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Factors that affect LAM cell biology and disease pathogenesis 
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DaSilva1, Xiong Cai1, Marsha Moses2, Judah Folkman2, Jay Harper2, Alexis Exarhopoulos2, 
Thomas Darling3 and Joel Moss1  
 
1Translational Medicine Branch, National Heart, Lung, and Blood Institute, National 
Institutes of Health, Bethesda, MD 20892-1590. 2Vascular Biology Program, Children’s 
Hospital, Boston, MA, 3Department of Dermatology, Uniformed Services University of 
the Health Sciences, Bethesda, MD 
 
Biomarkers can be useful for diagnosis as well as for assessing disease progression, stage 
of disease, and organ involvement. Defining the characteristics of the LAM cell may assist 
in identifying potential biomarkers of disease. CD44v6, a molecular determinant of 
metastasis, was displayed on the surface of LAM cells. CD44 splicing is regulated by 
growth factors, such as osteopontin (Pacheco-Rodriguez et al (2007) Cancer Res. 67, 
10573). Plasma from patients with LAM contained higher concentrations of osteopontin 
than that from healthy, age- and sex-matched volunteers. LAM cells also expressed a 
characteristic pattern of genes for cytokines, chemokines, and their receptors. Human 
TSC2-/- cells  secrete a chemokine, MCP-1, which was found associated with 
extracellular matrix in LAM lung nodules and was present in bronchoalveolar lavage 
fluid in higher concentrations in samples from patients with LAM than from healthy 
volunteers. VEGF-D, a lymphangiogenic factor, was reported by Seyama and coworkers 
([2007]Lymphatic Res Biol. 4, 143) to be elevated in serum of patients with LAM. In 
studies of a cohort of 111 patients with LAM, significantly higher levels of VEGF-D were 
associated with involvement of the lymphatic system (e.g., lymphangioleiomyomas, 
adenopathy). Patients with lung cysts and angiomyolipomas or those patients with lung 
cysts only and no evidence of extrapulmonary involvement had VEGF-D levels that were 
not significantly higher than those of healthy volunteers. Matrix metalloproteinases 
(MMPs) 2 and 9 were identified in urine from LAM patients, with MMP2 activity 
elevated in urines from those with mild disease and MMP9 from patients with 
moderate/severe disease. Techniques for the separation of LAM cells from patients have 
been improved by the use of density gradient and cell surface markers, such that cells 
have been isolated from about 90% of genetically informative patients. LAM cells in body 
fluids and specific serum, urine and bronchoalveolar lavage fluid proteins may help in 
diagnosis and staging  of disease.  
 
Pneumothorax is a common presentation of patients with LAM and the incidence of 
recurrent spontaneous pneumothoraces is higher in LAM than in other chronic 
pulmonary diseases. Genetic and morphologic determinants of pneumothorax are 
present in LAM patients. Patients with pneumothoraces were more likely to have larger 
cysts than patients who had no pneumothoraces. Patients with mild disease and a 
history of pneumothoraces were more likely to have a faster rate of decline in FEV1 (P= 
0.001, adjusted for age) than those without a history of pneumothorax (Steagall et al. 



(2007) Am J Physiol [lung] 293, L800). We postulated that differences in factors 
involved in the degradation of the extracellular matrix might predispose to development 
of pneumothoraces. Consistent with this hypothesis, patients with and without a 
history of pneumothorax differed in genotype frequencies for polymorphisms in genes for 
matrix metalloproteinase-1 and types I and III collagen. Thus, factors involved in the 
pathogenesis of LAM may also be helpful in the diagnosis of the disease and in 
determining organ involvement, rates of progression and disease severity. Genetic and 
morphological determinants of disease may provide  useful prognostic information. 
 
Funded by the Intramural Research Program, NIH/NHLBI 
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The Pathology of LAM 
 
The main pathologic abnormality in LAM is a disorderly proliferation of specialized 
smooth muscle cells along lymphatic pathways with extension into bronchiole walls, 
veins, and small air spaces.  The proliferating cells tend to be spindled in shape, although 
plump epithelioid forms also occur and can predominate in some cases.  Spindle and 
epithelioid cells frequently coalesce to form nodules.  Lesional cells of LAM consistently 
co-express smooth muscle, estrogen and progesterone receptor and melanogenesis-
associated proteins, most commonly HMB45.  A subset of LAM cells express matrix 
metalloproteinases and their activators.  Cystic "emphysematous" spaces are common, 
especially in advanced disease, and usually contain smooth muscle bundles within at 
least a portion of their walls.  The presence of these cystic spaces may be the first clue to 
the diagnosis at low magnification. 
 
Micronodular pneumocyte hyperplasia (MNPH) is another manifestation of lung disease 
in patients with underlying TSC or sporadically occurring LAM.  MNPH comprises 
circumscribed proliferations of cytologically bland type 2 pneumocytes in a pattern 
resembling bronchioloalveolar adenocarcinoma.  Popper and colleagues coined the term 
MNPH to call attention to this epithelial proliferation involving the lungs of a 38 year old 
woman with TSC and LAM.  Spencer and subsequently Corrin and colleagues had 
previously illustrated identical lesions in patients with TSC and LAM, respectively.  
Muir et al. reported findings in 14 patients with MNPH, including nearly all previously 
reported examples.  Ten (71.4%), all women, had associated LAM and seven of these had 
other manifestations of TSC.  Two additional patients had TSC without evidence of 
LAM, including one man.  Two patients had MNPH as an isolated finding without TSC 
or LAM, and one of these was also a man.  Reports of LAM in men with underlying TSC 
also include descriptions of associated MNPH.  Indeed the combination of LAM and 
MNPH in a lung biopsy should be viewed as strong evidence in support of a diagnosis of 
TSC in a patient of either gender.   
 
The differential diagnosis of LAM is limited.  So-called benign metastasizing leiomyoma 
is a rare condition characterized by the presence of multiple circumscribed nodules of 
cytologically bland smooth muscle cells within the lungs.  The nodules differ from the 
lesions of LAM in that they are usually solid and well circumscribed, and frequently have 
a "biphasic" appearance due to the presence of entrapped alveolar epithelial cells.  
Hemosiderin pigment deposition can be a prominent feature of LAM and may lead to 
confusion with pulmonary hemorrhage syndromes, particularly idiopathic pulmonary 
hemosiderosis.  The presence of cystic spaces coupled with foci of neoplastic spindled 
cells in LAM should serve to distinguish these conditions.  
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Culture of LAM cells from a chylous pleural effusion: further evidence of association 
with lymphatic endothelial cells, and poor in vitro growth   
 
Izabela Malinowska-Kolodziej, Cheryl A. Doughty, Catherine Butterfield, Sarah Short, 
Judah Folkman, Kuniaki Seyama, Geraldine Finlay, David J. Kwiatkowski. 
Translational Medicine Division, Brigham and Women’s Hospital; Vascular Biology 
Program, Children’s Hospital Boston; Pulmonary Division, Tufts-New England Medical 
Center; Juntendo University, Tokyo Japan. 
 
We present a case report on the culture and characteristics of a chylous pleural effusion 
from a LAM patient.   
 
A 51yo female with biopsy-proven LAM presented with worsening dyspnea due to 
development of a right-sided pleural effusion.  The pleural fluid was milky and contained 
high levels of trigylcerides and cholesterol, consistent with the diagnosis of a chylous 
effusion. Initially the patient was on no medications, and octreotide therapy was 
initiated.  Chylous fluid was available for staining and culture from this patient on 
several occasions from therapeutic taps.  Fresh fluid was examined after centrifugation at 
200g for 10min, and contained typical spherical LAM cell clusters (FF-LCC). In short-
term (7d) cultures prepared in SmBM media on glass coverslips, bundle-like groups of 
cells were apparent, which we suspected were derived from the FF-LCC, and are 
denoted Short-Term-Cultured LCC (STC-LCC). 
 
Smooth muscle actin (SMA) staining was strong in the large cells in the center of STC-
LCC, and was also present in the FF-LCC.  HMB45 staining was not seen clearly in FF-
LCC, but was apparent in a granular pattern in STC-LCC, typically somewhat smaller 
but still SMA+ cells towards the margin of the cluster.  VEGFR-3 staining was seen in 
occasional adherent cells in the FF-LCC, and co-stained with LYVE1 in small 
multipodial/dendritic-shape cells nearby and overlying the STC-LCC. Ki-67+ was seen in 
2-3 cells per FF-LCC. However, in culture, < 1% of STC-LCC cells were Ki67+, in contrast 
to high levels of Ki67+ in surrounding mesothelial/fibroblast cells.  pS6-S235-236 staining 
was seen in FF-LCC, as well as in STC-FCC including after serum deprivation for 24h.  
pS6-S235-S236+ cells were also SMA+ and HMB45+; in contrast they were not VEGFR-
3+.  
 
These results confirm that LCC consist of SMA+ and HMB45+ cells with activation of 
mTORC1, and frequently occur with VEGFR-3+ LYVE1+ lymphatic endothelial cells, as 
previously described.  They also highlight the poor in vitro growth characteristics of 
LCC, which makes analysis of in vitro cultures problematic. 
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Cellular stress response pathways activated by aberrant mTORC1 signaling upon 
loss of the TSC1-TSC2 complex 
 
Loss of function mutations affecting the TSC1-TSC2 complex underlie the development 
of tuberous sclerosis complex (TSC) and lymphangiolieomyomatosis (LAM).  It is now 
recognized that a major molecular consequence of this genetic lesion is the constitutive 
activation of mammalian target of rapamycin complex 1 (mTORC1), a critical regulator 
cell growth, proliferation, and survival.  Functional inactivation of the TSC1-TSC2 
complex, and subsequent mTORC1 activation, is also a common event in human cancers.  
In order to better understand the physiological and pathological consequences of 
aberrant mTORC1 activation in TSC, LAM, and cancer, we have identified global 
transcriptional changes triggered by elevated mTORC1 signaling in TSC1- and TSC2-
deficient cells.  Interestingly, we found that a large number of the mTORC1-dependent 
transcripts are targets activated in response to major cellular stresses, including hypoxia, 
nutrient deprivation, and endoplasmic reticulum (ER) stress.  
 
We are characterizing the mechanisms and consequences of these stress responses 
triggered by constitutive mTORC1 signaling.  Using gene-set enrichment analyses, we 
find that the most significantly changed transcripts within the 45,000 genes analyzed are 
known targets of hypoxia-inducible factor alpha (HIFalpha).  The genes within this set 
are all elevated in both TSC1 and TSC2 null cells and are rapamycin sensitive.  This 
group encodes proteins involved in glucose metabolism, angiogenesis, and apoptosis.  In 
numerous in vitro and in vivo settings, we find that loss of the TSC genes leads to 
elevated HIF1alpha protein levels, even under normoxic conditions.  Another over-
represented class of genes found to be induced by mTORC1 activity are transcripts 
normally activated by cellular stresses that lead to the inhibition of eIF2alpha.  Like 
mTORC1, eIF2alpha is a key mediator of cap-dependent translation and is sensitive to 
the availability of nutrients and a variety of cellular stresses.  One such stress comes from 
protein overload in the ER, a condition referred to as ER stress, which triggers a response 
pathway to alleviate this stress, referred to as the unfolded protein response (UPR).  
Many of the stress response genes found in our study are transcriptional targets of the 
UPR.  In collaboration with the laboratory of Gokhan Hotamisligil, we find that 
disruption of the TSC1-TSC2 complex in cells and tumors, both mouse and human, 
results in basal activation of the UPR that is reversible by rapamycin treatment.  
Interestingly, activation of this stress response contributes to the mTORC1-dependent 
feedback inhibition of IRS proteins.  Furthermore, the basally high levels of ER stress 
detected in TSC-deficient cells and tumors renders them hypersensitive to ER stress-
inducing agents, thereby suggesting a novel cytotoxic therapeutic approach to selectively 
kill cells lacking an intact TSC1-TSC2 complex.   
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Estrogen and MEK-dependent pulmonary metastasis of tuberin-deficient cells — 
a mouse model of lymphangioleiomyomatosis 
 
Jane Yu , Chunrong Wang , Aristotelis Astrinidis , Magdalena Karbowniczek , Lisa 
Hernandez-Cuebas , Eric Ariazi , Craig Jordan , Cheryl Walker  and Elizabeth Petri 
Henske
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LAM is an often-fatal lung disease in which smooth muscle cells carrying TSC2 gene 
mutations metastasize to the lung, lymph nodes, and peritoneal and pleural space.  To 
determine whether estrogen promotes the metastasis of TSC2-null cells, we established 
a xenograft mouse model of LAM. TSC2-deficient rat uterine leiomyoma (ELT3) cells 
were injected into male or female ovariectomized CB17-scid mice. One week prior to cell 
injection, the mice were implanted with 90-day estrogen (17 beta-estradiol) or placebo 
pellets. Four to 6 weeks later, both estrogen and placebo-treated mice had developed 
tumors. E2 treated primary xenograft tumors exhibited altered extra-cellular matrix 
distribution and higher levels of nuclear phospho-p42/44 MAPK at T202/Y204 
compared with placebo. These results suggest that the MEK/MAPK pathway 
contributes to the E2-induced metastatic potential of Tsc2-null ELT3 cells.  
 

To test this hypothesis, we treated the mice with the MEK1/2 inhibitor, CI-1040 (100 
mg/kg/day orally BID), beginning one day post cell inoculation. CI-1040 delayed the 
development of primary tumors, reduced the size of the primary tumors by 22% (p<0.05), 
and decreased the number of lung metastases by 100% (p<0.05). In addition, CI-1040 
reduced the number of circulating ELT3 cell and decreased the lung colonization. These 
data indicate that the activation of MEK/MAPK signaling pathway might contribute to 
the elevated metastatic phenotype of ELT3 cells.  
 

To investigate the role of the estrogen receptor and mTOR pathways in estrogen-
induced ELT3 cell metastasis, mice were implanted with either estrogen or placebo 
pellets, followed by ELT3 cell flank injection and treatment with the estrogen receptor 
inhibitor Fulvestrant (Faslodex; ICI 182,780) (2.5 mg/day s.c.), or the mTORC1 inhibitor 
RAD001 (4 mg/kg/day orally). RAD001 completely blocked both the primary tumor 
development and the estrogen-induced metastasis. Fulvestrant did not inhibit the 
primary tumors, but completely blocked estrogen-promoted lung metastases.  
 

In conclusion, we found that estrogen promotes the pulmonary metastases of tuberin-
deficient ELT3 cells, associated with activation of p42/44 MAPK and elevated number of 
circulating tumor cells. RAD001 inhibited both primary tumor development and lung 
metastases. Fulvestrant inhibited the estrogen-induced lung metastases. MEK1/2 
inhibitor (CI-1040) reduced number of circulating tumor cells, lung seeding of tumor 
cells, and number of lung metastases. This animal model may have relevance to both 
LAM pathogenesis and to the development of targeted therapeutic strategies for LAM. 
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Chemokine-enhanced chemotaxis of LAM cells with mutations in the tumor 
suppressor TSC2 gene  
 
Gustavo Pacheco-Rodriguez&, Fumiyuki Kumaki&, Wendy K. Steagall&, Yi Zhang&, 
Yoshihiko Ikeda&, Jing-Ping Lin#, Eric M. Billings†, Joel Moss&

 
&Translational Medicine Branch, #Office of Biostatistics Research, and †Integrative 
Computational Biology Laboratory, National Heart, Lung, and Blood Institute, National 
Institutes of Health, Bethesda MD. 
 
Lymphangioleiomyomatosis (LAM) is characterized by cystic lung destruction caused 
by LAM cells, which have mutations in the tumor suppressor genes TSC1 or TSC2, and the 
capacity of metastasize. LAM cells are smooth-muscle like cells that express melanoma 
antigens cells (e.g., Pmel17). Since chemokines and their receptors function in chemotaxis 
of/by metastasizing cells, we hypothesized that LAM cells may be attracted by 
chemokine(s) in the lung.  Quantification of 25 chemokines in bronchoalveolar lavage 
fluid from LAM patients and healthy volunteers revealed that concentrations of MCP-
1/CCL2, GRO�/CXCL1, and ENA-78/CXCL5 were significantly higher in samples from 
LAM patients than healthy volunteers. In vitro, MCP-1/CCL2 selectively induced 
migration of TSC2+/- cells from heterogeneous populations of cells grown from explanted 
LAM lungs. In addition, the frequency of single nucleotide polymorphisms in the MCP-1 
gene promoter region differed significantly in LAM patients and healthy volunteers 
(p=0.018), and one polymorphism was significantly more frequently associated with the 
decline of lung function. Patterns of chemokine and chemokine receptor mRNAs in LAM 
cells differed from those of the same mRNAs in melanoma and smooth muscle cells. The 
presence, i.e., the potential functionality, of those receptors was evaluated using 
immunohistochemistry in lung sections from 30 LAM patients. The group of chemokine 
receptors identified in LAM lung nodules differed from those found in cancer (breast and 
melanoma) cells. These observations are consistent with the notion that chemokines 
such as MCP-1 may serve to specify sites of LAM cell metastasis. 
 
The research was supported by the Intramural Research Program of the National 
Institutes of Health, NHLBI.  We thank The LAM Foundation and the Tuberous 
Sclerosis Alliance for their assistance in recruiting patients for our studies.  
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Combined targeting of RhoA GTPase by simvastatin and mTOR/S6K1 by rapamycin 
abrogates TSC2-null tumor growth  
 
Elena Goncharova, Dmitry Goncharov, and Vera P. Krymskaya 
Department of Medicine, University of Pennsylvania, Philadelphia, PA 
 
Pathogenesis of lymphangioleiomyomatosis (LAM) is associated with constitutive 
activation of the mammalian target of rapamycin (mTOR)/p70 S6 kinase 1 (S6K1) 
signaling pathway due to loss of function mutations of tumor suppressors TSC1 and 
TSC2. Therapeutic targeting of mTOR/S6K1 yielded positive results in the treatment of 
LAM patients with rapamycin analog sirolimus. However, recent studies demonstrate 
that prolonged treatment with rapamycin may stimulate oncogenic Akt and may result 
in the development of drug-resistance, suggesting that additional therapeutic agents 
should be beneficial to suppress abnormal LAM cell growth. Statins, small molecular 
inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase, have been shown to 
inhibit and prevent tumorigenesis. Statin-dependent suppression of isoprenilation of 
small GTPases Ras and Rho leads to their inactivation, inhibition of proliferation and/or 
induction of apoptosis in different cell types.  Recently, it was shown that synthetic 
statin analog atorvastatin inhibits TSC2-null cell proliferation in vitro. We report that 
native statin simvastatin not only inhibits TSC2-related cell proliferation in vitro, but also 
inhibits TSC2-null tumor growth in vivo. Simvastatin markedly inhibited proliferation in 
TSC2-null ELT3 and LAM-derived cells, and these effects were enhanced by 
simultaneous treatment with rapamycin. Growth-inhibitory effects of simvastatin, 
which correlated with simvastatin-dependent inhibition of RhoA activity, were reversed 
by geranylgeranyl pyrophosphate, suggesting that simvastatin affects cell growth via 
suppression of RhoA geranylgeranylation. Furthermore, combined treatment with 
simvastatin and rapamycin abrogated in vivo growth of TSC2-null ELT3 tumors in 
athymic nude mice. Thus, from day 0 to day 14 tumor size in control group increased by 
74.1+12.3%; in either simvastatin- or rapamycin-treated tumors by 41.4+13% or 
32.0+18.3%, respectively; but tumors simultaneously treated with simvastatin and 
rapamycin increased in size only 3.7+0.5 %. Rapamycin-treated tumors showed 
reduction of S6 phosphorylation and inhibition of DNA synthesis compared to untreated 
tumors; simvastatin alone markedly reduced DNA synthesis and induced apoptosis, but 
had little effect on S6 phosphorylation. The combination of rapamycin and simvastatin 
inhibited S6 phosphorylation, induced apoptosis, and further suppressed TSC2-null 
ELT3 tumor growth compared to each agent alone. Collectively, our data demonstrate 
that combined treatment with simvastatin and rapamycin abrogates TSC2-related cell 
proliferation both in in vitro and in vivo models and suggest that simvastatin may have 
potential therapeutic benefits in addition to rapamycin treatment to inhibit abnormal 
cell growth in LAM.   
 
Funded by: 2RO1HL071106 (V.P.K.), LAM059P07-06 (V.P.K.), Abramson Cancer Center 
Research Grant (V.P.K.), LAM048F01-05 (E.G.), and ATS/LAM-07-001 (E.G.)       
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Role of myosin light chain kinase in LAM cell physiology 
 
Olga Chernaya, YooJeong Han and Primal de Lanerolle 
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The cytoskeleton plays a key role in cell proliferation and migration, signature features of 
LAM cells. The organization of the cytoskeleton is largely determined by forces 
generated by actin and myosin II. Actin-myosin II interactions are regulated by 
phosphorylation of the 20 kDa myosin light chains (MLC) by myosin light chain kinase 
(MLCK).  Previous studies showed increased levels of MLC phosphorylation and MLCK 
expression in proliferative cells and that destabilizing the cytoskeleton, by inhibiting 
MLCK or disrupting actin filaments, resulted in apoptosis of cancer cells in vitro and in 
vivo.  Because targeting cytoskeletal stability could be beneficial in treating proliferative 
diseases like LAM, we have begun characterizing mechanisms that regulate the 
organization of the cytoskeleton in LAM cells by focusing on MLCK and MLC 
phosphorylation.  

We confirmed the smooth muscle origin of LAM cells by demonstrating the expression 
of smooth muscle II heavy chain, calponin, smooth muscle alpha actin, SM 22 alpha and 
desmin. Surprisingly, we found that LAM cells express large amounts the long, non-
muscle form MLCK. This is in contrast to other smooth muscle cells that express 
primarily the shorter, smooth muscle form of MLCK (smMLCK). We are currently 
investigating the basis for this decrease in smMLCK expression.  

Since changes in MLCK expression and/or activity levels affect the cytoskeletal 
organization and therefore cell migration, we addressed the role of MLCK in LAM cell 
migration using 3D matrices.  Using nested three-dimensional (3D) collagen gel model, 
we have found that LAM cells are more invasive that control human airway smooth 
muscle cells (HASM).  Other experiments showed that LAM cells have a higher level of 
MLC phosphorylation compared to HASM.  Reducing MLC phosophorylation by 
pharmacologically inhibiting MLCK activity prevented LAM cell invasion in 3D collagen 
gels. MLC phosphorylation and LAM invasion were also reduced upon inhibition of Rho 
activity. Interestingly, inhibiting MLCK, but not Rho kinase activity, decreased the 
proliferation of LAM cells.  

Together the results show that inhibiting MLCK activity reduces both proliferation and 
invasiveness of LAM cells. Current studies are focused on the mechanisms responsible 
for such effects.  These experiments may suggest new strategies for treating LAM disease 
by targeting the cell cytoskeleton. 
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Drugging the mTOR pathway for treatment of proliferative diseases 

Robert T. Abraham, Jay Gibbons, and Ker Yu. 
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Rapamycin is a bacterially-derived macrolide ester that influences a variety of cellular 
responses, including cell growth, cell proliferation, and inflammation.  This natural 
product is thought to act as pro-drug that is activated by binding to a ubiquitously 
expressed intracellular receptor protein, termed FK506-binding protein of 12 kilodaltons.  
The resulting FKBP12•rapamycin complex is an extraordinarily specific inhibitor of the 
signaling kinase mTOR, which is found in two functionally and structurally distinct 
complexes, termed mTORC1 and mTORC2, in mammalian cells.   The mTORC1 complex 
is selectively inhibited by FKBP12•rapamycin whereas only mTORC2 is unaffected by 
this drug.  Rapamycin and structurally related compounds have established clinical 
utility in the fields of organ transplantation, cardiovascular disease, and oncology, and 
evidence is rapidly accumulating to support the prediction that mTOR is a potential 
target for the treatment of certain other diseases involving dysregulated cell proliferation, 
including tuberous sclerosis and LAM.  This presentation will focus on new insights into 
the mechanism of action of the rapamycin-related mTOR inhibitors, lessons learned from 
the treatment of cancer patients with these drugs, and early preclinical results obtained 
with novel mTOR inhibitors currently being advanced through the drug discovery 
pipeline.  Relative to the rapamycin-related drugs, these new mTOR inhibitors exhibit 
overlapping but distinct effects on proliferating cells, and may show an improved 
efficacy/safety window in patients with cancer and tuberous sclerosis complex-related 
proliferative syndromes. 
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Torc1 is essential for NFI-dependent malignancies                                       

 
Cory M. Johannessen,1,2,3 Bryan W. Johnson,1,2,3 Sybil M. Genther Williams,1,3 Annie W 
Chan,4,6 Elizabeth E. Reczek,1,3 Ryan C. Lynch,3,5 Matthew J. Rioth,3,5 Andrea 
McClatchey6,7, Sandra Ryeom,3,5 Karen Cichowski1,2,3*  
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Inactivating mutations in NF1 underlie the prevalent familial cancer syndrome 
neurofibromatosis type 1. The NF1-encoded protein is a Ras GTPase-Activating Protein 
(RasGAP). Accordingly, Ras is aberrantly activated in NF1-deficient tumors; however, it 
is unknown which effector pathways critically function in tumor development. Here we 
provide in vivo evidence that TORC1/mTOR activity is essential for tumorigenesis. 
Specifically, we found that the mTOR inhibitor rapamycin potently suppresses the 
growth of aggressive NF1-associated malignancies in a genetically-engineered murine 
model. However, in these tumors rapamycin does not function via mechanisms generally 
assumed to mediate tumor suppression, including inhibition of HIF-1� and indirect 
suppression of AKT, but does suppress the mTOR target Cyclin D1. These results 
demonstrate that mTOR inhibitors may be an effective targeted therapy for this 
commonly untreatable malignancy. Moreover, they indicate that mTOR inhibitors do not 
suppress all tumor types via the same mechanism, suggesting that current biomarkers 
that rely on HIF-1� suppression may not be informative for all cancers. Thus, our studies 
reveal important differences between the effects of mTOR inhibition on the 
microvasculature in genetically-engineered versus xenograft models, and indicate that 
the former may be required for effective pre-clinical screening with this class of 
inhibitors.  
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AMPK control of mTOR signaling 
 
The serine/threonine kinase LKB1 is a tumor suppressor gene mutated in the familial 
cancer condition Peutz-Jeghers syndrome, as well as a substantial percentage of sporadic 
lung adenocarcinomas. We previously discovered that one of the critical substrates of 
LKB1 is the AMP-activated protein kinase (AMPK). AMPK responds to energy stress by 
suppressing cell growth and biosynthetic processes, in part through its inhibition of the 
rapamycin-sensitive mTOR (mTORC1) pathway.  We and others previously 
demonstrated that AMPK phosphorylation of the TSC2 tumor suppressor contributes to 
suppression of mTORC1 by energy stress.  Similar to TSC-deficient cells, LKB1-deficient 
cells and tumors exhibit selective hyperactivation of the mTORC1 suggesting a common 
basis for a number of hamartoma syndromes. However, TSC2-deficient cells remain 
responsive to energy stress. Using a proteomic and bioinformatics approach, we sought 
to identify additional substrates of AMPK that mediate its effects on growth control.  
 
We report here that AMPK directly phosphorylates the mTOR binding partner raptor 
on two serine residues that are conserved throughout eukaryotes, and this 
phosphorylation induces 14-3-3 binding to raptor. Using raptor shRNA expressing cells 
reconstituted with a non-phosphorylatable mutant, we find that the phosphorylation of 
raptor by AMPK is required for the inhibition of mTORC1 kinase activity by energy 
stress.  Furthermore, AMPK-dependent phosphorylation of raptor is required for cell 
cycle arrest following energy stress.  These findings uncover a novel conserved effector of 
AMPK that mediates its role as a metabolic checkpoint coordinating cell growth with 
energy status. These results indicate that AMPK utilizes multiple targets to effectively 
suppress mTOR signaling, which is consistent with the conserved antagonism between 
AMPK and TOR signals across all eukaryotes. We suggest that widely used diabetic 
therapeutics such as metformin which act through AMPK activation or environmental 
factors such as diet and exercise that contribute to physiological AMPK activation may 
modulate tumorigenesis through this previously unappreciated novel signaling pathway. 
As these data indicate that AMPK inhibits mTOR signaling downstream of the TSC 
complex, these finding suggest a possible therapeutic window for treatment of Tuberous 
Sclerosis Complex and LAM with AMPK agonists such as metformin.
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Birt-Hogg-Dube´ (BHD) syndrome, a rare inherited genodermatosis that is 
phenotypically reminiscent of tuberous sclerosis complex (TSC), is characterized by 
skin hamartomas, lung cysts, spontaneous pneumothorax and an increased risk for renal 
neoplasia.  Germline mutations have been identified in a novel gene, BHD(FLCN), in BHD 
patients that are predicted to prematurely truncate and inactivate the BHD protein, 
folliculin. Somatic mutation of the remaining wild-type copy of BHD or loss of 
heterozygosity at chromosome 17p11.2 has been identified in BHD-associated renal 
tumors, supporting the Knudson “two hit” hypothesis and a role for BHD as a tumor 
suppressor gene. A BHD-null renal tumor cell line established from a BHD patient 
produced tumors in nude mice providing further evidence for folliculin’s tumor 
suppressor function. 
 
In an effort to elucidate FLCN function, we have undertaken two different approaches.  
First, through co-immunoprecipitation experiments we identified a novel folliculin-
interacting protein, FNIP1, which also interacts with 5´-AMP-activated protein kinase 
(AMPK). AMPK is an important energy sensor in cells that negatively regulates mTOR 
(mammalian target of rapamycin), master controller of cell growth and proliferation. We 
found that FLCN and FNIP1 could serve as substrates for AMPK in vitro and in vivo, and 
that inhibition of AMPK activity resulted in reduced phosphorylation and decreased 
expression of these proteins.  Phospho-folliculin levels were also reduced by inhibition of 
mTOR activity. Taken together these findings suggest that FLCN may play a role in 
cellular energy and nutrient sensing through interactions with the AMPK and mTOR 
signaling pathways. Secondly, in order to dissect the mechanism by which loss of 
folliculin function leads to renal tumorigenesis and to recapitulate human BHD in a 
mouse model for therapeutic drug testing, we generated a kidney-specific conditional 
BHD-knockout mouse model. We found that kidney-targeted BHD inactivation led to 
uncontrolled cell proliferation, activation of Raf-Erk1/2 and Akt-mTOR pathways, and 
the development of polycystic kidneys with renal failure and death at 3 weeks of age. 
Treatment of BHD-knockout mice with rapamycin reduced kidney size and extended 
survival time, suggesting that mTOR may contribute to the uncontrolled cell 
proliferation in BHD-inactivated kidney cells and that rapamycin may be a potential 
therapeutic treatment for BHD-associated renal neoplasia.  
 
Funded: in part with federal funds from the NCI, NIH, under contract N01-C0-12400. 
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