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Abstract S-palmitoylation is a dynamic and revers-
ible post-translational modification that plays crucial
roles in cancer progression. Here, we found that the
oncogene of metadherin (MTDH) modulates lipid
metabolism and ferroptosis by its S-palmitoylation.
We demonstrate that MTDH is S-palmitoylated at
Cys-75 in the endoplasmic reticulum by ZDHHC1/9
and S-depalmitoylated by APTI. The flexible loop
and the o-helix length in the MTDH N-terminus
affect its S-palmitoylation level. In addition, metab-
olomics analysis found that the S-palmitoylated
MTDH increases intracellular levels of triglycerides,
phosphatidylethanolamines, and phosphatidylcho
lines. HE The non-S-palmitoylation form of MTDH-
CS enhanced the interaction between MTDH and
the ferroptosis enhancer of Acyl-CoA synthetase
long-chain family member 4 (ACSL4), thereby
reducing ferroptosis sensitivity in breast cancer
cells.
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S-palmitoylation is a reversible post-translational
modification (PTM) in eukaryotes, introducing long
chain fatty acids into cysteine residues of proteins.
S-palmitoylation is catalyzed by palmitoyl Sacyl-
transferases (PATs, also known as ZDHHC proteins) by
the ping-pong mechanism (I). In mammalian cells, 23
members of PATs share a similar topology, which is
characterized by an Asp-His-His-Cys (DHHC) motif
within the cysteine-rich domain and at least four
transmembrane domains (TMDs) (1). Removing the
fatty acyl chains from the substrates, S-depalmitoyla-
tion is catalyzed by the protein thioesterases (APTs).
Proteins undergo S-palmitoylation increasing the af-
finity to the membrane, which influence proteins

conformation, organization, localization, and stability
(2). Various physiological and pathological processes,
such as metabolism, innate immunity, cell death, ner-
vous system diseases and cancer are intimately related
to S-palmitoylation of substrates (3).

Lipids could noncovalently interact with proteins
and covalently modify proteins through PTMs,
affecting protein function (4). Our previous research
has established that metadherin (MTDH) could
interact with cholesterol (5). Meanwhile, MTDH was
found in S$-palmitoylation proteomic studies (6, 7).
S-palmitoylation of MTDH is verified in hepatocel-
lular carcinoma (HCC) cells by the acyl resin-assisted
capture method (8). MTDH is a single trans-
membrane protein, which has been observed to be
located in the plasma membrane, nucleus, and
endoplasmic reticulum (ER) (9). MTDH is an onco-
gene highly expressed in various cancers, such as
breast invasive carcinoma (BRCA), non-small cell
lung cancer (NSCLC), and HCC (9, 10). MTDH is
associated with tumor metastasis, drug resistance,
and lipid metabolism (10, 11). MTDH S-palmitoylation
regulates its protein stability and weakens the inter-
action between MTDH and staphylococcal nuclease
domain-containing protein 1 (SNDI) (8). Restraining
MTDH S$-palmitoylation promotes the progression of
DEN-induced HCC in vivo (8). However, it is still
unknown whether MTDH S$-palmitoylation regulates
metabolic homeostasis in cancer cells.

Programmed cell death (PCD) is genetically regu-
lated, and it is categorized as apoptosis, autophagy,
pyroptsis, necroptosis, and ferroptosis (12). Ferroptosis
is an iron-dependent form of cell death caused by
accumulation of peroxidation lipid (13). Acyl-CoA
synthetase long-chain family member 4 (ACSL4)
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facilitates the incorporation of polyunsaturated fatty
acids (PUFAs) into phospholipids (PLs), enhancing the
peroxidation susceptibility of membranes (14). Gluta-
thione peroxidase 4 (GPX4) utilizes glutathione (GSH)
to reduce lipid hydroperoxides, preventing peroxida-
tion lipid accumulation (13). GPX4 is the only enzyme
to reduce toxic lipids, playing a vital role in preventing
ferroptosis. The S-palmitoylation of GPX4 facilitates
its stability and enhances ferroptosis resistance in tu-
mor cells (15, 16). Solute carrier family 7 member 11
(SLC7A11) transports extracellular cystine into the cells,
maintaining intracellular GSH level to regulate GPX4
activity (13). The S-palmitoylation of SLC7All increases
its stability and strengthens tumor cells' resistance to
ferroptosis (17, 18). Together, S-palmitoylation of fer-
roptotic factors will enhance the ability of ferroptosis
resistance of cells. In addition, S-palmitoylation of the
ubiquitin-specific proteinase (USP) family indirectly
regulates the degradation of GPX4 and ACSL4 to in-
fluence the ferroptosis resistance of cancer cells (19,
20). However, the role of Spalmitoylation in ferrop-
tosis still remains unclear, and its mechanisms require
further investigation.

In this study, we demonstrate that MTDH is revers-
ibly S-palmitoylated at cysteine 75 in ER, catalyzed by
ZDHHCI1/9, and APTIL. The N-terminal of MTDH in-
fluences its S-palmitoylation catalytic process. More-
over, we uncovered that the S-depalmitoylation form
of MTDH increased the interaction with ACSL4,
thereby alters the ACSL4 activity in ferroptosis process.
These findings reveal a novel mechanism axis
involving MTDH S-palmitoylation and ACSL4 in
ferroptosis.

MATERIALS AND METHODS

Cell culture

HEK293T, HeLa, MCF7, MDA-MB-231, MDA-MB-453,
MDA-MB-361, and BT549 cells were cultured in DMEM
(Gibco). HCC1937 and SUMIBIPT cells were cultured in
RPMI 1640 (Gibco). Cell lines were maintained in culture
supplemented with 10% fetal bovine serum (FBS, Gibco) and
1% penicillin/streptomycin (Selleck, E2894) at 37°C with 5%
COq in a humidified incubator (ThermoFisher Scientific).

Plasmid cloning

For transient transfection, full-length, mutated and
truncated MTDH, ZDHHC family, APT1, APT2, ABHDI7A/
B/C, ABHDI10, PPT1, and ACSL4 coding sequences were
fused with SF and HA tag sequences by PCR and then
subcloned to the pCDNA3.1 vector in appropriate restriction
endonuclease sites. The targeted sequences were shown in
the Supplemental Table.

For the stable expression of proteins and shRNAs in cells,
the lentivirus packaging system was used. Coding sequences
of MTDH and MTDH-CS mutant were subcloned to pLoc
vector in appropriate restriction endonuclease sites. Lenti-
viral shRNAs were cloned in pLKO.1 vector within the Agel/
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EcoRI sites at the 3’ end of the human U6 promoter. The
targeted sequences were shown in the Supplementary Table.

Transfection and lentivirus infection

HEKZ293T cells were used for transfection and lentivirus
packaging. Plasmids and PEI (polyethylenimine, Polysciences,
24,765) were mixed at 1:4 ratio (w/w) in Opti-MEM medium
(Gibco) and then added to HEK293T cell medium. Protein
expression was tested about 48 h after transfection.

For lentivirus packaging, the protein or shRNA expressing
lentivirus vectors were transfected into HEK293T cells
together with packaging vectors psPAX2 and pVSVG using
PEL Virus-containing medium was harvested 48 h after
transfection and filtered with 0.22 pm membrane (Millipore,
SLGPO033RB) to remove cell debris, then the virus-containing
medium was used to culture target cells for 24 h. Puromycin
(3 pg/ml, InvivoGen, ant-pr-1) or Blasticidin (8 pg/ml, Inviv-
oGen, ant-bl-5) were used to screen positive cells, depending
on the lentivirus vector resistant gene.

17-ODYA labeling and click reaction

Metabolic labeling of bioorthogonal chemical reporters of
protein and detection of protein S-palmitoylation via click
chemistry were performed as previously described with mi-
nor modifications (6, 7). For labeling, the cells were incubated
with FBS free DMEM containing 100 pM palmitic acid (blank
control) or 17-ODYA (MedChemExpress, HY-101016) for 12 h.
After labeling overnight, cells were washed with cold PBS
and resuspended in Lysis Buffer (50 mM Tris-HCl, pH 74,
150 mM NaCl, 4 mM EDTA, 0.5% NP-40) supplemented with
0.6% SDS, protease inhibitors cocktail (Selleck, B14002) and
phosphatase inhibitors cocktail (Selleck, B15002). The lysates
were centrifuged at 14,000 x g for 15 min at 4°C, and the
protein concentrations of the supernatants were measured
using BCA protein assay kit II (Abcam, ab287853). Taking
1 mg total proteins and incubating with 1 mM CuSO4, 1.5 mM
TCEP, 100 yM TBTA, and 200 pyM biotin-azide (Aladdin,
B152153) at room temperature for 2 h. Then, the proteins
were precipitated by methanol-chloroform-water (MCW)
precipitation and dried the pellet. The dried protein pellet
was dissolved in 100 pl Lysis Buffer supplemented with 4%
SDS, protease and phosphatase inhibitors. Then, adding
900 pl Lysis Buffer supplemented with protease and phos-
phatase inhibitors and incubating with streptavidin beads
6FF (Smart-Lifesciences, SA021005) at 4°C overnight with
rotation. Unbound proteins were removed by washing with
Lysis Buffer for three times. Bound proteins were eluted by
boiling the beads at 98°C for 10 min with 1x SDS-PAGE
loading buffer (Takara, 9173). The samples were then
analyzed by immunoblotting assay.

Acyl-PEG exchange (APE) and acyl-biotin exchange
(ABE)

The APE and ABE assay was performed as previously
described with minor modifications (21, 22). In brief, cells
were scraped from plates and lysed in Lysis Buffer supple-
mented with 0.6% SDS, protease, and phosphatase inhibitors.
The lysates were centrifuged at 14,000 x g for 15 min at 4°C,
and the protein concentrations of the supernatants were
measured using BCA protein assay kit II. Taking 800 pg total
proteins and incubating with 10 mM TCEP at room temper-
ature for 30 min. Then, add freshly prepared N-ethyl-
maleimide (NEM, Sigma-Aldrich, E3876) dissolved in ethanol
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to achieve a final concentration of 25 mM, and incubate the
mixture at room temperature for 2 h. After incubation, the
proteins were precipitated by MCW precipitation and dried
the pellet. Then, dissolving the dried protein pellet in 190 pl
Lysis Buffer supplemented with 4% SDS and equivalently
divided the samples equally into two tubes. For the hydrox-
ylamine (HAM, Macklin, H828371) treatment, adding 5 pl
HAM into one group (+HAM) and 5 pl HO into the other
(-HAM, control group), and incubating the mixture at room
temperature for 1 h. After that, the proteins were precipitated
by MCW precipitation and dried in the pellet.

For the APE assay, dissolve the dried protein pellet in 70 pl
Lysis Buffer supplemented with 4% SDS. and add 10 pl 8 mM
methoxy-PEG-maleimide (average Mn = 10 kD, Bidepharm,
BD01161968) to achieve a final concentration of 1 mM. Incu-
bating the mixture at room temperature for 2 h. Then, the
samples were mixed with SDS-PAGE loading buffer and
denatured at 98°C for 10 min and analyzed by immunoblot-
ting assay. After that, the relative protein abundance was
analyzed using Image] (version 1.54f) grayscale analysis. The
S-palmitoylation ratio is calculated by dividing the S-palmi-
toylated protein abundance by the sum of S$palmitoylated
and S-depalmitoylated protein abundance.

For the ABE assay, dissolving the dried protein pellet in
75 ul Lysis Buffer supplemented with 4% SDS and adding 5 pl
16 mM biotin-maleimide (Sigma-Aldrich, B1267) to achieve a
final concentration of 1 mM. Incubating the mixture at room
temperature for 2 h. After that, the proteins were precipi-
tated by MCW precipitation and dried the pellet. The dried
protein pellet was dissolved in 100 pl Lysis Buffer supple-
mented with 4% SDS, protease and phosphatase inhibitors.
Then, adding 900 pl Lysis Buffer supplemented with protease
and phosphatase inhibitors and incubating with streptavidin
beads 6FF at 4°C overnight with rotation. Unbound proteins
were removed by washing with Lysis Buffer for three times.
Bound proteins were eluted by boiling the beads at 98°C for
10 min with SDS-PAGE loading buffer. The samples were
then analyzed by immunoblotting assay.

Immunoblotting

Cells were scraped from plates and lysed in Lysis Buffer
supplemented with 0.6% SDS, protease and phosphatase in-
hibitors. The cell lysates were clarified by centrifugation at
14,000 x g for 15 min at 4°C, and the protein concentrations
of the supernatants were measured using BCA protein assay
kit II. Total protein was mixed with SDS-PAGE loading
buffer and denatured at 98 °C for 10 min. Samples were
separated by SDS-PAGE and followed by transfer to a PVDF
membrane (Millipore, IPVH00010). Then, the PVDF mem-
branes were blocked with 5% (w/v) nonfat dry milk for 2 h at
room temperature. Then, the proteins on the PVDF mem-
brane were immunoblotted with indicated primary anti-
bodies overnight at 4°C, followed by washing in 0.1% Tween/
PBS. Membranes were incubated with corresponding sec-
ondary antibodies (goat anti-mouse, Millipore, AP-124P, and
goat anti-rabbit, Millipore, AP-132P) at room temperature for
2 h and then washed three times before signal detection.
Indicated primary antibodies listed in Supplemental Table.

Immunofluorescence

After seeding cells on the 4-chamber slide, and cells were
fixed with 4% paraformaldehyde (PFA) and permeabilized
with 0.1% Triton X-100 for 10 min. After blocking with 10%
goat serum, the permeabilized cells were incubated with
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primary antibodies overnight at 4°C. Then, the cells were
washed in PBS, stained with secondary antibodies (goat anti-
mouse Alexa Fluor™ 488, Invitrogen, A11001, and goat anti-
rabbit Alexa Fluor™ 555, Invitrogen, A31572) for 2 h at
room temperature, followed by counterstaining with DAPIL.
Images were taken with a scanning confocal microscope.

ER isolation

According to the manufacturer's recommendations,
adherent cells were scraped, and the cell pellet was obtained by
centrifugation. Next, resuspend the cell pellet in 500 pl of
Buffer A per 107 cells, and transfer it into a glass Dounce
homogenizer. Incubate on ice for 10 min. Cells were homog-
enized with 30-40 strokes using the Dounce homogenizer, and
then the homogenate solution was transferred to a new tube
and centrifuged at 1,000 x g at 4°C for 5 min. Carefully
transfer the supernatant into a new tube, collect the pellet (P1),
and dissolve it in loading buffer. Samples in the new tube were
centrifuged at 11,000 x g at 4°C for 10 min. Carefully transfer
the supernatant into a new tube, collect the pellet (P2), and
dissolve it in loading buffer. Samples in the new tube were
centrifuged at 44,700 x g at 4°C for 45 min. Carefully remove
the supernatant (S3) and resuspend the pellet in 400 pl of cold
Buffer B. Mix the sample and centrifuge at 44,700 x g at 4°C
for 45 min. Carefully remove the supernatant (S4) and dissolve
the pellet in 200 pl Lysis Buffer (P4).

Nucleus-cytoplasmic fractionation assay

According to the manufacturer's recommendations,
adherent cells were scraped, and the cell pellet was obtained by
centrifugation. Next, resuspend cell pellet in 100 pl of 1x
Pre-Extraction Buffer per 10° cells, and transfer to a micro-
centrifuge vial. Incubate on ice for 10 min. Vortex vigor-
ously for 10 s and centrifuge the preparation for 1 min at
10,000 x g. Carefully remove the cytoplasmic extract from the
nuclear pellet. Add Lysis Buffer containing to nuclear pellet.
Incubate the extract on ice for 15 min with vortex (5 s) every
3 min. The extract can be further sonicated for 3 times per 10 s
to increase nuclear protein extraction for tissue extract.
Centrifuge the suspension for 10 min at 14,000 x g at 4°C and
transfer the supernatant into a new microcentrifuge vial.

Ni-NTA agarose purification assay

Briefly, 6xHis-tagged MTDH proteins were expressed in
BL21 (DE3) Escherichia coli via transforming pET24a-MTDH-
6xHis plasmids. Then, the BL21 cells were collected, soni-
cated, and purified with BeyoGold™ His-tag purification
resin (Beyotime, P2210) to obtain purified MTDH-6xHis
protein.

RNA isolation and quantitative RT-PCR

RNA of cell samples was isolated with RNAiso Plus reagent
(Takara, 9108). The concentrations of RNA were determined
with Nanodrop (ThermoFisher Scientific). Reverse tran-
scription PCR was performed using Hifair® AdvanceFast
first Strand cDNA Synthesis Kit (Yeasen, 11150ES60) to obtain
cDNA as a template for quantitative RT-PCR. The quantita-
tive RT-PCR was performed using Hieff UNICON®
Advanced qPCR SYBR Master Mix (Yeasen, 11185ES03) in the
CFX-96 instrument (Bio-Rad). The Ct technique is used to
calculate fold changes. All reactions were run in triplicate.

MTDH regulates ferroptosis 3



Results were normalized to GAPDH levels. The primer se-
quences were as follows:

ZDHHCI. F 5-ATGGAGTTCTACATGCGGACCTTGC-3'
R 5-TGGCAAGAAACTGGGAGGGATTG-3

ZDHHCY. F 5-CCCAGGCAGGAACACCTTTT-3'
R 5-CCGAGGAATCACTCCAGGG-3'

MTDH. F 5'-AAATAGCCAGCCTATCAAGACTC-3'
R 5-TTCAGACTTGGTCTGTGAAGGAG -3’

GAPDH. F 5'-CATCTTCTTTTGCGTCGCCA-3’
R 5-TTAAAAGCAGCCCTGGTGACC-3’

Coimmunoprecipitation

Cells were scraped from dishes and lysed with NETN
buffer (20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA,
0.5% NP-40) containing protease and phosphatase inhibitors.
The cell lysates were clarified by centrifugation at 14,000 rpm
for 15 min at 4°C. For coimmunoprecipitation, cell lysates
were incubated with the anti-Flag affinity gel (Selleck,
B23102) or anti-HA magnetic beads (Bimake, B26202) at 4°C
overnight. Then, the agarose was washed 4 times with NETN
buffer, followed by adding 1x SDS-PAGE loading buffer and
being tested by immunoblotting assay.

Wound healing assay

Wound healing assay was used to test cell migration abil-
ities. Cells were seeded in 6-well plates. After the cells reached
approximately 98% confluency, they were scratched with a
sterile 10 pl pipette tip and incubated in fresh serum-free
media after the cell debris was removed by PBS. The width
of the gap was photographed and measured at the indicated
time points with Image J.

BODIPY 493/503 staining and lipid droplet
counting

Lipid droplet levels were measured using BODIPY 493/503
staining (Invitrogen, D3922). Cells were seeded on the
4-chamber slide and cells were incubated with 2 pM BOD-
IPY493,/503 for 15 min at 37°C. Then, the cells were fixed with
4% PFA for 10 min, followed by counterstaining with DAPL
Images were taken with a scanning confocal microscope. The
lipid droplets were counted by CellProfiler (version 4.2.5) (23).

Untargeted lipidomics

Lipid extraction from cells was performed as previously
described with minor modifications (24, 25). In brief, cells
collected in a 10 cm dish were rinsed with PBS and instantly
frozen in liquid nitrogen. Cells were then lysed with 700 pl of
methanol containing internal standards, and then mixed with
700 pl chloroform and vortexed for 20 s. Subsequently, 280 pl
water were added and again for 20 s vortex. The hydrophobic
layer was collected and freeze-dried. Quality control (QC)
sample was also prepared by combining the organic phase
and then freeze-dried to evaluate the analytical quality. The
lyophilized powder was redissolved in 20 pl organic solvent
(chloroform/methanol = 2/1, v/v) by 30 s vortex, then added
60 pl  organic solvent (acetonitrile/isopropanol/
water = 65/30/5, v/v, containing 5 mM ammonium acetate).
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After centrifugation, the supernatant can be directed for the
1290-6546 LC/Q-TOF (Agilent Technologies) analysis.

The acquisition condition for lipidomics analysis was
referred from previous study (26). Briefly, ACQUITY
UPLC® BEH C8 column (100 mm x 21 mm, 1.7 pm, Waters,
USA) was used for lipid separation and the column temper-
ature was set to 60°C. Acetonitrile/water (60:40, v/v) and
isopropanol/acetonitrile (90:10, v/v) both containing 10 mM
ammonium acetate was used as mobile phase. The sample
injection volume was 5 pl and multisampler temperature was
set to 10°C. Gas temperature was 320°C with the sheath gas
temperature at 350°C. Both the negative and the positive
mode was used, the m/z scan range was 50-1500 Da, and the
fragmentor was 175V. The capillary voltage was 4 kV for the
positive mode, while 3.5 kV for the negative mode. For auto-
MS/MS, both 15 eV and 30 eV were used as collision energy.
MassHunter Acquisition (version 10.1) was used for raw data
collection of lipid profiling.

MS-DIAL (version 4.92) was used to compare and process
data (27). The differential lipids were identified based on
their retention time, accurate mass, and spectrometric frag-
ments. After manually integrating the peak area and deriving
Excel table, the data were normalized by the total peak area
to obtain the relative concentration.

RSL3 sensitivity testing

Cell viability was measured using a Cell Counting Kit-8
(CCK-8, Yeasen, 40203ES60). Briefly, cells were seeded in a
96-well plate at a density of 3000 cells per well. The next day,
after the treatment of different concentrations of RSL3
(MedChemExpress, HY-100218A) or ML348 for a certain
time, each well was added with 10 pl of CCK-8 and cultured
for 2 h (37°C, 5% COy), and the absorbance was detected by
Cytationb (BioTek) at 450 nm.

PI staining

Cells were seeded in a 24-well plate. On the following day,
the cells were treated with RSL3 for 24 h, stained with 5 pg/
ml propidium iodide (PI, Innochem, B04206) and imaged by a
Cytationb.

Statistical analysis

Data representative of two or more independent experi-
ments. The comparison of indicated two groups was per-
formed by Student's ¢ test (two-tailed, unpaired): *P < 0.05,
#P < 0.01, ¥*P < 0.001, ¥**P < 0.001, and not significant (NS).
All of the statistical details can be found in the figure leg-
ends. Bars and error represent mean =+ standard deviations
(SD) of replicate measurements. All of the relative protein
expression was normalized by Image].

RESULT

MTDH is an S-palmitoylated ER-localized protein

To investigate whether MTDH undergoes S-palmi-
toylation, we used the bioorthogonal S-palmitoylation
detection method and the acyl-polyethylene glycol
(PEG) exchange (APE) assay. An alkyne analog of
palmitic acid (PA), 17-octadecynoic acid (17-ODYA),
covalently incorporated into MTDH proteins and sub-
sequently enriched by click chemistry and it's indicated
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that MTDH  Spalmitoylation (Fig. 1A and
Supplemental Fig. SIA). In the APE assay, thioester
bonds of the S-palmitoylated cysteines are cleaved by
hydroxylamine (HAM) and alkylated with methoxy-
PEG-maleimide, resulting in a detectable increase in
molecular weight of the S-palmitoylated substrates. We

observed the MTDH band shift in HAM treated group,
affirming MTDH S$-palmitoylation in HEK293T cells
and several breast cancer cell lines (Fig. 1B and
Supplemental Fig. SIB). To investigate MTDH S-pal-
mitoylation level across different cellular components,
we isolated the ER, cytoplasm, and nucleus fractions
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Fig.1. MTDH is an S-palmitoylated ER-localized protein. A: Endogenous MTDH S-palmitoylation in HEK293T cells was detected

using a bioorthogonal labeling approach. B: APE assay detecting endogenous MTDH S-palmitoylation in HEK293T cells with
(+HAM) or without (—HAM) hydroxylamine treatment. C: ER fractions were purified from HEK293T cells; P4 represents the ER-
enriched fraction. D: Comparison of MTDH S-palmitoylation levels between whole cell lysates (WCL) and ER-enriched fractions
using the APE assay. Data normalized to the WCL group. E: MTDH-WT or palmitoylation-deficient MTDH-CS was expressed in
HEK293T cells and analyzed by APE assay. F: Immunofluorescence of MTDH-WT or MTDH-CS (FLAG) and ER marker calnexin
in HeLa cells. Scale bar, 5 pm. G: ABE assay detecting S-palmitoylation of His-tagged MTDH expressed in E. coli BL21 (DE3), with or
without HAM treatment. All experiments were repeated independently at least three times.
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from HEK293T cells respectively. Compared with the
whole cell lysates, there is no significant difference in
the MTDH S-palmitoylation level across different
cell fractions by the APE assay (Fig. 1C, D, and
Supplemental Fig. S1C). Notably, human MTDH has
only a single cysteine residue—Cys-75—located near its
transmembrane domain (TMD). To verify Cys-75 is the
S-palmitoylated site of MTDH, we generated a cysteine
to serine mutant (MTDH-CS) and assessed its S-palmi-
toylation by the APE assay. As expected, S-palmitoyla-
tion of MTDH is completely abolished by this mutation
(Fig. 1E).

Furthermore, to determine the main subcellular
localization of MTDH and investigate whether S-pal-
mitoylation change the MTDH localization, we per-
formed immunofluorescence assay. Interestingly, both
SF-tagged (S-protein/FLAG-tagged) MTDH and
MTDH-CS mutant are co-localized with calnexin in
HelLa cells (Fig. 1F). This indicates MTDH is primarily
localized in the ER, regardless of its S-palmitoylation
status. The inhibitor of 2-bromopalimate (2BP) is
commonly used to reduce S-palmitoylation level (1).
Incubating with the S-palmitoylation inhibitor of 2BP,
the MTDH consistently localizes in ER (Supplemental
Fig. SID). In addition, the reduction of endogenous
MTDH Spalmitoylation level was not significant
compared with calnexin in HEK293T cells under
100 uM 2BP treatment for 24 h (Supplemental Fig. SIE).
To exclude the possibility of MTDH undergoing PATs-
independent auto-S-palmitoylation, we purified 6 xHis-
tagged MTDH expressed in BL21 (DE3) cells.
Contrasted with MTDH expressed in eukaryotes,
MTDH expressed in prokaryotes does not undergo
Spalmitoylation which detected by the acyl-biotin ex-
change (ABE) assay (Fig. 1G). That implies 2BP is not an
appropriate inhibitor to reduce MTDH S-palmitoyla-
tion. This finding is consistent with the earlier prote-
omic study, which profiles several direct targets of 2BP
(28). Taken together, these results suggest that MTDH
undergoes S-palmitoylation and the S-palmitoylation
has not alter MTDH localization in ER.

The N-terminal loop of MTDH involve in
S-palmitoylation catalytic process

During the process of detecting exogenously
expressed MTDH S-palmitoylation level, we found that
the S-palmitoylation level of the N-terminal SF-tagged
MTDH (SF-MTDH) is significantly decreased than the
C-terminal SF-tagged MTDH (MTDH-SF) (Supplemental
Fig. S2A). Due to the MTDH TMD region is located near
its N-terminus, we first considered whether the N-ter-
minal SF-tag altered the ER localization of MTDH
(Fig. 2A). The immunofluorescence results show that
SF-MTDH co-localized with calnexin, indicating that the
N-terminal SF-tag has not influence the ER localization
of MTDH (Supplemental Fig. S2B). Next, to investigate
whether the N-terminus of MTDH itself affects its
Spalmitoylation level, we constructed two MTDH
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deletion mutants with C-terminal SF-tagged, including
deletion of TMD (ATMD), and deletion of N-terminus
(AN). As anticipated, S-palmitoylation level of AN is
considerably lower than the wild-type (WT) MTDH, and
Spalmitoylation of /\TMD is not detected, similar to the
MTDH-CS mutant by the APE assay (Fig. 2B). And also,
the ER localization of ATMD has basically disappeared,
while AN still maintains its ER localization (Fig. 2C).
Taken together, these results indicate that MTDH re-
quires ER localization to undergo S-palmitoylation, and
MTDH N-terminus affects its S-palmitoylation level.

Furthermore, to clarify which region of the N-ter-
minus affects the MTDH S-palmitoylation level, we
conducted structure prediction. According to the
AlphaFold2, extra ER domain of MTDH could be
divided into three parts: five amino acids Met-Ala-Arg
-Arg-Ser (MARRS, green), an a-Helix (orange), and a
flexible loop (blue) (Fig. 2D and Supplemental Fig. S2C).
We generated another three different MTDH deletion
mutants with C-terminal SF-tagged constructs,
including deletion of ARRS (/AAS), deletion of a-Helix
(AHelix), and deletion of loop (/Aloop). The S-palmi-
toylation level of Aloop was significantly decreased
than the other two deletion mutants and wildtype
MTDH (Fig. 2E). Meanwhile, these mutant form of
MTDH maintain the ER localization (Fig. 2F), and the
/Aloop-MTDH with less S-palmitoylation level localized
ER, which is consistent with the phenomenon of /\N-
MTDH. These results indicate the loop region in the
MTDH N-terminus influences its S-palmitoylation level.

Next, we utilized AlphaFold3 to predict the structures
of AHelix-MTDH and Aloop-MTDH (Supplemental
Fig. S2D). The deletion of the N-terminal loop region
altered the overall topology of MTDH (Supplemental
Fig. S2D), highlighting its crucial role in facilitating
S-palmitoylation. However, the topology of currently
constructed mutants has deviated from that of the SF-
MTDH, in which the S-palmitoylation reducing phe-
nomenon was initially observed (Supplemental
Fig. S2A). Given that the N-terminus of SF-MTDH is
prolonged, we duplicated the first ten amino acids of
the a-Helix to generate the MTDH-ADD mutant
(Supplemental Fig. S2E). MTDH-ADD, which is also
localized in the ER, exhibited a slightly reduced S-pal-
mitoylation level (Supplemental Fig. S2F, G). According
to the AlphaFold3 predicted structures, SF-MTDH
and MTDH-ADD have a similar a-Helix length
(Supplemental Fig. S2H, I). Taken together, these results
suggest that the N-terminal topology of MTDH in-
fluences its Spalmitoylation without altering ER local-
ization. Specifically, the flexible loop is critical for
maintaining MTDH S$-palmitoylation, while the length
of the a-helix also contributes to its regulation.

ZDHHCI and ZDHHCY are the palmitoyl
acyltransferases of MTDH

To identify the specific PATs catalyzing MTDH
Spalmitoylation, we overexpressed 23 SF-tagged
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ZDHHC PATs in HEK293T cells and detected the
MTDH S-palmitoylation level by performing the APE
assay. Among them, ZDHHCI, ZDHHCY9, and ZDHHC21
increased MTDH S-palmitoylation level by at least 1.3
times (Fig. 3A, B). Next, we aimed to narrow down the
potential candidates by integrating the protein expres-
sion level in BRCA tissues with subcellular localization
information. Expression analysis using the Human
Protein Atlas (HPA, https://www.proteinatlas.org/)
confirmed that ZDHHCI1, ZDHHCY9, and ZDHHCZ21 are
all expressed in BRCA tissues (Fig. 3C). Here, we found
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that the MTDH S-palmitoylation is crucial for ER
membrane localization. Therefore, we excluded
ZDHHC21 from further consideration due to its lack of
ER localization, according to Uniprot subcellular
localization annotation (https://www.uniprot.org/)
(Fig. 3D). Finally, we examined gene expression corre-
lations using the Gene Expression Profiling Interactive
Analysis (GEPIA), and found that the MTDH expres-
sion is upregulated in BRCA (Supplemental Fig. S3A).
Interestingly, ZDHHCI1 and ZDHHCY expression no
significant difference between tumor and normal
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tissues (Supplemental Fig. S3B, C); however, the
expression of ZDHHCI robustly decreased in ER-
negative tumor tissues (Supplemental Fig. S3D).
MTDH expression was significantly negatively corre-
lated with ZDHHCI (P = 1.7e-32) and positively corre-
lated with ZDHHCY (P = 9e-41) (Fig. 3E, F). Taken
together, these results suggest that ZDHHC1 and
ZDHHC are the most likely PAT candidates mediating
MTDH S-palmitoylation in BRCA.
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Next, to investigate whether ZDHHCI and ZDHHC9
regulate MTDH S-palmitoylation, we conducted an
immunofluorescence assay. Exogenous SF-tagged
ZDHHCI and ZDHHCY co-localized with calnexin in
HeLa cells (Fig. 4A). Next, we performed loss-of-
function experiments by knocking down the
expression of ZDHHCI and ZDHHC9 in MCF7 and
MDA-MB-231 cells, validated by quantitative real-time
PCR (qPCR) (Supplemental Fig. S4A-D). Further, APE
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assays revealed that endogenous MTDH S-palmitoyla-
tion level was decreased upon ZDHHCI or ZDHHC9
knockdown (Fig. 4B, C). In contrast, overexpressed
ZDHHC] and ZDHHCY9 augmented endogenous
MTDH S-palmitoylation level, whereas the catalytically
inactive mutants, ZDHHSI1 and ZDHHSY, failed to do so
(Supplemental Fig. S4E, F).
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PATs function can be regulated by S-palmitoylation
cascades (29). The specific ZDHHC could be S-palmi-
toylated by the other PATs, thereby facilitating the
Spalmitoylation of its substrates. Therefore, we con-
ducted a pull-down assay and found that SF-tagged
ZDHHCI and ZDHHCY9, as well as their inactive mu-
tants form of ZDHHSI and ZDHHSY, were interacted
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with endogenous MTDH (Fig. 4D, E). Meanwhile,
ZDHHCI and ZDHHC9 were co-localized with MTDH
in ER in HeLa cells (Fig. 4F). Furthermore, coimmu-
noprecipitation (co-IP) assays revealed that MTDH was
detected in the immunoprecipitates of both ZDHHC1
and ZDHHSI, and MTDH pulled down ZDHHCI and
ZDHHSI (Supplemental Fig. S4G, H). In parallel,
ZDHHCY9 and ZDHHS9 pulled down MTDH
(Supplemental Fig. S4I). However, we did not observe
MTDH pull down ZDHHCY or ZDHHS9 (Supplemental
Fig. S4]). These findings suggest that ZDHHCI] and
ZDHHCY potentially interact with MTDH and facilitate
its S-palmitoylation.

MTDH is S-depalmitoylated by APTI

To identify potential enzymes responsible for cata-
lyzing MTDH S-depalmitoylation, we transduced most
common thioesterases, including APT1/2, ABHDI7A/
B/C, ABHDIO, and PPT1 in HEK293T cells and assessed
MTDH S-palmitoylation level. Overexpression of APT1
or APT2 reduced MTDH S-palmitoylation by approxi-
mately 30% (Fig. 5A, B). According to the HPA database,
APTI and PPT1 are expressed in BRCA tissues, while
APT?2 is undetectable (Fig. 5C), in addition APT1 has ER
localization based on the Uniprot database (Fig. 5D).
Combined with these results, APT1 is a potential
candidate for MTDH S-depalmitoylation. Furthermore,
GEPIA analysis showed that APT1 expression increased
in BRCA (Figure SbA), and revealed a significant posi-
tive correlation between MTDH and APT1 expression
(P = 7.8e-237) (Fig. 5E). In addition, APT1 significantly
localized ER (Supplemental Fig. SbB). Taken together,
these results suggest that APT1 is the most likely APT
candidate mediating MTDH S-depalmitoylation in
BRCA.

Next, to confirm whether APT1 promote MTDH
S-depalmitoylation, we treated with 15 pM ML348, a
selective APT1 enzyme inhibitor (30) for 12 h in MCF7
and MDA-MB-231 cells, which led to a slight increase in
MTDH S-palmitoylation level (Fig. 5F, G). Moreover,
the pull-down assays showed that APT1 could bind
with MTDH, and the immunofluorescence staining
also supported that APTI colocalized with MTDH in
the ER (Supplemental Fig. S5C, D). These findings
suggest that APTl may interact with MTDH and
facilitate its S-depalmitoylation.

Loss of MTDH S-palmitoylation enhances cell
migration ability

It has been shown that MTDH promotes breast can-
cer metastasis (31). Subsequently, we attempt to under-
stand whether the Spalmitoylation of MTDH is
relevant for breast cancer cells migration. To achieve
this, we firstly generated MTDH knockdown breast
cancer cell lines by using shRNAs. Knockdown effi-
ciency was confirmed at both mRNA and protein
expression levels in MCF7 and MDA-MB-231 cells
(Supplemental Fig. S6A, B). Among them shRNAI
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targets the 3’ untranslated region (UTR) of MTDH
while shRNA3 targets the coding region (Supplemental
Fig. S6C). Next, the FLAG-tagged MTDH-WT or the
loss of Spalmitoylation mutant form of MTDH-CS
transduced into shRNAl knockdowned MTDH cell
lines. The MTDH-WT and MTDH-CS transductions
rescued both protein expression levels and S-palmi-
toylation levels (Fig. 6A, B). Immunofluorescence
staining supported that MTDH-WT and MTDH-CS all
colocalized with calnexin in ER in MCF7 and MDA-MB-
231 cells (Fig. 6C, D). These models were then utilized to
assess the functional relevance of MTDH S-palmitoy-
lation in cell migration. Wound healing assay was per-
formed to detect cell migration. The migration rate of
the MTDH S-palmitoylation-deficient rescued cell lines
was faster than the MTDH-WT rescued cell lines
(Fig. 6E, F). Taken together, these findings suggest that
the loss of MTDH Spalmitoylation enhances the
migration ability in breast cancer cells.

Loss of MTDH S-palmitoylation enhances
ferroptosis resistance in breast cancer cells

MTDH has been reported to regulate lipid homeo-
stasis, with significantly reduced serum total triglycer-
ide (TG) level observed in MTDH-knockout mice
compared to WT-MTDH mice (11). TG is primarily
stored in lipid droplets, which could be visualized by
BODIPY 493/503 staining (32). Also, we found that the
lipid droplet numbers were significantly reduced in
MTDH knockdown cells compared with control cells,
suggesting that MTDH regulates TG level in breast
cancer cells (Supplemental Fig. S7A, B). These results
indicate that MTDH contributes to lipid metabolism in
breast cancer cells.

Accordingly, we next investigated whether the S-pal-
mitoylation of MTDH also affects lipid homeostasis. To
achieve this, we performed untargeted lipidomic
profiling in MDA-MB-231 cell lines, including MTDH-
knockdown cells (CTRL), MTDH-WT rescued cells
(WT), and MTDH-CS rescued cells (CS). Principal
component analysis revealed distinct lipidomic profiles
among the three groups (Supplemental Fig. S7C).
Similar to the fluorescent staining data of lipid droplets,
TG level was elevated in MTDH-WT rescued cells
(Supplemental Fig. S6D). However, in MTDH-CS rescued
cells, TG level was also increased but remained below
that in MTDH-WT rescued cells (Supplemental Fig. S7D,
E). Additionally, we noticed the levels of phosphatidyl-
ethanolamines (PE) and phosphatidylcholines (PC) were
downregulated in the MTDH-CS rescued cells,
compared to the MTDH-WT rescued cells (Fig. 7A, B).
Taken together, these findings suggest that Spalmitoy-
lation of MTDH plays a critical role in regulating lipid
composition in breast cancer cells, particularly affecting
levels of TG, PC, and PE.

Furthermore, the PC and PE containing C20:4 and
C22:4 acyl chains were reduced in the MTDH-CS
rescued cells, compared to the MTDH-WT rescued
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cells (Fig. 7C). Metabolic enzyme of ACSL4 which is
localized in ER, promotes the PUFAs to acyl-CoA,
especially arachidonic acid (C20:4) and adrenic acid
(C22:4) (33, 34). These data indicate that the S-pal-
mitoylation of MTDH may affect ACSL4 activity in
breast cancer cells. Therefore, to investigate whether

SASBMB

MTDH interacts with ACSL4, we performed pull-
down assay and observed that HA-tagged ACSL4
interact with endogenous MTDH (Supplemental
Fig. S7F). Next, both MTDH-WT and MTDH-CS
pulled downed ACSL4, and MTDH-CS had a stron-
ger interaction with ACSL4 in MDA-MB-231 and
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WT. Scale bar, 100 pm. Two-tailed Student's ¢ test; P < 0.01. All experiments were repeated independently at least three times.

MCF7 cell lines (Fig. 7D). Considering that MTDH
exists in both S-palmitoylated and S-depalmitoylated
states, we hypothesize that ACSL4 preferentially in-
teracts with the S-depalmitoylated form of MTDH.
To verify this hypothesis, we eluted the immuno-
precipitates of ACSL4 and assessed the APE assay to
examine the MTDH S-palmitoylation level. Over-
expression of ACSL4 had no impact on MTDH
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undergoing S-palmitoylation, and the pulled down
MTDH by ACSL4 were mainly S-depalmitoylated
states (Fig. 7E). Taken together, these results suggest
that ACSL4 predominantly interacts with S-depal-
mitoylated MTDH, and this interaction may affect
ACSLA4 activity.

Remodeling of glycerophospholipids (including PC
and PE) in the cell membrane is one of the ferroptosis
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hallmarks (14). ACSL4 is a key lipid metabolism enzyme
in ferroptosis (35). We first employed the Cancer
Treatment Response Portal (CTRP) database (https://
portals.broadinstitute.org/ctrp.v2.1/) to investigate the
correlation between MTDH expression and ferroptosis,
found that high MTDH expression level correlated
with enhanced resistance to ferroptosis (Supplemental
Fig. S7G). Beside a previous study also supports this
notion, showing that MTDH enhances the sensitivity of
breast cancer cells to ferroptosis (36). Based on this, we
considered whether Spalmitoylation of MTDH influ-
ence ferroptosis sensitivity in breast cancer cells.
Consequently, MTDH-WT and MTDH-CS rescued cells
were stimulated with varying concentrations of RSL3,
which is a commonly used ferroptosis agonist (37) by
directly targeting GPX4, revealing that MTDH-CS
rescued MDA-MB-231 cells exhibited reduced sensi-
tivity to ferroptosis (Fig. 7F). However, this was not
observed in rescued MCF7 cells (Supplemental
Fig. S7H). This may be attributed to the MCF7 cells
intrinsic insensitivity to RSL3 (Supplemental Fig. S7I).
In parallel, MTDH-CS rescued MDA-MB-231 or MCF7
cells that almost completely resisted RSL3-induced cell
death, indicated by staining with propidium iodide (PI)
(Fig. 7G and Supplemental Fig. S7]). Furthermore, to
investigate the effect of increasing MTDH S-palmitoy-
lation level on ferroptosis, we treated MDA-MB-231 or
MCF7 with RSL3 and ML348 together. As expected,
RSL3 alone reduced cell viability, whereas the addition
of ML348 further sensitized breast cancer cells to RSL3-
induced ferroptosis. ML348 itself showed no significant
effect on cell viability (Fig. 7H and Supplemental
Fig. S7K). Taken together, these findings suggest that
Spalmitoylation of MTDH enhances ferroptosis sensi-
tivity in breast cancer cells, may particularly in MDA-
MB-231, but not in estrogen receptor-positive (ER+)
MCF7 cells.

DISCUSSION

S-palmitoylation is the only reversible lipidation that
plays a crucial role in protein conformation, localiza-
tion, stability, and protein-protein interaction, thereby
influencing a wide range of physiological and patho-
logical processes, including cancer progression (3,
38-41). Although S-palmitoylation of MTDH has been
overexpressed in early proteomic studies, its functional
implications in cancer progression have remained
largely unexplored (6, 7). In the present study, we
revealed that S-palmitoylation of MTDH negatively
regulates its interaction with ACSL4, thereby modu-
lating the ferroptosis sensitivity in breast cancer cells.
Specifically, the S-palmitoylation of MTDH is dynam-
ically catalyzed at Cys-75 by ZDHHC1/9 and APTI,
functioning in a reversible manner (Fig. 71).

Spalmitoylation is catalyzed by the ZDHHC family
via the ping-pong mechanism (1). In our study, we
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found ZDHHCI and ZDHHC9 S-palmitoylated MTDH
(Fig. 4). However, ZDHHCS is also reported to catalyze
MTDH S-palmitoylation in HCC cells (8). This phe-
nomenon of multiple ZDHHCs can be identified to
S-palmitoylate the same substrate is not rare. Similar
phenomenon has been observed with other proteins,
such as nucleotide oligomerization domain-like recep-
tor protein 3 (NLRP3) (42-45), Gasdermin D (GSDMD)
(46-48), and GPX4 (15, 16). Moreover, distinct substrates
have been identified for the same ZDHHC across
different cell lines at the proteomics level (49).
Together, these reflects PAT redundancy and the lack
of clearly defined recognition sequences, complicating
the elucidation of ZDHHC-substrate network. A
comprehensive view of the ZDHHC-substrate network
needs to be constructed to clearly understand regula-
tory mechanisms of S-palmitoylation. Furthermore, we
found N-terminal of MTDH affect its S-palmitoylation
level, indicating the topology of substrates influences
the catalyze process (Fig. 2). Additionally, we found
2BP is not useful to inhibit MTDH S-palmitoylation
level (Supplemental Fig. SIC-E), which indicate that
2BP has nonselective off-target effects. Therefore,
more specific S-palmitoylation inhibitors has to be
developed (1, 50).

Energy metabolism reprogramming is one hallmarks
of cancer (51). MTDH has been reported to regulate
glucose metabolism and lipid metabolism in cancer cells
(11, 52, 53). In our study, we found that Spalmitoylation
of MTDH regulates lipid metabolism particularly
affecting PC, PE, and TG (Fig. 7 and Supplemental
Fig. S7). Lipid metabolism disorders can modulate
cellular ferroptosis (54). Iron metabolism, frequently
disrupted in cancer progression, is often characterized
by iron overload in in BRCA (55-57). Ferroptosis, an
iron-dependent PCD, is considered as a potential novel
therapeutic target of BRCA (58, 59). ACSL4 serves as a
key regulator in ferroptosis by promoting the accu-
mulation of PUFA-PLs in the cell membrane (60). We
demonstrated that the loss of S-palmitoylation on
MTDH enhances its interaction with ACSL4 and sub-
sequently reduces ferroptosis sensitivity in MDA-MB-
231 cells (Fig. 7). Interestingly, this effect was not fully
evident in MCF7 cells, even though the S$palmitoyla-
tion-deficient mutant of MTDH similarly showed
increased binding to ACSL4 (Fig. 7 and Supplemental
Fig. S7). Since the experiments were performed in
MTDH-knockdown cell lines, the residual baseline of
MTDH S$-palmitoylation level in MCF7 cells might have
been sufficiently high to mask the positive effects.
Furthermore, MCF7 is an ER + breast cancer cell lines,
and ER + breast cancers are known to suppress fer-
roptosis sensitivity (61). These findings highlight a cell
type-specific regulatory mechanism of ferroptosis
mediated by MTDH S-palmitoylation.

Inhibiting GPX4 is a more direct way to suppress
tumor progression by inducing ferroptosis (62). But
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traditional GPX4 inhibitors, such as RSL3, also target
immune cells, impairing their antitumor ability
in vivo (63, 64). MTDH is essential for mammary
tumorigenesis but dispensable for normal develop-
ment (65). Therefore, it is reasonable to infer that
altering the S-palmitoylation level of MTDH would
have minimal impact on the normal physiological
state of cells. Previous studies have reported that
reducing S-palmitoylation levels, either directly or
indirectly, enhances the sensitivity of tumor cells to
ferroptosis (15-20). However, selectively inhibiting
specific palmitoyl acyltransferases (PATs) remains
challenging (1). In our study, we found that ML.348, a
specific inhibitor of APT]I, significantly enhanced
RSL3-induced ferroptosis sensitivity in breast cancer
cells (Fig. 7 and Supplemental Fig. S7). Therefore,
targeting MTDH S-palmitoylation to enhance fer-
roptosis sensitivity may represent a novel cancer
therapeutic strategy.

Additionally, an early report indicates that MTDH
S-palmitoylation suppresses its interaction with SNDI,
thereby inhibiting tumor growth of HCC (8). From the
mechanistic perspective, it is similar to our findings
that MTDH S-palmitoylation inhibits its interaction
with certain proteins, including ACSL4 and SNDL
Disrupting MTDH-SNDI complex makes contribution
to BRCA treatment (31, 66). Collectively, our results
highlight the crucial role of MTDH S$-palmitoylation in
modulating protein interactions and ferroptosis sensi-
tivity, suggesting that inhibition of MTDH Spalmi-
toylation may be a potential strategy for breast cancer
therapy.
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