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Expression and prognosis analysis
of mitochondrial ribosomal protein
family in breast cancer

Xiaoyi Lin%2%, Lijuan Guo**, Xin Lin*®, Yulei Wang' & Guochun Zhang***

Breast cancer (BC) is characterized by high morbidity. Mitochondrial ribosomal protein (MRP) family
participates in mitochondrial energy metabolism, underlying BC progression. This study aims to
analyze the expression and prognosis effect of the MRP genes in BC patients. GEPIA2, UALCAN,
cBioPortal, and MethSurv were used to demonstrate the differential expression, genomic alteration
profiles, and DNA methylation of the MRP gene family in BC. Functional enrichment analysis and
protein—protein interaction network construction were performed to understand the biological
function. Based on 1056 TCGA samples with the transcriptional level of MRPs, Kaplan-Meier

curves, Cox, and LASSO regression were applied to explore their prognostic effects. 12 MRPs were
upregulated in BC, which were associated with gene amplification and DNA methylation. MRP
genetic alteration occurred in 42% of BC patients, and amplification was the most frequent variation.
Functioning in its entirety, the MRP family was involved in mitochondrial translational termination,
elongation, translation, and poly(A) RNA binding. High expression of MRPL1, MRPL13, MRPS6,
MRPS18C, and MRPS35, as well as low levels of MRPL16, and MRPL40 significantly indicated poor
prognosis in BC patients. Thus, a novel MRP-based prognostic nomogram was established and verified
with favorable discrimination and calibration. We not only provided a thorough expression and
prognosis analysis of the MRP family in BC patients but also constructed an MRP-based prognostic
nomogram. It was suggested that MRPs acted as biomarkers in individualized risk prediction and may
serve as potential therapeutic targets in BC patients.

Breast cancer (BC) is the most commonly diagnosed female malignancy, with an increasing rate of about 0.5%
annually’. As the second leading cause of death, many clinicopathological biomarkers have been utilized to
predict, and therefore improve its survival>%. However, BC is a highly heterogeneous cancer?, and conventional
approaches such as TNM staging and molecular subtypes are insufficient. Fortunately, the recent development
of molecular signatures extensively promoted the survival of BC patients and the development of targeted
therapy®®. It leads to the great importance of gene expression profiling in prognosis prediction and high-risk
BC patient selection.

Genome instability fosters aberrant hallmark functions of cancer, one of which is mitochondrial energy
metabolism and apoptosis®'®. Mitochondrial ribosomal proteins (MRPs), encoded by the nuclear MRP gene
family'!, are indispensable components in mitochondrial translation. In previous studies, more than 40 MRPs
were reported to be overexpressed in BC, acting as promotors of BC cellular viability'>!. Recently, X Li et al.
reported MRPL52 upregulation in BC and its oncogenic role in apoptotic resistance and metastatic promotion'*.
Some MRPs serve as tumor suppressors. For example, MRPL41 is downregulated in BC'. Its upregulation was
associated with positive estrogen receptor status and could be induced by estradiol and trichostatin A®.

MRP family members are important regulators in BC development, but the prognostic values for BC patients
have not been elucidated. In this study, we conducted a comprehensive bioinformatics analysis of the MRP
family. The prognostic effect was investigated, and an MRP-based model was further established to predict the
BC survival. We aimed to help clinicians to predict the risk of BC patients and provide researchers with new
therapeutic candidates.
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Material and methods

Differential expression analysis. ~Gene Expression Profiling Interactive Analysis (GEPIA2), a web server
with RNA sequencing expression data'’, was used to find out the differentially expressed genes (DEGs) in BC
compared with normal tissue. Based on the analysis of variance (ANOVA), the Log2(Fold Change) cutoff was
1 and the P value cutoft was 0.001. 1085 BC samples were analyzed and matched with 291 samples from TCGA
normal and GTEx data. The DEGs were screened for subsequent molecular analysis. Additionally, the differen-
tial expression of MRP genes in various primary tumors, as well as BC cell lines, were validated in the Cancer
Cell Line Encyclopedia (CCLE) database'®. Due to the high heterogeneity of BC, we further explored the DEGs
in different BC subtypes relative to normal tissue using GEPIA2, with the same criteria and matched normal
data mentioned above. Differential protein expression of BC was also explored based on the Clinical Proteomic
Tumor Analysis Consortium (CPTAC) Confirmatory/Discovery dataset in UALCAN'.

Genomic alteration and methylation analysis. cBioPortal is a platform containing multidimensional
genomics datasets*!, and was utilized to visualize the genomic alteration of DEGs and to evaluate the mRNA
expression correlation with DNA copy number variation. Copy number alteration was determined using GISTIC
2.0, in which a value of 2 is equivalent to amplification. Besides genetic mutation and copy-number alteration,
DNA methylation also plays a vital role in cancer progression’. Therefore, the Spearman correlations between
MRP methylation and RNA expression (RNA Seq V2 RSEM, log2(value + 1)) were conducted. Moreover, we
explored the prognostic values of genetic alteration and methylation levels in BC by cBioportal and MethSurv,
respectively. MethSurv is an online tool providing survival analysis based on DNA methylation data from the
TCGA database?. We employed a “single CpG” analysis module, and all the available genomic regions and
individual CpG sites were evaluated. BC patients were dichotomized by median methylation levels, and the log-
likelihood ratio (LR) test P value < 0.05 was considered significantly different in prognosis.

Functional enrichment analysis and protein interaction visualization. Gene Ontology (GO)
represents the biological function of candidate genes®, and the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) was applied to conduct GO enrichment analysis**?. Since proteins form pro-
tein complexes and play biological roles synergistically, protein-protein interaction (PPI) network construction
would be essential to understanding MRPs. String, a database integrating all known physical and functional pro-
tein interactions®, was employed to explore the MRP family members. Cytoscape was adopted to integrate and
modify the network?. The above-mentioned Log2 (Fold Change) was used to represent the node size, indicating
the significance of expression difference.

Data acquisition. 1056 Primary BC samples with complete transcriptome data and clinical traits in the
TCGA database were acquired via the UCSC Xena platform?, after excluding cases with incomplete overall
survival (OS) information, or unknown age and TNM staging. The TNM stage was decided by the American
Joint Committee on Cancer Tumor Stage Code. The status of hormone receptor (HR) and human epidermal
growth factor receptor 2 (HER2) were assessed by immunohistochemistry (IHC) or fluorescence in situ hybridi-
zation (FISH). The mRNA profiles were measured using the Illumina HiSeq 2000 RNA Sequencing platform and
shown as log2(value + 1) transformed RSEM normalized count. 77 MRP family members were included in the
gene expression profiles, except MRPL57 which was not covered in the TCGA dataset. Based on the median level
of each MRP, the samples were classified into high- and low- expression groups.

Survival analysis and prognostic model establishment. We performed univariate Cox proportional
hazards regression to determine the prognostic factors for OS among all 77 MRP family members. The signifi-
cant prognostic effects of MRPs were plotted using Kaplan-Meier curves. The least absolute shrinkage and selec-
tion operator (LASSO) regression was performed to exclude the collinearity between variables and improve the
accuracy of the model. Stepwise multivariate Cox regressions were carried out to select the optimal combination
of covariates. Based on the combined results, we developed an MRP-based prognostic signature, evaluated by
calibration curves and the area under the curve (AUC) of the time-dependent receiver operating characteristic
(ROC) curves.

Statistical analysis. Statistical analysis was performed using R 4.0.2 software. All statistical tests were two-
sided. A P value less than 0.05 was used as a cutoff for statistical significance.

Ethical approval. There was no need for ethical approval as all data analyzed were obtained from public
databases.

Results

Identification of differentially expressed MRP family members. In the MRP family, 12 members
were specifically upregulated in BC (P<0.001) and thus identified as differentially expressed genes (DEGs),
including MRPL3, MRPL13, MRPL14, MRPL17, MRPL24, MRPL42, MRPL47, MRPS23, DAP3, MRPS30,
MRPS34, MRPS35 (Fig. 1). The most overexpressed gene was MRPL14, with a Log2 (Fold Change) of 1.336,
followed by MRPS34, with a Log2 (Fold Change) of 1.333. Among various types of cancer, the DEGs expressions
of BC were comparable to other primary tumors (Fig. S1). But the median expressions of MRPL3, MRPL13,
MRPL14, MRPL24, MRPL47, DAP3, and MRPS34 were higher than the average. The mRNA levels of DEGs
across different BC cell lines were then illustrated in Fig. S2. It was noteworthy that all DEGs’ expressions were

Scientific Reports |

(2022) 12:10658 | https://doi.org/10.1038/s41598-022-14724-7 nature portfolio



www.nature.com/scientificreports/

n—log:(TPM+1)

— .| =

B Normal (N-291)

P<0.001

T T T T
MRPLI4 MRPL17 MRPL24 MRPL42

logo(TPM+1)

Expression

[ ’7 — ]

"
8
Il
et C R

i

MRPL47

T T T
MRPS23 DAP3 MRPS30

Figure 1. Differential expression of MRP genes between breast cancer and normal tissues (GEPIA2). Red and
grey box plots shown the expression of breast tumor and normal tissues respectively. The asterisk (*) indicated
significant differences (P<0.001) between the two groups.

Subtypes
Luminal A (n=415)

Differential expressed genes (Up-regulated)
MRPL13, MRPL14, MRPL17, MRPL24, MRPL42, MRPS23, DAP3, MRPS30, MRPS34, MRPS35

MRPL3, MRPL12, MRPL13, MRPL14, MRPL15, MRPL17, MRPL19, MRPL24, RPL30, MRPL35, MRPL42,
MRPL47, MRPL51, MRPS16, MRPS23, MRPS28, DAP3, MRPS30, MRPS34, MRPS35

MRPL3, MRPL13, MRPL14, MRPL17, MRPL19, RPL27, MRPL30, MRPL35, MRPL42, MRPL47, MRPS16,
MRPS23, DAP3, MRPS34, MRPS35

MRPL3, MRPL9, MRPL12, MRPL13, MRPL14, MRPL15, MRPL17, MRPL19, MRPL37, MRPL41, MRPL42,
MRPL47, MRPL48, MRPL51, MRPS12, DAP3, MRPS35

Luminal B (n=192)

HER2-enriched (n=65)

Basal-like (n=135)

Table 1. Differential MRP gene expression in different breast cancer subtypes.

the lowest on BC cell line SUM102PT. Low expressions of MRPL3, MRPL42, MRPL47, and low expressions of
MRPL13, MRPL14, MRPS23 were detected in HDQP1 and SUM185PE cells, respectively. Moreover, we discov-
ered that MRP genes were upregulated in a subtype-specific manner (Table 1). Half of the 12 DEGs (MRPL13,
MRPL14, MRPL17, MRPL42, DAP3, and MRPS35) were highly upregulated in all the subtypes. Apart from the
above-mentioned MRP genes, high expression of MRPS28 was specifically observed in the Luminal B subtype,
MRPL27 in the HER2-enriched subtype, and MRPL9, MRPL37, MRPL41, MRPL48, MRPSI12 in the basal-like
subtype. These results suggested the oncogenic effects of MRP family genes on BC progression.

Genetic and epigenetic features, and the correlation with MRP expression. Using cBioPortal,
genomic alteration analyses of DEGs in the MRP family were conducted. Overall, aberrant alterations occurred
in 42% of the samples. As shown in Fig. 2A, MRPL13 (19%), MRPL24 (11%), and DAP3 (11%) were altered most
frequently. Genetic amplification was the most common variation. A strong correlation was revealed between
gene amplification and higher levels of the corresponding mRNA for most of the DEGs, such as MRPL13,
MRPL14, and MRPS35 (Fig. 2B). As for epigenetic modification, all the DEGs™ expressions were negatively
correlated with the methylation level of the MRP gene family in BC (Fig. 2C), except MRPL13 and MRPL47,
whose methylation data was not included in cBioPortal. In addition, the genetic alterations of DEGs were not
significantly associated with prognosis (Fig. S3), whereas the methylation levels of DEGs were remarkably cor-

Scientific Reports |

(2022) 12:10658 |

https://doi.org/10.1038/s41598-022-14724-7 nature portfolio



www.nature.com/scientificreports/

mreLs os% I Genetic Alteration

MRPLI4  2.5% | l . | peep Detetion

¥ Mutation
MRPLI7 1% | [ | No alterations
e v D 1| I
MRPL42  11% | | | |

ULEAEE B (N | LT

UL D |1 I EENNNNRN
oaesvee [N [ 11 A | I

mresso 229 (I 1 | ]

wressa s ] [ [T | (I
wresss 3% [ N | I | |

MRPL3 MRPL13 MRPL14 MRPL17 MRPL24 MRPL42
13 125 15
—a— . - 12 s 12
= 13 115 = I o s 7
Z % 12 < -
g ] o, i LR = - #e °
2 s i ? & ] : os] AT
g " 1o E 105 1 ‘
; 1 - o5 o 105 10 2l
5 b N 3 954 =
Z 105 1 5 1 s
E o] < 55 9.5 95 9
Bt B L 8y —L 91 e 91 _ZFe 851 o
9.5 8 75 5- 8
Diploid “Amplification Diploid “Amplification Diploid “Amplification Diploid “Amplification Diploid “Amplification Diploid “Amplification
MRPL47 MRPS23 145 DAP3 MRPS30 MRPS34 MRPS35
12.5- = X 1 13 13-
" 125 L4 1 e - e S
g 7 12 135 13 ° 12 o 125
2 s - 3 12
Z s 13 12 ¢k
g SPo s n sl e
& 10s. 2P N ; n I
] =g 105 — 2 og” 10 8%
P 1o ILs: 10 e s — -
Z s . NE 5 e & o f ° 10
9 —sFv— * fu;
] gi 5 105 . 95| — S
. 85 10 3 N
¢ s 95 7 85
Diploid “Amplification Diploid “Amplification. Diploid “Amplification Diploid “Amplification Diploid ‘Amplification Diploid “Amplification
C MRPL3 MRPL14 MRPLI7 MRPL24 MRPLA2

Spearman: -0.25
(P=333e-12)

Spearman: -0.24
(P=555¢-12)

Spearman: -0.35

© Spearman: 030
48 (P=190e24)

18)

Methylation (HM450)

Spearman: -0.20
(P=9.40¢-9)

L e e e e 7 T e S e S L S S
MRNA expression (RNA Seq V2 RSEM) mRNA expression (RNA Seq V2 RSEM) mRNA expression (RNA Seq V2 RSEM) MRNA expression (RNA Seq V2 RSEM) mRNA expression (RNA Seq V2 RSEM)
MRPS23 DAP3 ) MRPS30 MRPS34 MRPS35
o B B -
— Spearman: 0.37 Spearman: -0.72 Spearman: -0.15 ‘Spearman: -0.30
g g (P=121e26) 3, (P=895¢126) . (P=2766e5) 5 (P=6.51e-18)
Z o E . H Z o
g g, H .5 g
] z, ]
= o = = oo
Y g e
mRNA expression (RNA Seq V2 RSEM) mRNA expression (RNA Seq V2 RSEM) mRNA expression (RNA Seq V2 RSEM) mRNA expression (RNA Seq V2 RSEM) mRNA expression (RNA Seq V2 RSEM)

MRPL24 - TSS200-Island—cg22493673 MRPL42 - SUTR-Island—cg15127806 MRPS23 — Body-N_Shore—cg18503387 DAP3 - Body-Open_Sea—cg16002248 MRPS35 — TSS200-Island—cg08925658

LR test P=0.021 LR test P=0.0099 LR test P=0.009
HR=0.63 0,597 HR=1.729

LR test P=0.01
R=1.7: iR-06

LR test P=0.023
HR=1.409

Survival Probability
Survival Probability
 Survival Probability

Survival Probability

— Lower (n=391) — Lower (n=391) — Lower (n-391) — Lower (n=391) — Lower (n206)
— Higher (0=391) s — Higher (n-391) s — Higher (1=391) s — Higher (n-391) Higher (n-206)

Survivaltime (days) Survival time (days) Survivaltime (days) M Survival time (days)

Figure 2. Gene alteration and methylation of MRP genes in breast cancer. (A) Summary of alteration patterns.
The proportion of samples with genetic alteration was expressed as a percentage next to the gene, and genetic
alteration types were indicated in bars with different colors. (B) The impact of gene amplification on the
transcriptional level. Grey and red circles represented the mRNA expression in samples with diploid genotype
and gene amplification. (C) Correlation between DNA methylation and mRNA expression in breast cancer.
Each sample was indicated in a blue dot, and the fitted line was in red. The Spearman correlation coeflicient
and P value examined the association. (D) Kaplan-Meier plots showing overall survival in BC patients with
hypermethylation (red curves) and hypomethylation (blue curves) for cg22493673-MRPL24, cg15127806-
MRPLA42, cg18503387-MRPS23, cg16002248-DAP3, and cg08925658-MRPS35. Log-likelihood ratio (LR) test
P values were used to determine the prognostic significance and the hazard ratio (HR) was a relative prognostic
measure of BC patients with hypermethylation compared with those with hypomethylation.
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related with OS (Fig. 2D). Hypermethylation of MRPL24 promoter, MRPL42 promotor, and CpG cgl6002248
annotated to the gene DAP3 resulted in better OS in BC patients. By contrast, patients with high MRPS23 and
MRPS35 methylation had worse OS.

MRP protein expression and functional enrichment analysis. At translational levels, among the 12
DEGs, MRPL3, MRPL13, MRPL17, MRPL47, MRPS23, MRPS30, DAP3, and MRPS35 exhibit significant dif-
ferences in proteomic expression based on the CPTAC dataset. As demonstrated in Fig. 3A, the levels of these 8
proteins in BC were prominently higher than in normal tissues. To probe the biological function of MRPs, GO
enrichment analysis of DEGs was performed. It was recognized that they were involved in mitochondrial trans-
lational termination, elongation, and translation, and were mainly located on the mitochondrial inner mem-
brane, ribosome, and mitochondrial large ribosomal subunit (Fig. 3B). As for molecular function, they primarily
played roles in the structural constituents of ribosomes and poly(A) RNA binding. The interplay among the
DEGs was revealed using the PPI network (Fig. 3C). Remarkably, all of them interacted with each other, imply-
ing the MRP family functioned in its entirety.

The prognostic value of MRP expression in breast cancer. Regarding BC prognosis, all 77 MRP
genes were incorporated in univariate Cox regression (Table S1). As summarized in Table 2, the mRNA expres-
sion of 7 MRPs were revealed to be associated with OS in BC. Age (HR, 1.034; 95% CI, 1.021-1.047; P<0.001),
stage (III vs I: HR, 3.026; 95% CI, 1.706-5.368; P<0.001; IV vs I: HR, 13.042; 95% CI, 6.430-26.453; P<0.001)
and IHC-based subtypes (HR-/HER2- vs HR + /HER2-,1.811; 95% CI, 1.125-2.914; P=0.015) were also prog-
nostic factors for BC. In Fig. 4, Kaplan-Meier survival curves were plotted to assess the effects of differen-
tially expressed MRPs on OS. It was manifested that higher transcription levels of MRPL1 (HR, 1.518; 95%
CI, 1.082-2.128; P=0.016), MRPL13 (HR, 1.514; 95% CI, 1.079-2.123; P=0.016), MRPS6 (HR, 1.440; 95% CI,
1.030-2.014; P=0.033), MRPS18C (HR, 1.405; 95% CI, 1.005-1.963; P=0.047), and MRPS35 (HR, 1.459; 95%
CI, 1.044-2.039; P=0.027) were correlated with deterioration of prognosis. Conversely, patients with downregu-
lation of MRPL16 (HR, 0.630; 95% CI, 0.449-0.884; P=0.007), and MRPL40 (HR, 0.643; 95% CI, 0.458-0.903;
P=0.011) had significantly shorter survival.

Development of an MRP-based prognostic model. The prognostic effects of 7 MRPs were displayed
in a forest plot (Fig. 5A) using HR (Hazard Ratio) and 95% confidence intervals (CI). Given the striking effect of
MRPs on the BC survival outcome, an MRP-based prognostic model was developed to predict the OS. Firstly, the
7 MRPs were subjected to LASSO regression. The model fit the best when the penalty coefficient was 7 (Fig. 5B,
C). Therefore, all MRPs were selected for stepwise multivariate Cox regression analyses. After excluding the vari-
ates without significant statistical difference and comparing the concordance index, 4 MRPs (MRPL16, MRPLA40,
MRPS18C, and MRPS35), age, and stage were integrated into the nomogram. Table 2 displayed the multivariate
Cox regression analysis of the markers included in the nomogram. Patients with higher transcription levels of
MRPS18C (HR, 1.412; 95% CI, 0.991-2.012; P=0.056) and MRPS35 (HR, 1.48; 95% CI, 1.047-2.092; P=0.027)
indicated significantly shorter OS, while upregulated MRPL16 (HR, 0.663; 95% CI, 0.456-0.963; P=0.031) and
MRPL40 (HR, 0.567; 95% CI, 0.391-0.822; P=0.003) were identified as independent protective factors. The
nomogram was demonstrated in Fig. 6A. According to the nomogram scoring system, each variable was given a
nomogram score on the point scale. They were summed up and a total nomogram score was obtained for each
patient, acquiring a predicted probability of OS. Based on the median value of total scores, TCGA patients were
stratified into high-risk and low-risk groups.

MRP-based prognostic nomogram evaluation. Calibration plots (Fig. 6B) confirmed good consist-
ency between the prediction of the nomogram and actual observations. The 3-year and 5-year AUC values of the
nomogram for predicting OS were 0.799 (95% CI, 0.737-0.860) and 0.769 (95% CI, 0.705-0.83.4) respectively,
compared with 0.708 (95% CI, 0.643-0.773, P=0.001), and 0.650 (95% CI, 0.585-0.715, P<0.001) for cancer
stage (Fig. 6C). Hence, the MRP-based nomogram had superior predictive accuracy in BC survival outcomes.
The distribution diagram of risk scores and survival status (Fig. 6D), and Kaplan-Meier curves of different risk
groups (Fig. 6E) suggested the survival differences between the high- and low-risk groups.

Discussion

MRP gene family is implicated in biogenesis, metabolism, and apoptosis in BC cells. Defects in mitochondrial
function underlying cancer growth may arise from abnormal gene profiling®*. Simultaneously, they can modify
gene expression and genomic stability*. To understand the aberrant MRP expression and alteration in BC, our
research provided thorough bioinformatics analysis of the MRP gene family. According to the results, 12 MRPs
(MRPL3, MRPL13, MRPL14, MRPL17, MRPL24, MRPL42, MRPL47, MRPS23, DAP3, MRPS30, MRPS34,
MRPS35) were associated with the occurrence of BC. Consistent with previous research, higher expressions of
MRPL13 and MRPS23 were revealed in BC tissues and associated with poor prognosis®=**. Interestingly, down-
regulation of MRPL13 restrained the proliferation and migration of BC**, whereas it enhanced the invasiveness
of hepatoma via the reactive oxygen species (ROS)-Claudin-1 pathway. We also discovered that MRP expres-
sion varied with different BC cell lines and subtypes. The lowest expressions of 12 MRP genes were observed on
BC cell line SUM102PT. It was acquired from a minimally invasive human BC, characterized by overexpression
of EGFR without gene amplification®”. Basal-like BC, the most aggressive subtype, had the most up-regulated
MRP genes. Upregulation of mRNA expression level was correlated with relevant gene amplification, the most
frequent genetic alteration in MRPs, as well as DNA hypomethylation. L Liu et al. found that methylation of

Scientific Reports |

(2022) 12:10658 | https://doi.org/10.1038/s41598-022-14724-7 nature portfolio



www.nature.com/scientificreports/

*(98uey) prog) z3o07 03 euoniodoid sem az1s apour aYJ, 'saU3 JYIA JO JI0MIAU UoNORIANUT U)0Id-UIa101] (D) "sauad YA JO SIsA[eue JuatuyoLIus £30[01UQ
2uan) () “(DV.LJD) SaNSSH) [EWIOU pue D Uaam)dq sauad YA JO S[2A3] orwoajoxd [enuarayi (V) Tooued 3sealq ul SOYIA JO SISA[eue [eUonouny pue o[woajold ¢ dandry

(¥a4)Bor-
14 0c Sl ol S
ustH @ _ _ _ _ _
MO ®
) I~ (4IN) uonoun4 Jenasjop . aWosoqu [elpUOYdoIW DD
Ml‘\h.- —.'V"‘A‘ (dg) sseooid [eaibojoig [l UOIJe|SURJ) [BPUOYOONW dg
BT T DT _
\ﬂh W"N‘ u WA‘N"VA P”,, (00) wauodwog senjeo [l HUNQGNS [BWOSOqH [[BWS [ELPUOYOOHW DD
J M “<\}1A'A “44‘»4“ W-O~ Buipuig VN (v)Alod 4
: D /N
'A v\ DETIC (4 V‘»< Q' \ uoupuOYoOW DD
RN/ AR o
/| V‘h kfa VA~ uone|suely 4g (@]
{7 ALV > z
»A‘ 7 V»M ”‘40@ pungns [ewosoqu abie| [eLpuoyIoW DD mw_w
ol A
B A ’
747} AN Vi\b'vl\ BUBIqWIBW JBUU [LIPUOYOOHW
“dﬂ “""i\l‘“ q | |leupuoydojyw 09
:/'»‘ﬁ‘ '0 e’ SWOSOqU JO JUSNJISUOD [eInjonis 4
» ‘=~ 4
"4‘ N“ uonebuole [euone|suel} [BPUOYI0HW dg
UONBUIWLIS) [BUOIJE|SUEI) [BLIPUOYOONW  dg
uoyoxd GESIMN . uord ¢gva . uaroxd O g SIUN uer01d 7SN
L 3 €
Lz Lo e
Fr
- L ki
o
ko o Fo M_
L B
L Fi Fi
€0800=d 7 20000=d [ ¢ 10000-d | L000=d ¢
Le¢ Le Le -
uor0id £ TIIN urdroad £ [TdIN . urdr01d €[ TdIN . uri01d ¢ TYN .
. . .
Lz 1T e e Lz
) * ’ B ’
Ly Lo Fb Lo
(sz1=N) zoumy, [I
— 10000=d |z 10000>d -2 §€20'0=d |- 10000>d -2
(81=N) [euLioN —4 e
Le Le Le Le <

nature portfolio

https://doi.org/10.1038/s41598-022-14724-7

(2022) 12:10658 |

Scientific Reports |



www.nature.com/scientificreports/

Univariate analysis Multivariate analysis
Variables Hazard ratios (95% CI) | Pvalue | Hazard ratios (95% CI) | P value
Age 1.034 (1.021-1.047) <0.001* | 1.037 (1.023-1.050) <0.001*
Stage
I 1 - 1
I 1.574 (0.910-2.721) 0.104 1.754 (1.007-3.055) 0.047
I 3.026 (1.706-5.368) <0.001* | 3.509 (1.952-6.307) <0.001*
v 13.042 (6.430-26.453) <0.001* | 15.058 (7.254-31.260) <0.001*
Subtype
HR+/HER2 - 1 1
HR+/HER2 + 1.380 (0.798-2.386) 0.249 1.201 (0.682-2.117) 0.525
HR -/HER2+ 2.119 (0.962-4.666) 0.062 2.454 (1.098-5.484) 0.029
HR -/HER2 - 1.811 (1.125-2.914) 0.015* 2.349 (1.421-3.885) <0.001*
Unknown 1.664 (1.063-2.606) 0.026* 1.483 (0.942-2.333) 0.089
MRPLI expression
Low 1 - -
High 1.518 (1.082-2.128) 0.016* -
MRPL13 expression
Low 1 - -
High 1.514 (1.079-2.123) 0.016* -
MRPL16 expression
Low 1 - 1
High 0.630 (0.449-0.884) 0.007* 0.663 (0.456-0.963) 0.031*
MRPLA40 expression
Low 1 - 1
High 0.643 (0.458-0.903) 0.011* 0.567 (0.391-0.822) 0.003*
MRPS6 expression
Low 1 - -
High 1.440 (1.030-2.014) 0.033* -
MRPS18C expression
Low 1 - 1
High 1.405 (1.005-1.963) 0.047* 1.412 (0.991-2.012) 0.056
MRPS35 expression
Low 1 - 1
High 1.459 (1.044-2.039) 0.027* 1.480 (1.047-2.092) 0.027*

Table 2. Univariate Cox proportional hazards regression analysis in the TCGA patients, and multivariate
analysis of the MRP-based nomogram. HR hormone receptor, HER2 human epithelial growth factor receptor,
CI confidence intervals. *P value < 0.05, the variable has statistically significance.

MRPS23 led to MRPS23 degradation and promote BC metastasis®®. Our survival analysis further validated that
hypermethylation of MRPS23 could result in poor survival outcomes.

In our study, the biological function of mitochondrial translational termination, elongation, and transla-
tion, as well as structural constituents of ribosome and poly(A) RNA binding were enriched in the MRP family
network. But MRPs work further than that. It has been reported that MRPs constitute oxidative phosphoryla-
tion (OXPHOS) enzyme complexes, leading to reactive oxygen species (ROS) overproduction®. They can be
stimulated by the mTOR signaling pathway, as well as inactivation of the TCA cycle enzyme and AMP-activated
kinase (AMPK) activities*’. The upregulation of MRPs in malignancy could probably be explained by the “War-
burg effect”, a phenomenon that cancer cells adapt to hypoxia and display high rates of glycolysis*!. Through
enhanced glycolytic ATP supply, PTEN inactivation, and activated protein kinase B activity*?, MRP can con-
tribute to cancerous metabolic alterations. On the contrary, some MRPs can retard cell cycle progression and
induce apoptosis by regulation of p21WAF1/CIP1, p27Kip1, and p53'®**#. The impact and interplay of our MRP
signatures deserve further investigation.

In terms of prognostic values, MRPs have been identified as effective predictive markers for metastasis and
recurrence®. However, most of the previous studies were characterized by a low number of MRPs and BC sam-
ples, or by insufficient follow-up data. For the first time, our study covered nearly all MRP family members in
Cox proportional hazards regression. 7 MRP genes were identified as potential biomarkers for the prognostic
evaluation of BC. Upregulated MRPL1, MRPL13, MRPS6, MRPS18C, and MRPS35 brought unfavorable survival
outcomes for patients with BC. On the contrary, low levels of MRPL16 and MRPL40 implied a worse prognosis.
Later, the most optimal combination was selected to construct an MRP-based prognostic model for BC survival
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Figure 5. Construction of an MRP-based nomogram. (A) Forest plot of univariate Cox regression analysis of
MRP genes. (B) Least absolute shrinkage and selection operator (LASSO) coeflicient profiles of the 7 MRPs
determined by the optimal lambda. (C) Selection result of the optimal lambda in the model. The partial
likelihood deviance (binomial deviance) curve was drawn versus log(A), and vertical dotted lines were made at

the optimal values.
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Figure 6. MRP-based prognostic model and its evaluation. (A) A nomogram to predict the overall survival
in BC patients. (B) Calibration curves of the nomogram to predict the probability of 3-year and 5-year overall
survival. (C) Time-dependent receiver operating characteristic curves for nomogram-based 3-year and 5-year
overall survival prediction. (D) Patient distribution based on different risk scores. (E) Kaplan-Meier survival
curves of different risk groups in BC patients.

prediction. In the nomogram, low MRPL16 and MRPL40 expression, as well as high MRPS18C and MRPS35
expression were acquired with more risk scores. MRPL40 has been proven to be elevated in BC'2, but their
prognostic effects remain unknown. These 4 MRP genes have seldom been studied and could serve as potential
therapeutic candidates for treating BC in the future.

Our study comprehensively analyzed the expression, genomic alteration, and prognostic values of the MRP
family in BC. MRPL16, MRPL40, MRPS18C, and MRPS35 were integrated into a novel prognostic nomogram
to accurately predict the OS in BC patients. However, there are still some limitations. Although the MRP-based
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nomogram indicated good accuracy and conformity, external validation was required to confirm our results.
Additionally, the association between the MRP gene family and drug therapeutic effect has not been studied. Fur-
ther experiments are necessary to investigate the molecular mechanism of MRPs, especially MRPL16, MRPL40,
MRPS18C, and MRPS35.

Conclusion

MRP genes were primarily upregulated in BC, and MRP amplification was the most frequent alteration. They
were associated with protein interactions in mitochondrial translational termination, elongation, and translation.
MRPL16 and MRPL40 were positively associated with survival outcomes, while MRPS18C and MRPS35 were
inversely correlated with OS. Besides thorough expression and prognosis analysis, an MRP-based nomogram was
constructed. It yielded good discrimination and calibration, and therefore could accurately predict the survival
outcomes for BC patients.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.

Received: 8 February 2022; Accepted: 10 June 2022
Published online: 23 June 2022

References

1. Siegel, R. L., Miller, K. D., Fuchs, H. E. & Jemal, A. Cancer statistics, 2021. CA Cancer J. Clin. 71, 7-33. https://doi.org/10.3322/
caac.21654 (2021).

2. Cheang, M. C. et al. Ki67 index, HER?2 status, and prognosis of patients with luminal B breast cancer. J. Natl. Cancer Inst. 101,
736-750. https://doi.org/10.1093/jnci/djp082 (2009).

3. Leone, J., Leone, J., Zwenger, A., Vallejo, C. & Leone, B. Prognostic significance of tumor subtypes in women with breast cancer
according to stage: A population-based study. Am. J. Clin. Oncol. 42, 588-595. https://doi.org/10.1097/coc.0000000000000563
(2019).

4. Gomez-Acebo, I. et al. Tumour characteristics and survivorship in a cohort of breast cancer: The MCC-Spain study. Breast Cancer
Res. Treat. 181, 667-678. https://doi.org/10.1007/s10549-020-05600-x (2020).

5. Blows, E. M. et al. Subtyping of breast cancer by immunohistochemistry to investigate a relationship between subtype and short
and long term survival: A collaborative analysis of data for 10,159 cases from 12 studies. PLoS Med. 7, ¢1000279. https://doi.org/
10.1371/journal.pmed.1000279 (2010).

6. Thewes, B., Prins, ]. & Friedlander, M. 70-Gene signature in early-stage breast cancer. N. Engl. J. Med. 375, 2199-2200. https://doi.
0rg/10.1056/NEJMc1612048 (2016).

7. Pereira, B. et al. The somatic mutation profiles of 2,433 breast cancers refines their genomic and transcriptomic landscapes. Nat.
Commun. 7, 11479. https://doi.org/10.1038/ncomms11479 (2016).

8. Paik, S. et al. A multigene assay to predict recurrence of tamoxifen-treated, node-negative breast cancer. N. Engl. J. Med. 351,
2817-2826. https://doi.org/10.1056/NEJMo0a041588 (2004).

9. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: The next generation. Cell 144, 646-674. https://doi.org/10.1016/j.cell.2011.
02.013 (2011).

10. Porporato, P. E., Filigheddu, N., Pedro, J. M. B, Kroemer, G. & Galluzzi, L. Mitochondrial metabolism and cancer. Cell Res. 28,
265-280. https://doi.org/10.1038/cr.2017.155 (2018).

11. Mai, N., Chrzanowska-Lightowlers, Z. M. & Lightowlers, R. N. The process of mammalian mitochondrial protein synthesis. Cell
Tissue Res. 367, 5-20. https://doi.org/10.1007/s00441-016-2456-0 (2017).

12. Sotgia, E. et al. Mitochondria “fuel” breast cancer metabolism: Fifteen markers of mitochondrial biogenesis label epithelial cancer
cells, but are excluded from adjacent stromal cells. Cell Cycle 11, 4390-4401. https://doi.org/10.4161/cc.22777 (2014).

13. Liu, Y. et al. Identification of a three-RNA binding proteins (RBPs) signature predicting prognosis for breast cancer. Front. Oncol.
11, 663556. https://doi.org/10.3389/fonc.2021.663556 (2021).

14. Li, X. et al. HIF-1-induced mitochondrial ribosome protein L52: A mechanism for breast cancer cellular adaptation and metastatic
initiation in response to hypoxia. Theranostics 11, 7337-7359. https://doi.org/10.7150/thno.57804 (2021).

15. Charafe-Jauffret, E. et al. Breast cancer cell lines contain functional cancer stem cells with metastatic capacity and a distinct
molecular signature. Cancer Res. 69, 1302-1313. https://doi.org/10.1158/0008-5472.CAN-08-2741 (2009).

16. Kim, T. et al. Nuclear-encoded mitochondrial MTO1 and MRPL41 are regulated in an opposite epigenetic mode based on estrogen
receptor status in breast cancer. BMC Cancer 13, 502. https://doi.org/10.1186/1471-2407-13-502 (2013).

17. Tang, Z., Kang, B., Li, C., Chen, T. & Zhang, Z. GEPIA2: An enhanced web server for large-scale expression profiling and interac-
tive analysis. Nucl. Acids Res. 47, W556-W560. https://doi.org/10.1093/nar/gkz430 (2019).

18. Barretina, J. et al. The cancer cell line encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature 483, 603-607.
https://doi.org/10.1038/nature11003 (2012).

19. Chandrashekar, D. et al. UALCAN: A portal for facilitating tumor subgroup gene expression and survival analyses. Neoplasia (New
York N. Y.) 19, 649-658. https://doi.org/10.1016/j.ne0.2017.05.002 (2017).

20. Chen, E, Chandrashekar, D., Varambally, S. & Creighton, C. Pan-cancer molecular subtypes revealed by mass-spectrometry-based
proteomic characterization of more than 500 human cancers. Nat. Commun. 10, 5679. https://doi.org/10.1038/s41467-019-13528-0
(2019).

21. Cerami, E. et al. The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer
Discov. 2, 401-404. https://doi.org/10.1158/2159-8290.CD-12-0095 (2012).

22. Modhukur, V. et al. MethSurv: A web tool to perform multivariable survival analysis using DNA methylation data. Epigenomics
10, 277-288. https://doi.org/10.2217/epi-2017-0118 (2018).

23. The Gene Ontology, C. The gene ontology resource: 20 years and still GOing strong. Nucl. Acids Res. 47, D330-D338. https://doi.
org/10.1093/nar/gky1055 (2019).

24. da Huang, W,, Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: Paths toward the comprehensive functional
analysis of large gene lists. Nucl. Acids Res. 37, 1-13. https://doi.org/10.1093/nar/gkn923 (2009).

25. da Huang, W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 4, 44-57. https://doi.org/10.1038/nprot.2008.211 (2009).

26. Szklarczyk, D. et al. The STRING database in 2021: Customizable protein-protein networks, and functional characterization of
user-uploaded gene/measurement sets. Nucl. Acids Res. 49, D605-D612. https://doi.org/10.1093/nar/gkaal074 (2021).

Scientific Reports |

(2022) 12:10658 | https://doi.org/10.1038/s41598-022-14724-7 nature portfolio


https://doi.org/10.3322/caac.21654
https://doi.org/10.3322/caac.21654
https://doi.org/10.1093/jnci/djp082
https://doi.org/10.1097/coc.0000000000000563
https://doi.org/10.1007/s10549-020-05600-x
https://doi.org/10.1371/journal.pmed.1000279
https://doi.org/10.1371/journal.pmed.1000279
https://doi.org/10.1056/NEJMc1612048
https://doi.org/10.1056/NEJMc1612048
https://doi.org/10.1038/ncomms11479
https://doi.org/10.1056/NEJMoa041588
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/cr.2017.155
https://doi.org/10.1007/s00441-016-2456-0
https://doi.org/10.4161/cc.22777
https://doi.org/10.3389/fonc.2021.663556
https://doi.org/10.7150/thno.57804
https://doi.org/10.1158/0008-5472.CAN-08-2741
https://doi.org/10.1186/1471-2407-13-502
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1038/nature11003
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1038/s41467-019-13528-0
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.2217/epi-2017-0118
https://doi.org/10.1093/nar/gky1055
https://doi.org/10.1093/nar/gky1055
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkaa1074

www.nature.com/scientificreports/

27. Shannon, P. et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res.
13, 2498-2504. https://doi.org/10.1101/gr.1239303 (2003).

28. Goldman, M. et al. Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotechnol. 38, 675-678. https://
doi.org/10.1038/s41587-020-0546-8 (2020).

29. Vyas, S., Zaganjor, E. & Haigis, M. C. Mitochondria and cancer. Cell 166, 555-566. https://doi.org/10.1016/j.cell.2016.07.002 (2016).

30. Yang, Y. et al. Mitochondria and mitochondrial ROS in cancer: Novel targets for anticancer therapy. J. Cell. Physiol. 231, 2570-2581.
https://doi.org/10.1002/jcp.25349 (2016).

31. Tao, Z. et al. MRPL13 is a prognostic cancer biomarker and correlates with immune infiltrates in breast cancer. Onco Targets Ther.
13, 12255-12268. https://doi.org/10.2147/0tt.S263998 (2020).

32. Xu, Y. H. et al. Identification of candidate genes associated with breast cancer prognosis. DNA Cell Biol. 39, 1205-1227. https://
doi.org/10.1089/dna.2020.5482 (2020).

33. Gao, Y. et al. Down-regulation of MRPS23 inhibits rat breast cancer proliferation and metastasis. Oncotarget 8, 71772-71781.
https://doi.org/10.18632/oncotarget.17888 (2017).

34. Oviya, R. P. et al. Mitochondrial ribosomal small subunit proteins (MRPS) MRPS6 and MRPS23 show dysregulation in breast
cancer affecting tumorigenic cellular processes. Gene 790, 145697. https://doi.org/10.1016/j.gene.2021.145697 (2021).

35. Cai, M, Li, H., Chen, R. & Zhou, X. MRPL13 promotes tumor cell proliferation, migration and EMT process in breast cancer
through the PI3K-AKT-mTOR pathway. Cancer Manag. Res. 13, 2009-2024. https://doi.org/10.2147/cmar.5296038 (2021).

36. Lee, Y. K. et al. Lactate-mediated mitoribosomal defects impair mitochondrial oxidative phosphorylation and promote hepatoma
cell invasiveness. J. Biol. Chem. 292, 20208-20217. https://doi.org/10.1074/jbc.M117.809012 (2017).

37. Sartor, C. I, Dziubinski, M. L., Yu, C. L., Jove, R. & Ethier, S. P. Role of epidermal growth factor receptor and STAT-3 activation
in autonomous proliferation of SUM-102PT human breast cancer cells. Cancer Res. 57, 978-987 (1997).

38. Liu, L. et al. Arginine and lysine methylation of MRPS23 promotes breast cancer metastasis through regulating OXPHOS. Oncogene
40, 3548-3563. https://doi.org/10.1038/s41388-021-01785-7 (2021).

39. Liu, L. et al. MRPL33 and its splicing regulator hnRNPK are required for mitochondria function and implicated in tumor progres-
sion. Oncogene 37, 86-94. https://doi.org/10.1038/0nc.2017.314 (2018).

40. Tong, W. H. et al. The glycolytic shift in fumarate-hydratase-deficient kidney cancer lowers AMPK levels, increases anabolic
propensities and lowers cellular iron levels. Cancer Cell 20, 315-327. https://doi.org/10.1016/j.ccr.2011.07.018 (2011).

41. Wang, X., Peralta, S. & Moraes, C. T. Mitochondrial alterations during carcinogenesis: A review of metabolic transformation and
targets for anticancer treatments. Adv. Cancer Res. 119, 127-160. https://doi.org/10.1016/B978-0-12-407190-2.00004-6 (2013).

42. Piao, L. et al. Association of LETM1 and MRPL36 contributes to the regulation of mitochondrial ATP production and necrotic
cell death. Cancer Res. 69, 3397-3404. https://doi.org/10.1158/0008-5472.CAN-08-3235 (2009).

43. Yoo, Y. A. et al. Mitochondrial ribosomal protein L41 suppresses cell growth in association with p53 and p27Kip1. Mol. Cell. Biol.
25, 6603-6616. https://doi.org/10.1128/MCB.25.15.6603-6616.2005 (2005).

44. Chen, Y. C,, Chang, M. Y,, Shiau, A. L., Yo, Y. T. & Wu, C. L. Mitochondrial ribosomal protein S36 delays cell cycle progression in
association with p53 modification and p21(WAF1/CIP1) expression. J. Cell. Biochem. 100, 981-990. https://doi.org/10.1002/jcb.
21079 (2007).

45. Ozsvari, B., Sotgia, E. & Lisanti, M. P. First-in-class candidate therapeutics that target mitochondria and effectively prevent cancer
cell metastasis: Mitoriboscins and TPP compounds. Aging (Albany N. Y.) 12, 10162-10179. https://doi.org/10.18632/aging.103336
(2020).

Acknowledgements
The authors acknowledge the efforts of TCGA, CCLE and CPTAC program, GEPIA2, UALCAN, cBioPortal,
MethSurv and UCSC Xena platform.

Author contributions

G.Z. and X.L. designed the study. L.G. and X.L. contributed to the data acquisition, statistical analysis and inter-
pretation. X.L., L.G. and X.L. drafted the manuscript. G.Z. and Y.W. revised the article. All authors contributed
to the article and approved the submitted version.

Funding

This study was funded by Guangzhou Municipal Science and Technology Project (201804010430), Natural
Science Foundation of Guangdong Province (2018A030313292) and National Natural Science Foundation of
China (81602645).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-14724-7.

Correspondence and requests for materials should be addressed to G.Z.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:10658 | https://doi.org/10.1038/s41598-022-14724-7 nature portfolio


https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1016/j.cell.2016.07.002
https://doi.org/10.1002/jcp.25349
https://doi.org/10.2147/ott.S263998
https://doi.org/10.1089/dna.2020.5482
https://doi.org/10.1089/dna.2020.5482
https://doi.org/10.18632/oncotarget.17888
https://doi.org/10.1016/j.gene.2021.145697
https://doi.org/10.2147/cmar.S296038
https://doi.org/10.1074/jbc.M117.809012
https://doi.org/10.1038/s41388-021-01785-7
https://doi.org/10.1038/onc.2017.314
https://doi.org/10.1016/j.ccr.2011.07.018
https://doi.org/10.1016/B978-0-12-407190-2.00004-6
https://doi.org/10.1158/0008-5472.CAN-08-3235
https://doi.org/10.1128/MCB.25.15.6603-6616.2005
https://doi.org/10.1002/jcb.21079
https://doi.org/10.1002/jcb.21079
https://doi.org/10.18632/aging.103336
https://doi.org/10.1038/s41598-022-14724-7
https://doi.org/10.1038/s41598-022-14724-7
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:10658 | https://doi.org/10.1038/s41598-022-14724-7 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Expression and prognosis analysis of mitochondrial ribosomal protein family in breast cancer
	Material and methods
	Differential expression analysis. 
	Genomic alteration and methylation analysis. 
	Functional enrichment analysis and protein interaction visualization. 
	Data acquisition. 
	Survival analysis and prognostic model establishment. 
	Statistical analysis. 
	Ethical approval. 

	Results
	Identification of differentially expressed MRP family members. 
	Genetic and epigenetic features, and the correlation with MRP expression. 
	MRP protein expression and functional enrichment analysis. 
	The prognostic value of MRP expression in breast cancer. 
	Development of an MRP-based prognostic model. 
	MRP-based prognostic nomogram evaluation. 

	Discussion
	Conclusion
	References
	Acknowledgements


