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Abstract

Thyroid cancer is the most common endocrine malignancy. Patients with well-differentiated thyroid cancers, such as papillary
and follicular cancers, have a favorable prognosis. However, poorly differentiated thyroid cancers, such as medullary, squamous
and anaplastic advanced thyroid cancers, are very aggressive and insensitive to radioiodine treatment. Thus, novel therapies
that attenuate metastasis are urgently needed. We found that both PDGFC and PDGFRA are predominantly expressed in thyroid
cancers and that the survival rate is significantly lower in patients with high PDGFRA expression. This finding indicates the im-
portant role of PDGF/PDGFR signaling in thyroid cancer development. Next, we established a SW579 squamous thyroid cancer
cell line with 95.6% PDGFRA gene insertion and deletions (indels) through CRISPR/Cas9. Protein and invasion analysis showed
a dramatic loss in EMT marker expression and metastatic ability. Furthermore, xenograft tumors derived from PDGFRA gene-
edited SW579 cells exhibited a minor decrease in tumor growth. However, distant lung metastasis was completely abolished
upon PDGFRA gene editing, implying that PDGFRA could be an effective target to inhibit distant metastasis in advanced thyroid
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cancers. To translate this finding to the clinic, we used the most relevant multikinase inhibitor, imatinib, to inhibit PDGFRA signal-
ing. The results showed that imatinib significantly suppressed cell growth, induced cell cycle arrest and cell death in SW579 cells.
Our developed noninvasive apoptosis detection sensor (NIADS) indicated that imatinib induced cell apoptosis through caspase-3
activation. In conclusion, we believe that developing a specific and selective targeted therapy for PDGFRA would effectively sup-
press PDGFRA-mediated cancer aggressiveness in advanced thyroid cancers.
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INTRODUCTION

Platelet-derived growth factor (PDGF) is a proangiogenic
factor that was isolated from human platelets (Clark et al.,
1989; Brill et al., 2004). PDGFs are a variety of strong mes-
enchymal cell mitogenic agents and growth chemokines;
they are also important modifiers for normal and pathologi-
cal vascular development (Peterson et al., 2012; Corey et al.,
2016). The latest findings show that PDGFs regulate tumor
growth and metastasis by targeting malignant cells, vascular
cells, and stromal cells (Chaudhry et al., 1992; Lindmark et
al., 1993; Shao et al., 2000). To date, five PDGF ligands have
been identified: PDGF-AA (PDGFA), PDGF-BB (PDGFB),
PDGF-CC (PDGFC), PDGF-DD (PDGFD) and the PDGF-AB
heterodimer (PDGFAB) (Chen et al., 2013). In cells, three dif-
ferent PDGFR isomers specifically interact with these PDGFs:
PDGFR-ao (PDGFR-a), PDGFR-BB (PDGFR-B) and of het-
erodimer (PDGFR-af). The different ligand isoforms have
variable affinities to the receptor isoforms that cause cross
reactivity; for example, PDGFR-p is favored by PDGFB or
PDGFD activation, whereas PDGFRA is most activated by
PDGFA or PDGFB and PDGFAB.

PDGFR overexpression has been widely found in several
cancers, including ovarian, breast, pancreatic and liver can-
cers (Jechlinger et al., 2006; Matei et al., 2007; Chu et al.,
2013). In prostate cancers, a high level of PDGFD seems to
be involved in osteoclast differentiation and cancer-induced
distant bone metastasis (Huang et al., 2012). Furthermore,
PDGFR-B expression, which is predominant in prostate can-
cer tumor stroma and nonmalignant surrounding regions, has
been associated with poor cancer patient survival (Hagglof et
al., 2010). On the other hand, PDGFD also plays an impor-
tant role in PDGFD-overexpressing breast triggers tumor ag-
gressiveness, which has been mechanistically linked to the
activation of Notch and NF-kB signaling (Ahmad et al., 2011).
However, the association between PDGF/PDGFR signaling
and thyroid cancer development remains unclear. Thus, un-
derstanding the carcinogenic role of PDGFs/PDGFRs in thy-
roid cancer would provide a potential clinical treatment for at-
tenuating distant cancer metastasis and could extend survival
time in advanced thyroid cancer patients, especially for those
who suffer from medullary and anaplastic thyroid cancers,
who have 5-year relative survival rates of only 39% and 4%,
respectively.

Thyroid cancer is rare, but it is the most frequent endocrine
malignancy, accounting for approximately 4% of all human
malignancies (Hayat et al., 2007). The prognosis of thyroid
cancer is generally favorable, especially in cases of well-differ-
entiated thyroid cancers, such as papillary and follicular can-
cers, which have an average survival rate of 95% at 40 years.
In clinical observations, localized and regional thyroid cancers
have the highest patient survival rate among all cancer types
(99.9%, 97.6%), but the five-year survival rates for metastatic
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thyroid cancer are significantly worse (54.7%) (Kunadharaju
et al., 2015). Statistical analysis indicates that approximately
30% of well-differentiated thyroid cancers ultimately spread to
the lymph nodes in the neck, and only 4% spread outside of
the neck to other organs such as the lungs and bone. On the
other hand, poorly differentiated anaplastic, squamous and
medullary thyroid cancers are more severe and life threaten-
ing, especially aggressive anaplastic and squamous thyroid
cancers, which often exhibit distant metastasis when disease
is diagnosed, whereas medullary thyroid cancers are of-
ten found with local recurrence. Of advanced thyroid cancer
types, primary squamous thyroid cancer has lymph node in-
volvement in 59% and distant metastases in 26% of cases,
which causes the median survival of squamous thyroid cancer
patients to be less than 8 months. All these metastatic thyroid
cancers, including both well-differentiated and poorly differen-
tiated thyroid cancers, share one unique characteristic: they
easily spread to distant organs and are not sensitive to radio-
iodine exposure (Beckham et al., 2018), resulting in a lack of
effective treatments.

For advanced thyroid cancer patients for whom radioactive
iodine is no longer working, targeted therapy is the only anti-
cancer strategy in the clinic. Currently, the FDA-approved tar-
geted drugs for thyroid cancers are the multikinase inhibitors
lenvatinib and sorafenib for differentiated thyroid cancer treat-
ment and vandetanib and cabozantinib for medullary thyroid
cancer treatment. These drugs mainly act by blocking the for-
mation of new blood vessels and by targeting proliferation-re-
lated oncogenic proteins in thyroid cancers. However, it is not
yet clear whether these drugs improve thyroid cancer patient
overall survival. On the other hand, there is still no targeted
therapy available for human squamous and anaplastic thyroid
cancer treatment. This critical issue inspires us to explore a
new era of novel targeted therapy for preventing the distant
metastasis of advanced thyroid cancers.

To provide an available and effective targeted therapy for
advanced thyroid cancers, we investigated whether PDGF/
PDGFR signaling plays critical roles during thyroid oncogen-
esis. Using a gene expression database, we are able to un-
derstand the importance of specific PDGF/PDGFR subunit
expression in thyroid cancers. Through CRISPR/Cas9 gene
editing, we can uncover the biofunctional effect of PDGF/
PDGFR subunits in advanced thyroid cancers. To translate
the findings into the clinic, a selective PDGFR inhibitor can be
further used to monitor the anticancer effect and the potential
suppression of cancer aggressiveness in advanced thyroid
cancers. The ultimate aim of this study was to provide an ef-
fective cancer therapy to block PDGF/PDGFR-induced cancer
invasion signaling, thereby improving the poor survival rate of
advanced thyroid cancer patients.



MATERIALS AND METHODS

Cell culture

Human thyroid squamous cell carcinoma SW579 cell line
was purchased by Bioresource Collection and Research Cen-
ter (BCRC), Hsinchu, Taiwan. The cells were maintained in
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F-12) (Gibco, CA, USA). The cells were cultured with
10% (v/v) fetal bovine serum (FBS, Biological Industries, Kib-
butz Beit-Haemek, Israel), 100 units/mL penicillin and 100 mg/
mL streptomycin and were incubated at 37°C with 5.0% CO,.
The medium was replaced every two days and when cells
reached 80% confluence, they were passaged using 0.25%
trypsin/EDTA (Gibco, CA, USA).

Gene expression datasets

Gene microarray dataset was collected from Cancer Cell
Line Encyclopedia (CCLE, https://portals.broadinstitute.org/
ccle/) (Barretina et al., 2012) and thyroid cancer patient sur-
vival dataset was collected from The Human Protein Atlas
(https://www.proteinatlas.org/) (Uhlen et al., 2015). Both gene
and protein expression datasets were further analyzed by
PDGF/PDGFR subunit expressions.

Immunohistochemistry

Immunocytochemistry of PDGFRA protein expressions was
stained by PDGFRA antibody (CAB018143) from Cell Signal-
ing Technology (Danvers, MA, USA) on human Papillary (Pa-
tient ID. 3490) thyroid cancers and normal thyroid gland tis-
sues (Patient ID. 1922) Antibody ID. The tissue array images
were obtained from Human Protein Atlas.

MTT cell viability assay

SW579 cell viability was determined using the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT), which is
based on reduction of the yellow MTT to purple formazan by
living cells (Lee et al., 2010). In 96-well plates, 8x10* cells
were seeded in 100 uL of DMEM/F12 per well and were ex-
posed to different concentrations of imatinib. After 24 or 48 h
of treatment, the medium was changed to fresh medium con-
taining 1 pg/mL of MTT. Two h later, 100 pL of DMSO was
added in each well and the absorbance at 570 and 630 nM
was determined. The percentage of cell viability was calcu-
lated using a formula [percentage viability=(average OD of
sample/average OD of control)x100].

Protein extraction, western blotting, and antibodies

For western blot analysis, SW579 cells or xenograft were
washed once with ice-cold PBS and lysed with radioimmu-
noprecipitation assay (RIPA) lysis buffer containing protease
inhibitors. Fifty micrograms of protein from each sample was
resolved by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to a nitrocellulose
membrane. The anti-GAPDH (sc-32233), anti-p-ERK (sc-
7383), anti-t-AKT (sc-1618), anti-P53(sc-126) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The anti-c-PARP (#9541), anti-Slug (#9585), anti-t-ERK
(#4695), anti-Vimentin (#5741), anti-E-Cadherin (#3195), anti-
N-Cadherin (#3116) and anti-PDGFRA (#3174) antibodies
were purchased from Cell Signaling Technology. The anti-P21
(GTX629543) and anti-P27 (GTX100446) antibodies were
purchased from GeneTex International Corporation (Hsinchu,
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Taiwan). The secondary anti-mouse and anti-rabbit antibod-
ies were purchased from Santa Cruz Biotechnology. Most of
the primary antibodies were used at a 1:1,000 dilution with
overnight hybridization, followed by a one-h incubation with a
1:4,000 dilution of the secondary antibodies.

Plasmid construction and lentiviral production

Lentiviral particles were produced by transient transfection
of Phoenix-ECO cells (CRL-3214) using TransIT®-LT1 Re-
agent (Mirus Bio LLC, Madison, WI, USA). Guide oligonucle-
otides were phosphorylated, annealed, and cloned into the
BsmBI site of the lentiCRISPR v2 vector (Addgene, 52961,
kindly provided by Feng Zhang), according to the Zhang labo-
ratory protocol (Shalem et al., 2014) (F. Zhang lab, MIT, Cam-
bridge, MA, USA). All the plasmid constructs were verified by
sequencing. The lentiCRISPR construct or the pLIM1-EGFP
plasmid (Addgene plasmid #19319, a gift from David Sabatini)
was co-transfected with pMD2.G (Addgene plasmid #12259)
and psPAX2 (Addgene plasmid #12260, both kindly provided
by Didier Trono, EPFL, Lausanne, Switzerland). Lentiviral par-
ticles were collected at 36 and 72 h and then concentrated with
a Lenti-X Concentrator® (Clontech, Mountain View, CA, USA).
The lentivirus concentration for each gene was quantified by
Q-PCR. Biohazards and restricted materials were used in this
study in accordance with the “Safety Guidelines for Biosafety
Level 1 to Level 3 Laboratory” (Bayot and Limaiem, 2021).
The protocol was approved by the Institutional Biosafety Com-
mittee at Taipei Medical University, Taipei, Taiwan.

Design of on-target and off-target sgRNAs for PDGFRA
gene

Custom sgRNAs for PDGFR gene were designed using the
MIT CRISPR Design website (http://crispr.mit.edu/) with the
sequence of PDGFR (NM_006206.6). This website provides
both on-target sequences and off-target possibilities. We
determined the highest scoring off-target sequences in the
PDGFR protein-coding region PDGFR sgRNA _1 for potential
off-target gene editing.

Sanger sequencing and gene editing efficiency assay
Genomic DNA was extracted, and the PDGFRA DNA re-
gion was PCR-amplified using the following primers: PDGFRA
exon 2 forward ATTCTTTCATCTTTCAGGCGTCT and PDG-
FRA exon 2 reverse CTAACAACATTTCAATGCCAACATTAT,
PDGFRA exon 3 forward GCATCCTATTCAGAGCGT and
PDGFRA exon 3 reverse TGTAAATGTGCCTGCCTTCAA.
Off-target sequences were PCR-amplified using the following
primers: CDKAL1, forward ACAGTGAAACTTGTTGAAGAG
and reverse ACA CACAGGTAAATACTAGATACTAAT. The
PCR products were purified using a PCR Clean-up Purifica-
tion Kit and sequenced by Sanger sequencing using the for-
ward PCR primers. The editing efficiency of the sgRNAs and
the potential induced mutations were assessed using TIDE
software (https://tide.nki.nl/; Netherlands Cancer Institute,
Amsterdam, Netherlands), which required only two Sanger
sequencing runs from wild-type cells and mutated cells.

RNA-guided engineered nuclease-restriction fragment
length polymorphism (RGEN-RFLP) assay

PCR products (approximately 100 ng per assay) of the PDG-
FRA exon 2 DNA region were amplified by sense primer: GC
GGCCTCTAATACGACTCACTATAGGGTAAGACCAGG-
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AACGCCGGATGTTTTAGAG and reverse primer: AAAAAAG-
CACCGACTCGGTGCCACTTT-TTCAAGTT. The PCR were col-
lected, purified and incubated for 30 min at 37°C with Cas9 protein
(30 nM) and sgRNAs (30 nM) in 10 uL of NEB buffer 3. After cleav-
age, RNase A (2 ug) was added, and the reaction mixture was incu-
bated for 15 min at 37°C to remove RNA. Next, proteinase K (2 pg)
was added, and the reaction mixture was incubated for 15 min at
58°C to remove the Cas9 protein. The products were resolved on
2% agarose gels and visualized by ethidium bromide (EtBr) stain-

ing.

Animal experiments

Four-week-old severe combined immunodeficient (SCID
female, 4 weeks old) female mice were purchased from the
National Science Council Animal Center (Taipei, Taiwan) and
housed in micro-isolator cages at the Laboratory Animal Cen-
ter in the Taipei Medical University, with the approval number
of IACUC107-014.

Sixteen mice were anesthetized with 2% isoflurane, and the
mammary pads of each mouse were implanted with 5x10¢ SC
(scramble) or PDGFRA sgRNA_1 virus transfected SW579
cells (n=8 per group). The mouse body weight and tumor vol-
umes were measured every week in week 3 after xenograft
implantation. The mice were scarified in week 10. The xeno-
graft and lung tissues were collected and preserved in PBS.
All surgeries were performed under isoflurane anesthesia and
all efforts were made to minimize suffering. During the experi-
ment, no stress or abnormal behaviors due to tumor bearing
were observed in the mice. The health status of the animals
was monitored once daily by a qualified veterinarian. Food
and water were replaced every two days.

Immunofluorescent (IF) staining

To investigate lung metastasis in the animal model, IF
staining assay were performed on poly-L-lysine-coated slides.
The slides were incubated with FITC-labeled anti-Vimentin
antibodies for two h at room temperature, washed twice with
phosphate-buffered saline, and incubated with secondary an-
tibodies for an additional one h in a moist chamber at room
temperature. The slides were stained with Hoechst 33258 for
nuclei location and examined with a Leica DMI3000 B Fluores-
cence Microscopy Imaging System (Leica Microsystems, Wet-
zlar, Germany). To enhance the colour contrast of Vimentin
and nuclei location, The FITC signal was displayed with green
colour, and nuclei location was displayed with red colour.

Non-invasive apoptosis detection sensor (NIADS)
bioluminescence assay

SW579 cells were transfected with NIADS lentivirus and
puromycin antibiotic selected for two days. The NIADS ex-
pressing SW579 cells were seeding in 96 cells and treated
with DMSO, 1 and 10 uM imatinib for 24 h. D-luciferin (1.5 mg/
mL in PBS) was added to each well and photon counts were
collected by SpectraMax® iD3 Multi-Mode Microplate Reader
(Molecular Devices inc, Silicon Valley, CA, USA) system soon
after luciferin addition.

Statistical analysis

All data are expressed as the mean + standard error, and
the differences were analyzed by Student’s t-test for pairwise
samples. All statistical comparisons were performed using
SigmaPlot graphing software (Systat Software, San Jose, CA,
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USA) and Statistical Package for the Social Sciences v.13
(SPSS, Chicago, IL, USA). A p-value<0.05 was considered
statistically significant, and all statistical tests were two-sided.

RESULTS

Characteristics of PDGF/PDGFR subunit expression in
thyroid cancers

To reveal the distribution of PDGF/PDGFR expression in all
human cancers, we used the Cancer Cell Line Encyclopedia
(CCLE) pancancer database to characterize the expression of
four PDGFs and three PDGFRs among 1024 human cancers
across 24 tumor types. After characterizing the gene expres-
sion of thyroid cancer tissues and other cancer tissue types, it
was shown that both PDGFC and PDGFRA are predominantly
and significantly overexpressed in thyroid cancers compared
with other cancer types (Fig. 1A). The mean fluorescence
intensity-log? of PDGFC gene expression was 9.08 + 0.715
in thyroid cancer versus 6.66 = 0.084 in other cancer types
(5.35-fold, p=0.005), whereas the mean fluorescence inten-
sity of PDGFRA gene expression was 5.24 + 0.64 in thyroid
cancers versus 4.28 + 0.024 in other cancers (1.94-fold dif-
ference, p=0.011). The overexpression of both PDGFC and
PDGFRA indicates that the PDGF/PDGFR pathway might
play a unique oncogenic role during thyroid cancer develop-
ment. In the current cancer treatment, most small molecule-
based anticancer drugs are designed to target the tyrosine ki-
nase domain of growth factor receptors on the cell membrane,
causing a growth signal blockade and cytotoxic effects on
growth factor receptor-overexpressing cancer cells. However,
antibody-, nanoparticle- or ligand-mediated targeting of anti-
cancer therapeutics has just recently been explored in clinical
trials (Allen, 2002). Therefore, to integrate this finding into clin-
ical therapy, we chose to further investigate the role of PDG-
FRA in thyroid cancers. To reveal how PDGFRA is expressed
in different types of thyroid cancer patients, we used the Hu-
man Protein Atlas database to illustrate PDGFRA expression
in both normal thyroid gland and thyroid cancer tissues (Uhlen
et al., 2015). In the tissue microarray, the papillary subtype
of thyroid cancer exhibited strong PDGFRA expression (Fig.
1B), whereas normal thyroid gland tissue demonstrated low to
mild PDGFRA expression (Fig. 1C). Furthermore, the Kaplan-
Meier plot illustrated that high PDGFRA expression in thyroid
cancer is related to a lower patient survival probability (ap-
proximately 78%, n=101, p=0.022) than low PDGFRA expres-
sion in thyroid cancer (approximately 92%, n=400) in 501 thy-
roid cancer patients (Fig. 1D). The evidence above indicates
that PDGFRA has great potential to be used as a biomarker
and drugable target for thyroid cancer therapy.

PDGFRA gene targeting through CRISPR/Cas9 genomic
editing

CRISPR/Cas9 genomic editing has been widely used to
understand biofunctional alterations after gene and translated
protein loss. To investigate the oncogenic role of PDGFRA in
advanced thyroid cancer, we examined the utility of CRISPR/
Cas9 genome editing by targeting two custom-designed pro-
tospacers on the PDGFRA locus on chromosome 4 (q12) by
lentivirus transfection. As shown in the PDGFRA genomic map
(Fig. 2A), protospacer 1 targets the negative strand of exon 2
of the PDGFRA gene, whereas protospacer 2 targets the plus
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Fig. 1. Exploring PDGF/PDGFR subunit expression in human thyroid cancer cells. (A) Determination of PDGF/PDGFR subunit expression
using the CCLE microarray gene database of all 1036 cancer cells. The samples were divided into thyroid tissue cancers (12 cells black
bars) and other tissue cancers (1024 cancer cells, gray bars). The PDGF ligand includes PDGFA, PDGFB, PDGFC and PDGFD, whereas
the PDGF receptor includes PDGFRA, PDGFRB and PDGFRC molecules. Data are presented as the mean and standard error of the fluo-
rescence intensity from microarray analysis. Data were analyzed with Student’s t-test; all p-values were two-sided. Immunocytochemistry of
PDGFRA protein expression in (B) human papillary and (C) normal thyroid gland tissues was obtained from the Human Protein Atlas. The
images are presented at low (left) and high microscope magnification (right). Scale bar=1000 and 200 um, respectively. (D) Kaplan-Meier
analysis of overall survival patients of a total of 501 clinical thyroid cancer patients showed that high PDGFRA expression (101 cases) pre-

dicted poor prognosis.

strand of exon 3 on the PDGFRA gene locus. According to
our previous study (Huang et al., 2018), we knew that 90000-
fold virus copy number input is the optimized virus transfection
multiplicity of infection (MOI) in SW579 cells, and additional
virus input is not able to enhance the transduction efficiency.
After transduction with virus for three days, SW579 cells with
the target scrambled (SC) lentivirus presented wild-type PDG-
FRA exon 2 and exon 3 sequences, as assessed by Sanger
sequencing (Fig. 2B, 2C), showing no evidence of gene edit-
ing. However, transduction with the PDGFRA sgRNA_1 len-
tivirus carrying protospacer 1 (Fig. 2D) resulted in significant
multiple-gene disruptions at the predicted cleavage sites (red
arrowhead). On the other hand, transduction with the PDG-
FRA sgRNA_2 lentivirus carrying protospacer 2 (Fig. 2E)
showed no evidence of gene editing at the predicted cleavage
sites (red arrowhead), indicating that the PDGFRA sgRNA _1
lentivirus obtains a greater PDGFRA gene editing efficiency
than the PDGFRA sgRNA_2 lentivirus. We next used TIDE
gene editing software to analyze gene insertion and deletions
(indels). The results not only showed that PDGFRA sgRNA_1
specifically targets the predicted cleavage sites (dotted line,
Fig. 2F, 2G) but also illustrate that the PDGFRA sgRNA_1
virus has considerable gene editing efficiency, as 95.6% of
the whole SW579 cell pool was edited (Fig. 2H). The most
frequent gene editing indels in the PDGFRA sgRNA_1 cell
pool were 1-bp deletions (41%) and other indels (28.9%). Fur-
thermore, we performed RGEN-RFLP analysis to quantify the
PDGFRA gene editing efficiency. The gel analysis of the gene
editing efficiency showed that the SC sgRNA without Cas9
addition retained the full length of PDGFRA DNA (500 base
pairs; uncut, Fig. 21); however, the SC sgRNA with Cas9 addi-
tion fully cleaved DNA into 300- and 200-base-pair DNA frag-
ments (cut, with an asterisk), indicating that the input sample is
a 100% wild-type DNA sequence without any gene disruption.
However, in the experimental sample, PDGFRA sgRNA_1-
transfected SW579 cells with Cas9 addition retained 99%
of the full-length DNA, indicating that the lentivirus-delivered

PDGFRA sgRNA_1 obtained a great PDGFRA gene editing
efficiency, causing the PDGFRA sgRNA_1 cannot target the
PDGFRA DNA region and guide the Cas9 protein to execute
DNA cleavage in SW579 advanced thyroid cancer cells.

PDGFRA gene editing inhibits aggressiveness and EMT
marker expression in advanced thyroid cancers

Next, western blotting was used to reveal PDGFRA protein
expression in PDGFRA sgRNA-introduced advanced thyroid
cancer cells (Fig. 3A). Compared to wild-type SW579 cells,
SW579 cells transfected with SC and PDGFRA sgRNA_2
showed complete loss of PDGFRA protein expression, where-
as GAPDH internal control expression remained unchanged.
To continue investigating whether the biological impact of can-
cer metastasis is affected by PDGFRA gene loss, we exam-
ined EMT marker expression and invasion ability in PDGFRA
sgRNA _1-introduced advanced thyroid cancer cells (Fig. 3B).
Western blotting showed that compared to parental SC cells,
PDGFRA sgRNA_1-introduced SW579 cells had dramatically
decreased protein expression of EMT markers, such as vi-
mentin, N-cadherin and Slug, but increased expression of the
epithelial marker E-cadherin. In addition, the microscopy im-
ages of the invasion assay illustrated that parental SC SW579
cells have a very strong cancer invasion ability (Fig. 3C, 3D).
However, PDGFRA sgRNA_1-introduced SW579 cells com-
pletely lost their invasion ability, indicating that PDGFRA ex-
pression is a critical factor in manipulating cancer metastasis
in advanced thyroid cancers. To clarify the potential off-target
effect when using PDGFRA sgRNA_1 virus, we used the MIT
CRISPR Design website to identify that the CDK5 regulatory
subunit associated protein 1 like 1 (CDKAL1) gene is the most
similar human genomic sequence to the PDGFRA sgRNA_1
sequence (Fig. 3E). We designed specific primers for the
CDKAL1 gene, amplified the regions by PCR, and analyzed
the DNA sequences by Sanger sequencing. The Sanger se-
quencing data clearly showed that neither SC nor PDGFRA
sgRNA_1-introduced SW579 cells showed genomic editing of
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Fig. 2. CRISPR/Cas9-based PDGFRA gene editing in SW579 cells. (A) Schematic representation of the human PDGFRA DNA locus and
two protospacer sequences (blue underline) of CRISPR/Cas9 gene editing. The protospacer adjacent motif (PAM, red underline) is the motif
required for Cas9 nuclease activity. The arrowhead on the protospacer sequence indicates the expected cleavage site. Scrambled (SC)
sgRNA and two PDGFRA sgRNAs containing lentivirus were independently delivered to SW579 cells. After transduction, DNA from virus-in-
fected cells was purified and subjected to Sanger sequencing of PDGFRA exon 2 and exon 3. (B) and (C) show the wild-type PDGFRA se-
quences of SW579 cells. (D) PDGFRA sgRNA_1 produced a multiplex DNA sequence mixture around the expected Cas9 cleavage point in
a pool of gene-edited cells, whereas (E) PDGFRA sgRNA_2 retained the wild-type DNA sequence. Using TIDE algorithm analysis, it was
shown that (F) PDGFRA sgRNA _1 virus-transfected SW579 cells obtain an aberrant sequence signal in the scrambled mixture (green vs
black), indicating that PDGFRA sgRNA_1 had a significantly high editing efficiency (indels, insertions and deletions) (G), whereas PDGFRA
sgRNA_2 cells showed no indels presence in Sanger sequencing. (H) The pie chart demonstrates PDGFRA sgRNA_1 infection with differ-
ent efficiency rates caused different gene indels in the whole cell population. The gene editing efficiency of PDGFRA sgRNA_1 was 95.6%
(pink color), and the two most common -1 and other indels were presented at rates of 41% (green color) and 28.9% (brown color), respec-
tively. (I) The PDGFRA gene in SW579 cells was further analyzed by RGEN-RFLP assay to quantify the gene editing efficiency. The aga-
rose image of PDGFRA gene cleavage with specific PDGFRA sgRNA_1 and PDGFRA sgRNA_2 and Cas9 additions shows the indel per-
centage in the gene editing pool in vitro. The fragments of cleaved DNA are highlighted with an asterisk.
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Fig. 3. The alteration of EMT markers and invasion ability in PDGFRA gene-edited cells. (A) Western blotting of PDGFRA protein expres-
sion in wild-type (WT), scrambled (SC), PDGFRA sgRNA_1 and PDGFRA sgRNA_2 virus-transfected SW579 cells. (B) Western blotting of
EMT markers in SC- and PDGFRA sgRNA_1 virus-transfected SW579 cells. The EMT markers included vimentin, E-cadherin, N-cadherin
and slug proteins, whereas GAPDH served as an internal loading control. (C) The Matrigel-based Transwell assay was used to assess the
cancer invasion abilities of SC- and PDGFRA sgRNA_1 virus-transfected SW579 cells. Three days after plating, the cells that migrated
through the Transwell membrane were washed, fixed and stained with 0.5% crystal violet. Images of migrated SC- and PDGFRA sgRNA_1
virus-transfected SW579 cells were taken at 100x microscope magnification and the cells were counted. Scale bar=100 um. Data are pre-
sented as the mean and standard error of the number of invading cells from microarray analysis. Off-target investigation of the PDGFRA-
targeted CRISPR/Cas9 system. (E) The CRISPR Design website was used to predict off-target candidate genes for PDGFRA sgRNA_1 vi-
ruses. Similarities from off-target candidate genes in the human DNA sequence are presented as dots, and mismatch sites are indicated by
nucleotide substitution. (F) Sanger sequencing of SW579 cells infected with the SC or PDGFRA sgRNA_1 virus was used to determine the

potential indel presence.

the CDKAL1 gene (Fig. 3F). This result proves the high speci-
ficity of the CRISPR/Cas9 system in targeting the PDGFRA
gene and the potent anti-aggressiveness effects of PDGFRA
targeted therapy on advanced thyroid cancer, indicating that
this finding is worth translating into clinical therapy to prevent
metastatic events in advanced thyroid cancer patients.

PDGFRA gene-edited SW579 cells lost aggressive cancer
behaviors and EMT marker expression in spontaneous
pulmonary metastasis xenograft models

To understand the impacts of PDGFRA gene editing on tu-
mor progression and metastasis in advanced thyroid cancer
cells in vivo, we subcutaneously implanted SC- and PDGFRA
sgRNA_1-transfected SW579 cells into the mammary fat pad
of SCID mice and allowed the xenografts to grow for 10 weeks.
During this period, the body weights and tumor volumes were
measured every week. In general, there was no significant
change in body weight during the ten-week observation pe-
riod (Fig. 4A). On the other hand, the xenografts of both the
SC- and PDGFRA sgRNA_1-transfected SW579 groups ex-
hibited similar tumor volumes during the whole observation
period (Fig. 4B), whereas the xenografts in the PDGFRA
sgRNA 1 groups exhibited decreased tumor growth rates af-
ter 8 weeks of implantation. This inhibition of tumor growth
caused a minor decrease in tumor volume in the PDGFRA
sgRNA_1 versus SC group (p=0.035), with volumes of 1,100
+94.9 mm? versus 1,820 + 135.6 mm3, respectively. Next, we
determined whether PDGFRA sgRNA_1-transfected SW579

cancers could affect spontaneous pulmonary metastasis in an
animal model. Lung tissues were collected from both SC and
PDGFRA sgRNA_1-transfected SW579 mice and preserved
in PBS. The tissues were sliced and stained with IF antibod-
ies for vimentin (green) or with Hoechst stain (red) (Fig. 4C).
Under fluorescent miscopy, the nodules of lungs from the SC
group exhibited extremely high expression of vimentin protein,
while the lungs from the PDGFRA sgRNA_1 group showed
low and average levels of vimentin expression. There were
also significantly more lung metastatic nodules (foci) in the
SC group than in the PDGFRA sgRNA_1 group (p<0.01),
with 12.4 + 1.44 versus 0.8 + 0.37 foci per lung tissue slide
(Fig. 4D). Furthermore, using protein lysates from xenograft
tumors, western blotting showed that compared to duplicate
parental SC xenografts, duplicate PDGFRA sgRNA_1 gene-
edited tumors had dramatically decreased protein expression
of PDGFRA and EMT markers (Fig. 4E), such as vimentin,
N-cadherin and Slug but increased expression of epithelial
marker E-cadherin. The in vitro and spontaneous pulmonary
metastasis animal model results suggest that targeting PDG-
FRA will be a convincing strategy for suppressing advanced
thyroid tumorigenesis.

PDGFRA inhibitor enhances cancer cell apoptosis in
SW579 cells

Several potent inhibitors of PDGFR kinases were identified
in a previous study, including imatinib, linifanib, nintedanib
and sorafenib (Kanaan and Strange, 2017). Among these po-
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Fig. 4. PDGFRA gene editing decreased spontaneous pulmonary metastasis in an animal model. Female NOD-SCID mice were divided
into 2 groups and SC- or PDGFRA sgRNA_1 virus-transfected SW579 cells were subcutaneously injected into the mammary fat pad. (A)
Mouse body weights and (B) xenograft volumes were measured every week during tumor development. The mice were sacrificed 10 weeks
after tumor implantation. (C) The lung tissue slides from the two groups were stained for IF with vimentin (green) or Hoechst (red). Scale
bar=50 um. (D) Spontaneous pulmonary metastatic foci were counted. The values are presented as the mean and standard error. Data
were analyzed with Student’s t-test; all p-values are two-sided. p-values less than 0.05 are indicated as *, whereas p-values less than 0.01
are indicated as **. (E) Xenografts from both the SC and PDGFRA sgRNA_1 groups were examined for PDGFRA and EMT marker expres-
sion. The EMT markers included vimentin, E-cadherin, N-cadherin and slug, and B-actin and GAPDH served as internal loading controls.
The two randomly selected duplicate lung tissues and xenografts from each group are presented as #1 and #2 in the IF staining and protein
analysis.

tential tyrosine kinase inhibitors (TKIs), imatinib is the most exposure, we found p-AKT and p-ERK expressions were sig-
specific to PDGFR kinases, with half-maximal inhibitory con- nificantly reduced under 1 uM and 10 uM imatinib treatments,
centrations (IC50s) of 71 nM against PDGFRA and 607 nM compared to t-AKT, t-ERK and GAPDH loading controls (Fig.
against PDGFRB kinase activity in lung cells (Medarametla 5C, Supplementary Fig.). In triplicate experiments, it is found
et al., 2014). Imatinib is a common chemotherapeutic used that under 1 uM and 10 uM imatinib treatments, p-AKT ex-
to treat Ph-positive CML and ALL, certain types of gastroin- pression was decreased to 24.99% * 1.68% and 18.79% *
testinal stromal tumors, systemic mastocytosis and myelo- 2.31% (Fig. 5D), whereas p-ERK expression was dropped to

dysplastic syndrome (Chen et al., 2020). Here, to investigate 62.99% + 3.29% and 46.99% +* 4.24% (Fig. 5E), compare to
whether a PDGFRA inhibitor could potentially be used as an DMSO control, respectively. To confirm the finding of imatinib-
advanced thyroid cancer therapy, we tested the anticancer induced cell death in advanced thyroid cancers, we used a
effects of imatinib on SW579 cells. We treated SW579 cells LIVE/DEAD assay to visualize imatinib-induced cancer cell
with different concentrations of imatinib (5-50 uM) for 24 and apoptosis (Fig. 5F). The microscopy images show that SW579
48 h (Fig. 5A). The cell growth of MTT results revealed that cells underwent a great degree of cell death under 10 uM ima-
imatinib had an IC50 of 16.7 uM in SW579 cells treated for 48 tinib exposure than under DMSO control treatment, with 16.68
h, whereas imatinib had an IC50 of 21.9 uM in SW579 cells + 4.16 versus 2.33 + 0.58 dead cells per image (p=0.04, Fig.

treated for 24 h, indicating that longer imatinib exposure has 5G). In our previous study, we established a bioluminescence-
a better anti-cancer cell growth effect on SW579 cells, but the based live cell NIADS to evaluate the quantitative and kinetic
difference may not be significant. Next, we examined the sig- analyses of apoptotic cell death (Hsu et al., 2018; Chen et al.,
nal transduction and cell cycle impacts of imatinib exposure. 2019; Lin et al., 2019; Chen et al., 2020). Using this assay, we
Western blotting showed that compared to the DMSO control, determined apoptotic events by simply measuring the biolumi-
1 uM and 10 uM imatinib treated SW579 cells significantly en- nescence activities of live cells. Here, we used the NIADS sys-
hanced cell cycle arrest proteins, such as P21, P27 and P53 tem to assess NIADS probe-expressing SW579 cells treated
expressions (Fig. 5B). On the other hand, it is found imatinib with DMSO, 1 and 10 uM imatinib for 24 h and then measured
treatment dramatically induced cell apoptosis signal, such as bioluminescence activity (Fig. 5H). The results showed a sig-
cleavage PARP expression, indicating imatinib would poten- nificantly increased number of apoptosis events in SW579
tially be an alternative anti-advanced thyroid cancer therapy in cells treated with 1 and 10 uM compared to those treated with

clinic. Continue to investigate the cell growth impact of imatinib DMSO. These results imply that imatinib inhibition of PDGFRA
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Fig. 5. Imatinib suppressed cell growth signals, induced cell cycle protein regulation and cell apoptosis in SW579 cells. (A) The IC50 values
of DMSO control- or imatinib-treated SW579 cells were determined using MTT assays after treatment for 24 (green color) and 48 h (red col-
or). Imatinib significantly (B) induced P21, P27, P53 and cleaved PARP (c-PARP) protein expressions and (C) inhibited AKR and ERK phos-
phorylations (p-AKT and p-ERK) in a dose-dependent manner, as indicated by western blot analysis. The (D) p-AKT and (E) p-ERK sup-
pression ratios were measured in triplicate experiments and normalized by their total AKT (t-AKT) and ERK (t-ERK) protein expressions.
The protein expression was qualified by ImageJ software. (F) The LIVE/DEAD cell viability assay was performed by DMSO control and 1
and 10 uM imatinib treatment of SW579 cells for 24 h. Cells were subjected to viability assays to identify live (green) and dead (red) cells.
(G) Cell death was quantified by counting dead cells in a 50x microscope magnification image and analyzed for significance. Scale bar=250
um. (H) The NIADS detected imatinib-induced cell apoptosis in SW579 cells. SW579 cells stably expressing the NIADS probe were ex-
posed to either DMSO or 1 and 10 uM imatinib for 12 h, and luciferase activity was measured. The cells were exposed to luciferin at a con-
centration of 1.5 ug/mL before bioluminescence detection. The intense luciferase signal indicates apoptotic signals from the NIADS. The bar
figure illustrates the percent mean and standard error of the photons in the treatment group compared to the DMSO group. Data were ana-
lyzed with Student’s t-test; all p-values are two-sided. All p-values less than 0.01 are indicated as **.

expression levels of PDGFD have a significantly poorer over-
all survival rate than patients with no expression (Ding et al.,
2014). However, in the present study, we demonstrated that
high expression of PDGFC and PDGFRA was found in thyroid
cancers compared with other tissue cancers, whereas PDGFD
was not significantly expressed in either thyroid cancers or
other tissue cancers. This tissue-specific PDGF subunit ex-
pression result indicates that PDGFD may play a major role
in regulating the distant metastasis of epithelial cells, whereas

activation significantly enhances cell cycle arrest and further
induces cell apoptosis rather than decreasing cell growth.

DISCUSSION

Previous studies found that the ligand PDGFD was ex-
pressed at a higher level in tumor epithelium than in normal
epithelium and that PDGFD plays a critical role in the epitheli-

al-mesenchymal transition (EMT) of hepatoma cells (Wu et al.,
2013). Other studies further discovered that PDGFD seems
to be involved in the development of bone metastasis and is
associated with increased Gleason and tumor stage (Sethi
et al., 2010; Ustach et al., 2010). High PDGFD expression is
also considered an independent prognostic factor in addition
to histologic grade and tumor stage, and patients with high
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PDGFC/PDGFRA plays a similar aggressive role during thy-
roid cancer development.

Limited treatment options are available for patients with
aggressive and radioiodine-refractory differentiated thyroid
cancer. Conventional chemotherapy has limited efficacy and
significant toxicities. The best efficacy chemotherapy drug for
advanced thyroid cancer is doxorubicin, which remains the
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most effective conventional agent (Sherman, 2010), but it still
has poor response rates, with a partial response rate of 37%
and a stable disease rate of 32% in metastatic differentiated
thyroid cancer patients. However, doxorubicin seems to have
better responses in patients with pulmonary metastases and
a high performance status, with less response noted in bone
or nodal metastases. Therefore, due to the limitation of mono-
therapy efficacy in differentiated thyroid cancer, the best strat-
egies for metastatic thyroid cancer patients are likely combina-
tion regimens that include different anticancer agents.

Several researchers have investigated whether genetic
mutations or polymorphisms in cancers should be taken into
account when choosing high-efficacy treatment strategies.
For example, the development of thyroid cancer was found
to be associated with genetic alterations, such as BRAF mu-
tation, vascular endothelial growth factor (VEGF) mutation
(Lin and Chao, 2005), KDR (VEGFR?2) mutation (Capp et al.,
2010), KIT/PDGFRA mutation, and PDGFRA promoter poly-
morphisms (Agaimy et al., 2009; Kim et al., 2012). Among
these mutations, the amino acid substitution at position 600
in BRAF, from a valine (V) residue to a glutamic acid (E) resi-
due, denoted BRAFVE is one the most important mutations
in thyroid cancer (Xing, 2005) and is associated with the si-
lencing of multiple thyroid-specific iodine-metabolizing genes
(Liu et al., 2007; Tang and Lee, 2010). BRAF is a member of
the RAF family of serine/threonine protein kinases and is sug-
gested to be the most potent activator of MAP/ERK signaling.
BRAF mediates the activation of RAS and the expression of
transcription factors essential for cell growth, differentiation,
proliferation, and survival. Accordingly, the BRAFV%°¢ muta-
tion occurs in approximately 45% of sporadic thyroid cancers,
mostly in aggressive subtypes, such as tall-cell thyroid can-
cers (Kim et al., 2018). Notably, IGF-IR and PDGFR activa-
tion through AKT signaling is likely to be altered in feedback
loops or through compensatory survival mechanisms when
cancer cells are exposed to BRAF inhibitors (Villanueva et al.,
2011). A combination targeted therapy approach using BRAF
and PDGFR inhibitors seems to be a promising treatment for
advanced thyroid cancer patients.

In summary, our study underscores the overriding contribu-
tion of PDGFRA in mediating cancer aggressiveness in ad-
vanced thyroid cancers. In the clinic, several potent PDGFR
inhibitors, including multikinase inhibitors such as imatinib,
sunitinib, sorafenib, pazopanib, and nilotinib, have been de-
veloped, and these therapies often obtain better results with
combined use. In this study, we used the most specific PDG-
FRA FDA-approved anticancer drug, imatinib, for advanced
thyroid cancer treatment. The results showed that cancer pro-
liferation is inhibited by cell cycle protein regulation. Further-
more, the great invasion ability of advanced thyroid cancer
was completely suppressed in PDGFRA gene-edited cells in
vitro and in animal models, indicating that PDGFRA-based tar-
geted therapy may be used to prevent the potential life-threat-
ening event of thyroid cancer metastasis. Despite the strong
evidence that PDGFRA regulates thyroid cancer metastasis in
this study, no specific PDGFRA-targeting inhibitor has been
approved by the FDA for anticancer purposes. Thus, how to
further enhance the effectiveness and alleviate the side ef-
fects of combination therapy with selective PDGFR inhibitors
in advanced thyroid cancer patients remains to be studied.
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