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Cystathionine‑γ‑lyase contributes 
to tamoxifen resistance, 
and the compound I194496 
alleviates this effect by inhibiting 
the PPARγ/ACSL1/STAT3 
signalling pathway in oestrogen 
receptor‑positive breast cancer
Han Fu , Xue Han , Wenqing Guo , Xuening Zhao , Chunxue Yu , Wei Zhao , Shasha Feng , 
Jian Wang , Zhenshuai Zhang , Kaijian Lei *, Ming Li * & Tianxiao Wang *

Tamoxifen (TAM) resistance is a major challenge in treating oestrogen receptor‑positive (ER+) breast 
cancers. It is possible that the  H2S synthase cystathionine‑γ‑lyase (CSE), which has been previously 
shown to promote tumour growth and metastasis in other cancer cells, is involved in this resistance. 
Therefore, we investigated CSE’s role and potential mechanisms in TAM‑resistant breast cancer 
cells. First, we examined the effect of CSE expression on TAM sensitivity and resistance in MCF7 
(breast cancer) cells. The findings revealed that CSE was directly associated with TAM sensitivity and 
involved in TAM resistance in ER+ breast cancer cells, indicating that it may be useful as a biomarker. 
Next, we wanted to determine the molecular mechanism of CSE’s role in TAM resistance. Using cell 
migration, co‑immunoprecipitation, western blotting, and cell viability assays, we determined that 
the CSE/H2S system can affect the expression of PPARγ by promoting the sulfhydrylation of PPARγ, 
which regulates the transcriptional activity of ACSL1. ACSL1, in turn, influences STAT3 activation by 
affecting the phosphorylation, palmitoylation and dimerization of STAT3, ultimately leading to the 
development of TAM resistance in breast cancer. Finally, we examined the effect of CSE inhibitors on 
reducing drug resistance to determine whether CSE may be used as a biomarker of TAM resistance. 
We observed that the novel CSE inhibitor I194496 can reverse TAM resistance in TAM‑resistant breast 
cancer via targeting the PPARγ/ACSL1/STAT3 signalling pathway. Overall, our data indicate that 
CSE may serve as a biomarker of TAM resistance and that the CSE inhibitor I194496 is a promising 
candidate for combating TAM resistance.
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Breast cancer is a substantial health concern for  women1,2. Breast cancer is divided into four subtypes according to 
the mRNA levels of ER, progesterone receptor (PgR), and human epidermal growth factor receptor 2 (HER2)3,4. 
ER+ breast cancer is the most commonly diagnosed subtype, accounting for approximately 75% of all breast 
cancer  cases5. For breast cancer patients with ER+ tumours, TAM is the first-line endocrine treatment. However, 
a considerable number of breast cancer patients develop resistance to TAM. Primary resistance affects 40–50% of 
patients, whereas secondary resistance affects 30–40%, posing a considerable hurdle to effective cancer treatment. 
As a result, understanding resistance mechanisms is critical for creating targeted medicines that reduce resistance.

The development of drug resistance in tumours is strongly associated with the occurrence of metastasis. 
Patients who are resistant to TAM may develop tumour metastasis, which can worsen their resistance to TAM. 
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Hydrogen sulfide  (H2S), the third gas transmitter after nitric oxide (NO) and carbon monoxide (CO), may con-
tribute to cancer  metastasis6,7. Cystathionine-γ-lyase (CSE), an endogenous  H2S synthase, is highly expressed 
in different cancers and has been found to increase cancer cell proliferation and metastasis in various studies 
8–12. These findings imply that CSE may serve as a potential therapeutic target to overcome TAM resistance in 
breast cancer. A variety of cancers show abnormal activation of signal transducer and activator of transcription 3 
(STAT3) 12,13. STAT3 has been shown to play a substantial role in the promotion of treatment resistance in breast 
cancer patients. The sustained activation of STAT3, which includes phosphorylation, palmitoylation, acetyla-
tion, and nitrosylation, is a critical characteristic of drug resistance in breast  cancer14–17. Our previous research 
revealed a regulatory loop between CSE and STAT3 in breast  cancer18,19. As a result, the CSE/H2S system could 
contribute to controlling TAM resistance in breast cancer through STAT3 signalling.

Long-chain acyl-CoA synthase 1 (ACSL1) expression has been shown to be abnormally enhanced in TAM-
resistant breast cancer  cells20, and the fatty acids activated by ACSL1 can directly activate STAT3 by increasing 
STAT3 palmitoylation 21. As a result, ACSL1 may mediate the regulatory effect of CSE on STAT3. Peroxisome 
proliferator-activated receptor gamma (PPARγ) is a transcription factor that modulates the expression of ACSL1. 
When activated, PPARγ can increase ACSL1 transcription by binding to PPRE, a PPAR-responsive element 
located in the ACSL1 promoter  region22,23. CSE may promote TAM resistance in breast cancer by influencing 
the ACSL1/STAT3 pathway via PPARγ. Further research is required to investigate the impact of CSE inhibitors 
on reducing drug resistance and to determine whether CSE may be used as a biomarker of TAM resistance.

In this study, we found that the CSE/H2S system was strongly related to TAM sensitivity in ER+ breast cancer 
cells and that high CSE expression was associated with TAM resistance in TAM-resistant breast cancer cells. The 
ACSL1/STAT3 pathway promoted TAM resistance, and CSE affected PPARγ binding to the ACSL1 promoter by 
interacting with it and promoting PPARγ sulfhydrylation in TAM-resistant breast cancer cells. I194496, a new 
CSE inhibitor, successfully affected TAM resistance through the PPARγ/ACSL1/STAT3 pathway. Finally, these 
data suggest a novel and successful strategy for managing breast cancer patients who have developed resistance 
to TAM.

Additionally, we discovered that CSE affected PPARγ binding to the ACSL1 promoter by interacting with 
PPARγ and promoting the sulfhydrylation of PPARγ in TAM-resistant breast cancer cells. These findings indicate 
that the ACSL1/STAT3 pathway supports the induction of TAM resistance by CSE.

Results
The CSE/H2S system is closely related to TAM sensitivity in ER‑positive breast cancer cells
We initially explored the connection between CSE protein expression and TAM sensitivity in MCF7 and T47D 
cells. Western blot and MTS results revealed that MCF7 cells were less susceptible to high CSE expression than 
were T47D cells with low CSE expression (Fig. 1A–C). This finding demonstrated that CSE expression levels were 
negatively linked with TAM sensitivity in ER+ breast cancer cells. Moreover, we discovered that TAM elevated 
CSE expression and  H2S levels in MCF7 and T47D cells in a time- and dose-dependent manner (Fig. 1D–K), 
suggesting that TAM affects the CSE/H2S system in ER+ breast cancer cells.

To further investigate the relationship between CSE and TAM sensitivity in ER+ breast cancer cells, we first 
used MCF7/CSE shRNA cells with downregulated CSE expression (Fig. 2A) and determined the effects of TAM 
on growth, proliferation, migration, invasion, and apoptosis. The results showed that TAM inhibited growth, 
proliferation, migration and invasion and promoted apoptosis in MCF7/shRNA cells more than in MCF7/
Vector cells (Fig. 2B–K). These data suggested that decreasing CSE expression improved TAM sensitivity in 
ER+ breast cancer cells. Then, we performed experiments on T47D/CSE cells with upregulated CSE expression 
(Fig. 3A,B) to determine how TAM affects the growth, proliferation, migration, and invasion of T47D/CSE 
cells. TAM inhibited growth, proliferation, migration, and invasion considerably less in T47D/CSE cells than in 
T47D/vector cells (Fig. 3C–J). These data suggested that increasing CSE expression decreased TAM sensitivity 
in ER+ breast cancer cells.

All the above results indicate that the CSE/H2S system is closely related to TAM sensitivity in ER+ breast 
cancer cells.

High expression of CSE is involved in TAM resistance in TAM‑resistant breast cancer cells
To investigate the effect of CSE on TAM resistance in ER+ breast cancer, we constructed MCF7/TAM cells, which 
are TAM-resistant MCF7 cells with 2 × resistance (Fig. 4A,B). We discovered that the CSE expression level in 
MCF7/TAM cells was significantly greater than that in sensitive MCF7 cells (Fig. 4C,D). Further research revealed 
that downregulating CSE dramatically increased the inhibitory effects of TAM on growth, proliferation, migra-
tion, and invasion and promoted apoptosis in MCF7/TAM cells (Fig. 4E–L). These results imply that increased 
CSE expression may contribute to TAM resistance in ER+ breast cancer cells.

CSE promotes TAM resistance through the ACSL1/STAT3 pathway in TAM‑resistant breast 
cancer cells
One of the key genes for TAM resistance is STAT3, and studies have shown that TAM-resistant MCF7 (MCF7/
TAM) cells have increased levels of STAT3 tyrosine phosphorylation at position  70515. Furthermore, we previ-
ously discovered that CSE might regulate STAT3 expression and activity in MCF7  cells18. Thus, we investigated 
how CSE affects STAT3 protein expression and activity in MCF7/TAM cells. The findings demonstrated that the 
downregulation of CSE decreased STAT3 levels (Fig. 5C), suggesting that CSE could promote TAM resistance 
in ER+ breast cancer through STAT3. However, it is unclear how CSE modulates STAT3. The fatty acid trans-
porter protein ACSL1 has been found to exhibit aberrantly elevated expression in TAM-resistant breast  cancer20. 
Furthermore, investigations have revealed that ACSL1 can activate STAT3 by increasing its  palmitoylation21. 
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Thus, we investigated whether CSE modulates STAT3 via ACSL1. According to the Western blot results, ACSL1 
and CSE were positively associated, and in MCF7/TAM cells, downregulating CSE inhibited the protein expres-
sion of ACSL1, STAT3, and pSTAT3 (Fig. 5A–D). Additionally, we discovered that in MCF7/TAM cells, CSE 
siRNA inhibited the palmitoylation of STAT3 (Fig. 5E–F). Furthermore, we found that in MCF7/TAM cells, 
the downregulation of ACSL1 dramatically decreased the expression of STAT3 and pSTAT3 and suppressed the 
palmitoylation of STAT3 (Fig. 5G–J). The above results suggest that in MCF7/TAM cells, ACSL1 mediates the 
regulatory impact of CSE on STAT3.

CSE regulates ACSL1 expression by interacting with PPARγ and promoting the sulfhydryla‑
tion of PPARγ in TAM‑resistant breast cancer cells
Research has demonstrated that the transcription factor PPARγ can bind to the ASCL1 promoter to modulate 
the expression of  ACSL122,23. Here, we investigated the relationship between CSE and PPARγ protein expression 
as well as the impact of CSE on the binding of PPAR to the promoter of ACSL1 to determine the mechanism by 
which CSE regulates ACSL1 in TAM-resistant breast cancer cells. The results demonstrated that in MCF7/TAM 
cells, the expression of PPARγ was positively correlated with that of CSE (Fig.  5B, 6A) and that the downregula-
tion of CSE decreased the amount of the PPARγ protein (Fig. 6C,D). Moreover, the results of the luciferase assay 
demonstrated that the PPARγ binding activity to the ACSL1 promoter was markedly reduced in MCF7/TAM cells 

Fig. 1.  CSE is highly expressed in ER+ breast cancer cells and negatively correlates with TAM sensitivity. 
A Expression levels of CSE proteins in two types of ER+ breast cancer cells and normal breast cells. MCF7 
and T47D are ER+ breast cancer cell lines. Hsbst578 is a normal breast cell line. All data are expressed as 
mean ± standard deviation (n = 3). **P < 0.01 versus Hsbst578 cells; ##P < 0.01 versus T47D cells. (B and C) MTS 
method was used to detect the sensitivity and  IC50 value of MCF7 and T47D cells to 4-OH TAM. All data are 
expressed as mean ± standard deviation (n = 3). *P < 0.05 versus MCF7 cells. (D–G) The Western blot assay was 
used to detect the expression levels of CSE proteins in MCF7 and T47D cells as the duration and concentration 
of 4-OH TAM action increased. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05, **P < 0.01 
versus 0 μM 4-OH TAM group; #P < 0.05, ##P < 0.01 versus 0 h group. (H–K) The methylene blue method was 
used to detect the level of H2S in MCF7 and T47D cells as the duration and concentration of 4-OH TAM action 
increased. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05 versus 0 μM 4-OH TAM group; 
#P < 0.05 versus 0 h group.



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:22988  | https://doi.org/10.1038/s41598-024-71962-7

www.nature.com/scientificreports/

treated with CSE siRNA (Fig. 6F). Based on these data, it can be concluded that CSE regulates the ability of PPARγ 
to bind to the ACSL1 promoter in TAM-resistant breast cancer cells, hence affecting the expression of ACSL1.

Next, we investigated how CSE impacts PPARγ. A co-IP assay was used to determine the interaction between 
CSE and PPARγ. The results showed that CSE interacted with PPARγ in MCF7/TAM cells and that downregulat-
ing CSE expression greatly reduced this interaction (Fig. 6E). In addition, sulfhydrylation is a new type of protein 
posttranslational modification mediated by  H2S. This process converts the sulfhydryl group of cysteine (-SH) 
to a persulfuryl group (-SSH) within the target protein, resulting in changes in protein activity or subcellular 
localization. This modification has recently sparked interest in the realm of biochemistry, offering a potential 
new avenue for understanding cellular signalling and  regulation24. Therefore, we used a maleimide assay to detect 
the sulfhydrylation of PPARγ, providing valuable insight into the regulation of this vital protein. To calculate the 
PPARγ sulfhydrylation level, the decrease in green fluorescence intensity following DTT treatment was divided 
by the average total level of PPARγ25. The results showed that suppressing CSE decreased PPARγ sulfhydrylation 
in MCF7/TAM cells (Fig. 6G, H), indicating that CSE affects PPARγ activity through sulfhydrylation. The above 
data indicate that CSE interacts with PPARγ and promotes the sulfhydrylation of PPARγ to regulate PPARγ 
binding to the ACSL1 promoter, thus affecting the ACSL1/STAT3 pathway in TAM-resistant breast cancer cells.

Fig. 2.  Knocking down the expression of CSE in MCF7 cells can increase the inhibitory effect of TAM on the 
growth, proliferation, migration and invasion and the apoptosis-promoting effect of breast cancer cells. (A) 
Analysis of the efficiency of knocking down CSE proteins in MCF7 cells. (B–D) MTS and EdU assays were 
used to detect the effect of 4-OH TAM on the growth and proliferation of MCF7 cells after CSE knockdown. 
Representative images were taken. Scale bars, 100 µm. (E and F) Wound healing assay was used to detect the 
effect of 4-OH TAM on the migration of MCF7 cells after CSE knockdown. Representative images were taken. 
Scale bars, 500 µm (G–I) Transwell assay was used to determine the effect of 4-OH TAM on the migration 
and invasion of MCF7 cells after knockdown CSE expression. Representative images were taken. Scale bars, 
200 µm (J and K) Apoptosis assay was used to detect the effect of 4-OH TAM on apoptosis of MCF7 cells after 
knockdown of CSE expression. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05, **P < 0.01 
versus the Vector group.
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I194496, a novel inhibitor of CSE, improves the sensitivity of TAM‑resistant breast cancer cells 
to TAM treatment
These results suggest that increased expression of CSE in breast cancer promotes resistance to TAM. Conse-
quently, the development of TAM resistance may be severely hampered by the targeted inhibition of CSE. A new 
CSE inhibitor called I194496 was found by virtual screening and confirmed through experimental methods 19,26. 
Here, we investigated how I194496 affects the development of TAM resistance in MCF7/TAM and T47D/CSE 
cells. Compared with TAM alone, I194496 greatly enhanced the inhibition of cell growth, proliferation, migration, 
and invasion as well as the stimulation of cell death when combined with TAM (Fig. 7, 8). The results showed 
that I194496 significantly increased the inhibitory effect of TAM on cell growth, proliferation, migration, and 
invasion as well as its ability to enhance apoptosis induction, suggesting that TAM-resistant breast cancer cells 
are more susceptible to TAM therapy when a new CSE inhibitor is employed.

I194496 alleviates TAM‑induced resistance by inhibiting the PPARγ/ACSL1/STAT3 pathway
Building on previous research into the pathway by which CSE induces TAM resistance, we investigated the 
effect of I194496 on the PPAR/ACSL1/STAT3 pathway to better understand how I194496 counteracts TAM 
resistance. Western blot findings indicated that coadministration of I194496 and TAM significantly reduced 
PPARγ, ACSL1, and STAT3 protein levels in MCF7/TAM and T47D/CSE cells (Fig. 9A–D). Luciferase reporter 
gene assays showed that I194496 reduced PPARγ binding to the ACSL1 promoter and reversed the PPARγ 

Fig. 3.  Overexpression of CSE protein in T47D cells can increase the inhibitory effect of TAM on the 
growth, proliferation, migration and invasion of breast cancer cells. (A and B) Analysis of the efficiency of 
overexpression of CSE proteins in T47D cells. (C–E) MTS and EdU assays were used to detect the effect of 
4-OH TAM on the growth and proliferation of T47D cells after upregulation of CSE, respectively. Representative 
images were taken. Scale bars, 100 µm. (F and G) Wound healing assay was used to detect the effect of 4-OH 
TAM on the migration of T47D cells after upregulation of CSE. Representative images were taken. Scale bars, 
500 µm. (H–J) Transwell assay was used to determine the effect of 4-OH TAM on the migration and invasion 
of T47D cells after upregulation of CSE. Representative images were taken. Scale bars, 200 µm. All data are 
expressed as mean ± standard deviation (n = 3). *P < 0.05, ***P < 0.001 versus the Vector group.
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binding to the ACSL1 promoter induced by TAM in MCF7/TAM and T47D/CSE cells (Fig. 9E,F). Additionally, 
an immunoprecipitation-acyl biotin replacement test was used to evaluate the effects of TAM, I194496, and the 
combination of both on STAT3 palmitoylation levels. The findings demonstrated that in T47D/CSE and MCF7/
TAM cells, I194496 inhibited the palmitoylation of STAT3 and offset the effects of TAM on STAT3 palmitoyla-
tion (Fig. 9G–J). The results showed that I194496 employs the PPARγ/ACSL1/STAT3 pathway to overcome 
TAM resistance.

Discussion
TAM is currently the preferred endocrine therapy for ER+ breast  cancer25. Nevertheless, patients with ER+ breast 
cancer may develop both primary and secondary TAM  resistance27. Thus, understanding the mechanism of TAM 
resistance in ER+ breast cancer is critical for developing therapeutic options. This insight may eventually lead to 
better outcomes for patients with ER+ breast cancer.

Fig. 4.  Knocking down the expression of CSE in MCF7/TAM cells can increase the inhibitory effect of TAM 
on the growth, proliferation, migration and invasion and the apoptosis-promoting effect of breast cancer cells. 
(A and B) The MTS method was performed to detect the sensitivity and  IC50 of MCF7 and MCF7/TAM cells to 
4-OH TAM. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05 versus MCF7 cells. (C and D) 
The expression levels of CSE proteins in MCF7 and MCF7/TAM cells. All data are expressed as mean ± standard 
deviation (n = 3). ***P < 0.001 versus MCF7 cells. (E and F) Analysis of the efficiency of knocking down CSE 
proteins in MCF7/TAM cells. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05 versus the Sc 
siRNA. (G–I) MTS and EdU assays were used to detect the effect of 4-OH TAM on the growth and proliferation 
of MCF7/TAM cells after CSE knockdown, respectively. Representative images were taken. Scale bars, 100 µm. 
(J) Wound healing assay was used to detect the effect of 4-OH TAM on the migration of MCF7/TAM cells 
after CSE knockdown. Representative images were taken. Scale bars, 500 µm. (K) Transwell assay was used to 
determine the effect of 4-OH TAM on the migration and invasion of MCF7/TAM cells after knockdown CSE 
expression. Representative images were taken. Scale bars, 200 µm. (L) Apoptosis assay was used to detect the 
effect of 4-OH TAM on apoptosis of MCF7/TAM cells after knockdown of CSE expression. Representative 
images were taken. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05, **P < 0.01 versus 0 μM 
4-OH TAM group.
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The CSE/H2S system has been shown to improve resilience to chemotherapy and endocrine therapy in breast 
cancer  patients28. As a result, CSE may be a useful therapeutic target for reducing TAM resistance in breast cancer. 
This study revealed that the CSE/H2S system is connected to TAM sensitivity in ER+ breast cancer. The findings 
also revealed that high levels of the CSE/H2S system were the reason for TAM resistance in breast cancer patients. 
These discoveries could help improve therapeutic options for breast cancer patients.

STAT3 contributes significantly to treatment resistance in breast cancer patients. Strategies targeting fatty acid 
oxidation are being investigated as potential cancer  therapies29. ACSL1 regulates both fatty acid production and 
oxidation  pathways22. According to previous studies, oxidized fatty acids can increase STAT3 palmitoylation and 
directly activate this signalling  pathway21. To elucidate the mechanism by which CSE promotes TAM resistance 
and make recommendations for overcoming this problem, we studied the effect of the CSE/H2S system on the 
ACSL1/STAT3 pathway. CSE was reported to promote TAM resistance in TAM-resistant breast cancer cells via 
the ACSL1/STAT3 pathway.

PPARγ is a transcription factor that modulates the expression of ACSL1. PPARγ can activate the transcrip-
tion of the ACSL1 gene by binding to PPRE, the major PPAR response element in the ACSL1  promoter23. To 
determine whether the CSE/H2S pathway impacts ACSL1 transcription via PPARγ, we investigated the impact 
of CSE on the binding of PPARγ to the ACSL1 promoter. We found that the level of CSE affects the ability of 
PPARγ to bind to the ACSL1 promoter.

Co-IP was performed to study how CSE modulates PPARγ expression, which plays a role in TAM resist-
ance in breast cancer. The results showed that CSE interacted with PPARγ in resistant breast cancer cells, and 
downregulation of CSE expression reduced this interaction. Furthermore, investigations have revealed that  H2S 
can affect protein activity through  sulfhydrylation24. We used a maleimide assay to detect the sulfhydrylation of 
PPARγ, providing insight into its regulation. These data suggested that CSE may modify the sulfhydrylation of 
PPARγ, potentially affecting its activity. These findings emphasize the necessity of studying the mechanisms by 

Fig. 5.  CSE regulates the transcription of ACSL1 through PPARγ to affect the expression and activity of STAT3 
protein, thereby participating in TAM resistance in ER+ breast cancer. (A and B) Expression levels of ACSL1 
protein in MCF7/TAM resistant cells of ER+ breast cancer. All data are expressed as mean ± standard deviation 
(n = 3). *P < 0.05 versus MCF7 cells group.**P < 0.01 versus MCF7 cells group. (C and D) The effect of down-
regulation of CSE on the expression levels of ACSL1, STAT3 and p-STAT3 in MCF7/TAM cells. All data are 
expressed as mean ± standard deviation (n = 3). *P < 0.05, **P < 0.01 versus Sc siRNA group. (E and F) The effect 
of downregulation of CSE protein on the palmitoylation level of STAT3 in MCF7/TAM cells. The acyl-biotin 
substitution method was applied to detect STAT3 palmitoylation. All data are expressed as mean ± standard 
deviation (n = 3). **P < 0.01 versus Sc siRNA group. (G and H) Effect of down-regulation of ACSL1 protein 
on STAT3, p-STAT3 expression in MCF7/TAM. All data are expressed as mean ± standard deviation (n = 3). 
*P < 0.05 versus Sc siRNA group. (I and J) Effect of down-regulation of ACSL1 protein on STAT3 palmitoylation 
in MCF7/TAM. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05 versus Sc siRNA group.
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which CSE influences cellular signalling pathways, as well as the potential implications for human health. This 
information may have important ramifications for future research and development efforts in the field.

Further research is required to investigate the impact of CSE inhibitors on reducing drug resistance and to 
determine whether CSE may be used as a biomarker of TAM resistance. We discovered that I194496, a new 
CSE inhibitor, increased the susceptibility of TAM-resistant breast cancer cells to TAM treatment and overcame 
resistance through the PPARγ/ACSL1/STAT3 pathway. In the next study, we will perform experiments using 
different TAM-resistant ER-positive BC cell lines to validate the broad effect and specificity of I194496. And to 
delve into its mechanism of action, such as delving into how precisely I194496 regulates the STAT3 pathway, 
including what the direct targets are and how this interaction affects downstream signaling. And extend the study 
to the downstream effects of STAT3, such as the correlation with biological processes (cell cycle, apoptosis and 
autophagy etc.). These studies are important for understanding and overcoming pharmacological resistance in 
ER-positive BC, especially the therapeutic potential associated with STAT3 inhibition. On this basis, the long-
term effects, safety, and possible side effects of I194496 will be further explored.

In summary, CSE could serve as a biomarker of TAM resistance. The new CSE inhibitor I194496 successfully 
alleviated the TAM-induced reduction in resistance in ER-positive breast cancer cells by activating PPARγ. This 
modulates the expression of ACSL1 and affects the activation of STAT3 (Fig. 10).

Methods
Cell lines
The Key Laboratory of Natural Medicine and Immune-Engineering at Henan University (Kaifeng, China) sup-
plied the breast cancer cell line MCF7, and Xiamen University’s School of Pharmacy donated T47D. The human 
normal breast cell line Hs578bst was purchased from Guan DAO Biological Engineering Co., Ltd. (Shanghai, 
China). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Solarbio, China) and RPMI 
1640 medium (Gibco, USA) supplemented with 10% foetal bovine serum (FBS; Zeta Life, USA) at 37 °C in a 5% 
 CO2 atmosphere. The vendors authenticated the cell lines.

Fig. 6.  ACSL1 expression in MCF7/TAM cells is regulated by CSE through protein interactions and 
sulfhydrylation modification of PPARγ. (A and B) Expression levels of PPARγ in ER+ breast cancer TAM-
resistant cells MCF7/TAM. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05, ***P < 0.001 
versus MCF7 cells. (C and D) Effect of down-regulation of CSE on PPARγ expression in MCF7/TAM cells. All 
data are expressed as mean ± standard deviation (n = 3). *P < 0.05 versus Sc siRNA group. (E) CSE interaction 
with PPARγ. The overexpression plasmids of CSE and PPARγ were cotransfected into MCF7/TAM cells, 
followed by co-immunoprecipitation assay. (F) Effect of down-regulation of CSE on PPARγ binding to 
the ACSL1 promoter in MCF7/TAM cells. Overexpression plasmids of ACSL1 promoter and PPARγ were 
cotransfected into MCF7/TAM cells, which were then assayed by applying a dual luciferase reporter gene 
assay kit. All data are expressed as mean ± standard deviation (n = 3). **P < 0.01 versus ACSL1 + PPARγ group. 
(G and H) Effect of down-regulation of CSE protein on PPARγ sulfhydrylation levels in MCF7/TAM cells. 
The maleimide method was applied to detect the level of PPARγ sulfhydration. All data are expressed as 
mean ± standard deviation (n = 3). **P < 0.01 versus Sc siRNA group.
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Drug and compound
4-Hydroxy TAM was purchased from MCE Technology (HY16950, China). Compound I194496, a new CSE 
inhibitor discovered by virtual screening and verified using experimental  methods21,26, was purchased from 
Compound Handling B.V. Figure 7A shows the chemical structure of Compound I194496.

Plasmid construction and lentivirus infection
To create a CSE-knockdown lentivirus, full-length CSE cDNA was cloned and inserted into the hU6-MCS-Cbh-
gcGFP-IRES-puromycin vector from Shanghai GeneChem Co., Ltd. The CSE-knockdown lentivirus was applied 
to infect MCF7 cells, resulting in stable cells with downregulated CSE. In addition, MCF7/TAM cells in six-well 
plates were transfected with either scramble siRNA (Sc siRNA, 20 µM), a specific siRNA against human CSE (20 
µM Invitrogen; Shanghai GenePharma Co., Ltd.), or a specific siRNA against human ACSL1 (20 µM Invitrogen; 
Shanghai GenePharma Co., Ltd.) with Lipofectamine 2000® (Invitrogen; Thermo Fisher Scientific, Inc.). The 
siRNA sequences used were as follows: CSE-specific siRNA sense, 5’-GGU UUA GCA GCC ACU GUA AdTdT-3’ 
and antisense, 5’-UUA CAG UGG CUG CUA AAC CdTdT-3’; ACSL1-specific siRNA sense, 5’-GCG GCA UCA UCA 
GAA ACA ATT-3’ and antisense, 5’-UUG UUU CUG AUG AUG CCG CTT-3’; and Sc siRNA sense, 5’-UUC UCC 
GAA CGU GUC ACG UTT-3’ and antisense, 5’-ACG UGA CAC GUU CGG AGA ATT-3’. To overexpress PPARγ, 
MCF7/TAM cells were transfected with PPARγ overexpression plasmids (pcDNA 3.1( +)-vector and pcDNA 
3.1( +)-PPARγ, Nanjing Tsingke Biotech Co., Ltd.) or ACSL1 promoter overexpression plasmids (GV238-vector 
and GV238-ACSL1, Shanghai GeneChem Co., Ltd.).

Fig. 7.  Application of I194496 increased the inhibitory effect of TAM on the growth, proliferation, migration 
effect of breast cancer cells. (A) The chemical structure of the compound I194496. (B–E) Effect of applying 
I194496 on the growth of T47D/CSE and MCF7/TAM cells was detected by MTS assay. All data are expressed 
as mean ± standard deviation (n = 3). *P < 0.05 versus 0 μM I194496 group. (F,G,I) Effect of applying I194496 in 
combination with TAM on the growth and proliferation of T47D/CSE and MCF7/TAM cells was detected by 
EdU assays. Scale bars, 100 µm. All data are expressed as mean ± standard deviation (n = 3). *P < 0.05, **P < 0.01 
versus 4-OH TAM group. (H,J) Effect of applying I194496 in combination with TAM on the migration of T47D/
CSE cells was detected by wound healing assay. Representative images were taken. Scale bars, 500 µm.



10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:22988  | https://doi.org/10.1038/s41598-024-71962-7

www.nature.com/scientificreports/

Establishment of TAM‑resistant cells
MCF7 cells were grown in DMEM supplemented with 4-hydroxy TAM at concentrations ranging from 1 to 5 μM 
for over 8 months to establish TAM-resistant MCF7/TAM breast cancer cells. The cells were then cultured in 
DMEM supplemented with 1 μM TAM.

MTS and EdU assays
Cell viability was determined using an MTS kit (Sigma, M8180). Cells were seeded in 96-well plates at a density of 
1 ×  104 cells per well for 24 h. The cells were subsequently treated with various doses of 4-hydroxyTAM or I194496 
for 48 h. MTS was applied to the cells for 4 h, and the OD value was determined at 570 nm using a microplate 
spectrophotometer. EdU assays were used to measure cell proliferation. Cells were treated with 4-hydroxyTAM 
or I194496 for 48 h, and proliferating cells were detected using an EdU test kit (Guangzhou RiboBio Co., Ltd., 
China). In brief, the procedure involved EdU labelling, cell fixation, Apollo staining, and DNA staining. Each 
experiment was carried out in triplicate.

Scratch assay
A total of 8 ×  105 cells were seeded in 6-well plates. When the cells reached 90% confluence, they were scraped 
with a 200 μl pipette tip on 35 mm dishes. TAM was then added at various concentrations. After a 48-h incuba-
tion period, migratory images were taken at 0 and 48 h after scraping to compare the gap closure rates.

Fig. 8.  Application of I194496 increased the inhibitory effect of TAM on the migration, invasion and the 
apoptosis-promoting effect of breast cancer cells. (A–B) Effect of applying I194496 in combination with TAM 
on the migration of MCF7/TAM cells was detected by wound healing assay. Representative images were taken. 
Scale bars, 500 µm. (C–E, G, H) Effect of applying I194496 in combination with TAM on the migration and 
invasion of T47D/CSE and MCF7/TAM cells was performed by transwell assay. cells. Representative images 
were taken. Scale bars, 200 µm. (F and I) Effect of applying I194496 in combination with TAM on the apoptosis 
of MCF7/TAM cells was performed by apoptosis assay. cell. All data are expressed as mean ± standard deviation 
(n = 3). *P < 0.05, **P < 0.01 versus Control group. #P < 0.05, ##P < 0.01 versus I194496 group. &P < 0.05, &&P < 0.01 
versus 4-OH TAM (12 μM) group.
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Transwell assay
Cell migration and invasion were tested using a Transwell assay in 24-well chambers (8 µm pore size; Corning 
Incorporated, Corning, NY, USA). The Transwell chambers were covered with or without Matrigel matrix (BD 
Biosciences, CA, USA) for invasion and migration assays. The specific procedure is described in  references26,30,31. 
In the upper chamber, 8 ×  105 cells were added to serum-free media. In the lower chamber, medium containing 
10% FBS was added. After 48 h of incubation, the cells were fixed and stained. Photos were taken after drying. 
The number of cells indirectly represented the potential of the cells to migrate and invade.

Western blot analysis
The cells were washed with ice-cold phosphate-buffered saline (PBS) before being lysed on ice for 20 min in RIPA 
lysis buffer (ProteinTech Group, Inc.) containing protease and phosphatase inhibitors. Protein concentrations 
were measured using a BCA protein assay kit (Solarbio, China), and Western blot analysis was carried out follow-
ing a predetermined protocol. The primary and secondary antibodies used were CSE antibody (1:3000, cat. no. 
CY8267, Abways Technology), ACSL1 antibody (1:3000, cat. no. 13989-1-AP, ProteinTech Group, Inc.), PPARγ 
antibody (1:3000, cat. no. 16643-1-AP, ProteinTech Group, Inc.), STAT3 antibody (1:3000, cat. no. 51076-2-AP, 
ProteinTech Group, Inc.), p-STAT3 antibody (1:3000, cat. no. CY6566, Abways Technology), GAPDH antibody 
(1:100,000, cat. no. 60004-1-lg, ProteinTech Group, Inc.), HRP-goat anti-rabbit IgG (1:3000, cat. no. SA00001-2, 
ProteinTech Group, Inc.), HRP-goat anti-mouse IgG (1:3000, cat. no. SA00001-1, ProteinTech Group, Inc.), and 
HRP-streptavidin (1:200, cat. no. A0303, Beyotime, China).

Fig. 9.  I194496 can reverse CSE-regulated PPARγ/ACSL1/STAT3 pathway signaling in T47D/CSE and MCF7/
TAM of breast cancer cells. (A–D) Effect of I194496 in combination with TAM on PPARγ, ACSL1, STAT3, 
p-STAT3, and CSE protein expression in T47D/CSE and MCF7/TAM cells. (E and F) Effect of I194496 in 
combination with TAM on PPARγ binding activity to the ACSL1 promoter in T47D/CSE and MCF7/TAM 
cells. The overexpression plasmids of ACSL1 promoter and PPARγ were cotransfected into T47D/CSE and 
MCF7/TAM cells, and then assayed by applying a dual luciferase reporter gene assay kit. (G–J) Effect of I194496 
in combination with TAM on STAT3 palmitoylation in T47D/CSE and MCF7/TAM cells. The acyl-biotin 
substitution method was applied to detect STAT3 palmitoylation. All data are expressed as mean ± standard 
deviation (n = 3). *P < 0.05 versus Control group. #P < 0.05 versus 4-OH TAM (12 μM) group.



12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:22988  | https://doi.org/10.1038/s41598-024-71962-7

www.nature.com/scientificreports/

Determination of  H2S production
The methylene blue method was used to determine  H2S32. Cells in the logarithmic growth phase were collected 
by centrifugation and resuspended in 1 ml of culture media before being injected into six-well plates after count-
ing. On the second day after cell walling, 40 μl of L-cysteine (2 mmol/L), 100 μl of pyridoxal 5-phosphate (0.5 
mmol/l), and serum-free media containing the corresponding concentration of TAM were added to each well. 
The final volume of liquid in each well was 2 ml. Moreover, 500 μl of 1% (w/v) zinc acetate was applied dropwise 
to the filter paper. After 48 h, the filter paper was removed from the plates and placed in 15 ml centrifuge tubes. 
Then, 500 μl of 0.2% (w/v) N,N-dimethyl-p-phenylenediamine dihydrochloride dye, 50 μl of 10% (w/v) ferric 
ammonium sulfate, and 3 ml of deionized water were added to the centrifuge tubes, mixed gently, and then 
incubated in a 37 °C oven for 20 min. After a sufficient reaction, the supernatant was centrifuged and transferred 
to a 96-well plate (200 μl per well). Using a multifunctional enzyme marker, the absorbance was measured at 670 
nm. A standard curve was used to determine the  H2S concentration, and the release was expressed as nmol·min-1 
per 1 ×  106 cells.

Coimmunoprecipitation
The cells were lysed using NP-40 lysis buffer (Solarbio, China), and the lysates were then treated with protein 
A + G agarose (cat. no. P2055, Beyotime, China) and a PPARγ antibody conjugated overnight at 4 °C. Three 
washes of the beads containing affinity-bound proteins were performed using PBS buffer. This was followed by 
three elutions using NP-40 lysis buffer. Protein samples were separated on sodium dodecyl sulfate polyacrylamide 
gels, denatured, and then transferred to polyvinylidene fluoride membranes using 40 μl of 2 × loading buffer. 
Next, the membrane was detected and probed using the designated antibodies.

Dual‑luciferase reporter assay
The dual-luciferase reporter assay method was used according to Guo et al.33. To assess the effect of the down-
regulation of CSE expression on the binding of the ACSL1 promoter to PPARγ, four tubes were divided into two 
groups. In group one, 800 ng of PPARγ overexpression plasmid, 800 ng of GV238-ACSL1-luciferase promoter 
plasmid, and 40 ng of pRL-TK plasmid were added to one EP tube with a luciferase:sea kidney ratio of 30:1. 
The identical plasmid indicated above was injected into another tube, along with 1 μl of CSE siRNA. In group 
two, 2.4 μl of Lipofectamine 2000 was added to two EP tubes. Each tube was mixed gently and incubated at 
room temperature for 5 min. Then, the tubes of groups one and two were mixed and incubated for 20 min. To 
assess the effect of the CSE inhibitor I194496 on the binding of the ACSL1 promoter to PPARγ, nontoxic doses 
of I194496, TAM, and the combination of the two were introduced to the same group two as above. After lysis, 
washing and transfection, the luciferase activities were assessed for 48 h using a dual-luciferase reporter kit 
(Yeasen Biotechnology, Shanghai, China). Every experiment was conducted three times.

Fig. 10.  Schematic diagram of the regulation of CSE and its inhibitor I194496 on TAM resistant breast cancer 
cells.
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ABE analysis
The palmitoylation of proteins was established by using the ABE  method34. In brief, NP40 lysis buffer containing 
50 mM NEM was added to ice for lysis. Overnight immunoprecipitation of the samples was performed using a 
STAT3 antibody. The next day, 40 µL of protein A + G agarose beads was added, and the mixture was shaken for 
4 h at 4 °C. After the precipitate was blocked in lysis buffer containing 10 mM NEM, stringent buffer (lysis buffer, 
10 mM NEM, and 0.1% SDS) and lysis buffer were used for washing. The sample was split into two equal parts: 
one was treated with 1 M hydroxylamine (HAM) for 50 min at room temperature to disrupt thioester linkages, 
and the other (HAM-) was used as a control. The bead precipitate was mixed with 500 µL of 2 µM biotin-HPDP 
buffer, and the mixture was shaken for 50 min at 4 °C. The reaction mixture was then washed once with lysis 
buffer (pH 6.2) and 3 times with lysis buffer. After the addition of loading buffer, the precipitate was heated in 
a protein cooker. Streptavidin–horseradish peroxidase (Beyotime, China) was utilized to identify the proteins 
following electrophoresis and membrane transfer.

Maleimide method
We used a maleimide assay to detect PPARγ sulfhydrylation. The method of Paul et al. was modified 35. Briefly, the 
cells were lysed with NP40 lysis buffer. PPARγ antibody was used to immunoprecipitate the samples overnight. 
The next day, 40 µl of protein A + G agarose beads and fluorescein-5-maleimide (final concentration 2 µM) were 
added to all EP tubes and incubated for 4 h in the dark in a 4 °C refrigerator with shaking. After washing, the 
samples were divided into two portions. One set was treated with 1 mM DTT. All samples were rotated at 4 °C for 
1 h. Western blotting was used to evaluate the proteins after they had been washed three times with lysis buffer.

Statistical analysis
The data were analysed statistically using GraphPad Prism 8, SPSS 19.0, and ImageJ software, and the data are 
expressed as the mean and standard deviation. One-way ANOVA was used to assess differences between experi-
mental groups with a single variable, and two-way ANOVA was used to determine the statistical significance 
of differences between experimental groups with two variables, followed by Tukey’s multiple comparisons test 
(Supplementary Figure 1).

Data availability
The data sets analyzed during the current study are available from the corresponding author.
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