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ABSTRACT
MiR-324-5p is overexpressed in papillary thyroid carcinoma (PTC) with lymph nodemetastasis and promotes
malignant phenotypes of KTC-1 cell line. However, the detailed regulatory mechanism remains unknown.
Tumor microenvironment plays a key role in tumor progression. CCAAT enhancer-binding protein delta
(CEBPD) is important in immune and inflammatory responses. In this study, we investigated the interaction
between miR-324-5p/PTPRD/CEBPD axis and tumor microenvironment in PTC progression. K1 and KTC-1
were transfected by lenti-CEBPD or CEBPD-sh vectors. Supernatant from different groups was harvested and
added into culture media of human macrophages and HUVEC. Cell viability, colony formation, invasive and
migrated cell number, and gap closure rate were elevated in lenti-CEBPD group. Compared with the control,
supernatant from lenti-CEBPD group contained more abundant levels of VEGF and IL-4/IL-13, which,
respectively, induced higher HUVEC invasion/migration rates and more obvious M2 marker (CD206) and
genes (PPAR-γ and MRC-1) expression in macrophages. By means of luciferase reporter assay and gene
manipulation, we identified that CEBPD was negatively regulated in PTC by protein tyrosine phosphatase
receptor delta (PTPRD) which was the target of miR-324-5p. CEBPD-shRNA was also proved to reverse the
effect of PTPRD-sh1 or miR-324-5p mimic on IL-4/IL-13 expression and HUVEC invasion. These results
suggested that miR-324-5p/PTPRD/CEBPD axis was involved in the progression of PTC by inducing HUVEC
invasion/migration and macrophage M2 polarization via VEGF and IL4/IL13, respectively.
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Introduction

Papillary thyroid carcinoma (PTC) is the most common histolo-
gical type of thyroid cancer and the incidence has increased
substantially.1-3 Lymph node metastasis (LNM) is the main factor
for prognosis prediction and is directly related to the manage-
ment. Ultrasound is the first choice of LNM detection. However,
its sensitivity is low, especially in central compartment lymph
node metastasis. Based on the genome-wide miRNAs expression
profile analysis and identification, miR-324-5p is found to be
significantly overexpressed in metastatic PTC tissue samples.
Most LNM in unifocal intrathyroidal PTMC can be predicted by
miR-324-5p detection in FNA lavage fluid, which makes up for
the deficiency of conventional ultrasound to some extent.4

It has been proved that abnormal regulation of IL-4/miR-324-5p/
CUEDC2 axis (CUEDC2 is a negative regulator of the JAK1-STAT3
pathway) leads tomacrophagesdysfunction,which is associatedwith
the genesis and development of colon cancer.5 The axis also partici-
pates in invasion and migration of breast cancer via suppression of
NF-kB.6 KuoWT et al. reveal that overexpression ofmiR-324-5p/3p
can inhibit growth and invasiveness of breast cancer, while upregula-
tion of miR-324-5p can reduce the biological ability of colon cancer
cells.7 Our previous experiments indicate thatmiR-324-5p promotes

the invasion and migration of PTC cells.4 However, its mechanism
remains unclear.

Tumor microenvironment generally refers to the special
environment of tumor cell tumorigenesis and plays a key role
in tumor progression and metastasis, which is composed of
vascular endothelial cells, mesenchymal stem cells, adipocytes,
fibroblasts, immune cells, and extracellular matrix.8 Tumor-
associated macrophages (TAMs), important components of
tumor microenvironment, have an M2 phenotype and are clo-
sely related to immune suppression, angiogenesis, invasion, and
metastasis.9,10 Ryder M et al. report that high TAM density is
positively correlated with high tumor invasiveness and low sur-
vival rate.11 Qing W et al. find that TAM density in PTC is
related to lymph node metastasis and TNM staging. However,
they have not found correlation between BRAF mutation and
TAMs density, which suggests that other molecules might play
a role in the mechanism related with TAMs.12

The objective of this study is to find out the downstream of
miR-324-5p and elucidate the underlying mechanism in regulat-
ing PTC progression, thereby finding out potential therapeutic
target or diagnostic biomarker to optimize preoperative risk
stratification and realize personalized medication.
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Results

PTPRD was a target of miR-324-5p and acted as tumor
suppressor in PTC

Based on our previous research, we searched three publicly
available miRNA target prediction tools and found that
PTPRD was a potential target of miR-324-5p (Figure 1a). To
confirm the hypothesis, luciferase reporter assay was carried out.
We observed a significant loss of luciferase activity in wild type

PTPRDgroupwhenKTC-1 was co-transfectedwithmiR-324-5p
mimic compared with the negative control (NC). When KTC-1
was co-transfected with luciferase reporters containing mutant
type PTPRD, no statistical difference was observed between
miR-324-5p mimic and NC in luciferase activity (Figure 1b).
Moreover, we detected protein and mRNA levels of PTPRD in
both K1 and KTC-1 with miR-324-5p overexpression or knock-
down. The miR-324-5p mimic and inhibitor affected the expres-
sion of PTPRD protein without changing the PTPRD mRNA

Figure 1. PTPRD was the target of miR-324-5p. (a) The left part exhibited the intersected target genes of miR-324-5p from databases including TargetScan, miRDB
and DIANA microT. The right part showed data from starBase 2.0, which demonstrated that expression level of PTPRD was significantly declined in PTC compared
with the normal group.13,14 (b) Luciferase activity of wild type PTPRD was significantly decreased when KTC-1 was cotransfected with miR-324-5p mimic. In mutant
type group, no statistical difference was explored between miR-324-5p mimic and NC subgroup. Sequences of wide/mutant type PTPRD 3’UTR and the binding site of
miR-324-5p was uncovered. Data were representative of experiments in quintuplicate. **P <.01. (c) The upper part exhibited quantification of PTPRD mRNA in miR-
324-5p mimic or miR-324-5p inhibitor transfected K1 and KTC-1 presented relative to β-actin mRNA by qRT-PCR. Data were representative of experiments in
triplicate. The lower part demonstrated PTPRD protein levels in miR-324-5p mimic or miR-324-5p inhibitor transfected K1 and KTC-1 with GAPDH as endogenous
control by western blot analysis.
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level (Figure 1c). Taken together, our research identified PTPRD
as a target of miR-324-5p.

We further detected the function of PTPRD in PTC
(Figure S1). PCR quantification revealed that PTPRD level
was more highly expressed in KTC-1 compared to that in
K1 (Figure 2a); therefore, we upregulated PTPRD in K1 and
downregulated PTPRD in KTC-1. PTPRD overexpression
dramatically inhibited cell viability and colony formation of
K1. The cell viability and colony formation were promoted by
PTPRD knockdown in KTC-1, which were reversed by miR-
324-5p and PTPRD double knockdown. Cell cycle revealed
that the proportion of cells in G1 stage was statistically larger
in lenti-PTPRD group than in control group, while cells in G2
and S stage were statistically less in lenti-PTPRD group than
in control group. The cell cycle results were reversible with
PTPRD downregulated in KTC-1. Transwell assay and scratch
assay disclosed that invasion and migration of K1 were
restrained in lenti-PTPRD group. On the other hand,
PTPRD knocked down in KTC-1 significantly enhanced cell
invasion and migration. These data resulted in the consolida-
tion of the tumor suppressive role of PTPRD in PTC.

CEBPD was negatively regulated by PTPRD

Preceding microarray data contributed by Berenice Ortiz et al.15

disclosed that CEBPD was one of the downstream genes of
PTPRD. CEBPD mRNA expression level was statistically higher
in K1 than in KTC-1, which was opposite to the expression level
of PTPRD (Figure 2a). Furthermore, PTPRD overexpression in
K1 resulted in the decline of CEBPD expression (Figure 2b),
while PTPRD knockdown in KTC-1 led to CEBPD upregulation
(Figure 2c). These data indicated that CEBPD was negatively

regulated by PTPRD, which was identified as the target of miR-
324-5p.

CEBPD promoted malignant phenotypes in PTC cell lines

We examined the proliferation ability of K1 and KTC-1 by
CCK8 analysis and colony formation assay. In CCK8 analysis,
we found that cell viability was consistently high in lenti-CEBPD
group and low in CEBPD-sh groups after cultivation for 48 h, 72
h and 96 h in both cell lines (Figure 3a). Colony formation assay
showed that cell clones were more in lenti-CEBPD group than
in the control group, while the clones in CEBPD-sh groups were
less than in the control group (Figure 3b).

Cell cycle analysis manifested that the proportion of cells
in G1 stage was statistically smaller in lenti-CEBPD group
than in the control group, and statistically larger in CEBPD-sh
groups than in the control group (Figure 3c).

Transwell assay showed that invasive and migrated cells were
more in lenti-CEBPD group and less in CEBPD-sh groups com-
pared with the control group, respectively (Figure 3d,e). Scratch
assay indicated that the defective gap closure ratio in PTC cells
treated with lenti-CEBPD was higher, and was declined in
CEBPD-sh groups compared with each control (Figure 3f). This
finding was in line with the consequences of transwell assay.

The results corroborated that CEBPD enhanced PTC pro-
liferation, migration and invasion.

CEBPD facilitated M2 polarization of macrophages via
IL-4/IL-13

Since interleukin (IL)-4 and IL-13 are T(H)2-type cytokines
and can stimulate the processes of M2 polarization,16,17 we

Figure 2. Negative correlation of PTPRD levels and CEBPD expression. (a) PTPRD and CEBPD expression in K1 and KTC-1 cells by qRT-PCR analysis. (b) CEBPD
expression after PTPRD was overexpressed in K1 cell. (c) CEBPD expression after PTPRD was knocked down in KTC-1 cell. Data were representative of experiments in
triplicate. *P <.05, **P <.01.
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measured the content of IL-4 and IL-13 released from K1 and
KTC-1. The level of IL-4/IL-13 was increased in lenti-CEBPD
group but decreased in CEBPD-sh groups compared with the
control group, respectively (Figure 4a). The expression level of
CEBPD was crucial for controlling cytokine production
because CEBPD-sh1 markedly inhibited the effect of miR-
324-5p on the cytokine expression (Figure 4b). As expected,

group CEBPD-shNC + PTPRD-sh1 showed greater increase
of cytokine content compared with group CEBPD-shNC +
PTPRD-shNC. The content decreased dramatically after
CEBPD and PTPRD double knockdown (Figure 4c).

We then profiled M2 polarization marker (CD 206) and
genes (MRC-1 and PPAR-γ) in human THP-1 differentiated
macrophages cultivated with supernatant harvested from K1

Figure 3. Effect of CEBPD on the proliferation, cell cycle, migration and invasion of K1 and KTC-1 cell lines. (a) CCK8 analysis of CEBPD overexpressed and knocked
down both in K1 and KTC-1. (b) Colony formation assay of CEBPD overexpressed and knocked down both in K1 and KTC-1 (×100). (c) Cell cycle profiles for CEBPD
overexpressed and knocked down both in K1 and KTC-1. (d) Transwell migration assay of CEBPD overexpressed and knocked down both in K1and KTC-1 (×100). (e)
Transwell invasion assay of CEBPD overexpressed and knocked down both in K1 and KTC-1 (×100). (f) Scratch assay of CEBPD overexpressed and knocked down both
in K1 and KTC-1 (×100). All the data were representative of experiments in triplicate or quintuplicate. *P <.05, **P <.01, ***P <.001.
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and KTC-1 in different groups (lenti-CEBPD v.s. lenti–vector,
CEBPD-sh1 and sh2 v.s. sh-NC). We found significantly high
levels of CD206, MRC-1 and PPAR-γ in lenti-CEBPD group.
In CEBPD-sh groups, expression levels of CD 206, MRC-1
and PPAR-γ were statistically lower compared with their
levels in the control group (Figure 5).

To sum up, these data suggested that CEBPD in PTC cell
lines was critical for M2 polarization of macrophages via IL-4/
IL-13.

CEBPD enhanced invasion and migration of HUVEC via
VEGF

We measured the content of VEGF in K1 and KTC-1 cell
culture supernatant. As depicted in Figure 6(a), the level of

VEGF released by K1 and KTC-1 was higher in lenti-CEBPD
group, while relatively lower in CEBPD-sh groups compared
with the control group, respectively. Given the result that
CEBPD enhanced the release of VEGF by K1 and KTC-1,
we were encouraged to investigate the invasion ability of
HUVEC when it was cultured with supernatant of CEBPD
manipulated K1 and KTC-1 cell lines. Transwell assay showed
that there were more invaded HUVECs in lenti-CEBPD group
and less in CEBPD-sh groups compared with the control,
respectively (Figure 6b). Furthermore, we used CEBPD-sh1
to test if it can reverse the effect of PTPRD-sh1 or miR-324-5p
mimic. As expected, group CEBPD-shNC + PTPRD-sh1
showed more invaded HUVECs compared with group
CEBPD-shNC + PTPRD-shNC. The invasive cell number
decreased dramatically after CEBPD and PTPRD double

Figure 4. CEBPD was crucial for controlling cytokine IL-4 and IL-13 production in PTC cell lines. (a) IL-4 and IL-13 contents secreted by tumor cells manipulated with
CEBPD up or down-regulated vectors. (b) IL-4 and IL-13 contents secreted by KTC-1 in group CEBPD-sh1 + miR-324-5p mimic and other indicated groups. (c) IL-4 and
IL-13 contents secreted by KTC-1 in group CEBPD-sh1 + PTPRD-sh1 and other indicated groups. All the data were representative of experiments in triplicate. *P <.05,
**P <.01, ***P <.001.
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knockdown. Accordingly, CEBPD-sh1 markedly reversed the
promotive effect of miR-324-5p on invasive cell number of
HUVEC cultured with KTC-1 CS (Figure 6c). Scratch assay
was also conducted to access whether CEBPD might affect
HUVEC migration. Accordantly, lenti-CEPBD group pro-
moted gap closure faster (60%~) than CEBPD-sh groups did
(~30%) after 24 h (Figure 6d). Collectively, these findings
suggested that CEBPD facilitated invasion and migration of
HUVEC via VEGF.

Discussion

PTPRD is one of the most frequently inactivated genes across
human cancers. It is previously reported that the expression
level of PTPRD is significantly decreased in PTC compared
with normal group.13,14 However, the mechanistic basis of

PTPRD function in PTC is unclear. Ortiz B et al. state that
loss of PTPRD accelerates tumor formation through genomic
analysis and a glioma mouse model. Specifically, they pin-
point PTPRD loss as a cause of aberrant STAT3 activation
which alters pathways governing the macrophage response.15

In our study, we validate that PTPRD is a bona fide tumor
suppressor in PTC and revealed that PTPRD is the target of
mir-324-5p which acts as an oncogene in PTC metastasis.4 In
our study, miR-324-5p affects the expression of PTPRD pro-
tein without changing the PTPRD mRNA level. It is possible
that miR-324-5p regulates PTPRD expression at translational
level.18

With the support of microarray analysis from Ortiz
B et al.’s study, we find out that CCAAT enhancer-binding
protein delta (CEBPD), an intron-free gene, is the down-
stream of PTPRD. CEBPD is important in immune and

Figure 5. CEBPD facilitated M2 polarization of macrophages. (a) CD206+ macrophages were analyzed by flow cytometry. Macrophages were cultured with CS from
K1 or KTC-1 manipulated with CEBPD up or down-regulated vectors. (b) Relative expression levels of MRC-1 and (c) PPAR-γ in macrophages cultured with CS from K1
or KTC-1 manipulated with CEBPD up or down-regulated vectors. All the data were representative of experiments in triplicate. *P <.05, **P <.01, ***P <.001; Mφ:
macrophages; CS: cultural supernatant.
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inflammatory responses. Min Y et al. report that CEBPD
regulates VEGF-C autocrine signaling in lymphangiogenesis
and metastasis of lung cancer through HIF-1 alpha.19 Wang
WJ et al. establish that inhibition of the EGFR/STAT3/CEBPD
axis reverses cisplatin cross-resistance with paclitaxel in the
urothelial carcinoma of the urinary bladder.20 Ko CY et al. put
forward that glycogen synthase kinase-3beta-mediated
CEBPD phosphorylation in astrocytes promotes migration
and activation of microglia/macrophages.21 In the current
study, we find out that PTC originated CEBPD enhances
invasion/migration of HUVEC via VEGF. VEGF is indispen-
sable in the progression of angiogenesis.22 Furthermore,

CEBPD in PTC is revealed to play a crucial role in M2
polarization of macrophages via IL-4/IL-13. IL-4 and IL-13
are found to induce ‘alternatively activated macrophage’
which is also named M2a.16,17 CEBPD-shRNA is also proved
to reverse the effect of PTPRD-sh1 or miR-324-5p mimic on
cytokine expression and HUVEC invasion. Thus, our results
expand the regulatory mechanism of CEBPD, the downstream
of miR-324-5p/PTPRD, in PTC microenvironment.

TAMs display M2 or ‘alternatively activated’ phenotype,
which can stimulate angiogenesis and enhance tumor cell
invasion, motility, and intravasation in the primary tumor.23

M2 macrophages are defined by their expression of CD206

Figure 6. CEBPD enhanced invasion and migration of HUVEC via VEGF. (a) VEGF expression level in both K1 and KTC-1 with CEBPD up/down-regulated. (b) Transwell
invasion assay performed to determine the invasion ability of HUVEC cultivated with supernatant from K1 or KTC-1 with CEBPD up/down-regulated (×100). (c)
Transwell invasion assay of HUVEC cultivated with supernatant from KTC-1 in the indicated groups (×100). (d) Scratch assay performed to determine the migration
ability of HUVEC cultivated with supernatant from K1 or KTC-1 with CEBPD up/down-regulated (×100). All the data were representative of experiments in triplicate.
*P <.05, **P <.01, CS: cultural supernatant.
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and secretion of monocyte chemoattractant protein-1 and IL-
10.24 CD206 is also termed as mannose receptor C-type 1
(MRC-1). We quantify both CD206 and MRC-1 as markers
of M2 macrophages at cytokine and mRNA levels, respec-
tively. The outcome reflects that the proportion of M2 macro-
phages in tumor microenvironment elevates as a result of
upregulation of CEBPD in PTC.

The prior study also finds that the density of TAMs
increases if thyroid cancer is in advanced stage.25 The pre-
sence of TAMs’ high density region correlates with tumor
invasion positively and decreases cancer-related survival rate,
which has not been proven to be BRAF related.12,26 Hence,
the M2 polarization in macrophages induced by miR-324-5p/
PTPRD/CEBPD axis in our paper bridges this research gap to
some extent.

Transcription factor networks are important regulators
of macrophage polarization. Peroxisome proliferator-
activated receptor gamma (PPAR-γ) activation suppresses
the production of proinflammatory cytokines and is critical
for the formation, activation, and maintenance of alterna-
tively activated macrophages.16 Elevated PPAR-γ expression
in human macrophages is one of the biological markers of
IL-4/IL-13-mediated alternative activation.27 Huang JT
et al. report that IL-4 induces PPAR-γ expression and
activity by generating natural PPAR-γ ligands via the 12/
15-lipoxygenase pathway.28 Furthermore, IL-4 signaling
enhances PPAR-γ activity through an interaction between
PPAR-γ and the STAT6 on promoters of PPARγ-target
genes.29 In the field of thyroid cancer, Wood WM et al.
find that PPAR-γ promotes the growth and invasion of
thyroid cancer cells,30 while Ohta K et al. reveal that
PPAR-γ ligands inhibit PTC proliferation and induce
apoptosis.31 Based on thyroid-specific PPAR-γ deleted
mouse model, Yu J et al. illuminate that thyroid cell-
derived PPAR-γ neither plays an important role in the
development or function of the thyroid gland, nor does it
have a tumor suppressive effect.32 There is no existing
finding whether TAM-derived PPAR-γ is associated with
thyroid cancer generation and metastasis or not. A positive
feedback on PPAR-γ activity in TAM remains a question to
be further studied.

In conclusion, data in this paper demonstrate pleiotropic
effects of axis miR-324-5p/PTPRD/CEBPD in PTC progres-
sion via microenvironment alteration. The processes involve
invasion/migration of HUVEC by VEGF as well as elevated
TAM proportion by IL-4/IL-13 (Figure 7).

Materials and methods

Cell culture

The human PTC cell line KTC-1, human umbilical vein
endothelial cell (HUVEC) and human monocytic THP-1
cells were purchased from Shanghai Institutes for Biological
Sciences (Shanghai, China). The human PTC cell line K1 was
purchased from Shanghai Lianmai biological engineering co.
LTD (Shanghai, China). KTC-1 was cultured in RPMI 1640
Medium HEPES (Gibco) which was supplemented with 10%
of FBS (Gibco, Carlsbad, CA, USA), 100 U/ml penicillin, and
100 μg/ml streptomycin. To differentiate macrophages, THP-
1 cells were cultured in RPMI 1640 medium with 100 ng/ml
PMA (Sigma, St. Louis, MO) for 48 h. HUVEC was main-
tained in DMEM-H (Gibco, Carlsbad, CA, USA) supplemen-
ted with 10% of FBS (Gibco) and 100 U/ml penicillin, 100 μg/
ml streptomycin. K1 was cultured in DMEM (Gibco), MCDB
(Sigma, Saint Louis, Missouri, USA), and F12 (Gibco) (2:1:1)
medium supplemented with 10% of FBS (Gibco), 100 U/mL
penicillin, and 100 μg/ mL streptomycin. Cell lines were
incubated at 37°C in a humidified atmosphere of 5% CO2.

Target genes analysis and luciferase reporter assay

In this research, genes were collected from three publicly
available miRNA target prediction tools and intersected to
obtain the target genes of miR-324-5p. The databases
included TargetScan (http://www.targetscan.org/), miRDB
(http://mirdb.org/cgi-bin/search.cgi), and DIANA microT
(http://diana.imis.athena-innovation.gr/). Along with data
from starBase 2.0 (http://starbase.sysu.edu.cn/), PTPRD was
determined as the best candidate.

To generate plasmids containing miR-324-5p binding sites
for PTPRD, psiCHECK2 vector was digested by NotI and

Figure 7. Diagram of miR-324-5p/PTPRD/CEBPD axis in PTC progression.
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XhoI restriction enzymes. 3′-UTR of PTPRD was amplified
from cDNA with primers for sense 5′- CCG CTC GAG CTT
CTC TCC CTG AAA CAA T-3′ and antisense 5′- ATA AGA
ATG CGG CCG CCA GTA AGA TTC CCG CAA-3′, and
inserted into psiCHECK2 vectors according to the manufac-
turer’s protocol.

For luciferase activity assay, KTC-1 were cultured in 96-
well plates for 24 h. Then, PTPRD 3′-UTR wild type or
mutant type reporter plasmids were transiently co-
transfected with synthetic miR-324–5p mimic or scramble
sequences (NC) respectively, using Lipofectamine 2000
(Invitrogen). After 48 h, firefly and Renilla luciferase activities
were measured in cell lysates by the Dual-Luciferase kit assay
(Promega). Renilla luciferase activity was normalized to firefly
luciferase activity in the lysates.

RNA extraction and quantitative reverse
transcriptase-polymerase chain reaction PCR (qRT-PCR)

Total RNA was isolated from cells by using TRIZOL Reagent
(#15596-026, Invitrogen, Carlsbad, CA, USA), according to
the manufacture’s protocol. One microgram of total RNA was
reversely transcribed into first-strand cDNA by Reverse
Transcription Kit (Takara, Dalian, China), followed with
PCR reaction by SYBR® Premix Ex TaqTM II Kit (Takara,
Dalian, China), according to the instruction in VIIA7 system
(Applied Biosystems, California, USA). All amplifications
were normalized by β-actin. Data were analyzed by the com-
parison Ct (2−ΔΔCt) method and expressed as fold change
compared to the negative control. Each sample was evaluated
in triplicate. Gene primers were listed in Table S1.

Plasmid construction and transfection

CEBPD was knocked down and overexpressed both in K1 and
KTC-1. For gene downregulation, shRNAs against CEBPD
were purchased from GenePharma Co., Ltd (Shanghai,
China). K1 and KTC-1 cells were transfected with lentiviral
constructs expressing shRNAs or shNC (shRNA scramble
sequences). For gene overexpression, CEBPD-coding region
was amplified with PrimerSTAR polymerase kit. The PCR
products were gel-purified and directly inserted into XbaI/
NotI digested pCDH to generate the pCDH-CEBPD lentiviral
expression vectors. Gibson reaction was used to recombine
the vector and the gene fragment with Gibson Assembly
Master Mix (E2611 L) of NEB company. K1 and KTC-1
cells were transfected with lentiviral constructs expressing
pCDH-CEBPD vectors or pCDH-vectors according to the
manufacturer’s protocol.

PTPRD was knocked down in KTC-1 and overexpressed in
K1. ShRNAs against PTPRD were purchased from
GenePharma Co., Ltd (Shanghai, China). KTC-1 cells were
transfected with lentiviral constructs expressing shRNAs or
shNC. PTPRD-coding region was amplified with PrimerSTAR
polymerase kit. The PCR products were gel-purified and
directly inserted into XbaI/NotI digested pCDH to generate
the pCDH-PTPRD lentiviral expression vectors. Gibson reac-
tion was used to recombine the vector and the gene fragment
with Gibson Assembly Master Mix (E2611 L) of NEB

company. K1 cells were transfected with lentiviral constructs
expressing pCDH-PTPRD vectors or pCDH-vectors accord-
ing to the manufacturer’s protocol.

MiR-324-5p mimics or inhibitors and their control oligo-
nucleotides were synthesized by Shanghai Genepharma Co.,
Ltd. KTC-1 cells were transfected with Lipofectamine 2000
(Invitrogen, USA) following the manufacturer’s protocol.

CCK-8 analysis

Cells were seeded in 96-well plates at a density of 2000 cells/
well and cultured in the appropriate medium 48 h after
transfection. Numbers of viable cells were quantified using
a cell counting kit-8 (CCK-8; Dojindo Molecular
Technologies, Japan) at 24 h, 48 h, 72 h and 96 h. The
absorbance was determined by TECAN infinite M200 plate
reader at 450 nm. All experiments were performed in
quintuplicate.

Colony formation assay

Cells were seeded into six-well plates at a density of 1000 cells/
well in 2 ml culture medium and incubated at 37°C in a humi-
dified atmosphere of 5% CO2. The cultured medium was
replaced every the other day. On the 10th day, the medium
was removed and the cells were washed twice with PBS.
Finally, the cells were stained with crystal violet for 30 min
at room temperature, washed again and photographed. All
experiments were performed in triplicate.

Transwell assay

Transwell chambers (Millipore, USA) were used in the migra-
tion and invasion assays. In the migration assay, 100 μL
serum-free medium and 1 × 105 cells were added to the
upper chamber, while 500 μL medium with 5% FBS was
added to the lower chamber. In the invasion assay, matrigel
(BD Biosciences, USA) was coated the top side of the insert
membrane, then the cells and medium were added. The
chambers were kept at 37°C and 5% CO2 for 24 h. After
that, cells on the top side of the insert membrane were
removed with the cotton swabs. Migrated or invaded cells
on the bottom surface of the membrane were fixed in metha-
nol for 15 min and stained with crystal violet for 30 min. Cells
adhering to the bottom of the membrane were calculated and
photographed by an inverted phase-contrast microscope. All
experiments were performed in triplicate.

Scratch assay

Cells were seeded on six well plates with medium containing
10% FBS and grew to monolayer confluency. Each monolayer
was scratched with a sterile pipette tip. The wound healing
procedure was observed for 24 h, and images were photographed
at 0 h and 24 h. All experiments were performed in triplicate.
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Flow cytometry analysis

For cell cycle analysis, the cells were fixed in 75% ethanol
overnight at 4°C. They were then stained by a Cell Cycle
Analysis Kit (Beyotime Biotechnology, China), according to
the manufacturer’s instructions. Cells were analyzed by
Gallios Flow Cytometry (Beckman Coulter, USA) in order to
calculate the proportion of cells in each stage of cell cycle (S,
G1, G2/M).

For macrophage phenotyping, FITC-conjugated anti-
mouse CD206 antibodies (MMR, #141704, Biolegend) were
incubated with macrophages, followed by sorting with Gallios
Flow Cytometry (Beckman Coulter, USA).

All experiments were performed independently three
times.

Cytokine measurement

Twenty-four hours after transfection, supernatants from
KTC-1 and K1 cell lines were assayed for levels of IL-4, IL-
13 and VEGF using commercial enzyme-linked immunosor-
bent assay (ELISA) kits (1110402, 1110302 and 1117342 from
Dakewe Biotech Co., Ltd.).

Western blot analysis

Protein lysates were generated using radioimmunoprecipita-
tion assay lysis buffer (Thermo Fisher Scientific, Waltham,
MA, USA); protein concentrations were determined using
a BCA Protein Assay Kit (Pierce, Illinois, USA). Next, protein
(10 mg) from each sample was loaded onto a 9% SDSPAGE
gel and transferred to a PVDF membrane (Millipore, Billerica,
MA, USA). After blocking with 5% nonfat milk, the mem-
branes were incubated with primary antibodies against
PTPRD (1:1000) and GAPDH (1:2000) (all from Abcam,
Cambridge, MA, USA) and followed by secondary antibodies
at room temperature for 1 h. Blots were processed using an
ECL kit (Thermo Fisher Scientific, Waltham, MA, USA) and
exposed to film.

Statistical analysis

Statistical analysis was carried out by SPSS 23.0 (SPSS,
Chicago, IL, USA). Data were presented as mean. Two-tailed
t-test was performed for comparing two groups. For CCK-8
test, ANOVA for repeated measurement followed by
Bonferroni posttest was utilized. P < .05 was considered
a statistically significant difference.
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