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Background: Previous studies have shown the prognostic value of delta like canonical Notch ligand 3 (DLL3) 

in patients with different types of tumors, but the role and predictive value of DLL3 in invasive breast cancer 

(IBC) have not been reported. In this study, we explored the prognostic ability and potential ways of DLL3 in IBC 

patients. 

Methods: We retrospectively enrolled 130 IBC patients from a single institution from 2004 to 2019 for bioin- 

formatics and statistical analysis. The Cancer Genome Atlas breast invasive carcinoma (TCGA-BRCA) cohort was 

used for verification. 

Results: High expression of DLL3 was associated with overall survival (OS) in IBC patients ( P = 0.023). Multivari- 

ate analysis further showed that DLL3 expression was an independent prognostic factor (hazard ratio [HR]: 1.08; 

95% confidence interval [CI]: 1.01–1.15; P = 0.017). Time-dependent receiver operating characteristic (ROC) 

with the area under the curve (0.786) demonstrated that DLL3 expression can predict the survival outcome of 

IBC patients. Furthermore, the expression of DLL3 was related to a variety of tumor infiltrating immune cells 

(TIICs), particularly T cells regulatory (Tregs). Gene set enrichment analysis (GSEA) and immunohistochemistry 

(IHC) results indicated that DLL3 was closely related to p53 signaling pathway. 

Conclusions: High expression of DLL3 was associated with poor prognosis and immune cell infiltration in IBC 

patients. Moreover, P53 signaling pathway may be the key pathway. 
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Breast cancer is among the most commonly diagnosed cancer and
he leading cause of cancer death [1] . There are 1.6 million new breast
ancer cases in the world every year, with about 500,000 deaths [2] .
espite recent advances in diagnosis and therapy, the prognosis of this
alignancy remains a challenge [ 3 , 4 ]. Therefore, it is necessary to de-

ermine the specific biomarkers and therapeutic targets of breast cancer
nd their molecular mechanisms. 

The Notch signaling pathway is evolutionarily conserved and oper-
ted by four Notch receptors (Notch1–4) and five ligands (Jag1, Jag2,
LL1, DLL3 and DLL4) of the Jagged/Serrate and Delta families, respec-

ively [ 5 , 6 ]. Gamma secretase inhibitors (GSIs) are drugs that inhibit
otch signaling and can successfully in controlling cancer cell growth

n conjunction with standard chemotherapy, but its application is lim-
ted by a large number of side effects [ 7 –9 ]. Therefore, drugs targeting
pecific Notch receptors and ligands may be more effective and accurate.
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The abnormal activation of Notch signal is related to the occurrence
f breast cancer [ 10 ]. Cbx4 upregulates carcinogenesis of breast cancer
hrough Notch1 Signaling Pathway [ 11 ], while anomalous Notch1 sig-
al transduction leads to apoptosis of breast cancer cells [ 12 ]. Notch3
aintains luminal phenotype and suppresses tumorigenesis and metas-

asis of breast cancer via trans-activating estrogen receptor- 𝛼 [ 13 ].
LL1-mediated Notch signaling promotes luminal breast cancer [ 6 ].
hese studies show that receptors and ligands of NOTCH pathway play
n important role in the development of breast cancer. Delta-like lig-
nd 3 (DLL3) is an inhibitory Notch pathway ligand that is aberrantly
xpressed in small cell lung cancer (SCLC) and other high-grade neu-
oendocrine tumors [ 14 –16 ]. 

However, the implications of DLL3 in IBC pathogenesis and tumor
rogression, as well as its value as a promising biomarker for patient
tratification, are not yet characterized. Here, we reported that up-
egulation of DLL3 expression in IBC was closely related to patient’s age
nd distant metastasis. In addition, DLL3 was an independent prognostic
actor in patients with IBC, and its high expression phenotype was sig-
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Fig. 1. Expression and survival analysis of DLL3. (A–C) IHC staining of DLL3 in IBC samples (200 × magnification) including (A) Negative control of IHC 

performed on the IBC tissue using nonimmune IgG instead of the primary antibody; (B) Low DLL3 expression in the tumor tissue; (C) High DLL3 expression in the 

tumor tissue. In our cohort: (D) DLL3 expression in normal and tumor tissues; (E) Paired analysis; (F) Kaplan–Meier survival analysis of IBC patients with OS based 

on DLL3 expression. In TCGA–BRCA cohort: (G) DLL3 expression in normal and tumor tissues; (H) Paired analysis; (I) Kaplan–Meier survival analysis. 

Table 1 

Patients’ characteristics. 

Clinical characteristics Total % 

Age at diagnosis 56 (21–88) 

Age < 60 80 61.5 

Age ≥ 60 50 38.5 

Grade 

G1 5 3.8 

G2 87 66.9 

G3 38 29.2 

Tumor status 

T1 68 52.3 

T2 58 44.6 

T3 4 0.9 

Remote metastasis 

M0 121 93.1 

M1 9 6.9 

Lymphatic invasion 

N0 84 64.6 

N1 46 35.4 

Tumor classification 

HER-2 overexpression 51 39.2 

Basal-like 41 31.5 

Luminal-A 18 13.8 

Luminal-B 20 15.5 
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ificantly enriched in the p53 signaling pathway. Furthermore, CIBER-
ORT [ 17 ], a widely accepted evaluation algorithm, was performed to
nalyze whether DLL3 is related to the relative abundance of TIICs in the
umor microenvironment. At the same time, we discussed the potential
echanism of DLL3. 

atients and methods 

atient information collection and sorting 

Between July 2004 and February 2019, we admitted 130 patients
ith IBC in Huashan Hospital of Fudan University. The clinical research

thics committee of Fudan University approved this study with the ap-
roval number 2018-Y016 and each patient included in the cohort ob-
ained informed consent. The specimens were independently review by
wo or more pathologists from Huashan Hospital, and a consensus diag-
osis was reached with reference to the 2012 WHO diagnostic criteria
or breast tumors [ 18 ]. 

The gene expression data and corresponding clinical in-
ormation were downloaded from TCGA official website
 https://portal.gdc.cancer.gov/ ). A total of 914 patients with com-
lete data were retained and further analyzed. 

https://portal.gdc.cancer.gov/
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Fig. 2. Correlation analyses of the DLL3 expression with various clinicopathological characteristics of the IBC patients. The analysis compares the expression 

of DLL3 in our IBC cohort from stratified according to (A) Age; (B) Remote metastasis; (C) Lymphatic invasion and (D) Tumor status. Estimation of the prognostic 

accuracy of the DLL3 expression in the IBC patients. (E) Univariate, (F) Multivariate Cox regression analysis of the correlation between OS and various clinicopatho- 

logical characteristics and DLL3; (G) ROC curve analysis shows the prognostic accuracy of DLL3 expression in our cohort. (H–J) Verify the conclusion in TCGA-BRCA 

cohort, including (H) Univariate Cox regression analysis; (I) Multivariate Cox regression analysis; (J) ROC curve analysis. HER2:HER-2 overexpression; BL: Basal-like; 

LA: luminal A; LB: luminal B. 
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LL3 expression and survival analysis 

Formalin-fixed tissue paraffin block made 3 mm white plate for IHC
nalysis. We used anti-DLL3 antibody (1:200; Proteintech), anti-BID an-
ibody (1:200; Proteintech), anti-CDK4 antibody (1:200; Proteintech)
nd anti-P53 (1:100; Dako) for tissue staining. Three pathologists used a
emi-quantitative immune response scoring algorithm to evaluate DLL3
taining independently. The semiquantitative immunoreactivity score
IRS) is between 0 and 30, based on the increase in IHC staining inten-
ity (0, negative; 1, weak; 2, middle; 3, strong) and the percentage of
ositive tumor cells (one point per 10% increase, the percentage of pos-
tive tumor cells 1–10) [ 19 ]. The critical value of p53 staining was 10%
 ≤ 10% of tumor cells were negative and > 10% were positive) [ 20 , 21 ].
isagreements were resolved by three pathologists negotiated under a
ulti- lens. 

Wilcoxon test and paired analysis between normal tissue and tumor
issue in the same patient were used to analyze the expression of DLL3.
aplan-Meier curve was performed to analyze the survival of DLL3. 

nalysis of the correlation between TIICs and DLL3 

CIBERSORT, a deconvolution algorithm to provide an estimation of
he abundances of member cell types in a mixed cell population, can
ecognize the types of immune cells sensitively and accurately[ 22 , 23 ].
he algorithm analyzed the relative proportion of 22 kinds of immune
3 
ells between the high expression group and the low expression group
f DLL3. At the same time, we used Spearman method to compare the
orrelation between DLL3 and immune cells. Furthermore, the GEPIA
 "correlation" model further confirmed the relationship between the
xpression of DLL3 and the possible gene markers of TIICs. 

unctional enrichment analysis and verification 

Pearson correlation analysis (| R | ≥ 0.3) was used to extract genes
elated to DLL3 expression. A total of 375 DLL3 related genes were iden-
ified. Gene ontology (GO) analysis was performed to analyze the related
enes via ‘clusterProfiler’ R package [ 24 ]. The gene set variation anal-
sis (GSVA) R package [ 25 ] was used to KEGG pathways between low
nd high DLL3 expression groups. Gene terms with |logFC| ≥ 0.2 and
 < 0.05 were considered statistically significant. Gene set enrichment
nalysis [ 26 ] was employed to verify the biological processes in the two
roups stratified as described above. Significant enrichment criteria: the
bsolute value of NES was greater than 1, the nom p -value was less than
.05, and the FDR q -value was less than 0.25. 

tatistical analysis 

All statistical analyses were conducted using R (v.3.6.2). The rela-
ionship between clinicopathologic features and DLL3 were analyzed
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Fig. 3. Association between DLL3 expression and composition of TIICs. (A) The ratio of 22 immune cells in IBC tissues in the DLL3 high and low expression 

groups. (B) Correlation degree matrix of the relative proportion of immune cells in the microenvironment. (C) Correlation analysis between DLL3 and immune cells. 
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f  
ith the Wilcoxon test and logistic regression. Receptor-operating char-
cteristic (ROC) curve was performed to evaluate the predictive accu-
acy of DLL3 expression. P value < 0.05 was regarded as statistically
ignificant. 

esults 

igh expression of DLL3 indicates poor prognosis of IBC patients 

Table 1 summarized the clinicopathological information of 130 pa-
ients. In our cohort, the median age was 56 years (21–88 years), of
hich 80 cases (61.5%) were younger than 60 years old. In histological
rading, G2 stage accounted for the most (66.9%). According to AJCC
taging, 46 (35.4%) patients had lymph node involvement and 9 (6.9%)
atients had distal metastasis. Among 130 patients, 18 (13.8%) were
uminal A, 20 (15.5%) were luminal B, 41 (31.5) were Basal-like and 51
39.2%) were HER-2 overexpression. 

The expression of DLL3 was detected by immunohistochemistry in
30 patients. DLL3 was mainly expressed in the cytoplasm ( Fig. 1 B,C).
ig. 1 A was the negative control. DLL3 was divided into high and low
4 
xpression groups according to the median value (median: 5; IRS range:
–29). The expression of DLL3 in IBC was significantly higher than that
n normal tissues ( P < 0.001; Fig. 1 D). Paired analysis showed that the
xpression of DLL3 was increased in the same patient’s tumor tissue ( P
 0.001; Fig. 1 E). In patients with breast cancer subtypes, DLL3 also
as higher expression levels in cancer tissues (all P < 0.001; Fig. S1A).
aplan Meier survival analysis showed that high expression of DLL3
as associated with poor prognosis ( P = 0.028; Fig. 1 F). We further ex-
lored the prognostic ability of DLL3 in different breast cancer subtypes,
nd the results showed that patients with high DLL3 expression in lumi-
al A ( P = 0.007) and HER2 overexpression ( P = 0.009) subtypes had
orse survival, there was no statistically significant difference between

uminal B and Basal like (Fig.S1B).We validated our results through the
CGA-BRCA cohort. As shown in Fig. 1 G–I, high expression of DLL3 in
umor tissue represented poor prognosis (all P < 0.05). 

elationship between DLL3 expression and clinicopathological characteristic

DLL3 expression data of a total of 130 IBC samples were analyzed
rom our cohort. As showed in Fig. 2 A–D, increased expression of DLL3
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Fig. 4. DLL3-related biological signatures and signal pathways in IBC. (A) DLL3-related biological processes in IBC by GO analysis; DLL3-related KEGG pathways 

via (B) GSVA and GSEA verified that the high DLL3 group was in the (C) cancer related pathway and (D) P53 signaling pathway. 

c  

h  

a  

U  

s  

v  

O  

t  

(

T

 

t  

t  

s  

l  

(  

H  

i  

w  

t  

p  

T  

i  

c  

p

D

 

t  

s  

l  

v  

[  

w  

i  

(  

h  

h  

c  

r
 

c  

s  

c  

s  

(  

w  

w  

<  

t  

e  

a  

N  

T

D

 

G  

i  

p  
orrelated significantly with the patients’ age ( P = 0.006). Patients in
igh DLL3 group tended to have more lymphatic invasion ( P = 0.027),
dvanced T stages ( P = 0.03) and less metastatic sites ( P = 0.048).
nivariate analysis using logistic regression revealed that DLL3 expres-

ion as a categorical dependent variable (based on median expression
alue of 6) was associated with poor prognostic patients’ age (Table S1;
R = 2.18 for age ≥ 60 vs. age < 60; P = 0.033). Similarly, we found

hat the expression of DLL3 is a protective factor for distant metastasis
OR = 0.31 for M1 vs. M0; P = 0.045). 

he expression of DLL3 was an independent prognostic factor 

We performed univariate and multivariate Cox regression analyses
o determine if the DLL3 expression was an independent prognostic fac-
or for patients with IBC (Table S2). Univariate analyses showed that T
tage ( P < 0.001), lymphatic invasion ( P = 0.007) and DLL3 expression
evel ( P = 0.008) were significantly associated with OS in IBC patients
 Fig. 2 E). Luminal B subtypes had longer survival time compared with
ER-2 overexpression subtype ( P = 0.049). Multivariate analyses man-

fested that T stage ( P = 0.012) and DLL3 expression level ( P = 0.034)
ere independent prognostic factors of IBC ( Fig. 2 F). The area under

he ROC curve for DLL3 expression was 0.786, which proved its good
rediction performance ( Fig. 2 G). Then we verified our results in the
CGA-BRCA cohort. As shown in Fig. 2 H–J, the expression of DLL3 was

ndependently associated with OS in 914 IBC samples ( P < 0.05). ROC
urve showed that DLL3 expression could predict the survival of IBC
atients. 

LL3 influences the proportion of infiltrating immune cells in IBC 

Genomic and transcriptome data from tumor samples have been used
o study the tumor microenvironment (TME) [ 27 ]. Using gene expres-
5 
ion characteristics, T cell receptors and B cell receptor systems to ana-
yze the TME to determine the immune target of neoantigens, which pro-
ides rich information for many cancer types and has prognostic value
 28 ]. Therefore, we tried to find out whether the expression of DLL3
as related to the immune invasion of IBC. The results were shown

n Fig. 3 A. The proportion of Plasma cells ( P < 0.001), T cells CD8
 P = 0.002), T cells CD4 memory activated ( P < 0.001), T cells follicular
elper ( P < 0.001), Tregs ( P < 0.001), Macrophages M0 ( P < 0.001) in
igh expression group was higher than the low expression group and T
ells CD4 memory resting, Monocytes, Macrophages M2, Dendritic cells
esting, Mast cells resting were significantly reduced (all P < 0.001). 

Cytotoxic T lymphocytes play a central role in eliminating tumor
ells [ 29 ]. The heat map reflected the correlation between different TIIC
ubgroups ( Fig. 3 B). We have seen that CD8 T cells were negatively
orrelated with Macrophages M0 ( R = - 0.52), while CD8 T cells were
ignificantly positively correlated with T cells CD4 memory activated
 R = 0.44). Further Spearman correlation analysis showed that DLL3
as positively correlated with Tregs, T cells follicular helper, while DLL3
as negatively correlated with macrophages M2, mast cells resting (|R|
 0.1; P < 0.001) ( Fig. 3 C). Meanwhile, we analyzed the relationship be-

ween DLL3 expression and cell surface markers (Table S3). Gene mark-
rs affected by DLL3 expression include: CD8B of CD8 + T cells, CD19,
nd CD79A of B cell, KIR2DL1, KIR2DL3 of Natural killer cell, CD11b of
eutrophils, PD-1, CTLA4, LAG3 and TIM-3 of T cell exhaustion, TPSB2,
PSAB2, CPA3 and MS4A2 of Mast cells ( P < 0.05). 

LL3-related signaling pathways in IBC 

To better understand the function role of DLL3 in IBC, we conducted
O for the 375 related genes. The results showed that DLL3 was involved

n mitotic nuclear division, mitotic sister chromatid segregation, rRNA
rocessing, rRNA metabolic process ( Fig. 4 A). In addition, GSVA showed
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Fig. 5. DLL3 positively regulated P53 signaling pathway. IHC staining of (A) BID and (C) CDK4 in IBC samples (200 × magnification). IHC scores for (B) BID and 

(D) CDK4 were compared between the low-DLL3 group and high-DLL3 group. n = 3 randomly selected fields of 10 samples, ∗ P < 0.05 ∗ ∗ P < 0.01. (E-F) Correlation 

analysis. 
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he pathways involved in High-DLL3 group were different in non-small
ell lung cancer, glioma, P53 signaling pathway, and cell cycle ( Fig. 4 B).
SEA has reached a similar conclusion, including glioma, non-small cell

ung cancer, P53 signaling pathway ( Fig. 4 C,D). 
The role of the p53 protein in tumor suppression relies on the ability

f p53 to regulate the transcription of genes that are important in cell-
ycle arrest and in apoptosis. Previous reports have shown that bid is
 me regulated by p53 30 . Cyclin-dependent kinase 4 (CDK4) is a key
romoter of cell proliferation, and the regulation of CDK4 by P53 is also
n important way to regulate the cell cycle [ 30 , 31 ]. In order to further
erify the conclusion that DLL3 was related to p53 signaling pathway.
e first analyzed the relationship between DLL3 and different P53 states

nd found that DLL3 expression was higher in P53-positive patients (Fig.
2A; P = 0.0056). Further hierarchical analysis showed that there was a
ositive correlation between the expression of p53 and DLL3 in luminal
 ( P = 0.0048) and HER2 overexpression ( P = 0.0015) subtypes (Figs.
2C,D). We used Spearman analysis and IHC to detect the correlation
f marker molecules of P53 signaling pathway. As shown in Fig. 5 A–D,
he expression of BID and CDK4 in IBC patients with high or low DLL3
roups were consistent with that of DLL3 expression level ( P < 0.05).
orrelation analysis demonstrated that DLL3 was positively correlated
ith BID and CDK4 expression ( R > 0.3; P < 0.001) ( Fig. 5 E,F). 
6 
iscussion 

In previous studies, the DLL3 is mainly associated with SCLC and
ther Neuroendocrine tumors. DLL3 is highly expressed in SCLC but not
n normal lung tissue and it promoted tumor growth, migration and in-
asion by modulating Snail [ 32 , 33 ]. Loredana et al. found that DLL3 was
xpressed in neuroendocrine prostate cancer and was associated with
euroendocrine marker expression and invasive clinical characteristics.
ovalpituzumab teserine, a DLL3 targeted antibiotic drug regulate, has
een used in clinical trials of SCLC and neuroendocrine prostate can-
er [ 16 , 34 ]. These studies suggest that DLL3 is associated with the pro-
iferation and migration of neuroendocrine tumors and is a promising
herapeutic target. Here, we found that DLL3 was highly expressed in
BC, but little or no expression was found in normal breast tissues. High
xpression of DLL3 was associated with age and advanced T stage and
epresents a poorer prognosis for IBC. Therefore, DLL3 may be an effec-
ive therapeutic target for IBC. In addition, our results proved that DLL3
as an independent prognostic factor for IBC, which can accurately pre-
ict the survival outcome of IBC patients. 

The proportion of immune cells in the TME plays an important role in
umor cell survival and tumor patient prognosis [ 35 –37 ]. In our study,
 noteworthy conclusion was that the expression of DLL3 is associated



C. Yuan, K. Chang, C. Xu et al. Translational Oncology 14 (2021) 101080 

w  

t  

t  

i  

t  

I  

i  

b  

i  

[  

n  

p  

t  

o
 

b  

e  

w  

c  

c  

e  

a  

p  

t  

c  

i  

d  

t  

[  

i  

e  

o  

e  

B  

D  

g  

p  

c  

m  

t  

i  

m  

o  

c
 

f  

s  

T  

a  

p  

r  

s  

t
 

m  

n  

I

C

 

D

F

 

o

E

 

t  

c

D

 

i  

t

A

 

o  

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

ith the level of immune infiltration in IBC. DLL3 significantly affected
he infiltration of B cells, Neutrophils and T cells in TME. We verified
hese results by the correlation between the gene markers of different
mmune cells and the expression of DLL3. These correlations indicated
hat DLL3 may have a potential regulatory effect on B and T cells in
BC and affect the survival of tumor cells. Then, we explored another
mportant aspect. Recently, immune checkpoint inhibitors (ICI) have
een approved for use in patients with IBC, which has been shown to
mprove OS in patients [ 38 ]. But not all patients can benefit from ICI
 39 , 40 ]. It was urgent to find more immune targets or immune mecha-
isms to assist in the treatment of IBC. Our study found that DLL3 was
ositively correlated with the expression of PD-1 and CTLA4, suggested
hat DLL3 may be used as an immunoadjuvant checkpoint or a marker
f immunotherapeutic effect. 

Stylianou et al. demonstrated an accumulation of Notch1 ICD in
reast cancer cells compared with normal tissue and found that in over-
xpressing Notch1 ICD cell lines, the TP53 mediated DNA damage path-
ay was blocked to prevent cells from completing their apoptotic pro-

ess [ 10 ]. However, the interaction between Notch and p53 in breast
ancer remains unclear. Our study found that the high DLL3 group was
nriched in the p53 signaling pathway, which indicated that DLL3 may
ffect tumor development through p53 signaling pathway. Tumor sup-
ressor protein p53 plays an important role in maintaining genome in-
egrity [ 41 ]. It can induce cell cycle arrest and apoptosis in response to
ell stress [ 42 ]. P53 increases the expression of proapoptotic Bcl-2 fam-
ly members, including BAX, BID, NOXA and Puma in response to DNA
amage [ 43 ]. Hyperactivation of CDK4/6–cyclin D1 complexes is cen-
ral regulators of the G1-S transition of the cell cycle in breast cancer
 44 ]. Targeting CDK4/6 activity has long been considered a promis-
ng approach for cancer treatment. These inhibitors, combined with
ndocrine therapy, have been approved by the FDA for the treatment
f breast cancer [ 45 , 46 ]. Our study found that DLL3 is more highly
xpressed in P53-positive patients, and it is positively correlated with
ID and CDK4, the main markers of the p53 signaling pathway. High
LL3 group was significantly enriched in the cell cycle pathway. It sug-
ested that DLL3 may regulate cell cycle and inhibit apoptosis through
53 pathway, leading to carcinogenesis. Therefore, targeting DLL3 or
ombined targeting may be an effective treatment strategy. Further-
ore, we noticed that over activated Notch signaling attenuates mi-

ochondrial activity and induce glycolysis in a p53 dependent manner
n breast cancer [47] . Our results also demonstrated that the galactose
etabolism pathway was activated in high DLL3 group. This may be

ne of the ways that Notch pathway regulates the energy homeostasis of
ells. 

The current study has limitations. Firstly, the work was only per-
ormed in our cohort and TCGA-BRCA cohort and we found DLL3 has a
tronger predictive role in HER-2overexpression and luminal A patients.
his conclusion needs to be further verified in more external cohorts
nd more samples. Secondly, we will further standardize every step in
reanalytic, analytic, and postanalytic phases during IHC to achieve
eproducible and reliable immunohistochemistry test results for DLL3
taining. Finally, further experimental validation should be performed
o prove the biologic impact of DLL3. 

In conclusions, DLL3 expression may be a potential prognostic
olecular marker of poor survival in IBC. Moreover, the p53 sig-
aling pathway may be the key pathway regulated by DLL3 in
BC. 
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