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Abstract

Lymphangioleiomyomatosis (LAM) is a rare, almost exclusively female lung disease linked

to inactivating mutations in tuberous sclerosis complex 2 (TSC2), a tumor suppressor gene

that controls cell metabolic state and growth via regulation of the mechanistic target of rapa-

mycin (mTORC1) signaling. mTORC1 is frequently activated in human cancers and,

although the mTORC1 inhibitor rapamycin has a cytostatic effect, it is, in general, unable to

elicit a robust curative effect or tumor regression. Using RNA-Seq, we identified (1) Insulin-

like Growth Factor (IGF2) as one of the genes with the highest fold-change difference

between human TSC2-null and TSC2-expressing angiomyolipoma cells from a patient with

LAM, and (2) the mouse IGF2 homolog Igf2, as a top-ranking gene according to fold change

between Tsc2-/- and Tsc2+/+ mouse embryo fibroblasts (MEFs). We extended transcript-

level findings to protein level, observing increased Igf2 protein expression and Igf2 secretion

by Tsc2-/- MEFs. Increased Igf2 expression was not due to epigenetic imprinting, but was

partially mediated through the Stat3 pathway and was completely insensitive to rapamycin

treatment. An siRNA-mediated decrease of Igf2 resulted in decreased Stat3 phosphoryla-

tion, suggesting presence of an autocrine Igf2/Stat3 amplification cycle in Tsc2-/- MEFs. In

human pulmonary LAM lesions and metastatic cell clusters, high levels of IGF2 were associ-

ated with mTORC1 activation. In addition, treatment of three primary IGF2-expressing LAM

lung cell lines with rapamycin did not result in IGF2 level changes. Thus, targeting of IGF2

signaling may be of therapeutic value to LAM patients, particularly those who are unrespon-

sive to rapamycin.
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Introduction

The mechanistic target of rapamycin (mTORC1) is a central controller of cell growth and

metabolism [1]. mTORC1 is frequently activated in human cancers due to mutational activa-

tion of oncogenes or inactivation of tumor suppressors, including the tuberous sclerosis com-
plex 2 (TSC2) gene [2]. Pulmonary lymphangioleiomyomatosis (LAM), a rare progressive lung

disease affecting primarily women of childbearing age that is characterized by cyst rapture,

chylothorax from obstruction of lymphatics, and progressive decline of pulmonary function,

has also been associated with inactivating mutations and loss of function of TSC2 that lead to

uncontrolled mTORC1 activation and cell growth [3–6]. There are two forms of LAM: one

that is associated with tuberous sclerosis complex (LAM-TS), in which women carry germline

TSC2mutations, and sporadic LAM (LAM-S), in which TSC2mutations and loss of heterozy-

gosity arise in somatic tissues post-conception [3]. Approximately 80% of LAM-TS and

approximately 40% of LAM-S patients also develop angiomyolipoma (AML), a benign tumor

of smooth muscle (SM), blood vessels and fat cells, usually occurring in the kidney [7].

Rapamycin (sirolimus), an allosteric inhibitor of the mTOR complex [8], is currently the

only FDA-approved drug for LAM. Benefits of its use were demonstrated by an international

two-stage, double-blinded clinical trial among LAM patients with moderate lung impairment

in which those taking the drug had stabilized lung function and improved quality of life [9,

10]. Unfortunately, rapamycin only has a cytostatic effect on tumor growth [11] and requires

life-long treatment with considerable side-effects [12]. Because no other treatments are avail-

able, there is an urgent need to discover new LAM drug targets.

Insulin-like Growth Factor (IGF2), a small polypeptide closely related in sequence and

structure to insulin, is a key growth regulator in some dominantly female proliferative diseases

that activates multiple pathways involved in cell proliferation, growth and survival [13, 14]. In

addition to being involved in breast development and cancer, and in colon, ovarian, prostate

and fibrous sarcomas [13], IGF2 has been associated with LAM, as immunohistochemical

studies found that IGF2 was expressed in the cytoplasm and surface of spindle-shaped LAM

lung cells [15]. We show here that IGF2 is expressed in TSC2-null mouse embryo fibroblasts

(MEFs) and in human LAM cells, but it is insensitive to rapamycin treatment, and thus, target-

ing its signaling pathway is a potentially novel LAM therapeutic avenue.

Materials and methods

Ethics statement

De-identified lung tissue samples from patients with advanced LAM disease who had under-

gone lung transplantation and healthy controls were received from the National Disease

Research Interchange (NDRI) in compliance with University of Pennsylvania Institutional

Review Board-approved procedures. Use of these tissues does not constitute human subjects

research since all donor tissue is harvested anonymously and de-identified.

Cell cultures

Tsc2-/- mouse embryo fibroblasts (MEFs) and wild type Tsc2+/+ MEFs were generously pro-

vided to us by Dr. David Kwiatkowski, Brigham and Women’s Hospital [16]. Human TSC2-

null 621–102 LAM (TSC2—) cells and TSC2 re-expressing 621–103 LAM (TSC2++) cells [17]

were derived from angiomyolipoma of patient with sporadic LAM and obtained via a generous

gift from Dr. Lisa Henske, Brigham and Women’s Hospital. The LAM-patient TSC2— and

TSC2++ cells were genetically characterized for TSC2 loss-of-function mutation and expres-

sion of estrogen receptor [17]. Primary human LAM cells were derived from LAM tissue as
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described previously [4]. Cells were maintained in DMEM (Gibco) supplemented with 10%

FBS. For RNA-Seq Experiment, cell lines were treated with either (1) 20nM STAT3 siRNA

(Dharmacon) for 48 hr, or (2) 20nM non-targeting (NT) siRNA for 48 hr in complete

medium.

RNA-seq library construction and sequencing

Total RNA was extracted using the miRNAeasy mini kit (Qiagen Sciences, Inc., Germantown,

MD). The Illumina TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, Inc., San Diego,

CA) was used to prepare poly(A)-selected stranded RNA-Seq libraries, and 100bp paired-end

reads were generated with an Illumina Hi-Seq 2500 instrument in high output mode.

RNA-Seq data analysis

RNA-Seq reads were trimmed with Trimmomatic (v.0.32). Subsequently, Kallisto was used to

quantify transcript abundance, using the hg38 human transcriptome as reference [18]. R was

used to compute fold changes based on these results, adding 1 to all TPM values to avoid divi-

sion by zero [19]. The NIH Database for Annotation, Visualization and Integrated Discovery

(DAVID) was used to perform gene ontological category enrichment analysis using Homo

Sapiens as background, and default options and annotation categories (Disease: OMIM_DI-

SEASE; Functional Categories: COG_ONTOLOGY, SP_PIR_KEYWORDS, UP_SEQ_FEA-

TURE; Gene_Ontology: GOTERM_BP_FAT, GOTERM_CC_FAT, GOTERM_MF_FAT;

Pathway: BBID, BIOCARTA, KEGG_PATHWAY; Protein_Domains: INTERPRO, PIR_SU-

PERFAMILY, SMART) [20]. Trimmed reads were aligned to the hg38 genome using STAR (v.

2.5.2a) [21], and aligned reads were used to create mapped read plots by displaying bigwig files

for each sample in the UCSC Genome Browser. RNA-Seq data is available in the Gene Expres-

sion Omnibus (GEO) under series accession number GSE84478, with human samples in sub-

series GSE84476 and mouse samples in subseries GSE84477.

Genomic imprinting

Genomic DNA samples were isolated from primary human LAM cell lines and normal human

lung fibroblast cells. For DNA isolation, cells were lysed in 0.5% SDS-containing TE buffer (pH

8.0) followed by Proteinase K treatment at 55˚C overnight. Genomic DNA was then isolated

using standard phenol-chloroform method and re-suspended in TE buffer. One microgram of

each DNA sample was bisulfite-treated using the EpiTect Bisulfite Kit (Qiagen Sciences, Inc.,

Germantown, MD) following manufacturer’s protocol. Pyrosequencing was performed to ana-

lyze the methylation profiles at theH19/IGF2 imprinting control region (ICR) as described pre-

viously [21]. 50ng of bisulfite-treated DNA was used for PCR. The PyroMark PCR kit (Qiagen

Sciences, Inc., Germantown, MD) was used in a 25μL reaction according to the manufacturer’s

protocol. PCR conditions were: 95˚C for 15 minutes followed by 45 cycles of 95˚C for 30 sec-

onds, 55˚ for 30 seconds and 72˚C for 30 seconds, and 5 minutes of extension at 72˚C. 10μL of

the biotinylated PCR product was used for pyrosequencing. Pyrosequencing was done using the

PyroMark Q96MD (Qiagen Sciences, Inc., Germantown, MD) system following the manufac-

turer’s protocol and the PyroMark Gold reagents kit (Qiagen Sciences, Inc., Germantown,

MD). Methylation was analyzed on 6 CpGs using Qiagen’s Pyro Q-CpG software [22].

Chromatin immunoprecipitation (ChIP)-qPCR

Chromatin immunoprecipitation (ChIP) was performed on Tsc2+/+ and Tsc2-/- MEFs and

human TSC2— and TSC2++ cells using the Magna ChIP kit (Millipore, Burlington, MA) and
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monoclonal anti-STAT3 antibody (Millipore, Burlington, MA) as described https://www.

protocols.io/private/12361d13ea65a41e2d2a98f529d6a745. Input and IP DNA samples were

purified using ChIP DNA Clean and Concentrator kit (Zymo Research, Irvine, CA). qPCR

analysis of chromatin pull-down was performed using primers amplifying regions containing

STAT3 binding sites within IGF2 promoters. The amounts were normalized to the level of

input chromatin material prior to immunoprecipitation. Reproducibility between biological

replicates was statistically assessed using 2-way ANOVA. The following DNA primers were

used: Mouse Igf2_P2_Forward:GGCCCCATAATTTAGGAACCCA; Mouse Igf2_P2_Reverse:

TTTGGAGTACCTGAATTTGGGGG. Mouse Igf2_P5_Forward:AAGAGTCAAGCCAGACCCCA;

Mouse Igf2_P5_reverse: ATTTCTGCCCTTCTGAGCCC. Human IGF2_P2 forward: GCCA
TTTTACCAGTGCCACG; Human IGF2_P2_reverse: CTAGGAGGTGGGGGCTATGT. Human

IGF2_P4_Fw: CTAGCGTTGCCCAAACACAC; Human IGF2_P4_reverse: CCCAGTCCGTTGGA
AGACC.

Immunoblots

For protein extraction, cultured cells were lysed in RIPA lysis buffer (Cell Signaling, Danvers,

MA) with freshly added PMSF, sodium orthovanadate and complete protease inhibitors [23].

Protein concentration was determined with the PierceTM BCA protein assay (ThermoFisher,

Philadelphia, PA). Immunoblotting was done with anti-IGF2 antibody (Biorbyt, Cambridge,

UK) according to the manufacturer’s protocol. Briefly, 4–12% Bis-Tris polyacrylamide gels

(NuPage, Invitrogen) were equally loaded with 5–30μg of protein, electrophoresed at 140-

200V, and transferred to nitrocellulose membrane by iBlot dry transfer. Membranes were

blocked with either 5% BSA or LI-COR TBS blocking buffer for 30 minutes to 1 hr. The mem-

brane was probed with primary antibodies to IGF2 (Biorbyt, Cambridge, UK) and pSTAT3,

STAT3, TSC2, pS6, S6, GAPDH and β-actin (all from Cell Signaling Technology, Inc., Beverly,

MA) at 4˚C overnight. Appropriate secondary antibodies were incubated for 1 hr at room

temperature. Blots were developed either by ECL prime Western blotting detection reagents

(GE—Amersham Bioscience, Piscataway, NJ) or by secondary fluorescent antibodies (LI-

COR, Lincoln, NE). Images were captured using a LI-COR Odyssey-Fc imager with LI-COR

advanced imaging software.

Enzyme-Linked ImmunoSorbent Assay (ELISA)

Cultured media was collected following centrifugation at 4˚C at 15,000g for 15 min. IGF2 con-

centration was determined using a mouse IGF2 ELISA kit (Biorbyt, Cambridge, UK) accord-

ing to the manufacturer’s protocol.

Immunohistochemistry (IHC)

IHC analysis of formalin-fixed paraffin-embedded control or LAM lung tissue was performed

using specific antibodies against human IGF2 (Biorbyt, Cambridge, UK), phospho-ribosomal

protein S6 (pS6, Cell Signaling Technology, Inc., Beverly, MA), and SM a-actin (Sigma Chemi-

cal Co., St. Louis, MO). Staining was performed on a Leica Bond™ instrument using the Bond

Polymer Refine Detection System (Leica Microsystems, Buffalo Grove, IL). Stained slides were

scanned to create digital whole slide images (WSI) using an Aperio ScanScope XT (Aperio

Technologies, Vista, CA) with 20x magnification (0.46 μm per pixel). Data from each slide was

automatically captured and stored in the Aperio Spectrum v11 database of the Pathology Clini-

cal Service Center at the University of Pennsylvania. Each WSI was analyzed using Aperio

ImageScope software (http://www.aperio.com/#imagescope-request).
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Results

Transcriptomic differences in response to TSC2 loss

RNA-Seq was performed using human TSC2-null 621–102 LAM (TSC2—) cells, which carry

G1832A missense mutation in exon 16 in one allele [17], and TSC2 re-expressing 621–103

LAM (TSC2++) cells verified to re-express TSC2 (Fig 1A). Six human samples were analyzed:

TSC2— and TSC2++ cells that were either (1) transfected with STAT3 siRNA, or (2) treated

with non-targeting (NT) siRNA. Additionally, two mouse samples were compared, Tsc2-/-

MEFs, which were verified to not express Tsc2 due to genetic deletion, and wild-type Tsc2+/+

MEFs, which were verified to express Tsc2 (Fig 1D). After quality control processing, each of

the 8 samples were deemed of sufficiently high quality to include in further analyses (S1

Table). Comparison of Tsc2-/- and Tsc2+/+ MEFs’ transcript expression levels found that 732

transcripts, corresponding to 621 unique genes, had an absolute fold change� 8 (S2 Table).

Comparison of transcript expression levels (as transcripts per kilobase million reads–TPM)

between human TSC2— and TSC2++ cells treated with NT siRNA found that 1137 transcripts,

corresponding to 768 unique genes, had an absolute fold change� 8 (S3 Table). To gain a bet-

ter sense of the biological functions represented by top-ranked genes from the mouse and

human comparisons, we performed an ontological category enrichment analysis using the

NIH DAVID tool [20]. There were 12 and 7 annotation clusters with enrichment scores >2

for the mouse and human comparisons, respectively (S4 and S5 Tables). Among these clusters,

some of the individual enrichment categories had Benjamini-Hochberg adjusted p-values <

0.05 and referred to processes that are associated with LAM, namely signaling and insulin-like
growth factor binding.

Fig 1. Increased expression of IGF2 transcripts in TSC2— human LAM cells and Tsc2-/- MEFs. (A) TSC2 levels in human TSC2-null LAM 621–102 cells (TSC2—)

cells and TSC2 re-expressing 621–103 LAM (TSC2++) cells. (B) RNA-Seq results show increased IGF2 transcripts per kilobase million (TPM) in TSC2— cells. (C)

Corresponding plot of mapped reads along the hg38 reference genome corresponding to IGF2. (D) Verification that Tsc2 is not expressed in Tsc2-/- MEFs. (E) RNA-Seq

results show increased Igf2TPMs in Tsc2-/- vs. Tsc2+/+ MEFs. (F) Corresponding plot of mapped reads along the mm10 reference genome corresponding to Igf2.

https://doi.org/10.1371/journal.pone.0197105.g001
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Genes were prioritized for further experimental study by (1) selecting genes with high abso-

lute fold change in the mouse comparison, (2) selecting the subset of these genes with high

absolute fold change in human comparison, and (3) favoring genes in LAM-related ontological

categories. Among highly ranked genes was IGF2, which was present in TSC2— cells (8.0

TPM) but not appreciably expressed in TSC2++ cells (S3 Table and Fig 1B). Consistent with

the results in human cells, the Tsc2-/- vs. Tsc2+/+ MEFs comparison found that Igf2was present

in Tsc2-/- cells (69.3 TPM) but not appreciably expressed in Tsc2+/+ cells (S2 Table and Fig 1E).

Plots of mapped human reads in/near IGF2 along the hg38 reference genome and mouse reads

in/near Igf2 along the mm10 reference genome show appropriate coverage of each gene (Fig

1C and 1F). IGF2/Igf2was part of the over-represented signaling pathways ontological category

(S4 and S5 Tables).

IGF2 expression in LAM lung

We used human lung LAM tissues from transplant donors with advanced LAM disease to

detect whether IGF2 is expressed in vivo. LAM lung lesions, which were detected using the

LAM cell marker SM a-actin, showed marked IGF2 reactivity compared to normal lungs (Fig

2A and S1 Fig). IGF2 immunoreactivity was also detected in LAM clusters, which are LAM

lesions that disseminate via lymphatics [24] (Fig 2B). LAM clusters also expressed SM a-actin

and pS6, two positive control markers of LAM clusters (Fig 2B). These data are consistent with

previous reports showing that IGF2 is upregulated specifically in LAM cells [15].

Igf2 protein expression and secretion is induced by TSC2 loss in MEFs

To validate transcriptomic data, we measured Igf2 transcript expression using qRT-PCR, and

to extend transcriptomic results to the level of protein, we measured Igf2 protein expression

using immunoblots and secretion using ELISAs. In Tsc2-/- MEFs Igf2 transcripts and Igf2 pro-

tein levels were highly increased compared to undetectable levels in Tsc2+/+ MEFs (Fig 2C and

2D). Tsc2-/- MEFs also secreted marked levels of Igf2 compared to Tsc2+/+ MEFs (Fig 2E).

Downregulation of Igf2with siRNA (Fig 2F), significantly decreased Igf2 secretion (Fig 2G).

Igf2 siRNA-mediated knockdown significantly increased the number of cleaved caspase-3 pos-

itive cells (Fig 2H) and decreased Tsc2-/- MEF viability (Fig 2J). Thus, Igf2 transcript expression

changes extended to the protein level, and Igf2 protein expression increased Tsc2-/- MEF

survival.

Epigenetic imprinting of IGF2 in LAM

Previous reports have found that IGF2 gene dosage is modified via genomic imprinting,

achieved either through loss of repression of the maternal allele, resulting in biallelic expres-

sion of the gene, or through de-regulated expression of IGF2 from the paternal allele [25, 26].

To determine whether genomic imprinting contributes to differences in IGF2 expression

observed in LAM cells, we measured DNA methylation levels at the IGF2 gene imprinting con-

trol region 1 (IC1) in female human LAM cells, female TSC2-null 621–102 LAM (TSC2—)

cells, TSC2 re-expressing 621–103 LAM (TSC2++) cells as well as healthy human airway

smooth muscle (ASM) cells derived from male and female donors as controls. The IC1 was

methylated near 50%, indicative of normal imprinting status, in all cell lines except for in

TSC2— LAM cells (S6 Table). The lower IC1 methylation level (23%) measured in these cells,

however, is predictive of reduced IGF2 RNA levels [26]. De-regulated expression of paternal

IGF2 is therefore the likely reason for elevated IGF2 levels in TSC2— LAM cells.

IGF2 in LAM
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Fig 2. IGF2 expression in LAM lungs and Tsc2-/- MEFs. Representative images of IHC analysis show IGF2 expression in (A) LAM lesion and (B) LAM cluster

detected with specific antibodies. Non-immune IgG was used as a control (see S1 Fig). Igf2 expression in Tsc2-/- MEFs was detected by (C) qPCR (D) Western

IGF2 in LAM
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IGF2 expression in TSC2-null cells is STAT3-mediated

To investigate imprinting-independent IGF2 expression regulation, we considered a STAT3-de-

pendent mechanism. STAT3, a known pro-oncogenic transcription factor [27] involved in LAM

cell survival [28], was increased in TSC2— vs. TSC2++ LAM cells (Fig 3A). Human LAM cells

with siRNA-mediated STAT3 knockdown (Fig 3B) had attenuated IGF2 transcript levels (Fig

3C), suggesting that STAT3 may be a direct stimulator of IGF2 transcription in TSC2-null cells.

Next, we searched for STAT3 binding motifs in the human IGF2 and murine Igf2 gene promoter

regions (P1-P5) and identified four: P2 and P4 in IGF2, and P2 and P5 in Igf2 (Fig 3D). To test

whether STAT3 bound to these specific genomic regions, we performed ChIP assays in Tsc2-/-

MEFs and TSC2— cells. We found that the predominant binding sites of STAT3 were in the

IGF2 P4 promoter region and the Igf2P2 promoter region (Fig 3E and 3F). Thus, STAT3 binds

directly to IGF2 promoter regions and may regulate IGF2 expression in LAM.

To confirm that STAT3 mediates Igf2 up-regulation at the protein level, we measured Igf2

protein levels in cell lysates and Igf2 secretion of Tsc2-/- MEFs that (1) were treated with

STAT3 inhibitor VI (S3I-201) [29, 30] and (2) had knocked down Stat3 with specific siRNA.

Igf2 protein expression was decreased in response to Stat3 inhibition (Fig 3G) and knock-

down (Fig 3I). Treatment of Tsc2-/- MEFs with STAT3 inhibitor S3I-201 also decreased Igf2

secretion (Fig 3H). While siRNA-mediated Igf2 knockdown inhibited Stat3 phosphorylation,

it had little effect on total Stat3 levels (Fig 3J), suggesting that Igf2 activates Stat3. This data

supports Stat3 as a regulator of Igf2 protein expression in Tsc2-/- MEFs.

Igf2 expression in Tsc2-/- MEFs and IGF2 expression in TSC2— and

primary LAM-derived cells are insensitive to rapamycin treatment

To determine whether mTORC1 inhibition would affect intracellular Igf2 protein levels,

Tsc2-/- and Tsc2+/+ MEFs were treated with 10nM rapamycin. Consistent with Fig 2D, Igf2 was

not observed in Tsc2+/+ MEFs (Fig 4A). Rapamycin treatment did not inhibit Igf2 in Tsc2-/-

MEFs, but pS6 protein was completely suppressed (Fig 4A). We also observed activation of

Stat3 by analysis of phosphorylated Y705 Stat3 (pStat3) in Tsc2-/- MEF lysates (Fig 4A). Next,

we studied Igf2 expression in Tsc2-/- MEFs over a range of rapamycin concentrations for 24

hours, and we found that while it completely inhibited pS6 at 2nM and 20nM concentrations,

it had no effect on Stat3 levels and activation (Fig 4B).

Rapamycin treatment had no effect on IGF2 cellular protein level in TSC2— cells at a dos-

age that successfully suppressed pS6 (Fig 4C). Interestingly, in TSC2++ cells rapamycin

appears to induce slight decrease in IGF2 levels (Fig 4C). Rapamycin treatment of three pri-

mary LAM-derived cell lines that expressed IGF2 found no change in protein expression levels

compared to treatment with vehicle (Fig 4D). Thus, IGF2 protein expression in human LAM

lung tissue and primary LAM lung cell lines was insensitive to rapamycin treatment.

Discussion

The IGF2/IGF1/insulin pathway is a highly conserved evolutionary pathway regulating

growth, aging and lifespan [31], and both IGF1 and IGF2 are regulators of mitogenic and

blot and (E) ELISA. (F) Tsc2-/- MEFs were transfected with 50nM Igf2 siRNA (siIGF2) or NT siRNA (siNT) for 48 hrs. Decreased levels of Igf2 protein

expression were confirmed via western blot with β-actin as an internal loading control. (G) Decreased Igf2 protein secretion was confirmed via ELISA. Igf2

knockdown resulted in (H) increased cleaved caspase-3 levels as measured via immunocytostaining and flow for Alexa Fluor1 488 -Cleaved Caspase 3 where

the population of positively stained MEFs was normalized to the control population, and (J) decreased cell viability as assessed by 0.4% Trypan Blue staining

normalized to the control cell viability. Student’s t-tests were used to determine the statistical significance of the differences, and p-values reflect a sample size of

3 replicates.

https://doi.org/10.1371/journal.pone.0197105.g002
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metabolic signaling [13]. Our RNA-Seq and IHC results are consistent with a previous com-

prehensive immunohistochemical study that demonstrated significant expression of IGF2 in

spindle-shaped lung LAM cells and modest expression of IGF1 and IGF1R, which is activated

by both IGF1 and IGF2, throughout LAM lung tissue [15]. We found that IGF2 has increased

transcript expression in Tsc2-/- MEFs and TSC2— cells derived from renal angiomyolipoma of

a LAM patient. These expression differences extended to the protein level, as evidenced by

increased expression and secretion of Igf2 in Tsc2-/- MEFs compared to Tsc2+/+ MEFs, and

presence of IGF2 in LAM102 TSC2— cells, as well as primary lung LAM cells. Knockdown of

Igf2 led to increased cell death and decreased cell viability in MEFs, and IGF2/Igf2 expression

was not affected by rapamycin treatment.

Expression of IGF2 is highly regulated [13]. In bone development and remodeling in the

adult mouse, the Igf2P2 promoter regulates the fate of mesenchymal progenitors and regulates

osteogenesis in a cell-autonomous and non-autonomous manner [32]. IGF2 expression is reg-

ulated by STAT3 during myogenic differentiation [33], and in LAM cells, the STAT3 pathway

is important for survival [28]. Our results suggest that IGF2 expression is partially mediated

via a STAT3 pathway that is rapamycin insensitive.

IGF2 is first translated as the 20 kDa preproIGF2 that after post-translational cleavage fol-

lowed by glycosylation becomes proIGF2 [13]. The IGF2 we observed in MEFs and LAM cells

is an approximately 20kDa protein that may be preproIGF2 or proIGF2. Proteases process this

protein to the final 7.5 kDa IGF2 that is secreted and can be measured in circulation [13].

Mouse Igf2 is mainly expressed in fetal lung and turned off in the adult [13]. Human IGF2 is

highly expressed during embryogenesis and its expression continues in adult lung, liver, brain

and blood [13]. IGF2 has been shown to activate proliferation and inhibit apoptosis in multiple

cell types [34]. Biallelic expression of Igf2 induces tumor formation in p53 heterozygous mice,

suggesting that increased Igf2 may suppress p53 tumor suppressor activity, and thus favor

tumor development predominantly in females [35, 36]. In a leiomyoma, IGF2 was found to be

the major driver of tumor growth [37], and IGF2 was found to be the most overexpressed gene

in colorectal neoplasia [13] and highly expressed in mesenchymal tumors [38]. An intriguing

study demonstrated that in each of 29 LAM lung samples studied, the mesenchymal chromatin

binding protein HMGA2 was expressed along with IGF2BP2 (IMP2), a protein whose tran-

scription is increased by HMGA2 and whose role is to stabilize IGF2mRNA [39]. Thus, it is

likely IGF2 is involved in the autocrine and paracrine growth survival pathways with multiple

feedback loops that are present in LAM cells.

Multiple tumors are characterized by loss of IGF2 imprinting, which leads to increased

IGF2 production, as both of its alleles become expressed [26]. However, we did not observe

imprinting changes in renal LAM angiomyolipoma or LAM lung cells. Our findings are con-

sistent with IGF2 expression in LAM being driven by transcription factors. Specifically, we

found via a ChIP assay STAT3 binds to IGF2 promoter regions in human LAM and Tsc2-/-

MEFs.

There are six secreted binding proteins that bind to members of the insulin-like growth fac-

tor family [40]. In LAM lung tissue, four of these binding proteins (i.e., IGFBP2, IGFBP4,

IGFBP5, IGFBP6) are expressed, with IGFBP2 having the highest levels [15]. Overexpression

Fig 3. STAT3-dependent upregulation of IGF2 in TSC2-null cells. (A) Re-expression of TSC2 (TSC2++) in TSC2-null LAM 102 (TSC2—) cells

decreased STAT3 expression and activation. (B) siRNA-induced knockdown of STAT3 decreased STAT3 levels in TSC2— cells. (C) RNA-Seq

results show upregulated IGF2 transcripts per kilobase million (TPM) in TSC2— cells transfected with either NT siRNA (Control) or STAT3 siRNA

(siSTAT3). (D) STAT3 binding sites in human IGF2 and mouse Igf2 promoter regions. STAT3 enrichment in specific promoter regions of (E)

human IGF2 and (F) mouse Igf2 genes was detected by ChIP-qPCR. Treatment of Tsc2-/- MEFs with Stat3 inhibitor S3I-201 (100 nM for 18 hr)

decreased Igf2 protein (G) expression as measured via Western blot and (H) secretion as measured via ELISA. (I) siRNA-mediated Stat3 knockdown

also decreased Igf2 protein expression in Tsc2-/- MEFs. (J) siRNA-mediated Igf2 knockdown decreased Stat3 phosphorylation but not total Stat3.

https://doi.org/10.1371/journal.pone.0197105.g003
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of IGFBP2 and IGFBP5 have been associated with poorer cancer prognosis [41]. A family of

three RNA binding proteins (i.e., Igf2bp1, Igf2bp2, Igfbp3) that are mTOR Complex 2

Fig 4. IGF2 expression is rapamycin-insensitive in Tsc2-/- MEFs and human LAM cells. Tsc2-/- and Tsc2+/+ MEFs were grown to near confluence, serum

deprived for 2 hr and treated with indicated concentrations of rapamycin for 24 hr, followed by western blot analysis with indicated antibodies. (A)

Treatment with 10nM rapamycin for 24 hr did not decrease Igf2 protein expression, although this dose completely suppressed pS6. (B) Igf2, Stat3, and pStat3

protein expression levels were unaffected by rapamycin treatment over a range of concentrations, while it completely inhibited pS6 at 2nM and 20nM

concentrations. (C) IGF2 protein levels did not change in TSC2— and TSC2++ cells that were serum deprived for 2 hr and treated with 20nM rapamycin for

24 hr, as measured by western blot analysis. (D) IGF2 protein levels did not change in primary human LAM cells (LAM 111, LAM 105, LAM116) that were

serum deprived for 2 hr and treated with 10nM rapamycin for 16 hr, as measured by western blot analysis. Images are representative of western blot analysis

performed at least in three separate experiments.

https://doi.org/10.1371/journal.pone.0197105.g004
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(mTORC2) substrates are required for normal Igf2RNA splicing and for Igf2mRNA transla-

tion during mouse embryonic growth [42–44]. Our RNA-Seq results for Tsc2-/- vs. Tsc2+/+

MEFs found that transcripts of several IGF binding proteins, including Igfbp5, were increased

(S2 Table). Binding of IGF2 to IGFBP5 has been shown to enhance proliferative activity in

some cells and decrease it in others [45]. Despite the large increase of Igfbp5 transcripts we

observed in Tsc2-/- vs. Tsc2+/+ MEFs, there was minimal or no change in protein expression

levels (data not shown). Published studies demonstrate that Tsc2-/- MEFs secrete Igfbp5 which

mediates mTORC1-dependent feedback inhibition of IGF-1 signaling [45]. IGFBP2 is

expressed and colocalizes with estrogen receptor alpha in nuclei of LAM-patient derived cells,

and its depletion in these cells results in decreased MAPK signaling, proliferation, migration

and invasiveness, and increased apoptosis [46].

Overall, our results suggest that decreasing IGF2 concentrations in LAM tissues may serve

as a therapy that is complementary to rapamycin treatment. Although IGF1R inhibitors exist,

they have not performed well in oncology trials [47]. This could be due to incomplete targeting

of all IGF1/IGF2 signaling, which is known to occur via alternative receptors. For example,

IGF2 signals through IR-A in the leiomyosarcoma cell line SKUT1, which induces an auto-

crine feedback loop that enhances cell growth [47]. Rather than target receptor blockage,

depletion of a ligand may be a more efficacious therapeutic alternative, as promising ongoing

clinical trials with the IGF1/2 neutralizing antibody xentuzamab (BI836845) have shown thus

far [48]. Specifically, in a phase Ib/II trial, the preliminary efficacy and clinical safety of

BI836845 have been demonstrated when given in combination with everolimus and exemes-

tane to patients with hormone receptor positive breast cancer [49]. Further research is neces-

sary to determine if the IGF2 pathway in LAM is a driver of rapamycin-independent cell

growth and whether this pathway is amenable to therapeutic intervention.

Supporting information

S1 Fig. Representative images of LAM lung lesions immunostained with control rabbit IgG

(Upper panel) and rabbit anti-IGF2 antibody (lower panel). See Methods for Details.

(PDF)

S1 Table. RNA-Seq metrics computed for quality control. The table contains the number of

raw reads for the paired-end samples, the percentage of mapped reads among the total number

of raw reads, the percentage of junction spanning reads among the mapped reads, the percent-

age of mapped bases that mapped to mRNA, and the mean insert size of mapped reads. Met-

rics are based on STAR alignment.

(XLSX)

S2 Table. Top results for Tsc2-/- vs. Tsc2+/+ MEFs comparison. All results with absolute fold

change> 8 are included.

(XLSX)

S3 Table. Top results for human TSC2—_vehicle vs. TSC2++_vehicle comparison. All

results with absolute fold change> 8 are included.

(XLSX)

S4 Table. Results of DAVID pathway analysis for differentially expressed genes from the

Tsc2-/- vs. Tsc2+/+ MEFs comparison. All results with enrichment scores> = 2 are included.

The genes used in the pathway analysis had fold change> = 10 or fold change < = 0.1 in this

comparison.

(XLSX)

IGF2 in LAM

PLOS ONE | https://doi.org/10.1371/journal.pone.0197105 May 14, 2018 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197105.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197105.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197105.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197105.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197105.s005
https://doi.org/10.1371/journal.pone.0197105


S5 Table. Results of DAVID pathway analysis for differentially expressed genes from the

TSC2—_vehicle vs. TSC2++_vehicle comparison in human. All results with enrichment

scores> = 2 are included. The genes used in the pathway analysis had fold change > = 8 or

fold change < = 0.125 in this comparison.

(XLSX)

S6 Table. Complete analysis of the methylation status of the imprinting control (IC1)

region of the IGF2 gene in human cell lines.

(XLSX)

Author Contributions

Conceptualization: Marisa S. Bartolomei, Jilly F. Evans, Vera P. Krymskaya.

Data curation: Blanca E. Himes, Kseniya Obraztsova, Lurong Lian, Maya Shumyatcher, Ryan

Rue, Elena N. Atochina-Vasserman, Stella K. Hur, Marisa S. Bartolomei, Jilly F. Evans,

Vera P. Krymskaya.

Formal analysis: Kseniya Obraztsova, Lurong Lian, Maya Shumyatcher, Ryan Rue, Elena N.

Atochina-Vasserman, Jilly F. Evans, Vera P. Krymskaya.

Funding acquisition: Blanca E. Himes, Vera P. Krymskaya.

Investigation: Blanca E. Himes, Kseniya Obraztsova, Lurong Lian, Marisa S. Bartolomei, Jilly

F. Evans, Vera P. Krymskaya.

Methodology: Blanca E. Himes, Kseniya Obraztsova, Lurong Lian, Marisa S. Bartolomei, Vera

P. Krymskaya.

Project administration: Vera P. Krymskaya.

Resources: Marisa S. Bartolomei, Vera P. Krymskaya.

Software: Blanca E. Himes, Kseniya Obraztsova.

Supervision: Blanca E. Himes, Marisa S. Bartolomei, Vera P. Krymskaya.

Validation: Blanca E. Himes, Kseniya Obraztsova, Lurong Lian, Ryan Rue, Marisa S. Bartolo-

mei, Jilly F. Evans, Vera P. Krymskaya.

Visualization: Blanca E. Himes, Kseniya Obraztsova, Lurong Lian, Ryan Rue, Elena N. Ato-

china-Vasserman, Jilly F. Evans, Vera P. Krymskaya.

Writing – original draft: Blanca E. Himes, Kseniya Obraztsova, Jilly F. Evans, Vera P.

Krymskaya.

Writing – review & editing: Blanca E. Himes, Kseniya Obraztsova, Marisa S. Bartolomei, Jilly

F. Evans, Vera P. Krymskaya.

References
1. Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell. 2017; 168

(6):960–76. https://doi.org/10.1016/j.cell.2017.02.004 PMID: 28283069

2. Manning BD. Game of TOR—The Target of Rapamycin Rules Four Kingdoms. N Engl J Med. 2017.

https://doi.org/10.1056/NEJMcibr1709384 PMID: 28874074

3. Carsillo T, Astrinidis A, Henske EP. Mutations in the tuberous sclerosis complex gene TSC2 are a

cause of sporadic pulmonary lymphangioleiomyomatosis. Proc Natl Acad Sci USA. 2000; 97:6085–90.

PMID: 10823953

IGF2 in LAM

PLOS ONE | https://doi.org/10.1371/journal.pone.0197105 May 14, 2018 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197105.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197105.s007
https://doi.org/10.1016/j.cell.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28283069
https://doi.org/10.1056/NEJMcibr1709384
http://www.ncbi.nlm.nih.gov/pubmed/28874074
http://www.ncbi.nlm.nih.gov/pubmed/10823953
https://doi.org/10.1371/journal.pone.0197105


4. Goncharova EA, Goncharov DA, Eszterhas A, Hunter DS, Glassberg MK, Yeung RS, et al. Tuberin reg-

ulates p70 S6 kinase activation and ribosomal protein S6 phosphorylation: a role for the TSC2 tumor

suppressor gene in pulmonary lymphangioleiomyomatosis. J Biol Chem. 2002; 277:30958–67. https://

doi.org/10.1074/jbc.M202678200 PMID: 12045200

5. Krymskaya VP, McCormack FX. Lymphangioleiomyomatosis: A Monogenic Model of Malignancy.

Annual Review of Medicine. 2017; 68(1):69–83. https://doi.org/10.1146/annurev-med-050715-104245

PMID: 28099079.

6. Henske EP, McCormack FX. Lymphangioleiomyomatosis—a wolf in sheep’s clothing. J Clin Invest.

2012; 122(11):3807–16. https://doi.org/10.1172/JCI58709 PMID: 23114603

7. Johnson SR, Cordier JF, Lazor R, Cottin V, Costabel U, Harari S, et al. European Respiratory Society

guidelines for the diagnosis and management of lymphangioleiomyomatosis. Eur Respir J. 2010; 35

(1):14–26. https://doi.org/10.1183/09031936.00076209 PMID: 20044458

8. Guertin DA, Sabatini DM. The Pharmacology of mTOR Inhibition. Sci Signal. 2009; 2(67):1–6; pe24.

https://doi.org/10.1126/scisignal.267pe24 PMID: 19383975

9. Bissler JJ, McCormack FX, Young LR, Elwing JM, Chuck G, Leonard JM, et al. Sirolimus for Angiomyo-

lipoma in Tuberous Sclerosis Complex or Lymphangioleiomyomatosis. N Engl J Med. 2008; 358

(2):140–51. https://doi.org/10.1056/NEJMoa063564 PMID: 18184959

10. McCormack FX, Inoue Y, Moss J, Singer LG, Strange C, Nakata K, et al. Efficacy and Safety of Siroli-

mus in Lymphangioleiomyomatosis. N Engl J Med. 2011; 364:1595–606. https://doi.org/10.1056/

NEJMoa1100391 PMID: 21410393

11. Goncharova EA, Goncharov DA, Li H, Pimtong W, Lu S, Khavin I, et al. mTORC2 Is Required for Prolif-

eration and Survival of TSC2-Null Cells. Mol Cell Biol. 2011; 31(12):2484–98. https://doi.org/10.1128/

MCB.01061-10 PMID: 21482669

12. McCormack FX. Chronic Sirolimus Therapy for Lymphangioleiomyomatosis. Am J Respir Crit Care

Med. 2014; 190(12):1332–3. https://doi.org/10.1164/rccm.201411-2032ED PMID: 25496098

13. Livingstone C. IGF2 and cancer. Endocr Relat Cancer. 2013; 20(6):R321–39. https://doi.org/10.1530/

ERC-13-0231 PMID: 24080445.

14. Brown J, Jones EY, Forbes BE. Keeping IGF-II under control: Lessons from the IGF-II–IGF2R crystal

structure. Trend Biochem Sci. 2009; 34(12):612–9. https://doi.org/10.1016/j.tibs.2009.07.003 PMID:

19796953

15. Valencia JC, Matsui K, Bondy C, Zhou J, Rasmussen A, Cullen K, et al. Distribution and mRNA Expres-

sion of Insulin-Like Growth Factor System in Pulmonary Lymphangioleiomyomatosis. Journal of Investi-

gative Medicine. 2015; 49(5):421.

16. Zhang H, Cicchetti G, Onda H, Koon HB, Asrican K, Bajraszewski N, et al. Loss of Tsc1/Tsc2 activates

mTOR and disrupts PI3K-Akt signaling through downregulation of PDGFR. J Clin Invest. 2003; 112

(8):1223–33. https://doi.org/10.1172/JCI17222 PMID: 14561707

17. Yu J, Astrinidis A, Howard S, Henske EP. Estradiol and tamoxifen stimulate LAM-associated angiomyo-

lipoma cell growth and activate both genomic and nongenomic signaling pathways. Am J Physiol Lung

Cell Mol Physiol. 2004; 286(4):L694–700. https://doi.org/10.1152/ajplung.00204.2003 PMID: 12922981

18. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq quantification. Nat Bio-

technol. 2016; 34(5):525–7. https://doi.org/10.1038/nbt.3519 PMID: 27043002.

19. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. 2016; URL http://www.R-project.org/.

20. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using

DAVID bioinformatics resources. Nat Protocols. 2008; 4(1):44–57. http://www.nature.com/nprot/

journal/v4/n1/suppinfo/nprot.2008.211_S1.html.

21. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-

seq aligner. Bioinformatics. 2013; 29(1):15–21. https://doi.org/10.1093/bioinformatics/bts635 PMID:

23104886; PubMed Central PMCID: PMCPMC3530905.

22. Hur SK, Freschi A, Ideraabdullah F, Thorvaldsen JL, Luense L, Weller AH, et al. Humanized H19/Igf2

locus reveals diverged imprinting mechanism between mouse and human and reflects Silver-Russell

Syndrome phenotypes. Proc Natl Acad Sci USA. 2016.

23. Goncharova Elena A, Goncharov Dmitry A, James Melane L, Atochina-Vasserman Elena N, Stepanova

V, Hong S-B, et al. Folliculin Controls Lung Alveolar Enlargement and Epithelial Cell Survival through E-

Cadherin, LKB1, and AMPK. Cell Reports. 2014; 7:412–23. https://doi.org/10.1016/j.celrep.2014.03.

025 PMID: 24726356

24. Seyama K, Mitani K, Kumasaka T, Gupta SK, Oommen S, Liu G, et al. Lymphangioleiomyoma Cells

and Lymphatic Endothelial Cells: Expression of VEGFR-3 in Lymphangioleiomyoma Cell Clusters. Am

J Pathol. 2010; 176(4):2051–4. https://doi.org/10.2353/ajpath.2010.091239 PMID: 20203284

IGF2 in LAM

PLOS ONE | https://doi.org/10.1371/journal.pone.0197105 May 14, 2018 14 / 16

https://doi.org/10.1074/jbc.M202678200
https://doi.org/10.1074/jbc.M202678200
http://www.ncbi.nlm.nih.gov/pubmed/12045200
https://doi.org/10.1146/annurev-med-050715-104245
http://www.ncbi.nlm.nih.gov/pubmed/28099079
https://doi.org/10.1172/JCI58709
http://www.ncbi.nlm.nih.gov/pubmed/23114603
https://doi.org/10.1183/09031936.00076209
http://www.ncbi.nlm.nih.gov/pubmed/20044458
https://doi.org/10.1126/scisignal.267pe24
http://www.ncbi.nlm.nih.gov/pubmed/19383975
https://doi.org/10.1056/NEJMoa063564
http://www.ncbi.nlm.nih.gov/pubmed/18184959
https://doi.org/10.1056/NEJMoa1100391
https://doi.org/10.1056/NEJMoa1100391
http://www.ncbi.nlm.nih.gov/pubmed/21410393
https://doi.org/10.1128/MCB.01061-10
https://doi.org/10.1128/MCB.01061-10
http://www.ncbi.nlm.nih.gov/pubmed/21482669
https://doi.org/10.1164/rccm.201411-2032ED
http://www.ncbi.nlm.nih.gov/pubmed/25496098
https://doi.org/10.1530/ERC-13-0231
https://doi.org/10.1530/ERC-13-0231
http://www.ncbi.nlm.nih.gov/pubmed/24080445
https://doi.org/10.1016/j.tibs.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19796953
https://doi.org/10.1172/JCI17222
http://www.ncbi.nlm.nih.gov/pubmed/14561707
https://doi.org/10.1152/ajplung.00204.2003
http://www.ncbi.nlm.nih.gov/pubmed/12922981
https://doi.org/10.1038/nbt.3519
http://www.ncbi.nlm.nih.gov/pubmed/27043002
http://www.R-project.org/
http://www.nature.com/nprot/journal/v4/n1/suppinfo/nprot.2008.211_S1.html
http://www.nature.com/nprot/journal/v4/n1/suppinfo/nprot.2008.211_S1.html
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1016/j.celrep.2014.03.025
https://doi.org/10.1016/j.celrep.2014.03.025
http://www.ncbi.nlm.nih.gov/pubmed/24726356
https://doi.org/10.2353/ajpath.2010.091239
http://www.ncbi.nlm.nih.gov/pubmed/20203284
https://doi.org/10.1371/journal.pone.0197105


25. Chao W, D’Amore PA. IGF2: Epigenetic regulation and role in development and disease. Cytokine &

Growth Factor Reviews. 2008; 19(2):111–20. http://dx.doi.org/10.1016/j.cytogfr.2008.01.005.

26. Kalish JM, Jiang C, Bartolomei MS. Epigenetics and imprinting in human disease. Int J Dev Biol. 2014;

58:291–8. https://doi.org/10.1387/ijdb.140077mb PMID: 25023695

27. Yu H, Lee H, Herrmann A, Buettner R, Jove R. Revisiting STAT3 signalling in cancer: new and unex-

pected biological functions. Nat Rev Cancer. 2014; 14(11):736–46. https://doi.org/10.1038/nrc3818

PMID: 25342631

28. Goncharova EA, Goncharov DA, Damera G, Tliba O, Amrani Y, Panettieri RA, et al. Signal Transducer

and Activator of Transcription 3 Is Required for Abnormal Proliferation and Survival of TSC2-Deficient

Cells: Relevance to Pulmonary Lymphangioleiomyomatosis. Mol Pharmacol. 2009; 76(4):766–77.

https://doi.org/10.1124/mol.109.057042 PMID: 19596836

29. Lin L, Amin R, Gallicano GI, Glasgow E, Jogunoori W, Jessup JM, et al. The STAT3 inhibitor NSC

74859 is effective in hepatocellular cancers with disrupted TGF-[beta] signaling. Oncogene. 2009; 28

(7):961–72. https://doi.org/10.1038/onc.2008.448 PMID: 19137011

30. Siddiquee K, Zhang S, Guida WC, Blaskovich MA, Greedy B, Lawrence HR, et al. Selective chemical

probe inhibitor of Stat3, identified through structure-based virtual screening, induces antitumor activity.

Proceedings of the National Academy of Sciences. 2007; 104(18):7391–6. https://doi.org/10.1073/

pnas.0609757104 PMID: 17463090

31. Barroca V, Lewandowski D, Jaracz-Ros A, Hardouin S-N. Paternal Insulin-like Growth Factor 2 (Igf2)

Regulates Stem Cell Activity During Adulthood. EBioMedicine. 2017; 15:150–62. https://doi.org/10.

1016/j.ebiom.2016.11.035 PMID: 28007480

32. Hardouin SN, Guo R, Romeo PH, Nagy A, Aubin JE. Impaired mesenchymal stem cell differentiation

and osteoclastogenesis in mice deficient for Igf2-P2 transcripts. Development. 2011; 138(2):203–13.

https://doi.org/10.1242/dev.054916 PMID: 21148188.

33. Wang K, Wang C, Xiao F, Wang H, Wu Z. JAK2/STAT2/STAT3 Are Required for Myogenic Differentia-

tion. J Biol Chem. 2008; 283(49):34029–36. https://doi.org/10.1074/jbc.M803012200 PMID: 18835816

34. Mo J-S, Meng Z, Kim YC, Park HW, Hansen CG, Kim S, et al. Cellular energy stress induces AMPK-

mediated regulation of YAP and the Hippo pathway. Nat Cell Biol. 2015; 17(4):500–10. https://doi.org/

10.1038/ncb3111 http://www.nature.com/ncb/journal/v17/n4/abs/ncb3111.html-supplementary-

information. PMID: 25751140

35. Clermont F, Nittner D, Marine JC. IGF2: the Achilles’ heel of p53-deficiency? EMBO Mol Med. 2012; 4

(8):688–90. https://doi.org/10.1002/emmm.201201509 PMID: 22829471; PubMed Central PMCID:

PMCPMC3494069.

36. Haley VL, Barnes DJ, Sandovici I, Constancia M, Graham CF, Pezzella F, et al. Igf2 pathway depen-

dency of the Trp53 developmental and tumour phenotypes. EMBO Mol Med. 2012; 4(8):705–18.

https://doi.org/10.1002/emmm.201101105 PMID: 22674894; PubMed Central PMCID:

PMCPMC3494071.

37. Daughaday WH, Emanuele MA, Brooks MH, Barbato AL, Kapadia M, Rotwein P. Synthesis and secre-

tion of insulin-like growth factor II by a leiomyosarcoma with associated hypoglycemia. N Engl J Med.

1988; 319(22):1434–40. https://doi.org/10.1056/NEJM198812013192202 PMID: 3185662.

38. Steigen SE, Schaeffer DF, West RB, Nielsen TO. Expression of insulin-like growth factor 2 in mesen-

chymal neoplasms. Mod Pathol. 2009; 22(7):914–21. https://doi.org/10.1038/modpathol.2009.48

PMID: 19407853.

39. D’Armiento J, Shiomi T, Marks S, Geraghty P, Sankarasharma D, Chada K. Mesenchymal Tumorigene-

sis Driven by TSC2 Haploinsufficiency Requires HMGA2 and Is Independent of mTOR Pathway Activa-

tion. Cancer Res. 2016; 76(4):844. https://doi.org/10.1158/0008-5472.CAN-15-1287 PMID: 26837766

40. Clemmons DR. Insulin-like growth factor binding proteins and their role in controlling IGF actions. Cyto-

kine & Growth Factor Reviews. 1997; 8(1):45–62. https://doi.org/10.1016/S1359-6101(96)00053-6.

41. Pollak M. Insulin and insulin-like growth factor signalling in neoplasia. Nat Rev Cancer. 2008; 8

(12):915–28. https://doi.org/10.1038/nrc2536 PMID: 19029956

42. Dai N, Christiansen J, Nielsen FC, Avruch J. mTOR complex 2 phosphorylates IMP1 cotranslationally

to promote IGF2 production and the proliferation of mouse embryonic fibroblasts. Gene Develop. 2013;

27(3):301–12. https://doi.org/10.1101/gad.209130.112 PMID: 23388827

43. Dai N, Rapley J, Angel M, Yanik MF, Blower MD, Avruch J. mTOR phosphorylates IMP2 to promote

IGF2 mRNA translation by internal ribosomal entry. Gene Develop. 2011; 25(11):1159–72. https://doi.

org/10.1101/gad.2042311 PMID: 21576258

44. Dai N, Zhao L, Wrighting D, Kramer D, Majithia A, Wang Y, et al. IGF2BP2/IMP2-Deficient mice resist

obesity through enhanced translation of Ucp1 mRNA and Other mRNAs encoding mitochondrial

IGF2 in LAM

PLOS ONE | https://doi.org/10.1371/journal.pone.0197105 May 14, 2018 15 / 16

http://dx.doi.org/10.1016/j.cytogfr.2008.01.005
https://doi.org/10.1387/ijdb.140077mb
http://www.ncbi.nlm.nih.gov/pubmed/25023695
https://doi.org/10.1038/nrc3818
http://www.ncbi.nlm.nih.gov/pubmed/25342631
https://doi.org/10.1124/mol.109.057042
http://www.ncbi.nlm.nih.gov/pubmed/19596836
https://doi.org/10.1038/onc.2008.448
http://www.ncbi.nlm.nih.gov/pubmed/19137011
https://doi.org/10.1073/pnas.0609757104
https://doi.org/10.1073/pnas.0609757104
http://www.ncbi.nlm.nih.gov/pubmed/17463090
https://doi.org/10.1016/j.ebiom.2016.11.035
https://doi.org/10.1016/j.ebiom.2016.11.035
http://www.ncbi.nlm.nih.gov/pubmed/28007480
https://doi.org/10.1242/dev.054916
http://www.ncbi.nlm.nih.gov/pubmed/21148188
https://doi.org/10.1074/jbc.M803012200
http://www.ncbi.nlm.nih.gov/pubmed/18835816
https://doi.org/10.1038/ncb3111
https://doi.org/10.1038/ncb3111
http://www.nature.com/ncb/journal/v17/n4/abs/ncb3111.html-supplementary-information
http://www.nature.com/ncb/journal/v17/n4/abs/ncb3111.html-supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/25751140
https://doi.org/10.1002/emmm.201201509
http://www.ncbi.nlm.nih.gov/pubmed/22829471
https://doi.org/10.1002/emmm.201101105
http://www.ncbi.nlm.nih.gov/pubmed/22674894
https://doi.org/10.1056/NEJM198812013192202
http://www.ncbi.nlm.nih.gov/pubmed/3185662
https://doi.org/10.1038/modpathol.2009.48
http://www.ncbi.nlm.nih.gov/pubmed/19407853
https://doi.org/10.1158/0008-5472.CAN-15-1287
http://www.ncbi.nlm.nih.gov/pubmed/26837766
https://doi.org/10.1016/S1359-6101(96)00053-6
https://doi.org/10.1038/nrc2536
http://www.ncbi.nlm.nih.gov/pubmed/19029956
https://doi.org/10.1101/gad.209130.112
http://www.ncbi.nlm.nih.gov/pubmed/23388827
https://doi.org/10.1101/gad.2042311
https://doi.org/10.1101/gad.2042311
http://www.ncbi.nlm.nih.gov/pubmed/21576258
https://doi.org/10.1371/journal.pone.0197105


proteins. Cell Metab. 2015; 21(4):609–21. https://doi.org/10.1016/j.cmet.2015.03.006 PMID:

25863250; PubMed Central PMCID: PMCPMC4663978.

45. Ding M, Bruick RK, Yu Y. Secreted IGFBP5 mediates mTORC1-dependent feedback inhibition of IGF-1

signalling. Nat Cell Biol. 2016; 18(3):319–27. https://doi.org/10.1038/ncb3311 http://www.nature.com/

ncb/journal/v18/n3/abs/ncb3311.html - supplementary-information. PMID: 26854565

46. Li X, Liu X, Zhang L, Li C, Zhang E, Ma W, et al. Insulin growth factor binding protein 2 mediates the pro-

gression of lymphangioleiomyomatosis. Oncotarget. 2017; 8(22):36628–38. https://doi.org/10.18632/

oncotarget.16695 PMID: 28410230; PubMed Central PMCID: PMCPMC5482682.

47. Simpson A, Petnga W, Macaulay VM, Weyer-Czernilofsky U, Bogenrieder T. Insulin-Like Growth Factor

(IGF) Pathway Targeting in Cancer: Role of the IGF Axis and Opportunities for Future Combination

Studies. Targeted Oncology. 2017. https://doi.org/10.1007/s11523-017-0514-5 PMID: 28815409

48. Friedbichler K, Hofmann MH, Kroez M, Ostermann E, Lamche HR, Koessl C, et al. Pharmacodynamic

and Antineoplastic Activity of BI 836845, a Fully Human IGF Ligand-Neutralizing Antibody, and Mecha-

nistic Rationale for Combination with Rapamycin. Mol Cancer Ther. 2014; 13(2):399. https://doi.org/10.

1158/1535-7163.MCT-13-0598 PMID: 24296829

49. Cortes J, Martinez Janez N, Sablin M-P, Perez-Fidalgo JA, Neven P, Hedayati E, et al. Phase 1b/2 trial

of BI 836845, an insulin-like growth factor (IGF) ligand-neutralizing antibody, combined with exemes-

tane (Ex) and everolimus (Ev) in hormone receptor-positive (HR+) locally advanced or metastatic breast

cancer (BC): primary phase 1b results. Journal of Clinical Oncology. 2016;34(15_suppl):530–. https://

doi.org/10.1200/JCO.2016.34.15_suppl.530

IGF2 in LAM

PLOS ONE | https://doi.org/10.1371/journal.pone.0197105 May 14, 2018 16 / 16

https://doi.org/10.1016/j.cmet.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25863250
https://doi.org/10.1038/ncb3311
http://www.nature.com/ncb/journal/v18/n3/abs/ncb3311.html
http://www.nature.com/ncb/journal/v18/n3/abs/ncb3311.html
http://www.ncbi.nlm.nih.gov/pubmed/26854565
https://doi.org/10.18632/oncotarget.16695
https://doi.org/10.18632/oncotarget.16695
http://www.ncbi.nlm.nih.gov/pubmed/28410230
https://doi.org/10.1007/s11523-017-0514-5
http://www.ncbi.nlm.nih.gov/pubmed/28815409
https://doi.org/10.1158/1535-7163.MCT-13-0598
https://doi.org/10.1158/1535-7163.MCT-13-0598
http://www.ncbi.nlm.nih.gov/pubmed/24296829
https://doi.org/10.1200/JCO.2016.34.15_suppl.530
https://doi.org/10.1200/JCO.2016.34.15_suppl.530
https://doi.org/10.1371/journal.pone.0197105

