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Abstract: Cancer-associated fibroblasts (CAFs) are the main cancer-promoting component in the tumor microenvi-
ronment (TME) of non-small cell lung cancer (NSCLC). a1,6-Fucosyltransferase (FUT8), the key enzyme catalyzing
core al,6-fucosylation (CF), plays a promoting role in multiple malignancies. In the current study, we investigated
the function of FUT8 in CAFs and elucidated the mechanism through which FUT8 regulates the cancer-promoting
capacity of CAFs in NSCLC. A bioinformatics analysis was performed to reveal the relationship between FUT8 and
CAFs. Resected specimens from NSCLC patients were analyzed to assess the expression of FUT8 in CAFs. Primary
CAFs and normal lung fibroblasts (NLFs) were extracted from NSCLC patient specimens and were co-cultured with
NSCLC cell lines in a novel 3D-printed non-contact co-culture device. An In vivo CAF/NSCLC co-injection tumori-
genesis assay was performed using nude mice to study the function of FUT8/CF in TME formation. The current
study revealed that FUT8-mediated CF in CAFs plays a positive role in the cancer-promoting capacity of these cells.
FUT8 overexpression was observed in CAFs isolated from some lung adenocarcinoma cases. Further investigation
showed that FUT8/CF in CAFs promoted the formation of an invasive and malignant TME in vivo and in vitro, and
the resulting NSCLC cells exhibited faster proliferation and increased invasiveness. EGFR signaling exerts a catalytic
effect on the cancer-promoting capacity of CAFs and is regulated by the CF modification of the EGFR protein.
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Introduction has received increasing attention [4]. Cancer-
_ . . associated fibroblasts (CAFs), the most abun-
Lung cancer is the most common malignancy in dant component of the TME, account for 70% of

the world [1], and non-small cell lung cancer
(NSCLC) accounts for approximately 85% of
lung cancer cases [2]. Due to the presence of
micrometastasis, even early-stage patients are
at risk of metastasis and relapse after radical
treatment [3]. Therefore, the mechanism of
NSCLC proliferation and metastasis still needs
to be further explored, and more effective mo-
lecular therapeutic targets need to be iden-

the cells in solid tumors [5]. CAFs are most
often identified by the expression of specific
biomarkers such as a-smooth muscle actin
(x-SMA) [6], fibroblast activation protein (FAP),
and vimentin [7]. As demonstrated by major
studies, the transformation of normal lung fibro-
blasts (NLFs) to a myofibroblast phenotype and
their subsequent acquisition of cancer-associ-

tified. ated properties results in the formation of CAFs.
CAFs can promote tumor progression through
In recent years, the crosstalk between the tu- direct interaction and the secretion of various

mor microenvironment (TME) and cancer cells cytokines [8]. Thus, elucidation of the mecha-
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nisms underlying the activation and mainte-
nance of CAFs could lead to novel therapeutic
approaches.

Glycosylation, a common type of posttransla-
tional protein modification, is essential for
many of the biological functions of glycopro-
teins [9]. Fucosylation catalyzed by fucosyl-
transferases is one of the most common forms
of glycosylation [10]. FUT8, which is also known
as al,6-fucosyltransferase, is the only enzyme
that catalyzes the core al,6-fucosylation (CF)
in mammals [11]. FUTS8 is responsible for the
transfer of a fucosyl moiety to glycoproteins via
an ol,6 linkage to generate the CF modification
[12]. This modification is essential for the devel-
opment and progression of cancer [9, 13-17].
However, whether FUT8/CF plays a role in the
TME remains unknown.

Epidermal growth factor receptor (EGFR, Erb-
B1), a member of the ErbB receptor family, has
received much attention due to its strong asso-
ciation with malignant proliferation [18]. EGFR
serves as a mediator of cell signaling by extra-
cellular growth factors to activate intracellular
pathways, such as the PI3BK/AKT/mTOR, JAK/
STAT, and MAPK/ERK pathways [19]. The CF
modification of EGFR is essential for the activa-
tion of EGFR via tyrosine phosphorylation [20-
22]. The deregulation of EGFR signaling is com-
monly observed in CAFs [23-25]. For example,
EGFR signaling is reportedly relevant to the
cancer-promoting ability of CAFs in breast can-
cer [23]. Extracellular ligands of EGFR such as
epidermal growth factor (EGF) [26, 27], trans-
forming growth factor-alpha (TGF-«) [28], neu-
regulinl (NRG1) [29] and G protein estrogen
receptor (GPER) [23] had also been found to be
essential for the activation and maintenance of
CAFs.

Our previous study showed that FUT8/CF is
responsible for the transformation of pericytes
into myofibroblasts in pulmonary fibrosis [30],
and this process is very similar to that underly-
ing the activation of NLFs toward CAFs. In the
current study, FUT8 overexpression was ob-
served in the tumor stroma of six out of eight
lung adenocarcinoma cases and in CAFs from
three out of five lung adenocarcinoma cases. In
vitro and in vivo assays confirmed that FUT8/
CF was crucial to the cancer-promoting capaci-
ty of CAFs. We also identified EGFR as a protein
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controlled by FUT8/CF that played a role in the
cancer-promoting capacity of CAFs.

Materials and methods
Oncomine database

We performed data mining using Oncomine
(https://www.oncomine.org/), which is the wor-
Id’s largest gene chip database. The datasets
were searched using the following filters: @O
Gene: FUT8; @ Analysis: Cancer vs. Normal
Analysis; 3 Cancer Type: Lung Cancer; @ Data
Type: mRNA or DNA Copy Number; & p-value:
0.05; ® Fold Change: 1.5; (@ and Gene Rank:
10%. The method used for data analysis was
based on previous articles [31-33]. The differ-
ences in gene expression values between
groups were assessed through a t-test.

Patient characteristics and tissue preparation

Specimens from 10 patients with definitive
p-stage Ill lung adenocarcinoma were collected
at the First Affiliated Hospital of Dalian Medical
University in 2018 (Dr. Fengzhou Li and Dr. Tao
Guo). Paired normal lung tissues for each tumor
(collected 4~5 cm from the incisal margin) was
were simultaneously obtained. The staging of
these patients was based on the 8th Edition
International Union Against Cancer/American
Joint Committee on Cancer TNM Classification
[34]. The study was approved by the Medical
Ethical Committees of the First Affiliated Hos-
pital of Dalian Medical University. All specimens
were obtained from primary lesions. Two small
pieces (0.25 cm?) of tissue were resected from
each sample and were prepared for the extrac-
tion of total cellular proteins and the culture of
primary fibroblasts. The rest of the samples
were fixed with formalin, embedded with paraf-
fin, and continuously sliced to a thickness of 4
pum.

Immunohistochemistry (IHC) staining and eval-
uation of the protein expression levels

A streptavidin-peroxidase staining kit was pur-
chased from ZSGB BIO (Beijing, China). IHC
staining of FUT8 and o-SMA was performed
according to the manufacturer’s instructions
for the products used in our previous studies
[35, 36]. 3,3-Diaminobenzidine (DAB) staining
was performed, and the results were observed
under a microscope. Pathological diagnosis
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was performed according to the 2015 World
Health Organization Classification of Lung
Tumors [37] and the International Association
for the Study of Lung Cancer/American Thoracic
Society/European Respiratory Society Inter-
national Multidisciplinary Classification of Lung
Adenocarcinoma [38]. The CAFs were clearly
marked by a-SMA, and the same position of a
serial slice can then be analyzed using previ-
ously reported methodologies for evaluating
protein levels in CAFs [39-43] to determine the
expression of FUT8 in CAFs.

Culture of primary fibroblasts

A small piece (0.25 cm?®) of each tissue was
resected, soaked in Dulbecco’s modified Eagle
medium (DMEM) at 0°C and digested within 2 h
in the laboratory. Tumor tissues and paired nor-
mal lung tissues (collected 4~5 cm from the
incisal margin) were homogenized and digested
for 2.5~4 h at 37°C in DMEM containing 0.1
mg/mL Roche DNase | (Basel, Switzerland) and
1 mg/mL Roche collagenase A. The cells were
filtered through a 75 um filter and resuspended
and plated with DMEM containing 1% penicil-
lin/streptomycin and 15% GIBCO fetal bovine
serum (FBS, Massachusetts, US). The cultures
were maintained at 37°C in 5% CO,. After five
passages, the cell purity was tested by RT-PCR.
The CAFs were then immortalized with the
SV40-large T antigen (EX-SV40T-Lv105, Gene-
Copoeia/Funeng, Guangdong Province, China)
following the recommended protocol. Finally,
five paired primary fibroblast cell lines were
successfully extracted and cultured in DMEM
containing 1% penicillin/streptomycin and 10%
FBS. CAFs were continuously co-cultured with
A549 or H322 cells to maintain their cancer-
associated phenotype. All CAFs used for experi-
ments were co-cultured with NSCLC cells for at
least five continuous passages.

Cell lines and in vitro cell culture

We selected A549, H322, and human lung
fibroblast (HLF) cells for in vitro experiments
due to their satisfactory growth in DMEM, which
allows easier observation of their interactions
in the co-culture system. The human NSCLC
cell lines A549 and H322 were obtained from
The American Type Culture Collection (ATCC,
Virginia, US). The human lung fibroblast cell
lines HLF, MRC5, and HFL1 were gifts from the
Institute of Cancer Stem Cells of Dalian Medical
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University. All cell lines were cultured in DMEM
containing 1% penicillin/streptomycin and 10%
FBS at 37°C under 5% CO,,.

Noncontact co-culture system

A non-contact co-culture device was designed
(already undergoing the patent examination
and approval process in China) and generated
by 3D printing (Wanwan 3D, Guangdong
Province, China) using highly transparent non-
toxic resin. The reliability of the device was veri-
fied in a recent study [44]. The schematic dia-
gram of the device used for 3D printing is
shown in Figure 4F, and a modified version that
was easier to produce was used in this study
(Supplementary Figure 1C). The device was a
vessel consisting of two culture wells and one
precipitation well. The culture wells and the pre-
cipitation well were separated by two 2-mm-
high partitions. During cell seeding, the liquid
levels in both culture wells should not exceed
the height of the partition. Fibroblasts and
NSCLC cells were seeded into the two culture
wells at a ratio of 2:1. After cell adherence,
DMEM containing 10% FBS was added to the
vessel until the liquid level exceeded the height
of the partition. Based on the design of the co-
culture device, floating cells do not directly
enter the contralateral culture well but are
deposited into the precipitation well. Before the
cells were manipulated in any way, the medium
in the precipitation well was drained in case
any floating cells had entered the contralateral
culture well. The two cell lines were then isolat-
ed again, and 0.5% trypsin was used for the
separate passage/collection of the two cell
lines.

Conditioned medium (CM)

Fibroblasts were cultured in DMEM with 10%
FBS and routine antibiotics. When the cells
reached 80% confluence, the medium was
changed to FBS-free medium. After 48 h, the
supernatant was extracted and centrifuged at
1600xg for 10 minutes. The CM was stored at
-80°C and used for the colony formation assay.

Reagents and antibodies

Primary antibodies against a-SMA and FUTS8
were purchased from Abcam (Cambridge, UK).
Another primary antibody against FUT8 was
purchased from Proteintech (Hubei Province,
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China). Primary antibodies against EGFR, (-
actin, and ST6Gall were also purchased from
Proteintech (Hubei Province, China). A primary
antibody against p-EGFR was purchased from
Santa Cruz (Texas, USA). A primary antibody
against Twist was purchased from Wanleibio
(Liaoning Province, China). Primary antibody ki-
ts for epithelial-mesenchymal transition (EMT)
markers (9782, against N-cadherin, vimentin,
Slug, Snail, B-catenin, and E-cadherin), the
G1/S cell cycle checkpoint (9870 and 9932,
against CDK2, p-CDK2, CDK4, CDK®8, Cyclin-E2,
Cyclin-D1, Cdc25A, and P21), the MAPK/ERK1/
2 pathway (9910, 9911, 9916 and 9926,
against p53, c-Raf, p-c-Raf, MEK1/2, p-MEK1/
2, ERK1/2, and p-ERK1/2, respectively), the
phospho-Jak family (97999T, against p-JAK),
and p-Akt (Thr308) were purchased from Cell
Signaling Technology (Massachusetts, USA).
Biotinylated Lens culinaris agglutinin (LCA), a
lectin that can specifically identify fucose, was
purchased from Vector Labs (California, USA).
NSC 228155, an activator of EGFR that binds
to the extracellular region of EGFR and enhanc-
es tyrosine phosphorylation of EGFR, was pur-
chased from MedChemExpress (New Jersey,
USA). Other chemicals and reagents were pur-
chased from Sigma (Missouri, USA) and Vetec
(St. Louis, USA).

Plasmids and lentiviruses

Four mCherry-labeled shRNA fragments target-
ing the FUT8 gene, one GFP labeled expression
clone fragment encoding the full-length FUT8
ORF, and the corresponding negative control
vectors were purchased from GeneCopoeia.
The sequences of the shRNAs were as follows:
shl 5-GCCGAGAACTGTCCAAGATTC-3’, sh2 5-
GCGGAGAATAACATATCTTCA-3’, sh3 5’-GGTGTG-
TAATATCAACAAAGG-3’, and sh4 5-GCTTCAA-
ACATCCAGTTATTG-3'. Lentiviral particles were
generated based on a standardized protocol
using highly purified plasmids and EndoFectin-
Lenti and TiterBoost reagents. Viral packaging
was conducted based on recommended proto-
cols and previous reports. The lentiviral expres-
sion construct was validated by full-length
sequencing, restriction enzyme digestion, and
PCR-size validation using gene-specific and ve-
ctor-specific primers. Four shRNA fragments
targeting the EGFR gene were obtained from
the Human GIPZ shRNA Bank of Dalian Medical
University. The sequences of the shRNAs were
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as follows: shl 5-AGGAACTGGATATTCTGAA-3’,
sh2 5-AGATCAGAAGACTACAAAA-3’, sh3 5-TG-
GTGTGTGCAGATCGCAA-3’, and sh4 5-ACGAA-
TATTAAACACTTCA-3'. The stable shEGFR-expre-
ssing cell line was generated according to our
previous reports [45, 46].

RNA extraction and RT-PCR.

Total RNA from CAFs and their paired NLFs was
extracted using the TRIzol method according to
previous reports [47]. A TransScript One-step
gDNA Removal and cDNA Synthesis Supermix
purchased from Transgene (Beijing, China) was
used to synthesize the first-strand cDNA. Taq
Master Mix (Vazyme, Nanjing, China) was used
for quantitative PCR according to the manufac-
turer’s instructions. The reaction program was
set according to the Tm values of the primers.
The primer sequences were as follows: vimen-
tin-F 5-TGCCGTTGAAGCTGCTAACTA-3’, vimen-
tin-R 5’-CCAGAGGGAGTGAATCCAGATTA-3’, FAP-
F 5-ATGAGCTTCCTCGTCCAATTCA-3’, FAP-R 5'-
AGACCACCAGAGAGCATATTTTG-3’, a-SMA-F 5™~
ATTGCCGACCGAATGCAGA-3’, and a-SMA-R 5-
ATGGAGCCACCGATCCAGAC-3..

Western blot analysis and lectin blot analysis

Total protein was collected according to the
methods described in our previous report [35].
The protein concentration of the cell lysis solu-
tion was assessed using a Thermo Fisher BCA
kit. Subsequently, 20~30 pg of total protein
was separated by 10% SDS-PAGE and trans-
ferred to a polyvinylidene fluoride (PVDF) mem-
brane. The samples were incubated with pri-
mary antibodies diluted to the recommended
concentration overnight at 4°C. The samples
were incubated with an HRP-conjugated sec-
ondary antibody at room temperature for 2 h,
and the protein bands were detected using a
chemiluminescence device. The lectin blot pro-
tocol was similar to that used for the western
blot analysis with the exception that biotinylat-
ed LCA was used instead of the primary
antibodies.

Colony formation assay

A549 or H322 cells were seeded in six-well
plates (2x102 cells per well) and incubated in
complete DMEM for 24 h. The medium was
then replaced by CM with 10% FBS, and the
cells were cultured in an incubator at 37°C with
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5% CO, for 2 weeks until they grew into colo-
nies. The medium was subsequently removed,
and the cell colonies were stained with 0.1%
crystal violet and counted.

Transwell assay

After five continuous co-culture passages, cell
migration and invasion assays were performed
in Transwell chambers with a pore size of 8.0
pm (Corning, NY, USA). The cells were starved
overnight in FBS-free DMEM, collected and
resuspended. A total of 1x10°% A549 or H322
cells were resuspended in 250 yL of DMEM
with 10% FBS and injected into the upper
chamber. A total of 3x10° CAFs (or other fibro-
blasts) were resuspended in 500 pyL of DMEM
with 10% FBS and injected into the lower cham-
ber. Inthe invasion assay, 70 yL/well of Matrigel
(Corning, NY, US) diluted with DMEM at a ratio
of 1:5 was added to the upper chambers before
the experiment. Twenty-four hours after cell
seeding, the upper chambers were washed
with PBS and dried at RT. The migrated or in-
vaded cells on the backside of the Transwell
membranes were stained with 0.1% crystal vio-
let, and the number of cells was recorded under
a microscope.

Cell cycle analysis

After five continuous co-culture passages, the
cells were trypsinized, washed with PBS, resus-
pended in chilled methanol, and maintained
overnight at-20°C. Each cell sample was resus-
pended in 500 pL of buffer containing 480 uL
of PBS, 5 uL of RNase, 5 L of Pl and 10 pL of
Triton X-100 and incubated at 37°C for 30 min.
After centrifugation, the cells were resuspend-
ed in PBS and filtered. Cell cycle analysis was
performed using a FACS Caliber Flow Cytometer
(BD Biosciences, California, US).

Lectin fluorescence

Cells grown on chamber slides were washed
with PBS and fixed with 4% paraformaldehyde
for 15 min at room temperature. The samples
were pretreated with Triton X-100 and incubat-
ed with 10% BSA in PBS for 30 min. Red lumi-
nous LCA was added, and the mixture was incu-
bated at room temperature for 1 h. DAPI was
added to stain the nuclei. The samples were
examined with a fluorescence microscope.

Immunoprecipitation (IP) assay

Lysates of fibroblasts were mixed with anti-
EGFR or IgG antibodies and placed overnight
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on table shaker at 4°C. Forty micrograms pro-
tein A/G magnetic nanospheres (Santa Cruz,
Texas, USA) were added to the mixture, and the
resulting mixture was shaken at 4°C for 4 h.
EGFR proteins were extracted following recom-
mended protocols and analyzed by a lectin
blot, as described above.

In vitro co-culture assay

Because co-injection tumorigenesis requires
an appropriate mixing ratio of cell components,
an in vitro co-culture assay was conducted be-
fore the co-injection. GTP (green)-labeled CAFs
and mCherry (red)-labeled A549 cells were
combined in test tubes and seeded in 10 cm
dishes for direct contact co-culture. After con-
tinuous co-culture for five passages, the cells
were observed under a fluorescence micro-
scope. The final cell ratios were calculated as a
reference to select the initial cell ratio for in
Vivo co-injection.

Subcutaneous co-injection tumorigenesis in
nude mice

Twenty-one female BALB/c nu+/nu+ nude mice
aged 4 to 6 weeks were purchased and housed
in the specific pathogen-free animal center at
Dalian Medical University and were divided ran-
domly into three groups with seven mice in
each group. All procedures involving mice were
approved by the Committee for the Care and
Use of Laboratory Animals of Dalian Medical
University. In this model system, fibroblasts
(CAFs-NC, CAFs-shFUT8, or HLFs-NC) were
mixed with epithelial cells (A549). CAFs and
A549 cells were mixed at a ratio of 2:1, cast in
Matrigel (a tota of 5x10° cells in 100 uL of gel),
and subcutaneously injected into the left flank
of each mouse. The tumor sizes and weights of
the mice were examined every seven days after
injection. The recombinant tissues were re-
trieved after a designated period of time (28
days) and analyzed.

Bioinformatics and gene enrichment analyses

The data used in the study were obtained from
the GSE22862 gene chip data in the NCBI
Gene Expression Omnibus (GEO). This gene
chip contains the genome data of 15 primary
CAF cell lines extracted from NSCLC cases. The
differential expression of genes was calculated
using the R package limma. The genes that
were significantly coexpressed with the FUT8
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gene (P<0.05) were subjected to enrichment
analysis using the R package Cluster-Profiler.

Results

FUTS8 is overexpressed in the CAFs of most
lung adenocarcinoma cases

To investigate whether FUTS8 is overexpressed
in lung cancer, we analyzed gene expression
data obtained from the Oncomine database.
Eighty-nine datasets in Oncomine that con-
tained significant expression data for FUT8
were searched, and 73 of these 89 (82%) data-
sets suggested that FUT8 was overexpressed
in cancer. Seven of these 89 datasets showed
that FUT8 was overexpressed in lung cancer
(Figure 1A). As shown in Figure 1B-H, all seven
datasets indicated that FUT8 was overex-
pressed in lung adenocarcinoma tissue com-
pared with normal lung tissue (1.626~2.569
fold higher expression compared with that in
normal lung tissues). The names and reporter
IDs of the seven datasets are provided in the
corresponding figures to allow researchers to
easily find these datasets and repeat our
analysis.

To confirm the above-mentioned findings, we
found higher FUT8 protein expression in tumor
tissues compared with adjacent normal tissues
from 10 patients with lung adenocarcinoma
(Figure 1l). We then assessed the expression
of FUT8 in CAFs in different pathological sub-
types of lung adenocarcinoma tissues by IHC.
As shown in Figure 1J, the tumor stroma was
clearly marked by a-SMA, and the expression of
FUT8 in CAFs was evaluated in the same posi-
tion of a serial slice. However, as shown in
Supplementary Figure 1A, we found that it was
impossible to mark the borders between stro-
mal cells and cancer cells in a solid predomi-
nant adenocarcinoma (SPA, Patient 04) and a
mucinous adenocarcinoma (MUC, Patient 05).
The analysis of the other eight cases revealed
that FUT8 was overexpressed in the tumor stro-
ma in six cases and in adjacent normal tissue
in one case. The above results showed that
FUT8 was overexpressed not only in lung ade-
nocarcinoma cells but also in the tumor stro-
ma.

FUTS8 is overexpressed in CAFs and mediates
high levels of CF

To obtain purified CAFs for subsequent re-
search, we attempted to extract and culture pri-
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mary CAF/NLF cell lines in vitro from the 10
lung adenocarcinoma cases. Five pairs of
CAFs/NLFs were successfully isolated from five
patients (PO1, P03, P06, PO7, and P08), but we
failed to isolate paired fibroblasts from the
other five patients (PO2 P04, P05, P09, and
P10). No morphological difference between pri-
mary CAFs and NLFs could be observed under

a microscope (Supplementary Figure 1B).

The primary fibroblasts were subsequently
identified by specific myofibroblast markers
(x-SMA, FAP, and vimentin). The mRNA expres-
sion levels of a-SMA and FAP in CAFs were sig-
nificantly higher than that in NLFs, and the
expression of vimentin mRNA in CAFs was
slightly higher than that in NLFs. In general,
CAFs exhibited a myofibroblastic phenotype
compared with NLFs (Figure 2A). A western blot
analysis showed that FUT8 protein was overex-
pressed in three out of five CAFs (P03, PO7, and
P08 compared with each paired NLF) (Figure
2B). A lectin blot analysis (using LCA to detect
fucose) showed a consistent result: the binding
of fucose to total cellular proteins was up-regu-
lated in the CAFs obtained from P03, PO7, and
PO8 (Figure 2C).

To select a proper cell line that can serve as a
control for CAFs, the expression of a-SMA,
FUT8, and ST6Gall (the key enzyme for sialic
acid glycosylation) were tested by western blot
in CAFs and three laboratory-grown human lung
fibroblast cell lines (MRC5, HLF1, and HLF) was
assessed by western blot analysis. HLFs exhib-
ited the lowest o-SMA, FUT8, and ST6Gall
expression compared with CAFs (Figure 2D,
2E). Thus, HLF cells were selected as a control
cell line for CAFs. Next, lectin fluorescence
assays (using LCA to detect fucose) were per-
formed using primary CAFs, primary NLFs, and
lab-grown HLFs. The results showed taht the
fucose modification in the cytoplasm of CAFs
was significantly higher than that in the cyto-
plasm of NLFs and HLFs (Figure 2F).

FUT8 in CAFs is necessary for the construction
of an invasive TME in vivo

We selected the CAFs from the cases P03, PO7,
and P08 for further experiments. Four shRNA
fragments were used to down-regulate FUT8 in
CAFs, and the effects were tested by western
blot (Figure 3A). Sh4 was used to establish a
stable CAF-shFUT8 cell line, and a lectin blot
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a-SMA “%.

FUT8

Patient 07 (+)

Moderately differentiated APA Poorly differentiated APA

Patient09 (+) Patient 10
Highly differentiated PPA  Highly differentiated MPP

Figure 1. FUT8 is overexpressed in CAFs of most adenocarcinoma cases. A. Cancer type analysis of the 89 signifi-
cant datasets in Oncomine. Red: overexpression. Blue: low expression. B-H. FUT8 levels across cancer/normal tis-
sues in the seven significant data sets. The sample size of each group is marked in brackets. ADU: lung adenocarci-
noma. SCLC: small cell lung cancer. SQU: squamous cell lung carcinoma. CAR: lung carcinoid tumor. LCLC: large cell
lung cancer. I. FUT8 protein expression in 10 pairs of NSCLC and normal tissues was tested by western blot analysis.
T: tumor tissue. N: normal lung tissue. J. -SMA and FUT8 protein expression in serial slices of lung adenocarcinoma
tissues was tested by IHC. Representative images are shown. LPA: lepidic predominant adenocarcinoma. APA: aci-
nar predominant adenocarcinoma. PPA: papillary predominant adenocarcinoma. MPP: micropapillary predominant

adenocarcinoma. Scale bar: 100 pm.

analysis showed that the CF levels were down-
regulated in CAF-shFUTS8 cells (Figure 3B).

To investigate the proper ratio for the cell mix-
ture in the subcutaneous co-injection tumori-
genesis assays performed using nude mice, we
conducted an in vitro co-culture assay. Accor-
ding to the results, a CAFs: A549 cells ratio of
2:1, which stably mimicked a TME similar to
that found in primary lung cancer, was selected
as the initial ratio for subcutaneous co-injec-
tion into nude mice (Figure 3C). During the peri-
od used for the observation of tumorigenesis,
the changes in body weight and tumor diame-
ters were recorded. As shown in Figure 3D, 3E,
the growth of CAF-NC/A549 tumors was signifi-
cantly faster than that of CAF-shFUT8 and HLF-
NC/A549 tumors. However, the change in body
weight of the mice showed no significant differ-
ence among the three groups. After 28 days,
the tumors were removed (Figure 3F), and the
final weights of the tumors are shown in Figure
3G. The final volume and weight of the tumors
generated by CAFs-NC/A549 cells were signifi-
cantly higher than those of the tumors gener-
ated by CAFs-shFUT8/A549 and HLF-NC/A549
cells. The results indicated that FUT8 expres-
sion in CAFs had a marked promoting effect on
tumor formation and growth.

Next, the tumor stroma was marked with IHC
staining of a-SMA. Interestingly, NSCLC cells
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showed increased invasiveness into the stroma
in tumors generated by CAF-NC/A549 cells.
Conversely, NSCLC cells rarely invaded the stro-
ma in tumors generated by CAF-shFUT8/A549
or HLF-NC/A549 cells. In the CAF-shFUT8/
A549- and HLF-NC/A549-generated tumors,
NSCLC cells preferred to clump together and
formed a clear boundary with the tumor stroma
(Figure 3H).

CF mediated by FUTS8 is necessary for the
cancer-promoting capacity of CAFs

FUT8 was stably up-regulated in HLF cells using
a lentivirus packed FUT8 ORF sequence (Figure
4A). A lectin (LCA) blot analysis showed that the
binding of fucose to total cellular proteins was
also up-regulated in HLF-FUT8 overexpressing
(OE) cells (Figure 4B). To investigate the effect
of FUT8 in CAFs on tumor proliferation, we
treated A549 and H322 cells with CM from
fibroblasts (CAFs-NC, CAFs-shFUTS8, HLFs-FUT8
OE, and HLFs-NC) prior to clone formation
assays. The result showed that the down-regu-
lation of FUT8 in CAFs reduced the ability of
CAFs to increase the proliferation rate of tumor
cells, whereas the up-regulation of FUT8 in
HLFs slightly increased this ability (Figure 4C).
Migration and invasion assays showed that the
down-regulation of FUT8 in CAFs reduced the
migration and invasion of co-cultured NSCLC
cells, whereas the up-regulation of FUT8 in

Am J Cancer Res 2020;10(3):816-837
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Figure 2. FUT8 is overexpressed in CAFs and mediates high levels of CF. A. Myofibroblast markers in the total mRNA
of the five pairs of primary fibroblasts were tested by RT-PCR. C: CAFs. N: NLFs. B. The expression of myofibroblast
markers and FUT8 in primary CAFs and paired NLFs were tested by western blot analysis. Protein bands with the
same subscript letter were transferred from the same SDS-PAGE gel. C. The CF levels in the primary CAFs and paired
NLFs were tested by lectin bolt analysis. LCA: Lens culinaris agglutinin. CBB: Coomassie brilliant blue. D. FUT8 and
a-SMA expression in CAFs and laboratory-grown normal fibroblasts was tested by western blotting. E. ST6Gall and
a-SMA expression in CAFs and laboratory-grown normal fibroblasts was tested by western blot analysis. F. The CF
levels of CAFs, NLFs, and HLFs were tested via lectin fluorescence. Magnification: 400x/800x. All experiments were

repeated three times.

HLFs only slightly enhanced the migration of
H322 cells (Figure 4D, 4E).

Next, cell apoptosis and cell cycle assays were
subsequently conducted using NSCLC cells
cocultured with fibroblasts in the non-contact
co-culture device. A schematic diagram of the
device is shown in Figure 4F, and a modified
version is shown in Supplementary Figure 1C.
The AO/EB assay showed that neither the
down-regulation of FUT8 in CAFs nor the up-
regulation of FUT8 in HLFs could change NSCLC
cell apoptosis in the co-culture system
(Supplementary Figure 2A). This result was con-
firmed by Annexin V/propidium iodide (AV/PI)
staining and flow cytometry apoptosis assays
(Supplementary Figure 2B).

To investigate the effect of FUT8 in CAFs on the
cell cycle progression of NSCLC cells, NSCLC
cells cocultured with fibroblasts (CAFs-NC,
CAFs-shFUT8, HLFs-FUT8 OE, and HLFs-NC)
were subjected to Pl staining and flow cytome-
try analysis. The results showed that the down-
regulation of FUT8 in CAFs led to G1/S check-
point blockage in the co-cultured NSCLC cells
(Figure 4G). However, no change in the cell
cycle in NSCLC cells was observed between the
co-cultured with HLFs and HLF-FUT8 OE cells.
The results indicated that FUT8/CF was neces-
sary for CAFs to acquire the ability to promote
cell cycle progression in NSCLC cells. However,
the up-regulation of FUT8 alone in HLFs did not
give the same ability to HLFs.

To explain these findings on proliferation, migra-
tion, invasion, and cell cycle regulation, we
investigated several signaling pathways in
A549 cells co-cultured with fibroblasts (CAFs-
NC, CAFs-shFUT8, HLFs-FUT8 OE, and HLFs-
NC) by western blot assays. The results showed
that the down-regulation of FUT8 in CAFs led
to inhibition of the MAPK/ERK1/2 pathway
(Figure 4H) and to the expression of EMT
(Figure 4l), and G1/S checkpoint (Figure 4J)
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biomarkers in NSCLC cells. However, the up-
regulation of FUT8 in HLFs did not induce a cor-
responding increase in these signaling path-
ways in NSCLC cells.

Potential mechanisms through which FUT8
regulates the cancer-promoting phenotype of
CAFs

To explain the potential mechanisms through
which FUT8 contributes to the maintenance of
the tumor-promoting phenotype of CAFs, the
genome data from 15 CAF cell lines in the
GSE22862 gene chip were analyzed by gene
set enrichment analysis (GSEA). Four signaling
pathways were found to be significantly en-
riched by the up-regulation and down-regula-
tion of the FUT8 expression in CAFs. As shown
by the gene enrichment indexes, the ErbB tyro-
sine kinase receptor family pathway, the apop-
tosis regulation network, and the pB-alanine
metabolism pathway were negatively enriched
in FUT8 down-regulated CAFs (Supplementary
Figure 3A-C), whereas the neuroactive ligand
receptors pathway was positively enriched in

FUT8 up-regulated CAFs (Supplementary Figure
3D).

In the current study, we focused on the finding
that the ErbB pathway was blocked in CAFs
with low FUT8 expression. To better describe
the changes in the ErbB pathway, the mRNA
expression levels of ErbB members and their
down-stream genes are shown in a heatmap
(Figure BA). Heatmaps of the other three signifi-
cantly enriched pathways are shown in the sup-
plementary data (Supplementary Figure 3E-G).
Further analysis showed that none of the ErbB
genes (EGFR, HER2, HER3, and HER4) exhibit-
ed differential expression between CAFs with
high and low FUT8 expression (Figure 5B).
However, the mRNA expression of some signal-
ing molecules downstream of ErbB1 (more
commonly known as EGFR), such as PIK3CA
(PI3Kp110cx), PIK3CB (PI3Kp110B), PTEN,

Am J Cancer Res 2020;10(3):816-837
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Figure 3. FUT8 in CAFs is necessary for the construction of an invasive TME in vivo. A. Four shRNA fragments were
used to down-regulate FUT8 in CAFs, and the effects of this gene intervention were tested by western blotting. B.
Lentivirus-packed sh4 was used to stably down-regulate FUT8 in CAFs, and the effect was tested by a lectin blot
analysis. C. Fluorescently labeled A549 cells (green) and CAFs (red) were co-cultured continuously in vitro to inves-
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tigate the appropriate ratio for co-injection. Magnification: 200x. Quantitative data are shown in the line chart on
the right side. D. The changes in the body weights of the mice are shown in the line chart. E. The changes in the
tumor diameters are shown in the line chart. F. Nude mice in the experiment and the generated tumors. G. The wet
weights of the tumors removed from the mice are shown by the dot chart. H. Microstructures of the tumors gener-
ated by subcutaneous co-injection in nude mice. The tumor stroma was marked by IHC staining of a-SMA. Scale

bar: 100 ym.

mMTOR, STAT3, STAT5A, and STAT5B, was signifi-
cantly down-regulated in CAFs with low FUT8
expression (Figure 5C).

CF mediated by FUT8 regulates the cancer-
promoting capacity of CAFs by modifying EGFR
fucosylation

To confirm the relationship between FUT8
expression and EGFR signaling, we detected
EGFR, phosphorylated EGFR, and FUT8 expres-
sion in the five pairs of primary CAFs/NLFs by
western blotting. The results showed that EGFR
expression did not differ between CAFs and
NLFs, whereas p-EGFR and FUT8 expression
exhibited a consistent change (Figure 6A). To
investigate whether the binding of fucose to
EGFR protein was mediated by FUT8, EGFR was
precipitated using immunomagnetic beads,
and the level of fucose binding to EGFR was
detected by lectin (LCA) blot assays. The results
showed that the fucose modification of EGFR
was consistent with the expression of FUT8 in
both CAFs and HLFs (Figure 6B).

Subsequently, we investigated whether EGFR
signaling exerts a promoting effect on the abili-
ties of CAFs and whether EGFR signaling activi-
ty is regulated by FUT8/CF. First, we used four
shRNA fragments to down-regulate EGFR
expression in CAFs, and the effect of sh2 was
the most significant (Figure 6C). Sh2 was used
to stably down-regulate EGFR in CAFs and HLFs,
and a subsequent clone formation assay
showed that the down-regulation of either EGFR
or FUT8 led to reduction in the cancer-promot-
ing capacity of CAFs (Figure 6D). The up-regula-
tion of FUT8 slightly enhanced the cancer-pro-
moting capacity of HLFs, and down-regulation
of EGFR in HLF-FUT8 OE cells counteracted this
capacity (Figure 6E). Rescue experiments using
CAFs and HLFs were conducted, and the results
are shown in Figure 6F, 6G. In CAFs, the down-
regulation of either EGFR or FUT8 led to reduced
phosphorylation of EGFR and its downstream
molecules such as ERK, AKT, and JAK. However,
the blocked EGFR signalings were rescued by
treatment with an EGFR activator in FUT8 low-
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expressing CAFs. Similarly, in HLFs, the up-reg-
ulation of FUT8 led to increased phosphoryla-
tion of EGFR and its downstream molecules,
and this effect was counteracted by EGFR-
shRNA, and rescued again by treatment with an
EGFR activator. The results strongly suggested
that EGFR activity and its downstream signaling
in CAFs were regulated by FUT8/CF modifica-
tion and that EGFR signaling exerted a promot-
ing effect on the cancer-promoting capacity of
CAFs.

Discussion

In the current study, we explored the expres-
sion of FUT8 in CAFs through analyses of bioin-
formatics data and pathological tissues from
NSCLC patients. We also demonstrated that
FUT8-mediated CF exerted an effect on CAFs to
promote an invasive TME in vivo, and in this
environment, NSCLC cells showed faster grow-
th and increased aggressiveness. Subsequ-
ently, we tested the promoting effect mediated
by FUT8 on NSCLC with regard to tumor cell
proliferation, apoptosis, cell cycle, migration,
and invasion. In addition, we analyzed the po-
tential mechanism through which FUT8 regu-
lates CAFs in silico and predicted that the EGFR
signaling pathway was regulated by FUTS.
Additionally, we found that the FUT8-mediated
activation of EGFR in CAFs exerted a promoting
effect on NSCLC proliferation. A concise sche-
matic diagram is shown in Figure 7, and this
diagram should provide an easier understand-
ing of the findings obtained in this study.

TME is the direct environment for the growth of
tumor cells. In NSCLC, the TME is mainly com-
posed of CAFs and immune cells, which play an
important role in promoting a malignant envi-
ronment for the development of NSCLC [48].
CAFs are activated in the interaction with tumor
cells, during which a series of molecular chang-
es occur in CAFs, resulting in phenotypic trans-
formation of CAFs to acquire and maintain a
cancer-promoting capacity [7]. Our previous
study reported that FUT8/CF plays a role in the
transformation of pericytes into myofibroblasts

Am J Cancer Res 2020;10(3):816-837
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Figure 4. FUT8-mediated CF is necessary for the cancer-promoting capacity of CAFs. A. A lentivirus-packed FUT8
coding sequence was used to stably up-regulate FUT8 in HLFs. B. The effect of FUT8 up-regulation was tested by
western blotting and lectin blotting analyses. C. The proliferation of A549 and H322 cells cultured with CM from
CAFs or HLFs was tested by clone formation assays. D, E. A549 and H322 cells were co-cultured with fibroblasts in
Transwell chambers, and the cell migration and invasion of NSCLC cells were tested. Magnification: 200x. F. Sche-
matic diagram of the device used for the establishment of an in vitro non-contact co-culture system. A more detailed
blueprint for 3D printing is available free from the corresponding authors upon request. 1: lid. 2: NSCLC cells. 3:
CAFs/NLFs/HLFs. 4: precipitation well. G. The cell cycle of A549 and H322 cells co-cultured with fibroblasts was
tested by Pl staining and flow cytometry. Yellow peaks: diploids were observed in the assessed cells. H-J. A549 cells
were co-cultured with fibroblasts in the non-contact co-culture system. The MAPK/ERK1/2 signaling pathway and
biomarkers of EMT and the G1/S checkpoint in A549 cells were tested by western blot analysis. Protein bands with
the same subscript letter were transferred from the same SDS-PAGE gel. All experiments were repeated three times.

[30]. Since the activation of CAFs was also
characterized as a phenotypic transformation
into myofibroblasts, we assumed that FUT8/CF
also plays a promoting role in CAFs. Some
researchers have reported that FUT8 was
active in cancer. In addition to its high expres-
sion in malignant tumors and its role as a prog-
nostic factor [16], FUT8 is also involved in regu-
lating the activity of cancer-associated mole-
cules, such as EGFR [17], p53 [49], E-cadherin
[50], and L1 cell adhesion molecule (LLCAM)
[51]. However, the current study is the first to
report the role of FUT8 in the TME.

A novel finding of this study was that FUT8 was
overexpressed in not only NSCLC cells but also
the tumor stroma of six out of eight cases. To
better study the effect of FUT8 in CAFs, we iso-
lated CAFs and NLFs from 5 out of 10 NSCLC
patients, but we failed to isolate paired fibro-
blasts from the other five patients (case P02,
P04, P05, P09, and P10) due to the difficulty
associated with the in vitro culture of NLFs. We
then identified the primary CAFs with myofibro-
blast markers. Although some previous reports
have indicated the existence of morphological
differences between CAFs and NLFs [52-54],
no significant differences were observed in the
current study. Next, we found that FUT8 and CF
were overexpressed in the primary CAFs from
three out of five cases. However, primary NLFs
grew very slowly in the co-culture system. The
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growth of NLFs almost stopped after eight to
ten passages, even though they were immortal-
ized. Therefore, we selected lab-grown HLFs as
controls for CAFs in subsequent experiments.

In the current study, fibroblasts were co-cul-
tured with NSCLC cells. Previous researchers
have used many methods for the in vitro and in
vivo stimulation of the TME, particularly for
restoring the interaction between CAFs and
tumor cells. The classic models include CM, the
Transwell system [55], the Boyden chamber
system [56], and xenoanimal co-injection mod-
els [57]. In recent years, microfluidic chip tech-
nology [58] and the patient-derived xenograft
mouse models (PDXs) [59] have also become
common research tools. In the current study,
we introduced a novel noncontact co-culture
device that overcomes the limitations of previ-
ous methods associated with the cell quantity
and the need for continuous passage. The
application of this new device ensured that
some cell experiments could be performed
directly under non-contact co-culture condi-
tions and that sufficient cells can be harvested
for further analysis.

The most important phenomenon of this study
was obtained from the subcutaneous co-injec-
tion tumorigenesis assays using nude mice. In
primary NSCLC, CAFs account for 70% of the
cells in solid tumors. This ratio of cell compo-
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Figure 5. Potential mechanisms through which FUT8 regulates the cancer-promoting phenotype of CAFs. A. Heatmap based on the expression of genes in the ErbB
family pathway. The colors represent normalized z-scores to illustrate the relative values within rows and cannot be used to compare values between rows. B. The
expression of the ErbB genes in the FUT8 high/low groups. C. The expression of genes downstream of EGFR in the groups with high and low FUT8 expression. Raw

GSEA data are available from the corresponding authors upon request.
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Figure 6. CF mediated by FUT8 regulates the cancer-promoting capacity of CAFs via the modification of EGFR fu-
cosylation. A. The expression of EGFR, p-EGFR, and FUT8 in primary CAFs and paired NLFs were tested by western
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in CAFs or HLFs were tested by western blotting. NSC 228155 is an activator of EGFR that binds to the extracellular
region of EGFR and enhances tyrosine phosphorylation of EGFR. Protein bands with the same subscript letter were
transferred from the same SDS-PAGE gel. All experiments were repeated three times.
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Figure 7. A concise schematic diagram of the mechanism elucidated in the current study.

nents allows the tumor to grow rapidly and
steadily [5]. In our previous attempts, inappro-
priate co-injection ratios often resulted in
imbalance of the two cell components. The
majority of the cells gradually occupied the liv-
ing space of the minority, which finally led to the
failure of mimicking a TME. Thus, it was neces-
sary to investigate a proper ratio for the cell
mixture in an in vitro co-culture assay. We
emphasized this preliminary experiment in the
results section, rather than including it in the
supplementary materials, because this experi-
mental data were critical for successful tumori-
genesis. The CAFs-NC/A549 cell mixture show-
ed markedly increased tumor formation and
growth abilities compared with the CAF-sh-
FUT8/A549 and HLF-NC/A549 cell mixtures.
IHC staining showed that CAF-NC/A549 cells
generated a very invasive TME. In contrast, the
CAF-shFU8/A549 tumors exhibited an inactive
microenvironment in which the NSCLC cells
rarely invaded into the stroma and compacted
themselves into clumps.

To explain the effect of FUT8/CF in CAFs on
tumor proliferation and invasion, we investigat-
ed the mechanism through which FUT8/CF in
CAFs acts on NSCLC cells in vitro. The results
showed that the down-regulation of FUT8 in
CAFs inhibited the proliferation of NSCLC cells.
The down-regulation of FUT8 in CAFs prevented
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NSCLC cells from entering the G1/S phase. We
also demonstrated the effects of FUT8/CF in
CAFs on tumor migration and invasion. These
malignant behaviors are closely associated
with tumor proliferation and metastasis, which
indicates that the down-regulation of FUT8/CF
in CAFs led to inhibition of their tumor prolifera-
tion and metastasis abilities. However, these
results implied that although FUT8 exerted a
promoting effect on CAFs, the up-regulation of
FUT8 alone did not confer the same capacity on
HLFs.

To further explore the mechanism, a bioinfor-
matics analysis was conducted. A GSEA showed
that low FUT8/CF expression in CAFs led to inhi-
bition of the ErbB pathway. We speculated that
this effect is an important factor for the result-
ing inhibition of reason that inhibited the can-
cer-promoting capacity of CAFs with low FUT8
expression. The unchanged gene copy num-
bers of ErbB genes implied that the activities of
these genes were regulated at neither the tran-
scriptional nor translational level. Because pre-
vious studies revealed that EGFR (ErbB1) can
only function if it is properly glycosylated [22,
60], we hypothesized that the down-regulation
of FUT8 blocked the CF of EGFR and subse-
quently inhibited its downstream pathways.

Subsequently, we verified that EGFR activity in
CAFs was regulated by FUT8/CF. We detected
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the expression of EGFR and phosphorylated
(activated) EGFR in CAFs and NLFs. The consis-
tency of EGFR phosphorylation and FUT8 ex-
pression indicated that FUT8 exerted a promot-
ing effect on EGFR phosphorylation. Next, the
results from the immunoprecipitation and lec-
tion blot assays showed that the up-regulation/
down-regulation of FUT8 induced changes in
the levels of fucose binding to EGFR, which sug-
gested that the CF modification of EGFR was
regulated by FUT8. Moreover, the down-regula-
tion of either FUT8 or EGFR in CAFs led to an
inhibited ability to promote NSCLC cell prolifer-
ation, and the down-regulation of EGFR coun-
teracted this ability in FUT8-overexpressing
HLFs. ERK, AKT, and JAK are the key signaling
molecules of the MAPK/ERK, PI3K/AKT/mTOR,
and JAK/STAT signaling pathways, and are acti-
vated by phosphorylation. Finally, the results
from rescue experiments suggested that the
phosphorylation of EGFR, ERK, AKT, and JAK
was regulated by FUT8 expression in CAFs and
HLFs. Moreover, the regulation of ERK, AKT,
and JAK phosphorylation by FUT8 occurred via
the phosphorylation of EGFR. This result was in
accordance with a previous finding that EGFR
and its downstream signalings are relevant to
the cancer-promoting capacity of CAFs in breast
cancer [23]. Together, the results obtained in
the current study support a novel conclusion
regarding the function of FUT8 in CAFs of
NSCLC.

In conclusion, FUT8-mediated CF in CAFs plays
a positive role in the cancer-promoting capacity
of CAFs. FUT8 overexpression was observed in
CAFs of some lung adenocarcinoma cases.
FUT8/CF in CAFs promoted the formation of an
invasive and malignant TME in vivo and in vitro,
and in this environment, NSCLC cells showed
faster cell proliferation and greater invasive-
ness. EGFR signaling exerted a catalytic effect
on the cancer-promoting capacity of CAFs and
was regulated by the CF modification of the
EGFR protein.

Our findings indicate that FUT8 and CF are
potential candidates for studies on the forma-
tion and maintenance of TME. Besides, FUT8 is
a potential therapeutic target for NSCLC. One
limitation of the present study is that the molec-
ular mechanism of FUT8 regulating EGFR sig-
naling in CAFs was not thoroughly studied. In
addition, we speculate that EGFR is probably
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not the only protein regulated by FUT8 in CAFs
since CF is a crucial modification of many pro-
teins. Further study is warranted to explore the
mechanism of FUT8 regulating TME com-
ponents.
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FUT8 regulates the cancer-promoting capacity of cancer-associated fibroblasts

G B- alanine metabolism pathway
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Supplementary Figure 3. A-D. A GSEA revealed the gene list index of the ErbB tyrosine kinase receptor family pathway, the apoptosis regulation network, the
B-alanine metabolism pathway, and the neuroactive ligand-receptors. E-G. Heatmaps based on the expression of genes in the three signaling pathways. The colors
represent normalized z-scores to illustrate the relative values within rows and cannot be used to compare values between rows. Raw GSEA data are available from
the corresponding authors upon request.



