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Another step forward towards unraveling the biological
mechanisms driving breast cancer predisposition: a role for

non-coding RNAs
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Breast cancer is a complex disease. In addition to lifestyle
and environmental factors, genetic factors play a pivotal
role in predisposition to breast cancer. Germline mutations
in breast cancer predisposition genes BRCAI, BRCA2,
PALB2, CHEK? and ATM confer moderate to high (i.e., >2-
fold) risks to develop breast cancer and cluster within breast
cancer families. The proteins encoded by these five genes
are all involved in the repair of DNA double-strand breaks
via homologous recombination repair (1,2).

In addition to these five breast cancer risk genes, more
than 170 breast cancer risk variants have been identified that
confer a low (i.e., <1.3-fold) risk to develop breast cancer (3-7).
Although the breast cancer risk a single variant confers
is very low, these variants are common in the population
and act multiplicatively. Therefore, when combined in a
polygenic risk score (PRS), individuals in the top centile
of this PRS have a moderate lifetime overall breast cancer
risk of 32.6% (8). This risk is higher than the lifetime risk
conferred by, for example, the ¢.1100delC mutation in the
moderate-risk gene CHEK? (9).

The 172 low-risk variants were identified through
genome-wide association studies (GWASs) in which tens of
thousands of breast cancer cases and controls are genotyped
for more than half a million SNPs in the human genome.
Subsequent imputation of the acquired genotyping data using
a human genome reference panel even allows the assessment
of more than 10 million SNPs (5). The majority of GWAS-
identified variants, however, are not the causal variants
conferring the breast cancer risk. Usually, they are tags for
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the causal variants that lie in close linkage disequilibrium (LD)
with the GWAS-identified variants. Therefore, GWASs need
to be followed up by fine-mapping of the region and in silico
and experimental functional studies to identify the breast
cancer risk-causing variants (10,11).

Identifying the causal variants is important for two
reasons. First, the causal variant is likely to confer a
higher breast cancer risk than the GWAS-identified
variant. Therefore, including all casual variants and their
corresponding risk in the PRS will lead to more accurate
breast cancer risk stratification of individuals in the
population. Moreover, the PRS also modifies the breast
cancer risk of individuals from breast cancer families either
carrying a BRCAI, BRCA2 or CHEK?2 germline mutation or
not (12,13). For a 161-SNP PRS this caused, for example, a
change in screening recommendation for 11.5% to 19.8%
of the familial non-BRCA1/2 mutation carriers, depending
on the breast cancer screening guidelines used (14). Second,
identification of the causal variants and the normal cellular
functions they disturb will help the research community to
understand the biological mechanisms driving breast cancer
predisposition. This knowledge could eventually be used
to develop novel preventive and therapeutic strategies for
breast cancer.

Importantly, the vast majority of GWAS-identified
variants are located in non-coding regions, making it not
immediately evident which of the variants in close LD is
causal and what the function of the variant is. Moreover, it
is a common theme among GWAS-identified loci that more
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than one causal variant is located in the region, reflected by
multiple breast cancer risk signals (11,15). Causal variants
are usually involved in regulating target genes, proximal
or distal. As a consequence, they are most likely located in
regions of open chromatin, binding sites of transcription
factors (TFBSs) or histone modification or chromatin
interaction sites (10,11). Several regulatory features
have been found to be enriched among credible causal
variants (CCVs) from breast cancer risk loci as compared
with non-CCVs from breast cancer risk loci. These are
open chromatin, actively transcribed genes as defined by
H3K36me3 or H3K79me2 histone marks, distal gene
regulatory regions as defined by H3K4mel or H3K27ac
marks and TFBSs for ER, FOXA1, GATA3, E2F1,
TCF7L2, EP300 and 34 other transcription factors (TFs)
(5,15,16). The list of TFs is, however, still uncomplete as
cistrome (i.e., genome-wide binding site) data from many
TFs is currently not available.

Causal variants may also regulate more than one target
gene (11). Target gene predictions using the INQUISIT
tool have shown that genes regulated by CCVs are enriched
for somatic cancer driver genes and TF genes. Moreover,
pathway analyses revealed involvement of these genes in
developmental processes, the immune system, apoptosis and
DNA integrity checkpoints (15). This is a broader spectrum
of cellular functions than we observe for the moderate to
high-risk breast cancer predisposition genes.

Evidence that breast cancer CCVs may also regulate
non-coding (nc) RNAs comes from studying the 11q13
breast cancer risk locus. Betts ez al. showed that two CCVs
at this locus fall within a distal enhancer that does not only
regulate CCNDI, but also two estrogen-regulated long
ncRNAs (IncRNAs) named CUPIDI and CUPID2 (17).
Because novel ncRNAs are continuously being identified
and the full catalogue of existing ncRNAs is far from
complete, the extent to which deregulation of ncRINAs is
underlying predisposition to breast cancer or other complex
traits is still unclear.

Therefore, in their recent paper Moradi Marjaneh et a/.
studied the extent of ncRNA deregulation by breast cancer
CCVs (18). More specifically, the authors performed RINA
CaptureSeq to identify multi-exonic ncRNAs (mencRNAs)
that are transcribed from intronic and intragenic regions
spanning 750 kb upstream and 750 kb downstream of
139 GWAS-identified breast cancer risk signals. Samples
selected for this study included organoids from four normal
breast samples, primary human mammary epithelial cells,
four breast tumor samples, two normal breast epithelial cell

© Non-coding RNA Investigation. All rights reserved.

Non-coding RNA Investigation, 2020

lines and three ER-negative and three ER-positive breast
cancer cell lines including MCF-7 cells that were either
treated or untreated with estradiol (18). Since the regulation
of protein-coding genes, and most likely also mencRINAs,
is tissue cell-type specific and tumor-subtype specific and
since causal variants may confer risk to either ER-positive
or ER-negative breast cancer or both, the authors were wise
to include all these different sample types for mencRINA
identification.

RNA CaptureSeq of the 139 breast cancer risk signals
identified 1,254 (31.2%) known and 2,766 (68.8%) novel
mencRNAs which were mostly two exon IncRNAs with
a median length of 1,550 base pairs. Interestingly, nearly
one third (i.e., 1,189) of the mencRNAs identified in
MCEF-7 cells were estrogen-regulated. Moreover, all 4,020
mencRNAs clustered the samples not only based on ER
status, but also on tumor versus normal status and cell line
versus tissue status (18). Although on average the identified
mencRNAs had 5.5-fold lower expression than GENCODE
IncRNAs and 140-fold lower expression than GENCODE
protein-coding genes, roughly 75% (i.e., 3,011/4,020) of the
mencRNAs were present in normal breast and breast tumor
datasets generated by The Cancer Genome Atlas (TCGA).
This allowed the assessment of tissue specificity of these
mencRNAs by comparing breast tumors from TCGA with
six other tumor types from TCGA. The analysis revealed
that tissue specificity for the mencRNAs was even higher
than for protein-coding genes (18).

Since the mere identification of novel mencRNAs in
regions surrounding GWAS-identified variants does not
imply a direct relation, the authors subsequently assessed
the frequency of CCVs in mencRNAs as compared to
protein-coding genes. Interestingly, CCVs were found to
be enriched in the exons, but not the introns of mencRNAs.
At half (i.e., 69) of the breast cancer risk signals a total of
119 mencRNAs harbored at least one CCV. In contrast,
for protein-coding genes, CCVs were enriched in the
introns, but not the exons (18). These results indicate that
CCVs may alter mencRNA function more directly instead
of influencing expression indirectly via the modulation of
TFs or enhancers as for protein-coding genes. An example
of a CCV directly impairing a IncRNA can be found at
the 2q21.2 GWAS-identified locus associated with celiac
disease. Here, the secondary structure of IncRNA Lncl3
is altered by the CCV and consequently Lncl3 has lower
binding affinity for hnRNPD (19). However, in the study
by Betts et al. two CCVs were located in a distal enhancer
and abolished the ability of this enhancer to interact with

Non-coding RNA Investig 2020;4:3 | http://dx.doi.org/10.21037/ncri.2020.03.05



Non-coding RNA Investigation, 2020

the promoter region of CUPIDI and CUPID? at the 11q13
breast cancer risk locus (17). This suggests that distal
regulation of ncRNAs by breast cancer CCVs does occur.
Because of the observed enrichment of CCVs in
mencRNA exons, the authors hypothesized that CCVs
might modulate the stability of mencRINAs. To verify this,
the authors performed an expression quantitative trait loci
(eQTL) analysis within the TCGA breast tumor dataset
in which mencRNAs were identified whose expression was
highly correlated with the genotype of genetic variants.
In total, 800 mencRNAs were eQTLs. However, after
filtering out the eQTLs which overlapped breast cancer
risk signals and further evaluation of co-localization,
only seven eQTLs remained. These were XLOC_022678
at 1q32, XLOC_142280 at 2q31, XLOC_169717 at
3p26, XLOC_195543 at 5q14, XLOC_209276 at 6p23,
XLOC 093918 at 16q12 and XLOC 112072 at 18ql1 (18).
It is important to underscore here that the eQTL analysis
was performed in the TCGA breast cancer dataset and
not in normal breast tissue. Besides confounding issues
with copy number variation in cancer datasets, somatic
breast cancer driver mutations and epigenetics have also
already deregulated the expression of many genes. As these
tumorigenic processes may also affect mencRINAs, eQTLs
could have been missed. Unfortunately, large datasets from
normal breast tissue with sufficient power for eQTL analyses
are lacking at the moment, but are very much needed to
allow for the assessment of eQTLs in healthy breast tissue.
Interestingly, out of the seven eQTLs only three (i.e.,
XLOC_142280 at 2q31, XLOC_209276 at 6p23 and
XLOC_112072 at 18ql1) had at least one of the eQTL
variants located in a mencRNA exon (18). To provide more
evidence that these mencRNAs could indeed be the targets
for the CCVs at these breast cancer risk loci, the authors
subsequently zoomed in on the 2q31 locus where mencRNA
XLOC_142280 is located. Via eQTL analysis the authors
had already shown that the risk alleles of the CCVs associate
with a reduced expression of XLOC_142280. However, they
also find that no other annotated protein-coding gene is
associated with the CCVs at this breast cancer risk signal,
making XLOC_142280 the only candidate target. Moreover,
XLOC_142280 also appears to be predominantly expressed
in ER-positive breast cancers, while the CCVs at this breast
cancer risk signal associate with risk for ER-positive breast
cancer only (18). More conclusive proof, however, that
mencRNA XLOC_142280 is the actual target at this breast
cancer risk signal will require functional studies in which
expression of this mencRNA is studied in an isogenic ER-
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positive breast cell model comparing the risk allele of the
exon-localized CCVs rs11675683 and rs2356791 with the
reference allele.

For the other four eQTLs (i.e., XLOC_022678 at
1932, XLOC_169717 at 3p26, XLOC _195543 at 5ql4,
and XLOC_093918 at 16q12) none of the eQTL variants
was located in a mencRNA exon. Therefore the authors
hypothesized that the CCVs might regulate the mencRNAs
distally (18). The authors gathered evidence for their
hypothesis by zooming in on the 16q12 breast cancer risk
locus and making use of the variant Capture Hi-C data
that they had generated for the chromatin interactome
mapping paper accompanying their original paper (20). By
doing so, the authors identified 770 mencRNA promoters
that looped to a region containing a CCV. At the 16q12
breast cancer risk locus, one of the two eQTL variants for
XLOC_093918 (i.e., rs11642015) appeared to interact with
XLOC _093918 in normal breast cells, as well as ER-positive
and ER-negative breast cancer cell lines. In agreement
with this, rs11642015 is located in a putative enhancer as it
falls within a region of open chromatin that is marked by
H3K27ac and H3K4mel. However, their data also showed
that CCV rs11642015 additionally interacts with the
bidirectional promoter of IRXS and CRNDE. Interestingly,
there were no eQTLs detected for either of these genes or
any other gene, whereas the authors had shown that CCV
rs11642015 is an eQTL variant of XLOC_093918 and that
the risk allele increases its expression (18). Similar to the
2q31 breast cancer risk locus, however, more conclusive
proof that mencRNA XLOC_142280 is the actual target
at this breast cancer risk signal should come from further
functional studies. In these experiments, the expression
of XLOC_093918, and perhaps also the other genes with
which rs11642015 interacts, will need to be measured in
an isogenic breast cell model comparing the risk allele of
rs11642015 with the reference allele.

Finally, the authors provide evidence that mencRNAs can
be a target gene for more than one breast cancer risk signal (18),
a concept that has also been shown for protein-coding
genes (15,20). The authors identified 222 mencRINAs that
had a minimum of two independent CCVs located in either
the exon or promoter region, or a region that interacts with
the promoter of the mencRNA. As an example, the authors
highlight the 18q11 breast cancer risk locus were for signal
3 two CCVs, which are also eQTL variants, are located in
an exon of XLOC _112072. In addition, the authors show
that CCVs at signals 1 and 2 interact with the promoter
of XLOC_112072 in T47D breast cancer cells. In B80T
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normal breast cells, however, there is only an interaction
between CCVs at signal 1 and the XLOC_112072
promoter (18). Since there is no protein-coding eQTL
identified for either of the signals, XLOC_112072 appears
to be the candidate target gene for at least two of the three
breast cancer risk signals at the 18q11 locus. Again, more
conclusive proof that mencRNA XLOC_112072 is the
actual target gene should come from functional studies
in which the effect of the reference and risk alleles of the
CCVs in the different signals, alone and combined, on the
expression of XLOC 112072 is measured. As we know from
the 5q11.2, 6q25.1 and 19p13.1 breast cancer risk loci, it is
not uncommon that CCVs at one signal increase the target
genes expression, while CCVs at the other signal decrease
the target genes expression (21-23).

With their study Moradi Marjaneh et /. (18) provide
accumulating evidence that deregulation of ncRNAs
by causal variants lying in close LD with GWAS-
identified variants is an important mechanism underlying
predisposition to breast cancer. To date, the focus of post-
GWAS studies has been on protein-coding genes as the
targets for these causal variants and at several breast cancer
risk loci no plausible candidate target genes have been
identified. A major reason for this has been the incomplete
catalogue of human ncRNAs. The authors have shown with
their study, although focusing specifically on mencRNAs,
that ncRNAs could potentially fill that void. Together with
the interactome data in their accompanying paper and the
fine-mapping study of Fachal ez a/. (15,20), valuable datasets
have now become available that will drive continuing post-
GWAS studies forward. Although we are still years from
figuring out the exact mechanism at each of the breast cancer
GWAS-identified loci, these datasets will give the research
community novel clues for these mechanisms. In their paper,
the authors have already highlighted three of these loci for
which mencRNAs are candidate targets. Validating these
findings in functional studies would add to the study of Betts
et al. (17) and provide compelling evidence for the role of
ncRNAs in breast cancer predisposition.
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