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Scope: Breastfeeding is associated with reduced risk of infection, immune-mediated disorders,
obesity, and even cancer. Recently it was found that breast milk contains a variety of microRNAs
(miRNAs) in the skim and fat layer that can be transferred to infants, and appear to play
important roles in those biological functions.
Methods and results: This study applied next generation sequencing and quantitative real-time
PCR analysis to determine the miRNA expression profile of the skim and fat fraction of human,
goat, and bovine milk as well as infant formulas. Human and mammalian milk were found to
contain known advantageous miRNAs in exosomes and also in the fat layer. These miRNAs are
highly conserved in human, bovine and goat milk. However, they were not detected in several
infant formulas. Further, miRNAs present in milk were able to enter normal and tumor cells
and affect their biological functions. Following incubation of milk derived human miRNA with
normal and cancer cells, the expression of miRNA-148a was upregulated and the expression of
the DNA methyltransferase1 target gene of miRNA-148a was down regulated.
Conclusion: These results reinforce previous findings on the importance of miRNA in breast
milk. Future studies should concentrate on the addition of miRNA to infant formulas.
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1 Introduction

Milk is the main source of nutrition for newborn mammals,
and breastfeeding is known to be one of the most valuable
contributors to infant health [1]. Infants who are breastfed en-
joy significant health benefits in comparison to those fed with
infant formulas. These benefits include protection against a
whole range of diseases including, diabetes [2], cancer [3], and
obesity [4]. Breast milk is also thought to play an important
role in the development of children’s immune system, based
on evidence that the composition of breast milk can influence
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immune responses in neonates [5, 6]. However, the mecha-
nisms governing the immune modulation and anti-infection
properties of milk are poorly understood and may arise from
biological macromolecules present in breast milk such as
growth factor antibodies and nucleic acid. Breast milk con-
tains micro RNAs (miRNAs) in particular in the exosomes
[7, 8], but their putative biological role has not been fully
elucidated.

MiRNAs are small non-coding RNAs involved in post-
transcriptional gene regulation. They control a wide range of
cellular functions such as cell differentiation, proliferation,
and cell death [9–11]. Dysregulated expression of miRNAs
may play an important role in the development of diseases
such as cancer [12, 13] and diabetes [14]. During the fetal
period, miRNA regulates organogenesis and morphogenesis
[15]. MiRNAs have been found in extracellular fluids such
as plasma [16], serum [16], saliva [17], urine [18], and milk
[19]. Studies have reported miRNA expression in human [20],
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bovine [7], porcine [21], and goat [22] milk and found that a
significant number of milk-derived miRNAs are related to
immune regulation. Furthermore, over 60% of all immune-
related pre-miRNAs are present and enriched in breast milk
[19]. Based on the expression profile of milk-derived miRNAs,
it was suggested that these miRNAs support the immune
system of the infant and may have other beneficial effects
on childhood health [23, 24]. Moreover, milk miRNAs may
play an important role against development of allergy and
autoimmune disease [25, 26].

Although it has been claimed that miRNA derived from
ingested food do not survive in the human gastrointestinal
tract [27], milk-derived miRNAs withstand degradation. Milk
miRNAs were found to be stable to acidic conditions and re-
sistant to RNase and freeze-thaw cycle degradation [8,28–30],
which led us to speculate that these miRNAs can transfer
from the mother’s milk and impact infant intestine and im-
mune system development. There is a previous study that
demonstrate that porcine milk exosomes and their miRNAs
are taken up by intestinal epithelial cells, modify target gene
expression and promote proliferation of intestinal cells [31].
The skim fraction of milk was found to contain exosomes
which are membranous vesicle packaging proteins, RNA and
miRNAs [8, 19] that shield miRNAs from degradation [32].
In addition, exosomes are crucial to the transfer of miRNA
into the intestine conferring protection against degradation
and facilitating uptake by endocytosis [33, 34]. Cow and goat
milk are widely used as dairy products and most infant for-
mulas are based on cow milk proteins. Findings indicate that
milk-derived miRNAs in commercial pasteurized milk are
absorbed by adults in meaningful amounts [35]. In addition,
studies have reported the incorporation of milk exosomes into
colon cancer cells [33], intestinal cells [33], kidney cells [35],
macrophages [36], and in human peripheral blood mononu-
clear cells [35].

To better understand the role of miRNAs in breast milk,
we simultaneously determined the miRNA expression profile
of the skim and fat fractions of human, goat, and bovine milk.
Then, we studied the biological effects of miRNA derived
from the fat layer of human milk and human miRNA derived
from the skim layer, on normal and transformed cells.

2 Materials and methods

2.1 Ethical approval

All the mothers who participated in the study signed informed
consent forms. The Ethics Committee at Hadassah Hospital
approved this study (HM0-0101-13).

2.2 Milk sample collection

Human milk samples were collected from healthy mothers at
one month of lactation. The samples were transported to the
laboratory and stored at −80�C until further analysis. Milk

samples were collected before and after pasteurization from
a pool of cow and goat milk. The samples were transported
to the laboratory and stored at -80�C until further analysis.

2.3 Infant formulas

The infant formulas were commercially available formu-
las that are marketed in Israel (Materna extra care stage 1,
Maabarot products Ltd. Smilac advance plus stage 1, Abbott
nutrition Ltd. Nutrilon stage 1, Nutricia Ltd.). All the three
tested formulas are intact protein, cow’s-milk-based, infant
formula (67 kcal/100 mL reconstituted formula).

2.4 Milk fractionation

Human, bovine, goat milk and the infant formula were frac-
tionated by centrifugation at 6500 × g for 30 min at 4�C. Three
fractions were obtained from each sample: cells, lipids and
skim milk. The skim milk and the lipid layer were transferred
separately to a new tube. The skim milk was centrifuged at
12 000 × g for 1 h at 4�C to remove debris. The defatted
supernatant was then passed through 5 and 0.45 �m filters
to remove residual debris. The skim and fat layer were sub-
jected either to Next Generation Sequencing or quantitative
real time PCR (qRT-PCR). The skim layer was also used for
exosome isolation.

2.5 MiRNA extraction from milk samples

TRI reagent (INVITROGEN, Carlsbad, USA) was added to the
skim milk (1/3 v/v) and to the lipid layer (1/5 v/v). Chloroform
and Lysophosphatidic acid (LPA) (6 �L of 1:20 of LPA to 1 mL
of TriReagent) were added, shaken vigorously and incubated
for 15 min at room temperature and then centrifuged at 12
000 × g for 15 min at 4�C. The aqueous phase was carefully
transferred to a new tube. The same volume of chloroform as
the aqueous phase was added and incubated for 3 min at room
temperature and then centrifuged at 12 000 × g for 15 min
at 4�C. The upper phase was carefully transferred to a new
tube. Ethanol 70 % (the same volume as the chloroform) was
added. MicroRNAs were isolated using the miRNeasy mini
kit and the RNeasy MinElute Cleanup kit, according to the
manufacturer’s instructions. Briefly, following the addition
of the ethanol, the samples were transferred into an RNeasy
Mini column centrifuged at 8000 × g for 15 s, and the flow
through was collected. Ethanol 100% (0.65 volume) was added
to the flow through from the RNeasy column. The sample
was transferred to an RNeasy MinElute spin column and
centrifuged at 8000 × g for 15 s. Following the addition of the
RPE buffer the column was centrifuged at 8000 × g for 15 s.
Ethanol 80% was added to the column and the column was
centrifuged at 8000 × g for 2 min and then at full speed for
5 min to dry the membrane. To collect the miRNAs 14 �L of
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RNase free water was added to the column and centrifuged
at full speed for 1 min.

2.6 Extraction of total RNA

2.6.1 From milk

TRI reagent (INVITROGEN, Carlsbad, USA) was added to
the skim milk (1/3 v/v) and to the lipid layer (1/5 v/v). Chlo-
roform and LPA (6 �L of 1:20 LPA to 1mL of TriReagent)
were added, shaken vigorously and incubated for 15 min at
room temperature and then centrifuged at 12 000 × g for
15 min at 4�C. The aqueous phase was carefully transferred
to a new tube. Subsequently isopropanol (0.5 mL per 1 mL
TriReagent) was added to precipitate the RNA mixed by inver-
sion. Following incubation for 10 min at room temperature
the samples were centrifuged at 12 000 × g for 10 min at 4�C.
The supernatant was discarded, the pellet washed with 75%
ethanol (1 mL per Tri Reagent) and centrifuged at 12 000 × g
for 5 min at 4�C. The pellet was air dried and re-suspended
in RNase-free water.

2.6.2 From cells

TRI reagent was added to the cells and treated as described
above.

RNA quantity and quality was assessed by measurement
of the absorbance at different wavelengths using a NanoDrop
spectrophotometer of the RNA samples. We use RNA with a
260/280 ratio of at least 1.85 in nuclease-free water. 260/230
ratio was also used to estimate the presence of other contami-
nants. Quantitation and quality control of small RNA isolated
for NGS was performed also using an Agilent Bioanalyzer
2100 system.

2.7 Small RNA library construction and sequencing

Small RNA library construction from the extracted miRNA of
each of the 12 samples was carried out using the NEBNext R©

Multiplex Small RNA Library Prep Set for Illumina R© (Set
1), according to the manufacturer’s instructions. Briefly, a 3′

adapter was ligated to 100 ng RNA using RNL2, followed by 5′-
adapter ligation, using T4 ligase. Reverse transcription with
SuperScript II generated cDNA, which was PCR-amplified
and size-selected on a gel was purified. Sequencing was car-
ried out on the NextSeq 500 System (Ilumina).

2.8 Computational analysis of sequencing data

Bioinformatics analysis of the miRNA was carried out
as previously described http://rnajournal.cshlp.org/content/
early/2013/02/18/rna.036475.112.full.pdf with some minor
changes.

2.9 MicroRNA detection by qRT-PCR

For total RNA samples (isolated from milk or from cells), 400
ng of total RNA was used to prepare cDNA using the qScript
microRNA cDNA Synthesis Kit (Quanta). After cDNA syn-
thesis, an equivalent of 2.4 ng of the original RNA sample
was mixed with Perfecta SYBR Green SuperMix (Quanta)
and Universal PCR Primer (Qauanta) in 15 �L qPCR reac-
tions. Three cDNA samples were run in adjacent wells of
each 96-well qPCR plate. The qPCR plates were run using
the StepOnePlus Real-Time PCR System (Applied Biosys-
tem, Foster City, CA, USA) using a two-step cycling protocol
(95�C for 5 min followed by 40 cycles of 95�C for 5 s and 60�C
for 30 s) and concluded by a melting curve. After the reactions
Ct values were determined using fixed-threshold settings (Ct

Threshold RNU6 = 2.2, miRNA-148a = 2.7, miRNA-206 =
0.9, miRNA-375 = 2.2, miRNAs-320 = 1.8, miRNA-146a =
1.3, and miRNA-146b = 2.6). The delta-delta Ct method was
used to determine the relative amount of miRNAs.

2.10 Exosome isolation

Exosomes were isolated from the skim layer of the milk fol-
lowing a series of centrifugations and filtrations as described
in the milk fractionation paragraph. Exosomes isolation used
ExoQuick reagent according to the manufacturer’s instruc-
tions. Briefly, 63 �L ExoQuick (System Biosciences) were
added to 250 �L of the skim layer of the milk and the mix
was incubated overnight at 4�C with no rotation. Then, two
centrifugation steps were performed at 1500 × g for 30 and
5 min, respectively, to sediment the exosomes and the pel-
let was re-suspended in 200 �L of PBS. We analyze the ex-
pression of two known proteins that characterized exosomes:
CD81 and CD9 (Supporting Information Fig. 5). Exosomes
isolated from human milk were lysed in RIPA buffer and an-
alyzed for total CD81 and CD9 protein expression. Lysate was
separated by SDS-PAGE and transferred onto a PVDF mem-
brane. The membranes were probed with antibodies, and
detected using enhanced chemiluminescence detection. Pri-
mary antibodies were as follows: anti-CD81 (1:200;Abcam);
and anti-CD9 (1:200;Santa Cruz Biotechnology). Secondary
antibody was horseradish peroxidase (HRP)-conjugated goat
anti-mouse or anti-rabbit (1:5000; Zymed Laboratories).

2.11 RNA labeling

RNA derived from exosomes and the fat layer of the milk
were labeled using Exo-Glow Exosome Labeling Kits. Exo-
somes: We added 20�L of 10 X Exo-Red to a 200 �L volume
of a re-suspended exosome suspension in PBS. The mix-
ture was mixed well by flicking/inversion and incubated for
10 min at 37�C. To stop the labeling reaction we added 40
�L of the ExoQuick-TC reagent to the labeled exosome sam-
ple suspension and mixed by inverting six times. The labeled
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exosome samples were incubated on ice for 30 min. Then, the
samples were centrifuged 12 000 × g for 3 min, to sediment
the exosomes and the pellet was re-suspended in 200 �L of
PBS. Fat layer: 50 �L of the fat layer were re-suspended in 150
�L of PBS and 20 �L of10X Exo-Red were added. The mix-
ture was mixed well by flicking/inversion and incubated for
10 min at 37�C. The labeled fat layer was centrifuged at 6500
× g for 5 min at 4�C. The PBS was discarded and the fat layer
was washed twice and re-suspended in PBS and centrifuged
at 6500 × g for 5 min at 4�C to discard the labeling solution.
The labeled exosomes and fat layer were added to the target
cells in culture and incubated with them.

2.12 Quantitation of mRNA by qRT-PCR

Complementary cDNA for the quantitation of mRNA was
generated using the high capacity RNA-cDNA kit (Applied
Biosystems) according to the manufacturer’s instructions.
Total RNA isolated from cells (1mg) was used to generate
cDNA. The cDNA was subjected to qPCR. The mRNA levels
of DNMT1 were performed by qRT-PCR with Fast SYYBR
Green master mix (Applied Biosystems) using the StepOne
Plus Real-Time PCR System (Applied Biosystems) machine.
Primers: DNMT1: For: CCATCAGGCATTCTACCA Rev:
CGTTCTCCTTGTCTTCTCT β -actin For: AGAAAATCTG-
GCACCACACC; Rev: AGAGGCGTACAGGGATAGC. The
PCR reaction steps were 1 cycle at 95�C for 5 min, 40 cycles
of 95�C for 5 s, and 60�C for 30 s. The delta-delta Ct method
was used to determine the relative amount of miRNAs.

2.13 Cells culture

The cell line FCH (CRL 1831; American Type Culture Col-
lection), was derived from primary cultures of normal colon
epithelial cells. The cells were grown in Dulbecco’s Modi-
fied Eagle’s Medium/Ham’s Nutrient Mixture F-12, 1:1 with

2.5 mM L-glutamine, 25 mM HEPES supplemented with 10%
fetal calf serum (FCS), 10 ng/mL cholera toxin, 0.005 mg/mL
insulin, 0.005 mg/mL transferrin, 100 ng/mL hydrocortisone,
100U/mL penicillin and 100 �g/mL streptomycin in a hu-
midified incubator (37�C, 5% CO2). LS123 (American Type
Culture Collection) colonic cancer cells were grown in Eagle’s
Minimum Essential Medium supplemented with 10% FCS,
100U/mL penicillin and 100 �g/mL streptomycin in a hu-
midified incubator (37�C, 5% CO2). The K562 cells were cul-
tured in RPMI1640 medium supplemented with 10% FCS,
100U/mL penicillin and 100 �g/mL streptomycin in a hu-
midified incubator (37�C, 5% CO2).

3 Results

3.1 Expression of miRNA in bovine and goat milk

To determine the expression profiles of miRNA in the fat and
skim fraction of bovine and goat milk, before and after pas-
teurization we utilized Next Generation Sequencing (NGS).
Small RNAs including mature miRNA were sequenced in
the fat and skim fractions of the milk samples using Ilu-
mina small RNA next generation sequencing. The number
of reads of small RNA with length 17–25 for each sample
is shown in the supplementary data (Supporting Informa-
tion Table 1). The NGS results indicated a high similarity
between the miRNA expressed in human, bovine and goat
milks: 95% of the miRNAs expressed in bovine milk were also
expressed in goat milk and 91% of the miRNAs expressed
in goat milk were also expressed in bovine milk (Fig. 1A).
The miRNA expressed in the fat and skim layers of pasteur-
ized and non- pasteurized goat and bovine milk were similar
(Fig. 1B and 1C). Furthermore, pasteurization did not af-
fect the profile expression of miRNA in either the bovine or
goat milk, as shown in Fig. 1D and 1E. Rather, the ten most
highly expressed miRNA were found in the different layers
of both the bovine and goat milk (Fig. 2A–D). For example

Figure 1. MicroRNA expressed in cow and goat
milk. MicroRNA expressed in cow milk com-
pared to goat milk. MicroRNA expression was per-
formed by Next Generation Sequencing in RNA
isolated from cow and goat milk. Venn diagram
depicting miRNAs expressed in cow-goat milk
(A). miRNA expressed in the fat layer of the milk
versus the skim milk of pasteurized (P) and unpas-
teurized (NP) goat and cow milk. Venn diagram
depicting miRNAs expressed in fat and skim layer
of goat (B) and cow milk (C). miRNA expressed
in the skim and fat layer of pasteurized (P) vs.
unpasteurized (NP) cow and goat milk. Venn dia-
gram depicting miRNAs expressed in fat and skim
layer of pasteurized and unpasteurized cow (D)
and goat (E) milk.
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Figure 2. Highly expressed miRNA in cow and
goat milk. The ten highly expressed miRNA in
cow and goat milk. MicroRNA expression was
performed by Next Generation Sequencing in
RNA isolated from the skim and fat fraction of
pasteurized and unpasteurized cow (A, B) and
goat milk (C, D). Abundance profile of miRNA
in percentages (%) for each miRNA, from the
total miRNA reads.

miR-148a-3p was highly expressed in the fat and skim frac-
tions of goat and bovine milk before and after pasteurization
(Fig. 2A–D and Supporting Information Fig. 2). The number
of reads and expression levels of all the detected miRNAs in
the fat and skim fractions of bovine and goat milk are shown
in the Supporting Data (2).

3.2 Expression of miRNA in breast milk

To obtain the expression profiles of miRNA in the fat and
skim fractions of breast milk, NGS analysis was performed
as described above. Small RNAs including mature miRNAs
were sequenced in the fat and skim fractions from breast
milk. The total reads for each sample are shown in the sup-
plementary data (Supporting Information Table 1). A compar-
ison of miRNA expression in human and other mammalian
milks indicated that 91–92% of the miRNAs expressed in hu-
man milk was also expressed in bovine and goat milk, 89%
of the miRNAs expressed in bovine milk was also expressed
in human milk and 83% of the miRNA expressed in goat
milk was also expressed in human milk (Fig. 3A and B). The
miRNA expression in the fat and skim layers of human milk
were similar (Fig. 3C). Moreover, the most highly expressed
miRNA were similar in the human, bovine and goat fractions

of the milk. (Fig. 2 and 3D). MiR-148a-3p, one of the most
highly expressed miRNAs in the fat and skim layers of goat
and bovine milk before and after pasteurization (Fig. 2) was
also highly expressed in breast milk (Fig. 3D). The expres-
sion of miR-148a-3p in the skim and fat layers of milk of 13
mothers (Supporting Information Table 3) indicated that this
miRNA was highly expressed in both layers compared to the
other milk miRNAs (Fig. 4A and B). The expression of miR-
148a-3p was similar in the two layers of the milk (Fig. 4C).
MiR148a-3p is considered to have been conserved throughout
evolution (Fig. 4D) as are the other highly expressed miRNA
in milk (Supporting Information Fig. 4). The number of reads
and expression levels of all the detected miRNAs in the fat and
skim fractions of human milk are shown in the Supporting
Data (2).

3.3 Expression of miRNA in milk-based infant

formulas

We analyzed the expression of miR-148a-3p in three different
commercial milk-based infant formulas described in materi-
als and methods section, compared to two human milk sam-
ples, one with high and one with low expression of mir-148-
3p. Total RNA was isolated from the fat (F) and skim fractions
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Figure 3. MicroRNA expressed in human milk. Expression of
miRNA in human milk compared to other mammalian milks. Mi-
croRNA expression was performed by Next Generation Sequenc-
ing in RNA isolated from human, cow and goat milk. Venn dia-
gram depicting miRNAs expressed in human-cow milk (A), and
human-goat milk (B). miRNA expressed in the fat vs. the skim lay-
ers of human milk. Venn diagram depicting miRNAs expressed
in the fat and skim layers of human milk (C). The ten highly ex-
pressed miRNA in human milk. Abundance profile of miRNA in
percentages (%) for each miRNA, from the total miRNA reads by
NGS (D).

(W). The expression of miR-148a-3p, one of the most highly
expressed miRNAs in milk was significantly lower in the in-
fant formula than the miRNA level in human milk (Fig. 5).

3.4 Milk derived miRNAs are able to enter normal

and cancer cells and change their miRNA

expression profile

Milk-derived miRNAs are crucial because they are thought
to enter target cells and regulate the expression profile of
miRNA and hence gene expression. The miRNAs found in
the skim fraction of breast milk are encapsulated by milk
exosomes. Isolated labeled exosomes from breast milk were
incubated with CRL 1831 cells (human normal intestine cell
line), K562 (leukemia cells) and Lim 1215 (colon cancer cells).
All the normal and cancer cells visualized by fluorescent mi-
croscopy were positively labeled, which indicates that the
exosomes and their RNA content were taken into the cells
(Fig. 6A). The RNA content of the lipid fraction of the milk
was also labeled and then incubated with CRL 1831 cells.
Cells incubated with the fat layer of the milk visualized by
fluorescent microscopy were positively labeled, which indi-
cates that the RNA content of the fat layer was also taken into
the cells (Fig. 6C). The RNA content from the skim and fat

layers from the human milk entered the cells and the expres-
sion of miR-148a-3p was found to be up- regulated compared
to control cells (Fig. 6B, 6D).

3.5 Milk-derived miRNAs enter the cells and change

their mRNA expression profile

MiRNAs regulate gene expression post-transcriptionally by
either inhibiting protein translation or degrading target mR-
NAs. For example, DNA-methyltransferase 1 (DNMT1) [37]
is a target gene of miR-148a. The expression of DNTM1, a
target gene of miR-148a, was found to be down- regulated in
cells with up- regulation of miR-148a after incubation with
human milk-derived miRNA from the skim and fat layers
(Fig. 7).

4 Discussion

In recent years several studies have reported the existence of
miRNA in human breast milk as well as in other mammalian
milks such as bovine [8] porcine [21] and goat [22] milk. The
current notion is that milk-derived miRNAs could be trans-
ferred from mother to infant and regulates gene expression
in target tissues and cells [31,35]. Based on the studies in milk
exosomes and their miRNA functions the notion is that milk
derived miRNAs exert systemic functions in the milk recipi-
ent: the infant [38,39]. We show in this study as previously was
found that the highly expressed miRNAs in milk are mainly
immune- related miRNAs such as miR-146a, miR-200 and
miR-30 [19]. Some miRNAs that exist in milk may be involved
in various physiological functions including regulation of cell
growth and differentiation [20], and could influence the devel-
opment and maturation of the infants gut and other organs.
There are experimental proof that milk exosomes are taken
up by intestinal epithelial [40] cells and promote intestinal cell
growth and proliferation of intestinal epithelial cells [31]. In
addition, we found that miRNA-148a is highly expressed in
human milk. Micro RNA-148a have been shown to exhibit tu-
mor suppressor activity by regulating the expression of genes
such as DNMT1 [37], DNMT3 [41], ERBB3 [42] and ROCK1
[43], which are involved in tumor development, proliferation
and metastasis. Highly expressed miRNAs in milk such as
miR-148a and others may be able to protect the infant from
the development of cancer. Micro RNA-148a was found to be
less expressed in leukemia [44, 45]. Therefore we speculated
that miRNAs such as miR-148a in breast milk might pro-
tect against childhood leukemia [3]. Whereas milk miRNA
appears support the immune system of the infant and may
have other beneficial effects on childhood health persistent
abuse of this signaling system may promote diseases such as
cancer [46]. For example miRNA-21-5p one of the top miRNA
expressed in cow milk (Fig. 2B) is a well-known “oncomiR”,
which questions its “beneficial effect” for long-term intake
[47]. However MiRNA-21 is an excellent driver of cell growth
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Figure 4. Expression of selected miRNAs in human milk. The total RNA from the skim and fat fraction of the milk of 13 different mothers at
one month of lactation was isolated and the expression of miRNA-148a (148A), miRNA-146a (146A) miRNA-146b (146B), miRNA-206 (206),
miRNA-375 (375) and miRNA-320 (320) were analyzed by qRT-PCR. The qRT-PCR results were calculated by the Delta-Delta CT Method
(��Ct) and normalized against RNU6B. The ��Ct values of miRNA in the fat fraction (A) and skim milk (B) are shown in box-and-whisker
plots. The expression of miRNA-148a in the skim and fat fraction of the milk of 13 different mothers at one month of lactation was analyzed
by qRT-PCR. The qRT-PCR results were calculated by the Delta-Delta CT Method (��Ct) and normalized against RNU6B. The ��Ct value
of miRNA-148a (mir148a) in each fraction is shown in a box-and-whisker plot (C). The sequence of miRNA-148a in different species (D).

Figure 5. Expression of miRNA-148a-3p in the whey and fat frac-
tion of human milk from term and infant formula. Total RNA from
the skim (W) and fat fraction (F) of two samples of the breast milk
and three different types of cow based infant formulas were iso-
lated. Expression of miRNA-148a-3p (mir-148a) was analyzed by
qRT-PCR. The qRT-PCR results were calculated by the Delta-Delta
CT method (��Ct), and values were normalized against RNU6B.

and proliferation, applied for postnatal growth of mammals
[48].

Studies investigating milk-derived miRNAs have focused
mainly on the skim and not the lipid fraction [18, 19, 34].
Several studies have demonstrated that miRNAs may also
be present in the lipid fraction [38, 49, 50] of the milk and
have higher quantities of miRNA than skim milk [38]. Based
on these results we focused as well on the fat layer of the
milk. One of the important findings of the current study is
that highly expressed miRNAs in the fat layer of the milk
are also highly expressed in the skim fraction. Nevertheless,
in contrast to skim milk where miRNAs are protected from
degradation by exosomes, it is unclear how miRNAs remain
stable in the lipid fraction. One of our hypotheses is that
miRNAs in the fat layer are protected and transported into
the fat globules. Exosomes have been observed in cytoplasmic
crescents of milk fat globules of human milk indicating that
maybe milk fat globules transport exosomes carrying miRNA
[51]. Another possibility is that miRNAs in milk are associated
with RNA-binding proteins such as Agronaute-2 that protect
them from degradation [52].

Since bovine and goat milk are widely used as dairy prod-
ucts and in particular bovine milk is the main component of
most infant formulas, it is crucial to determine the levels of
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Figure 6. MicroRNA uptake by
different types of cells. Labeled
milk exosomes and the fat
layer isolated from human milk
were incubated with normal
intestinal cells (CRL 1831),
colon cancer cells (Lim 1215)
and leukemia cells (K562).
Images were obtained by flu-
orescent microscope analysis
after incubation of the cells for
2 h with labeled milk exosomes
(A) and fat layer (C). Expression
of miRNA-148a (mir148a) in
the different cells incubated
with (EXO +) or without (CONT)
exosomes was analyzed by qRT-
PCR (B). Expression of miRNA-
148a (mir148a) in CRL 1831
incubated with exosomes
(EXO+), lipid fraction (FAT) or
without (CONT) was analyzed
by qRT-PCR (D). The qRT-PCR
results were calculated by the
Delta-Delta CT method (��Ct),
and values were normalized
against RNU6B.

miRNA expression. Milk-derived miRNAs can be transferred
from human but also from bovine milk to humans and regu-
late gene expression in target tissues and cells (Fig. 6 and 7)
[35]. Several studies have aimed to determine the expression
profile of miRNA in human and other types of milk [20–22].
However, these studies have examined the miRNA content
in bovine [28] and human milk samples separately [19]. Here,
we compared milk-derived miRNA expression from the skim
and fat layer of the milk simultaneously. We found that
highly expressed miRNAs are conserved in different types
of milk (Fig. 1). The biological components of milk can dif-
fer across species; for example the molecular composition
of lipid varies [53]. Interestingly, we found that the miRNAs
that are highly expressed in milk are totally or strongly con-
served across species. For example miR-148a-3p is conserved
in mammalians throughout evolution (Fig. 4). Other highly
expressed miRNAs in milk such as miR-320, 375, 99 and
others are also conserved in different species (S4).

Previous studies have reported that the milk-derived miR-
NAs in the skim fraction are stable and resistant to degrada-
tion under harsh conditions such as freeze-thaw, prolonged
room temperature incubation, RNA digestion and even boil-
ing [19]. Most of the milk products consumed in developing
countries require pasteurization to sterilize the milk. Here,

we found similar miRNA profile expression in the skim and
fat layers of pasteurized and unpasteurized bovine and goat
milk. Thus pasteurizing milk appears to have a minor effect
in the distribution of miRNA profile expression. Nevertheless
we (Supporting Information Fig. 6) and others [25] found that
pasteurized cow´s milk resulted in loss of miRNA-148a-3p.
These finding may explain the allergy/asthma-preventive ef-
fect of unprocessed farm milk consumption in children [54].
Importantly, the MiRNA content in infant formula (Fig. 5)
was significantly lower than that found in human milk as
was also found by other groups [28]. Although the highly ex-
pressed miRNAs that we found in milk are also expressed
in infant formulas, their expression is much lower than in
human and mammalian milk. The low miRNA content in in-
fant formulas can partially explain why infants fed with breast
milk are better protected against infections than infants fed
with formula [55].

Accumulating evidence in the last few years confirms that
miRNAs are present in all food sources including milk. A
number of studies have investigated whether food-derived
miRNAs can survive the gastrointestinal tract and be ab-
sorbed in the intestine to influence gene expression in an-
imals [56, 57]. Food specific miRNAs such as miR-168a in-
gested orally have been found to be present in the tissue and
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Figure 7. Expression of DNMT1 in cells incubated with the fat
layer and exosomes isolated from human milk. Exosomes iso-
lated from human milk were incubated with normal colon cells
(CRL1831). Expression of miRNA-148a (mir148a) in cells incu-
bated with (EXO+) or without (CONT) exosomes was analyzed
by qRT-PCR. The qRT-PCR results were calculated by the Delta-
Delta CT Method (��Ct), and values were normalized against
RNU6B (A). Expression of DNMT1 in cells described in (A) was
analyzed by qRT-PCR. The qRT-PCR results were calculated by
the Delta-Delta CT Method (��Ct), and values were normalized
against beta actin (C). The fat layer of human milk was incubated
with K562 leukemia cells. Expression of miRNA-148a (mir148a)
with (FAT) or without (CONT) fat was analyzed by qRT-PCR. The
qRT-PCR results were calculated by the Delta-Delta CT Method
(��Ct), and values were normalized against RNU6B (B). Expres-
sion of the DNMT1 in cells shown in (B) was analyzed by qRT-
PCR.The qRT-PCR results were calculated by the Delta-Delta CT
Method (��Ct), and values were normalized against beta actin
(D).

sera of different animals [56]. The transfer of milk- derived
miRNAs in exosomes and other vesicles may help miRNAs
survive in the gastrointestinal tract, and permit their sub-
sequent uptake into the intestine and transfer to the blood-
stream [35, 40]. MicroRNAs derived from bovine milk con-
sumed by humans have been shown to be transferred to
the plasma and have a regulatory effect on cellular biologi-
cal functions [35]. Given that only milk exosomes has been
investigated as a potential route to transfer milk miRNAs to
infants or human adults, other ways such as fat globules or
lipoprotein-nucleic acid interactions could also be involved in
milk miRNA protection and transport. It was shown that ex-
tracellular miRNAs in body fluids could be delivered to target
cells. For example, although it is known that HDL transports

endogenous and exogenous miRNAs in plasma and deliv-
ers them to target cells [58], there have been no experimental
studies up to date. It is also remains unclear whether miRNAs
derived from the lipid fraction are able to enter the cells and
regulate their biological functions. We showed here that hu-
man miRNAs present in the fat milk fraction are able to enter
the cells and affect their biological functions. Previous works
which demonstrated that exosomes and milk miRNAs enter
cells have used exosomes and miRNAs derived from bovine
[33,35]. Here we examined the ability of miRNA derived from
the skim and fat layer of human milk to enter normal and
tumor cells. We showed that miRNAs present in either the
exosomes or the fat layer can enter normal and tumor cells
and can regulate cellular biological functions. For instance,
following incubation of milk- derived human miRNA with
normal and cancer cells the expression of DNMT1, a target
gene of miR-148a [37], was down regulated in these cells and
potentially induced DNA demethylation, which could regu-
late epigenetic changes in the cells.

Thus overall, human and mammalian milk contain bene-
ficial miRNAs in the exosomes but also in the fat layer. These
miRNAs are highly conserved in human, bovine and goat
milk. Milk derived miRNAs can enter normal and malignant
cells and can regulate biological signals. Our results rein-
force previous findings on the importance of miRNA in milk.
Further studies are needed to better understand the role of
miRNAs in human and infant health.
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