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Abstract

Lymphangioleiomyomatosis (LAM), a rare cystic lung disease with multi-organ involvement,
occurs primarily in women of childbearing age. LAM can present sporadically or in association
with tuberous sclerosis complex (TSC). Loss of lung function in patients with LAM can be
attributed to the dysregulated growth of LAM cells, with dysfunctional TSC1 or TSC2 genes,
which encode hamartin and tuberin, respectively, leading to hyperactivation of the mammalian
target of rapamycin (mTOR). LAM cells are smooth muscle-like cells that express melanoma
antigens such as gp100, a splice variant of the Pmel17 gene. Tuberin and hamartin form
heterodimers that act as negative regulators of mTOR. Lack of TSC2 function, as occurs in LAM
cells, leads to the production of the chemokine CCL2/monocyte chemotactic protein 1 (MCP-1),
which increases LAM cell mobility. Although many chemokines and their receptors could
influence LAM cell mobilization, we propose that a positive-feedback loop is generated when
dysfunctional TSC2 is present in LAM cells. We identified a group of chemokine receptors that is
expressed in LAM cells and differs from those on smooth muscle and melanoma cells
(Malme-3M). Chemokines have been implicated in tumor metastasis, and our data suggest a role
for chemokines in LAM cell mobilization and thereby in the pathogenesis of LAM.
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l. INTRODUCTION

Lymphangioleiomyomatosis (LAM) is a rare cystic lung disease that is primarily found in
women of childbearing age. LAM presents with progressive dyspnea, wheezing, cough,
recurrent pneumothoraces, chylothorax, abdominal hemorrhage, involvement of the axial
lymphatics (e.g., lymphangioleiomyomas), and abdominal tumors (e.g., renal
angiomyolipomas).1:2 LAM occurs sporadically or in association with tuberous sclerosis
complex (TSC), an autosomal dominant syndrome of variable penetrance, which is
characterized by hamartoma-like tumor growths (e.g., facial angiofibroma, ungual fibroma,
shagreen patch, renal angiomyolipoma, and pulmonary LAM nodules) and neurological
disorders.3 These hamartomatous tumors are believed to be of mesenchymal origin and are
classified as perivascular epithelioid cell neoplasms.?
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LAM cells are phenotypically smooth muscle-like cells that express melanoma antigens
such as gp100, CD63/LAMP-3, Melan-A, and MART1, and have abnormalities in the TSC1
or TSC2 genes.® Loss of TSC gene function results in hyperactivation of the mammalian
target of rapamycin (mTOR).8 LAM is believed to involve the migration of LAM cells
between organs, and therefore we designated these events as a metastatic-like process. There
is evidence that LAM cells disseminate by lymphatic and hematogenous but not
transcoelomic routes. After single-lung transplantation, LAM cells from the recipient were
shown to colonize the transplanted lung, suggesting a metastatic process.”:8 Consistent with
lymphatic and hematogeneous spread, LAM cells can be detected in blood, urine,
expectorated chyle, and pleural and abdominal chylous fluids.?

Metastatic cells are capable of translocation to target sites. Cell motility can be directed by
gradients of chemokines that interact with specific receptors on the plasma membrane of
tumor cells.10 Metastatic cells migrate to specific sites distant from the primary tumor
growth and “home” to an appropriate environment described as “soil,” which appears to be
identified by specific soluble chemoattractants produced by cells at the metastatic site.11:12

Chemokines could be produced in response to multiple factors. Infections are one of the
best-characterized processes in the recruitment and homing of immune cells, as are
inflammation and tissue injury. Chronic inflammation is a characteristic of many cancerous
processes that lead to the activation of pathways involving nuclear factor B participation in
the transcription of chemokines that attract cancer cells to sites of metastasis.10:12

To understand the molecular events that lead to LAM cell growth and dissemination, we
investigated the potential role of chemokines and their receptors in the spread of LAM cells.

II. LAM CELLS AND LAM LUNG NODULE

The cells responsible in LAM are termed “LAM cells,” spindle- and epithelioid—shaped
smooth muscle-like cells that contain dysfunctional TSC2 or TSC1 genes and form part of
lung nodular structures, which express melanoma as well as smooth muscle cell antigens.2:>
Whereas LAM cells of both phenotypes synthesize smooth muscle-cell proteins (e.g.,
smooth muscle a-actin, vimentin, desmin), the epithelioid cells appear to produce gp100, a
premelanosomal protein product of alternatively spliced Pmel17 transcripts. MART-1,
CD63, and PNL2 are all melanosomal proteins controlled by microphthalmia transcription
factor and produced in a group of pathological mesenchymal-derived cells characterized as
perivascular epithelioid cells.23 Nodular LAM structures are covered with hyperplastic type
I pneumocytes and contain mast cells and mast cell products (e.g., chymase). Cells lining
Iympt;jtic channels within the nodules react with antibodies against lymphatic endothelial
cells.

The roles of TSC1/2 have been defined previously®: TSC2 gene on chromosome 16p13.3
and TSC1 gene on chromosome 934 encode tuberin and hamartin, respectively. Tuberin
and hamartin form heterodimeric complexes that negatively regulate the mTOR serine-
threonine kinase. Multimeric complexes containing mTOR termed mTORC1 and mTORC2
are central to cell growth, proliferation, gene transcription, and protein synthesis.1°
mTORC1 is a multiprotein complex comprised of five proteins sensitive to rapamycin:
mTOR, Raptor (regulatory-associated protein of mMTOR), mLST8/GBL (mammalian lethal
with Sec 13 protein 8), PRAS40 (proline-rich AKT substrate 40 kDa), and Deptor (DEP-
domain-containing mTOR-interacting protein). The mTORC2 complex is less sensitive to
rapamycin and contains six proteins: mTOR, Rictor (rapamycin-insensitive companion of
mTOR), mSIN1 (mammalian stress-activated protein kinase interacting protein 1), Protor-1
(protein observed with Rictor-1), mLST8, and Deptor.16 Components of TORCI (i.e.,
Raptor), and TORC2 (i.e., Rictor) regulate the different functions attributed to mTOR.1°
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mTORC1 activity is largely regulated by the GTPase Rheb (Ras homolog enriched in brain),
which is a substrate for the GTPase-activating function of tuberin (Fig. 1).17-19

Akt-dependent signaling regulates mTOR, and thereby phosphorylation of S6K1, S6K2, and
elF4E. Phosphorylation of tuberin by Akt causes its inactivation and disassembly of the
TSC1/TSC2 complex18; AMP-dependent protein kinase regulated by the tumor suppressor
LKB1 also modulates the function of the TSC1/TSC2 complex® (Fig. 1).

Ill. MOLECULAR ASPECTS OF LAM CELL METASTASIS

Identification of phenotypically and genotypically similar cells in kidneys, lymphatics, and
lungs of LAM patients suggest that LAM cells disseminate in a metastatic-like process.20
Because LAM cells are able to invade transplanted lungs, it was suggested that
hematogenous and lymphatic routes are used for their dissemination.3=2:20:21 Cells that
metastasize by lymphatic and hematogenous routes appear to begin with detachment from
the primary locus and invade the local tissue stroma, followed by penetration into local
blood or lymphatic vessels and transit to arrest points after surviving the circulatory system.
Arrested cells penetrate the parenchyma at a metastatic site, adapt to the environment, and
proliferate.22 All of these events are required for metastatic cell proliferation at a distant site,
but the intercellular communication among these cells and receptive tissues plus additional

cues (e.g., chemokines) to mobilize and anchor cells at metastatic sites are also important.
23,24

IV. CHEMOKINES AND CHEMOKINE RECEPTORS

Chemokines were initially identified as molecules that induce the migration of leukocytes
and are produced by immune cells that respond to inflammatory responses.?> The lung
responds to environmental insults by recruiting inflammatory cells that secrete chemokines
that attract other cells to the lung; thus, chemokines may have roles in both innate and
adaptive immunity. Chemokines also participate in organ homeostasis and in cancerous
processes.10 Many cells of non-immune origin not only have chemokine receptors, but also
synthesize and secrete chemokines.26

Four subfamilies of chemokines (C, CC, CXC, and CX3C) are defined by the location of
cysteine in their primary structure. There are at least 53 chemokines, secreted proteins of 66
to 111 amino acids, except for CXCL16 and CX3CL1, which are membrane-bound proteins.
26 Genes that encode chemokines are present on different human chromosomes, with
clusters of chemokine genes on chromosomes 4g21.1, 17g11.2, and 17g12. Chemokines are
also classified into functional subfamilies,?” including: inflammatory chemokines, which
participate in innate immunity (e.g. CXCL16, CXCL1), extravasation (CX3CR1), and
adaptive immunity (e.g., CCL2, CCL6, CCL27, CCL28); and homeostatic chemokines,
which participate in hematopoiesis (CXCL12), follicular activities (CXCL13), T
lymphopoiesis (CCL19 and CCL21), and T-cell-denditric cell interaction (CCL18).

Chemokine receptors are seven-transmembrane-domain, G protein-coupled receptors of the
Gijo family and members of the rhodopsin-like seven-transmembrane superfamily. Binding
of chemokines to their receptors causes conformational changes and, in some cases, receptor
dimerization, which affects guanine nucleotide exchange on the alpha subunit of the G-
protein complex (Gofy), leading to the formation of Ga-GTP and its dissociation from G-By.
The individual units activate specific signaling pathways in which small GTPases such as
Rho, Cdc42, and Rac affect cell motility. GBy subunits activate phospholipase C, resulting in
the production of inositol triphosphate and diacylglycerol.26 Thus, the multiple effects of
chemokines could lead to LAM cell invasiveness and migration due to the activation of the
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GTPases Racl and Rho. Notably, the Rho protein is also regulated by the TSC2 gene
product tuberin,28:29

V. LAM AND CHEMOKINES

Concentrations of CCL2 (MCP-1), CXCL1 (GROL1), and CXCL5 (ENA-78) in
bronchoalveolar lavage fluid from patients with LAM were higher than in that from healthy
volunteers, suggesting that these chemokines could be involved in the recruitment of LAM
cells to the lung®® (Fig. 2). Levels of CCL2/MCP-1 were higher in brochoalveolar lavage
fluid from LAM patients than in that from healthy volunteers.

Polymorphisms of the CCL2/MCP-1 gene were more frequent in patients with LAM than in
healthy volunteers, and were correlated with rates of decline in lung function. Frequencies of
two polymorphisms in the promoter of the CCL2/MCP-1 gene were compared in LAM
patients and age- and sex-matched healthy volunteers, and differed significantly in the two
groups. The frequency of AA at positions —2578 and —2136 was greater in LAM patients
than in volunteers, and more detailed analysis suggested that the CCL2/MCP-1 gene and
protein may be genetic modifiers in the development of LAM.

CCL2/MCP-1 selectively attracted cells with dysfunctional TSC2.30 CCL2/MCP-1 was
further shown to be associated with LAM nodules in about 70% of patients. As part of a
potential feed-forward pathway, TSC2 regulated CCL2/MCP-1 production in human skin
and mouse cells31733, CCL2 was overexpressed in human cells grown from TSC skin,
periungualfibroma, and angiofibroma.3! Overexpression of MCP-1 in mouse Tsc2 ™/~ cells
was mTOR dependent and resulted from a loss of tuberin function.32:33 High levels of
CCL2/MCP-1 were reduced in both human and rodent cells lacking tuberin function, but
reconstitution of cells with tuberin or treatment with rapamycin to abrogate mTOR activity
decreased the production of CCL2/MCP-1. These data also suggest that TSC2 could down-
regulate CCL2/MCP-1 production directly or indirectly by the action of mTOR. Altogether,
it is proposed that CCL2/MCP-1 is involved in LAM cell dissemination by a paracrine
feedback loop (Fig. 1).

VI. LAM AND CHEMOKINE RECEPTORS

LAM cells within lung lesions displayed a unique group of chemokine receptors, including
CCR2, CXCR4, CCR7, and CCR10, which allowed grouping of the LAM samples from
smooth muscle or melanoma cells.39 Global gene-expression analysis of microdissected
LAM lung cells of patients with sporadic LAM identified a set of transcripts that
distinguished lung LAM cells from smooth muscle and melanoma cells (GEO database
GSE12027). Some chemokines were differentially expressed and may participate in
attracting and anchoring cells to sites of metastasis.

Among the receptors most frequently found in diverse cancers are CXCR4, CCR7, CCR4,
CCR10, and CXCR?7.34 Metastatic breast cancer cells express the chemokine receptors
CXCR4 and CCR7, whereas malignant melanoma cells express CCR10, CXCR4, and
CCR7.12 Smooth muscle-like LAM cells in more than 50% of patients reacted with
antibodies against the chemokine receptors CCR2, CCR7, CCR10, CXCR2, CXCR4, and
CXCR1,3% which supports the conclusion that cancer cells exhibit a characteristic profile of
chemokines and their receptors.12 Thus, cells can to some extent be identified by their
chemokine/chemokine receptor molecular signatures, which seem to direct metastasis to
specific organs. Although it is not clear why a single tumor cell has multiple chemokine
receptors, the observation that chemokine receptors are able to homo- and heterodimerize to
produce specific effects suggests this as a mode of chemokine/chemokine receptor action in
LAM cells.35:36
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We determined which chemokine receptors were more common in LAM lung nodules (Fig.
2), and found that the receptor and ligand found most often in LAM nodules and known to
be involved in cancer are CXCR4 and its ligand SDF-1 (CCL12).3” This receptor has been
identified in at least 23 types of cancer, including breast and ovarian cancers and melanoma.
10,38 CXCR4 and CXCR3 are functional receptors in melanoma cells and are involved in the
activation of the MAPKs p44/42 and p38 pathways.3® We did not detect high levels of
CCL12 in the bronchoalveolar lavage fluid of LAM patients, but a large percentage of LAM
cells expressed CXCR4,30 and CXCR4 mRNA levels were high in LAM cells from lung
nodules.3% We were unable to define the role of the CCL12-CXCR4 pathway in LAM cells,
but angiomyolipoma cells appear to respond to CXCL12 by activating AKT and p42/44.40

Some cells in LAM nodules express receptors such as CXCR6, CXCR5, CCR8, CCR5,
CCR4, CCR3, and CCR1.31 CXCR® and its ligand CCL16 are present in several cancers
including liver, prostate, colon, breast, ovary, glioblastoma, lung, lymphoma, melanoma,
and renal cell carcinoma, but not in thyroid or head and neck cancers.*! CXCL16 may be
relevant to LAM because it stimulates secretion of IL-8 and IL-6, activation of Akt, p70S6,
and initiation factor 4E, thereby affecting cell proliferation and invasion.#2 Thus, activation
of some pathways in LAM lesions could result from signaling cross-talk.

CCR2 and CCR10 are among the receptors found most frequently in LAM lungs. CCR10
has been identified as a receptor involved in melanoma metastasis.26:43 CCR2 is clearly
involved in breast cancer, glioma, lung cancer, melanoma, and prostate cancer.26 We were
unable to show that CCR2 is a receptor that distinguishes LAM cells from melanoma or
smooth muscle cells, but both CCR2 and CCR10 bind CCL2/MCP-1, which is one of the
chemokines most elevated in LAM.

VIl. MECHANISMS OF DYSREGULATION OF CHEMOKINES AND THEIR
RECEPTORS

Multiple factors could contribute to CCL2/MCP-1 levels in individuals with LAM, and the
effects apparently differ from those in other interstitial lung diseases. Mechanisms that lead
to dysregulated expression of chemokine and chemokine receptors in LAM patients are not
established. It is known that infections, inflammatory responses, and hypoxia via co-
receptors (e.g., HER2) can enhance the levels of chemokine receptors.** Indeed, LAM lungs
exhibit bronchiolitis, which could be a response to inflammation.#>:46 In addition, the
presence of hyperplastic type Il pneumocytes surrounding the LAM cells might suggest an
association with underlying inflammation or LAM cell products that could affect their
proliferation.

The levels of CCL2 are regulated by multiple factors under conditions including
menstruation and early pregnancy.*’ These findings could be important to female LAM
patients because of the putative role of estrogens in LAM pathogenesis. In support of this
notion, 17-B-estradiol increased metastasis in both male and female mice engrafted with
Tsc27/~ cells derived from Eker rats.48 Although all of these findings appear congruent with
the pathogenesis of pulmonary LAM, an effect of estrogens on LAM cannot be deduced
because of the use of non-human cell lines. The fact that estrogens regulate synthesis of
chemokines could be a mechanism for enhanced metastasis in women with sporadic LAM.

The effects of LAM cells on adjacent stromal cells are not clearly established. We found,
however, that CXCL5/Gro-1, which has been implicated in tumor progression by causing
senescence of tumor-associated fibroblasts,9:°0 was elevated in bronchoalveolar lavage
fluid from LAM patients.
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VIIl. OTHER ASPECTS OF LAM CELLS

Metastatic growth involves adhesion molecules (e.g., cadherins, integrins, immunoglobulins,
proteoglycans, CD44), and proteolytic enzymes such as metalloproteases (MMPs) (e.g.,
MMP-1, MMP-2, MMP-3, MMP-7, MMP-9). The proteoglycan CD44 receptor for
hyaluronan is present on LAM cells.1 CD44, encoded in 20 exons on chromosome 11, is
present in many different types of cells. The splice variant CD44v6, which has been
involved in the metastasis of various cancers, is present on LAM cells.>! Thus, proteins
implicated in metastatic pathways are associated with LAM cells, conferring metastatic
potential. CD44 binds osteopontin and is cleaved by metalloproteinases.>2 LAM nodules
contain MMP-2, MMP-9, MMP1, and MMP activators (MT1-MMP) and inhibitors
(TIMPs).53:54 The presence of CD44v6 and MMPs support molecular aspects of LAM
metastasis. In addition to providing a metastatic phenotype to LAM cells, CD44 could be
involved in the metabolism of chemokines by interacting with chemokine scavenger

receptors.

IX. SUMMARY

Chemokines such as those found at high levels in bronchoalveolar lavage fluid from LAM
patients could be important in metastasis and modify the LAM microenvironment to affect
cell-stroma interactions. LAM cell mobilization could be favored by the presence of specific
chemokines and their receptors, making both ligand and receptor potential therapeutic
targets. The selective attraction of LAM cells by CCL2/MCP-1 and overexpression of
CCL2/MCP-1 by cells lacking the tumor suppressor tuberin lead us to propose a paracrine
feedback loop of LAM cell motility in which this chemokine has a major role (Fig. 1).

ABBREVIATIONS

Deptor
LAM
mTOR
mLST8/GBL
mSIN1
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PRAS40
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FIGURE 1.

Regulation of LAM cells by a CCL2/MCP-1 positive-feedback loop. TSC2 is a negative
regulator of mTOR through conversion of Rheb-GTP to Rheb-GDP. Akt negatively
regulates tuberin, which is also a substrate for the LKB1 substrate AMP-dependent kinase.
Mutations that lead to dysfunctional TSC2 cause hyperactivation of mTOR. Lack of TSC2
function results in up-regulation of CCL2 production. In addition, CCL2 enhances LAM cell
motility and is produced by LAM cells, by other cell types within the lung, or by extra-
pulmonary cells, resulting in a positive-feedback loop regulating LAM cell motility.
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FIGURE 2.
Chemokine and chemokine receptors differentially expressed in LAM cells and

bronchoalveolar lavage fluid.
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