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Cancer-associated fibroblasts promote
doxorubicin resistance in triple-negative
breast cancer through enhancing ZFP64
histone lactylation to regulate ferroptosis

KeJing Zhang'?, Lei Guo'?, Xin Li"? Yu Hu'? and Na Luo"**

Abstract

Background Cancer-associated fibroblasts (CAFs) have been identified to drive chemotherapy resistance in triple-
negative breast cancer (TNBC). This study evaluated the functions of CAFs-mediated suppressive ferroptosis in
doxorubicin (DOX) resistance in TNBC and its detailed molecular mechanisms.

Methods TNBC cell lines were co-cultured with CAFs isolated from DOX-sensitive (CAF/S) or DOX-resistant (CAF/R)
breast cancer tissues. Cell viability and death were assessed by cell counting Kit-8 (CCK-8) and propidium iodide

(PI) staining. Ferroptosis was evaluated by detection of Fe?t malondialdehyde (MDA), glutathione (GSH), and lipid
reactive oxygen species (ROS) levels. Histone lactylation was determined by lactate production, pan-Kla and H3K18la
expression. Molecular mechanism was determined by chromatin immunoprecipitation (ChIP) and dual luciferase
reporter system. Molecule and protein expression was detected by quantitative Real-Time PCR (RT-gPCR), Western
blotting, immunofluorescence and immunohistochemical staining. TNBC cells were injected into the mammary fat
pad of nude mice to investigate DOX sensitivity in vivo.

Results CAFs-derived lactate repressed ferroptosis to confer resistance of TNBC cells to DOX. Moreover, zinc finger
protein 64 (ZFP64) expression was elevated in DOX-resistant TNBC and was associated with high histone lactylation
level. CAFs facilitated histone lactylation to enhance ZFP64 expression, which triggered ferroptosis inhibition and
DOX resistance. In addition, ZFP64 bound to the promoters of GTP cyclohydrolase-1 (GCH1) and ferritin heavy chain

1 (FTH1), thereby promoting their expression. Rescue experiments indicated that ZFP64 silencing-induced ferroptosis
and high sensitivity of TNBC cells to DOX could be counteracted by GCH1 or FTH1 overexpression.

Conclusion CAFs acted as a ferroptosis inhibitor to cause DOX resistance of TNBC via histone lactylation-mediated
ZFP64 up-regulation and subsequent promotion of GCH1-induced lipid peroxidation inhibition and FTH1-induced
intracellular Fe?* consumption.
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Introduction

Breast cancer remains the most frequent malignancy
of women in the world. Triple-negative breast cancer
(TNBC) is an aggressive type of breast cancer, featured
by negative expression of estrogen receptor, progester-
one receptor and epidermal growth factor receptor-2 [1].
Approximately 20% of breast cancer patients are diag-
nosed with TNBC, which are most likely to suffer drug
resistance and metastasis, leading to a poor prognosis [2,
3]. Doxorubicin (DOX) has been widely used in TNBC
chemotherapy because of its good efficacy [4]. However,
DOX resistance greatly reduces its efficacy and limits
its clinical application [5]. Therefore, understanding the
mechanisms through which TNBC cells acquire DOX
resistance is crucial to develop strategies to improve
chemosensitivity.

Ferroptosis is a newly discovered type of iron-depen-
dent cell death caused by ferrous ion accumulation,
which is featured by lipid reactive oxygen species (ROS)
overproduction [6]. Ferroptosis has close association
with the malignant development of diverse malignancies,
including TNBC [7, 8]. Notably, ferroptosis inhibition
could confer DOX resistance in TNBC [9, 10]. Cancer-
associated fibroblasts (CAFs), widely existed in tumor
microenvironment, contribute to drug resistance and
aggressiveness of cancer cells [11]. It is well established
that CAFs can support TNBC growth through protect
TNBC cells from DOX chemotherapy. For instance,
Amornsupak et al. documented that CAFs induced high-
mobility group box-1 (HMGB1) expression and conse-
quently promoted DOX resistance in TNBC cells [12].
Inhibition of generation of CAFs by gamma mangos-
tin could improve DOX sensitivity of TNBC cells [13].
CAFs can affect the efficacy of chemotherapy via various
mechanisms. For example, CAFs can secrete multiple
growth factors, cytokines, chemokines, pro-tumorigenic
molecules, and extracellular vesicles that modulate the
sensitivity of cancer cells to chemotherapy [14, 15]. In
addition, CAFs could repress ferroptosis to trigger resis-
tance of pancreatic cancer cells to gemcitabine [16]. So
far, the influence of CAFs on ferroptosis during DOX
resistance of TNBC cells has not been clarified. There-
fore, a more thorough understanding of the mechanisms
by which CAFs drive TNBC cell resistance is necessary
to combat DOX resistance and malignant development
in TNBC.

Histone lactylation, dose-dependently related to lactate
level, is a key epigenetic modification that contributes to
target gene transcription. Several studies have suggested
the tumor-promotive role of histone lactylation [17, 18].
A previous study showed that high histone lactylation
level indicated a poor prognosis, and histone lactylation
facilitated tumorigenesis of ocular melanoma by up-
regulating YTH m6A RNA-binding protein 2 (YTHDEF2)
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[19]. Of note, Sun et al. found that hypoxic CAFs pro-
moted lactate production, which drove breast cancer cell
metastasis [20]. However, whether CAFs can affect lac-
tylation and its involvement in ferroptosis during DOX
resistance of TNBC cells are largely unknown.

Zinc finger protein 64 (ZFP64) belongs to the zinc-
finger type C2H2 transcription factor family. As a tran-
scription factor, ZFP64 could promote the progression
of various malignancies, such as gallbladder cancer [21],
esophageal cancer [22], and hepatocellular carcinoma
[23]. Notably, a previous study reported that ZFP64
caused nab-paclitaxel resistance in gastric cancer pro-
gression [24]. As analyzed by GEPIA, UALCAN and
Kaplan-Meier DPlotter databases, ZFP64 was highly
expressed in breast cancer, which was correlated with
advanced tumor stage, a higher lymph node metasta-
sis stage, and a poor prognosis of patients. In addition,
JASPAR and hTFtarget databases predicted that ZFP64
might bind to the promoters of ferroptosis-related genes,
including glutathione peroxidase 4 (GPX4), solute carrier
family 7 member 11 (SLC7A11), ferritin heavy polypep-
tide 1 (FTH1), nuclear receptor coactivator 4 (NCOA4),
acyl-CoA synthetase long-chain family member 4
(ACSL4), arachidonic acid 15-lipoxygenase (ALOX15),
and GTP cyclohydrolase-1 (GCH1). Thus, we focused on
ZFP64 and further elucidated its influence on TNBC pro-
gression. So far, whether ZFP64 can be modulated by lac-
tylation to affect DOX resistance in TNBC has not been
explored.

In this study, we sought to verify the role of CAFs-
modulated ZFP64 in DOX resistance of TNBC cells.
We found that CAFs-mediated lactylation up-regulated
ZFP64 to inhibit ferroptosis via promoting GCH1-
mediated lipid peroxidation inhibition and FTH1-medi-
ated Fe?* depletion, which conferred DOX resistance of
TNBC cells. Our findings explained the novel mecha-
nisms through which CAFs favored DOX resistance in
TNBC, and identified promising target to increase che-
mosensitivity of TNBC patients.

Materials and methods

Clinical samples

60 patients with breast carcinoma (containing 30 DOX-
sensitive and 30 DOX-resistant samples) at Xiangya Hos-
pital, Central South University provided breast cancer
tissues. Before surgical resection, the patients received
DOX-based chemotherapy. As previously described
[25], 30 patients were defined as DOX-resistant group,
who suffered early recurrence within 6 months after
DOX chemotherapy, and 30 patients were considered as
DOX-sensitive group, who did not suffer tumor recur-
rence during follow-up period. The clinicopathological
parameters of the breast cancer patients are shown in
Table S1. Written informed consent was collected from
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all participants. This study was approved by the Xiangya
Hospital, Central South University.

Data retrieval and analysis

ZFP64 expression in diverse types of human cancers was
analyzed by GEPIA database (http://gepia2.cancer-pku.
cn/#index). UALCAN database (https://ualcan.path.uab
.edu/index.html) evaluated ZFP64 expression in normal
and breast cancer patients in stages 1, 2, 3, 4 and different
lymph node metastasis stages (NO, N1, N2, N3). The cor-
relation between ZFP64 expression and overall survival
(OS), recurrence-free survival (RFS), and distant metas-
tasis-free survival (DMFS) of breast cancer patients was
analyzed by Kaplan-Meier Plotter database (https://kmpl
ot.com/analysis/index.php?p=background).

Isolation of CAFs

We extracted CAFs from DOX-sensitive and DOX-resis-
tant breast cancer tissues. Briefly, the breast cancer tis-
sues were cut up into pieces, followed by digestion with
collagenase (100 pg/mL) and hyaluronidase (100 pg/mL)
for 2 h at 37 °C. The collected CAFs after centrifugation
were maintained in DMEM (Thermo Fisher, Waltham,
MA, USA) containing 20% fetal bovine serum (FBS)
(Thermo Fisher) at 37 °C with 5% CO,. After washing
with culture medium, the adherent CAFs were further
identified by specific markers as described below.

Immunofluorescence staining

The primary CAFs were seeded onto coverslips, fixed
with 4% paraformaldehyde, permeabilized with 0.2% Tri-
ton X-100, and blocked with 10% goat serum for 60 min.
Incubation with smooth muscle actin-alpha (a-SMA)
(A17910, 1:50, ABclonal, Wuhan, China), fibroblast acti-
vated protein (FAP) (A23789, 1:50, ABclonal), and FSP1
(A19109, 1:50, ABclonal) was performed at 4 °C over-
night. Breast cancer tissues were fixed in 4% paraformal-
dehyde, dehydrated, and embedded in paraffin, sectioned
into 5 pm-sections, and received antigen retrieval. The
tissue samples were incubated with pan-Kla (PTM-
1401RM, 1:50, PTM BioLab, Hangzhou, China), ZFP64
(55734-MSM1-P0, 1:10, Thermo Fisher), and H3K18la
(PTM-1406RM, 1:500, PTM BioLab, Hangzhou, China)
at 4 °C overnight. Then, the CAFs and tissue samples
were probed with the specific secondary antibodies
for 1 h, and examined under a fluorescent microscope
(Olympus, Tokyo, Japan).

Cell culture and treatment

American Type Culture Collection (ATCC) (Manassas,
VA, USA) provided BT-549 and MDA-MB-231 cells that
were cultured in RPMI-1640 and DMEM containing 10%
FBS, respectively. All cells grew at 37 °C with 5% CO,.
We added 0.5 pM DOX hydrochloride (MCE, Shanghai,
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China), 20 mM oxamate (Sigma-Aldrich, Saint Louis,
MO, USA), 25 mM lactic acid (LA, Sigma-Aldrich),
5 pm Ferrostain-1 (Fer-1, MCE), 0.1 mM deferoxamine
(DFO, MCE), 10 pM Z-VAD-EMK (MCE), 10 pM Necro-
stain-1 (Nec-1, MCE) to BT-549 and MDA-MB-231 cells,
respectively.

Co-culture assay

We planted TNBC cells (5 x 10%) into the lower chambers
and CAFs (5x10% into the upper chambers of 0.4 mm
Transwell chambers (Thermo Fisher) to establish a co-
culture system. After co-culture for 48 h, TNBC cells
were obtained for further examination.

Cell transfection

Genechem (Shanghai, China) provided short hairpin
RNA (shRNA) targeting ZFP64 (shZFP64 sequence: G
CAAGCAGCAGTTTAACAACC) and negative control
shRNA (shNC sequence: GTTCTCCGAACGTGTCA
CGT). We inserted the full-length sequences of GCH1
or FTH1 into pcDNA3.1 to construct pcDNA3.1-GCH1
or FTH1 overexpression plasmid. TNBC cells (4x 10°)
were transfected with shRNA or constructed plasmid
using Lipofectamine 2000 (Thermo Fisher) for 48 h.
We co-transfected lentivirus vector GV115-shZFP64
(Genechem), pHelper 1.0 and pHelper 2.0 plasmids into
HEK-293T cells to produce lentivirus particles carry-
ing shZFP64, named as lv-shZFP64. Lv-shNC served as
the control lentiviruses. We infected lv-shZFP64 or lv-
shNC into TNBC cells in the presence of polybrene, and
selected the stably infected cells by puromycin (2 pg/mL)
for 4 weeks.

Detection of lactate production

The Lactate Assay Kit (Abcam, Cambridge, UK) deter-
mined lactate content in the cellular supernatants. We
detected the absorbance at 450 nm according to the man-
ufacturer’s protocol.

Cell counting Kit-8 (CCK-8)

The CCK-8 Kit (Abcam) examined the cell viability. In
brief, TNBC cells were planted into 96-well plates (3 x 10*
cells per well). Subsequently, we added 10 pL/well reac-
tion solution into the wells, followed by incubation for
2 h at 37 °C. A microplate reader (Thermo Fisher) mea-
sured the absorbance at 460 nm. Propidium iodide (PI)
staining PI staining evaluated cell death. The collected
TNBC cells were stained with PI solution for 15 min in
the dark. After adding with binding Buffer, a flow cytom-
eter (BD, Franklin lakes, NJ, USA) detected the fluores-
cence of 10,000 cells.
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Detection of glutathione (GSH), malondialdehyde (MDA),
ferrous iron (Fe?*)

The Reduced GSH Content Assay Kit (Solarbio, Beijing,
China), MDA Content Assay Kit (Solarbio), Ferrous Ion
Content Assay Kit (Solarbio) analyzed the levels of GSH,
MDA, and Fe*", following the product instructions.

Measurement of lipid ROS

The C11-BODIPY 581/591 probe (Thermo Fisher) mea-
sured the lipid ROS generation. In short, TNBC cells sus-
pended in serum-free medium were stained with 2 uM
C11-BODIPY 581/591 probe at 37 °C for 30 min. Subse-
quently, a flow cytometer analyzed the fluorescence in
TNBC cells.

Transmission electron microscope (TEM)

TEM observed the mitochondrial morphology of TNBC
cells. TNBC cells were subjected to fixation with 2.5%
glutaraldehyde, followed by treatment with 1% osmium
acid, dehydration, and embedding molds. After staining
with lead citrate and uranyl acetate, a TEM (HITACH]I,
Tokyo, Japan) observed the mitochondrial morphology.

Chromatin immunoprecipitation (ChIP)

The ChIP Assay Kit (Beyotime, Shanghai, China) vali-
dated the binding of ZFP64 to FTH1/GCHI1 promoter,
and H3K18la modification in ZFP64 promoter. After
crosslinking with 1% formaldehyde, TNBC cell lysates
were sonicated to obtain chromatin fragments. ZFP64
antibody (17187-1-AP, Proteintech, Wuhan, China),
H3K18la (PTM-1406RM, PTM BioLab) or IgG (30000-0-
AP, Proteintech) immuno-precipitated the DNA-protein
complexes overnight at 4 °C. The immuno-complexes
were eluted to obtain DNA fragments, followed by Pro-
teinase K treatment. qPCR detected the enrichment of
FTH1/GCH1 promoter.

Dual luciferase reporter assay

We inserted the sequences containing the binding sites
of ZFP64 to FTH1/GCH1 promoter into the pGL3-basic
vector to construct luciferase reporter vectors. TNBC
cells were transfected with shZFP64 combined with WT
or luciferase reporter vector using Lipofectamine 2000.
The Dual-Lucy Assay Kit (Solarbio) analyzed the lucifer-
ase activity.

Animal model

Slac Jingda Laboratory Animal Co., Ltd (Hunan, China)
provided the BALB/c nude mice (Female, 6 weeks old).
We injected BT-549 and MDA-MB-231 cells (5x 10°)
stably transfected with shZFP64 or shNC mixed with or
without CAF/R (ratio: 1:1) into the mammary fat pat of
mice (6 mice per group). The formula: (length x width?)/2
calculated tumor volume. Once the tumor volume
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reached 80-100 mm?, we intraperitoneally injected vehi-
cle or DOX (5 mg/kg) into the mice every 3 days for 6
times [26]. We sacrificed all mice after the injection for
25 days, and collected and weighed the tumors. The
Experimental Ethics Committee Xiangya Hospital, Cen-
tral South University approved the animal experiments.

Immunohistochemical staining

The tumors were embedded in paraffin and sectioned
(5 um). After deparaffinization and rehydration, the
sections received antigen retrieval in boiled sodium
citrate buffer. Treatment with 3% H,O, blocked the
endogenous peroxidase. The sections were probed with
Ki-67 (A20018, 1:100, ABclonal), FTH1 (10727-1-AP,
1:50, Proteintech), GCH1 (28501-1-AP, 1:200, Protein-
tech), FAP (ab314456, 1:1000, Abcam), FSP1 (A19109,
1:200, ABclonal), CD29 (A23497, 1:1000, ABclonal),
PDGFRP (A2180, 1:50, ABclonal), CD8 (A23305PM,
1:500, ABclonal), CD31 (A19014, 1:500, ABclonal),
CD206 (ab64693, 1:500, Abcam) overnight at 4 °C, fol-
lowed by incubation with Biotin-conjugated secondary
antibody (SA00004-2, 1:100, Proteintech). After reac-
tion with diaminobenzidine (DAB), a light microscope
photographed the immunohistochemical images. For
CAF marker staining, CAF enrichment was evaluated by
a histological score (H-score), defined by staining inten-
sity (ranging from 0 to 4) multiplied by the percentage of
stained sections, as described in a previous study [27].

Quantitative real-time PCR (RT-qPCR)

The RNA Easy Fast Isolation Kit (TIANGEN, Beijing,
China) isolated total RNA, and the FastKing cDNA syn-
thesis kit (cat. no. KR116-02, TTANGEN) transcribed the
total RNA into cDNA. Real-time PCR was conducted
using the Talent qPCR PreMix (SYBR Green) (cat. no.
FP209-02, TIANGEN). 2724 method quantified the rel-
ative mRNA expression normalized to GAPDH. Table S2
lists the primer sequences.

Western blotting

We extracted protein samples using the RIPA solution
(Beyotime) and detected protein concentration using
the BCA Protein Assay Kit (Beyotime). Sodium dodecyl
sulfate polyacrylamide gel electrophoresis separated the
protein samples (30 pg), followed by blotting onto poly-
vinylidene difluoride membranes. After blocking in 5%
skim milk for 1 h, we incubated the membranes with
primary antibodies against Pan Kla (PTM-1401RM,
1:500, PTM BioLab), H3K18la (PTM-1406RM, 1:500,
PTM BioLab), ZFP64 (17187-1-AP, 1:500, Proteintech),
GCH1 (28501-1-AP, 1:1000, Proteintech), FTH1 (10727-
1-AP, 1:2000, Proteintech), glyceraldehyde-phosphate
dehydrogenase (GAPDH) (ACO001, 1:10000, ABclonal),
Histone H3 (A2348, 1:2000, ABclonal) at 4 °C overnight.
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Subsequently, after incubation with the HRP Goat Anti-
Rabbit IgG (AS014, 1:2000, ABclonal), the ECL West-
ern Blotting Substrate (Solarbio) developed the protein
bands.

Statistical analysis

The measurement data are shown as mean +standard
deviation (SD). We conducted Student’s t test for two
group comparison or one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multiple
comparisons using GraphPad Prism 8.0 software. P<0.05
indicated as statistically significant.

Results

CAFs-derived lactate repressed ferroptosis to reduce
sensitivity of TNBC cells to DOX

First, we isolated CAFs from DOX-sensitive and DOX-
resistant breast cancer tissues, and named as CAF/S and
CAF/R, respectively. To categorize CAF populations, we
detected the expression of CAFs markers, a-SMA, FAP,
fibroblast specific protein-1 (FSP1), Integrin f1 (CD29),
platelet derived growth factor receptor p (PDGER f) in
DOX-resistant TNBC samples. According to a decision
tree algorithm for CAF subset enrichment [27], we found
that DOX-resistant TNBC showed accumulation of CAF-
S1 and CAF-S4 (Fig. SIA&B). The morphology of CAF/S
and CAF/R was spindle-like, mixed with scalene triangu-
lar shape (Fig. S1C). The CAF/R exhibited higher expres-
sion of a-SMA, FAP, and FSP1 as compared with CAF/S
(Fig. S1C). In addition, lactate level was higher in CAF/R
than that in CAF/S (Fig. S1D). CCK8 data indicated that
DOX sensitivity in TNBC cells was lowered by CAF/R
co-culture or lactic acid (LA) treatment, but not signifi-
cantly affected by CAF/S (Fig. S1E). Oxamate, an inhibi-
tor of lactate production, could abolish CAF/R-induced
DOX resistance (Fig. S1E). Furthermore, DOX-induced
increase in cell death, MDA, Fe?*, and lipid ROS levels
was repressed by CAF/R or LA treatment, and Oxamate
neutralized the effect of CAF/R (Fig. S1F-I). However, co-
culture with CAF/S did not significantly influence these
changes in DOX-treated TNBC cells (Fig. S1F-I). These
data suggested that CAFs contributed to DOX and fer-
roptosis resistance in TNBC cells through delivering
lactate.

ZFP64 was up-regulated in DOX-resistant TNBC tissues,
which was correlated with elevated histone lactylation
level

Since lactate is recognized as a crucial substrate of his-
tone lactylation, we determined the histone lactylation
level in DOX-sensitive and DOX-resistant clinical sam-
ples. Immunofluorescence staining of pan-Kla showed a
higher global lactylation level in DOX-resistant tissues
in comparison with DOX-sensitive tissues (Fig. 1A&B).

Page 5 of 15

Western blotting further demonstrated that pan-Kla and
H3K18la protein levels were elevated in DOX-resistant
group (Fig. 1C). As analyzed by GEPIA database, ZFP64
is overexpressed across most types of human cancers,
including breast cancer (Fig. S2A). Consistently, UAL-
CAN database indicated that ZFP64 was up-regulated in
breast cancer (Fig. S2B). Moreover, high ZFP64 expres-
sion suggested an advanced tumor stage and a higher
lymph node metastasis stage (Fig. S2C&D). In addition,
Kaplan-Meier Plotter database showed that high expres-
sion of ZFP64 was correlated with lower overall survival
(OS), recurrence-free survival (RFS), and distant metas-
tasis-free survival (DMEFS) of breast cancer patients (Fig.
S2E-Q). Therefore, ZFP64 was focused on in the follow-
ing experiments. Intriguingly, ZFP64 mRNA level was
increased in DOX-resistant patients as compared with
DOX-sensitive patients (Fig. 1D). In addition, up-regula-
tion of ZFP64 was positively correlated with lactylation
level in DOX-resistant tissues (Fig. 1E). Consistently, we
observed a higher protein level of ZFP64 in DOX-resis-
tant group (Fig. 1F). More importantly, immunofluores-
cence staining validated the co-localization of ZFP64 and
H3K18la in DOX-sensitive samples, which was strength-
ened in DOX-resistant samples (Fig. 1G). These findings
indicated that up-regulation of ZFP64 had close asso-
ciation with histone lactylation in DOX-resistant TNBC
samples.

CAFs-derived lactate enhanced ZFP64 expression via
promoting its histone lactylation

We further explored whether CAFs modulated ZFP64
expression through histone lactylation. Notably, the
mRNA and protein levels of ZFP64 were remarkably
raised in TNBC cells treated with LA or co-cultured with
CAF/R, which was not significantly affected by CAF/S.
Whereas oxamate-mediated inhibition in lactate produc-
tion abrogated the promotive effect of CAF/R on ZFP64
expression (Fig. 2A&B). Accordingly, LA administration
or co-culture with CAF/R strikingly up-regulated pan-
Kla and H3K18la in TNBC cells, which was reversed by
oxamate treatment (Fig. 2C). However, CAF/S did not
evidently enhance pan-Kla and H3K18la expression in
TNBC cells (Fig. 2C). ChIP assay showed that the binding
of ZFP64 promoter to H3K18la protein was heightened
by LA, CAF/R or CAF/S co-culture (Fig. 2D). CAF/S-
mediated promotive effect was less obvious than that of
CAF/R, and oxamate abolished CAF/R-mediated the
above change (Fig. 2D). The above results indicated that
CAF/R facilitated ZFP64 expression via up-regulating
histone lactylation level in TNBC cells.
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Fig. 1 Up-regulation of ZFP64 in DOX-resistant TNBC tissues was positively associated with high histone lactylation level. (A&B) Pan-Kla level in DOX-
resistant/sensitive TNBC tissues was evaluated by immunofluorescence staining. (C) The protein levels of pan-Kla and H3K18la in DOX-resistant/sensitive
TNBC tissues were assessed by Western blotting. (D) RT-gPCR analysis of ZFP64 mRNA expression in DOX-resistant/sensitive TNBC tissues. (E) Pearson cor-
relation test analyzed the correlation between ZFP64 and lactylation levels. (F) Western blotting determined ZFP64 protein abundance in DOX-resistant/
sensitive TNBC tissues. (G) Co-localization of ZFP64 and H3K18la in DOX-resistant/sensitive TNBC tissues was observed by immunofluorescence staining.
Student’s t test was performed for statistical analysis. *p < 0.05, **p < 0.01, ***p <0.001

Knockdown of ZFP64 raised DOX sensitivity in TNBC cells
through inducing ferroptosis

Given that ZFP64 expression was promoted by CAF/R via
histone lactylation, the influence of ZFP64 on DOX sen-
sitivity in TNBC cells was further investigated. shZFP64-
mediated silencing of ZFP64 was validated in TNBC cells
(Fig. S3A&B). The sensitivity of TNBC cells to DOX was
enhanced after ZFP64 depletion, which was counteracted
by ferroptosis inhibitor Fer-1 or DFO, but not affected by
apoptosis inhibitor Z-VAD-FMK or necrosis inhibitor

Nec-1 (Fig. S3C). This result implied that ZFP64 might
regulate DOX sensitivity via modulation of ferroptosis,
instead of apoptosis or necrosis. Besides, the increased
cell death percentage, MDA, Fe?*, and lipid ROS levels,
and decreased GSH level in DOX-exposed TNBC cells
were reinforced by ZFP64 down-regulation (Fig. S3D-
H). Additionally, TME analysis showed that ZFP64 defi-
ciency further heightened DOX-induced reduction in
mitochondrial area and increase in mitochondrial density



Zhang et al. Journal of Translational Medicine (2025) 23:247 Page 7 of 15
Fokk BT549
A 54 . Ll = B Control B 104 Hkk "
£ 3 ek : *
c - mcars  2FPe4 [N O SN T tol e T = =1 Control
3 ENCAFR  GAPDH |4 @b 4 Sup s | © . =1 CAF/S
g § o, B CAF/R+ MDA-MB-231 89 o6 Em CAFIR
4 > o
E 2] e zreos [ 5N o =
O o LA _— 05 Oxamate
£° ] GAPDH | e > e w | 5 | =LA
& \\0\ ((\ro ((\Q" ® Jox
0- S K K& 0.0
¢ O O @
BT549 MDA-MB-231 K BT549 MDA-MB-231
&
0?"
c BT549 MDA-MB-231 [ Control I CAF/R+Oxamate B Control B CAF/R+Oxamate
- - - - - LA LA
Pan Kla| 4-' - - 15, ECAFIS 15, EHCAFS
I S | I — T B CAFR T B CAFR
@ *k ° *k .
HIK181a| e e - — —-----551-0' LI o * £& 0 = Ty
H | —————|| - - | O o 13>
o T
o o )
égo\ Q\% Q\Q" 32 Na &\0\ Q\% Q\Q" g J 2% 0.51 =) 051
F &F F & & F XS 3 T
Ke) O x 14
((\<2~ Q{% 0.0~ 0.0-
Ov Ov BT549 MDA-MB-231 BT549 MDA-MB-231
D ek
< 50, BT549 —.n «x < 50 MDA-MB-231 .,
E I Control § *kk KX I Control
= 40 = 40
5 [ CAF/S 5 _ [ CAF/S
% 3 304 B CAFIR % 3 304 B CAFIR
£ Q\E" 2. B CAFR:Oxamale o\% 201 B CAF/R+Oxamate
P I LA o LA
2 104 2 104
k) &
& 0- & 0-
anti-IlgG anti-H3K18la anti-lgG anti-H3K18la

Fig.2 ZFP64 expression was increased by CAFs-mediated histone lactylation. (A&B) ZFP64 expression was measured by RT-gPCR and Western blotting in
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of TNBC cells (Fig. S3I). Collectively, ZFP64 knockdown
sensitized TNBC cells to DOX via ferroptosis induction.

ZFP64 down-regulation reversed CAFs-mediated DOX
resistance in TNBC cells

To verify the involvement of ZFP64 in CAF/R-induced
DOX resistance, TNBC cells transfected with shNC or
shZFP64 were co-cultured with CAF/R. CCK-8 data
demonstrated that CAF/R-mediated enhancement in
DOX-treated cell viability was eliminated by ZFP64 defi-
ciency (Fig. 3A). Furthermore, ZFP64 knockdown abol-
ished CAF/R-induced inhibitory effect on cell death,
production of MDA, Fe?*, and lipid ROS, and promotive
effect on GSH level in TNBC cells upon DOX exposure
(Fig. 3B-F). Moreover, CAF/R co-culture alleviated DOX-
triggered mitochondrial morphological changes, includ-
ing mitochondrial diminution, ridge disappearance, and
ruptured membranes; however, ZFP64 depletion coun-
teracted CAF/R-induced the above changes (Fig. 3G).

Taken together, these observations suggested that CAFs
conferred DOX resistance in TNBC cells via modulation
of ZFP64 expression.

ZFP64 facilitated the transcription and expression of
ferroptosis-related molecules GCH1 and FTH1

To uncover the mechanism of ZFP64 in ferroptosis,
we detected the expression of a series of ferroptosis-
related molecules after silencing of ZFP64. As analyzed
by RT-qPCR, GCH1 and FTH1 were lowly expressed in
ZFP64-silenced TNBC cells, among which GCH1 and
FTH1 were most significantly down-regulated (Fig. 4A).
Whereas, SLC7A11, NCOA4, ACSL4, and ALOX15 lev-
els were not significantly altered after ZFP64 knockdown
(Fig. 4A). Besides, we observed higher levels of GCH1
and FTH1 in DOX-resistant patients as compared with
DOX-sensitive patients (Fig. 4B&D), and there was a
positive correlation between GCH1/FTH1 and ZFP64
levels in DOX-resistant specimens (Fig. 4C&E). Further
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Fig. 4 ZFP64 directly bound to the promoters of GCH1 and FTH1 to promote their transcription. (A) Expression levels of ferroptosis-related molecules
in TNBC cells were detected by RT-gPCR after transfection with shNC or shZFP64 for 48 h. (B) FTH1 level in DOX-resistant/sensitive TNBC tissues was
evaluated by RT-gPCR. (C) Pearson correlation test detected the correlation between ZFP64 and FTH1 levels in DOX-resistant TNBC tissues. (D) RT-qPCR
analysis of GCH1 level in DOX-resistant/sensitive TNBC tissues. (E) Pearson correlation test evaluated the correlation between ZFP64 and GCH1 levels in
DOX-resistant TNBC tissues. (F&G) GCH1 and FTH1 expression was measured by RT-gPCR and Western blotting in DOX-treated TNBC cells co-cultured
with or without CAF/R together with or without transfection with shNC or shZFP64. (H-J) JASPAR database predicted the potential binding sites of ZFP64
to GCH1 or FTH1 promoter. (K) The direct binding of ZFP64 to GCH1 or FTH1 promoter in TNBC cells was verified by ChiP. (L) The transcriptional activity
of FTH1 or GCH1 in TNBC cells transfected with shNC or shZFP64 was determined by dual luciferase reporter assay. For A, F, G, K, L, n=3. For B-E, n=30.
Student’s t test (for B, D, K, L) and one-way ANOVA (for A, F, G) were performed for statistical analysis. *p <0.05, **p < 0.01, ***p <0.001
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RT-qPCR and Western blotting results revealed that
DOX-induced down-regulation of GCH1 and FTH1
in TNBC cells was recovered by CAF/R co-culture
(Fig. 4F&G). Whereas ZFP64 deficiency abolished the
promotive role of CAF/R in GCH1 and FTH1 expression
(Fig. 4F&@G). Notably, JASPAR database predicted that
ZFP64 possessed three potential binding sites to GCH1
or FTH1 promoter (Fig. 4H-J). ChIP assay validated
that ZFP64 could bind to FTH1 promoter (site 3) and
GCHI1 promoter (site 1) in TNBC cells (Fig. 4K). Con-
sistently, the luciferase activities of FTH1 promoter (site
3) and GCH1 promoter (site 1) were strikingly reduced
by ZFP64 silencing, whereas the luciferase activities of
other binding sites to GCH1 or FTH1 promoter were not
altered (Fig. 4L). Thus, ZFP64 directly bound to FTH1
promoter (site 3) and GCH1 promoter (site 1). To sum
up, ZFP64 contributed to GCH1 and FTHI1 transcription
and expression, thereby causing ferroptosis inhibition in
TNBC cells.

FTH1 or GCH1 overexpression counteracted the effect of
ZFP64 silencing on ferroptosis and DOX sensitivity in TNBC
cells

Since FTH1 or GCH1 could be directly modulated by
ZFP64, we next investigated whether FTH1 or GCH1
was involved in the biological function of ZFP64 in DOX
resistance. For this purpose, DOX-treated TNBC cells
were transfected with shZFP64 together with or without
FTHI1 or GCHI1 overexpression plasmid. The overexpres-
sion efficiency of FTH1 or GCH1 was verified in TNBC
cells (Fig. 5A-D). After overexpressing FTH1 or GCH1 in
TNBC cells, the promotive roles of shZFP64 in ferropto-
sis were compromised, including cell death (Fig. 5E&F),
MDA (Fig. 5G), Fe?* (Fig. 5H), GSH (Fig. 5I), and lipid
ROS levels (Fig. 5]). In addition, ZFP64 knockdown-
induced mitochondrial morphological changes in DOX-
exposed TNBC cells were neutralized by co-transfection
with FTH1 or GCH1 overexpression plasmid (Fig. 5K).
Further Western blotting analysis showed that DOX-
mediated down-regulation of GCH1 and FTH1 was
intensified by ZFP64 depletion, which was abolished by
enforced expression of FTH1 or GCH1 (Fig. 5L). Collec-
tively, these findings proved that ZFP64 inhibition facili-
tated ferroptosis and DOX sensitivity through inhibiting
FTH1-mediated Fe?* depletion or GCH1-mediated inhi-
bition of lipid peroxidation.

CAFs increased ZFP64 expression to inhibit ferroptosis,
thereby causing DOX resistance in nude mice

To verify the regulatory role in DOX resistance in vivo,
we established a xenograft model in nude mice. ZFP64
knockdown strengthened the anti-cancer effect of DOX
treatment, as evidenced by slower growth rate, smaller
tumor volume, and lighter tumor weight. However,

Page 10 of 15

CAF/R co-transplantation counteracted ZFP64 silenc-
ing-induced the above alterations (Fig. 6A-C). In addi-
tion, the increased MDA and Fe?* levels and decreased
GSH level in response to DOX therapy were promoted
by ZFP64 deficiency, which could be abolished by
CAF/R treatment (Fig. 6D-F). Subsequently, the expres-
sion of FTH1 and GCH1 was obviously decreased in
tumors treated with DOX, which was further declined in
ZFP64 silencing group (Fig. 6G-I). Whereas CAF/R co-
transplantation reversed shZFP64-mediated FTH1 and
GCH1 down-regulation (Fig. 6G-I). Moreover, immuno-
histochemical staining supported that ZFP64 depletion
further enhanced DOX-induced decreased Ki-67, FTH1
and GCH1 expression in tumor tissues, which was abro-
gated in CAF/R co-treatment group (Fig. 6]). For tumor
microenvironment characterization, the expression of
CD8 (T cell marker), CD31 (vascularization marker) and
CD206 (M2 macrophage marker) in tumors was detected
by immunohistochemical staining. We found that the
increased expression of CD8, and decreased expres-
sion of CD31 and CD206 in DOX treatment group were
intensified by ZFP64 knockdown, and these changes were
counteracted by CAF/R co-treatment (Fig. 6K). There-
fore, our data indicated that ZFP64 up-regulated by
CAF/R restrained ferroptosis to result in DOX resistance
through activation of FTH1 and GCH1 in TNBC.

Discussion

Chemotherapy remains the main adjuvant therapy for
TNBC patients [28]. However, a significant proportion
of TNBC cells may develop drug resistance to cytotoxic
chemotherapy [29], which greatly limit the effective-
ness of chemotherapy and even result in treatment fail-
ure. Studies have suggested that ferroptosis inhibition is
responsible for chemotherapy resistance [30, 31]. Ferrop-
tosis promotion effectively enhanced the anti-cancer effi-
ciency of DOX in TNBC cells [32]. Therefore, uncovering
the molecular mechanisms of ferroptosis is undoubtedly
a key way to overcome drug-resistance of TNBC. This
study revealed for the first time that CAFs contributed
to DOX resistance in TNBC cells by inducing ferropto-
sis. Mechanistically, CAFs released lactate to up-regulate
ZFP64 via histone lactylation, and consequently led to
GCH1 and FTH1 transcription and expression. Our find-
ings elucidated novel regulatory mechanism for ferrop-
tosis during DOX resistance, thereby suggesting ZFP64/
GCH1 or FTHI axis a key therapeutic target for con-
quering DOX resistance of TNBC.

CAFs within the tumor microenvironment have been
recognized as a crucial contributor to chemoresistance.
CAFs can secret multiple types of molecules and pro-
teins that mediate the crosstalk with tumor cells [33]. A
previous study showed that lactate derived from hypoxic
CAFs exerted an intermediary role to contribute to
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blotting. (E) CCK-8 assay detected the viability of TNBC cells transfected with shZFP64 together with FTHT or GCH1 overexpressing plasmid in the pres-
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the presence of DOX. (L) The protein levels of FTH1 and GCH1 were detected by Western blotting in TNBC cells transfected with shNC or shZFP64 together
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statistical analysis. *p < 0.05, **p <0.01, **p <0.001
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Fig. 6 CAFs up-requlated ZFP64 to repress ferroptosis, thereby leading to DOX resistance in vivo. BT-549 and MDA-MB-231 cells (5x 10°% were stably
transfected with shZFP64 or shNC and mixed with or without CAF/R (ratio: 1:1) were injected into the mammary fat pat of mice, followed by intraperi-
toneal injected with vehicle or 5 mg/kg DOX. (A) The images of xenograft tumors in each group. (B&C) Tumor volume and weight were detected. (D-F)
MDA, Fe?*, and GSH levels in tumors were measured. (G-1) FTH1 and GCH1 expression in tumor tissues was assessed by RT-gPCR and Western blotting.
(J) Immunohistochemical staining analyzed Ki67, FTH1 and GCH1 expression in tumors. (K) Immunohistochemical staining detected the expression of
CD8 (T cell marker), CD31 (vascularization marker) and CD206 (M2 macrophage marker) in tumors. n=6. One-way ANOVA was performed for statistical

analysis. *p <0.05, **p <0.01, ***p < 0.001
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metastasis of breast cancer cells [20]. Moreover, lactate-
mediated interplay between CAFs and gastric cancer
cells facilitated the development of anlotinib resistance
[34]. Recently, the influence of CAFs on ferroptosis of
cancer cells has been documented. For example, CAFs
released exosomal miR-3173-5p to repress ferroptosis,
thus inducing gemcitabine resistance in pancreatic duc-
tal adenocarcinoma [16]. Another study found that miR-
522 derived from CAFs led to ferroptosis resistance, and
ultimately reduced chemo-sensitivity of gastric cancer
cells [35]. So far, whether CAFs affect ferroptosis during
the development of DOX resistance in TNBC cells has
not been clarified. Although CAFs are the most promi-
nent stromal components, characterizing their hetero-
geneity in cancers is necessary. A study analyzed CAF
heterogeneity in TNBC via detection of CAFs markers
aSMA, FAP, PDGFRp, and FSP1 [27]. Consistent with
the previous study, we found that CAF-S1 and CAF-S4
were enriched in DOX-resistant TNBC. Here, we pro-
vided first evidence that CAFs could restrain ferroptosis
and drive DOX resistance in TNBC cells through lactate
production.

Lactate-derived histone lactylation is a novel type of
epigenetic regulation that directly facilitates gene tran-
scription and expression [36]. Aerobic glycolysis-medi-
ated increased histone lactylation has been reported to
support c-Myc expression during breast cancer progres-
sion [37]. Notably, high lactate level promoted histone
lactylation, which rendered chemotherapy insensitivity of
colorectal tumor cells [38]. However, the involvement of
lactate-mediated lactylation in chemotherapy insensitiv-
ity of TNBC cells remains largely unknown. Here, we first
revealed that DOX resistant breast cancer tissues exhib-
ited elevated histone lactylation level. Whether histone
lactylation affected DOX resistance via modulation of
target gene expression requires further explorations.

ZFP64 belongs to Kriippel C2H2-type zinc finger
family. To date, the tumor-promoting roles of ZFP64
have been identified. As evaluated by genomic and pro-
teomic analyses, ZFP64 was highly expressed in tumors
in comparison with normal tissues [39, 40]. Wei et al.
documented that ZFP64 was involved in the immune
evasion and anti-PD1 resistance in tumorigenesis of
hepatocellular carcinoma [23]. Of note, high ZFP64
expression accelerated gastric cancer development via
promoting chemoresistance and cancer immunosup-
pression [24]. However, little is known about the role of
ZFP64 in TNBC. In our study, up-regulation of ZFP64
was positively correlated with histone lactylation level
in DOX resistant breast cancer. CAFs facilitated ZFP64
expression via histone lactylation, which suppressed fer-
roptosis to drive DOX insensitivity of TNBC cells. To
incorporate TME characterization, we investigated the
influence of ZFP64 on the expression of CD8 (T cell
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marker), CD31 (vascularization marker) and CD206 (M2
macrophage marker) in tumors. Our results proved that
T cell and macrophage infiltration and vascularization
were affected by ZFP64 during ferroptosis induction with
DOX treatment.

Ferroptosis is a biological process modulated by various
molecules. FTH1 is an inhibitor of ferroptosis through
regulation of iron metabolism [41]. Degradation of FTH1
was reported to cause accumulation of intracellular Fe?*
and ultimately induce ferroptosis [42]. GCH1 is a new
oncogene that suppresses lipid peroxidation to counter-
act ferroptosis [43]. GCH1 knockdown was reported to
delay colorectal cancer growth via inducing ferroptosis
[44]. FTH1, as a key ferroptosis factor, could restrain fer-
roptosis to drive gastric cancer progression [45]. How-
ever, the role of GCH1 or FTH1 in TNBC cell ferroptosis
and its involvement in DOX resistance are completely
unknown. In this work, FTH1 and GCHI1 were screened
out in ZFP64-depleted TNBC cells due to the most
down-regulation efficiency. Furthermore, ZFP64 directly
bound to FTH1 and GCH1 promoters and promoted
their transcription. Further studies revealed that FTH1
and GCH1 participated in chemoresistance of tumor
cells [46, 47]. Consistently, we found that FTH1 or GCH1
overexpression counteracted shZFP64-induced ferrop-
tosis and DOX sensitivity in TNBC cells. Hence, these
observations suggested that ZFP64 repressed ferroptosis
via activating FTH1-mediated depletion of intracellular
Fe** or GCH1-meidated lipid peroxidation inhibition,
which was responsible for TNBC cell chemoresistance.

There are several limitations in this study. Beyond fer-
roptosis regulation, ZFP64 has broader effects on cancer
progression through other mechanisms, such as glycoly-
sis [48], immune evasion [23], and so on. Whether ZFP64
contributed to DOX resistance of TNBC cells via other
mechanisms needs to be explored in the future. Besides,
increasing proof has suggested that various inducers and
pathways can modulate ferroptosis in cancer therapeutics
[49]. Thus, other alternative pathways that can influence
ferroptosis during DOX resistance of TNBC cells remain
obscure.

Taken together, our findings demonstrated that CAFs-
derived lactate facilitated ZFP64 histone lactylation to
confer DOX resistance of TNBC, which was mediated
through GCH1 and FTH1-mediated suppressive fer-
roptosis via regulation of iron metabolism and lipid per-
oxidation. This study deepened the understanding of the
complicated mechanisms of CAFs-mediated chemore-
sistance of TNBC cells, further highlighting that target-
ing ZFP64 might be a promising therapeutic strategy for
overcoming DOX resistance. Future research directions
should focus on other potential mechanisms of ZFP64,
as well as alternative pathways that may regulate ferrop-
tosis during DOX resistance of TNBC cells. Besides, our
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experimental findings highlighted the need for further
research in humanized models to overcome translational
challenges and optimize therapeutic efficacy.
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