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Abstract

MicroRNAs (miRs, miRNAS) play central roles in gene regulation. Previously, we reported that
miRNAs from somatic cell content, and handling by consumers on the degradation of miRNAs in
milk; we also quantified miRNAs in dairy products. Pasteurization and homogenization caused a
63% loss of miR-200c, whereas a 67% loss observed for miR-29b was statistically significant only
in skim milk. Effects of cold storage and somatic cell content were quantitatively minor (<2%
loss). Heating in the microwave caused a 40% loss of miR-29b but no loss of miR-200c. The milk
fat content had no effect on miRNA stability during storage and microwave heating. The
concentrations of miRNAS in dairy products were considerably lower than in store-bought milk.
We conclude that processing of milk by dairies and handling by consumers causes a significant
loss of mMiIRNAs.
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INTRODUCTION

MicroRNAs (miRs, miRNAs) are small non-coding RNASs that play essential roles in the

regulation of genes at the posttranscriptional level in plants and animals.> Mature miRNAs
are about 22 nucleotides long and bind to complementary sequences in the 3’-untranslated
region of MRNASs. Perfect or near perfect base pairing of the miRNAs and its target mMRNAs
typically results in mRNA degradation, whereas less perfect base pairing typically results in
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inhibition of MRNA translation.?3 Traditionally, miRNAs have been considered
endogenous regulators of genes; i.e., mMiRNAs synthesized by a given host regulate the
expression of genes in that host. Recently, our laboratory refuted this paradigm. We
provided strong evidence that (1) humans absorb biologically meaningful amounts of
miRNAs from nutritionally relevant doses of cow's milk, (2) physiological concentrations of
milk miRNAs affect human gene expression in vivo and in cell cultures, and (3) endogenous
synthesis of miRNAs does not compensate for dietary miRNA deficiency in mice.# Our
discoveries were largely modeled on miR-29b and miR-200c but likely hold true for all
miRNAs encapsulated in milk exosomes.>8 To the best of our knowledge, our previous
paper is the first to provide unambiguous evidence that miRNAs can be transferred between
distinct species through dietary means. In contrast, previous claims that miRNAs from
plants affect human gene expression’-8 are highly controversial and were met with
skepticism by the scientific community.#%-12 On the basis of the above observations, milk
miRNAs are a novel class of bioactive food compounds as defined by the National Cancer
Institute in the United States.13 The discovery that milk miRNAs are bioactive food
compounds has broader implications because miRNAs play essential roles in gene
regulation,23 cell communication,141% and human health,16-23

This study focused on determining the effect of milk processing, storage, somatic cell
content, and handling by consumers on two miRNA, miR-29b and miR-200c, levels based
on the following rationale. In bovine milk, miR-29b and miR-200c are among the most
abundant miRNAs.20 miR-29b is an important regulator of bone mineralization in humans,
because it increases osteoblast differentiation6 and decreases osteoclast differentiation and
function.1’ miR-200c decreases cancer risk by targeting the transcription factor ZEB1,
which induces E-cadherin expression, thereby limiting epithelial-to-mesenchymal transition,
a key event in metastasis.242° Also, the nucleotide sequences of miR-29b and miR-200c in
bovine milk are identical to those of their human orthologues.2® Our rationale for including
the somatic cell count in our analysis was to assess whether an increase in milk cells, as seen
in mastitis, might be a confounder in the analysis of milk miRNAs.

In Western societies, the majority of milk is processed prior to consumption. In fact, the
production and sale of raw milk dairy products is illegal in many states in the United States,
and pasteurization is required.2’” Moreover, while the per capita consumption of milk has
declined from 236 pounds in 1982 to 195 pounds in 2012, total dairy consumption increased
by 11% during the same time period.28 Therefore, we considered it worthwhile to assess the
effects of processing on the miRNA content in both milk and dairy products.

Little is known about the effects of processing and storage on milk miRNA levels. In two
studies, synthetic miRNAs were added to bovine milk, and their stability after exposure to
harsh treatments, such as acid and RNase, was assessed and compared to the stability of
endogenous miRNAs in milk.%:20 Synthetic miRNAs were rapidly degraded, whereas
endogenous miRNAS were resistant to treatment. However, the harsh treatments applied in
these studies are not representative of the treatments applied in commercial dairy
production. In this study, we assessed the effects of pasteurization, fat content, cold storage,
heating, and processing into dairy products on the content of milk miRNAs.
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MATERIALS AND METHODS

Chemicals

Guanidinium thiocyanate and ethanol were purchased for use in the NucleoSpin miRNA
plasma RNA extraction kit (Macherey-Nagel, Inc., Bethlehem, PA). TRIzol was purchased
from Life Technologies (Grand Island, NY).

Milk and Dairy Products

Raw, whole, 2%, and skim cow's (Bos taurus) milk was obtained from the Pennsylvania
State University Creamery (University Park, PA) from separate collections in three
consecutive weeks in May 2014. A diagram illustrating the preparation of whole cow's milk
is presented in Figure 1. Briefly, the milk was procured from the Penn State Animal Science
Department's Holsteins breed herd, using raw milk and cream routinely supplied to the Penn
State Berkey Creamery, University Park, PA. The milk was stored under intermittent
agitation ina 22 712.5 L raw milk silo at 2.2 °C (Feldmeier Equipment, E-015-05, Little
Falls, NY). The milk contained 3.25% fat and 12.15% non-fat solids (near-infrared method,
CEM, Turbo Smart5, model 907990, Matthews, NC) and was pasteurized at 75.55 °C with a
28 s holding time (APV Paraflow, serial number 20053003000302, Goldsbhoro, NC). The
milk was homogenized at 145 bar and 60 °C (APV Gaulin homogenizer, serial number
20052410702, Lake Mills, WI) and standardized using a Westfalia separator (MSE
55-01-177, Oelde, Germany), thereby producing whole milk (3.25% fat and skim milk). The
2% fat milk was prepared by mixing 3.25% milk and skim milk. After cooling, the product
was transferred to a 7200 L refrigerated storage tank at 2.2 °C (Feldmeier Equipment,
E-015-05, Little Falls, NY). The product was bottled on a filling machine (Federal
Manufacturing, serial number 1/12.4GL843, Milwaukee, WI) and stored in a conventional
cold-milk warehouse at 3.0 °C. On our initial collection dates, milk of all fat levels were
stored at 4 °C for up to 15 days, and aliquots were taken and frozen at —80 °C every other
day. In a separate experiment, bovine cells were removed from raw milk by centrifugation
(500g for 10 min at 4 °C) to determine whether somatic cells are a meaningful confounder
when analyzing the concentrations of miRNASs in milk from healthy cows. Samples were
frozen at —80 °C and shipped on dry ice to Lincoln, NE, for miRNA analysis. Samples from
all fat levels of milk on day 15 were heated in the microwave for 15 s and analyzed after
cooling off to room temperature. Dairy products other than milk were purchased from
grocery stores in Lincoln, NE. All samples were produced and analyzed as biological repeats
in triplicate.

miRNA Analysis

Milk samples were spiked with a synthetic internal standard (25 attomoles) prior to
extraction of mMiRNAs using miSPIKE synthetic RNA (IDT Technologies).* Dairy products
(100 mg) other than milk were extracted using TRIzol prior to the addition of the synthetic
internal standard. miR-29b and miR-200c were quantified using quantitative real-time
polymerase chain reaction (PCR) as described previously.*
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Analysis by Bartlett's test homogeneity suggested that variances were homogeneous.2® The
paired t test was used for pairwise comparisons. One-way analysis of variance (ANOVA)
and Fisher's protected least significant differences were used when comparing more than
two groups. Repeated measures ANOVA was used for assessing the effects of storage time
on the miRNA concentration. StatView 5.0.1 (SAS Institute, Cary, NC) was used for
conducting statistical analyses. Means * standard deviation (SD) are reported. Differences
were considered statistically significant if p < 0.05.

Pasteurization and homogenization of raw milk resulted in a 63 + 28% decrease of
miR-200c in whole milk; effects were similar for 2% fat milk and skim milk (Figure 2A).
The effect was pronounced for miR-29b, for which a significant decrease (67 +less 18%)
was observed only in skim milk (Figure 2B). Cold storage of milk did not affect the
concentration of mir-29b and miR-200c in whole milk, 2% milk, and skim milk up to 15
days; 2% fat milk is shown as a representative example in Figure 3. Somatic cells are not
meaningful confounds regarding the analysis of miRNAs in milk from healthy cows. When
somatic cells were removed from raw milk by centrifugation and analyzed for miRNA
content, the cellular miRNAs were found to contribute less than 2% of the total miRNAs
present in raw milk before centrifugation: 1.1 + 0.9% for miR-29b and 0.14 + 0.08% for
miR-200c.

Processing in the household has the potential to cause a considerable loss of some miRNAs
in milk. For example, the concentration of miR-29b decreased by 40 + 28% when processed
milk was heated in the microwave and cooled to room temperature compared to milk before
heating (Figure 4). In contrast, when milk was heated in the microwave, the concentration of
miR-200c was not statistically different compared to unheated controls. The concentrations
of miRNAs varied considerably among the dairy products tested (Table 1) but were
generally lower than the concentrations in pasteurized whole milk (compare to Figure 2).
Fresco queso dip was a notable exception and contained higher concentrations of miRNAs
than those observed in milk.

DISCUSSION

In a recent paper, we reported the importance of milk miRNAs for gene regulation in
humans.* That report has major implications for the roles of milk and possibly other dairy
products in human health. Cow's milk contains meaningful quantities of 245 miRNAs,20:30
and 71.4% of these miRNAs are predicted to target about 11 000 human transcripts
(unpublished observations). In addition to the roles of miR-29b and miR-200c in bone health
and cancer prevention,16:17.24.25 respectively, miRNAs have been implicated in various
aspects of human health and disease, including hypertension, insulin resistance and diabetes,

hyperlipidemia and atherosclerosis, reproduction, immune function, and Crohn's
disease.18:20,21,31-33
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We propose that milk has a meaningful effect on human health, mediated by miRNA-
dependent gene regulation. The potential importance of dietary milk miRNA intake is
supported by data suggesting that (1) Americans consume large quantities of milk and dairy
products,28 (2) a large proportion of milk miRNAs is encapsulated in extracellular vesicles,
thereby providing protection against degradation®8 and a pathway for cellular uptake by
endocytosis,34:35 and (3) milk miRNAs are resistant against degradation during storage (this
study).

Our previous studies of milk miRNAs in humans and mice were conducted using 1% fat
milk from the grocery store. On the basis of this study, the content of miRNAs is about 2
times higher in unprocessed milk compared to pasteurized, store- bought milk. Note that we
have no intent recommending the consumption of raw cow's milk by humans, because of
food safety concerns associated with raw milk. We observed that a loss of milk miRNAs
occurred only during pasteurization, homogenization, and processing to dairy products other
than milk. This observation is consistent with previous studies of milk miRNAs. For
example, endogenous miRNAs were not degraded when milk was exposed to harsh
treatments, such as low pH or treatment with RNase.%20 It is reasonable to propose that
encapsulation of miRNAs in extracellular vesicles® prevents miRNA degradation based on
the following lines of evidence: (1) When synthetic miRNAs are added to milk and
subjected to low pH or RNase treatment, the miRNAs are rapidly degraded.520 (2) When
exosome membranes in milk were disrupted by sonication for preparing miRNA-depleted
mouse diets in previous studies, miR-29b was rapidly degraded to concentrations below the
detection limit.# Presumably, degradation was due to milk RNases gaining access to
miRNAs released from exosomes. (3) When milk was fermented to produce yogurt, miRNA
concentrations decreased to levels much lower than in milk (this study). We speculate that
the decrease was due to the lysis of exosomes during fermentation and the large amounts of
RNases produced by microbes. (4) When milk was homogenized, miRNA concentrations
decreased by on average 50% (this study). We speculate that the decrease was caused by a
disruption of exosome mebranes by shear forces applied during homogenization.
Collectively, our studies suggest that milk and perhaps dairy products have the potential to
contribute to the miRNA body pool in humans.

Some uncertainties remain to be addressed in future studies. For example, this study was
modeled on the basis of miR-29b and miR-200c; however, there is a possibility that distinct
miRNAs may be differentially metabolized.8:36 Another layer of uncertainty is the possible
effects of feeding regimens, season, and breed on the miRNA content in milk. Moreover,
while this study suggests that somatic cells in milk from healthy cows do not contribute
meaningful amounts to the total miRNA content in milk, it is possible that the increased
somatic cell count in milk from cows suffering from mastitis3” may cause an artificial
increase in milk miRNA concentrations. Our previous studies suggest that plasma miRNA
concentrations decrease by 61% in mice fed a milk miRNA-depleted diet for 4 weeks. This
observation is consistent with milk miRNAs contributing meaningful quantities to the
miRNA body pool but does not necessarily establish the essentiality of dietary miRNA
intake. Clearly, this is an uncertainty that will need to be addressed in future studies. Finally,
it is conceivable that miRNAs from foods other than milk also contribute toward the total
body pool of miRNAs.
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There is precedent for degradation of milk compounds during processing. Examples include
the thermal and non thermal degradation of modified peptides3® and DNA encapsulated in
silica.3® The immediate relevance of these previous publications for the stability of miRNAs
in milk is uncertain.
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Loss of (A) miR-200c and (B) miR-29b during milk pasteurization and homogenization of
milk with different fat contents. (a and b) Significantly different (n = 3 biological replicates;

p < 0.05).
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Figure 3.
Storage at 4 °C did not affect the concentrations of miR-29b in pasteurized and

homogenized 2% fat milk (n = 3 biological replicates; p > 0.05).
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Figure 4.
Loss of (A) miR-29b and (B) miR-200c during heating of whole milk in the microwave after

15 days of storage at 4 °C. Abbreviation: MW, microwaved. (a and b) Significantly different
(n = 3 biological replicates; p < 0.05).
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Concentration of miRNAs, miR-29b and miR-200c, in Dairy Products®

Table 1

product
Best Choice yogurt
Fresco queso dip
Greek yogurt
half and half
heavy whip cream
parmesan cheese

Upstate Farm yogurt

miRNA

miR-29b (fmol/kg)
0.9+0.10
36.1+55
142+3.9
3.0+0.17
26+13
49+19
2410

miR-200c (fmol/kg)
376+28
1029.8 + 478.6
462.3 +126.9
513.3+159.2
342.0+132.9
232.0+64.5
216.9 +93.8

a
Data are means + SD; n= 3.

J Agric Food Chem. Author manuscript; available in PMC 2016 January 21.

Page 13



