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ABSTRACT

Background: Cisplatin (DDP) remains the backbone of chemotherapy for non-small cell lung cancer (NSCLC), yet
its clinical efficacy is limited by DDP resistance. We aim to investigate the role of the SET and MYND domain-
containing protein 3 (SMYD3) in DDP resistance of NSCLC.

Methods: Expression pattern of SMYD3 was determined in NSCLC tissues using qRT-PCR, which also validated
its correlation with NSCLC clinicopathological stages. Impacts of SMYD3 on DDP resistance were evaluated by
knocking down SMYD3 in DDP-resistant cells and overexpressing it in DDP-sensitive cells, and assessed for several
phenotypes: IC5, by MTT, long-term proliferation by colony formation, apoptosis and cell-cycle distribution by
flow cytometry. The interaction between Ankyrin Repeat and KH Domain Containing 1 (ANKHD1) and SMYD3
was examined by co-immunoprecipitation and immunofluorescence. The transcriptional regulation of SMYD3 on
cyclin-dependent kinase 2 (CDK2) promoter regions was confirmed using chromatin-immunoprecipitation. The in
vivo experiments using DDP-resistant cells with altered SMYD3 and ANKHD1 expression were further performed
to verify the SMYD3/ANKHD]1 axis.

Results: Highly expressed SMYD3 was observed in NSCLC tissues or cells, acted as a sensitive indicator for NSCLC,
correlated with higher TNM stages or resistant to DDP treatment, and shorter overall survival. The promotion
of SMYD3 on DDP resistance requires co-regulator, ANKHD1. CDK2 was identified as a downstream effector. In
vivo, SMYD3 knockdown inhibited the growth of DDP-resistant NSCLC cells, which was abolished by ANKHD1
overexpression.

Conclusions: SMYD3 confers NSCLC cells chemoresistance to DDP in an ANKHD1-dependent manner, providing
novel therapeutic targets to overcome DDP resistance in NSCLC .

Introduction

benefit the prediction of treatment responses and the development of
modification strategies to improve the efficacy of cisplatin-based ther-

With an estimated 2.09 million new cases and 1.76 million deaths
in 2018, lung cancer remains the leading cause of cancer-related deaths
globally [1]. Of all lung cancer cases, non-small cell lung cancer (NSCLC)
accounts for approximately 85% and more than 70% of NSCLC patients
are diagnosed with locally advanced or metastatic disease that is associ-
ated with a high rate of relapse and a poor five-year survival [2]. Despite
advances made in the treatment of NSCLC, such as targeted therapy for
cases with actionable mutations, 85-90% NSCLC cases present no tar-
getable mutations and for these cases, cisplatin (DDP)-based chemother-
apy, remains the first-line treatment option [3]. Correspondingly, de-
velopment of chemoresistance to DDP has become a clinical challenge
that contributes to the recurrence and the poor prognosis of NSCLC
patients. Therefore, understanding the molecular mechanisms respon-
sible for DDP chemoresistance is urgently needed and will significantly
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apy.

Besides genetic mutations, epigenetic modifications also signifi-
cantly contribute to oncogenesis and malignant progression of cancers.
The SET and MYND domain-containing protein 3 (SMYD3) is a mem-
ber of the SMYD family of lysine methyltransferases that contains five
members, SMYD1 to SMYD5. A common feature of all five SMYD mem-
bers is their capability to methylate histone 3 lysine 4 (H3K4) [4]. In
addition, the activities of SMYD3 in human physiology and pathology
are regulated by interacting proteins, methylation targets (histone and
non-histone proteins), as well as subcellular localizations [5]. The onco-
genic activities of SMYD3 are well established. SMYD3 is minimally ex-
pressed in normal adult lung tissues [6], yet in lung cancer, not only
the expression of SMYD3 is up-regulated, but higher SMYD3 level is sig-
nificantly and negatively associated with disease-free survival of lung
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cancer patients [5]. The oncogenic phenotypes of SMYD3 include pro-
moting proliferation, migration/invasion, epithelial-mesenchymal tran-
sition (EMT), and metastasis, while inhibiting apoptosis [5,7]. A recent
study in breast cancer showed that SMYD3 contributed to the resistance
of breast cancer cells to DDP. However, little is known whether SMYD3
also regulates DDP resistance of lung cancer.

In this study, we hypothesize that SMYD3 critically regulates DDP
resistance in NSCLC. To test this hypothesis and to explore the under-
lying mechanisms, we used two distinct DDP-resistant NSCLC cell lines,
A549/DDP and H1299/DDP, as well as their DDP-sensitive counterparts,
A549 and H1299, to assess the significance of SMYD3 in regulating
DDP resistance and explored the underlying mechanisms. We showed,
for the first time, that SMYD3 is necessary and sufficient for promoting
DDP resistance of NSCLC. The regulation of DDP resistance by SMYD3
is mediated at least partially through Ankyrin Repeat and KH Domain
Containing 1 (ANKHD1) as a co-regulator, and cyclin-dependent kinase
2 (CDK2) as a target co-regulated by both SMYD3 and ANKHD1. This
study provides novel mechanisms that may benefit the development of
strategies to overcome DDP resistance.

Materials and methods
Human tissues

This study was reviewed and approved by the Ethics Committee of
The Affiliated Cancer Hospital of Zhengzhou University (Zhengzhou,
China; Approval No.2020086). A cohort of 38 matching pairs of can-
cer tissues and adjacent tumor-free lung tissues were obtained during
surgery from NSCLC patients admitted into The Affiliated Cancer Hos-
pital of Zhengzhou University. The isolated human tissues were immedi-
ately frozen in liquid nitrogen for expressional analysis. These patients
included 18 cases of stage I/II and 20 cases of stage III/IV according
to the 8th tumor-node-metastasis (TNM) classification of lung cancer
[8]. All patients received standard DDP-based chemotherapy after the
surgery. According to the revised Response Evaluation Criteria in Solid
Tumors (RECIST) criteria [9], 16 patients developed complete or par-
tial response after two rounds of DDP treatment, as shown by computed
tomography (CT) scanning, and were classified as sensitive cases. The
remaining 22 cases showed stable or progressive diseases and were clas-
sified as resistant cases. All patients were followed up for at least 60
months or till their death. All patients signed the informed consent to
participate in this study.

Cell lines and cell culture

The normal human bronchial epithelial cell line 16HBE, human
NSCLC cell lines A549, DDP-resistant A549 cells (A549/DDP), H1299,
and H1299/DDP were purchased from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China). All cells were cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin (all from Invitrogen, Carlsbad, CA, USA) at 37 °C
with 5% CO,. For A549/DPP and H1299/DPP cells, DDP (Sigma, St.
Louis, MO, USA) was added to the culture medium at 3.3 yM to main-
tain the DDP-resistant phenotype.

Plasmid construction and cell transfection

Control siRNA (si-NC), siRNA specifically targeting SMYD3 (si-
SMYD3), si-ANKHD1, pcDNA3.1 vector (empty vector), pcDNA3.1-
SMYD3 (SMYD3 vector), and pcDNA3.1-ANKHD1 (ANKHD1 vector)
were purchased from GenePharma (Shanghai, China), and transfected
into target cells using Lipofectamine 2000 (Invitrogen), according to
the manufacturer’s protocol. Briefly, for cells in 24-well plate, 500 ng of
plasmid DNA and/or 15 pmol siRNA were diluted in 50 puL of Opti-MEM
reduced serum medium (Invitrogen), while 1 L of Lipofectamine 2000
was diluted in 50 pL of Opti-MEM reduced serum medium. Then, these
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Table 1
List of primers used for qRT-PCR analysis.

Gene Name Forward Primer (5"-3") Reverse Primer (5’-3%)

SMYD3 TTACTGCGAGCAGTCCGAGACA TTGTCCTGGGTTTGGCAACGGA
ANKHD1 AGACCAATCGGAACACGGCTCT CAGAAGCTGCTTCCATCAAGGG
CDK2 ATGGATGCCTCTGCTCTCACTG CCCGATGAGAATGGCAGAAAGC
CDK4 CCATCAGCACAGTTCGTGAGGT TCAGTTCGGGATGTGGCACAGA
CDK6 GGATAAAGTTCCAGAGCCTGGAG GCGATGCACTACTCGGTGTGAA
GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

two solutions were mixed and incubated at room temperature for 5 min
before being applied to cells. At 48 h after the transfection, cells were
used for further experiments.

RNA extraction and quantitative real-time PCR (qRT-PCR)

TRIzol reagent (Invitrogen) was used to extract total RNA from tis-
sues and cells. The ImProm-II Reverse Transcription System (Promega,
USA) was used to generate first-strand cDNA, and qPCR analysis was car-
ried out using SYBR Green qPCR assay reagents (Takara, China) and the
following specific primers for the corresponding human genes (Table 1).
As a routine for qRT-PCR assays, melting curve was always checked to
verify the specificity of the amplification reaction. The relative expres-
sion levels of RNAs were calculated using the comparative Ct method
[10].

Cell viability assay and determination of half maximal inhibitor
concentration (ICsg)

Cells were seeded in 96-well plates at a density of 2 x 10* cells/mL
and incubated with fresh medium containing different concentrations
of DDP (0, 20, 40, 60, or 80 pM). After 48 h, 20 uL of MTT solution
(5 mg/mL in PBS; Sigma) was added to each well and the plates were
incubated at 37 °C for a further 3 h. The medium was then discarded
and 100 pL dimethyl sulfoxide (DMSO; Sigma) was added to each well
and incubated for 2 h in the dark at room temperature. DMSO dissolved
the formazan crystals and created a purple color. Finally, the optical
density (proportional to the number of live cells) was assessed with a
Microplate Reader Bio-Rad 550 at 570 nm. ICg, was calculated by as
concentration of DDP that reduced cell viability by 50%.

FACS analysis for apoptosis and cell-cycle distribution

Apoptotic cells were detected using Annexin-V-FITC and PI kit
(Thermo Fisher Scientific, Waltman, MA, USA) following the manufac-
turer’s instructions, and presented as the percentage (%) of Annexin-
V*PI* cells.

To determine cell-cycle distribution, cells were collected, washed
with PBS three times, and fixed in 70% ethanol overnight. Fixed cells
were then stained using FxCycle™ PI/RNase Staining Solution (Thermo
Fisher Scientific) according to the manufacturer’s instructions. All FACS
analysis was performed on FACSCalibur (BD Biosciences, San Jose, CA,
USA).

Colony formation assay

The long-term proliferation of cells was measured using colony for-
mation assay. Briefly, target cells were seeded into 24-well plate at 200
cells/well. After incubating the cells at 37 °C for 10 days, cells were fixed
with 100% methanol (Sigma) at room temperature for 10 min and then
stained with 0.5% crystal violet (Sigma) at room temperature for 5 min.
The number of cell colonies was counted under a light microscope.
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Co-immunoprecipitation (Co-IP)

Whole cell lysate was prepared in IP lysis buffer (Thermo Fisher Sci-
entific) containing 1 X protease/phosphatase inhibitor cocktail (Cell Sig-
naling, Danvers, MA, USA). Total protein (500 ug) was incubated with
1 ug anti-H3K4me3 antibody (ab8580, Abcam, Cambridge, MA, USA) or
anti-ANKHD]1 antibody (ab117788, Abcam), or rabbit IgG on a rotating
shaker at 4 °C for 1 h. Then, protein A Sepharose beads (Abcam) were
added to the mixture and shaken at 4 °C overnight. After washing the
beads and associated protein complexes three times, they were boiled in
5 x sample loading buffer for 5 min and the supernatant was examined
using western blot.

Subcellular fractionation and western blot

Cytoplasmic and nuclear fractions were prepared from cells using
Minute™ Cytoplasmic & Nuclear Extraction Kits (Invent Biotechnolo-
gies, USA) according to the manufacturer’s instructions.

Whole cell lysates were prepared in RIPA buffer (Thermo Fisher
Scientific) containing protease/phosphatase inhibitor cocktail (Cell Sig-
nalling). Protein samples were separated by 10% SDS-PAGE gel elec-
trophoresis and then transferred to PVDF membranes. The membrane
was incubated with the following primary antibodies (all from Abcam):
anti-SMYD3 (ab187149, 1:1000), anti-H3K4me3 (ab8580, 1:1000),
anti-ANKHD1 (ab117788, 1:2000), anti-CDK2 (ab32147, 1:1000), anti-
H3 (ab1791, 1:1000), and anti-GAPDH (ab181602, 1:5000). After wash-
ing the membrane with TBST three times, it was incubated with HRP-
labelled goat anti-mouse/rabbit IgG (1:5000, Abcam) for 2 h at room
temperature. Specific signals were detected using the enhanced chemi-
luminescence (ECL, Millipore, MA, USA) method and analysed with Im-
ageJ software.

Immunofluorescence staining

Target cells were cultured on glass coverslips and treated as indi-
cated. Upon fixation/permeabilization with cold 100% methanol for
5 min at room temperature, cells were washed with PBS twice and
blocked in TBS buffer (50 mM Tris-Cl, 150 mM NaCl, pH 7.5) containing
0.1% Tween-20, 2% BSA and 0.1% NaN; (Sigma) for one hour at room
temperature. The primary rabbit anti-ANKDH1 antibody (ab117788)
and mouse anti-H3K4me3 antibody (ab185637) diluted 1:200 in block-
ing solution were then added and incubated with cells at 4 °C overnight.
After three washes in PBS, cells were incubated with Alexa Fluor 488
conjugated anti-rabbit and PE-conjugated anti-mouse secondary anti-
body for two hours at room temperature. Coverslips were washed four
times with PBS and mounted on SuperFrost Plus slides with Vectashield
anti-fade mounting medium with DAPI (Vector Labs, Burlingame, CA,
USA). Cells were imaged under confocal microscopy.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed using SimpleChIP kit (Cell Signaling
Technology) according to the protocols provided by the manufacturer.
Briefly, cells were crosslinked with 1% formaldehyde and lysed to pre-
pare nuclei. Then chromatin was partially digested in Micrococcal Nu-
clease followed by sonication to generate DNA/protein fragments of
150-900 base pairs (bps) in length. Upon incubating the digested chro-
matin with anti-SMYD3 (ab228015), anti-ANKHD1 (ab117788), anti-
RNA polymerase II (anti-RNAP II; ab164350), or normal rabbit IgG (neg-
ative control; ab172730) at 4 °C overnight, the immune complexes were
pulled down using ChIP-grade protein G magnetic beads. After eluting
chromatin from the antibody/protein G magnetic beads, DNA was pu-
rified using the spin column provided with the kit and examined with
qRT-PCR analysis.
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Xenograft mouse model

All animal protocols were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Zhengzhou University.
Athymic nude mice of four to six weeks old were purchased from
Shanghai Laboratory Animal Center (Shanghai, China) and housed in
a specific-pathogen-free facility with a 12-h light:dark cycle at a tem-
perature of 21 °C + 2 °C and a relative air humidity of 55% +10%. To
establish the xenograft model, A549/DDP cells transfected with si-NC,
si-SMYD3, si-SMYD3 + empty vector, or si-SMYD3 + ANKHD1 vector
were injected subcutaneously into the dorsal flank region of each mouse
(N = 6 per group). The length (L) and width (W) of each xenograft tu-
mor were measured using a vernier caliper every three days, and the
tumor volume (V) was calculated as: V = 1/2 x L x W2. On day 18
after the inoculation of cancer cells, all mice were sacrificed, and the
xenograft tumors were isolated, imaged, weighed, and snap frozen in
liquid nitrogen for further analysis.

Immunohistochemistry (IHC)

The mouse tissues were fixed in 10% neutral formalin and em-
bedded in paraffin. Serial sections of 4 um in thickness were pre-
pared. For IHC detection of Ki-67 and CDK2, tissue sections were de-
paraffinized in xylene and rehydrated in a series of diluted alcohol.
Antigen retrieval was performed in boiling 10 mM citrate buffer (pH
6.0) for 10 min. After blocking endogenous peroxidase activity with
0.3% H,0, in PBS for 10 min and non-specific binding with 5% normal
goat serum for 1 h at room temperature, the tissue sections were incu-
bated with anti-Ki67 (ab92742), anti-CDK2 (ab32147) and anti-SMYD3
(ab187149)antibodies. Upon three washes in 0.15 M NaCl containing
0.1% v/v Triton-X-100, pH 7.6 (TBST) buffer, the sections were incu-
bated with biotinylated secondary antibody at room temperature for
30 min, washed three times in TBST, and then incubated in Vectastain
ABC-HRP solution (Vector Labs) at room temperature for 30 min, ac-
cording to the manufacturer’s instructions. The signal of a target protein
was developed using Diaminobenzidine (DAB) substrate (Vector Labs)
and the slides were counterstained with hematoxylin.

Statistical analysis

GraphPad Prism 6 software (GraphPad Software;
http://www.graphpad.com) was used to calculate and assess sig-
nificant differences between experimental groups. The results are
presented as the mean + standard deviation (SD). Statistical signif-
icance between two groups was analysed using one-way ANOVA
followed by Newman-Keuls post hoc test. Student’s t-test was used for

paired comparisons. P < 0.05 was considered statistically significant.
Results
Up-regulation of SMYD3 indicates the poor prognosis of NSCLC patients

To understand the molecular mechanisms by which SMYD3 func-
tions in NSCLC, we first examined its expression in NSCLC. By compar-
ing SMYD3 mRNA between 38 pairs of NSCLC tissues and matching nor-
mal lung tissues, we found that SMYD3 was significantly up-regulated
in NSCLC tissues (Fig. 1A). Focusing on the NSCLC tissues, we found
that SMYD3 level markedly higher in tumours of higher TNM stages
(III/1V; N = 20) than in those of lower TNM stages (I/I; N = 18; Fig. 1B).
Survival analysis using the Kaplan-Meier revealed that higher SMYD3
expression was significantly associated with shorter overall survival of
NSCLC patients (Fig. 1C). In addition to the steady-state mRNA level,
we also measured SMYD3 protein from randomly selected NSCLC and
matching normal tissues (n = 6/group) and found that, SMYD3 protein
was also significantly higher in tumours than in normal tissues (Fig. 1D).
Collectively, these data demonstrated the clinical significance of SMYD3
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Fig. 1. Up-regulation of SMYD3 indicated the poor prognosis of NSCLC patients. (A) The expression of SMYD3 was compared using qRT-PCR analysis between 38
pairs of NSCLC and normal tissues. (B) SMYD3 level was compared between NSCLC tumors of low TNM stage (I/II, N = 18) and those of high TNM stage (III/IV,
N = 20) using qRT-PCR analysis. (C) The correlation of SMYD3 level and the overall survival of NSCLC patients was analyzed via the Kaplan-Meier method. (D)
SMYD3 protein expression was examined by Western blot between six pairs of randomly selected NSCLC and normal tissues. GAPDH was detected as the internal

control. Representative Western images were shown on the left and the quantification of relative SMYD3 protein (normalized to GAPDH) on the right. Data are
presented as means + SD of all samples in each group. **P < 0.01, ***P < 0.001.
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Fig. 2. SMYD3 was up-regulated in DDP-resistant NSCLC tissues and cell lines. (A) The expression of SMYD3 was compared using qRT-PCR analysis between 16
DDP-sensitive and 22 DDP-resistant NSCLC tissues. (B-C) The expression of SMYD3 was examined by qRT-PCR (B) and western blot (C) in 16HBE, A549, A549/DDP,
H1299, and H1299/DDP cells. (D) The IC5, of DDP on A549, A549/DDP (upper panel), H1299, and H1299/DDP cells (lower panel) was determined by MTT assay.
(E) A549, A549/DDP, H1299, and H1299/DDP cells were treated with DDP. Apoptosis was examined by dual staining of cells with Annexin V and PI followed by
flow cytometry (left panels) and quantified as the percentage of AnnexinV*PI* cells (right panels). Data are presented as mean + SD of all samples in each group (A)
or from three independent experiments (B to D). **P < 0.01, ***P < 0.001.

as a biomarker for the diagnosis and an indicator of poor prognosis of
NSCLC.

potential involvement in chemoresistance to DDP. To understand the
underlying mechanisms, we used two DDP-resistant NSCLC cell lines,
A549/DDP and H1299/DDP. Expressional analysis showed that SMYD3
expression on both mRNA (Fig. 2B) and protein (Fig. 2C) levels was
significantly elevated in parental A549 and H1299 cells, when com-
pared to normal bronchial epithelial cells 16HBE, but was much higher

Highly expressed SMYD3 is observed in DDP-resistant NSCLC tissues and
cell lines

A previous study suggests that SMYD3 renders breast cancer more
resistant to DDP [11]. To understand whether this is the case in NSCLC,
we first compared SMYD3 expression between NSCLC tissues sensitive
(N = 16) or resistant (N = 22) to DDP treatment. As shown in Fig. 2A,
SMYD3 was significantly increased in resistant tissues, supporting its

in A549/DDP and H1299/DDP cells (when compared to the corre-
sponding parental cells). Concomitant with the up-regulation of SMYD3,
A549/DDP and H1299/DDP cells were more resistant to DDP, as demon-
strated by much higher ICg, for DDP on these cells (when compared
to the corresponding parental cells; Fig. 2D), and also by the potently
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reduced apoptotic cells in response to DDP treatment (when compared
to the corresponding parental cells; Fig. 2E). These data suggest the as-
sociation between highly expressed SMYD3 and increased resistance of
NSCLC tissues or cells to DDP.

SMYD3 knockdown inhibits the resistance to DDP of A549/DDP and
H1299/DDP cells

Considering the up-regulation of SMYD3 in A549/DDP and
H1299/DDP cells, we applied the loss-of-function strategy in these cells
and designed distinct three si-SMYD3 (#1 to #3). As shown in Fig. 3A
and B, si-SMYD3#2 most potently reduced SMYD3 mRNA (Fig. 3A) and
protein (Fig. 3B) levels in both A549/DDP and H1299/DDP cells, when
compared to the control si-NC, and thus were chose for subsequent ex-
periments. Next, we compared several phenotypes between si-NC and
si-SMYD3#2 cells. We found that knockdown of SMYD3 markedly low-
ered ICs5, of DDP (Fig. 3C), reduced long-term cell proliferation, as
demonstrated by colony formation assay (Fig. 3D), increased apoptosis,
as indicated by the percentage of both AnnexinV+PI~ (early-stage) and
AnnexinV*+PI* (late-stage) apoptotic cells (Fig. 3E), and induced cell-
cycle arrest in GO/G1 phase (Fig. 3F) in DDP-challenged A549/DDP and
H1299/DDP cells, suggesting that SMYD3 is essential for maintaining
the resistance of NSCLC cells to DDP. Furthermore, we measured sev-
eral EMT biomarkers, including E-cadherin, N-cadherin, and vimentin in
between si-NC and si-SMYD3#2 cells. We found that E-cadherin was sig-
nificantly up-regulated, while N-cadherin and vimentin down-regulated
in si-SMYD3#2 cells, when compared to si-NC cells (Fig. 3G), implying
that SMYD3 is critical for sustaining EMT of DDP-resistant NSCLC cells.

SMYD3 overexpression promotes the chemoresistance of A549 and H1299
cells to DDP

Conversely, we applied the gain-of-function strategy in A549 and
H1299 cells that presented relatively low expression of SMYD3, and
overexpressed SMYD3 in these cells (SMYD3 vector). As the negative
control, we used empty vector. As expected, overexpressing SMYD3
significantly boosted its mRNA (Fig. 4A) and protein (Fig. 4B) levels,
when compared to empty vector. Opposite to si-SMYD3#2-induced phe-
notypes, we found that SMYD3 vector remarkably increased ICs, of
DDP (Fig. 4C), boosted cell proliferation (Fig. 4D), inhibited apopto-
sis (as indicated by the percentage of both AnnexinV*PI~ (early-stage)
and AnnexinV*PI* (late-stage) apoptotic cells; Fig. 4E), promoted cell-
cycle progression from GO/G1 to S phase (Fig. 4F), and stimulated EMT
(as represented by the reduction of E-cadherin and the increase of N-
cadherin and vimentin; Fig. 4G) in DDP-challenged A549 and H1299
cells, implying that SMYD3 was sufficient to induce DDP-resistance and
EMT of NSCLC cells.

ANKHDI1 is a co-regulator for SMYD3 in NSCLC cells

SMYD3 is a methyltransferase and trimethylation of histone H3K4
(H3K4me3) is critical for the transcriptional activation of SMYD3 on
many oncogenes [12]. A previous study showed that ANKHD1 inter-
acted with H3K4me3 and was required for SMYD3 to promote the metas-
tasis of hepatocellular carcinoma [13]. To examine whether the same
mechanism may be responsible for chemoresistance-promoting effect
of SMYD3 in NSCLC, we examined the interaction between H3K4me3,
ANKHDI1, and SMYD3 in control or SMYD3-overexpressing A549 and
H1299 cells. Co-IP analysis showed that SMYD3 overexpression elevated
the expression of H3K4me3, yet not appreciably impacted ANKHD1
level (Fig. 5A). It also promoted the interaction between ANKHD1 and
SMYD3, as in control cells minimal ANKHD1 was pulled down by anti-
H3K4me3 and no H3K4me3 was detectable in precipitate using anti-
ANKHD1 (Fig. 5A). Subcellular fractionation analysis showed that both
SMYD3 and ANKHDI1 were detectable in cytoplasm and nucleus, while
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H3K4me3 were only detected in nucleus and its level boosted in SMYD3-
overexpressing cells (Fig. 5B). Immunofluorescence confirmed the co-
localization of ANKHD1 and H3K4me3 in the nucleus of A549 and
H1299 cells (Fig. 5C). Expressional analysis showed that, similar to the
expression of SMYD3, ANKHD1 was also up-regulated in NSCLC tissues
than in matching normal lung tissues (Fig. 5D). Furthermore, Pearson
correlation analysis revealed a positive correlation between ANKHD1
and SMYD3 in NSCLC tissues (Fig. 5E). Collectively, these data suggest
that ANKHD1 may function as a critical co-regulator for SMYD3 func-
tions.

ANKHD1 was essential for SMYD3-conferred chemoresistance to DDP

To understand the functional importance of ANKHD1 in SMYD3-
induced chemoresistance to cisplatin, we knocked down ANKHD1 with
si-ANKHD1 in SMYD1-overexpressing A549 and H1299 cells, and exam-
ined the impact on cell behaviours. As expected, SMYD3 overexpressing
cells displayed the higher ICs, of DDP (Fig. 6A), stronger cell capac-
ity proliferation (Fig. 6B), and decreased percentage of apoptotic cells
(Fig. 6C), as well as reduced cell number in GO/G1 phase (Fig. 6D),
whereas, these effects were dramatically abolished by ANKHD1 knock-
down, with lowered ICy5, of DDP (Fig. 6A), reduced cell proliferation
(Fig. 6B), increased apoptosis (Fig. 6C), and induced cell-cycle arrest in
GO0/G1 phase (Fig. 6D) in response to DDP challenge, indicating that
ANKHDI1 is essential for SMYD3-induced chemoresistance to DDP.

CDK2 is a downstream target of SMYD3-ANKHDI1 in NSCLC cells

Cyclin-dependent kinases (CDKs) are central regulators for cell cy-
cle progression and their aberrant regulations contribute to multiple
malignant phenotypes including chemoresistance [14]. Previous stud-
ies reported SMYD3 targeted CDK2 in cancer cells [15,16]. To under-
stand whether CDK2 might be a target regulated by SMYD3-ANKHD1,
we first examined the expressions of CDK2, CDK4 and CDK6 in A549 and
H1299 cells transfected empty vector, SMYD3 vector, SMYD3 vector+si-
NC, and SMYD3 vector+si-ANKHD1. All three CDKs were potently up-
regulated by SMYD3 overexpression on both mRNA (Fig. 7A) and pro-
tein (Fig. 7B) levels, while this effect was reversed by ANKHD1 knock-
down, suggesting that ANKHD1 is required for SMYD3-induced expres-
sions of all three CDKs. Among the three CDKs, CDK2 was most abun-
dantly expressed and thus was further studied. ChIP assay showed that
in A549 cells, endogenous SMYD3 specifically bound to the sequence
close to the transcription start site (TSS) of human CDK2 gene (Fig. 7C
and 7D). This binding was associated with and required for the binding
of H3K4me3 and RNA polymerase II (RNAP II) to the promoter of hu-
man CDK2 gene, since knocking down SMYD3 with si-SMYD3 abolished
the binding of both H3K4me3 and RNAP II (Fig. 7E). These data suggest
that both ANKHD1 and SMYD3 are required for the active transcription
of CDK2 in NSCLC cells.

SMYD3-ANKHDI critically regulated the xenograft growth DDP-resistant
NSCLC cells in vivo

Lastly, we examined the in vivo significance of our in vitro findings
using a xenograft model of A549/DDP cells. We separately and subcuta-
neously inoculated A549/DDP cells transfected with si-NC, si-SMYD3,
si-SMYD3+empty vector, and si-SMYD3+ANKHD1 vector into nude
mice (N = 6 per group). We found that si-NC and si-SMYD3+ANKHD1
vector both generated xenografts of decent sizes, while si-SMYD3 or si-
SMYD3+empty vector cells resulted in significantly smaller xenografts
(Fig. 8A), consistent with their corresponding weights (Fig. 8B) and
growth curve in vivo (Fig. 8C). Corresponding to the tumor growth in
different xenografts, cell proliferation, as represented by positive Ki67
signals, was noticeably more active in si-NC or si-SMYD3+ANKHD1 vec-
tor xenografts than in si-SMYD3 or si-SMYD3+empty vector xenografts
(Fig. 8D). In addition, we measured the expressions of CDK2 and SMYD3
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Fig. 3. SMYD3 knockdown inhibited the chemoresistance of A549/DDP and H1299/DDP cells to cisplatin. (A-B) A549/DDP (left panel) and H1299/DDP (right
panel) cells were transfected with si-NC, si-SMYD3#1, si-SMYD3#2, or si-SMYD3#3. The expression of SMYD3 was examined by qRT-PCR (A) and western blot (B).
(C) ICs, of DDP on si-NC vs. si-SMYD3-transfected A549/DDP and H1299/DDP cells was examined by MTT assay. (D) The long-term proliferation of indicated cells
was examined by colony formation assay. (E) Indicated cells were treated with DDP. Apoptosis was examined by dual staining of cells with Annexin V and PI followed
by flow cytometry (left panels) and quantified as the percentage of AnnexinV*PI* cells (right panels). (F) Cell cycle distribution of indicated cells was examined by
PI staining followed by flow cytometry. Representative flow images shown on the left and percentage of cells in G0/G1, S, and G2/M phase quantified on the right.
(G) Expressions of EMT biomarkers, E-cadherin, N-cadherin, and vimentin were examined by western blot. Data are presented as mean + SD of all samples from
three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. SMYD3 overexpression promoted the chemoresistance of A549 and H1299 cells to cisplatin. A549 and H1299 cells were transfected with either empty
vector or SMYD3-overexpressing vector. (A-B) The expression of SMYD3 was examined by qRT-PCR (A) and western blot (B). (C) ICs, of DDP on indicated cells
was examined by MTT assay. (D) The long-term proliferation of indicated cells was examined by colony formation assay. (E) Indicated cells were treated with DDP.
Apoptosis was examined by dual staining of cells with Annexin V and PI followed by flow cytometry (left panels) and quantified as the percentage of AnnexinV*+PI*
cells (right panels). (F) Cell cycle distribution of indicated cells was examined by PI staining followed by flow cytometry. Representative flow images shown on the
left and percentage of cells in GO/G1, S, and G2/M phase quantified on the right. (G) Expressions of EMT biomarkers, E-cadherin, N-cadherin, and vimentin were
examined by western blot. Data are presented as mean + SD of all samples from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. ANKHD1 was a co-regulator for SMYD3. (A) Co-IP analysis was performed in control or SMYD3-overexpressing A549 (upper panels) and H1299 (lower
panels) cells using anti-H3K4me3 (left) or anti-ANKHD1 antibody (right). Normal IgG was used as the negative control. (B) Expression levels of SMYD3, ANKHD1,
and H3K4me3 from whole cell lysate (total), cytoplasmic and nuclear fractions of control or SMYD3-overexpressing A549 (upper panels) and H1299 (lower panels)
cells were examined by western blot. GAPDH and H3 were measured as markers for cytoplasm and nucleus, respectively. (C) The expressions of ANKHD1 (green
signals) and H3K4me3 (red signals) in A549 (upper panels) and H1299 (lower panels) cells were examined by immunofluorescence followed by confocal microscopy.
DAPI (blue) was used to stain the nucleus. (D) The expression of ANKHD1 was compared using qRT-PCR analysis between 38 pairs of NSCLC and normal tissues.
(E) Correlation analysis on SMYD3 and ANKHD1 expressions was performed in NSCLC tissues (N = 38). Data are presented as mean + SD of all samples from three

independent experiments. ***P < 0.001.
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Fig. 6. ANKHD1 was required for SMYD3-mediated DDP resistance of NSCLC cells. A549 and H1299 cells were transfected with empty vector, SMYD3-overexpressing
vector (SMYD3), SMYD3+si-NC, or SMYD3+si-ANKHD1. (A) IC5, of DDP on indicated cells was examined by MTT assay. (B) The long-term proliferation of indicated
cells was examined by colony formation assay. (C) Indicated cells were treated with DDP. Apoptosis was examined by dual staining of cells with Annexin V and
PI followed by flow cytometry (left panels) and quantified as the percentage of AnnexinV*PI* cells (right panels). (D) Cell cycle distribution of indicated cells was
examined by PI staining followed by flow cytometry. Representative flow images shown on the left and percentage of cells in G0/G1, S, and G2/M phase quantified
on the right. Data are presented as mean + SD of all samples from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 7. CDK2 was a downstream target of SMYD3-ANKHD1 in NSCLC cells. A549 and H1299 cells were transfected with empty vector, SMYD3-expressing vector
(SMYD3), SMYD3+si-NC, or SMYD3+si-ANKHD1. (A) The expression of CDK2, CDK4, and CDK6 in indicated cells was examined by qRT-PCR. (B) The expression of
SMYD3, ANKHD1, and CDK2 from indicated cells was measured using western blot. (C) A schematic illustration showing relative positions of three PCR amplicons
(P1, P2 and P3) in human CDK2 gene designed for ChIP assay. The transcription start site (TSS) was indicated as 0. (D) The binding of endogenous SMYD3 to
different promoter regions (P1, P2, and P3) of CDK2 gene in A549 cells was determined by ChIP assay. (E) A549 cells were transfected with empty vector, SMYD3-
overexpressing vector (SMYD3), si-NC, or si-SMYD3. The occupation of CDK2 promoter by H3K4me3 and RNAP II was examined by ChIP assay. Data are presented
as mean + SD of all samples from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

by IHC in different xenografts and found that both proteins were reduced
in xenografts derived from si-SMYD3 or si-SMYD3+empty vector cells
(Fig. 8D), when compared to those from si-NC or si-SMYD3+ANKHD1
vector, suggesting that the phenotypes we observed are due to the alter-
ation of SMYD3 expression and also supporting our in vitro finding that
CDK2 is a downstream target positively regulated by SMYD3-ANKHD1
interaction.

Discussion

Cisplatin (DDP) is a most widely used anticancer drug and remains
the backbone of chemotherapy for NSCLC [3]. The therapeutic efficacy
of DDP is mediated preferentially by forming DNA adducts that lead
to DNA lesions, inhibited DNA transcription and replication, and apop-
tosis [17], but is severely limited in clinic due to the development of
intrinsic or acquired chemoresistance. Several mechanisms have been
suggested to account for DDP resistance: changes in efflux/uptake reduc-
ing accumulation of cisplatin, glutathione- or metallothionein-induced

10

detoxification of cisplatin, improved DNA repair, elevated toleration for
DNA damages, and alterations in apoptosis [18]. Therefore, understand-
ing and targeting these mechanisms will help to resume the therapeutic
benefits of cisplatin-based chemotherapy. In this study, we revealed the
significance of SMYD3 in controlling DDP resistance of NSCLC cells and
evidenced the SMYD3-ANKHD1 interaction as a novel critical mecha-
nism for up-regulating CDK expressions and promoting DDP resistance.

The oncogenic activities of SMYD3 have been demonstrated in a
panel of human cancers, including breast cancer, ovarian cancer, blad-
der cancer, colorectal cancer, gastric cancer, liver cancer, and pancre-
atic cancer [12,16,19-26]. Few studies have looked into the status or
clinical significance of SMYD3 in lung cancer. In this study, we showed
that SMYD3 expression was significantly up-regulated in NSCLC tissues
and cells (A549 and H1299), when compared to matching normal lung
tissues and normal cells, respectively. More importantly, the increased
expression of SMYD3 was a sensitive marker for NSCLC diagnosis, and
significantly associated with NSCLC tumors of higher TNM stages as
well as those leading to shorter overall survival, supporting the clinical
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Fig. 8. SMYD3 and ANKHDI1 critically controlled the growth of DDP-resistant A549 cells in vivo. A549/DDP cells were transfected with si-NC, si-SMYD3, si-
SMYD3+empty vector, or si-SMYD3+ANKHD1 vector, and subcutaneously injected into nude mice (N = 6/group). The picture (A), the growth curve (B), and
the weight (C) of xenografts were compared between the indicated groups. (D) The expressions of Ki-67 (upper panels), CDK2 (middle panels), and SMYD3 (lower
panels) were examined by immunohistochemistry (brown signals) from indicated xenografts. Data are presented as mean + SD of all samples in each group. *P < 0.05,

***P < 0.001.

value of SMYD3 as a diagnostic biomarker and an indicator for ma-
lignant NSCLC with worse prognosis. Clearly, the clinical significance
of SMYD3 should be further verified in studies with larger numbers of
NSCLC cases.

The more robust up-regulation of SMYD3 in DDP-resistant NSCLC
tumors or cells (A549/DDP and H1299/DDP) implied that SMYD3 may
be involved in cisplatin chemoresistance. Our subsequent experiments
applying the loss-of-function strategy in DDP-resistant and the gain-
of-function strategy in DDP-sensitive A549 and H1299 cells corrobo-
rated the necessary and sufficient roles of SMYD3 in promoting DDP
resistance, as measured by ICs,, colony formation, apoptosis, and cell-
cycle distribution. We noticed that few studies have examined the
impacts of SMYD3 in chemoresistance, except that Wang et al. re-
ported that SMYD3 inhibited the sensitivity of breast cancer cells to cis-
platin, and cisplatin suppressed SMYD3 expression via miR-124 [11].
However, Wang’s study fails to provide mechanistic insights on how
SMYD3 regulates chemoresistance of cancer cells. Besides chemoresis-
tance, other oncogenic phenotypes induced by SMYD3 include the reg-
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ulations on cell cycle progression, proliferation, apoptosis, migration,
invasion, EMT, and cancer stemness [15,16,19,26-28], many closely
related to chemoresistance. The mechanisms employed by SMYD3 to
achieve its oncogenic phenotypes depend on its methyltransferase ac-
tivity but vary by the methylation targets, the subcellular localization,
and interacting partners. Although SMYD3 is well characterized as a
lysine methyltransferase for H3K4 [22,29], it is also reported to methy-
late H4K20 [19,30], H2A.Z.1K101 [31], H4K5 [32] in the nucleus, as
well as non-histone proteins such as MAP3K2 [33,34], VEGFR1 [35],
HER2 [36], and AKT1 [37] in the cytoplasm. For interacting partners,
RNAPII, RNA helicase, heat shock protein 90 (HSP90), and estrogen
receptor have been shown to interact with SMYD3 in different cancer
types [38-41]. In this study, we detected that SMYD3, ANKHD1, and
H3K4me3 were in the same complex and higher SMYD3 level elevated
the level of H3K4me3 (although not ANKHD1 level) and promoted the
interaction between ANKHD1 and H3K4me3. In addition, both SMYD3
and ANKHD1 were detectable in both nucleus and cytoplasm and nu-
clear ANKHD1 co-localized with H3K4me3. Functionally, ANKHD1 was
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required for the SMYD3-induced DDP chemoresistance. Furthermore,
ANKHD1 level was markedly higher in NSCLC than in normal tissues
and positively correlated with SMYD3 level in NSCLC tissues. These find-
ings suggest clinical importance and biological significance of SMYD3-
ANKHDI interaction as well as the potential involvement of H3K4me3
in mediating DDP resistance.

As indicated by its name, ANKHD1 contains an ankyrin repeat and
a KH domain, the former enabling interactions with other proteins and
methylated histone lysines [42,43] that allow ANKHD1 to become a
scaffold protein, while the latter engaging ANKHD1 into interactions
with RNA molecules [44]. The knowledge of ANKHDI1 in cancer is
mostly obtained during the past decade. Initially reported to be up-
regulated in leukemia [45], the increased expression of ANKHDI is later
confirmed in multiple myeloma [46], breast cancer [47], prostate cancer
[48], renal cell carcinoma [49], colorectal cancer [50], and hepatocel-
lular carcinoma [13], and frequently associated with worse prognosis
of cancer patients, suggesting its nature as an oncogene. The only study
on ANKHD1 in NSCLC was recently available, which showed that, sim-
ilar to our finding here, not only ANKHD1 was up-regulated in NSCLC
tissues and cells, and correlated with advanced TNM stage, lymph node
metastasis, and poor prognosis, but it presented pro-proliferation and
pro-invasion activities that were mediated via up-regulating YAP expres-
sion [51]. In hepatocellular carcinoma, Zhou et al. recently reported that
ANKHD1 was a co-regulator and required for SMYD3-activated tran-
scription of Slug as well as SMYD3-promoted metastasis of cancer cells,
and higher SMYD3 expression led to elevated H3K4me3, H3K9Ac and
H3K14Ac levels [13]. Although Zhou’s study as well as ours provide
the oncogenic importance of interactions among SMYD3, ANKHD1, and
H3K4me3 within the nucleus, little is known on the cytoplasmic SMYD3
and ANKHD1 in NSCLC, whether they also interact in the cytoplasm and
if so, what is the biological significance of this interaction?

The oncogenic roles of SMYD3 are accomplished mainly through
H3K4me3-mediated transcriptional up-regulation of oncogenes and/or
activation of oncogenic signaling pathways [7]. In renal cell carcinoma,
SMYD3 cooperated with SP1 and transactivated EGFR gene [52]. In
bladder cancer, SMYD3 induced H3K4me3, up-regulated IGF-1R and
activated the downstream AKT/E2F1 signaling [24]. In ovarian cancer,
SMYD3 induced H3K4me3-enhanced integrin expression [22]. In hep-
atocellular carcinoma, SMYD3 up-regulated CDK2 and MMP2 to pro-
mote tumorigenicity and metastasis [16]. In this study, we showed that
both SMYD3 and ANKHD1 essentially controlled the up-regulation of
multiple CDKs, which are critical regulators of cell-cycle progression
and chemoresistance. While focusing on CDK2, we showed that the up-
regulation was induced at the transcription level by SMYD3 elevating
H3K4me3 binding to the promoter and bringing RNAP II to the tran-
scription start site.

Although this study was performed mostly in vitro between DDP-
resistant and their corresponding parental NSCLC cells, and suggested
the critical role of SMYD3 in controlling the malignant phenotypes
(growth, apoptosis, proliferation, and EMT) and DDP-resistant NSCLC
cells. The finding may also apply to the malignant progression of NSCLC
in general, considering the significant up-regulation of SMYD3 in NSCLC
than in matching control tissues, as well as in A549 and H1299 cells than
in normal 16HEB cells, and the positive correlation between SMYD3
and ANKHD1 in NSCLC tissues. In addition, malignant progression and
drug resistance are not two mutually exclusive but closely interrelated
processes as they both share similar mechanisms such as growth inhibi-
tion and EMT and thus could positively feedback on each other [53]. It
would be interesting for future studies to examine effects of SMYD3 on
the malignant progression of NSCLC in general, including drug-sensitive
NSCLC.

Overall, we provide the first evidence that an elevated expres-
sion of SMYD3 may serve as a sensitive diagnostic marker, an indica-
tor for advanced disease with worse prognosis, or predictor for DDP-
resistant NSCLC. The interaction between SMYD3 and ANKHDL1 is crit-
ical for activating the transcription of multiple CDKs that mediates
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the chemoresistance-boosting activities of SMYD3. Therefore, targeting
SMYD3 or ANKHD1 may improve the sensitivity of NSCLC to cisplatin-
based chemotherapy.
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