The American Journal of Pathology, Vol. 195, No. 8, August 2025

LSEVIER

The American Journal of

PATHOLOGY

ajp.amjpathol.org

CARDIOVASCULAR, PULMONARY, AND RENAL PATHOLOGY

Autocrine Transforming Growth Factor-f3

‘ W) Check for updates ‘

Signaling Promotes Cell Motility and Chemokine
Secretion in an Angiomyolipoma-Derived Cell Model of
Lymphangioleiomyomatosis

Anna Moskal,* Rafat Myrczek,* Mateusz Wawro,* Lara R. Auladell,” Alexandra Baiges, Irene Garcia,' Francesca M. Gonzalez,'

§

Miquel A. Pujana,“ﬁ Jakub Kochan,* Alicja Hinz,* Elzbieta Radzikowska,® Sophie Lucas, ¥ Joanna Bereta,* and

Renata Mezyk-Kopec*

From the Faculty of Biochemistry, Biophysics and Biotechnology,* Jagiellonian University, Krakow, Poland; ProCURE," Catalan Institute of Oncology,
Oncobell, Bellvitge Institute for Biomedical Research (IDIBELL), L’Hospitalet del Llobregat, Spain; the Girona Institute for Biomedical Research (IDIBGI),}
Salt, Spain; the Department of Lung Diseases 111} National Tuberculosis and Lung Disease Research Institute, Warsaw, Poland; and the de Duve Institute, Y

UCLouvain, Brussels, Belgium

Accepted for publication
April 22, 2025.

Address correspondence to
Renata Mezyk-Kopec, Ph.D.,
Faculty of Biochemistry,
Biophysics and Biotechnology,
Jagiellonian University, ul.
Gronostajowa 7, 30-387
Krakow, Poland.

E-mail: renata.mezyk-kopec@
uj.edu.pl.

Lymphangioleiomyomatosis (LAM) is a rare systemic disease that affects young women and is classified as
a low-grade metastasizing neoplasm. It is characterized by uncontrolled proliferation of LAM cells within
the lung parenchyma, which results from loss-of-function mutations in tuberous sclerosis complex 2 (7S€2)
or 1 (75C1) and activation of the mechanistic target of rapamycin complex 1. Abnormal cell growth leads to
cyst formation and lung damage. Rapamycin-based therapy is the only approved treatment. Although it
stabilizes the lung function in most patients, it has several limitations. Therefore, new therapeutic
strategies are needed. This study examined the role of transforming growth factor-B (TGF-B), a pleiotropic
cytokine with well-established protumorigenic activity, in LAM cell biology. Using a TSC2-deficient
angiomyolipoma-derived cell line indicated that 7SC2~/~ cells exhibited a higher expression of TGF81
and TG6FB3 than cells with restored TSC2 expression. Additionally, TSC2™/~ cells expressed glycoprotein-A
repetitions predominant and integrin B8, which promote TGF- activation. Inhibition of TGF-f signaling in
752~/ cells reduced their migration in a wound healing assay, impaired transmigration through a three-
dimensional matrix, and decreased the expression of monocyte chemoattractant protein-1. These findings
provide new insights into the regulation of processes contributing to LAM progression and point to TGF-8
as one of the potential targets for LAM treatment. (Am J Pathol 2025, 195: 1394—1410; https://doi.org/
10.1016/j.ajpath.2025.04.019)
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Role of TGF-B in TSC2™"~ Cells

Lymphangioleiomyomatosis (LAM) is a rare progressive
lung disease affecting predominantly women of reproduc-
tive age.' ” Its pulmonary form can be associated with
extrapulmonary LAM manifested as renal angiomyolipoma
(AML) or lymphatic abnormalities.”’ The clinical mani-
festations of LAM include signs of pulmonary dysfunction,
such as dyspnea and recurrent pneumothorax.® Histologi-
cally, pulmonary LAM is characterized by the presence of
thin-walled cysts and nodules within lung parenchyma.”®
LAM arises from the infiltration of the lungs by smooth
muscle-like cells (LAM cells), which originate from
extrapulmonary tissue and spread through lymphatic and
blood vessels.”'” The origin of LAM cells remains a sub-
ject of ongoing debate, with various theories suggesting
potential sources, such as the uterus (uterine leiomyo-
mas),'""'> lung mesenchyme,'”'* or lymphatic endothe-
lium.”” LAM cells are characterized by uncontrolled
proliferation, a consequence of biallelic loss-of-function
mutations in the tuberous sclerosis complex 2 (TSC2) or
tuberous sclerosis complex 1 (TSCI).” LAM cells deprived
of functional TSC1/TSC2 complexes display elevated levels
of GTP-bound Ras homolog enriched in the brain (Rheb-
GTP), which, in turn, sustains the activation of the mech-
anistic target of rapamycin (mTOR), a serine/threonine
protein kinase, a component of mTOR complex 1
(mTORCT1), which orchestrates crucial cellular processes,
including protein biosynthesis, cell growth, and prolifera-
tion.'® Although increased proliferation is the most pro-
found feature of LAM cells, the lack of functional TSC1/
TSC2 complex and dysregulated mTORCI signaling
pathway impacts the expression and activity of numerous
proteins. Up-regulated expression of matrix metal-
loproteinases, especially matrix metalloproteinases 2, 7, and
9,]7’]8 increased secretion of chernokines,3 and over-
expression of immune checkpoint proteins, such as pro-
grammed death ligand 1 and B7-H3 (CD276)'**" enables
LAM cells to exploit cancer-specific mechanisms of sur-
rounding tissue destruction, invasion, metastasis, and im-
mune evasion. Consequently, LAM has been classified as a
low-grade, metastasizing neoplasm.”’ So far, despite the
enormous advancement in understanding the molecular
mechanisms that govern LAM progression, a rapamycin-
based therapy remains the sole US Food and Drug
Administration—approved LAM treatment.”> Rapamycin
inhibits mTOR within mTORC1, displaying the potential to
impede mTORCI1-driven LAM progression and stabilize
lung function.”** Although a significant fraction of pa-
tients with LAM have a favorable response to rapamycin-
based therapy, this treatment has several limitations.”*
Moreover, because of its cytostatic nature, rapamycin-
based treatment must continue throughout life. However,
this regimen may impose a risk of acquired drug resistance,
which could significantly reduce its therapeutic efficacy.”
This highlights the need for the identification of novel
therapeutic approaches, either applied as monotherapy or in
combination with rapamycin.”’
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Transforming growth factor-B (TGF-f) is a pleiotropic
cytokine that plays a vital role in sustaining homeostasis
through the regulation of a wide range of processes, including
differentiation, proliferation, migration, and apoptosis.”®
Three TGF-B isoforms (namely, TGF-B1, TGF-B2, and
TGF-B3) have been identified, with TGF-B1 displaying
ubiquitous expression.”” TGF-B is secreted from a cell in
inactive form, complexed with latency-associated peptide
(LAP) and latent TGF-8 binding proteinm or transmembrane
glycoprotein-A repetitions predominant (GARP).”' Active
TGF-B may be released from its latent complexes through the
proteolytic cleavage or due to the conformational changes
imposed on the complex after binding of integrins to the Arg-
Gly-Asp (RGD) integrin binding motif within LAP.*'~*
TGF-B signals through a heterotetrameric complex that con-
sists of two types of TGF-f receptors displaying serine/thre-
onine kinase activity: TGF-P type I receptor [alias activin-like
kinase 5 (ALKS5)] and TGF-B type II receptor.”* TGF-B
triggers the activation of the canonical Smad-dependent
pathway and/or the noncanonical pathways, like mitogen-
activated protein kinase, Rho family GTPase, and phospha-
tidylinositol 3-kinase/Akt.”** The outcome of TGF-B
signaling is highly context-dependent and may vary between
the cell types and their developmental stages and may be
determined by the type and activation status of the sur-
rounding microenvironment.”*’ The dual role of TGF-B is
particularly manifested during tumorigenesis.”® At the early
stages of tumor development, TGF- acts as a potent tumor
suppressor, demonstrating robust anti-proliferative and pro-
apoptotic activity.””*” However, during the advanced stages
of tumor development, tumor cells acquire the ability to
escape from TGF-B—mediated suppression, thereby con-
verting TGF-P into a potent tumor-promoting agent."'

Elevated TGF-B1 levels have been observed in LAM lung
nodules.*” Given its protumorigenic role, it was hypothesized
that TGF-B may contribute to LAM progression by directly
stimulating LAM cells. In this study, a TSC2-null cell line,
derived from the angiomyolipoma of a patient with LAM,
exhibited increased expression of TGFG1 and TGF(3
compared with that in cells with restored TSC2 expression.
Moreover, TSC2-null cells expressed GARP and integrin 38
involved in the membrane presentation and activation of TGF-
B. Interestingly, even though TSC2-null cells exhibit sensi-
tivity to TGF-B, they apparently reprogrammed the TGF-3
signaling pathway to evade its anti-proliferative effects.
Instead, TGF-f facilitated their migration and up-regulated the
expression of monocyte chemoattractant protein-1 (MCP-1).
Presented data point to TGF-f as one of the factors that may
directly impact LAM cells and promote LAM progression.

Materials and Methods
Cell Lines and Cell Culture

TSC2-null 621-101 cell line, further referred to as TSC2™,
established from a renal angiomyolipoma of patient with
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LAM™ and its derivatives (621-103 cell line re-expressing
TSC2 and 621-102 cell line transfected with a correspond-
ing empty vector)™* were obtained from Professor Elisabeth
Henske (Brigham and Women’s Hospital and Harvard
Medical School, Boston, MA). Mink lung epithelial TGF-f3
reporter cell line, tMLEC, expressing luciferase under the
control of plasminogen activator inhibitor 1 (PAI-1) pro-
moter,”” was provided by Professor Sophie Lucas (de Duve
Institute, Brussels, Belgium). All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Thermo Fisher Scientific, Waltham, MA) with 4.5 g/L
glucose supplemented with 10% fetal bovine serum (FBS;
Gibco), later referred to as a growth medium. The cells were
cultured under standard conditions (37°C, 5% CO,, and
95% humidity). Mycoplasma 16S rDNA PCR was con-
ducted to check for Mycoplasma contamination.

Generation of TSC2 -Derived Cell Line with Restored
TSC2 Expression

TSC2 coding sequence was obtained from HEK-293 cells. Total
RNA was isolated from the cells using thiocyanate-phenol-
chloroform extraction method,*® and 1 pg of RNA was reverse
transcribed using M-MLV reverse transcriptase (Promega,
Madison, WI) following manufacturer’s recommendations using
oligo(dT);s primer (Genomed SA, Warsaw, Poland). The coding
sequence of TSC2 was PCR amplified using Q5 High-Fidelity
DNA Polymerase (New England Biolabs, Ipswich, MA) with
the following primers, 5-TGGCCTCTGAGGCCTCAC-
CATGGCCAAACCAACAAGC-3  (forward) and 5'-
TGGCCTGACAGGCCTCACACAAACTCGGTGAAGTC-
3’ (reverse). The primers were designed to contain Sfil-
restriction sites GGCCNNNNGGCC partially complemen-
tary to the pSB vector sequences, ensuring proper orientation
of the inserted sequence as well as providing Kozak sequence.
PCR products were resolved in 1% agarose gel, and the band
corresponding to TSC2 cDNA was cut out. DNA was purified
using Gel/PCR ME MiniKit (Syngen Biotech, Warsaw
Poland), cloned into pJET1.2/blunt using CloneJET PCR
Cloning Kit (Thermo Fisher Scientific) and sequenced using
sequencing pJET1.2 primers and five additional 7SC2-specific
primers (Table 1). The sequence was identified as a TSC2
transcript isoform 5 (NIH Nucleotide database, https://www.
ncbi.nlm.nih.gov/mucleotide;  record  NM_001114382.3)
using NIH Nucleotide BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi).

For the generation of the Sleeping Beauty transposon
vector, a Sfil-flanked 7SC2 sequence was subcloned from
pJET1.2 into Sfil-linearized pSBbi-GP-PuroR"’ [a gift from
Eric Kowarz (Institute of Pharmaceutical Biology, Goethe
University, Frankfurt, Germany); Addgene (Watertown,
MA) plasmid number 60511]. The obtained vector was
named pSBbi-GP-PuroR-TSC2.

TSC2 cells (8 x 10* per well of 12-well plate in 1 mL of
culture medium) were cotransfected with pSBbi-GP-PuroR-
TSC2 or empty pSBbi-GP-PuroR (975 ng) and
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Table 1  Sequences of pJET1.2 Sequencing Primers and TSC2-
Specific Primers

Primer Sequence

pJET1.2 reverse 5'-AAGAACATCGATTTTCCATGGCAG-3’
sequencing primer
pJET1.2 forward
sequencing primer
TSC2_pJET_seq_1
TSC2_pJET_seq_2
TSC2_pJET_seq_3
TSC2_pJET_seq_4
TSC2_pJET_seq_5

5'-CGACTCACTATAGGGAGAGCGGC-3’

5'-TACAACATGTGCCACCTCATG-3'
5/-TTCAGACCAAGCTGTACACC-3’
5/-CCCATCACGTCATAGCCATG-3’
5'-GCTGATGAGCCTGGAGAAC-3'
5/-TGTTCCTGCAGCTCTACCATTC-3’

TSC, tuberous sclerosis complex.

pCMV(CAT)T7-SB100 coding for transposase (25 ng) [a
gift from Zsuzsanna Izsvak (Max Delbriick Center for
Molecular Medicine, Berlin, Germany); Addgene plasmid
number 34879]** using Lipofectamine LTX (Thermo Fisher
Scientific), following a manufacturer’s protocol. The next
day, the cells were transferred to 6-well plates, and stably
transfected cells were selected by puromycin (10 pg/mL).

Analysis of Gene Expression by Quantitative RT-PCR

Total cellular RNA was isolated from the TSC2™ and TSC2™-
derived cells, and the samples of 1 pug were reverse transcribed
as described in Generation of TSC2™ -Derived Cell Line with
Restored TSC2 Expression. The levels of particular cDNAs
were analyzed by real-time quantitative PCR on an Eco Real-
Time PCR System (Illumina, San Diego, CA) using Start-
Warm HS-PCR Mix (A&A Biotechnology, Gdansk, Poland)
and specific primers (Table 2; TGF-p type Il receptor—specific
primers from Primer Bank, identifier 133908633c1’). The
annealing temperature for all primers was 60°C. The evaluated
efficiency of all primer pairs exceeded 90%. The relative
changes in transcript levels were assessed using the delta-delta
cycle threshold (AACt) method with TBP as a housekeeping
gene. The analyzed sublines did not show any differences in
TBP expression levels.

Assessing the Impact of TSC2 and mTORC1 Signaling
Pathway on the Levels of Selected Genes

TSC2™ and TSC2 -derived cell lines were plated on 6-well
plates (2 x 10° cells/well) and cultured overnight in the
growth medium. Next, the growth medium was replaced
with DMEM containing FBS reduced to 2% concentration,
further referred to as DMEM + 2% FBS. The cells were
cultured in DMEM + 2% FBS for 48 hours in the presence
or absence of rapamycin (20 nmol/L; Millipore, Sigma-
Aldrich, Inc., St. Louis, MO) or its solvent, dimethyl sulf-
oxide, and subjected to quantitative RT-PCR analysis, or
harvested from a plate using trypsin/EDTA, or, in the case
of analyzing membrane-displayed GARP—LAP—TGF-f1
complexes with 3 mmol/L EDTA/phosphate-buffered saline
(PBS), and then subjected to flow cytometry analysis.

ajp.amjpathol.org m The American Journal of Pathology
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Table 2  gPCR Primer Sequences
cDNA Primers
GARP F: 5 -GCTGCACAACACCAAGACAA-3'
R: 5'-GCTGATCTCATTGGTGCTCA-3’
Integrin B8 F: 5'-CACCCCGAAAGGATTCATAA-3'
R: 5'-CCAGCAGCAATCTTTTAGCC-3’
MCP-1 F: 5 -TCTGTGCCTGCTGCTCATAG-3'
R: 5'-CAGATCTCCTTGGCCACAAT-3’
TGF-B1 F: 5 -CACGTGGAGCTGTACCAGAA-3’
R: 5'-CACGTGGAGCTGTACCAGAA-3’
TGF-B2 F: 5 -CTGTCCCTGCTGCACTTTTGTA-3'
R: 5'-TGTGGAGGTGCCATCAATACCT-3’
TGF-B3 F: 5'-AGATCCTTCGGCCAGATGAG-3’
R: 5'-TCTCCATTGGGCTGAAAGGT-3’
PAI-1 F: 5 -CTCTCTCTGCCCTCACCAAC-3’
R: 5'-GTGGAGAGGCTCTTGGTCTG-3’
TBR1 F: 5 -ACAACGTCAGGTTCTGGCTC-3’
R: 5'-TTCTTCTCCCCGCCACTTTC-3’
TBR2%° F: 5-GTAGCTCTGATGAGTGCAATGAC-3'
R: 5'-CAGATATGGCAACTCCCAGTG-3'
TBP F: 5 -TAGAAGGCCTTGTGCTCACC-3’
R: 5'-GAGCCATTACGTCGTCTTCC-3’

F, forward; GARP, glycoprotein-A repetitions predominant; MCP-1,
monocyte chemoattractant protein-1; PAI-1, plasminogen activator inhib-
itor 1; qPCR, real-time quantitative PCR; R, reverse; TBP, TATA-box binding
protein; TBR1, TGF-B type I receptor; TBR2, TGF-B type II receptor.

Assessing the Impact of TGF-B on the Expression of
Selected Cytokines

TSC2™ cells were seeded on 6-well plates (2 x 10° cells/
well) and cultured overnight. Then, the growth medium was
replaced with DMEM + 2% FBS and the following in-
hibitors of TGF-B signaling were added to some wells:
SB431542 (10 umol/L), an inhibitor of ALK4, ALKS, and
ALK7, later referred to as ALK4/5/7 inhibitor’’; and
LY364947 (10 umol/L), an inhibitor of ALKS, later referred
to as ALKS inhibitor (Sigma-Aldrich). An appropriate vol-
ume of dimethyl sulfoxide (a solvent for inhibitors) was
added to control wells. In parallel experiments, TSC2™ cells
were incubated for 24 hours in DMEM + 2% FBS in the
presence or absence of exogenous TGF-f1, TGF-$2, or
TGF-B3 (2 ng/mL; PeproTech, Cranbury, NJ). The levels of
MCP-1 were measured in culture media using enzyme-
linked immunosorbent assay (Human CCL2/MCP-1 Duo-
Set ELISA; R&D Systems, Minneapolis, MN), according to
a manufacturer’s protocol. The levels of MCP-1 transcript
were analyzed by quantitative RT-PCR.

Co-Culture of TSC2-Null Cells with TGF- Reporter Cell
Line (tMLEC)

TSC2™ cells seeded on 96-well plates (I x 10*well or
0.5 x 10*well) were cultured overnight. Next, they were
washed with PBS, and the growth medium was replaced
either with DMEM + 2% FBS or DMEM + 2% FBS
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containing SB431542 (ALK4/5/7 inhibitor; 10 pumol/L), or
the monoclonal antibody (clone MHGS8; 10 pg/mL) that
blocks the release of active TGF-f1  from
GARP—LAP—-TGF-B1 complexesf' later referred to as o-
GARP. An appropriate volume of dimethyl sulfoxide or
mouse [gG2a antibodies (10 pg/mL) was added to the
corresponding control wells. Next, 1 x 10* tMLEC cells
were added to each well and co-cultured with TSC2™ cells
for 24 hours. Monocultured tMLEC cells served as a control
for each condition. The activity of luciferase was assessed
by a Luciferase assay system (Promega), according to a
manufacturer’s protocol. The activity of luciferase in each
co-culture condition was normalized to luciferase activity in
its respective control monocultured tMLEC cells.

Immunohistochemistry

The LAM tissue study was approved by the Ethics Committee
of Bellvitge Institute for Biomedical Research and the Uni-
versity Hospital of Bellvitge (reference PR104/20). The
samples corresponded to 10 lung biopsies of women with a
clinical LAM diagnosis based on outlined guidelines.’*””
The immunohistochemical assays were performed on serial
formalin-fixed, paraffin-embedded tissue sections (4 pm
thick) using an EnVision kit (Dako, Agilent, Santa Clara,
CA). Following antigen retrieval using EDTA (pH 8.0) for
anti-CD68 (Abcam, Cambridge, UK; ab955), anti—TGF-2
(Invitrogen, Thermo Fisher Scientific, Waltham, MA; MAS-
37505), anti—TGF-B3 (Invitrogen; PA5-78197), and citrate
buffer (pH 6.0) for anti—MCP-1 (R&D Systems; MAB679)
and anti—TGF-B1 (R&D Systems; AB-246-NA), sections
were blocked with 3% hydrogen peroxide and a serum-based
blocking solution. Primary antibodies were applied overnight
at 4°C at the following dilutions: anti-CD68 (1:200),
anti—chemokine (C-C motif) ligand 2 (1:25), anti—TGF-B1
(1:200), anti—TGF-B2 (1:50), and anti—TGF-B3 (1:500).
Secondary peroxidase-conjugated antibodies
(Envision+ system-HRP; Dako) were used. Sections were
hematoxylin counterstained and examined with a Nikon
Eclipse 80i microscope (Nikon Instruments, Melville, NY).
Images were captured under a bright field at x4 to x40
magnification using a Nikon Digital Sight color video
camera linked to a computer system. The positive control
tissue was defined on the basis of evidence from the Human
Protein Atlas’ and included normal colon and skin tissue.

Flow Cytometry Analysis

The cells were detached from the plate with Trypsin/EDTA or
as in the case of analysis of GARP—LAP—TGF-B1 complexes
with 3 mmol/L EDTA/PBS, washed twice with PBS, and
incubated with the LIVE/DEAD fixable dead cell stain
(Thermo Fisher Scientific), according to a manufacturer’s
protocol to exclude dead cells from the analysis. Next, the cells
were incubated for 20 minutes at 4°C with the following pri-
mary antibodies or their respective isotype controls diluted in
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PBS supplemented with 5% FBS: phosphatidylethanolamine-
conjugated anti-human GARP/mouse IgG2b (1 pg/mL; clone
7B11; BioLegend, San Diego, CA), unconjugated anti-human
integrin B8/mouse IgG2b (2 pg/mL; clone 416922; R&D
Systems), and unconjugated anti-human GARP—LAP—TGF-
B1/mouse IgG2a (10 pg/mL; clone MHGS”"). The cells incu-
bated with unconjugated primary antibodies were next stained
for 20 minutes at 4°C with the phosphatidylethanolamine-
conjugated goat anti-mouse IgG (Thermo Fisher Scientific)
diluted 1:1000 in PBS supplemented with 5% FBS. The cells
were analyzed using LSR Fortessa flow cytometer and FlowJo
software version 10.7.1 (BD Bioscience, Franklin Lakes, NJ).

Wound Healing Assay

TSC2™ cells were seeded on 24-well plates (1.3 x 10° cells/
well) and cultured overnight. The medium was replaced for
DMEM + 2% FBS, and the cells were treated with inhibitors
of TGF-f signaling, as described in Assessing the Impact of
TGF-B on the Expression of Selected Cytokines. After 24
hours, cell monolayers were manually wounded with a white
pipette tip, detached cells were washed out with PBS, and
fresh DMEM + 2% FBS enriched with relevant inhibitors
was added to appropriate wells. For each wound, images of
three randomly selected regions were captured right after
wounding (day 0) and after 18 hours (day 1) using Leica DM
IL LED fluorescent microscope (Leica Microsystems, Wet-
zlar, Germany). The wound area at both time points was
analyzed using Image] software version 1.54p (NIH,
Bethesda, MD; http://imagej.org). To assess the rate of cell
migration, the percentage of wound closure was calculated
according to the following formula and normalized to the
corresponding control: wound closure (%) = [(area day
0 — area day 1)/(area day 0)] x 100%.

Three-Dimensional Collagen Type I/Matrigel
Transmigration Assay

TSC2™ cells seeded on 6-well plates (1.2 x 10°/well) were
cultured overnight. The growth medium was replaced with
DMEM + 2% FBS, and the cells were treated with in-
hibitors of TGF-B signaling, as described in Assessing the
Impact of TGF-B on the Expression of Selected Cytokines.
After 24 hours, the cells were collected from the plate,
counted, and 1.2 x 10 cells from each experimental group
were embedded in a matrix composed of 10% Matrigel and
2% collagen type I and placed in 12-mm inserts with an 8-
pm pore membrane (Corning, Sigma-Aldrich). DMEM +
2% FBS medium enriched with respective inhibitors or
controls was added to the lower and upper chambers. After
18 hours, gels were removed from the inserts, and non-
transmigrated cells were removed from the upper chamber
with a cotton swab. The membranes were fixed in 2%
paraformaldehyde in PBS and stained with DAPI (1 pg/mL;
Thermo Fisher Scientific). Images of five random areas of
the insert were captured using a Leica DM IL LED
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fluorescent microscope. The cells were counted using
ImagelJ software version 1.54p, and the average number of
transmigrated cells was normalized to the respective control
within each experiment.

Statistical Analysis

GraphPad Prism 10.4.1 (GraphPad Software Inc., San Diego,
CA) was used for the statistical analysis and generation of
graphs. Two groups were compared using an unpaired two-
tailed #-test. More than two groups were analyzed with one- or
two-way analysis of variance with the Bonferroni test for
multiple comparison correction. Real-time quantitative PCR
data were analyzed using unpaired two-tailed #-test with
Welch correction or repeated-measures one-way analysis of
variance or repeated-measures two-way analysis of variance,
with Geisser-Greenhouse correction and the Bonferroni test
for multiple comparison correction. Data are presented as
means £ SD; P < 0.05 was regarded as statistically significant.

Results

AML-Derived TSC2™ Cells Display Up-Requlated
Expression of TGFB1 and TGFB3 and Retain
Responsiveness to TGF-B

LAM lesions enriched in proliferating diseased cells exhibit
significant deposition of TGF-B1 in the extracellular matrix.
In contrast, in normal lung tissue, TGF-B1 primarily localizes
to the bronchial epithelium and vascular endothelium.*” Data
from a single-cell transcriptomic analysis of the lung, uterus,
and kidney of patients with LAM deposited in the LAM Cell
Atlas (LCA) database’ indicate that LAM cells also express
two other isoforms of TGFB, TGF32 and TGF(33, both of
which are known to play roles in tumor progression.”*”’

To gain a better insight into the regulation of TGF-8
expression in LAM cells, the role of TSC2 in the regulation
of TGF (1, TGFB2, and TGF(33 expression was assessed. To
this end, 621-101 cell line, the TSC2-null cell line derived
from AML of a patient with LAM (further referred to as
TSC27) was used along with the sublines transfected with
either empty- (621-102 cells) or TSC2-coding vector (621-
103 cells), further referred to as EV-1 and TSC2%t-1,
respectively. Given that the clonal sublines may not fully
represent the heterogeneity of the parental cell population,’®
a second parallel pair of 621-101—derived sublines, EV-2
and TSC2*-2, was generated. To preserve the heterogene-
ity of the parental cell line, the Sleeping Beauty transposon
system was used, enabling efficient stable integration of
transgenes into the genome.””

Growth factors present in serum may hamper the activity
of TSC2. Thus, to ensure the full manifestation of the ac-
tivity of restored TSC2, TSC2™" cells should be cultured in
serum-reduced conditions. Because the complete removal of
FBS reduces the expression of certain genes of interest
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(Supplemental Figure S1), all experimental procedures were
conducted in DMEM containing FBS reduced to 2% con-
centration, further referred to as DMEM + 2% FBS. Cells
with restored expression of TSC2 cultured in the presence of
2% FBS displayed decreased activity of the mTORCI1
pathway (assessed by the decreased level of phosphorylated
S6 ribosomal protein) and lower proliferation rate compared
with that in TSC2™ parental cell line (Supplemental
Figure S2). To compare the expression levels of TGF{1,
TGF@B2, and TGFB3 in TSC2~, TSC2"-1, and TSC2*-2
cells, quantitative RT-PCR analysis was conducted, and a
significant decrease in TGFB/ and TGF(3 transcript levels
following the restoration of TSC2 expression was observed
(Figure 1A). The negative correlation between TGF(2 and
TSC2 expression was not obvious. Although there was a
significant decrease in TGFG2 levels in TSC2H-1 cells, its
expression was elevated in the TSC2*-2 cell line compared
with the corresponding control lines, EV-1 and EV-2. The
possible source of this discrepancy is proposed in the
Discussion section.

Given that lack of TSC2 may affect the expression of
certain genes in an mTOR-independent manner,” the role
of mTORC1 signaling pathway in the up-regulation of
TGFB1 and TGF(B3 in TSC2™ cells was examined next.
TSC2™ cells were treated with rapamycin, an inhibitor of
mTORCI1 (Figure 1B). Although the levels of TGFB1 were
elevated in TSC2 ™ cells compared with both cell lines with
restored TSC2 expression, it remained unaffected by rapa-
mycin treatment, implying that its up-regulation is not
driven by mTORCI signaling pathway. In contrast, inhibi-
tion of mTORCI led to a significant decrease in the TGF(33
levels, suggesting mTORC1-mediated up-regulation of its
expression in LAM cells.

The expression of TGF-f isoforms was analyzed in lung
tissue biopsies from women with LAM. TGF-B1 was
detected in diseased areas of all 10 patient samples
(Figure 1C and Supplemental Figure S3). TGF-B1 staining
in diseased nodules was quantified and compared with the
negative control (tissue samples processed without primary
antibody). Clear differences in staining relative to the
negative controls were observed. The distribution of TGF-
B1 positivity in LAM diseased areas appeared variable,
potentially reflecting heterogeneity among the lesions in
terms of cellular composition, histologic features, and dis-
ease state (Supplemental Figure S3). In addition to TGF-f1,
TGF-B3 showed prominent expression within LAM lung
nodules, whereas TGF-B2 was not detected (Figure 1C).
Normal skin and colon tissue sections were used as a pos-
itive control for the expression of these factors
(Supplemental Figure S4).

Tumor cells may escape anti-proliferative and pro-
apoptotic signals triggered by TGF-B by down-regulating
their responsiveness to this cytokine.”’"®* To evaluate
whether this applies to LAM cells, the expression levels of
TGF-B receptors in TSC2™ cells were assessed. Both
TGFBRI (ALK5) and TGFBR2 were expressed in TSC2™
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cells at levels comparable to TSC2-restored sublines
(Figure 1D), and their expression levels were not changed
by rapamycin (Figure 1E). Next, the responsiveness of
TSC2™ cells to TGF-B stimulation was analyzed. To this
end, TSC2™ cells were treated with TGF-B1, TGF-2, or
TGF-B3, and the expression of PAI-I, a TGF-
B—upregulable gene, was measured (Figure 1F). All three
TGF-B isoforms significantly stimulated PAI-I expression
in TSC2™ cells.

Altogether, these results suggest that TSC2™ cells retain
responsiveness to TGF-B—mediated signaling and
demonstrate up-regulated expression of TGFG1 and
TGF@33, with the latter being expressed in a rapamycin-
sensitive manner.

TSC2™ Cells Express GARP and Integrin B8 Involved in
TGF-B Activation at the Cell Membrane

The localization of TGF-B activation within the extracellular
space is determined by the type of protein associated with
the secreted latent LAP—TGF-B complex.”” When secreted
in a complex with latent TGF-f binding protein, latent TGF-
B is deposited within the extracellular matrix.®’ Certain
cancer cells, along with regulatory T cells and endothelial
cells, secrete latent TGF-B in a complex with the trans-
membrane protein GARP. Consequently, latent TGF-f is
displayed at the cell membrane.”*°® Such localization may
facilitate the activation of TGF-f in close proximity to the
cell membrane, leading to a relatively high local concen-
tration of activated TGF-B.’"°" According to the LCA
database, LAM cells express GARP mRNA, and its
expression levels are up-regulated compared with those in
control lung mesenchymal cells.”” In line with the LCA
data, LAM patient-derived TSC2™ cells expressed GARP
both at the mRNA and protein levels (Figure 2, A and B).
To verify whether GARP expression was controlled by the
active TSC2, the level of GARP expression in two sublines
with the restored expression of TSC2 was assessed. Unex-
pectedly, both control, empty vector-transfected sublines,
EV-1 and EV-2, displayed significantly decreased expres-
sion of GARP compared with the parental TSC2™ cells.
Although the restoration of TSC2 expression resulted in the
complete inhibition of GARP expression in TSC2*-1 cells,
it did not further down-regulate GARP expression in
TSC2*-2 cells compared with the corresponding control
lines (Figure 2, A and B). The potential mechanism that
underlines this discrepancy is discussed in the Discussion
section.

On the basis of these results, it was not possible to
conclude whether TSC2 affected GARP expression.

GARP levels were significantly down-regulated in
rapamycin-treated TSC2~ cells, which suggested
mTORCI1-dependent regulation of its expression (Figure 2,
C and D). In GARP-expressing cells, LAP—TGF-3 pref-
erentially interacted with GARP and was expressed at the
cell membrane as a GARP-bound complex.’’ To verify the
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cell surface expression of GARP-bound LAP—TGF-B in GARP-bound LAP—TGF-$1

TSC2™ cells, MHG-8 monoclonal antibody that specif- (Figure 2E). The release of active TGF-f from the GARP-
ically recognizes GARP—LAP—TGF-B1 complexes was bound complexes is mediated via interaction between the
used.”"® Approximately 10% of TSC2™ cells displayed LAP RGD motif and integrin B6 or P8.°"**°" The

at the cell surface
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Figure 1  Tuberous sclerosis complex 2 (TSC2)~ cells overexpress TGFB1 and TGFB3 and retain responsiveness to TGF-B. A and D: The levels of TGFB1, TGFB2,

and TGFB3 transcripts (A) and TGFBRI and TGFBR2 transcripts (D) in TSC2™ cells, in two TSC2 ™~ -derived sublines with restored TSC2 expression, TSC2"-1 and
TSC2*-2, and in corresponding control cell lines EV-1 and EV-2, determined by quantitative RT-PCR (RT-qPCR) after 48 hours culture of the cells in fetal bovine
serum (FBS)—reduced medium [Dulbecco’s modified Eagle’s medium (DMEM) + 2% FBS]. B and E: The levels of TGF31, TGFG32, and TGFG3 (B) and TGFBR1 and
TGFBR2 transcripts (E) in TSC2™ cells cultured for 48 hours in DMEM + 2% FBS in the absence or presence of rapamycin (Rapa; 20 nmol/L) determined by RT-
gPCR. A, B, D, and E: The expression levels of each analyzed gene in untreated TSC2~ were set as 1. C: Representative immunohistochemistry images showing
the expression of TGF-B1, TGF-B2, and TGF-B3 in a lymphangioleiomyomatosis (LAM) lung nodule. The boxed areas in the left panels are magnified in the
right panels. All 10 analyzed LAM cases exhibited TGF-B1 positivity. TGF-B2 shows no positivity except for the normal epithelial layer. TGF-B3 shows frequent
positivity in the diseased cell area, in addition to the normal epithelial layer. F: The levels of PAI-1 transcript in TSC2™ cells stimulated for 24 hours with
different isoforms of TGF-B (2 ng/mL) were determined by RT-qPCR. The expression level of PAI-1 in untreated (control) cells was set as 1. Data show

means £ SD (A, B, and D—F). n = 3 independent experiments performed in duplicates (A, B, and D—F). *P < 0.05, **P < 0.01 using one-way analysis of
variance. Scale bars: 250 pum (C, left panels); 50 um (C, right panels).
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Figure 2  Tuberous sclerosis complex 2 (TSC2) ™~ cells express glycoprotein-A repetitions predominant (GARP) and integrin B8, and activate TGF-B. A and
B: GARP expression in TSC2™ cells and TSC2™-derived sublines, cultured for 48 hours in Dulbecco’s modified Eagle’s medium (DMEM) + 2% fetal bovine
serum (FBS). A: GARP transcript levels determined by quantitative RT-PCR (RT-qPCR); GARP levels in TSC2™ cells were set as 1. B: Percentage of GARP-
expressing cells assessed by flow cytometry. € and D: The effect of rapamycin (Rapa; 20 nmol/L) on GARP expression in TSC2™ cells cultured for 48
hours in DMEM + 2% FBS. C: GARP transcript levels determined by RT-qPCR. D: Surface GARP expression analyzed by flow cytometry. Left panel:
Representative histogram of GARP expression. Middle panel: Frequency of GARP-expressing cells. Right panel: Median intensity [mean fluorescent in-
tensity (MFI)] of GARP expression. E: Expression of GARP—latency-associated peptide (LAP)—TGF-B1 complexes assessed by flow cytometry. Left panel:
Representative dot plot. Right panel: Frequency of GARP—LAP—TGF-B1—positive cells. F and G: Expression of integrin B8 in TSC2~ and TSC2 ™ -derived cells
cultured for 48 hours in DMEM + 2% FBS. F: Transcript levels assessed by RT-qPCR; ITBG8 mRNA levels in TSC2~ were set as 1. G: Protein surface levels
presented as a percentage of integrin B8—positive cells determined by flow cytometry. H and I: The effect of rapamycin (20 nmol/L) on integrin B8 level in
TSC2™ cells cultured for 48 hours in DMEM + 2% FBS. H: ITBG8 transcript levels determined by RT-qPCR. I: Surface integrin B8 expression analyzed by flow
cytometry. Left panel: Representative histogram of integrin B8 expression. Right panel: Frequency of integrin B8—expressing cells. J and K: Evaluation of
activity of TGF-P released from TSC2~ cells. Reporter tMLEC cells were co-cultured for 24 hours with 1 x 10% or 0.5 x 10% TSC2~ cells or monocultured in
the presence of 100, 50, or 25 pg of recombinant TGF-B1 (J) or co-cultured with 1 x 10% TSC2™ cells in the presence of antibody blocking GARP—LAP—TGF-
B1 complexes (a-GARP; 10 png/mL) or its isotype control (isotype; 10 ng/mL), or ALK 4/5/7 inhibitor (ALK4/5/7 inh; 10 umol/L; K). Luciferase activity was
assessed at the end of the co-culture and for each culture condition was normalized to luciferase activity detected in its respective control monocultured
tMLEC cells. Luciferase activity in monocultured tMLEC cells was set as 1 and is represented by a dotted line. Data show means + SD (A—K). n = 3
independent experiments performed in duplicates (A—K). *P < 0.05, **P < 0.01 using one-way analysis of variance; /P < 0.05, P < 0.01, 1P < 0.001
using t-test. FSC, forward scatter.
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expression of integrin f6 could not be detected, but the
expression of integrin B8 was verified in the TSC2™ cell
line and two pairs of its sublines, those with restored TSC2
expression and corresponding control lines (Figure 2, F
and G). The LCA database points to integrin B8 expression
in LAM cells.”” In accordance with these data, TSC2™~
cells expressed integrin B8 in the cell membrane. The ef-
fect of TSC2 restoration on integrin B8 expression varied
among TSC2-reexpressing sublines. Compared with con-
trol cells, an increase in integrin B8 levels was observed in
TSC2"-1 cells, whereas there was a decrease in integrin B8
levels in TSC2'-2 cells. A possible interpretation of this
discrepancy is addressed in the Discussion section. Unlike
GARP, the expression of integrin 38 was not significantly
altered by rapamycin treatment, suggesting that its
expression is not regulated by mTORCI (Figure 2, H and
I). However, the possible mTORCI-independent role of
TSC2 in the regulation of integrin B8 remains to be
elucidated.

Because TSC2™ cells express at the cell surface both
LAP—TGF-B1 complexed with GARP and integrin 8
capable of releasing active TGF-B1, GARP-dependent acti-
vation of TGF-B in these cells was verified. A TGF-§ re-
porter cell line, tMLEC, which expresses luciferase in
response to TGF-B, was used.®® The co-culture of tMLEC
with TSC2™ cells led to a significant, TSC2™ cell number
correlated increase in luciferase expression, as evidenced by
increased luciferase activity, indicating TSC2™ cell-
dependent activation of TGF-B (Figure 2J). The activity of
TGF-B secreted and activated by 1 x 10* cells was compa-
rable to the activity displayed by 50 pg of recombinant TGF-
B1 added to tMLEC culture for the same period. To evaluate
the involvement of GARP in TGF-B activation, MHG-8
monoclonal antibody (later referred to as a-GARP anti-
body), which prevents the release of active TGF-B1 from
GARP complexes, was used.”*%® Therefore, the significant
reduction of tMLEC luciferase activity in their co-culture
with TSC2™ cells in the presence of a-GARP antibody
(Figure 2K and Supplemental Figure S5) suggested that
active TGF-B1 derived from GARP—LAP—TGF-B1 is, at
least partially, responsible for the activation of tMLEC cells.
Whether TGF-2 and/or TGF-33 is also secreted in GARP-
bound complexes and if GARP participates in their activa-
tion remains to be elucidated.

Taken together, TSC2™ cells can tether LAP—TGF-B1 to
the cell membrane via GARP and possess a capacity to
activate TGF-B at least partially through its release from
GARP-bound complexes.

Inhibition of TGF-B Compromises the Migratory
Potential of TSC2™ Cells

Certain tumor cells, including colon, pancreatic, or prostate
cancer cells, while maintaining sensitivity to TGF-f, have
developed mechanisms to evade its anti-proliferative and
pro-apoptotic effects, instead using TGF-B—triggered
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signals to promote proliferation and migration.®"***” Given
the dysregulated proliferation and migration observed in
LAM cells,”*' the potential role of TSC2™ cell-derived
TGF-B in regulating these processes was investigated. The
autocrine TGF-P signaling in TSC2™ cells was impeded by
inhibiting TGF-B type 1 receptor activity. An ALK4/5/7
inhibitor (SB431542)° or a specific ALK5 inhibitor
(LY364947) was used to suppress TGF-B type I receptor
activity. The inhibition of TGF-f signaling did not mark-
edly affect the proliferation of TSC2™ cells (data not
shown). To evaluate the role of TGF-B in the migration of
TSC2™ cells, the wound healing assay was used
(Figure 3A). When compared with the control cells, the cells
treated with ALK4/5/7 or with specific ALKS inhibitor
showed impaired wound closure, indicating that the
migration rate of TSC2™ cells was hampered when TGF-f3
signaling was blocked. To better mimic the complex inter-
action between migrating cells and extracellular matrix, the
impact of TGF-B signaling inhibition on transmigration of
TSC2™ cells through collagen/Matrigel matrix was
analyzed. Both ALKS inhibitors significantly reduced the
number of cells that transmigrated through a three-
dimensional matrix (Figure 3B). To verify whether the
lack of TSC2 determines the observed response to TGF-f3
inhibition, the impact of TGF-f signaling inhibitors on the
migration of two sublines with the restored expression of
TSC2 was assessed. Although LAM cells are characterized
by enhanced migration, the restoration of TSC2 expression
decreased the migration rate of TSC2"-1 cells, but had no
impact on TSC27-2 cells compared with the corresponding
empty vector—transfected control lines (Figure 3C). Despite
variations in the impact of TSC2 restoration on the migra-
tion rate, both TSC2 re-expressing cell lines exhibited
impaired migration on treatment with ALKS inhibitors,
suggesting a TSC2-independent response to TGF-B
(Figure 3C).

Taken together, these data indicate that TGF-f expressed
by TSC2 cells stimulates their migration rate and may
contribute to their invasiveness.

TGF-B Regulates MCP-1 Expression in TSC2™ Cells

TSC2™ cells overexpress MCP-1 in a TSC2-dependent
manner, and LAM nodules have an increased level of
MCP-1."%"" Given that TGF-B may regulate MCP-1
expression,’””? TGF-B—mediated regulation of MCP-1
expression in TSC2™ cells was verified. First, the colocali-
zation of these two cytokines within LAM nodules was
analyzed. TGF-B1 and MCP-1 expression were evaluated in
serial lung tissue sections from 10 patients with LAM. In all
cases, both MCP-1 and TGF-B1 were detected in diseased
areas (Figure 4A and Supplemental Figure S6A). Moreover,
there was significant colocalization of MCP-1 and TGF-B1
within LAM lesions, as most diseased areas tested positive
for both cytokines (Figure 4A). Given that in TSC2-null
xenograft tumors, overexpression of MCP-1 has been
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Figure 3  Inhibition of TGF-B signaling impairs migration of tuberous sclerosis complex 2 (TSC2)~ cells. A and B: TSC2™ cells were pretreated for 24 hours
with inhibitors of TGF-B signaling: ALK4/5/7 inhibitor (ALK4/5/7 inh) or ALK5 inhibitor (ALK5 inh; both 10 pmol/L), or dimethyl sulfoxide (vehicle). A: The
wound healing assay. Left: Representative bright-field images of wound area captured 0 and 18 hours from scratching. Right: Quantification of a migration
rate expressed as a percentage of wound closure 18 hours from scratching normalized to the corresponding control. B: Transmigration assay. Left: Repre-
sentative bright-field images of transmigrated cells Right: Quantification of the cells transmigrated through three-dimensional collagen/Matrigel matrix
expressed as a percentage of corresponding control. Inhibitors were present throughout both assays. C: TSC2™ -derived sublines were cultured with inhibitors
of TGF-B signaling as in (A). The migration rate was determined in the wound healing assay and expressed as a percentage of wound closure 18 hours from
scratching, normalized to the corresponding empty vector control. Data show means &+ SD (A—C). n = 3 independent experiments performed in duplicates
(A—C). **P < 0.01 using one-way analysis of variance; P < 0.05, P < 0.01 using two-way analysis of variance. Scale bars = 100 um (A and B, left).

correlated with increased infiltration of CD68" tumor- with some areas showing prominent clusters of positive
associated macrophages at the tumor edges,’” the presence cells. In some cases, CD68 ™" cells were localized near lesion
of CD68™ cells was evaluated in lung tissue from 10 pa- edges, and their infiltration was prominent only in larger,
tients with LAM. The results demonstrated the presence of presumably more advanced, lesions (Figure 4A and

CD68" cells dispersed throughout the lung parenchyma, Supplemental Figure S6B).
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Figure 4  Analysis of TGF-B—mediated regulation of monocyte chemoattractant protein-1 (MCP-1) expression in tuberous sclerosis complex 2 (TSC2) ™ cells.
A: Representative immunohistochemistry images showing the colocalization of MCP-1, TGF-B1, and CD68 in serial sections of lymphangioleiomyomatosis lung
biopsies. Left panels: Low-magnification views of the tissue. Right panels: Higher magnification of the boxed areas, highlighting positively stained diseased
regions. Arrows mark CD68™ cells infiltrating diseased areas. B—D: TSC2™ cells (B and C) or TSC2 ™ -derived sublines (D) were cultured for 24 hours with (B and
D) inhibitors of TGF-B signaling: ALK4/5/7 inhibitor (ALK4/5/7 inh) or ALK5 inhibitor (ALK5 inh; both 10 umol/L), or dimethyl sulfoxide (vehicle) or (C)
different isoforms of TGF-B (2 ng/mL). B—D: The expression level of MCP-1 was determined by quantitative RT-PCR (left panels) or enzyme-linked immu-
nosorbent assay (right panels). B—D: MCP-1 mRNA levels in control TSC2™ cells (B and C) and control EV-1 cells (D) were set as 1. Data show means + SD
(B—D). n = 3 independent experiments performed in duplicates (B—D). *P < 0.05 with one-way analysis of variance; P < 0.05 with two-way analysis of
variance. Scale bars: 250 um (A, left panels); 50 um (A, right panels).
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Given the increased level of MCP-1 observed in LAM
lesions, the autocrine regulation of its expression by TGF-
B in TSC2™ cells was analyzed. The inhibition of TGF-3
signaling by ALK 4/5/7 or ALKS5 inhibitors led to a
significant decrease in MCP-1 expression, both at mRNA
and protein levels (Figure 4B). This suggested that in
TSC2™ cells MCP-1 expression was stimulated by TGF-p.
To compare the impacts of the TGF- isoforms on MCP-1
expression in TSC2™ cells, cells were treated with TGF-
B1, TGF-B2, or TGF-B3 (Figure 4C). Both TGF-B1 and
TGF-B2 significantly up-regulated the levels of MCP-1
mRNA and protein, with TGF-B1 demonstrating a more
pronounced effect. On the contrary, the addition of TGF-
B3 led to only a slight increase in MCPI mRNA levels,
which did not result in elevated protein levels.

To determine whether the absence of TSC2 drives the
observed response to TGF-f inhibition, the effect of TGF-f3
signaling was examined on inhibitors on MCP-1 expression
in two sublines with restored TSC2 expression (Figure 4D).
Although TSC2™ cells overexpress MCP-1,"""" reduction in
MCP-1 expression was observed in the present study only in
one TSC2-reexpressing subline, TSC2*-1, compared with
the respective empty vector control. Interestingly, another
control subline, EV-2, exhibited significantly lower MCP-1
expression than EV-1, with the protein level below detec-
tion. Unlike TSC2"-1 cells, TSC2"-2 cells did not show a
further reduction in MCP-1 expression on TSC2 restoration.
Inhibition of TGF-B signaling by ALK4/5/7 inhibitor
decreased MCP-1 expression levels in both empty vector
controls and TSC2"-1 and TSC2*-2 cells, suggesting
TSC2-independent regulation. However, although ALKS5
inhibitor decreased MCP-1 expression in parental TSC2™
cells, it did not have the same effect in either the empty
vector controls or TSC2-reexpressing sublines. Given these
discrepancies, the findings obtained with these sublines
should be interpreted with caution.

Taken together, these results show that the expression of
MCP-1 by TSC2 cells is regulated by TGF-f. Using in-
hibitors that target the TGF-f signaling pathway may have
the potential to decrease MCP-1 expression. However, the
role of TSC2 in the TGF-B—regulated MCP-1 expression
remains to be elucidated.

Discussion

TGF-B1, a factor with a well-documented role in the
progression of established tumors, has been detected
within LAM nodules.*> Moreover, elevated levels of
phosphorylated SMAD?2, observed in both LAM and AML
tissue, indicate that LAM-expressed TGF-B is active.”
Interestingly, the expression of TGF-B isoforms and an
elevated TGF-B signaling are also observed in uterine
leiomyoma that spontaneously arise in Eker rats that carry
loss-of-function mutation in 7SC2 gene, and inhibition of
TGF-B reduces occurrence of uterine leiomyoma.”” To get
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a better insight into the role of TGF-f in the biology of
LAM cells, a TSC2-deficient cell line derived from AML
of a patient with LAM was used, and the impact of TGF-f3
on cellular processes important for LAM progression was
analyzed in the current study. Presented data suggest that
TSC2™ cells not only overexpressed and activated TGF-3
but also retained responsiveness to its signaling. This
autocrine TGF-B stimulation, along with other factors, may
support the progression of LAM.

The overexpression of TGF(1 in TSC2™ cells remained
unaffected by rapamycin, indicating that it is not directly
influenced by the mTORCI signaling pathway. Certain
genes, which are typically overexpressed in LAM cells, are
not down-regulated in response to rapamycin, suggesting
that molecules upstream of mTORCI are involved in their
regulation.”” TSC2, identified as a transcription factor,
negatively regulates the expression of some genes.’® Thus,
the absence of TSC2 in TSC2™ cells may lead to the un-
inhibited expression of its target genes, including TGF@1. It
is also possible that TGF(1 expression in TSC2™ cells is
directly influenced by GTP-bound Rheb, elevated in TSC2™
cells because of the absence of active TSC2, as Rheb-GTP
regulates the expression of certain genes in a noncanonical,
mTORC I-independent manner.’’

In addition to TGF-B1, TGF-f2 and TGF-B3 are also
overexpressed in various tumor types.”®”"’® Interestingly,
elevated expression of TGF-B3 has been demonstrated in
uterine leiomyoma, which is regarded as a potential source
of LAM cells.'"" TGF-B3 stimulates the proliferation of
leiomyoma cells and the expression of extracellular matrix
proteins.’” Presented findings reveal that in comparison to
the TSC2-restored cell lines, the AML-derived TSC2™ cell
line mirrored leiomyoma cells in overexpressing TGF(3.
The overexpression of TGFB3 by TSC2™ cells was
dependent on mTORCI1, as rapamycin significantly
decreased its expression. The expression of TGF(33 was
also observed within LAM lung nodules.

The regulation of TGFB2 expression in LAM cells re-
mains unclear. First, although expression of TGFB2 was
detected in TSC2™ cells, it was not detected in LAM lung
nodules. Second, the impact of TSC2 restoration on TGF{2
expression varied among TSC2 re-expressing sublines. A
decreased level of TGF(2 transcript was observed in the
clonal TSC2 re-expressing subline, TSC2*-1. However, in
the subline derived from a more heterogeneous population
of cells, TSC2"-2, TSC2 expression resulted in an
increased level of TGFB2. In contrast to TSC2'-1 subline
derived from a randomly selected clone, the heterogeneous
TSC2"-2 (obtained via transposon transfection) is free from
clonal bias. The clone(s)-derived cell lines may have fea-
tures, resulting from different gene expression patterns, that
are far from the average characteristic of the initial popu-
lation.”®®° Thus, the results obtained with a heterogeneous
cell population should be more reliable. However, in both
cases, the restoration of TSC2 expression as well as anti-
biotic selection might promote the growth of cells with
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certain features not necessarily directly related to the
reversal of the prior deficiency.®'**> Thus, all results ob-
tained with TSC2 re-expressing cell lines should be treated
with caution.

TGF-B is either secreted into the extracellular matrix as
part of the LAP—TGF-B—latent TGF- binding protein
complex or presented on the cell membrane bound to the
transmembrane protein GARP.>*°” Blood and lymphatic
endothelial cells, regulatory T cells, and platelets are among
the cells known to express GARP 07008384 Also, certain
cancer cells exhibit GARP-bound TGF- on their cell
membranes. TGF-f released via GARP-integrin av6 or
integrin ovP8 interaction may exert its protumorigenic
effects.”"*° The presented study added TSC2™ cells to
the list of GARP-expressing cells. TSC2™ cells also express
integrin B8, which suggests their capability to activate TGF-
B, thereby potentially elevating the concentration of TGF-
in close proximity to the cell membrane. Tumor cells
expressing integrin 8 can activate TGF-B bound to the
membranes of neighboring cells, including immune cells.®’
Therefore, integrin B8-expressing TSC2™ cells may func-
tion as activators of TGF-p release not only for themselves
but also for a more heterogeneous population of cells.
Knowledge regarding the regulation of GARP expression in
tumor cells is scarce. In TSC2™ cells, GARP expression
was driven by the mTORCI signaling pathway, as rapa-
mycin treatment led to a significant reduction of its
expression. The picture of GARP expression in the cell
lines with restored TSC2 is complex. First, GARP expres-
sion was strongly reduced in control cells transfected with
either empty vector. This raises the question of whether the
cells exhibiting low levels of GARP were preferentially
selected during the generation of control sublines. On
restoration of TSC2, GARP expression was entirely abol-
ished in clonal TSC™-1 cells, which is in line with the LCA
data™ and with the effect of rapamycin, but only slightly
further decreased in heterogeneous TSC*-2. The strong
effect of empty vectors prevents a reliable analysis of the
impact of TSC2 restoration on GARP expression. In
contrast to GARP, the level of integrin 8 was not impacted
by rapamycin treatment, suggesting its mTORCI-
independent expression. However, the direct regulation of
integrin B8 expression by TSC2 remains unclear, as the
impact of TSC2 restoration varied among TSC2 re-
expressing sublines.

Certain tumor cells retain responsiveness to TGF-
B—triggered signals but reconfigure TGF—f signaling
pathways to disconnect apoptotic and anti-proliferative
signals and preserve signals that support proliferation, sur-
vival, migration, and invasion.”"*> During tumorigenesis,
TGF-B stimulates epithelial-to-mesenchymal transition,
which is associated with the enhanced migratory and inva-
sive potential of the cells***” and may involve the mTORC1
pathway.”””" Interestingly, LAM cells display some fea-
tures of epithelial-to-mesenchymal transition that may be
driven by dysregulated TSC2/mTORC1 pathway and
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account for their increased migration rate.”*’* Presented

data indicate that TGF-B may be considered as one of the
factors that regulate migration of TSC2™ cells.

Chemokines, including MCP-1, may additionally pro-
mote LAM disease progression.””” Altered expression of
MCP-1 occurs in LAM cells as well as in TSC2-deficient
Eker rat embryonic fibroblasts and uterine leiomyoma-
derived cells.””””! MCP-1 expressed by LAM cells exerts
its activity in an autocrine manner by enhancing the motility
of LAM cells and promoting their homing to the lungs.””
Moreover, MCP-1 shapes the microenvironment of TSC2-
null xenograft tumors by promoting CD68" tumor-associ-
ated macrophage infiltration, which correlates with
increased vascular endothelial growth factor-D levels.”’
Consequently, the Syk-dependent signaling pathway that
governs MCP-1 expression is a potential novel target for
LAM therapy.”” TGF-B regulates MCP-1 expression in a
wide range of cells.””” Presented data point to TGF-p as
another factor that stimulated MCP-1 expression in LAM
cells and suggest that TGF- inhibition is another possible
approach to decrease the level of MCP-1 and block its
disease-promoting activity.

The presented study showed that TGF-B stimulated
migration and MCP-1 expression in TSC2™ cells in a
TSC2-independent manner. This suggests that the observed
response of TSC2™ cells to TGF-B is a feature of the cells
from which LAM directly originates and that aberrant
mTORCI signaling in LAM TSC2™ cells may stimulate
this response by up-regulating TGF-f expression. Another
possibility is that the reexpression of TSC2 in TSC2™ cells
does not fully restore the functional properties of the cells
that give rise to LAM, particularly in terms of the response
to TGF-B—triggered signaling. Thus, whenever possible,
the findings should be validated in cells of origin for
LAM.

Because of its well-characterized protumorigenic activ-
ity, TGF-B is considered a promising target for anti-cancer
therapies, and various strategies to inhibit its activity have
been extensively tested in both preclinical and clinical
models.”*” Presented data suggest that TGF-B may be
added to the list of factors that support the progression of
LAM and TGF-B inhibitors could be combined with other
therapeutic strategies to enhance treatment efficacy. How-
ever, the current study has some limitations. First, given
that the outcome of TGF-B—induced signaling is highly
context-dependent, these results must be verified in the
in vivo models. Second, although the AML-derived 621-
101 cell line is widely used as a substitute for pulmonary
LAM cells, it may not fully represent their known het-
erogeneity.'*”® The process of isolation, immortalization,
and propagation of this cell line may have led to the se-
lection of cells that do not recapitulate the average char-
acteristic of the parental cells. Therefore, the findings
should be interpreted with caution and, whenever possible,
validated using a more representative cell model of pul-
monary LAM cells.
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