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Background: Breast cancer remains a great threat to females worldwide. As a recently

defined programmed cell death pathway that associates with immune activation, RIP1/RIP3/

MLKL necroptosis signaling has been implicated in a variety of diseases. The present study

aimed to investigate the role of RIP1/RIP3/MLKL signaling in breast cancer cell prolifera-

tion and metastasis in vivo and in vitro.

Methods: Western blot and quantitative real-time PCR were performed to evaluate the

activation of necroptosis signaling in clinical human breast cancer tissues. Correlation of

necroptosis signaling markers with clinicopathological parameters was statistically assessed.

Cell viability assay, colony formation assay, wound healing assay, and transwell migration

and invasion assays were performed to investigate the effects of necroptosis inhibition on

breast cancer cell proliferation and metastasis.

Results: Clinical breast cancer tissues showed significantly higher levels of tumor necrosis

factor alpha (TNFα), RIP1, RIP3 and MLKL at both mRNA and protein levels as compared

with their paired non-cancerous tissues. Phosphorylation of RIP3 and MLKL was also

remarkably provoked. Statistics showed that both RIP1 and MLKL positively correlated

with cancer parameters such as N-cadherin (p=0.002 for RIP1 and p=0.021 for MLKL) and

Ki67 (p=0.031 for RIP1 and p=0.05 for MLKL). The MLKL expression level significantly

correlated with tumor size (p=0.001) and the proliferation indicator Ki67 (p=0.018). In

addition, pharmacological inhibition of the necroptosis signaling using necrostatin-1 pro-

moted breast cancer cell proliferation and colony formation by approximately 50%. Blockade

of necroptosis signaling also accelerated wound healing process and cell transmigration in

breast cancer cells.

Conclusion: Our results suggested that pharmacological inhibition of necroptosis promoted

breast cancer cell proliferation and metastasis. Modulation of tumor cell necroptosis might

represent a novel strategy as to breast cancer treatment.
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Introduction
Breast cancer remains a great health threat to females worldwide with the incidence

and mortality ranks only secondary to lung cancer.1 Over the last decades, the annual

incidence of new breast cancer cases did not significantly slow down.1 Based on

a recent statistic, approximately 252,710 new cases of invasive breast cancer and

40,610 breast cancer deaths have occurred among US women in 2017.2 A large-scale

statistic showed that the death rate remained 40% higher in blacks (28.4 vs 20.3

deaths per 100,000) despite a lower incidence rate (126.7 vs 130.8); this disparity was
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magnified among black women aged <50 years, who had

a death rate double that of whites. In the most recent 5-year

period, the death rate declined in Hispanics (2.1% per year),

blacks (1.5%), whites (1.0%), and Asians/Pacific Islanders

(0.8%) but was stable in American Indians/Alaska Natives.3

Although various treatments, such as surgical resection,4

adjuvant endocrine therapy5 and radiation therapy,6 have

improved patients’ survival and reduced tumor recurrence,

the tendency to metastasis remains a great threat to patients’

health. Karyotypic and epidemiological analyses of human

tumors at different stages suggest that breast cancer turns

increasingly aggressive via a stepwise accumulation of

genetic changes, such as transcriptional regulation,7,8 trans-

lational regulation and posttranslational (ie, epigenetic)

regulation.9 The high morbidity and mortality as well as

its great tendency to metastasize to other organs mandate

new biomarkers for both early diagnosis and treatment of

breast cancer.

Over the last few years, the developments around cancer

immunotherapy have led to a paradigm shift in the treat-

ment of many different cancers.10 The ability of the immune

system to fight against cancer cells is largely dependent on

the number and function of immune cells. One of the

determinants in this context is the extent of lymphocytic

infiltration (termed as tumour-infiltrating lymphocytes).

Evidence has shown that tumour-infiltrating lymphocytes

can be linked with an increased therapeutic response in

HER2-positive breast cancer and triple-negative breast

cancer.11,12 In this setting, release of inflammation factors

and the subsequent recruitment of immune cells play criti-

cal roles in promoting cancer immunotherapy. However,

mechanisms of inflammation factors release remain largely

unknown. Should the switch of immune cell recruitment be

manually controlled, it would be beneficial to monitor the

therapeutic efficacy of breast cancer.

Necroptosis is a regulated form of necrosis, with the

dying cells rupturing and releasing intracellular components

that can trigger an innate immune response.13 Necroptosis

signaling is modulated by the receptor-interacting serine/

threonine-protein kinase 1 (RIP1) and subsequently activates

the kinase RIP3 and the pseudokinase mixed lineage kinase

domain-like protein (MLKL).14 Upon binding of tumor

necrosis factor alpha (TNFα) to TNF receptor 1 (TNFR1)

on the cell surface, RIP1 was recruited to form a complex

with other proteins such as RIP3 and MLKL, known as

necrosome. This complex then phosphorylates MLKL, lead-

ing to its cytoplasm translocation and causing eventual pore

formation in cellular membrane.15

Despite the broad involvement of necroptosis signaling

in immune response, the detailed role of necroptosis in

breast cancer cell proliferation and metastasis remains

largely unknown. In the present study, we collected clin-

ical human tissues and found that breast cancer malig-

nancy associated well with the activation of necroptosis

signaling. The MLKL expression significantly correlated

with pathological parameters and conferred prognostic

values. Pharmacological inhibition of necroptosis acceler-

ated breast cancer cell proliferation and migration. Our

study represented the first one, to the best knowledge of

us, to show direct evidence that the necroptosis signaling

was activated upon breast cancer malignancy and pharma-

cological modulation of tumor cell necroptosis might be

a novel strategy as to breast cancer treatment.

Methods
Human Tissues
The use of human specimens was approved by the Ethic

Review Board of Zhongshan Hospital, Fudan University

(No. Y2019-010). For the histological study, slides were

collected from a total of 50 breast cancer cases that were

referred to Zhongshan Hospital from March 2019 to

May 2019. For the investigation of molecular expression,

a total of 10 breast cancer cases as well as their paired

adjacent non-cancerous tissues were collected. All patients

showed their full intention to participate in our study and

their written informed consents were obtained. This study

was performed in accordance with the Declaration of

Helsinki. All efforts were made to preserve patients’ anon-

ymity. The tumor tissues as well as their adjacent non-tumor

tissues were frozen into liquid nitrogen as soon as dissection

from patients during the surgeries for subsequent RNA and

protein extracts or were fixed into 4% paraformaldehyde for

histopathological assays. The clinical record from each

patient was also obtained and the association of necroptosis

with clinical characteristics was analyzed.

RNA Isolation and Quantitative

Real-Time Polymerase Chain Reaction

(qRT-PCR) Analysis
Total RNAs from clinical patients were isolated by Trizol

reagents (Invitrogen, NY, USA) according to the manufac-

tures’ instructions. The quantity and quality of RNAs were

assessed using Nanodrop 2000 (Thermo Scientific, NY,

USA) by collecting the OD230nm and OD260nm. Afterwards,

a total of 1μg RNA were reversely transcribed into cDNA
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with Reverse qPCR RT Master Mix (TaKaRa, Dalian,

China). qRT-PCR assays were performed with SYBR

Green qPCR Mix (TaKaRa) in an ABI 7900 Thermal

Cycler System with the following procedure: 95°C for

2 min, followed by 35 cycles at 95°C for 10 s and 60°C for

30 s. Relative expressions of target genes were determined by

the 2−ΔΔCT method. Target genes were normalized to

GAPDH. The primers are listed in Table 1.

Western Blot Analysis
Proteins extracted from human tissues and cultured MDA-

MB-231 and MCF-7 cells were quantified by BCA meth-

ods (Thermo Scientifics, NY, USA). A total of 40 μg
proteins were loaded onto a 10% SDS-PAGE gels.

Electrophoresis was performed in the home-made running

buffer, and afterwards, proteins were transferred into

a 0.22 μm membrane (Millipore, USA) for 2 h with the

voltage of 100 V. After blocking with 5% skim milk at

room temperature for 1 h, the membranes were incubated

with primary antibodies at 4°C overnight. The primary

antibodies against RIP1 (ab106393, Abcam, NJ, USA),

RIP3 (ab56164, Abcam), MLKL (ab184718, Abcam), β-
actin (ab8227, Abcam) and GAPDH (ab181602, Abcam)

were diluted into 1:1000 with tris-buffered saline contain-

ing 1‰ tween-20 (TBST). The secondary antibodies were

purchased from Santa Cruz Biotech. (Santa Cruz, CA,

USA). The chemiluminescence detection was performed

with Supersignal West Femto Maximum Sensitivity

Substrate (Thermo Scientific, CA, USA).

Hematoxylin and Eosin (H&E) Staining

and Immunohistochemistry (IHC)

Staining
Tissues from clinical patients were fixed, embedded in paraf-

fin, sectioned at 4 μm slices and stained with H&E staining.

For IHC staining, the slices were dewaxed with xylene and

washed with 95% ethanol for 10 min. After washed with

running water for 5 min at room temperature, the slices were

put into 3% H2O2-methanol solution for 30 min at 37°C. For

antigen retrieval, slides were microwaved in citrate buffer

(PH=6.0) at 900 W for 2.5 min and then 150W for 9 min.

After blocking, the slides were incubated with primary anti-

bodies at 37°C for an hour and then at 4°C overnight.

Afterwards, the secondary antibodies were incubated and

chromogenic reaction was performed with an DAB reagent

(ZSGB-Bio, Beijing, China). The images were captured under

a Nikon microscope with five random fields of each slide. For

the semiquantitative analysis, the staining scorewas calculated

as staining intensity × positive percentage where staining

intensity was classified as weak (score 1), mild (score 2) and

intensive (score 3), and positive percentage was classified as

very low positivity (<25% area being positive staining,

score 1), low (26–50% area being positive area, score 2),

medium (51–75% area being positive area, score 3) and high

positivity (over 75% area being positive area, score 4). The

final staining score was subtyped as low positivity (1≤final
score ≤4), medium (5≤final score ≤8) and high positivity

(9≤final score ≤12).

Cell Culture and siRNA Transfection
MDA-MB-231 and MCF-7 cells were purchased from

American Type Culture Collection (ATCC, Massachusetts,

USA) and cultured in dulbecco’s modified eagle medium

(DMEM, Gibco, NY, USA) supplied with 10% fetal bovine

serum (FBS, Gibco) without antibiotics. The culture medium

was changed every other day, otherwise as stated. A specific

siRNA against lysine demethylase 4A (KDM4A, also known

as JMJD2A) was synthesized by GemoPharm Co. with the

sequences as follows: sense, 5ʹ-GAGUUAUCAACUCAA

GAUA-3ʹ and antisense, 5ʹ-UAUCUUGAGUUGAUAAC

Table 1 Primer Sequences Used in the Present Study

Gene Name Species Forward (5ʹ–3ʹ) Reverse (5ʹ–3ʹ)

TNF-α Human CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG

RIP1 Human TGGGCGTCATCATAGAGGAAG CGCCTTTTCCATGTAAGTAGCA

MLKL Human AGGAGGCTAATGGGGAGATAGA TGGCTTGCTGTTAGAAACCTG

N-cadherin Human AGCCAACCTTAACTGAGGAGT GGCAAGTTGATTGGAGGGATG

Ki67 Human GCCTGCTCGACCCTACAGA GCTTGTCAACTGCGGTTGC

PCNA Human ACACTAAGGGCCGAAGATAACG ACAGCATCTCCAATATGGCTGA

E-cadherin Human ATTTTTCCCTCGACACCCGAT TCCCAGGCGTAGACCAAGA

GAPDH Human ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

Abbreviations: TNF-α, tumor necrosis factor alpha; RIP1, receptor interacting serine/threonine-protein kinase 1; MLKL, mixed lineage kinase domain-like

protein; PCNA, proliferative cell nuclear antigen; GAPDH, Glyceraldehyde phosphate dehydrogenase.
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UC-3ʹ. A scramble siRNA was used as negative control.

Briefly, all siRNAs were diluted to 20 μmol/L with RNase-

free water, and transiently transfected into cells with

Lipofectamine 3000 (Invitrogen) as per the protocols.

Transfection efficiency was verified prior to experiments.

Cell Viability Assays
MDA-MB-231 and MCF-7 cells in the presence or absence

of KDM4A knockdown were seeded into 96-well plates and

treated with Necrostatin-1 (Nec-1, 60 μM). Nec-1 was dis-

solved into DMSO at a concentration of 60 mM and the

control cells were treated with the same dose of DMSO.

Cells were then co-incubated with 10 µL CCK-8 reagent

(Yisheng, Shanghai, China) for 1h in triplicate and the

absorbance of each well was collected at 450nm. The

experiments were continued for consecutive 4 days.

Colony Formation Assays
Both MDA-MB-231 and MCF-7 cells were seeded at 6-well

plates in triplicate (100 cells/well) and pre-treated with or

without Nec-1. After incubation for continuous 14 days at

37°C without replacing the culture medium, the plates were

fixed with pre-iced methanol on ice and then stained with

crystal violet (1%) for 5min at room temperature and washed

with warm PBS twice. Colonies with more than 50 cells were

considered as survivors and counted under a Nikon micro-

scope (Japan).

Wound-Healing Assays
MDA-MB-231 and MCF-7 cells were seeded in six-well

plates and treated with or without Nec-1 (60 μM). After

24 h of incubation, cells were washed with warm PBS

twice and scraped a cross with 10µL sterile pipette tips in

A B C

D E

F

Figure 1 Necroptosis signaling is activated in breast cancer tissues. (A–C) qRT-PCR analysis of the pro-inflammatory factor TNFα and necroptosis signaling key components

RIP1 and MLKL in 6 breast cancer tissues and their adjacent non-cancerous tissues. (D) In the 6 breast cancer cases, Western blotting was performed to detect the protein

levels of necroptosis signaling and their phosphorylated levels. (E, F) after qRT-PCR analysis of RIP1, MLKL and TNFα, linear regression was performed to investigate the

correlation of necroptosis signaling with the subsequent inflammation factors.

Note: *p<0.05 as indicated.

Abbreviations: TNFα, tumor necrosis factor alpha; RIP1, receptor-interacting serine/threonine-protein kinase 1; RIP3, receptor-interacting serine/threonine-protein kinase

3; MLKL, mixed lineage kinase domain-like protein; Adj, adjacent.
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the center of every experimental well. The plates were

washed with PBS again and photographed under a Nikon

microscope at a magnification of 100×. The plates were put

back into the 37°C incubator and cultured for additional 24

h. Afterwards, the cells were pictured again and the wound

closure was calculated with five random fields.
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Figure 2 Extent of necroptosis significantly correlated with breast cancer aggressiveness. (A–D) After qRT-PCR analysis of MLKL and breast cancer pathological parameters

N-cadherin, Ki67, PCNA and E-cadherin, linear regression analysis was performed to assess the association of necroptosis with cancer pathological parameters. (E–H) After

qRT-PCR analysis of RIP1 and N-cadherin, Ki67, PCNA and E-cadherin, linear regression analysis was performed to assess the association of necroptosis with cancer

pathological parameters.

Abbreviations: RIP1, receptor-interacting serine/threonine-protein kinase 1; MLKL, mixed lineage kinase domain-like protein; PCNA, proliferative cell nuclear antigen.
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Transwell Assays
MDA-MB-231 and MCF-7 cells were stimulated with or

without Nec-1 for 24 h. Afterwards, cells were washed

with PBS, trypsinized and a total of approximately 5,000

cells were re-suspended in FBS-free DMEM, seeded into

the upper chamber (pore size: 8µm, Corning, NY, USA)

and then 60 µM Nec-1 was mixed with the cells.

Meanwhile, 600µL complete DMEM (10% FBS) were

added into the lower chamber to avoid of bubbles. After

incubation for 12 h, the chamber was washed with PBS,

fixed with ice-cold methanol and stained with crystal vio-

let (1%) at room temperature for 5min. Cells on the top

surface were scraped with cotton swab and those attached

on the lower surface of the chamber were photographed

under the microscope with five random sights. As for the

invasion assays, the chamber was pre-incubated with

Matrigel (Corning, NY, USA) for 6h prior to experiments.

Statistical Analysis
Data were shown as mean ± standard deviation (SD).

GraphPad 5.0 software (La Giolla, CA, USA) was involved

for the analysis. The Student’s t-test was included to compare

the differences between groups and one-way or two-way

ANOVA were used for difference comparison among three

groups when necessary. For correlation analysis of molecular

expression levels, the linear regression models were per-

formed using GraphPad Prism 5.0 and the goodness of fit

for regression models was qualified using r2 values. Any

value of p<0.05 was considered as statistical significance.

Results
Necroptosis Signaling Is Activated in

Breast Cancer Tissues
Initially, to assess the expression of RIP1/RIP3/MLKL

necroptosis signaling in breast cancer, we collected 10 surgical

low, 40%

medium, 28%

high, 32% 

early stage late stage
0

5

10

15

M
L

K
L

sc
or

e

p=0.17

0 20 40 60 80 100
0

5

10

15

ki67 (%)

M
L

K
L

Sc
or

e

n=50
r2=0.27
p=0.0001

H&E staining
A

MLKL location per IHC staining

L
ow

 
m

ed
iu

m
 

hi
gh

B C
Positive percentage intensity

E

E

D

N
or

m
al

 b
re

as
t

B
re

as
t 

ca
nc

er

<2
5%

>7
5%

25
-5

0%
50

-7
5%

central zone borderline area

F

Figure 3 Necroptosis activation is an independent predictive factor for breast cancer malignancy. (A) H&E staining of a breast cancer tissue and a normal breast tissue. (B)
immunohistochemistry analysis of MLKL in breast cancer tissues. The subcellular location of MLKL was visualized and its staining intensity in central zone and borderline

areas were outlined and magnified, respectively. (C) Representative images of MLKL staining scores. (D) After scoring of MLKL staining, MLKL was classified as low

expression, medium expression and high expression. (E, F) The correlation of MLKL expression scores with breast cancer stages and Ki67.

Abbreviations: MLKL, mixed lineage kinase domain-like protein; H&E, hematoxylin and eosin staining; IHC, immunohistochemistry.
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dissected breast cancer tissues. In 6 of the 10 breast cancer

cases, the mRNA level of TNFα was more than 2-fold

increased as compared with their adjacent non-cancerous tis-

sues (Figure 1A), indicating the remarkable release of pro-

inflammatory factors in breast cancer tissues. Moreover, RIP1

and MLKL, two core components of necroptosis signaling

were consistently promoted at their mRNA levels (Figure 1B

and C) and protein levels (Figure 1D) in cancerous tissues. In

fact, the protein levels of RIP1 and MLKL were both remark-

ably elevated in cancerous tissues as compared with the paired

adjacent tissues in all the tested 6 cases (Figure 1D). RIP3,

a downstream of RIP1 also increased at both the total protein

form and phosphorylated form. The phosphorylated level of

MLKL (pMLKL) which is the executor of cell membrane

rupture also significantly increased in the cancerous tissues

relative to their counterparts (Figure 1D). To confirm the link

between necroptosis and subsequent release of inflammation

factor, we isolated the total RNAs from the 10 cases of breast

cancer and it was found that the level of RIP1 significantly

correlated with that of TNFα (p<0.0001, r2=0.899, Figure 1E).

Likewise, the level ofMLKL showed a good linear correlation

with that of TNFα (p<0.0001, r2=0.884, Figure 1F). All these

clinical investigations demonstrated the activation of necrop-

tosis signaling in breast cancers.

Necroptosis Correlates with Tumor

Malignancy Parameters
Cancer cell proliferation and epithelial-to-mesenchymal tran-

sition are markers of tumor aggressiveness. Next, the associa-

tion of necroptosis with breast cancer aggressive markers was

assessed. In the collected breast cancer tissues, it was found

that MLKL correlated well with the mesenchymal marker

N-cadherin (p=0.021, r2=0.617, Figure 2A) and with the

tumor cell proliferation marker Ki67 (p=0.05, r2=0.443,

Figure 2B). Another cell proliferation marker proliferative

cell nuclear antigen (PCNA) also tended to correlate with

MLKL (p=0.305, r2=0.149, Figure 2C) and the epithelial

marker E-cadherin tended to negatively correlate with

MLKL (p=0.589, r2=0.044, Figure 2D). Likewise, the expres-

sion levels of RIP1 showed significant positive correlation

with that of N-cadherin (p=0.002, r2=0.754, Figure 2E) and

Ki67 (p=0.031, r2=0.505, Figure 2F), though it failed to yield

significant correlation with PCNA (p=0.290, r2=0.158,

Figure 2G) and E-cadherin (p=0.845, r2=0.006, Figure 2H).

These analyses suggested that the extent of necroptosis corre-

lated well with breast cancer aggressiveness.

Necroptosis Activation Correlated Well

with Tumor Size and Breast Cancer

Malignancy Markers
Furthermore, 50 specimens from independent breast cancer

patients were collected and subject to histopathological analy-

sis. H&E analysis confirmed the aggressive property of these

collected breast cancer specimens as compared with the adja-

cent normal tissues (Figure 3A). Immunohistochemistry ana-

lysis revealed the strong membrane-location of MLKL in

breast cancer tissues (Figure 3B), suggesting the activation

of necroptosis. Interestingly, unlike the fringe effect which

shows intensive staining of molecules at the borderline of

a slide, the staining of MLKL gradually intensified from the

slide margin to the central zones (Figure 3B). This finding

mirrored the stronger activation of necroptosis in central areas

of a breast neoplasm.We then semiquantitatively analyzed the

staining results of MLKL based on positive percentage and

staining intensity. The representative images of MLKL stain-

ing in each category are shown in Figure 3C. It turned out that

approximately one-third (32%) cases were MLKL-high stain-

ing (Figure 3D). Interestingly, the staining of MLKL did not

correlate with patients’ age (p=0.615), TNM staging

(p=0.296) or lymph node metastasis (p=0.091) but signifi-

cantly associated with tumor size (p=0.001) (Table 2). The

staining of MLKL also did not correlate with pathological

parameters such as estrogen receptor alpha (ERα) (p=0.094),

Table 2 Association Between Necroptosis Signaling with Clinical

Parameters

Parameters Total

n=50

MLKL Score p value

Low

(1–4)

Medium

(5–8)

High

(9–12)

Age 0.615

<55 years 24 8 7 9

≥55 years 26 12 7 7

TNM stage 0.296

I 18 5 6 7

II–III 32 15 8 9

Tumor Size 0.001

≤2cm 29 16 10 3

>2cm 21 4 4 13

Lymph node

metastasis

0.091

No 31 10 12 9

Yes 19 10 2 7

Abbreviations: TNM, tumor, node and metastasis; MLKL, mixed lineage kinase

domain-like protein.
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prostaglandin receptor (PR) (p=0.125) or human epithelial

receptor 2 (HER2) (p=0.193) but significantly associated

with Ki67 (p=0.018) (Table 3). In fact, the staining of

MLKL showed comparable intensity between early stage

and late stage of breast cancers (p=0.17, Figure 3E) and

significantly positively correlated with Ki67 by linear regres-

sion analysis (p=0.0001, r2=0.27, Figure 3F). These data sug-

gested that necroptosis activation correlated well with tumor

size and breast cancer malignancy markers.

Blockade of Necroptosis Signaling

Promotes Breast Cancer Cell

Proliferation and Colony Formation
Effects of necroptosis signaling blockade on breast cancer cell

malignant capacities were then assessed. It was found that

pharmacological inhibition of necroptosis using necrostatin-1

(Nec-1) significantly promoted cell proliferation in both ERα-
negative MDA-MB-231 cells (p=0.03, Figure 4A) ERα-
positive MCF-7 cells (p<0.001, Figure 4B), further validating

that necroptosis signaling is a critical controller of tumor cell

fate irrespective of ERα subtype. In the colony formation

assay, the clonogenic capacities were visibly enhanced after

24 hours’ treatment of Nec-1 (Figure 4C) and counting of

the colonies showed that Nec-1 increased the colonies by up

to 50% in both cell lines (p=0.006 for MDA-MB-231

cells and p=0.043 for MCF-7 cells, Figure 4D). KDM4A is

Table 3 Association Between Necroptosis Signaling with

Pathological Parameters

Parameters Total

n=50

MLKL Score p value

Low

(1–4)

Medium

(5–8)

High

(9–12)

ERα 0.094

Negative 19 8 8 3

Positive 31 12 6 13

PR 0.125

Negative 28 10 11 7

Positive 22 10 3 9

HER2 0.193

≤2+ 21 9 8 4

3+ 29 11 6 12

Ki67 0.018

≤30% 28 16 5 7

>30% 22 4 9 9

Abbreviations: ERα, estrogen receptor alpha; PR, progesterone receptor; HER2,

human epidermal growth factor receptor 2; MLKL, mixed lineage kinase domain-like

protein.

C

A B F

D E

G

Figure 4 Inactivation of necroptosis signaling promotes breast cancer proliferation and colony formation. (A, B) MDA-MB-231 cells and MCF-7 cells with or without Nec-1

treatments were subject to Cell counting kit-8 (cck-8) assay. (C, D) MDA-MB-231 cells and MCF-7 cells with or without Nec-1 treatments were subject to colony formation

assay. (E) Western blotting detection of RIP1 and MLKL protein expression at indicated treatments. (F, G) KDM4A-depleted MDA-MB-231 cells and MCF-7 cells were

subject to Cell counting kit-8 (cck-8) assay after pretreatments with Nec-1 or a vehicle control.

Note: *p<0.05 as indicated.

Abbreviations: KDM4A, lysine demethylase 4A; Nec-1, necrostatin-1; RIP1, receptor-interacting serine/threonine-protein kinase 1; MLKL, mixed lineage kinase domain-

like protein; OD 450nm, optical density at the wavelength of 450 nm; Veh, vehicle; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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a well-documented factor that contributes to breast cancer cell

proliferation16,17 and knockdown of KDM4A confers tumor

protection.18 To further verify the promotion effect by Nec-1,

we depleted the expression of KDM4A in breast cancer cells

and found that the KDM4A-mediated promotion of RIP1 and

MLKL was blunted by Nec-1 treatments (Figure 4E). More

importantly, KDM4A siRNA-conferred retardation of cell

proliferation was restored by Nec-1 treatments in MDA-MB

-231 cells (p=0.03, Figure 4F) and MCF-7 cells (p=0.016,

Figure 4G). These results suggested that inactivation of

necroptosis signaling promoted breast cancer proliferation

and colony formation.

Inactivation of Necroptosis Signaling

Promotes Wound Recovery in Breast

Cancer Cell Lines
Next, the effects of necroptosis signaling on cell recovery

of wounds were assessed. In MCF-7 cells, after 36 hours

of healing, control MCF-7 cells only recovered 42% of the

wound which was in great contrast to Nec-1 treated cells

that closed over 70% of the wound (p=0.001, Figure 5A).

In MDA-MB-231 cells, after 24-hour free recovery, vehi-

cle-treated cells recovered approximately 62% of the

wound but Nec-1-treated cells almost fully closed the

wound (p=0.001, Figure 5B). These data suggested that

inhibition of necroptosis signaling in breast cancer cells

favored high pervasion.

Inhibition of Necroptosis Signaling

Enhances Cell Migration Capacities in

Breast Cancer Cells
Effects of necroptosis signaling inhibition on cell migra-

tion were further assessed. In the transwell migration assay

(Figure 6A, left panel), after 12 hours, an average of 222

Nec-1-treated MDA-MB-231 cells migrated to the under-

neath surface, which contradicted to only 173 control

MDA-MB-231 cells (p=0.009, Figure 6A, right panel).

An average of 19 Nec-1-treated MCF-7 cells migrated to

the underneath surface which was significantly higher than

that in the vehicle-treated MCF-7 cells (p=0.004,

Figure 6A, right panel). In the transwell invasion assay

(Figure 6B, left panel), Nec-1 pretreatments led to an

average of 175-invaded MDA-MB-231 cells which was

significantly higher than vehicle-treated cells (only 120

cells) (p=0.001, Figure 6B right panel). Nec-1 treatments

also increased the invasion capacities of MCF-7 cells by

over 90% (p=0.02, Figure 6B, right panel). These findings

suggested that inhibition of necroptosis signaling enhanced

cell migration capacities in breast cancer cells.

Discussion
Breast cancer is one of the most frequently diagnosed

cancer types in the world, and breast cancer alone is

expected to occupy approximately 30% of all cancers

newly diagnosed in women.19 For the past few years, the

discovery of cancer immunotherapy has received great

attention due to its rationale that innate immune cells

help fight against tumor cells.10 Previously immunother-

apy was not considered for the treatment of breast cancers

due to its so-called property of not being immunogenic.20

Nowadays evidence has indicated that breast cancer

patients show an adaptive immune response against their

tumors, detectable either in the peripheral blood or in the

tumor.20 Hence, breast cancer immunotherapy has been

considered to be possible.

As one critical process that releases intracellular com-

ponents and thereby triggering innate immune responses,

necroptosis has been implicated in a variety of inflamma-

tory diseases. The present study investigated the roles of

A

B

Figure 5 Inactivation of necroptosis signaling promotes wound recovery in breast

cancer cell lines. (A) MCF-7 cells with or without Nec-1 treatments were subject

to wound healing assay. After 36-hour free recovery, the wound was visualized (left

panel) and the percentage of wound closure was quantified (right panel). (B) MDA-

MB-231 cells with or without Nec-1 treatments were subject to wound healing

assay. After 24-hour free recovery, the wound was visualized (left panel) and the

percentage of wound closure was quantified (right panel).

Note: **p<0.01 as indicated.

Abbreviations: Veh, vehicle; NEC-1, necrostatin-1.
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necroptosis signaling in breast cancer cell proliferation and

migration. Initially, it was found that key components of

necroptosis signaling significantly correlated with breast

cancer clinical and pathological parameters. These correla-

tions were independent of neither TNM staging nor patho-

logical subtype, suggesting that necroptosis activation is

a widely existed phenomenon along with breast cancer

development. Patients at any age, stage or pathological

subtype may undergo a comparable extent of necroptosis

activation, particularly in the central zone of the neoplasm.

In addition, the extent of necroptosis activation correlated

well with TNFα, a key pro-inflammatory factor that

recruits immune cells to cancer tissues. Our findings sug-

gested the controllability of breast cancer immunotherapy

via the target of necroptosis signaling21 and mirrored the

simultaneous activation of tumor cell necroptosis with

breast cancer malignancy.

To probe the detailed roles of the necroptosis signaling in

breast cancer progression, we used a mature pharmacologic

inhibitor (Nec-1) of the necroptosis signaling. In the in vitro

studies, it was found that pretreatments of breast cancer cells

with Nec-1, the specific inhibitor of necroptosis signaling,

caused significant increases in cell proliferation, colony

formation, wound closure and transmigration capacities.

Nec-1 treatments also blunted KDM4A siRNA-conferred

protection of breast cancer cell proliferation. Taken together,

this evidence was conclusive that necroptosis signaling

negatively regulated breast cancer malignant properties.

Necroptosis signaling was an endogenous protective signal-

ing for human systems that was potently activated against

tumor malignancy and might represent a potent target for

therapy of breast cancer.

Necroptosis has been implicated in development,

inflammation and disease.22 Previous studies have reported

necroptosis as a desperate programmed suicide pathway in

breast cancer MDA-MB-468 cells.23 In fact, necroptosis

signaling has been reported to serve as a potent target, and

extracts from traditional Chinese medicine have been

shown to confer therapeutic efficacy against breast cancer

by specifically inducing necroptotic cell death.24,25

A Smac mimetic also protected against breast cancer via

inducing caspase-independent necroptosis.26 All these pio-

neer studies were consistent with our present study and

altogether suggested necroptosis as a critical programmed

suicide pathway that might serve as a potential target for

designing therapeutic drugs against breast cancer.

B

A

Figure 6 Inactivation of necroptosis signaling promotes wound recovery in breast cancer cell lines. (A) MCF-7 and MDA-MB-231 cells with or without Nec-1 treatments

were subject to transwell migration assay (left panel). After 12-hour free migration, the numbers of cells on the underneath surface of the membrane were counted (right

panel). (B) MCF-7 and MDA-MB-231 cells with or without Nec-1 treatments were subject to transwell invasion assay (left panel). After 12-hour free migration, the numbers

of cells on the underneath surface of the membrane were counted (right panel).

Notes: *p<0.05; **p<0.01 as indicated.

Abbreviations: Veh, vehicle; NEC-1, necrostatin-1.
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Conclusion
In all, the present study identified necroptosis as a common

phenomenon that was simultaneously activated when breast

cancer became aggressive. Necroptosis activation correlated

well with tumor size and breast cancer malignancy markers.

Necroptosis might represent a suicide pathway for breast can-

cer cells and serve as an endogenous protective signaling for

human systems. Approaches enhancing tumor cell necroptosis

might be promising therapeutic strategies against breast cancer.
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