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Abstract: KIF5B-RET gene rearrangement occurs in ~1% of lung adenocarcinomas. Recently, targeted agents that
inhibit RET phosphorylation have been evaluated in several clinical studies; however, little is known about the role
of this gene fusion in driving lung cancer. Imnmunohistochemistry was used to evaluate the expression of the FOXA2
protein in tumor tissues of patients with lung adenocarcinoma. KIF5B-RET fusion cells proliferated in a cohesive
form and grew tightly packed with variable-sized colonies. The expression of RET and its downstream signaling
molecules, including p-BRAF, p-ERK, and p-AKT, increased. In KIF5B-RET fusion cells, the intracellular expression
of p-ERK was higher in the cytoplasm than in the nucleus. Two transcription factors, STAT5A and FOXA2, exhibiting
significantly different expressions at the mRNA level, were finally selected. p-STAT5A was highly expressed in the
nucleus and cytoplasm, whereas the expression of the FOXA2 protein was lower; however, it was much higher in
the nucleus than in the cytoplasm. Compared with the expression of FOXA2 in the RET rearrangement-wild NSCLC
(45.0%), high expression (3+) were observed in most RET rearrangement NSCLCs (94.4%). Meanwhile, KIF5B-RET
fusion cells began to increase belatedly from day 7 and only doubled on day 9 in 2D cell culture. However, tumors in
mice injected with KIF5B-RET fusion cells began to rapidly increase from day 26. In cell cycle analyses, the KIF5B-
RET fusion cells in GO/G1 were increased on day 4 (50.3 + 2.6%) compared with the empty cells (39.3 £ 5.2%; P
= 0.096). Cyclin D1 and E2 expressions were reduced, whereas CDK2 expression slightly increased. pRb and p21
expression was diminished compared with the empty cells, TGF-B1 mRNA was highly expressed, and the proteins
were accumulated mostly in the nucleus. Twist mMRNA and protein expression was increased, whereas Snail mRNA
and protein expression was decreased. Particularly, in KIF5B-RET fusion cells treated with FOXA2 siRNA, the expres-
sion of TGF-B 1 mRNA was remarkably reduced but Twist1 and Snail mRNA were increased. Our data suggest that
cell proliferation and invasiveness in KIF5B-RET fusion cells are regulated by the upregulation of STAT5A and FOXA2
through the continuous activation of multiple RET downstream signal cascades, including the ERK and AKT signal-
ing pathways. We found that TGF-B1 mRNA, where significant increments were observed in KIF5B-RET fusion cells,
is regulated at the transcriptional level by FOXA2.
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Introduction

RET is a transmembrane receptor tyrosine
kinase with a unique extracellular domain
included [1]. It is a receptor tyrosine kinase
involved in cell proliferation, neuronal naviga-
tion, cell migration, and cell differentiation [2].
RET acts via overexpression, mutation, and
fusion, and it is considered a novel therapeutic
target in various cancers [3, 4].

RET fusions account for 1-2% of patients with
lung cancer, and at least 15 fusions have been
reported [5, 6]. Chromosomal fusion between
the RET gene and other domains, such as KIF5B
and CCDC6 in NSCLC, causes the overexpres-
sion of the RET protein; 70-80% of KIF5B-RETs
and 20-30% of CCDC6-RETs have been identi-
fied [7]. RET fusion inhibitors have been used in
the past as multi-kinase inhibitors, and have
generally yielded poor results. Recently, studies


http://www.ajcr.us

FOXA2 and STAT5A regulate oncogenic activity of KIF5B-RET fusion

on selective RET inhibitors (selpercatinib, pral-
setinib) have revealed that they induce a signifi-
cant and sustained tumor response in patients
who have received a lot of pre-treatment; how-
ever, the mechanism of resistance to them is
not clear [8]. The median survival of patients
with KIF5B-RET was shorter than that of those
with CCDC6-RET [7].

KIF5B-RET is a novel gene fusion of the kinesin
family member 5B gene (KIF5B), which is com-
bined with the rearranged during transfection
gene (RET) resulting from a chromosome 10
inversion (p11; q11). It was first identified in a
nonsmoking Korean young male as an adeno-
carcinoma via whole-genome and transcrip-
tome sequencing [9]. KIF5B-RET, which occurs
in a low percentage of lung cancers, is more
frequent in non-smokers and in patients with
adenocarcinoma. It occurs exclusively with
other mutations, such as EGFR, K-RAS, B-RAF,
ErbB2, or EML4-ALK fusions [3, 10, 11].

There are seven components identified in the
transcription factor family of Signal transducer
and activator of transcriptions (STAT) and
STAT3/5, which are oncogenic transcription
factors of the JAK-STAT pathway [12, 13].
STAT5A is a transcription factor activated by
various cancer-related cytokines and growth
factors. It also plays a key role in maintaining
tumor differentiation and inhibiting disease
progression in cancer [13, 14]. However, the
role of STAT5A in lung tumorigenesis is unclear.

Forkhead box transcription factor (FOXA2) is a
transcription factor that plays a “pioneer” role
in regulating transcription. It regulates expres-
sion during lung morphogenesis and differenti-
ation and is highly expressed in bronchial and
alveolar type Il cells [15-17]. FOXA2 expression
is found to be decreased in many lung cancer
cell lines compared to normal lung cells [18]. In
several cancers, FOXA2 not only has ambiva-
lent functions progression or suppression [19-
21] but also plays an important role in tumori-
genesis and metastasis through regulation
together with FOXA1 [22, 23] and FOXA3 [24].

KIF5B-RET-positive lung cancer patients show
poor drug response and poor prognosis com-
pared to patients with other rearrangement. It
is unclear how KIF5B-RET activates specific
downstream signaling pathways during can-
cer initiation and progression. In this study, we
examined changes in cell proliferation and
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migration and the expression of RET down-
stream signaling molecules by the KIF5B-RET
gene fusion.

Materials and methods
Cells and tumor tissues

HEK293T (ATCC, Cat#: CRL-3216, USA) cells
were maintained in DMEM (Welgene, Cat#:
LMOO01-05, Korea) supplemented with 10%
fetal bovine serum (FBS, RM Bio, Cat#: FBS-
BBT, MT, USA), 100 U/mL penicillin, and 100
pg/mL streptomycin (Gibco, Cat#: 15140122,
CA, USA). The presence of the KIF5B-RET gene
fusion was determined in tumor tissues col-
lected from NSCLC patients at Seoul St. Mary’s
Hospital and the Korea Lung Tissue Bank using
RT-PCR and Nanostring analyses.

The pLOC viral expression vector containing the
KIF5B-RET gene fusion (K16:R12) plus green
fluorescent protein (GFP) was obtained from
Open Biosystems (Huntsville, AL). The virus was
packaged using the Viral Power Packaging sys-
tem (Invitrogen, CA, USA) per the manufactur-
er's instructions. The virus was collected via
centrifugation at 3,000 rpm for 15 min. The
nucleotide sequence and direction of both
plasmids were verified via DNA sequencing.
HEK293T cells, in which all lentiviral vectors
were packaged, were co-incubated with viruses
containing pLOC alone or the pLOC/KIF5B-RET
gene fusion (K16:R12)/GFP for 48 h before
adding blasticidin (2.5 pg/ml, Invitrogen, Cat#:
R21001, CA, USA). The efficiency of transduc-
tion of GFP-expressing constructs was checked
via immunofluorescence microscopy, and the
mMRNA and protein expressions of the KIF5B-
RET gene fusion and the RET gene were ana-
lyzed by RT-PCR and western blot, respec-
tively.

Cell proliferation and clonogenic assays

Cell proliferation was measured using the Cell
Counting Kit-8 assay (Dojindo, Cat#: CKO4,
Japan). The cells were suspended in the DMEM
medium supplemented with 10% heat-inacti-
vated FBS and subsequently seeded into a
96-well plate and incubated for nine days. Next,
a 10-uL aliquot of the CCK-8 solution was
added to each well and incubated at 37°C for
4 h. The optical density (OD) value of absor-
bance at 450 nm was measured using an ELISA
reader (PowerWave XS, BIO-TEK, VT, USA). The
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results were plotted as the mean + SD of three
independent experiments per sample. Cells
were plated in 9-cm dishes with 1,000 cells/
well at 24 h following irradiation and main-
tained for 10 days to allow colony formation.
Once Vvisible colonies (at least 50 cells)
emerged, they were fixed with 95% methanol,
stained with 0.5% crystal violet, and counted
via microscopy.

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted using TRIzol Reagent
(@ambition, Cat#: 15596026, CA, USA) per the
manufacturer’s protocol. The concentration
and purity of RNA were determined by A260
and the A260/A280 ratio, respectively. The
integrity of the RNA was assessed on 1% aga-
rose/formaldehyde gels. cDNA was obtained
from 1 pg of total RNA using the maxime RT
PreMix kit (intronbio, Cat#: 25081, Korea) in a
final volume of 20 ul. The cDNA (1 ul for each
sample) was amplified by PCR using the prim-
ers listed in Table S1. Thermal cycling condi-
tions: 95°C for 2 min, 35 cycles of 95°C for 30
sec, 52°C-60°C, depending on the Tm of each
individual set of primers, for 1 min and at 72°C
for 30 sec. GAPDH was amplified as an internal
control. The RT-PCR products were separated
via 2% agarose gel electrophoresis, stained
with ethidium bromide, and then photographed
under a UV illuminator.

Western blot analysis

Protein was extracted from empty vector-trans-
fected cells and KIF5B-RET gene fusion-trans-
fected cells and prepared in a sample loading
buffer [0.125 M Tris/HCI (pH 6.8), 4% (w/V)
SDS, 20% (v/v) glycerol and 10% (v/v) 2-mer-
captoethanol]. Approximately 40 ug of protein
was resolved by SDS/PAGE (10% gels) and
transferred to PVDF membranes (0.45 um
pore, Merck Millipore, Cat#: IPVHOO010, MA,
USA). The membranes were blocked for 1 h at
room temperature with 5% (w/v) non-fat dried
skim milk powder prepared in TBST (Tris-
buffered saline (iINtRON Biotechnology, Cat#:
IBS-BTO05-1, Korea) with 0.1% Tween 20
(Biosesang, Cat#: T1072, Korea)). The mem-
branes were probed with antibodies against
RET downstream signaling molecules; RET
(Cat#: 3223), p-AKT (Cat#: 4060), p-ERK (Cat#:
9101; Cell Signaling technology, MA, USA),
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p-BRAF (Abcam, Cat#: ab68215, UK), cell cy-
cle regulators; Cyclin A2 (Cell signaling tech-
nology, Cat#: 4656, MA, USA), Cyclin D1 (Santa
Cruz Biotechnology, Cat#: sc-20044, CA, USA),
Cyclin E2 (Cell signaling technology, Cat#:
4132, MA, USA), CDK4 (Cell signaling technol-
ogy, Cat#: 12790, MA, USA), and CDK2 (BD bio-
science, Cat#: 51-9001931, NJ, USA), apopto-
sis-related molecules; pRb (Cat#: 9308), p-p53
(Cat#: 9284), p21 (Cat#: 2947; Cell Signaling
technology, MA, USA), and FOXA2 (Santa Cruz
Biotechnology, Cat#: sc-101060, CA, USA),
phospho-stat5A (Santa Cruz Biotechnology,
Cat#: sc-101806, CA, USA) 1:1000 dilution;
overnight at 4°C. After washing, the mem-
branes were incubated for 30 min at room tem-
perature with the appropriate HRP (horseradish
peroxidase)-conjugated secondary antibodies
and subsequently developed with the ECL®
(enhanced chemiluminescence) western blot-
ting system (PXi4; Syngene, Cambridge, UK).
B-Actin (Cat#: GO43) and GAPDH (Cat#: GO41)
were used as the internal loading controls and
detected with specific antibodies (1:1000 dilu-
tion; abm, WA, USA).

Flow cytometric analysis

Cell cycle distribution was determined via flow
cytometry as previously described. Empty vec-
tor- or KIF5B-RET gene fusion-transfected cells
were seeded into 6-well plates under standard
culture conditions. After incubation for 1 or 4
days, the culture medium was aspirated, and
then the cells were quickly washed twice with
ice-cold PBS and trypsinized. Then, the cell pel-
let was harvested. For cell cycle analyses, cells
were fixed in ice-cold ethanol (70%) and then
stored at 4°C overnight. Before the analysis,
the cells were washed twice with PBS, sus-
pended in 0.5 mL of cold propidium iodide
solution (PI) containing 10 uL of RNase A (25
pg/mL) and 10 uL of PI (50 pg/mL), and then
incubated at 37°C for 30 min in the dark.
Subsequently, the cell cycle distribution was
determined by analyzing 10,000 conjugated
cells using a FACScan cytometer with Cell
Quest software (FACSCalibur; Becton-Dickin-
son, CA, USA). All experiments were performed
in triplicate.

Migration and wound-healing assay

The cell migration assay was conducted using
24-well Transwell inserts (8-um pore, Corning
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Costar Corp., Cat#: 9328012, MA, USA). Cells
were seeded in the upper chamber at 2 x 104
cells/ml in a medium containing 0.1 ml of 1%
FBS. The medium, supplemented with 10%
FBS, was placed in the bottom compartment in
a volume of 0.8 ml, which is used as a che-
moattractant. After incubation for 24 h at 37°C
in an atmosphere containing 5% CO,, the cells
on the upper surface of the insert membrane
were removed with cotton swabs, and the
migrating cells were fixed and stained with
0.05% crystal violet. The migrated cells from
each insert were counted using a microscope
at 200 x magnification (LEICA, CAT#: DM IRB/
DC300, Germany). For wound-healing assays, a
scratch was made across the cell monolayer
using a sterile tip. The ability of the cells to
migrate was monitored at the zero-time point
and at subsequent time points via light micros-
copy. At least three independent experiments
were conducted.

Expression of transcription factor mRNA by
PCR

RNA was isolated from empty vector-transfect-
ed cells and KIF5B-RET gene fusion-transfect-
ed cells. The RT2 Profiler PCR Array (SABio-
sciences, Qiagen, Cat#: 330231, France) was
used to examine the expression patterns of 84
genes involved in endothelial cell biology. The
manufacturer’s instructions were strictly fol-
lowed. The components were mixed in a 5-ml
tube or a multi-channel reservoir: 550 ul of 2X
SuperArray PCR master mix, 102 pl of a diluted
first-strand cDNA synthesis reaction, and 448
pl of ddH,0. The cocktail was then added to the
PCR array. Real-time PCR was performed under
the following thermal cycling conditions: 95°C
for 10 min; 40 cycles of 95°C for 15 sec, and
60°C for 1 min. Gene expression levels were
analyzed using the web-based “RT2 Profiler
PCR Array data analysis software supplied by
Qiagen (-version 3.5)". P-values were calculated
based on Student’s t-test of the replicate 244
values for each gene in the empty cells and the
KIF5B-RET gene fusion-transfected cells. We
set the threshold for the P-values at 0.05 for
the volcano plot presentation.

RNA interference
One day after seeding, the cells were transfect-

ed with double-stranded siRNA (25 pmol/L)
against FOXA2 (Santa Cruz Biotechnology, Inc.,
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USA) using Lipofectamine 2000 (Invitrogen,
Cat#: 11668-027, CA, USA). Non-specific siR-
NA-transfected cells served as a control. The
siRNA-transfected cells were cultured in the
presence or absence of FOXA2. Total cell
lysates were prepared to evaluate the mRNA
expression of FOXA2 and epithelial-to-mesen-
chymal transition (EMT) markers by RT-PCR.
FOXA2 siRNA sequences were as follows:
FOXA2 siRNA 1: GAACAUGUCGUCGUACGUG;
FOXA2 siRNA 2: GCAGAUACCUCCUACUACC.

In vivo studies

BLAB/c nude mice (Female, 4-6-week-old) were
obtained from Orient-Bio Korea. Empty vector
and KIF5B-RET gene fusion cells (1 x 10%/100
pl) were subcutaneously injected into the mice.
The tumor volume was calculated using the
formula: V (mm3) = length x width? x 1/2. All
animal procedures were conducted per the
Laboratory Animals Welfare Act, the Guide for
the Care and Use of Laboratory Animals, and
the Guidelines and Policies for Rodent experi-
ments provided by IACUC (Institutional Animal
Care and Use Committee) in the School of Me-
dicine, The Catholic University of Korea (Appro-
val number: CUMS-2020-0152-02). IACUC and
the Department of Laboratory Animals in the
Catholic University of Korea, Songeui Campus
accredited the Korea Excellence Animal labora-
tory facility from the Korea Food and Drug
Administration in 2017 and acquired AAALAC
International full accreditation in 2018. The
mouse-rearing environment was maintained at
a temperature of 20°C-26°C and 50% + 10%
humidity with a 12-hour light-dark cycle. Mice
were fed with a gamma ray-sterilized diet (TD
2018S, Harlan Laboratories Inc., America) and
provided autoclaved reverse osmosis (R/0)
water and Aspen bedding (PG-3, LAS bedding,
Germany).

Histological and immunohistochemical analy-
Sis

Hematoxylin and Eosin (H&E) stain and immu-
nohistochemistry (IHC) were performed. Briefly,
4-um paraffin-embedded tissue sections were
deparaffinized with xylene. Endogenous peroxi-
dase activity was blocked by immersing the
sections in methanol with 3% hydrogen perox-
ide for 10 min, after which they were washed
with water and PBS. Antigen retrieval was per-
formed by boiling the sections in citrate buffer
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(ScyTek laboratories, Cat#: CBB500, UT, USA).
The tissue sections were incubated with FOXA2
(Cat#: 22474-1-AP) and STAT5A (Cat#: 13179-
1-AP) antibody (Protein Tech Group, IL, USA) at
4°C overnight using a predetermined optimal
dilution (1:100). The slides were washed with
PBS and then incubated with the biotinylated
secondary antibody (Polink2 plus HRP Rabbit
DAB kit; GBI Labs, Cat#: D41-125, WA, USA) for
10 min at room temperature. After washing
with water and PBS, the peroxidase activity was
developed with 3, 3’-diaminobenzidine (DAB).
The sections were counterstained with hema-
toxylin and imaged. Finally, the expression lev-
els of FOXA2 and STAT5A were scored on the
basis of the staining intensity of the tumor cells
and the relative proportion of positively-stained
cells among the total tumor cells. The tumor
cell staining intensity was graded as follows:
0: absent; 1: weak (light brown); 2: moderate
(brown); and 3: strong (dark brown). Multiplying
the percentage score by the intensity score
yielded a semiquantitative score.

Statistical analysis

Statistical analyses were performed using
PASW Statistics version 18.0 (SPSS Inc.,
Chicago, IL, USA). All quantitative data were
expressed as the mean + standard error of the
mean. Differences between groups were ana-
lyzed using the one-way analysis of variance
followed by Scheffe’s post-test. The statistical
significance of differences was determined
using Student’s t-test. P-values of < 0.05 were
considered statistically significant ("P < 0.05;
P <0.01).

Results

The change of cell morphology and activation
of RET downstream signaling in KIF5B-RET
fusion cells

We confirmed the introgression of the KIF5B-
RET gene fusion through GFP expression and
mRNA transcript and protein expression in
HEK293T-transformed cells (Figure 1A-C).
Morphologically, the KIF5B-RET fusion cells
proliferated in a cohesive form and grew tightly
packed with variable-sized colonies (Figure
1D).

When we checked the RET protein and its
downstream signaling molecules in KIF5B-RET
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fusion cells, p-BRAF, p-ERK, and p-AKT were
increased (Figure 1E). The p-ERK and p-AKT
expression gradually increased in the empty
cells over time; whereas, in KIF5B-RET fusion
cells, p-ERK expression increased over time
while p-AKT expression remained unchanged.
Interestingly, in KIF5B-RET fusion cells, the
intracellular expression of p-ERK was much
higher in the cytoplasm than in the nucleus.
Compared with empty cells, p-ERK expression
was lower on day 3; however, it became rela-
tively high on day 7. Meanwhile, p-AKT expres-
sion in KIF5B-RET fusion cells was slightly high-
er in the cytoplasm than in the nucleus;
however, the expression pattern in the cyto-
plasm was similar to that in the nucleus. p-AKT
expression was higher in KIF5B-RET fusion
cells than in the empty cells on day 3 but no
difference in expression was observed on day 7

(Eigure S1A).

Selection of putative transcription factors in
KIF5B-RET fusion cells

Using a cDNA microarray and transcription fac-
tor PCR array, we evaluated the expression of
genes and transcription factors to identify
downstream signaling molecules influenced by
the KIFSB-RET gene fusion. The cDNA microar-
ray analysis revealed 1,172 genes that were
significantly differentially expressed between
KIF5B-RET fusion cells and empty cells. Of
these, 535 genes showing identical expression
levels between the two subclones of KIF5B-
RET fusion cells were selected. Compared with
the expression profile in empty cells transfect-
ed with the empty vector, there were 39 genes
in which the expression level was elevated
more than two-fold. Additionally, expression
increased by at least three-fold was observed
in only 3 genes: 5.3-fold for RPL22L1, 4.5-fold
for MGST1, and 3.0-fold for SNTB1. There were
28 genes in which the expression level was
decreased by more than two-fold: -4-fold for
ITM2A, MAP7D2, and HES5, -3.7-fold for MAOA
and LOC644695, -3.4-fold for BEX1, and -3.0-
fold for BASP1 (Figure S2A). To investigate
changes in the expression of transcription fac-
tors by the KIF5B-RET gene fusion, we screened
90 transcription factors in KIF5B-RET fusion
cells using a PCR array. Three transcription fac-
tors (AR, ID1, and MYOD1) in the KIF5B-RET
fusion cells exhibited a 1.5-fold lower expres-
sion than the empty cells with the greatest dif-
ference observed for AR (16.1-fold). Meanwhile,

Am J Cancer Res 2023;13(2):638-653



FOXA2 and STAT5A regulate oncogenic activity of KIF5B-RET fusion

A
B
KIF5B-RET fusion gene
K16:R12
(192 bp)
D
2
=%
£
L
g
22
E X
o
m
wn
w
x

RET
(150 kDa) -—

ACHN e —
(40 kDa)

E
&
S F
@&Q &

150 kDa

85 kDa

—
-
pERK = 4244kDa
& 60kDa
— ——

' 40kDa

Figure 1. Morphological differences and RET downstream signaling pathways in KIFS5B-RET fusion cells. A. Estab-
lishment of the KIF5B-RET gene fusion using confirmed DIC and GFP. B. The KIF5B-RET gene fusion (KIF5B exon
16:RET exon 12) and total RET expression were analyzed using RT-PCR and western blot, respectively. C. Levels of
RET expression in empty vector and KIF5B-RET fusion-transformed cells. D. Cell morphological differences between
the empty vector and KIF5B-RET fusion-transformed cells were observed for the KIF5B-RET gene fusion. (Right: H&E
staining, left: light microscopy). E. RET downstream signaling molecules were identified via western blot analyses.

the mRNA expression of transcription factors,
MYF5 (1.6-fold), STAT5A (1.6-fold), and FOXAZ2,
were significantly increased with the highest
expression in FOXA2 (4.6-fold; Figure S2B). We
compared the genes displaying significant dif-
ferences in expression in the cDNA microarray
with target genes controlled by the six tran-
scription factors identified by the PCR array.
The genes that were commonly differentially
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expressed between the cDNA microarray and
transcription factor PCR array were CCND2,
CCNB1IP1, UBE3A, NFKB1B, and MDM2 (Figure
2A). We examined the expression of two tran-
scription factors (FOXA2 and STAT5A) in the
mMRNA and protein levels. In KIF5B-RET fusion
cells, FOXA2 and STAT5A were highly expressed
at the mRNA and protein levels (Figure 2B).
Additionally, we observed the expression of two
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Figure 2. Selection of transcription factors upregulated in the KIF5B-RET gene fusion. A. Schematic diagram of se-
lected transcription factors. B. Increased FOXA2 and STAT5A caused by the KIF5B-RET gene fusion were assessed

via RT-PCR, western blot (left), and immunofluorescence staining (right).

transcription factors (FOXA2 and STAT5A) in the
nuclei and cytoplasms over time. The expres-
sion of the FOXA2 protein was relatively lower in
KIF5B-RET fusion cells compared with the
empty cells and was higher in the nucleus than
in the cytoplasm. In the empty cells, the expres-
sion of FOXA2 protein did not change in the
nucleus but increased in the cytoplasm with
time, whereas the expression of FOXA2
remained unchanged in the nuclei and cyto-
plasms of KIF5B-RET fusion cells. p-STAT5A
was highly expressed in the nuclei and cyto-
plasms of KIF5B-RET fusion cells; however, no
changes were observed over time (Figure S1B).

FOXA2 expression in NSCLC patients harboring
the RET rearrangement

To determine the difference in FOXA2 expres-

sion depending on the existence of the RET
rearrangement in the tumor tissue, IHC was
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performed with 38 tumor specimens from
NSCLC patients who had already confirmed for
the presence of RET rearrangement by RT-PCR
and Nanostring technology in our previous
study. We analyzed the expression of FOXA2
according to the staining intensity in IHC. When
compared with the wild type cases (45.0%),
high expression of FOXA2 was observed in
most RET rearrangement cases (94.4%; Table
1; Figure 3). Using immunohistochemistry, we
investigated the expression of FOXA2 and
STATH5A in NSCLC patients with/without RET
rearrangement. The expression of FOXA2 and
STAT5A was strongly stained in the nucleus in
NSCLC patients carrying the RET rearrange-
ment (data not shown).

Cell proliferation and migration in KIF5B-RET
fusion cells

To examine the influence of the KIF5B-RET
gene fusion on cell growth, we measured the
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Table 1. Immunohistochemistry of FOXA2 in 38 patients with lung
adenocarcinoma between wild type and RET rearrangement

spheroids of KIF5B-RET fu-
sion cells were 268.5 + 5.5

pm and 333.8 + 5.9 uym, res-

Staining Lung adenocarcinoma pectively, whereas the empty
intensity Wild type (%) (N = 20) RET rearrangement (%) (N = 18) cells had diameters of 225.8
0 5(25.0) - + 4.1 pm and 305.4 + 7.4
1+ 3(15.0) 1(5.6) um, respectively. The empty
2+ 3(15.0) - cells increased by 19.6%,
3+ 9 (45.0) 17 (94.4) whereas KIF5B-RET fusion

The expression level of FOXA2 was graded on the basis of the staining intensity of
tumor cells. Multiplying the percentage score by the intensity score yielded a semi-

quantitative score.
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cells increased by 26.1%
(data not shown). Unlike the
cell proliferation rate obser-
ved in two-dimensional cell
culture, the rate tended to
increase in the spheroids of
KIF5B-RET fusion cells. In an
in vivo experiment, we asse-
ssed the changes in tumor
volume using a xenograft
model transplanted with KI-
F5B-RET fusion cells com-
pared with that of the control
mice. Tumors in mice injected
with KIF5B-RET fusion cells
began to increase from day
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Figure 3. The expression of FOXA2 as assessed via IHC analysis. Staining in-
tensity was scored as follows: O: absent; 1: weak; 2: moderate; and 3: strong.

Bar =50 um.

proliferation rate of KIF5B-RET fusion cells. The
OD values of the empty cells gradually increa-
sed during the first five days of the incubation
period and reached 2.5- and 7-fold exponential
increments on days 7 and 9, respectively. In
contrast, the OD value in the KIF5B-RET fusion
cells began to increase belatedly from day 7,
and it was not until day 9 that it doubled. Colony
formation was also delayed, even with the long-
term culture of 10-15 days (Figure 4A). In addi-
tion, we measured the diameter of the spher-
oids as a function of time to determine the
proliferative activity of KIF5B-RET fusion cells
in a three-dimensional cell culture system. On
days 3 and 10, the mean diameters of the
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We performed a wound-heal-
ing assay to evaluate the
influence of the KIF5B-RET
gene fusion on cell migration.
The empty cells migrated to
~80% of the cell-free area after 24 h; however,
KIF5B-RET fusion cells encompassed less than
30% of the scratched area (Figure S3). The
results of cell migration through a Boyden
chamber yielded similar results to that of the
wound-healing assay (data not shown).

Change in cell cycle distribution and RET
downstream signaling of KIF5B-RET gene fu-
sion cells

To determine the effect of the KIF5B-RET gene
fusion on the cell cycle, we analyzed the chang-
es in cell cycle distribution for each phase
between days 1 and 4. On day 1, the cell popu-
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Figure 4. Difference in proliferation with the KIF5B-RET gene fusion. A. Expression of the KIF5B-RET fusion de-
creased the cell proliferation rate in vitro. Empty and KIF5B-RET fusion cell lines were seeded into 96-well plates at
1,000 cells/well. (Right: colony assay, left: cell proliferation CCK8 assay). B. The changes in tumor volume using a
xenograft model injected with KIF5B-RET-transformed cells compared with that of the Empty mice. C. H&E staining
(top) and IHC staining (bottom) were performed for RET, HIF1«x, and p-ERK in empty and KIF5B-RET-transformed

mice groups. The data are presented as the mean + SE.

lation in the GO/G1 phase was similar between
the KIF5B-RET fusion cells and empty cells
(42.9 + 3.6% vs. 45.6 + 3.2%, respectively).
However, on day 4, the cell population in GO/G1
was increased (50.3 + 2.6%) in KIF5B-RET
fusion cells compared with the empty cells
(39.3 + 5.2%; P = 0.096; Figure 5A). With
respect to cell cycle regulators in KIF5B-RET
fusion cells, cyclin D1 and E2 expressions were
markedly reduced, whereas CDK2 expression
was slightly increased. Phosphorylated Rb and
p21 expressions were diminished compared
with the empty cells; however, no change in
phosphorylated p53 expression was observed
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(Figure 5B). We evaluated the changes in the
protein expression of these cell cycle regulators
over time. Compared with the empty cells in
which expression gradually increased on days
7 and 10, cyclin D1 expression in KIF5B-RET
fusion cells increased on day 7 and decreased
thereafter. Cyclin E2 remained unchanged at a
low expression level from day 3 (Figure S4A).

The expression of EMT markers in KIF5B-RET
fusion cells knocked down by FOXA2 siRNA

We investigated the expression of EMT-related
molecules in KIF5B-RET fusion cells. TGF-B

Am J Cancer Res 2023;13(2):638-653
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that of Twistl. In contrast,
the expression of N-cadherin
MRNA was highest on day 7
and the expression of Snail
mMRNA remained unchanged
over time, unlike that in the

empty cells (Figure S4B).

We evaluated the expres-
sion of EMT markers follow-
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Figure 5. Identification of cell cycle expression in KIF5B-RET fusion cells. A.
Cell cycle distribution was measured via flow cytometry for different time
points (Day 1 or Day 4). Statistical analyses of the cell cycle phase distribu-
tion in the empty cells and KIF5B-RET fusion cells. B. The level of cell cycle-
related molecules, including CDK2, CDK4, and cyclins D1 E2, A2, and pRb,
p-p53, p21. The data are presented as the mean + SE. “"denotes P < 0.05 and

“*denotes P < 0.01.

MRNA was highly expressed, and the protein
expression did not differ from that of the empty
cells. However, it was accumulated in KIF5B-
RET fusion cells rather than empty cells in the
nucleus. No significant differences were evi-
dent between E-cadherin and Vimentin protein
expression. In KIF5B-RET fusion cells, Twist
MRNA and protein expression were increased,
whereas Snail mRNA and protein expression
were decreased. The mRNA expression of
N-cadherin was increased but the protein
expression was decreased (Figure 6A). The
expression of FOXA2 mRNA, a transcription
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G0/G1 S G2/M  GO0/Gl S

T T

Day 1 Day 4

pRb .-1 110 kDa

P-p53 MW 53 kDa

CDK2 ™= == .. ,D; GAPDH | ” e

G2/M ing the knockdown FOXA2

mRNA expression via the
treatment of KIF5B-RET fu-
sion cells with FOXA2 siRNA.
After treatment, the expres-
sion of FOXA2 mRNA in the
empty cells and KIF5B-RET
fusion cells was reduced by
1.8- and 2.8-fold (P = 0.034
vs. P = 0.007, respectively).
In particular, in KIF5B-RET
fusion cells treated with FOX-
A2 siRNA, the expression of
Twistl mRNA was increased
2.3-fold (P = 0.018) by the
reduced FOXA2 expression
(vs. 1.5-fold increase in em-
pty cells, P = 0.020), and a
1.4-fold (P = 0.018) increase
in Snail mRNA (vs. 2.7-fold
increase in empty cells, P =
0.031; Figure 6B). We used
a Boyden chamber to eva-
luate cell mobility resulting
from reduced FOXA2 mRNA
expression; however, no sig-
nificant differences were observed (data not
shown).

Discussion

RET rearrangement is a driver genetic altera-
tion found in a subset of lung adenocarcinoma
[3, 10, 11, 25]. It is more commonly detected
in never smokers and younger patients [26].
However, not only the role of RET rearrange-
ment but also its downstream signaling path-
ways in cancer development and progression
have not been well understood. In in vitro and
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Twist, and Snail mRNA following FOXA2 knockdown (left). Quantitative expression of mRNA (right). Data are pre-
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in vivo KIF5B-RET fusion models, we investi-
gated the changes in cell morphology, prolifera-
tion, cell cycle, and downstream signaling mol-
ecules and identified putative transcription
factors related to the EMT signaling pathway.

The phosphorylation of the cytoplasmic tyro-
sine residues of RET allows for the recruitment
and binding of several adaptor molecules nec-
essary for the subsequent activation of down-
stream signaling cascades, namely PISK/AKT,
RAS/RAF/MEK/ERK, JAK2/STAT3, and PKC
pathways. When RET fusion occurs, it is suffi-
cient for RET downstream signaling to drive
even without ligand binding [27-31].
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RAS-RAF-MEK-ERK signaling is required for
both cyclin D expression and the assembly of
the cyclin D-CDK4 complex in many cancer cell
types. The activation of p-ERK is necessary for
entry into the S phase and should be translo-
cated from the cytoplasm to the nucleus [32].
David B. Solit et al. reported that treatment of
B-RAF mutant cell lines with a specific MEK
inhibitor caused a marked decline in cyclin D
protein levels, followed by the loss of RB phos-
phorylation and profound G1 cell cycle arrest
[33].

Our results indicated that the expression of
p-ERK was increased in KIF5B-RET fusion cells,
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while the expression of cyclin D1 and E2 was
decreased, contradicting previous presenta-
tions [32, 33]. Thus, it is presumed that in the
early stages of cell culture, the p-ERK protein is
mainly located in the cytoplasm and not in the
nucleus. However, as time passes, the activat-
ed p-ERK protein promotes the G1 phase by
increasing the expression of the cyclin D1 pro-
tein as it is translocated into the nucleus. In
contrast, in 3D spheroid cell culture and xeno-
graft mice, KIF5B-RET fusion cells grew at a
rapid rate when compared with 2D cell culture.
In addition, we found that the expression of HIF-
1a was very low in 2D cell culture (data not
shown), whereas HIF-1a was expressed in large
quantities in the tumor tissue from xenograft
mice. It is well-known that HIF-1a induced by
the hypoxic condition in various tumor tissues
plays a key role in regulating cell proliferation.
As cell culture was continued even after pass-
ing the 2D cell culture stage, cancer cell clumps
became spheroids. At this time, HIF-1 induced
in inner tumor cells under hypoxia may cause
rapid tumor growth as a strong driver of cell
proliferation.

We identified 1,172 genes with > 1.5-fold of dif-
ferential RNA expression in KIF5-RET fusion
cells using a cDNA microarray, while 359 puta-
tive target genes regulated by transcription fac-
tors exhibiting significantly differential expres-
sion in the TF PCR array, were determined. Six
genes were identical in two gene sets. In addi-
tion, there were only six transcription factors
showing consistently differential expression
through the repeated TF PCR array experi-
ments. Lastly, STAT5A and FOXA2, which have
identified a common increase in expression in
two candidate groups created by two different
experimental tools, were selected. Thereafter,
we confirmed that FOXA2 is highly expressed in
both mRNA and protein levels in KIF5B-RET
fusion cells.

STAT5A, STAT5B, and STAT3 are closely related
and are important regulators of cellular trans-
formation as key components of the JAK/STAT
signaling pathway [14, 34]. Also, they control
cell proliferation and survival by regulating the
expression of CCND1, MYC, AKT1, etc. [12].
Thus, the pharmacologic inhibition of oncogen-
ic STAT3 and STAT5A signaling is being inves-
tigated in castration-resistant prostate can-
cer and hematopoietic malignancies [34]. The
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lower expression of STAT5A in patients with
liver cancer and metastatic breast cancer is
known to be associated with rapid tumor
growth and poor clinical prognosis [35]. A previ-
ous study reported that cell proliferation was
inhibited in STATHA-overexpressed liver cancer
cells with a significantly increased GO/G1 cell
population and a decreased G2/M cell popula-
tion, and cell migration was reduced [36].

Interestingly, in KIF5B-RET fusion cells with
high expression of STATS5A mRNA and protein,
we identified the change of cell morphology,
significantly reduced cell proliferation with
increased GO/G1 cell population by the re-
markable inhibition of cyclin D1 and E2 and
decreased migration capability. These findings
suggest that STAT5A may play a major role in
cellular transformation and cell proliferation
during the early stage of cell culture. Addition-
ally, we checked that the STAT5A protein was
stained at a relatively higher level in KIF5B-RET
fusion-positive xenograft mice and lung cancer
patients harboring RET rearrangement.

FOXA2, a major transcription factor for bron-
chial epithelial cell differentiation, is a target
gene for CCAAT/enhancer binding protein o (C/
EBPa) transcription factor [18, 37-39]. The fre-
quent downregulation of FOXA2 through epi-
genetic silencing has been reported in lung
cancer. Given the changes in FOXA2 mRNA
expression and the location of FOXA2 proteins
observed in KIF5-RET fusion cells, after that
cell proliferation progresses slowly during the
early stage of cell culture, FOXA2 mRNA
induced by increased cell-to-cell contact is
translated into abundant FOXA2 proteins in the
nucleus, which is thought to regulate the tran-
scription of target genes involved in cell prolif-
eration and differentiation. In addition, we dis-
covered that the FOXA2 protein was strongly
stained, especially in the nuclei of tumor cells
in advanced lung cancer patients carrying RET
rearrangement and KIF5B-RET fusion-positive
xenograft mice.

Halmos et al. suggested that FOXA2 is a tumor
suppressor gene on the basis of their observa-
tion that decreased cell growth, arrest of cell
proliferation, and cell death occurred when
FOXA2 expression was induced in lung cancer
cells [18]. However, B. Wang et al. later report-
ed that FOXA2 was highly expressed in colon
cancer tissues and was mainly limited to the
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nucleus and promoted cancer progressions
such as cell proliferation, cell migration, and
invasion [40], which is consistent with our
results.

Itis well-known that TGF-§ is an important regu-
lator of EMT and induces an increase in the
migration ability of lung cancer cells. However,
whether FOXA2 is involved in TGF-B1-mediated
EMT and cancer invasiveness remains still
unclear. Previous studies reported that the high
expression of FOXA2 correlates with the epithe-
lial cell phenotype and suppresses TGF-B1-
induced EMT and cell invasion by regulating the
transcription of E-cadherin in human breast
and lung cancer cells [41, 42].

We evaluated the expressions of EMT-related
molecules, including TGF-B, Snail, Twist, E-cad-
herin, and N-cadherin in KIF5B-RET fusion
cells. TGF-B mRNA was abundantly expressed
and TGF-f proteins were mainly accumulated in
the nucleus rather than in the cytosol. Twist
expression was greatly increased at the protein
level, whereas Snail expression was reduced to
almost invisible levels. The expression of both
E-cadherin and N-cadherin expression was
reduced at the protein level.

When KIF5B-RET fusion cells were transiently
transfected with synthetic siRNA against
FOXA2, TGF-B mRNA expression was greatly
reduced to almost invisible levels, whereas the
expression of Twistl mRNA was significantly
increased with a slight increase in Snail mRNA.
Our results indicate that FOXA2 regulates
TGF-B expression at the transcription level and
affects the expression of Twist and Snail mRNA.
A previous study reported that FOXA2 knock-
down in lung cancer cells induced EMT markers
and promoted cancer invasion by the increased
expression of Twist1 and Snail, which is consis-
tent with our findings [42, 43]. Song et al.
reported that the double knockdown of FOXA1
and FOXAZ2 in pancreatic cancer cells is essen-
tial forinducing EMT with a decline in E-cadherin
expression [23]. In our study, neither E-cadherin
nor Snail mRNA expression was significantly
upregulated, indicating that transient FOXA2
inhibition could initiate the loss of epithelial
traits; however, it was not sufficient to induce
the mesenchymal phenotype.

Twist plays an important role in the complicat-
ed process of cancer metastasis, like angio-
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genesis, invadopodia, extravasation, chromo-
somal instability, and resistance against pla-
tinum compounds [44]. It is activated by a vari-
ety of intracellular signal cascades, including
the Akt, STAT3, MAP kinase, Ras, and Wnt sig-
naling pathways [45, 46]. Given the significant
increase in p-BRAF, p-AKT, and p-ERK protein
expression observed in KIF5B-RET fusion cells,
noticeable increments in twisted protein levels
are thought to be due to the continuous activa-
tion of multiple RET downstream signaling cas-
cades, including PI3K/AKT, RAS/RAF/MEK/
ERK, and JAK2/STAT3.

Snail not only induces EMT but is also associ-
ated with TGF-B signaling, the tumor grade, and
nodal metastasis in metastatic cancer. It also
induces cancer recurrence and drug resis-
tance, which is related to a poor prognosis [47-
49]. We observed that there were no changes
in Snail expression as the cell density increased,
suggesting that TGF-f induced by the KIF5B-
RET gene fusion induced Snail expression,
which may affect the expression of other EMT
markers.

Our study has some limitations. First, because
we experimented with HEK293T cells in which
KIF5B-RET gene fusion was introduced, it was
difficult to compare our results with other in-
vestigators’ findings using cancer cell lines.
Second, additional experiments on other mole-
cules besides HIF1a are required to identify the
rapid increase in cell proliferation in 3-dimen-
sional culture and xenograft models. Third, the
functions of STAT5A on cell proliferation, cell
cycle, and migration should be elucidated.

In summary, in transformed HEK293T cells
with the KIF5B-RET gene fusion, rapid cell pro-
liferation and invasiveness are induced by the
upregulation of STATS5A and FOXA2 through the
continuous activation of RET downstream sig-
nal cascades, including ERK and AKT signaling
pathways. The markedly increased TGF-81
MRNA found in KIF5B-RET fusion cells is regu-
lated at the transcriptional level by FOXA2.
Therefore, further studies on the association of
FOXA and STAT5A with EMT in lung cancer cells
carrying KIF5B-RET fusion are needed.
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Table S1. The DNA sequence of individual set of primers

Primer Stand Sequence (5’ — 3)

TGFB1 Forward GCCCTGGAGACCAACTATTGC
Reverse GCACTTGCAGGAGCGCA

twistl Forward TCTCGGTCTGGAGGATGGAG
Reverse GTTATCCAGCTCCAGAGTCT

Snail Forward CAGACCCACTCAGATGTCAA
Reverse CATAGTTAGTCACACCTCGT

N-cadherin Forward GATGTTGAGGTACAGAATCGT
Reverse GGTCGGTCTGGATGGCGA

E-cadherin Forward TGAGAGTTGCACCGGTGCAC
Reverse TCTCTCACGCTGTGTCATCC

FOXA2 Forward CCACCACCAACCCCACAAAATG
Reverse TGCAACACCGTCTCCCCAAAGT

GAPDH Forward TGGACTCCACGACGTACTCAG
Reverse ACATGTTCCAATATGATTCCA
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Figure S1. Identification of RET downstream molecules and FOXA2, STAT5A expression harboring KIF5B-RET fusion
gene in cytoplasm and nucleus. (A) RET downstream signaling molecules and (B) FOXA2, STAT5A and RET were
identified in the cytoplasm and in the nucleus. Quantitative expression of protein (right). The data are presented as
the mean * SE.



FOXA2 and STAT5A regulate oncogenic activity of KIF5B-RET fusion

A
-lM'l'..;w!Tr—- 'I!r. .-“T"l l'le l!rvv'-a‘-‘-f".rﬁ'- Ir!'-l"'t!’- Rﬁl’l‘n’ﬁ, J’-._-'H-r"_'l:- ”r.'!;’l'q
: | IR} 1 | i 1l K4- al
‘ | I’I“‘\I 1 | ! H K4- Signal
I ll”"'LlllllJ ni !‘ Ej SI
LE-1-8ignal
LE- al
LE- al
6 i
-1
s S .
2
B R
- )
5 ) .
=
£ 2 &
1 o
w
° RPL22L1  MGSBTI  ONTBI  WOR7  RELB  BSN  EFEMP2 TMEMA4S  AVEN  TMEM190 s
Genes
o
0 o
-
N U ‘_| | U
j=
5
H -3
= e
o
u 4
-5
2 CRT‘ACI SLCZ'SMS DD'RZ MAC:EAS VAhIAPa Il;i! BA'SP1 BE'X1 MA‘OA LOCO‘A‘!M NE‘SS MAD;'IDZ IYD‘;ZA
Genes
B 10 4
5

DDDDDDDDDDDDDDDDDDDDDDDDDH

Fold regulation
& o

X
o
1

-15 -

Transcription factors

Figure S2. Transcription factors up-regulated in KIF5B-RET fusion gene. (A) The cDNA microarray and (B) transcrip-
tion factor PCR array, identified the expression of genes and transcription factors for the purpose of identifying
down-stream signaling molecules influenced by the KIF5B-RET fusion-gene.
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Figure S3. Decreased cell proliferation and migration ability in the KIF5B-RET fusion gene. Representative images
of the scratched areas and the recovery of wounded areas (marked by red lines) in confluent monolayers of empty
vector and KIF5B-RET fusion cells after 24 h. Values of the percent wound area (right). The data are presented as
the mean * SE.
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Figure S4. |dentification of cell cycle and EMT marker expression in KIF5B-RET fusion gene. A. The level of cell cycle-
related molecules including RET, p-STAT5A by western blot analysis over time. B. EMT markers were identified by
RT-PCR over time. Quantitative expression of protein (right). The data are presented as the mean + SE.



