is absent in embryonic
and haemopoietic stem cells. Nevertheless, our finding of
nestin immunoreactivity in slim [17] elements with tiny
elongated cytoplasmic processes (Fig. 3f) could indicate
recruitment of at least few mesenchymal (stem) cells in
reparative heart processes in response to ischemic damage.
The findings of widespread nestin expression in the
human infarcted myocardium described in this study might
indicate that nestin reappearance in the adult myocardium
subjected to ischemia is likely associated with regenerative
processes and possibly with generation of new cells. This
hypothesis is supported with the following findings:

1. First, the formation of new blood vessels is a prerequisite
for nutrition of the healing tissue. Expression of nestin
was regularly observed in angiogenic capillaries found
most abundantly at the border zone. Some capillaries
were observed at the edges of the necrotic tissue, while
the others grew among surviving cardiac muscle cells.
Endothelial cells in these capillaries expressed high
levels of nestin and co-expressed PCNA in their nuclei,
which confirmed that these cells were newly formed.
Nestin upregulation was well documented, e.g. in
dividing neuroepithelial and endothelial cells [5].
Nestin" endothelial cells at tips of growing capillaries
had bizarre shapes with irregular tiny processes.
Nestin' endothelial cells found between living cardiac
muscle cells were often observed in a close interaction
with cardiac muscle cells, which might indicate that
cell-to-cell interactions help to promote cardiomyocyte
survival. Similar interactions accompanied by secretion
of trophic factors released by endothelial cells have
been documented to play an important role in hepato-
genesis and neurogenesis [10, 21].

2. Second, it is absence of nestin in the intact myocardium
of healthy adult people and its upregulation in few days
following ischemic heart failure.

3. Third, it is the intensity of nestin immunoreactivity and
characteristic pattern of its temporal and spatial
distribution in the sarcoplasm of cardiomyocytes. In
early time points after heart attack, there appear only
few nestin® cardiac muscle cells and nestin is homoge-

neously distributed over their sarcoplasm. After 4 to
7 days, more nestin’ cardiomyocytes appear and
subsequently nestin is distributed to certain compart-
ments of their sarcoplasm. After approximately 10 days
from myocardial infarction, nestin is confined to small
foci of subsarcolemmal cytoplasm and to intercalated
discs. This pattern of changes in sarcoplasmic distribu-
tion corresponds to pattern observed in developing and
regenerating skeletal muscle fibres [28] where first the
entire sarcoplasm is filled with nestin intermediate
filaments and finally after nestin levels are down-
regulated; it is confined to the areas of myotendinous
junctions and motor end plate, while in the remaining
sarcoplasm nestin was lost.

4. Finally, we observed nestin immunoreactivity in cardiac
muscle cells that co-expressed PCNA in their nuclei.
Most (but not all) nestin” cardiac muscle cells were
PCNA"™ because in the infarcted myocardium PCNA
was expressed only in a low portion of cardiomyocytes.
However, PCNA" cardiomyocytes co-expressed nestin,
which may be consistent with findings on rare mitotic
divisions observed in cardiomyocytes described earlier
by Beltrami [1].

Scobioala et al. [19] who observed upregulation of nestin
mRNA levels in the infarcted hearts performed a proteomic
analysis of tissue samples obtained from mouse model of
myocardial infarction. They found that nestin was co-
expressed with the stem cell markers c-kit, Sca-1, Mdr-1,
and ABCG2 in small interstitial cells and concluded that
enhanced nestin expression might reflect regenerative
processes in the injured heart. Our observation of nestin-
immunoreactivity in newly formed (i.e. PCNA™) endothelial
cells is in agreement with the conclusion of Scobioala et al.
that nestin expression reflects regenerative processes in the
heart. Therefore nestin can be considered as a useful marker
of regenerative processes in the myocardium. On the
contrary, only a small number of nestin” cardiomyocytes
in our study was found to co-express proliferative marker
PCNA, which indicated that most nestin” cardiomyocytes
were not newly generated.

We hypothesize that nestin expression in such cells is
associated with the reorganization of the cytoskeleton in the
cardiomyocytes subjected to ischemic injury and/or dy-
namic changes after myocardial infarction. Ventricular
cardiomyocytes that are preserved and remain functional
after myocardial infarction must compensate the loss in
myocardial necrotic tissue to maintain vital circulation. The
permanent loss of the necrotic heart tissue results in
haemodynamic overload of the functional cardiomyocytes,
which is followed by morphological changes. Cytoskeletal
alterations that occur in cardiomyocytes in coronary artery
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disease, dilated cardiomyopathy or pressure-overload hy-
pertrophy include an increase in content, density and
distribution of desmin, vimentin and other cytoskeleton
components [6, 22, 25]. It is likely that after increased
functional demands in the postinfarcted heart, nestin
participates in rebuilding cardiomyocyte cytoskeleton in
proportion to new dynamic changes, but it forms hetero-
dimers and heterotetramers with other intermediate fila-
ments that makes the intermediate filament network less
stable [23].

This leads to the fragmentation and disassembly of the
original filamentous cytoskeleton components allowing
cardiomyocyte remodelling proportionate to changed hae-
modynamic loads. Thus in addition to being a marker of
regenerative events, nestin may be considered as a
morphological correlate for the dynamical changes that
occur in the structure of affected cardiomyocytes.

Myocardial biopsies have proved useful in exploring
cytoskeletal alterations in cardiac diseases. Future studies
focused on nestin participation in cytoskeleton remodelling
of cardiomyocytes might greatly benefit by this approach
and bring new data on nestin temporal and topographical
localization in the infarcted heart.

Taken together, our data on widespread expression of
nestin that occurs in the human myocardium after the
myocardial infarction support the idea that this intermediate
filament is one of the key structural proteins involved in the
cellular processes associated with the repair of the
myocardium. Nestin is re-expressed in cardiomyocytes,
endothelium of angiogenic capillaries and few other cell
types. In cardiac muscle cells subjected to ischemic injury,
nestin transient re-expression shows characteristic spatial
and temporal distribution. Similar pattern of nestin expres-
sion in cardiomyocytes was observed in specimens
obtained both from young and elderly patients, which
confirms the uniform adaptation of cells to the myocardial
injury throughout the entire lifespan. According to our
results, nestin can be considered as a useful marker for
analysis of changes that occur in the infarcted heart.
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Abstract Paraffin tissue microarrays (PTMAs) are blocks
of paraffin containing up to 1,000 paraffin tissue core
biopsies (PTCBs). The growing number of publications in
recent years bears eloquent witness to the advantages of
these PTMAs in high-throughput molecular profiling of
tumor specimens. In order to conserve the often minute
quantities of available tumor tissue with precisely recorded
follow-up data and to store the greatest possible number of
PTCBs in one block, researchers often try to reduce PTCBs
to the smallest possible diameter. Until now, the smallest
feasible diameter for PTCBs was 0.6 mm. Experiments
with diameters below 0.6 mm have failed due to the
instability of the paraffin tissue punch. The process
described allows the construction of PTMAs with PTCBs
only 0.43 mm in diameter utilizing simple, inexpensive,
self-made paraffin tissue punches and predrilled recipient
blocks.

Keywords Pathology - Methods - Histologic techniques -
Tissue microarrays - Paraffin tissue core biopsies

Introduction

Paraffin tissue microarrays (PTMAs) are blocks of paraffin
containing up to 1,000 paraffin tissue core biopsies
(PTCBs) [1]. The growing number of publications in recent
years and the large array of commercially available PTMAs
bear eloquent witness to the advantages of these PTMAs in
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high-throughput molecular profiling of tumor specimens
and on-slide controls for immunohistochemistry [1, 3]. In
order to conserve the often minute quantities of available
tumor tissue with precisely recorded follow-up data and to
store the greatest possible number of PTCBs in one block,
researchers often try to reduce PTCBs to the smallest
possible diameter. Until now, the smallest feasible diameter
for PTCBs was 0.6 mm. Experiments with diameters below
0.6 mm have failed due to the instability of the paraffin
tissue punch (“broken needles 0.4 mm in diameter”,
personal communication Prof. Sauter, Hamburg). To
increase the density of PTCBs in a single PTMA and as a
result increase the efficiency of PTMAs, paraffin tissue
punches with 0.43 mm in diameter were tested.

Material and methods

To construct a PTMA one basically requires a paraffin
tissue punch and a recipient paraffin block with holes to
accommodate the PTCBs. As described by Wan et al. [8§],
we manufactured the paraffin tissue punches using ordinary
hypodermic needles of different diameters. Briefly, hypo-
dermic needles (black needle: 22G, 0.70 mm outer
diameterx30 mm length; inner diameter, approximately
0.43 mm; Sterican, B. Braun Melsungen AG, Melsungen,
Germany) were shortened to a length of 2 cm and
sharpened using a drill grinder (Micromot 50/E, Proxxon,
Niersbach, Germany; cost, $50) fitted with a cutting disc
(Fig. 1a). In order to push the punched PTCBs out of the
needles, stylets were constructed out of hypodermic needles
with an outer diameter corresponding to the inner diameter
of the needle punches described above (white needle: 27G;
0.40 mm outer diameterx20 mm length, Sterican, B. Braun
Melsungen AG, Melsungen, Germany) (Fig. 1a). The holes
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in the paraffin receptor block were drilled using an ordinary
microcompound table and a drill grinder or a computer
numerical control (CNC) drilling machine as described in
earlier papers [6, 7]. Briefly, an ordinary paraffin block with
a plastic cassette was fixed in a small water bath milled out
of a block of polyvinyl chloride. This water bath was placed
on a microcompound table (K70, Proxxon, Niersbach,
Germany; cost, $85) in a drill stand (MB140/S, Proxxon,
Niersbach, Germany; cost, $50) (Fig. 1b). A drill grinder was
fitted with a 0.43-mm-diameter drill bit to bore the holes
(HSS, DIN 338, RW, Giihring oHG, Albstadt, Germany).
By turning the wheels of the microcompound table in 0.7-
mm steps, a regular pattern was produced with 0.27 mm
between each 0.43-mm-diameter hole. The temperature of
the water bath was maintained at 15-20°C. Alternatively,
the water bath with the paraffin block was put on the x—y

Fig. 1 a-g Construction of paraffin tissue microarrays (PTMAs) with
paraffin tissue core biopsies (PTCBs) 0.43 mm in diameter. a
Construction of paraffin tissue punches out of conventional hypoder-
mic needles with a drill grinder fitted with a cutting disc (insef).
Paraffin tissue punch (black; 22 G; outer diameter, 0.7 mm; inner
diameter, 0.43 mm) and stylet (white; 27G; outer diameter, 0.4 mm)
after shortening and sharpening. b Drilling of the holes of the PTMA
with a drill grinder in a drill stand on an ordinary microcompound
table. The plastic cassette is fixed in a water bath to cool the drill
(distilled water, 15-20°C). ¢ Manual transfer of the PTCBs from the
donor blocks to the predrilled recipient block with a self-made paraffin
tissue punch. Recipient block: 100 holes; 0.43 mm in diameter;
distance between holes, 0.27 mm. Caution: Stylet must be withdrawn
several millimeters before punching the tissue. The length of the
PTCBs did not depend on the diameter of the tissue punch but on the

@ Springer

stage of a CNC drilling machine (Maho MH400E, Deckel-
Maho-Gildemeister, Bielefeld, Germany) to create the
holes in the recipient block. To obtain the PTCBs the
operator punched PTCBs out of the donor blocks holding
the stylet withdrawn a few millimeters. These PTCBs were
then manually transferred to the predrilled recipient block
by plunging the stylet down (Fig. 1c). This procedure was
facilitated by the use of a magnifying glass and lamp for
proper illumination of the recipient block. A cold light
source was used so the paraffin of the recipient block
would not be softened by the heat of the lamp. Once all of
the holes were filled, the recipient block was pressed
against a flat surface such as a glass slide to push the
PTCBs deeper into the holes and to even out the surface of
the PTMA, since individual PTCBs may look out above
the surface of the paraffin block. As an optional,

w2 %

thickness of the tissue in the donor block (inset: PTCBs 0.43 mm,
0.6 mm and 1.0 mm in diameter; from left to right). d PTMA with
1363 PTCBs of 0.43 mm in diameter. e Correspondent H- and E-
stained section of the PTMA comprising 1,363 PTCBs (d). PTCBs
displaying a weak staining consist of lung tissue and cell block
material. f PTMA with 100 PTCBs 0.43 mm in diameter. PTMA with
100 PTCBs 0.43 mm in diameter after cutting (lower leff). Section
stained with H and E (upper left). Section stained with anti-HER2
(DAB, breast carcinoma, 100x) (upper right). Double staining of the
PTMA section: Immunofluorescence (membranous green staining,
FITC-anti-HER2) and fluorescence in situ hybridization (red nuclear
signals, amplification of the HER2 gene; DAPI: nuclear counterstain,
1,000%) (bottom right). g Eight sections of a PTMA with 100 PTCBs
on a single slide with a total of 800 PTCBs
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additional step the PTMA was placed into an oven for
15 min or longer at a temperature of 50°C in order to make
the paraffins of the recipient block and the PTCBs sticky.
The purpose of this extra step was to improve the contact
between the paraffins in order to prevent the PTCBs from
curling up after sectioning. The PTMA was then slowly
cooled to prevent the formation of cracks in the paraffin.
Subsequent cutting and staining followed routine protocols for
paraffin blocks. To validate the technique PTMAs were
constructed utilizing 1.0-mm, 0.6-mm, and 0.43-mm-diameter
PTCBs of synovial sarcomas, endocrine tumors, and renal cell
carcinomas. Furthermore, some PTMAs contained PTCBs of
different tissues like breast carcinomas. The PTMAs held up
to 1,363 PTCBs each. Sections of these PTMAs were stained
immunohistochemically and by immunofluorescence (e.g.,
anti-calretinin, anti-CD10, anti-chromogranin (all with heat-
induced antigen retrieval)) and by fluorescence in situ
hybridization (e.g., HER2 (PathVysion, Abbott-Vysis)).

Results

As shown in Fig. 1d and e, it is possible to construct
PTMAs with up to 1,363 PTCBs 0.43 mm in diameter
using a standard paraffin block (3,7%2,3 cm; distance of the
PTCBs, 0.27 mm). With the method described I did not
encounter any of the problems with breaking paraffin tissue
punches that were reported in earlier trials. If the donor
tissue was well fixed and paraffinized there was also no
problem with the stability of the PTCBs. The length of the
PTCBs did not depend on the diameter of the tissue punch,
but on the thickness of the tissue in the donor block
(Fig. 1c, inset). Until now, about 3,000 PTCBs could be
punched with the home-made tissue punch from the donor
blocks without breakage of the punch. No stitch injuries
occurred at punching and transferring the PTCBs to the
holes of the recipient block. The use of a magnifying glass
and good illumination facilitated the filling of the holes of
the recipient block so that no holes were skipped. The
PTMA with 1,363 PTCBs of 0.43 mm in diameter was
constructed within about 6 h. The smaller PTMAs with
about 100 PTCBs did not show any difference in the
construction time between the PTCBs 1.0, 0.6, and
0.43 mm in diameter. I did find that when the room
temperature exceeded 20-22°C in my nonairconditioned
laboratory during the summer months, the paraffin of the
recipient block and the PTCBs became soft, making it
difficult to fill the PTMAs. The curling of sectioned PTCBs
could be largely prevented by cutting thin sections
(2-5 pm). Although the individual PTCBs had a small
diameter, a sufficient number of cells (>60 cells) were
present to be evaluated after staining (Fig. 1f). Routine
staining, immunohistochemistry, and fluorescence in situ

hybridization could be performed using standard proce-
dures (Fig. 1f). The number of noninformative cores
differed only minimally (0—4 cores per immunohistochemi-
cally stained section) between the PTMAs made of PTCBs
0.43 mm in diameter and those constructed with PTCBs
0.6 mm and 1.0 mm in diameter.

Discussion

In 1998 Kononen et al. demanded smaller PTCBs to
provide a much higher density of specimens per PTMA
[1]. Rimm et al. reported on new needles, which were under
development that may allow as many as 2,000 or more
spots per slide [4]. Until now, however, it was not possible
to produce PTCBs with diameters smaller than 0.6 mm.
Paraffin punches with smaller diameters were not stable
enough to punch PTCBs without breaking (“broken needles
0.4 mm in diameter”, personal communication, Prof.
Sauter, Hamburg). These unsuccessful experiments were
performed using punches provided with the manual tissue
puncher/arrayer from Beecher Instruments (Beecher Instru-
ments, Sun Prairie, WI, USA). My punches were made of
ordinary hypodermic needles, as described by Wan et al. [8]
and Rodrigues Cordovil Pires et al. [S]. I suspect that they
had slightly thicker walls than the Beecher punches,
providing the decisive plus in stability especially for tissues
with a high consistency such as myometrium or densely
packed fibrous tissue. By reducing the diameter of the
PTCBs, I was able to achieve a higher density of specimens
in a PTMA, packing up to 1,363 PTCBs in a standard
paraffin block (3,7%2,3 cm) (Fig. 1d, e) or 100 PTCBs
within an area less than 1 cm?® (Fig. 1f). This density might
even be increased by reducing the distance between the
PTCBs when using a machine (e.g., Beecher tissue arrayer,
Alphelys tissue arrayer) to construct the PTMA. This higher
density made it possible to construct small PTMAs of
approximately 100 PTCBs and arrange six to eight small
PTMAs (e.g., with different subsets of tumors) for a
particular stain on a single slide thereby enhancing the
flexibility of the PTMA technique (Fig. 1g). Moreover,
smaller PTMAs can reduce sectioning artifacts such as the
splitting of sections on the hot water bath. There should be
no difference in the number of sections which can be cut
from a PTMA filled with PTCBs 0.43 mm, 0.6 mm, or
1.0 mm in diameter because the length of the PTCBs
depends on the thickness of the tissue in the donor block
and not on the diameter of the tissue punch (Fig. lc, inset).
Despite their small diameter, these PTCBs generally still
contained a sufficient number of cells (>60 cells) for proper
evaluation (Fig. 1f). Furthermore, by taking up to three
PTCBs per case, | very rarely found that I had insufficient
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tissue for interpretation after staining. According to some
guidelines for the evaluation of stainings approved by the
Food and Drug Administration (FDA) of the United States
of America, 60 cells seem to be sufficient (e.g., PathVysion
kit, Abbott-Vysis). Moreover, LeBaron stated that about
200 cells are adequate for some cell evaluations [2].
Concerning the representativity of the 0.43 mm diameter
PTCBs for the whole tumor, as is the case for all PTMAs,
this technique is only suited for the evaluation of antigens
or genome sequences which will be found in the majority of
the cells evaluated (e.g., E-cadherin, synaptophysin).
Moreover, the greatest benefit of this technique will be
achieved with densely packed cells of interest such as
endocrine tumors or renal cell carcinomas.

In summary, it is possible to construct PTMAs with
PTCBs as small as 0.43 mm in diameter. Up to 1,363
PTCBs can be installed in a standard size paraffin block
(3,7%2,3 cm).

Densely packed, small PTMAs provide increased flexibility
by making it possible to position multiple PTMAs with
different subsets of tumors (about 800 PTCBs in all) on a
single slide.
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Abstract Neuroblastoma (NB) is a pediatric neoplasia that
shows complex combinations of acquired genetic aberra-
tions. The specific genes and the molecular mechanisms
responsible for development and progression of NB remain
poorly understood. Our main objective is to compare the
results obtained with different techniques for the detection
of genomic data in 20 patients with NB using the
information obtained to select the appropriate technique in
routine analysis for the therapeutic stratification. The
genetic methods used in this study are multiprobe fluores-
cence in situ hybridization (FISH) assay, metaphasic
comparative genomic hybridization (mCGH), array com-
parative genomic hybridization (aCGH), and the multiplex
ligation-dependent probe amplification (MLPA). Genomic
copy number abnormalities were used to group the cases in
four categories: MYCN amplification cases; 11q deletion
tumors; cases with partial chromosome gains or losses and
samples with entire chromosome alterations. The data
obtained from the multigenomic techniques showed a high
degree of concordance and our findings support the
hypothesis that NB consists of biologically distinct sub-
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groups that differ by genetic characteristics of prognostic
relevance. FISH will be essential for the mandatory study
of MYCN status. The use of MLPA as routine technique is
an advantage procedure for detecting the implication of the
common genetic alterations in NB.

Keywords Neuroblastoma - FISH - mCGH - aCGH - MLPA

Introduction

Neuroblastoma (NB) is an embryonal solid tumor of
childhood believed to originate from immature neural crest
cells committed to the adrenal medulla and sympathetic
nervous system [23, 39]. NB is the most frequent
extracranial pediatric solid tumor [10]. The neoplastic
disease has a variable clinical course, ranging from
spontaneous regression to malignant progression [3, 17].
The prediction of prognosis is one of the most urgent
demands before initiating the treatment of NB. The
International Neuroblastoma Staging System currently
stratifies patients into low-, intermediate-, or high-risk
categories based upon well-defined prognostic factors
[11]. These included age, stage, histopathology, and status
of MYCN oncogene [7, 12, 29, 48]. A new and uniform
International Neuroblastoma Risk Group classification
system and strategies for risk-based therapies are now
being developed [33].

One of the biological hallmarks of NB is its complex
genetic heterogeneity; several recurrent genetic alterations
have been identified. Indicators of poor prognosis include
diploidy or tetraploidy [30, 31], MYCN amplification [21,
46], deletion of 1p [21, 22], and gain of 17q [9, 13]. In
addition, different losses of heterozygosity have been
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reported for other chromosomal regions in NB as 2q, 3p,
4p, 9p, 11q, 14q, and 18q [4, 8, 14, 53—57]. Some of these
abnormalities such as 11q deletion are powerful prognostic
markers independent of the clinical features [4, 50]. Despite
the evident clinical relevance of these genomic aberrations,
no definitive NB suppressor gene has been identified.

To date, many different methods have been used for the
detection of deletions and gains including chromosome
analysis [5, 19, 36, 52], Southern blot [41], fluorescence in
situ hybridization (FISH) [49, 59], metaphasic comparative
genomic hybridization (mCGH) [29, 38, 43], and real-time
quantitative polymerase chain reaction (PCR) [6]. However,
these methods have some limitations. Conventional cyto-
genetic analysis is only sporadically successful; PCR-based
methodologies for the detection of loss of heterozygosity
are extremely sensitive to the amount of normal DNA
contaminating the tumor sample, a problem inherent in any
human cancer molecular diagnostic setting; Southern blot
suffers from the disadvantages of a 1-2-week turnaround
time and a requirement for relatively large quantities of
DNA (5-10 pg); FISH is expensive, time-consuming, and
difficult to implement as multiplex assays; mGCH does not
recognize a situation in which loss of one allele is followed
by duplication of another. More recently, array CGH
(aCGH) has been applied in order to detect genomic
alterations in NB [16, 20, 42, 47]. This method improves
the resolution and sensitivity of mCGHj it is a very robust
technique for the detection of cryptic chromosome rear-
rangements but it is labor intensive and requires expensive
equipment. Multiplex ligation-dependent probe amplifica-
tion (MLPA) is a new and fast method. The technique was
first described in 2002 [45] and different studies have been
published, the majority using commercial MLPA assays to
detect gene deletions and duplications in different disorders
[1, 25, 27, 28, 35]. This method identifies the target
sequence by hybridization of two adjacent probes that are
joined by ligation reaction. After denaturation, the target
sequences are amplified by PCR using a unique primer pair
that matches the linkers attached to each probe. Only
probes that hybridize to the target sequence have been
ligated and can be amplified by the PCR reaction. After size
separation by capillary gel electrophoresis, the amplifica-
tion products can be analyzed. The peak area of each
amplification product reflects the relative copy number of
that target sequence, enabling the detection of chromosome
alterations. The introduction of the MLPA technique in the
study of genomic copy number abnormalities in 54 primary
NB tumors was presented by Elliott et al. [24]. The
advantage of the mCGH and aCGH techniques is to obtain
a pangenomic profile; using FISH and MLPA techniques is
only possible to study just semigenomic profiles; FISH needs
to choose the adequate probes in order to detect if the
concrete alterations and MLPA with these specific kits
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covers the ten chromosomal regions of highest interest in
NB.

The main objective is to use different genomic techniques
(FISH, mCGH, aCGH, and MLPA) to detect chromosomal
and gene alterations in 20 patients with NB, the information
obtained allows us to select the appropriate technique in
routine analysis for the therapeutic stratification. In this
study, the genetic results obtained by aCGH or MLPA have
allowed us to group the tumors in four different categories.
The genetic data obtained confirmed the importance of use
of these techniques to elucidate the heterogeneous genetic
profile of NB for the therapeutic stratification.

Materials and methods
Patient samples and tissue processing

Samples and DNA were referred to the Spanish Reference
Center for NB biological and Pathological Studies and to the
Spanish Institute of Biomedical Investigations Higher Council
for Scientific Research-Autonomous University of Madrid.
Table 1 gives an overview of clinical data on all cases.
Tumour samples were obtained at the time of diagnosis by
needle core or surgical biopsy. Touch preparations and paraffin
slides were stained with hematoxylin and eosin and examined
by the pathologist to evaluate the amount of neuroblastic cells
and histopathologic categorized following International Neu-
roblastoma Pathology Classification. Touch preparations were
used for FISH. Tumors included for subsequent DNA
extraction had a minimum of 50% of neuroblastic cells.
DNA was extracted using a phenol-chloroform—isoamyl
alcohol extraction after proteinase K treatment.

FISH and Southern blot analysis

MYCN copy number and 1p deletion were investigated with
commercial probes (MYCN (2p24)/LAF (2ql1) and 1p36
(D1Z2)/SE 1 cocktail probes dual color direct labeled—
Kreatech, Biotechnology, Amsterdam, The Netherlands).
Both probes were applied and hybridized according to the
manufacturer’s instructions. The results were captured using
a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss AG,
Oberkochen, Germany). Initially, the status of MYCN was
analyzed by FISH in all cases except for three tumors (NB-6,
NB-7, and NB-17) where Southern blot was used as the
diagnostic technique. Detection of MYCN status by Southern
blot analysis was done according to standard procedures.

mCGH

Fourteen cases were analyzed by mCGH. The technique
was applied using a nick translation labeling kit, Spectrum
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Table 1 Clinical data of the 20 neuroblastoma samples used in the study

Tumour Age at diagnosis® Histology Stage® Metastasis at diagnosis Alive—died
NB-1 23 NB PD 4 Yes 0
NB-2 78 NB PD 4 Yes 0
NB-3 40 NB 4 Yes 1
NB-4 37 NB 4 Yes 0
NB-5 107 NB PD 4 Yes 1
NB-6 18 NB 3 No 0
NB-7 4 NB 4 Yes 1
NB-8 32 NB NOS 4 Yes 1
NB-9 62 NB PD 4 Yes n/a
NB-10 42 NB PD 4 Yes 0
NB-11 44 NB 4 Yes 0
NB-12 10 NB PD 4 Yes 0
NB-13 1 NB NOS 4s Yes 0
NB-14 13 NB NOS 1 No 0
NB-15 3 NB PD 1 No 0
NB-16 51 NB NOS 1 No 0
NB-17 25 GNB 2 No 0
NB-18 0.25 NB NOS 4s Yes 0
NB-19 66 NB PD 2 No 0
NB-20 4 NB PD 1 No 0

NB Neuroblastoma, GNB ganglioneuroblastoma, PD poorly differentiated, NOS not otherwise, 0 alive, / died, n/a not available

#Months
® According to the International Neuroblastoma Staging System

Green deoxyuridine triphosphate, CGH control slides, Cot-
1 DNA, and Spectrum Red DNA control (Vysis Inc.,
Downers Grove, IL, USA) and following the manufac-
turer’s instructions. Hybridized metaphases were captured
using a Zeiss Axioplan 2 fluorescent microscope and
analyzed with Isis software (MetaSystem, Belmont, MA,
USA). Regions with a ratio profile that exceeded the limits
of 1.20 to 0.8 were defined as those with copy number
gains and losses, respectively.

aCGH

All samples were studied using the pangenomic aCGH
technique. A bacterial artificial chromosome (BAC) arrays
platform was used corresponding to a genomic library 1 Mb
Sanger, on Codelink (Amersham, Piscataway, NJ, USA)
glasses. The BACs were extracted and amplified by
degenerate oligonucleotide and amino-linking PCR. The
deposition on the glass was made in triplicate with a
Microgrid II robot (Genomic Solutions, Cambridgeshire,
UK). The DNA was marked with a homemade kit of
Random Priming: CyS5 for the DNA tumor and Cy3 for the
control DNA (pool of 40 healthy individuals; Amersham,
Piscataway, NJ, USA). The hybridization was made during
48 h at 42°C. The samples were captured with an Axon
4000b scanner and analyzed with GenePrix software
(Axon, Union City USA). The bioconductor package (R,

CRAN) snapCGH was used with algorithms for the
analysis and segmentation of the data (Circular Binary
Segmentation algorithm).

MLPA

For this multigenomic technique, a specifically designed set
of probes was used to test for chromosomal abnormalities
in NB, SALSA MLPA Kit P251/P252/P253 (MRC-
Holland, Amsterdam, The Netherlands) and was performed
in all 20 patients. The P251 probe mix contains 38 probes
for chromosomes 1, 3, and 11; P252 probe mix contains 36
probes for chromosomes 2 and 17; P253 probe mix
contains 32 probes for chromosomes 4, 7, 9, 12, and 14.
Each of these three probe mixes contains five control
fragments in chromosomal regions rarely altered in NB.
MLPA was performed as described by the manufacturer
with minor modifications. The ligation products were
amplified by PCR using the common primer set with the
6-FAM label distributed by the supplier. NB in which the
MYCN gene has been amplified can result in MLPA sample
pictures displaying enormous MYCN peaks, while other
probe signals are barely visible. To prevent missing any
additional mutations, it is important to analyze the other
probe signals as well. For this reason, MYCN silencer
solution is used. This solution binds to the complete
hybridizing sequence and part of the primer sequence of
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the MYCN probes, thereby preventing the probes amplifi-
cation during the PCR reaction. The other probes can now
be easily detected and analyzed. Fragments were separated
and quantified by electrophoresis on an ABI Prism 310
capillary sequencer and Genemapper analysis (Applied
Biosystems). In each set of MLPA experiments, we
included at least three normal control DNA samples for
data processing. Reference DNAs were isolated from blood
of healthy volunteers. Data analysis was performed with
Coffalyser MLPA-DAT software (MRC-Holland, Amster-
dam, The Netherlands) generating the normalized peak
value or the so-called probe ratio. The threshold to detect
losses and gains in tumor samples was set at 0.75 and 1.25,
respectively.

Results

The results obtained with the different genetic techniques
are summarized in Fig. 1. The genetic alterations allowed
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we included the cases with MYCN amplification (8/20; NB-
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group was formed with tumors with partial chromosome
gains or losses (4/20; NB-13 to NB-16); samples with
entire chromosome gains or losses were included in the
fourth group (4/20; NB-17 to NB-20).

In the first group of tumors, eight cases, the amplifica-
tion of MYCN was associated with the following alter-
ations: (a) other gains of 2p were present in five samples
detected by aCGH; (b) loss of 1p was observed in the eight
tumors with at least one technique. In the case of NB-4,
there was a discordance between the results obtained with
MLPA and the other techniques; (c) 17q gain was present in
87.5% of the cases; (d) other segmental imbalances, such as
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Fig. 1 Genetic alterations detected with the different genetic
techniques. FISH fluorescence in situ hybridization, mCGH metapha-
sic comparative genomic hybridization; aCGH array comparative
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Fig. 2 Results obtained by

the different techniques in NB-2.
a, b FISH analysis: a MYCN
(2p24) red/LAF (2ql1) green.
MYCN amplification: over
fourfold increase of the MYCN
signal number in relation to the
number of control LAF signal.
b 1p36 (D1Z2) red/SE 1 green.
1p36 deletion: only one signal
for 1p36 present. ¢ mCGH
results: losses are indicated

by a bar in red and gains by a c
bar in green. d, e MLPA results:

d MYCN gene has been ampli-

fied displaying enormous peaks

while other probe signals are not

visible. e Using silencer solution
preventing the MYCN probes
amplification during PCR reac-

tion, the other alterations can be 5
analyzed. f aCGH copy number .
the chromosomes and the Y-axis
the normalized log, Cy3/Cy5
fluorescence intensity

profile. The X-axis represents E

13,6 14.8 15,7
L E[JF B[]
19,8 Z6.7 Z1.8
The second group consisted of four cases that presented  Discussion

11q loss as the principal alteration. These tumors did not
show MYCN amplification, but in two cases (NB-11 and
NB-12) a 2p gain was detected. Using FISH, a deletion of 1p
was observed in two cases (NB-9 and NB-11). When aCGH
and MLPA were used, NB-12 presented a 1p loss localized
in a small area. The 11q loss was associated with 17q gain in
all cases. Two cases presented loss of 3p detected by aCGH;
one of these showed imbalances in chromosome 14.
Chromosome 14 gain was found in NB-11.

The third group was formed of samples with partial
chromosome gains or losses. All cases presented different
genetic alterations in chromosome 2 and segmental chromo-
some 1 imbalances. These tumors had as principal alteration
a polysomy of chromosome 17 plus a gain of 17q.

The last group consisted of four cases with entire
chromosome gains or losses. Two tumors (NB-18 and NB-
20) showed gain of chromosome 2. The four tumors included
in this group presented entire gain of chromosome 7, and in
three cases a gain of chromosome 17 was found. Case NB-17
presented loss of chromosome 3 that was not detected by
MLPA and loss of chromosome 14 that was only detected by
aCGH. Chromosome 18 gain was found in case NB-19.

The primary aim of this study was to combine the use of
different genetic techniques (FISH, mCGH, aCGH, and
MLPA) for the screening of chromosomal rearrangements
in NB.

NB has served as a paradigm for the clinical importance
of tumor genomic data [4, 32, 58]. A large number of
genomic aberrations have been defined in NB, and the
pattern of these somatically acquired changes correlate with
tumor behavior [10]. Our results, as previously known,
showed that molecular biology of human NB is complex.
Maximal prognostic information can be obtained when the
entire genomic profile is analyzed. Amplification of the
MYCN oncogene at 2p24 remains a powerful biomarker of
aggressive phenotype and poor survival [18, 44]. MYCN is
the only tumor genetic marker used as a basis for treatment
stratification in NB clinical trials [34, 44]. MYCN amplifi-
cation has been found in approximately 20% of newly
diagnosed tumors and in up to 50% of high-stage cases of
NB [46]. We have previously studied the status of MYCN
by FISH because this determination is routinely used in
order to establish the prognosis and treatment of NB [2].
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Fig. 2 (continued)
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The molecular analysis of tumor DNA by Southern blot
was used to analyze MYCN amplification in three cases.
Tumor biopsies sufficient to provide enough material for
molecular genetic analysis are therefore highly encouraged
at the time of diagnosis. It is remarkable that, among our
first group of MYCN amplified cases, 50% of patients (4/8)
died of disease, reinforcing the adverse prognosis of this
group of patients.

It has been shown that 1p deletion is associated with
adverse clinical and genetic indicators such as MYCN
amplification [26]. There has been ongoing controversy
about the precise prognostic power of Ip deletion in
relation to other variables, particularly MYCN [15, 40].
Some studies showed that an inverse relationship exists
between 11q loss and amplification of MYCN, indicating
that these abnormalities represent distinct genetic subtypes
of advanced-stage NB [38]; multiple studies found a
significant association between 11q, 3p, and 14q loss [49—
51]. In our study, an interesting observation was found in
two tumors with MYCN amplification which showed 11q
loss associated to 3p and/or 14p loss. Unbalanced gain of
17q material is the most common genomic abnormality
seen in primary NB. It has been published that this
alteration is associated with other known prognostic factors
but is in itself a powerful, although controversial, indepen-
dent predictor of adverse outcome [13]. Several analyses
have described that gains or deletions of whole chromo-
somes (entire chromosomal imbalance) confer better prog-
nosis and are associated with low stage of disease [29]. A
segmental chromosomal imbalance profile was recently
associated with NB of infants with poor prognosis [60].

High-resolution methods are necessary for a more
accurate tumor classification, including the atypical genetic
profiles, and turn these discoveries into effective treatment
strategies. Conventional mCGH profiling of NB has
identified many genomic aberrations, but the resolution of
mCGH is approximately only 10 Mb and does not allow the
detailed analysis of chromosome breakpoints [29, 37, 38,
43]. This could be the cause of the majority of discrep-
ancies observed in our results. Further studies using other
techniques such as aCGH or MLPA are necessary to map
the breakpoints precisely.

The use of aCGH enables new chromosomal alterations
to be detected in patients with NB [16, 20, 42, 47]. With
this technique, thousands of sites can be simultaneously
investigated in one patient, allowing partial or total
coverage of the genome. However, aCGH is unlikely to
be introduced into diagnostics due to the cost of the arrays.
With this technique, it is easier to detect the partial gains
and/or losses of small lengths.

MLPA is an alternative multigenetic technique because it is
rather robust and easy to perform, and is a fast technique for
the screening of large number of samples. In this study, the

MLPA technique was used to detect the genetic alterations in
NB, and the results presented a high concordance with those
obtained by aCGH. The number of targets that can be
screened by MLPA is limited; however, multiple samples
can be simultaneously tested at a lower cost than for one
aCGH hybridization. In this study, we combined genomic data
from aCGH and MLPA studies to classify the NB into four
groups: MYCN amplification, 11q loss, segmental chromo-
somal imbalance, and entire chromosomal imbalance.

To increase our understanding of the genetic basis for
NB heterogeneity and to prioritize regional candidate genes
for further analyses, we propose: (a) use of FISH technique
to visualize isolated cells and detect alterations present in a
low percentage of tumor cells. For example, gene amplifi-
cation present in only a minority of cells may well lead to
bad interpretation by molecular analysis but will be readily
apparent by FISH. This technique will be essential for the
mandatory study of MYCN status; (b) use of MLPA as
routine technique will be a very interesting procedure for
detecting the implication of the common genetic alterations
in NB. It will provide important information for the
estimation of prognosis and therapy available for patients
to be obtained and provide important information regarding
delineation of critical regions of gain and loss in NB, which
should facilitate further selection of candidate oncogenes or
tumor suppressor genes; (c) further investigations to extend
and validate whether the genes and signaling pathways
involved can represent an essential step towards the
development of more efficient molecular targeted therapies.

In conclusion, this study shows that the genomic data
obtained in NB diagnostic biopsies can be used to
subcategorize the disease into molecular subsets. Ongoing
studies will test whether DNA or RNA alterations are more
useful in a clinical setting or whether the two will provide
complementary information.
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Abstract The aim of this study was to investigate fatty
acid synthase (FAS) and ErbB2 expression in nonmalignant
oral epithelium and oral or head and neck squamous cell
carcinomas (OSCC/HNSCC). Morphologically normal,
hyperkeratotic, and dysplastic oral epithelium as well as
well-differentiated and poorly differentiated OSCC were
immunohistochemically evaluated for FAS, ErbB2, and Ki-
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67. These proteins were also analyzed in a tissue micro-
array with 55 HNSCC. SCC-9 cells were used to study FAS
and ErbB2 during differentiation. FAS expression was
higher in hyperkeratosis, dysplasias, and OSCC than in
normal epithelium. Well-differentiated OSCC/HNSCC were
more positive for FAS than the poorly differentiated
tumors. ErbB2 was observed at the surface of nonmalignant
and well-differentiated OSCC/HNSCC keratinocytes and in
the cytoplasm of poorly differentiated cells. Ki-67 index
was progressively higher from normal oral epithelium to
OSCC, inversely correlated with cell surface ErbB2, and
positively correlated with intracytoplasmic ErbB2. Finally,
SCC-9 cell cultures were enriched in membrane ErbB2-
positive cells after differentiation by anchorage deprivation.
In conclusion, FAS is overexpressed in OSCC/HNSCC and
hyperkeratotic oral epithelium and ErbB2 is found at the
cell surface of differentiating keratinocytes and in the
cytoplasm of poorly differentiated tumor cells. Ki-67 index
is higher in epithelial dysplasias and OSCC than in
morphologically normal oral epithelium.

Keywords ErbB2 - Fatty acid synthase - Ki-67 - SCC-9 -
Oral squamous cell carcinoma - Keratinization

Introduction

Fatty acid synthase (FAS, EC2.3.1.85) is the cytosolic
multifunctional enzyme responsible for the endogenous
production of saturated long-chain fatty acids from acetyl-
CoA and malonyl-CoA [6, 22]. FAS is arranged as a
homodimer and each ~250 kDa polypeptide chain contains
seven distinct catalytic sites that sequentially act to generate
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the 16-carbon saturated fatty acid palmitate [8]. Normal
cells (with exception of liver, lactating breast, fetal lung,
and adipose tissue) have low FAS activity because most of
the fatty acids are supplied by the diet [22, 51]. However,
despite its apparently marginal role in adult tissues, FAS is
essential during embryogenesis, since FAS n—/— and FAS
n+/— mice die in utero even in the presence of a diet rich in
saturated fatty acids [9]. It has been recently demonstrated
that FAS expression is upregulated in a variety of human
epithelial cancers, including prostate, breast, ovarian, lung,
stomach, colon, and melanoma [3, 10, 17, 23, 32, 35, 38,
45, 49], as well as in soft tissue sarcomas [39, 46], and
often associated with a poor prognosis [2, 3, 12, 17, 46].
FAS expression and activity are elevated in oral squamous
cell carcinoma (OSCC) [1, 15, 21, 41]; however, in contrast
with several FAS-overexpressing malignancies, well-differ-
entiated OSCC produces more FAS than their poorly
differentiated counterparts [21, 41]. FAS specific inhibitors
block cell cycle progression and cause apoptosis in
prostate, breast, colon, and promyelocytic leukemia cancer
cell lines [11, 25, 33]. Similarly, OSCC cell lines exposed
to the FAS inhibitor cerulenin show reduced proliferation
and enhanced apoptotic cell death [1, 55]. Moreover,
inhibition of FAS activity decreases the size of prostate
and ovarian cancer xenographs [20, 34, 35].

The regulation of FAS production is complex. Proges-
terone stimulates FAS expression in breast cancer cell lines
[24] and androgens or epidermal growth factor upregulate
FAS production and activity in the androgen-dependent
prostate cancer cell line LNCaP [16, 43, 44, 48]. However,
FAS is also overexpressed in androgen-independent pros-
tate cancers [29, 34]. Recent experimental evidences
demonstrate a direct connection between the cell surface
receptor ErbB2 and FAS expression in cancer cells [26, 27].
Previous work from our laboratory showed that OSCC cell
lines have very low androgen receptor protein but high
ErbB2 protein levels [1] and that the expression of the latter
one is positively correlated with the FAS protein amount in
OSCC tissue samples [41]. Besides its transcriptional
control, it was recently shown that FAS protein can be
ubiquitinated and degraded by proteasomes in LNCaP
prostate cancer cells, which can be reversed by the
interaction with the isopeptidase ubiquitin-specific protease
2a [13].

In order to better understand the high expression of FAS
in well-differentiated OSCC and verify its correlation with
ErbB2, we performed immunohistochemical reactions in
tissue sections obtained from morphologically normal,
dysplastic, and hyperkeratotic oral epithelium, as well as
well-differentiated and poorly differentiated tumors. Addi-
tionally, we describe the expression of these molecules
during the keratinization process using a cell culture
model.

@ Springer

Materials and methods
Study population

The tissue samples included in this study were obtained
from the archives of the Orocentro (Center for Diagnosis
and Treatment of Oral Diseases, UNICAMP, Piracicaba,
Brazil) and comprised of nine fibrous hyperplasias, nine
hyperkeratoses, 20 epithelial dysplasias, and 28 OSCCs. A
tissue microarray (TMA) was constructed with head and
neck squamous cell carcinoma (HNSCC) samples obtained
from the primary tumors of 55 patients who had metastasis
to the lungs and were treated at the Department of Head and
Neck Surgery and Otorhinolaryngology, A.C. Camargo
Cancer Hospital, S0 Paulo, Brazil (Tables 1 and 2). These
cases were reviewed to confirm diagnosis and the degree of
epithelial dysplasia as well as tumor differentiation were
classified according to WHO classification by four of the
authors (SDS, IWC, JJ, and EG). All samples were
collected after explicit informed consent and with local
ethical committee approval.

TMA construction

From the previous defined areas, core biopsies were taken
using a Tissue Microarrayer (Beecher Instruments, Silver
Springs, USA). Tissue cores with a dimension of 1.0 mm
from each specimen were punched and arrayed in duplicate
on a recipient paraffin block. Each core was spaced 0.2 mm
apart. Sections of the recipient block were transferred with
an adhesive tape to coated slides for subsequent ultraviolet
cross-linkage (Instrumedics, Hackensack, NJ, USA); the
slides dipped in a layer of paraffin to prevent oxidation and
kept at —20°C.

Immunostaining

The paraffin-embedded samples were cut (3 pm) and
mounted on silane-coated glass slides for hematoxylin and
eosin staining and immunohistochemistry. FAS, ErbB2,
and Ki-67 immunodetection was performed as previously
described [5, 38]. Briefly, the sections were deparaffinized,
rehydrated in graded ethanol solutions, and immersed in
3% H,0, for 25 min at room temperature. Microwave
(1380 W; Panasonic, Brazil) antigen retrieval consisted of
two periods of 12 min in 10 mM citric acid solution
(pH 6.0) followed by a washing step with phosphate-
buffered saline (PBS). The incubations with the primary
antibodies diluted in PBS were made overnight at 4°C: anti-
FAS (1:3,000—Transduction Laboratories, Lexington, KY,
USA), anti-ErbB2 (1:200—Dako, Carpinteria, CA, USA),
and anti-Ki-67 MIB 1 (1:200—Dako). Sections were
washed again and incubated with biotinylated secondary
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Table 1 Relationship among FAS, membrane, and cytoplasmic ErbB2 expression with lifestyle and clinical variables in the invasive OSCC

tumors
Variables Category FAS n (%) Membrane ErbB2 n(%) Cytoplasmic ErbB2 n (%)
Negative Positive Negative Positive Negative Positive
Gender Male 30 (91.18) 21 (95.55) 48 (96) 3 (60) * 30 (96.77) 21 (87.5)
Female 3 (8.82) 1 (4.45) 24 2 (40) 1(3.23) 3 (12.5)
Race Caucasian 29 (87.88) 12 (81.82) 40 (81.63) 5 (100) 24 (80) 21 (87.5)
Non-Caucasian 4 (12.12) 4 (18.18) 9 (18.37) 0 6 (20) 3 (12.5)
Smoking habit Yes 3 (9.68) 1 (4.45) 2 (4.26) 2 (40)* 1(3.57) 3 (12.5)
No 28 (90.32) 21 (95.55) 45 (95.74) 3 (60) 27 (96.43) 21 (87.5)
Alcohol consumption Yes 7 (22.58) 1 (4.55) 6 (12.77) 2 (40) 3 (10.71) 5(20.83)
No 24 (77.42) 21 (95.55) 41 (87.23) 3 (60) 25 (89.29) 19 (79.17)
Clinical stage T1+T2 7 (31.82) 3 (23.08) 10 (32.26) 0 6 (30) 4 (30.77)
T3+T4 15 (68.18) 10 (76.92) 21 (67.74) 2 (100) 14 (70) 9 (69.23)
Lymph nodes NO 1(3.23) 0 1(2.13) 0 1(3.23) 0
N+ 30 (96.77) 19 (100) 46 (97.87) 2 (100) 30 (96.77) 18 (100)

Percentages considering cases with complete information
*p<0.05

antibodies for 30 min followed by the streptavidin—biotin—
peroxidase (Strept ABC complex/HRP Duet kit, Dako) for
30 min at room temperature. Reactions were developed with a
solution containing 0.6 mg/ml of 3,3'-diaminobenzidine
tetrahydrochloride (DAB, Sigma, St. Louis, MO, USA) and
0.01% H>0, and counter stained with Carazzi’s hematoxylin.
Positive and negative controls were included in all reactions.
The intensity of the immunostaining was classified as
negative, weak, or strong for FAS or ErbB2 in a blinded

analysis performed by two of the authors (SDS and EG). The
percentage of Ki-67 positive nuclei was calculated with the
aid of an image computer analyzer (Kontron 400, Carl Zeiss,
Germany).

SCC-9 cells (ATCC, Manassas, VA, USA) were plated in
eight-well chamber slides (Lab Tek, Nunc, Naperville, IL,
USA) and fixed in 3.7% paraformaldehyde. Primary anti-
bodies anti-FAS (1:3,000) and anti-cytokeratin (1:500—
PAN, AE1/AE3, Dako) were incubated overnight at 4°C

Table 2 Relationship among FAS, membrane, and cytoplasmic ErbB2 expression with pathological variables and recurrence information in the

invasive OSCC tumors

Variables Category FAS n (%) Membrane ErbB2 n (%) Cytoplasmic ErbB2 n (%)
Negative Positive Negative Positive Negative Positive
Histological grade I 10 (31.25) 13 (59.09)* 21 (43.75) 2 (40) 13 (43.33) 10 (43.48)
I 16 (50) 9 (40.91) 21 (43.75) 3 (60) 14 (46.67) 10 (43.48)
I 6 (18.75) 0 6 (12.5) 0 3 (10) 3 (13.04)
Involved margins No 26 (86.67) 15 (71.43) 36 (80) 3 (60) 21 (75) 18 (81.82)
Yes 4 (13.33) 6 (28.57) 9 (20) 2 (40) 7 (25) 4 (18.18)
Lymphatic permeation No 13 (46.43) 10 (50) 20 (46.51) 4 (80) 11 (39.29) 13 (65)
Yes 15 (53.57) 10 (50) 23 (53.49) 1 (20) 17 (60.71) 7 (35)
Rupture No 13 (40.62) 9 (40.91) 20 (41.67) 1 (20) 11 (36.67) 10 (43.48)
Yes 19 (59.38) 13 (59.09) 28 (58.33) 4 (80) 19 (63.33) 13 (56.52)
Vascular embolization No 24 (85.71) 19 (95) 38 (88.37) 5 (100) 24 (85.71) 19 (95)
Yes 4 (14.29) 15 5 (11.63) 0 4 (14.29) 1(5)
Perineural infiltration No 10 (35.71) 7 (35) 17 (39.53) 0* 11 (39.29) 6 (30)
Yes 18 (64.29) 13 (65) 26 (60.47) 5 (100) 17 (60.71) 14 (70)
Local recurrence No 14 (41.18) 10 (45.45) 22 (44) 2 (40) 16 (51.61) 8 (33.33)
Yes 20 (58.82) 12 (54.55) 28 (56) 3 (60) 15 (48.39) 16 (66.67)
Cervical recurrence No 22 (64.71) 13 (59.09) 32 (64) 2 (40) 22 (70.97) 12 (50)
Yes 12 (35.29) 9 (40.91) 18 (36) 3 (60) 9 (29.03) 12 (50)

Percentages considering cases with complete information

*p<0.05
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and washed in PBS. After incubation with secondary
antibodies and the streptavidin—biotin complex, the reac-
tions were developed as described above. Immunofluores-
cence reactions using 3.7% paraformaldehyde-fixed SCC-9
cells were performed with anti-ErbB2 antibodies (1:50—
1:100—BD PharMingen, clone 9G6, San Diego, CA, USA)
diluted in PBS 0.1% bovine serum albumin (BSA) for 1 h
at room temperature. After incubation with fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit immunoglob-
ulin G (1:500-1:1,000—Vector Laboratories, Burlingame,
CA, USA) for 1 h, the reactions were mounted in
Vectashield with DAPI (Vector Laboratories) and docu-
mented in a Leica DMR microscope equipped with
epifluorescence (Leica Microsystems, Germany). The staining
of living cells was made by incubating the primary antibodies
(1:50-1:200) for 1 h at 4°C in Dulbecco’s modified eagle’s
medium (DMEM)/F12 medium containing 0.1% BSA, fol-
lowed by fixation and immersion in secondary antibody
solution as described above.

Fig. 1 Immunohistochemical
detection of FAS in morpholog-
ically normal oral epithelium
(a), hyperkeratosis (b), mild
dysplasia (c), severe dysplasia
(d), well-differentiated OSCC
(e), and poorly differentiated
OSCC (f). Arrow = stratum
granulosum; * = keratin pearls;
a, b, c, e, and f = original
magnification, x200; d = origi-
nal magnification, x400
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Suspension-induced differentiation of SCC cells

The cell line SCC-9 was maintained in DMEM/F12
medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS; Cultilab, Brazil),
400-ng/ml hydrocortisone, and 100-pg/ml gentamicin and
kanamycin at 37°C in a humidified atmosphere of 5% CO,.
In order to differentiate the SCC-9 cells [36], suspension
cultures were performed according to Monk et al. [28].
Briefly, serum-free methylcellulose-containing DMEM-F12
was used to keep the SCC-9 cells in suspension (1-2x 10°
cells/ml of methylcellulose-DMEM-F12 medium in a
25-cm? culture flask) at 37°C in a humidified atmosphere
of 5% CO,. After different periods of time (5-10 h), cells
were harvested by diluting the methylcellulose medium
ten-fold with prewarmed PBS followed by centrifugation at
1,000xg for 4 min. Differentiated SCC-9 cells were then
plated (5x10%) in each well of eight-well chamber slides
(Lab Tek, Nunc). Similarly, cells grown in DMEM-F12
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containing 10% FBS were plated (2x10* in each well) as
controls. After 12-16 h, the cells were fixed in 3.7%
paraformaldehyde for immunocytochemistry or 90%
ethanol for Papanicolaou staining. The positivity for ErbB2
at the cell membrane of differentiated and undifferentiated
SCC-9 cells was analyzed by immunofluorescence and
flow cytometry. For the flow cytometry experiments, cells
were incubated for 1 h at room temperature with anti-ErbB2
antibodies (BD PharMingen) 1:50, washed three times with
PBS and incubated with anti-mouse FITC conjugated
at 1:250 for 1 h. After a new washing step, samples
were analyzed in a Becton Dickinson FACSCalibur flow
cytometer (San Jose, CA, USA) equipped with an argon
laser and CellQuest software. Five thousand events were
collected for each sample. Cell populations were identified
by their light-scattering characteristics, enclosed in elec-
tronic gates, and analyzed for the intensity of the
fluorescent probe signal.

Statistical analysis

For frequency analysis in contingency tables, statistical
analysis of associations between variables was performed
by the Fisher’s exact test and for continuous variables, the
nonparametric Mann—Whitney U test. Pearson correlation
analyses were used to evaluate associations between FAS,
ErbB2, and Ki-67 expression. Kruskal-Wallis test was used

in order to compare Ki-67 expression levels in the studied
samples. Significance was set for p<0.05.

Results

The cytoplasmic immunohistochemical labeling for the
FAS protein was weak and restricted to the lower layers
of the stratum spinosum in the morphologically normal oral
epithelium (Figs. la and 2a). In most of the dysplastic
samples (Fig. lc, d), FAS positivity was more intense than
in normal tissues and widely spread to the upper epithelial
cell layers. OSCC tissue samples showed strong reactions
for FAS (Fig. le,f), which were more prominent in well-
differentiated OSCC than in the poorly undifferentiated
tumors (Fig. 2a). Intense FAS staining was also observed in
the hyperkeratotic oral mucosa samples (Figs. 1b and 2a),
in which all cell layers, especially the stratum granulosum,
were labeled. In the TMA with HNSCC samples, a
significant correlation between the histological grade and
FAS expression was observed. Twenty-two cases (40%)
were positive for FAS and this positivity was more intense
in well-differentiated (grade I; 59.1%) than in moderately
differentiated (grade II) or poorly differentiated (grade III)
tumors (p<0.05; Table 2).

Two distinct patterns of ErbB2 positivity were found. The
canonical cell membrane staining for ErbB2 was clearly
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(H), mild dysplasia (MD 2 ol e - 55 c
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evident in the stratum spinosum of the normal epithelium,
hyperkeratosis, mild epithelial dysplasias, well-differentiated
OSCC, and hyperkeratosis (Fig. 3a—c,e). A diffuse cytoplas-
mic staining for this receptor was found at the basal cell layer
of the normal epithelium, in most of the severe dysplasias
and poorly differentiated OSCC as well as in some areas of
well-differentiated OSCC (Figs. 2b,c and 3a,d—f).

Taking in consideration the OSCC samples only, an
inverse correlation was found between the ErbB2 positivity
at the cell membrane and its cytoplasmic staining (p=0.02,
r=-0.3) as well as between the former and the cell
proliferation index, as measured by the Ki-67 nuclear
positivity (p=0.04, r=-0.24). A positive correlation was
found between the Ki-67 index and the cytoplasmic ErbB2
staining (p=0.06, »=0.23). By comparing the normal oral
epithelium and well-differentiated OSCC, the intensity of
the FAS staining was positively correlated with the Ki-67
index (p=0.002, »=0.61) and with the cytoplasmic ErbB2

Fig. 3 Immunohistochemical
detection of ErbB2 in morpho-
logically normal oral epithelium
(a), hyperkeratosis (b), mild
dysplasia (c), severe dysplasia
(d), well-differentiated OSCC
(e), and poorly differentiated
OSCC (f). * = keratin pearls; a,
b, ¢, e, and f = original
magnification, x200; d =
original magnification, x400

@ Springer

(p=0.06, ¥=0.4). Although not statistically significant, FAS
positivity in normal epithelium and poorly differentiated
OSCC was also positively associated with the Ki-67 index
(»=0.09, r=0.36). Inverse correlations between the Ki-67
index and ErbB2 at the cell surface (p=0.003, r=-0.59)
and between the latter and the ErbB2 cytoplasmic staining
(»=0.04, r=—0.43) were observed in the same samples.
When well- and poorly differentiated OSCC were com-
pared, ErbB2 at the cell membrane was positively associ-
ated with FAS staining (p=0.03, »=0.41) and inversely
correlated with the ErbB2 in the cytoplasm (p=0.04, r=
—0.38). The immunohistochemical reactions performed in
the TMA with aggressive HNSCC samples that metasta-
sized to the lungs confirmed these results since ErbB2 at
the cell membrane was correlated with FAS (p=0.014) and
both inversely associated with the ErbB2 in the cytoplasm
(»=0.032). ErbB2 positivity at the cell membrane was also
associated with perineural infiltration in the same samples
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(Table 2). A comparative analysis of the proliferative status
of the oral epithelial cells showed that the Ki-67 index is
progressively higher from normal oral epithelium to OSCC
(Fig. 2d). Interestingly, the samples with hyperkeratosis
also had a higher Ki-67 score than the normal epithelium
(Fig. 2d).

In order to better understand the expression of FAS in
well-differentiated OSCC and HNSCC, we induced
the differentiation of an OSCC cell line as described by
Rheinwald and Beckett [36] and Monk et al. [28]. Figure 4a
and b show that following anchorage and serum depriva-
tion, SCC-9 cells lost their typical morphology with

Fig. 4 Anchorage deprivation
of SCC-9 cells promotes kerati-
nocyte differentiation. The /eft
column shows undifferentiated
and the right column differenti-
ated SCC-9 cells. Hematoxylin
and eosin staining (a, b),
Papanicolaou staining showing
undifferentiated cells labeled in
green (c) and differentiated cells
in orange (d), and immunocy-
tochemical reaction using anti-
bodies against cytokeratins
(AE1/AE3) (e, f) or FAS (g, h).
Original magnification, X400

abundant cytoplasm and irregular shape and became small,
round, and eosinophilic. Keratinization was clearly evident
by both Papanicolaou staining (Fig. 4c,d) and immunocy-
tochemistry (Fig. 4e,f). A finely granular FAS cytoplasmic
staining was observed in undifferentiated SCC-9 cells,
whereas differentiated cells showed strong positivity for
FAS within large and heterogeneous granules (Fig. 4g,h).
Finally, regularly growing SCC-9 cells were positive for
ErbB2 both in the cytoplasm and cell membrane (Fig. 5a,b),
and after the incubation in semisolid cell culture medium,
the expression of this receptor was found at the surface of
most differentiated cells (Fig. 5c). In order to better
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Fig. 5 Detection of ErbB2 protein in the cytoplasm and at the cell
membrane of paraformaldehyde-fixed SCC-9 cells by immunofluo-
rescence (a). ErbB2 was observed at the cell surface of undifferen-
tiated (b) and differentiated (c¢) living SCC-9 cells. Original
magnification, x400; nuclei were stained with DAPI. Flow cytometry
analysis of ErtbB2 expression at the cell surface of undifferentiated and

understand the pattern of ErbB2 positivity during keratini-
zation, we performed flow cytometry analysis, which
showed an increase from 21% to 56% in the number of
ErbB2 positive cells following anchorage deprivation
(Fig. 5d-f).

Discussion

In the last few years, FAS expression and activity have
shown to be abnormally high in several human cancers [3,
6, 10, 17, 23, 31, 32, 35, 38-40, 45, 46, 49] and associated
with a poor prognosis in some tumors [2, 3, 12, 17, 40, 46].
Although the enhanced FAS expression and activity found
in OSCC, well-differentiated tumors have been described as
more positive for FAS than the poorly differentiated lesions
[21, 41]. Indeed, in the present work, we confirm that the
production of FAS is higher in OSCC and HNSCC in
comparison with the morphologically normal epithelium
and that its immunohistochemical expression in well-
differentiated tumors is stronger than in poorly differenti-
ated lesions. FAS expression in keratinized human oral
epithelium has been detected in the stratum granulosum and
uppermost layer of the stratum spinosum and coincides
with the expression of the cutaneous fatty acid-binding
protein, which is involved in the transport of long-chain
fatty acids to the lamellar bodies [47, 50]. We included in

@ Springer

differentiated SCC-9 cells (d, e). Note the increase from 21.5% to
56.7% of ErbB2 positive cells after serum and anchorage deprivation
(filled = negative control; unfilled = anti-ErbB2). The superimposition
of the peaks representing both undifferentiated (filled) and differen-
tiated (unfilled) ErbB2-positive cells is shown in f

the present work tissue sections of hyperkeratotic oral
mucosa which showed, as expected, intense FAS immu-
nostaining. Based on these observations, it is conceivable
that in well-differentiated OSCC, both neoplastic- and
keratinization-associated FAS production are superimposed,
making these samples even more positive than the poorly
differentiated tumors. This fact might explain why FAS
expression is not more prominent in poorly differentiated
and aggressive OSCC or HNSCC, as it occurs in several
cancers.

ErbB2 overexpression or gene amplification have been
described in OSCC and HNSCC by several authors [7, 18,
19, 30, 52-54]. We have previously shown that ErbB2 is
preferentially expressed at the cell membrane in well-
differentiated lesions [41] and, here, we extend these results
by demonstrating that ErbB2 expression at the cell surface
occurs in the morphologically normal and hyperkeratotic
oral epithelium, epithelial dysplasias, and well-differentiated
OSCC and HNSCC. A direct connection between the
expression of this receptor and FAS was recently evidenced
by Menendez et al. [26, 27]. According to these authors, the
inhibition of FAS expression by means of RNAi or its
natural specific inhibitor cerulenin downregulates ErbB2
mRNA in breast and ovarian cancer cell lines. Moreover,
the association of cerulenin with Trastuzumab (Herceptin)
synergistically enhances apoptotic cell death in a breast
cancer cell line. Conversely, ErbB2 overexpressing NIH-3T3
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cells show high FAS protein levels and cerulenin is able to
inhibit their growth in soft agar as well as to induce
enhanced apoptotic cell death, in comparison with the wild
type cells. In our well-differentiated OSCC and HNSCC
cases, ErbB2 was present at the cell membrane mainly in the
regions close to the keratin pearls, while poorly differentiated
tumors expressed ErbB2 in the cytoplasm only. The
positivity for ErbB2 at the cell membrane was inversely
correlated to its cytoplasmic staining, which was in turn
correlated with cell proliferation, as measured by the Ki-67
index. The biological significance of these distinct patterns
of ErbB2 distribution is not known; however, our results
suggest that when at the cell surface, this receptor has a role
in squamous cell differentiation (fact that was clearly evident
in hyperkeratosis; Fig. 3b). Indeed, a statistically significant
correlation was found between ErbB2 at the cell surface and
FAS positivity when well-differentiated and poorly differen-
tiated tumors were compared. Furthermore, simultaneous
positivity for FAS and ErbB2 at the cell surface may be a
predictor of good prognosis and a larger clinical study will be
necessary to confirm these findings.

OSCC-derived cell lines, such as SCC-4, SCC-9, SCC-
15, and SCC-25, homogeneously express FAS in the
cytoplasm and their growth can be efficiently inhibited by
cerulenin [1]. Interestingly, in our previous work with
antibodies directed against an intracytoplasmic domain of
the ErbB2 protein (anti-c-erbB-2 oncoprotein; A0485,
Dako), we observed expression of ErbB2 in the cytoplasm
of these cells, whereas epidermal growth factor receptor, the
prototype member of the ErbB family of receptors, was
found at the cell membranes [1]. Here, we show ErbB2
positivity in both the cytoplasm and cell surface by using
antibodies directed against an extracellular domain of this
receptor. Anchorage deprivation by culture in methylcellu-
lose-containing medium terminally differentiates and kera-
tinizes SCC cells [36]. In the present work, we used similar
culture conditions in order to promote the differentiation of
SCC-9 cells and analyze the expression of FAS and ErbB2
during keratinization. Differentiated SCC-9 cells expressed
FAS in cytoplasmic granular structures and had a higher
frequency of ErbB2 at the cell membrane than the
undifferentiated controls, corroborating the immunohisto-
chemical results of this and previous study [41]. The gross
granular pattern of FAS expression in differentiated SCC-9
cells may represent the lipid-accumulating lamellar gran-
ules found in the stratum spinosum and granulosum of the
stratified epithelium [37, 42]. Accordingly, the fatty acid
synthesis seems to have increased during squamous cell
differentiation, when short-chain fatty acids are replaced by
long-chain saturated fatty acids [4, 14].

In summary, the results presented here show that FAS
expression is higher in oral hyperkeratosis, epithelial
dysplasias, OSCC, and HNSCC than in the normal oral

epithelium. ErbB2 expression was observed at the cell
surface of nontumoral and well-differentiated OSCC and
HNSCC, whereas its cytoplasmic localization was found in
poorly differentiated tumors. The Ki-67 index was progres-
sively higher from the normal oral epithelium to OSCC and
positively associated with the ErbB2 cytoplasmic labeling.
Finally, the in vitro differentiation increased the number of
cell membrane ErbB2 positive cells. Taken together, these
findings suggest that FAS is involved in both neoplastic cell
proliferation and epithelial differentiation and explain why
well-differentiated OSCC express more FAS than their
poorly differentiated counterparts. Further studies will be
necessary to elucidate the exact role of ErbB2 in the FAS
gene expression in oral cancer cells.
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Abstract Chlamydia pneumoniae (Chlamydophila pneu-
moniae) infect macrophages and accelerates foam cell
formation in in vitro experiments, but whether this might
occur in human atherosclerosis is unknown. In the present
study, we examined 17 carotid artery segments, obtained by
endarterectomy, in which the presence of C. pneumoniae
was confirmed by both polymerase chain reaction and
immunohistochemistry. Electron microscopy demonstrated
the presence of structures with the appearance of elemen-
tary, reticulate and aberrant bodies of C. pneumoniae in the
cytoplasm of macrophage foam cells. The volume of the
cytoplasm that was free from vacuoles and lipid droplets in
C. pneumoniae-infected foam cells was dramatically re-
duced, and a phenomenon of the amalgamation of C.
pneumoniae inclusions with lipid droplets was detected.
Double immunohistochemistry showed that C. pneumo-
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nige-infected foam cells contained a large number of
oxidized low-density lipoproteins. The observations pro-
vide support to the hypothesis that C. pneumoniae could
affect foam cell formation in human atherosclerosis.

Keywords Atherosclerosis - Arteries - Macrophages -
Chlamydia pneumoniae

Introduction

In 1988, Saikku et al. [56] described an association of
Chlamydia pneumoniae with chronic coronary heart disease
and acute myocardial infarction. Since then, the role of C.
pneumoniae in vascular diseases, including atherosclerosis,
has become a topic of increasing interest [1, 10, 31, 41,
44, 45].

A possible actiologic involvement of C. pneumoniae in
vascular pathology remains controversial [1, 10, 47]. Some
studies have failed to detect any C. preumoniae in
atherosclerotic lesions [2, 49, 59], while others have
evidenced of an association of C. preumoniae with
atherosclerosis by means of seroepidemiology analysis,
detection of the microorganism in atheromas by culture,
polymerase chain reaction (PCR), immunohistochemically
and in situ hybridisation [20, 26, 28, 37, 38, 42, 53, 58, 62].
In the arterial wall, C. pneumoniae was detected in a variety
of cell types including macrophages, smooth muscle cells
and endothelial cells [1, 10, 31]. The organism can be
detected in circulating monocytes, and this led to the
suggestion that C. pneumoniae-infected monocytes/macro-
phages migrating to the arterial wall from the blood stream
have the capacity to infect all atheroma cell types [9, 14,
21, 40, 46, 51]. A number of in vitro studies have
investigated the molecular mechanisms involved in the
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functional alterations of cells infected by C. pneumoniae [1,
35, 46, 47, 48, 50]. The infection of arterial cells with C.
pneumoniae has been shown to lead to the induction of the
expression of inflammatory cytokines, pro-coagulants,
matrix metalloproteinase and adhesion molecules [19, 25,
48]. However, the question of whether C. pneumoniae is
just a concomitant phenomenon or a causative in athero-
sclerosis has not been yet clarified [1, 41, 47].

In a previous work, we used a combination of immuno-
histochemistry and PCR to search for C. pneumoniae in
atherosclerotic plaques obtained by endarterectomy, and we
particularly focused on a possible infection of dendritic
cells with the microorganism [8]. In that study, C. pneumo-
niae was identified by both immunohistochemistry (IH) and
PCR in 17 of 60 arterial specimens analysed (28%; PCR"/
IH" specimens) [8]. In two specimens (3%), C. pneumoniae
was identified by immunohistochemistry only (PCR /IH"
specimens), and in 19 specimens (32%), C. pneumoniae
was detected by PCR only (PCR'/IH  specimens). In 22
specimens (37%), no C. pneumoniae was detected by either
techniques (PCR /IH™ specimens). It was found that the
presence of C. pneumoniae in the arterial specimens did not
relate to the age or sex of the patient, the length of clinical
history or any clinical data available [8]. During that study,
we noted that C. pneumoniae immunopositivity was
associated with foam cells located around the lipid/necrotic
core of atherosclerotic plaques (unpublished observation).

The formation and accumulation of foam cells are key
events in atherosclerosis [54]. In vitro studies have
established that C. pneumoniae induces human and murine
macrophage foam cell formation [30]. Despite the obvious
interest in elucidating whether this process might occur in
atherosclerotic plaque in situ, no previous work has
investigated the features of infected foam cells in the
arterial wall. The present study focuses on examining the
features of arterial foam cells infected with C. pneumoniae.

Materials and methods
Archival tissue specimens

The carotid artery specimens were obtained by endarterec-
tomy from 60 patients whose ages ranged from 46 to 75 years
(33 men and 27 women), as reported previously [8]. The
study was carried out in accordance with the principles
outlined in the Helsinki Declaration. The study was
approved by the institutional review board of St. Vincent’s
Hospital, Sydney, and informed consent was obtained from
each patient. Atherosclerotic plaques in each specimen were
identified macroscopically and were divided into three
parts. One tissue part from each plaque was embedded in
optimal cutting temperature (OCT) compound, frozen in
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liquid nitrogen and stored at —70°C until cryostat section-
ing. A second tissue part from each specimen was fixed in
10% buffered formalin, processed and embedded in paraffin
wax. The remaining tissue parts were used for electron
microscopic analysis as detailed below.

The presence or absence of C. pneumoniae in the
specimens was established by a combination of immuno-
histochemistry and PCR, carried out according to Campbell
et al. [12] as reported previously [8]. In the present study,
only specimens (n=17), showing double positive results [8]
were examined.

Antibodies and immunohistochemical procedures

Anti-C. pneumoniae monoclonal antibody (DakoCytoma-
tion; clone RR402) was used to detect C. pneumoniae in
the sections as detailed previously [8]. Avidin—biotin
complex (ABC) method [27] was utilised for single
immunostaining, and negative controls were carried out
according to the recommendations of Dowell et al. [17] as
previously described [8].

Sets of parallel sections were immunostained with anti-C.
pneumoniae monoclonal antibody (DakoCytomation; clone
RR402), anti-CD68 (DakoCytomation), anti-oxidised low-
density lipoproteins (LDL; a kind gift of Dr Franz Tatzber,
Biomedica, Austria) and anti-Toll-like receptor 2 (TLR2,
Santa Cruz Biotechnology) antibodies. The sections were
stained using ABC technique, and appropriate negative
controls were carried out. To prevent lipid peroxidation in
the tissue sections in which the distribution of oxidised
LDL was studied, the sections were pretreated with 0.3%
H,0O, in phosphate-buffered saline (PBS) containing
0.5 uM butylated hydroxytoluene (Sigma) for 10 min to
block endogenous peroxidase as used previously [7].

Double immunostaining was used to analyse a possible
association of C. pneumoniae with oxidised LDL according
to the procedures described in detail in earlier publications
[e, 71.

Laser capture microdissection and electron microscopy
of C. pneumoniae-immunopositive cells

For laser capture microdissection, tissue segments fixed in a
solution containing 4% paraformaldehyde, 0.05% glutaralde-
hyde in PBS were cut into thin tissue slices (about 1.5 mm in
thickness). Immunohistochemical reactions were carried out
in the floating tissue slices using ABC technique. After the
immunohistochemical procedures were completed, the tissue
slices were washed in PBS and re-fixed in 0.5% glutaralde-
hyde in PBS. After being washed in PBS, the tissue slices
were oriented and embedded in OCT compound in liquid
nitrogen. After being cut on a cryostat, sections were placed
onto slides covered with polyethylene-naphtalate membranes
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(PALM Microlaser Technologies; 1440-1000). A PALM
Laser-MicroBeam System (PALM Microlaser Technologies),
which enabled the contact-free isolation of single cells, was
used for microdissection. Microdissected cells were cata-
pulted into lids of 0.5-ml reaction tubes using the laser
pressure catapulting technique of the instrument.

Preparation of microdissected cells for electron microscopy
was carried out according to a modified technique described
by Grant and Jerome [24], as used previously [4]. The entire
lids of 0.5-ml reaction tubes with microdissected cells were
fixed in 1% glutaraldehyde in PBS, post-fixed in 1% OsO4
and embedded in Araldite. Serial ultrathin sections of the
embedded lids containing microdissected cells were then cut

Fig. 1 Patterns of distribution

of C. pneumoniae immunoposi-

tivity in atherosclerotic plaques

identified using anti-C. pneu-

moniae (DakoCytomation; clone
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and placed on formvar-coated grids. The ultrathin sections
were stained with uranyl acetate and lead citrate and were
examined with the aid of an electron microscope. After
affirmation that the microdissected cells indeed contained C.
pneumoniae, a systematic electron microscopic examination
of the tissue samples was carried out.

Routine electron microscopy and electron microscopic
immunohistochemistry

For routine electron microscopy, tissue samples fixed in 2.5%
and 1% OsO4 were dehydrated and embedded in Araldite
resin as previously described [5]. For electron microscopic
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immunohistochemistry, tissue pieces were fixed in 0.2%
glutaraldehyde and 3% paraformaldehyde in PBS (pH 7.4)
and embedded in LR White resin according to the protocol
described by Keita et al. [34]. Post-embedding immunohis-
tochemistry on ultrathin sections was carried out using anti-
C. pneumoniae antibody according to the technique of Keita
et al. [34] with gold-labelled secondary antibody prepared
according to Simmons et al. [57]. Colloidal gold particles
were prepared by the reduction of a solution of HAuCl, by a
mixture of sodium citrate and tannic acid [57]. The contrast
of ultrathin sections was increased by treatment with uranyl
acetate. Electron microscopic identification of cell types in
atherosclerotic plaques was carried out as described in detail
previously [5].

Results

All of the arterial specimens contained advanced athero-
sclerotic plaques with well-developed lipid/necrotic cores.
In atherosclerotic plaques, C. pneumoniae immunopositiv-
ity was most often seen around the lipid/necrotic cores
(Fig. 1a,b). This pattern of C. pneumoniae distribution was
typical for all 17 specimens examined. C. pneumoniae
immunopositivity was presented mostly by granular stain-
ing located in the cytoplasm (Fig. lc,d). A pale non-
granular staining was also identifiable in the cytoplasm of
C. pneumoniae-immunopositive cells and the surrounding
extracellular matrix (Fig. lc,d). The presence of C.
pneumoniae immunopositivity was observed also in areas
of neovascularisation in plaque shoulders adjacent to the
lipid/necrotic cores (Fig. le).

To examine the ultrastructure of C. pneumoniae-immu-
nopositive cells, the cells were microdissected from plaques
using laser capture microdissection technique (Fig. 1f,g).
Electron microscopic analyses demonstrated that the micro-
dissected cells contained structures, the appearances of
which were typical of inclusions, elementary bodies (EBs)
and reticulate bodies (RBs) of C. pneumoniae (Fig. 2a,b)
[11, 36, 60, 61]. The presence of structures resembling EBs
and RBs of C. pneumoniae were observed in the surround-
ing extracellular space (Fig. 2c). Electron microscopic
immunochemistry confirmed that C. pneumoniae antigens
were present in atherosclerotic plaques (Fig. 3a).

Routine ultrastructural examination of plaque areas,
where, according to immunohistochemistry, C. pneumoniae
antigens were most frequently present, identified inclu-
sions, EBs and RBs of C. pneumoniae in all analysed
specimens. In some C. pneumoniae-infected cells, the
cytoplasm contained a large number of C. pneumoniae
inclusions (Fig. 3b). In these cells, the surrounding
membranes of neighbouring C. pneumoniae inclusions
were often apposed to each other (Fig. 3b). In these foci,
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Fig. 2 Electron micrographs demonstrating the presence of C.
pneumoniae organisms at different stages of development within
inclusions in the cytoplasm of laser capture microdissected cells (a—c).
In a and b, arrows show zones of the adhesion and fusion of C.
pneumoniae inclusions. In ¢, the arrow shows an area where the
external cellular membrane (plasmalemma) is damaged. Note the large
number of C. pneumoniae RBs and aberrant bodies in the surrounding
extracellular space. Bars=0.5 um (a—c)

the apposed membranes of the inclusions were frequently
interrupted, and this led to the formation of a direct
association between the neighbouring inclusions (Fig. 3c).
RBs and EBs as well as intermediate forms of C. pneumo-
niae were observed within the interconnected inclusions
(Fig. 3b—e). Extensive consolidation of individual C.
pneumoniae inclusions (Fig. 3f), resulting in the formation
of huge inclusions (Fig. 3g), was especially prominent in
cells, containing “lipid droplets”, identifiable as foam cells.
C. pneumoniae inclusions were seen in direct contacts with
lipid droplets (Fig. 3c,f and g). In foam cells where the
majority of C. pneumoniae inclusions were fused, a
phenomenon of an amalgamation of C. pneumoniae
conclusions with lipid droplets was observed (Fig. 4a,b).
Electron microscopy also suggested that in some foam
cells, the accumulation of lipids occurred within individual
C. pneumoniae inclusions (Fig. 5a,b).

The ultrastructural examination of C. preumoniae-
infected foam cells suggested their macrophage origin.
This was in agreement with immunohistochemical staining



Virchows Arch (2008) 453:69-77

73

Fig. 3 C. pneumoniae inclu-
sions located in cells distributed
along the border of the lipid/
necrotic cores in atherosclerotic
plaques (a—g). a C. pneumoniae
immunopositivity in inclusions
revealed by electron microscop-
ic immunohistochemistry utilis-
ing immunogold technique. b, ¢
Aggregation and fusion of C.
pneumoniae inclusions between
each other (shown by arrows in
b and ¢) and with a “lipid
droplet” (marked by a star in ¢).
d, e Details of ¢. f, g Accumu-
lation of large numbers of C.
pneumoniae inclusions and their
fusion in foam cells. Lipid
droplets are marked by stars. In
g, the arrow shows a huge
inclusion, presumably formed
by the fusion of several C.
pneumoniae inclusions. a—g
Electron microscopy. Bars=

0.5 um (a—¢, f and g)

of parallel sections with anti-C. pneumoniae antibody
(DakoCytomation; clone RR402) and anti-CD68 antibody
(Fig. 6a,b). Analysis of adjacent parallel sections stained
with anti-TLR2 and anti-oxidised LDL antibodies demon-
strated overlapping patterns of immunopositivity of C.
pneumoniae, CD68, TLR2 and oxidised LDL (Fig. 6a—d).
Double immunohistochemistry confirmed that C. prneumo-
niae was co-localised with oxidised LDL (Fig. 6e). Some
C. pneumoniae-infected foam cells displayed signs of
extensive edema of the cytoplasm and degeneration, but
no fragmentation of chromatin or formation of typical
apoptotic bodies was observed.

Discussion

To our knowledge, this is the first study to demonstrate that
different stages of the development of C. pneumoniae can

be identifiable in foam cells in human atherosclerotic
plaques. The observations support a view that the microor-
ganism may develop in the cytoplasm of infected cells in
the arterial wall in vivo. In all specimens studied in this
study, C. pneumoniae inclusions, EBs, RBs and aberrant
bodies were detected in infected foam cells located
predominantly around the lipid cores of atherosclerotic
plaques. Foam cells which harboured C. pneumoniae were
identified as cells of macrophage origin.

Monocyte migration into the arterial wall from the blood
stream, followed by their differentiation into macrophages,
which eventually become foam cells, are key events in the
formation and progression of atherosclerotic lesions [16,
22, 44, 54]. The transformation of macrophages into foam
cells depends on the contact of the cells with modified
lipoproteins [16, 22, 54]. The major storage form of
cholesterol in these macrophages is cholesteryl fatty acid
esters which are structurally identifiable as lipid droplets
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Fig. 4 Amalgamation of C. pneumoniae inclusions and lipid droplets
in the cytoplasm of a foam cell (a, b). b Detail of a. Electron
microscopy. Bar=1 pum

[16, 39, 43]. It has been shown that C. pneumoniae can
induce macrophage foam cell formation in the presence of
LDL [30]. Several mechanisms may support the ability of
C. pneumoniae to induce macrophage foam cell formation.
C. pneumoniae can cause macrophage activation, resulting
in LDL oxidation and scavenger receptor up-regulation,
which may be followed by an increase in the uptake of the
oxidised LDL by macrophages [32, 33]. Cell activation by

C. pneumoniae has been reported to be mediated by both
TLR2 and TLR4, with TLR2 playing the predominant role
[13, 15, 52, 63]. Cao et al. [13] provided in vitro evidence
of the ability of C. pneumoniae to induce foam cell
formation in a TLR2-dependent fashion. The observations
of an overlap between patterns of the distribution of C.
pneumoniae, oxidised LDL and the TLR2 expression in
plaque tissue specimens reinforce an opinion that there is a
link between C. pneumoniae, oxidised LDL and the TLR2
in atherosclerosis [13, 18].

The present study has shown that the accumulation of a
large number of C. pneumoniae inclusions in foam cells is
accompanied by a dramatic reduction in the volume of the
cytoplasm which is free from C. pneumoniae inclusions and
lipid droplets. The close apposition of the external
membranes of individual C. pneumoniae inclusions in
foam cells can lead to the fusion of the inclusions. In some
foam cells, this process is expansive, with the most of the
cytoplasm being replaced by fused C. pneumoniae inclu-
sions and lipid droplets. The present study recognises a
phenomenon of the amalgamation of C. pneumoniae
inclusions and lipid droplets resulting from the incorpora-
tion of lipid droplets into fused C. pneumoniae inclusions.

In an infection, the infecting organism seeks to utilise the
host’s resources to multiply, usually to the detriment of the
host. Therefore, the association of infecting microorganisms
with various organelles and structures in the host’s cells
occurs at all stages of the development of the micro-
organisms. In foam cells, the amalgamation of C. pneumo-
niae inclusions with lipid droplets might occur simply as a
result of the simultaneous and continuous increase in the
numbers of both C. pneumoniae inclusions and lipid
droplets within a limited space of the cytoplasm of the
infected cells. The amalgamation of C. preumoniae
inclusions with lipid droplets might affect not only the
development of the microorganism but also the intensity of
transformation of the infected cells into foam cells. One
also cannot exclude that the amalgamation of C. pneumo-
niae inclusions with lipid droplets might represent a

Fig. 5 The appearance of the structures (shown by arrows) resulting from the accumulation of lipids within C. pneumoniae inclusions (a, b).

Electron microscopy. Bars=1.5 um (a) and 0.5 um (b)
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Fig. 6 Co-localisation of C.
pneumoniae with lipids, oxi-
dised LDL and TLR2 in macro-
phage foam cells (a—e). a—d
Low magnification images of
consecutive parallel sections
stained with anti-C. pneumoniae
(DakoCytomation; clone
RR402) (a), anti-CD68 (b), anti-
oxidised LDL (¢) and anti-TLR2
(d) antibodies showing an over-
lapping pattern of the distribu-
tion of the antigens. a—d ABC
immunoperoxidase technique;
counterstaining with Mayer’s
haematoxylin. e Double immu-
nostaining showing the presence
of oxidised LDL in the cyto-
plasm of foam cells infected
with C. pneumoniae. Oxidised
LDL were identified with alka-
line phosphatase-anti-alkaline
phosphatase (APAAP) technique
(rose), while C. pneumoniae
was visualised by peroxidase-
anti-peroxidase (PAP) technique
(brown). Counterstaining with
Mayer’s haematoxylin. Bars=
200 pum (a) and 20 um (e)

secondary process occurring after the degenerative alter-
ation of C. pneumoniae in forming foam cells.

In vitro studies have found that lipid loading of RAW 264.7
cells and mouse peritoneal macrophages with either oxidised
or acetylated LDL significantly inhibits the growth of C.
pneumoniae [3]. Modified forms of LDL are not directly
toxic to C. pneumoniae and do not inhibit either the initial
binding or internalisation of C. pneumoniae by macrophages
in vitro [3]. A treatment of lipid-loaded macrophages with C.
pneumoniae stimulates secretion of a variety of cytokines
[3]. C. pneumoniae has been shown to induce the expression
of messenger RNA for tumor necrosis factor-« in foam cells
in vitro despite the inhibition of nuclear factor-B binding to
DNA by prior treatment with oxidised LDL [3].

In vitro studies have shown that foam cell formation is
not conducive to the growth of C. pneumoniae but does not
inhibit the C pneumoniae-induced secretion of pro-
inflammatory cytokines [3]. However, it is not yet known
whether foam cells have the capacity to support or inhibit
the growth of C. pneumoniae in the arterial wall in vivo.
The presence of a large number of C. pneumoniae

inclusions in some foam cells, shown by the present work,
suggests that C. pneumoniae could develop in the cyto-
plasm containing lipid droplets. Furthermore, the presence
of different development stages of the microorganism
within fused C. pneumoniae inclusions, in which lipid
droplets have been incorporated, supports a possibility that
foam cells in human atherosclerosis might not critically
inhibit the growth of the microorganism. However, the
amalgamation of C. pneumoniae inclusions with lipid
droplets in arterial foam cells likely creates a microenvi-
ronment in which the development of the microorganism
and its release from host cells might be affected. This
phenomenon might explain the observations of relatively
few cells that are actually infected in atheromatous lesions
[37, 38, 53, 58] and the fact that there are difficulties in
culturing C. pneumoniae from artery specimens [1, 23, 47].

Blessing et al. [3] have shown that despite the resistance to
C. pneumoniae infection, foam cells retain their capacity to
secret pro-inflammatory cytokines and chemokines in re-
sponse to the binding of C. pneumoniae. Because foam cells
are a major cellular component of atherosclerotic lesions
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Abstract To analyze the expression of matrix metallopro-
teinases (MMPs) and their relationships with the histological
grades of the intraductal papillary mucinous neoplasm
(IPMN) of the pancreas, we examined the frequency of
expression and intracellular localization of MMP1, MMP2,
MMP3, MMP7, and MMP9 in IPMN by immunohistochem-
istry. A total of 45 IPMN lesions (14 adenomas, 17
borderline lesions, nine noninvasive carcinomas, and five
invasive lesions) from 21 patients were examined. MMP1,
MMP2, MMP7, and MMP9 were expressed in tumor cells.
Frequency of tumor cells expressing MMP7 was low in
adenomas (median, 5.0%), higher in borderline lesions
(median, 30.0%), in noninvasive carcinomas (median,
50.0%), and in invasive lesions (median, 80.0%), with a
significant trend (P<0.0001). Such a trend was also observed
when the lesions were classified into gastric and intestinal
subtypes (P<0.0001 and P=0.011, respectively). Basolateral
expression of MMP7 in tumor cells was more prominent in
lesions with higher histological grades (P<0.0001). The
frequency and the localization of MMP1, MMP2, and
MMP9 did not correlate to the histological grades. MMP7
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may contribute to the process by which IPMN advances
from adenoma to carcinoma and to subsequent invasion of
tumor cells in [IPMN.
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Introduction

Intraductal papillary mucinous neoplasms (IPMNs) are
pancreatic neoplasms characterized by mucin production,
cystic dilatation of the pancreatic ducts, and intraductal
papillary growth [1]. Prognosis is favorable for patients
with IPMNs without invasion, but poor for those with
invasion, which account for approximately 30% of patients
[1]. The progression of IPMN is thought to be stepwise
from adenoma to borderline lesion, noninvasive carcinoma,
and finally to invasive carcinoma [14]. The factors which
contribute to this progression, however, remain unclear.

Among the many factors related to the invasion process
of malignant tumors, the matrix metalloproteinases (MMPs)
are thought to play a key role, and their functions have been
extensively investigated in many kinds of advanced
carcinoma including invasive ductal carcinoma of the
pancreas (IDC) [2, 7, 16]. MMPs have been shown to be
involved in the early stages of tumor progression such as
tumor initiation, cell proliferation, and apoptosis in many
organs [3, 6, 10, 12]. A recent study has shown that their
functions differ according to their intracellular localization
pattern in tumor cells [5]. However, whether MMPs are
involved in the progression of IPMN is unknown.

To determine whether MMPs play a role in the
progression of IPMN, we analyzed the expression of MMPs
in each histological grade of IPMN. MMP expression

@ Springer



80

Virchows Arch (2008) 453:79-87

in IPMN and IDC were evaluated using an immunohisto-
chemical method. We compared the frequency of cells which
express MMPs and the intracellular localization of MMPs
between the different histological grades of IPMN and
between the invasive lesions of IPMN and IDC.

Materials and methods
Patients and specimens

The IPMN specimens used in this study were obtained from
21 consecutive patients with IPMN who underwent
pancreatectomy at the Tokyo Medical and Dental Univer-
sity from 1998 to 2007. The IDC specimens were obtained
from ten consecutive patients as above from 2003 to 2005.
Written informed consent for the use of the surgical
material was obtained from all patients.

The clinical and histopathological stages of the tumors
were determined according to the TNM classification
published in 2002 [15]. The tumors were classified according
to the histological grade of WHO classification [9].

Immunohistochemistry

The pancreatectomy specimens were fixed in 3.6% buffered
formalin for 48 h. Each specimen was then cut perpendicular to
the main pancreatic duct into 5-mm-thick slices. All the slices
were embedded in paraffin. Sections 4 um thick were stained
with hematoxylin and eosin and subsequently examined under
a microscope to identify the lesions. Then, a section which
contained the lesion with the highest histological grade was
selected from each patient and immunostained.

These sections were deparaffinized in xylene, rehydrated
in graded alcohol, and transferred to phosphate-buffered
saline (PBS). The procedures of antigen retrieval, blocking

Table 1 Antibodies for immunohistochemistry

of nonspecific reaction, working dilutions, and tissue used
as positive control for each primary antibody are listed in
Table 1. All the primary antibodies were incubated
overnight with the tissues. After the reaction of primary
antibodies, samples were rinsed four times with PBS. The
antibodies except E-cadherin were stained by diaminoben-
zidine using the EnVision Kit (EnVision/HRP, DAKO,
Carpinteria, CA, USA) according to the manufacturer’s
protocol. For E-cadherin, R.T.U. VECTASTAIN Universal
Elite ABC Kit (Vector Laboratories, Peterborough, UK)
was used for staining according to the manufacturer’s
protocol. The sections were then washed three times with
PBS, counterstained with hematoxylin, and again washed
three times with PBS. The slides were mounted in Malinol
(Muto Pure Chemicals, Tokyo, Japan).

Evaluation of the results

The immunostaining results were analyzed to determine the
frequency of tumor cells expressing MMPs and the
intracellular localization of MMPs. When two or more
histological grades were identified in a section, we recorded
the results of each histological grade separately. The
frequencies of tumor cells expressing MMPs were
expressed as the percentage of MMP-expressing cells in
all the tumor cells, each 5% grade, for each histological
grade of IPMN and in IDC. When the expression of MMPs
was localized to a specific area of the tumor cells, the
percentage of the tumor cells which showed this intracellular
localization was recorded for each lesion.

The staining results of tumor-associated antigens MUCI,
MUC2, and MUC5AC were considered to be positive when
cytoplasmic staining was observed in more than 5% of all
tumor cells.

E-cadherin results were considered to be positive when
clear membranous staining was observed.

Specificity Clone Manufacturer Antigen retrieval Blocking Working dilution Positive control

MMPI 41-1ES DFC PK 5 min NGS 1:100 Colonic cancer (E,S)
MMP2 42-5D11 DFC AC 20 min NGS 1:100 Colonic cancer (S)

MMP3 55-2A4 DFC MW 10 min NGS 1:100 Esophageal cancer (E)
MMP7 141-7B2 DFC MW 20 min - 1:2,500 Pancreatic cancer (E)
MMP9 56-2A4 DFC MW 20 min NGS 1:100 Trophoblast

MUCl1 Ma695 Novocastra - - 1:1,000 Normal pancreatic duct
MucC2 Ccp5S8 Novocastra AC 20 min - 1:100 Colonic mucosa
MUCSAC CLH2 Novocastra MW 40 min - 1:50 Gastric foveolar epithelium
E-cadherin NCH-38 DAKO MW 40 min NHS 1:100 Normal pancreas tissue

All the listed antibodies are mouse monoclonal antibodies.

Antigen: MMP matrix metalloproteinase, MUC core protein of mucin antigen; Manufacturer: DFC Daiichi Fine Chemical Co. Ltd., Takaoka,
Japan, Novocastra Novocastra Laboratories Ltd., New Castle upon Tyne, UK, DAKO, DAKO Cytomation, Carpinteria, CA, USA; Antigen
retrieval: 4C autoclave 121°C, MW microwave 96°C, PK proteinase K; Blocking: NGS normal goat serum, NHS normal horse serum; Positive

control: E epithelial cell, S stromal cell
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Table 2 Clinicopathological data of IPMNs

Type of lesion in an

examined section (shown

as % in each section)

Patient no.  Age (years) Se Localization ~ Subtype  Diagnosis AD BL NIC IC  Mucinous subtype
1 67 M Ph MX Adenoma 100 - - - G
2 72 M Ph B Borderline 90 10 - — G
3 79 M Ph MX Borderline 60 40 - - I
4 83 M Ph B Borderline 60 40 - - G
5 74 M Ph MX Borderline 60 40 - - G
6 74 M Ph MX Borderline 50 50 - - G
7 62 M Ph B Borderline 50 50 - - G
8 78 F Ph MX Borderline 10 90 - - 1
9 75 F Pbt MX Borderline 10 90 - - G
10 67 M Pbt MX Borderline 20 80 - - G
11 76 M Ph MX Borderline 30 70 - - I
12 74 M Ph MX Borderline 80 20 - - G
13 63 M Ph MX Noninvasive ca 30 60 10 - G
14 58 M Ph B Noninvasive ca - 40 60 - I
15 67 M Pbt MX Noninvasive ca - 20 80 - I
16 72 M Pbt B Noninvasive ca — 10 90 - I
17 59 F Phbt MX Invasive ca 25 25 10 40 G +PB
18 71 M Ph B Invasive ca - 15 80 5 G
19 66 M Phbt B Invasive ca - - 80 20 I
20 60 M Pbt B Invasive ca - - 90 10 I
21 83 F Pbt MX Invasive ca - - 10 90 G
Total number of each lesion 14 17 9 5

Lesions: AD adenoma, BL borderline lesion, N/C noninvasive carcinoma, /C invasive lesion of IPMN; Subtype:
Localization: Ph pancreas head, Pht pancreas body and tail; Mucinous subtype: G gastric type, [ intestinal type, PB pancreatobiliary type

Statistical analysis

All statistical analyses were performed using SPSS software
(SPSS 11.5.1J, SPSS Japan, Tokyo, Japan). The trend in the

MX mixed, B branched;

was analyzed by Spearman’s rank correlation analysis. The data
on the frequency of lesions for each grade of apical or

basolateral pattern were analyzed by the chi-square test. A P
value of less than 0.05 was considered to be statistically

frequency of MMP expression according to histological grade  significant.

Table 3 Clinicopathological data of invasive ductal carcinoma

Patient no. Age (years) Sex Localization Differentiation TS Size T N M
1 71 F Pb Mod>wel>por 1 1.5 3 1 0
2 34 M Ph Wel 2 23 3 3 0
3 64 M Ph mod = por 2 2.3 3 1 1
4 71 F Ph mod = por 2 2.5 4 0 0
5 80 F Ph mod 2 3 3 3 0
6 69 M Ph wel 2 35 2 1 0
7 74 M Ph mod = por 2 35 3 1 0
8 86 M Ph mod = por 2 3.5 3 1 0
9 51 M Ph mod = wel 2 4 3 1 0
10 80 F Pbt wel = mod 4 6.5 4 3 1

Localization: Ph pancreas head, Pht pancreas body and tail; Differentiation: wel well differentiated, mod moderately differentiated, por poorly

differentiated
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Results
Clinicopathological data

The clinicopathological data of the 21 patients with [IPMN
and of the ten patients with IDC are shown in Tables 2 and
3, respectively.

The age distribution of patients with IPMN was 59 to 83
(mean, 70.5) years and the male—female ratio was 17:4.
Sections from each patient contained lesions of various
histological grades: adenoma in 14 patients, borderline
lesions in 17 patients, noninvasive carcinoma in nine
patients and invasive lesions in five patients. The patho-
logical diagnosis in the table shows the highest grade for
each patient. Histologically, all five invasive lesions were
tubular carcinoma with scirrhous invasion.

The age distribution of patients with IDC was 34 to 86
(mean, 68.0) years and the male—female ratio was 6:4. Nine
patients had lymph node metastasis, and two patients had
distant metastasis to the liver.

The IPMN lesions were classified into subtypes according
to their MUC expression profile [4]: 12 patients had lesions
which were classified as the gastric subtype (MUCI-,

@ Springer

MUC2-, and MUCSAC+) and eight had the intestinal
subtype (MUCI—, MUC2+, and MUCS5AC+/—). A section
from one patient showed a mixture of two mucinous sub-
types, the gastric and pancreatobiliary (MUC1+, MUC2—,
and MUCSAC-). Sections of the gastric subtype contained
adenoma in 11 patients, borderline lesions in 11 patients,
noninvasive carcinoma in four patients, and invasive lesions
in three patients. Sections of the intestinal subtype contained
adenoma in three patients, borderline lesions in six patients,
noninvasive carcinoma in five cases, and invasive lesions in
two patients. The histological grade of the lesion classified as
pancreatobiliary subtype was adenoma.

MMP and E-cadherin expression in normal pancreas

In normal pancreas, MMP1 was expressed in ductal metapla-
sia [13], fibroblasts, and macrophages. MMP2 was expressed
in fibroblasts in the stroma. MMP3 was expressed in neither
the epithelium nor the stroma. MMP7 was expressed in the
small pancreatic duct in the atrophic lobule and ductal
metaplasia. MMP9 was expressed in acinar cells, macro-
phages, neutrophils, and lymphocytes. E-cadherin was
expressed in all epithelial cells in a membranous pattern.
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Fig. 2 The representative histological and immunohistochemical
findings of the lesions. a—d adenomas; e~h borderline lesions; i—
1 noninvasive carcinoma; n—q invasive lesions of IPMN. a, e, i, and n
HE staining; b, f, j, and 0 MMP1; ¢, g, k, and p MMP7; d, h, |, and q
MMP9. Frequency of tumor cells expressing MMP7 was low in
adenomas, higher in borderline lesions and noninvasive carcinomas,

Frequency of tumor cells expressing MMPs

MMP1, MMP2, MMP7, and MMP9 were expressed in the
lesions of IPMN. MMPI, MMP7, and MMP9 were
expressed mainly in tumor cells, whereas MMP2 was
expressed mainly in stromal cells. MMP3 was expressed
in neither tumor cells nor stromal cells. The frequency of
the tumor cells expressing MMP1, MMP2, MMP7, and
MMP9 are shown in Fig. 1. The median of the frequency
of tumor cells expressing MMP7 were 5.0% in adenomas,
30.0% in borderline lesions, 50.0% in noninvasive
carcinomas, and 80.0% in invasive lesions. These values
were positively correlated to the histological grade
(P<0.0001). The frequencies of cells expressing MMP1,
MMP2, and MMP9 did not show correlation with the

and still higher in invasive lesions. The intracellular expression of
MMP1 was generally diffuse in the cytoplasm and that of MMP9 was
apical. The findings of MMP2 and MMP3 are not shown in this figure
because the frequency of cells expressing these MMPs was nil or very
low

histological grades (P=0.412, 0.403, and 0.168, respec-
tively). Figure 2 shows representative histological and
immunohistochemical findings.

The correlation between the frequency of MMP7
expression and the histological grades in each subtype
was also analyzed (Fig. 3). In the gastric subtype, the
median of the frequencies of tumor cells expressing MMP7
were 5.0% in adenomas, 30.0% in borderline lesions,
35.0% in noninvasive carcinomas, and 80.0% in invasive
lesions. In the intestinal subtype, the median were 5.0% in
adenomas, 55.0% in borderline lesions, 60.0% in noninva-
sive carcinomas, and 90.0% in invasive lesions. The fre-
quencies were positively correlated to the histological grade
in both subtypes (P<0.0001 in the gastric type; P=0.011 in
the intestinal type). The lesion classified as the pancreato-
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biliary subtype was excluded from the analysis because
only one lesion of this subtype was included in this study.
In IDC, MMP1, MMP2, MMP7, and MMP9 were
expressed in tumor cells. MMP3 was expressed in neither
tumor cells nor stromal cells. The frequencies of tumor cells
expressing MMPs are also shown in Fig. 1. No significant
difference was found in the frequencies between the
invasive lesions of IPMN and IDC for any of the MMPs.

Intracellular localization of MMPs

MMP1 was expressed diffusely in the cytoplasm of tumor
cells in all histological grades and was not localized to any
specific area.

The number of tumor cells expressing MMP2 was so
small that the localization could not be evaluated.

Localized expression of MMP7 in the apical portion was
consistently observed in the MMP7-expressing tumor cells.
Localized expression in the basolateral portion was more
frequent in lesions of higher histological grades. Tumor
cells expressing MMP7 in the basolateral portion were
classified into three groups according to their frequency,
and the number and frequency of the lesions for each
histological grade were recorded (Table 4). The frequencies

of basolateral localization for each of the three groups
were significantly different between histological grades
(P<0.0001). Representative findings are shown in Fig. 4.

In all tumor cells expressing MMP9, the expression was
localized to the apical portion of the tumor cells.

In IDC, the expression of MMPs in the cytoplasm of the
tumor cells was diffuse and was not localized to any
specific area.

Expression of E-cadherin in [IPMN

In adenomas, borderline lesions, and noninvasive carcinomas,
almost all tumor cells expressed E-cadherin. Although focal
attenuation of E-cadherin expression was noted in invasive
lesions, the distribution of such attenuated expression did not
necessarily coincide with that of basolateral MMP7 expression

(Fig. 5).
Discussion
Our immunohistochemical analysis showed that the

frequency of cells expressing MMP7 and of their basolateral
localization was positively correlated to the histological

Table 4 Frequency of basolateral expression of MMP7 for each histological grade of [IPMN

Number (%) of the lesions in

Frequency of tumor cells expressing MMP7 Adenoma Borderline Noninvasive Invasive
in basolateral portion (n=14) (n=17) n=9) (n=5)
None 7 (50%) 2 (11.8%) 0 0

<50% 7 (50%) 11 (64.7%) 2 (22.2%) 0

>50% 0 4 (23.5%) 7 (77.8%) 5 (100%)

Adenoma adenoma of IPMN, Borderline borderline lesion of IPMN, Noninvasive noninvasive carcinoma of IPMN, Invasive invasive lesion of

IPMN
P<0.0001 by chi-square test
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Fig. 4 The intracellular localization of MMP7 in each histological grade. a Adenoma; b borderline lesion; ¢ noninvasive carcinoma; d invasive
lesion of IPMN. The frequency of the basolateral expression was higher in the lesions of higher histological grades

grades of IPMN. We also found that MMP1, MMP2, and
MMP9 are expressed in the tumor cells of IPMN of all
histological grades.

The positive correlation between the frequency of
MMP7 expression and the histological grades of IPMN
suggests that MMP7 may be involved in the tumor
progression process by which IPMN advances from
adenoma to carcinoma. The precise function of MMP7 in
this progression has not yet been clarified. However,
previous studies in colorectal and breast carcinogenesis
have suggested that the function of MMP7 in the early
stages of tumor progression may be related to cell
proliferation. A study on the roles of MMPs in colorectal
adenoma has shown that MMP7 is induced by and interact
with the beta-catenin signaling pathway and consequently
promotes cell proliferation [8]. Another study using
mammary gland cell lines has shown that MMP7

Fig. 5 E-cadherin and MMP7
expression of IPMN noninva-
sive carcinoma and invasive
lesion. a and b Noninvasive
carcinoma; ¢ and d invasive
lesion; a and ¢ MMP7; b and d
E-cadherin. In noninvasive car-
cinoma, E-cadherin was
expressed in almost all tumor
cells with membranous pattern.
The tumor cells expressing
MMP basolaterally did not show
the attenuation of E-cadherin
expression. In invasive lesion,
focal attenuation of E-cadherin
expression was observed. The
distribution of the attenuated
expression of E-cadherin did not
coincide with the basolateral
MMP7 expression

expression activates ErbB4 receptors to promote cell
proliferation and subsequent transformation [11]. These
studies suggest that MMP7 is involved in the process of
cell proliferation in the early stages of IPMN. In the
present study, both the gastric and intestinal subtypes of
IPMN showed positive correlation with histological
grades, suggesting that those two subtypes of [IPMN share
the same function of MMP7 in the early stages of tumor
progression, as discussed above.

The positive correlation between the basolateral locali-
zation of MMP7 and the histological grades of IPMN
suggests that this localization pattern is associated with
tumor progression by which IPMN advances from adenoma
to carcinoma including its invasive stage. A recent study [5]
has shown an association between the functions of MMP7
and its intracellular localization. The study showed that
apical expression of MMP7 was responsible for cell
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proliferation, a result of the MMP acting on an apically
located substrate. The findings of the study allow us to
hypothesize that basolateral localization of MMP?7 is related
to the functions of basolaterally located substrates of tumor
cells. Considering that cell adhesion molecules and basement
membrane components such as E-cadherin, fibronectin,
laminin, and type IV collagen are substrates of MMP7, their
degradation by MMP7 may initiate invasion. However, in
the present study, no significant relationship was found
between the basolateral expression of MMP7 and the
expression of E-cadherin. One explanation for this lack of
correspondence may be that the cleavage of E-cadherin by
MMP7 secreted basolaterally may require co-secretion of a
MMP7 activator, as basolaterally secreted MMP7 is mainly
latent [5]. Another possible explanation is that MMP7
secreted basolaterally targets molecules other than
E-cadherin, such as components of tight junctions.

MMP1, MMP2, and MMP9 are expressed in all histolog-
ical grades of IPMN. This suggests that these MMPs may
also be involved in tumor progression. However, their
functions may be different from those of MMP7 because
both the frequency of expression and the intracellular
localization did not correlate with the histological grades.
The roles of these MMPs in carcinogenesis or tumor
progression have been described in recent studies. Studies
on colorectal cancer development have reported complex
interactions of these MMPs with the oncogenes and tumor
suppressor genes such as APC, k-ras, smad4, and p53 in the
carly stages of tumor development [8]. Considering that
these genes also play a role in the tumor progression of
IPMN [14], it is likely that the interactions between these
genes and MMPs contribute to tumor progression.

For all MMPs examined, no significant difference was
found between IDC and the invasive lesions of IPMN,
neither in the frequency of the positive cells nor in
intracellular localization. This lack of significant difference
is not definitive because the present study included only
tubular carcinoma, not mucinous carcinoma, and only five
lesions of invasive carcinoma.

In conclusion, our study shows that the frequency of tumor
cells expressing MMP7 and of their basolateral localization
exhibits positive correlations with the histological grades of
IPMN, both gastric and intestinal subtypes. The present study
also confirms that MMP1, MMP2, and MMP9 are expressed
equally in all histological grades of IPMN, suggesting that
MMP1, MMP2, and MMP9 may be involved in the tumor
progression process in the early stages of IPMN. Taken
together, these results indicate that MMP7 plays a role in the
process of tumor progression by which IPMN advances from
adenoma to carcinoma. Additionally, the basolateral expres-
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sion of MMP7 possibly relates to the initiation of invasion.
MMP1, MMP2, and MMP9 may be involved in the tumor
progression process in the early stage of IPMN.
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suppressor gene KAI-1 and accumulation of p53
in uterine carcinomas and sarcomas

Juliane Briese - Heinrich M. Schulte - Maria Sajin -
Christoph Bamberger - Katja Redlin -

Karin Milde-Langosch - Thomas Loning -
Ana-Maria Bamberger

Received: 4 September 2007 /Revised: 4 March 2008 / Accepted: 11 March 2008 / Published online: 16 April 2008

© Springer-Verlag 2008

Abstract Kangai (KAI)-1 (CD82) is a metastasis suppres-
sor gene, which belongs to the family of tetraspanin
proteins. A loss of KAI-1 expression is associated with
the advanced stages of many human malignancies. The
present study was designed to investigate the expression
pattern of KAI-1 in the normal endometrium and uterine
tumors and to correlate it with the expression of tumor
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suppressor protein p53. KAI-1 could be found in the
normal endometrium throughout the menstrual cycle.
Thirteen of 42 endometrial carcinomas demonstrated
moderate KAI-1 expression, but low expression of p53.
Twenty-nine of 42 endometrial carcinomas showed reduced
or absent KAI-1 expression, which correlated with strong
expression of p53 (»p<0.001). There were significant
correlations between KAI-1 expression and histological
type, e.g., 93% of endometrioid carcinomas displayed a low
or moderate immunostaining for KAI-1, whereas nearly all
of the serous/clear cell carcinomas were KAI-1 negative
(»<0.001); tumor grading, e.g., 73% of high grade tumors
showed no KAI-1 expression (p<0.001). Most of the
investigated uterine sarcomas were negative for KAI-1,
whereas they displayed a strong immunostaining for p53. In
conclusion, KAI-1 and p53 show inverse expression. The
reduced KAI-1 expression may be the result of dysregu-
lated p53 function and could be an important step in the
endometrial carcinogenesis.

Keywords KAI-1 - Metastasis suppressor - pS3 - CDS§2 -
Endometrium - Uterine tumor - Sarcoma

Introduction

Endometrial carcinoma is the most common malignant
epithelial tumor of the female genital tract in developed
countries. Two different clinicopathological types can be
distinguished: the estrogen-related endometrioid type
(type I) and the non-estrogen-related non-endometrioid
type (serous or clear cell carcinoma) (type II) [17]. Type I
carcinomas (approximately 80%) are associated with hyper-
estrogenicity [25]. At the molecular level, mutations of
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DNA mismatch repair genes (MutS protein homolog
(MSH)1, MSH2) [9] of B-catenin [10], k-ras [9], phospha-
tase and tensin homolog, and the loss of the estrogen
receptor (ER) and progesterone receptor (PR) [9] may play
a central role for type I tumors and the transformation to
more aggressive carcinomas. Only 15% to 20% of the cases
are type II carcinomas, which typically develop from the
atrophic endometrium of postmenopausal woman and
invade the myometrium [28]. Mutation of the p53 gene
seems to be important for these tumors [16]. Uterine
sarcoma is a rare form of uterine malignancy and occurs
in 2% to 5% of all patients with uterine tumors [29]. There
are four recognized types of uterine sarcoma: leiomyosar-
comas (35%), endometrial stromal sarcomas (10%), mixed
mesodermal tumors (7%), and other uterine sarcomas (3%).
Malignant mixed mullerian tumors (MMMT), which
contain epithelial and stromal elements, are considered as
a subset to the endometrial carcinoma (sarcomatoid
carcinoma) (45%) [31]. Whereas estrogens tend to play a
causal role in the pathogenesis of the most endometrial
adenocarcinomas, such a link has not been established for
the uterine sarcomas in general, although it may exist for
the MMMT variant [35].

Recently, Kangai (KAI)-1 has emerged as a metastasis
suppressor. KAI-1 (CD82) is a member of the transmem-
brane 4 protein superfamily (TM4SF) and is located in the
pl1.2 region on the human chromosome 11 [7]. TM4SF
members are characterized by the four highly conserved
transmembrane domains, two relatively divergent extracel-
lular domains, and two short cytoplasmic domains at the
NH, and COOH termini. The precise biochemical function
of the TM4SF is not clear yet; however, the current data
suggest a role for this superfamily largely in the regulation
of the cell proliferation, activation, and motility [23]. About
20 members of this family have been identified including
MRP-1/CD9, TAPA-1/CD81, ME491/CD63, and KAI-1/
CDS82 [36]. A growing body of evidence suggests that
CD9, one member in TM4SF, which has a 54% identity
with KAI-1, is involved in the cell motility and metastasis
[13]. Expression of CD9 in malignant melanoma cells
significantly suppressed the metastatic potential [3]. KAI-1
expression was reduced in the human cell lines derived
from metastatic prostate tumors as compared with its
expression in normal prostate tissue [7]. Downregulation
of the KAI-1 protein was also observed during the
progression of human prostate cancer [8]. It was reported
that loss of KAI-1 expression correlates with the progres-
sion of a variety of human cancers such as non-small cell
lung cancer and cancer of the pancreas [6]. In addition,
expression of KAI-1 in colon cancer cells and melanoma
cells resulted in reduced cell motility and invasiveness in
vitro and in the suppressed experimental metastasis in vivo
in melanoma cells [34].
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It is known that KAI-1 is expressed in a wide range of
tissues, but its expression in the uterine stromal and
epithelial tumors in correlation with the tumor suppressor
p53 and with the clinical and histological parameters has
not previously been investigated. The present study was
designed to examine for the first time the expression pattern
of KAI-1 in the endometrial hyperplasias and uterine
tumors such as endometrial carcinomas and sarcomas and
thus, its potential role as an additional diagnostic marker for
these tumors.

Materials and methods
Tissue collection

For immunohistochemistry, surgical specimens that had
been routinely fixed in the 4% formaldehyde and embedded
in the paraffin were used. Forty-two endometrial carcino-
mas (30 endometrioid, eight serous, and four clear cell
carcinomas), 15 sarcomas of the uterus (five carcinosarco-
mas, eight low grade endometrial stromal sarcomas, and
two leiomyosarcomas), and 17 endometrial hyperplasias
(six cases of simple hyperplasia without atypia, three cases
of simple hyperplasia with atypia, four cases of complex
hyperplasia without atypia, and four cases of complex
hyperplasia with atypia) were analyzed. Of the endometrial
carcinomas, eight tumors were International Federation of
Obstetricians and Gynecologists (FIGO) stage la, 17 tumors
FIGO Ib, seven tumors FIGO Ic, and ten tumors FIGO
stage II. Twenty samples of normal endometrium (ten of the
early and late proliferative phase and ten of the early and
late secretory phase) were additionally included. The age of
all patients ranged from 33 to 90 years with a mean of
59 years. The median age of the patients with endometrial
carcinoma was 65 years. The tissue material was selected
following histological review from the files of the Depart-
ment of Gynecopathology, University Hospital Hamburg-
Eppendorf. All lesions were classified according to the
most recent WHO criteria.

Immunohistochemistry

Serial sections of 4—-6 um were cut from the paraffin blocks
and mounted on 3-aminopropyl-triethoxysilan-coated
slides, deparaffinized in xylene and rehydrated in the
graded alcohol to Tris-buffered saline (TBS; 50 mmol/L
Tris, 150 mmol/L NaCl, pH 7.4). For the detection of KAI-
1, the slides were microwaved for 5%2 min in a 10 mmol/L
citrate, pH 6.0. After cooling down for 20 min, the slides
were washed with a phosphate-buffered saline (PBS),
blocked for 10 min at room temperature with avidin—biotin
blocking system (DAKO, Denmark), and incubated with an
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anti-KAI-1 mouse monoclonal antibody (G2) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) at a dilution of
1:200. The slides were then reacted with biotinylated
secondary antibody (DAKO, Glostrup, Denmark) for
10 min. Staining was performed using peroxidase-labeled
streptavidin (DAKO) and 3,3'-diaminobenzidine (DAB)
(DAB tetrahydrochloride containing 0.03% H,0,; Sigma,
Chemical Co.). Sections were counterstained with hema-
toxylin (Hemalaun Meyer; Merck, Germany), dehydrated,
and mounted (Eukitt; Labo-Med, Germany). For p53
immunohistochemistry, deparaffinized tissue sections were
washed in a phosphate-buffered saline and preincubated in
a 0.5% blocking serum for 5 min. The slides were incubated
overnight at 4°C using the mouse monoclonal p53 antibody
DO7 (DAKO), which recognizes the wild type and mutant
pS3 at a dilution 1:150. Slides were then rinsed in PBS
solution and incubated with the secondary antibody (1:200
dilution, DAKO) for 30 min and again rinsed and incubated
with the ancillary antibody (StrepAB complex/HRP Duet)
for another 30 min. Revelation was performed with DAB
(Sigma) immersion in 37°C for 5 min and hematoxilin
counterstaining. Paraffin slides from the human prostate
tumor served as a positive control (Santa Cruz Biotechnol-
ogy, CA, USA) and P19 cells, which served as negative
control, were obtained from American Type Culture Collec-
tion (Manassas, VA, USA). Positivity was characterized by
the dark brown staining of the nucleus.

Microscopic evaluation

Histological and immunohistochemical evaluation was
performed independently by two pathologists. Every tumor
was given a score in which both the intensity of the staining
(no staining=0; low staining=1; medium staining=2; strong
staining=3) and the percent of stained epithelial cells
(0%=0; under 10%=1; 10% to 50%=2; 51% to 80%=3;
over 80%=4) were multiplicated. In normal endometrium,
the given score consisted of staining intensity and the percent
of stained glands. In addition, the immunohistochemical
localization pattern was noted.

Statistical analysis

The SPSS11.0 program was used for calculation of
interrelationships between the analyzed KAI-1 protein
expression, p53 staining, and the histological or clinical
factors by the chi-square test. Probability values less than
0.05 were regarded as statistically significant.

Protein isolation and Western blot analysis

Western blot analysis was performed on normal and tumor
samples for which fresh-frozen material could be obtained.

Protein concentration was determined following the stan-
dard protocols and using the bovine serum albumin stand-
ards. Extraction of proteins from endometrial tissue for
Western blot analysis was carried out in PBS in the
presence of 1% NP40 and protease inhibitors [23]. Proteins
were electrophoresed on 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gels (NuPAGE Bis-Tris; Invitrogen)
and transferred by the tank blotting onto the polyvinylidene
difluoride Immmobilon membranes (Millipore Corp.). For
electrophoresis, lysates were added to an equal volume of
LDS sample Buffer (10 mM Tris, 10% SDS, 20% glycerol,
0.01% bromophenol blue; Invitrogen), and antioxidant was
added to the NuPAGE transfer buffer (Invitrogen). For the
detection of KAI-1, the monoclonal antibody G2 (Santa
Cruz Biotechnology) was used at 1:200. Monoclonal
antibody against glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (clone 6C5; HyTest, Turku, Finland) was
used at 1:10,000. Immunodetection was performed with the
enhanced chemiluminescence system (SuperSignal; Pierce).
Cell lysates 95-267 (Santa Cruz) and transiently KAI-
1-transfected MDAMB-231 cells [11] were used as the
positive control.

Results
Immunohistochemistry

Immunohistochemistry was performed on the paraffin-
embedded samples of the endometrial carcinoma, sarcoma,
endometrial hyperplasia, and normal endometrium. The
results are presented in Fig. 1 and in Table 1, 2, 3.

KAI-1 expression in normal endometrium, endometrial
hyperplasia, and endometrial carcinoma

In the normal human endometrium of 20 patients
(Table 1), KAI-1 expression could be found throughout
the menstrual cycle and was localized to epithelial cells of
the endometrial glands and surface epithelium (data not
shown) showing the clear plasma membrane localization.
Normal endometrial samples did not show immunohisto-
chemical reaction for p53 using the monoclonal antibody
DO7 (data not shown). The low level of p53 is usually due
to rapid turnover of p53. However, Pohnke et al. [32]
demonstrated that the wild-type (wt) p53 (using CMI
antibody, Novocastra, UK) protein increases in the normal
endometrium with the progression throughout the menstrual
cycle.

Five of the 17 (29%) samples of endometrial hyperplasia
displayed a strong cytoplasmic immunostaining for KAI-1
(score 8—12; Table 1) in the endometrial glands. Samples of
complex atypical hyperplasia demonstrated a reduced
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Fig. 1 Immunohistochemical
localization of KAI-1 and p53
in the uterine neoplasias

of the epithelial and stromal
origin. a Moderate KAI-1 stain-
ing of a well-differentiated
endometrioid carcinoma of his-
topathological grade G1 (x200).
b Absence of p53 expression
pattern in the same sample
(%x200). ¢ Absence of KAI-1
expression in a clear-cell carci-
noma (x200). d Strong staining
for p53 in the same clear cell
carcinoma. e and f Demonstrate
an absence of KAI-1 expression
(e) and a strong staining for p53
in a uterine sarcoma (f)

expression pattern of KAI-1 in comparison with the simple
non-atypical endometrial hyperplasia. In two of these
samples, focal regions of squamous metaplasia were
observed, which were positive (not shown). In only two
cases of hyperplasia that we observed nuclear expression of

p53, which was focal and restricted to the atypical complex
hyperplasia next to the carcinoma as demonstrated in a
previous study [33].

A series of 42 endometrial carcinomas was analyzed
for the KAI-1 expression immunohistochemically. For

Table 1 KAI-1 staining pattern in the normal human endometrium, hyperplasias, and uterine neoplasias of epithelial and stromal origin

n Negative KAI-1 (s=0)  Low KAI-1 (s=1-3)  Moderate KAI-1 (s=4-7)  High KAI-1 (s=8-12)

n % n % n % n %

Normal human endometrium (2=20)

Proliferative phase 10 0 0 4 (35.0) 6 (65.0)
Secretory phase 10 0 0 2 (22.0) 8 (88.0)
Endometrial hyperplasia (n=17)

Simple (absence of atypia) 6 0 0 3 (50.0) 3 (50.0)
Simple (presence of atypia) 3 0 0 3 (75.0) 0

Complex (absence of atypia) 4 0 0 2 (50.0) 2 (50.0)
Complex (presence of atypia) 4 0 2 (50.0) 2 (50.0) 0

Endometrial carcinomas 42 13 (31.0) 16 (38.0) 13 (31.0) 0

Sarcomas 15 12 (70.) 5 (30.0) 0 0
s Score
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Table 2 Correlation of KAI-1 staining with FIGO grading in
endometrioid carcinomas

n Negative Low Moderate Significance
KAI-1 KAI-1 KAI-1
(s=0) (s=1-3) (s=4-7)
n % n % n %
FIGO grading (n=30)
Gl 15 O 5 (3200 10 (68.0)
G2 12 2 (17.0) 7 (58.0) 3 (25.0)
G3 3.0 3 (100) 0 »<0.0001

s Score, G/-G3 grade

this analysis, the tumors have been divided into three
categories, from negative to moderate expression (score
4-7). Ten G1 and three G2 endometrioid tumors of 42
(31%) demonstrated a moderate score (4-7) of cyto-
plasmic KAI-1 expression. It is interesting that these
KAI-1 positive tumors were all well or moderately
differentiated endometrioid carcinomas (Fig. la, Tables 1
and 2). The comparison with the expression level of p53
in these tumors showed that most of those that had a
moderate score (4-7) for KAI-1 had negative/low p53
staining (Fig. 1b—showing negative p53 expression in
endometrioid carcinoma). Absent or reduced KAI-I
expression was observed in 29 of 42 (69%) adenocarci-
nomas, of which five specimens could be graded as Gl1,
nine as G2, and three as G3 endometrioid carcinomas
(Tables 1 and 3; Fig. lc—showing negative KAI-1
expression in a clear cell endometrial carcinoma). This

result correlated with the strong expression of p53 (p<
0.001; Fig. 1d—showing p53 expression in a clear cell
endometrial carcinoma). The protein was localized to the
nucleus showing a diffuse granular pattern. Table 3
represents the correlation of KAI-1 expression with
histological and clinical parameters. The results of
endometrial carcinomas demonstrate a strong inverse
correlation between KAI-1 and the expression of p53 as
detected with the monoclonal DO7 antibody (Table 3).
Additionally, there were significant correlations between
KAI-1 expression and histological type, tumor grade, and
high stage (»p<0.001). Histological type—28 (93%) of 30
endometrioid carcinomas displayed a low or moderate
cytoplasmic immunostaining for KAI-1, whereas 11 (92%)
of 12 serous/clear cell carcinomas were KAI-1 negative
(»<0.001; Table 3); grading—25 (93%) of 27 tumors of
malignancy grade G1/G2 were KAI-1 positive; however,
11 (73%) of 15 high grade tumors showed no KAI-1
expression (p<0.001; Table 3). We also could observe a
significant association between low KAI-1 expression
and/or high stage (p=0.0157; Table 3).

KAI-1 expression in uterine tumors of stromal origin

In addition to the epithelial uterine tumors, we investigated
the KAI-1 expression by the immunohistochemical analysis
in the 15 sarcomas, which were mostly of the stromal origin
(including five carcinosarcomas, eight low grade endome-
trial stromal sarcomas, and two leiomyosarcomas; Table 1).
Nearly all sarcoma samples demonstrated absent or very
low KAI-1 expression (Fig. le). Fifty percent of sarcomas

Table 3 Correlation of KAI-1 staining with the histological and clinical parameters in the endometrial carcinomas

n Negative KAI-1 (s=0) Low KAI-1 (s=1-3) Moderate KAI-1 (s=4-7) Significance
n % n % n %
FIGO grading (n=42)
Gl 15 0 5 (32.0%) 10 (68.0%)
G2 12 (17.0%) 7 (58.0%) 3 (25.0%)
G3 15 11 (73.0%) 4 (27.0%) 0 p<0.0001
Histological type (n=42)
Endometrioid 30 (7.0%) 15 (50.0%) 13 (43.0%)
Serous/clear cell 12 11 (92.0%) 1 (8.0%) 0 »<0.0001
Clinical stage (n=42)
Ta/Ib 25 4 (16.0%) 10 (40.0%) 11 (44.0%)
Ic/II 17 9 (53.0%) 6 (35.0%) 2 (12.0%) p=0.0157
p53 status (n=42)
Negative/low 13 0 4 (30.0%) 9 (70.0%)
Moderate 14 3 (21.0%) 7 (50.0%) 4 (29.0%)
High 15 10 (67.0%) 5 (33.0%) 0 »<0.0001
Total 42 13 16 13

s score, GI-G3 grade
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demonstrated a strong positivity in the nucleus for p53
whereas 50% showed a lower immunoreactivity (Fig. 1f).
The same inverse correlation between KAI-1 and p53
expression could be found. There was no correlation
between the histological type and the KAI-1 expression
pattern.

Immunoblot analysis of KAI-1 expression

To verify the results of immunohistochemistry, Western blot
analysis was performed. Protein lysates were used from the
15 samples including the normal endometrium, endometrial
hyperplasia, endometrial carcinomas, and uterine sarcomas
(Fig. 2). The KAI-1 protein was exclusively found in the
cytoplasmic/microsomal preparation and was absent from
the nuclear fraction [11]. Western blot analysis with anti-
KAI-1 antibody detected a 43-kDa protein band. Such
specific band has been found in the normal endometrium
(lanes 1, 3, 5) whereas carcinoma (lanes 2, 4, 6) and
sarcoma (lane 7) samples showed reduced or negative
protein expression of KAI-1. As a positive control, we used
prepared cytosolic extracts from MDA-MB-231 human
breast cancer cells (lane 8) which had been transfected with
an expression vector for the human KAI-1 [18].

Discussion

It is known that in the oncogenic process, genetic changes
result in an imbalance of cellular growth regulation, leading
to uncontrolled proliferation. However, unrestrained growth
does not, by itself, result in the invasion and metastasis.
The ability of tumor cells to metastasize often requires
additional genetic changes [20], which result in the
activation and inactivation of metastasis stimulating and
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Fig. 2 Western blot analysis of KAI-1 protein expression in normal
endometrium and epithelial and stromal uterine neoplasias. Lanes 1, 3,
and 5—KAI-1 expression of normal endometrium (secretory phase);
lanes 2, 4, and 6—uterine carcinoma (serous, clear cell type,
endometrioid (G2), respectively); lane 7—uterine carcinosarcoma.
As a positive control, cytosolic extract was prepared from MDA—-MB-
231 cells which had been transfected with a KAI-1 expression vector
(lane 8). Per lane, 20 pg of protein were loaded. The blot was
immunodetected with KAI-1 antibody G2, then stripped and reprobed
with GAPDH antibody as a loading control. Migration of size markers
is indicated in kDa
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metastasis suppressor genes [4]. Loss of function of
metastasis suppressor genes has been demonstrated to
contribute to the metastatic progression of tumor cells [14].

In this study, we investigated the expression pattern of
the metastasis suppressor gene KAI-1 in the uterine tumors
of epithelial and stromal origin compared to the normal
endometrium and its correlation with the expression of p53
using immunohistochemistry. The normal endometrium
displayed a strong expression of KAI-1 localized to
epithelial cells throughout the menstrual cycle and also in
decidualized endometrial stromal cells, as we have recently
shown [11]. Most of the KAI-1 positive tumors were well-
differentiated endometrioid carcinomas of malignancy
grade G1/G2. Twenty-nine of the 42 analyzed endometrial
carcinomas and 12 of the 15 uterine sarcomas showed a
very low or absent expression of KAI-1, indicating that loss
of KAI-1 expression may play an important part in the
pathogenesis of such tumors. The interpretation of these
results with respect to tumor progression should consider
that most likely endometrioid and serous carcinomas follow
the different pathways of tumorigenesis [18]. The endome-
trioid carcinoma is related to hyperestrogenism by the
association with endometrial hyperplasia and frequent
expression of estrogen and progesterone receptors, whereas
serous carcinoma is unrelated to estrogen and associated
with atrophic endometrium [18]. Estrogen, which is
expressed throughout the cycle of the human endometrium,
seems to play a role for the expression of KAI-1 in the
normal endometrium, in endometrial hyperplasias, and also
in the low grade endometrioid carcinomas (type I).
However, the association between those and the role, these
hormones that could play for the metastasis suppressor gene
KAI-1 need to be elucidated. The fact that most endome-
trioid carcinomas show at least a weak ER and/or PR
expression and often contain well-differentiated carcinoma
foci favors the progression along an estrogen-driven
pathway [18]. As we could demonstrate as well, most of
these carcinomas showed a low or intermediate staining for
KAI-1. Therefore, it could be very important to investigate
the mechanism underlying the KAI-1 expression in normal
endometrium as well as in endometrioid carcinomas and to
answer the question if estrogen triggers or inhibits KAI-1.
Type II endometrial carcinomas associated with atrophic
endometrium and which are usually ER negative revealed a
negative KAI-1 expression for most of the cases in our
study.

It is clear that metastasis requires genetic changes to occur
[6]. Loss of function of metastasis suppressor gene(s) is an
important event during the progression of a tumor cell from a
nonmetastatic to a metastatic phenotype [4]. KAI-1 is a
recently identified metastasis suppressor gene for pros-
tatic cancer. The expression of KAI-1 was reduced in
the human cell lines derived from metastatic prostate
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tumors as compared with its expression in the normal
prostate tissue [28]. It was noted later that KAI-1 protein
expression was downregulated during the progression of
human prostate cancers [36]. Liu et al. demonstrated a
frequent downregulation of the KAI-1 metastasis suppres-
sor gene in epithelial ovarian carcinoma [21]. Another
group could find a downregulation of KAI-1 in cervical
and some endometrial carcinomas, but there was no
differentiation between histological types and no compar-
ison with the suppressor molecule p53, two important
prognostic and diagnostic factors [22]. A loss of KAI-1
expression occurs in the advanced stages of many cancers.
It is associated with a poor patient prognosis in the non-
small cell lung cancer [1] and recurrence in the breast and
bladder tumors [30]. Identification of patients whose
tumor cells show reduced KAI-1 expression may allow
them to be targeted for tailored therapy to inhibit
metastasis. Strategies to restore KAI-1 expression might
be explored to limit the spread of tumor cells.

Comparison of the KAI-1 immunostaining with p53
expression levels showed that most of our investigated
uterine tumors with low/absent KAI-1 level displayed a
strong expression of p53 (using the monoclonal anti-
body DO-7 which also recognizes the mutated p53).
This strong expression might be the result of the
accumulated mutated p53 indicating that loss of KAI-1
expression may be implicated in the progression to the
development of a more aggressive histology. Normal
endometrial samples did not show any immunohisto-
chemical reaction for p53 with this antibody. However,
another research group could demonstrate an increased
expression of p53 (using an antibody against wild-type
p53) in normal endometrium with progression through-
out the menstrual cycle [32].

Here we could demonstrate for the first time an
inverse correlation between KAI-1 and p53. We suppose
that the loss of KAI-1 may be connected with a
dysfunction of probably mutated p53—the accumulation
of which is detected immunohistochemically using the
antibody DO-7. p53 might be implicated in regulating
KAI-1 expression [2]. Tumor cells of the human organism
have very often the phenomenon of a high level of p53
protein, which is usually dysfunctional. p53 dysfunction,
amplification, overexpression of human epidermal growth
factor receptor 2, loss of p16 [27], and cell cycle inhibitor
p27 [5] expression are considered rare and late events
during progression and dedifferentiation of endometrioid
carcinoma, since they are predominantly found in the
grade 3 tumors, rarely in grade 1 [15]. However,
dysfunctional p53 was found in 80% of stromal tumors
and of nonendometrioid carcinomas [15]. p53 is the most
frequently inactivated tumor suppressor in the human
cancer. [12]. A variety of mechanisms can lead to such

functional inactivation including genetic alteration and
interaction with the oncogenic cellular or viral proteins.
A substantial number of candidate p53 target genes,
which contain p53-binding sites in their promoter
regions and are transcriptionally activated by wild-type
p53 have been successively identified [19].

In this context, the recent suggestion of a direct link
between p53 and the KAI-1 gene is of particular
interest. A sequence exhibiting a significant homology
with the p53 consensus binding site was identified at
the position —896 to —863 bp of the KAI-1 promoter.
An induction of endogenous KAI-1 gene expression was
detected by reverse transcriptase-polymerase chain reac-
tion 48 h after cellular transfection of a wt-p53
expression plasmid into a human prostatic carcinoma
cell line [26]. Marreiros et al. [24] could confirm that a
76-bp region (residues —922 to —847) of the KAI-1
promoter, with binding motifs for p53, AP1, and AP2,
is required for the high level activity of a KAI-I
reporter in the prostate cancer. Western blotting analysis
showed that an absence of wt-p53, and a loss of junB
or AP2 protein expression, correlated with downregula-
tion of KAI-1 mRNA levels. In our study, we could
find a reduced or absent KAI-1 expression in the
endometrial carcinomas and uterine sarcomas and a
strong expression of p53 which most likely represents
accumulation of mutated p53. The molecular basis for
downregulation of KAI-1 expression in advanced tumors
and identification of the normal functional role of KAI-
1 need further investigation.

Since decreased KAI-1 expression is already seen in the
early stages of endometrial cancer and in a subset of
atypical complex endometrial hyperplasias, we speculate
that downregulation of this gene might be an important part
in the development of endometrial cancer and sarcomas.
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Abstract Neovasculogenesis is essential in tissue remodel-
ing. Endothelial progenitor cells (EPCs) mobilize from
bone marrow (BM) and participate in neovasculogenesis.
This study examined the role of EPCs in a model of
reversible glomerulonephritis induced by habu snake
venom (HSV). Lethally irradiated FVB/N wild-type mice
were transplanted with BM cells from donor transgenic
mice expressing [3-galactosidase gene under the control of
endothelial-specific fie-2 promoter. HSV or saline was
injected intravenously after BM transplantation (BMT).
The kidneys were removed before injection and at days 1,
7, 28, and 56 after injection. [3-Galactosidase-expressing
cells were identified by X-gal staining. The expressions of
CD31 (endothelial cell marker) and vascular endothelial
cell growth factor (VEGF) in renal tissues were examined
by immunohistochemistry. In BMT mice injected with
saline, few X-gal-positive cells were detected in glomeruli.
In HSV-injected mice, X-gal-positive EPCs were increased
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in damaged glomeruli, reaching maximum at day 28.
Recovery of glomeruli was observed at day 56 in
association with reduction of X-gal-positive EPCs. VEGF
overexpression was detected in glomerular epithelial and
endothelial cells, mesangial cells, and EPCs. Our results
indicated that EPCs were mobilized into the damaged
glomeruli, suggesting EPCs participation in glomerular
capillary repair of damaged glomeruli in HSV-induced
glomerulonephritis.

Keywords Endothelial progenitor cell - Angiogenesis -
Vascular endothelial cell growth factor (VEGF)

Introduction

Neovasculogenesis is an important process associated with
both physiological and pathological conditions such as organ
development, menstrual cycle, wound healing, tumor growth,
and ischemic diseases [3, 6, 1012, 26]. During embryonic
development, new blood vessels are formed from primitive
endothelial progenitor cells (EPCs), a process referred to as
vasculogenesis. On the other hand, postnatal neovascular
development is thought to result from proliferation, migra-
tion, and remodeling of fully differentiated endothelial cells
derived from pre-existing blood vessels, i.e., angiogenesis
[33]. Recent studies showed the presence of bone marrow-
derived EPCs in systemic circulation. Their number was
augmented in response to certain cytokines and/or tissue
ischemia, and home to as well as incorporate into the site of
neovascularization during hindlimb ischemia, postmyocar-
dial infarction, hormone-induced ovulation, wound healing,
corneal neovascularization, and cerebral ischemia [2, 4, 15,
21, 31, 37, 40].
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In models of reversible glomerulonephritis such as
anti-Thy-1.1 antibody-induced (Thy-1) glomerulonephri-
tis and habu snake venom (HSV)-induced glomerulone-
phritis, it has been postulated that proliferation of
glomerular endothelial cells participates in capillary
repair and restoration of glomerular architecture [17, 25,
37]. In addition, other studies demonstrated that the
destruction of glomerular capillary network and the
subsequent incomplete angiogenic capillary repair lead to
glomerular sclerosis in anti-glomerular basement mem-
brane (GBM) glomerulonephritis [36]. These findings
suggest the importance of glomerular endothelial cell
proliferation during the glomerular capillary regeneration
process. On the other hand, the expression of angiogenic
growth factor, vascular endothelial cell growth factor
(VEGF), is highly up-regulated in the damaged glomeruli
[17, 24], and systemic administration of VEGF enhances
the capillary repair and prevents the deterioration of
glomerular structure from progressing to glomerular
sclerosis in experimental glomerulonephritis induced by
anti-Thy-1.1 antibody and HSV [29]. These results
suggest that VEGF is a key factor in angiogenic
glomerular capillary repair and that glomerular endothelial
cell regeneration is an important process for glomerular
reconstruction after glomerular injury.

In the present study, we investigated whether bone
marrow (BM)-derived EPCs are the source of glomerular
endothelial cells and if so, determine the association
between recruited EPCs and glomerular capillary repair in
a model of HSV-induced reversible glomerulonephritis.

Materials and methods
Mice

FVB/N-TgN [TIE2LacZ] 182Sato male mice (TIE2/LZ
mice) of 2543 g body weight (mean + SD), obtained from
The Jackson Laboratory (Bar Harbor, ME, USA), were used
as donors for bone marrow transplantation (BMT). This
transgenic mouse constitutively expresses [3-galactosidase
encoded by /acZ under the transcriptional regulation of an
endothelial cell-specific promoter, Tie-2 [4, 37]. In a
preliminary study, we ascertained that [3-galactosidase-
expressing cells also expressed Tie-2, suggesting that the
expression of (3-galactosidase was restricted to endothelial
cells in the donor mouse (data not shown). FVB/N wild-type
male mice (WT mice) were also purchased (The Jackson
Laboratory) and served as recipients of BMT. All mice were
housed in standard rodent cages, in rooms set at constant
ambient temperature (22+1°C) and humidity (85%), with
10 h of lights-on each day. Drinking water and pellet rodent
food were provided ad libitum.

@ Springer

Experimental design

The experimental protocol was inspected by the Animal Care
and Use Committee of Nagasaki University School and
approved by the President of Nagasaki University School.
BM cells were obtained by flushing the tibias and femurs
of age-matched donor transgenic mice. Recipient mice,
7-week-old, were lethally irradiated (11 Gy) and injected
intravenously with 1x10° BM cells. Subsequent analysis
showed no radiation-induced glomerular injury in this
model, suggesting that the effect of irradiation on glomer-
ular capillary recovery is marginal. Preliminary studies
demonstrated that the BM of the recipient mice was
reconstituted 4 weeks after the transplantation [4, 31, 37].

At that stage, transplanted mice were injected with HSV
(Trimeresurus flavoviridis; Wako Pure Chemical Industries,
Osaka, Japan) dissolved in saline at a dose of 2 mg/kg body
weight intravenously (HSV group: n=25). Mice of another
group were injected with saline alone (S group: n=25). Mice
were sacrificed before injections and at days 1, 7, 28, or 56
after injections (n=5, each), and renal tissues were dissected
out carefully. Tissues were fixed with 4% paraformaldehyde
(PFA) immediately after sampling for 24 h and embedded in
paraffin and cut into 4-pum-thick sections for histological
assessment of renal injury. Frozen tissues were also prepared
by mounting in optimal cutting temperature compound
(Miles, Inc., Elkhart, IN, USA) and rapidly frozen in dry
ice and stored at —80°C until use. Fresh frozen tissues were
cut into 4-um-thick sections using a microtome and placed
onto aminopropyltriethoxysilane-coated slide glasses.

Histological and immunohistochemical examination

To assess the morphological changes in the kidney, paraffin-
embedded tissue sections were stained with periodic acid-
Schiff reaction. We identified [3-galactosidase-expressing
cells using the X-gal Staining Assay Kit (A10300K, Gene
Therapy Systems, San Diego, CA, USA) and immunohisto-
chemically by using rabbit anti-{3-galactosidase antibody.
Immunohistochemical staining was performed using the
following antibodies: (1) rat anti-mouse CD31 antibody
diluted 1/50 (1625-01, Southern Biotechnology, Birmingham,
AL, USA), which was used as a marker of endothelial cells;
(2) rabbit anti-Tie-2 antibody diluted 1/200 (sc-324, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), which is the
receptor for angiopoietin-1 and angiopoietin-2; (3) rabbit anti-
VEGF antibody diluted 1/100 (sc-507, Santa Cruz Biotech-
nology); (4) rabbit anti-p3-galactosidase antibody diluted 1/
100 (ab616, Abcam, Cambridge, UK); and (5) horseradish
peroxidase (HRP)-labeled dextran polymer-conjugated mouse
anti-proliferating cell nuclear antigen (PCNA) antibody
(U7032, DAKO, Glostrup, Denmark) as a marker of
proliferating cells. To block endogenous peroxidase, renal
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sections were reacted with methanol containing 0.3% H,O,
for 15 min at room temperature. Indirect immunohisto-
chemical technique was used for the detection of CD31,
Tie-2, and 3-galactosidase. For CD31 and (3-galactosidase
antibodies, frozen sections were fixed with acetone for
15 min at room temperature and incubated for 30 min with
a blocking buffer containing 5% normal goat serum, 5% fetal
calf serum, 5% bovine serum albumin, and 20% normal
swine serum in phosphate-buffered saline (PBS). The
sections were then reacted with the primary antibodies
diluted in the same blocking buffer. For a better identification
of CD31-positive capillaries, we performed the three-layer
method, as described previously [1]. After reacting with anti-
CD31 antibody at room temperature for 1 h, the sections
were reacted with HRP conjugated rabbit anti-rat immuno-
globulins (DAKO P0450), as the secondary antibody diluted
1/100 for 30 min at room temperature and then, reacted with
HRP-conjugated swine anti-rabbit immunoglobulins (DAKO
P0399) as the third antibody diluted 1/50 for 30 min at room
temperature. For (3-galactosidase antibody, sections were
reacted with HRP-conjugated swine anti-rabbit immunoglo-
bulins diluted 1/50 for 30 min at room temperature and a
complex of rabbit anti-HRP antibody and HRP (DAKO
Z0113) diluted 1/100 for 30 min at room temperature. For
Tie-2 staining, frozen sections were fixed with 4% PFA for
15 min at room temperature and then incubated for 30 min
with the aforementioned blocking buffer. Subsequently, the
sections were reacted with anti-Tie-2 antibody for 1 h at
room temperature and HRP-conjugated swine anti-rabbit
immunoglobulins diluted 1/50 for 30 min at room temper-
ature and a complex of rabbit anti-HRP antibody and HRP
diluted 1/100 for 30 min at room temperature. For VEGF
staining, we applied the peroxidase and avidin—biotin
complex technique using Vectastatin Elite ABC kit (Vector
Laboratories, Burlingame, CA, USA), which yielded the
strongest signal for VEGF. For blocking of endogenous
biotin, deparaffinized tissue sections were incubated with
avidin D blocking solution (SP-2001, Vector Laboratories)
for 15 min, rinsed with buffer, and incubated with the
biotin blocking solution (SP-2001, Vector Laboratories)
before reacting with the first antibody. Subsequently, the
tissue sections were reacted with the primary antibody for
16 h at 4°C. We used direct immunohistochemical
technique for PCNA staining. After deparaffinization, the
sections were incubated for 30 min with a blocking buffer
similar to that described above and then reacted with anti-
PCNA antibody for 1 h at room temperature. Reaction
products were visualized by treating sections with H,0,
and 3',3-diaminobenzidine tetrahydrochloride. Finally, the
sections were counterstained with methyl green and
mounted.

Tissue sections were also double-stained for X-gal and
Tie-2 or X-gal and VEGF. After X-gal staining using the

X-gal staining assay kit, sections were incubated with each
antibody and stained as described above. Indirect immuno-
histochemistry was performed using {3-galactosidase anti-
body for CD31/3-galactosidase double staining. After CD31
staining as described above, sections were washed in PBS to
stop the color reaction and incubated with double staining
enhancer (50-056, Zymed Laboratories Inc., San Francisco,
CA, USA). Thereafter, the sections were reacted with
anti-3-galactosidase antibody followed by incubation with
HRP-conjugated antibody as mentioned above. A second
chromogen, True blue (71-00-64, KPL, Gaithersburg, MD,
USA), was then applied, which stained positive cells in blue.
The tissue sections were not counterstained with methyl
green, since this counterstaining could interfere with the
color from the chromogen.

Immunostaining with irrelevant rat IgG2a (0117-01,
Southern Biotechnology) or normal rabbit immunoglobulin
(DAKO X0903), as negative controls, yielded no positive
signal in erythrocytes or any other cells.

Fifteen glomeruli from each animal, each with an
equatorial plane cross-section, were analyzed. We counted
the number of CD31-positive glomerular capillary loops,
X-gal-positive cells, and VEGF-positive cells in each
glomerular cross-section in 15 glomeruli per kidney of five
mice at each time point. In this study, CD31-positive
glomerular capillary loops represented glomerular capillary
loops with CD31-positive area occupying more than 30%
of the entire capillary loop. Based on preliminary studies,
the 30% cutoff value was selected arbitrarily in order to
avoid overestimating the count by the inclusion of
structures that could not be identified with certainty as
capillary loops. Thus, we used sections with well-preserved
tissue morphology to identify the CD31-positive capillary
loops.

Statistical analysis

Data were expressed as mean + SD. Differences among
groups were examined for statistical significance using
repeated measures ANOVA (Bonferroni/Dunn test). A P
value less than 0.05 denoted the presence of statistically
significant difference.

Results

Histopathological changes and alteration of glomerular
endothelial cells in HSV-induced glomerulonephritis

In the S group, no mesangiolysis or mesangial matrix
expansion was observed, and the number of CD31-positive
glomerular capillary loops did not change throughout the
experimental period (Fig. la and b). On the other hand,
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Fig. 1 Histological examination P AS Staining CD3 1 Staining

and CD31 expression. In
saline-injected mice (S group),
no morphological changes such
as mesangiolysis and mesangial
matrix expansion were observed
in glomeruli (a and b: S 56d).
On the other hand, note the
ballooning of glomerular
capillary and reduction of
CD31-positive endothelial cells
in habu snake venom (HSV)-
injected mice (HSV group) at
day 1 (¢ and d: HSV 1d). At day
7, reduction of cystic lesions
accompanied the increased
number of CD31-positive
capillary loops (e and f: HSV
7d). At day 28, mesangial
matrix expanded and the
number of CD31-positive
capillary number was decreased
(g and h: HSV 28d). At day 56,
mesangial expansion was
reduced and CD31-positive
capillary number returned to
almost baseline levels, following
glomerular structure repair

(i and j: HSV 56d). a, b, e, g,
and i: PAS staining. b, d, f, h,
and j: immunohistochemistry
for CD31. Magnification: x400.
Arrowheads: CD31-positive
capillary loops

<

HSV 28d

@ Springer



Virchows Arch (2008) 453:97-106

101

[] S group
Il HSV group
# NS
§' NS # NS
=}
~. 20 I — I
T
B 15
5
S
3 %k
>
= 10
.g %
=7
- 5
5
a
© 0
before day 1 day 7 day 28 day 56

injection
NS; not significant
Fig. 2 Quantitative analysis of the number of CD31 in glomeruli. We
counted the number of CD31-positive glomerular capillary loops per
cross-section of the glomerulus in 15 glomeruli per kidney of five
mice at each time point. Data are mean + SD. *P<0.01 versus before
injection, days 7 and 56 in HSV group. #P<0.01 versus the S group

injection of HSV induced mesangiolysis at day 1, as reported
previously [30]. Loss of the mesangial cells led to ballooning
of glomerular capillary loops and induced cystic lesions,
accompanied by a significant reduction in the number of
CD31-positive capillary loops (Figs. lc,d and 2). At day 7,
after acute mesangial injury, the cystic lesions were
diminished (Fig. 1e), and the number of glomerular capillary
loops increased to reach the levels noted at baseline before
HSV injection (Figs. 1f and 2). Subsequently, the mesangial
matrix expanded and the number of CD31-positive capillary
loops diminished. These changes were most extensive and
significant at day 28 (Figs. 1g,h and 2). At day 56, mesangial
matrix expansion was further diminished, together with
further increase in the number of CD31-positive capillary
loops (Fig. 2). This resulted in reconstitution of the
glomerular structure and the final appearance resembled
normal glomeruli (Fig. 1i and j).

Involvement of BM-derived EPCs in glomeruli

To identify BM-derived EPCs, we used the X-gal staining
technique. Before HSV injection, few cells were positive
for X-gal staining in glomeruli (Fig. 3a; n=0.940.8). In
HSV group, a small number of X-gal-positive cells was
detected in damaged glomeruli at days 1 (n=1.8+1.1) and 7
(n=2.1£1.3; Fig. 3b). At day 28, the number of X-gal-
positive EPCs was significantly higher (n=2.9+1.7) in
parallel with mesangial matrix expansion (Fig. 3¢ and
Table 1). Then, the number of X-gal-positive cells
decreased gradually, but they were still found in the
glomeruli at day 56 (n=2.3+1.0; Fig. 3d). In mice of the
S group, a few cells positive for X-gal were observed from
day 1 to day 56 in this experiment (Fig. 3e and Table 1).
In the HSV group, some cells double-stained for CD31
and 3-galactosidase were identified from day 1 to day 56

(Fig. 4 and Table 1). The number of such cells was
significantly higher at day 28 but was decreased at day 56
in HSV group (Table 2).

VEGF and PCNA expression during HSV-induced
glomerulonephritis

Before HSV injection, few cells were positive for VEGF in

glomeruli (Fig. 5a and Table 1). In HSV-injected mice, the
number of VEGF-positive cells was very small at days 1

and 7 (Fig. 5b and c, respectively and Table 1), and their
number was the same as that in non-HSV-injected mice
(Table 1). At day 28, when mesangial matrix expansion and
reduction of CD31-positive capillary loops were noted, the
number of VEGF-positive cells was significantly increased
in the damaged glomeruli (Fig. 5d and Table 1). VEGF was
expressed mainly in glomerular epithelial cells and in some
mesangial cells and glomerular endothelial cells. Recon-
struction of glomerular capillaries was associated with a
decrease in the number of VEGF-positive cells at day 56
(Fig. 5e and Table 1). In the tubulointerstitial area, a few
tubular epithelial cells were also positive for VEGF at days
1, 7, 28, and 56. In mice of the S group, a weak expression
of VEGF in glomeruli was observed throughout the
experimental period (1.2+1.2, 1.8+£1.2, 1.3+£0.2, and 0.9+

0.8 cells/glomerulus, at days 1, 7, 28, and 56, respectively).

We also performed double staining for VEGF and X-gal in
the same sections to examine the expression of VEGF on
BM-derived endothelial cells. In glomeruli obtained from
HSV-injected mice, some X-gal-positive BM-derived EPCs
were also positive for VEGF in this model at days 1, 7, 28
(Fig. 5d), and 56. We also examined the expression of
PCNA, a marker of cell proliferation. PCNA-positive cells
were identified in damaged glomeruli from day 1 to day 56.
The number of cells positive for PCNA was very small;
however, a statistically significant increase in the number of
PCNA-positive cells was only observed at day 28 in HSV-
injected mice (day 7: Fig. 6a; day 28: Fig. 6b and Table 1).

Discussion

The present study demonstrated that the BM-derived endo-
thelial cells were mobilized into glomeruli and the number of
BM-derived cells was increased in injured glomeruli in HSV-
induced glomerulonephritis. We also showed that BM-derived
endothelial cells were the potential source of glomerular
endothelial cells, and that these cells are involved in the
reconstruction of glomerular structure through VEGF expres-
sion in HSV-induced glomerulonephritis.

Transplantation of TIE2/LZ BM cells into syngeneic WT
mice is a well-established method for examining the
influence of EPCs in BM cells on neovasculogenesis
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Fig. 3 X-gal staining of the a
glomeruli. In saline-injected

mice, few cells were positive for

X-gal staining at day 1 (a). In
comparison, a larger number of
X-gal-positive cells was

detected in glomeruli showing

cystic lesions in HSV-injected

mice at day 1 (b). At day 28,

note the large number of
X-gal-positive cells (¢) and
X-gal-positive cells were still

observed at day 56 (d).

In mice of the S group at

day 56, few X-gal-positive cells

were observed (e). Magnifica-

tion: x400. Arrowheads:

X-gal-positive cells c

because the expression of (3-galactosidase is restricted to
Tie-2-expressing endothelial cells in TIE2/LZ mouse [4, 31,
40]. In fact, accumulated evidence suggests the contribution
of BM-derived endothelial cells to neovascularization in
BMT animal models, such as hindlimb ischemia, myocar-
dial infarction, retinal ischemia, cutaneous wounds, and
tumor growth [4, 8, 22, 23, 27, 39]. In the present study, we
used the HSV-induced glomerulonephritis model; a single
injection of HSV caused mesangial matrix lysis and
exhibited toxic effects on the endothelium, leading to
ballooning of glomerular capillaries, formation of micro-
aneurysms, and loss of endothelial cells, followed by a
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repair phase characterized by mesangial and endothelial
cell proliferation [7, 25, 30]. In our TIE2/LZ BM cell-
transplanted mice, we demonstrated that HSV-induced
glomerular changes were associated with immigration of
BM-derived Tie-2 expressing endothelial cells. At day 28,
we observed an increase in the number of BM-derived
endothelial cells compared with the control, followed by a
slight decrease over the next 4 weeks. Following the
increased migration of BM-derived endothelial cells,
CD31-positive glomerular capillaries were also increased
in the damaged glomeruli. These results indicate that
glomerular capillary repair cannot only be attributed to
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Table 1 Number of cells positive for X-gal, VEGF and PCNA

Number of positive cells/glomerulus

Day 0 Day 1 Day 7 Day 28 Day 56

S HSV S HSV S HSV S HSV S HSV
X-gal 0.8+0.7 0.9+0.8 0.9+0.8 1.8+1.1 1.0+0.8 2.1+1.3 1.1+0.6 2.9+1.7%%* 1.1£1.0 2.3£1.0
VEGF 0.8+0.7 0.9+0.8 1.2+1.2 1.6+1.2 1.8+1.2 0.9£0.8 1.3£0.2 8.3 2. 4%%* 0.9+0.8 1.7+1.2
PCNA N.D. 0 N.D. 1.3£1.3 N.D. 1.5£1.0 N.D. 4.6+£1.2%** N.D. 1.8£1.3

Data are mean + SD, n=5 for each day
S Saline group, HSV habu snake venom group, N.D. not determined

*P<0.01 versus day 0 in HSV group; **P<0.01 versus S group; ***P<0.01 versus day 0

proliferation of resident endothelial cells but also bone
marrow-derived endothelial cells.

In the present study, we could not determine the
relative contribution of BM-derived endothelial cells to
glomerular capillary repair compared to residential endo-
thelial regeneration. Extensive endothelial cell loss and
proliferation of these cells have been reported in HSV-
induced glomerulonephritis [25]. Since the number of
migrating BM-derived endothelial cells in glomeruli was
clearly less than that of resident endothelial cells, we
presume that the number of endothelial cells of BM origin
is limited. Previous studies showed the differentiation of
BM-derived cells to renal cells in humans and animals [9,
14, 16, 18, 28, 32, 34]. For example, Poulsom et al. [32]
identified frequent Y chromosomes containing tubular and
glomerular epithelial cells within the kidneys of female
mice that had received BM transplantation from male mice.
Other studies also demonstrated that BM cells could give
rise to mesangial and glomerular endothelial cells [9, 14,
16, 18, 34] and that the ratio of BM-derived cells to
glomerular cells was only 11-12% [18]. More recently, Lin

_ %
& )\
| X

Fig. 4 Double immunostaining for CD31 (brown) and (3-galactosidase
(blue). Note that some of CD31-positive cells also expressed f3-
galactosidase (arrowhead), while others were not (arrow). Magnifica-
tion: x800

et al. [28] demonstrated that in BM cell-transplanted mice,
the kidneys contained 8% BM-derived cells at 28 days after
ischemia—reperfusion injury. Among them, 10.6% were
glomerular cells, of which 3.8% were glomerular endothe-
lial cells. We showed that (3-galactosidase expressing cells
were also positive for CD31 staining, suggesting that BM-
derived endothelial cells have the capacity to home to
injured glomeruli and differentiate into glomerular endo-
thelial cells. Interestingly, we also showed that the number
of [3-galactosidase-positive CD31-positive cells was in-
creased at day 28, but decreased at day 56. While the exact
reason for this decrease is not clear, recent studies
demonstrated apoptosis of glomerular endothelial cells in
anti-GBM-GN [35, 36]. Since apoptosis is widely recog-
nized as a controlled mode of cell death, endothelial cell
apoptosis might explain the disappearance of endothelial
cells during capillary regression. Further studies are
warranted to examine the contribution of BM-derived cells
to glomerular capillary repair by using perfusion fixation of
the kidneys or ultrastructural examination using electron
microscopy.

We also demonstrated that BM-derived endothelial cells
did not only migrate into the damaged glomeruli but also
secreted a potent angiogenic ligand, VEGF, in this model.
VEGF is a strong chemoattractant factor for EPCs from
BM, and VEGF administration promotes mobilization of
EPCs to peripheral blood [5, 13, 20]. Previous studies
demonstrated that EPCs express and secrete a variety of

Table 2 Number of CD31- and (3-galactosidase-double positive cells
in HSV-injected mice

Number of double-positive cells/glomerulus

Day 0 Day 1 Day 7 Day 28 Day 56

CD31/3-
galactosidase

0.8+0.8 1.6+0.8 1.5+1.2 3.0£1.3* 23413

Data are mean + SD, n=5 for each day
*P<0.01 versus day 0
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Fig. 5 Immunohistochemistry
for VEGF in HSV-induced
glomerulonephritis. In mice of
the S group, VEGF expression
was not observed in glomeruli at
day 56 (a). In HSV group, some
cells were positive for VEGF in
the damaged glomeruli at day 1
(b; arrowheads). At day 7, the
increased number of glomerular
capillaries was associated with
diminished VEGF expression
(¢). Subsequently, reduction of
glomerular capillaries was asso-
ciated with increased number of
VEGF-expressing cells at day
28 (d). This was followed by
reduced expression of VEGF
with recovery of glomerular
architecture at day 56 (e).
Double staining for VEGF
(brown) and X-gal (blue) in the
same section of HSV-group
showed that some VEGF-
positive cells were also positive
for X-gal (f, day 28).

a—f Magnification: x400. Inset
in (f), magnification: x800.
Arrowheads: VEGF-positive
cells

Fig. 6 Immunohistochemistry
for PCNA. In glomeruli of
HSV-injected mice, a few
PCNA-positive cells were
observed at day 7 (a), but their
number increased at day 28 (b).
Magnification: x400. Arrow-
heads: PCNA-positive cells
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growth factors, including VEGF [19, 38]. Furthermore, it
has been suggested that EPC-induced neovascularization is
not only due to the incorporation of EPC into the newly
formed vessels but also influenced by the release of pro-
angiogenic factors in a paracrine manner [19, 38]. In our
study, we showed that the increase in the number of VEGF-
positive cells paralleled the influx of BM-derived endothe-
lial cells at day 28. In addition, PCNA-positive cells were
also increased in damaged glomeruli, accompanied by
migration of EPC in glomeruli at day 28. We presume that
the contribution of BM-derived EPC to the reconstruction
of glomeruli is smaller than resident glomerular endothelial
cells. However, taken together with the above results, we
speculate that BM-derived EPCs lead the proliferation of
endothelial cells and participate, at least in part, in the
glomerular capillary repair through VEGF expression in our
model.

In summary, our findings indicated that BM-derived
endothelial cells contribute not only to the glomerular
endothelial cell turnover but also to the regeneration of
glomerular microvasculature in pathologic conditions. In
other organs, EPCs augment tissue neovascularization after
ischemia and contribute to reendothelialization after endo-
thelial injury [21, 8, 22, 23], highlighting the potential
therapeutic usefulness of targeting such cells. Our findings,
therefore, may provide the basis for the development of
new therapeutic strategies for renal diseases, by targeting
mobilization, differentiation, and proliferation of BM-
derived endothelial progenitor cells.
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Abstract Combined nonneuroendocrine—neuroendocrine
lung tumors are relatively infrequent and little is known as
for their genetic basis. Here, we report the case of a 69-year-
old male with a solitary neoplasm in the upper lobe of the
right lung. At histological examination, the tumor showed
two components. The main part was an adenocarcinoma of
the acinar type. The second part showed morphological and
immunohistochemical phenotype of a neuroendocrine carci-
noma composed of a small cell lung carcinoma and a large
cell neuroendocrine carcinoma. The aim of our study was to
investigate the genetic relationship between neuroendocrine
and nonneuroendocrine tumor components. To this purpose,
we performed a loss of heterozygosity (LOH) analysis with
40 chromosomal microsatellite markers. Microallelotyping
revealed a common genetic profile in the different tumor
areas. In 9 of 30 informative regions analyzed, LOH
involved the same allele in all components, regardless of
their histological type and grade. These findings support the
true combined nature of this exocrine—neuroendocrine
carcinoma of the lung and suggest a common monoclonal
origin from a pluripotent epithelial (alveolar or bronchial)
precursor cell for the two different tumor components.
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Introduction

The World Health Organization (WHO) classifies lung tu-
mors with neuroendocrine phenotype in four diagnostic
categories: typical carcinoid (TC), atypical carcinoid (AC),
large cell neuroendocrine carcinoma (LCNEC), and small
cell carcinoma (SCLC) [21]. Such entities represent a spec-
trum of increasingly aggressive tumor lesions, ranging from
the less aggressive TC and AC (low- and intermediate-
grade malignant) to the highly aggressive LCNEC and
SCLC (high-grade malignant) [15]. Published data suggest
that low—intermediate-grade (TC and AC) and high-grade
(LCNEC and SCLC) neuroendocrine tumors represent two
biologically separate entities, potentially void of any cross-
evolutivity [21].

Both pulmonary high-grade neuroendocrine carcinomas
may be associated with other major histologic types. WHO
classification defines as combined SCLC the association of
SCLC with an additional non-small-cell component repre-
sented by squamous cell, adenocarcinoma (ADC) or large
cell carcinoma (LCC) and, less commonly, giant cell and/or
spindle cell carcinoma [21]. When the additional compo-
nent is represented by LCC, a 10% cutoff was established
[21]. Similar criteria define combined LCNEC; however,
when even a minor SCLC component is present, these
tumors are classified as combined SCLC [21]. Rare cases
with TC or AC components are also reported, many of
which are colliding lesions rather than true mixed tumors
[2, 17, 18].
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Relatively few data are available regarding the genetic
background of nonneuroendocrine—neuroendocrine com-
bined cancers of the lung. Here, we report the case of a
lung cancer made of an ADC associated with a neuroen-
docrine carcinoma displaying different growth patterns
spanning from LCNEC to SCLC. The analysis of the
tumor components was performed by conventional histology
and immunohistochemistry for specific markers. In addition,
loss of heterozygosity (LOH) investigation was conducted
for 40 microsatellite markers mapping at chromosomal loci,
harboring known or putative tumor suppressor genes and
involved in lung carcinogenesis. Microallelotyping analysis
proved effective in discriminating the polyclonal or mono-
clonal origin of combined, mixed, collision, and multiple
cancers of several organs including lung [6, 9, 11, 12, 24].
The aim of this work was to analyze the genetic relation-
ship between the neuroendocrine and exocrine components,
to confirm the true combined nature of this neoplasm, and
to gain information on its histogenesis.

Clinical history

A 69-year-old man, with 40-pack-per-year smoking history
and no occupational risk factors, was admitted for the
incidental finding of a single right lung opacity at direct
chest X-ray performed for cardiac disease. His past medical
history showed mild hypertension and chronic atrophic
gastritis. Four years before, he underwent myocardial
revascularization by coronary artery bypass grafting for
acute myocardial infarction. At admission, his physical
examination was unremarkable. Routine laboratory tests
were normal. A chest computed tomography (CT) scan
revealed a solitary pulmonary nodule in the right upper lobe.
Fiber optic bronchoscopy and transthoracic fine-needle
aspiration biopsy did not allow a diagnosis. Abdomen and
brain CT scans were negative for metastatic deposits.

At surgery, a single white—gray nodule at cut surface,
measuring 2.0x2.5%x2.5 cm in size, was removed. One

third of the nodule was processed for intraoperative
diagnosis on frozen section. After a positive cancer
diagnosis was made, a formal right upper lobectomy with
mediastinal lymphadenectomy was performed through a
right posterolateral thoracotomy. The entire lung lobe
specimen measured 6.0x3.0x3.5 cm; 20 lymph nodes
were isolated. No intraoperative complications occurred.
The postoperative course was uneventful and the patient
was discharged at day 9 after surgery. The disease stage
was TINOMO. The patient did not receive any adjuvant
chemotherapy, did not experience any complication or
recurrence at 31 months of follow-up, and gave informed
consent to realize this investigation.

Materials and methods
Histology and immunohistochemistry

After fixation in 10% buffered formalin, the surgical
specimen including the entire tumor was sampled according
to standard procedures and processed into paraffin. Serial
4-um-thick sections were stained with hematoxylin—eosin
for conventional histology, periodic acid—Schiff (PAS),and
PAS—diastase for mucin detection. The diagnosis was made
according to the most recent WHO classification criteria for
lung tumors. [21] Mitoses were counted on a minimum of
50 high-power fields (HPF, 10 HPF=2 mm?). Ki67 prolifera-
tive index was assessed by nuclear count (Table 1) on the
same areas using a digital image elaboration software (Image
ProPlus, Media Cybernetics, Silver Spring, USA).
Immunoperoxidase tests were performed with a polymer
detection system (UltraVision LP Large Volume Detection
System, LabVision, Fremont, CA, USA). The primary
antibodies included chromogranin A (mouse clones
LK2H10+PHES, dilution 1:1,000, Neomarkers, Fremont,
CA, USA); neuron-specific enolase (NSE; BBS/NC/VI-
H14 dilution 1:1,000, Dako, Glostrup, Denmark); synapto-
physin (rabbit polyclonal, dilution 1:800, Cell Marque, Hot

Table 1 Mitotic index and immunohistochemical data of the histologic components of a combined tumor of the lung

Tumor component Mitosis (7/2 mm?) Ki67 (%) TTF-1 CDX-2 CgA Syn CDs56 NSE
ADC 54 39 + - - - - -
Transition na na +2 - 4P 40 40 +°
LCNEC “A” 19 30 —/+ - + + + +
LCNEC “B” 63 51 - - + + + +
SCLC 66 72 + - +/— + + +

TTF-1 Thyroid transcription factor 1, CDX-2 caudal type homeobox transcription factor 2, Cg4 chromogranin A, Syn synaptophysin, CD56/N-
CAM neural cell adhesion molecule, NSE neuron-specific enolase, ADC adenocarcinoma, LCNEC large cell neuroendocrine carcinoma, SCLC

small cell lung carcinoma, na not available
* ADC component only
°LCNEC “A” component only
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Springs, AR, USA); CD56/N-CAM (rabbit polyclonal,
dilution 1:1,000, Neomarker, Fremont, CA, USA); thyroid
transcription factor (TTF-1; clone 8G7G3/1 Dako, Glostrup,
Denmark, dilution 1:50); CDX2 (mouse monoclonal CDX2-
88, dilution 1:300, Novocastra, New Castle, UK); Ki67
(mouse monoclonal clone MIB-1, dilution 1:100, Dakocy-
tomation, Glostrup, Denmark). Antigen retrieval by protease
or microwave pretreatment was performed for synaptophy-
sin, CD56/N-CAM, TTF-1, CDX-2, and Ki67 before
applying the primary antibody. Controls consisted of omis-
sion of the first layer and use of tissue with or without the
pertinent antigen. Double immunostaining tests were per-
formed on the same section using diaminobenzidine and Fast
Red as chromogens for TTF-1 and for chromogranin A or
synaptophysin, respectively.

Genetic analysis

For DNA extraction, serial 4-pum-thick sections were
stained with hematoxylin and examined under a stereo
microscope. Normal areas and each of the different tumor
components were separately microdissected using sterile
scalpels. At least 80% neoplastic cell enrichment was
obtained for each tumor sample. Microdissected tissues
were suspended in an optimized buffer for tissue lysis and
incubated overnight with Proteinase K, and DNA was
extracted and purified with a commercial kit according to
the manufacturer protocol (DNeasy Tissue kit, QIAgen Inc.,
Valencia, CA, USA). DNA quality was assessed by
polymerase chain reaction (PCR) amplification of human
beta-globin gene.

LOH was investigated by PCR amplification of 40 high-
ly polymorphic microsatellite markers on 13 chromosomes
(Table 2), on tumor and control DNA samples with primers
labeled with Beckman Coulter WellRED fluorescent dyes
D2, D3, D4 (Beckman Coulter, Fullerton, CA, USA).
Microsatellites markers were chosen according to different
criteria: some located in chromosomal regions commonly
lost in lung carcinomas (3p, 5q, 9p, 17p), others in regions
reported to be possibly discriminating between small cell and
large cell neuroendocrine carcinoma (10q, 16q, X) [5, 23].
Additionally, microsatellite instability (MSI) was tested
with a panel of markers including the specific mononucle-
otide repeat markers BAT40 and BAT26 [1].

For PCR amplification, 2 pl of diluted DNA were
combined in 25-pl reaction mix containing 10 mM Tris—
HCI (pH 9.0), 50 mM KClI, 0.1% Triton X-100, 200 uM of
each deoxyribonucleotide triphosphate (Promega, Madison,
WI, USA), 0.4 uM of each primer, 1.5-2.0 mM MgCl,, and
1.25 U Taq polymerase (Promega). PCR amplifications of
35 cycles were performed in an AB 2700 thermal cycler
(Applied Biosystems, Foster City, CA, USA). The presence
and correct size of PCR amplimers was checked by

electrophoresis on 2% agarose gel (Qbiogene Inc., Carlsbad,
CA, USA).

PCR products were run on a CEQ™ 8000 capillary
DNA sequencer and CEQ™ 8000 Fragment Analysis
software was used for electrophoretic profile analysis
(Beckman Coulter Inc., Fullerton, CA, USA). Area and
height of peaks were proportional to the concentration of
the PCR fragments in the sample. Peak height data
produced by the CEQ™ 8000 Fragment Analysis software
were used to calculate the following ratio: (lower allele/
higher allele),/(lower allele/higher allele),om. Values
below 0.6 or above 1.67, reflecting an allelic imbalance of
40% or more, indicated LOH.

The fractional allelic loss index (FAL, i.e., number of
markers with LOH divided by the total number of
informative markers) was calculated. High FAL values are
considered as a positive marker of genetic instability.

Statistical analysis

Frequencies of allelic losses in the different tumor com-
ponents were compared with Fisher’s exact test. All P
values were based on two-sided tests. P values less than
0.05 were considered statistically significant.

Results
Histology and immunohistochemistry

The tumor was composed of two distinct, though inter-
mingled, growth patterns (see Figs. 1, 2 and Table 1).

The major tumor part (~70% of the lesion) was made by
neoplastic glands, irregular in shape and lined by atypical
cells with abundant PAS—diastase-positive cytoplasm, large
nuclei with a single, evident nucleolus, consistent with the
diagnosis of ADC of the acinar type (Fig. la,b). At
immunohistochemistry, the ADC cells were positive for
TTF-1 and negative for CDX-2, consistent with a pulmonary
origin of the tumor. All neuroendocrine markers were
negative. The proliferative index for Ki67 was 39%.

The remaining part of the tumor showed an overall
organoid structure consistent with a neuroendocrine pheno-
type (Fig. la,c) at its periphery intimately intermingled with
the ADC component and often budding off from gland
structures (Fig. 1d). In transition areas, ADC cells were
positive for TTF-1 and negative for all neuroendocrine
markers while, vice versa, the neuroendocrine tumor cells
were negative for TTF-1 and positive for chromogranin A,
synaptophysin, CD56/N-CAM, and NSE (Fig. le,f).

In the remaining neuroendocrine part, three different
growth patterns were distinguished (Fig. 2a—c). The first
pattern was structured in small, solid islets with evident
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Table 2 Results of the microallelotype analysis on the different histologic components of a combined tumor of the lung

Micro- Cytogenetic Gene of ADC LCNEC LCNEC SCLC
satellite Site? interest “A” “B”
Marker?
MYC-L1 1p34-35 * * * *
O O [ ([ J
BAT4 Ip13.1 no MSI no MSI no MSI no MSI
D2S123 2p16 * * *
BAT26 2p16 hMSH2 no MSI no MSI no MSI no MSI
D3S1100 3p22-21.3 * * * *
D3S1478 3p21.3-21.2 RASSF1 * * * *
D3S1621 3p21.2-14.2 [ J [ J [ J (
D3S1481 3pl4.2 FHIT [ [ 4 [ J [ ]
D4S2397 4p15.2 @) @) ©) @)
D5S346 5q21-22 APC O @) [ J O
D5S422 5¢32-33 @) O [ ] O
D8S254 8p22 * * * *
DIS157 9p23-22 15-p16 o o ® ®
DYS171 9p21 pi>p @) O [ ] ®
D10S1765 10g23-24 PTEN [ J [ [ J [
D10S1671 10q24 * * * *
D10S209 10q25.3-26.1 [ [ 4 [ 4 [
PYGM 11q13.1 @] O O O
D1154945 11q13 * * * *
D1154946 11q13 MEN-1 O O o ()
D118913 11q13 O O O [
D11S916 11q13-q23 O O ©) O
D11S1365 11q13-q14 O O ® ()
D11S29 11g23.3 O O O [ ]
D11S387 1125 O O o {
D165301 16¢22.1 P/E - * * * *
D16S421 16q22.1 Cadherin ® ° ® [
D165496 16q22.1 ® ® ® (]
D16S507 16q23.2 H- [ ] ® ® ®
D165422 16q24.2 Cadherin ( ® ® ()
TPS3 17p13.1 p33 [ ] ® ® )
D175250 17q11.2-q12 ® O o ®
D18S1147 18q21-23 o o Q 0]
D18S483 18q21.3-22 O ® o @)
D18S477 18q21-23 @) ® o @)
D18S61 18q22.3 @) o O O
D18S58 18q22.3-23 * * * *
DXYS233 Xp22.32/Ypl11.3 ) O o ®)
SHOX Xp22.32/Ypl1.3 SHOX @) o O @)
DXYS154 Xqter/Yqter @) o o @)
FAL 0.33 0.40 0.53 0.60

ADC Adenocarcinoma, LCNEC large cell neuroendocrine carcinoma, SCLC small cell lung carcinoma, @ loss of heterozygosity (loss of allele #1), @
loss of heterozygosity (loss of allele #2), O retention of heterozygosity, % not informative,MSI microsatellite instability,FAL fractional allelic loss

index

 Primer sequences and microsatellite marker localizations are available at Genome Database (www.gdb.org) and PubMed UniSTS (http:/www.

ncbi.nlm.nih.gov) web sites

peripheral palisading and pseudoglandular pattern, in the
absence of necrosis, with relatively regular, monomorphic
tumor cells, abundant eosinophilic cytoplasm, and low
cytological atypia (Fig. 2a and inset). The mitotic count was
of 19 mitoses per 2 mm” and the proliferation index for
Ki67 accounted for 30% of tumor cells (Fig. 2d, left). At
immunohistochemistry, tumor cells stained intensely and
uniformly for chromogranin A, synaptophysin, CD56/
N-CAM, and NSE, while TTF-1 was occasionally positive
(Fig. 2d center, right). The high mitotic index allocated this
cancer component in the category of high-grade neuroen-
docrine neoplasia, large cell neuroendocrine carcinoma
(LCNEC component “A”).

The second neuroendocrine pattern showed a solid
structure with cohesive large tumor sheets and evident
central, comedo-type necrosis (Fig. 2b and inset). Tumor
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cells were similar in shape to those of the first neuroendo-
crine component, though relatively larger in size, with
abundant cytoplasm, higher cytological atypia, and evident
nucleoli. The mitotic count was of 63 mitosis per 2 mm?
and the Ki67 proliferation index accounted for 51% of
tumor cells (Fig. 2e, left). At immunohistochemistry, tumor
cells stained intensely and uniformly for chromogranin A,
synaptophysin, CD56/N-CAM, and NSE, with negative
TTF-1 (Fig. 2e, center, right). These features were
consistent with a diagnosis of poorly differentiated, high-
grade neuroendocrine neoplasia, large cell neuroendocrine
carcinoma (LCNEC component “B”).

The third neuroendocrine pattern showed solid sheets
made of densely packed, severely atypical cells, often
spindle in shape, with high nucleus-to-cytoplasm ratio and
scant cytoplasm. Cell borders were not clearly detectable.


http://www.gdb.org
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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Fig. 1 Whole section (a): ADC component, periphery of the nodule
(b, enlargement of the upper square in a) and neuroendocrine
component, central area (¢, enlargement of the lower square in a).
Transition area (d—f): neuroendocrine cancer cells bud off ADC

The nuclei were ovoid with finely granular chromatin and
inconspicuous nucleoli. Nuclear molding was sometimes
present (Fig. 2c, and inset). The mitotic count was of 66
mitosis per 2 mm?® and the Ki67 proliferation index was
72% (Fig. 2f, left). At immunohistochemistry, tumor cells
stained intensely and uniformly for synaptophysin, CD56/
N-CAM, NSE, and TTF-1, with almost absent chromogra-
nin A positivity (Fig. 2f, center, right). These features were
consistent with a diagnosis of poorly differentiated, high-
grade neuroendocrine neoplasia, SCLC.

All lymph nodes, as well as the visceral pleura and the
bronchial resection margin, resulted void of any metastatic
deposit.

glands, and are positive for CgA (e, red stain) and synaptophysin
(f, red stain), while TTF-1 is restricted to ADC cells (e, f, brown
stain). H & E, original magnification x5 (a), x40 (b, ¢), X200 (d);
double immunoperoxidase, x200 (e,f)

Genetic analysis

Of the microsatellite markers investigated in the present
study, 30 out of 40 were informative for LOH analysis (75%).
No MSI was observed in any tumor component, either with
the two specific mononucleotide repeats BAT26 and BAT40
and any other microsatellite investigated (see Table 2).

LOH was observed for 24 of 30 informative micro-
satellite markers (80%), 14 of 24 (58%) involving at least
two tumor components and nine (38%) involving all four
components. In 13 out of 14 markers with LOH, alterations
involved the very same allele (Fig. 3), the only exception
being D11S1365 for which different alleles were lost in the
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Fig. 2 a LCNEC component “A”: cancer cells display disperse
chromatin without prominent nucleoli, mitoses are not evident
(a, insef) and Ki67 labels about 1/3 of cells (d, /eff). At double
immunohistochemistry, cancer cells are strongly positive for chro-
mogranin A (d, center, red stain) and synaptophysin (d, right, red
stain), and occasionally for TTF-1 (d, center and right, brown stain).
b LCNEC component “B”: classic solid areas with comedo-type
necrosis; cancer cells display abundant cytoplasm, evident nucleoli
(b, inset), frequent mitoses and Ki67 labels about 1/2 of cells (e, lef?).
At double immunohistochemistry, cancer cells are strongly positive

LCNEC component “B” and SCLC (higher vs lower
molecular weight allele loss, respectively). The same allele
was lost in all tumor components for nine markers on
chromosomes 3p, 10q, 16q, and 17p (TP53), while four
further markers (BAT40, D9S157 and D9S171, D17S250)
involved only two tumor components.

Comparison between tumor components showed lower
FAL index for ADC (0.33), increasing from LCNEC
component “A” (0.40) to LCNEC component “B” (0.53)
and SCLC (0.60; Fig. 3, top). Only the comparison ADC vs
SCLC approached the statistical significance (P=0.069).

In the ADC, allelic losses involving all informative
markers investigated were found at chromosomes 3p, 10q,
16q, and 17 (including LOH at TP53). Overall, the FAL
index in the ADC component was 0.33.

In the LCNEC component “A”, allelic losses involving
all the informative markers investigated were found at
chromosomes 3p, 10q, and 16q. A single loss at chromo-
some 17p (TP53) was observed, with retention of the 17q
marker (D17S250). All microsatellite markers at 18q were
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for chromogranin A (e, center, red stain) and synaptophysin (e, right,
red stain), with negative TTF-1 (e, center and right, brown stain).
¢ SCLC: solid structure with severe atypia and noncohesive cells void
of nucleoli (¢, inser), with Ki67 labeling in 2/3 of cells (f, leff). At
double immunohistochemistry, cancer cells are negative for chromog-
ranin A (f, center, red stain), while strongly positive for synaptophysin
(f, right, red stain) and TTF-1 (f, center and right, brown stain). H &
E, original magnification x200 (a—¢), x400 (a—c inset); immunoper-
oxidase, original magnification X200 (d—f)

lost, with the only exception of the most centromeric one
(D18S1147). Overall, the FAL index in the LCNEC
component “A” was 0.40.

The LCNEC component “B” displayed allelic losses
involving all the informative markers investigated at chromo-
somes 3p, 5q, 9p, 10q, and 16q. Single losses were observed
at chromosomes 1p (BAT40), 11q (D11S1365), 17p (TP53)
and at the pseudoautosomal region (DXYS154). Overall, the
FAL index in the LCNEC component “B” was 0.53.

In the SCLC component, allelic losses involving all the
informative markers investigated were found at chromo-
somes 3p, 9p, 10q, 16q, and 17 (including TP53). Loss of
the single informative marker investigated was found at
chromosome 1p (BAT40). Most informative microsatellite
markers at 11q were lost, with the exception of the most
centromeric one (PYGM) and of D11S916. Overall, the
FAL index in the SCLC component was 0.60.

Losses at 9p were found in both LCNEC component “B”
and SCLC, while losses at both markers on 17 chromo-
somes were common to ADC and SCLC. LOH at
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Fig. 3 From fop to bottom; fractional allelic loss index of the different p>

components of the combined lung cancer (fop panel). Electrophoretic
profiles for the microsatellite D10S1765, showing loss of the same
allele (arrow) in all components, with reduction of peak height
progressively more extensive from ADC to SCLC. X axis, size of the
PCR fragments in base pairs (bp); Y axis, intensity of fluorescence
(peak heights). NORM: normal tissue, ADC: adenocarcinoma,
LCNEC: large cell neuroendocrine carcinoma, SCLC: small cell lung
carcinoma

chromosome 18q was distinctive for LCNEC component
“A”. Similarly, losses at 5q (APC) were solely found in the
LCNEC component “B” while multiple losses at chromo-
some 11q were an exclusive hallmark of SCLC.

Discussion

Cellular heterogeneity is a well-known phenomenon in lung
cancer [7, 16], almost 50% of primary tumors showing
more than one of the major histologic types [21]. Combined
SCLC is the only subtype of SCLC recognized in WHO
classification [21]. It is a relatively rare neoplasm, and in
older studies based on small biopsies, accounted for 1—
3.2% of all SCLC [8, 14]. In a recent large surgical series of
1,158 cases, the prevalence of combined neuroendocrine—
nonneuroendocrine tumors was 1.8% (21/1,158) [17].
However, the real prevalence of combined neuroendo-
crine-nonneuroendocrine lung tumors may well be under-
estimated. In fact, in a series of 100 resected SCLC, the
combined subtype was as high as 28% of cases [14].
Patients with diagnosis of SCLC made on needle biopsy in
fact receive surgical treatment in selected cases only [3].
Moreover, needle biopsy may miss a minor nonneuroendo-
crine component [18].

In the case presented here, the neoplasm was charac-
terized by two distinct components, the main one consisting
of an ADC, the minor one belonging to the spectrum of
aggressive neuroendocrine neoplasms. This lesion may
represent a collision between two independent neoplasms
or a true combined tumor of the lung. Both morphological
and immunohistochemical data favor the latter hypothesis.
The pulmonary origin of both components is confirmed by
the total negativity for CDX-2 and by the TTF-1 nuclear
staining. Interestingly, TTF1 expression was restricted to
transition areas and the SCLC component, while negative
in the LCNEC component. This latter finding fits the
expected 50% frequency reported for LCNEC [19-21].
Moreover, the neoplasm consisted of a single well-demarked
nodular lesion, showing a transition zone between the ADC
and the neuroendocrine carcinoma, apparently taking origin
from malignant glandular structures.

The above features suggest a common origin for both the
neuroendocrine and exocrine components, as already
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proposed for combined neoplasms of the lung [7, 10, 16]
and in others sites [11, 12]. This hypothesis is supported by
the close genetic relationship we observed between tumor
components. LOH was found for 24 out of 30 informative
microsatellite markers, 13 involving the same allele in at
least two tumor components and nine involving all four
components regardless of their histological type and grade.
The latter losses involved 3p21-3pl4, 10q23-10q26,
16q22-16q24, and 17p13; chromosomal regions known to
harbor tumor suppressor genes such as FHIT, PTEN, P/E-
cadherin, H-cadherin, and P53 play a critical role in lung
cancerogenesis [4, 13, 22]. Since shared, these losses may
represent an early event during tumorigenesis, likely occur-
ring in a pluripotent epithelial precursor (bronchial or
alveolar) cell differentiating toward two divergent neoplas-
tic phenotypes. Huang et al. [12] proposed that this
differentiation could be driven through the influence of
different host—environmental factors affecting progeny cells
derived from this common precursor. Conversely, this
common precursor could retain the ability to differentiate
into cells with either exocrine or endocrine phenotype [12].
Given the large number of common genetic alterations
observed here in both the endocrine and the exocrine
component, we favor the latter hypothesis. The incremental
FAL index trend from ADC to LCNEC and SCLC,
although statistically not significant, may suggest that
additional genetic damages account for the increased
histological grade in the neuroendocrine component.

The LCNEC part displayed heterogeneity, with the
LCNEC component “A” being characterized by absence
of necrosis, small islets, and pseudoglandular pattern. 18q
LOH was specifically observed in this component only,
suggesting some difference from the more classic LCNEC
component “B”. We speculate that LCNEC component “A”
may represents a more differentiated stage of the high-grade
neuroendocrine carcinomas.

The absence of a low—intermediate-grade lesion (TC and
AC) in the present case is in line with the exceedingly rare
occurrence of TC or AC lesions in combined lung carci-
nomas reported in the literature [2, 18, 22]. This finding
supports the hypothesis that TC, AC, and high-grade neuro-
endocrine neoplasms (LCNEC and SCLC) may follow
different tumorigenic pathways [21]. Moreover, this may
suggest that, at least in combined SCLC-ADC lung
cancers, ADC shares histogenetic and pathogenetic mech-
anisms with high-grade neuroendocrine neoplasms, similar
to what was suggested for mixed endocrine—exocrine
tumors in the gut [24].

In conclusion, our data suggest a monoclonal origin
from a pluripotential epithelial stem cell for the combined
neuroendocrine—exocrine carcinoma of the lung presented
here. We speculate that the same genetic background may
determine both the neuroendocrine and nonneuroendocrine
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carcinoma of the lung, the histological type depending on
yet unknown host or environmental factors. Further studies
on larger number of cases are necessary to confirm this
hypothesis.
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