Received: 3 May 2022 Revised: 21 November 2022 Accepted: 3 January 2023

DOI: 10.1002/cac2.12407

LETTER TO THE EDITOR

ANCER
COMMUNICATIONS

Dynamic epi-transcriptomic landscape mapping with
disease progression in estrogen receptor-positive breast

cancer

Dear Editor,

The molecular determinants that drive breast cancer pro-
gression to metastasis are complex and partly controlled by
nucleic acid epi-modifications [1]. Although DNA-methyl
modifications in breast cancer metastasis have been well
described, there is limited understanding of the role of
RNA methylation in advanced disease [2]. This study
aimed to provide an understanding on the role of the epi-
transcriptome in estrogen receptor-positive (ER+) breast
cancer progression to metastasis.

Numerous RNA modifications have been described
to date, of which N°-methyladenosine (m°®A) modifi-
cations are the most common [3]. Here, we mapped
dynamic global m°A-specific methylated RNA immuno-
precipitation sequencing (MeRIPseq), with correspond-
ing RNA-sequencing (RNA-seq) and mass spectrome-
try, in cell models of disease progression to metasta-
sis: endocrine-sensitive (MCF7/luminal A), endocrine-
resistant (LY2/luminal B) and endocrine-resistant brain
metastatic (T347/patient-derived luminal B metastatic)
(Figure 1A). The relevance of this model system was
verified using comparative analysis of patient-matched
brain metastatic samples [4] with RNA-seq data from our
cells (LY2 vs. MCF7 and T347 vs. MCF7) [4] (Supple-
mentary Table S1). Consistent differential gene expression
in key oncogenic pathways such as Kirsten rat sarcoma
virus (KRAS), nuclear factor-kB (NF-xB) and epithelial-

Abbreviations: ER+, estrogen receptor-positive; m®A,
N®-methyladenosine; MeRIPseq, m®A-specific methylated RNA
immunoprecipitation; RNA-seq, RNA-sequencing; KRAS, Kirsten rat
sarcoma virus; NF-xB, nuclear factor-xB; EMT, epithelial-mesenchymal
transition; CDS, coding region; GO, Gene Ontology; mTORC,
mammalian target of rapamycin complex; FTO, FTO
alpha-ketoglutarate dependent dioxygenase; ALKBHS5,
alkB-homolog-5-RNA demethylase; METTL3, methyltransferase-3;
METTLI4, methyltransferase-14; FTO+, FTO positive staining; OS,
overall survival; PFS, progression-free survival; TNBC, triple-negative
breast cancer; MA2, meclofenamic acid (ethyl-ester form).

mesenchymal transition (EMT) were observed across
patient samples and our cell models (Supplementary
Figure S1A).

mP®A modifications of long internal exons are thought
to be involved in gene splicing, whereas methylation
near stop-codons is associated with translational control
[5]. Analysis of MeRIPseq revealed the highest den-
sity of m®A modifications for each model at or near
the stop codon (Figure 1B). Comparative analysis dis-
played global increases in genes with m®A modification
marks with disease progression to metastasis (circos plot,
Supplementary Figure SIB), including both the coding
sequence (CDS) and stop-codon (Supplementary Figure
SIB and Figure 1C). Notably, greater total m°A activ-
ity was observed in the resistant and metastatic cells
compared to MCF7 cells (Supplementary Figure S1C).
At the stop-codon, we observed hypermethylated Gene
Ontology (GO) features gained with disease progression,
including DNA methylation (LY2 vs. MCF7) and gene
expression (T347 vs. MCF7) regulation. Although smaller
in number, hypomethylated features were associated with
apoptotic signaling (LY2 vs. MCF7) and stem cell differ-
entiation genes (T347 vs. MCF7) (Supplementary Figure
S1D, Supplementary Tables S2-S3). Comparable differen-
tially hyper- and hypo-methylated features were observed
at the CDS region, including RNA transcription and gene
expression regulation (LY2 vs. MCF7 and T347 vs. MCF7),
apoptosis (LY2 vs. MCF7) and stem cell differentiation
(T347 vs. MCF7), respectively (Supplementary Figure S1E,
Supplementary Tables S2-S3).

To understand the impact of perturbed RNA stop-
codon methylation on translational control, we analyzed
RNA-seq (GSE1765325) and mass spectrometry data (Sup-
plementary Table S4) and observed differential expression
patterns across the progressive disease models (Supple-
mentary Figure S2A-B). Pathway analysis revealed gains
in mammalian target of rapamycin complex (mTORC)
signaling at both the gene and protein levels on brain
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RNA methylation landscape in breast cancer. (A) Schematic representation of breast cancer cells, MCF7 endocrine-sensitive,

LY2 endocrine-resistant and T347, a model derived from an ER+ treatment-resistant brain metastatic patient tumor. (B) MeRIPseq density
plot of m®A binding along gene elements, SUTR, CDS and 3’UTR. The distribution indicates a preference for binding around the stop codon
in all three cell models, MCF7, LY2 and T347. (C) Circos plot compares genes with m®A modification at the stop codon for each cell line along
chromosomes. The number of genes increases progressively, MCF7 (192), LY2 (393) and T347 (1112). MCF7 (green), LY2 (blue) and T347
(yellow). (D) Data integration multi-omics factor analysis. Schematic representation of the integration process: DMG discovery (step 1),
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metastasis (Supplementary Figure S2C-D, Supplementary
Tables S1 and S5, respectively). Data integration with dif-
ferential gene and protein expression has the potential
to identify key epi-transcriptomic pathways of functional
consequence. Taking a two-step multi-omics factor anal-
ysis approach [6], we integrated MeRIPseq with RNA-seq
and protein expression data from MCF7, LY2 and T347 cells
(Figure 1D, Supplementary Table S6). Integrated genes and
proteins with the highest correlation scores were ranked
by gene set enrichment (Supplementary Table S7). Identi-
fied pathways were epithelial cell proliferation, migration,
response to estradiol and regulation of kinase activity. Con-
sistent with differential hypo-methylated genes, regulation
of stem cell differentiation was a top-ranked integrated
pathway (Figure 1E).

mCA modifications are regulated through the key mem-
bers of the RNA methylation machinery, including methyl
erasers FTO alpha-ketoglutarate dependent dioxygenase
(FTO) and alkB-homolog-5-RNA demethylase (ALKBHS5)
and methyl writers, methyltransferase-3 (METTL3) and
methyltransferase-14 (METTL14). The role of these play-
ers in cancer progression remains controversial. In breast
cancer, METTL3 and METTLI14 have been associated with
tumor cell proliferation [7], whereas FTO and ALKBH5
have been associated with poor prognosis and metastatic
potential [2, 7]. Conversely, FTO silencing has recently
been reported to promote breast cancer cell growth and
invasion, and has been associated with EMT [8]. The tis-
sue of origin, molecular subtype and site of metastasis

could provide a greater understanding of the role of specific
methyl modulators.

We analyzed the expression of key RNA methyl-
modulators in patients’ tumor with regard to molecular
subtypes. Firstly, we conducted transcriptomic and pro-
teomic analyses of ER+ patient primary tumors with
subsequent good response (no recurrence) versus poor
response (disease recurrence). Gains in FTO and corre-
sponding loss of METTL3 were observed in poor respon-
ders, though these differences were not significant (Sup-
plementary Figure S3A, Supplementary Tables S8-S9). Of
note, elevations in FTO protein were confirmed in the
resistant (LY2) and metastatic (T347) cells compared to
MCF7 by immuno-blotting, with no difference observed
in ALKBHS5, METTL3 or METTL14 (Supplementary Figure
S3B). Next, we evaluated the protein expression of the
RNA methyl-modulators in primary breast cancer tumors
from 870 patients, 20.7% of whom had disease recur-
rence (Supplementary Table S10). Positive FTO expression
(FTO+ staining, Figure 1F) was significantly associated
with poor overall survival (OS) (P = 0.040) (Figure 1G) and
progression-free survival (PFS) (P = 0.020) (Figure 1H) in
the FTO stained patient population (n = 852, one patient
lost to follow-up). Of note, FTO was also associated with
PFS in the luminal B subtype (P = 0.033) (Figure 1I)
and to a lesser extent in triple-negative breast cancer
(TNBC) though this did not reach significance (P = 0.190)
(Supplementary Figure S3C). Neither eraser ALKBH5
nor the methyl-writers METTL3 and METTL14 were

correlation analysis (steps 2 and 3) and over-representation analysis (step 4). (E) GO-term biological process pathways of integration analysis.
Pathway analysis of strongly correlated features between MeRIP expression levels and either transcriptomic or proteomic expression, as
identified by BioInfoMiner (P < 0.05). Displayed are the top 20 identified pathways. (F) TMA inserts display representative patient tumors
with negative (FTO-) and positive (FTO+) protein expression. Kaplan-Meier estimates for FTO (G) OS (n = 851, P = 0.040) and (H) PFS (n =
851, P = 0.020) in the total patient population, and (I) PFS in the luminal B molecular subtype (n = 234, P = 0.033). Blue line indicates FTO+,
and red line indicates FTO- expression. (J) Cell viability assays. LY2 and T347 cells were treated with vehicle (DMSO), MA2 (8 x 1072
mmol/L), and afatinib (2.5 x 107> mmol/L) alone and in combination for 72 hours. Significant reduction in cell viability with each treatment
was observed (P < 0.001). Assays were performed in triplicate (mean + SEM, n = 3). (K) IHC analysis for Ki67 protein expression in T347 and
T638 PDX explant tissue. Explants were treated for 72 hours with vehicle (DMSO), MA2 (8 X 10~2 mmol/L), and afatinib (2.5 x 10~> mmol/L)
alone and in combination. Expression of Ki67 was assessed and quantified using Aperio imaging software. In T347 and T638 explants, MA2
and afatinib alone and in combination significantly reduced Ki67 expression compared to vehicle (P < 0.050, T347 and P < 0.001, T638, n = 6
images/group). (L) Three-dimensional organoid culture assay. MCF7 and T347 cells were assayed for organoid viability following treatment
with vehicle (DMSO), MA2 (8 x 1072 mmol/L), and afatinib (2.5 X 10~ mmol/L) alone and in combination for 72 hours. MCF7 organoid
viability was significantly reduced with combination treatment (P = 0.042) but not with MA?2 or afatinib alone. T347 organoid viability was
significantly reduced with each treatment (MA2, P = 0.020; Afatinib, P = 0.003; Combination, P = 0.020) (mean + SEM, n = 3). (M)
Schematic of RNA methylation in breast cancer brain metastasis. At a global level, there is a gain in m°®A methylated genes with progression
to brain metastasis. Pharmacological targeting of the RNA methyl-eraser FTO inhibits tumor cell growth. Abbreviations: ER+: estrogen
receptor-positive; MeRIPseq: m®A-specific methylated RNA immunoprecipitation; mSA: N®-methyladenosine; 5’UTR: 5-prime untranslated
region; CDS: coding region; 3’°UTR: 3-prime untranslated region; DMG: differentially methylated genes; GO: Gene Ontology; TMA: tissue
microarray; FTO: FTO alpha-ketoglutarate dependent dioxygenase; FTO+: positive staining; FTO-: negative staining; OS: overall survival; PFS:
progression-free survival; DMSO: dimethyl-sulfoxide; MA2: meclofenamic acid (ethyl-ester form); SEM: standard error of the mean; IHC:
immunohistochemistry; Ki67: marker of proliferation; PDX: patient-derived xenograft.
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significantly associated with PFS (Supplementary Figure
S3D). Consistent with these observations, FTO expres-
sion was positively associated with high histological grade
(P < 0.001), whereas METTL3 was inversely associated
with high histological grade tumors (P = 0.030) (Sup-
plementary Table S10). Taken together, these data sup-
port an association between FTO and aggressive breast
cancer.

Next, we determined the efficacy of targeting FTO in
advanced breast cancer. Given enhanced kinase activ-
ity associated with brain metastasis [9], the efficacy of
meclofenamic acid 2 (ethyl-ester form) (MAZ2), a selective
FTO inhibitor [10], was evaluated alone and in com-
bination with the tyrosine kinase inhibitor afatinib in
cells, organoids and explant tumor models. In resistant
and metastatic cells, treatment with MA2 and/or afa-
tinib reduced cell viability (LY2 and T347, P < 0.005)
(Figure 1J). In two ER+/FTO+ patient brain metastatic
xenograft explant models (Supplementary Figure S4), MA2
and afatinib treatment reduced cancer cell proliferation,
as indicated by a significant reduction in Ki67 expres-
sion (Figure 1K). Furthermore, in 3-dimensional organoid
cultures of T347 cells, treatment with MA2 and/or afa-
tinib significantly reduced organoid viability, whereas in
MCEF?7 cells, only combination treatment affected organoid
viability (P = 0.042) (Figure 1L).

Here, we chart the dynamic transcriptome-wide m®A-
methylome with progression to brain metastasis in ER+
breast cancer. Our models provide evidence of overall
global methyl gains, with specific aberrant gains and losses
in key oncogenic pathways, including stem cell differenti-
ation. In primary breast cancer patients, FTO expression
was significantly associated with OS and PFS (Figure 1G-I).
Further, we report that FTO inhibition in patient models of
breast cancer brain metastasis was associated with reduced
tumor growth (Figure 1M).

In conclusion, this study showed that aberrant RNA
mPA methyl-gains were associated with breast cancer dis-
ease progression to metastasis and identified stem cell
differentiation as a key regulatory output of the altered
epi-transcriptome. At a clinical level, targeting methyl
modulators could reverse cellular adaptability, offering
new therapeutic strategies for metastatic disease.
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