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Abstract – MicroRNA (miRNA) are small non-coding RNA that post-transcriptionally regulate
gene expression. In humans, miRNA genes may account for 2 to 3% of the total number of genes.
Although the biological functions of most miRNA are unknown, their importance for development,
cell proliferation, cell death, and morphogenesis has been demonstrated in several species. One
could thus speculate that miRNA should be involved in the regulation of one of the organs that
can undergo cycles of cell division, diﬀerentiation and dediﬀerentiation in the adult, the mammary
gland. In this paper we summarise several reports dealing with the potential implication of miRNA
in the mammary gland, most of them focussed on pathological situations, such as the appearance of
breast cancer. These data suggest an implication of miRNA on mammary gland biology. However,
direct evidence of this is still lacking. Expression profile analysis of miRNA during the normal
mammary gland development could help in addressing this question and in identifying miRNA
potentially involved. To this aim, we undertook such an analysis on mouse mammary gland at
diﬀerent stages (virgin, pregnancy, lactation and involution) and will present our preliminary results.
gene regulation / mouse / RNA interference / mammary tissue

1. INTRODUCTION
Over the past few years, our understanding of the regulation of the development of organisms has considerably
evolved with the discovery of the pivotal
role of small RNA. Firstly identified as
potential host defence mechanisms against
virus and/or transposons, it was revealed
that these small RNA also control expression of endogenous genes in plants and
animals at the transcriptional and posttranscriptional levels. The more we learn
about them, the more far-reaching appears
to be their role. Indeed, it is now estimated that such small RNA may regulate
the expression of 20% of host-encoding
genes. Despite intensive research, the num* Corresponding author:
Fabienne.LeProvost@jouy.inra.fr

ber of host-encoded small RNA and their
targets remain mostly unknown. Three distinct classes of these small RNA – microRNA (miRNA), small interfering RNA
(siRNA), and repeat-associated small interfering RNA (rasiRNA) – are distinguished
by their origins, not their functions. In this
review, we will focus on the potential role
of microRNA in the mammary gland.
2. MicroRNA: GENERALITIES
MicroRNA (miRNA) represent a class
of naturally occurring small non-coding
RNA molecules (19–25 nucleotides in
length) whose functions are generally
unknown, but believed to be important in development. miRNA originate
from genes that are transcribed by RNA
polymerase II [1]. miRNA primary
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transcripts (pri-miRNA) are trimmed into
miRNA precursors (pre-miRNA) by an
RNaseIII-like enzyme called Drosha [2]
and subsequently processed by another RNaseIII-like enzyme (Dicer) into
miRNA duplexes (miRNA*:miRNA) [3].
One strand of the duplex (miRNA) is
then incorporated into the RNA-induced
silencing complex (RISC) or miRNAribonucleoprotein particules (miRNP)
and the other strand (miRNA*) is degraded. RISC-associated miRNA can
target protein-coding messenger RNA
(mRNA) either for translation inhibition
or degradation (as in RNA interference).
Base pairing between the miRNA and
its complementary target mRNA gives
its specificity to the process (for review,
see [4]).
Berezikov et al. [5] estimated that it is
possible that as many as 1000 miRNA exist in a vertebrate genome. Based on the
previously estimated 250 miRNA, 10% of
all protein-coding transcripts were thought
to be regulated by miRNA [6]. The sequences of many miRNA are conserved
between mammals, worms and flies, suggesting an important function mediated
through base-pairing. The expression of
some miRNA is regulated in a developmental and spatial manner, and the importance of miRNA for development, cell
proliferation, cell death, and morphogenesis has been demonstrated in Caenorhabditis elegans, Drosophila melanogaster, and
Arabidopsis thaliana [4, 7–9]. In vertebrates, mouse embryonic stem (ES) cellspecific miRNA or miRNA expressed in
hematopoietic lineage cells have been
cloned [10, 11]. One of these miRNA
(miR-181) was demonstrated to increase Blineage cells when ectopically expressed
in hematopoietic stem/progenitor cells, indicating the involvement of this miRNA
in diﬀerentiation [11]. Recently, expression profiling of a set of rat miRNA in
the developing brain and of miRNA associated with polysomes in rat cortical neurons

were determined. These results suggest
the involvement of some miRNA in brain
development [12, 13]. Overall, despite a
yet incomplete knowledge of the function
of miRNA, this novel class of regulatory
molecules appears to play an important
role on the multiplication, diﬀerentiation
and apoptosis of various cell types. One
could thus speculate that miRNA should
be involved in the regulation of one of the
organs that can undergo cycles of cell division, diﬀerentiation and dediﬀerentiation
in the adult, the mammary gland.
3. MAMMARY GLAND
DEVELOPMENT
The mammary gland is a complex organ
constituted by two tissue compartments:
the epithelium and the stroma (for review,
see [14]). The epithelium consists of ducts
and milk-producing alveolar cells. Most
epithelial cells are secretory cells, which
undergo functional diﬀerentiation during
pregnancy to produce milk. They are surrounded by myoepithelial cells, which are
contractile and allow the delivery of milk.
The extensive system of ducts and alveoli is embedded in the stroma, a connective tissue. This tissue is composed mainly
of adipocytes, and also contains fibroblasts, neurons, blood vessels and cells of
the haematopoietic system. The functional
mammary gland is the result of the succession of distinct stages that are defined by
the hormonal status of the animal (Fig. 1).
The mammary anlage is established during foetal development. Ductal elongation
and branching is achieved principally after puberty. Alveolar proliferation occurs
during pregnancy, and functional diﬀerentiation is accomplished at parturition and
during lactation. At the end of lactation, the
loss of suckling stimuli and the pressure
build-up on cessation of milk removal initiate involution. This stage causes massive
cell death, collapse of the alveoli and remodelling of the epithelial compartment
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Figure 1. Succession of distinct stages of a functional mouse mammary gland. The diﬀerent potential developmental stages of the mammary gland during a female lifespan are illustrated. The
major hormones that control these processes of proliferation, diﬀerentiation and apoptosis are indicated. Ab, alveolar bud; D, duct; Ep, epithelium; FP, fat pad; LN, lymph node; MA, mature alveoli;
S, stroma; TEB, terminal end bud. This figure was inspired from the “Biology of the Mammary
Gland” WEB page (http://mammary.nih.gov/index.html).

to restore a simple ductal structure. With
the next pregnancy, a new round of alveolar expansion, maturation and lactation is
initiated.
In the mammary gland, these events
are strictly regulated by steroid and peptide hormones. During puberty, the cyclical production of ovarian oestrogen and
progesterone accelerates ductal outgrowth
and branching. During pregnancy, prolactin and placental lactogens control the
proliferation and maturation of the alveolar compartment. Apoptosis is under an
endocrine regulation with a decline of the
systemic concentration of prolactin and
growth hormone [15].
The tight and complex regulation of
mammary development has been exten-

sively studied over the years at the genetic, physiological and morphological
levels. Surprisingly, yet only a few reports
have assessed the potential implication of
miRNA in normal mammary development,
most of them focussing on pathological
situations, such as the appearance of breast
cancer, and so for obvious human health
related purposes.
4. MicroRNA AND MAMMARY
GLAND BIOLOGY:
CURRENT REPORTS
4.1. Human breast tissue has a specific
miRNA expression profile
Liu et al. [16] recently described
a methodology for human and mouse
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miRNA gene expression profiling
based on microchip technology. This
microchip microarray contains 368 genespecific oligonucleotides generated from
248 miRNA (161 derived from human-,
84 from mouse- and 3 from Arabidopsis
thaliana-miRNA). A panel of 20 RNA
samples isolated from 18 adult and 2 foetal
normal human tissues was analysed. It
revealed that each tissue has a specific
pattern of miRNome expression (defined
as the full complement of miRNA in a
cell) that can be quantified. For example
some miRNA are only highly expressed
in one or few tissues, such as miR-1b-2
or miR-99b in the brain or the closely
related miR-133a and miR-133b in skeletal
muscle, heart, and prostate. The human
“breast”-specific signature is characterised
by the expression profile of 23 miRNA. In
this study, the breast is the tissue with the
lower number of detected miRNA. In the
21 other tissues analysed, between 34 and
187 miRNA were detected.
Although this report highlights that a
specific set of miRNA are present in the
mammary tissue, several questions remain
unanswered: the physiological status of the
studied breast sample was not given and
the potential evolution of the miRNA expression profile during mammary development was not analysed. It thus only suggests that miRNA could be involved in the
mammary gland physiology. Another indirect evidence of such an implication came
from the analysis of breast tumours.
4.2. miRNA are diﬀerentially expressed
in normal and tumour breast cells
Studies from the last three years have
demonstrated that expression of miRNA
genes is altered in several human malignancies, including chronic lymphocytic
leukaemia, pediatric Burkitt lymphoma,
gastric and lung cancers, and large cell
lymphoma, suggesting that they may play
a role as a novel class of oncogenes or

of tumour suppressor genes ([17, 18], for
review, see [19–21]). It was shown that
mutations in genes required for miRNA
biosynthesis can induce developmental defects and cancer further stressing the importance of miRNA in cancer (for review,
see [20, 22]). In 2002, Calin et al. [23]
showed that miR-15a and miR-16a, located
at 13q14, are frequently deleted and/or
down-regulated in patients with B cell
chronic lymphocytic leukaemia. In a more
global study, it was reported that 52.5% of
the 186 studied miRNA genes are located
in cancer-associated genomic regions or in
fragile sites [24]. Among those, 15 miRNA
are located in 10 breakpoint regions involved in human breast cancers [24].
Expression of 222 pre-miRNA was
studied by real-time PCR in 32 commonly
used cell lines, including 5 breast cancer ones (T47D, SKBR3, MDA361, MCF7
and MDA231) [25]. This study revealed
that let-7f-1 is increased by 7-fold in the
epithelial-derived breast, lung and colorectal cancer cells. However no pre-miRNA
specific from breast cancer cell lines could
be detected. It should be emphasised that
these data involved pre-miRNA and not
the active, mature miRNA. The relationship between the expression of the pre- and
the mature miRNA has not yet been thoroughly addressed. The miRNA microarray
was used to evaluate miRNA expression
profiles in 10 normal and 76 neoplastic
breast tissues [26]. Twenty-nine miRNA
were found to be diﬀerentially regulated
of which a set of 15 that could be used
to predict with 100% accuracy the nature
of the cell sample analysed (i.e., tumour or
normal breast tissue). Expression of some
miRNA could be correlated with specific
breast cancer biopathologic features, such
as estrogen and progesterone receptor expression, tumour stage, vascular invasion,
or proliferation index. High expression
of human miR-125b seems to be present
in diﬀerentiated cells or tissues [27]. It
was observed that breast cancer primary
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Table I. Expression level of 22 miRNA in the mouse mammary gland. Expression level of miRNA
was assessed by northern blot analysis of mammary gland total RNA (20 µg). A methionine tRNA
probe has been used to normalise RNA loadings. – Undetected, + low expression level, +++ high
expression level.
miRNA
let-7a, let-7b, let-7c, mir-26a, mir-26b

Expression level
+++

mir-24-2, mir-145, mir-30b, mir-30d

+

mir-140, mir-217, mir-203, mir-23b, mir-7.1,
mir-30c-1, mir-212, mir-100, mir-92.1,
mir-216, mir-142, mir-130a, miR-125b

–

tumours have a decreased expression level
of miR-125b compared to normal breast
tissue, suggesting that down-regulation of
miR-125b impairs the diﬀerentiation capability of cancer cells.
Again, these data suggest an implication of miRNA in mammary gland biology. However, direct evidence of this is
still lacking. Expression profile analysis
of miRNA during normal mammary gland
development could help in addressing this
question and in identifying the miRNA potentially involved. To this aim, we undertook such an analysis on mouse mammary
gland focussing on twenty-two miRNA,
ten of them were chosen because they have
potential targets within mouse mammary
EST and the remaining because they were
reported to be expressed in human breast
tissue. Although still preliminary, our current data highlighted potential interesting
features.
4.3. miRNA during normal mammary
gland development, diﬀerentiation
and involution
4.3.1. Detected miRNA are present at all
developmental stages
Occurrence of the miRNA was assessed
by northern blot analysis of total mammary
RNA from virgin, early-, mid- and lategestating, lactating and early involuting

mice. Only nine of the twenty-two analysed miRNA could be detected (Tab. I).
The thirteen remaining were either absent
from the mammary tissue or expressed at
levels below the detection limit of northern
blot analysis. More sensitive approaches
have recently been described for analysing
miRNA expression based on RT-PCR [28].
Such experiments could be performed to
confirm one or the other hypothesis.
Surprisingly, miR-125b was among the
undetected miRNA. Indeed two recent
studies have described this miRNA as being highly expressed in diﬀerentiated cells
or tissues [26, 27]. It was shown by northern blot analysis that human breast cancer
primary tumours have a decreased expression level of miR-125b as compared to
normal breast tissue, suggesting that lack
of miR-125b may impair diﬀerentiation capabilities of cancer cells [26]. Our results
were not in accordance with these studies. Whether this discrepancy is related to
diﬀerences in the sensitivity of the experiments or to species specificity remains to
be assessed.
We also compared our results with those
of the pre-miRNA profiles found in human breast cancer cell lines [25] (Tab. II).
Some miRNA seemed to be detected only
in the normal mammary gland, whereas
others were only detected in cancer samples. However the detection techniques
used and the detected RNA (pre- versus
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Table II. Comparison of 22 miRNA expression levels between normal mouse mammary
gland and human breast cancer cell lines. In
the mouse mammary gland, the expression levels of 22 miRNA have been studied by northern
blot analysis and classified as 2 types (detected
or undetected). The corresponding pre-miRNA
expressions, described in several human breast
cancer cell lines by real-time PCR method [25],
were classified as 2 types (high or low expressed).
Human breast cancer
cell lines
Expression
level
High
Detected
6

Normal
mouse
mammary
gland
Undetected

5

Low
3

8

The data for the human breast cancer cell lines are
derived from Jiang et al. [24]

mature miRNA) were diﬀerent, making the
evaluation of the significance of this observation diﬃcult. It remains that it would
be of interest to check if the expression of
some miRNA could be used as molecular
markers of the normal or cancerous status
of mammary tissues.
Surprisingly, all the nine miRNA that
we detected were present at each developmental stage studied. This could suggest
that these miRNA have no direct implication on the development and/or diﬀerentiation of the mammary gland. Indeed,
one would expect such miRNA to be only
present at specific stages to control time
and spatial expression of sets of mRNA.
However, quantitative analysis of the expression pattern of some of these miRNA
will be necessary to know if a more complex regulation pathway occurs. It should
also be emphasised that the mammary
gland is a complex organ composed of various cell types. Thus, the overall miRNA
expression patterns observed might hide
cell-type specific miRNA regulation.

4.3.2. Future directions
4.3.2.1. miRNA expression in mammary
epithelial cells
As a first approach to assess if some
miRNA are developmentally regulated in
mammary epithelial cells, we undertook
northern blot analysis of miRNA on total
RNA samples extracted from HC11 cells at
diﬀerent diﬀerentiation stages. HC11 cells
are mouse mammary epithelial cells derived from mid-pregnant mice that can be
induced to diﬀerentiate at confluence by
hormonal treatment. This analysis should
allow us to follow miRNA expression profiles within epithelial cells that are differently stimulated. Alternatively, it was
recently described that locked nucleic acid
(LNA)-modified DNA probes could be
used to follow the miRNA expression profile in mouse embryos by in situ hybridisation [29]. Such a strategy could reveal
the precise location of miRNA within the
mammary tissue at various developmental
stages.
4.3.2.2. Cloning of mammary miRNA
Lactation is a late emerging function during evolution. miRNA implication
in the control of such a physiological
process could involve the regulation by
evolutionary-conserved miRNA of new
genes. Alternatively, it could result from
the emergence of cell- and stage-specific
miRNA [30]. Indeed, it was recently shown
that the world of miRNA is not limited to
conserved sequences and that a substantial portion of miRNA are primate-specific
[31]. Although introducing potential bias,
cDNA cloning is a possible approach to
identify such miRNA. By doing so, we
cloned potential miRNA. They include
some, such as let-7c, that we could already detect by northern blot analysis,
indirectly validating our strategy. Some sequences obtained did not match any known
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miRNA. We are currently analysing if
these cDNAs fulfil the criteria that will
allow them to be classified as newly identified miRNA [30].
4.3.2.3. Search for mammary miRNA
target pairs
Studies on miRNA will be complete
only when their role and their target(s)
will be determined. At present only a few
pairs of the miRNA:target have been characterised [30]. Some genes are known to
be key actors of mammary development.
Implication of miRNA in the regulation of
some of these genes have been described
in non-mammary cells. It is tempting to assess if a similar mechanism is reproduced
in the mammary gland. The involvement of
members of the Bcl-2 family in the control of mammary epithelial apoptosis [32]
and of breast cancers [33] has been described. It was also recently demonstrated
that miR-15a and miR-16-1 expression is
inversely correlated to that of Bcl-2 in
chronic lymphocytic leukaemia and that
both miRNA negatively regulate Bcl-2 at
a posttranscriptional level [34]. Bcl-2 repression by these miRNA induces apoptosis in a leukemic cell model. Therefore,
miR-15a and miR-16-1 are natural antisens
Bcl-2 inter-actors. It would be interesting
to know if these two miRNA are involved
in normal mammary gland transformation.
We are currently performing experiments
to answer this point.
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