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Abstract

Functional RNAs, such as microRNA (miRNA) and mRNA, are present in milk, but their roles are unknown. To clarify the roles
of milk RNAs, further studies using experimental animals such as rats are needed. However, it is unclear whether rat milk
also contains functional RNAs and what their time dependent expression profiles are. Thus, we prepared total RNA from
whey isolated from rat milk collected on days 2, 9, and 16 postpartum and analyzed using microarrays and quantitative PCR.
The concentration of RNA in colostrum whey (day 2) was markedly higher than that in mature milk whey (days 9 and 16).
Microarray analysis detected 161 miRNAs and 10,948 mRNA transcripts. Most of the miRNAs and mRNA transcripts were
common to all tested milks. Finally, we selected some immune- and development-related miRNAs and mRNAs, and analysed
them by quantitative PCR (in equal sample volumes) to determine their time-dependent changes in expression in detail.
Some were significantly more highly expressed in colostrum whey than in mature milk whey, but some were expressed
equally. And mRNA expression levels of some cytokines and hormones did not reflect the protein levels. It is still unknown
whether RNAs in milk play biological roles in neonates. However, our data will help guide future in vivo studies using
experimental animals such as rats.
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Introduction

Milk, the only nutritional source for newborn mammals, it
contains many biologically active components, such as cytokines,
growth factors, and hormones, which can modulate neonatal
development [1-3]. In addition to these components, our group
[4-6] and other groups [7-13] recently reported that human,
bovine, and sow milks contain microRNAs (miRNAs), notably
immune-related miRNAs. Moreover, we detected some milk
protein-related and milk-derived exosome-related protein-encod-
ing mRNAs in bovine milk using quantitative PCR (qPCR) [4].
Some of these reports also found that RNAs in milk are resistant to
acidic conditions and to RNase [4,6]. This suggests that RNAs in
milk might be packaged into exosomes and/or microvesicles and
may be able to function in the gastrointestinal tracts of neonates.
However, it remains unclear whether RNAs in milk can function
in living bodies. To clarify the roles of milk RNAs, further studies
using experimental animals such as mice and rats are needed, but
it is unclear whether rodent milk also contains these functional
RNAs. According to previous studies [6,12], the miRNA profiles
of mature human breast milk differ between individuals, rather
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than according to milk collection time during the lactation period.
These individual specificities might be due to genetic background/
race and lifestyle/diet. Even in cows, which show less diversity
than do humans, miRNA profiles are different between colostrum
and mature milk [4,7]. These differences suggest that each
miRNA’s role in neonates could be different at the postpartum
stage. In experimental animal studies, it could be possible to
minimize individual specificities and to investigate in detail using
the same strain, diet, and precisely term-determined milk.

Milk consists of cells, fat, casein and whey. Several studies have
reported that cells [14], the fat fraction [10,11,15], and whey [4—
9,12,13] contain RNA. In this study, we focused on whey and
examined exploratory. Whey contains many biological factors
such as cytokines, hormones, immunoglobulins, exosomes and
microvesicles, but there have been no comprehensive report of the
milk whey mRNAs of any species, although mRNAs in human
milk fat globules and bovine milk somatic cells have been
investigated using microarray [10] and next-generation sequenc-
ing [14], respectively. We found that rat milk whey also contains
functional RNAs and clarified the time-dependent expression

February 2014 | Volume 9 | Issue 2 | e88843


http://creativecommons.org/licenses/by/4.0/

changes in these functional RNAs during lactation. This paper
provides basic information that will guide future studies of the roles
of RNAs in milk whey.

Materials and Methods

Rats

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Morinaga Milk Industry Co.,
Ltd. and were performed in accordance with the Guide for the
Care and Use of Laboratory Animals of Morinaga Milk Industry
Co., Ltd.; with the Law Concerning the Protection and Control of
Animals (Law No. 105; October 1, 1973; revised on June 22,
2005; revised Law No. 68); and with Standards Relating to the
Care and Management of Laboratory Animals and Relief of Pain
(Notification No. 88 of the Ministry of the Environment, Japan;
April 28, 2006). Pregnant F344/N rats (14 days pregnant, 14
weeks old) were obtained from Japan SLC Inc. (Shizuoka, Japan).
They were housed individually in cages under temperature
controlled conditions (23+2°C) with a 12/12-h light-dark cycle,
and were allowed free access to a commercial diet MRSTOCK,
Nosan Corporation, Kanagawa, Japan) and tap water.

Milk and serum sample preparation

Milk was sampled on days 2, 9, and 16 postpartum according to
the method of Keen [16] with slight modifications. Briefly, dams
were separated from their litters for 3—4 h before milking and were
milked for 30 min between 13:00 and 15:00. Oxytocin (1 L.U.,
Sigma-Aldrich, St. Louis, MO) was injected intraperitoneally
15 min before milking. The dams were lightly anesthetized with
sevoflurane (Mylan Inc., Canonsburg, PA) and were milked by
gentle hand stripping. Collected milk samples were immediately
incubated at 4°C and were centrifuged (1,200 xg, 4°C, 10 min) to
remove fat, cells, and large debris. Defatted and cell eliminated
supernatants were centrifuged (21,500 xg, 4°C; 30 min twice, and
1 h) to remove residual fat and casein, yielding a clear supernatant
(whey). Blood samples were obtained at day (d) 21 postpartum (the
weaning period in rats) for analyzing serum RNA as representative
body fluid RNA. Dams were sacrificed by deep anesthesia with
sevoflurane and blood was collected from the inferior vena cava.
Blood samples were centrifuged (1,200 xg, 25°C, 10 min) to obtain
serum. Whey and serum samples were passed through 0.65-um,
0.45-um, and 0.22-um filters to remove residual cell debris and
kept at —80°C until analysis.

Total RNA extraction

Total RNA was extracted from whey and serum samples and
purified using an miRNeasy Mini Kit (Qiagen, Hilden, Germany)
as described previously [4-6]. Briefly, whey and serum samples
were diluted in five volumes of QIAzol Lysis Reagent, mixed
thoroughly by vortexing, and incubated for 5 min at room
temperature (RT, 25°C)) (denatured samples). Then chloroform
(an equal volume to the sample volume) was added to the
homogenates, which were mixed thoroughly by vortexing and
incubated for 3 min at RT. The homogenates were centrifuged
(12,000 xg, 4°C, 15 min). The resulting aqueous phase was mixed
thoroughly with 1.5 volumes of 100% molecular biology-grade
ethanol and passed through an miRNeasy column. The column
was washed according to the manufacture’s protocol, and RNA
was eluted in nuclease free water. The quantity and integrity of the
RNA were assessed using an RNA 6000 Pico Kit, and the
miRNA/small RNA ratio (default settings: miRNA, 1040 nt;
small RNA, 0-270 nt) was examined on an Agilent 2100
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Bioanalyzer using a Small RNA Kit (all from Agilent Technol-
ogies, Santa Clara, CA).

miRNA microarray experiments

To detect the expression of miRNAs in rat whey and serum,
70 ng of total RNA were labeled with cyanine 3 and hybridized to
Rat miRNA Microarray Rel. 14.0 arrays using an miRNA
Complete Labeling Reagent and Hyb Kit (Agilent Technologies).
The Rat miRNA Microarray Rel. 14.0 screens for the expression
of 388 rat mature miRNAs from Sanger miRBase Rel.14.0 (www.
mirbase.org). Signals were detected with an Agilent DNA
Microarray Scanner, and the scanned images were analyzed
using Feature Extraction Software (ver. 9.5.3.1).

MRNA microarray experiments

Complementary RNA was generated from 100 ng total RNA
(in the case of serum, 100 ng total RNA was obtained by mixing
three samples) and labeled with cyanine 3 using a Low RNA Input
Linear Amplification Kit (Agilent Technologies). Labeled cRNA
was hybridized to Whole Rat Genome Oligo Microarrays
(4x44K) using a Gene Expression Hybridization Kit (Agilent
Technologies). The Whole Rat Genome Oligo Microarray
(4x44K) contains 41,090 probes (not including control probes).
Signals were detected with an Agilent DNA Microarray Scanner,
and the scanned images were analyzed using Feature Extraction
Software (ver. 9.5.3.1).

Microarray data analysis

Raw data from Feature Extraction Software were exported to
GeneSpring GX ver. 11.5.1 (Agilent Technologies). Quantile
normalization was used to normalize data. Entities were consid-
ered present if at least one of three samples per group was judged
to be “present”. Furthermore, in the case of mRNA microarray
data, transcripts with raw signals >20 were considered to be
present. Target mRNAs of specific miRNAs were predicted using
the Web-based prediction tool TargetScan [17] (www.targetscan.
org) and the biological roles of miRNA targets and mRNA
transcripts were analyzed by Ingenuity Pathway Analysis (IPA)
(Ingenuity Systems, Redwood City, CA). All microarray data were
deposited in the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO) and are accessible
through GEO Series accession number GSE44114 (www.nchi.
nlm.nih.gov/geo).

Quantification of miRNA by qPCR

Complementary DNA was generated using an miScript Reverse
Transcription Kit (Qiagen). Briefly, total RNA from 5 pL whey or
serum was polyadenylated using poly (A) polymerase and cDNA
was generated with reverse transcriptase using tagged oligo-dT
primers. Then the cDNA was diluted in nine volumes of nuclease-
free water and subjected to qPCR on a 7500 Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA) using an miScript
SYBR Green PCR Kit and an miScript Primer Assay (both from
Qiagen). The following real-time PCR protocol was used: initial
activation of HotStartTaq DNA Polymerase (95°C, 15 min); 40 to
50 cycles of denaturation (94°C, 15 s), annealing (55°C, 30 s), and
extension (70°C, 34 s); and melting curve analysis. The miScript
Primer Assays we used for the target mature miRNAs are listed in
Table S1. The data were analyzed using 7500 Software version
2.0.4. (Applied Biosystems) with the fixed cycle threshold (Ct)
setting (ARn = 0.02, where ARn is the fluorescence of the reporter
dye minus the baseline) to assign baseline values and the threshold
for Ct determination.
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Figure 1. Bioanalyzer analysis of RNAs in rat whey and serum. (A, B) Day 2 whey; (C, D) Day 9 whey; (E, F) Day 16 whey; (G, H) Serum; (A, C, E,
G) Analysis using the RNA 6000 Pico Kit; (B, D, F, H) Analysis using the Small RNA Kit. Whey RNA concentrations were very high (especially in day 2
whey), so diluted RNA results are shown in this figure. FU = fluorescence units.

doi:10.1371/journal.pone.0088843.g001

Quantification of mMRNA by gPCR

Complementary DNA for the quantification of mRNA was
generated using a High Capacity RNA-to-cDNA Kit (Applied
Biosystems). Briefly, total RNA from 5 pL whey or serum was used
to generate cDNA with reverse transcriptase and a primer cocktail
(oligo-dT and random primers). The ¢cDNA was diluted in nine
volumes of nuclease free water and then subjected to gPCR on a
7500 Fast Real-Time PCR System using TagMan Fast Advanced
Master Mix and TagMan probes (both from Applied Biosystems).
The following real-time PCR protocol was used: uracil-N-
glycosylase incubation (50°C, 2 min); polymerase activation
(95°C, 20 s); and 40 to 50 cycles of denaturation (95°C, 3 s) and
annealing and extension (60°C,, 30 s). The TagMan probes used
for the target mRNAs are listed in Table S2. The data were
analyzed using 7500 Software ver. 2.0.4. (Applied Biosystems) with
the fixed Ct setting (ARn =0.2) to assign baseline values and the
threshold for Ct determination.

ELISA assays

Whey and serum transforming growth factor (TGF)-Bs exist as
latent forms. Therefore, samples needed to be activated by acid.
Serum samples were activated with 1 N HCI (1/4 volume of
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serum) for 30 min at RT and were neutralized with 0.5 M
HEPES/1.2 N NaOH (1/5 volume of serum) according to the
manufacturer’s protocol. Whey samples were activated as
described previously [18]. Briefly, whey was activated with 1.2 N
HCI (1710 volume of whey) for 30 min at RT and then
neutralized with 0.5 M HEPES/0.72 M NaOH (1/4 volume of
whey). Whey and serum TGF-Bs concentrations were determined
by ELISAs (TGF-B;, MB100; TGF-B,, DB250; R&D Systems,
Abingdon, UK). IGF-I and adiponectin concentrations in whey
and serum samples were measured using ELISA kits (IGF-I:
MG100, R&D Systems) (adiponectin: KRP0041,
Carlsbad, CA).

Invitrogen,

Multiplex assays

Concentrations of VEGF-o, CCLS5 (also known as regulated on
activation, normal T’ cell expressed and secreted, RANTES) and
CXCLI (also known as Gro/KC) in whey and serum samples
were measured using a Milliplex Rat Cytokine/Chemokine Panel
RCYTO-80K, Millipore, Billerica, MA). Insulin concentrations in
whey and serum samples were measured using a Milliplex Rat
Bone Panel 1 (RBNI1-31K, Millipore). These panels were
processed using a Bio-Plex Protein Array System and the data
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Figure 2. RNA concentration and miRNA/small RNA ratio of
RNA samples purified from rat whey and serum. (A) RNA
concentrations in rat milk whey and serum. (B) miRNA/small RNA ratio;
Values are the mean * SEM (n=3). Means without letters in common
differ (P<<0.05, Tukey-Kramer HSD test).
doi:10.1371/journal.pone.0088843.9g002

were analyzed with Bio-Plex Manager 6.0 software (both from
Bio-Rad Laboratories, Hercules, CA).

Statistical analyses

Values are expressed as the mean = SEM. The significance of
differences was determined using the Tukey-Kramer honestly
significant difference (HSD) test for multiple comparisons (JMP
software; SAS institute Inc., Cary, NC). A P-value of less than 0.05
was considered to indicate a significant difference.

Results and Discussion

We extracted total RNA from rat milk whey and serum, and
analyzed it using a Bioanalyzer. There were no or very little
ribosomal RNA (18S and 28S), but small RNAs (<300 nt) were
present (Fig. 1). This result is in agreement with results for milk
whey from other species [4-6,8,19], and suggests that the RNA in
whey and serum i1s not derived from cells in milk and in blood,
respectively. There have been few studies on RNA concentrations
in milk. However, according to our previous studies, RNA
concentrations in human milk whey range from ~10 to several
hundred ng/mL [6] and the concentration in bovine milk whey is
several hundred ng/mL [4,5]. In this study, we detected RNA in
rat milk whey at concentrations in the range of several to tens of
thousands of ng/mL (Fig. 2A). Milk is the only nutritional source
for newborn mammals, and there are large differences in the
nutritional components of different mammalian milks, which are
adapted for the development of a specific type of offspring.
Generally, if the development time is short, the milk is nutrient-
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dense [20]. Rats grow more quickly than humans and cows. Thus,
the very high amount of RNA in rat milk whey compared to other
species suggests that whey RNA may have some physiological roles
in neonates. RNA concentrations were much higher in colostrum
whey than in mature milk whey and serum (Fig. 2A), in agreement
with results for bovine [4,9]. In general, colostrum contains large
amounts of immune-related components and is thus considered
very important to neonates [2,3]. This suggests that milk RNA
may also have important roles in neonatal immune development.
The miRNA/small RNA ratio was also higher in colostrum whey
than in mature milk whey, but serum had the highest ratio
(Fig. 2B). This shows that the RNA composition differs among
colostrum whey, mature milk whey, and serum. A scatter plot
analysis (Fig. 3A) of miRNA microarray data obtained using the
same amount of total RNA (70 ng) showed that there are large
differences between whey and serum, some differences between
colostrum whey and mature milk whey, and few differences
between mature milk whey in terms of miRNA expression
patterns. We detected 161 of the 388 known rat miRNAs in
whey. A total of 128 miRNAs were detected in colostrum (d 2)
whey, 144 miRNAs in d 9 whey, and 143 miRNAs in d 16 whey
(Fig. 3B-D). And 168 miRNAs were detected in serum (Fig. 3B,
D). A total of 141 miRNAs were common to both whey and serum
(Fig. 3D), but their signal intensities were quite different (Fig. 3B).
Many miRNAs have been identified, but the targets and roles of
very few of them have been experimentally confirmed. We used
the Web-based miRNA target prediction tool TargetScan [17] to
analyze the roles of the predicted targets by IPA. It was predicted
that 11,634 mRNAs could be affected by the 161 miRNAs
detected in whey. These predicted target mRNAs had roles such as
“cellular development”, “cellular growth and proliferation”, and
“tissue development” (Table 1).

We previously detected some mRNAs in bovine whey [4,5], and
another study also showed that mRNAs exist in human whey [19].
Moreover, transcriptomic analyses of milk fat globules [10] and
milk somatic cells [14] have been reported. However, there has
been no comprehensive study of whey mRNA. Thus, we also
performed mRNA microarray analysis of rat whey. To our
knowledge, this is the first report of a comprehensive analysis of
whey mRNAs. A scatter plot analysis (Iig. 4A) of mRNA
microarray data obtained using the same amount of total RNA
(100 ng; in the case of serum samples, total RNA was obtained by
mixing RNA from three samples) showed that there are large
differences between whey and serum, and few differences between
whey collected from different postpartum stages in terms of
mRNA expression patterns. The microarrays we used for mRNA
analysis can detect 41,090 transcripts. We detected 10,948
transcripts in whey. A total of 8,110 transcripts were detected in
d 2 whey, 10,503 in d 9 whey, and 8,966 in d 16 whey (Fig. 4B-D).
Only 2,361 transcripts were detected in serum (Fig. 4B, D). A total
of 2,200 transcripts were common to both whey and serum
(Fig. 4D), but their signal intensities were quite different (Fig. 4B).
The roles of the 10,948 transcripts detected in whey were analyzed
by IPA. The detected transcripts were suggested to have roles in
“RINA post-transcriptional modification”, “protein synthesis”, and
“infectious disease” (Table 2). Comparison of the predicted targets
of miRNAs and mRNA transcripts in whey revealed that some
roles are shared such as “cell cycle” and “cell death”, but others
are quite different from each other (Tables 1 and 2).

Milk is considered to carry out its roles in neonatal physiological
and immunological development. Thus, we selected immune- and
development-related miRNAs with experimentally confirmed roles
based on the annotation of the Pathway Central database
(SABiosciences, Frederick, MD) and several previous studies
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shown in Table S3.
doi:10.1371/journal.pone.0088843.g003

Table 1. Functions of predicted targets of whey miRNAs.

Rank Category B-H P-value

1.61E-62 - 4.57E-13

Cellular Development

2 Cancer 1.12E-61 - 9.18E-13
3 Cell Cycle 1.28E-59 - 8.79E-13
4 Cellular Growth and Proliferation 1.26E-58 - 4.52E-13
5 Cell Death 1.34E-56 - 6.17E-13
6 Cellular Movement 1.45E-55 - 5.59E-13
7 Gene Expression 2.32E-49 - 6.23E-13
8 Tissue Development 7.7E-49 - 7.19E-13

9 Gastrointestinal Disease 3.24E-45 - 2.6E-13

10 Organismal Development 5.38E-45 - 7.19E-13

The predicted targets (from TargetScan) were examined by Ingenuity Pathway
Analysis. Ranks were determined by right-tailed Fisher's Exact Test and were
corrected by Benjamini-Hochberg Multiple Testing Correction.

B-H P-value = Benjamini-Hochberg P-value.
doi:10.1371/journal.pone.0088843.t001
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[21-36], and created heat maps to visualize these miRNAs
(regardless of whether or not they were detected) (Fig. 5A, both
immune- and development-related roles; Fig. 5B, immune-related
roles; Fig. 5C, development-related roles; Fig. 5D, tissue-specific
miRNAs) (tissue-specific miRNAs are referred to in the following
references: [6,7,13,32,37,38]). Moreover, we further selected
relatively well-studied miRNAs from heat maps and analyzed
them by qPCR in the same volume of sample (Fig. 6A, both
immune- and development-related miRNAs; Fig. 6B and C,
immune-related miRNAs; Fig. 6D, metabolism-related and tissue-
specific miRNAs). Many immune- and development-related
miRNAs were detected and showed various expression levels;
however, not all of them were detected; indeed, and most tissue-
specific miRNAs were not detected (Fig. 5). Tissue-specific
miRNAs (miR-451 and miR-122) were only detected in whey at
very low levels by qPCR (Fig. 6D). These results are in accordance
with those of milk from other species, such as humans [6,13], cows
[4,7], and pigs [8], and suggest that milk whey miRNAs may have
specific immune and development roles in neonates. Comparison
of whey and serum qPCR analyses using the same volumes of
samples showed that only miR-192, miR-150, and miR-223 (apart
from the tissue-specific miRNAs miR-451 and miR-122) were
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Table 2. Functions of transcripts detected in whey.

Rank Category B-H P-value

1.3E-31 - 3.49E-01

RNA Post-Transcriptional Modification

2 Protein Synthesis 8.01E-22 - 3.47E-01
3 Infectious Disease 8.01E-22 - 3.47E-01
4 Cell Death 7.85E-18 - 3.49E-01
5 Molecular Transport 4.79E-17 - 2.97E-01
6 Protein Trafficking 4.79E-17 - 2.97E-01
7 Cell Cycle 3.43E-16 - 3.49E-01
8 DNA Replication, Recombination, and Repair 2.18E-15 - 3.49E-01
9 Post- Translational Modification 4.38E-14 - 3.49E-01
10 Organismal Injury and Abnormalities 2.02E-13 - 3.14E-01

Transcripts detected by microarray analysis were examined by Ingenuity
Pathway Analysis. Ranks were determined by the right-tailed Fisher's Exact Test
and were corrected by Benjamini-Hochberg Multiple Testing Correction.

B-H P-value = Benjamini-Hochberg P-value.
doi:10.1371/journal.pone.0088843.t002
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detected at higher levels in serum than in whey. Our previous
human milk whey study also showed that miR-150 and miR-223
were present at higher levels in serum than in whey [6].
Comparison of whey qPCR analyses using the same volumes of
samples showed that levels of some miRNAs, such as let-7c, miR-
29a, miR-29¢, miR-192, miR-21, miR-146a, miR-150, miR-223,
and miR-320, did not change during the lactation period (Fig. 6).
On the other hand, other miRNAs such as, let-7i, miR-143, miR-
148b-3p, miR-15b, miR-17-5p, miR-24, miR-27b, miR-92a, miR-
106b, miR-125b-5p, miR-181a, miR-181c, miR-181d, miR-200c,
miR-375, miR-107, miR-141, and miR-370, were present at
higher levels in colostrum whey than in mature milk whey (Fig. 6).
The results for miR-15b, miR-27b, and miR-106b are in
accordance with those for bovine [4]. On the other hand, the
levels of expression in colostrum whey and mature milk whey of
miR-29b, and miR-223 are different from those of bovines [4].
That is to say, in comparison between colostrum and mature milk
whey by qPCR in bovine, there was no significantly difference in
miR-29b between colostrum and mature milk, and miR-223 was
significantly higher in colostrum whey than in mature milk whey.
However, in rat, miR-29b was significantly higher in d 9 milk
whey than in d 2 colostrum whey, and there was no difference in
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miR-223 in colostrum whey and in mature milk whey. These
results suggest that roles of whey miRNAs are common to several
species while others are species-dependent. Among miRNAs that
were present at higher levels in colostrum whey, let-7i, miR-148b-
3p, miR-27b, and miR-125b-3p affect the function of antigen-
presenting cells, and miR-15b, miR-24, miR-92a, miR-181a,
miR-181c, and miR-181d affect T cell development and function

PLOS ONE | www.plosone.org

[29,30,35]. Human [39] and bovine [40] colostrum has been
reported to show anti-inflammatory effects. The mechanisms
underlying these effects could be related to miRNAs detected at
higher levels in colostrum whey. Because, for example, let-7i and
miR-146b has been reported to down regulate TLRs [30,35], and
miR-125b has been reported to suppress TNF-o [30]. In the
context of development, higher detected levels of miRNA in
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colostrum whey are interesting because miR-143, miR-148b-3p,
and miR-141 are known to regulate intestinal function [41,42] and
miR-107 and miR-370 are known to modulate carbohydrate and
lipid metabolism [27,33].

According to our previous study [4], mRNAs in milk whey were
thought to originate from milk-derived exosomes. Exosomes are
small (10-100 nm diameter) membrane vesicles present in many
body fluids [43], including milk whey [6,8,9,13,39,43]. And a
previous report showed that exosomes contain not only miRNA,
but also mRNA [44]. In addition to being nutritious, milk may act
as an immune enhancer and may have anti-microbial properties
[2,3]. Thus, we selected mainly immune-, development- and
exosome-related transcripts (i.e., milk protein, milk-derived
exosome-related [39], hormone and growth factor, chemokine,
cytokine, IgA induction-related [45-47], pattern recognition
receptor-related, and miRNA processing-related transcripts [48—

PLOS ONE | www.plosone.org

50]) from our mRNA microarray data (limited to detected
transcripts) and created heat maps. These are shown in Figure 7
(Fig. 7A, milk protein; Fig. 7B, milk-derived exosome-related;
Fig. 7C, hormone and growth factor; Fig. 7D, chemokine; Fig. 7E,
cytokine; Fig. 7F, IgA induction-related; Fig. 7G, pattern
recognition receptor-related; Fig. 7H, miRNA processing-related).
Moreover, we selected some mRNAs from the heat maps and
analyzed them by qPCR in the same volumes of samples (Fig. 8).
Milk protein and milk-derived exosome-related transcripts were
relatively abundant (Fig. 7). In other categories, Sdcbp and BZ2m
were detected at relatively high levels. These transcripts encode
proteins that have been detected in milk-derived exosomes [39].
Thus, these transcripts can be also categorized as milk-derived
exosome-related transcripts. These results strongly suggest that
transcripts detected in whey may be derived from milk-derived
exosomes. Comparison of whey and serum qPCR analyses using
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the same volumes of samples showed that almost all selected milk
protein-related mRNAs and milk-derived exosome-related
mRNAs were present at significantly higher levels in whey than
in serum except for Muc 1 and Cd63 (Muc 1 was detected at the
same level as in d 16 whey, and (d63 was detected at the same
level as in d 9 whey). However, some growth factor- and
chemokine-related mRNAs such as Tgfb1, Tgfh2, Cel, and Cxcll
mRNAs, were detected at similar levels in whey and serum.
Comparison of whey qPCR analyses using the same volumes of
samples, levels of some mRNAs, such as Csnlsl, Csn2, Wap, Lpo,
Cd63, Mif, Pigr, Sdcbp, Tgfbl, Tgfd2, Vegfa, Cecld, Cxcll, 1135, and
Tnfsf13, did not change during the lactation period (Fig. 8). In
contrast, other mRNAs such as Csnls2a, Csn3, Lalba, Tf, Mfge8,

PLOS ONE | www.plosone.org

10

Mucl, Cd81, Fasn, Lpl, and Tgfb3, were detected at significantly
higher levels in colostrum whey than in mature milk whey (Fig. 8).
Among these transcripts, 7f and Csnls2b showed different
expression patterns compared to other transcripts. Whey Tflevels
decreased from d 2 to d 9, and increased from d 9 to d 16. This
result is in accordance with a previous report of transferrin protein
in rat milk and mRNA in the rat mammary gland [51]. Csnls2b
was the only transcript detected at significantly higher levels in d
16 whey than in colostrum whey. Although Csnisi, Csnls2a,
Csnls2b, Csn2, and Csn3 are casein transcripts that encode different
types of casein proteins, these transcripts showed differential
expression patterns during lactation. Previous reports have shown
that casein mRINAs are expressed in monocytes, monocytic cell
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lines, T cell, and cytotoxic T-cell lines, and have suggested that
they may have immunomodulatory functions [52,53]. Each casein
gene showed a different expression pattern during lactation, which
suggests that whey mRNAs may have some physiological roles in
neonates and that their roles may differ according to lactation
stage.

We detected 10,948 transcripts in rat milk whey. Maningat et al.
[10] detected 14,070 transcripts in human milk fat globules. They
listed milk protein genes (GSN1SI, CGSN2, CSN3, LALBA, XDH,
MFGES, MUCI), milk-derived exosome-related protein genes
(FASN, CD81, and CD36), and other genes (e.g., TPTI, SPPI,
CEL, GNB2LI, TMSB4X, and so forth) among the most highly
expressed genes in human milk fat globules. Among them, high
expression of milk protein and milk-derived exosome-related
transcripts are in accordance with our results, but the expression
levels of other transcripts, such as 7PT1, SPPI, CEL, GNB2LI1, and
TMSB4X, are not. These transcripts were absent or present at very
low levels in our study. Wickramasinghe et al. [14] detected 19,094

PLOS ONE | www.plosone.org
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transcripts in bovine milk somatic cells by next-generation
sequencing. They listed milk protein genes (CSN1SI, CSNIS2,
CSN2, CSN3, LALBA, and LGB) and other genes (e.g. GLYCAM]I
and SPPI) among those highly expressed in bovine milk somatic
cells; however, they identified only the APOE gene among milk
exosome-related protein genes. Some roles of mRNAs may be
common to milk whey, milk fat globules, and milk cells, while
others may be different or roles of milk mRINA might be different
between species.

Many growth factors, hormones, and chemokines are present in
milk [1-3]. Hence, we also measured the concentrations of these
in whey and serum and compared them to the corresponding
mRNA results. TGF-B;, IGF-I, adiponectin, and CCL5 concen-
trations were significantly higher in serum than in whey (Fig. 9A,
C, D, G). In contrast, TGF-B, and VEGF-a concentrations were
significantly higher in whey than in serum (Fig. 9B, F). Comparing
different whey samples, the TGF-B, concentration was higher in
colostrum whey than in mature milk whey (d 9 and d 16), while
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that of VEGF-a was higher in colostrum whey than in d 9 mature
milk whey (Fig. 9B, F). These results show that levels of protein
factors in whey are quite different from those in serum, and suggest
that neonatal requirements for these proteins could differ
according to developmental stage. The mRNA results (Fig. 8C)
did not reflect these protein results. Interestingly, although some
hormones were not detected or were detected at very low levels at
the mRNA level, their protein levels were relatively high. Although
adiponectin and insulin were considered “not detected” by the
microarray (raw signal<20) and qPCR analyses, and IGF-I was
detected at low levels using microarray (Fig. 7C), adiponectin
protein was present at pg/mL levels and insulin and IGF-I at ng/
mL levels in whey and serum (Fig. 9C-E). These biological factors
have also been detected in whey from other species and have been
reported to show biological activities in the neonatal intestine
[1,54,55]. Our findings that mRNA expression level does not
correlate with protein level in whey and serum shows that mRNAs
in whey and serum are not only debris remaining after translation.

Recently, Wang et al. reported that food-derived and microbi-
ota-derived miRNAs are present in human blood [56], and Gu
et al. reported that the blood of piglets fed colostrum only contains
higher levels of miRNAs present at high levels in colostrum than
the blood of piglets fed mature milk only [8]. We previously
reported that miRNA in milk and milk protein mRNA in milk are
resistant to acidic conditions and to RNase [4]. According to these
results, miRNAs and mRNAs in milk could function in the
neonatal gastrointestinal tract. Many biological factors in milk
have been described [1-3] and we confirmed the presence of some
of them in this study. These biological factors have been reported
to exert biological effects on the neonatal intestine [1,54,55]. For
example, adiponectin may regulate some miRNAs  vivo [57].
Biological factors such as proteins, miRNAs, and mRNAs could be
affected by each other.

In conclusion, we demonstrated that miRNAs are present in rat
milk whey, as they are in milk whey in other mammalian species
such as humans, cows, and pigs, and that mRINA are also present
in rat milk whey. We also showed that the concentration of RNA
in colostrum whey is much higher than that in mature milk whey.
Moreover, our microarray and qPCR results showed that the
expression levels of RNA in whey change during lactation. We
further showed that mRNA expression levels in milk do not
correlate with protein levels in whey. Over the past few years,
circulating RNAs have received much attention. However, most
studies of circulating RNAs have focused on their function as
diagnostic biomarkers, rather than as biological factors [58]. In
this study, we did not show that RNAs in whey could function in

References

1. Burrin DG, Stoll B (2002) Key nutrients and growth factors for the neonatal
gastrointestinal tract. Clin Perinatol 29: 65-96.

2. Goldman AS (2007) The immune system in human milk and the developing
infant. Breastfeed Med 2: 195-204.

3. Newburg DS, Walker WA (2007) Protection of the neonate by the innate
immune system of developing gut and of human milk. Pediatr Res 61: 2-8.

4. Izumi H, Kosaka N, Shimizu T, Sekine K, Ochiya T, et al. (2012) Bovine milk
contains microRNA and messenger RNA that are stable under degradative
conditions. J Dairy Sci 95: 4831-4841.

5. Izumi H, Kosaka N, Shimizu T, Sekine K, Ochiya T, et al. (2013) Purification of
RNA from milk whey. Methods Mol Biol 1024: 191-201.

6. Kosaka N, Izumi H, Sekine K, Ochiya T (2010) microRNA as a new immune-
regulatory agent in breast milk. Silence 1:7.

7. Chen X, Gao C, Li H, Huang L, Sun Q, et al. (2010) Identification and
characterization of microRNAs in raw milk during different periods of lactation,
commercial fluid, and powdered milk products. Cell Res 20: 1128-1137.

8. Gu Y, Li M, Wang T, Liang Y, Zhong Z, et al. (2012) Lactation-related
microRNA expression profiles of porcine breast milk exosomes. PLoS One 7:
e43691.

PLOS ONE | www.plosone.org

12

Functional RNAs in Rat Milk Whey

vivo. Therefore, further studies are clearly needed. However,
before investigating the roles of milk RNAs, it is important to know
the contents of functional RNAs. There have been reports that
functional RNAs, especially circulating miRNAs, exist in different
forms, for example packaged in exosomes [19,43,58], microves-
icles [58], and HDL [59], and as complexes with RNA-binding
proteins [60], and that RNAs can be transferred into cells.
Moreover, there have been reported that milk fat fraction also
contains RNA [10,11], and pre-miRNA (60-80 nt) might be
contained in milk whey according to our result (Fig. 1). How many
forms of milk whey RNAs exist? What are the proportions of those
forms in the distribution of RNA? Additionally, Munch et al. [11]
very recently reported that levels of several miRNAs in the human
milk lipid fraction were altered by the maternal diet. Our previous
studies [6] showed clear individual specificities in human breast
milk whey miRNA expression patterns. Which factors affect RNA
expression patterns in milk? Many aspects of milk RNAs remain to
be resolved. However, our results will aid future i viwo studies of
milk RNAs using experimental animals such as rats.

Supporting Information

Table S1 Primers used for miRNA assays.
(DOC)

Table S2 TaqMan probes used for mRNA assays.
(DOC)

Table S3 Expressed miRNA species and their signal
intensities.

(XLS)
Table S4 Expressed mRNA transcripts and their signal

intensities.

(XLS)

Table S5 miRNA signal intensities in heat maps.
(XLS)

Table 6 mRNA transcript signal intensities in heat
maps.

(XLS)

Author Contributions

Conceived and designed the experiments: HI NK TS KS TO MT.
Performed the experiments: HI. Analyzed the data: HI. Wrote the paper:
HI NK TS KS TO MT.

9. Hata T, Murakami K, Nakatani H, Yamamoto Y, Matsuda T, et al. (2010)
Isolation of bovine milk-derived microvesicles carrying mRNAs and micro-
RNAs. Biochem Biophys Res Commun 396: 528-533.

. Maningat PD, Sen P, Rijnkels M, Sunchag AL, Hadsell DL, et al. (2009) Gene
expression in the human mammary epithelium during lactation: the milk fat
globule transcriptome. Physiol Genomics 37: 12-22.

. Munch EM, Harris RA, Mohammad M, Benham AL, Pejerrey SM, et al. (2013)
Transcriptome profiling of microRNA by next-gen deep sequencing reveals
known and novel miRNA species in the lipid fraction of human breast milk.
PLo0S One 8: ¢50564.

. Weber JA, Baxter DH, Zhang S, Huang DY, Huang KH, et al. (2010) The
microRNA spectrum in 12 body fluids. Clin Chem 56: 1733-1741.

. Zhou Q, Li M, Wang X, Li Q, Wang T, et al. (2012) Immune-related
microRNAs are abundant in breast milk exosomes. Int J Biol Sci 8: 118-123.

. Wickramasinghe S, Rincon G, Islas-Trejo A, Medrano JF (2012) Transcriptional
profiling of bovine milk using RNA sequencing. BMC Genomics 13: 45.

15. Brenaut P, Bangera R, Bevilacqua C, Rebours E, Cebo C, et al. (2012)
Validation of RNA isolated from milk fat globules to profile mammary epithelial
cell expression during lactation and transcriptional response to a bacterial
infection. J Dairy Sci 95: 6130-6144.

February 2014 | Volume 9 | Issue 2 | e88843



20.

21.

36.

37.

38.

. Keen CL, Lonnerdal B, Clegg M, Hurley LS (1981) Developmental changes in

composition of rat milk: trace elements, minerals, protein, carbohydrate and fat.

J Nutr 111: 226-230.

. Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB (2003) Prediction

of mammalian microRNA targets. Cell 115: 787-798.

. Béttcher MF, Jenmalm MC, Bjorkstén B (2003) Cytokine, chemokine and

secretory IgA levels in human milk in relation to atopic disease and IgA
production in infants. Pediatr Allergy Immunol 14: 35-41.

. Lasser C, Alikhani VS, Ekstrom K, Eldh M, Paredes PT, et al. (2011) Human

saliva, plasma and breast milk exosomes contain RNA: uptake by macrophages.
J Transl Med 9: 9.

Jensen RG (1995) Handbook of milk composition: Introduction. San Diego:
Academic Press. 1 p.

Allantaz F, Cheng DT, Bergauer T, Ravindran P, Rossier MF, et al. (2012)
Expression profiling of human immune cell subsets identifies miRNA-mRNA
regulatory relationships correlated with cell type specific expression. PLoS One

7: €29979.

. Biton M, Levin A, Slyper M, Alkalay I, Horwitz E, et al. (2011) Epithelial

microRNAs regulate gut mucosal immunity via epithelium-T cell crosstalk. Nat
Immunol 12: 239-246.

. Frost RJA, Olson EN (2011) Control of glucose homeostasis and insulin

sensitivity by the Let-7 family of microRNAs. Proc Natl Acad Sci USA 108:
21075-21080.

. Haas JD, Nistala K, Petermann F, Saran N, Chennupati V, et al. (2011)

Expression of miRNAs miR-133b and miR-206 in the Il17a/f locus is co-
regulated with IL-17 production in aff and y8 T cells. PLoS One 6: €20171.

. Hennessy E, Clynes M, Jeppesen PB, O’Driscoll L (2010) Identification of

microRNAs with a role in glucose stimulated insulin secretion by expression
profiling of MING cells. Biochem Biophys Res Commun 396: 457-462.

. Ma F, Xu S, Liu X, Zhang Q, Xu X, et al. (2011) The microRNA miR-29

controls innate and adaptive immune responses to intracellular bacterial
infection by targeting interferon-y. Nat Immunol 12: 861-869.

. Moore KJ, Rayner KJ, Suarez Y, Fernandez-Hernado C (2010) microRNAs and

cholesterol metabolism. Trends Endocrinol Metab 21: 699-706.

. Niu Y, Mo D, Qin L, Wang C, Li A, et al. (2011) Lipopolysaccharide-induced

miR-1224 negatively regulates tumor necrosis factor-o. gene expression by
modulating Spl. Immunology 133: 8-20.

. O’Connell RM, Rao DS, Chaudhuri AA, Baltimore D (2010) Physiological and

pathological roles for microRNAs in the immune system. Nat Rev Immunol 10:
111-122.

. O’Neill LA, Sheedy IJ, McCoy CE (2011) MicroRNAs: the fine-tuners of Toll-

like receptor signaling. Nat Rev Immunol 11: 163-175.

. Ramirez CM, Davalos A, Goedeke L, SalernoAG, Warrier N, et al. (2011)

MicroRNA-758 regulates cholesterol efflux through posttranscriptional repres-
sion of ATP-binding cassette transporter Al. Arterioscler Thromb Vasc Biol 31:
2707-2714.

Sato F, Tsuchiya S, Meltzer SJ, Shimizu K (2011) MicroRNAs and epigenetics.
FEBS J 278: 1598-1609.

. Trajkovski M, Hausser J, Soutschek J, Bhat B, Akin A, et al. (2011) MicroRNAs

103 and 107 regulate insulin sensitivity. Nature 474: 649-653.

. Tserel L, Runnel T, Kisand K, Pihlap M, Bakhoff L, et al. (2011) MicroRNA

expression profiles of human blood monocyte-derived dendritic cells and
macrophages reveal miR-511 as putative positive regulator of Toll-like receptor

4. ] Biol Chem 286: 26487-26495.

. Turner ML, Schnorfeil FM, Brocker T (2011) MicroRNAs regulate dendritic

cell differentiation and function. J Immunol 187: 3911-3917.

Warg LA, Oakes JL, Burton R, Neidermyer AJ, Rutledge HR, et al. (2012) The
role of the E2F1 transcription factor in the innate immune response to systemic
LPS. Am J Physiol Lung Cell Mol Physiol 303: L391-400.

Khudayberdiev S, Fiore R, Schratt G (2009) MicroRNA as modulators of
neuronal responses. Commun Ingegr Biol 2: 411-413.

Zhao X, He X, Han X, Yu Y, Ye F, et al. (2010) MicroRNA-mediated control of
oligodendrocyte differentiation. Neuron 65: 612-626.

PLOS ONE | www.plosone.org

13

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

58.

60.

Functional RNAs in Rat Milk Whey

. Admyre C, Johansson SM, Qazi KR, Filén JJ, Lahesmaa R, et al. (2007)

Exosomes with immune modulatory features are present in human breast milk.
J Immunol 179: 1969-1978.

An MJ, Cheon JH, Kim SW, Park JJ, Moon CM, et al. (2009) Bovine colostrum
inhibits nuclear factor kappaB-mediated proinflammatory cytokine expression in
intestinal epithelial cells. Nutr Res 29: 275-280.

Hino K, Tsuchiya K, Fukao T, Kiga K, Okamoto R, et al. (2008) Inducible
expression of microRNA-194 is regulated by HNF-lalpha during intestinal
epithelial cell differentiation. RNA 14: 1433-1442.

Papetti M, Augenlicht LH (2011) Mybl2, downregulated during colon epithelial
cell maturation, is suppressed by miR-365. Am ] Physiol Gastrointest Liver
Physiol 301: G508-G518.

Simpson R]J, Lim JW, Moritz RL, Mathivanan S (2009) Exosomes: proteomic
insights and diagnostic potential. Expert Rev Proteomics 6: 267-283.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, et al. (2007) Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic
exchange between cells. Nat Cell Biol 9: 654-659.

. Litinskiy MB, Nardelli B, Hilbert DM, He B, Schaffer A, et al. (2002) DCs

induce CD40-independent immunoglobulin class switching through BLyS and
APRIL. Nat Med 3: 822-829.

Sira MM, Yoshida T, Takeuchi M, Kashiwayama Y, Futatani T, et al. (2009) A
novel immunoregulatory protein in human colostrum, syntenin-1, for promoting
the development of IgA-producing cells from cord blood B cells. Int Immunol
21: 1013-1023.

Watanabe K, Sugai M, Nambu Y, Osato M, Hayashi T, et al. (2010)
Requirement for RUNX proteins in IgA class switching acting downstream of
TGF-betal and retinoic acid signaling. J Immunol 184: 2785-2792.

Flynt AS, Greimann JC, Chung W], Lima CD, Lai EC (2010) MicroRNA
biogenesis via splicing and exosome-mediated trimming in Drosophila. Mol Cell
38: 900-907.

Kim VN, Han J, Siomi MC (2009) Biogenesis of small RNAs in animals. Nat
Rev Mol Cell Biol 10: 126-139.

Melo SA, Esteller M (2011) A precursor microRNA in a cancer cell nucleus: get
me out of here! Cell Cycle 10: 922-925.

Grigor MR, McDonald FJ, Latta N, Richardson CL, Tate WP (1990)
Transferrin-gene expression in the rat mammary gland. Independence of
maternal iron status. Biochem J 267: 815-819.

Grusby MJ, Mitchell SC, Nabavi N, Glimcher LH (1990) Casein expression in
cytotoxic T lymphocytes. Proc Natl Acad Sci USA 87: 6897-6901.
Vordenbiumen S, Braukmann A, Petermann K, Scharf A, Bleck E, et al. (2011)
Casein os] is expressed by human monocytes and upregulates the production of
GM-CSF via p38 MAPK. ] Immunol 186: 592-601.

Newburg DS, Woo JG, Morrow AL (2010) Characteristics and potential
functions of human milk adiponectin. J Pediatr 156: S41-S46.

Shulman RJ (1990) Oral insulin increases small intestinal mass and
disaccharidase activity in the newborn miniature pig. Pediatr Res 28: 171-175.

. Wang K, Li H, Yuan Y, Etheridge A, Zhou D, et al. (2012) The complex

exogenous RNA spectra in human plasma: an interface with human gut biota?
PLoS One 7: e51009.

Ge Q, Gérard J, Noél L, Scroyen I, Brichard SM (2012) MicroRNAs regulated
by adiponectin as novel targets for controlling adipose tissue inflammation.
Endocrinology 153: 5285-5296.

Kosaka N, Iguchi H, Ochiya T (2010) Circulating microRNA in body fluid: a
new potential biomarker for cancer diagnosis and prognosis. Cancer Sci 101:

2087-2092.

. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT (2011)

MicroRNAs are transported in plasma and delivered to recipient cells by high-
density lipoproteins. Nat Cell Biol 13: 423-433.

Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, et al. (2011)
Argonaute2 complexes carry a population of circulating microRNAs indepen-
dent of vesicles in human plasma. Proc Natl Acad Sci USA 108: 5003-5008.

February 2014 | Volume 9 | Issue 2 | e88843



