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PTPN2 inhibits TG-induced ERS-
initiated TNBC apoptosis through
the mitochondrial pathway

Yanhe An?, Jinxin Lan?, Jiaping Tang’? & Na Luo***

Triple negative breast cancer (TNBC) is the most malignant subtype of breast cancer that portends

a poor prognosis and limited treatment. PTPN2 is a member of the non-receptor protein tyrosine
phosphatase family that regulates biological processes by dephosphorylating various signaling
molecules. Endoplasmic reticulum stress (ERS) plays a dual regulatory role by promoting both survival
and apoptosis. This study aims to elucidate the role of PTPN2 in mediating the pro-apoptotic effects
of ERS induced by Thapsigargin (TG), and its influence on the fate of TNBC cells, utilizing both loss-of-
function and gain-of-function methodologies. Our findings indicate that PTPN2 modulates TG-induced
ERS via the IRE1-XBP1 and PERK/EIF2a/ATF-4 signaling pathways. Furthermore, PTPN2 mitigates
the TG-induced reduction in cell proliferation and the concomitant increase in apoptosis. Specifically,
PTPN2 appears to inhibit several facets of TG-induced apoptosis, including: (1) Ca?* elevation in
mitochondria, (2) the production of reactive oxygen species (ROS), and (3) Bax/Bcl-2 augmentation
which dictates mitochondria-mediated apoptosis. Additionally, we observed that the knockdown of
PTPN2 enhances TG-induced autophagy; however, our results suggest that autophagy may serve a
protective role against TG-induced apoptosis. Consequently, targeting PTPN2 in conjunction with ERS-
inducing agents may represent a promising therapeutic strategy for the treatment of TNBC.
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Breast cancer is the most frequently diagnosed malignancy and the second leading cause of cancer-related
mortality among women globally!. Triple-negative breast cancer (TNBC) constitutes approximately 15% to 20%
of all breast cancer subtypes and is characterized by the absence of estrogen receptors, progesterone receptors,
and human epidermal growth factor receptor 22*. Compared to other breast cancer subtypes, TNBC is associated
with a heightened level of invasiveness, a higher recurrence rate, and a poorer prognosis®. Patients diagnosed
with TNBC do not respond to targeted endocrine or receptor therapies due to the absence of the aforementioned
receptors. Currently, the standard treatment modalities for TNBC include surgical resection and non-specific
chemotherapy>®. Recently, immune checkpoint inhibitors (ICIs) have been introduced as a treatment option for
TNBC; however, the clinical benefits observed have been less than promising’. Therefore, there is a pressing need
for the development of more effective therapeutic strategies for TNBC.

The endoplasmic reticulum (ER) is integral to various cellular processes, including protein synthesis and
folding, lipid synthesis and distribution, as well as calcium ion (Ca**) storage and release, among other functions®®.
Disruption of ER homeostasis can occur due to fluctuations in ATP levels, variations in Ca?* concentrations,
hypoxic conditions, viral infections, the presence of inflammatory cytokines, nutrient deprivation, and exposure
to environmental toxins, all of which can lead to the accumulation of misfolded proteins'®. In order to maintain
ER homeostasis and alleviate endoplasmic reticulum stress (ERS), activation of the unfolded protein response
(UPR) occurs'!. The UPR consists of three primary signaling pathways: inositol-requiring enzyme 1 (IRE1),
PKR-like ER kinase (PERK), and activating transcription factor 6 (ATF6). Furthermore, the ER chaperone
binding immunoglobulin protein (BiP) is crucial for sensing ER stress. Under normal physiological conditions,
BiP interacts with ER stress sensors, keeping them in an inactive state. However, during ER stress, BiP binds
to unfolded or misfolded proteins within the ER, which results in the release of IREla and PERK, facilitating
their homodimerization, as well as the translocation of ATF6 to the Golgi apparatus'>!>. REla is responsible
for the splicing of XBP1 mRNA, which encodes a significant transcription factor that activates the expression
of genes associated with the UPR that are crucial for endoplasmic reticulum (ER) proteostasis and cellular
pathophysiology. The protein kinase PERK phosphorylates the eukaryotic translation initiation factor 2

1Department of Anatomy and Histology, School of Medicine, Nankai University, 94 Weijin Road, Tianjin 300071,
China. ?Life Science Research Center, The First Affiliated Hospital of Xinxiang Medical University, Weihui 453100,
Henan, China. *email: luon11@nankai.edu.cn

Scientific Reports|  (2025) 15:19896 | https://doi.org/10.1038/s41598-025-04312-w nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-04312-w&domain=pdf&date_stamp=2025-6-6

www.nature.com/scientificreports/

subunit-a (EIF2a), thereby facilitating the translation of ATF4. This transcription factor subsequently activates
the expression of UPR target genes that encode proteins involved in amino acid biosynthesis, the antioxidative
response, autophagy, and apoptosis. Additionally, ATF6 translocates from the ER to the Golgi apparatus, resulting
in the production of an active cytosolic fragment of ATF6, which also promotes the transcription of UPR target
genes that are essential for maintaining ER protein folding homeostasis and overall cellular physiology'®. UPR
plays a dual role. Firstly, the UPR restores ER homeostasis, promotes correct protein folding, induces autophagy,
and promotes cell survival under mild ERS conditions. Secondly, the UPR induces mitochondrial apoptosis
under severe ERS condition!*!>. Consequently, a comprehensive understanding of the ERS pathway and the
mechanisms leading to apoptosis may provide valuable insights for developing effective clinical strategies for the
treatment of TNBC.

Protein tyrosine phosphatase non-receptor type 2 (PTPN2), commonly referred to as T-cell protein tyrosine
phosphatase (TCPTP), is a widely expressed enzyme that functions as a tyrosine phosphatase. In humans, it
predominantly exists in two isoforms: the 48-kDa variant (TC48), which is localized to the endoplasmic
reticulum due to a hydrophobic C-terminal region, and the 45-kDa variant (T'C45), which is targeted to the
nucleus through a C-terminal nuclear localization sequence!®. PTPN2 plays a critical role in regulating
numerous biological processes by dephosphorylating and inactivating various substrate proteins, including
members of the Src family kinase!”, epidermal growth factor receptor (EGFR)'8, vascular endothelial growth
factor (VEGFR)", Janus kinase 1 and 3 (JAK1, JAK3), and signal transducer and activator of transcription 1
and 3 (STAT1, STAT3)%. PTPN2 has garnered significant interest due to its role in enhancing the sensitivity of
tumor cells to immunotherapy and improving the overall efficacy of such treatments®!~2. In this context, efforts
are currently being made to develop specific small molecule inhibitors targeting PTPN224-2, It is important to
note, however, that the influence of PTPN2 on tumor proliferation is contingent upon the effects mediated by
interferon-y, rather than through direct suppression of tumor cell growth. Consequently, investigating strategies
that could leverage the additive effects of PTPN2, in addition to its interferon-y-mediated actions on tumor
growth, presents a promising avenue for further research.

In this research, we examined the function of PTPN2 in the ERS process and its impact on the progression of
TNBC utilizing both loss-of-function and gain-of-function methodologies. Our findings indicate that PTPN2
participates in TG-induced ERS by activating the IRE1-XBP1 and PERK/EIF2a/ATF-4 signaling pathways.
Additionally, we observed that autophagy serves a protective role against TG-induced apoptosis. Consequently,
we propose that targeting PTPN2 in combination with ERS-inducing agents may represent a promising
therapeutic approach for the treatment of TNBC.

Materials and methods
Cell culture and treatment
Human embryonic kidney 293T (HEK-293T), human breast cancer cell lines MDA-MB-231 and SUM159
were obtained from the National Collection of Authenticated Cell Cultures, and cultured in DMEM medium
(VivaCell) supplemented with 10% fetal bovine serum (VivaCell) and 100U/ml penicillin-streptomycin
(VivaCell) at 37 °C in a humidified incubator with 5% CO,. Murine breast cancer cell line 4T1 was cultured in
RPMI 1640 medium (VivaCell) supplemented with 10% fetal bovine serum (VivaCell) and 100U/ml penicillin-
streptomycin (VivaCell) at 37 °C in a humidified incubator with 5% CO,,.

When necessary, 10 uyM MG132 (MCE) was added medium for indicated time to inhibit protein degradation.
1 uM thapsigargin (TG, MCE) or 5 ug/mL tunicamycin (TM, GLPBIO) was added medium for 48 h to induce
ERS. And 20 uM chloroquine (CQ, MCE) was added medium for 2 h to inhibit autophagy.

Vector construction and establishment of stable cell lines

For gene overexpression, DNA sequences encoding the human PTPN2-45KD, PTPN2-48KD were amplified
using polymerase chain reaction (PCR)-amplified from MDA-MD-231 cDNA and subsequently cloned into the
pLV-EF1a-MCS-IRES-Bsd plasmid (Biosettia, San Diego, CA). For gene silencing, short hairpin RNAs (shRNAs)
targeting human PTPN2 were cloned into the pLV-H1-EFla-puro plasmid (Biosettia). The lentiviruses carrying
the overexpression vectors, gene silencing vectors, or empty vectors were conducted in accordance with according
to the manufacturer’s instruction. Lentivirus-containing medium was applied to cells in the presence of 8 ug/
ml polybrene (Sigma-Aldrich) for 48 h, prior to selection with 10 pg/ml blasticidin (Sigma-Aldrich) or 1 ug/
ml puromycin (Sigma-Aldrich) for one week to establish stable cell lines. The primers and shRNAs are listed in
Table S1, and the PTPN2 cDNA (NM_002828.4 and NM_080422.3) sequence is in the Supporting Information.

Western blot

Twenty micrograms of protein isolated from MDA-MB-231 and SUM159 cells was loaded to 10% sodium
dodecyl sulfate—polyacrylamide gel for electrophoresis. The protein was then transferred to a polyvinylidene
fluoride membrane. After blocking with 5% nonfat milk, the membrane was incubated with a primary antibody
to either of the following: GRP78 (200,310-4F11, Zenbio), IRE1 (220,399, Zenbio), XBP1 (R27438, Zenbio),
CHOP (WL00880, Wanleibio), PERK (WL03378, Wanleibio), P-PERK (WL05295, Wanleibio), P-EIF2a
(ET1603-14, HuaBio), P-TRE1 (HA721980, HuaBio), Ki67 (ET1609-34, HuaBio), LC3 (ET1701-65, HuaBio),
p62 (HA721171, HuaBio), ATF-6 (24,169-1-AP, Proteintech), PTPN2 (11,214-1-AP, Proteintech), GAPDH
(60,004-1-Ig, Proteintech), Bcl-2 (26,593-1-AP, Proteintech), TCPTP (58935S, CST), Ubiquitin (3936S, CST),
cleaved Caspase 3 (9664T, CST), Bax (2772T, CST), AMPK (58318, CST) and P-AMPK (2535S, CST) overnight
at 4 °C. The membrane was exposed to chemiluminescence (Thermo Fisher Scientific, USA) after incubation
with corresponding secondary antibodies to detect specific signals.
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Co-Immunoprecipitation

Cells were lysed in buffer A (50 mM Tris/HCI, pH7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 25 mM NaF,
5 mM NaP,O,, 1%TritonX-100, 1 mM Na,VO,, 20 mM p-nitrophenyl phosphate, 2 pg/ml leupeptin, 2 pg/ml
aprotinin and 100 pg/ml PMSF) and protein concentrations were determined using the BCA Protein Assay
Kit (Beyotime). Briefly, precleared cell lysate supernatants were incubated with anti-IgG (sc-2025, Santa Cruz)
or anti-FLAG (BAO3183103, Bioss). The immunocomplexes were collected with Dynabeads™ protein G and
immunoblotting was performed to detect expression of FLAG and GRP78.

Quantitative real time PCR

Total RNA was extracted using Trizol according to manufacturer’s instructions. EasyScript® First-Strand cDNA
Synthesis SuperMix (TransGen, #AE301-02) was used to synthesise complementary DNA (cDNA). RT-PCR
was performed with a Bio-Rad CFX machine (Bio-Rad Laboratories, Hercules, CA) and SYBR Green reagent
(YEASEN, #11184ES03). Relative quantitation of target gene expression was measured by the 2-AACt method
and GAPDH was deemed as a reference. The primer sequences are in Table S1.

Nuclear Hoechst33342 staining
Cells were stained with 5 pg/ml Hoechst 33,342 for 30 min in the dark. Subsequently, photomicrographs were
taken with an OlympusBX51 fluorescence microscope (Olympus, Tokyo, Japan).

EdU staining

Cell proliferation was examined using the Edu A488 detection kit (Beyotime, #C0071S) and performed according
to manufacturer’s instructions. Briefly, Incubate the cells with 10 uM EdU staining solution for 10-20 min in the
dark. Subsequently, photomicrographs were taken with an OlympusBX51 fluorescence microscope (Olympus,
Tokyo, Japan).

Live/dead cell viability assay

Live/ Dead cell viability assay was performed according to the manufacturer’s protocol. In brief, cells stained
with Calcein-AM/EthD1(Thermo Scientific, # 1L3224) for 30 min at 37 °C. At last, cells were promptly imaged
under inverted fluorescence microscope. Subsequently, photomicrographs were taken with an OlympusBX51
fluorescence microscope (Olympus, Tokyo, Japan).

Immunohistochemistry (IHC)

The murine 4T1 ex vivo tumor tissues were incubated with anti-Ki67, anti-cleaved Caspase 3, and CHOP
antibodies at 4 °C overnight. The tissue sections were then incubated with a secondary antibody followed by
peroxidase-anti-peroxidase (PAP) complex. The tissue sections were then incubated in a diaminobenzidine
(DAB)/ hydrogen peroxide substrate solution to obtain a brown reaction product. The tissue sections were
counterstained with hematoxylin. Ki67 and cleaved caspase3 in the murine 4T1 ex vivo tumor tissues were scored
according to positive cells of 3sections. CHOP in the murine 4T1 ex vivo tumor tissues were scored according
to IDO (integrated option density/area) of 3 sections. Photomicrographs were taken with an OlympusBX51
fluorescence microscope (Olympus, Tokyo, Japan). Ki67 and cleaved Caspase3 in the murine 4T1 ex vivo tumor
tissues were scored according to percentage of positive cells in 3 sections. And Image J software was used to
assess the Average Optical Density of CHOP IHC images.

Ex vivo culture

The mice needed for the experiment were purchased from Beijing Vital River Laboratory Animal Technology
Co. Ltd. Animal studies were approved by the Animal Care and Use Committee of the Nankai University. Five-
week-old female BALB/ ¢ mice were inoculated with 1x 10> 4T1sgGFP or sgPTPN2 cells to the 4th pair of fat
pads, respectively. Mice were humanely euthanized when tumor volume reached 500-600 mm? via isoflurane
inhalation followed by rapid cervical dislocation, and the tumors were separated from the mice and cut into
1-2 mm? blocks in a sterile environment. The blocks were cultured with RPMI1640 supplemented with 10% fetal
bovine serum and 1X antibiotic/ antimycotic with the presence of DMSO or 1 uM TG for 24 h, and embedded in
paraffin for immunohistochemistry staining or snap freeze for WB. We confirm that all methods were performed
in accordance with the relevant guidelines and regulations.

Annexin V/Propidium iodine (PI) staining

Apoptosis was detected by an Annexin V-FITC/PI Apoptosis Detection Kit (Simu Biotech, #A5001-02P-L). The
cells were washed with cold PBS and resuspended in Annexin V-binding buffer at a concentration of 1 x 10¢/ml.
The suspension was incubated with Annexin V-FITC and PI for 15 min at room temperature in the dark. After
adding binding buffer to each tube, the cells were analyzed by flow cytometry.

Detection of ROS generation

The cells were incubated with 2} 7’-dichlorofluorescin diacetate (DCFH-DA, Beyotime, #S0033S) at 37 °C for
40 min according to the manufacturer’s instructions. Subsequently, photomicrographs were taken with an
OlympusBX51 fluorescence microscope (Olympus, Tokyo, Japan).

Detection of mitochondrial calcium concentration

Cells were seeded on a 15 mm Confocal Dish and incubated for 24 h. Then they were incubated with the
indication TG concentration for 48 h. After removing the medium, the cells were washed three times with
serum-free medium. The cells were first stained with 1 uM Mito-Tracker Green for at 37 °C 40 min, followed by
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4 uM Rhod2-AM staining at 4 °C for 1 h in the dark. photomicrographs were taken with an Olympus FV1000
confocal microscope equipped with a 100 x oil immersion objective. (Olympus, Tokyo, Japan).

Statistical analysis

Data analysis was performed using GraphPad Prism software. All assays were performed in triplicate, and at least
3 independent experiments were conducted per test series. Student 's ¢-test was used to compare the significance
between the two sets of data. One-way ANOVA is used for data comparison between multiple groups. The results
are presented as the mean * standard deviation (SD). A p value <0.05 was considered statistically significant.

Results

PTPN2 regulates the occurrence of ERS in TNBC

Our previous studies indicated that the overexpression of PTPN2 (45 kDa and 48 kDa) leads to a reduction
in ubiquitin expression, while the knockdown of PTPN2 results in an increase in ubiquitin expression in a
time-dependent manner in MDA-MB-231 cells treated with MG132 (a proteasome inhibitor) (Supplementary
Fig. 1). These results suggest that PTPN2 plays a role in the protein degradation pathway in TNBC cells. An
imbalance between protein synthesis and protein degradation disrupts proteostasis followed by ERS activation.
Utilizing co-immunoprecipitation (Co-IP), we identified an interaction between PTPN2 and GRP78, a marker
protein for ERS, in MDA-MB-231 cells, indicating a direct protein-protein interaction (Fig. 1A). Moreover, in
order to determine whether PTPN2 regulates ERS activation, we treated PTPN2 over-expression and PTPN2
knockdown MDA-MB-231 and SUM159 cells with thapsigargin (TG; an ERS-inducing agent). We found that
PTPN2 (45 kDa and 48 kDa) over-expression decreases GRP78 expression in TG-treated MDA-MB-231 and
SUM159 cells (Fig. 1B), whereas PTPN2 knockdown results in an increase in GRP78 expression in these same
cell lines under TG treatment (Fig. 1C).

PTPN2 inhibits TG-induced ERS through IRE1-XBP1 and PERK/EIF2a/ATF-4 pathways

In light of the role of PTPN2 in ERS regulation, we first examined mRNA expression of several key molecules in
the UPR signaling pathway in MDA-MB-231 and SUM159 cells using qPCR. Our results showed that PTPN2
(45 kDa and 48 kDa) over-expression not only significantly inhibits mRNA expression of IRE1, XBP1, ATF-4
and ATF-6 but also shows a trend towards inhibition of GRP78 mRNA expression in DMSO-treated MDA-
MB-231 cells.
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Fig. 1. PTPN2 directly interacts with and inhibits GRP78 in TNBC. (A) The Western blot shows a direct
interaction of PTPN2 45 kDa or PTPN2 48 kDa with GRP78. The protein lysate was precipitated with anti-
IgG or anti-Flag, and blot with anti-GRP78 or anti-Flag. Input: whole cell lysate; IgG: negative control; Flag:
representing PTPN2 45 kDa or PTPN2 48 kDa. (B) The Western blot shows ectopic expression of PTPN2

45 kDa or PTPN2 48 kDa diminishes GRP78 expression in TG-treated MDA-MB-231 and SUM159 cells,

most obviously at 48 h. PTPN2 serves to indicate over-expression of PTPN2, and GAPDH serves as a loading
control. All experiments are conducted as a single independent experiment (n=1). (C) The Western blot shows
knockdown of PTPN2 augments GRP78 expression in TG-treated MDA-MB-231 and SUM159 cells, most
obviously at 48 h. PTPN2 serves to indicate knockdown of PTPN2, and GAPDH serves as a loading control.
All experiments are conducted as a single independent experiment (n=1).
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In addition, we found that PTPN2 (45 kDa and 48 kDa) over-expression significantly inhibits mRNA
expression of GRP78,IRE1, XBP1, and ATF-4 while PTPN2 (45 kDa) over-expression alone significantly inhibits
mRNA expression of ATF-6 in TG-treated MDA-MB-231 cells. SUM159 cells demonstrate a similar mRNA
expression pattern as observed in MDA-MB-231 cells in regard to key molecules in the UPR signaling pathway
(Fig. 2A,B). We then examined the protein expression of several key molecules in the UPR signaling pathway
using Western blot. We found that PTPN2 (45 kDa and 48 kDa) over-expression inhibits protein expression of
GRP78, P-IREL, IRE1, XBP1, P-PERK, PERK, and P-EIF2a, but does NOT alter ATF-6 expression in TG-treated
TNBC cells. These results not only indicate that PTPN2 (45 kDa and 48 kDa) over-expression inhibits both the
IRE1-XBP1 and PERK/ EIF2a/ATF4 pathways, but also has no significant effect on the ATF-6 pathway in TG-
treated MDA-MB-231 and SUM159 cells (Fig. 2C).

In addition, we found that PTPN2 knockdown enhances mRNA expression of GRP78, IRE1, XBP1, ATF-4,
and ATF-6 in TG-treated, but not in DMSO-treated MDA-MB-231 and SUM159 cells in general (Fig. 2D,E).
Furthermore, PTPN2 knockdown enhances protein expression of GRP78, P-IRE1, IRE1, XBP1, P-PERK, PERK,
and P-EIF2q, but does NOT alter ATF-6 expression in TG-treated TNBC cells. These results not only indicate
that PTPN2 knockdown stimulates both the IRE1-XBP1 and PERK/elF2a/ATF4 pathways but also has no
significant effect on the ATF-6 pathway in TG-treated MDA-MB-231 and SUM159 cells (Fig. 2F).

In this study, we used another ERS-inducing agent, tunicamycin (TM) to treat PTPN2 knockdown MDA-
MB-231 and SUM159 cells. Our results demonstrated that PTPN2 knockdown decreases mRNA expression
of GRP78, XBP1, and ATF-6 in TM-treated MDA-MB-231 cells but PTPN2 knockdown increases mRNA
expression of GRP78 and ATF6 in TM-treated SUM159 cells (Supplementary Fig. 2A and 2B). Moreover,
PTPN2 knockdown shows no significant effect on protein expression of ERS markers (i.e., GRP78, P-IREL, IRE1,
P-PERK, PERK, P-EIF2q, and ATF-6) in TM-treated MDA-MB-231 and SUM159 cells (Supplementary Fig. 2C).
Thus, we focused our study on the role of PTPN2 in TG-induced ERS.

PTPN2 promotes cell proliferation and inhibits cell apoptosis in TG-treated TNBC cells
In general, cells possess the ability to restore proteostasis and survive under temporary and mild ERS conditions,
but cells will undergo cell death by utilizing multiple signaling pathways (including apoptosis) under sustained
and severe ERS conditions. In order to demonstrate the effect of PTPN2 on TG-treated TNBC cells, we examined
cell proliferation and cell apoptosis. The EAU staining results showed that PTPN2 (45 kDa and 48 kDa) over-
expression significantly increases cell proliferation in TG-treated MDA-MB-231 cells (Fig. 3A,B). Whereas,
PTPN2 (45 kDa and 48 kDa) over-expression significantly increases cell proliferation in DMSO-treated MDA-
MB-231 cells (Fig. 3A,B). These results indicate that PTPN2 plays a cell proliferation role in TG-treated versus
DMSO-treated MDA-MB-231 cells. Moreover, we found that PTPN2 (45 kDa and 48 kDa) over-expression
reduces the number of apoptotic cells in TG-treated MDA-MB-231 and SUM159 cells by flow cytometry using
Annexin V/ Propidium Iodide (PI) staining (Fig. 3C-E). Western blot results confirmed that PTPN2 (45 kDa and
48 kDa) over-expression increases cell proliferation by enhancing PCNA expression and decreases cell apoptosis
by diminishing cleaved caspase3 and cleaved PARP expression in TG-treated MDA-MB-231 cells (Fig. 3F).

Furthermore, PTPN2 knockdown decreases cell proliferation illustrated by EdU staining (Supplementary
Fig. 3A & B) and cell viability by live/dead cell staining (Supplementary Fig. 3C & D) in TG-treated MDA-
MB-231 cells. Moreover, PTPN2 knockdown increases the number of apoptotic cells in TG-treated MDA-
MB-231 and SUM159 cells (Supplementary Fig. 3E & F) by flow cytometry using Annexin V/ PI staining.
PTPN2 knockdown also increases the number of apoptotic cells shown by Hoechst 33,342 staining with intense
staining in the nucleus in TG-treated MDA-MB-231 cells (Supplementary Fig. 3G & H).

In addition, the ex vivo results confirmed that PTPN2 knockout decreases cell proliferation (i.e., Ki67,
Fig. 3G,H) and increases cell apoptosis (i.e., cleaved Caspase3, Fig. 3L]) in TG-treated 4T1 murine breast
carcinoma tissues by immunohistochemistry staining.

PTPN2 inhibits TG-induced TNBC cell apoptosis through the mitochondrial pathway

The above-mentioned results indicate that PTPN2 is only involved in TG-induced ERS, but not TM-induced
ERS. TG interrupts Ca** homeostasis in the ER, and ER-mitochondria tethering is important for Ca®* buffering
and apoptosis. Thus, we next examined mitochondrial Ca* levels. We found that PTPN2 (45 kDa and 48 kDa)
over-expression decreases mitochondrial Ca?* levels, whereas PTPN2 knockdown increases mitochondrial
Ca?* levels in TG-treated MDA-MB-231 cells using Mito-Tracker and Rhod-2 immunofluorescence staining
(Fig. 4A,B).

The dysregulation of mitochondrial Ca?* homeostasis plays a critical role in ROS production which
associates with regulation of apoptosis. Thus, we then examined ROS levels using immunofluorescence. Our
results showed that PTPN2 (45 kDa and 48 kDa) over-expression decreases ROS production, whereas PTPN2
knockdown increases ROS production in TG-treated MDA-MB-231 cells (Fig. 4C-F). We further examined the
expression of CHOP (an apoptosis inducer in ERS pathway), AMPK (a major energy sensor), Bax and Bcl-2
(mitochondrial apoptosis-related proteins) which are involved in TG-induced apoptosis using Western blots.
Our results demonstrated that PTPN2 (45 kDa and 48 kDa) over-expression not only decreases the expression
of CHOP, P-AMPXK, and Bax, but also increases the expression of Bcl-2 which decreases the Bax/Bcl-2 ratio in
TG-treated MDA-MD-231 cells (Fig. 4G). The Western blot results of PTPN2 knockdown showed opposite
findings (Fig. 4H).

In addition, the ex vivo results confirmed that PTPN2 knockout increases CHOP expression in TG-treated
4T1 murine breast carcinoma tissues by immunohistochemistry staining (Fig. 41,]). The Western blot results
also showed that PTPN2 knockout increases GRP78 and CHOP expression in TG-treated 4T1 murine breast
carcinoma tissues (Fig. 4K).
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PTPN2 inhibits TG-induced TNBC autophagy functioning as a defender for cell apoptosis
Since ERS also activates autophagy that degrades misfolded/unfolded proteins when ERAD cannot address it,
we next examined the role of PTPN2 in TG-induced autophagy.

We found that PTPN2 (45 kDa and 48 kDa) over-expression diminishes the up-regulation of the LC3 II/LC3
I ratio (an autophagy marker protein) and enhances p62 expression in TG-treated MDA-MB-231 and SUM159
cells using Western blot analysis (Fig. 5A). The Western blot results of PTPN2 knockdown showed the opposite
findings (Fig. 5B).
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«Fig. 2. PTPN2 inhibits TG-initiated ERS through IRE1-XBP1 and PERK/EIF2a/ATF-4 pathways in TNBC.
(A & B) The bar graph shows that ectopic expression of PTPN2 45 kDa or PTPN2 48 kDa inhibits expression
of key molecules in IRE1 and PERK pathways in TG-treated MDA-MB-231 (A) and SUM159 (B) cells by
qPCR. All experiments were conducted three times independently (n=3). (C) The Western blot shows that
ectopic expression of PTPN2 45 kDa or PTPN2 48 kDa inhibits expression of key molecules in IRE1 and
PERK pathways in TG-treated MDA-MB-231 and SUM159 cells. PTPN2 serves to indicate over-expression of
PTPN2, and GAPDH serves as a loading control. All experiments were conducted two times independently
(n=2). (D & E) The bar graph shows that knockdown of PTPN2 augments expression of key molecules in IRE1
and PERK pathways in TG-treated MDA-MB-231 (D) and SUM159 (E) cells by gPCR. All experiments were
conducted three times independently (n=3). (F) The Western blot shows that knockdown of PTPN2 augments
expression of key molecules in IRE1 and PERK pathways in TG-treated MDA-MB-231 and SUM159 cells.
PTPN2 serves to indicate knockdown of PTPN2, and GAPDH serves as a loading control. All experiments
were conducted two times independently (n=2).

Since PTPN2 inhibits both TG-induced cell apoptosis and autophagy, we then investigated the contribution
of autophagy to apoptosis under TG-induced condition with modified PTPN2 expression. We treated MDA-
MB-231 cells using TG with or without chloroquine (CQ; an autophagy inhibitor) followed by Annexin V/ PI
staining. Our results showed that PTPN2 knockdown significantly increases the percentage of apoptotic cells in
TG-treated MDA-MB-231 cells. Co-treatment with TG and CQ further increases the percentage of apoptotic
cells compared to TG-treated MDA-MB-231 cells under PTPN2 knockdown conditions (Fig. 5C,D). Moreover,
we found that PTPN2 knockdown increases the expression of Cleaved caspase3 and the ratio of LC3 II/LC3 I in
TG-treated MDA-MB-231 cells using Western blot analysis. Co-treatment with TG and CQ further increases the
expression of Cleaved caspase3 and the ratio of LC3 II/LC3 I compared to TG-treated MDA-MB-231 cells under
PTPN2 knockdown conditions (Fig. 5D,E). The above results collectively indicate that TG-induced autophagy
protects cells from apoptosis under PTPN2 knockdown conditions.

Discussion

The prognosis for TNBC patients is poor and recurrence is common due to limited treatment options
Although application of ICIs has improved PFS and OS of certain TNBC patients, the majority do not exhibit
significant benefits, and there are inherent limitations associated with ICI therapy. Therefore, the need to explore
other avenues in TNBC treatment remains a fertile ground for exploration. In this study, we propose that
PTPN2 suppresses TG-induced ERS and the subsequent apoptosis via the following routes: (1) PTPN2 inhibits
activation of the IRE1-XBP1 and PERK/ EIF2a/ATF-4 signaling pathways by preventing the phosphorylation of
IRE1, PERK and EIF2a, phosphorylation of IRE1, PERK and EIF2a, (2) TG-induced ERS and the subsequent
apoptosis occurs via the regulation of Ca?* homeostasis and ROS production, (3) PTPN2 inhibits TG-induced
apoptosis via the mitochondrial apoptosis pathway (CHOP, AMPK, and Bax/Bcl-2 ratio are pivotal factors),
and (4) the concurrent activation of autophagy serves as a protective mechanism against TG-induced apoptosis
(Fig. 6).

PTPN2 has garnered significant interest due to its pivotal role as a potential target for cancer
immunotherapy?!?2. Tumors are categorized into immune-cold tumors, such as breast cancer, ovarian cancer,
and prostate cancer, and immune-hot tumors, including melanoma and non-small cell lung cancer, based on
T cell infiltration and the levels of pro-inflammatory cytokines?®-3°. PTPN2 is regarded as a highly promising
target for immunotherapy, particularly in enhancing interferon-gamma (IFN-y) signaling networks and the
subsequent response to immune checkpoint inhibitor (ICI) therapy in both immune-cold and immune-hot
tumors. The functionality of PTPN2 is primarily mediated through the JAK/STAT signaling pathway’!, although
interactions with other pathways, including protein kinase B (AKT), Src family kinase (SFK), and MEK/ERK,
have also been documented??-*%. The deletion of PTPN2 in tumor cells has been shown to enhance the efficacy
of immunotherapy by increasing STAT1 phosphorylation mediated by interferon-y, as well as the expression
of molecules related to antigen processing and presentation (such as B2m, MHC-I, and MHC-II) and certain
chemokines (including Cxcl9, Cxcl10, and Cxcl11). This upregulation facilitates T cell infiltration into the tumor,
ultimately leading to tumor growth suppression?!. Furthermore, elevated levels of PTPN2 have been observed
in human cancers that exhibit resistance to existing immunotherapeutic strategies®>. An increasing number
of comprehensive studies have implicated PTPN2 in cancer-promoting effects and adverse prognoses®>3.
Currently, there is no commercially available small inhibitor specifically targeting PTPN2, primarily due to the
structural similarities between PTPN1 and PTPN2. Nevertheless, small inhibitors that target both PTPN1 and
PTPN2, either ABBV-CLS-484 or Compound-182, has demonstrated the potential to enhance T cell-mediated
anti-tumor immunity?*?°. However, the lack of specificity for each target complicates the assessment of the
clinical benefits associated with immunotherapy directed at these molecules. In the 2024 ASCO Annual Meeting,
Li et al. presented HDM2010, a highly potent inhibitor of PTPN22°. While this compound exhibits a favorable
pharmacokinetic and safety profile, further optimization through preclinical models is still ongoing.

In our study, we have shown that PTPN2 inhibits ubiquitin-dependent protein degradation, which disrupts
proteostasis and influences occurrence of ERS. Moreover, PTPN2 regulates and directly interacts with GRP78
(the master regulator of UPR) which indicates that PTPN2 associates with ERS. The human 26S proteasome has
been shown to contain 453 phosphorylation sites using protein profiling analysis, 143 (nearly 33%) of which
are tyrosine phosphorylation sites®”%. For example, a variety of receptor tyrosine kinases (RTKs) promote
phosphorylation at Y439 site of Rpt2 subunit in 19S regulatory particle through the activation of Src, which
disrupts the functionality of the 26S proteasome. Additionally, PTPN2, with a molecular weight of 48 kDa,
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dephosphorylates Rpt2 at the Y439 site, thereby enhancing the proteasomal degradation of substrates®. The role
of PTPN2 in regulating ERS has been the subject of considerable research, particularly within the pancreatic
context’’. PTPN2 also regulates and directly binds GRP78 in B-cells during ERS in autoimmune diabetes, as
our results illustrated*'. However, our results demonstrate that PTPN2 is involved only in the regulation of TG-
induced ERS, but not in the regulation of TM-induced ERS in TNBC. TG (an inhibitor of SERCA) induces ERS
by diminishing Ca?* and Ca**-dependent chaperons in the ER which leads to the accumulation of unfolded
proteins. Whereas, TM [an inhibitor of the UDP-N-acetylglucosamine-dolichol phosphate N-acetylglucosamine-
1-phosphate transferase (GPT)] induces ERS by blocking the initial step of glycoprotein biosynthesis, which
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«Fig. 3. PTPN2 promotes TG-initiated cell proliferation and inhibits TG-initiated apoptosis in TNBC
cells. (A) The representative fluorescence images of EAU staining shows that ectopic expression of PTPN2
45 kDa or PTPN2 48 kDa promotes cell proliferation in TG-treated MDA-MB-231 cells. Scale bar =100 um.
All experiments were conducted three times independently (n=3). (B) The bar graph shows that ectopic
expression of PTPN2 45 kDa or PTPN2 48 kDa promotes cell proliferation in TG-treated MDA-MB-231
cells by quantifying EAU positive cells in 3 different fields under the microscope. (C) The representative flow
cytometry images of MDA-MB-231 and SUM159 cells staining with Annexin V/ PI indicating percentage of
apoptosis. All experiments were conducted three times independently (n=3). (D & E) The bar graph shows
ectopic expression of PTPN2 45 kDa or PTPN2 48KkD inhibits percentage of apoptotic cells in TG-treated
MDA-MB-231 (D) and SUM159 (E) cells based on flow cytometry detection of Annexin V/ PI staining
cells. (F) The Western blot shows that ectopic expression of PTPN2 45 kDa or PTPN2 48kD promotes cell
proliferation (PCNA) and inhibits apoptosis (cleaved Caspase3 & cleaved PARP) in TG-treated MDA-MB-231
cells. GAPDH serves as a loading control. All experiments are conducted as a single independent experiment
(n=1). (G) The representative Ki67 immunohistochemical staining images of TG-treated 4T1 tissues in ex
vivo. Scale bar =200 um. Each experimental group has three samples (n=3). (H) The bar graph demonstrates
that knockout of PTPN2 significantly inhibits proliferation of TG-treated 4T1 tissues in ex vivo. (I) The
representative cleavage Caspase3 immunohistochemical staining images of TG-treated 4T1 tissues in ex vivo.
Scale bar =200 um. Each experimental group has three samples (n=3). (J) The bar graph demonstrates that
knockout of PTPN?2 significantly promotes apoptosis of TG-treated 4T1 tissues in ex vivo.

leads to the accumulation of unfolded glycoproteins*?. Elvira et al. reported that PTPN2 associates with the
regulation of TG-induced ERS but not with the regulation of TM-induced ERS in pancreatic B cells. Moreover,
TM treatment does not alter the expression of ERS-related proteins*!. However, we cannot rule out the possibility
that the involvement of PTPN2 in TM-treated TNBC may occur through other mechanisms. In this regard, PD-
L1 located on the cell membrane of cancer cells is highly glycosylated which ensures its stability and affinity
with PD-1%3. Consequently, we speculate that targeting PD-L1 glycosylation by TM may influence the immune
response and ICI efficacy in TNBC.

IRE1 is the most evolutionary conserved signal in response to the accumulation of misfolded proteins. The
IREla RNase regulatory network is dynamically fine-tuned by tyrosine kinases and phosphatases when placed
under various stresses. The phosphorylation of RtcB (a tRNA ligase responsible for XBP1 mRNA splicing) at
Y306 perturbs RtcB interaction with IRE1a, thereby attenuating XBP1 mRNA splicing**. Our results show that
PTPN2 attenuates TG-induced IRE1 phosphorylation and XBP1 expression in TNBC cells. This study shows
for the first time that PTPN2 mediates IRE1 phosphorylation and influences IRE1-XBP1 pathway, although the
exact mechanism remains unclear. In addition, this study also shows that PTPN2 attenuates TG-induced ERS
through PERK/EIF2a /ATF-4 pathways in TNBC cells. Elvira et al. revealed that PTPN2 participates in ERS via
regulation of the PERK/EIF2a/ATF-4 signaling pathway in pancreatic f cells*'. PTPN2 knockdown enhances
mRNA and protein expression of EIF2a and ATF-4 in TG-treated EndoC-BH1 cells and prompts activation of
the PERK/EIF2a/ATF4 pathway*!.

The findings of our study indicate that treatment with TG results in a reduction of cell proliferation and
an increase in apoptosis among TNBC cells. Conversely, PTPN2 appears to counteract the effects of TG by
alleviating the reduction in cell proliferation and the enhancement of apoptosis induced by TG. Furthermore,
TG treatment also destroys the Ca?* homeostasis between the ER and the cytosol/mitochondria which indicates
that the Ca®" signaling pathway plays an important role in ERS-induced apoptosis. Imbalance of Ca?* causes a
series of biochemical changes which include: (1) ROS production, (2) mitochondrial permeability transition
pore opening, (3) Cyto ¢, AIF, and Bax (pro-apoptotic proteins) release from the ER, (4) Bax/Bcl-2 ratio up-
regulation, (5) caspase activation, and (6) mitochondrial apoptosis pathway activation*>%°. We observed PTPN2
decreases mitochondrial Ca?* levels and ROS production in TG-treated TNBC cells with diminished CHOP
expression, AMPK stimulation, and Bax/Bcl-2 ratio which may occur due to the activation of IRE1-XBP1 and
PERK/EIF2a/ATF-4 pathways. However, expression of other molecules associated with Ca?* transport, for
example IP3Rs (a Ca?* release channel mainly located in the ER), GRP75 (a mitochondrial chaperone protein)
and VDAC (a voltage-dependent anion channel) need to be explored?’. A previous study showed that the
IRE1-XBP1 signaling pathway participates in TG-induced apoptosis in a cell-specific manner, which was pro-
apoptotic in human prostate cancer LNCaP cells, but not in human colon cancer HCT116 cells*®. This difference
in TG-induced apoptosis between LNCaP cells and HCT116 cells depends on the XBP1-dependent activation of
c-Jun N-terminal kinase*’. PERK (a regulator of ERS) contributes to apoptosis by phosphorylation of EIF2a and
by translation of ATF-4 thereby initiating transcription of CHOP which regulates ERS-induced apoptosis®®>!.
Moreover, PERK promotes protective mitochondrial elongation by adaptive remodeling of mitochondrial
membrane phosphatidic acid and by interacting with ATAD3A (a mitochondrial protein) during ER stress,
which forms mitochondria-ER contact sites®>*>. Whether PTPN2 plays a role in the above-mentioned processes
needs further investigation.

mTOR is commonly considered a negative regulator of autophagy whereby AMPK activation inhibits
mTOR activity and thereby initiates autophagy. Autophagy mediated by the PERK/AMPK/mTORCI1 pathway
occurs in endothelial cells during ECM detachment®. Our results showed that TG treatment activates AMPK
phosphorylation and that PTPN2 decreases TG-induced AMPK phosphorylation. Aradi et al. reported that
PTPN2 silencing increases both autophagy and the formation of autophagosomes in TG-treated synovial
fibroblasts®. A previous report showed that PERK signaling decides the fate of a cell during ERS due to its
autophagy-apoptosis switching role and that P38 links the crosstalk between autophagy and apoptosis initiated
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by PERK®®. Under intermittent or mild ERS, autophagy promotes cell survival by activating the autophagy-
lysosomal degradation pathway to degrade misfolded proteins. However, sustained and severe ERS conditions
lead to excessive autophagy and eventually to apoptosis?’. Under our experimental conditions, we found that
autophagy protects against apoptosis. However, other investigators showed that both Caspase protein expression
and the proportion of apoptotic cells increase in the presence of autophagy inhibitors in TG- or TM-treated
HepG2 cells*”*8. Moreover, the cell apoptosis induced by TG and TM can be partially rescued by autophagy
which indicates that autophagy protects cells from apoptosis and promotes cell survival®”>%.
PTPN2 deletion in cancer cells increases immunotherapy efficacy by enhancing interferon-y-mediated
effects on antigen presentation and growth suppression, which suggests that PTPN2 may serve as an efficacious
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«Fig. 4. PTPN2 inhibits TG-initiated apoptosis through the Ca?*/ ROS/ mitochondrial pathway. (A) The
representative fluorescence images of Mito Tracker (green)/ Rhod-2 (red) staining demonstrating Ca?*
level in the mitochondria shows that ectopic expression of PTPN2 45 kDa or PTPN2 48 kDa decreases Ca?*
level in the mitochondria in TG-treated MDA-MB-231 cells. Hoechst 33,342 staining indicates nuclei. Scale
bar=20 um. All experiments are conducted as a single independent experiment (n=1). (B) The representative
fluorescence images of Mito Tracker (green)/ Rhod-2 (red) staining demonstrating Ca?* level in the
mitochondria shows that knockdown of PTPN2 increases Ca?* level in the mitochondria in TG-treated MDA-
MB-231 cells. Hoechst 33,342 staining indicates nuclei. Scale bar =20 um. All experiments are conducted as
a single independent experiment (n=1). (C) The representative fluorescence images of DCFH-DA staining
demonstrating ROS level shows that ectopic expression of PTPN2 45 kDa or PTPN2 48 kDa decreases ROS
production in TG-treated MDA-MB-231 cells. Hoechst 33,342 staining indicates nuclei. Scale bar =200 um.
All experiments were conducted three times independently (n=3). (D) The bar graph shows that ectopic
expression of PTPN2 45 kDa or PTPN2 48 kDa inhibits ROS production in TG-treated MDA-MB-231 cells by
measuring mean fluorescence intensity of green fluorescent cells in 3 different fields under the microscope. (E)
The representative fluorescence images of DCFH-DA staining demonstrating ROS level shows that knockdown
of PTPN2 increases ROS production in TG-treated MDA-MB-231 cells. Hoechst 33,342 staining indicates
nuclei. Scale bar =200 um. All experiments were conducted three times independently (n=3). (F) The bar
graph shows that knockdown of PTPN2 promotes ROS production in TG-treated MDA-MB-231 cells by
measuring mean fluorescence intensity of green fluorescent cells in 3 different fields under the microscope.
(G) The western blot shows that ectopic expression of PTPN2 45 kDa or PTPN2 48 kDa decreases expression
of CHOP, P-AMPK and Bax, and increases expression of Bcl-2 in TG-treated MDA-MB-231 cells. GAPDH
serves as a loading control. All experiments are conducted as a single independent experiment (n=1). (H) The
western blot shows that knockdown of PTPN2 increases expression of CHOP, P-AMPK and Bax, and decreases
expression of Bcl-2 in TG-treated MDA-MB-231 cells. GAPDH serves as a loading control. All experiments
are conducted as a single independent experiment (n=1). (I) The representative CHOP immunohistochemical
staining images of TG-treated 4T1 tissues in ex vivo. Scale bar =200 um. Each experimental group has three
samples (n=3). (J) The bar graph demonstrates that knockout of PTPN2 significantly promotes CHOP
expression of TG-treated 4T1 tissues in ex vivo. (K) The western blot shows that PTPN2 knockout promotes
GRP78 and CHOP expression of TG-treated 4T1 tissues in ex vivo. GAPDH serves as a loading control.

immunotherapy target®!. The collective findings from our study demonstrate that the presence of TG reverses
the impact of PTPN2 on cancer cell proliferation. Specifically, the knockdown of PTPN2 leads to an increase in
cancer cell proliferation in the absence of TG, while it results in a decrease in proliferation when TG is present.
Therefore, we propose that a combined therapeutic approach utilizing a PTPN2 inhibitor alongside TG may
effectively inhibit cancer cell growth, potentially through mechanisms involving interferon-y-mediated T cell
anti-tumor responses or by promoting enhanced apoptosis of the cancer cells themselves.

Conclusion

The treatment of TNBC patients is limited, and it is necessary to explore new TNBC treatment methods. This
study posits that PTPN2 plays a role in the suppression of TG-induced ERS and the ensuing apoptotic processes.
Therefore, inhibiting the expression of PTPN2 in TNBC, alongside the induction of ERS, may represent a
promising new approach for the treatment of this malignancy, potentially expanding the therapeutic landscape
for TNBC management.
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Fig. 5. PTPN2 inhibits TG-initiated autophagy in TNBC. (A) The western blot shows that ectopic expression
of PTPN2 45 kDa or PTPN2 48 kDa decreases LC3 II/LC3 I ratio and increases P62 expression, indicating
PTPN2 inhibits autophagy in TG-treated MDA-MB-231 and SUM159 cells. GAPDH serves as a loading
control. All experiments were conducted two times independently (n=2). (B) The western blot shows that
knockdown of PTPN2 increases LC3 II/LC3 I ratio and decreases P62 expression, indicating knockdown of
PTPN2 promotes autophagy in TG-treated MDA-MB-231 and SUM159 cells. GAPDH serves as a loading
control. All experiments were conducted two times independently (n=2). (C) The representative fluorescence
images of Annexin V/ PI staining demonstrating apoptotic cells shows that knockdown of PTPN2 promotes
cell apoptosis in TG-treated MDA-MB-231 cells, and the presence of CQ further elevates cell apoptosis. Scale
bar=200um. All experiments were conducted three times independently (n=3). (D) The bar graph shows
that knockdown of PTPN2 promotes cell apoptosis in TG-treated MDA-MB-231 cells, and the presence of
CQ further elevates cell apoptosis by quantifying apoptotic cells in 3 different fields under the microscope. (E)
The western blot shows that knockdown of PTPN?2 increases expression of cleaved Caspase3 and the ratio of
LC3 II/LC3 1. Presence of CQ further elevates expression of cleaved Caspase3 and the ratio of LC3 II/LC3 1,
indicating CQ presence promotes apoptosis in TG-treated MDA-MB-231 cells. GAPDH serves as a loading
control. All experiments are conducted as a single independent experiment (n=1).
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Fig. 6. A schematic diagram of the regulatory mechanism by which PTPN2 inhibits TG-induced endoplasmic
reticulum stress and subsequent cell apoptosis. PTPN2 inhibits the activation of the IRE1-XBP1 and PERK/
EIF20/ATF-4 signaling pathways by preventing the phosphorylation of IRE1, PERK, and EIF2a, and TG-
induced ER stress and subsequent cell apoptosis through the regulation of Ca** homeostasis and ROS
production. PTPN2 inhibits TG-induced cell apoptosis through the mitochondrial apoptosis pathway (with
CHOP, AMPK, and the Bax/Bcl-2 ratio being key factors); PTPN2 activates protective mechanisms against
TG-induced apoptosis during the process of autophagy.
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