RNA Biology 10:7, 1107-1116; July 2013; © 2013 Landes Bioscience

RESEARCH PAPER

Ineffective delivery of diet-derived
microRNAs to recipient animal organisms

Jonathan W. Snow,' Andrew E. Hale,? Stephanie K. Isaacs,® Aaron L. Baggish,* and Stephen Y. Chan**

'Department of Biology; Barnard College; New York, NY USA; 2Division of Cardiovascular Medicine; Department of Medicine; Brigham and Women's Hospital; Boston, MA USA;
3Division of Cardiology; Department of Medicine; Massachusetts General Hospital; Boston, MA USA

Keywords: microRNA, cross-kingdom delivery, nutrition, diet, ecology, plant, honey bee, mouse, human, non-coding RNA

Abbreviations: AGO2, Argonaute 2; dsSRNA, double-stranded RNA; miRNA, microRNA; OJ, orange juice; oz, ounce

Cross-kingdom delivery of specific microRNAs to recipient organisms via food ingestion has been reported recently.
However, it is unclear if such delivery of microRNAs occurs frequently in animal organisms after typical dietary intake. We
found substantial levels of specific microRNAs in diets commonly consumed orally by humans, mice and honey bees. Yet,
after ingestion of fruit replete with plant microRNAs (MIR156a, MIR159a, and MIR169a), a cohort of healthy athletes did
not carry detectable plasma levels of those molecules. Similarly, despite consumption of a diet with animal fat replete in
endogenous miR-21, negligible expression of miR-21 in plasma or organ tissue was observed in miR-21-"~ recipient mice.
Correspondingly, when fed vegetarian diets containing the above plant microRNAs, wild-type recipient mice expressed
insignificant levels of these microRNAs. Finally, despite oral uptake of pollen containing these plant microRNAs, negligible
delivery of these molecules was observed in recipient honeybees. Therefore, we conclude that horizontal delivery of
microRNAs via typical dietary ingestion is neither a robust nor a frequent mechanism to maintain steady-state microRNA
levels in a variety of model animal organisms, thus defining the biological limits of these molecules in vivo.

Introduction

MicroRNAs (miRNA) are small, evolutionarily conserved, non-
protein coding RNA molecules that negatively regulate gene
expression throughout the plant and animal kingdoms. They bind
specific sequences in target mRNA transcripts in order to repress
translation and/or induce mRNA degradation. In animals with a
circulatory system, miRNAs are also stably present in the blood-
stream, and some can be directly taken up by recipient cells for
control of gene expression and cellular functions important in cer-
tain diseases,'” such as modulation of atherosclerotic lesions® and
tumor metastasis’ in mice. These extracellular forms of miRNAs
are encapsulated through several mechanisms including packaging
in phospholipid bilayer-encapsulated vesicles or exosomes® or via
the formation of miRNA-protein complexes such as those bound
to the Argonaute 2 protein (AGO2)° or high density lipoprotein.
These miRNAs are surprisingly stable and are resistant to degra-
dation even in harsh environmental conditions such as acidic pH
and substantial heat exposure.”” MiRNAs are handled similarly in
insect cells and are involved in a broad range of organismal pro-
cesses.'"? Mechanisms of uptake by insect cells have been well
characterized and appear to involve specific double-stranded RNA
(dsRNA) transporters and endocytic processes.*'* Although less
is known about transfer of extracellular miRNAs in insects, it has
been reported that miRNAs or dsRNAs may be shared in a com-

mon pool among cells and tissues in these organisms.>"
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Recently, cross-kingdom transfer of plant miRNAs to mam-
malian organisms has been reported via oral ingestion, leading
to uptake into circulating plasma, delivery to recipient tissue and
consequent post-transcriptional regulation of mammalian gene
expression. Specifically, two miRNAs expressed in rice, MIR156a
and MIR168a, were reported to be expressed in the plasma of a
Chinese cohort of individuals as well as in the plasma and organ
tissue of mice.”® Furthermore, MIR168a was found to directly
repress expression of a mammalian mRNA target LDLRAP1
in liver and, thus, influence cholesterol regulation. Stemming
from these studies, it has been debated whether animal and plant
species may communicate and influence each other at the gene
expression level via transfer of diet-derived miRNAs."2* If robust,
cross-kingdom regulation of gene expression mediated through
miRNA ingestion could revolutionize our understanding of
communication in ecological networks, both natural and agricul-
tural. As such, this paradigm has also heightened public scrutiny
of artificial alterations in the human diet. The putative dietary
transfer of miRNAs has been especially emphasized in relation
to the advent of genetically engineered plants and animals and
the unknown consequences of human intake of such diets. These
issues may have broader impacts for understanding the influence
of natural and genetically altered diets on all organisms. As an
example, substantial interest currently exists in utilizing dsRNAs
and potentially miRNAs expressed in plants to control insect

pests'*?7%% and to influence the functions of beneficial insects,

RNA Biology 1107

Do not distribute.

I0Sclence.

©2012 Landes B



MR1
A MiRNA Expression % mmg
Il MR169a
1:mooo < S miR-21
E 10000
3 1000
3E 10
LY
Y
2 1E-3
1E4
1E5
. ; [ MIR156a
B MiRNA Expression [ MIR15%
B MIR16%a
= 1000000 EgmiR-21
§ 100000 *
=
Z 10000
3
T 1000
3 100
¥
$g w0
Rl & #
0 o
& o
C MiRNA Expression
[ MIR156a
CIMIR15%a
I MIR169a

Normalized Copy Number/
mg pollen

Honey

such as the honey bee. Yet, crucial to these arguments is the still
unanswered question of how prevalent and how effective is this
mechanism of uptake of endogenous miRNAs in various organ-
isms consuming a normal diet. Thus, in this study, we demon-
strate that horizontal delivery of miRNAs via oral ingestion of
a typical diet is neither a frequent nor a prevalent event across
multiple recipient animal organisms.

Results

Endogenous miRNAs are present at substantial levels in diets
consumed orally by humans, mice and honey bees. We aimed to
determine whether intact miRNAs are present in diets typically
ingested by a variety of higher order species in the animal king-
dom—humans, mice and honey bees. To that end, we selected for
our study three miRNAs (MIR156a, MIR159a, and MIR169a)
that are conserved and highly expressed throughout the plant king-
dom.” In studies of delivery of animal-based miRNAs, we chose
to focus on a conserved mammalian miRNA (miR-21) given its
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Figure 1. Substantial levels of miRNAs in oral diets consumed by
humans, mice, and honey bees. (A) MiRNAs conserved in the plant
kingdom were present in substantial quantity in ripened fruits, while
miR-21, a conserved miRNA in the animal kingdom, was presentin a
common dietary source of meat (ham). & denotes that miR-21 was not
detectable in fruit products, and this absence of signal was significantly
different (P < 0.05) than copy number of MIR156a, MIR159a or MIR169a
in a given diet, based on ANOVA and post-hoc testing. # denotes that
plant miRNAs were not detectable in ham, and this absence of signal
was significantly different (P < 0.05) than copy number of miR-21. (B)
Conserved plant miRNAs were expressed at high levels in a custom
vegetarian diet and a custom diet with soy, while miR-21 was present

in a custom diet carrying animal lard and casein. & denotes that miR-21
was not detectable in the vegetarian or soy diets, and this absence

of signal was significantly different (P < 0.05) than copy number of
MIR156a, MIR159a, or MIR169a in a given diet. # denotes that MIR-159a
and MIR169a were not detectable in the casein and lard diet, and * de-
notes that copy number of miR-21 was significantly different (P < 0.05)
than copy number of MIR156a, MIR159a, and MIR169a in that diet. (C)
Conserved plant miRNAs were present in substantial quantity in pollen,
a primary food source for the honey bee, and in honey stored by honey
bees for later consumption. In all panels, each food source was sampled
and analyzed three independent times (n = 3), and error bars, which are
small but present on each column, reflect SEM.

ubiquitous and high level of expression throughout mammalian
tissue®® and in the circulating bloodstream.?' After RNA extrac-
tion and reverse transcription-quantitative polymerase chain reac-
tion (RT-PCR), MIR156a, MIR159a and MIR169a were detected
at substantial levels in fruits common in the human diet such as
ripened avocado, apple, banana, orange and cantaloupe but not in
meat products, such as ham, common in a human Western diet
(Fig. 1A). Notably, the copy numbers of MIR156a and MIR159a
were found to be especially elevated in many fruit and approxi-
mated the highest level of expression of any miRNA confirmed
independently in other fleshy fruits such as grapes.** Conversely,
the conserved animal miRNA (miR-21) was expressed at substan-
tial levels in meat but not fruits (Fig. 1A).

Based on a prior report that normal chow diets used to feed
laboratory mice carry relatively lower levels of plant-derived miR-
NAs such as MIR156a,'® we chose to utilize custom rodent diets
enriched for plant material and thus optimized to deliver maxi-
mal levels of endogenous plant miRNAs to recipient mice. We
found that a custom vegetarian mouse diet and a diet enriched
in soy (Table 1) both carried high quantities of MIR156a,
MIR159a, and MIR169a but not miR-21 (Fig. 1B). Importantly,
both of these diets carried especially elevated levels of MIR156a,
which approximated the amount of MIR156a and MIR168a in
rice that previously was reported to be delivered into the circu-
lating bloodstream and organ tissue of recipient mice ingesting
rice.!® On the other hand, mouse diets enriched in animal prod-
ucts such as lard and casein purified from cow’s milk (Table 1)
carried elevated levels of miR-21 (Fig. 1B). Finally, as the pri-
mary food source of honey bees, pollen and honey samples were
acquired from the frames of managed honey bee hives (Fig. 1C).
MIR156a, MIR159a, and MIR169a were all expressed, with
MIR156a particularly elevated in pollen, in agreement with a
prior report of miRNA levels in fresh pollen.?* Consequently,
miRNAs conserved in both plant and animal kingdoms are
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Table 1. Composition of custom mouse diets

Custom diet Composition

Vegetarian diet Ground wheat, ground corn, wheat middlings, corn gluten meal, calcium carbonate, dicalcium phosphate, soybean oil,
brewers dried yeast, iodized salt, i-lysine, DL-methionine, choline chloride, magnesium oxide, vitamin E acetate, menadione sodium
bisulfite complex (source of vitamin K activity), manganous oxide, ferrous sulfate, zinc oxide, niacin, calcium pantothenate, copper

sulfate, pyridoxine hydrochloride, riboflavin, thiamin mononitrate, vitamin A acetate, calcium iodate, vitamin B12 supplement, folic

acid, biotin, vitamin D3 supplement, cobalt carbonate.

Soy-enriched

Isolated soy protein, DL-methionine, sucrose, corn starch, corn oil, cellulose, mineral mix, calcium carbonate, p-amionbenzoic acid,

diet vitamin C, biotin, vitamin B12, calcium pantothenate, choline dihydrogen citrate, folic acid (irradiated), inositol, niacin, pyridoxine,
riboflavin, thiamin HCL, vitamin A palmitate, vitamin D3 cholecalciferol, vitamin E DL-a tocopheryl acetate

Casein and
lard diet

present in oral diets of various animal organisms and, in many
cases, these miRNAs are present at especially elevated levels.

Selected plant miRNAs are not detectable in the plasma
from healthy human subjects after intake of a western diet con-
taining fruits. The dietary records of 10 healthy collegiate varsity
athletes (crew) were reviewed, and breakfast intake was docu-
mented on the day prior to plasma harvest (Table 2). While some
heterogeneity of dietary intake was documented, seven of the 10
subjects reported routine intake of fruits replete in MIR156a,
MIR159a and MIR169a. Consistent with previously measured
copy numbers from healthy human subjects,*® the extracellular,
circulating form of a representative endogenous human miRNA,
miR-16, was present at high levels in plasma (Table 3). In con-
trast, the above plant-derived miRNAs were undetectable in
those same samples (Table 3). Thus, these data suggest an inabil-
ity of humans to maintain steady-state levels of plant miRNAs in
the circulating bloodstream after intake of a typical Western diet
containing substantial plant material.

Negligible expression of miR-21 in plasma or organ tissue in
miR-21""- mice after oral diets replete with endogenous miR-21.
To define definitively whether intake of diets replete with endog-
enous mammalian miRNAs maintains detectable miRNA lev-
els in mice, we chose to determine the presence of diet-delivered
miR-21 in miR-21-null (miR-21""-) mice. As we have previously
reported,®® wild-type mice expressed high levels of miR-21 in
plasma and across disparate organ tissues, while 77R-21""~ mice
fed a normal chow diet expressed negligible levels of miR-21
throughout all plasma and tissue compartments. Over a 4 wk
period, adult 7m:R-21""- mice were fed a custom animal lard diet
replete in miR-21 (27.5 + 1.7 g, mean + SEM, animal lard diet
consumed per mouse per week, Fig. 1B). Afterward, plasma and
organ tissue were harvested for miRNA quantification. Despite
consistent plasma levels of endogenous miR-16 (Fig. S1A, left
graph), miR-21 was not detectable in plasma from miR-21-
mice. In comparison, miR-21 was present in relatively abundant
quantity in the plasma of wild-type mice (miR-21*"*) fed a com-
parable diet (Fig. S1A, right graph). Furthermore, in miR-21--
mice, despite relatively abundant tissue levels of the ubiquitously
expressed miR-195 across organs (Fig. SIA, middle graph), miR-
21 was either not present or detectable at exceedingly low levels
(Fig. 2A), corresponding to less than one copy of miR-21 per
cell (conservatively assuming that the typical mammalian cell
expresses roughly 10 pg of total RNA®). Consequently, these
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Casein, L-cystine, maltodextrin, sucrose, lard, soybean oil, cellulose, mineral mix, calcium phosphate, vitamin mix,
choline bitartrate, blue food color

Table 2. Dietary intake prior to plasma harvest in a cohort of healthy
male athletes

Athlete Fluid Food
8 oz green tea, 6 0z 0J, 14

1 - 2 bananas, 1 plain bagel
2 24 0z water 3 whole grain waffles (+ syrup),
2 oranges
3 12 oz coffee (no sugar), 20 1/2 cantaloupe, 2 glazed
oz water donuts
4 12 0z 0J, 24 0z water decupebenicliolench
(with skim milk)
5 30 oz water 2 bowls Rice Krispies, 2 apples
6 8 oz coffee, 18 oz water 2 power bars
7 26 0z water 1/2 platg scrambled eggs, 4
slices w.w. toast
8 12 oz cranberry juice, 20 oz 2 bananas, 1 apple, 1 bagel
water with CC
9 6-8 oz black tea, 20 oz 2 whole grain waffles, 6 slices
water bacon
10 12 oz coffee (no sugar), 18 1 Cliff bar, 2 apples, 2 oranges

0z water

This cohort was previously described by Baggish et al.,> and verified
fruit ingestion by seven athletes on the day prior to plasma harvest is
reported in italics (0z, ounces; OJ, orange juice).

Table 3. MIR156a, MIR159a and MIR169a were not detectable in the
plasma from 10 healthy male athletes

Athlete characteristics Mean Standard error
Age (years) 19.1 0.2
Height (cm) 191.2 2.8

Body mass (kg) 90.1 2.7
miR-16 139,299 47,896

(Copy number/pl plasma)

MIR156a Undetectable —
(Copy number/pl plasma)

MIR159a Undetectable —
(Copy number/pl plasma)

MIR169a Undetectable —

(Copy number/pl plasma)
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data demonstrate that transfer of diet-derived miRNA is an
extremely ineffective mechanism to augment steady-state expres-
sion of miR-21 in mice that cannot endogenously produce this
miRNA.

Negligible expression of MIR156a, MIR159a, and MIR169a
in plasma or organ tissue in mice after ingestion of diets replete
with these miRNAs. Correlating with the above analyses of miR-
21, we aimed to determine whether oral diets containing plant
miRNAs facilitate delivery and expression of these miRNAs in
recipient mice. Over a 4 wk period, adult wild-type mice were
fed one of three custom diets—a vegetarian diet, a soy-enriched
diet, or a diet replete in animal lard (Fig. 1B). Comparable con-
sumption of each diet was observed (25.6 + 1.2 g, vegetarian diet
consumed per mouse per week; 28.5 £ 2.1 g, soy diet consumed
per mouse per week; 28.4 + 2.2 ¢, animal lard diet consumed
per mouse per week). Consistent plasma levels of endogenous
miR-16 and consistent tissue levels of miR-195 across diets were
again observed (Fig. S1B). In that context, there was a statis-
tically non-significant trend toward increased plasma levels of
MIR156a after consuming either a vegetarian or soy diet as com-
pared with animal lard (Fig. 2B, left graph). Notably, such levels
were exceedingly low. Correspondingly, MIR156a was detect-
able in organ tissue but at levels corresponding to far less than
one copy of miRNA per cell (Fig. 2B, right graph) and without
any evidence of increased expression after vegetarian or soy diet
intake. Furthermore, regardless of diet, MIR159a and MIR169a
were not detectable in either plasma or organ tissue.

Since it was possible that prior processing of these rodent
diets may have affected the efficiency of putative transfer after
ingestion, mice were fed unprocessed avocado (average intake of
4.5 £ 0.5 g per mouse over 24 h), a food source containing all
three specific plant miRNAs (Fig. 1A). Importantly, such intake
of avocado approximated the level of intake of both MIR156a
and MIR168a in rice that previously was reported to facilitate
miRNA transfer to recipient mice after ingestion.'® After 24 h
of avocado diet, endogenous miRNAs in the plasma (miR-16)
and in tissues (miR-195) were confirmed (Fig. S1C). In addition,
avocado intake was further verified by documentation of substan-
tial expression of all three plant miRNAs in stomach contents
from these mice (Fig. 2C). Despite ingestion of these miRNAs,
MIR156a was measured at exceedingly low levels in both plasma
(Fig. 2D, left graph) and organ tissue (Fig. 2D, right graph).
Furthermore, neither MIR159a nor MIR169a was detected in
plasma and organ tissue after avocado intake. Thus, after being
fed with either processed or non-processed vegetarian diets, mice
did not display evidence of substantial steady-state expression of
these plant miRNAs.

Negligible expression of plant-derived miRNAs in recipient
honey bee tissues. Finally, to determine whether oral consump-
tion facilitates expression of diet-derived miRNAs in animals
other than mice and humans, we extended our study to honey
bees that naturally ingest pollen, nectar and processed forms of
these plant products, from multiple plant species. To minimize
the confounding possibility of detecting pollen-based miRNAs
that had been ingested but not transferred to recipient honey
bees, gut tissue was removed from nurses and foragers at the time

1110 RNA Biology

of tissue harvest prior to RNA extraction. A near equivalence in
expression of the housekeeping gene -actin was found among
these two groups (Fig. S1D). Furthermore, demonstrating that
endogenous miRNA molecules were detectable in these tissue
preparations, a relative abundance of the honey bee miRNA
let7 was observed in both nurses and foragers (Fig. 2E, right
graph, incidentally also revealing increased expression in nurses
compared with foragers). Yet, despite expression of MIR156a,
MIR159a, and MIR169a in pollen (Fig. 1C), only MIR156a,
but not MIR159a or MIR169a, was detected in abdominal tissue
derived from nurses and foragers, but again at exceptionally low
levels (Fig. 2E, left graph). Thus, mirroring our findings in mice
and humans, a typical diet of pollen and nectar is ineffective at
increasing steady-state diet-derived miRNA levels in honey bees.

Discussion

Here, we have found that a number of higher order animal
organisms, including honey bees, mice, and humans, routinely
ingest substantial quantities of plant-specific and animal-
specific miRNAs. In spite of such ingestion, we find little evi-
dence of significant steady-state expression of those miRNAs in
recipient organisms (< 1 copy per cell in various organ tissues).
Furthermore, based on prior observations that poorly expressed
miRNAs (< 100 copies per cell) do not repress target-containing
3¢ it is unlikely that dietary miRNAs are routinely
spread to plasma or organ tissue in quantities that are adequate

transcripts,

for pervasive engagement of direct mRNA targets. These results
dampen our enthusiasm regarding the widespread potential for
miRNA-based cross-kingdom modulation of gene expression, at
least via normal dietary intake and through canonical modes of
action of miRNAs.

Since the first reports of inhibitory RNA nearly 20 y ago,
achieving efficient RNA delivery in mammalian organisms
through an oral route has been challenging. Thus, perhaps it is
not surprising that even endogenously packaged forms of miR-
NAs, although quite stable in the circulating mammalian blood
stream and in various ex vivo contexts (e.g., in food sources,
Fig. 1), may nonetheless also be prone to poor uptake and deliv-
ery after ingestion. More recent methods to engineer specific
packaging of RNA particles (i.e., nanoparticles) to withstand the
harsh conditions of the gastrointestinal tract have shown prom-
ise’” and appear more likely to offer viable options for miRNA
delivery in mammalian species.

Furthermore, beyond invoking specific deficiencies in the
mechanism of delivery of miRNAs through the mammalian diges-
tive tract per se, it is conceivable that the typical mammalian diet
simply contains insufficient quantities of miRNAs for biological
activity across multiple tissue compartments. This argument is
consistent with our observations that, on average, when MIR156a
is expressed at higher levels in food as compared with MIR159a
and MIR169a, it is more easily detected in recipient organisms,
albeit at extremely low levels (Fig. 2). Thus, improvement in
delivery may be theoretically possible with increased ingestion,
but these dietary alterations would be challenging under normal
circumstances. For example, assuming that the average human
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Figure 2. Negligible steady-state expression of diet-derived miRNAs in plasma or organ tissue. (A) Oral ingestion of a lard diet replete with miR-21

did not lead to a steady-state increase of miR-21 in plasma or organ tissue in miR-21~~ recipient mice (n = six mice per group). (B) In spite of vegetarian
diets (vegetarian, black bar; soy, gray bar) containing endogenous MIR156a, MIR159a and MIR169a as compared with a diet with lower levels of plant
miRNAs (lard, hatched bar), minimal expression of MIR156a in plasma was observed (left graph) with negligible steady-state expression in organ tis-
sue (right graph) of wild-type recipient mice (n = five mice per group). Notably, in these preparations, MIR159a and MIR169a were not detectable. (C)
Unprocessed avocado ingestion increases the expression of conserved plant miRNAs in the stomach contents of wild-type mice. (D) Ingestion of fresh
avocado does not result in substantial steady-state expression of MIR156a in plasma (left graph) or organs (right graph) in wild-type recipient mice (n
= four mice). Again, in these preparations, MIR159a and MIR169a were not detectable. (E) (Right graph) The honey bee miRNA let7 was expressed in
the abdomen of both nurses and foragers. Higher levels of let7 were observed incidentally in nurses as compared with foragers. (Left graph) In spite
of oral uptake of pollen and honey/nectar replete with MIR156a, MIR159a, and MIR169a, negligible levels of MIR156a were detected in the abdominal
tissue of recipient honey bees (n = three nurses; n = four foragers). MIR159a and MIR169a were undetectable in these tissues. In all panels, error bars
reflect SEM; * signifies P < 0.05; NS signifies P > 0.05. # denotes that the expression of a given miRNA was either undetectable or at the level of minimal
detection. For plasma, normalized copy number is expressed per wl plasma. For animal organs, copy number is expressed per 10 pg of total RNA. For
stomach contents, normalized copy number is expressed per total gastric material harvested per mouse.
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body contains 10" cells®® and that each miRNA on average must
reach at least 100 copies per cell to induce canonical target gene
repression,*® at least 10" copies of a given plant miRNA must be
ingested and delivered for widespread biological activity. Based
on our findings that ripened cantaloupe contains approximately
6 x 10° copies of MIR156a per mg of fruit, an individual would
need to consume 1,670 kg of cantaloupe just to realize this copy
number in the gastrointestinal tract, and substantially greater
consumption would be necessary to overcome inefficiencies of
transfer to the rest of the body. Although miRNA copy number

can change in fruit during ripening,*

the degree of known nat-
ural variations would be insufficient to make this level of delivery
plausible. Furthermore, based on recent estimates of fruit and
vegetable intake in Europeans ranging from 103-454 g per day,”
clearly this amount of consumption is not attainable in a reason-
able amount of time by typical dietary standards.

On the other hand, Zhang and colleagues have proposed that
improvement in delivery is possible with increased ingestion, as
reflected by their findings of increased MIR168a delivery in mice
after a rice diet as compared with normal chow diet that carries
lower levels of that miRNA."® Importantly, however, the extent of
miRNA delivery reported by Zhang and colleagues is not consis-
tent with our results. Specifically, although Zhang and colleagues
reported a relative abundance of MIR156a in human sera (approx-
imately 10% of the levels of endogenous miR-16), we found that
plasma expression is undetectable in a cohort of healthy athletes
(Table 3), despite documented ingestion of fruit carrying concen-
trations of MIR156a (-6 x 10° copies per g canteloupe) (Fig. 1A)
comparable to those concentrations found in rice (5.72 fmol/g =
3 x 10° MIR156a copies per g rice).'"® Our findings are further
supported by independent analyses of plant miRNA sequences
in larger cohorts of human sera."” Furthermore, although Zhang
and colleagues found a relatively high level of plant-derived miR-
NAs in plasma and organ tissue in mice after rice ingestion, we
found negligible spread of multiple plant-derived miRNAs when
using diets comparably replete in MIR156a-processed vegetar-
ian/soy diets (i.e., -1 x 10" MIR156a copies ingested after 24 h)
or avocado diet (i.e., ~1.1 x 10° MIR156a copies ingested after
24 h). To explain these discrepancies, we do not rule out the pos-
sibility of specialized circumstances that could facilitate trans-
fer and perhaps even target miRNA to particular tissue niches
after oral ingestion. For example, miRNAs specially packaged
in breast milk*“ have been reported with immune modulatory

444 and could influence intestinal immune function in

features
the recipient infant. However, in total, our findings unambig-
uously demonstrate that the spread of diet-derived miRNA to
higher organisms is not ubiquitous and in fact is limited at best.
Consequently, our findings may temper the more publicized wor-
ries regarding abnormal miRNA transfer and widespread activity
after genetic manipulation of food products.

Alternatively, in some invertebrates, oral intake of extracel-
lular RNA has proven to be a more efficient method for delivery
into recipient tissue. Specifically, uptake of dsRNAs after inges-
tion has been reported in multiple insect taxa,"” and delivery of
miRNAs by ingestion specifically has been effective in C. ele-

ans.i® In some cases, targeting of insect gene expression through
&
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ingestion of dsRNA hairpins transgenically expressed in plant
tissue has also been achieved. However, the efficiency of uptake
is highly variable in a species-dependent manner.” Importantly,
in the honey bee, high dose injection of dsRNAs into the hemo-
coel has been used for delivery and inhibition of target genes in
multiple tissues.””*® Some studies have further indicated that
honey bees represent a species for which ingestion of dsRNAs
can produce marked knockdown of target genes in the digestive
tract® and other tissues at distal sites.”™*° In fact, direct cross-
species transfer of dsRNAs is possible in honey bees, where the
mite V. destructor can take up dsRNAs from one bee and pass
it to a recipient via its feeding mechanism.”® Yet, despite these
reports regarding exogenous dsRNA delivery, our findings clearly
demonstrate the absence of plant-derived miRNAs in recipient
honey bees in the course of the normal pattern of pollen and
honey/nectar ingestion. These discrepancies could reflect differ-
ences in either uptake or processing mechanisms of dsRNAs vs.
miRNAs in the insect.” Alternatively, similar to the mammalian
system, transfer of endogenously consumed plant miRNAs may
be limited by insufficient copy number in pollen, as opposed to
high concentrations that can be delivered orally with exogenously
supplied dsRNAs. Using estimates of the number of cells in an
adult bee (107, see Materials and Methods for details); the rate
of pollen (0.2-0.4 mg per day®®) and honey or nectar consump-
tion (50-160 mg honey or 100320 mg of nectar per day*’) and
miRNA copy number in both pollen and honey (Fig. 1C), we
calculate that an adult honey bee consumes approximately 5 x
10° copies of MIR156a per day, thus allowing for delivery of 0.5
copies per cell if 100% transfer of the diet-derived miRNA were
achieved. Consequently, typical dietary intake of honey bees may
be too little for more global miRNA delivery to the entire adult
organism; and this possibility is consistent with both our find-
ings (Fig. 2) and independently published results studying other
insects feeding on plants.” In contrast, a recent study has indi-
cated that insect-derived miRNAs may be transferred to larval
honey bees via inoculation of royal jelly with miRNAs by adult
nurse bees, leading to specific effects on gene expression during
larval development.®® Given that oral dsRNA delivery can vary
depending on insect life-stage,"
cumstances in the larvae could enhance accumulation of these
miRNAs in recipient tissues. Nonetheless, by identifying a vir-
tual absence of pollen-based miRNAs in adult honey bees ingest-
ing a typical dietary load, our results greatly clarify the ecological
limits of any natural miRNA-based communication between the
adult bee and its primary food source.

In that context, is the presence of intact miRNAs in dietary

it is possible that specific cir-

food sources otherwise without meaningful biological function?
Notably, our results suggest that low levels of orally ingested
miRNAs at times are detectable but at concentrations that
would make canonical functions of miRNAs implausible.’
Nonetheless, although not yet proven, alternative mechanisms
can be envisioned by which low level delivery of diet-derived
miRNAs could carry physiologic significance. First, it is conceiv-
able that specific tissue niches can act as depots of orally ingested
miRNAs, thus effectively concentrating miRNAs to biologi-

cally meaningful levels for target gene regulation. Alternatively,
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delivery of ingested miRNAs may allow for non-canonical
functions beyond direct intracellular target engagement such
as engagement of cell-surface receptors that promote intracel-
lular signaling cascades, as previously described in cancer cells.®!
Finally, given their anatomic proximity, oral ingestion of miR-
NAs in mammals could be envisioned as a means to facilitate
more efficient delivery to bacteria colonizing the gastrointesti-
nal tract, thus allowing for cross-kingdom communication from
diets derived from higher order organisms (such as plants and
animals) to prokaryotes.

Yet, beyond the concept of oral miRNA delivery, given the
increasing appreciation of the delivery and actions of plasma-
based miRNAs in vivo, we can envision more likely scenarios of
horizontal transfer of miRNAs in humans that bypass the diges-
tive tract altogether. Most notably, the possibility of miRNA
delivery to recipient individuals after blood transfusion and solid
organ transplantation has yet to be explored adequately. Especially
in the setting of solid organ xenotransplantation, cross-species
miRNA transfer with substantial biological consequence remains
plausible. Furthermore, alternative endogenous mechanisms may
exist that facilitate delivery of miRNAs for mucosal uptake inde-
pendent of gastric transit, including anal or vaginal intercourse
or the increasingly utilized procedure of fecal transplantation for
treatment of C. difficile infections.” However, these possibilities
await definitive confirmation.

In summary, the impact of miRNA biology continues to be
wide reaching and often surprising. Nonetheless, in multiple model
animal organisms, we describe here a near absence of diet-derived
miRNAs in recipient tissue despite the presence of both plant and
animal miRNAs in their food sources. Consequently, we believe
that our data are important in defining the limits of the biology of
miRNA and will guide the focus of future studies to concentrate
on the more robust functions of these molecules in vivo.

Materials and Methods

Animals and diets. The generation of mmu-miR-21"~ mice
was previously described,®® and these mice were a generous
gift from S. Orkin (Boston Children’s Hospital). Otherwise,
C57Bl6 wild-type male littermate mice were used (8—12 wk of
age) for these experiments (Taconic). The Harvard Center for
Comparative Medicine approved the use of animals. Custom
diets were purchased from Harlan Laboratories: vegetarian diet
(TD.2016); soy-Enriched diet (TD.97053); and casein and lard
diet (TD.06414) (Table 1).

Honey bees were collected from outbred colonies in
Williamstown, consisting of a typical mix of A. mellifera sub-
species found in North America, pollen and honey were taken
from these same hives. Only visibly healthy bees were collected,
and all source colonies were visually inspected for symptoms of
common bacterial, fungal and viral diseases of honey bees. The
average number of cells in a honey bee was calculated using the
following equation: Number of cells in a honey bee = mass of an
average worker bee (90 mg)/mass of an individual cell. Mass of
an individual cell was calculated using the equation: mass = cell
volume x cell density where an average cell volume is estimated
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at 10 wm?® with a density of 1. Importantly, use of this same cal-
culation resulted in the correct estimation of cells in the human
body (10" cells).

Human participants. Written informed consent was obtained
from all participants; this conformed to the standards set by the
latest revision of the Declaration of Helsinki. Before study initia-
tion, the Partners Human Research Committee approved all pro-
tocols for human plasma study and collection. As chosen from a
previously published cohort,® male collegiate crew athletes from
Harvard University were chosen for study without significant
medical problems and taking no prescription or over-the-counter
medications.

Plasma collection from humans and mice. From humans,
venous blood was collected in standard vacutainer tubes with
K*-EDTA anticoagulant (Table 3). To do so, a 20-gauge intra-
venous catheter was placed antiseptically into a dorsal hand vein
or a vein in the distal forearm as dictated by favorable anatomy
using the Seldinger technique and then secured with tape. The
IV catheter flushed was flushed with sterile saline to help main-
tain patency after each blood draw. Plasma was extracted after
standard centrifugation of blood, followed by storage at -80 °C.
From mice, venous blood was collected into EDTA anticoagulant
by syringe withdrawal directly after right ventricular puncture,
followed by plasma extraction as previously described.?

Plasma RNA extraction. RNA extraction from plasma was
previously described.? Briefly, thawed plasma samples were cen-
trifuged (13,000 rpm x 10 min), and plasma supernatant was
aliquoted for storage at -80 °C or further analysis. Specifically,
to a standard volume of each plasma supernatant (100 wl),
two ficomoles were added of a chemically synthesized miRNA
duplex mimic of hsa-microRNA-422b (hsa-miR-422b) (Applied
Biosystems) for quantitative normalization of miRNA plasma
levels. Total RNA extraction was performed using a microRNA
extraction kit (Benevbio), and each sample was eluted in 30 pl
H,O. From each plasma extraction, 3 pul (of the 30 ul volume)
was used as a template for miRNA reverse transcription (Tagman
MicroRNA Reverse Transcription Kit, Applied Biosystems) in a
total reaction volume of 15 pl. Following reverse transcription,
2 pl (of the 15 ul volume) of the RT product were then used as
template in QPCR with a total reaction volume of 20 pl.

RNA extraction from organ tissue of mice. Mouse organs
were harvested and flash frozen in liquid N, . Specifically for stom-
ach preparations, stomach contents were removed and stomach
tissue was washed with sterile PBS ten times prior to flash freez-
ing. Frozen tissues were homogenized in Qiazol (Qiagen) using
an ultrasonic probe as previously described.’*® RNA was then
extracted as previously described® by the miR Neasy kit (Qiagen)
using phenol-chloroform extraction, and column-based extrac-
tion. Total RNA concentration was calculated by Nanodrop
spectrophotometry (ThermoScientific). To optimize the ability
to detect low levels of miRNAs, a relatively large amount of total
RNA (60 ng of total RNA) was used for miRNA quantification.

Honey bee tissue collection. Nurses and foragers were col-
lected from the same bee colonies at identical times using a mouth
aspirator. Nurses were collected from the brood area of frames
and were identified as nurses after they repeatedly placed their

RNA Biology 1113

©2012 Landes Bioscience. Do not distribute.



heads into honeycomb cells containing larvae. Foragers were col-
lected from the front of the hive or on the landing board as they
returned to the hive with visible loads of pollen on their legs.”” Gut
tissue was removed from abdomens, and the remaining abdomi-
nal tissue was also independently used for gene expression analy-
sis. All dissected material was placed into RNAlater (Invitrogen)
for storage prior to analysis. RNA was then extracted as previ-
ously described® by the miRNeasy kit (Qiagen) using phenol-
chloroform extraction, and column-based extraction. Total RNA
concentration was calculated by Nanodrop spectrophotometry
(ThermoScientific). To optimize the ability to detect low levels
of miRNAs, a relatively large amount of total RNA (300 ng of
total RNA) was used for miRNA quantification.

RNA extraction from food. Ripened avocado, apple, banana,
orange, and cantaloupe as well as processed ham were purchased
from a commercial retailer and were marketed for human con-
sumption. For fruit products, rind and skin were discarded and
fruit flesh was processed for analysis. A standard mass of food
(1.5 g) was added to Qiazol (1:9, food weight in g/Qiazol volume
in ml). For pollen, 100 mg was added to Qiazol (1:9, 100 mg pol-
len/900 wl Qiazol). For honey, 100 .l was added to Qiazol (1:9,
100 ul honey/900 .l Qiazol). To that mixture, 2 ficomoles were
added of a chemically synthesized miRNA duplex mimic of hsa-
microRNA-422b (hsa-miR-422b) (Ambion/Applied Biosystems)
for quantitative normalization of miRNA plasma levels. Food was
then homogenized using mechanical disruption. RNA was then
extracted as previously described®* by the miRNeasy kit (Qiagen)
using phenol-chloroform extraction and column-based extraction.
As with plasma, each pollen and honey sample was eluted in 30 pl
H,O. For all other food products, each sample was eluted in 30 pl
H,O; subsequently, a 1:10 dilution was made into 30 pl H,O for
use in reverse transcription. Specifically, 3 l (of the 30 pl volume)
was used as a template for miRNA reverse transcription (Tagman
MicroRNA Reverse Transcription Kit, Applied Biosystems) in a
total reaction volume of 15 pl. Following reverse transcription,
2 wl (of the 15 pl volume) of the RT product was then used as
template in QPCR with a total reaction volume of 20 L.

Quantification of microRNA and determination of copy num-
ber. To quantify levels of select miRNAs, standard Taqman reverse
transcription-quantitative (“real-time”) polymerase chain reaction
(RT-QPCR) was utilized, as we previously described.®* Taqman
primer/probes for quantification were used as follows (Applied
Biosystems): dme-let7 [AB 4427975 (000332)], hsa-miR-16 [AB
4427975 (000391)], hsa-miR-21 [AB 4427975 (000397)], has-
miR-195 [AB 4427975 (002107)], ath-MIR156a [AB 4427975
(000333)], ath-MIR159a [AB 4427975 (000338)], ath-MIR-
169a [AB 4427975 (000352)], and hsa-miR-422b [AB 4427975
(000575)]. In doing so, raw C_values were generated, represent-
ing the “real-time” cycle number at which the increase in miRNA
probe fluorescence is exponential. As previously described,*
mature miRNA copy numbers were then calculated from raw
C, values through generation of individual standard curves for
each miRNA Tagman primer/probe set after making serial dilu-
tions of a known quantity of synthetic oligonucleotide mimic
for each mature miRNA (Applied Biosystems). On average, the
level of detection for a miRNA by this method was approximately
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three copies in a given reaction, consistent with prior reports.*

Subsequently, for plasma samples, copy number was calculated per
! of plasma tested. For bee and organ tissue, copy number was
calculated per 10 pg of total RNA tested (10 pg of RNA represent-
ing a conservative estimate of the total RNA content of a single
eukaryotic cell). For stomach contents, copy number was calcu-
lated from total stomach content per individual mouse.

To control for potential inconsistencies in miRNA extraction
from plasma, food or stomach contents when analyzing extracellu-
lar or ex vivo miRNAs, copy numbers of miRNAs in plasma, food
or stomach contents were normalized (e.g., “normalized copy num-
ber”) using a ratio calculated from levels of a miR-422b reference
control exogenously spiked into each given sample prior to extrac-
tion as compared with an equivalent amount of miR-422b spiked
in water (“gold standard”) prior to extraction. Furthermore, in
plasma samples, endogenous levels of miR-16 were also quantified
as a positive control (Fig. S1). Notably, in food and plasma sam-
ples as previously described,® endogenous miR-422b is expressed
at substantially lower or absent levels as compared with the exog-
enously added controls, thus not confounding this normalization
method. Alternatively, as a reference control for miRNA quanti-
fication in mouse organ tissue, endogenously expressed miR-195
was assessed to confirm consistent patterns of expression across
dietary groups. MiR-195 was empirically chosen, given its abun-
dant expression in many tissues and no known functional rela-
tionship to miR-21 or any of the plant miRNAs analyzed in this
study (Fig. S1). Notably, there is no known housekeeping miRNA
reported in honey bee tissue to our knowledge that is consistently
expressed among nurses and foragers. Thus, as reference control for
miRNA quantification, the B-actin housekeeping gene was used to
confirm consistent patterns of expression across the abdominal tis-
sue of nurses and foragers, as 3-actin has been shown not to differ
between the nurse and forager stages (60).

Statistical analysis. Unless otherwise indicated, all numerical
quantifications represent mean = standard error of the mean (n,
number of independent experimental repetitions or number of
independent animals). Paired samples were compared by Student’s
t-test. Comparison of multiple samples was performed by one-way
ANOVA followed by Student Newman-Keuls post hoc tests to cal-
culate p values. Values of P < 0.05 are considered significant.
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