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Leiomyosarcoma (LMS) is a mesenchymal malignancy
with a complex karyotype. Despite accumulated evidence,
the factors contributing to the development of LMS are
unclear, Here, we investigated the role of tight-junction
protein 1 (TJP1), a membrane-associated intercellular barrier
protein during the development of LMS and the tumor
microenvironment. We orthotopically transplanted SK-LMS-1
cells and their derivatives in terms of TIP1 expression by
intramuscular injection, such as SK-LMS-1 Sh-Control cells
and SK-LMS-1 Sh-TJP1. We observed robust tumor growth in
mice transplanted with LMS cell lines expressing TIP1 while
no tumor mass was found in mice transplanted with SK-
LMS-1 Sh-TJP1 cells with silenced TJP1 expression. Tissues
from mice were stained and further analyzed to clarify the
effects of TIP1 expression on tumor development and the
tumor microenvironment. To identify the TIP1-dependent
factors important in the development of LMS, genes with
altered expression were selected in SK-LMS-1 cells such as
cyclinD1, CSF1 and so on. The top 10% of highly expressed
genes in LMS tissues were obtained from public databases.
Further analysis revealed two clusters related to cell

proliferation and the tumor microenvironment. Furthermore,
integrated analyses of the gene expression networks revealed
correlations among TJP1, CSF1 and CTLA4 at the mRNA
level, suggesting a possible role for TIP1 in the immune
environment. Taken together, these results imply that TJP1
contributes to the development of sarcoma by proliferation
through modulating cell-cell aggregation and communication
through cytokines in the tumor microenvironment and might
be a beneficial therapeutic target.

Keywords: cytokines, leiomyosarcoma, tjp1, tumor micro-
environment

INTRODUCTION

According to the World Health Organization classification,
sarcomas originating from soft tissues result in more than 50
histological subtypes, accounting for less than 1% of all can-
cers (Fletcher, 2014). Despite the heterogeneity and rarity,
several subtypes are understood and diagnosed by molecular
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biomarkers and are considered simple karyotype soft-tissue
sarcomas (Barretina et al., 2010; Helman and Meltzer, 2003).
Others with few distinct and clear genomic changes, such
as leiomyosarcoma (LMS) and undifferentiated pleomorphic
sarcoma (UPS) (Barretina et al., 2010; Helman and Meltzer,
2003) are categorized as complex karyotypes. LMS originat-
ing from smooth muscle is a relatively common soft-tissue
sarcoma (~10% of soft-tissue sarcomas) (Cloutier and Char-
ville, 2019), therapeutic strategies for advanced stages are
still being investigated (Barretina et al., 2010). The complexity
index in sarcomas (CINSARC) has been studied as a prognos-
tic aid in sarcomas, particularly for LMS (Chibon et al., 2010;
Guo et al,, 2015). The Cancer Genome Atlas (TCGA) network
and others have enlarged our understanding of soft-tissue
sarcomas including LMS at the molecular level (Cancer Ge-
nome Atlas Research Network, 2017; Kim et al., 2018). Fur-
thermore, Chudasama et al. (2018) performed an integrated
analysis of LMS cases, which revealed that tumor evolution
to metastasis and advanced stages occurs via an abrogated
tumor suppressor network followed by whole genome du-
plication and severe genomic instability, and that ‘BRCAness’
is potentially an actionable genetic trait (Chudasama et al.,
2018).

[t has been suggested that innate and adaptive immune
cells modulate tumor progression (Grivennikov et al., 2010;
Vesely et al., 2011). Natural defenses can be boosted by tar-
geting the immune system; this strategy has recently been
revolutionized (Hegde and Chen, 2020; Zhang and Zhang,
2020). In sarcomas, immunotherapy has been studied and
tried continuously for better clinical outcomes especially
in patients with recurrent or metastatic disease (Mata and
Gottschalk, 2015). Several studies have shown an association
between tumor-infiltrating lymphocytes and the prognosis
(Rusakiewicz et al., 2013; Sorbye et al., 2011). Integrated
analyses of multi-omics-based TCGA data have shown the
possibility for sarcoma immunotherapy (Thorsson et al.,
2018), in which six immune subtypes (C1-C6) based on im-
munogenomic analyses of 10,000 tumors, were classified
regardless of cancer type (Thorsson et al., 2018). Accord-
ingly, soft-tissue sarcomas represent five of the subtypes,
except C5, which is “immunologically quiet” with the highest
ratio of macrophages to lymphocytes (Thorsson et al., 2018),
suggesting the possibility of an immune therapeutic strategy
against soft-tissue sarcoma. George et al. (2017) presented
the effect of anti-programmed death (PD)-1 checkpoint
blockade therapy on metastatic uterine LMS and suggested a
correlation between PTEN and resistance to pembrolizumab
(George et al., 2017). B cells have been suggested to be as-
sociated with survival and the immunotherapeutic response
in sarcoma, particularly LMS and UPS (Petitprez et al., 2020),
implying that modulating the immune response is a good
therapeutic strategy for soft-tissue sarcomas.

Tight-junction protein 1 (TJP1) has been implicated as a
scaffolding protein in a variety of cellular processes. TJP1
has been identified as a major component of tight junctions
by providing a link between occludin, a transmembrane
tight-junction protein, and the actin cytoskeleton (Fanning
et al.,, 1998), which are essential for barrier function (Martin
and Jiang, 2009). TJP1 controls lamellae-formation-mediated
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motility in cancer cells by binding to integrin (Tuomi et al.,
2009). TIP1 increases and contributes to cell motility in trans-
forming growth factor p-stimulated lung cancer cells, im-
plying that TJP1 may be more than a tight-junction member
(Lee et al., 2015). TJIP1 has been implicated in modulating
proteasome capacity and its inhibitor sensitivity in multiple
myeloma (Zhang et al., 2016). In previous study, we com-
pared transcriptomic data from TCGA sarcoma as well as
National Cancer Center (NCC) sarcoma, which revealed that
TJP1 expression levels were higher in LMS than normal tissues
(Lee et al., 2020). The role of TJP1 in sarcoma development
was further demonstrated by comparing the colonies of SK-
LMS-1 parental cells, SK-LMS-1 cells stably expressing short
hairpin (Sh) RNA against TIP1 (Sh-TJP1) and SK-LMS-1 cells
expressing untargeted ShRNA (Sh-Control) in anchorage-in-
dependent growth assays, and by examining cell-cell aggre-
gation in non-adherent culture systems (Lee et al., 2020).
We hypothesized that increased TJP1 expression contributes
to the progression of LMS and is applicable as a therapeutic
target. However, the in vivo contribution to cancers of TIP1
should be further validated.

Here, we transplanted three SK-LMS-1 cell lines, parental,
Sh-Control and Sh-TJP1, into immunodeficient mice by intra-
muscular injection and monitored the mice until tumors were
observed, which was up to 14 weeks. Tumors were observed
only in mice with SK-LMS-1 cells expressing TJP1. The differ-
entially expressed genes by TJIP1 knockdown in the SK-LMS-1,
parental, Sh-Control, and Sh-TJP1 cells were listed, and 40
genes were further analyzed in LMS from the TCGA dataset.
Furthermore, the top 10% of genes with high expression in
the TCGA LMS transcriptome were further analyzed for an
association between TJP1 and immune characteristics of LMS.

MATERIALS AND METHODS

Materials

All cell lines were purchased from the American Type Culture
Collection (ATCC, USA) and the culture methods and media
followed ATCC recommendations. Eagle’s Minimum Essential
Medium for the SK-LMS-1 cells was obtained from Corning
(USA). Antibiotic-antimycotic and fetal bovine serum (FBS)
were purchased from Gibco (USA). The polyclonal antibody
against TJP1 (ZO-1, #617300) was obtained from Thermo
Fisher Scientific (USA). The antibody against sequestosome-1
(SQSTM1, p62, #610832) was obtained from BD Biosciences
(USA). The antibody against Ki67 (#ab15580) was purchased
from Abcam (UK). Antibodies against EGF-like module-con-
taining mucin-like hormone receptor-like 1 (EMR1, F4/80,
#70076), phosphorylated JAK2M %7198 %#3776) and Bcl-ex-
tra-large (Bcl-xL, #2764) were purchased from Cell Signaling
Technology (USA). Antibodies against cyclin D1 (#sc8369)
and B-actin (#sc69879) were obtained from Santa Cruz
Biotechnology (USA). Horseradish peroxidase-conjugated
anti-mouse and anti-rabbit antibodies were purchased from
Cell Signaling Technology. The Miracle-Star™ western blot
detection system was obtained from iNtRON Biotechnology
(Korea).
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Cell culture

All cells were authenticated by short-tandem repeat poly-
merase chain reaction (PCR) in 2017 at the National Cancer
Center Omics core facility (Perkin Elmer, USA). The cells were
cultured every 2-3 days to maintain 40%-70% confluency
in cell-specific media containing 10% (v/v) FBS and 1% (v/
v) antimycotic-antibiotic solution. In some experiments, we
compared cell lines, such as SK-LMS-1 Sh-Control and Sh-
TJP1 cells (Lee et al., 2020) to investigate the role of TIP1.
Briefly, to achieve stable lentivirus-mediated expression of
shRNA targeting TJP1 in SK-LMS-1 cells, cells were cultured
for 24 h, incubated with 5 pg/ml polybrene for 30 min, and
infected as previously described (Lee et al., 2020). Then sur-
vived clones were selected and pooled to avoid any clonal
variation for TIP1 expression and other experiments in our
study.

Cell-cell aggregation assay

Cells (1 x 10°) were seeded on a 35-mm dish without coat-
ing, cultured for 24 h, and digitized by inverted light micros-
copy (CKX53; Olympus, Japan) (Lee et al., 2020).

In vivo study

This study (NCC-18-439 to H.J.Y.) was reviewed and ap-
proved by the Institutional Animal Care and Use Committee
of the National Cancer Center Research Institute. All mice
were maintained under specific-pathogen-free conditions
in the animal facility of the National Cancer Center in Korea.
Animal experiments were conducted according to the guide-
lines on the care and use of laboratory animals from the Insti-
tute of Laboratory Animal Resources.

SK-LMS-1 cells were grown for 2-3 days to 70%-80% con-
fluency. The cells were harvested with trypsin and counted
using a hemocytometer and a microscope. Cells (5 x 10%/100
ul/mouse) for the orthotopic xenograft mouse models (Bab-
ichev et al., 2016), were injected into the right hind limb of
9-week-old mice (Rag2” yc¢” immunodeficient mice; The
Jackson Laboratory, USA) (Strowig et al., 2011), including a
placebo. Eleven mice were weighed and monitored weekly
for 14 weeks. The National Cancer Center animal molecular
imaging team performed positron emission tomography/
computed tomography (PET/CT) using '"®F-fluorodeoxyglu-
cose (FDG) after 9 and 12 weeks to identify any tumor mass-
es in the animal models (Supplementary Table S1). The mice
for molecular image scanning were fasted for 6 h and anes-
thetized with vaporized 2% isoflurane in oxygen on a PET/CT
system (eXplore Vista-CT; GE Healthcare, USA). The images
were normalized to determine the standardized uptake val-
ues (Kim et al., 2011). The widths of the left/right hind limbs
of the mice were measured at 13 weeks after the injection
(22-week-old mice) using calipers.

Tissue preparation and staining for the in vivo model

We sacrificed animals according to the ILAR guidelines. Tis-
sues (tumors and adjacent normal tissues) were fixed in 10%
neutral buffered formalin to prepare formalin-fixed paraf-
fin-embedded tissue blocks. Immunohistochemistry and H&E
staining were conducted by the National Cancer Center An-
imal Sciences Branch. Tumor tissues for immunohistochem-
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istry were stained with antibodies against Ki67 or F4/80 and
hematoxylin and colorized using 3,3 -diaminobenzidine. The
stained tissues were digitized at 20x magnification using an
Aperio AT Turbo whole-slide scanner (Leica Biosystems, USA)
equipped with a clinical-grade RGB camera (Verma et al.,
2019). Regions of interest were prepared and annotated with
scale bars. Images from slides not stained with a primary an-
tibody were used as a negative control. Some tissues stained
with H&E, Ki67 (a proliferation marker) or F4/80 (marker for
macrophage) were quantified by using HistoQuest software
(TissueGnostics) (Paek et al., 2017) and Vectra 3 (Akoya
Biosciences, USA) with the help of a professional operator of
NCC Omics Core Center and further analyzed statistically.

Reverse transcription (RT)-PCR

Total RNA was isolated using an RNeasy Mini Kit (Qiagen,
USA). Total RNA (5 pg) was reverse transcribed using oli-
go-dT or random primers and SuperScript™ Il Reverse Tran-
scriptase (Invitrogen, USA), according to the manufacturer’s
instructions. The PCR was performed using gene-specific
primers (Supplementary Table S2). The PCR products were
subjected to 1.5% (w/v) agarose gel electrophoresis. The
resulting bands were visualized with ethidium bromide and
photographed using the GelDoc program (Bio-Rad Laborato-
ries, USA).

Immunoblotting

The protein samples were heated at 95°C for 7 min and sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on 8%-15% acrylamide gels followed by transfer to
polyvinylidene difluoride membranes. Immunoblotting was
performed as described previously (Paek et al., 2019).

Bioinformatics analyses for TJP1 and related tumor micro-
environments in sarcoma

The LMS transcriptome was obtained from the TCGA us-
ing cBioportal (Gao et al., 2013). Further analyses were
performed using webtools Idep.92 (http://bioinformatics.
sdstate.edu/idep92/) (Ge et al., 2018), Heatmapper (http://
www.heatmapper.ca/) (Babicki et al., 2016), and Morpheus
(https://software.broadinstitute.org/morpheus) to investigate
the correlation between the genes and heatmaps. g:Profiler
(http://biit.cs.ut.ee/gprofiler/gost) was used for pathway
analyses (Raudvere et al., 2019). Finally, scatter plots were
prepared using GraphPad Prism 5.0 (GraphPad Software,
USA).

Statistical analysis

All data are expressed as percentages of the control and
shown as mean + SE. Statistical comparisons between groups
were made using Student’s t-tests. Values of P < 0.05 were
considered significant.

RESULTS

TJP1 knockdown affects mesenchymal leiomyosarcoma
tumor growth in vivo

We previously suggested a role for TIP1 in LMS development
via enhancing cancer cell growth in the three-dimensional
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environment. From cell-cell aggregation assay, SK-LMS-1 growth in SK-LMS-1 Sh-TJP1 mice (Table 1, Figs. 1E-1G).

parental and Sh-Control cells formed more and larger cell-cell After the second-PET/CT scan, the mice were sacrificed
aggregates than Sh-TJP1 cells did (Fig. 1A), as we showed within a few days as described in the Materials and methods.
previously (Lee et al., 2020). Regardless of culture systems, Tumor tissues from SK-LMS-1 and Sh-Control cell mice and
TJP1 was stably less expressed in SK-LMS-1 Sh-TJP1 cells hind-leg tissues, including where we injected the mice with
at RNA level and Protein levels (Figs. 1B and 1C). Thus, we Sh-TJP1 cells or placebo, were fixed and subjected to further
investigated whether TJP1 contributed to tumor growth in investigation (Fig. 1G). We also examined lung tissues to
vivo. We orthotopically transplanted the human LMS cell line, identify any metastatic lesions or niches in the mice but did
SK-LMS-1 and its derivatives in terms of TIP1 expression— not find any specific tumor cell masses in lung tissues (data
SK-LMS-1 parental, Sh-Control, and SK-LMS-1 Sh-TJP1—into not shown).

immunodeficient mice (9 weeks old) (Babichev et al., 2016; Tumor tissues from SK-LMS-1 and SK-LMS-1 Sh-Control
Ren et al., 2008). The placebo was the same volume of PBS. mice were examined by a pathologist for further characteri-
We measured the hind leg widths and body weights of the zation. The tumor cells were mitotic and pleomorphic, imply-
mice for 14 weeks and weighed the mice weekly after the ing high-grade tumor development (Fig. 2A). Mostly, many
intramuscular injection (Fig. 1D). Nine weeks after the injec- mitotic cells were detected in the sarcoma tumor tissues (Fig.
tion, no significant tumor growth was observed on the hind 2A, arrowheads). Some regions of tumor tissues showed
legs of the mice; we examined the mice for possible tumor less mitotic (Figs. 2B and 2C) than the other tumor area,

masses by '*F-FDG PET/CT. Of note, high uptake of "®F-FDG
was detected in a variety of organs, including the kidneys, but
a very weak but distinct signal was recognized in the hind leg
only in one mouse in the SK-LMS-1 Sh-Control group (Sup-
plementary Table S1). We performed an additional PET/CT Injected Tumorigenesis (rear leg)
scan 3 weeks later because of sudden tumor growth within 7

Table 1. Animal model statistics

. ) Placeb 01
days (Figs. 1E and 1F, Supplementary Fig. S1, Supplementary a-ce 0_ ()
: SK-LMS-1 2(2)

Table ST). Tumor growth was observed in the SK-LMS-1 and M el
SK-LMS-1 Sh-C | mice th d d level SK-LMS-1 Sh-Control 4 (4)
ontrol mice that expressed a moderate leve SK-LMS-1 Sh-TJP1 0(4)

of TJIP1 (Fig. 1B). Surprisingly, we did not observe any tumor

SK-LMS-1
SK-LMS-1 E CT-1 Z F PET-2 SK-LMS-1 G Placebo
Parental Sh-Control Sh-TJP1

Placebo __ Sh-Control Sh-TJP1

SK-LMS-1
Adherentcells  Cell-cellaggregates

Parental

@ &@Q" o“o\q'*
& LR L
C T & & R

TIP1 [ w— hl
B-actin | we——— - -

Adherent cells Cell-cell aggregates

%& PET-1 PET-2 Sacrifice
CT-1 Cr2 -~

9-week 18-week 21-week 23-week

Fig. 1. TIP1 contributes to LMS growth and development in vivo. (A) SK-LMS-1 parental, Sh-Control and Sh-TJP1 cells were plated on
coating-free culture plate for 24 h and images were obtained by an inverted light microscope. (B and C) Cells were plated on 35-mm
dish with or without coating poly-L-lysine for 24 h and harvested for RT-PCR (B) or immunoblotting (C) to assess TJP1 expression. Data
shown are representative of at least three independent experiments. Left panel data were obtained from adherent cells, and right panel
from cell-cell aggregates from coating-free culture plates. (D) Timetable for the in vivo study and "®F-FDG PET/CT scanning (PET-1/CT-1
at 9 weeks and PET-2/CT-2 at 12 weeks after the injection, respectively. (E and F) Mice were scanned with a small animal "®F-FDG PET/
CT imager. (E) Data shown are representative of animal with SK-LMS-1 parental cells at 9 weeks (CT-1 and PET-1) and 12 weeks (CT-2/
PET-2) after the injection, respectively. The PET-2 images (the hind leg, injected area) of all mice were magnified (F) and tumors were
indicated by yellow arrowheads. (G) Tissues from the injection site on the right hind leg were fixed for histological analyses followed by
staining with H&E. The tissues were visualized on an Aperio AT Turbo whole-slide scanner (Leica Biosystems, USA). All images of (F) and (G)
are arranged in same order.
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A

SK-LMS-1
Parental

Fig. 2. Tumor tissues from mice
injected with SK-LMS-1 parental
and Sh-Control cells were cha-

o
o
1

Relative ki67(+)cells -
to tgtal cells (%)
o

especially closed to normal tissues, suggesting an additional
role of TJP1 beyond supporting cell-cell aggregates. We used
immunohistochemistry to investigate the possibility of com-
munication within the tumor microenvironment, as a factor
in tumor development and to confirm the role of TJP1 on tu-
mor growth by enhancing mitosis. Some regions with many
Ki67(+) cells, which is also known as the Ki67 marker of pro-
liferation (MKI67) (Hoos et al., 2001), had inflammatory cells,
such as neutrophils (data not shown) and macrophages (Fig.
2B, F4/80), while others had either Ki67 or F4/80, a mouse
macrophage-restricted protein (Lin et al., 2005) (Figs. 2B and
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B3 Fago

racterized as aggressive and
high-grade LMS. (A) Tumors
from SK-LMS-1 Sh-Control cells
exhibited the mitotic (yellow
arrowheads) and high-grade
characteristics of LMS, as shown
by H&E staining. Data are repre-
sentative of all tumor tissues from
the animal model. (B) Tumor
tissues were further characterized
by Ki67 (proliferation, mitotic
cells) and F4/80 (macrophages)
immunohistochemistry. Data
shown are representative of all
tumor tissues from the animal
model. (C) Relative populations
of Ki67(+), F4/80(+) cells in the
regions of interest in tumor tissues
were quantified with HistoQuest®
and Vectra 3.0. Representative
regions of interest are shown in
the left panel; the right panel
contains a bar graph showing the
relative populations of Ki67(+)
and F4/80(+) cells in five tumor
tissues. 1, regions with large F4/
80 populations; 2, regions with
small F4/80 populations. The short
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>
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3 and long scale bars are 300 and
100 um, respectively. *P < 0.05.

2C), supporting a role of TIP1 for cell-cell aggregation as well
as for tumor microenvironments leading LMS development.
In our study, tumor growth was apparent almost 3 months
after the intramuscular injection in the right hind legs of all
mice injected with parental and Sh-Control cells expressing
TJP1, while none of the Sh-TJP1 cell mice expressed less TJP1,
suggesting possible contribution of TJP1 on microenviron-
mental adjustment through cell-cell interaction as well as on
communication for tumor growth and development of sarco-
ma, particularly LMS.

We further investigated several regions of interest in each



tumor tissues available and quantified the relative number
of cell with Ki67(+) or F4/80(+) to total nuclei (total cells)
(Fig. 2C, Supplementary Fig. S2). Interestingly some regions
showed significant population of F4/80(+) cells within tumors
(Fig. 2C, “17), especially, adjacent to normal tissues.

These results imply a contribution of aggressive prolifer-
ation and the microenvironment to tumor development of
LMS with TJP1 expression. High-grade LMS tissues from our
in vivo models, some of which showed high Ki67 expression,
were too aggressive and pleomorphic to obtain support from
the tumor microenvironment. Other cells, such as macro-
phages may have cooperated with the tumor cells and the
microenvironment.

TJIP1 knockdown affects gene expression related to cell
death/survival and the tumor microenvironment

Because no in vivo tumors were formed in SK-LMS-1 Sh-TJP1
injected mice, we further examined SK-LMS-1 Sh-TJP1 cells
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grown in vitro to investigate the genes affected by TJP1 ex-
pression. Previously, we compared 84 genes involved in sig-
nal transduction pathway in SK-LMS-1 parental, Sh-Control
and Sh-TJP1 cells by conducting PCR array (Lee et al., 2020).
Here, we classified the 84 genes into three groups based on
relative changes in mRNA levels (regardless whether up or
downregulated) (Fig. 3A). We further investigated whether
genes affected by TJP1 in SK-LMS-1 cells might be correlated
to TJP1 in LMS tissues by searching the TCGA public data-
base (Fig. 3B). Genes related to cell-cycle progression, such
as G1/S-specific cyclin-D1 (CCND1, Cyclin D1 in protein) and
CCND2, were classified into two groups of no change and
intermediate, respectively and correlated to TJP1 positively
in LMS TCGA data. A few genes, such as BCL2L1, BCL2, BC-
L2A1, BIRC3, BBC3, TNFSF10 (related to apoptosis), SQSTM1
(also known as protein p62, related to autophagy), EGFR
(related to anoikis-resistance and proliferation) are closely
related to cell survival and death, whose correlation to TJP1

Intermediate G

Fig. 3. TIP1 knockdown alters
gene expression related to cell
survival/death and the tumor
microenvironment. (A) Eighty-
four genes related to cancer cell
signaling were classified into
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T
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O
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and high groups of (A) with TJP1
were analyzed using LMS data
from TCGA sarcoma. (C and D)
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and subjected to RT-PCR (C) and
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immunoblotting (D). Data shown
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independent experiments. Some
cells were grown on 35-mm dish
without coating poly-L-lysine for
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24 h and harvested for RT-PCR
and immunoblotting (cell-cell

Adherent cells Cell-cell aggregates
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in LMS TCGA dataset were various. ICAM1, a well-known
cell-cell adhesion gene, was also affected by TIP1 expression,
negatively. LRG1, GATA3 (related to Janus kinase [JAK]-signal
transducer and activator of transcription [STAT] pathway),
and CSF1 (colony-stimulating factor 1, nuclear factor-kappa
B pathway) are in a class with significant changes in response
to TJP1 expression. Among them, genes related to survival
and growth, EGFR and Cyclin D1, were shown to correlate
to TJP1 expression positively in adherent cells as well as cell-
cell aggregates (Figs. 3C and 3D). TNFSF10 expression was
negatively correlated to TJP1 expression in SK-LMS-1 cells and
TCGA LMS transcriptome (data not shown), whose role will
be elucidated later. Another, CSF1, one of altered genes by
TJP1 knockdown in SK-LMS-1 cells (Fig. 3), which has been
implied in regulating tumor associated macrophages (Dwyer
etal, 2017; Gyori et al., 2018), was shown to have negative
correlation with TJP1 in adherent cells as well as cell-cell ag-
gregates, suggesting communication between LMS tumor
cells and the tumor microenvironment, particularly innate
immunity.

TJP1 was enhanced in the TCGA LMS transcriptome

Our data from the animal models and TJP1 knockdown led
us to hypothesize that TJP1 contribute to tumor progression
in vivo by enhancing cell proliferation, survival, and modu-
lating the tumor microenvironment in LMS. To investigate
if TIP1 may contribute to tumorigenesis in LMS tissues, we
obtained transcriptomic data of 106 LMS tissues from TCGA
(Supplementary Fig. S3). In total, 18,166 genes were listed
by expression level, and 1,816 genes (top 10% of expression
level) were selected for further analyses. Using the MOR-
PHEUS web tool (https://software.broadinstitute.org/mor-

Il mﬁ

pheus/), we generated a similarity matrix analysis of 1,816
genes in terms of expression level. Pearson’s correlation anal-
ysis revealed two large clusters that exhibited a positive linear
correlation (Fig. 4A). Genes related to two clusters were
shown by hierarchical clustering by the MORPHEUS (Fig. 4B).
Cluster 1 had 152 genes, which were related to cell-cycle reg-
ulation, the immune system, and cytokine-related pathways
(Fig. 4C, black bars), while cluster 2, with 126 genes, was
associated with adherens junctions, cell communication, and
cell-cycle-related pathways (Fig. 4C, grey bars), suggesting
enhanced cell cycle progression and cell-cell communication
via cytokines within tumor microenvironment in LMS tissues.
TJP1 was included in cluster 2, indicating its role in LMS de-
velopment and progression.

Next, we investigated whether TIP1 is associated with the
tumor microenvironment and likely to be of interest for a
therapeutic strategy with immune checkpoint inhibitors, such
as antibodies against PD-1 or cytotoxic T lymphocyte-asso-
ciated molecule 4 (CTLA4), which are a new class of mono-
clonal antibody immunotherapy (Zhang and Zhang, 2020).
In the subpopulation of complex karyotype sarcomas that
have been characterized as unbalanced and nonredundant
genomic aberrations, immunotherapy is applicable in cases
that the tumor is validated by a high density of B cells and the
presence of tertiary lymphoid structures, as the specific sar-
coma immune class (SIC) E (Petitprez et al., 2020). Thus, we
first investigated whether the LMS data from TCGA showed
a similar classification based on the gene signature (Fig. 5A).
The TCGA LMS transcriptomes of 120 immune-system-relat-
ed genes (Petitprez et al., 2020), were analyzed using hierar-
chical clustering in a heatmap. After clustering, 81 selected
genes were repeatedly analyzed by excluding genes that

Regulation of PTEN stability and activity-

row min row max

Stabilization of p53

SCF(Skp2)-mediated degradation of p27/p21
Activation of NF-kappaB in B cells

Cellular response to hypoxia:

Degradation of beta-catenin by the destruction complex
ER-Phagosome pathway

TCR signaling

Neutrophil degranulation

Signaling by the BCR

Apoptosis

Separation of Sister Chromatids:

Signaling by Interleukins

Signaling by WNT

Signaling by NOTCH

Adaptive Immune System:

Antigen processing: Ubiquitination & Proteasome degradation
Membrane Trafficking:

Cell Cycle Checkpoints:

Oxidative phosphorylation

Cytokine Signaling in Immune system
Adherens junction {__]
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Establishment of Sister Chromatid Cohesion{___]
Mitotic Telophase/Cytokinesis{__]

Hippo signaling pathway ]

5 10
Enrichment Score (-loq10)

Fig. 4. TIJP1 in LMS tissues was ranked within the top 10% of all transcriptomes, belonged to a cluster related to cell-cell
communication and the cell cycle. (A) The top 10% of all transcriptomes (1,816 of 18,160 genes) in LMS from the TCGA dataset were
analyzed for gene-gene correlation using the MORPHEUS web tool and presented as Pearson’s Correlation Heatmap. Red represents a
high correlation, and blue represents a low correlation in the heatmap. Yellow circles on the heatmap are clusters with a high correlation
between genes. (B) Expression levels of genes from two clusters of Fig. 4A (Cluster 1 with 152 genes, Cluster 2 with 126 genes) are
presented as heatmap. In the heatmap, rows are genes and lanes are the LMS patients’ IDs. (C) Genes from two clusters of Fig. 4B were
categorized by signaling pathways and are listed based on gene-enrichment scores on a negative log scale.
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did not form clusters in Fig. 5A. Based on the heatmap, we
also observed some tissues with expression profiles similar to
those of SIC E, such as strong expression of the B cell lineage
and immune cell signatures. Two categories of genes were
correlated with TJP1 and related genes (Fig. 3), such as TJIP1,
ICAM1, CSF1, EGFR, and BIRC3, and are listed in the same
order as the tissues (Fig. 5B). The expression of CSF1, which
regulates macrophages leading to modulation of the tumor
microenvironment (Gyori et al.,, 2018; Pyonteck et al., 2013;
Quail et al., 2016), led us to further investigate the relation-
ship between TJP1 and immune-checkpoint inhibitors, such
as PD-1, PDL-1, and CTLA4 (Fig. 5C); TIP1 expression was
negatively correlated with PD-1, PDL-1, and CTLA4. Among
these, CTLA4 was inversely correlated (Fig. 5D), suggesting
that TJP1 could be applied as a therapeutic immune check-
point inhibitor.

FERR T

DISCUSSION

The major findings of this study are as follows: TJP1 knock-
down affected the development of LMS in vivo (Fig. 1).
Aggressive mitotic areas, mitotic/macrophage-infiltrated
areas, and fewer mitotic/macrophage-infiltrated areas (Fig.
2) were observed in LMS tumor tissues from the animal
model. TIP1 knockdown affected genes related to the cell
cycle, apoptosis, cell-cell aggregation, and cytokines (Fig. 3).
TJP1 was included in the top 10% of genes in the TCGA LMS
transcriptome and belonged to a specific cluster with high
positive gene-gene correlation (Fig. 4), and some LMS tissues
with high immune function according to SIC classification
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(Petitprez et al.,

dataset, obtained from cBioportal.

2020), had low levels of TIP1 expression but

high levels of CTLA4 expression (Fig. 5). Taken together, our
results imply a role for TIP1 in the development of LMS.

Here, cells expressing TIP1 that were injected into immu-
nodeficient mice developed into LMS in vivo, which was
aggressively mitotic, mitotic with infiltrated macrophages,
and less mitotic with aggressive infiltrated macrophages.
However, injected cells with reduced TJP1 expression did not
develop LMS, suggesting roles for TIP1 in tumor progression.
For example, TIP1 may play a role in cell-cell aggregation (Fig.
1) and growth by avoiding anoikis and apoptosis through the
EGFR and BCL2 signaling pathways, as suggested previously
(Lee et al., 2020). In addition, TJP1 may modulate the tumor
microenvironment during progression of LMS by regulating
CSF1-linked innate immune pathways. Thus, we investigated
the role of TJP1 and CSF1 in monocyte differentiation and
macrophage polarization to determine whether targeting
TJP1 might be beneficial for combined immunotherapy.

We observed dramatic tumor growth at 12 weeks after
the intramuscular injection, which led us to hypothesize a
potential role of TJP1 in aging and cell-cycle regulation. It is
still unclear whether TJP1 is associated with aging in terms of
cell-cycle regulation during tumor growth and development.
Therefore, we are currently investigating the possible role
of TIP1 in senescence. In this study, we injected SK-LMS-1
parental, Sh-Control and Sh-TJP1 cells into immunodeficient
mice (Rag2” yc¢ immunodeficient mice; The Jackson Lab-
oratory) and found mitotic cells within the resulting tumor
tissues (Fig. 2); this suggested a role of TJP1 in LMS devel-
opment. Some areas of the tumor tissues, particularly those
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that were close to normal issues, contained infiltrated macro-
phages, suggesting communication between SK-LMS-1 cells
and macrophages within the tumor microenvironment (Fig.
2). The expression of CSF1, a well-established macrophage
factor, was affected by TJP1 expression. Possible crosstalk be-
tween TJP1 and CSF1 in tumor cells and immune cells within
the tumor microenvironment was explored via bioinformatic
analyses of TCGA LMS transcriptomic data (Figs. 4 and 5).

Immunotherapy is quite attractive for treating complex
karyotype sarcomas, as there are a few clear biomarkers
for diagnosis and therapeutics. A few groups have recently
performed integrated analyses based on immune signatures
regardless of the classifying cancer type (Nirmal et al., 2018;
Thorsson et al., 2018). Profiling immune-cell infiltration based
on gene signatures or the expression of immune-checkpoint
markers by immunohistochemistry is applicable in several
cancers, including soft-tissue sarcoma (Dancsok et al., 2020;
Mlecnik et al., 2016; Petitprez et al., 2020) suggesting that
it is valuable for identifying genes that are important in
immune-system modulation. One study showed that im-
mune-checkpoint genes are negatively correlated with TJP1
but positively correlated with vimentin in lung cancer (Chae
et al,, 2018). Here, we identified a few genes with changed
expression after TJP1 knockdown, such as EGFR, NOTCH1,
BCL2, and CSF1 (Fig. 3), which have been implicated in a
variety of cellular processes and cancer cell signaling (San-
chez-Vega et al., 2018). We have shown that TJP1 knocked-
down cells respond more than control cells to gefitinib (Lee
etal., 2020). Furthermore, CSF1, which was affected by TJP1
expression in our cell-based study (Fig. 3), was negatively
correlated with CTLA4 in TCGA LMS transcriptome (Fig. 5),
suggesting a possible role for TJP1 in CSF1 expression leading
to modulation of the tumor microenvironment through the
monocyte/macrophage axis. CSF1/CSF1R blockade repro-
grammed tumor-infiltrating macrophages and improved the
response to T-cell-checkpoint immunotherapy in a pancreatic
cancer model (Zhu et al., 2014). In the current study, CXCL8
expression was negatively correlated with CSF1 levels in ovari-
an tumors, and increased CSF1 expression was related to low
levels of the neutrophil signature, implying that that cotreat-
ment with CSF1R and CXCR2 inhibitors decreases the popu-
lation of tumor-associated macrophages, which contribute to
the effect of PD1 immunotherapy (Kumar et al., 2017).

In this study, we found that TJP1 expression in LMS cell
lines was critical for cell-cell aggregation in coating-free
three-dimensional culture systems, and that TJP1 expression
promoted tumor formation in vivo. Bioinformatic analyses
were performed by profiling the genes affected by TJP1
knockdown in SK-LMS-1 cells, and by analyzing the top 10%
of genes within all TCGA LMS transcriptomic data. These
analyses provided further evidence for a role of TIP1 in LMS
development and progression. The correlations among TJP1,
CSF1, and CTLA4 support the possibility that targeting TJP1
may have therapeutic applications.

In conclusion, the data from this study strongly support a
role for TIP1 in the progression of LMS and the tumor mi-
croenvironment. Although further confirmation should be
performed in the future, we suggest that targeting TJP1 in
LMS with high immune cell infiltration might be beneficial for
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anticancer therapeutics with immune-checkpoint inhibitors,
particularly CTLA4.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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