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ABSTRACT

Lung cancer represents a significant global health concern and stands as the leading cause of cancer-related
mortality worldwide. The identification of specific genomic alterations such as EGFR and KRAS in lung cancer
has paved the way for the development of targeted therapies. While targeted therapies for lung cancer exhibiting
EGFR, MET and ALK mutations have been well-established, the options for RET mutations remain limited.
Importantly, RET mutations have been found to be mutually exclusive from other genomic mutations and to be
related with high incidences of brain metastasis. Given these facts, it is imperative to explore the development of
RET-targeting therapies and to elucidate the mechanisms underlying metastasis in RET-expressing lung cancer
cells. In this study, we investigated PLM-101, a novel dual-target inhibitor of RET/YES1, which exhibits notable
anti-cancer activities against CCDC6-RET-positive cancer cells and anti-metastatic effects against YES1-positive
cancer cells. Our findings shed light on the significance of the YES1-Cortactin-actin remodeling pathway in the
metastasis of lung cancer cells, establishing YES1 as a promising target for suppression of metastasis. This paper
unveils a novel inhibitor that effectively targets both RET and YESI1, thereby demonstrating its potential to
impede the growth and metastasis of RET rearrangement lung cancer.

1. Introduction

oncogenic drivers in lung cancer [7-9]. Precise targeted therapies based
on the specific mutation present in each lung cancer patient are crucial,

Lung cancer is the leading cause of cancer-related mortality globally
[1,2], with 5-year survival rates ranging from 4 to 17 % depending on
stage and regional variations [3]. The annual incidence of newly diag-
nosed lung cancer cases is estimated to be 1.8 million, resulting in 1.6
million deaths [4,5]. Extensive research in recent decades has focused
on unraveling the molecular mechanisms underlying development of
lung cancer [6,7]. Consequently, various genomic alterations including
EGFR, KRAS, BRAF, MET, ALK, ROS1, and RET have been identified as

since lung cancer cells proliferate in response to overactivation of
mutant proteins [10].

Rearranged during transfection (RET) is a proto-oncogene encoding
a receptor tyrosine kinase, and is associated with the proliferation and
survival of several types of cancer [11,12]. Genomic alterations in RET
are found in ~2 % of non-small cell lung cancer (NSCLC) cases and ~20
% of papillary thyroid carcinoma (PTC) cases [11]. The most common
forms of RET rearrangements are CCDC6-RET and KIF5B-RET, which
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aberrantly activate RET kinase and downstream signaling pathways
such as RAS/mitogen-activated protein kinase (MAPK) and phosphoi-
nositide 3-kinase (PI3K)/AKT [13]. While targeted therapies against
mutations in EGFR, MET, ALK, and ROS1 are well-established, options
for RET-targeted therapies remain limited [14]. Importantly, RET
genomic alterations are thought to be mutually exclusive from other
genomic mutations such as EGFR, KRAS, BRAF, and ALK [15], empha-
sizing the need for the development of RET-specific therapeutic
strategies.

Metastasis, the dissemination of primary cancer to distant organs, is
a major contributor to cancer-related mortality [16,17]. Lung cancer is
especially renowned for its ability to spread rapidly, as well as its po-
tency to disseminate to various organs with distinct anatomical and
physiological characteristics [18]. Approximately 50 % of lung cancer
patients are diagnosed with metastatic cancers [19]. NSCLC commonly
metastasizes to sites such as the brain (47 %), bone (36 %), liver (22 %),
adrenal glands (15 %), thoracic cavity (11 %), and distant lymph nodes
(10 %) [20]. Late-stage lung cancer patients with numerous metastases
pose significant challenges in terms of treatment [21,22]. Of note, a
recent study has shown that patients who have abnormalities in the RET
gene exhibit particularly high incidences of brain metastasis [23].
Despite its significance, the specific molecular and cellular mechanisms
underlying metastasis in lung cancer remain poorly understood [24,25].
Thus, it is crucial to elucidate the mechanisms contributing to lung
cancer metastasis and to develop efficient strategies to target them.

Cancer cell metastasis is a complex process involving a series of in-
tegrated steps, beginning with membrane extension and protrusion
[26]. Actin polymerization during metastasis can be viewed as the "feet"
of cancer cells. Mechanisms regulating actin remodeling in cancer cells,
including the Wiskott-Aldrich syndrome protein (WASP)/Arp2/3 com-
plex, LIM-kinase/Cofilin, and Cortactin pathways, have been extensively
investigated due to their significance in cancer cell migration and in-
vasion [27-30]. Therefore, targeting of the mechanisms of actin
remodeling pathway could be an effective approach to suppression of
the “feet” of cancer cells and prevention of metastasis thereby.

YESI, one of the eight members of the SRC family kinases [31], is
recognized as a non-receptor tyrosine kinase residing in the cytosol. SRC
family kinases interact with various other kinases to regulate the growth
and metastasis of cancer [32,33]. Previous studies have indicated that
RET plays a role in regulating SRC activity [34], and that SRC, in turn,
regulates actin polymerization through Cortactin activity [35,36].
Furthermore, a study has demonstrated that one of the RET rearrange-
ments, KIFSB-RET, regulates invadopodia formation in cancer cells
through SRC activation [37]. However, there is currently insufficient
research on the involvement of YES1 in the RET or actin polymerization
pathway.

In this study, we investigated PLM-101, a novel dual-target inhibitor
that simultaneously targets RET and YES1. Our findings show that PLM-
101 exhibits anti-cancer activity in CCDC6-RET-positive NSCLC/PTC
cancer cells. Notably, PLM-101 effectively reduced the tumor volume in
an animal model of CCDC6-RET-positive cancer. Additionally, we have
confirmed that inhibiting the YES1-Cortactin-actin remodeling pathway
suppresses the invasion of metastatic lung cancer cells. Moreover, in
animal models into which metastatic lung cancer cells were injected via
the tail vein, PLM-101 effectively blocked metastasis. These findings
highlight a possible link between the YES1-Cortactin-actin remodeling
pathway and the metastasis of lung cancer. To the best of our knowl-
edge, this study is the first to elucidate the involvement of YES1 in both
the activation pathway of RET and the actin remodeling pathway. In this
paper then, we introduce a novel RET/YES1 dual-target inhibitor as a
promising therapeutic strategy for inhibition of lung cancer growth and
metastasis.
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2. Materials and methods
2.1. Cell lines

Human lung cancer cell lines HCC827, PC9, A549, H1993, and H292
were cultured in RPMI 1640 medium supplemented with 10 % fetal
bovine serum (FBS, #16000-044, ThermoFisher, Waltham, MA, USA)
and 1 % penicillin/streptomycin solution (P/S, #SV30010, Hyclone,
Logan, UT, USA), while the LC2/ad cell line was cultured in HamF12:
RPMI1640 (1:1) medium supplemented with 15 % FBS, 1 % P/S, and 25
mM HEPES. The human thyroid cancer cell lines TPC1 and 8505 C, as
well as the human embryonic kidney cell line HEK293T, were cultured
in DMEM high glucose medium supplemented with 10 % FBS and 1 % P/
S. The Ba/F3 cell line was maintained in RPMI 1640 medium supple-
mented with 5 % FBS and 1 % P/S along with 10 ng/ml of mouse IL-3. In
the case of the specific kinase overexpressing Ba/F3 cells, cells were
maintained in 10 % FBS and 1 % P/S without mouse IL-3. All cell lines
were cultured in a humidified incubator at 37 °C with 5 % CO».

2.2. Chemicals and antibodies

The PLM-101 compound was donated from PeleMed (Seoul, South
Korea). Dasatinib (#HY-10181), Osimertinib (#HY-15772) were pur-
chased from MedChemExpress (Monmouth Junction, NJ, USA). Primary
antibodies against RET (#3220 S), phospho-RET Tyr905 (#3221 S),
PARP/cleaved-PARP (#9532 S), Caspase-3 (#9662 S), cleaved-Caspase-
3 (#9664 S), Cyclin D1 (#2978 S), AKT (#9272 S), phospho-AKT ser473
(#9271 S), p70S6K (#9202 S), phospho-p70S6K Thr389 (#9234 S),
MEK1/2 (#8727 S), phospho-MEK1/2 Ser217/221 (#9154 S), ERK1/2
(#9102 S), phospho-ERK1/2 Thr202/tyr204 (#9101 S), mTOR (#2972
S), phospho-mTOR Ser2448 (#2971), ARK5 (#4458 S), YES1 (#3201 S),
SRC (#2108 S), phospho-SRC family Tyr416 (#2101 S), and Cortactin
(#3502 S) were purchased from Cell Signaling Technology (Danvers,
MA, USA). Primary antibodies against phospho-RET Tyrl015
(#PA5-105930), p90RSK1/2/3 (#PA5-17680), and phospho-p90RSK1
Ser380 (#PA5-17900) were purchased from Invitrogen (Waltham, MA,
USA). Primary antibodies against glyceraldehyde 3-phoshate dehydro-
genase (GAPDH) (#CB1001) and phospho-Cortactin Tyr421 were pur-
chased from Merck Millipore (Burlington, MA, USA). Primary antibodies
against beta-actin (#A2228) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Primary antibodies against Cyclin B1 (#sc-245),
Cyclin E (#sc-377100), matrix metalloproteinase (MMP)-2 (#sc-
10736), and MMP-9 (#sc-10737) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Primary antibodies against E-cadherin
(#610181) and N-cadherin (#610920) were purchased from BD Bio-
sciences (Franklin Lakes, NJ, USA). Horseradish peroxidase (HRP)-
linked secondary antibodies against anti-rabbit IgG (#7074 S) and anti-
mouse IgG (#7076 S) were purchased from Cell Signaling Technology
(Danvers, MA, USA). IVISbrite D-luciferin potassium salt (#122799,
PerkinElmer, Waltham, MA, USA) was used to measure in vivo
luminescence.

2.3. Invitro kinase activity assay

The in vitro kinase activity was measured using the HTRF KinEASE-
TK kit (Cisbio, Codolet, France) as described in previous studies [38].
In brief, a reaction was performed using 1 ng of kinase enzyme, 100 pM
ATP, and 0.1 uM kinase substrate, along with serially diluted inhibitor in
a kinase reaction buffer (containing 50 mM HEPES, pH 7.0, 0.1 mM
orthovanadate, 5 mM MgCl2, 1 mM DTT, 0.01 % BSA, and 0.02 %
NaN3). The time-resolved fluorescence energy transfer (TR-FRET) signal
was detected by Victor multi-label reader (Perkin Elmer). The ICsg
values were calculated using GraphPad Prism 7.0 (GraphPad Software
Inc, San Diego, CA, USA).
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2.4. Ba/F3 proliferation assay

Ba/F3 cells overexpressing the RET mutant kinase were seeded in 96-
well plates (3 x10° cells/well, 90 pL) and serially diluted PLM-101 was
added to each well (10 pL each). After 72 h incubation, cell viability was
measured using CellTiter-Glo (#G7573, Promega, Madison, WI, USA).
The Gls( values were calculated using GraphPad Prism 7.0.

2.5. Cell proliferation assay

The IncuCyte Zoom/IncuCyte S3 Live Cell Analysis System (Sarto-
rius, Gottingen, Germany) were used to conduct cancer cell proliferation
assay lasting less than 4 days. Cancer cells were seeded in 96-well plate
(2 x10° cells/well), and after the drug treatment, cell confluence was
scanned and analyzed by IncuCyte Zoom/IncuCyte S3 Live Cell Analysis
System.

2.6. Colony formation assay

To evaluate the ability of PLM-101 to inhibit colony formation on
cancer cells, various cancer cells were seeded at very low density in 6-
well plate (2 x10% cells/well). The drug-containing medium was
replaced every 72 h and the experiment was terminated when the cell
confluence in the untreated group reached 90-95 %. The wells were
washed with cold PBS, and 1 ml of crystal violet solution (#V5256,
Sigma-Aldrich) was added for cell staining. The stained cells were fixed
with 4 % paraformaldehyde and photographically documented. The
crystal violet positive area was analyzed using imageJ software (Ras-
band, W.S., ImageJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA).

2.7. Apoptosis and cell cycle analyses by flow cytometry

After 24 h drug incubation, the cells were detached and incubated in
70 % ethanol in PBS at —20 °C for 24 h for fixation. After fixation, cells
were stained in the staining buffer containing 0.2 % propidium iodide
solution (#P4864, Sigma-Aldrich), 0.1 % RNase A solution
(#12091-039, Invitrogen), and 0.1 % triton-X100 (#T8532, Sigma-
Aldrich) for 30 min at room temperature in the dark. The DNA con-
tents in the cancer cells were measured by flow cytometry (Novocyte,
Agilent, Santa Clara, CA, USA).

2.8. Immunoblotting

Cells were lysed in a lysis buffer (10 mM Tris-Cl, 1 % triton X-100,
100 mM sodium chloride, 10 % glycerol, 1 mM EDTA, 30 mM sodium
pyrophosphate, 5 mM glycerol-2-phophate, 1 mM sodium fluoride, 1
mM sodium orthovanadate, 1 % phosphatase inhibitor cocktail 2
(#P5726, Sigma-Aldrich), 1 % phosphatase inhibitor cocktail 3
(#P0044, Sigma-Aldrich), and 0.02 tablet/ml protease inhibitor cocktail
(#11697498001, Roche, Basel, Switzerland). The protein concentra-
tions of samples were quantified by the bradford assay. Prepared protein
samples were separated on SDS-polyacrylamide gels and transferred to
0.45 pm nitrocellulose membranes (#10600002, Cytiva, Marlborough,
MA, USA). The membranes were blocked with 5 % skim milk in PBST
(phosphate-buffered saline with 0.1 % tween 20). The primary anti-
bodies were incubated overnight at 4 °C, and the secondary antibodies
were incubated 1 h at room temperature. The membranes were visual-
ized using a chemiluminescent HRP substrate (#WBKLS0500, Merck
Millipore, Burlington, MA, USA) and detected by LAS-3000 mini (Fuji-
film, Tokyo, Japan). All western blot results were replicated indepen-
dently for a minimum of three times. The CCDC6-RET protein was
detected using the RET antibody (#3220 S, Cell Signaling Technology).
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2.9. Small interfering RNA (siRNA) transfection

The knockdown of CCDC6-RET, YES1, and ARK5 was achieved using
Lipofectamine 2000 transfection reagents (#11668027, ThermoFisher)
according to the manufacturer’s instructions. Briefly, to start the
transfection process, Lipofectamine 2000 and TOM media (transfection
optimized medium, #TR 004-01, WELGENE, Gyeongsan, South Korea)
were mixed and incubated for 5 min. Subsequently siRNA was added to
the mixture and incubated for an additional 20 min. The mixture was
used to transfection of the cancer cells. Predesigned siRET pools (No.
5979-1,2,3), siYES1 pools (No. 7525-1,2,3), and negative control siRNA
(#SN-1001) were purchased from Bioneer (Daejeon, South Korea).
Predesigned siNUAK1 (ARKS5) (#J-004931-10-0010) was purchased
from Dharmacon (Lafayette, CO, USA).

2.10. Plasmid overexpression

The overexpression of CCDC6-RET was carried out using the same
protocol as that for siRNA transfection, using Lipofectamine 2000
transfection reagents. pEGFP-C1-CCDC6-RET plasmid (#DU16863) was
purchased from MRC PPU Reagents and Services (Dundee, UK).

2.11. Flank xenograft mouse model

Ba/F3 cells expressing CCDC6-RET (1 x 107 cells/100 pL of PBS) and
HCC827 cells (1 x 107 cells/100 L of PBS) were injected subcutane-
ously into the flanks of 6-week-old male BALB/c-nu mice. When tumor
became palpable (approximately 150 mm®), PLM-101 and vehicle were
administered once a day for the indicated days through oral gavage
(PO). Tumor volume and body weight were measured twice a week.
Tumor volume was calculated using a caliper as followed formula:
length x (width?) x 0.5. All procedures were approved by the Institu-
tional Animal Care and Use Committee of Seoul National University
(Approval #SNU-190417-3, #SNU-211022-5). Mice were obtained from
JA BIO (Suwon, South Korea) and maintained in the specific-pathogen-
free facility of Seoul National University Institute of Laboratory Animal
Resources (Seoul, South Korea).

2.12. Trans-well invasion assay

Cancer cells (3000 cells/well) were seeded in the IncuCyte Clearview
96-well plate for chemotaxis (#4582, Sartorius, Gottingen, Germany).
To create a gradient of chemoattractant, 1 % FBS was added to the upper
well, while 15 % FBS was added to the lower well. PLM-101 and vehicle
were added to both the upper and lower wells at the indicated con-
centrations. The number of cells above and below was scanned and
analyzed by IncuCyte Zoom/IncuCyte S3 Live Cell Analysis System
(Sartorius).

2.13. Phadlloidin (F-actin) staining: confocal microscopy and flow
cytometry

Alexa Fluor 488 Phalloidin (#A12379, Invitrogen) was used to the
stain F-actin in cancer cells, according to the instructions provided in the
manual. The stained cells were detected for F-actin image and intensity
using confocal microscopy (TCS SP8, Leica, wetzlar, Germany) and flow
cytometry (Novocyte, Agilent), respectively.

2.14. Public data analysis

The data for GSE28248 were obtained from the NCBI (National
Center for Biotechnology Information) database. This study aimed to
analyze the expression of YESI gene in intratumor or peritumor regions
of hepatocellular carcinoma patients with or without lymphatic metas-
tases. The plots depicting the survival rates of lung cancer patients were
acquired from GEPIA, which is a web server used for cancer and normal



Y.J. Choi et al.
gene expression profiling and interactive analyses. This study examined

the overall survival of liver cancer and lung cancer patients based on
their YESI gene expression levels.

2.15. Lung metastasis by tail vein injection
HCC827 cells were transfected with lentiviral particles of the CMV-

Luciferase (firefly)-RFP gene (#LVP009, AMSBIO, Cambridge, MA,
USA) to generate HCC827-luc-RFP cell line. HCC827-luc-RFP cells (2
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x10°) were suspended in 100 pL PBS and injected into the tail vein of 6-
week-old male NOD/ShiLtJ-Prkdc®™ AMCpi2rgemIAMC (NSGA) mice. PLM-
101 was orally administered for five days before the injection of cells,
and was continuously given orally every day throughout the experi-
mental period. Bioluminescence intensity in the lung was detected every
week using IVIS Spectrum In Vivo Imaging System (PerkinElmer). 150
mg/kg D-Luciferin Potassium Salt (#122799, PerkinElmer) was injected
intraperitoneally into the mice 10 min before detection. All procedures
were approved by the Institutional Animal Care and Use Committee of

C
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Fig. 1. Identification of anti-cancer active compound targeting CCDC6-RET. (A) The structure of the PLM-101. (B) In vitro kinase activity assay results using 100 nM
PLM-101, a total of 96 kinases in library were evaluated. (C) The basal expression levels of RET and CCDC6-RET protein in lung and thyroid cancer cell lines. MOLM-
14 acute myeloid leukemia cell line was used as a RET-wild type-positive cell line. (D) Anti-proliferative activities of PLM-101 against various lung cancer cell lines.
(E) Anti-proliferative activities of PLM-101 against various thyroid cancer cell lines. (F) Inhibition of cellular CCDC6-RET activity by PLM-101 in CCDC6-RET
overexpressing HEK293T cells. In Figure F, HEK293T cells were treated with PLM-101 for 3 h after the plasmid transfection. All data represent the mean =+ SD.

Statistical significance of the differences in Fig. 1 was determined by one-way ANOVA followed by the Tukey’s test. *p < 0.05, * *p < 0.01, * **p < 0.001, sig-

nificance compared to control group.
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Seoul National University (Approval #SNU-210915-3-2, #SNU-
221015-1-2). Mice were obtained from JA BIO (Suwon, South Korea)
and maintained in the specific-pathogen-free facility of Seoul National
University Institute of Laboratory Animal Resources (Seoul, South
Korea).

2.16. Statistical analysis

Statistical significance was assessed using GraphPad Prism 7.0. One-
way ANOVA followed by the Tukey’s test or unpaired two-tailed Student
t-test were used to analyze the significance between experimental
groups. P values less than 0.05 were considered as significant differ-
ences. P value presented in this study follows the NEJM style; *p < 0.05,
**p < 0.01, ***p < 0.001.

3. Results
3.1. Novel anti-cancer agent PLM-101 targets CCDC6-RET

Through an in vitro kinase activity assay on a library of 96 kinases,
PLM-101 was identified as a potent inhibitor of RET activity (Fig. 1A, B).
This compound exhibited low inhibitory activity against the ROS, EGFR,
ALK, BRAF, and MET kinases, which are the primary targets for lung
cancer treatment (Fig. 1B). Further in vitro kinase assays and Ba/F3 as-
says were conducted to evaluate the inhibitory activities of PLM-101
against clinically identified rearranged and mutant forms of RET.
PLM-101 displayed strong inhibitory activities against CCDC6-RET
(0.587 nM) and KIF5B-RET (0.385 nM), which are representative RET
rearrangement proteins (Table 1). The compound also showed inhibi-
tory activities against the V804M and V804L mutations, known as
gatekeeper mutations associated with resistance to RET-targeting ther-
apy (Table 1). We then assessed the protein expression of RET protein in
various lung cancer and thyroid cancer cell lines. CCDC6-RET protein
expression was detected in LC2/ad lung cancer cells and TPC1 thyroid
cancer cells, while wild-type RET protein was not expressed in any of the
lung cancer or thyroid cancer cell lines (Fig. 1C). To confirm the
inhibitory effect of PLM-101 on cancer cell proliferation by targeting of
the CCDC6-RET protein, each cell line was treated with vehicle or PLM-
101, and their proliferations were evaluated. PLM-101 exhibited a
strong inhibitory effect on cancer cell proliferation only in CCDC6-RET-
expressing cancer cells, LC2/ad and TPC1 (Fig. 1D, E). The decreased
phosphorylation of CCDC6-RET kinase confirmed that the activity of
CCDC6-RET in cancer cells could be effectively suppressed by PLM-101
treatment (Fig. 1F).

3.2. PLM-101 treatment induces apoptosis and cell-cycle arrest in
CCDC6-RET cancer cells

To assess the effect of PLM-101 on the colony-forming ability of
cancer cells, cancer cell lines were seeded at low density on a 6-well

Table 1
In vitro kinase activity assays and BaF3 proliferation assays for different RET
kinase mutation or rearrangement forms.

RET inhibitor PLM-101
RET RET 0.849
Kinase RET-M918T 0.838
Activity RET-KIF5B 0.385
(ICso, nM) RET-CCDC6 (PTC1) 0.587
RET-PRKAR1A (PTC2) 0.266
RET-NCOA4 (PTC3) 3.69
BaF3-RET RET-CCDC6 25.9
(Glsp, nM) RET-CCDC6-V804M 3.4
RET-CCDC6-V804L 190.2
RET-KIF5B 75.2
RET-KIF5B-V804L 55.3
RET-KIF5B-V804M 53.7
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plate and treated with the drug. Similar to the results shown in Fig. 1,
PLM-101 demonstrated more potent inhibitory activity against colony
formation in CCDC6-RET-expressing cancer cells compared to RET-
negative lung cancer and thyroid cancer cell lines (Fig. 2A-D). Addi-
tionally, PLM-101 induced cell-cycle arrest and apoptosis, as analyzed
by flow cytometry (Fig. 2E, F). Furthermore, increased cleavage of PARP
and Caspase-3, representative markers of apoptosis, as well as reduced
levels of Cyclin D1, Cyclin E, and Cyclin B1, indicative markers of cell-
cycle arrest, were confirmed (Fig. 2G, H). These results indicate that
PLM-101 effectively inhibits CCDC6-RET-expressing cancer cells by
inducing apoptosis, cell-cycle arrest, and inhibiting colony formation.

3.3. Targeting of CCDC6-RET by PLM-101 blocks RAS/MAPK and
PI3K/AKT pathways

To investigate the mechanism by which CCDC6-RET activates cancer
cells, we overexpressed CCDC6-RET in HEK293T cells. Overexpression
of CCDC6-RET increased the activities of components of the RAS
pathway, including MEK, ERK, and p90RSK, as well as components of
the PI3K pathway, such as AKT and p70S6K (Fig. 3A). Conversely,
knockdown of CCDC6-RET by siRNA in LC2/ad and TPC1 cells inhibited
the activation of the RAS and PI3K signaling pathways (Fig. 3B, C).
These results serve to demonstrate that abnormal CCDC6-RET expres-
sion in cancer cells promotes proliferation through activation of the
RAS/MAPK and PI3K/AKT pathways. To confirm whether PLM-101
could block the RAS and PI3K pathways activated by CCDC6-RET,
CCDC6-RET-overexpressing HEK293T cells were treated with PLM-
101. The downstream kinase activities of the RAS and PI3K pathways
were effectively suppressed by PLM-101 (Fig. 3D). Similarly, PLM-101
blocked the activity of the RAS and PI3K pathways in CCDC6-RET-
expressing LC2/ad and TPC1 cells (Fig. 3E, F). However, PLM-101
failed to block the activity of the RAS and PI3K pathways in HCC827,
PC9, 8505 C cells, and the RET-negative cancer cell lines (Fig. 3G-I).
Therefore, we concluded that potent inhibition of CCDC6-RET and its
downstream signaling by PLM-101 mainly contribute to the anti-
proliferative effects of PLM-101 in LC2/ad and TPC1 cancer cells.

3.4. Anti-cancer effect of PLM-101 on in vivo flank mouse tumor model

To assess the pre-clinical anti-cancer activity of PLM-101 against
CCDC6-RET-expressing cancer cells, we implanted Ba/F3-CCDC6-RET
cells into the flank of BALB/c nude mice and administered PLM-101
orally once a day (Fig. 4A). Neither LC2/ad nor TPC1 cells could be
engrafted in either BALB/c nude mice or NOD/ShiLtJ-Prkdc®
mIAMCl1orgfmIAMC (NSGA) mice. Therefore, they were judged to be not
applicable to in vivo pre-clinical experiments. Xenograft experiments
demonstrated that oral administration of PLM-101 has anti-cancer ef-
fects on CCDC6-RET-positive tumor (Fig. 4B, C), and only slight changes
in body weight were observed (Fig. 4D). Overall, these findings provide
evidence that oral administration of PLM-101 suppresses the growth of
primary cancers expressing CCDC6-RET.

3.5. Identification of lung cancer metastasis mechanism through the
YES1-Cortactin-actin remodeling pathway

Metastasis, the spread of primary cancer to different parts of the
body, is a major cause of cancer-related mortality [16,17]. Lung cancer,
in particular, is notorious for its rapid metastatic potential [18].
Therefore, it is crucial to uncover the mechanisms underlying lung
cancer metastasis and to develop effective targeting strategies. YES1, a
target of PLM-101 (Fig. 1B), belongs to the SRC family kinases. Whereas
other kinases in this family have been implicated in cancer growth and
metastasis, the role of YES1 remains unstudied [32,33]. To investigate
the involvement of YES1 in cancer cell metastasis, we compared its
expression levels between metastatic and non-metastatic cancer tissues.
Public data analysis (GSE28248) confirmed a significant increase in
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Fig. 2. Inhibition of colony formation and induction of apoptosis and cell cycle arrest by PLM-101.(A) Effects of PLM-101 on colony formation assays using various
lung cancer cell lines. (B) Crystal violet positive area of Figure A. (C) Effects of PLM-101 on colony formation assay using two thyroid cancer cell lines. (D) Crystal
violet positive area of Figure C. (E) Effect of PLM-101 on cell cycle. Flow cytometry analysis was performed after propidium iodide staining. (F) The calculation of the
percentage in each cell cycle stage. (G, H) The protein expression changes in markers of apoptosis (cleaved-PARP, cleaved-caspase-3) and cell cycle (cyclin D1, E, B1)
by PLM-101 treatment. In Figure E-H, PLM-101 was treated for 24 h at the indicated concentration. All data represent the mean =+ SD. Statistical significance of the
differences in Fig. 2 was determined by one-way ANOVA followed by the Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001, significance compared to control group.
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Fig. 3. PLM-101 exerts anti-cancer activity by inhibiting PI3K and RAS signaling pathways through targeting CCDC6-RET.(A) Activation of PI3K pathway (phospho-
S473 AKT and phospho-T389 p70S6K) and RAS pathway (phospho-S217/5221 MEK, phospho-T202/Y204 ERK, and phospho-S380 p90RSK) by CCDC6-RET over-
expression in HEK293T cells. (B, C) Inhibition of PI3K pathway and RAS pathway by knockdown of CCDC6-RET in CCDC6-RET-positive cell lines. (D) Inhibition of
PI3K pathway (phospho-S473 AKT) and RAS pathway (phospho-S217/5221 MEK, phospho-T202/Y204 ERK, and phospho-S380 p90RSK) by PLM-101 in CCDC6-RET
overexpressing HEK293T cells. (E, F) Inhibition of PI3K pathway and RAS pathway by PLM-101 in CCDC6-RET-positive cell lines, LC2/ad and TPC1. (G-I) Inhibition
of PI3K and RAS pathways by PLM-101 in RET-negative cell lines, HCC827, PC9, and 8505 C. In all Figures, PLM-101 was treated for 3 h at the indicated con-
centration. All data represent the mean =+ SD. Statistical significance of the differences in Fig. 3 was determined by one-way ANOVA followed by the Tukey’s test.
ip < 0.05, * *p < 0.01, * **p < 0.001, significance compared to control group.
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Fig. 4. In vivo anti-cancer effect of PLM-101 in Ba/F3-CCDC6-RET xenografts. (A) Schematic illustration of in vivo flank xenograft mouse model. CCDC6-RET
expressing Ba/F3 cells were engrafted in the flanks of 6-week-old male BALB/c-nu mice. After the tumor volume reaches ~150 mm3, PLM-101 was administered
orally once a day. Tumor volume and body weight were measured twice a week. (B, C) Anti-tumor efficacy of PLM-101 in Ba/F3-CCDC6-RET flank allograft model.
N = 7. (D) Changes in body weight during PLM-101 treatment. N = 7. All data represent the mean =+ SD. Statistical significance of the differences in Fig. 4 was
determined by one-way ANOVA followed by the Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001, significance compared to control group.

YES1 expression in cancer tissues that had metastasized from hepato- 3.6. YESI-targeting therapy inhibits metastasis of lung cancer cells by
cellular carcinoma to lymph nodes (Fig. 5A). Moreover, patients with suppressing YES1-Cortactin-actin remodeling pathway
high YES1 expression in liver or lung cancer exhibited decreased sur-

vival rates, with hazard ratios (HR) of 1.2 and 1.3, respectively (Fig. 5B). To investigate whether YES1-targeting therapies can suppress Cor-
Previous studies have shown that SRC regulates cancer cell migration tactin activity, we used Dasatinib, an FDA-approved anti-cancer agent
and metastasis by modulating the activity of Cortactin, an actin poly- that non-selectively inhibits YES1 and other SRC family kinases [39], as
merization protein [37,41]. First, we assessed the in vitro cell migration well as PLM-101. Indeed, YES1-targeting agents, PLM-101 and Dasatinib
ability and YES1 expression levels in various lung cancer cells. Because suppressed Cortactin activity by inhibiting YES1 (Fig. 6A-D), and also

LC2/ad cells expressing CCDC6-RET lacked migrating ability, HCC827 hindered cancer cell migration at concentrations lower than those
and PC9 cells, which possess both metastatic potential and high levels of causing cytostatic inhibition (Fig. 6E-H). To confirm that the inhibition
YES1, were employed (Fig. S1A, S1B). To investigate whether YES1 also of cancer cell migration by PLM-101 occurred through the effects on
regulates Cortactin activity, YES1-specific siRNAs were introduced into actin polymerization, the F-actin intensity and morphology were
both cell types. Knockdown of YES1 resulted in inhibition of Cortactin analyzed. The findings showed that PLM-101 treatment led to decreased
activity (Fig. 5C, D) and reduced cancer cell migration (Fig. 5E, F), F-actin intensity and morphology disruption (Fig. 6I, J). We further

implying that YES1 can regulate cancer cell migration by activation of examined whether YES1 inhibition affects other mechanism(s) involved
Cortactin. Building upon a previous study that revealed that KIF5B-RET in metastasis, such as changes in epithelial-mesenchymal transition
regulates cancer cell invadopodia via SRC activation [42], we examined (EMT) and Matrix Metalloproteinases (MMP) markers [40]. Neither

whether CCDC6-RET can modulate YES1 activity. Overexpression of YES1-targeting therapy nor YES1 knockdown induced changes in
CCDC6-RET in HEK293T cells increased phosphorylation of YES1 and EMT-related or MMP proteins (Fig. S2A-S2H). Collectively, these results
Cortactin (Fig. 5G), suggesting that CCDC6-RET may regulate cancer indicate that PLM-101 inhibits cancer cell migration by targeting YES1
metastasis by influencing the YES1-Cortactin pathway. and subsequently suppressing the Cortactin-actin remodeling pathway.
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Fig. 5. Metastasis and cancer cell migration through YES1-Cortactin signaling (A) Comparison of YESI mRNA expression levels in hepatocellular carcinoma patients
with and without lymph node metastasis. Public data were obtained from the NCBI database (GSE28248). (B) Comparison of survival rate based on YES1 expression
in liver and lung cancer patients. Public data was obtained from the GEPIA. (C, D) Changes in Cortactin activity (phospho-Y421 Cortactin) by YESI specific
knockdown in HCC827 and PC9 cells. (E, F) Anti-migration activity by YESI specific knockdown. (G) Changes in YES1 and Cortactin activity by CCDC6-RET
overexpression. All data represent the mean =+ SD. Statistical significance of the differences in Fig. SA was determined by one-way ANOVA followed by the
Tukey’s test. Statistical significance of the differences in Fig. E and F were determined by unpaired two-tailed Student t-test. *p < 0.05, **p < 0.01, ***p < 0.001,
significance compared to control group.
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Fig. 6. YES1-targeting agents inhibit migration of cancer cells by inhibiting Cortactin-actin remodeling activity (A, B) Inhibition of YES1 and Cortactin activities by

PLM-101. (C, D) Inhibition of YES1 and Cortactin activity by Dasatinib. In Figure A-D, YES1-targeting agents were treated for 3 h at the indicated concentration. (E,
F) Inhibition of cancer cell migration by PLM-101. (G, H) Inhibition of cancer cell migration by Dasatinib. (I, J) Confocal microscopy images. Green: phalloidin (F-
actin). Blue: DAPI (nucleus). Phalloidin (F-actin) intensity was quantified using flow cytometry. In Figure I, J, PLM-101 was treated for 24 h at the indicated
concentration. All data represent the mean + SD. Statistical significance of the differences in Fig. 6 was determined by one-way ANOVA followed by the Tukey’s test.

*p < 0.05, **p < 0.01, ***p < 0.001, significance compared to control group.
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Despite CCDC6-RET-expressing LC2/ad cells lack of migrating ability,
Cortactin phosphorylation was inhibited by YES1-targeting agent or
YES1-specific knockdown (Fig. S3A, S3B).

3.7. Anti-metastatic effect of PLM-101 on in vivo IV-lung metastasis
model

To validate the efficacy of PLM-101 in a pre-clinical metastasis
model, an IV-lung metastasis model was employed. In this model, cancer
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cells injected into the tail vein metastasize from the bloodstream to the
lung through extravasation, a key stage of metastasis [41]. Because
CCDC6-RET-expressing LC2/ad and TPC1 cells do not show in vitro
migration ability and cannot be implanted into even immune-deficient
mice, the HCC827 cell line, metastatic lung cancer cells expressing
YES1, was used. NSGA mice were orally pretreated with vehicle or
PLM-101 (40 mg/kg) for five days, followed by injection of
luciferase-overexpressing metastatic lung cancer cells
(HCC827-luc-RFP) via the tail vein (Fig. 7A). Throughout the

Lung Luminescence, Day 21

Control

PLM-101

Lung Fluorescence

g.ﬁx 108 . -8~ Control
@ - PLM-101
§ 40 mg/kg
g4x 10%4
e
(=]
> dok
£2x10%4
f=2
[
3

0-

Fig. 7. Anti-metastatic effect of PLM-101 in IV-lung metastasis model (A) Schematic illustration of IV-lung metastasis model. 6-week-old male NSGA mice were used.
After pretreatment with PLM-101 for 5 days, HCC827-luc-RFP cells were injected into tail vein. 40 mg/kg PLM-101 was administered orally in a daily basis and
bioluminescence was measured once a week. (B) The picture of bioluminescence, (C) lung luminescence (photons/sec), (D) body weight, in IV-lung metastasis
model. N = 7. (E) The RFP-fluorescence in lung, and (F) intensity of RFP-fluorescence on day 35. (G, H) Anti-cancer activity of PLM-101 in HCC827 flank xenograft
model. N = 6. All data represent the mean + SD. Statistical significance of the differences in Fig. 7 was determined by one-way ANOVA followed by the Tukey’s test.

*p < 0.05, **p < 0.01, ***p < 0.001, significance compared to control group.
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experiment, PLM-101 was administered orally to the mice daily, and the
bioluminescence intensity was measured weekly. Bioluminescence im-
aging revealed that PLM-101 reduced the number of cancer cells
metastasizing to the lungs of the mice (Fig. 7B, C), while the body
weights of the mice remained unchanged during the experiment
(Fig. 7D). On day 35, the mice were sacrificed, and their lungs were
isolated to detect the RFP-fluorescence of the metastasized cancer cells.
Consistent with the bioluminescence results, the group administered
with PLM-101 showed decreased RFP-fluorescence in the lungs (Fig. 7E,
F). However, in contrast to the [V-lung metastasis model, the adminis-
tration of PLM-101 did not result in any reduction in primary tumor
volume in the flank xenograft mouse model using HCC827 cells (Fig. 7G,
H). In summary, these results confirm that PLM-101 can diminish
metastasis of cancer cells in mice, presumably by inhibiting the
YES1-Cortactin-actin remodeling pathway.

4. Discussion

Currently, only two RET-targeting agents, Pralsetinib and Selperca-
tinib, have been approved by the U.S. FDA and are being used for the
treatment of RET fusion-positive solid tumors [11]. However, these
RET-targeting agents have limited efficacy, with objective response rates
(ORRs) of 64 % and 57 % in the Selpercatinib [42] and Pralsetinib [43]
treatment groups, respectively. Therefore, development of new
RET-targeting drugs with improved efficacy is a clinical task of great
urgency. In this study, we scrutinized a new RET-targeting compound,
PLM-101. PLM-101 efficiently suppressed the activities of CCDC6-RET
and KIF5B-RET, the major forms of RET rearrangement. Additionally,
PLM-101 exhibited potent inhibitory activity against their gatekeeper
mutations, V804M and V804L (Table 1). Notably, PLM-101 demon-
strated stronger anti-proliferative (Fig. 1D, E) and anti-colony formation
effects (Fig. 2B, C) in CCDC6-RET-expressing cancer cells, LC2/ad and
TPC1, relative to RET-negative cancer cells. Although we did not have
access to cancer cells expressing KIF5B-RET for experimentation, it can
be predicted that PLM-101 would exhibit similar anti-cancer effects
against them. Efficacy experiments with a flank xenograft model further
revealed that oral administration of PLM-101 effectively reduced the
volume of CCDC6-RET-expressing primary tumors (Fig. 4). Collectively,
these data suggest PLM-101's potential for treatment of RET rear-
rangement cancer. A higher concentration range of PLM-101 (300 nM)
evoked marginal anti-proliferation effects in all of the tested lung cancer
cell lines (Fig. 1D). PLM-101 blocked activation of mTOR complex 1, as
evidenced by the inhibition of phospho-5S2448 mTOR and phospho-T389
p70S6K, irrespective of CCDC6-RET expression (Fig. S4A-S4F). This ef-
fect can be attributed to the multi-target kinase inhibitory property of
PLM-101 in cases where one of the minor targets, ARK5, being involved
in regulation between AKT and mTOR complex 1. This was confirmed
through an ARK5-specific knockdown experiment (Fig. S4G). Thus, the
marginal suppression of proliferation in RET-negative cancer cells by
PLM-101 at concentrations above 300 nM may result from inhibition of
ARKS activity (Fig. 1D, E).

Lung cancer not only is a dangerous primary tumor but also has a
high potential for metastasis, characterized by rapid spread to various
organs [17,18]. Metastatic secondary tumors significantly affect the
survival of cancer patients [17]. Despite the importance of preventing
metastasis, its underlying mechanism is not yet fully understood, and
indeed, has not been effectively targeted [24]. Therefore, it is important
to identify and target the metastasis mechanism of lung cancer. One of
the mechanisms of cancer cell metastasis is the formation of protrusive
structures, such as filopodia, lamellipodia, and invadopodia, through
actin polymerization [26,44,45]. In this study, we confirmed that YES1,
one of the SRC family kinases, regulates cancer cell metastasis by con-
trolling actin polymerization through the regulation of Cortactin activ-
ity. Specific knockdown of YES1 suppressed the metastatic ability of
lung cancer cells by inhibiting Cortactin activity (Fig. 5C-F). Moreover,
treatment with YES1-targeting agents, PLM-101 and Dasatinib, showed

12

Biomedicine & Pharmacotherapy 171 (2024) 116124

similar outcomes (Fig. 6A-H). YES1-specific knockdown and targeted
therapy for YES1 did not affect any of the other mechanisms involved in
metastasis, such as EMT and MMP (Fig. S3). Furthermore, oral admin-
istration of PLM-101 effectively inhibited the metastasis of cancer cells
in an in vivo IV-lung metastasis mouse model (Fig. 7). Based on these
findings, we propose PLM-101 as a new YES1-targeting agent that can
effectively prevent cancer cell metastasis by inhibiting the
YES1-Cortactin-actin remodeling pathway.

Clinical findings have shown that metastasis occurs more frequently
in lung cancer with RET rearrangement [23]. Additionally, a recent
study revealed that KIF5B-RET regulates invadopodia by regulating SRC
activity [37]. Therefore, we tested the possibility that RET rearrange-
ment contributes to lung cancer metastasis through SRC family kinases
activity. Indeed, overexpression of CCDC6-RET in HEK293T cells
increased the activity of the SRC family kinases and Cortactin (Fig. 5G).
Furthermore, we confirmed that RET-specific knockdown suppressed
SRC family kinases and Cortactin activity in CCDC6-RET-expressing
LC2/ad cells (Fig. S3A). Unfortunately, additional research on the role
of the CCDC6-RET-YES1-Cortactin-actin remodeling pathway on cancer
metastasis could not be performed, due to the unavailability of
RET-expressing cancer cell lines with metastatic potential. More studies
are needed to elucidate whether the regulation of metastasis through the
CCDC6-RET-YES1-Cortactin pathway is related to the high metastasis
rates observed in RET rearrangement lung cancer patients.

Interestingly, RET-positive NSCLC appears to be ’cold’ tumors with
low PD-L1 expression [46]. Patients with RET-abnormal cancers treated
with immune checkpoint inhibitors (ICI) have shown a shorter median
time to progression compared with those receiving non-ICI treatment
regimens [46]. Therefore, developing strategies to enhance the efficacy
of immune-oncological agents for lung cancer patients with RET ab-
normalities is crucial. Recent studies have found that inhibitors of SRC
family kinases enhance the responsiveness of cancer cells to immuno-
therapeutic agents [47-49]. Also, it has been demonstrated that con-
current administration of PD-1 antibody with the SRC family kinase
inhibitor Dasatinib can trigger a potent immune response against cancer
[47], and that co-treatment of PD-1 antibody with hematopoietic cell
kinase (HCK) inhibitor RK20449 represents improved anti-tumor ac-
tivity [48]. Clearly, investigating the underlying mechanism by which
SRC family kinases, specifically YES1, enhance patient responsiveness to
immunotherapy is necessary. This could pave the way for development
of RET/YES1 or RET/SRC family kinases dual-target inhibitors, which
could serve as the basis of a promising therapeutic strategy for treating
lung cancer with RET abnormalities.

In conclusion, this study introduced a novel RET/YES1 dual-
targeting agent, PLM-101, that effectively inhibits both primary tu-
mors through its action on RET and secondary tumors through its action
on YESI.
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