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Lymphangioleiomyomatosis is a rare and progressive lung cystic disease, caused by the infiltration of lung
parenchyma by mesenchymal cells characterized by co-expression of contractile proteins and melanocytic
markers. The pathogenesis of lymphangioleiomyomatosis is determined by mutations affecting tuberous
sclerosis complex (TSC) genes, with eventual deregulation of the Rheb/mTOR/p70S6K pathway, and the
potential therapeutic activity of mTOR inhibitors is currently under investigation. To better understand the
molecular mechanisms involved in the pathogenesis of lymphangioleiomyomatosis, we investigated the
expression of cathepsin-k (a papain-like cysteine protease with high matrix-degrading activity). The rationale of
this choice was based on the recent demonstration that mTOR inhibitors can regulate major functional
activities of osteoclasts, including the expression of cathepsin-k. The immunohistochemical study included 12
cases of lymphangioleiomyomatosis. Twelve angiomyolipomas and several lung diseases (sarcoidosis,
organizing pneumonia, usual interstitial pneumonia, emphysema) were investigated as controls. In all
lymphangioleiomyomatosis cases, strong cathepsin-k immunoreactivity was demonstrated, restricted to
lymphangioleiomyomatosis cells. Similar expression levels were observed in renal angiomyolipomas. These
observations extend the knowledge regarding the immunophenotypic profile of lymphangioleiomyomatosis
cells, and provide a useful new marker for diagnosis in difficult cases (eg, in small transbronchial biopsies). The
strong expression of such a potent papain-like cysteine protease in lymphangioleiomyomatosis cells can
significantly contribute to the progressive remodelling of lung parenchyma observed in this deadly disease,
with eventual formation of lung cysts. It is possible to speculate that mTOR inhibitors may exert part of their
action by limiting the destructive remodelling of lung structure.
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Lymphangioleiomyomatosis is a rare and progres-
sive cystic disease that affects the lungs of women,
usually in premenopausal age, associated with
mutations in tuberous sclerosis genes and renal
angiomyolipomas.1–6 The abnormalities affecting the
lung parenchyma are caused by progressive infiltra-
tion of perilymphatic spaces by peculiar smooth-
muscle cells co-expressing contractile proteins
(mainly a-smooth-muscle actin and desmin) and
melanocytic markers such as HMB45, HMSA-1,
MelanA/Mart1 and microphtalmia transcription
factor (MITF).7–9 The nature and normal counterpart
of lymphangioleiomyomatosis cells is not known,

although it is possible to speculate that they derive
from mesenchymal precursors modified by definite
genetic abnormalities inducing a neoplastic pheno-
type.10,11 These features taken together, lymphangio-
leiomyomatosis can be considered as part of the
spectrum of proliferative lesions that have been
previously defined by our group under the name of
‘perivascular epithelioid cell tumours’ (PEComas),
including angiomyolipoma, clear-cell ‘sugar’ tu-
mour of the lung and extrapulmonary sites and rare
clear-cell tumours at other anatomical sites.2,12–14

This class of tumours is characterized by distinctive
morphologic, immunohistochemical, ultrastructural
and genetic features and are defined by the World
Health Organization as ‘mesenchymal tumours
composed of histologically and immunohistochemi-
cally distinctive perivascular epithelioid cells’.2

Although the inclusion of pulmonary lymphangio-
leiomyomatosis within this group of lesions has
been questioned, lymphangioleiomyomatosis shares
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with PEComas most immunophenotypic features,
and typically show the genetic alterations of the
tuberous sclerosis complex (TSC), an autosomal
dominant genetic disease because of either losses
of TSC1 (9q34) or TSC2 (16p13.3) genes.15,16

In recent years, great advances have been made
in understanding the molecular pathogenesis of
TSC and related lesions. In particular, the critical
role of TSC genes products has been revealed in the
regulation of the Rheb/mTOR/p70S6K pathway.17

Recently, Kenerson et al18 demonstrated TSC1/2
inactivation and m-TOR hyperactivation in non-
TSC angiomyolipomas, and in extra-renal PEComas
using immunohistochemistry and western blot
analysis. Immunohistochemical evaluation of down-
stream products of the mTOR pathway can provide
useful diagnostic markers in this context, and
PEComas do express in fact abnormal levels of
p70S6K, a protein kinase activated by mTOR, and
also predictive information regarding the potential
therapeutic use of molecules related to rapamycin
that are currently under evaluation for lymphangio-
leiomyomatosis and PEComas.19–23

The mTOR/S6K pathway is involved in different
cell systems, and in particular in the stimulation of
cell survival and functions of osteoclasts.24 Major
functional activity of osteoclasts is related to their
strong expression of cathepsin-k, a papain-like
cysteine protease,25 with high matrix (collagen,
elastin)-degrading activity.26,27 Interestingly, the
expression of cathepsin-k in osteoclasts is regulated

by MITF28 and is significantly reduced by mTOR
inhibitors.29 MITF and cathepsin-k are also
expressed in melanocytes and melanomas,30 where
mTOR is also activated and critical for the regula-
tion of apoptosis.31,32 All these data taken together, it
is possible to hypothesize that MITF and cathepsin-
k are in fact under the control of mTOR pathway,
and could serve as further molecular markers for
evaluating mTOR pathway activation in lymphan-
gioleiomyomatosis. As there are no data regarding
cathepsin-k expression in lymphangioleiomyomato-
sis currently available, we investigated in this study
the expression of cathepsin-k in lymphangioleio-
myomatosis and angiomyolipomas by using immuno-
histochemistry.

Materials and methods

Study Population

We investigated 12 cases of pulmonary lymphangio-
leiomyomatosis retrieved from the file of the
Department of Pathology of the Verona University,
together with 12 cases of renal angiomyolipomas.
The diagnosis of lymphangioleiomyomatosis was
based on clinical, radiological and histological
features, according to updated criteria.2,6 Histology
and immunohistochemistry demonstrated the typi-
cal features of lymphangioleiomyomatosis, with
aggregates of spindle- and epithelioid-shaped cells
co-expressing smooth-muscle and melanocytic

Figure 1 Immunohistochemical demonstration of cathepsin-k expression in pulmonary lymphangioleiomyomatosis (a–c). Lymphangio-
leiomyomatosis cells in both nodular and cystic lesions exhibit strong and homogeneous immunostaining. Lymphangioleiomyomatosis
cells co-express smooth-muscle (d, a-SMA), and melanocytic (e, MITF; f, HMB45) markers.
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markers bordering cystic spaces and forming irre-
gular perilymphatic nodules (Figure 1). Control
cases included normal lung tissue samples (3 cases),
sarcoidosis (3 cases), organizing pneumonia (3
samples), usual interstitial pneumonia (3 cases),
pulmonary emphysema (3 cases) and normal pul-
monary parenchyma from tissue adjacent to lung
tumours (10 cases).

Immunohistochemical Staining and Antibodies

All tissue samples were formalin-fixed, paraffin-
embedded according to standard methods. Sections
from tissue blocks of lymphangioleiomyomatosis,
angiomyolipomas and control cases were immunos-
tained with the following antibodies: a-smooth-
muscle actin (a-SMA—clone 2A4, Dako, Glonstrup,
Denmark), HMB45 (Dako); MITF (clone D5, Neo-
markers/LabVision, Fremont, CA), MART1/MELAN-
A (clone A103, Biogenex, San Ramon, CA), and two
different mouse monoclonal antibodies recognizing
human cathepsin-k (clone CK4, Novocastra, New-
castle, UK and clone 3F9, Abcam, Cambridge, UK),
using previously described methods.33 Heat-
induced antigen retrieval for cathepsin-k was per-
formed using a microwave oven and 0.01mol/l of
citrate buffer, pH 8.0, for 30min. All samples were
processed using a sensitive ‘Bond polymer Refine’
detection system in an automated Bond immunos-
tainer (Vision-Biosystem, Menarini, Florence, Italy).
Sections incubated without the primary antibody
served as a negative control.

Results

Lymphangioleiomyomatosis Samples

In all cases a strong immunoreactivity in spindle-
and epithelioid-shaped cells was demonstrated
using both cathepsin-k-specific antibodies with
comparable intensities. Immunoreactivity for cathe-
psin-k was definitely higher than that observed
using HMB45 and MITF, and clearly depicted cystic
spaces and nodules in lymphangioleiomyomatosis
samples.

Smooth-muscle cells of vascular and bronchiolar
walls were completely negative for cathepsin-k, and
also negative were the macrophages observed within
alveolar spaces, thus clearly highlighting the foci of
lymphangioleiomyomatosis occurring within the
lung parenchyma. We observed co-expression of
a-SMA, HMB45, MITF and MART1/MELAN-Awith
cathepsin-k in cells composing the foci of lymphan-
gioleiomyomatosis (Figure 1).

Angiomyolipomas Samples

In all cases of renal angiomyolipoma strong
cathepsin-k expression was demonstrated, clearly
distinguishing the neoplastic lesion from the

adjacent normal renal parenchyma (Figure 2). Both
cathepsin-k-specific antibodies showed comparable
intensities. All types of PEC cells including spindle,
epithelioid smooth-muscle and adipocyte-like cells
were strongly and homogeneously immunoreactive
for cathepsin-k, this confirming the phenotypic
identity of this morphologically heterogeneous
cell group.2 The endothelium and the wall of the
vessels present in the tumours were unstained with
cathepsin-k. a-SMA, HMB45, MITF and MART1/
MELAN-A were regularly expressed in angiomyoli-
pomas as previously described.2,22

Control Samples

Among the different cases of lung disease investi-
gated as control, the only samples containing
cathepsin-k expression were the three sarcoidosis
cases where strong immunoreactivity was confined
to epithelioid macrophages and giant cells in
granulomas. In usual interstitial pneumonia and
organizing pneumonia samples, strong expression
was demonstrated in myofibroblast collections
(fibroblastic foci of usual interstitial pneumonia
and inflammatory polyps in organizing pneumonia
samples) as previously described.34 No cathepsin-k
immunoexpression was observed in 3 pulmonary
emphysema from lung biopsies and from 10 normal
pulmonary parenchyma adjacent to lung tumours.

Discussion

In this paper, we first demonstrate that the spindle-
and epithelioid-shaped cells of lymphangioleyomio-
matosis exhibit strong expression of cathepsin-k,
and that similar strong expression is observed in
neoplastic cells in all cases of renal angiomyolipo-
ma. These observations extend the knowledge
regarding the immunophenotypic profile of lym-
phangioleiomyomatosis and PEC cells, and provide
a useful new marker for diagnosis of lymphangio-
leiomyomatosis in difficult cases (eg, in small
transbronchial biopsies).35,36 The co-expression of
a-SMA and melanocyte markers (HMB45, MART1)
is currently used as a specific immunophenotypic
profile to distinguish and characterize the foci of
pulmonary lymphangioleiomyomatosis on tissue
sections, but in some cases these melanocyte
markers are only expressed at low levels, with
occasional negative results, thus limiting the sensi-
tivity of the analysis. According to our results,
cathepsin-k is a very robust marker in this context,
with immunoreactivity comparable to a-SMA in all
cases (Figure 1). In addition, the specificity of
cathepsin-k as a lymphangioleiomyomatosis marker
is very high, as all other cell types expressing
a-smooth-muscle cells within the pulmonary tissue
are completely negative for cathepsin-k, including
the walls of blood vessels and airways. The only
cells expressing comparable levels of cathepsin-k in
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control lung samples were granulomas observed in
sarcoidosis, but these cells could not represent
diagnostic problems because of their distinct mor-
phologic and other immunophenotypic features.
Myofibroblasts in fibroblast foci of usual interstitial
pneumonia and organizing pneumonia samples
express discrete levels of cathepsin-k, as previously
described,34 but these cells can be easily distin-
guished by morphology and immunophenotype.

As far as the pathogenesis of lymphangioleiomyo-
matosis is concerned, the demonstration of strong
cathepsin-k expression in lymphangioleiomyomato-
sis can contribute to explain some features of the
disease, and in particular the typical formation of
lung cysts. Cathepsin-k is in fact a papain-like
cysteine protease with high matrix-degrading activ-
ity on collagen and elastin, and this activity

can significantly contribute, together with other
previously described proteases (metalloproteinases)
to the progressive structural damage and remodel-
ling of pulmonary parenchyma.37,38 Cathepsin-k is
in fact unique among proteases in degrading a wide
range of collagens, at variance with matrix metallo-
proteinases that are able to cleave triple helical
collagen only at specific single sites.39

The constant finding of cathepsin-k immuno-
expression in the spindle- and epithelioid smooth-
muscle and adipocyte-like cells (PECs) in renal
angiomyolipomas confirms the phenotypic identity
of these morphologically heterogeneous cells and
their relationship with the cellular elements com-
posing the pulmonary lymphangioleyomiomatosis
of the lung. Therefore, this marker should add to the
immunophenotypical profile, including a-SMA,

Figure 2 Immunohistochemical demonstration of strong cathepsin-k expression in renal angiomyolipoma and no immunoexpression in
normal renal parenchyma harbouring the lesion (a). All types of PEC cells including spindle and epithelioid smooth-muscle cells (b,
H&E) and adipocyte-like cells are strongly and homogeneously immunostain by cathepsin-k (c–f). PEC cells (b, H&E) co-express smooth-
muscle (g, a-SMA), and melanocytic antigens (h, MART1; i, MITF) features. Vascular structures (c, d) did not show immunoexpression
(arrows).
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HMB-45, MART1 and Melan-A markers, which
characterizes the PEC cells composing both renal
angiomyolipoma and pulmonary lymphangioleyo-
miomatosis.

Finally, it is possible to speculate that mTOR
inhibitors recently proposed as a new therapeutic
option for lymphangioleiomyomatosis, can exert
part of their action by limiting the expression of
cathepsin-k, thus contrasting the destructive remo-
delling on lung structure. In favour to this interest-
ing possibility is the observation that rapamycin and
its analogues have efficacy in limiting the bone
resorption mediated by osteoclastic cathepsin-k,29

and can interfere with the proliferation of melano-
ma, a tumour exhibiting mTOR pathway activation,
as well as MITF and cathepsin-k expression.31,30,32

Finally, it is worth noting that abnormal bone mineral
density has been demonstrated at high prevalence in
lymphangioleiomyomatosis.40 Although oestrogen de-
ficiency has been hypothesized as a possible cause for
the observed bone loss,40 the possible influence of
cathepsin-k overproduction, and/or the derangement
of mTOR pathway in osteoclasts in lymphangioleio-
myomatosis patients warrants further consideration in
future investigations.
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