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MNT inhibits lung adenocarcinoma
ferroptosis and chemosensitivity by
suppressing SAT1

M| Check for updates

Guangyin Zhao'?, Jiaqi Liang"?, Yuchen Zhang'?, Guangyao Shan', Yunyi Bian', Jie Gu',
Cheng Zhan®'0< & Di Ge ®'

Ferroptosis, a type of iron-dependent non-apoptotic cell death, plays a vital role in both tumor
proliferation and resistance to chemotherapy. Here, our study demonstrates that MAX’s Next Tango
(MNT), by involving itself in the spermidine/spermine N1-acetyltransferase 1 (SAT1)-related
ferroptosis pathway, promotes the proliferation of lung adenocarcinoma (LUAD) cells and diminishes
their sensitivity to chemotherapy. Initially, an RNA-sequence screen of LUAD cells treated with
ferroptosis inducers (FINs) reveals a significant increase in MNT expression, suggesting a potential link
between MNT and ferroptosis. Overexpression of MNT in LUAD cells hinders changes associated with
ferroptosis. Moreover, the upregulation of MNT promotes cell proliferation and suppresses
chemotherapy sensitivity, while the knockdown of MNT has the opposite effect. Through the
intersection of ChlP-Seq and ferroptosis-associated gene sets, and validation by gPCR and western
blot, SAT1 is identified as a potential target of MNT. Subsequently, we demonstrate that MNT binds to
the promoter sequence of SAT1 and suppresses its transcription by ChIP-gPCR and dual luciferase

assays. Restoration of SAT1 levels antagonizes the efficacy of MNT to inhibit ferroptosis and
chemosensitivity and promote cell growth in vitro as well as in vivo. In the clinical context, MNT
expression is elevated in LUAD and is inversely connected with SAT1 expression. High MNT
expression is also associated with poor patient survival. Our research reveals that MNT inhibits
ferroptosis, and impairing chemotherapy effectiveness of LUAD.

Lung adenocarcinoma (LUAD) is a malignant tumor characterized by
high proliferation rates. It represents ~ 40 % of all cases of lung cancer
and is the predominant pathological subtype associated with a globally
unfavorable prognosis”’. Despite the substantial advancements in
LUAD therapy throughout the last couple of decades, chemotherapy
continues to be an essential therapeutic approach’”. Nevertheless, the
development of chemoresistance poses a significant challenge in
enhancing the efficacy of therapy for LUAD. Hence, it is imperative to
suppress the proliferation capacity and enhance the chemosensitivity in
the treatment of LUAD.

Initially described in 2012, Ferroptosis represents a newly identified
form of programmed death of cells that relies on the presence of iron ions®’.
A close relationship between ferroptosis and tumorigenesis has been
established, as the lack of ferroptosis can stimulate tumorigenesis and
enhance tumor proliferation.”. Significantly, the induction of ferroptosis

has the potential to enhance chemotherapy sensitivity in the context of
LUAD treatment’.

SATI, also known as spermidine/spermine N1-acetyltransferase 1,
serves as the principal enzyme that regulates the rate of the polyamine
metabolic pathway, which is crucial for the proliferation and viability of
eukaryotic cells.”"". SAT1 is crucial in responding to multiple stress
responses, including oxidative stress, heat shock, and inflammatory stimuli.
More importantly, aberrantly expressed SAT1 is closely related to cancer
development, including LUAD'*". Recently, SAT1 was reported to be
associated with the regulating process of ferroptosis in tumor cells'"".
However, the mechanism by which cancer regulates SATI to affect fer-
roptosis is still unidentified.

Transcription factor MNT (MAX’s Next Tango) belongs to the MXD
family, playing an essential role in cell proliferation, differentiation, and
cellular transformation, and abnormal expression of MNT is strongly

"Department of Thoracic Surgery, Zhongshan Hospital, Fudan University, Shanghai, China. 2These authors contributed equally: Guangyin Zhao, Jiagi Liang, and

Yuchen Zhang. »<'e-mail: czhan10@fudan.edu.cn; ge.di@zs-hospital.sh.cn

Communications Biology | (2024)7:680


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06373-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06373-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06373-5&domain=pdf
http://orcid.org/0000-0001-8745-9276
http://orcid.org/0000-0001-8745-9276
http://orcid.org/0000-0001-8745-9276
http://orcid.org/0000-0001-8745-9276
http://orcid.org/0000-0001-8745-9276
http://orcid.org/0000-0001-5241-1766
http://orcid.org/0000-0001-5241-1766
http://orcid.org/0000-0001-5241-1766
http://orcid.org/0000-0001-5241-1766
http://orcid.org/0000-0001-5241-1766
mailto:czhan10@fudan.edu.cn
mailto:ge.di@zs-hospital.sh.cn

https://doi.org/10.1038/s42003-024-06373-5

Article

Fig. 1 | Identification of MNT involved in LUAD a
ferroptosis. a, b Volcano plot exhibiting MNT
involved in regulating ferroptosis induced by RSL3
and IKE (2.5 uM RSL3 and 8 uM IKE for 5 h).

¢, d MNT RNA levels in A549 and PC9 cell lines
were assessed following treatment with RSL3/IKE
(2.5 uM RSL3 and 8 uM IKE for 5 h), DFO + RSL3/
IKE, or Ferr-1 4+ RSL3/IKE. e, f MNT protein levels
were evaluated in A549 and PC9 cell lines after
treatment with RSL3/IKE (2.5 uM RSL3 and 8 uM
IKE for 5 h), DFO + RSL3/IKE, or Ferr-1 + RSL3/
IKE. Data were analyzed by Student’s ¢-test and
presented by mean + SD in triplicate. ns, not sig-
nificant; *p < 0.05; **p < 0.01; ***p < 0.001.
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associated with cancer'. Here, MNT was discovered to be elevated in LUAD
cells following the administration of FINs, suggesting that MNT is poten-
tially connected with regulating the ferroptosis of LUAD. Nevertheless,
MNT’s role in ferroptosis and its mechanism, however, is yet to be
established.

Hence, we determined MNT as a translational suppressor of SAT1 and
demonstrated that up-regulating MNT hinders the ferroptosis occurrence,
consequently leading to a suppression of chemotherapy sensitivity while
promoting the proliferation of LUAD cells.

Results

MNT involves ferroptosis in LUAD

We first treated A549 cells with RSL3, IKE (imidazole ketone Erastin),and
DMSO respectively, and then performed RNA-seq on the treated and non-
treated groups. The results reveal that MNT was markedly elevated in the
groups treated with RSL3 and IKE in comparison to the group treated with
DMSO (Fig. la, b). To validate this finding, we further examined the
changes in MNT mRNA and protein levels under different treatments of
LUAD cells using qPCR and western blot. Consistently, the RNA and
protein levels of MNT were significantly upregulated after treatment with
FINs in both A549 and PC9 cells (Fig. 1c—f). Intriguingly, when cells from
both FINs-treated groups were concurrently exposed to a ferroptosis inhi-
bitor, either Ferrostatin-1 (Ferr-1) or Deferoxamine (DFO), we observed no
significant difference in MNT expression levels compared to the control
group. (Fig. 1c—f). The above results highly indicate the involvement of
MNT in the ferroptosis regulation of LUAD.

MNT suppresses ferroptosis, enhances proliferation, and mod-
ulates chemotherapy sensitivity in LUAD cells

We next created stable cell lines (A549 and PC9) with MNT overexpression
(MNT-OE), knockdown (MNT-sh1 and sh2), and corresponding negative
control (MNT-NC) via lentiviral transfection. The efficiency of transfection
was measured by qPCR and western blot and showed that MNT was stably
expressed or knocked down in both cell lines (Fig. 2a-d, Fold change values:
A549, OE/NC 16.19, p=0.022; sh1/NC 0.25, p=0.004; sh2/NC 0.20,
p =0.005; PC9, OE/NC 16.35, p =0.021; sh1/NC 0.39, p = 0.009; sh2/NC
0.42, p =0.008). After processing with FINs (RSL3 or IKE), the MNT-OE
cells had relatively higher cellular activity and significantly lower severity of
lipid peroxidation inside cells in comparison to the MNT-NC group
(Fig. 2e-1). Conversely, MNT-sh cells displayed a significant decrease in
cellular activity alongside a pronounced enhancement in intracellular lipid
peroxidation severity (Fig. 2e-). This indicates that MNT expression may
play a role in preventing ferroptosis in LUAD cells.

Morphological changes in mitochondria, such as reduction in mito-
chondrial volume, condensed mitochondrial membrane density, reduction
or disappearance of mitochondrial cristae, and rupture of the outer mito-
chondrial membrane are important phenotypes of cells undergoing
ferroptosis"®. Transmission electron microscopy (TEM) was next conducted
to detect the effection of MNT on ferroptosis in LUAD cells. Upon FIN
stimulation, MNT-sh A549 cells exhibited more shrunken mitochondria,
higher membrane density, and reduced mitochondrial cristae compared to
either the MNT-NC or OE groups (Fig. 3a). “Ballooning” is a phenotype
manifested by cells undergoing ferroptosis, characterized by the emergence of
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Fig. 2 | RSL3 and IKE-induced cytotoxicity and intracellular ROS levels in LUAD
cell lines are impacted by dysregulated MNT expression. a—d MNT overexpression
and knock-down in A549 and PC9 cells were verified by qRT-PCR and western blot.
e-h After 24 h of treatment with various dosages of RSL3 and IKE, A549 and PC9 cells
with various degrees of MNT expression were detected using the CCK-8 assay.

i-1Lipid peroxidation was measured by flow cytometry after C11-BODIPY staining in

MNT-NC, MNT-OE, and MNT-sh treatment by RSL3 or IKE (2.5 uM RSL3 and 8 uM
IKE for 5 h). MNT-NC, MNT-Negative Control; MNT-OE, MNT-Overexpression;
MNT-shl, MNT- Short Hairpin RNA1; MNT-sh2, MNT- Short Hairpin RNA2. Data
were analyzed by Student’s ¢-test or two-way ANOVA and presented by mean + SD in
triplicate. ns, not significant; *p < 0.05; **p < 0.01; ¥**p < 0.001.

clear, rounded morphology predominantly composed of vacuolated
cytosol'*”. In our experiments, LUAD cells with knocked-down MNT
exhibited a more pronounced ballooning phenotype upon treatment with
FINs, whereas MNT-OE cells showed no significant morphological changes
(Supplementary Fig. 1a). Using flow cytometry for Tetramethylrhodamine,
methyl ester (TMRM) assay, we found that TMRM fluorescence significantly
decreased in MNT-knockdown LUAD cells and increased in the MNT-OE
group compared to the control group (Supplementary Fig. 1b, c).

To examine the effects of MNT expression on LUAD cell pro-
liferation and chemotherapy sensitivity, we proceeded with a CCK-8
experiment. We found that the downregulation of MNT significantly
impeded LUAD cell proliferation (Fig. 3b, ¢) while enhancing their
susceptibility to chemotherapeutic drugs (CDDP and Pemetrexed)
(Fig. 3d-g). However, upregulation of MNT obtained the opposite result
(Fig. 3b-g). Subsequently, the promotion of ferroptosis in LUAD cells by
MNT-sh can be counteracted by ferroptosis inhibitor Ferr-1, but not the
apoptosis inhibitor Z-VAD-FAM, necrosis inhibitors (NSA), and

autophagy inhibitors (3-MA) (Fig. 3h-k). Combining these outcomes,
we preliminary conclude that MNT not only inhibits ferroptosis in
LUAD cells and facilitates their proliferation, but also influences their
response to chemotherapy.

The overexpression of MNT suppresses cellular ferroptosis
through the downregulation of SAT1 expression

To explore the downstream signaling molecules of MNT inhibiting
ferroptosis, we first identified MNT protein binding partners using the
String database (https://cn.string-db.org/), as presented in Supplemen-
tary Fig. 2a. Subsequently, RNA-seq analysis revealed no significant
differential expression among these partners. We then intersected the
ChIP-Seq results of MNT in the Encode database (https://www.
encodeproject.org/) with the set of key genes of the ferroptosis path-
way (Fig. 4a). A total of 12 ferroptosis-related genes were screened out as
potential targets of MNT. We validated these genes plus an additional
star gene ACSL4, 13 genes in total, by qPCR (Fig. 4b and Supplementary
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Fig. 3 | In LUAD cells treated with RSL3 or IKE, dysregulation of MNT
expression results in aberrant mitochondrial shape and impairs the cells’
capacity of proliferation and susceptibility to chemotherapy. a Characteristic
alterations of mitochondria in A549 cells treated with RSL3 or IKE (2.5 uM RSL3
and 8 uM IKE for 5 h) analyzed by TEM, Scale bars: 50 nm. b, ¢ The capacity of A549

and PC9 cells to proliferate is impacted by MNT expression dysregulation.
d-g Dose-toxicity curves showing the viability of A549 and PC9 cells transfected

with MNT-NC, MNT-OE, and MNT-sh upon CDDP or Pemetrexed treatment at
the indicated concentrations for 48 h. h-k A549 and PC9 cells transfected with
MNT-NC, MNT-OE, and MNT-sh were examined for vitality assessed 24 h after
being treated with RSL3/IKE (2.5 uM RSL3 and 8 uM IKE for 5 h), RSL3/IKE +
Ferr-1, RSL3/IKE + Z-VAD, RSL3/IKE + NSA, or RSL3/IKE + 3-MA. Data were
analyzed by Student’s ¢-test or two-way ANOVA and presented by mean + SD in
triplicate. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

Fig. 2b). The results indicated that SAT1 may be a target molecule of
MNT since SAT1 was determined an important molecule that promotes
ferroptosis'. We further validated the impact of MNT on SAT1
expression by qRT-PCR and western blot, As predicted, overexpression
of MNT decreased the SAT1 level, while MNT knock-down led to the
upregulation of SAT1 (Fig. 4b, ). And yet, the level of other ferroptosis
key regulators, including ACSL4, SLC7A11, and GPX4 was not affected
(Fig. 4b, c and Supplementary Fig. 2¢, d). Additionally, we observed that
knocking down MNT expression did not significantly affect SAT1
expression levels in LUAD cells treated with FINs (Supplementary
Fig. 2e). These findings indicate that MNT could potentially play a role in
LUAD ferroptosis by modulating the expression of SATI.

MNT represses SAT1 expression by interacting with its
promoter region
Based on the above results, we proposed that MNT engages with the pro-
moters of SAT1 to suppress its expression. To verify our hypothesis, we
analyzed the CHIP-Seq and the genome-wide data from the ENCODE
project. As anticipated, we observed a prominent MNT-binding peak in a
promoter region close to the transcription start site (T'SS) of SAT1 (Fig. 4d).
Furthermore, the ChIP-PCR analysis also indicated notable enrichments of
MNT binging in LUAD cell lines (Fig. 4f and g). These results confirmed
that SAT1 is a direct transcriptional target of MNT.

To explore the functional validity of MNT binding to the SAT1 pro-
moter, we then conducted luciferase reporter activity experiments by
cloning the human SAT1 promoter sequences into the PGL4-luciferase

reporter vector. To construct the negative control, the sites where MNT
binds with a high possibility were predicted and modified according to the
consensus motifs on the JASPAR (Fig. 4e and h). We found that MNT-OE
in 293 T substantially decreased the activity of the luciferase reporter con-
taining the wild-type (WT) SAT1 promoter sequences. However, the
reporter with mutant (MU) SAT1 promoter constructs displayed no luci-
ferase decrease in response to MNT overexpression (Fig. 4i). These results
elucidated the process by which MNT firmly binds to the SAT1 promoter,
thereby inhibiting its transcription.

The expression of SAT1 counteracts the effects of MNT on fer-
roptosis inhibition, promotion of proliferation, and reduction of
chemotherapeutic sensitivity

Given the above outcomes suggesting that MNT inhibits LUAD ferroptosis
via suppressing SAT1 expression, we further validate by restoring SAT1
expression in the MNT-NC and OE LUAD cell lines (Fig. 5a—f). We noticed
that LUAD cells became significantly more sensitive to FINs when SAT1
was upregulated (Fig. 5g—j). Conversely, the simultaneous knockdown of
MNT and downregulation of SAT1 expression significantly decreased the
sensitivity of LUAD cells to ferroptosis (Supplementary Fig. 3a). Addi-
tionally, after FINs treatment, MNT-NC and OE cell lines that expressed
elevated SAT1 expression also had considerably higher intracellular ROS
levels. (Fig. 5k-n). The TEM experiment demonstrated that cells restoring
SAT1 expression displayed increased ferroptosis-sensitive characteristics
with addiction to FING, including an impaired mitochondrial morphology
(Fig. 50). Furthermore, under FINs treatment, we found that LUAD cells
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Fig. 4 | MNT regulates ferroptosis by binding to the SAT1 promoter region and
repressing its transcription. a Venn plot showing the intersection of predicted
targets of MNT, the 33 key ferroptosis genes were intersected with the results of
ChIP-seq, obtaining 12 gene sets that may be target genes regulated by MNT. b qRT-
PCR results showed differences in RNA levels of the key molecules (GPX4,
SLC7A11, ASCL4 and SAT1) of ferroptosis between the MNT-NC, MNT-OE and
MNT-sh of A549 and PC9 cell lines. ¢ Western blot results showed differences in
protein levels of GPX4, SLC7A11, ASCL4, and SAT1 of ferroptosis between the
MNT-NC, MNT-OE, and MNT-sh of A549 and PC9 cell lines. d Genome-wide data

from the ENCODE project and ChIP-seq results show the solid MNT-binding peak
in the promoter region close to the TSS of SAT1. e Characteristic sequences pre-
dicted by JASPAR for transcriptional binding of MNT. f, g ChIP-qPCR assay
depicting the enrichments of MNT binding in A549 and PC9. h Schematic diagram
showing the possible binding sites of MNT to the critical region of the SAT1 pro-
moter are mutated. i Dual luciferase activity assays to analyze the fluorescence
intensity of MNT-NC and MNT-OE with or without mutations in the SAT1 pro-
moter region. Data were analyzed by Student’s ¢-test and presented by mean + SD in
triplicate. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

with restored SAT1 expression exhibited a more pronounced “Ballooning”
phenotype and lower TMRM fluorescence compared to the MNT-OE and
NC group (Supplementary Fig. 4a—c).

In terms of the impact on proliferation, SAT1 expression dramatically
reduced the capacity for proliferation in both the MNT-NC and OE cell lines
(Fig. 5p, q). Fascinatingly, elevated SAT1 expression markedly increased the
harmful response of MNT-inhibited chemotherapy on LUAD cells
(Fig. 6a—d). The above findings imply that SAT1 can counteract the affection

of MNT-mediated inhibition on ferroptosis as well as chemosensitivity and
promotion of LUAD cell proliferation.

MNT promotes tumor formation as well as suppresses ferrop-
tosis and chemotherapy sensitivity but can be antagonized by
SAT1 in vivo

We next conducted subcutaneous tumor formation by injecting deferent
groups of A549 cells (MNT-NC, MNT-OE, MNT-NC + SAT1, MNT-
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OE + SAT1) into nude mice to validate the results obtained above in vivo
(Fig. 6€). We regularly monitored tumor growth during the period, weekly
measuring and documenting tumor size. The tumors were removed from
the nude mice after being euthanized in 4 weeks, and the sizes were all
recorded. We found the tumor size in nude mice receiving injections of
MNT-OE cells was much larger in comparison to the MNT-NC group.
Moreover, notable to observe is that this promotion of tumor formation was
suppressed by the restoration of SAT1 expression, which is consistent with
in vitro experiments (Fig. 6e, f). Additionally, various nude mouse groups
were given FINs or chemotherapeutic drugs during tumor growth. It was
noticed that the tumors in the MNT-NC + SAT1 and MNT-OE + SAT1
groups greatly shrank in comparison to the MNT-NC and MNT-OE groups
(Fig. 6e, f). These results demonstrate that MNT increases tumor growth,

suppresses ferroptosis, and decreases chemotherapy sensitivity, but that
SAT1 can counteract these effects in vivo.

MNT is highly expressed in clinical LUAD samples, associated
with poor prognosis, and negatively correlated with SAT1
expression

To explore the clinical relevance of MNT in LUAD patients, we retro-
spectively examined the clinicopathological traits and prognosis of 150
LUAD patients with complete follow-up data in 2014 (Table $4). According
to the IHC assay, we found MNT expression was noticeably low in non-
tumorous tissues while being substantially elevated in LUAD tissues
(Fig. 6g). In addition, Kaplan-Meier analyses revealed a strong correlation
between high MNT expression and inferior overall survival (OS) in LUAD
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patients (Fig. 6h). Furthermore, a multivariate Cox proportional hazards
model indicated that high MNT expression was an independent prognostic
predictor of OS (HR, 2.147, P = 0.025, Table S5). Out of 150 patients with
LUAD, 48 patients required postoperative adjuvant chemotherapy (ACT).
The clinicopathological characteristics of the 48 patients were provided in
Table S6, where we classified patients as chemo-resistant and chemo-
sensitive depending on whether they relapsed before the follow-up deadline.
The analysis results indicated that high MNT expression was related to
chemoresistance (Table S6) and that MNT expression was also inversely
related to SAT1 expression (Fig. 6j, k).

Discussion

Ferroptosis was identified in 2012 and is characterized by an iron-dependent
controlled cell death pathway marked by an excess of cellular lipid perox-
idation that ultimately results in plasma membrane rupture and cell
death'®". Emerging research underscores the pivotal role of ferroptosis as a
mechanism that suppresses tumor development™**. The present study
elucidated the involvement of MNT in the regulation of ferroptosis. The
findings of our study indicate that exposure to ferroptosis stress results in an
upregulation of MNT expression. This upregulation of MNT was observed
to suppress cellular susceptibility to both ferroptosis and chemotherapy
through the inhibition of SAT1 transcription (Supplementary Fig. 3b).

SAT1, also known as Spermidine/Spermine N1-Acetyltransferase 1, is
an enzyme closely associated with lipid metabolism. In some research, SAT1
has been found to regulate the process of ferroptosis. SAT1 can modulate the
intracellular balance of iron ions by participating in lipid metabolism',
specifically in the metabolism of phosphatidylamine (PA) and phosphati-
dylcholine (PC), thereby affecting ferroptosis. One study confirmed that the
activation of SATI facilitates the catabolism of spermine and spermidine,
which results in the accumulation of iron and the production of lipid per-
oxides, subsequently inducing ferroptosis™. Therefore, SAT1 plays a pivotal
role in the regulation of lipid metabolism and the process of ferroptosis.
Upon identifying SAT1 as a downstream target of MNT, this study pri-
marily aimed to elucidate how MNT regulates its expression. However, the
regulatory mechanism of SAT1 itself on ferroptosis still requires further
research for clarification.

The MNT transcription factor serves as a pivotal regulator of onco-
protein MYC, belonging to the MXD family, governing numerous cellular
processes, and exhibits activation in the majority of human
malignancies'***. However, the functional relevance of MNT in cancer is
controversial and it is unknown whether MNT is involved in ferroptosis.
Our study unexpectedly found that MNT levels were significantly upregu-
lated after the treatment of LUAD cell lines with FINs, implying that MNT
may be involved in the regulation of ferroptosis in LUAD. Further experi-
ments found different levels of MNT expression significantly affected the
sensitivity of LUAD cells to FINs. In addition, MNT could promote the
proliferation of LUAD cells in vitro and in vivo. To clarify the clinical
relevance of MNT in patients with LUAD, we reviewed 150 lung adeno-
carcinoma patients with complete follow-up data and found that MNT
expression was increased in LUAD cancer tissues compared with adjacent
normal tissues, and that high MNT expression was associated with poor
patient prognosis. These findings demonstrate that MNT plays an impor-
tant role in the development and treatment of LUAD by engaging in the
regulation of ferroptosis.

Structurally, as a transcription factor, MNT transcription factor has a
basic helix-loop-helix-leucine zipper (PHLHLZ) structural domain and a
SIN3 interacting structural domain (SID), with functions of binding to DNA
and transcriptional repression, respectively'***. Mechanically, MNT inter-
acts directly with SIN3 proteins via the N-terminal SID domain, which
binds to the SIN3 paired amphipathic helix (PAH2) domain of SIN3B, and
then recruits histone deacetylases and other chromatin-modifying enzymes
to inhibit transcription upon binding to E-boxes of target DNA™. We
speculated that MNT might be involved in ferroptosis by regulating a key
molecule in the ferroptosis pathway. To date, many key molecules play a
central role in the regulatory pathways of ferroptosis, and the functions and

regulatory mechanisms of some of the most well-known molecules such as
GPX4,SLC7A11,and ACSL4 have been widely studied and reported’. in our
study, however, different levels of MNT did not affect the expression of
several key molecules mentioned above. We discovered that SAT1 might be
a target gene of MNT using ChIP-Seq matching to the ferroptosis-related
gene set. The enzyme SAT1 is responsible for regulating the initial intra-
cellular pathway of polyamine catabolism.

Intriguingly, the upregulation of SAT1 expression triggers lipid per-
oxidation and enhances cellular susceptibility to ferroptosis under condi-
tions of reactive oxygen species (ROS)-induced stress. Additionally, this
process is associated with the inhibition of tumor growth in xenograft tumor
models'. Our findings from western blot, ChIP-Seq, and dual luciferase
reporter assays revealed that SATI is a transcriptional regulatory target
molecule of MNT, which functions as an inhibitory transcription factor by
interacting with SAT1’s promoter region and suppressing the gene’s tran-
scription. We imported the promoter sequence of SAT1 into JASPAR to
predict potential binding transcription factors and identified that, in addi-
tion to MNT, several other transcription factors such as SOX13, GATAL,
and IKZF2 might be involved in the regulation of SAT1 (Supplementary
Data 1), indicating the regulation network of SAT1 and ferroptosis is
complex and needs to be further explored.

In the exploration of the clinical significance of MNT, we identified a
negative association between MNT and SAT1 expression in 150 tumor
tissues of LUAD patients, and the same correlation pattern was also
observed in 48 tumor tissues from LUAD patients undergoing ACT.
Moreover, MNT was found to increase the resistance of LUAD cells to
chemotherapeutic agents in vitro and in vivo. However, this response was
antagonized following the restoration of SAT1 expression. Among the 48
LUAD patients who received ACT, high MNT expression was significantly
associated with chemoresistance. Numerous chemotherapeutic agents have
been observed to trigger ferroptosis. Often, an imbalance in ferroptosis can
result in chemotherapy resistance and subsequent treatment failure. Either
pharmacological or genetic regulation of ferroptosis can effectively coun-
teract chemotherapy resistance”. Since chemotherapy is still the main
option for treatment for LUAD patients, the present study illustrates a
potential mechanism of enhancing the sensitivity of LUAD to ferroptosis by
regulating MNT, thereby overcoming chemotherapy resistance, and ulti-
mately improving the therapeutic outcomes of chemotherapy in LUAD, .

Collectively, the data presented in this study provide evidence sup-
porting the role of MNT as a regulator of ferroptosis, highlighting its
potential therapeutic implications and clinical significance as a prognostic
factor. There are some limitations in this study, such as investigating the
function of MNT further at the single-cell level seems to be more insightful,
as well as the fact that the use of tissue microarrays in the clinical data
analysis would also be more precise.

Materials and methods

Cell lines

The cell lines used in this study, including A549, PC9, and HEK293T cells,
were purchased and cultivated according to the procedures described in a
previous study by our research group®. All cells were purchased from the
Chinese Academy of Science Cell Bank. The cell lines were authenticated by
short tandem repeat (STR) profiling in 2023 and were passaged every
3-5 days according to the cell proliferation rates. To prevent mycoplasma
contamination, the cells were tested every 2 months using a PCR-based
method.

Patients and tumor specimens

This study was approved by the Ethics Committee of the Clinical Research
Ethics Committee of Zhongshan Hospital, Fudan University (B2022-180R).
Written informed consent was obtained from all patients. With the
informed agreement, archived samples from 150 LUAD patients of our
hospital in 2014 were used for clinicopathologic analysis as demonstrated in
the previous study*®. The TNM classification, according to the AJCC Cancer
Staging Manual, Eighth Edition, was utilized to determine the tumor stage.
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The WHO guidelines served as the basis for the pathologic classification.
November 2019 was defined as the end of the follow-up procedure. Overall
survival (OS) was established as the duration of the surgical procedure until
either the occurrence of mortality or the most recent recorded follow-up for
patients who remained alive. All ethical regulations relevant to human
research participants were followed

Compounds

The following compounds were supplied by Topscience (Shanghai, China):
RSL3 (T3646), IKE (T1765), ferrostatin-1 (T6500), deferoxamine (DFO;
T1637), CisDiamminedichloride platinum (CDDP; T1564), and Peme-
trexed (Pem; T6226). The initial four reagents were solved in DMSO, while
the latter two were dissolved in PBS. The resulting solutions were subse-
quently preserved at a temperature of —80 °C.

Quantitative real-time PCR

Extraction of RNA and qRT-PCR was carried out following methods pre-
viously described” In brief, The TRIzol compound (TIANGEN) was
employed for the extraction of total RNA from cells, and a Hifair II First-
Strand ¢cDNA Synthesis Kit (gDNA Digester Plus, YEASEN, China) was
used to synthesize cDNA. The ABI QuantStudio 5 real-time PCR machine
(Thermo Fisher, USA) was used to execute a Hifair III One-Step qRT-PCR
reaction. Quantitative analysis was performed using the 2A(- A/\CT)
technique as described previously”. Table S1 contains a complete listing of
the primers that were generated for each gene by Sangon Biotech.

Cell viability assays

In the context of cytotoxicity assays, a total of 3000 cells were allocated in 96-
well plates along with subsequently subjected to a 24 h incubation period.
The cells were subjected to treatment with various concentrations of
reagents for a duration of 48 h, according to per the experimental protocol.
In the context of proliferation experiments, cell lines were initially implanted
on an amount of 1000 each well and subsequently subjected to incubation
for 0, 24, 48, 72, 96, and 120 h at a temperature of 37 °C. The assessment of
cellular viability was conducted using CCK-8 (Beyotime) following guide-
lines provided by the manufacturer.

Chromatin immunoprecipitation (ChiP) assays

The SimpleChIP® Plus Enzymatic Chromatin IP Kit (Magnetic Beads)
(CST) was utilized for the execution of the ChIP assay. Initially, the cells
underwent cross-linking, followed by membrane lysis and treatment
with micrococcal nuclease to fragment chromatin. Subsequently, the
chromatin that had been cross-linked and digested was subjected to
incubation with Flag-Tag Antibody (CST). The positive control in this
study was the Histone H3 antibody obtained from CST, while the
negative control was the human IgG also obtained from CST. Table S2
provides a comprehensive listing of antibodies. Following a compre-
hensive washing process, the DNA was extracted from the beads and
subsequently utilized in qRT-PCR.

Lentiviral infections

The lentivirus vectors MNT and SAT1, along with their respective
negative control sequences, were procured from Genechem Technology
to establish cells with stable overexpression of MNT or SAT1. Fur-
thermore, the viral vector utilized for knock-down MNT expression,
along with the negative control sequences, were procured from Gene-
chem Technology (as indicated in Table S3). The methodology
employed for the summary involves the seeding of a combined number
of 5x 10* cells into 12-well plates. Twenty-four hours latter, lentivirus
was introduced at a multiplicity of infection (MOI) of 10. Then, cell lines
were cultured in a complete medium supplemented with 5mg/mL
polybrene for 12 h. Following this, fresh medium was used to replace the
culture medium. Ultimately, the cells were cultured in the medium
supplemented with 2.5 mM puromycin after 72 h transduction.

Lipid peroxidation detection

The experiment involved seeding cells in 12-well plates and administering
compounds the following day. Briefly, the cells were incubated with 1 ml of
fresh medium containing 5 uM of BODIPY 581/591 C11 (Invitrogen) for
30 min®. Subsequently, the cells underwent trypsinization, followed by
washing and resuspension in 500ul of PBS preparing for flow cytometry
assay, the gating strategies were presented in Supplementary Fig. 6. A total of
at least 20,000 cells were examined for each experimental condition. The
data was assessed utilizing the FlowJo software (TreeStar, Wood-
burn, OR, USA).

Western blotting

In brief, cellular lysis was performed utilizing RIPA buffer (Beyotime)
supplementary with a cocktail of protease and phosphatase inhibitors. The
proteins acquired were quantified using an Enhanced BCA Protein Assay
Kit (Beyotime) and subsequently subjected to boiling in 5 x SDS-PAGE
loading buffer (EpiZyme, Shanghai, China) for 10 min at a temperature of
100 °C. Subsequently, the proteins underwent SDS-PAGE in preparation
for western blotting. The antibodies employed in this study were as follows:
MNT (1:1000, #DF4676), SAT1(1:1000, #DF12469), GPX4 (1:1000,
#DF6701), and SLC7A11 (1:1000, #DF12509) from Affinity Biosciences,
ASCL4 (1:1000, #abs106075) from Absin, and GAPDH (1:3000, # AG019)
from Beyotime. All original strips of the western blotting in this study were
presented in Supplementary Fig. 5

Dual-luciferase reporter assays

This transcript (—1000 ~ 200 bp around the Transcription Starting Site)
was cloned into the phy-811@7 dual luciferase reporter vector (Hanyin
Technology, Shanghai, China) of the SAT1 promoter region. At 60 %-70 %
confluence, HEK293T cells were planted in a 24-well plate that had been
pre-treated with polylysine. After 24 h, the cells were co-transfected with
Lipo8000 (Beyotime) and 200 Nm MNT mimics together with 400 ng of the
wild-type or mutant plasmids. After 48 h, cells were collected and analyzed
utilizing a Luciferase Reporter Gene Assay Kit (Beyotime) to perform dual-
luciferase reporter experiments. Finally, luciferase activity was evaluated by
Microplate spectrophotometer (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry (IHC)

Immunohistochemical staining was performed using MNT antibody
(1:100, Affinity, # DF4676), SAT1 antibody (1:100, Affinity, #DF12469), and
GTVisionTM IIT Detection System (Gene Tech, Shanghai, China). The
quantification of positive staining intensity was conducted following the
previously outlined methodology™. Subsequently, the expression of the
target was dichotomized into high and low categories, utilizing a pre-
determined threshold of 40 %.

Transmission electron microscopy

A 2.5 % glutaraldehyde solution was used to fix cells grown in 6 cm dishes.
Cells were prefixed with phosphate buffer containing 1 % osmic acid, washed
three times in 0.1 M PBS. After dehydrating and embedding the cells, they
spent 48 h in an oven heated to 60°C. Lead citrate and uranyl acetate were
used to stain ultrathin sections. The next day, we used a Hitachi transmission
electron microscope (Hitachi, Japan) to examine the dried sections.

Tumor xenograft model in Nude mice

Animal research was approved by the Animal Ethics Committee of
Zhongshan Hospital and the experiments were conducted in accordance
with the guidelines. We have complied with all relevant ethical regulations
for animal use. A total of six million A549 cells that had undergone a variety
of interventions were suspended in 300 pl of culture medium and then
injected subcutaneously into the left side of 4 week-old male BALB/c nude
mice. The tumors were collected at the end of 4 weeks following implan-
tation. The tumors’ weights were measured and a calculation was used to
determine their volumes (length x width?®)/2.
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Statistics and reproducibility

R software, GraphPad Prism version 8.0, and SPSS 25.0 gram (IBM SPSS,
Chicago, IL, USA) were used to conduct the statistical analyses. Unpaired
Student’s t-tests and the Wilcoxon test were used in the statistical analysis
for comparing continuous variables between two different groups. Spear-
man coefficient tests were utilized to conduct a correlation analysis between
MNT and SAT1. The statistical technique of Kaplan-Meier was employed
to conduct survival analysis, along with the log-rank test. The study
employed a Cox proportional hazards regression model to examine the
independent prognostic factors. The statistical outcomes are exhibited in the
form of means, and the vertical lines extending from the means indicate the
standard deviation unless explicitly mentioned otherwise. All p-values were
two-tailed, and a significance level of p < 0.05 was deemed appropriate. The
notation used to indicate statistical significance was as follows: *p < 0.05,
*#p <0.01, ***p < 0.001, and ns was used to indicate non-significance. The
study’s experimental procedures were replicated thrice.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

RNA-Seq data including differential gene expression table and clinical data for
the 150 LUAD patients have been deposited in Figshare (https://doi.org/
10.6084/m9 .figshare.24847179, https://doi.org/10.6084/m9.figshare.24847218,
https://doi.org/10.6084/m9.figshare.24847221)****. Transcription factors pre-
dicted to potentially bind to the SAT1 promoter region are presented in Sup-
plementary Data 1, and the numerical source data were presented in
Supplementary Data 2. Original Western blots are presented in Supplementary
Fig. 5. Other source data supporting the findings of this study are available from
the corresponding author upon reasonable request.

Received: 14 September 2023; Accepted: 23 May 2024;
Published online: 03 June 2024

References

1. Siegel, R. L., Miller, K. D., Wagle, N. S. & Jemal, A. Cancer statistics,
2023. CA Cancer J. Clin. 73, 17-48 (2023).

2.  Travis, W. D. et al. The 2015 World Health Organization classification
of lung tumors: impact of genetic, clinical and radiologic advances
since the 2004 classification. J. Thorac. Oncol. 10, 1243-1260 (2015).

3. Arriagada, R. et al. Cisplatin-based adjuvant chemotherapy in
patients with completely resected non-small-cell lung cancer. N. Engl.
J. Med. 350, 351-360 (2004).

4. Herbst, R. S., Morgensztern, D. & Boshoff, C. The biology and
management of non-small cell lung cancer. Nature 553, 446-454 (2018).

5. Pirker, R. Chemotherapy remains a cornerstone in the treatment of
nonsmall cell lung cancer. Curr. Opin. Oncol. 32, 63-67 (2020).

6. Jiang, X., Stockwell, B. R. & Conrad, M. Ferroptosis: mechanisms,
biology and role in disease. Nat. Rev. Mol. Cell Biol. 22, 266-282 (2021).

7. Chen, X, Kang, R., Kroemer, G. & Tang, D. Broadening horizons: the
role of ferroptosis in cancer. Nat. Rev. Clin. Oncol. 18,280-296 (2021).

8. Zhao, L. et al. Ferroptosis in cancer and cancer immunotherapy.
Cancer Commun. (Lond.). 42, 88-116 (2022).

9. Tang, D., Chen, X., Kang, R. & Kroemer, G. Ferroptosis: molecular
mechanisms and health implications. Cell Res. 31, 107-125
(2021).

10. Kang, R.,Kroemer, G. & Tang, D. The tumor suppressor protein p53 and
the ferroptosis network. Free Radic. Biol. Med. 133, 162-168 (2019).

11. Ou, Y., Wang, S. J., Li, D., Chu, B. & Gu, W. Activation of SAT1
engages polyamine metabolism with p53-mediated ferroptotic
responses. Proc. Natl Acad. Sci. USA 113, E6806-E6812 (2016).

12. Sui, X. et al. ASMTL-AS1 impedes the malignant progression of lung
adenocarcinoma by regulating SAT1 to promote ferroptosis. Pathol.
Int. 71, 741-751 (2021).

13. Yan, Q. et al. Transcriptomic reveals the ferroptosis features of host
response in a mouse model of Zika virus infection. J. Med Virol. 95,
28386 (2023).

14. Liano-Pons J., Arsenian-Henriksson M. & Leon J. The multiple faces
of MNT and its role as a MYC modulator. Cancers (Basel). 13,

4682 (2021).

15. Zhang W. et al. RBMSH1 regulates lung cancer ferroptosis through
translational control of SLC7A11. J. Clin. Invest. 131, 152067 (2021).

16. Battaglia, A. M. et al. Iron administration overcomes resistance to
erastin-mediated ferroptosis in ovarian cancer cells. Front Oncol. 12,
868351 (2022).

17. Battaglia A. M. et al. Ferroptosis and cancer: mitochondria meet the
“iron maiden” cell death. Cells 9, 1505 (2020).

18. Dixon, S. J. etal. Ferroptosis: an iron-dependent form of nonapoptotic
cell death. Cell 149, 1060-1072 (2012).

19. Gao,W.,Wang, X., Zhou, Y., Wang, X. & Yu, Y. Autophagy, ferroptosis,
pyroptosis, and necroptosis in tumor immunotherapy. Signal
Transduct. Target Ther. 7, 196 (2022).

20. Jiang, L. et al. Ferroptosis as a p53-mediated activity during tumour
suppression. Nature 520, 57-62 (2015).

21. Zhang, Y. et al. BAP1 links metabolic regulation of ferroptosis to
tumour suppression. Nat. Cell Biol. 20, 1181-1192 (2018).

22. Lei, G., Zhuang, L. & Gan, B. Targeting ferroptosis as a vulnerability in
cancer. Nat. Rev. Cancer 22, 381-396 (2022).

23. Wei W. et al. Synergistic antitumor efficacy of gemcitabine and
cisplatin to induce ferroptosis in pancreatic ductal adenocarcinoma
via Sp1-SAT1-polyamine metabolism pathway. Cell Oncol. (Dordr).
47, 321-341 2023.

24. Lafita-Navarro, M. C. et al. The MNT transcription factor autoregulates
its expression and supports proliferation in MYC-associated factor X
(MAX)-deficient cells. J. Biol. Chem. 295, 2001-2017 (2020).

25. Ayer, D. E., Lawrence, Q. A. & Eisenman, R. N. Mad-Max
transcriptional repression is mediated by ternary complex formation
with mammalian homologs of yeast repressor Sin3. Cell 80,
767-776 (1995).

26. Wahlstrdm, T. & Henriksson, M. Mnt takes control as key regulator of
the myc/max/mxd network. Adv. Cancer Res. 97, 61-80 (2007).

27. Zhang, C., Liu, X,, Jin, S., Chen, Y. & Guo, R. Ferroptosis in cancer
therapy: a novel approach to reversing drug resistance. Mol. Cancer
21, 47 (2022).

28. Zhao, G. et al. KLF11 regulates lung adenocarcinoma ferroptosis and
chemosensitivity by suppressing GPX4. Commun. Biol. 6, 570 (2023).

29. Bi, G. et al. miR-6077 promotes cisplatin/pemetrexed resistance in
lung adenocarcinoma via CDKN1A/cell cycle arrest and KEAP1/
ferroptosis pathways. Mol. Ther. Nucleic Acids 28, 366-386 (2022).

30. Bi, G. et al. Retinol saturase mediates retinoid metabolism to impair a
ferroptosis defense system in cancer cells. Cancer Res. 83, 2387-2404
(2023).

31. Zhao, G.Y,, Ding,J.Y,, Lu,C. L., Lin,Z.W. & Guo, J. The
overexpression of 14-3-3¢ and Hsp27 promotes non-small cell lung
cancer progression. Cancer 120, 652-663 (2014).

32. Zhao, G. RNA-Seq results following treatment with ferroptosis
inducing agents—MNT. Figshare https://doi.org/10.6084/m9.
figshare.24847179.v2 (2024).

33. Zhao, G. Differential gene expression in A549 cell RNA-Seq following
treatment with ferroptosis inducing gents—MNT. Figshare https://
doi.org/10.6084/m9.figshare.24847218.v2 (2024).

34. Zhao, G. Expression of MNT and prognostic analysis in a 2014 lung
adenocarcinoma patient cohort: original table. Figshare https://doi.
org/10.6084/m9.figshare.24847221.v2 (2024).

Acknowledgements

This work was supported by the National Natural Science Foundation of
China (No. 82373371) and the Science and Technology Commission of
Shanghai Municipality (No. 22Y31920403).

Communications Biology | (2024)7:680

10


https://doi.org/10.6084/m9.figshare.24847179
https://doi.org/10.6084/m9.figshare.24847179
https://doi.org/10.6084/m9.figshare.24847218
https://doi.org/10.6084/m9.figshare.24847221
https://doi.org/10.6084/m9.figshare.24847179.v2
https://doi.org/10.6084/m9.figshare.24847179.v2
https://doi.org/10.6084/m9.figshare.24847179.v2
https://doi.org/10.6084/m9.figshare.24847218.v2
https://doi.org/10.6084/m9.figshare.24847218.v2
https://doi.org/10.6084/m9.figshare.24847218.v2
https://doi.org/10.6084/m9.figshare.24847221.v2
https://doi.org/10.6084/m9.figshare.24847221.v2
https://doi.org/10.6084/m9.figshare.24847221.v2

https://doi.org/10.1038/s42003-024-06373-5

Article

Author contributions

Guangyin Zhao, Cheng Zhan, and Di Ge conceived and designed the
research. Guangyin Zhao, Jiagi Liang, and Yuchen Zhang analyzed data and
provided interpretation. Jie Gu and Yuchen Zhang collected specimen
samples. Jie Gu. provided technical support. Yunyi Bian, Jiagi Liang, and
Guangyao Shan participated in the evaluation of the results. Guangyin Zhao,
Jiaqi Liang, and Guangyao Shan wrote, reviewed, and revised the
manuscript. All authors reviewed and approved the manuscript for
publication.

Competing interests
The authors declare no competing interests.

Ethics

This study was approved by the Ethics Committee of the Clinical Research
Ethics Committee of Zhongshan Hospital, Fudan University (B2022-180R).
Written informed consent was obtained from all patients.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06373-5.

Correspondence and requests for materials should be addressed to
Cheng Zhan or Di Ge.

Peer review information Communications Biology thanks Mithun Mitra,
Flavia Biamonte and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. Primary Handling Editor: Johannes Stortz.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Biology | (2024)7:680

11


https://doi.org/10.1038/s42003-024-06373-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	MNT inhibits lung adenocarcinoma ferroptosis and chemosensitivity by suppressing�SAT1
	Results
	MNT involves ferroptosis in�LUAD
	MNT suppresses ferroptosis, enhances proliferation, and modulates chemotherapy sensitivity in LUAD�cells
	The overexpression of MNT suppresses cellular ferroptosis through the downregulation of SAT1 expression
	MNT represses SAT1 expression by interacting with its promoter�region
	The expression of SAT1 counteracts the effects of MNT on ferroptosis inhibition, promotion of proliferation, and reduction of chemotherapeutic sensitivity
	MNT promotes tumor formation as well as suppresses ferroptosis and chemotherapy sensitivity but can be antagonized by SAT1 in�vivo
	MNT is highly expressed in clinical LUAD samples, associated with poor prognosis, and negatively correlated with SAT1 expression

	Discussion
	Materials and methods
	Cell�lines
	Patients and tumor specimens
	Compounds
	Quantitative real-time�PCR
	Cell viability�assays
	Chromatin immunoprecipitation (ChIP)�assays
	Lentiviral infections
	Lipid peroxidation detection
	Western blotting
	Dual-luciferase reporter�assays
	Immunohistochemistry�(IHC)
	Transmission electron microscopy
	Tumor xenograft model in Nude�mice
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	Additional information




