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Abstract

RNA polymerase III transcription is pivotal in regulating cellular growth and frequently dereg-

ulated in various cancers. MAF1 negatively regulates RNA polymerase III transcription. Cur-

rently, it is unclear if MAF1 is universally deregulated in human cancers. Recently, MAF1

expression has been demonstrated to be altered in colorectal and liver carcinomas and

Luminal B breast cancers. In this study, we analyzed clinical breast cancer datasets to

determine if MAF1 alterations correlate with clinical outcomes in HER2-positive breast can-

cer. Using various bioinformatics tools, we screened breast cancer datasets for alterations

in MAF1 expression. We report that MAF1 is amplified in 39% of all breast cancer sub-

types, and the observed amplification co-occurs with MYC. MAF1 amplification correlated

with increased methylation of the MAF1 promoter and MAF1 protein expression is signifi-

cantly decreased in luminal, HER2-positive, and TNBC breast cancer subtypes. MAF1 pro-

tein expression is also significantly reduced in stage 2 and 3 breast cancer compared to

normal and significantly decreased in all breast cancer patients, regardless of race and age.

In SKBR3 and BT474 breast cancer cell lines treated with anti-HER2 therapies, MAF1

mRNA expression is significantly increased. In HER2-positive breast cancer patients, MAF1

expression significantly increases and correlates with five years of relapse-free survival in

response to trastuzumab treatment, suggesting MAF1 is a predictive biomarker in breast

cancer. These data suggest a role for MAF1 alterations in HER2-positive breast cancer.

More extensive studies are warranted to determine if MAF1 serves as a predictive and prog-

nostic biomarker in breast cancer.

Introduction

Breast cancer in the United States (U.S.) accounts for 31% of new cancer diagnoses in women

[1]. The most commonly diagnosed breast cancer is invasive breast cancer (IBC), with approx-

imately 1 in 8 women (13%) diagnosed with IBC and 1 in 39 (3%) deaths from IBC [2]. Breast

cancers are classified by site and whether the breast cancer is invasive or non-invasive [3]. In

2023, 297,790 new cases of IBC and 51, 400 cases of non-IBC diagnoses are anticipated [1, 2].

The most commonly diagnosed breast cancers are invasive ductal carcinoma (IDC), ductal
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carcinoma in situ (DCIS), and invasive lobular carcinoma (ILC) [3]. IDC and ILC account for

90% of IBC, whereas DCIS is the most common non-invasive breast cancer diagnosis [4].

Genetic and epigenetic alterations often lead to deregulated cell proliferation in human can-

cers. Cell proliferation is partially regulated by three eukaryotic RNA polymerases (pol) [5].

RNA pol I transcribes ribosomal RNA; RNA pol II transcribes mRNA-encoding proteins and

select untranslated RNAs involved in RNA metabolism, whereas RNA pol III transcribes

untranslated RNA molecules [5]. The role of these RNA pol’s, specifically RNA pol I and III,

are implicated as critical regulators of the biosynthetic capacity of a cell.

TFIIIB, established as deregulated in human cancers, is required to initiate RNA pol III

transcription accurately [5–15]. Two forms of TFIIIB are defined in higher eukaryotes [11,

16]. Accurate RNA pol III transcription from gene-external promoters requires a TFIIIB com-

plex containing BDP1, TBP, and BRF2 [11, 16]. A related TFIIIB complex is necessary for

gene-internal RNA pol III promoters containing BDP1, TBP, and BRF1 [11, 16]. TFIIIB and

RNA pol III transcription activities are inhibited by tumor suppressors, including p53 [17, 18],

PTEN [19–21], BRCA1 [22], the retinoblastoma protein (Rb) [18], and the Rb family members

p130 and p107 [23]. The oncogenes MAP kinase ERK and MYC [12, 18] stimulate TFIIIB

activity in vitro. Specifically, the TFIIIB subunits TBP [24–26], BRF1 [6, 27–29], BRF2 [6, 7,

30–37], and BDP1 [8, 9, 12, 21, 38, 39] are altered in a variety of human cancers, including

breast, blood, colorectal, cervical, esophageal, liver, lung, prostate, and skin cancers.

MAF1, initially identified in yeast in response to cellular stress and nutritional deprivation,

is a general negative regulator of RNA pol III transcription [40, 41]. MAF1 is conserved in

eukaryotes, including humans [42, 43]. During cellular stress or nutrient starvation, coinciding

with the inactivation of mTORC1 kinase, human MAF1 is dephosphorylated, impairing the

recruitment of RNA pol III machinery [44].

PI3K-AKT-mTOR activation is frequently observed in human cancers [45], and is a target

for therapeutic design [46]. Specifically, in hepatocellular carcinoma (HCC) patients,

decreased MAF1 expression correlated with poor prognosis [47]. In colorectal cancer,

increased MAF1 expression is associated with metastasis and poor prognosis [48]. In a sample

size of 192 luminal B breast cancer patients, MAF1 copy number is amplified [49]. To date, the

analysis of MAF1 expression in human cancers has been limited and has not been extensively

studied. MYC, located on chromosome 8q24.21, has been identified as a frequent amplifier in

HER2+ breast cancer. MAF1, as stated, is a negative regulator of RNA pol III transcription,

and is located on chromosome 8q24.3, in close proximity to MYC.

Taken together, we sought to determine if MAF1 could also be implicated in HER2+ breast

cancer [50]. This study aims to determine if MAF1 expression correlates with clinical out-

comes in HER2-positive breast cancer. Herein, we report that MAF1 is amplified in 39% of all

breast cancer sub-types, and the observed amplification co-occurs with MYC. MAF1 amplifi-

cation correlated with increased methylation of the MAF1 promoter. MAF1 protein expres-

sion is significantly decreased in luminal, HER2-positive, and TNBC breast cancer subtypes.

In stage 2 and 3 breast cancer, MAF1 protein expression is significantly reduced compared to

normal and protein expression is significantly decreased in all breast cancer patients, indepen-

dent of race and age. Recently, it was demonstrated that the amplification of HER2 and dereg-

ulation of MYC accelerated tumorigenesis, metastasis, and lethality in breast cancer [50].

Hence, we analyzed MAF1 expression in response to anti-HER2 therapies in breast cancer cell

lines and patients. MAF1 mRNA expression significantly increases in SKBR3 and BT474 breast

cancer cell lines treated with anti-HER2 therapies. Lastly, we also report increased MAF1

expression correlating with an increased five year relapse-free survival response to trastuzu-

mab treatment, suggesting MAF1 is a predictive biomarker in breast cancer.
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Materials and methods

Datasets analyzed

The accession numbers for all datasets analyzed in this study can be found in Table 1. The cur-

rent study did not require IRB or ethics committee approval as we performed in silico analysis

for publicly available datasets. We did not collect human samples (tissues, cells, fluids) or com-

municate with human participants. The data used for analysis were retrieved from publicly

accessible datasets. We refer readers to prior publications detailing methods [7–9, 38].

cBioPortal analysis of MAF1

We queried for MAF1 alteration in breast cancer using the proteogenomic landscape of breast

cancer dataset (n = 122) generated by the Clinical Proteomic Tumor Analysis Consortium

(CPTAC) [51] housed in the cBioPortal for Cancer Genomics, an open-source multi-cancer

genomics and clinical dataset analysis platform [59] (Table 1). P-values are derived from the

Log Rank test, and the q-values are derived from the Benjamini-Hochberg False Discovery

Rate (FDR) correction procedure.

University of Alabama at Birmingham Cancer (UALCAN) data analyses

The University of Alabama at Birmingham Cancer (UALCAN) data analysis portal [60] was

accessed from June 2022 through March 2023 to analyze the TCGA breast cancer dataset [52–

54] for MAF1 mRNA expression and MAF1 promoter methylation. The portal contains pro-

tein expression datasets [61] to determine MAF1 protein expression in HER2-positive breast

cancer.

GEO2R platform microarray analysis

Within the GEO2R platform [62], the limma (Linear Models for Microarray Analysis) R pack-

age was used to analyze the publicly available expression array GSE129254 dataset [55] for dif-

ferentially expressed genes (DEGs) in response to anti-HER2 therapies. A log transformation

was performed on the data. The Benjamini & Hochberg false discovery rate (FDR) method

Table 1. Datasets analyzed.

Dataset Study Description and Link to Dataset Ref

CPTAC The proteogenomic landscape of breast cancer dataset generated by the Clinical Proteomic

Tumor Analysis Consortium (CPTAC) includes 122 samples publicly available through the

CPTAC data portal https://cptac-data-portal and at the Proteomic Data Commons (https://

pdc.cancer.gov/pdc/). The proteogenomic landscape of breast cancer dataset was accessed

and analyzed via the cBioPortal, January 2021 –March 2023.

[51]

TCGA The Cancer Genome Atlas Program (TCGA)(http://tcga-data.nci.nih.gov/tcga/) contains

data for over 20,000 primary cancer and normal samples spanning 33 cancer types. In the

current study, we utilized the invasive ductal carcinoma datasets (n = 1602), accessed January

2021 –March 2023.

[52–

54]

GSE129254 Gene expression profiling was examined by Human HT-12 v4.0 Expression BeadChip arrays

in SKBR3 and BT474 cells treated with HER2 inhibitor lapatinib (n = 18), accessed January

2021 –March 2023.

[55]

GSE158969 Illumina HiSeq paired-end RNA sequencing of BT474 cells treated with trastuzumab

(n = 30), accessed January 2021 –March 2023.

[56]

GSE157383 Illumina HiSeq single-end RNA sequencing of human breast cancer cell lines treated with

abemaciclib (n = 22), accessed January 2021 –March 2023.

[57]

GSE99060 Torrent Suite (Thermo Fisher) single-end RNA sequencing of human breast cancer cell lines

treated with abemaciclib (n = 18), accessed January 2021 –March 2023.

[58]

https://doi.org/10.1371/journal.pone.0291549.t001
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(adj. p-value) was employed to correct for false positive results (p-values), and the results of our

genes of interest are presented in Table 2. GEO2R was accessed from June 2022 –March 2023.

Galaxy analyses. The Galaxy platform [63] was utilized to identify differentially expressed

genes in the GSE158969 dataset [56] using limma and edgeR DEGs tools. Volcano plots were

generated in Galaxy using ggplot2 to visualize DEGs within the GSE129254 [55] and

GSE158969 datasets [56].

ROC plotter analyses

The ROC Plotter portal [64] is a receiver operating characteristic (ROC) tool for meta-analy-

sis-based discovery and validation of survival biomarkers [64]. Based on their clinical charac-

teristics, breast cancer dataset samples are divided into responder and nonresponder groups.

The groups were further analyzed using the Mann-Whitney and ROC tests in the R statistical

environment using Bioconductor libraries [64]. The cutoff for p values is p< 0.05, and only

results with a 5% false discovery rate (FDR) were considered significant [64]. We queried the

ROC plotter platform to analyze MAF1 (probe 222998_at) expression in response to anti-

HER2 therapies and clinical outcomes, specifically relapse-free survival status for five years,

accessed January 2022 –March 2023.

Results

MAF1 and MYC amplifications co-occur in breast cancer

This study aims to determine if MAF1 expression is altered in breast cancer subclasses and if

MAF1 alterations correlate with clinical outcomes in breast cancer sub-types. Using the cBio-

Portal [59, 65], we queried the proteogenomic landscape of breast cancer dataset [51] to deter-

mine if MAF1 expression was altered in breast cancer. Fig 1A demonstrates MAF1

amplification in 39% of invasive breast cancers (n = 122). We further analyzed the dataset for

known biomarkers in breast cancer, including estrogen receptor alpha (ESR1), the progester-

one receptor (PGR) and HER2 (ERBB2) [66]. In Fig 1A, we demonstrate that these common

breast cancer biomarkers used in the clinic are amplified, including ESR1(5%), PGR(6%), and

HER2 (ERBB2)(15%). In breast cancer, it has been demonstrated that chromosome 8q24 is fre-

quently amplified [67]. MYC is located on chromosome 8q24.21, MAF1 is on 8q24.3. We

Table 2. MAF1 and TFIIIB are differentially expressed in response to anti-HER2 therapies.

GSE129254

Cell line/drug adj. p-value p-value logFC gene symbol

BT474/ lapatinib 0.026 0.002 0.731 MAF1

SKBR3/ lapatinib 0.086 0.002 0.701 MAF1

BT474/ lapatinib 0.078 0.015 -0.434 BRF2

SKBR3/lapatinib 0.587 0.310 0.155 BRF2

BT474/ lapatinib 0.235 0.085 -0.294 BRF1

SKBR3/lapatinib 0.613 0.341 0.396 BRF1

BT474/ lapatinib 0.434 0.234 0.545 BDP1

GSE158969

Cell line/drug adj. p-value p-value logFC gene symbol

BT474/trastuzumab 4.51 x 10−5 8.00 x 10−6 0.231 MAF1

BT474/trastuzumab 1.28 x 10−6 1.60 x 10−7 0.372 BRF2

BT474/trastuzumab 0.352 0.275 -0.034 BRF1

BT474/trastuzumab 0.057 0.035 0.421 BDP1

https://doi.org/10.1371/journal.pone.0291549.t002
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analyzed MAF1 and MYC for frequency of co-occurrence and mutual exclusivity. Our analysis

shows that MYC and MAF1 alterations significantly co-occur in breast cancer (q = 0.001), Fig

1B. Our results are in agreement with a transcriptome analysis of HER2-positive breast cancer

tumors (n = 99) that identifies MYC (19%) and MAF1 (6%) as frequently amplified in HER2--

positive cancer [68].

MAF1 protein expression is significantly decreased in luminal,

HER2-positive, and TNBC breast cancer subtypes

Fig 1 demonstrates the amplification of MAF1 in breast cancer. However, it is established that

not all genetic amplifications lead to functional changes. We wanted to determine if the

observed MAF1 amplifications correlated with mRNA and protein expression changes in

breast cancer datasets. We utilized the University of Alabama at Birmingham Cancer data

analysis portal (UALCAN) [60] and queried the TCGA breast cancer dataset [52–54] to corre-

late MAF1 amplification with changes to MAF1 mRNA expression. MAF1 mRNA expression

is significantly altered in luminal (p = 1.68 x 10−5) and triple-negative breast cancer (TNBC)

(p = 2.01 x 10−7) but not in HER2-positive breast cancer, Fig 2A. The MAF1 promoter is signif-

icantly methylated in luminal (p< 1 x10-12), HER2-positive (p = 2.26 x 10−3), and TNBC

(p = 5.26 x 10−12) subclasses of breast cancers, Fig 2B. Within UALCAN, we queried the Clini-

cal Proteomic Tumor Analysis Consortium (CPTAC) and the International Cancer Proteo-

genome Consortium (ICPC) datasets [51] to analyze MAF1 expression. MAF1 protein

expression is significantly decreased in luminal (p = 2.40 x 10−8), HER2-positive (p = 4.66 x

10−5), and TNBC (p = 2.47 x 10−4), Fig 2C. Furthermore, an analysis of MYC demonstrated

that decreased MYC protein expression occurs for both luminal (p = 9.14 x 10−3) and HER2--

positive (p = 9.03 x 10−2) breast cancers, Fig 2D. As a control, we examined HER2 protein

expression in the major subclasses of breast cancer, demonstrating no significant change in

HER2 protein expression in HER2-positive breast cancer compared to normal, Fig 2E.

Fig 1. MAF1 amplification frequently occurs in breast cancer patients. The proteogenomic landscape of breast cancer dataset generated by the Clinical

Proteomic Tumor Analysis Consortium (CPTAC) [51] was analyzed using cBioPortal [59] We generated an OncoPrint (A) of alterations of MAF1, MYC,

PGR, and ERBB2. MAF and MYC amplifications significantly co-occur (p<0.001) (B) in the CPTAC dataset. Genetic alteration subtypes are noted in (A). P-

values (one-sided Fisher Exact Test) and q-values (Benjamini-Hochberg FDR correction procedure) are presented (B).

https://doi.org/10.1371/journal.pone.0291549.g001
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MAF1 protein expression is significantly decreased in stage 2 and 3 breast

cancer and common histological types of breast cancer

In Fig 1, we demonstrate significant amplification and co-occurrence of MAF1 and MYC in

breast cancer. Fig 2 demonstrates that MAF1 protein expression is substantially decreased in

luminal, TNBC, and HER2-positive breast cancer. We then queried the UALCAN [60] proteo-

genomic breast cancer patients’ samples from the CPTAC and the International Cancer Pro-

teogenome Consortium (ICPC) datasets [51] to analyze MAF1 protein expression by stage and

histology sub-types in breast cancer. This analysis demonstrated that MAF1 protein expression

is significantly decreased in stage 2 (p = 7.35 x 10−12) and stage 3 (p = 1.25 x 10−6) of breast can-

cer, compared to normal, Fig 3A. MAF1 protein expression is most significantly decreased in

stage 2 breast cancer, a localized stage with the most favorable survival outcomes [1, 2]. In

stage 3, a regional stage with lower survival rates, MAF1 protein expression is also significantly

decreased [1, 2]. The MAF1 protein expression profile for stage 2 (p = 7.35 x 10−12). Next, we

sought to determine if MAF1 protein expression correlates with breast cancer histology, Fig

3B. MAF1 protein expression is significantly decreased in IDC (p = 2.07 x 10−11) and ILC

(p = 3.59 x 10−3), the first and second most common form of breast cancer, respectively [1, 2].

MAF1 protein expression by patient race and age

We reviewed the available metadata for the samples (n = 99) utilized in the transcriptome anal-

ysis of HER2-positive breast cancer samples [68] and noted limited ethnic diversity. Of the 99

HER2-positive breast cancer patient samples sequenced, nine patients did not have ethnicity

data, 89 identified as White/Caucasian, and one as Black/African [68]. Thus, using the CPTAC

and ICPC datasets available in UALCAN, which contains larger sample sizes from more

diverse populations, we sought to determine if MAF1 expression is altered in breast cancer

patients by ethnicity and age. MAF1 protein expression decreased across the ethnicities tested,

Fig 4A, with significant decreases in MAF1 protein in Caucasians (p = 3.60 x 10−10) (n = 80),

Blacks/Africans (p = 8.04 x 10−6) (n = 18), and Asians (p = 1.36 x 10−6) (n = 20) compared to

normal. Subsequently, we analyzed MAF1 protein expression and correlation with age in

breast cancer, Fig 4B. Compared to normal, MAF1 protein expression decreased in breast can-

cer patients aged 21–80, Fig 4B, with the most significant decrease in patients aged 41–60 yrs

(p = 1.73 x 10−10) and 61–80 yrs (p = 6.34 x 10−10). These data suggest that MAF1 protein

expression in breast cancer is age-independent. Our results agree with previous studies indi-

cating no significant association between patient age and HER2 or progesterone receptor pro-

tein expression in breast cancer [69].

MAF1 mRNA expression is significantly increased in SKBR3 and BT474

breast cancer cell lines treated with anti-HER2 therapies

The decrease of MAF1 RNA and protein expression in breast cancer (Fig 2), including HER2--

positive breast cancer (Fig 2C), prompted us to investigate whether anti-HER2 therapies

Fig 2. MAF1 protein expression is significantly decreased in luminal, HER2-positive, and TNBC breast cancer subtypes.

Using the University of Alabama at Birmingham Cancer data analysis portal (UALCAN) [60], we queried the TCGA breast

cancer dataset [52–54] to determine MAF1 mRNA expression (A) and MAF1 promoter methylation in subclasses of breast

cancer (B). UALCAN [60] provides a protein expression analysis option using data from Clinical Proteomic Tumor Analysis

Consortium (CPTAC) and the International Cancer Proteogenome Consortium (ICPC) datasets [51]. MAF1 protein

expression across breast cancer subtypes is depicted in (C), as compared to protein expression of MYC (D) and HER2 (E). The

z-values presented are standard deviations of the median across samples, and log2 values were first normalized within each

sample profile, then normalized across samples. Sample numbers and p-values are indicated.

https://doi.org/10.1371/journal.pone.0291549.g002
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regulate MAF1 expression. Using the GEO2R platform [62] and the limma (Linear Models for

Microarray Analysis) R package, we analyzed the expression array GSE129254 [55] dataset for

differentially expressed genes (DEGs) comparing HER2-positive SKBR3 and BT474 breast

cancer cell lines treated with DMSO or the selective ATP-competitive tyrosine kinase inhibitor

(TKI), lapatinib, an anti-HER2 therapy [55]. Within the GEO2R platform [62], the limma

(Linear Models for Microarray Analysis) R package was used to analyze the GSE129254

expression array dataset [55] for DEGs. Table 2 denotes the MAF1 and TFIIIB mRNA expres-

sion increases in BT474 and SKBR3 HER2-positive breast cancer cells in response to anti-

HER2 therapy. Our analysis shows that MAF1 expression increased in BT474 (q = 0.026) and

SKBR3 (q = 0.086) cells treated with lapatinib. The only TFIIIB subunit differentially expressed

in BT474 cells treated with lapatinib is BRF2 (q = 0.078). Volcano plots were generated to visu-

alize the changes in MAF1 and TFIIIB expression for lapatinib treated BT474 (Fig 5A) and

SKBR3 (Fig 5B) cells in the context of the entire genome [55]. We generated clustered heat-

maps for the datasets analyzed, S1 Fig. Although microarray analysis informs DEGs, RNA

sequencing provides increased specificity and sensitivity. Using the limma tool in the Galaxy

platform [63], the raw sequencing data from the GSE158960 RNA sequencing dataset was ana-

lyzed from the control BT474 cells or BT474 cells treated with the humanized murine mono-

clonal antibody (MoAb) trastuzumab. MAF1 (q = 4.51 x 10−5), BRF2 (q = 1.28 x 10−6), and

Fig 3. MAF1 protein expression by stage and tumor histology. We queried for MAF1 protein expression data by breast cancer stage (A) and tumor histology

(B) using the Clinical Proteomic Tumor Analysis Consortium (CPTAC) and the International Cancer Proteogenome Consortium (ICPC) datasets [51], using

the University of Alabama at Birmingham Cancer data analysis portal (UALCAN) [60]. The z-values presented are standard deviations of the median across

samples, and log2 values were first normalized within each sample profile, then normalized across samples. Sample numbers are indicated; p-values are noted.

https://doi.org/10.1371/journal.pone.0291549.g003
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BDP1 (q = 0.057) expression are increased in trastuzumab treated BT474 cells, Table 2. Next,

we generated volcano plots to visualize the changes in MAF1 and TFIIIB expression for BT474

treated with trastuzumab in the context of the entire genome (Fig 5C) [56], and associated

heatmaps are depicted in S1 Fig. MAF1, but not TFIIIB, expression is significantly increased

by both anti-HER2 therapies tested in both HER2-positive cell lines analyzed. Table 2 and Fig

5 suggest that anti-HER2 therapies can potentially regulate MAF1 in HER2-positive breast

cancer cell lines.

MAF1 is predictive biomarker in HER2-positive breast cancer

Based on the results that anti-HER2 therapies increase MAF1 and TFIIIB expression in

HER2-breast cancer cell lines (Table 2, Fig 5), we then queried breast cancer patients treated

with anti-HER2 therapies using ROC Plotter [64]. ROC Plotter correlates transcriptomic gene

expression data with cancer therapy response by integrating published gene expression data of

36 publicly available datasets with treatment data into a unified database to identify predictive

biomarkers in breast cancer [64]. We queried the ROC Plotter [64] five-year relapse-free breast

cancer patient dataset (n = 1,329), comparing samples from patients who did not relapse

before five years versus patients who did relapse before five years. We analyzed this dataset for

transcriptomic-level MAF1 expression in response to anti-HER2 therapies. Receiver operating

characteristics (ROC) and Mann–Whitney tests compare gene expression and therapy

Fig 4. MAF1 protein expression by patient race and age. Using the University of Alabama at Birmingham Cancer data analysis portal (UALCAN) [60], we

queried for MAF1 protein expression by race (A) and age (B) using data from Clinical Proteomic Tumor Analysis Consortium (CPTAC) and the International

Cancer Proteogenome Consortium (ICPC) datasets [51]. The z-values presented are standard deviations of the median across samples, and log2 values were

first normalized within each sample profile, then normalized across samples. Sample numbers are indicated; p-values are noted.

https://doi.org/10.1371/journal.pone.0291549.g004
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response [64]. We examined HER2, MAF1, and MYC expression in the five-year relapse-free

breast cancer patient dataset, restricting our query to HER2-positive samples (n = 564) [64].

In Fig 6A, HER2 (gene symbol ERBB2; probe 216836_at*) expression increased (Mann-

Whitney test p-value = 0.079) in response to trastuzumab treatment in HER2-positive breast

cancer. As expected, HER2 is a predictive biomarker in HER2-positive breast cancer patients

treated with trastuzumab (ROC p-value = 3.10 x 10−2, AUC = 0.658) [64]. MAF1 expression

(probe 222998_at*) increased (Mann-Whitney test p-value = 0.0012) in response to trastuzu-

mab treatment in HER2-positive five-year relapse-free survival breast cancer patients (ROC p-

value = 2.7 x 10−6, AUC = 0.874), Fig 6B, suggesting MAF1 may be a predictive biomarker in

HER2-positive breast cancer.

As demonstrated in Fig 1B, MAF1 and MYC alterations co-occur in breast cancer. MAF1

(Fig 2C) and MYC (Fig 2E) protein expression decreased in HER2-positive breast cancer. We

Fig 5. MAF1 mRNA expression significantly increases in SKBR3 and BT474 breast cancer cell lines treated with

anti-HER2 therapies. We performed DEG analysis on publicly available microarray GSE129254 [55] and RNA

sequencing GSE158969 [56] datasets. Anti-HER2 treatments are detailed in Table 2. The Galaxy platform [63] was

used to generate volcano plots in ggplot2 to visualize MAF1 alterations with respect to all significantly altered genes in

the datasets analyzed. (A) BT474 and (B) SKBR3 cells treated with lapatinib [55]. (C) BT474 cells treated with

trastuzumab [56].

https://doi.org/10.1371/journal.pone.0291549.g005
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queried ROC Plotter [64] for breast cancer patients for transcriptomic-level MYC expression

in response to anti-HER2 therapies. MYC expression (probe 202431_at*) was not altered

(Mann-Whitney test p-value = 0.69) in response to trastuzumab treatment in HER2-positive

breast cancer patients. Nor did we see a predictive association between MYC expression in

response to trastuzumab in five-year relapse-free survival (ROC p-value = 0.35, AUC = 0.536),

Fig 5C. The results in Fig 5C agree with a previously published study noting no change in

MYC expression in response to trastuzumab [70].

Discussion

The current study is the first to correlate MAF1 alterations with clinical outcomes in HER2--

positive breast cancer. MAF1 amplification is frequent in invasive breast cancer and co-occurs

with MYC (Fig 1). MAF1 expression decreased in subclasses of breast cancer, including

HER2-positive breast cancer (Fig 2). Decreased MAF1 expression is associated with increased

breast cancer stage (Fig 3). MAF1 mRNA expression is significantly increased in SKBR3 and

BT474 breast cancer cell lines treated with anti-HER2 therapies (Table 2 and Fig 5). Further-

more, patients treated with trastuzumab had a significant increase in MAF1 expression

(p = 0.0012) in the five-year relapse-free survival dataset (p = 2.7 x 10−6, AUC = 0.874), suggest-

ing MAF1 can potentially be a predictive biomarker in HER2-positive breast cancer (Fig 6).

Searching the TCGA [52, 53] dataset using the UALCAN platform [60] identified MAF1 (p =
0.03) as a prognostic marker in breast cancer.

HER2-positive breast cancers are known to develop resistance to anti-HER2 therapies, leav-

ing patients with limited therapeutic options. Drug resistance to HER2-targeted therapy

involves abnormal PI3K/AKT/mTOR or MAPK pathway activation downstream of HER2

[71]. Increased resistance to current anti-HER2 therapies has led to the development of novel

therapies to treat HER2-positive breast cancer, including antibody-drug conjugate (ADCs),

bispecific antibodies, chimeric antigen receptor T-cell therapy (CAR-T), immunotherapy, and

nanotherapy [71]. This study demonstrates that the tyrosine kinase inhibitor (TKI) lapatinib

and the HER2 targeting antibody trastuzumab increased MAF1 expression (Table 2, Figs 5

and 6).

We speculate that targeting MAF1 activity in HER2-breast cancer and HER2-positive breast

cancer patients who have developed resistance to standard therapies will be of clinical value in

assessing novel therapies. The monarcHER trial (NCT02675231), a phase 2 multi-center trial,

aimed to compare the efficacy of the cyclin-dependent kinases 4 and 6 (CDK4/6) inhibitor

abemaciclib plus the HER2 targeting antibody trastuzumab with or without the estrogen

receptor antagonist fulvestrant to standard chemotherapy plus trastuzumab in women with

advanced breast cancer [72]. Abemaciclib plus trastuzumab ± fulvestrant improved overall

survival in women with HER2-positive breast cancer [73]. The monarcHER trial results

prompted a preliminary investigation of MAF1 regulation by the CDK4/6 inhibitor abemaci-

clib in HER2-positive breast cancer. Using the edgeR tool in the Galaxy platform, we analyzed

the raw sequencing data from the RNA sequencing datasets GSE157383 [57] and GSE99060

[58] from the MDA-MB-453 (HER2+), MDA-MB-453 (HER2-), and MDA-MB-361 (HER2+)

breast cancer cells treated ± abemaciclib [63]. MAF1 is differentially expressed in

Fig 6. Analysis of MAF1 as a candidate predictive biomarker in HER2-positive breast cancer. ROC analysis [64] of

(A) HER2 (gene symbol ERBB2; probe 216836_at*), (B) MAF1 (probe 222998_at*), and (C) MYC (probe 202431_at*)
expression and specificity at five years relapse-free survival in response to trastuzumab treatment. Responders and

nonresponders were compared using the Mann-Whitney test; p-values are provided. Expression fold change for HER2

is 1.2, MAF1 is 1.6, and MYC is 1.1. The area under the curve (AUC) and associated p-values are depicted. Only results

with less than a 5% false discovery rate (FDR) are considered significant.

https://doi.org/10.1371/journal.pone.0291549.g006
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HER2-positive breast cancer cells ± abemaciclib but not in HER2-negative breast cancer cells,

Table 3, and S1A Fig.

We then used the ROC Plotter platform with a dataset of drug-treated cell lines to deter-

mine if MAF1 is regulated by novel therapies newly developed to treat HER2-positive breast

cancer [74]. Fekete and Győrffy created a combined dataset with chemosensitivity data of

1562 agents and transcriptome-level gene expression of 1250 cancer cell lines [74]. Drug Sen-

sitivity datasets are derived from the Genomics of Drug Sensitivity in Cancer (GDSC) project

[75], both GDSC1 and GDSC2 drug screening datasets, the Cancer Therapeutics Response

Portal (CTRP) the version 2 drug screening dataset [76], and Cancer Dependency Map Con-

sortium’s DepMap portal were obtained from the PRISM Repurposing 19Q4 secondary

screen dose–response dataset [77]. The lower tertile area under the dose-response curve

(AUDRC) values were considered sensitive, and those in the upper tertile were considered

resistant [74].

The Phase III ExteNET trial demonstrated that the irreversible pan-HER2 tyrosine kinase

inhibitor neratinib, inhibiting PI3K/Akt and MAPK signaling, favorably increased disease-free

survival in early-stage HER2-positive breast cancer patients, post-trastuzumab treatment [78].

ROC AUC and Mann-Whitney analyses demonstrate that MAF1 (AUC = 0.754, p = 0.017)

altered expression in neratinib-treated HER2-positive breast cancer cell lines in the CTRP

dataset, lower vs. upper tertile of AUDRC [74]. Table 4 presents the top breast cancer cell lines

identified as sensitive or resistant to neratinib. Nine of the ten neratinib-sensitive breast cancer

cell lines are HER2-positive, whereas nine of the ten neratinib-resistant breast cancer cell lines

are HER2-negative. Our data suggest that MAF1 may be a novel target for therapeutic develop-

ment for patients with HER2-positive breast cancer. More extensive clinical studies are

warranted.

Table 3. MAF1 and TFIIIB are differentially expressed in response to the CDK4/6 inhibitor abemaciclib.

GSE157383

Cell line FDR p-value logFC gene symbol

MDA-MB-453 (HER2+) 6.03 x 10−10 1.18 x 10−11 1.033473 ERBB2 (HER2)

MDA-MB-453 (HER2+) 1.19 x 10−06 7.08 x 10−08 -0.59702 MAF1

MDA-MB-453 (HER2+) 0.003564 0.000597 0.584456 BRF2

MDA-MB-453 (HER2+) 0.066807 0.016799 0.192421 BRF1

MDA-MB-453 (HER2+) 1 0.566101 -0.26893 MYC

MDA-MB-453 (HER2+) 1 1 0 BDP1

MDA-MB-468 (HER2-) 0.315 0.040 -0.523 ERBB2 (HER2)

MDA-MB-468 (HER2-) 0.887 0.454 -0.125 MAF1

MDA-MB-468 (HER2-) 0.391 0.060 0.419 BRF2

MDA-MB-468 (HER2-) 0.524 0.108 0.427 BRF1

MDA-MB-468 (HER2-) 0.928 0.699 0.109 MYC

MDA-MB-468 (HER2-) 1 0.985 -0.03 BDP1

GSE99060

Cell line FDR p-value logFC gene symbol

MDA-MB-361 (HER2+) 0.887 0.363 0.199 ERBB2 (HER2)

MDA-MB-361 (HER2+) 0.05 0.005 -0.530 MAF1

MDA-MB-361 (HER2+) 1 0.539 0.112 BRF2

MDA-MB-361 (HER2+) 1 0.658 -0.167 BRF1

MDA-MB-361 (HER2+) 0.360 0.883 0.173 MYC

MDA-MB-361 (HER2+) 0.514 0.133 -0.17 BDP1

https://doi.org/10.1371/journal.pone.0291549.t003
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Conclusions

TFIIIB-mediated RNA polymerase III transcription deregulation occurs in human cancers,

including breast cancer [6–8, 28, 30, 79]. MAF1 is a negative regulator of TFIIIB-mediated

RNA polymerase III transcription [42, 43] and has not been well characterized in breast can-

cer. MAF1 protein expression is significantly decreased in luminal, HER2-positive, and TNBC

breast cancer subtypes and MAF1 mRNA expression is increased substantially in breast cancer

cell lines treated with anti-HER2 therapies. Trastuzumab-treated HER2-positive breast cancer

patients demonstrated an increased five-year relapse-free survival with significantly increased

MAF1 expression. Further analysis shows that novel therapies in clinical trials for HER2 ther-

apy-resistant breast cancers regulate MAF1 expression. Protein-protein interaction analysis,

S2A Fig, indicates MAF1 interacts with known proteins deregulated in breast cancer. Our

Kegg pathway analysis provides details for MAF1 involvement in a variety of human cancers,

including breast cancers, S3 Fig. Together, data suggest MAF1 may serve as a predictive bio-

marker and a novel target for drug design for patients with breast cancer resistant to anti-

HER2 therapies.

Supporting information

S1 Fig. Clustered heatmaps for GSE129254, GSE158969, GSE15783, and GSE99060 data-

sets. Heatmaps were generated in Galaxy using the heatmap2 tool [63]. Top differentially

expressed genes (DEGs) are presented. Heatmaps for GSE129254 lapatinib-DMSO SKBR3 (A)

and BT474 (B), and GSE158969 Herceptin-control in BT474 cells (C) top DEGs associated

with Table 2 analyses. Table 3 associated heatmaps for GSE157383 MBA-MB-453 (D),

GSE157383 MDA-MB-468 (E), and GSE99060 MDA-MB-361 (F) breast cancer cells treated

Table 4. Top ten neratinib-treated sensitive (upper panel) and resistant (lower panel) CTRP breast cancer cell

lines.

Sensitive Breast Cancer Cell Lines HER2 Status Standardized AUDRC

HCC2218 + 0.111

ZR7530 + 0.144

UACC812 + 0.17

AU565 + 0.178

SKBR3 + 0.189

HCC1419 + 0.189

BT474 + 0.192

HCC202 + 0.24

HCC1954 + 0.251

CAL851 - 0.298

Resistant Breast Cancer Cell Lines

HMC18 - 0.504

CAMA1 - 0.496

MCF7 - 0.471

ZR751 - 0.46

BT20 - 0.446

MDAMB231 - 0.446

HCC1428 - 0.443

T47D - 0.439

JIMT1 + 0.439

HCC38 - 0.436

https://doi.org/10.1371/journal.pone.0291549.t004
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with abemaciclib.

(TIF)

S2 Fig. Network and enrichment analysis of MAF1. (A) Using String 11.5 [80] we identified

protein-protein interactions (PPI) for MAF1. The PPI enrichment p-value < 1.0 x 10–16 sug-

gests indicates that the proteins may be biologically connected. (B) Table of protein interaction

scores, interaction score> 0.4 was applied.

(TIF)

S3 Fig. KEGG pathway analysis for MAF1. The most significant (FDR) Kegg pathways

involved in the MAF1 network are presented.

(TIF)

Author Contributions

Conceptualization: Laura Schramm.

Data curation: Stephanie Cabarcas-Petroski, Gabriella Olshefsky, Laura Schramm.

Formal analysis: Stephanie Cabarcas-Petroski, Gabriella Olshefsky, Laura Schramm.

Investigation: Stephanie Cabarcas-Petroski, Laura Schramm.

Methodology: Stephanie Cabarcas-Petroski, Gabriella Olshefsky, Laura Schramm.

Validation: Stephanie Cabarcas-Petroski, Laura Schramm.

Writing – original draft: Laura Schramm.

Writing – review & editing: Stephanie Cabarcas-Petroski.

References
1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J Clin. 2023; 73(1):17–

48. https://doi.org/10.3322/caac.21763 PMID: 36633525

2. Giaquinto AN, Sung H, Miller KD, Kramer JL, Newman LA, Minihan A, et al. Breast Cancer Statistics,

2022. CA Cancer J Clin. 2022; 72(6):524–41. https://doi.org/10.3322/caac.21754 PMID: 36190501

3. Akram M, Iqbal M, Daniyal M, Khan AU. Awareness and current knowledge of breast cancer. Biol Res.

2017; 50(1):33. https://doi.org/10.1186/s40659-017-0140-9 PMID: 28969709

4. Sharma GN, Dave R, Sanadya J, Sharma P, Sharma KK. Various types and management of breast

cancer: an overview. J Adv Pharm Technol Res. 2010; 1(2):109–26. PMID: 22247839

5. Schramm L, Hernandez N. Recruitment of RNA polymerase III to its target promoters. Genes Dev.

2002; 16(20):2593–620. https://doi.org/10.1101/gad.1018902 PMID: 12381659

6. Cabarcas S, Jacob J, Veras I, Schramm L. Differential expression of the TFIIIB subunits Brf1 and Brf2

in cancer cells. BMC Mol Biol. 2008; 9:74. https://doi.org/10.1186/1471-2199-9-74 PMID: 18700021

7. Cabarcas-Petroski S, Meneses PI, Schramm L. A meta-analysis of BRF2 as a prognostic biomarker in

invasive breast carcinoma. BMC Cancer. 2020; 20(1):1093. https://doi.org/10.1186/s12885-020-

07569-8 PMID: 33176745

8. Cabarcas-Petroski S, Schramm L. BDP1 Alterations Correlate with Clinical Outcomes in Breast Cancer.

Cancers. 2022; 14(7). https://doi.org/10.3390/cancers14071658 PMID: 35406430

9. Cabarcas-Petroski S, Schramm L. BDP1 Expression Correlates with Clinical Outcomes in Activated B-

Cell Diffuse Large B-Cell Lymphoma. BioMedInformatics. [Internet]. 2022; 2(1):[169–83 pp.].

10. Johnston IM, Allison SJ, Morton JP, Schramm L, Scott PH, White RJ. CK2 forms a stable complex with

TFIIIB and activates RNA polymerase III transcription in human cells. Mol Cell Biol. 2002; 22(11):3757–

68. https://doi.org/10.1128/MCB.22.11.3757-3768.2002 PMID: 11997511

11. Schramm L, Pendergrast PS, Sun Y, Hernandez N. Different human TFIIIB activities direct RNA poly-

merase III transcription from TATA-containing and TATA-less promoters. Genes Dev. 2000; 14

(20):2650–63. https://doi.org/10.1101/gad.836400 PMID: 11040218

PLOS ONE MAF1 and HER2 positive breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0291549 October 6, 2023 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291549.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291549.s003
https://doi.org/10.3322/caac.21763
http://www.ncbi.nlm.nih.gov/pubmed/36633525
https://doi.org/10.3322/caac.21754
http://www.ncbi.nlm.nih.gov/pubmed/36190501
https://doi.org/10.1186/s40659-017-0140-9
http://www.ncbi.nlm.nih.gov/pubmed/28969709
http://www.ncbi.nlm.nih.gov/pubmed/22247839
https://doi.org/10.1101/gad.1018902
http://www.ncbi.nlm.nih.gov/pubmed/12381659
https://doi.org/10.1186/1471-2199-9-74
http://www.ncbi.nlm.nih.gov/pubmed/18700021
https://doi.org/10.1186/s12885-020-07569-8
https://doi.org/10.1186/s12885-020-07569-8
http://www.ncbi.nlm.nih.gov/pubmed/33176745
https://doi.org/10.3390/cancers14071658
http://www.ncbi.nlm.nih.gov/pubmed/35406430
https://doi.org/10.1128/MCB.22.11.3757-3768.2002
http://www.ncbi.nlm.nih.gov/pubmed/11997511
https://doi.org/10.1101/gad.836400
http://www.ncbi.nlm.nih.gov/pubmed/11040218
https://doi.org/10.1371/journal.pone.0291549


12. Athineos D, Marshall L, White RJ. Regulation of TFIIIB during F9 cell differentiation. BMC Mol Biol.

2010; 11:21. https://doi.org/10.1186/1471-2199-11-21 PMID: 20226026

13. White RJ. Transcription factor IIIB: An important determinant of biosynthetic capacity that is targeted by

tumour suppressors and transforming proteins. Int J Oncol. 1998; 12(4):741–8. PMID: 9499432

14. White RJ. RNA polymerase III transcription and cancer. Oncogene. 2004; 23(18):3208–16. https://doi.

org/10.1038/sj.onc.1207547 PMID: 15094770

15. Winter AG, Sourvinos G, Allison SJ, Tosh K, Scott PH, Spandidos DA, et al. RNA polymerase III tran-

scription factor TFIIIC2 is overexpressed in ovarian tumors. Proc Natl Acad Sci U S A. 2000; 97

(23):12619–24. https://doi.org/10.1073/pnas.230224097 PMID: 11058163

16. Teichmann M, Wang Z, Roeder RG. A stable complex of a novel transcription factor IIB- related factor,

human TFIIIB50, and associated proteins mediate selective transcription by RNA polymerase III of

genes with upstream promoter elements. Proc Natl Acad Sci U S A. 2000; 97(26):14200–5. https://doi.

org/10.1073/pnas.97.26.14200 PMID: 11121026

17. Cairns CA, White RJ. p53 is a general repressor of RNA polymerase III transcription. EMBO J. 1998; 17

(11):3112–23. https://doi.org/10.1093/emboj/17.11.3112 PMID: 9606193

18. Felton-Edkins ZA, Kenneth NS, Brown TR, Daly NL, Gomez-Roman N, Grandori C, et al. Direct regula-

tion of RNA polymerase III transcription by RB, p53 and c-Myc. Cell Cycle. 2003; 2(3):181–4. PMID:

12734418

19. Cabarcas S, Watabe K, Schramm L. Inhibition of U6 snRNA Transcription by PTEN. Online J Biol Sci.

2010; 10(3):114–25. https://doi.org/10.3844/ojbsci.2010.114.125 PMID: 21479160

20. Woiwode A, Johnson SA, Zhong S, Zhang C, Roeder RG, Teichmann M, et al. PTEN represses RNA

polymerase III-dependent transcription by targeting the TFIIIB complex. Mol Cell Biol. 2008; 28

(12):4204–14. https://doi.org/10.1128/MCB.01912-07 PMID: 18391023

21. Zhao D, Lu X, Wang G, Lan Z, Liao W, Li J, et al. Synthetic essentiality of chromatin remodelling factor

CHD1 in PTEN-deficient cancer. Nature. 2017; 542(7642):484–8. https://doi.org/10.1038/nature21357

PMID: 28166537

22. Veras I, Rosen EM, Schramm L. Inhibition of RNA polymerase III transcription by BRCA1. J Mol Biol.

2009; 387(3):523–31. https://doi.org/10.1016/j.jmb.2009.02.008 PMID: 19361418

23. Sutcliffe JE, Cairns CA, McLees A, Allison SJ, Tosh K, White RJ. RNA polymerase III transcription fac-

tor IIIB is a target for repression by pocket proteins p107 and p130. Mol Cell Biol. 1999; 19(6):4255–61.

https://doi.org/10.1128/MCB.19.6.4255 PMID: 10330166

24. Johnson SA, Dubeau L, Kawalek M, Dervan A, Schönthal AH, Dang CV, et al. Increased expression of

TATA-binding protein, the central transcription factor, can contribute to oncogenesis. Mol Cell Biol.

2003; 23(9):3043–51. https://doi.org/10.1128/MCB.23.9.3043-3051.2003 PMID: 12697807

25. Johnson SA, Dubeau L, White RJ, Johnson DL. The TATA-binding protein as a regulator of cellular

transformation. Cell Cycle. 2003; 2(5):442–4. PMID: 12963838

26. Johnson SAS, Lin JJ, Walkey CJ, Leathers MP, Coarfa C, Johnson DL. Elevated TATA-binding protein

expression drives vascular endothelial growth factor expression in colon cancer. Oncotarget. 2017; 8

(30):48832–45. https://doi.org/10.18632/oncotarget.16384 PMID: 28415573

27. Bellido F, Sowada N, Mur P, Lázaro C, Pons T, Valdés-Mas R, et al. Association Between Germline

Mutations in BRF1, a Subunit of the RNA Polymerase III Transcription Complex, and Hereditary Colo-

rectal Cancer. Gastroenterology. 2018; 154(1):181–94.e20. https://doi.org/10.1053/j.gastro.2017.09.

005 PMID: 28912018

28. Fang Z, Yi Y, Shi G, Li S, Chen S, Lin Y, et al. Role of Brf1 interaction with ERα, and significance of its

overexpression, in human breast cancer. Mol Oncol. 2017; 11(12):1752–67.

29. Huang C, Zhang Y, Zhong S. Alcohol Intake and Abnormal Expression of Brf1 in Breast Cancer. Oxid

Med Cell Longev. 2019; 2019:4818106. https://doi.org/10.1155/2019/4818106 PMID: 31781337

30. Cabarcas S, Schramm L. RNA polymerase III transcription in cancer: the BRF2 connection. Mol Can-

cer. 2011; 10:47. https://doi.org/10.1186/1476-4598-10-47 PMID: 21518452

31. Garcia MJ, Pole JC, Chin SF, Teschendorff A, Naderi A, Ozdag H, et al. A 1 Mb minimal amplicon at

8p11-12 in breast cancer identifies new candidate oncogenes. Oncogene. 2005; 24(33):5235–45.

https://doi.org/10.1038/sj.onc.1208741 PMID: 15897872

32. Lockwood WW, Chari R, Coe BP, Thu KL, Garnis C, Malloff CA, et al. Integrative genomic analyses

identify BRF2 as a novel lineage-specific oncogene in lung squamous cell carcinoma. PLoS Med. 2010;

7(7):e1000315. https://doi.org/10.1371/journal.pmed.1000315 PMID: 20668658

33. Lu M, Tian H, Yue W, Li L, Li S, Qi L, et al. Overexpression of TFIIB-related factor 2 is significantly corre-

lated with tumor angiogenesis and poor survival in patients with esophageal squamous cell cancer.

Med Oncol. 2013; 30(2):553. https://doi.org/10.1007/s12032-013-0553-4 PMID: 23550276

PLOS ONE MAF1 and HER2 positive breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0291549 October 6, 2023 16 / 19

https://doi.org/10.1186/1471-2199-11-21
http://www.ncbi.nlm.nih.gov/pubmed/20226026
http://www.ncbi.nlm.nih.gov/pubmed/9499432
https://doi.org/10.1038/sj.onc.1207547
https://doi.org/10.1038/sj.onc.1207547
http://www.ncbi.nlm.nih.gov/pubmed/15094770
https://doi.org/10.1073/pnas.230224097
http://www.ncbi.nlm.nih.gov/pubmed/11058163
https://doi.org/10.1073/pnas.97.26.14200
https://doi.org/10.1073/pnas.97.26.14200
http://www.ncbi.nlm.nih.gov/pubmed/11121026
https://doi.org/10.1093/emboj/17.11.3112
http://www.ncbi.nlm.nih.gov/pubmed/9606193
http://www.ncbi.nlm.nih.gov/pubmed/12734418
https://doi.org/10.3844/ojbsci.2010.114.125
http://www.ncbi.nlm.nih.gov/pubmed/21479160
https://doi.org/10.1128/MCB.01912-07
http://www.ncbi.nlm.nih.gov/pubmed/18391023
https://doi.org/10.1038/nature21357
http://www.ncbi.nlm.nih.gov/pubmed/28166537
https://doi.org/10.1016/j.jmb.2009.02.008
http://www.ncbi.nlm.nih.gov/pubmed/19361418
https://doi.org/10.1128/MCB.19.6.4255
http://www.ncbi.nlm.nih.gov/pubmed/10330166
https://doi.org/10.1128/MCB.23.9.3043-3051.2003
http://www.ncbi.nlm.nih.gov/pubmed/12697807
http://www.ncbi.nlm.nih.gov/pubmed/12963838
https://doi.org/10.18632/oncotarget.16384
http://www.ncbi.nlm.nih.gov/pubmed/28415573
https://doi.org/10.1053/j.gastro.2017.09.005
https://doi.org/10.1053/j.gastro.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28912018
https://doi.org/10.1155/2019/4818106
http://www.ncbi.nlm.nih.gov/pubmed/31781337
https://doi.org/10.1186/1476-4598-10-47
http://www.ncbi.nlm.nih.gov/pubmed/21518452
https://doi.org/10.1038/sj.onc.1208741
http://www.ncbi.nlm.nih.gov/pubmed/15897872
https://doi.org/10.1371/journal.pmed.1000315
http://www.ncbi.nlm.nih.gov/pubmed/20668658
https://doi.org/10.1007/s12032-013-0553-4
http://www.ncbi.nlm.nih.gov/pubmed/23550276
https://doi.org/10.1371/journal.pone.0291549


34. Lu M, Tian H, Yue W, Li L, Li S, Qi L, et al. TFIIB-related factor 2 over expression is a prognosis marker

for early-stage non-small cell lung cancer correlated with tumor angiogenesis. PLoS One. 2014; 9(2):

e88032. https://doi.org/10.1371/journal.pone.0088032 PMID: 24523874

35. Melchor L, Garcia MJ, Honrado E, Pole JC, Alvarez S, Edwards PA, et al. Genomic analysis of the

8p11-12 amplicon in familial breast cancer. Int J Cancer. 2007; 120(3):714–7. https://doi.org/10.1002/

ijc.22354 PMID: 17096335

36. Tian Y, Lu M, Yue W, Li L, Li S, Gao C, et al. TFIIB-related factor 2 is associated with poor prognosis of

nonsmall cell lung cancer patients through promoting tumor epithelial-mesenchymal transition. Biomed

Res Int. 2014; 2014:530786. https://doi.org/10.1155/2014/530786 PMID: 24738062

37. Tian Y, Wang C, Lu M. BRF2 as a promising indicator for radical lymph-node dissection surgery in

patients with cN0 squamous cell carcinoma of the middle thoracic esophagus. Surg Today. 2019; 49

(2):158–69. https://doi.org/10.1007/s00595-018-1711-2 PMID: 30182305

38. Cabarcas-Petroski S, Olshefsky G, Schramm L. BDP1 as a biomarker in serous ovarian cancer. Cancer

Med. 2022. https://doi.org/10.1002/cam4.5388 PMID: 36305848

39. Son HJ, Mo HY, Yoo NJ, Lee SH. Somatic mutations of cancer-related genes PELP1 and BDP1 in colo-

rectal cancers. Pathol Res Pract. 2020; 216(10):153107. https://doi.org/10.1016/j.prp.2020.153107

PMID: 32853945

40. Pluta K, Lefebvre O, Martin NC, Smagowicz WJ, Stanford DR, Ellis SR, et al. Maf1p, a negative effector

of RNA polymerase III in Saccharomyces cerevisiae. Mol Cell Biol. 2001; 21(15):5031–40. https://doi.

org/10.1128/MCB.21.15.5031-5040.2001 PMID: 11438659

41. Upadhya R, Lee J, Willis IM. Maf1 is an essential mediator of diverse signals that repress RNA polymer-

ase III transcription. Mol Cell. 2002; 10(6):1489–94. https://doi.org/10.1016/s1097-2765(02)00787-6

PMID: 12504022

42. Rollins J, Veras I, Cabarcas S, Willis I, Schramm L. Human Maf1 negatively regulates RNA polymerase

III transcription via the TFIIB family members Brf1 and Brf2. Int J Biol Sci. 2007; 3(5):292–302. https://

doi.org/10.7150/ijbs.3.292 PMID: 17505538

43. Reina JH, Azzouz TN, Hernandez N. Maf1, a new player in the regulation of human RNA polymerase III

transcription. PLoS One. 2006; 1(1):e134. https://doi.org/10.1371/journal.pone.0000134 PMID:

17205138
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69. Kolečková M, Kolář Z, Ehrmann J, Kořı́nková G, Trojanec R. Age-associated prognostic and predictive

biomarkers in patients with breast cancer. Oncol Lett. 2017; 13(6):4201–7. https://doi.org/10.3892/ol.

2017.6000 PMID: 28599421

70. Dueck AC, Reinholz MM, Geiger XJ, Tenner K, Ballman K, Jenkins RB, et al. Impact of c-MYC protein

expression on outcome of patients with early-stage HER2+ breast cancer treated with adjuvant trastu-

zumab NCCTG (alliance) N9831. Clin Cancer Res. 2013; 19(20):5798–807. https://doi.org/10.1158/

1078-0432.CCR-13-0558 PMID: 23965903

71. Wu X, Yang H, Yu X, Qin JJ. Drug-resistant HER2-positive breast cancer: Molecular mechanisms and

overcoming strategies. Front Pharmacol. 2022; 13:1012552. https://doi.org/10.3389/fphar.2022.

1012552 PMID: 36210846

72. Tolaney SM, Wardley AM, Zambelli S, Hilton JF, Troso-Sandoval TA, Ricci F, et al. Abemaciclib plus

trastuzumab with or without fulvestrant versus trastuzumab plus standard-of-care chemotherapy in

women with hormone receptor-positive, HER2-positive advanced breast cancer (monarcHER): a ran-

domised, open-label, phase 2 trial. Lancet Oncol. 2020; 21(6):763–75. https://doi.org/10.1016/S1470-

2045(20)30112-1 PMID: 32353342

PLOS ONE MAF1 and HER2 positive breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0291549 October 6, 2023 18 / 19

https://doi.org/10.1038/ng.2764
http://www.ncbi.nlm.nih.gov/pubmed/24071849
https://doi.org/10.1038/s41388-019-0953-9
http://www.ncbi.nlm.nih.gov/pubmed/31462705
https://doi.org/10.1038/s43018-020-00135-y
http://www.ncbi.nlm.nih.gov/pubmed/33997789
https://doi.org/10.1038/nature23465
http://www.ncbi.nlm.nih.gov/pubmed/28813415
https://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1016/j.neo.2022.01.001
https://doi.org/10.1016/j.neo.2022.01.001
http://www.ncbi.nlm.nih.gov/pubmed/35078134
https://doi.org/10.1038/s41467-022-30342-3
http://www.ncbi.nlm.nih.gov/pubmed/35562349
https://doi.org/10.1093/bioinformatics/btm254
http://www.ncbi.nlm.nih.gov/pubmed/17496320
https://doi.org/10.1093/nar/gky379
http://www.ncbi.nlm.nih.gov/pubmed/29790989
https://doi.org/10.1002/ijc.32369
http://www.ncbi.nlm.nih.gov/pubmed/31020993
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
https://doi.org/10.1038/modpathol.2010.55
http://www.ncbi.nlm.nih.gov/pubmed/20436503
https://doi.org/10.1371/journal.pone.0054873
http://www.ncbi.nlm.nih.gov/pubmed/23393560
https://doi.org/10.1038/ncomms12222
http://www.ncbi.nlm.nih.gov/pubmed/27406316
https://doi.org/10.3892/ol.2017.6000
https://doi.org/10.3892/ol.2017.6000
http://www.ncbi.nlm.nih.gov/pubmed/28599421
https://doi.org/10.1158/1078-0432.CCR-13-0558
https://doi.org/10.1158/1078-0432.CCR-13-0558
http://www.ncbi.nlm.nih.gov/pubmed/23965903
https://doi.org/10.3389/fphar.2022.1012552
https://doi.org/10.3389/fphar.2022.1012552
http://www.ncbi.nlm.nih.gov/pubmed/36210846
https://doi.org/10.1016/S1470-2045%2820%2930112-1
https://doi.org/10.1016/S1470-2045%2820%2930112-1
http://www.ncbi.nlm.nih.gov/pubmed/32353342
https://doi.org/10.1371/journal.pone.0291549
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