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Abstract
Non-small cell lung cancer (NSCLC) is a fatal malignancy all over the world. Emerging studies have shown that curcumin 
might repress NSCLC progression by regulating ferroptosis, but the underlying mechanism remains unclear. 16HBE, LK-2, 
and H1650 cell viability was detected using Cell Counting Kit-8 assay. LK-2 and H1650 cell proliferation, apoptosis, and 
angiopoiesis were measured using 5-ethynyl-2’-deoxyuridine, flow cytometry, and tube formation assay. Superoxide dis-
mutase, Malondialdehyde, Glutathione, and lactate dehydrogenase levels in LK-2 and H1650 cells were examined using 
special assay kits. Fe+ level was assessed using an iron assay kit. Doublesex and Mab-3 related Transcription Factor 3 
(DMRT3) and solute carrier family 7 member 11 (SLC7A11) protein levels were detected using western in NSCLC tis-
sues, adjacent matched normal tissues, 16HBE cells, LK-2 cells, H1650 cells, and xenograft tumor tissues. Glutathione 
peroxidase 4, Acyl-CoA Synthetase Long Chain Family Member 4, and transferrin receptor 1 protein levels in LK-2 and 
H1650 cells were examined by western blot assay. DMRT3 and SLC7A11 levels were determined using real-time quantita-
tive polymerase chain reaction. After JASPAR prediction, binding between DMRT3 and SLC7A11 promoter was verified 
using Chromatin immunoprecipitation and dual-luciferase reporter assays in LK-2 and H1650 cells. Role of curcumin on 
NSCLC tumor growth was assessed using the xenograft tumor model in vivo. Curcumin blocked NSCLC cell proliferation 
and angiopoiesis, and induced apoptosis and ferroptosis. DMRT3 or SLC7A11 upregulation partly abolished the suppressive 
role of curcumin on NSCLC development. In mechanism, DMRT3 was a transcription factor of SLC7A11 and increased 
the transcription of SLC7A11 via binding to its promoter region. Curcumin inhibited NSCLC growth in vivo by modulating 
DMRT3. Curcumin might constrain NSCLC cell malignant phenotypes partly through the DMRT3/SLC7A11 axis, provid-
ing a promising therapeutic strategy for NSCLC.
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Introduction

As a most prevalent and fatal malignant tumor, lung cancer 
has been recognized as a significant global healthcare prob-
lem and an enormous social burden [1, 2]. According to 
histologic types and prognosis, non-small cell lung cancer 
(NSCLC) is responsible for over 80% of lung cancer cases, 
exhibiting a trend of increasing incidence in young adults 
in recent years [3, 4]. Clinically, standard treatments, tar-
geted therapy, immunotherapy drugs, and combined therapy 

have made substantial advances, but the overall survival and 
recovery rates are still unfavorable, which is associated with 
late diagnosis, drug resistance, side effects, and toxicities 
[5, 6]. Hence, there is an urgent need to identify more effec-
tive therapies for patients with NSCLC, which has important 
clinical significance.

Currently, increasing attention is focusing on traditional 
Chinese medicine (TCM), which possesses numerous ther-
apeutic properties with decreased side effects [7]. As a 
naturally occurring polyphenol compound extracted from 
the medical plant Curcuma longa (also known as turmeric) 
or the Indian spice turmeric, curcumin is one of three cur-
cuminoids and possesses various pharmacologic activities, 
including anti-inflammatory, anti-oxidant, anti-microbial, 
and anti-cancer [8, 9]. Unfortunately, curcumin is charac-
terized by poor water solubility (0.6 µg/mL), which also 
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means low bioavailability (its level in the serum is up to 
60 nM). Currently, many scientists are working on improv-
ing the solubility of curcumin in water, such as micro-
encapsulation, nanosuspensions, liposomes, micelles, or 
complexes with cycloserine [10]. It has been reported that 
the low solubility of curcumin and its rapid metabolism 
by intestinal glucuronidation are major factors that con-
tribute to the low bioavailability. In the body, curcumin 
is metabolized by glucuronidation into dehydrocurcumin, 
tetrahydrocucumin, and hexahydrocurcumin. Glucuroni-
dation plays a major role in its metabolism since 99% of 
curcumin is present in the plasma as a glucuronidation 
conjugate [11]. Furthermore, piperine, a potent inhibitor 
for UDP-glucuronosyltransferase, was incorporated into 
the formulations to potentially enhance the bioavailabil-
ity of curcumin [12]. Of note, the prominent features of 
curcumin are chemical stability, low toxicity, and wide 
distribution, thus the application of curcumin in the treat-
ment of diverse cancers is gradually being recognized [13, 
14]. Several laboratory works have indicated that curcumin 
might exert an anti-carcinogenic capability by modulating 
growth factors, transcription factors, protein kinases, and 
oncogenes in different cancers [15], including lung cancer 
[16]. In terms of NSCLC trials, curcumin and its analogs 
have confirmed control over cell proliferation, ferroptosis, 
and metastasis via multiple mechanisms [17, 18]. How-
ever, the precise molecular mechanisms of curcumin on 
NSCLC development are far from being addressed.

The Doublesex and Mab-3 related transcription factor 
(DMRT) is a deeply conserved family of transcription fac-
tors with a unique DNA binding motif, which is able to bind 
to and modulate DNAs [19, 20]. As a member of the DMRT 
family, DMRT3 has been verified to participate in determin-
ing sexual dimorphism and reproducing sexually [21, 22]. 
Current studies have suggested that DMRT3 is abnormally 
expressed in many cancers and boosts tumorigenesis and 
development through different mechanisms [23]. Further-
more, DMRT3, together with TP63/SOX2, is responsible 
for an oncogenic transcription factor, which co-regulates 
the genes involved in epithelial cell differentiation dur-
ing NSCLC process [24]. Nevertheless, it is still unknown 
whether DMRT3 could participate in curcumin-mediated 
NSCLC progression.

In the present work, a public prediction server 
SRAMP initially found that the DMRT3 motif is bound 
to the promoter regions of solute carrier family 7 mem-
ber 11 (SLC7A11). It has been reported that SLC7A11 might 
be modulated at the transcriptional and translational levels 
[25, 26]. Beyond that, the dysregulation of SLC7A11 might 
be associated with ferroptosis in lung cancer [27]. Mean-
while, SLC7A11 expression was significantly decreased 
in curcumin-treated NSCLC cells [17]. Hence, the present 
work attempted to identify whether DMRT3 might control 

curcumin-mediated NSCLC process by regulating SLC7A11 
expression.

Materials and Methods

Cell Culture and Clinical Samples

Under the standard conditions with 5% CO2 at 37  °C, 
NSCLC cells (LK-2, CBP60105, Cobioer, Nanjing, China; 
H1650, CL-0166, Procell, Wuhan, China) and human bron-
chial epithelial cell line (16HBE, CL-0249, Procell) were 
routinely grown in RPMI1640 medium (Gibco, Rockville, 
MD, USA). In addition, the media were supplemented with 
10% FBS (Gibco) and 1% penicillin/streptomycin (Invitro-
gen). For in vitro study, curcumin (purity ≥ 99.5%, dissolved 
in DMSO, Sigma–Aldrich, St.Louis, MO, USA) was diluted 
at a dose range of 0 (control), 10, 20, and 40 μM in cell cul-
ture medium, followed by incubation with 16HBE cells and 
NSCLC cell lines (LK-2 and H1650) for 24 h. For function 
analysis, LK-2 and H1650 cells were cultured in the media 
containing 20 μM curcumin for 24 h. diluted as needed in 
cell culture.

Samples of the NSCLC tissues and paired adjacent nor-
mal tissues (n = 33) were collected from 33 patients who 
were diagnosed with NSCLC at the Changzhou Cancer 
Hospital. Every participant signed the informed consent 
prior to enrolling in the study. Subsequently, these excised 
specimens during the surgery were instantly frozen in liquid 
nitrogen and kept at a stable temperature of -80 °C. For this 
research, approval was endowed by the Ethics Committee of 
Changzhou Cancer Hospital.

Counting Kit (CCK‑8) Assay

The assessment of cell viability was performed in this exper-
iment. In brief, 5 × 103 cells in 96-well plates were cultured 
overnight at 37 °C. Then, these cells were exposed to cur-
cumin for 24 h, and 0 μM curcumin was applied as a control. 
In parallel, a culture system was made by mixing CCK-8 
reagent (10 μL, Sigma–Aldrich) with 90 μL fresh complete 
media, followed by addition to each well. After incubation 
for 2 h, the absorbance at 450 nm was recorded based on a 
microplate reader.

5‑ethynyl‑2′‑Deoxyuridine (EdU) Assay

In this experiment, 5 × 104 treated cells in 6-well plates were 
mixed with 50 μM EdU working solution (RiboBio, Guang-
zhou, China) for 2 h. After being fixed in 4% formaldehyde 
for 30  min, cells were subjected to 0.5% Triton-X-100 
permeabilization, Apollo reaction cocktail reaction, and 
DAPI staining (identify the nuclei). Finally, EdU-positive 
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cells were visualized and analyzed based on a fluorescence 
microscope.

Flow Cytometry for Cell Apoptosis

In short, treated cells were first digested with trypsin 
(Sigma–Aldrich) to form a single cell, which then was re-
suspended in a binding buffer at a density of 5 × 105 cells/
well. After being incubated with 5 μL Annexin V-FITC 
for 10 min, the cells were subjected to 5 μL PI staining for 
5 min, followed by the analysis of the apoptotic cells using 
a FACSCalibur Flow Cytometry instrument.

Tube Formation Assay

In this assay, 300 μL matrigel was first polymerized on 
24-well plates. Then, HUVECs (Procell) were incubated 
with the medium preconditioned with LK-2 and H1650 cells 
(1 × 105), followed by introduction into the matrigel-coated 
wells. 18 h later, angiogenic activity was quantified by meas-
uring the length of tube walls formed using ImageJ.

Measurement of Superoxide Dismutase (SOD), 
Malondialdehyde (MDA), Glutathione (GSH), 
and Lactate Dehydrogenase (LDH)

These characteristic indicators of ferroptosis were assessed 
in this experiment. After 20 μM curcumin treatment for 24 h, 
transfected or un-transfected tumor cells were harvested and 
lysed. After that, intracellular SOD, MDA, GSH, and LDH 
levels in the cell extract were examined using commercial 
SOD kits (S0101S, Beyotime, Shanghai, China; based 
on the colorimetric reaction of WST-8 for the detection 
of SOD), MDA kit (ab118970, Abcam, Cambridge, MA, 
USA; MDA in the sample reacts with thiobarbituric acid 
(TBA) to generate a MDA-TBA adduct, which was quan-
tified colorimetrically (OD = 532 nm) or fluorometrically 
(Ex/Em = 532/553 nm), GSH kit (CS0260, Sigma–Aldrich; 
based on an enzymatic cycling method in the presence of 
GSH and a chromophore), and LDH kit (C0016, Beyotime; 
a Diaphorase-based INT chromogenic reaction that detects 
lactate dehydrogenase activity released in response to cyto-
toxicity by colorimetry).

Iron Measurement

Briefly, the content of iron ion (Fe2+) in LK-2 and H1650 
cells was monitored based on the Iron Colorimetric Assay 
Kit (ab83366, Abcam; Iron Carrier Protein releases iron 
into solution as iron/iron ions in an acidic conditions, and 
free ferrous iron (Fe2 +) reacts with the iron probe to form 
a stable colored complex with an absorbance of 593 nm), 

followed by the assessment of the absorbance values using 
a microplate reader at 593 nm.

Western Blot Assay

In brief, the isolation of total protein from 1 × 106 cells or 
100 mg clinical samples was conducted based on RIPA 
buffer (Keygen, Nanjing, China) and then was quanti-
fied by Pierce™ BCA Protein Assay Kit. Subsequently, 
30 μg of each protein lysates were resolved by 10% SDS 
polyacrylamide gel and shifted to nitrocellulose mem-
branes (Millipore, Molsheim, France). After blocking, 
membranes were labeled at 4 °C with primary antibodies: 
SLC7A11 (ab216876, 1:1000, Abcam), GPX4 (ab125066, 
1:1000, Abcam), ACSL4 (ab155282, 1:10,000, Abcam), 
TFR1  (ab214039, 1:1000, Abcam), DMRT3 (PA5-
116,427, 1:2000, Invitrogen), and β-actin (ab213262, 
1:10,000, Abcam) at 4 °C. The next day, the bands were 
detected by ECL detection system (GE Healthcare, Piscat-
away, NJ, USA) after incubation with secondary antibody 
at 37 °C for 2 h.

Real‑Time Quantitative Polymerase Chain Reaction 
(RT‑qPCR)

Based on Trizol reagent (Invitrogen), total RNAs from 
clinical samples and cells were prepared, followed by 
quantification with the NanoDrop 2000 system. Subse-
quently, total RNAs were reversely transcribed into cDNA 
with Prime Script RT Master Mix (Takara, Tokyo, Japan). 
On the ABI 7500 fast PCR System (Applied Biosystems, 
Foster City, CA, USA), amplification reaction was imple-
mented according to SYBR Green SuperMix (Roche, 
Basel, Switzerland). The amplification parameters were: 
denaturation at 95 °C for 10 min, followed by 40 cycles 
of denaturation at 95 °C for 30 s, annealing at 60 °C for 
30 s and extension at 72 °C for 1 min. Lastly, relative 
expression from each group was subjected to β-actin nor-
malization and 2–ΔΔCt method analysis. Primers used are 
exhibited in Table 1.

Table 1   Primers sequences used for PCR

Name Primers for PCR (5′–3′)

SLC7A11 Forward CGC​TGT​GAA​GGA​AAA​AGC​ACA​
Reverse TGG​TGG​ACA​CAA​CAG​GCT​TT

DMRT3 Forward CCC​TCC​AAT​GGG​CAC​ATC​TT
Reverse CAA​CGT​GTC​TGG​GAC​TCG​AA

β-actin Forward CTT​CGC​GGG​CGA​CGAT​
Reverse CCA​CAT​AGG​AAT​CCT​TCT​GACC​
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Cell Transfection

For DMRT3 or SLC7A11 overexpression, the sequences 
of DMRT3 (NM_021240.4) or SLC7A11 (NM_014331.4) 
were inserted into pcDNA vector to construct pcDNA- 
DMRT3 or SLC7A11 (termed DMRT3 or SLC7A11). Then, 
6 μg of pcDNA vector specific to DMRT3 or SLC7A11, and 
pcDNA empty vector (pcDNA) were transfected into LK-2 
and H1650 cells according to Lipofectamine 3000 (Invitro-
gen) for 48 h.

Chromatin Immunoprecipitation (ChIP)

In this assay, SimpleChIP ® Enzymatic Chromatin IP 
Kit (Cell  Signaling  Technology, Danvers, MA,  USA) 
was applied to confirm the binding between DMRT3 and 
SLC7A11. After being fixed in 1% formaldehyde and lysed 
using lysis buffer from the kit, tumor cells were centrifuged 
(1000 × g for 5 min at 4  °C) for nuclei pellets. After DNA 
digestion, the obtained chromatin was added with anti-
DMRT3 and anti-IgG and magnetic beads. 16 later, these 
products were purified and analyzed using RT-qPCR.

Dual‑Luciferase Reporter Assay

Furthermore, in order to analyze SLC7A11 promoter activ-
ity, we synthesized with SLC7A11 promoter region (-409 to 
-399 bp) sequences possessing the wild-type (wt) or mutant-
type (mut) DMRT3 binding sites (RiboBio), followed by 
introduction into pmirGLO vector (Promega, Madison, WI, 
USA). After that, LK-2 and H1650 cells were co-transfected 
with the acquired SLC7A11-wt/mut vectors and pcDNA or 
DMRT3 for 48 h. Finally, the luciferase activities in LK-2 
and H1650 cell lysates were assessed based on Dual Lucif-
erase Assay Kit (Promega).

Tumor Xenograft Assay

In this animal experiment, male BALB/C (nu/nu) nude mice 
(4 week-old, Slaike Jingda Laboratory, Hunan, China) under 
a temperature of 25 °C and relative air humidity between 45 
and 50% were randomly assigned to three groups (n = 5 each 
group): 1) mice were subcutaneously injected with LK-2 
cells carrying pcDNA (4 × 106/0.2 mL PBS) and adminis-
tered 50 mg/kg corn oil (control) orally daily; 2) mice were 
injected with LK-2 cells carrying pcDNA (4 × 106/0.2 mL 
PBS) and administered 50 mg/kg curcumin (dissolved in 
corn oil) orally daily; 3) mice were injected with LK-2 cells 
carrying DMRT3 (4 × 106/0.2 mL PBS) and given 50 mg/
kg curcumin orally. All surgeries were performed in a sterile 
environment. All mice were allowed free access to drink-
ing water and sterilized standard diet. During tumor growth, 
the size was measured once a week and calculated. Four 

weeks later, all mice were euthanized by cervical dislocation 
under anesthesia, and the dissected tumors were subjected 
to weight, western blot, and Immunohistochemical (IHC) 
staining analysis. Besides, all animal processes involving 
this assay were approved by the Animal Ethics Committee 
of the Changzhou Cancer Hospital and in accordance with 
NIH guide for the care and use of Laboratory animals (NIH 
publications No.85–23, revised 2011).

Statistical Analysis

In this study, significance was determined based on Student’s 
t-test for two groups and one-way ANOVA with Tukey’s 
tests for multiple groups at a significance level of P < 0.05. 
Expression association was analyzed using Pearson corre-
lation analysis. The results were analyzed using GraphPad 
Prism7 and exhibited as the mean ± standard deviation (SD).

Results

Curcumin Treatment Repressed NSCLC Malignant 
Behaviors In vitro

First of all, to check the biological function of curcumin 
on NSCLC, cell viability was evaluated under curcumin 
treatment (10 μM, 20 μM, and 40 μM) for 24 h. As shown 
in Fig. 1A, curcumin exposure did not change the viability 
of 16HBE cells, but it decreased the viability of NSCLC 
cells (LK-2 and H1650) in a concentration-dependent way. 
However, there were no significant changes observed in cell 
viability inhibition between the groups of LK-2 and H1650 
cells treated with 20 μM or 40 μM curcumin. Thus, 20 μM 
was selected and used for the following study. After that, 
EdU assay displayed that curcumin addition might appar-
ently hinder NSCLC cell proliferation in vitro relative to the 
control group (Fig. 1B). Beyond that, flow cytometry analy-
sis exhibited that NSCLC cell apoptosis rate was clearly 
induced after curcumin exposure compared with the control 
group (Fig. 1C). Apart from that, the tube formation ability 
of HUVEC cells was also reduced by the treatment with 
the preconditioned medium of the LK-2 and H1650 cells 
exposed to curcumin (Fig. 1D). Lipid peroxidation, GSH 
depletion, and the accumulation of iron have been reported 
as the key events in ferroptosis. In order to explore whether 
curcumin might trigger ferroptosis in vitro, we first assessed 
the levels of the general oxidative stress indicators (SOD, 
MDA, GSH, and LDH) levels. As displayed in Fig. 1E–H, 
curcumin treatment elicited an obvious decline in SOD and 
GSH levels and a substantial enhancement in MDA and 
LDH levels. Simultaneously, our data also found that apply-
ing curcumin might greatly improve the Fe+ level of LK-2 
and H1650 (Fig. 1I). Then, the biomarkers of ferroptosis 
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were determined by western blot assay. Results presented 
that the protein levels of SLC7A11 and GPX4 were remark-
ably downregulated, and ACSL4 and TFR1 protein levels 
were evidently enhanced after curcumin treatment (Fig. 1J 
and k). Overall, these data suggested that curcumin treat-
ment restrained NSCLC cell proliferation, apoptosis, and 
ferroptosis in vitro.

Upregulation of DMRT3 Partly Abolished 
the Repression of Curcumin Exposure 
on the Malignancy of NSCLC Cells

A recent study has discovered that DMRT3 expression was 
aberrantly upregulated in NSCLC tissues and cells [23]. 

In order to identify the differential expression of DMRT3 
in NSCLC, its expression was first detected in 33 paired 
NSCLC tissues and adjacent normal tissues. As shown in 
Fig. 2A and, b, DMRT3 expression was clearly increased 
in NSCLC samples. Moreover, we further validated that 
DMRT3 was highly expressed in NSCLC cell lines in com-
parison with 16HBE cells (Fig. 2C and) d). First of all, the 
overexpression efficiency of DMRT3 in LK-2 and H1650 
cells was detected and shown in Figure S1A. Simultane-
ously, DMRT3 expression was apparently increased in 
pcDNA-DMRT3-transfected LK-2 and H1650 cells, which 
were partially overturned by curcumin treatment (Fig-
ure S1A). Subsequently, loss-of-function analyses were 
implemented to investigate the effects of DMRT3 and 

Fig. 1   Effects of curcumin on NSCLC cell proliferation, apoptosis, 
angiopoiesis, and ferroptosis. A CCK-8 assay was used to analyze 
cell viability in 16HBE, LK-2, and H1650 cells treated with Cur-
cumin (10 μM, 20 μM, and 40 μM) or 0 μM (control) for 24 h. (B-K) 
LK-2 and H1650 cells were treated with 0 μM Curcumin (control) or 
20  μM Curcumin for 24  h. B Cell proliferation was detected using 
EdU assay in treated LK-2 and H1650 cells. C Apoptosis rate was 
analyzed in treated LK-2 and H1650 cells using flow cytometry assay. 

D The tube formation of HUVECs was detected by treatment with the 
preconditioned medium of LK-2 and H1650 cells treated with con-
trol or Curcumin. E–H Special assay kits identified products of SOD, 
MDA, GSH, and LDH. I Fe+ level in LK-2 and H1650 cells was 
detected using Iron assay kit. J and K Western blot assay was per-
formed to determine the protein levels of SLC7A11, GPX4, ACSL4, 
and TFR1 in treated LK-2 and H1650 cells. *P < 0.05
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curcumin in NSCLC. At first, our data noticed that the 
mRNA level and protein level of DMRT3 were signifi-
cantly suppressed by curcumin treatment, which was par-
tially overturned after pcDNA-DMRT3 introduction (Fig. 2E 
and) F). Functionally, reduced cell viability and prolifera-
tion caused by curcumin exposure were effectively abro-
gated by DMRT3 upregulation (Fig. 2G and H). Moreover, 
flow cytometry assay presented that the forced expression of 
DMRT3 could strikingly mitigate the positive effect of cur-
cumin on apoptosis rate in LK-2 and H1650 cells (Fig. 2I). 
In addition, culture with curcumin CM apparently inhibited 
HUVEC tube formation capacity, while these impacts were 

reversed by DMRT3 upregulation (Fig. 2J). In terms of fer-
roptosis, curcumin treatment-mediated SOD and GSH inhi-
bition, and MDA and LDH increase in LK-2 and H1650 cells 
were significantly abolished after DMRT3 overexpression 
(Fig. 3A–D). In parallel, curcumin treatment-induced Fe+ 
level enhancement was effectively reversed after pcDNA-
DMRT3 transfection (Fig. 3E). Meanwhile, the expression 
level of ferroptosis-markers such as ACSL4, SLC7A11, 
GPX4 and TFR1 was determined using western blot. Results 
showed that the upregulation of DMRT3 might drastically 
abrogated curcumin-triggered decrease in SLC7A11 and 
GPX4 protein levels and an increase in ACSL4 and TFR1 

Fig. 2   Effects of DMRT3 on proliferation, apoptosis, and angiopoie-
sis in curcumin-treated NSCLC cells. A and B The mRNA level and 
protein level of DMRT3 were detected in 33 NSCLC tissues and 33 
normal tissues using RT-qPCR and western blot. C and D RT-qPCR 
and western blot analysis of DMRT3 content in 16HBE, LK-2, and 
H1650 cells. E–J LK-2 and H1650 cells were treated with control, 
Curcumin, Curcumin + pcDNA, or Curcumin + DMRT3. E and F 
DMRT3 content was analyzed in treated LK-2 and H1650 cells using 

RT-qPCR and western blot. G CCK-8 analysis of cell viability in 
treated LK-2 and H1650. H EdU analysis of cell proliferation using 
EdU assay in treated LK-2 and H1650 cells. I Flow cytometry anal-
ysis of cell apoptosis rate treated LK-2 and H1650 cells. J We col-
lected pre-conditioned medium from treated LK-2 and H1650 cells, 
cultured HUVECs in these two conditioned medium (CM) samples, 
and measured for the tube formation capacity. *P < 0.05
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protein levels in LK-2 and H1650 cells (Fig. 3F and G). 
Collectively, these data illuminated that curcumin treatment 
might block NSCLC cell proliferation, apoptosis, and fer-
roptosis via regulating DMRT3.

SLC7A11 Expression was Upregulated 
in Curcumin‑Treated NSCLC Cells

Interestingly, our data identified that the mRNA level and 
protein level of SLC7A11, a key suppressor of ferroptosis, 
were significantly upregulated in NSCLC tissues relative to 
normal tissues (Fig. 4A and B). Furthermore, we found that 
the SLC7A11 level had a positive correlation with DMRT3 
expression in NSCLC tissues (Fig. 4C). Beyond that, RT-
qPCR and western blot also confirmed that SLC7A11 con-
tent was prominently higher in NSCLC cell lines (LK-2 and 
H1650) than in 16HBE cells (Fig. 4D and E). Besides, the 
significant downregulation of SLC7A11 was observed in 
curcumin-treated LK-2 and H1650 cells versus the con-
trol groups (Fig. 4F and G). In total, these data indicated 
the involvement of DMRT3 and SLC7A11 in the NSCLC 
process.

DMRT3 Directly Bound the Promoter of SLC7A11

To better map the interaction between DMRT3 and 
SLC7A11, JASPAR database was applied, and a DMRT3 
motif was observed in the − 409 to − 399 promoter region 
of SLC7A11 (Fig. 5A). Subsequently, to further validate 
whether there exists a targeted regulation between DMRT3 

and SLC7A11 in LK-2 and H1650 cells, ChIP experiment 
was carried out. Data exhibited that DMRT3 bound to the 
region sites of the SLC7A11 promoter (Fig. 5B). Further-
more, a dual-luciferase reporter assay presented that DMRT3 
overexpression might obviously enhance the luciferase activ-
ity of SLC7A11 reporter systems in LK-2 and H1650 cells, 
rather than the mutant group (Fig. 5C and D), implying the 
promoting effect of DMRT3 for SLC7A11 promoter might 
be dependent on the DMRT3 motif. In addition, western 
blot analysis exhibited that the SLC7A11 protein level in 
LK-2 and H1650 cells was clearly constrained by DMRT3 
depletion, and distinctly improved by DMRT3 overexpres-
sion (Fig. 5E). Together, these data illuminated that tran-
scription factor DMRT3 might directly bind to the SLC7A11 
promoter and promote its expression.

Curcumin Treatment might Suppress 
the Malignancy of NSCLC Cells via Regulating 
SLC7A11

Subsequently, to clarify whether the inhibitory impact of 
curcumin treatment was mediated by the DMRT3/SLC7A11 
axis, the influences of SLC7A11 on curcumin-mediated 
NSCLC progression. At first, the overexpression efficiency 
of SLC7A11 in LK-2 and H1650 cells was measured and 
presented in Figure S1B. Meanwhile, SLC7A11 mRNA level 
was obviously upregulated in pcDNA-SLC7A11-transfected 
LK-2 and H1650 cells, which were partly abolished by cur-
cumin treatment (Figure S1B). Then, western blot analysis 
displayed that curcumin treatment might impede SLC7A11 

Fig. 3   Effects of DMRT3 on ferroptosis in curcumin-treated NSCLC 
cells. LK-2 and H1650 cells were treated with control, Curcumin, 
Curcumin + pcDNA, or Curcumin + DMRT3. A–D SOD, MDA, 
GSH, and LDH levels were examined using Corresponding kits. E 

Fe+ level in LK-2 and H1650 cells was assessed using Iron assay kit. 
F and G SLC7A11, GPX4, ACSL4, and TFR1 protein levels were 
measured using Western blot. *P < 0.05
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Fig. 4   Effects of SLC7A11 on curcumin-treated NSCLC cells. A 
and B RT-qPCR and western blot analysis of SLC7A11 content in 33 
NSCLC tissues and 33 normal tissues. C Pearson correlation analysis 
was applied to evaluate the expression association between DMRT3 
and SLC7A11 in NSCLC tissues. D and E SLC7A11 mRNA level 

and protein level were determined using RT-qPCR and western blot 
assay in 16HBE, LK-2, and H1650 cells. F and G RT-qPCR and 
western blot analysis of SLC7A11 content in LK-2 and H1650 cells 
treated with control or Curcumin. *P < 0.05

Fig. 5   DMRT3 might activate the transcription of SLC7A11. A The 
JASPAR website predicted DMRT3 to possess binding sites with the 
SLC7A11 promoter sequence. B ChIP assay was performed to con-
firm the binding ability between DMRT3 and SLC7A11 promoter. C 

and D Their interaction was verified using a dual-luciferase reporter 
assay in LK-2 and H1650 cells. E SLC7A11 protein level was deter-
mined in LK-2 and H1650 cells transfected with si-NC, si-DMRT3, 
pcDNA, or DMRT3. *P < 0.05
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protein level in LK-2 and H1650 cells, whereas these effects 
were partially overturned after pcDNA-SLC7A11 transfec-
tion (Fig. 6A). Functional analysis showed that the repres-
sion of curcumin treatment on NSCLC cell viability and 
proliferation was effectively ameliorated by SLC7A11 
upregulation (Fig. 6B and C). Furthermore, the curcumin-
induced apoptosis rate in LK-2 and H1650 cells was relieved 
by SLC7A11 overexpression (Fig. 6D). Furthermore, the 
suppressive effects of HUVEC tube formation after cur-
cumin exposure were significantly reversed by SLC7A11 

overexpression (Fig. 6E). In addition, curcumin treatment-
mediated ferroptosis inhibition in LK-2 and H1650 cells 
was greatly ameliorated through SLC7A11 upregulation, 
accompanied by enhanced SOD and GSH levels (Fig. 6F 
and H), reduced MDA and LDH levels (Fig. 6G and I), and 
decreased Fe+ level (Fig. 6J). Consistently, western blot 
analysis showed that curcumin-mediated SLC7A11 and 
GPX4 protein expression inhibition, and ACSL4 and TFR1 
protein expression promotion in LK-2 and H1650 cells were 
partly overturned by SLC7A11 overexpression (Fig. 6K and 

Fig. 6   Effects of curcumin and SLC7A11 on NSCLC cell develop-
ment. LK-2 and H1650 cells were treated with 0 μM Curcumin (con-
trol), Curcumin, Curcumin + pcDNA, or Curcumin + SLC7A11. A 
Western blot analysis of SLC7A11 protein level in treated LK-2 and 
H1650 cells. B and C CCK-8 and EdU assays were performed to 
examine cell proliferative ability in treated LK-2 and H1650 cells. D 
Flow cytometry assay was conducted to assess LK-2 and H1650 cell 

apoptosis rate. E HUVECs were cultured in treated LK-2 and H1650 
cell CM and assayed for tube formation capacity. F–I SOD, MDA, 
GSH, and LDH levels were determined using special assay kits. J Fe+ 
level in treated LK-2 and H1650 cells was monitored using Iron assay 
kit. K and L The protein levels of SLC7A11, GPX4, ACSL4, and 
TFR1 in treated LK-2 and H1650 cells were analyzed using western 
blot assay. *P < 0.05
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L). All of these results indicated that the upregulation of 
SLC7A11 might attenuate the repression of curcumin on 
NSCLC cell development.

DMRT3 Overexpression Mitigated the Repression 
of Curcumin on Xenograft Tumor Growth

Based on the above findings, a xenograft tumor mouse model 
was established to further validate that applying curcumin 
might regulate the malignancy of NSCLC cells through 
DMRT3. As shown in Fig. 7A and B, curcumin treatment 
significantly repressed tumor volume and weight, whereas 
pcDNA-DMRT3 might abolish the repression of curcumin 
on tumor growth. Moreover, western blot assay showed 
that DMRT3 and SLC7A11 protein levels were strikingly 
lower in tumor tissues from the curcumin + pcDNA group 
than the curcumin + DMRT3 group (Fig. 7C). Addition-
ally, immunohistochemical staining uncovered that the cur-
cumin + pcDNA group repressed DMRT3, SLC7A11, and 
Bcl2 positive expression, and promoted Bax positive expres-
sion relative to the curcumin + DMRT3 group (Fig. 7D). 
Accordingly, it is concluded that curcumin treatment inhib-
ited xenograft tumor growth by regulating DMRT3.

Discussion

In recent years, the benefits of curcumin in different organ 
systems have been widely described in several human can-
cers [28]. In fact, it has become evident that curcumin might 
hinder lung cancer growth by repressing cell proliferation, 
inducing apoptosis, and displaying less adverse effects and 
toxicity [29, 30]. Consistent with these studies, our data 
identified the anti-proliferation, pro-apoptosis, and anti-
angiopoiesis effects of curcumin on NSCLC cell lines. Of 
note, many types of research have reported that cell death 
plays an important part in preventing and treating hyper-
proliferative cancers [31, 32]. In terms of morphology, bio-
chemistry, and genetics, ferroptosis is a new form of pro-
grammed cell death, different from necrosis, apoptosis, and 
autophagy [33]. In general, intracellular iron accumulation, 
ROS, GSH, and lipid peroxidation are known as the indis-
pensable hallmarks of ferroptosis [34]. Emerging evidence 
has implicated that induced ferroptosis in NSCLC is respon-
sible for the inhibition of tumor progression both in vitro 
and in vivo [35]. Interestingly, recent literature has exhibited 
that curcumin in NSCLC cells might induce ferroptosis by 
activating autophagy [17]. In agreement with these reports, 
applying curcumin might boost ferroptosis, which is useful 
in treating NSCLC.

Notably, some studies have indicated that curcumin and 
its analogs might mediate the anti-cancer effect in NSCLC 
through regulating various mechanisms [18, 36, 37], 

containing transcription factors [38]. Furthermore, it has been 
reported that DMRT3, a transcription factor, is an abnormal 
expression in pan-cancer and might facilitate tumor occur-
rence and development [39, 40], containing NSCLC [23]. 
Moreover, DMRT3 might partake in the TP63/SOX2 circuit 
for modulating squamous cell differentiation or survival, and 
these three factors might co-regulate gene functioning in aug-
menting NSCLC development and formation [24]. Consistent 
with these former works, our data demonstrated that DMRT3 
content was clearly upregulated in NSCLC samples and cell 
lines. Of interest, our results found a significant downregu-
lation of DMRT3 in curcumin-treated NSCLC cells for the 
first time. Apart from that, functional analysis verified that 
DMRT3 overexpression might partially abolish the effects 
of curcumin on NSCLC cell growth and ferroptosis in vitro. 
Consistently, our data validated that curcumin treatment might 
block tumor growth in vivo via regulating DMRT3 expression. 
These outcomes implied that the repression role of curcumin 
on NSCLC progression might be partly mediated by down-
regulating DMRT3.

It has been widely reported that transcription factors might 
modulate the transcription of target genes via binding to the 
specific sequences at the promoter region [41]. Herein, the cur-
rent work identified the positive association between DMRT3 
and SLC7A11. Moreover, our data presented that DMRT3 
might improve the transcription of SLC7A11 via binding to 
its promoter region, indicating that SLC7A11 might be a novel 
DMRT3-target gene. Furthermore, SLC7A11 (also known as 
xCT or CCBR1), a component of the cysteine-glutamate trans-
porter, might take part in different stages of human cancer 
development via regulating cell growth, cell death, and cell 
metabolism [42]. Beyond that, the upregulation of SLC7A11 
might expedite the malignant behaviors and hinder ferroptosis 
of NSCLC cells [43, 44]. Consistent with the former study 
[17], our data verified that SLC7A11 content was clearly 
reduced in curcumin-treated NSCLC cell lines. In contrast to 
these previous studies, our results provide the first evidence 
that SLC7A11 upregulation might significantly mitigate the 
effects of curcumin on NSCLC cell growth and ferroptosis 
repression. The above findings further supported that the sup-
pressive role of curcumin on NSCLC progression might be 
partly mediated by the DMRT3/SLC7A11 axis. Targeting 
the DMRT3/SLC7A11 axis might be an important focus in 
exploring effective anti-lung cancer therapies. The combina-
tion of curcumin with the DMRT3/SLC7A11 axis may further 
enhance its anti-lung cancer efficacy compared to curcumin 
alone.
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Fig. 7   Curcumin might dampen the tumorigenicity of LK-2 cells in a 
xenograft model by regulating DMRT3. LK-2 cells transfected with 
pcDNA or DMRT3 were inoculated subcutaneously into the nude 
mice. Then, these mice with tumor formation were given 50 mg/kg 
curcumin. A Growth curve of xenografted tumors was displayed. B 

Weight of resected tumor masses was presented. C Protein levels of 
DMRT3 and SLC7A11 in the xenografts were assessed using western 
blot. F DMRT3, SLC7A11, Bax, and Bcl2 expression was gauged in 
xenografts using Immunohistochemical staining. *P < 0.05
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Conclusion

In summary, these results elucidated compelling evidence 
that curcumin might repress cell growth and induce ferropto-
sis in NSCLC cells by targeting the DMRT3/SLC7A11 axis, 
providing a novel avenue of therapy for NSCLC treatment.
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