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Abstract

Objective: Menage a trois 1 (MAT1) is a targeting subunit of cyclin-dependent kinase-activating kinase and

general transcription factor IIH kinase, which modulates cell cycle, transcription and DNA repair. Its dysregulation

is responsible for diseases including cancers. To further explore the role of MAT1 in breast cancer, we investigated

the pathways in which MAT1 might be involved, the association between MAT1 and molecular subtypes, and the

role of MAT1 in clinical outcomes of breast cancer patients.

Methods: We conducted immunohistochemistry staining on tissue microarray and immunofluorescence staining

on sections of MAT1 stable breast cancer cells. Also, we performed Kyoto Encyclopedia of Genes and Genomes

pathway analysis, correlation analysis and prognosis analysis on public databases.

Results: MAT1 was involved in multiple pathways including normal physiology signaling and disease-related

signaling. Furthermore, MAT1 positively correlated with the protein status of estrogen receptor and progesterone

receptor, and was enriched in luminal-type and human epidermal growth factor receptor 2-enriched breast cancer

in comparison with basal-like subtype at both mRNA and protein levels. Correlation analysis revealed significant

association between MAT1 mRNA amount and epithelial markers, mesenchymal markers, cancer stem cell markers,

apoptosis markers, transcription markers and oncogenes. Consistently, the results of immunofluorescence stain

indicated that  MAT1 overexpression enhanced the protein abundance of  epidermal  growth factor  receptor,

vimentin, sex determining region Y-box 2 and sine oculis homeobox homolog 1. Importantly, Kaplan-Meier Plotter

analysis reflected that MAT1 could serve as a prognostic biomarker predicting worse relapse-free survival and

metastasis-free survival.

Conclusions: MAT1 is correlated with molecular subtypes and is associated with unfavorable prognosis for

breast cancer patients.
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Introduction

Breast cancer is a common cancer type and accounts for the
most cancer-related deaths among women worldwide (1).
Many efforts  have sought to improve the diagnosis  and
treatment  strategies  for  breast  cancer  patients  (2-6).

Despite these efforts, relapse and metastasis still present
challenges. Fundamental research has implicated various
potential  targets  of  intervention  for  delaying  tumor
development, including cell cycle progression (7).

The  cell  cycle  is  regulated  by  a  complex  network  of
regulators, including cyclin-dependent kinases (CDKs) in
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eukaryotic cells. Diverse CDKs are activated by the CDK-
activating  kinase  (CAK)  which  is  the  active  trimeric
complex of CDK7, cyclin H and menage a trois 1 (MAT1)
(8), which results in the protein phosphorylation of CDK2
(9)  and  the  tumor  suppressor  retinoblastoma  (Rb)  and
ultimately cell cycle G1 stage exit (10). Among these three
components,  CDK7  (11)  and  cyclin  H  (12,13)  are  the
pivotal  proteins  for  the  major  CAK  activity,  and  the
assembly factor MAT1 facilitates the efficient combination
of CDK7 and cyclin H. In addition, the CAK complex is a
module  of  the  multisubunit  transcriptional  factor  IIH
(TFIIH) that participates in RNA polymerase II (Pol II)-
catalyzed transcription through phosphorylating Pol II C-
terminal  domain  (14)  and  in  DNA nucleotide  excision
repair by suppressing intrinsic helicase activities (15-17).
These  observations  indicate  that  MAT1  might  play
important roles in cell cycle processes, transcription, and
DNA repair.

Previous studies reported the correlation between the
absence or genetic variants of MAT1 and multiple diseases
including some deformities and cancer. The demonstration
that  a  deletion  of  MAT1  at  14q23.1  contributed  to  the
malformations of pectus carinatum and excavatum, suggests
that  MAT1  i s  associated  with  connective  t issue
abnormalities  (18).  In  cancer,  the  short  interfering
(si)RNA-mediated  knockdown of  MAT1  blocks  the  cell
cycle at G0/G1 stages, inhibits the growth of pancreatic
cancer BxPC3 cells, and reduces the weight and volume of
the  transplant  tumors  in  mice  compared  with  blank
controls (19). Furthermore, genetic variants of MAT1 have
been correlated with the susceptibility to lung cancer in a
Chinese population (20). Among colorectal cancer patients
receiving  oxaliplatin  treatment,  the  presence  of  variant
alleles of MAT1 was linked to longer survival in comparison
with patients with no variant alleles of MAT1 (21).

The roles of MAT1 in breast cancer remain unclear. In
this study, we explored the association between MAT1 and
molecular  subtypes  as  well  as  the  role  in  the  clinical
outcomes of breast cancer patients.

Materials and methods

Immunohistochemical staining

We purchased a commercially available tissue microarray
(TMA) slide (BR2082b, US Biomax, Inc, Rockville, MD)
containing histologically confirmed tissues for immuno-

histochemistry  (IHC)  analysis  to  assess  the  protein
abundance of MAT1 in estrogen receptor negative (ER–)
vs.  ER-positive  (ER+),  progesterone  receptor  negative
(PR–) vs. PR-positive (PR+) and luminal-type vs. human
epidermal growth factor receptor 2 (HER2)-enriched vs.
basal-like  human  breast  carcinoma  tissues.  The  TMA
included 69 cases of invasive ductal carcinoma, 21 cases of
invasive  lobular  carcinoma,  4  cases  of  squamous  cell
carcinoma, 15 cases of intraductal carcinoma, 2 cases of
intraductal  papillary  carcinoma and one case  of  lobular
carcinoma in situ. Due to tissue abscission, a total of 106
breast  cancer  cases  were  available  for  IHC  and
quantification. Among these cases, there were 73 cases of
luminal-type, 16 cases of HER2-enriched and 17 of basal-
like  breast  cancer.  For  the  analysis  of  ER  and  PR,  we
classified the cancer tissues with ER status of “1+”, “2+”
and “3+” into ER+ group (n=70), and identified “–” as the
ER– group (n=36). Similarly, we classified the tumor tissues
with  PR status  of  “1+”,  “2+”  and  “3+”  into  PR+ group
(n=51), and sorted “–” as the PR– group (n=54). The PR
status of one case was not available. In addition, there were
30 cases with HER2 status of “3+” and 76 cases with HER2
status of “–”, “1+” and “2+”.

The specific primary antibody against MAT1 (sc-13142,
Santa Cruz Biotechnology, Dallas, TX, USA) was utilized
for IHC at 1:75 dilution with a 2-step standard protocol
(22-24). Slides in BR2082b were embedded in paraffin and
were baked at 60 °C for 1 h, and then were deparaffinized
and rehydrated in xylenes solutions and graded alcohols.
After  antigen  retrieval,  slides  were  incubated  in  3%
hydrogen  peroxide  for  30  min  to  block  endogenous
peroxidases. Normal goat serum was applied for 20 min to
block the non-specific binding of antibody. Next, tissues
were incubated with primary antibody at 4 °C overnight.
Slides were then incubated with goat anti-mouse secondary
antibody for 1 h at  37 °C. Nuclear counterstaining was
performed using hematoxylin.

Analysis and quantification of staining

Two experienced pathologists  carried out  the immuno-
histochemical  scoring  independently.  According  to  the
Fromowitz Standard (25), the multiplication for intensity
and proportion of  positive  staining cancer  cells  in  each
whole tissue represent the protein abundance of MAT1 in
each  core.  The  staining  intensity  was  scored  as  0  (no
staining), 1 (weak staining), 2 (moderate staining) and 3
(strong staining). The proportions of stained tumor cells
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were identified as 1 (0–25% positive cells), 2 (26%–50%
positive  cells),  3  (51%–75%  positive  cells)  and  4
(76%–100% positive cells) (23).

Analysis of gene expression data

We used two public  Gene Expression Omnibus (GEO)
datasets: GEO accession GSE25066 (26) and GSE20685
(27). The gene expression data in these two datasets were
both pre-normalized. GSE25066 contained 238 luminal-
type,  37  HER2-overexpression,  189  basal-like  and  44
normal-like  breast  carcinoma  cases.  It  was  analyzed  to
evaluate  the  mRNA  expression  of  MAT1  in  ESR1–  vs.
ESR1+  and  distinct  molecular  subtypes.  It  was  also
employed to perform the Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis and assess the correlation
between MAT1 mRNA expression and the mRNA levels of
ESR1, PGR, keratin-8 (KRT8), KRT18, ERBB2, epidermal
growth factor receptor (EGFR),  tight junction protein 3
(TJP3),  VIM,  Y-box  binding  protein  1  (YBX1),  sex
determining  region  Y-box  2  (SOX2),  AKT1,  caspase  1
(CASP1), CASP4, CASP5, CASP9, CASP10, MYC associated
zinc  finger  protein  (MAZ)  and  sine  oculis  homeobox
homolog 1 (SIX1). In addition, GSE20685, including 327
breast  cancer  cases  with  distinct  clinical-pathological
characteristics,  was  also  employed  to  carry  out  KEGG
analysis and correlation analysis.

Cell culture and establishment of MAT1 stable cell lines

The MDA-MB-231 and MCF-7 human breast cancer cell
lines were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)  with  10%  fetal  bovine  serum  (FBS,  Life
Technologies,  Inc.,  Carlsbad,  CA,  USA).  Cells  were
cultured  in  the  condition  of  37  °C  and  5%  CO2  in  a
humidified  incubator.  Lentivirus  expression  vector  for
MAT1  in pLX304 (HsCD00441199) was purchased from
the DNASU plasmid repository (The Biodesign Institute,
Tempe, AZ, USA). HEK 293T cells were transfected with
the combination of expression vector or control vector with
the  th i rd  genera t ion  package  p l a smids  u s ing
LipofectamineTM 2000 (Invitrogen, Carlsbad CA, USA) as
described  previously  (24).  Subsequently,  the  viral
supernatants  were  harvested  and  filtered  to  transduce
MDA-MB-231 and MCF-7 cells three times at 24, 48 and
72 h after transfection. For selection of MAT1 stable cells,
transduced cells were then treated with 5 μg/mL blasticidin
for 2 weeks.

Immunofluorescence stain

Immunofluorescence staining was performed and modified
based on published methods (24). Cells were fixed in 4%
formaldehyde for 15 min, permeated by 1% Triton X-100
for  30  min,  then  blocked  in  5%  goat  serum  for  1  h.
Primary antibodies  used at  1:150 dilution were:  MAT1
(Santa Cruz Biotechnology; sc-13142), EGFR (Santa Cruz
Biotechnology;  sc-03),  vimentin  (Cell  Signaling
Technology, Beverly, MA, USA; 5741), Sox2 (Millipore,
Billerica, MA, USA; AB5603) and SIX1 (Sigma-Aldrich, St.
Louis, MO, USA; HPA001893). The goat anti-mouse and
the goat anti-rabbit secondary antibodies (Alexa Fluor-568)
were  both  used  at  1:300.  Cell  nuclei  were  stained  with
Honchest 33342 at a dilution of 1:2,000.

Statistical analysis

Expression  analysis  and  correlation  analyses  were
performed using GraphPad Prism (GraphPad Software, La
Jolla,  CA, USA) and IBM SPSS software (Version 20.0;
IBM Corp., New York, USA), respectively. Student’s t-test
was applied to evaluate the differences in groups. A two-
tailed P<0.05 was considered statistically significant.

Results

MAT1 participates in multiple pathways

KEGG analysis  is  generally  accepted  and  employed  to
explore and predict functions of genes. The Database for
Annotation,  Visualization  and  Integrated  Discovery
(DAVID) was employed to perform the KEGG pathway
analysis. To evaluate the pathways in which MAT1 might be
involved, the public datasets GSE25066 and GSE20685
including 508 and 327 breast  cancer cases,  respectively,
with  distinct  clinical-pathological  characteristics,  were
examined to carry out KEGG pathway analysis. P<0.05 was
considered statistically  significant,  and the  P value  was
processed by –log analysis. The common pathways from
the KEGG analysis of these two datasets are marked in the
same  color.  MAT1  was  involved  in  both  physiology
processes  and pathology pathways  (Figure  1),  including
natural  killer  cell  mediated  cytotoxicity,  Fc  gamma
receptor-mediated phagocytosis, endocytosis, tuberculosis,
osteoclast  differentiation,  cytokine-cytokine  receptor
interaction,  ERBB  signaling  pathway,  focal  adhesion,
leukocyte  transendothelial  migration,  cell  adhesion
molecules,  Epstein-Barr  virus  infection,  transcriptional
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misregulation in  cancer,  bacterial  invasion of  epithelial

cells, phosphatidylinositol 3-kinase (PI3K)-AKT signaling

pathway, herpes simplex infection, mammalian target of

rapamycin (mTOR) signaling pathway, insulin signaling

 

Figure 1 Menage a trois 1 (MAT1) participates in multiple pathways. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
of Gene Expression Omnibus (GEO) accession GSE25066 (A) and GSE20685 (B) revealed the involvement of MAT1  in physiology
processes and disease-related pathways.
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pathway, toxoplasmosis, T cell receptor signaling pathway,
primary  immunodeficiency,  mitogen-activated  protein
kinase  (MAPK)  signaling  pathway  and  chemokine
signaling pathway.

MAT1 tends to be associated with molecular subtypes of
breast cancer

According  to  the  status  of  ER,  PR  and  HER2,  breast
cancer is classified into three major molecular subtypes of
luminal, HER2-overexpressing, and basal-like. To assess
whether there was any correlation between MAT1 protein
level and molecular subtypes as well as the status of ER and
PR,  we  carried  out  IHC  analysis  on  TMA  (BR2082b)
provided with clinical information (Table 1). MAT1 protein

was  predominantly  detected  in  the  cytoplasm of  breast
cancer cells.  Representative images of  IHC staining for
luminal-type, HER2-enriched and basal-like breast cancer
tissues are presented in Figure 2A. Statistical analysis of the
IHC scores revealed that MAT1 protein was enriched in
HER2-overexpressing  (P=0.012)  and  luminal  subtype
(P=0.013) in comparison with basal-like cancerous tissues
(Figure 2B). Additionally, expression analysis of GSE25066
indicated a similar tendency at the mRNA level for HER2-
enriched vs. basal-like (P=0.028) and luminal vs. basal-like
(P<0.001) (Figure 2C). However, there was no statistically
significant  difference in  mRNA level  of  MAT1  between
luminal-type  and  HER2-enriched  tumors  at  both  the
protein and mRNA levels.

Representative images of IHC staining for ER– vs. ER+
and PR– vs. PR+ breast cancer are presented in Figure 3A.
Statistical analysis of IHC scores revealed greater protein
abundance of MAT1 in PR+ than in PR– cancerous tissues
(P=0.019) (Figure 3D). However, there was no statistically
significant difference in the MAT1 protein level between

Table 1 Clinicopathological features of analyzed breast cancer
patients in TMA (N=106)

Characteristics Case No.

Age (year)

　≥50 46

　<50 60

Sex

　Female 106

　Male   0

Grade

　3 11

　1+2 56

TNM

　III+IV 21

　I+II 69

　0 16

ER

　Positive 70

　Negative 36

PR

　Positive 51

　Negative 54

HER2

　Positive 30

　Negative 76

Subtype

　Luminal 73

　HER2 16

　Basal 17

TMA, tissue microarray; ER, estrogen receptor; PR, progesterone
receptor; HER2, human epidermal growth factor receptor 2.

 

Figure 2 Menage a trois 1 (MAT1) is correlated with molecular
subtypes.  (A) Representative images of  immunohistochemistry
(IHC) staining for luminal-type, human epidermal growth factor
receptor  2  (HER2)-enriched  and basal-like  breast  cancer;  (B)
Statistical  analysis  of  IHC  scores  revealed  that  the  protein
abundance of MAT1 was higher in luminal subtype and HER2-
overexpressing  breast  cancer  in  comparison  with  basal-like
cancerous tissues; (C) The similar tendency of the mRNA level of
MAT1 was evident. The semi-quantitative results and public Gene
Expression Omnibus (GEO) dataset analysis are displayed as .
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ER– and ER+ groups (P=0.225) (Figure 3B). Considering
that HER2-overexpressing tissues had a more abundant
MAT1 protein level and might increase the average level of
MAT1 in the ER– and PR– groups, we eliminated the cases
with strong positive status of HER2. The protein level of
MAT1  was  significantly  positively  correlated  with  the
status  of  ER  (P=0.008)  (Figure  3C)  and  PR  (P=0.003)
(Figure 3E) with the removal of the strongly HER2+ cases.

Additionally, the GSE25066 dataset was utilized to evaluate
whether there was any association between MAT1 mRNA
level and the status of ESR1. MAT1 mRNA expression was
significantly  higher  in  ESR1+  cancerous  tissues  in
comparison with ESR1– breast  cancer  tissues  (P<0.001)
(Figure 3F) or without the strongly ERBB2+ cases (P<0.001)
(Figure 3G).

Correlation  between  MAT1 and  luminal,  HER2,  and
basal-like markers

Correlation analysis on GSE25066 indicated that MAT1
mRNA expression was positively correlated with luminal
markers  of  ESR1  (R=0.351,  P<0.001)  (Figure  4A),  PGR
(R=0.229, P<0.001) (Figure 4B), KRT8 (R=0.355, P<0.001)
(Figure 4C), KRT18 (R=0.314, P<0.001) (Figure 4D), and
ERBB2 (R=0.306, P<0.001) (Figure 4E), and was inversely
associated  with  basal-like  marker  EGFR  (R=–0.436,
P<0.001) (Figure 4F). The results were consistent with the
results at protein level displayed in Figure 2 and Figure 3.

The GSE20685 dataset that included 327 breast cancer
patients  with  distinct  molecular  subtypes,  was  also
employed to assess the correlation between MAT1 mRNA
expression and the aforementioned genes. The quantity of
MAT1  mRNA  was  positively  associated  with  luminal
markers  of  ESR1  (R=0.258,  P<0.001)  (Figure  4G),  PGR
(R=0.203, P<0.001) (Figure 4H), KRT8 (R=0.344, P<0.001)
(Figure  4I),  KRT18  (R=0.401,  P<0.001)  (Figure  4J)  and
forkhead  box  protein  A1  (FOXA1)  (R=0.377,  P<0.001)
(Figure  4K),  and  negatively  associated  with  EGFR
(R=–0.377, P<0.001) (Figure 4L).

Correlation between MAT1 and epithelial, mesenchymal,
cancer stem cell (CSC) and apoptosis markers

GSE25066 correlation analysis indicated that MAT1 mRNA
expression  was  positively  correlated  with  the  epithelial
marker TJP3 (R=0.443, P<0.001) (Figure 5A) and negatively
associated with the mesenchymal marker VIM (R=–0.363,
P<0.001) (Figure 5B). Furthermore, the mRNA amount of
MAT1  was inversely correlated with CSC markers YBX1
(R=–0.341,  P<0.001)  (Figure  5C)  and  SOX2  (R=–0.426,
P<0.001) (Figure 5D). Consistent with KEGG analysis, the
mRNA level of MAT1  was positively associated with the
proliferation marker AKT1 (R=0.302, P<0.001) (Figure 5E),
and was negatively associated with the apoptosis markers of
CASP1 (R=–0.497, P<0.001) (Figure 5F), CASP4 (R=–0.382,
P<0.001) (Figure 5G), CASP5 (R=–0.307, P<0.001) (Figure
5H), CASP9 (R=–0.495, P<0.001) (Figure 5I) and CASP10

 

Figure 3 Menage a trois 1 (MAT1) correlates with the status of
estrogen receptor (ER) and progesterone receptor (PR) in breast
cancer.  (A)  Representative  images  of  immunohistochemistry
(IHC) staining for ER– vs. ER+ and PR– vs. PR+ breast cancer;
(B) Statistical analysis on IHC scores revealed that there was no
any significant difference in MAT1 protein amount between ER–
and ER+ groups at whole level;  (C) The protein abundance of
MAT1 was positively correlated with the ER status at the absence
of human epidermal growth factor receptor 2 (HER2)-enriched
cases. The protein abundance of MAT1 was much higher in PR+
breast cancer than PR– tumors, no matter with HER2-strongly
positive  patients  (D)  or  not  (E).  Expression  analysis  of  Gene
Expression Omnibus (GEO) accession GSE25066 also displayed
that MAT1 mRNA expression was significantly higher in ESR1+
cancerous tissues than in ESR1– at the presence of ERBB2-positive
patients (F) or not (G). The semi-quantitative results and public
GEO dataset analysis are presented as .
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(R=–0.496,  P<0.001)  (Figure  5J).  Furthermore,  MAT1
mRNA  expression  was  positively  correlated  with  the
transcription factor MAZ (R=0.428, P<0.001) (Figure 5K)
and the oncogene SIX1 (R=0.330, P<0.001) (Figure 5L).

GSE20685 correlation analysis revealed that the mRNA
expression  of  MAT1  was  positively  correlated  with  the
epithelial marker TJP3 (R=0.324, P<0.001) (Figure 6A) and
negatively associated with the mesenchymal marker VIM

 

Figure 4 Correlations between menage a trois 1 (MAT1) mRNA expression and markers of luminal, human epidermal growth factor
receptor 2 (HER2), and basal-like. Correlation analysis of Gene Expression Omnibus (GEO) accession GSE25066 showed that MAT1
mRNA level was positively associated with estrogen receptor (ESR1) (A), progesterone receptor (PGR) (B), keratin-8 (KRT8) (C), KRT18 (D)
and ERBB2 (E), and was inversely correlated with epidermal growth factor receptor (EGFR) (F). Correlation analysis of GSE20685 indicated
that MAT1 mRNA amount was positively associated with ESR1 (G), PGR (H), KRT8 (I), KRT18 (J), and forkhead box protein A1 (FOXA1)
(K), and inversely correlated with EGFR (L).
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(R=–0.289, P<0.001) (Figure 6B). Furthermore, the mRNA

amount of MAT1  was inversely correlated with the CSC

marker YBX1 (R=–0.254, P<0.001) (Figure 6C). Consistent

with  KEGG analysis,  the  mRNA amount  of  MAT1  was

 

Figure 5 Correlations between menage a trois 1 (MAT1) mRNA level and markers of epithelial-mesenchymal transition (EMT), cancer
stem cell  (CSC), proliferation, and apoptosis from Gene Expression Omnibus (GEO) accession GSE25066. Correlation analysis of
GSE25066 showed that the mRNA expression of MAT1 was positively associated with tight junction protein 3 (TJP3) (A), AKT1 (E), MYC
associated zinc finger protein (MAZ) (K), and sine oculis homeobox homolog 1 (SIX1) (L), and was inversely correlated with VIM (B), Y-box
binding protein 1 (YBX1) (C), sex determining region Y-box 2 (SOX2) (D), caspase 1 (CASP1) (F), CASP4 (G), CASP5 (H), CASP9 (I) and
CASP10 (J).
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positively associated with the proliferation marker AKT1
(R=0.198,  P<0.001)  (Figure  6D),  and  was  negatively
associated with the apoptosis markers CASP1  (R=–0.301,
P<0.001) (Figure 6E), CASP4 (R=–0.317, P<0.001) (Figure
6F), CASP5 (R=–0.173, P<0.001) (Figure 6G), and CASP10
(R=–0.240,  P<0.001)  (Figure  6H).  Additionally,  MAT1
mRNA  expression  was  positively  correlated  with  the
oncogene SIX1 (R=0.384, P<0.001) (Figure 6I).

MAT1 regulated  protein  abundance  of  cancer-related
markers

Immunofluorescence  staining  revealed  that  exogenous

over-expression of  MAT1  upregulated the expression of
MAT1 (Figure 7A), EGFR (Figure 7B), vimentin (Figure
7C), Sox2 (Figure 7D) and SIX1 (Figure 7E) at the protein
level in MDA-MB-231 cells. In MCF-7 breast cancer cells,
upregulation  of  MAT1  promoted  the  protein  levels  of
MAT1 (Figure 7F), EGFR (Figure 7G), vimentin (Figure
7H), Sox2 (Figure 7I), and SIX1 (Figure 7J).

High MAT1 expression predicts worse prognosis

The public Kaplan-Meier Plotter database was employed to
evaluate the effects of MAT1 mRNA level on the prognosis
of breast cancer patients. Median value of MAT1  mRNA

 

Figure 6 Correlations between menage a trois 1 (MAT1) mRNA expression and markers of epithelial-mesenchymal transition (EMT),
cancer stem cell (CSC), proliferation, and apoptosis from Gene Expression Omnibus (GEO) accession GSE20685. Correlation analysis of
GSE20685 showed that MAT1 mRNA expression was positively associated with tight junction protein 3 (TJP3) (A), AKT1 (D), and sine
oculis homeobox homolog 1 (SIX1) (I), and was inversely correlated with VIM (B), Y-box binding protein 1 (YBX1) (C), caspase 1 (CASP1)
(E), CASP4 (F), CASP5 (G) and CASP10 (H).
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level was utilized to separate the high expression group and
low expression group. Patients with higher mRNA level of
MAT1 tended to have shorter time to relapse [hazard ratio
(HR): 1.34 (1.20–1.50), P<0.001] (Figure 8A) and metastasis

[HR: 1.41 (1.16–1.72),  P<0.001] (Figure 8B)  among the
overall  population.  Furthermore,  a  higher  amount  of
mRNA of MAT1 was also correlated with worse relapse-free
survival (RFS) [HR: 1.61 (1.35–1.91), P<0.001] (Figure 8C)
and metastasis-free survival (MFS) [HR: 1.57 (1.15–2.14),
P=0.004] (Figure 8D) among luminal A subpopulation. In
addition, similar results were obtained among the luminal B
subpopulation, in which high MAT1 mRNA expression was

 

Figure 7 Menage a trois 1 (MAT1) regulates the protein level of
some  cancer-related  markers.  Immunofluorescence  staining
displayed that over-expression of MAT1 enhanced the expression
of  MAT1 (A),  epidermal  growth  factor  receptor  (EGFR)  (B),
vimentin (C), sex determining region Y-box 2 (Sox2) (D), and sine
oculis  homeobox homolog 1 (SIX1) (E) at  the protein level  in
MDA-MB-231 cells. In breast cancer MCF-7 cells, up-regulation
of MAT1 increased the protein abundance of MAT1 (F), EGFR
(G), vimentin (H), Sox2 (I), and SIX1 (J).

 

Figure  8  High  menage  a  trois  1  (MAT1)  mRNA  expression
predicts worse clinical outcomes among breast cancer patients.
Kaplan-Meier  Plotter  analysis  indicated  that  higher  mRNA
amount of MAT1 was associated with worse relapse-free survival
(RFS) among overall population (A), luminal A (C), luminal B (E),
and basal-like (G) breast  cancer patients.  Patients  with higher
mRNA level of MAT1 had shorter time to metastasis among whole
enrolled patients (B) or subgroups of luminal A (D), luminal B (F),
and basal-like breast carcinoma (H).
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an  unfavorable  prognostic  factor  for  RFS  [HR:  1.64
(1.34–2.01),  P<0.001]  (Figure  8E)  and  MFS  [HR:  1.73
(1.21–2.47), P=0.002] (Figure 8F). Basal-like breast cancer
patients  with  higher  mRNA  level  of  MAT1  displayed
shorter  time  free  from  relapse  [HR:  1.48  (1.10–1.98),
P=0.009] (Figure 8G) and metastasis [HR: 2.37 (1.17–4.83),
P=0.014] (Figure 8H). However, there was no significant
association  between  the  quantity  of  MAT1  mRNA  and
the  clinical  outcomes  of  patients  with  HER2-enriched
breast cancer.

Discussion

During the past decade, precise medicine has been one of
the  greatest  achievements  in  breast  cancer  treatment.
Personal  treatment  according  to  molecular  subtypes
successfully  improves  the  prognosis  of  breast  cancer
patients.  Better  curative  effect  depends  upon  the
identification of  novel  molecular  biomarkers  that  drive
tumor  initiation  and  progression.  Several  studies  have
reported that MAT1 plays role in some cancer types, such
as pancreatic cancer (19), lung cancer (20), and colorectal
cancer (21). However, there is still  a lack of evidence in
breast cancer.

KEGG  pathway  analysis  is  a  common  strategy  for
exploring functions of unknown genes. The present KEGG
pathway analysis revealed the involvement of MAT1 in cell
proliferation, adhesion, and apoptosis. The dysregulation
of  these  pathways  could  drive  tumor  initiation  and
development. Consistently, correlation analysis revealed
that  MAT1  mRNA  level  was  positively  associated  with
proliferative genes and inversely correlated with apoptosis
markers.  In  terms  of  the  pivotal  roles  that  PI3K-AKT
signaling plays in cell proliferation, PI3K inhibitors arrest
cell cycle progression and have been developed for cancer
treatment (28). In combination with CDK7 and cyclin H,
MAT1  constitutes  CAK  and  promotes  cell  cycle
progression and proliferation. The abrogation of MAT1
deregulates CAK and inhibits cell cycle G1 stage exit by
suppressing cyclin E expression and phosphorylation of the
Rb protein (10).  The complete MAT1 protein has been
associated  with  the  expansion  of  human hematopoietic
stem  cells  (HSC),  while  intrinsically  programmed  or
MAT1  fragmentation  comes  along  with  granulocytic
differentiation  of  HSC  or  leukemic  myeloblasts  (29).
MAT1 fragmentation inversely regulates the activities of
CAK and TFIIH to inhibit cell cycle progression and gene
transcription, resulting in the suppression of the growth
and metastasis of different leukemic myeloblasts (29).

Based on the results of KEGG pathway analysis, MAT1
might  participate  in  ERBB2  signaling.  HER2+  tumors
account for approximately 30% of all breast cancer cases.
Although  targeted  therapy  remarkably  improves  the
treatment efficiency for HER2-enriched patients (30,31),
there are still some patients who fail to benefit from these
targeted  drugs.  Identification  of  the  relative  genes  of
ERBB2 might further enhance therapy efficiency. Our IHC
results  indicated that HER2-overexpressing tumors had
high MAT1 expression at  both the  mRNA and protein
levels,  and  correlation  analysis  implied  a  positive
correlation  between  MAT1  and  ERBB2.  These  results
suggest that MAT1 might be a molecular target of ERBB2.

Both  IHC and  gene  expression  analysis  showed  that
luminal-type had relatively  higher MAT1 expression in
comparison with basal-like breast cancer patients. MAT1
was also positively associated with the status of ER and PR
both  at  mRNA  and  protein  levels.  In  support  of  this,
correlation analysis  displayed that  the amount of  MAT1
mRNA  was  positively  associated  with  ESR1,  PGR,
KRT8 and KRT18, and inversely associated with basal-like
marker EGFR.

Epithelial-mesenchymal transition (EMT) is a complex
process  that  is  involved in the invasion,  metastasis,  and
CSC  property  of  tumors  (32).  CSCs  are  intrinsically
endowed with powerful ability of self-renewal and multi-
way differentiation potential, and are responsible for cancer
initiation and progression (32). A variety of oncogenes and
anti-oncogenes exert their effects through the modulation
of EMT and CSCs (23). Interestingly, correlation analysis
in this study showed that MAT1 mRNA level was positively
correlated with epithelial marker TJP3 and was inversely
associated with the mesenchymal marker VIM and the CSC
markers  YBX1  and  SOX2.  In  addition,  MAT1  mRNA
expression was positively correlated with MAZ  and SIX1,
two known oncogenes in breast cancer. MAZ functions as a
transcription  factor  and  promotes  tumor  progression
(33,34), and the oncogene SIX1 drives cancer development
and could serve as a prognostic biomarker predicting poor
clinical outcomes (35,36). Correlation analysis showed a
positive correlation between MAT1 and these molecules at
the  mRNA  level.  Furthermore,  immunofluorescence
staining  indicated  that  over-expression  of  MAT1
contributed to the upregulation of EGFR, vimentin, Sox2,
and SIX1 at the protein level, which was consistent with the
results at the mRNA level.

Commonly accepted parameters for assessing prognosis
include overall survival (OS), RFS and MFS. Our results
indicated  that  MAT1  mRNA level  did  not  significantly
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affect the OS of breast cancer patients, but predicted poor
RFS and MFS among whole breast  cancer,  luminal  and
basal-like populations. The unfavorable role of MAT1  in
prognosis  might  be  explained  by  that  MAT1  promoted
proliferation  and  suppressed  apoptosis.  In  pancreatic
cancer, silencing MAT1 can suppress the growth of cancer
cells in vitro and in vivo (19). The knockdown of MAT1 in
BxPC3 pancreatic cancer cells by siRNA remarkably arrests
cells in the G0/G1 phase (19). The weight and volume of
transplanted tumors in MAT1-knockdown injected nude
mice were reported to be remarkably reduced than those in
the controls (19). Among colorectal cancer patients treated
with oxaliplatin,  variant  alleles  of  MAT1  were  linked to
better  OS  in  comparison  with  patients  without  these
variant alleles (21), suggesting that MAT1 might modulate
drug response. However, there was an opposite tendency
among  patients  who  had  not  received  oxaliplatin
treatment (21).

There are  some limitations  in this  study.  Firstly,  our
IHC  analysis  was  carried  out  on  a  small  set  of  cases.
Secondly, only univariate analysis of the survival analysis
was  performed,  since  the  multivariate  analysis  was  not
available in this public database for breast cancer section.
Thus, statistical analyses on larger datasets are needed.

Conclusions

MAT1 appears to promote the proliferation pathway and
inhibit apoptosis signaling. Furthermore, MAT1 expression
was positively related to the status of ER and ESR1, and was
enriched in luminal and HER2-overexpressing tumors in
comparison with basal-like cancer at both the protein and
mRNA levels. Importantly, a high mRNA level of MAT1
was an unfavorable prognostic marker for breast  cancer
patients, predicting poor RFS and MFS, especially for the
luminal-type population. Further research concerning the
molecular mechanisms of MAT1 functions is required.
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