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Abstract

Lymphangioleiomyomatosis (LAM) is a cystic lung disease of women resulting from mutations in tuberous
sclerosis complex (TSC) genes that suppress the mammalian target of rapamycin complex 1 (mTORC1)
pathway. mTORCI1 activation enhances a plethora of anabolic cellular functions, mainly via the activation
of mRNA translation through stimulation of ribosomal protein S6 kinase (S6K1)/ribosomal protein S6
(S6) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1)/eukaryotic translation initiation factor
4E (elF4E). Rapamycin (sirolimus), an allosteric inhibitor of mTORCI, stabilises lung function in many
but not all LAM patients and, upon cessation of the drug, disease progression resumes. At clinically
tolerable concentrations, rapamycin potently inhibits the ribosomal S6K1/S6 translation ribosome
biogenesis and elongation axis, but not the translation 4E-BP1/elF4E initiation axis. In this mini-review,
we propose that inhibition of mTORCI1-driven translation initiation is an obvious but underappreciated
therapeutic strategy in LAM, TSC and other mTORC1-driven diseases.

Introduction to lymphangioleiomyomatosis

Lymphangioleiomyomatosis (LAM) is a pulmonary disease, primarily of women of child-bearing age, but
patients may also have multisystemic pathologies including kidney angiomyolipomas, lymphatic involvement
and chylous effusions [1]. There is an increasing appreciation of the role of hormonal fluxes in the
pathogenesis of LAM, including variations in symptoms during the menstrual cycle and exacerbations
associated with pregnancy, exogenous oestrogen use and childbirth [1]. LAM has been reported to reoccur in
the donor allograft, indicating the presence of circulating oncogenic LAM stem cells and a metastatic
mechanism of the disease [2]. Patients most often present between menarche and menopause with lung
collapse or with dyspnoea with exertion. Cystic changes on high-resolution computed tomography and the
presence of angiomyolipomas, lymphangioleiomyomas, chylous fluid collections or elevation of the
biomarker, vascular endothelial growth factor (VEGF) D, allows for a clinical diagnosis without the need for
lung biopsy [1]. LAM occurs both sporadically (SLAM) and in subjects with autosomal-dominant tuberous
sclerosis complex (TSC), due to somatic or inherited mutations, respectively, in the TSC genes, TSC1 or
TSC2 [1, 3, 4]. TSC-associated LAM is generally discovered at earlier stages than SLAM; most likely due to
ascertainment bias introduced through screening of young adult female TSC patients. Next-generation
sequencing analyses of laser-captured, micro-dissected LAM lungs revealed that only a fraction of the cells in
the LAM lesion harbour TSC mutations and single-cell mRNA sequencing of LAM lungs showed that these
small clusters of stem-cell-like and inflammatory TSC mutant cells orchestrate major transcriptional changes
in surrounding epithelial, endothelial, fibroblast and immune cells leading to pathological lung parenchymal
remodelling [5-7]. A publicly available LAM cell atlas has been constructed using single-cell RNA
sequencing LAM lung data from three research groups. This resource allows for convenient exploration of
the transcriptome of the LAM lung (https:/research.cchmc.org/pbge/lunggens/LCA/LCA. html) [8].
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The TSC normally acts as a rheostat, restraining mammalian target of rapamycin complex 1
(mTORC1)-driven cell growth and proliferation when nutrients are scarce, while facilitating these activities
in environments abundant with nutrients [9]. As implied by the name, mTORC1 can be allosterically
inhibited by the bacterial macrolide rapamycin, which is cytostatic in eukaryotic cells [9]. An outstanding
collaboration of scientists, clinicians and LAM patients, culminating in the landmark Multicenter
International Lymphangioleiomyomatosis Efficacy and Safety of Sirolimus (MILES) trial [10], showed
rapamycin to be safe and to stabilise lung function decline and improve dyspnoea and quality of life in
LAM patients [10-12]. The clinical pharmacokinetic and pharmacodynamic profile of rapamycin in
MILES subjects (blood levels ~7 nM) is consistent with the complete inhibition of the mTORC1-driven
ribosome biogenesis and mRNA translation elongation axis, but not the mTORCI1-driven mRNA
translation initiation axis [10, 13]. Rapamycin is hydrophobic and readily partitions into red blood cells
and tissues, including a ~30-fold increase rapamycin levels in the lung over blood [14]. However, even
1000 nM rapamycin does not inhibit the phosphorylation of 4E-BP1™>746 and the release of rate-limiting
eukaryotic translation initiation factor (eIF4E) that drives translation of mRNAs coding for proliferative,
anti-apoptopic and pro-angiogenic proteins [15, 16].

Rapamycin, mTOR and TSC

Pharmaceutical scientists isolated rapamycin from Streptomyces hygroscopicus bacteria sourced from Rapa
Nui (Easter Island). Initially recognised for its potential as an antifungal agent, it was subsequently
identified as an immunosuppressant and, later, as an inhibitor of cell growth [9]. The protein target of
rapamycin was first identified in yeast as a phosphatidylinositol-3-kinase (PI3K) family serine-threonine
kinase that bound to rapamycin through an intermediate protein, the immunophilin FK506-binding protein
12 (FKBP12). Based on these discoveries in yeast, two mammalian complexes containing the mammalian
equivalent protein termed mTOR were discovered, namely mTORC1 and mTORC2. FKBP12 binds to
rapamycin and then docks onto the mTOR kinase site in mMTORC1 but not mTORC2 [9]. The mTORC1
complex consists of several proteins including mTOR kinase and the adaptor protein named
regulatory-associated protein of mTOR (Raptor) that recruits the substrates for phosphorylation by mTOR.
mTORC1 activation results in phosphorylation of proteins that enhance anabolic metabolism and reduce
catabolic metabolism in cells [9, 17]. The TSC1/TSC2 complex constitutes a major integration node for
the mTORC1 growth pathway by acting as a GTPase for Ras homologue enriched in brain (Rheb), another
GTPase that regulates mTORC1 [17]. The TSC complex integrates multiple inputs from many kinase
pathways within the cell, particularly through adenosine monophosphate-activated protein kinase, which
senses the ratio of ATP to AMP. The TSC complex resides mainly on the lysosome surface and is
regulated by the availability of amino acids. The loss of TSC function eliminates the tonic repression of
Rheb, resulting in constitutive mTORC1 activation, and disrupts the elegant orchestration of cellular
metabolic pathways by the pathway. This ability of the cell to sense environmental conditions is largely
absent in LAM TSC-deficient cells [1].

mTORC1 controls protein biosynthesis by regulating mRNA translation through two axes, namely
ribosomal protein S6 kinase beta-1 (S6K1)/ribosomal protein S6 (S6) and eukaryotic initiation factor
4E-binding protein 1 (4E-BP1)/eukaryotic translation initiation factor 4E (eIF4E) [17, 18]. Phosphorylation
of S6K1 by mTORC1 mainly controls ribosomal biosynthesis and cell size, whereas mTORC1
phosphorylation of 4E-BP1 primarily regulates proliferation, angiogenesis and stem cell survival [9, 18].
mTORC2 also contains several proteins in addition to the mTOR kinase, including the mTORC2-specific
protein named rapamycin-insensitive companion of mammalian target of rapamycin (Rictor), which
sterically prevents the binding of FKBP12 and rapamycin to this complex [19]. Activation of mTORC2
modulates important aspects of insulin/PI3K signalling, cytoskeletal remodelling and cell survival, as has
been recently reviewed [20]. Although the TSC complex does not directly regulate mTORC2, there are
feedback mechanisms between mTORC1 and mTORC2 [20]. In fact, in LAM TSC2-null cells, silencing
of RNA to Raptor or Rictor has been shown to inhibit DNA synthesis [21]. Expression of genes in the
mTOR pathways are commonly increased in many cancers and orchestrate metabolic reprogramming to
meet the anabolic demands of rapidly proliferating cancer cells.

Since the initial discovery of mTOR, much has been learned about the regulation of the mTORC1 major
cellular growth pathway and its role in protein synthesis. However, published illustrations of the mTORC1
pathway often still incorrectly depict equal inhibition of both axes of mRNA translation by rapamycin,
despite its limited capacity for 4E-BP1/EIF4E inhibition [18]. Although rapamycin inhibits
phosphorylation of several sites on 4E-BP1, it does not inhibit the phosphorylation of 4E-BP17"37/46
which is required for release of the rate-limiting translation initiation factor EIF4E. The key
phosphorylated protein residues in the mTOR pathways that are sensitive or insensitive to rapamycin
inhibition are shown in figure 1.
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FIGURE 1 Simplified mammalian target of rapamycin (mTOR) pathways highlighting protein synthesis
initiation. The TSC responds to external growth signals to regulate the major mTORC1 growth pathway.
Rapamycin binds to the immunophilin FKBP12, which then binds to mTORC1 to inhibit S6K/S6 ribosome
synthesis and mRNA elongation but not 4E-BP/elF4E mRNA translation initiation. In LAM cells, mutations in
TSC genes result in de-repression of the GTPase Rheb and hyperactivation of mTOR in mTORC1. Ribosome
biogenesis and function are regulated by the kinase S6K1 and its substrate S6, which are activated by the
Raptor-guided, rapamycin-sensitive phosphorylation at S6K1™=%°, which in turn phosphorylates the ribosome
protein $62*%2** Nonphosphorylated 4E-BP binds the oncogenic initiation factor elF4E. Rapamycin-insensitive
phosphorylation of 4E-BP1 by mTORC1 on Thri™/#® results in the release of elF4E from 4E-BP1. elF4E binds to
the scaffold protein elF4G and, along with elF4A, forms the elF4F translation initiation complex. elF4E binds to
5" methyl-7-G-capped (m7G) mRNAs and the helicase elF4A unwinds the secondary mRNA structure. Highly
elF4E-dependent translation includes mRNAs for Myc, proliferative, anti-apoptotic and pro-angiogenic proteins.
Rictor in mTORC2 prevents rapamycin inhibition of mTOR in this complex and mTOR in this complex
phosphorylates many proteins in a rapamycin-insensitive fashion, including AKT Ser*”®, which is a biomarker of
mTORC2 activity. White balls indicate rapamycin-insensitive phosphorylation sites; black balls represent
rapamycin-sensitive phosphorylation sites. The blue helical and wavy line represents elF4E-dependent mRNAs.
4E-BP: eukaryotic initiation factor 4E-binding protein; elF4E: eukaryotic translation initiation factor 4E; FKBP:
FK506-binding protein; GTP: guanosine diphosphate; LAM: lymphangioleiomyomatosis; mTORC: mammalian
target of rapamycin complex; Raptor: regulatory-associated protein of mTOR; Rheb: Ras homologue enriched in
brain; Rictor: rapamycin-insensitive companion of mammalian target of rapamycin; S6: ribosomal protein S6;
S6K: ribosomal protein S6 kinase; TSC: tuberous sclerosis complex.

Control of mRNA translation initiation by mTORC1

The primary control of mRNA translation initiation is through mTORC1-mediated phosphorylation of
4E-BPs, which releases the initiation factor eIF4E, the rate-limiting initiation protein that binds to the m7G
untranslated (5'UTR) cap structure of mRNAs [22]. All eukaryotic cellular mRNAs translate in an
m7G-cap-dependent manner. Selective mRNAs with extensive 5’ secondary structures, terminal
oligopyrimidine sequences or long 5'UTRs, such as those coding for c-Myc, B-cell lymphoma 2, B-cell
lymphoma-extra large, VEGF-C, myeloid cell leukaemia 1, matrix metallopeptidase 9, oestrogen receptor
o (ER-o) and transcription factor EB, are particularly dependent on increased eIF4E. Global protein
expression is less sensitive to elF4E expression and the elF4E heterozygous knockout mouse does not
have a pathological phenotype [23]. eIF4E, the least abundant of the initiation factors, complexes with the
scaffold protein eIFAG and the helicase eIF4A to form the eIF4F initiation complex (figure 1). 4E-BPs
compete with the elF4F complex scaffold protein eIF4G for binding to eIF4E. After eIF4AF is assembled on
the m7G-cap, the 43S preinitiation ribosome complex binds to the mRNA, followed by scanning of the 5’
UTR until the AUG initiation codon is encountered and protein elongation begins.
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There are three mammalian 4E-BP proteins with 4E-BP1 being the most abundant in many cell types.
Stepwise phosphorylation of 4E-BPs by mTORC1 occurs with the Thr*” and Thr*® residues priming the
subsequent phosphorylations [13, 22]. Elegant solution nuclear magnetic resonance spectroscopy studies of
4E-BP1/eIF4E in complex with mTORC1 have demonstrated that, in the presence of Raptor, rapamycin
recruits FKBP12 to the binding domain of mTOR to sterically occlude most of the kinase substrate
sites [24]. However, the early 4E-BP1 Thr*”/* sites are still accessible and can be phosphorylated while
attached to mTORCI1. Cell type-dependent sensitivities to rapamycin are determined in part by the ratio of
different 4E-BPs. For instance, 4E-BP1 is the most abundant 4E-BP in fibroblasts and rapamycin does not
inhibit the 4E-BP1/eIF4E axis. However, in brain cells and some lymphocytes, 4E-BP2 is the major 4E-BP
and those cell types appear to be more susceptible to allosteric mMTORC1 inhibitors.

In many cancer cells, increased eIF4E expression has been associated with tumour growth, while
housekeeping genes are less dependent on elF4E [22]. However, it has been suggested that the critical
variable to control of initiation of translation may be the ratio of 4E-BP/eIF4E. The anti-proliferative
consequences of inhibiting the 4E-BP1/eIF4E axis in cancers has been suggested to be mainly through a
c-Myc-elF4E feedforward loop [22]. eIF4E is phosphorylated by MAP kinase-interacting serine/threonine
protein kinases 1/2 (MNK1/2) and, in some tumour cells, inhibition of MNK1/2 inhibits growth [25].
Overexpression of eIF4E itself through the eIF4F complex can be oncogenic [22]. eIF4E, eIlFAG and
elF4A, the three components of the IF4F translation initiation complex, are all highly expressed in LAM
lung and angiomyolipoma stem-like cells (Y. Tang, Brigham and Women’s Hospital, Harvard, Boston,
USA; personal communication).

mTORCI1 translation pathways in LAM

The initial characterisation of the pathway downstream of the TSC mutation in LAM revealed pS6K
activation [26]. In this landmark paper, it was clearly shown that TSC2 transfected into LAM smooth
muscle cells partially inhibited phosphorylation of S6K1 and that rapamycin inhibited DNA synthesis in
vitro but was cytostatic rather than cytotoxic. Of particular interest regarding LAM, other studies have
shown that the oestrogen receptor is phosphorylated in a rapamycin-sensitive manner by S6K1 [27] and
that oestrogen activates LAM cell growth in vitro [28]. Translation of ER-o is also highly dependent on
elF4E translation initiation [22].

There are no published studies in LAM or LAM-associated cells on the distribution of different
phosphorylated isoforms of pS6Ks or 4E-BPs. However, in a study of 30 LAM lung biopsies, the
distribution of p4E-BP1 versus pS6K1 and pS6 demonstrated that there was high expression of all three
phosphorylated proteins in LAM bronchi and lung parenchyma [29]. In four LAM lung fibroblast lines
grown in vitro, we showed that pS6, but not p4E-BP1™746  was potently inhibited by 10nM
rapamycin [30]. In contrast, the dual PI3BK/mTOR kinase inhibitor omipalisib inhibited both axes, albeit
much more potently (~100-fold) for pS6 than p4E-BP1 [30].

It is of interest that, in fibroblasts from normal human lungs and from patients with idiopathic pulmonary
fibrosis, transforming growth factor-f1 induction of collagen, type I, alpha 1 and actin alpha 2 (protein
product a-smooth muscle actin) mRNA was shown to occur via the 4E-BP axis [31, 32]. An increase in
fibrotic genes has been demonstrated in LAM unique cells and in a subpopulation of fibroblasts in the
LAM lung [5-7]. If this increase in fibrotic proteins has pathological consequences in LAM, this may
represent another beneficial outcome of inhibiting the 4E-BP1/eIF4E axis in the disease.

Translation initiation as a therapeutic target in LAM

Rapamycin (sirolimus) and its close analogues (rapalogs), everolimus and temsirolimus, are United States
Food and Drug Administration approved first-generation mTORCI1 inhibitors (table 1). These drugs
potently block the S6K1/S6 translation axis but not the 4E-BP1/eIF4E axis. In addition, they do not inhibit
mTORC2. In aggressive cancers, monotherapy with rapalogs has been disappointingly ineffective [33]. In
some specific cancers, including triple-negative breast cancers where the Rictor gene is amplified, the
inhibition of mTORC2 activity via antisense Rictor in combination with lapatibinib has been shown to
effectively inhibit tumour growth in preclinical studies [34].

As the importance of inhibiting the 4E-BP1/eIF4E axis in hyperactive mTORC1-driven cancers became
better appreciated, second-generation catalytic site PI3K/mTOR kinase and dual mTORC1/mTORC?2
mTOR inhibitors were developed [16, 35]. At clinically tolerable concentrations, despite potently
inhibiting the S6K1/S6 translation node, catalytic mTOR kinase inhibitors do not inhibit phosphorylation
of the p4E-BP Thr*”'*® residues, so they do not inhibit the release of eIF4E or translation initiation of the
highly eIF4E-dependent proliferative, anti-apoptotic and pro-angiogenic mRNAs [20, 36].
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TABLE 1 Nonexhaustive list of mammalian target of rapamycin (mTOR) inhibitors and selective translation initiation inhibitors

mTORC1 allosteric PI3K/mTOR catalytic Combination allosteric/catalytic Translation initiation
Sirolimus” Alpelisib* RapalLink-1* Zotatifin"
Everolimus® Omipalisib® RMC-5552° Tomivosertib®
Temsirolimus® Vistusertib" 4EGI-1, EGPI-1*

mTORC1: mammalian target of rapamycin complex 1; PI3K: phosphatidylinositol-3-kinase. *: Marketed drug; “: clinical trials; *: preclinical development.

Third-generation mTOR inhibitors termed RapaLinks were developed in which rapamycin is covalently
linked to catalytic mTOR kinase inhibitors [37, 38]. Additional modification of the rapamycin macrolide
and changes in the linker distance between the mTOR kinase catalytic inhibitor resulted in bi-steric mMTOR
inhibitors, such as RMC-5552 [39, 40], that inhibit both the S6K1/S6 and 4E-BP1/elF4E axes but not
mTORC2. Some of these third-generation mTOR inhibitors are in early phase 1/2 clinical trials in
advanced cancers and the bi-steric inhibitor RMC-5552 reaches blood concentrations which should inhibit
the mTORC1-driven 4E-BP1/elF4E translation initiation axis [41, 42]. These compounds may be
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Bi-steric Bi-steric TORKi
|11 Il |
R I R 1 1
Thrae mTORC1i mTORC1i
Thr37,
Thr389 O v Ser473 O v
Zotatifin
S6K AKT
Ser209 v

Tomivosertib —— elF4E

4EGI-l ——— @ Ser24OO

ser244@) ¢

T
elF4F

FIGURE 2 Simplified inhibition profile of mammalian target of rapamycin (mTOR) and translation initiation
inhibitors at clinically tolerable concentrations. Activation of mammalian target of rapamycin complex (mTORC)
1 results in mTOR kinase phosphorylation of many substrates including ribosomal protein S6 kinase (S6K) and
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1). mTORC2 substrates are more limited but include AKT.
Rapamycin and rapalogs inhibit phosphorylation of S6K and its many substrates including the ribosomal
protein S6. At clinically tolerated concentrations mTOR kinase inhibitors (TORki) inhibit S6K/S6 and AKT.
Bi-steric mTORC1 inhibitors (mTORCLi) inhibit S6K and 4E-BP1 phosphorylation but some, but not all, do
not inhibit phosphorylation of AKT. Translation initiation inhibitors modify the efficacy of the three
components of the eukaryotic translation initiation factor (elF) 4F translation initiation complex, namely elF4E,
elF4G and elF4A. 4EGI-1 blocks elFAG binding elF4E, the mRNA cap binding protein, thus preventing
elF4E-dependent mRNA translation. The MNK kinase-interacting serine/threonine protein kinase inhibitor
tomivosertib inhibits phosphorylation of elF4E decreasing its binding to some mRNAs. The elF4A helicase
inhibitor zotatifin prevents unwinding of the secondary structure of elF4E-dependent mRNAs thus preventing
their translation. Grey circles indicate key phosphorylation sites.
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particularly beneficial in cancers with loss of TSC2, such as in peripheral epithelioid cell tumours [43]. Tt
should be noted that the risk/benefit considerations are different for LAM than for more aggressive
neoplasms, since through clinical trials and excellent clinical care, LAM has become a chronic disease
with an effective therapy and a median survival that is measured in decades [1]. For use in most LAM
patients, the safety profile of these inhibitors will need to be equal to or better than that of rapamycin
itself. An important ongoing clinical trial, the Multicenter Interventional Lymphangioleiomyomatosis
(LAM) Early Disease Trial (MILED), is assessing the efficacy of early, low-dose (1 mg daily) rapamycin
treatment in LAM patients with normal lung function (NCT03150914). From a pharmacodynamic
perspective, the standard 2 mg-day™! and 1 mg-day ' rapamycin dosing protocols would be predicted to
fully inhibit the S6K1/S6 translation axis in LAM cells, but to have no effect on the 4E-BP1/elF4E
translation initiation axis.

Compounds that specifically directly target mRNA translation initiation and proteins in the eIF4F translation
initiation complex are also in preclinical and clinical development [22]. Cap-competitive inhibitors of eIF4E
based on a nucleotide scaffold have been shown to inhibit cell tumour growth in vitro [44]. Another class of
translation initiation inhibitors blocks the binding of eIF4G to eIF4E including the compounds 4EGI-1,
EGPI-1 and SBI-756, which inhibited tumour growth in preclinical studies [22, 45]. MNK inhibitors that
suppress phosphorylation of the oncogene eIF4E have also been developed, including tomivosertib, which is
in phase I clinical oncology trials [25]. The eIF4A helicase translation initiation inhibitor zotatifin has shown
efficacy in vivo in receptor kinase-driven tumours and benefit in phase 1/2 oestrogen receptor positive
metastatic breast cancer in combination with fulvestrant and abemaciclib [46, 47]. Figure 2 illustrates the
main sites of action of mTOR pathway inhibitors at clinically tolerable concentrations.

Conclusions

In this mini-review we propose that inhibition of mTORC1-driven mRNA translation inhibition is an
obvious but heretofore untapped therapeutic target in LAM. Selective translation initiation inhibitors and/or
bi-steric mTORC1 inhibitors that inhibit both the ribosomal and the initiation translation axes hold
considerable promise as anti-proliferative strategies in LAM, TSC and other mTORC1-driven diseases.
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