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A B S T R A C T   

Background: Chemotherapy is a primary treatment for breast cancer (BC), yet many patients develop resistance 
over time. This study aims to identify critical factors contributing to chemoresistance and their underlying 
molecular mechanisms, with a focus on reversing this resistance. 
Methods: We utilized samples from the Gene Expression Omnibus (GEO) and West China Hospital to identify and 
validate genes associated with chemoresistance. Functional studies were conducted using MDA-MB-231 and 
MCF-7 cell lines, involving gain-of-function and loss-of-function approaches. RNA sequencing (RNA-seq) iden
tified potential mechanisms. We examined interactions between DNAJC12, HSP70, and AKT using co- 
immunoprecipitation (Co-IP) assays and established cell line-derived xenograft (CDX) models for in vivo 
validations. 
Results: Boruta analysis of four GEO datasets identified DNAJC12 as highly significant. Patients with high 
DNAJC12 expression showed an 8 % pathological complete response (pCR) rate, compared to 38 % in the low 
expression group. DNAJC12 inhibited doxorubicin (DOX)-induced cell death through both ferroptosis and 
apoptosis. Combining apoptosis and ferroptosis inhibitors completely reversed DOX resistance caused by 
DNAJC12 overexpression. RNA-seq suggested that DNAJC12 overexpression activated the PI3K-AKT pathway. 
Inhibition of AKT reversed the DOX resistance induced by DNAJC12, including reduced apoptosis and ferrop
tosis, restoration of cleaved caspase 3, and decreased GPX4 and SLC7A11 levels. Additionally, DNAJC12 was 
found to increase AKT phosphorylation in an HSP70-dependent manner, and inhibiting HSP70 also reversed the 
DOX resistance. In vivo studies confirmed that AKT inhibition reversed DNAJC12-induced DOX resistance in the 
CDX model. 
Conclusion: DNAJC12 expression is closely linked to chemoresistance in BC. The DNAJC12-HSP70-AKT signaling 
axis is crucial in mediating resistance to chemotherapy by suppressing DOX-induced ferroptosis and apoptosis. 
Our findings suggest that targeting AKT and HSP70 activities may offer new therapeutic strategies to overcome 
chemoresistance in BC.   

1. Introduction 

Breast cancer (BC) stands as one of the prevalent malignancies 
globally [1]. In China, it holds the top position in incidence and the 
second position in mortality among cancers affecting the female 

population [1]. Neoadjuvant chemotherapy has emerged as a widely 
recommended approach for treating breast cancer due to its benefits in 
reducing tumor size before surgery and assessing drug effectiveness in 
vivo [2]. Despite the favorable prognosis associated with estrogen re
ceptor (ER) positivity, this subgroup exhibits significant insensitivity to 
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chemotherapy. Overcoming chemotherapy resistance in this category 
could enhance the survival rate for ER-positive individuals. While 
triple-negative breast cancer demonstrates heightened sensitivity to 
chemotherapy compared to other subtypes, a considerable number of 
patients develop drug resistance after a period of treatment. This phe
nomenon limits available regimens for subsequent treatment and results 
in unfavorable clinical outcomes [3]. Thus, the identification of key 
factors contributing to the chemoresistance of breast cancer, coupled 
with efforts to reverse this process, holds promise for improving the 
treatment efficacy and ultimately enhancing the 5-year overall survival 
rate for patients. 

Upon reanalyzing the mRNA expression profiles of 933 patients 
subjected to neoadjuvant chemotherapy, our investigation identified 
DnaJ heat shock protein family (Hsp40) member C12 (DNAJC12) as the 
foremost factor in Boruta analysis for gauging neoadjuvant chemo
therapy response. Positioned on chromosome 10q21.3 (10q21.1), 
DNAJC12 encodes a protein affiliated with the Hsp40/DnaJ family, 
characterized by a J domain [4]. Members of this subclass are known to 
frequently engage as cochaperone proteins, directly interacting with 
Hsp70 and Hsp 90 [5,6]. DNAJC12 specifically interacts with the DNA 
binding domain (DBD) of the progesterone receptor (PR), without 
stimulating PR activity or affecting its transactivation properties [7]. 
The mRNA expression of DNAJC12 correlates directly with the estrogen 
receptor (ER) status in breast tumors, suggesting potential transcrip
tional regulation by estrogen. Additionally, DNAJC12 can elevate 
ERBB4 expression [8,9]. Notably, administration of tamoxifen leads to a 
significant downregulation of DNAJC12 [10]. Furthermore, DNAJC12 
plays a role in the onset, progression, and prognosis of various tumors 
[11–14]. Importantly, DNAJC12 overexpression emerges as a negative 
predictor for neoadjuvant concurrent chemoradiotherapy (CCRT) 
response [15]. 

Anthracycline-based regimens are standard in neoadjuvant chemo
therapy, with apoptosis being a key pathway. However, focusing solely 
on apoptosis overlooks other potential death pathways, which emerge 
under drug resistance pressures. Our study is the first to report doxo
rubicin (DOX)-induced ferroptosis in a DNAJC12-dependent manner. 
Ferroptosis is a recently identified cell death pathway involving lipid 
peroxidation, influenced by factors such as iron levels, cysteine meta
bolism, GPX4 activity, and System Xc-, among others [16,17]. System 
Xc-facilitates the exchange of glutamate and cystine across the plasma 
membrane, with cysteine acting as the rate-limiting amino acid for 
glutathione (GSH) synthesis [18,19]. GSH serves as the GPX4 cofactor, 
protecting cells from lipid peroxides. The GPX4 pathway mitigates toxic 
phospholipid hydroperoxides by oxidizing GSH into oxidized gluta
thione (GSSG), thus inhibiting ferroptosis [17,20,21]. The growing body 
of research has unveiled the connection between ferroptosis and cancer, 
positioning the induction of ferroptosis as a novel strategy to combat 
cancer [22,23]. Doxorubicin treatment induces alterations in iron 
metabolism through diverse mechanisms [24]. A study demonstrated 
that DOX-induced heme oxygenase-1 (HO-1) upregulation leads to 
nonheme iron accumulation via heme degradation, subsequently trig
gering lipid peroxidation and ferroptosis. In this context, ferroptosis 
inhibitors prove effective in preventing DOX-induced cardiomyopathy 
[25]. Notably, existing research on DOX and ferroptosis has primarily 
concentrated on the adverse effects on cardiomyocytes [26], with no 
investigations into the induction of ferroptosis by DOX, let alone its 
impact on DOX resistance in tumor cells. 

This study unveiled how DNAJC12 contributes to BC chemo
resistance by inhibiting ferroptosis and apoptosis. We demonstrated the 
pivotal role of the DNAJC12-HSP70-AKT signaling axis in this resistance 
and showed that AKT or HSP70 inhibitors could reverse this process. 
These findings offer novel therapeutic approaches to combat BC 
chemoresistance. 

2. Materials and methods 

2.1. Gene expression microarray data collection 

Selected from the Gene Expression Omnibus (GEO), datasets exclu
sively encompassed breast cancer patients undergoing taxane or 
anthracycline-based neoadjuvant chemotherapy. Exclusions comprised 
datasets involving HER2-positive patients receiving targeted therapy. 
The final analysis focused on four datasets (GSE41998, GSE25065, 
GSE20194, GSE20271) meeting the specified criteria. Retrieval of 
mRNA expression profiles and clinicopathologic features utilized GEO 
database accession numbers associated with these datasets. 

2.2. Clinical sampling 

A total of 115 breast cancer samples were obtained from West China 
Hospital of Sichuan University (IRS number: 2017–476). All patients 
underwent neoadjuvant chemotherapy with anthracycline or taxane, 
excluding targeted therapy. Pathologic complete response (pCR) deno
ted ypT0/is, indicating the absence of residual invasive disease. ER, PR, 
and HER2 status in pre-neoadjuvant chemotherapy formalin-fixed 
paraffin-embedded (FFPE) tissues were assessed via immunohisto
chemistry (IHC). Positive ER and PR statuses required positively stained 
nuclei in ≥1 % of tumor tissues. HER2 positivity was defined as IHC 3+
or fluorescence in situ hybridization (FISH)-amplified HER2. 

2.3. Quantitative reverse transcription PCR (RT–qPCR) 

Total RNA extraction utilized the RNA-Quick Purification Kit (ES 
Science, China) for cells and the RNeasy FFPE Kit (QIAGEN, Germany) 
for FFPE samples. RNA concentration was measured using Nanodrop 
One (Thermo Scientific, USA). Reverse transcription of 1 μg RNA from 
both FFPE samples and cells into cDNA was achieved separately using 
the Omniscript RT Kit (QIAGEN, Germany) and 5 × EasyQuick RT 
Master Mix (CWBIO, China) on a T100 thermal cycler (Bio-Rad, USA). 
RT–qPCR employed TaKaRa Taq Hot Start Version (TaKaRa, Japan) for 
FFPE samples and AceQ qPCR SYBR Green Master Mix (Vazyme, China) 
for cells on a 7300 Plus Real-Time PCR System. The relative expression 
of targeted genes was calculated using formula 2^(− ΔCt) with reference 
genes. Supplementary Table 1 presents the primer details. 

2.4. Chemicals 

The ferroptosis inducer RSL3 (HY-100218 A), HSP70 inhibitor 
apoptozole (HY-15098), VER-155008 (HY-10941), and AKT inhibitor 
capivasertib (HY-15431) were procured from MedChemExpress. Addi
tionally, Doxorubicin HCl (CSN16255), docetaxel (CSN12495), the 
apoptosis inhibitor Z-VAD-FMK (CSN19230), and the ferroptosis inhib
itor ferrostatin-1 (CSN12654) were sourced from CSNpharm. 

2.5. Cell culture and transfection 

MDA-MB-231 and MCF-7 cells, acquired from the Stem Cell Bank, 
Chinese Academy of Sciences and authenticated by Genetic Testing 
Biotechnology Corporation (Suzhou, China), were cultured in RPMI 
1640 medium (Gibco, USA) supplemented with 10 % fetal bovine serum 
(FBS) (Gibco, USA) and 1 % penicillin/streptomycin at 37 ◦C with 5 % 
CO2. The shDNAJC12 and Flag-tagged DNAJC12v plasmids were ob
tained from GeneChem (Shanghai, China), and DNAJC12 siRNA was 
sourced from GenePharma (Shanghai, China). Transfection of cells with 
plasmid DNA or siRNA employed Lipofectamine 3000 (Life Technolo
gies, USA) following the manufacturer’s instructions. Supplementary 
Tables 2–3 provide the sequences of siRNAs and plasmids. 

M. Shen et al.                                                                                                                                                                                                                                    



Redox Biology 70 (2024) 103035

3

2.6. Cell viability and colony formation assay 

Cell viability and drug sensitivity were assessed through cell prolif
eration assays. In 96-well culture plates (Thermo, USA), 6 × 10^3 cells/ 
well were seeded 24 h prior to drug treatment. Following a 48-h expo
sure to varying chemical concentrations, cell viability was determined 
using the CCK-8 assay with the EnoGeneCell™ Counting Kit-8 (Enogene, 
China), following the manufacturer’s instructions. For the colony for
mation assay, 1000 cells/well were seeded in 6-well plates, incubated 
for 14 days, and subsequently washed and stained with a 0.05 % crystal 
violet solution. The quantification involved counting the colonies con
taining more than 10 cells. 

2.7. Cell apoptosis detection 

Apoptosis in cells was assessed using an Annexin V-Alexa Fluor 647/ 
PI Kit (4 A Biotech, China) following the manufacturer’s instructions. 
DAPI replaced PI during DOX treatment due to fluorescence interfer
ence. Flow cytometry on a CytoFLEX Flow Cytometer (Beckman Coulter, 
USA) captured 20,000 cells for targeted events. FlowJo_V10 software 
facilitated the analysis of the apoptotic population. 

2.8. C11-BODIPY staining 

Cells were cultured in 6-well plates (Thermo, USA) until reaching 
confluence. Following pretreatment with DOX or ferroptosis inducer 
RSL3 for 24 h, cells were washed and incubated with 2 μmol/L C11- 
BODIPY (Invitrogen, USA) for 30 min, followed by fixation with 4 % 
paraformaldehyde for fluorescence imaging. Additionally, after DOX or 
RSL3 pretreatment, cells were collected, stained with 2 μmol/L C11- 
BODIPY for 30 min, and subjected to flow cytometry for fluorescence 
intensity estimation. 

2.9. Malondialdehyde (MDA) assay 

Cells were seeded in 6-well plates, and treatments were in accor
dance with the C11-BODIPY assay. Following treatment, cells were 
harvested for protein extraction. Protein concentrations were deter
mined using a BCA protein assay kit (Thermo, USA), while MDA con
centrations were quantified with a lipid peroxidation MDA assay kit 
(Beyotime, China) as per the provided instructions. The MDA-to-protein 
concentration ratio was then calculated. It is important to note potential 
artifacts in the measurement of lipid peroxidation due to the reaction of 
thiobarbituric acid (TBA) with MDA. TBA may readily react with other 
cellular substrates, such as alkanals, proteins, and urea, leading to a 
significant increase in the assay’s product levels [27]. 

2.10. Determination of intracellular labile iron 

Labile iron content in MDA-MB-231 and MCF-7 cells was assessed 
using the Fe2+ fluorescent probe FerroOrange (MKBio, China). Cells 
were cultured in 6-well plates and pre-treated with doxorubicin for 48 h. 
Subsequently, cells were washed and incubated with 1 μmol/L Fer
roOrange for 30 min, and fluorescence intensity were acquired. 

2.11. RNA-seq analysis 

Total RNA from 5 × 10^6 cells was extracted using TRIzol (Cwbio
tech, China). After qualification via an Agilent 2100 bioanalyzer, the 
qualified RNA was employed to construct an RNA library. Tran
scriptome sequencing utilized the Illumina NovaSeq platform. HISAT2 
software mapped reads to the human genome (UCSC hg38). Gene 
expression levels were estimated with the featureCounts tool of subread 
software and stringtie. Differential expression analysis employed the 
edgeR and DESeq2 R packages, considering P < 0.05 or | log 2 (fold 
change) | > 1 as significant. KEGG and GO enrichment analyses were 

performed using the clusterProfiler R package. GSEA utilized the local 
version (http://www.broadinstitute.org/gsea/index.jsp) across 
different datasets. 

2.12. Western blot 

Total protein extraction and quantification utilized radio
immunoprecipitation assay (RIPA) buffer (Sigma Aldrich, USA) and a 
BCA Protein Assay Kit (Thermo, USA) respectively. SDS–PAGE (Thermo, 
USA) separated 20 μg of protein lysates, subsequently transferred to 
polyvinylidene fluoride membranes (Millipore, Germany). Specific an
tibodies against GAPDH (1:2000, ZENBIO, China), DNAJC12 (1:2000, 
Abcam, UK), β-Actin (1:2000, Cloud-Clone Corp, China), HSP70 
(1:2000, Abcam, UK), SLC7A11 (1:2000, Abcam, UK), GPX4 (1:2000, 
Abcam, UK), caspase 3 (1:2000, Proteintech, US), p-AKT1 (1:2000, 
Abcam, UK), AKT1 (1:2000, Proteintech, US), and DDDDK tag (1:2000, 
Abcam, UK) were employed to incubate with the cut bands. 

2.13. CDX model in vivo study 

Immunodeficient BALB/c nude female mice (4 weeks old) obtained 
from GemPharmtech (Jiangsu, China) were utilized. MDA-MB-231 cells 
(2 × 10^6) in the DNAJC12 overexpression (OE) and negative control 
(NC) groups were subcutaneously injected. Once tumors reached 100 
mm^3, mice were randomly divided into eight groups (4 mice per group) 
and intraperitoneally administered capivasertib (50 mg/kg), doxoru
bicin HCl (5 mg/kg), or a combination of capivasertib and doxorubicin 
HCl every three days for a total of 5 injections. Doxorubicin HCl dosage 
was determined based on preliminary experiments, with doses of 12, 10, 
5, and 2 mg/kg tested. A dose of 5 mg/kg was selected considering 
tumor inhibition rate and the health status of nude mice. Tumor di
mensions were measured using a digital caliper, and formula V = 1/2 
(length × width^2) calculated tumor volume. IACUC approval (No. 
20211507 A) was obtained for this study. 

2.14. Immunohistochemistry (IHC) 

Immunohistochemistry evaluated protein expression of DNAJC12, p- 
AKT, GPX4, and SLC7A11 in mouse tumor samples from the DNAJC12 
overexpression (OE) and negative control (NC) groups. Antibodies and 
dilutions were as follows: DNAJC12 (1:200, ab254762, Abcam), p-AKT1 
(pS473) (1:200, 2118–1, EPITOMICS), GPX4 (1:200, ab125066, 
Abcam), and SLC7A11 (1:200, ab175186, Abcam). 

2.15. Statistical analysis 

Boruta analysis, employed on the four selected GEO datasets, facil
itated feature selection to identify predictors of neoadjuvant chemo
therapy response. Mean ± standard deviation (SD) presented the data. 
SPSS 25.0 statistical software conducted the statistical analysis, and 
GraphPad Prism 7 generated graphics. Chi-squared tests determined the 
relationship between clinicopathological characteristics and neo
adjuvant chemotherapy response. Group comparisons utilized unpaired, 
2-tailed t-tests or one-way ANOVA. Pearson’s correlation coefficient 
analyzed correlations, while univariate and multivariate regression an
alyses explored potential predictors. A significance level of P < 0.05 was 
applied. 

3. Results 

3.1. High DNAJC12 expression is associated with chemotherapy 
resistance in BC 

To identify the pivotal determinant influencing the effect of neo
adjuvant chemotherapy based on anthracycline and taxanes, an analysis 
of four Gene Expression Omnibus (GEO) datasets was undertaken. 
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Comprehensive details are outlined in Table S4. The integrated exami
nation of these datasets, employing Boruta analysis, revealed that 
DNAJC12 held the highest importance weight among the entire tran
scriptomic profiles concerning neoadjuvant chemotherapy-related 
characteristics (Fig. 1A). Additionally, DNAJC12 exhibited signifi
cantly higher expression in non-pathological complete response (non- 
pCR) patients than in pathological complete response (pCR) patients in 
each of the four datasets (P < 0.05) (Fig. 1B). 

To confirm the significance of DNAJC12, 115 breast cancer patients 
undergoing neoadjuvant chemotherapy in our hospital were enrolled, 
and their clinicopathological characteristics are detailed in Table 1. In 
accordance with previous findings, the relative expression levels of 

DNAJC12 in non-pCR patients were markedly elevated compared to 
those in pCR patients (P < 0.05) (Fig. 1C). Subsequently, these 115 
patients were categorized into three groups based on the median values 
of the pCR and non-pCR cohorts. The high DNAJC12-expressing group 
(constituting 43 % of the total patients) reached a mere 8 % pCR rate, 
while the low DNAJC12-expressing group (32 %) exhibited a notably 
higher rate of 38 %. The medium expression group (25 % of the total 
patients) manifested a pCR rate of 28 %, with no significant deviation 
from the whole set (24 %). 

Moreover, a multivariate logistic regression analysis incorporating 
five relevant factors based on statistically significant variables from the 
univariate analysis (Table S5) and their clinical implications was 

Fig. 1. DNAJC12 is overexpressed in non-pCR and HR+ breast cancer. A. Boruta analysis of neoadjuvant chemotherapy-related characteristics in four GEO 
datasets. B. DNAJC12 expression in non-pCR and pCR patients in four GEO datasets. C. RT-qPCR results from our own collection, consisting of 25 pCR patients and 90 
non-pCR patients. The two vertical lines represent the median values of pCR and non-pCR, respectively. D. DNAJC12 expression in HR+ and HR- patients in four GEO 
datasets. E. Scatter plots indicating the correlation between DNAJC12 and ESR1 according to RT-qPCR results. F. RT-qPCR results of DNAJC12 mRNA levels in the 
normal breast epithelial cell line MCF 10A and 5 breast cancer cell lines with different molecular subtypes. ER: estrogen receptor; PR: progesterone receptor; HER2: 
Human epidermal growth factor receptor. G. Western blot measuring DNAJC12 protein levels in the normal breast epithelial cell line MCF 10A and 5 breast cancer 
cell lines with different molecular subtypes. ***, P < 0.01. 
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conducted. Remarkably, high expression of DNAJC12 emerged as an 
independent predictive factor for the response to neoadjuvant chemo
therapy (P < 0.05, odds ratio [OR] = 0.136, 95 % confidence interval 
[CI] = 0.035–0.524) (Table 2). 

Given the reported regulation of DNAJC12 by hormone receptors, a 
reanalysis of the association between DNAJC12 expression and hormone 
receptor (HR) status was performed across each of the four datasets. The 
HR-positive group exhibited significantly higher expression of DNAJC12 
(Fig. 1D). Additionally, a correlation analysis utilizing reverse tran
scription–quantitative polymerase chain reaction (RT–qPCR) results for 
ESR1 and DNAJC12 revealed positive correlations between the two 
(Fig. 1E). Furthermore, an analysis of DNAJC12-associated risk for 
nonpCR in HR-positive and HR-negative groups separately (Fig. S1) 
demonstrated a significant elevation of DNAJC12 expression in the 
nonpCR group compared to the pCR group in HR-positive groups of GEO 
datasets GSEA25065, GSE20194, and in the validation set from West 
China Hospital (P < 0.05). 

3.2. DNAJC12 promotes BC cell proliferation and DOX resistance 

To comprehensively investigate the role of DNAJC12 in breast cancer 
progression and treatment response, we first checked its endogenous 
expression across distinct molecular subtypes of breast cancer cell lines 
(Fig. 1F and G). The results revealed that DNAJC12 expression was most 

pronounced in estrogen receptor (ER)-positive cells and least pro
nounced in triple-negative cells, consistent with the higher expression 
observed in hormone receptor-positive (HR+) patients. Subsequently, 
we modulated DNAJC12 expression in MDA-MB-231 and MCF-7 cells by 
employing lentivirus, either overexpressing DNAJC12 or short hairpin 
RNA (shRNA) targeting the DNAJC12 sequence. The efficiency of 
overexpression and knockdown was validated at both the mRNA and 
protein levels (Fig. 2A and B). 

We proceeded to explore the impact of DNAJC12 on cell prolifera
tion, apoptosis, and drug sensitivity individually. The results from the 
Cell Counting Kit-8 (CCK-8) and colony formation assays demonstrated 
that overexpression of DNAJC12 in MDA-MB-231 cells significantly 
augmented proliferation, a trend similarly observed in the MCF-7 con
trol group when compared with the DNAJC12-treated group (Fig. 2C–E). 
Flow cytometry results, without any treatment, indicated minimal dif
ferences between the negative control (NC) and overexpression (OE) 
groups of MDA-MB-231, while in MCF-7 cells, there was minimal 
distinction between the NC and DNAJC12 knockdown groups (SH1) but 
no discernible difference between the NC and another DNAJC12 
knockdown group (SH2) (Fig. 2F and G). 

To investigate the influence of DNAJC12 on chemotherapy drugs, we 
conducted sensitivity assays for doxorubicin (DOX), one of the most 
common anthracyclines, and docetaxel, one of the most common tax
anes, across various molecular types of breast cancer. This included 
MDA-MB-231 cells overexpressing DNAJC12 and BT-474, SK-BR-3, and 
MCF-7 cells transfected with DNAJC12 small interfering RNA (siRNA). 
The interference efficiency is depicted in Fig. 2H and I. The results from 
the DOX sensitivity assay indicated that DNAJC12 promoted chemo
resistance to DOX in these four breast cancer cell lines (Fig. 2J) but 
exhibited no significant impact on docetaxel (Fig. 2K). The half maximal 
inhibitory concentration (IC50 value) of DOX underwent notable 
changes, from 160.8 nM to 31 nM, 66.45 nM–15.57 nM, and 2672 
nM–893.1 nM upon DNAJC12 interference in BT474, SKBR3, and MCF- 
7 cells, respectively. Conversely, in MDA-MB-231 cells overexpressing 
DNAJC12, the IC50 increased from 16.18 to 82.95 nM. 

3.3. DNAJC12 causes DOX resistance in BC by blocking both ferroptosis 
and apoptosis 

To delve deeper into the mechanism underlying DNAJC12’s role in 
breast cancer chemotherapy resistance, we employed RNA sequencing 
(RNA-seq) to scrutinize transcriptome alterations in MDA-MB-231 cells 
overexpressing DNAJC12 and negative controls (GEO: accession number 
GSE191110). Pathway enrichment analysis revealed associations with 
the SLC-mediated transmembrane transport pathway, lipid biosynthesis, 
and metabolism-related pathways, particularly linked with ferroptosis, a 
recently identified cell death pathway involving lipid peroxidation 
(Fig. 3A). Intriguingly, gene set enrichment analysis (GSEA) demon
strated a positive correlation between DNAJC12 overexpression and 
ferroptosis pathways, with differential expression of numerous ferrop
tosis inhibitors (Fig. 3B and Fig. S2A). 

Considering previous findings that doxorubicin (DOX) can elevate 
Fe2+ levels and induce reactive oxygen species (ROS) accumulation 

Table 1 
The characteristics of patients.   

pCR (25) non-pCR (90) p 

Age   > 0.05 
<50 13 56  
≥50 12 34  
Tumor size   > 0.05 
T1-T2 15 40  
T3 3 15  
T4 7 35  
Node Status   > 0.05 
Negative 2 9  
Positive 23 81  
Clinical Stage   > 0.05 
II 12 25  
III 13 65  
ER status   < 0.05* 
+ 11 68  
- 14 22  
PR status   > 0.05 
+ 14 62  
- 11 28  
HER2 status   < 0.05* 
+ 14 27  
- 11 63  
Ki67 status   > 0.05 
≤20 % 1 14  
＞20 % 24 76  
NAC regimens   < 0.05* 
PE × 4–6 13 26  
TEC × 4–6 12 64  

Note: *p < 0.05. 

Table 2 
Multivariate Logistic Regression Analysis of response of NAC.  

Variable Regression  
Coefficient (B) 

The Standard Deviation (SE) Wald Value P The OR Value 95 %CI 

ER − 1.432 0.649 4.866 0.027* 0.239 0.067–0.852 
PR 0.145 0.663 0.048 0.827 1.156 0.315–4.242 
Ki67 1.473 1.149 1.644 0.2 4.362 0.459–41.471 
NAC regimens − 1.342 0.548 5.986 0.014* 0.261 0.089–0.766 
DNAJC12   8.599 0.014*   
DNAJC12 (1) − 0.395 0.597 0.438 0.508 0.674 0.209–2.171 
DNAJC12 (2) − 1.992 0.687 8.404 0.004* 0.136 0.035–0.524 

Note: *p < 0.05. 

M. Shen et al.                                                                                                                                                                                                                                    



Redox Biology 70 (2024) 103035

6

Fig. 2. DNAJC12 promotes cell proliferation and DOX resistance. A. RT-qPCR and B. Western blot results showing DNAJC12 levels in MDA-MB-231 cells 
transfected with DNAJC12v, and MCF-7 cells transfected with shDNAJC12. C. Cell growth measured by CCK-8. D. Colony formation assay of MDA-MB-231 and E. 
MCF-7, along with the corresponding statistics of colony numbers. F. Flow cytometry assay of cell apoptosis without any treatment after 48 h and G. the corre
sponding statistics of apoptosis. H. mRNA and I. protein levels of DNAJC12 in BT-474, SK-BR-3, and MCF-7 cells interfered with siDNAJC12. J. Drug sensitivity 
assays of doxorubicin and K. docetaxel in different breast cancer cells. ***, P < 0.01; *, P < 0.05; N⋅S., P > 0.05. 
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Fig. 3. DNAJC12 causes DOX resistance in BC cells via blocking both ferroptosis and apoptosis. A. Pathway enrichment of RNA-seq in MDA-MB-231 cells 
overexpressing DNAJC12 compared with the negative control. B. GSEA of RNA-seq showed enrichment in the ferroptosis pathway. C. Flow cytometry assay stained 
with a Fe2+ fluorescent probe in MDA-MB-231 cells treated with 50 nM DOX and MCF-7 cells treated with 1 μM DOX. D. Flow cytometry assay stained with BODIPY 
581/591 C11 in MDA-MB-231 cells treated with 50 nM DOX and MCF-7 cells treated with 1 μM DOX to detect lipid peroxidation levels. E. Concentrations of MDA 
were detected in the presence of 50 nM DOX in MDA-MB-231 and 1 μM DOX in MCF-7. F. Western blot results of the ferroptosis inhibitor proteins GPX4 and SLC7A11 
without any treatment. G. Flow cytometry assay and H. Western blot results of the apoptosis-related protein cleaved caspase 3 were used to analyze apoptosis in the 
presence of 50 nM DOX in MDA-MB-231 and 1 μM DOX in MCF-7. I. Cell viability measured by CCK-8 after cells were treated with 2 μM Fer, 5 μM zVAD, or a 
combination of Fer and zVAD in the presence or absence of 50 nM DOX in MDA-MB-231. J. Cell viability measured by CCK-8 after cells were treated with 2 μM Fer, 5 
μM zVAD, or a combination of Fer and zVAD in the presence or absence of 1 μM DOX in MCF-7. ***, P < 0.01; *, P < 0.05. 
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through the Fenton reaction, a crucial process in ferroptosis, we postu
lated that DNAJC12 might influence DOX cytotoxicity via ferroptosis. 
Notably, treatment with DOX for 48 h resulted in increased fluorescence 
intensity of Fe2+ in both MDA-MB-231 and MCF-7 cells (Fig. 3C). Given 
that lipid peroxidation is a hallmark of ferroptosis, we utilized the 
BODIPY 581/591C11 probe to detect oxidized lipids. Flow cytometry 
analysis revealed that DNAJC12 knockdown in MCF-7 cells increased 
lipid peroxidation levels after DOX treatment, while DNAJC12 over
expression in MDA-MB-231 cells decreased lipid peroxidation levels 
following DOX treatment (Fig. 3D). This observation was corroborated 
by the detection of malondialdehyde (MDA) levels, the end product of 
lipid peroxidation, in stable cell lines (Fig. 3E). 

To ascertain that the observed changes in lipid reactive oxygen 
species (ROS) were attributed to ferroptosis, not only apoptosis, we 
evaluated the response to the ferroptosis inducer RSL3. The results from 
CCK-8 assays indicated that DNAJC12 overexpression in MDA-MB-231 
cells conferred higher cell viability after RSL3 treatment, whereas 
DNAJC12 knockdown in MCF-7 cells resulted in lower cell viability 
compared to their respective controls (Fig. S2B). Subsequent analysis 
using the BODIPY 581/591 C11 probe and MDA levels corroborated 
these findings (Figs. S2C–E). As observed previously, GPX4 and 
SLC7A11 were two of the most common ferroptosis inhibitors. We also 
confirmed that DNAJC12 regulated ferroptosis by regulating GPX4 or 
SLC7A11 expression. Notably, the protein expression levels of GPX4 and 
SLC7A11 were significantly elevated in MDA-MB-231 cells over
expressing DNAJC12 and reduced in MCF-7 cells with DNAJC12 
knockdown (Fig. 3F). 

While apoptosis is recognized as a common mechanism for DOX- 
induced cell death and GSEA of RNA-seq data revealed a strong asso
ciation between apoptosis and DNAJC12 (Fig. S2F), we investigated 
whether DNAJC12 could also influence DOX cytotoxicity through 
apoptosis. Flow cytometry results indicated that DNAJC12 over
expression in MDA-MB-231 cells led to a lower apoptosis rate under DOX 
treatment compared to the negative control, whereas DNAJC12 knock
down in MCF-7 cells resulted in a higher apoptosis rate than the negative 
control (Fig. 3G). This finding was further confirmed by detecting the 
expression level of cleaved caspase 3, a common apoptotic indicator 
(Fig. 3H). 

Based on these results, we hypothesized that DNAJC12 induces DOX 
resistance in breast cancer cells by simultaneously inhibiting both fer
roptosis and apoptosis. A rescue assay conducted in MDA-MB-231 and 
MCF-7 cells supported this hypothesis, revealing that ferroptosis inhib
itor (Fer-1) and apoptosis inhibitor (zVAD) partly rescued the cytotoxic 
effect of DOX in both the MDA-MB-231 NC group and MCF-7 siDNAJC12 
group, with the combination of the two inhibitors entirely rescuing this 
effect (Fig. 3I and J). Overall, these findings suggest that DNAJC12 
confers DOX resistance in breast cancer cells by blocking apoptosis and 
ferroptosis simultaneously. 

3.4. DNAJC12 inhibits ferroptosis and apoptosis by activating AKT 

To elucidate how DNAJC12 regulates apoptosis and ferroptosis 
induced by doxorubicin (DOX), we conducted a reanalysis of RNA-seq 
data from MDA-MB-231 cells overexpressing DNAJC12 and its control. 
This analysis highlighted the PI3K-AKT pathway (Fig. 3A), which is 

known to suppress apoptosis and ferroptosis through distinct down
stream pathways [28,29]. Consequently, we explored whether 
DNAJC12 inhibits DOX-induced ferroptosis and apoptosis via the acti
vation of AKT. Phosphorylation levels of AKT were assessed in 
MDA-MB-231 cells overexpressing DNAJC12 and MCF-7 cells with 
DNAJC12 knockdown. The results demonstrated that DNAJC12 upre
gulation increased AKT phosphorylation in MDA-MB-231 cells, while 
DNAJC12 downregulation decreased AKT phosphorylation in MCF-7 
cells (Fig. 4A). 

Subsequently, we investigated whether DOX resistance induced by 
DNAJC12 could be reversed by AKT inhibitors, such as capivasertib 
(CAPI). Preliminary experiments determined an appropriate dose of the 
AKT inhibitor for subsequent assays (Fig. 4B). A rescue assay revealed 
that the combined use of CAPI significantly decreased cell viability in 
the DNAJC12-overexpressing group, approaching the level observed 
with DOX treatment alone in the negative control group (Fig. 4C). 
Similarly, in MCF-7 cells, the combined use of CAPI decreased cell 
viability in the negative control group, approaching the level observed 
with DOX treatment alone in the DNAJC12 knockdown group (Fig. 4D). 
These findings indicated that CAPI could reverse DOX resistance 
induced by DNAJC12. 

We then checked whether the inhibition of ferroptosis by DNAJC12 
could be reversed by an AKT inhibitor. A CCK-8 assay was used to 
measure cell viability after RSL3 treatment alone and in combination 
with CAPI. We found that in MDA-MB-231 cells, CAPI reduced cell 
viability in the DNAJC12-overexpressing group, approaching that of the 
negative control group (Fig. 4E). Similarly, in MCF-7 cells, CAPI reduced 
cell viability in the negative control group, approaching that in the 
DNAJC12 knockdown group (Fig. 4F). Furthermore, using the BODIPY 
581/591 C11 probe to examine lipid peroxidation levels after treatment 
with DOX alone or combined with CAPI, we observed that the combi
nation use of CAPI with DOX increased lipid peroxidation levels in both 
the MDA-MB-231 OE group and MCF-7 NC group, approaching those 
seen with DOX treatment alone in the MDA-MB-231 NC group and MCF- 
7 SH groups (Fig. 4G). Similarly, consistent trends were observed when 
evaluating the level of MDA (Fig. 4H). We also used the BODIPY 581/ 
591 C11 probe to examine lipid peroxidation levels after treatment with 
RSL3 alone or in combination with CAPI. We observed that the combi
nation use of CAPI with RSL3 increased lipid peroxidation levels in both 
the MDA-MB-231 OE group and MCF-7 NC group, approaching those 
seen with RSL3 treatment alone in the MDA-MB-231 NC group and MCF- 
7 SH groups, as well as the level of MDA (Figs. S3A–B). Additionally, 
Western blot analysis demonstrated that CAPI dose-dependently 
reduced the protein expression of GPX4 and SLC7A11 in MDA-MB- 
231 cells overexpressing DNAJC12 and MCF-7 negative control cells 
(Fig. 4I). 

Having established that AKT regulates ferroptosis via DNAJC12, we 
explored whether AKT also regulates apoptosis in breast cancer cells. 
Flow cytometry results demonstrated that the use of CAPI in MDA-MB- 
231 cells overexpressing DNAJC12 increased the apoptosis rate and 
elevated the expression level of cleaved caspase 3 induced by DOX. 
Similar effects were observed in MCF-7 cells, where CAPI increased the 
apoptosis rate and the expression level of cleaved caspase 3 induced by 
DOX in the negative control group (Fig. 4J and K). In summary, these 
findings revealed that DNAJC12 inhibits ferroptosis and apoptosis by 

Fig. 4. DNAJC12 promotes ferroptosis and apoptosis by upregulating phosphorylation of AKT. A. Western blot measuring the phosphorylation level of AKT. B. 
Western blot measuring the inhibitory effect of AKT inhibitor at different concentrations. C. Cell viability measured by CCK-8 after cells were treated with or without 
0.1 μM CAPI in the presence or absence of 50 nM DOX in MDA-MB-231. D. Cell viability measured by CCK-8 after cells were treated with or without 0.1 μM CAPI in 
the presence or absence of 1 μM DOX in MCF-7. E. Cell viability measured by CCK-8 after cells were treated with or without 0.1 μM CAPI in the presence or absence of 
2 μM RSL3 in MDA-MB-231. F. Cell viability measured by CCK-8 after cells were treated with or without 0.1 μM CAPI in the presence or absence of 10 μM RSL3 in 
MCF-7. G. BODIPY 581/591 C11 and H. MDA concentrations were used to detect lipid peroxidation levels after treatment with or without 0.1 μM CAPI in the 
presence or absence of 50 nM DOX in MDA-MB-231, and 1 μM DOX in MCF-7. I. Western blot results of the ferroptosis inhibitor proteins GPX4 and SLC7A11 after 
treatment with CAPI at different concentrations. J. Flow cytometry assay and K. Western blot results of the apoptosis-related protein cleaved caspase 3 were used to 
analyze apoptosis in cells treated with or without 0.1 μM CAPI in the presence or absence of 50 nM DOX in MDA-MB-231, and 1 μM DOX in MCF-7. ***, P < 0.01; *, P 
< 0.05; N⋅S., P > 0.05. 

M. Shen et al.                                                                                                                                                                                                                                    



Redox Biology 70 (2024) 103035

10

(caption on next page) 

M. Shen et al.                                                                                                                                                                                                                                    



Redox Biology 70 (2024) 103035

11

increasing AKT phosphorylation. Pharmacological inhibition of AKT 
phosphorylation promotes DOX-induced ferroptosis and apoptosis in 
breast cancer cells. 

3.5. DNAJC12 upregulates the phosphorylation of AKT through 
activating HSP70 

Previously, DNAJC12 has been predominantly recognized as a 
cochaperone of HSP70, and since HSP70 has been reported to extend the 
activation of p-AKT [30], we posited that DNAJC12 upregulates AKT 
phosphorylation through HSP70, thereby inducing resistance to doxo
rubicin (DOX). To investigate the interplay between DNAJC12 and 
HSP70, we initially examined whether DNAJC12 could influence the 
expression level of HSP70. Notably, as depicted in Fig. 5A, DNAJC12 did 
not alter the protein expression level of HSP70. Subsequently, to 
ascertain whether DNAJC12 physically interacts with HSP70 and in
fluences its activation, a coimmunoprecipitation (co-IP) assay employ
ing an HSP70 antibody was conducted to pull down its binding partners 
in MCF-7 cells. The co-IP results demonstrated that HSP70 could 
coprecipitate with DNAJC12 and p-AKT simultaneously. Knocking down 
DNAJC12 in MCF-7 cells resulted in a diminished interaction between 
HSP70 and p-AKT (Fig. 5B). Additionally, two HSP70 inhibitors, 
Apoptozole and VER-155008, with the former not inhibiting the inter
action between HSP70 and ASK1, AIF, JNK, and BAX [31], were used in 
MDA-MB-231 and MCF-7 wild-type cells in a dose-dependent manner. 
Both inhibitors downregulated the phosphorylation of AKT in both cell 
lines (Fig. 5C), suggesting that DNAJC12 upregulates AKT phosphory
lation by activating HSP70. 

Subsequently, we explored whether DNAJC12-induced DOX resis
tance is mediated through the upregulation of AKT phosphorylation by 
activating HSP70. As anticipated, the CCK-8 results revealed that the 
HSP70 inhibitors Apoptozole and VER-155008 increased the sensitivity 
of cells to DOX in the DNAJC12-overexpressing group of MDA-MB-231 
cells (Fig. 5D). Similar results were observed in the MCF-7 negative 
control group (Fig. 5E). We further investigated whether HSP70 was 
involved in DNAJC12-regulated ferroptosis and apoptosis in breast 
cancer cells separately. First, we examined ferroptosis through an RSL3 
drug sensitivity assay. The results demonstrated that the use of apop
tozole and VER-155008 reduced cell viability in the DNAJC12- 
overexpressing group in MDA-MB-231 cells, approaching the levels 
observed in the negative control group (Fig. 5F). Similarly, in MCF-7 
cells, the use of apoptozole and VER-155008 reduced cell viability in the 
negative control group, approaching that in the DNAJC12 knockdown 
group (Fig. 5G). Further examination using the BODIPY 581/591 C11 
probe to assess lipid peroxidation levels indicated that the coadminis
tration of apoptozole and VER-155008 with DOX increased lipid per
oxidation in both the DNAJC12 OE group of MDA-MB-231 cells and the 
NC group of MCF-7 cells, approaching the levels seen with DOX treat
ment alone in the MDA-MB-231 NC group and MCF-7 SH groups 
(Fig. 5H). Similarly, consistent trends were observed when evaluating 
the level of MDA (Fig. S4A). Additionally, the BODIPY 581/591 C11 
probe test and the assessment of malondialdehyde (MDA) levels were 
conducted after treatment with RSL3 alone or in combination with 
apoptozole and VER-155008 in MDA-MB-231 and MCF-7 cells. The re
sults showed that apoptozole and VER-155008 could increase the levels 

of lipid peroxidation and MDA induced by RSL3 in the MDA-MB-231 OE 
group and MCF-7 NC group (Figs. S4B–C). Previously, we demonstrated 
that an AKT inhibitor could dose-dependently reduce the protein 
expression of GPX4 and SLC7A11. To explore whether HSP70 was also 
involved in this process, MDA-MB-231 OE cells and MCF-7 NC cells were 
treated with Apoptozole and VER-155008 in a dose-dependent manner, 
followed by Western blot detection. The results showed that apoptozole 
and VER-155008 could reduce GPX4 and SLC7A11 protein expression in 
a dose-dependent manner (Fig. 5I). 

For apoptosis, flow cytometry results indicated that the use of 
apoptozole and VER-155008 in MDA-MB-231 cells overexpressing 
DNAJC12 increased the apoptosis rate and elevated the expression level 
of cleaved caspase 3 induced by DOX. Similarly, in MCF-7 cells, apop
tozole and VER-155008 increased the apoptosis rate and the expression 
level of cleaved caspase 3 induced by DOX in the negative control group 
(Fig. 4J and K). In summary, these findings reveal that DNAJC12 
upregulates the phosphorylation of AKT by activating HSP70, leading to 
the inhibition of ferroptosis and apoptosis induced by DOX. 

3.6. AKT inhibitor reverses DNAJC12-induced DOX resistance in vivo 

To further substantiate that DNAJC12-induced drug resistance 
operates through the AKT signaling pathway, subcutaneous tumor 
mouse models were established. The study employed doxorubicin (DOX) 
in combination with the AKT inhibitor capivasertib (CAPI) to reverse the 
DOX resistance induced by DNAJC12. A schematic illustrating intra
peritoneal injection is presented in Fig. 6A. After a 15-day treatment 
period, the average tumor volumes for the eight groups—OE, OE/CAPI, 
NC, NC/CAPI, OE/DOX, NC/DOX, OE/DOX + CAPI, NC/DOX + CAP
I—were recorded as 1461.66, 1083.99, 693.24, 546.65, 399.73, 259.80, 
210.51, and 123.49, respectively (Fig. 6B and C). In the growth curve, 
when treated with DOX alone, the tumor volume in the OE group was 
twice that of the NC group (P < 0.05), indicating that DNAJC12 induced 
DOX resistance in vivo, consistent with previous in vitro results. However, 
when DOX was combined with CAPI in the OE group, the tumor volume 
was reduced by 5 times compared with DOX alone in the OE group (P <
0.01), while exhibiting no significant difference from DOX treatment 
alone in the NC group (P > 0.05). This suggests that the combination of 
DOX and CAPI in the OE group successfully reversed the DOX resistance 
caused by DNAJC12. Furthermore, immunohistochemical analysis of 
tumor samples from the DNAJC12 OE and NC groups revealed an 
upregulation in the protein expression of p-AKT, GPX4, and SLC7A11, 
consistent with the in vitro results (Fig. 6D). These in vivo findings further 
confirmed that DOX resistance is induced by DNAJC12 and that the 
combination of an AKT inhibitor and DOX can effectively overcome this 
chemotherapy resistance. 

4. Discussion 

Among breast cancer patients treated with chemotherapeutic drugs, 
ER-positive patients tend to be less sensitive to chemotherapeutic drugs 
than triple-negative and HER2-positive subtypes. In our research, the 
expression of DNAJC12 was positively correlated with ESR1, consistent 
with previous studies showing that DNAJC12 mRNA expression is 
directly associated with the ER status in breast tumors and might be 

Fig. 5. DNAJC12 up-regulates phosphorylation of AKT via activation of HSP70. A. Western blot measuring the phosphorylation level of HSP70. B. Co-IP results 
of MCF-7 using an HSP70 antibody. C. Western blot measuring the phosphorylation level of AKT after treatment with HSP70 inhibitors at different concentrations. D. 
Cell viability measured by CCK-8 after cells were treated with or without 2 μM APOP, VER in the presence or absence of 50 nM DOX in MDA-MB-231. E. Cell viability 
measured by CCK-8 after cells were treated with or without 2 μM APOP, VER in the presence or absence of 1 μM DOX in MCF-7. F. Cell viability measured by CCK-8 
after cells were treated with or without 2 μM APOP, VER in the presence or absence of 2 μM RSL3 in MDA-MB-231. G. Cell viability measured by CCK-8 after cells 
were treated with or without 2 μM APOP, VER in the presence or absence of 10 μM RSL3 in MCF-7. H. BODIPY 581/591 C11 was used to detect lipid peroxidation 
levels after treatment with or without 2 μM APOP, VER in the presence or absence of 50 nM DOX in MDA-MB-231, and 1 μM DOX in MCF-7. I. Western blot results of 
ferroptosis inhibitor proteins GPX4 and SLC7A11 after treatment with 2 μM or 4 μM APOP or VER. J. Flow cytometry assay and K. Western blot results of cleaved 
caspase 3 were used to analyze apoptosis in cells treated with or without 2 μM APOP, VER in the presence or absence of 50 nM DOX in MDA-MB-231, and 1 μM DOX 
in MCF-7. ***, P < 0.01; *, P < 0.05; N⋅S., P > 0.05. 
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Fig. 6. AKT inhibitor reverses DNAJC12-induced DOX-resistance in vivo. A. Schematic representation of the drug administration schedule for the xenograft 
tumor model. B. Image of resected tumors from mice in different treated groups. C. Volume analysis of primary mice tumors in different treated groups. D. DNAJC12, 
p-AKT, GPX4, and SLC7A11 expressions were determined by IHC in the tumor sections of MDA-MB-231 OE and NC groups without any treatment. Scale bars: 200 μm. 
E. Model depicting the DNAJC12/HSP70/AKT axis induced doxorubicin resistance via inhibiting ferroptosis and apoptosis. 
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transcriptionally regulated by estrogen [8,9]. In a previous study of 
rectal cancer patients, DNAJC12 overexpression acted as a negative 
predictive factor for the response to neoadjuvant CCRT [15], of which 
5-fluorouracil was the key chemotherapeutic agent. In our study, this 
ER-regulated gene was strongly linked with the chemotherapy response 
of breast cancer patients both in GEO datasets and our RT–qPCR results. 

To elucidate the underlying mechanism, we performed RNA-seq, and 
GSEA results showed that the apoptosis and ferroptosis pathways were 
positively correlated with significant overexpression of DNAJC12. The 
AKT pathway was also enriched. Apoptosis is the most important 
mechanism of cell death induced by DOX. Likewise, the relationship 
between the AKT signaling pathway and apoptosis has been reported in 
many studies, including apoptosis induced by DOX [12]. 

In addition to the induction of apoptosis, it was also reported that 
DOX may cause severe toxicities, such as cardiomyopathy and heart 
failure, which could be avoided by reducing ferroptosis. Notably, this 
study confirmed the induction of ferroptosis by DOX. Our research found 
that DNAJC12 is associated with ferroptosis in cells and could elevate 
the expression of two important ferroptosis inhibition proteins, GPX4 
and SLC7A11, thus reducing lipid peroxidation to ultimately inhibit 
RSL3-induced ferroptosis. Intriguingly, as we mentioned above, 
DNAJC12 has been reported to be associated with a variety of neuro
logical diseases. A growing number of studies are looking at the link 
between ferroptosis and several neurodegenerative diseases [17]. 
Coupling between dopamine synthesis and packaging may be closely 
regulated by DNAJC12 [32]. In addition, dopamine was reported to 
increase the stability of GPX4, thus inhibiting ferroptosis [33]. In our 
research, the overexpression of DNAJC12-induced DOX resistance was 
partially rescued by apoptosis or ferroptosis inhibitors but could be 
entirely reversed by a combination of inhibitors of apoptosis and fer
roptosis. However, there are few reports on AKT and ferroptosis. 
Hyperactivation of the PI3K-AKT-mTOR pathway regulates 
SREBP1/SCD1-mediated lipogenesis, leading to the inhibition of 
oxidative stress and ferroptosis [29]. FG-4592 inhibited ferroptosis 
through Akt/GSK-3β-mediated Nrf2 activation at the early stage of folic 
acid-induced kidney injury [34]. Blocking AKT activity induced ACSL4 
expression in sh-SIRT3 cells, which led to ferroptosis [35]. In addition, 
the Akt/Nrf2/Gpx4 pathway was reported to be a protective pathway of 
exogenous Mel treatment in HIBD [36]. 

Hsp70s are ubiquitous molecular chaperones that play important 
roles in folding and remodeling processes of a variety of cellular proteins 
and protect cells from damage in response to various stress stimuli [37]. 
The main function of DNAJC12 is to stimulate the ATPase activity of 
Hsp70 through its J-domain [38]. However, because its domain orga
nization shares only the J-domain with a paradigm member of the 
HSP40 family, it can bind with Hsp70 and perform activities not 
necessarily related to general protein folding [37]. In LNCaP cells, 
immunoprecipitation experiments showed the interaction of the 
endogenous DNAJC12 and Hsc70 proteins [39]. In our research, co-IP 
also showed the combination of HSP70 and DNAJC12 as well as AKT. 
Different expression levels of DNAJC12 could influence the binding of 
DNAJC12 and phosphorylated AKT. The peptide-binding domain of 
Hsp70 interacts with the AKT protein on its dephosphorylated turn 
motif, prolongs the lifetime of active AKT and sustains its function [30]. 
Several reports have shown that the Hsp70 level and its ATPase function 
could regulate the level and activity of AKT in different ways [40–44]. 
HSP70-induced AKT activation was involved in many drug-induced 
apoptosis processes in previous studies [45,46]. Heat shock 70-kDa 
protein 5 (HSPA5) increased the expression and activity of glutathione 
peroxidase 4 (GPX4) and thus inhibited ferroptosis [47,48]. A similar 
phenomenon was observed in our study. 

In conclusion, our study is the first to demonstrate that DOX kills 
cancer cells via ferroptosis and reveals that DNAJC12 can cause breast 
cancer chemotherapy resistance by repressing DOX-induced ferroptosis 
and apoptosis. The DNAJC12/HSP70/AKT regulatory axis could induce 
DOX resistance by inhibiting both ferroptosis and apoptosis (Fig. 6E). 

Meanwhile, our results further supported the efficacy of AKT inhibitors 
or HSP70 inhibitors in reversing this process. These findings may pro
vide a new perspective on DOX resistance in ER-positive breast cancer or 
other molecular subtypes with high expression of DNAJC12. Regarding 
limitations, whether HSP70 can also regulate the phosphorylation of 
AKT by affecting the expression or activity of upstream kinases or the 
downstream pathway of p-AKT remains to be further studied. 
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