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® Context.—Lymphangioleiomyomatosis (LAM) is a cystic
lung disease that can be included in the wide group of
proliferative lesions named PEComas (perivascular epithe-
lioid cell tumors). These proliferative tumors are character-
ized by the coexpression of myogenic and melanogenesis-
related markers. In all these lesions, genetic alterations
related to the tuberous sclerosis complex (TSC) have been
demonstrated. Striking improvements in the understanding
of the genetic basis of this autosomal dominant genetic
disease are coupled to the understanding of the mechanisms
that link the loss of TSC71 (9q34) or TSC2 (16p13.3) genes
with the regulation of the Rheb/m-TOR/p70S6K pathway.
These data have opened a new era in the comprehension of
the pathogenesis of LAM and have also suggested new
therapeutic strategies for this potentially lethal disease.

LYMPHANGIOLEIOMYOMATOSIS

Lymphangioleiomyomatosis (LAM) is a rare and
progressive cystic lung disease (Figure 1) that affects
mainly women during their reproductive years. Lym-
phangioleiomyomatosis is usually sporadic but patients
with tuberous sclerosis complex (TSC)—an autosomal
dominant genetic disease due to loss of either the TSC1
(9934) or TSC2 (16p13.3) gene—are frequently affected.
Accordingly, about one-third of patients with TSC suffer
from LAM."> Lymphangioleiomyomatosis can be associ-
ated also with renal angiomyolipoma, a benign neoplasm
composed of fat, vascular, and smooth muscle elements,
both in sporadic and TSC-related cases.®

Intense investigation is focused on the search for new
therapeutic options for LAM, since, in many cases, the
progression to respiratory failure cannot be reversed and
the only therapy is lung transplantation. In patients who
do not undergo a transplant, the median survival is 8 to 10
years.” A better understanding of the pathogenesis of
LAM is mandatory for defining new therapeutic options
and huge efforts are devoted to this aim. A significant
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Objective.—To present and discuss the pathologic
and molecular features of LAM within the spectrum
of PEComas, providing a rational approach to their
diagnosis.

Data Sources.—The published literature and personal
experience.

Conclusions.—The inclusion of LAM within the PEComa
category is supported by a variety of biologic data and can
significantly help in providing a comprehensive view of this
interesting and clinically relevant group of lesions. The
demonstration of molecular alterations of the mTOR
pathway in LAM and other PEComas represents a rational
basis for innovative therapeutic approaches with inhibitors
of mTOR signaling.

(Arch Pathol Lab Med. 2010;134:33-40)

early improvement regarding LAM pathogenesis has been
achieved by the recognition of LAM cells and their
peculiar phenotype. Lymphangioleiomyomatosis consists
of a nodular, often widespread and bilateral interstitial
proliferation of smooth muscle cells, which can vary from
small spindle-shaped cells to large epithelioid cells
(Figures 2 and 3), usually arranged in a nodular and
haphazard way around thin-walled, branching, lymphatic
vascular channels (Figure 4); LAM is associated with
dilated lymphatic vessels and cystic changes.” Lymphan-
gioleiomyomatosis cells coexpress contractile proteins
(mainly o—smooth muscle actin and desmin) (Figure 5),
melanocytic markers such as HMB-45, HMSA-1, Melan-
A /Martl, and microphthalmia transcription factor (MiTF)
(Figures 6 and 7) and estrogen and progesterone recep-
tors.>'® The diagnosis of LAM can be difficult, particularly
in small transbronchial biopsies, and in such cases
immunohistochemical stains can be extremely useful.’

PERIVASCULAR EPITHELIOID CELLS AND PECOMAS

Early on, our group proposed LAM as a member of the
“perivascular epithelioid cell tumors,”"”"" a wide family
of proliferative lesions that we named PEComas and that
has been widely recognized and incorporated in the
World Health Organization nomenclature (PEComa: “a
mesenchymal tumor composed of histologically and
immunohistochemically distinctive perivascular epitheli-
oid cells”” [PECs]).*® PEComas include angiomyolipoma
(Figure 8), clear cell “sugar” tumor of the lung® and
extrapulmonary sites,” clear cell myomelanocytic tumor
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Figure 1.
Figure 2. Pulmonary lymphangioleiomyomatosis: proliferation of spindle and epithelioid cells (hematoxylin-eosin, original magnification X10).

Figure 3. Nodular proliferation prevalently composed of epithelioid cells in pulmonary lymphangioleiomyomatosis (hematoxylin-eosin, original
magnification X20).
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Pulmonary lymphangioleiomyomatosis positive for MiTF immunostain (original magnification x20).

Figure 7.
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Figure 8. Classic renal angiomyolipoma: the prototype of the proliferation of perivascular epithelioid cells (hematoxylin-eosin, original

magnification X10).

Figure 9. Clear cell myomelanocytic tumor of the bladder (hematoxylin-eosin, original magnification X10).

Figure 10. Clear cell myomelanocytic tumor of the bladder positive for HMB-45 immunostain (original magnification X20).

of the falciform ligament/ligamentum teres,® and rare
LAM:-like tumors at other anatomic sites.** This heteroge-
neous group of neoplasms is unified by the presence of
PECs, a mesenchymal cell type characterized by a distinct
immunophenotypic profile with the coexpression of
myogenic and melanocytic markers, such as HMB-45
(recognizing the gpl00 protein), HMSA-1, Melan-A/
Martl, MiTF, o—smooth muscle actin, and, less commonly,
desmin in different stages of modulation (Table).'”***
Immunoreactivity for vimentin is usually inconspicuous

in PECs. Morphologically, PECs are characterized by an
epithelioid appearance with a clear to granular cytoplasm,
a round to oval, centrally located nucleus, and an
inconspicuous nucleolus.”"" Perivascular epithelioid cells
also have ultrastructural distinctive features such as
microfilament bundles with electron-dense condensation,
numerous mitochondria, and membrane-bound dense
granules.””® In most PEC tumors, the cells, characterized
by mild cytologic atypia, are observed at a perivascular
location."”" Although, at present, PECs do not have a

«

Figure 4. Podoplanin immunopositivity of endothelium highlights the arrangement of lymphangioleiomyomatosis cells around lymphatic vascular

channels (original magnification X15).

Figure 5.

Pulmonary lymphangioleiomyomatosis positive for a—smooth muscle actin immunostain (original magnification X4).

Figure 6. Pulmonary lymphangioleiomyomatosis positive for HMB-45 immunostain (original magnification X20).
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Immunohistochemical Findings in Perivascular Epithelioid Cell Tumors
HMB-45  Melan-A MITF ASMA Desmin Vimentin ~ S100 ER PgR CATH-K
LAM + + + + + +/— - + + +
Extrapulmonary LAM + not not + + +— - not
known known known
AML + + + + +— +—= —/+ —/=/+ +—= +
Epithelioid AML + + +—= —H+ - —H+ - - - not
known
Clear cell ““sugar” tumor of + + not -+ —/+ -+ - - - not
the lung known known
Clear cell ““sugar’ tumor of + +— not - —/+ -+ - - - not
extrapulmonary sites known known
PEComa® + +/— + +/— +— —/+ - - - not
known
Clear cell myomelanocytic + +/— +— +—= - not known - not not not
tumor of the falciform known known  known
ligament/ligamentum
teres
Clear cell myomelanocytic + +/— not + - —/=/+ - - - not
tumor of other sites known known

Abbreviations: AML, angiomyolipoma; ASMA, o—smooth muscle actin; CATH-K, cathepsin K; ER, estrogen receptor; LAM, lymphangioleiomyo-
matosis; PEComa, perivascular epithelioid cell tumor; PgR, progesterone receptor.

¢ Adipocyte-like component.
b Uterus, urachal cyst, prostate, skin, etc.

known normal counterpart, it is possible to speculate that
they are derived from genetically modified mesenchymal
stem cells of perivascular origin.”

Although the inclusion of pulmonary LAM within this
group of lesions has been questioned, LAM shares with
PEComas most of their immunophenotypic features and
typically shows the genetic alterations of the TSC, as we
will discuss later."'® The presence of lesions similar to
LAM has been reported in extrapulmonary sites including
mediastinal and retroperitoneal lymph nodes, soft tissue
of the mesentery, and the renal sinus. Usually, extrapul-
monary LAM presents as a localized, well-circumscribed
mass called “lymphangiomyoma.”” **

Depending on specific microenvironmental locations,
PECs can modulate their morphology and immunophe-
notype. They can show either more pronounced muscle
features and a spindle shape (stronger expression of o—
smooth muscle actin and weaker expression of HMB-45),
or they can exhibit more homogeneous epithelioid
morphology with strong positivity for HMB-45 and a
mild expression, if any, for c-smooth muscle actin.
Perivascular epithelioid cells can also acquire adipocytic
features with large vacuolated cytoplasms.

The adipocyte morphology is consistently represented
in PECs forming angiomyolipomas (AMLs) in which a
variable mixture of adipose tissue and spindle and
epithelioid smooth muscle cells, together with abnormal
thick-walled blood vessels, are typical; these features
represent the prototype for the ability of PECs to modulate
their appearance (Figure 8).*7' Most frequently, AMLs
occur in the kidney and comprise a variety of forms
including classic angiomyolipoma, microscopic angio-
myolipoma (so-called microhamartoma), intraglomerular
lesion, cystic angiomyolipoma, epithelioid angiomyoli-
poma, and oncocytoma-like angiomyolipoma. Angiomyo-
lipomas can also occur in other anatomic sites, as
previously described.'®****** Classic AMLs are the most
common mesenchymal tumors of the kidney; this tumor
can be sporadic (in 80% of cases) or associated with TSC
(in 20% of cases). Sporadic AMLs, single and unilateral,
occur in the fourth to sixth decade of life, with a female
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predominance. For patients with TSC, however, AMLs
occur at a younger age (the third and fourth decade of life)
in both sexes and are usually asymptomatic, bilateral,
smaller than sporadic AMLs, and multifocal.”® In addition
to AMLs, other types of PEComas can develop in kidney,
such as lymphangioleiomyomatosis of the renal sinus.
Apart from those affecting lungs and kidneys, PEComas
have been described in a variety of anatomic sites such as
the uterus,'”” bladder, prostate,” and several other
organs (Figures 9 and 10).%%*

MOLECULAR PATHOGENESIS OF LYMPHANGIOLEIO-
MYOMATOSIS AND PECOMAS

The concept of PEComas as a distinctive tumor entity
has been strongly strengthened by the demonstration of
common and distinctive molecular alterations in these
neoplasms, no matter where they are found and how they
are named (AML, LAM, or something else). The develop-
ment of PEComas is in fact related to inactivating losses of
gene TSC1 (9q34) or TSC2 (16p13.3)."> TSC1 and TSC2
encode hamartin and tuberin, respectively—2 cytosolic
proteins that interact strictly and function together as a
heterodimer* and participate in signaling pathways that
control cell growth and proliferation. In particular, TSC
genes (IT'SC1 and TSC2) have an important role in the
regulation of cell cycle via the Rheb/mTOR/p70S6K
pathway.*’ Accordingly, tuberin has a Rheb GTPase-
activating protein activity which inactivates Rheb; alter-
ations of tuberin lead to hyperactivation of Rheb,
with subsequent stimulation of the mTOR pathway.®
Mammalian target of rapamycin (mTOR) is a family
member of phosphatidylinositol 3-kinase (PI3-kinase)-
related kinases, which controls the activity of the
translational inducer S6K1 (S6 kinase 1 or p70 S6 kinase
1), and the translational inhibitor 4E-BP1 (elF4E binding
protein 1). The activation of mTOR leads to cell growth
and proliferation.*

A fundamental step in the understanding of the
pathogenesis of PEComas was the demonstration, more
than 10 years ago, of the loss of heterozigosity (LOH) of
chromosome arm 16p (containing the TSC2 locus) in both
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Figure 11. Renal angiomyolipoma: cytoplasmic signal in immuno-
histochemical reaction for p70S6K (original magnification x10).

Figure 12. Hypothesis of a link between mTOR pathway and the
microphthalmia transcription factor network. Abbreviations: AMPK,
AMP-activated protein kinase; ERK, extracellular signal-regulated
kinase; IRST, insulin receptor substrate 1; MiTF, microphthalmia
transcription factor; mTOR, mammalian target of rapamycin; NFI,
neurofibromin 1; PHASI, phosphorylated heat- and acid-stable I; PI3K,
phosphoinositide 3—kinase; PTEN, phosphatase and tensin homolog;
p70S6K, p70S6 kinase; Rheb, Ras homolog enriched in brain; TSC1/2,
tuberous sclerosis complex gene 1 and 2.

the inherited and sporadic forms of AML, with occasional
LOH of the TSC1 gene.” Recurrent chromosomal alter-
ations have been demonstrated in sporadic cases in renal
and extrarenal PEComas, both occurring within the TSC.*
In particular, deletions occurring on chromosome arm 16p
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have been demonstrated in 6 PEComas at different
anatomic sites (3 renal PEComas; 1 prostatic, 1 uterine,
and 1 pelvic PEComa). In addition, LOH involving the
TSC2 locus has been shown in 12 other PEComas (5 classic
AMLs and 7 PEComas at different anatomic sites). Loss of
heterozigosity in both the TSC2 and the TSC1 locus was
reported in 1 single renal PEComa in a patient with TSC.*

Similar abnormalities affecting the TSC2 locus have
been described in both sporadic and TSC-associated LAM
cases.*** Increased levels of phospho-p70S6K, a reliable
marker of mTOR activity, has been recently demonstrated
in sporadic renal and extrarenal AML, with associated
reduction of the phospho-AKT expression (Figure 11).°%
These findings are consistent with the disruption of TSC1/
2 function. In line with these observations is the clinical
amelioration for both AML and LAM—with regression of
tumor size and performance improvement—by sirolimus,
an immunosuppressive agent that suppresses mTOR
signaling.®°

LINK BETWEEN THE EXPRESSION OF MELANOCYTE-
SPECIFIC PROTEINS OBSERVED IN LYMPHANGIOLEIO-
MYOMATOSIS AND PECOMA CELLS AND THEIR
MOLECULAR ALTERATIONS IN TSC2 GENE AND
M-TOR PATHWAY

To summarize what we know to date, PEComas are
neoplasms exhibiting a peculiar protein expression profile
(HMB-45, MiTF, Melan-A /Martl, a—smooth muscle actin
expression) and all are characterized by specific molecular
alterations related to the TSC (LOH in TSC2 and mTOR
pathway activation). Nevertheless, it is currently un-
known whether such molecular changes are related to
such a peculiar protein expression pattern. Is there any
link between the expression of melanocyte-specific pro-
teins observed in LAM and PEComa cells and the
molecular alterations in TSC2 gene and mTOR pathway?
Microphthalmia transcription factor is a member of the -
helix-loop-helix leucine zipper (B-HLH-Zip) family of
transcription factors. This transcription factor plays a
relevant role in the differentiation and/or the functional
features of several cell types including osteoclasts,
melanocytes, mast cells, and natural killer cells.**** How
this factor can exert these different functions in the tissue-
regulated expression of different proteins in multiple cell
types is currently incompletely understood, but it is likely
related to the variety of isoforms of MiTF, each differing in
its promoter and initial exon usage.”

Looking for a common link between melanogenesis,
MiTF, and the mTOR pathway, we focused our attention
on the expression pattern of cathepsin K. A papain-like
cysteine proteinase with high matrix-degrading activity,
cathepsin K is under the transcriptional control of MiTF; it
is expressed in melanoma cells and typically at high levels
in osteoclasts, where it is crucial for bone resorption.*°
Interestingly, mTOR pathway is also involved in the
stimulation of cell survival in osteoclasts and melanoma
cells,***® and everolimus, a derivative of rapamycin,
which targets the mTOR pathway, is able to specifically
suppress cathepsin K expression in osteoclasts.”” By
combining all these data, it is possible to speculate that
both the transcription factor MiTF (which belongs to the
protein expression profile of PEComas) and mTOR
(whose pathway is altered in PEComas, through the
TSC2 mutations and after tuberin dysfunction) may be
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related to the expression of cathepsin K in PEComas
(Figure 12). In a recent study, Chilosi et al” investigated
this issue by analyzing the expression of cathepsin K in a
large series of PEComas and demonstrated that, in fact,
both AML and LAM strongly expressed this protease. In
our view, cathepsin K represents a reliable diagnostic
marker for LAM cells and can also explain some features
of the disease, such as the typical formation of lung cysts,
by its powerful matrix-degrading activity on collagen and
elastin. Finally, it is possible to speculate that mTOR
inhibitors, recently proposed as a new therapeutic option
for LAM and other PEComas, may work, in part, by
limiting the activity of cathepsin K, thus contrasting with
the destructive remodelling of lung structure.

LYMPHANGIOLEIOMYOMATOSIS CELLS AS
NEOPLASTIC CELLS

Although the neoplastic, benign nature of angiomyoli-
poma can be defined by its tumoral growth within the
renal parenchyma, the definition of LAM as a neoplastic
disease is far less obvious, and only its inclusion within
the PEComa family—with demonstration of identical
molecular abnormalities—has provided the elements for
such a definition. As a consequence of the abrogation of
the regulatory functions of TSC gene products, due to
inactivating mutations of either TSC1I or TSC2, the mTOR
pathway is abnormally activated in LAM and other
PEComas; this provides the abnormal cells with a
significant survival advantage. In fact, tuberin can
negatively regulate the activity of protein S6 and
p70S6K, specifically, and disruption of this mechanism
can explain the abnormal cell growth in PEComas.”
Accordingly, although LAM cells do not exhibit atypia
or elevated proliferation, the progressive infiltration of
lung parenchyma can be considered as evidence of a
metastatic spread, and LAM can accordingly recur after
lung transplantation.” In PEComas, the survival advan-
tage provided by the genetic defect in TSC is likely
limited, since most of the developing tumors are benign.
In fact, the genetic abnormalities characterizing LAM and
PEComas affect tumor suppressor genes, leading to cell
clones that maintain their dependency on availability of
growth factors such as epidermal growth factor.”” A
number of malignant neoplasms have been described that
share the phenotype and the genetic abnormalities
characterizing PEComas,”*”® but malignant transforma-
tion in PEComas most likely needs further genetic
modifications.”

Great interest has focused on the possible hormonal
dependence of LAM progression because of the striking
gender distribution occurring in LAM, the reported
disease progression during pregnancy or following
exogenous estrogen administration, as well as the variable
expression of steroid hormone receptors by LAM
cells.">*7%51 All these observations suggest the involve-
ment of estrogens in the pathogenesis of LAM.”” The
possible therapeutic significance of hormonal manipula-
tion has been investigated, but with discordant results.®'-%
Recent evidence has shown a direct role of estrogens in
promoting survival of tuberin-null cells, as well as in the
invasion and destruction of lung parenchyma, induced by
overproduction of matrix metalloproteinases.®>* Expres-
sion of CD44v6, a marker involved in homing during
metastasis, is in line with this model.?
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All this evidence suggests a model in which LAM cells
are able to infiltrate the lung through a metastatic
dissemination.””>**% Further studies are needed to
determine the source of metastasizing PEC cells in
pulmonary LAM , that is, to determine whether they
derive from neoplastic aggregates (eg, angiomyolipomas)
or from mesenchymal precursors homing in microenvi-
ronmental perivascular niches.

CONCLUSION

Tremendous improvement has been made in the last
few years concerning the molecular pathology and the
genetic features of LAM and other PEComas, which opens
the way to new therapeutic options. Nevertheless, a
number of relevant biologic issues regarding this inter-
esting class of tumors are still open. It is not clear why only
a limited number of tumor types (AML, LAM, and other
PEComas) develop in patients with tuberous sclerosis,
since the genetic defect could affect the lifespan of all cell
types. It is possible that the defect acts only on a subset of
susceptible cell types (eg, perivascular mesenchymal stem
cells) and that, upon mutation of the mTOR pathway,
these abnormal cells acquire an abnormal phenotype and
behavior but still maintain a limited differentiation
potential, with eventual accumulation within the perivas-
cular microenvironment. Accordingly, in LAM, a close
relation with lymphatic channels has been demonstrat-
ed.*” Further studies are needed to better define the nature
and properties of the PEC cell precursors and, if they exist,
their normal counterparts.

This study was supported by Fondazione Cassa di Risparmio
di Verona; Diagnostica molecolare in oncologia; Ministero
Istruzione, Universita e Ricerca (MIUR); European Union FP7
Health Research Grant number HEALTH-F4_2008-202047.

References

1. European Chromosome 16 Tuberous Sclerosis Consortium. Identification
and characterization of the tuberous sclerosis gene on chromosome 16. Cell.
1993;75:1305-1315.

2. Costello LC, Hartman TE, Ryu JH. High frequency of pulmonary
lymphangioleiomyomatosis in women with tuberous sclerosis complex. Mayo
Clin Proc. 2000;75:591-594.

3. Franz DN, Brody A, Meyer C, et al. Mutational and radiographic analysis of
pulmonary disease consistent with lymphangioleiomyomatosis and micronodular
pneumocyte hyperplasia in women with tuberous sclerosis. Am J Respir Crit Care
Med. 2001;164:661-668.

4. Moss J, Avila NA, Barnes PM, et al. Prevalence and clinical characteristics
of lymphangioleiomyomatosis (LAM) in patients with tuberous sclerosis complex.
Am J Respir Crit Care Med. 2001;164:669-671.

5. van Slegtenhorst M, de Hoogt R, Hermans C, et al. Identification of the
tuberous sclerosis gene TSC1 on chromosome 9q34. Science. 1997;277:805-808.

6. Steagall WK, Taveira-DaSilva AM, Moss J. Clinical and molecular insights
into lymphangioleiomyomatosis. Sarcoidosis Vasc Diffuse Lung Dis. 2005;
22(suppl 1):549-S66.

7. Travis WD, Colby TV, Koss MN, Rosado-de-Christenson ML, Muller NL,
King TE. Non-neoplastic Disorders of the Lower Respiratory Tract. Washington,
DC: American Registry of Pathology; 2002. Atlas of Nontumor Pathology; 1st
series; fascicle 2.

8. Berger U, Khaghani A, Pomerance A, Yacoub MH, Coombes RC.
Pulmonary lymphangioleiomyomatosis and steroid receptors: an immunocyto-
chemical study. Am J Clin Pathol. 1990;93:609-614.

9. Bonetti F, Chiodera PL, Pea M, et al. Transbronchial biopsy in
lymphangiomyomatosis of the lung: HMB45 for diagnosis. Am J Surg Pathol.
1993;17:1092-1102.

10. Bonetti F, Pea M, Martignoni G, Zamboni G, luzzolino P. Cellular
heterogeneity in lymphangiomyomatosis of the lung. Hum Pathol. 1991;22:727—
728.

11. Chan JK, Tsang WY, Pau MY, Tang MC, Pang SW, Fletcher CD.
Lymphangiomyomatosis and angiomyolipoma: closely related entities charac-
terized by hamartomatous proliferation of HMB-45-positive smooth muscle.
Histopathology. 1993;22:445-455.

12. Graham ML I, Spelsberg TC, Dines DE, Payne WS, Bjornsson J, Lie JT.
Pulmonary lymphangiomyomatosis: with particular reference to steroid-receptor
assay studies and pathologic correlation. Mayo Clin Proc. 1984;59:3-11.

Lymphangioleiomyomatosis and PEComas—Martignoni et al



13. Kuhnen C, Preisler K, Muller KM. Pulmonary lymphangioleiomyomatosis:
morphologic and immunohistochemical findings [in German]. Pathologe. 2001;
22:197-204.

14. Matsumoto Y, Horiba K, Usuki J, Chu SC, Ferrans VJ, Moss J. Markers of
cell proliferation and expression of melanosomal antigen in lymphangioleio-
myomatosis. Am J Respir Cell Mol Biol. 1999;21:327-336.

15. Ohori NP, Yousem SA, Sonmez-Alpan E, Colby TV. Estrogen and
progesterone receptors in lymphangioleiomyomatosis, epithelioid hemangioen-
dothelioma, and sclerosing hemangioma of the lung. Am J Clin Pathol. 1991;96:
529-535.

16. Zhe X, Schuger L. Combined smooth muscle and melanocytic differen-
tiation in lymphangioleiomyomatosis. J Histochem Cytochem. 2004;52:1537—
1542.

17. Bonetti F, Pea M, Martignoni G, et al. The perivascular epithelioid cell and
related lesions. Adv Anat Pathol. 1997;4:343-358.

18. Martignoni G, Pea M, Reghellin D, Zamboni G, Bonetti F. PEComas: the
past, the present and the future. Virchows Arch. 2008;452:119-132.

19. Pea M, Martignoni G, Zamboni G, Bonetti F. Perivascular epithelioid cell.
Am J Surg Pathol. 1996,20:1149-1153.

20. Folpe AL. Neoplasms with perivascular epithelioid cell differentiation
(PEComas). In: Fletcher CD, Unni KK, Epstein J, Mertens F, eds. Pathology and
Genetics of Tumours of Soft Tissue and Bone. Lyon, France: IARC; 2002:221-
222. World Health Organization Classification of Tumours.

21. Bonetti F, Pea M, Martignoni G, et al. Clear cell (“sugar”) tumor of the
lung is a lesion strictly related to angiomyolipoma—the concept of a family of
lesions characterized by the presence of the perivascular epithelioid cells (PEC).
Pathology. 1994;26:230-236.

22. Tazelaar HD, Batts KP, Srigley JR. Primary extrapulmonary sugar tumor
(PEST): a report of four cases. Mod Pathol. 2001;14:615-622.

23. Folpe AL, Goodman ZD, Ishak KG, et al. Clear cell myomelanocytic tumor
of the falciform ligament/ligamentum teres: a novel member of the perivascular
epithelioid clear cell family of tumors with a predilection for children and young
adults. Am J Surg Pathol. 2000;24:1239-1246.

24. Matsui K, Tatsuguchi A, Valencia J, et al. Extrapulmonary lymphangio-
leiomyomatosis (LAM): clinicopathologic features in 22 cases. Hum Pathol.
2000;31:1242-1248.

25. Jungbluth AA, Busam KJ, Gerald WL, et al. A103: an anti-melan-a
monoclonal antibody for the detection of malignant melanoma in paraffinem-
bedded tissues. Am J Surg Pathol. 1998;22:595-602.

26. Weeks DA, Malott RL, Armesen M, Zuppan C, Aitken D, Mierau G.
Hepatic angiomyolipoma with striated granules and positivity with melanoma—
specific antibody (HMB-45): a report of two cases. Ultrastruct Pathol. 1991;15:
563-571.

27. Crisan M, Yap S, Casteilla L, et al. A perivascular origin for mesenchymal
stem cells in multiple human organs. Cell Stem Cell. 2008;3:301-313.

28. Eble JN. Angiomyolipoma of kidney. Semin Diagn Pathol. 1998;15:21-40.

29. Henske EP, Ao X, Short MP, et al. Frequent progesterone receptor
immunoreactivity in tuberous sclerosis-associated renal angiomyolipomas. Mod
Pathol. 1998;11:665-668.

30. L'Hostis H, Deminiere C, Ferriere JM, Coindre JM. Renal angiomyolipoma:
a clinicopathologic, immunohistochemical, and follow-up study of 46 cases. Am
J Surg Pathol. 1999;23:1011-1020.

31. Stone CH, Lee MW, Amin MB, et al. Renal angiomyolipoma: further
immunophenotypic characterization of an expanding morphologic spectrum.
Arch Pathol Lab Med. 2001;125:751-758.

32. Eble JN, Amin MB, Young RH. Epithelioid angiomyolipoma of the kidney:
a report of five cases with a prominent and diagnostically confusing epithelioid
smooth muscle component. Am J Surg Pathol. 1997;21:1123-1130.

33. Martignoni G, Amin MB. Angiomyolipoma. In: Eble JN, Sauter G, Epstein
J, Sesterhenn 1, eds. Pathology and Genetics of Tumours of the Urinary System
and Male Genital Organs. Lyon, France: IARC Press; 2004:65-67. World Health
Organization Classification of Tumours.

34. Pea M, Bonetti F, Zamboni G, Martignoni G, Fiore-Donati L, Doglioni C.
Clear cell tumor and angiomyolipoma. Am J Surg Pathol. 1991;15:199-202.

35. Vang R, Kempson RL. Perivascular epithelioid cell tumor (‘PEComa’) of the
uterus: a subset of HMB-45-positive epithelioid mesenchymal neoplasms with an
uncertain relationship to pure smooth muscle tumors. Am J Surg Pathol. 2002;26:
1-13.

36. Pan CC, Yu IT, Yang AH, Chiang H. Clear cell myomelanocytic tumor of
the urinary bladder. Am J Surg Pathol. 2003;27:689-692.

37. Pan CC, Yang AH, Chiang H. Malignant perivascular epithelioid cell
tumor involving the prostate. Arch Pathol Lab Med. 2003;127(2):e96—e98.

38. Govender D, Sabaratnam RM, Essa AS. Clear cell ‘sugar’ tumor of the
breast: another extrapulmonary site and review of the literature. Am J Surg Pathol.
2002;26:670-675.

39. Martignoni G, Pea M, Reghellin D, Zamboni G, Bonetti F. Perivascular
epithelioid cell tumor (PEComa) in the genitourinary tract. Adv Anat Pathol.
2007;14:36-41.

40. Nellist M, van Slegtenhorst MA, Goedbloed M, van den Ouweland AM,
Halley DJ, van der Sluijs P. Characterization of the cytosolic tuberin-hamartin
complex: tuberin is a cytosolic chaperone for hamartin. J Biol Chem. 1999;274:
35647-35652.

41. Benvenuto G, Li S, Brown §J, et al. The tuberous sclerosis-1 (TSC1) gene
product hamartin suppresses cell growth and augments the expression of the

Arch Pathol Lab Med—Vol 134, January 2010

TSC2 product tuberin by inhibiting its ubiquitination. Oncogene. 2000;19:6306—
6316.

42. Kwiatkowski DJ. Tuberous sclerosis: from tubers to mTOR. Ann Hum
Genet. 2003;67:87-96.

43. Carbonara C, Longa L, Grosso E, et al. Apparent preferential loss of
heterozygosity at TSC2 over TSC1 chromosomal region in tuberous sclerosis
hamartomas. Genes Chromosomes Cancer. 1996;15:18-25.

44. Pan CC, Jong YJ, Chai CY, Huang SH, Chen YJ. Comparative genomic
hybridization study of perivascular epithelioid cell tumor: molecular genetic
evidence of perivascular epithelioid cell tumor as a distinctive neoplasm. Hum
Pathol. 2006;37:606-612.

45. Pan CC, Chung MY, Ng KF, et al. Constant allelic alteration on
chromosome 16p (TSC2 gene) in perivascular epithelioid cell tumour (PEComa):
genetic evidence for the relationship of PEComa with angiomyolipoma. J Pathol.
2008;214:387-393.

46. Carsillo T, Astrinidis A, Henske EP. Mutations in the tuberous sclerosis
complex gene TSC2 are a cause of sporadic pulmonary lymphangioleiomyoma-
tosis. Proc Natl Acad Sci U S A. 2000;97:6085-6090.

47. Crooks DM, Pacheco-Rodriguez G, DeCastro RM, et al. Molecular and
genetic analysis of disseminated neoplastic cells in lymphangioleiomyomatosis.
Proc Natl Acad Sci U S A. 2004;101:17462-17467.

48. Smolarek TA, Wessner LL, McCormack FX, Mylet JC, Menon AG, Henske
EP. Evidence that lymphangiomyomatosis is caused by TSC2 mutations:
chromosome 16p13 loss of heterozygosity in angiomyolipomas and lymph
nodes from women with lymphangiomyomatosis. Am J Hum Genet. 1998;62:
810-815.

49. Strizheva GD, Carsillo T, Kruger WD, Sullivan EJ, Ryu JH, Henske EP. The
spectrum of mutations in TSC1 and TSC2 in women with tuberous sclerosis and
lymphangiomyomatosis. Am J Respir Crit Care Med. 2001;163:253-258.

50. Yu J, Astrinidis A, Henske EP. Chromosome 16 loss of heterozygosity in
tuberous sclerosis and sporadic lymphangiomyomatosis. Am J Respir Crit Care
Med. 2001;164:1537-1540.

51. Kenerson H, Folpe AL, Takayama TK, Yeung RS. Activation of the mTOR
pathway in sporadic angiomyolipomas and other perivascular epithelioid cell
neoplasms. Hum Pathol. 2007;38:1361-1371.

52. Martin KA, Blenis J. Coordinate regulation of translation by the PI 3-kinase
and mTOR pathways. Adv Cancer Res. 2002;86:1-39.

53. Bissler JJ, McCormack FX, Young LR, et al. Sirolimus for angiomyolipoma
in tuberous sclerosis complex or lymphangioleiomyomatosis. N Engl ] Med.
2008;358:140-151.

54. Davies DM, Johnson SR, Tattersfield AE, et al. Sirolimus therapy in
tuberous sclerosis or sporadic lymphangioleiomyomatosis. N Engl | Med. 2008;
358:200-203.

55. Taille C, Debray MP, Crestani B. Sirolimus treatment for pulmonary
lymphangioleiomyomatosis. Ann Intern Med. 2007;146:687-688.

56. Mansky KC, Marfatia K, Purdom GH, Luchin A, Hume DA, Ostrowski MC.
The microphthalmia transcription factor (MITF) contains two N-terminal domains
required for transactivation of osteoclast target promoters and rescue of mi
mutant osteoclasts. J Leukoc Biol. 2002;71:295-303.

57. Mansky KC, Sulzbacher S, Purdom G, et al. The microphthalmia
transcription factor and the related helix-loop-helix zipper factors TFE-3 and
TFE-C collaborate to activate the tartrate-resistant acid phosphatase promoter. J
Leukoc Biol. 2002;71:304-310.

58. Steingrimsson E, Tessarollo L, Pathak B, et al. Mitf and Tfe3, two members
of the Mitf-Tfe family of bHLH-Zip transcription factors, have important but
functionally redundant roles in osteoclast development. Proc Natl Acad Sci U S A.
2002;99:4477-4482.

59. Shahlaee AH, Brandal S, Lee YN, Jie C, Takemoto CM. Distinct and shared
transcriptomes are regulated by microphthalmia-associated transcription factor
isoforms in mast cells. J Immunol. 2007;178:378-388.

60. Drake FH, Dodds RA, James IE, et al. Cathepsin K, but not cathepsins B, L,
or S, is abundantly expressed in human osteoclasts. J Biol Chem. 1996;271:
12511-12516.

61. Hershey CL, Fisher DE. Genomic analysis of the Microphthalmia locus and
identification of the MITF-J/Mitf-] isoform. Gene. 2005;347:73-82.

62. Inaoka T, Bilbe G, Ishibashi O, Tezuka K, Kumegawa M, Kokubo T.
Molecular cloning of human ¢cDNA for cathepsin K: novel cysteine proteinase
predominantly expressed in bone. Biochem Biophys Res Commun. 1995;206:
89-96.

63. Meadows NA, Sharma SM, Faulkner GJ, Ostrowski MC, Hume DA,
Cassady Al. The expression of Clcn7 and Ostm1 in osteoclasts is coregulated by
microphthalmia transcription factor. J Biol Chem. 2007;282:1891-1904.

64. Motyckova G, Weilbaecher KN, Horstmann M, Rieman D), Fisher DZ,
Fisher DE. Linking osteopetrosis and pycnodysostosis: regulation of cathepsin K
expression by the microphthalmia transcription factor family. Proc Natl Acad Sci
U S A. 2001;98:5798-5803.

65. Takeda K, Yasumoto K, Kawaguchi N, et al. Mitf-D, a newly identified
isoform, expressed in the retinal pigment epithelium and monocyte-lineage cells
affected by Mitf mutations. Biochim Biophys Acta. 2002;1574:15-23.

66. Glantschnig H, Fisher JE, Wesolowski G, Rodan GA, Reszka AA. M-CSF,
TNFalpha and RANK ligand promote osteoclast survival by signaling through
mTOR/S6 kinase. Cell Death Differ. 2003;10:1165-1177.

67. Quintanilla-Dieck M), Codriansky K, Keady M, Bhawan ], Runger TM.
Cathepsin K in melanoma invasion. J Invest Dermatol. 2008;128:2281-2288.

Lymphangioleiomyomatosis and PEComas—Martignoni et al 39



68. Karbowniczek M, Spittle CS, Morrison T, Wu H, Henske EP. mTOR is
activated in the majority of malignant melanomas. J Invest Dermatol. 2008;128:
980-987.

69. Kneissel M, Luong-Nguyen NH, Baptist M, et al. Everolimus suppresses
cancellous bone loss, bone resorption, and cathepsin K expression by osteoclasts.
Bone. 2004;35:1144-1156.

70. Chilosi M, Pea M, Martignoni G, et al. Cathepsin-k expression in
pulmonary lymphangioleiomyomatosis. Mod Pathol. 2009;22:161-166.

71. Goncharova EA, Goncharov DA, Eszterhas A, et al. Tuberin regulates p70
S6 kinase activation and ribosomal protein S6 phosphorylation: a role for the
TSC2 tumor suppressor gene in pulmonary lymphangioleiomyomatosis (LAM). J
Biol Chem. 2002;277:30958-30967.

72. Karbowniczek M, Astrinidis A, Balsara BR, et al. Recurrent lymphangio-
myomatosis after transplantation: genetic analyses reveal a metastatic mecha-
nism. Am J Respir Crit Care Med. 2003;167:976-982.

73. Lesma E, Grande V, Ancona S, Carelli S, Di Giulio AM, Gorio A. Anti-
EGFR antibody efficiently and specifically inhibits human TSC2-/- smooth muscle
cell proliferation. Possible treatment options for TSC and LAM. PLoS One. 2008;
3:€3558.

74. Kawaguchi K, Oda Y, Nakanishi K, et al. Malignant transformation of renal
angiomyolipoma: a case report. Am J Surg Pathol. 2002;26:523-529.

75. Martignoni G, Pea M, Bonetti F, et al. Carcinomalike monotypic
epithelioid angiomyolipoma in patients without evidence of tuberous sclerosis:
a clinicopathologic and genetic study. Am J Surg Pathol. 1998;22:663-672.

76. Martignoni G, Pea M, Rigaud G, et al. Renal angiomyolipoma with
epithelioid sarcomatous transformation and metastases: demonstration of the
same genetic defects in the primary and metastatic lesions. Am J Surg Pathol.
2000;24:889-894.

77. Ma L, Kowalski D, Javed K, Hui P. Atypical angiomyolipoma of kidney in a
patient with tuberous sclerosis: a case report with p53 gene mutation analysis.
Arch Pathol Lab Med. 2005;129:676-679.

78. Brentani MM, Carvalho CR, Saldiva PH, Pacheco MM, Oshima CT. Steroid
receptors in pulmonary lymphangiomyomatosis. Chest. 1984;85:96-99.

79. Matsui K, Takeda K, Yu ZX, et al. Downregulation of estrogen and
progesterone receptors in the abnormal smooth muscle cells in pulmonary

lymphangioleiomyomatosis following therapy: an immunohistochemical study.
Am | Respir Crit Care Med. 2000;161:1002-1009.

80. Svendsen TL, Viskum K, Hansborg N, Thorpe SM, Nielsen NC. Pulmonary
lymphangioleiomyomatosis: a case of progesterone receptor positive lymphan-
gioleiomyomatosis treated with medroxyprogesterone, oophorectomy and
tamoxifen. BrJ Dis Chest. 1984;78:264-271.

81. Urban T, Lazor R, Lacronique J, et al. Pulmonary lymphangioleiomyoma-
tosis: a study of 69 patients—Groupe d’Etudes et de Recherche sur les Maladies
“Orphelines” Pulmonaires (GERM’O"'P). Medicine (Baltimore). 1999;78:321—
337.

82. Harari S, Cassandro R, Chiodini J, Taveira-DaSilva AM, Moss J. Effect of a
gonadotrophin-releasing hormone analogue on lung function in lymphangio-
leiomyomatosis. Chest. 2008;133:448-454.

83. Schiavina M, Contini P, Fabiani A, et al. Efficacy of hormonal
manipulation in lymphangioleiomyomatosis: a 20-year-experience in 36
patients. Sarcoidosis Vasc Diffuse Lung Dis. 2007;24:39-50.

84. Taveira-DaSilva AM, Stylianou MP, Hedin CJ, Hathaway O, Moss J.
Decline in lung function in patients with lymphangioleiomyomatosis treated with
or without progesterone. Chest. 2004;126:1867-1874.

85. Glassberg MK, Elliot SJ, Fritz ), et al. Activation of the estrogen receptor
contributes to the progression of pulmonary lymphangioleiomyomatosis via
matrix metalloproteinase-induced cell invasiveness. J Clin Endocrinol Metab.
2008;93:1625-1633.

86. Yu JJ, Robb VA, Morrison TA, et al. Estrogen promotes the survival and
pulmonary metastasis of tuberin-null cells. Proc Natl Acad Sci U S A. 2009;106:
2635-2640.

87. Pacheco-Rodriguez G, Steagall WK, Crooks DM, et al. TSC2 loss in
lymphangioleiomyomatosis cells correlated with expression of CD44vé6, a
molecular determinant of metastasis. Cancer Res. 2007;67:10573-10581.

88. Henske EP. Metastasis of benign tumor cells in tuberous sclerosis complex.
Genes Chromosomes Cancer. 2003;38:376-381.

89. Glasgow CG, Taveira-Dasilva AM, Darling TN, Moss J. Lymphatic
involvement in lymphangioleiomyomatosis. Ann N Y Acad Sci. 2008;1131:
206-214.

program information.

Prepare Now for the CAP ‘10 Abstract Program

Plan now to submit abstracts and case studies for the College of American Pathologists (CAP)
2070 meeting, which will be held September 26th through the 29th in Chicago, lllinois.
Submissions for the CAP “10 Abstract Program will be accepted from:

Monday, February 1, 2010, through Friday, April 5, 2010.

Accepted submissions will appear in the September 2010 issue of the Archives of Pathology &
Laboratory Medicine. Visit the CAP ‘10 Web site at www.cap.org/cap10 for additional abstract

40 Arch Pathol Lab Med—Vol 134, January 2010

Lymphangioleiomyomatosis and PEComas—Martignoni et al



