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MicroRNAs (miRNAs) are critical regulators of gene expression, and exert extensive impacts on development, physi-
ology, and disease of eukaryotes. A high degree of parallelism is found in the molecular basis of miRNA biogenesis
and action in plants and animals. Recent studies interestingly suggest a potential cross-kingdom action of plant-de-
rived miRNAs, through dietary intake, in regulating mammalian gene expression. Although the source and scope of
plant miRNAs detected in mammalian specimens remain controversial, these initial studies inspired us to determine
whether plant miRNAs can be detected in Western human sera and whether these plant miRNAs are able to influ-
ence gene expression and cellular processes related to human diseases such as cancer. Here we found that Western
donor sera contained the plant miRNA miR159, whose abundance in the serum was inversely correlated with breast
cancer incidence and progression in patients. In human sera, miR159 was predominantly detected in the extracellular
vesicles, and was resistant to sodium periodate oxidation suggesting the plant-originated 2’-O-methylation on the 3’
terminal ribose. In breast cancer cells but not non-cancerous mammary epithelial cells, a synthetic mimic of miR159
was capable of inhibiting proliferation by targeting 7CF7 that encodes a Wnt signaling transcription factor, leading
to a decrease in MYC protein levels. Oral administration of miR159 mimic significantly suppressed the growth of
xenograft breast tumors in mice. These results demonstrate for the first time that a plant miRNA can inhibit cancer
growth in mammals.
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Introduction

MicroRNAs (miRNAs), a major family of small
RNAs, are ~23 nt-long single strands of RNA that bind
to mRNA transcripts to inhibit their translation [1, 2].
Over the past decade miRNAs have garnered extensive
attention due to their unique ability to regulate multiple
targets and influence a variety of biological processes
including cell growth, metabolism, development, and
survival. They play an important role in human diseases,
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and notably dysregulation of miRNAs has been found
in many cancers including breast cancer (BC) [3, 4]. In
addition to their intracellular presence, miRNAs are also
detected in nearly all biofluids, including serum and plas-
ma, and circulating miRNAs have emerged as potential
biomarkers for cancer diagnosis and prognosis [5-8].
miRNAs can be secreted through extracellular vesicles
(EVs), such as exosomes, shedding vesicles, and apop-
totic bodies, or in complexes with protein or lipid-based
carriers [9, 10]. Accumulating evidence demonstrates
that miRNAs can be transferred via EVs to neighboring
or distant cells to modulate cell function [11-19]. Extra-
cellular miRNAs are therefore emerging as a new group
of messengers and effectors in intercellular communica-
tion.

The biogenesis and acting mechanism of miRNAs
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display a high degree of similarity between animals and
plants, along with evolutionary divergence in the com-
position and function of miRNA processing machinery
[2, 20]. A recent study by Zhang et al. reported that
plant-derived miRNAs can be found in human serum.
The group demonstrates that the plant miRNA miR168
may be taken up through dietary intake to inhibit the ex-
pression of its target low-density lipoprotein receptor 1
in the liver [21], providing the first evidence that miRNA
in food may influence gene expression in mammalian or-
gans. It is proposed that ingested plant miRNAs are tak-
en up by the gastrointestinal (GI) epithelial cells, which
subsequently package the miRNAs into EVs and release
them into circulation. A more recent finding by the same
group shows that a plant miRNA from honeysuckle is
able to inhibit Influenza A replication [22], indicating
that plant miRNAs may be useful for treating human
diseases. Furthermore, another group recently reported
that oral administration of three mammalian miRNAs
that have been 2’-O-methylated, like plant miRNAs [23],
resulted in the uptake of theses miRNAs in the intestine
and the subsequent reduced intestinal tumor burden [24].
However, it remains unclear whether ingested miRNAs
may exert a therapeutic effect on cancers outside of the
GI tract.

On the other side of the controversy, the potential
scope of the plant miRNAs detected in mammalian
specimens and the real source of foreign miRNA taken
up from dietary consumption have been questioned [25-
31]. Although miRNAs from many exogenous organisms
have been reported in human serum [32] and breast milk
[33], several labs were unable to detect their uptake after
consumption of various types of food [27-28]. However,
it has been argued that the inability to detect the uptake
of plant miRNAs was due to only looking at a few select-
ed miRNAs rather than using sequencing to screen for all
plant miRNAs. Furthermore, the cross-kingdom presence
and potential function of plant miRNAs in mammals are
supported by independent studies from only two differ-
ent labs in the past three years, highlighting the need for
further verification [22, 34-36].

In this study we sought to clarify whether plant miR-
NAs can be detected in human sera and assess whether
they can influence cancer outside of the GI tract such
as BC. We found that plant miR159 could be detected
in human sera and its levels were inversely correlated
with BC incidence and progression. We further identified
TCF7 as a mammalian target for miR159 and showed the
anti-proliferative function of miR159 in BC cells using in
vitro and in vivo models, demonstrating for the first time
that a plant miRNA is able to influence BC cell growth.

Results

Plant miR159 can be detected in human sera and tumor
tissues, and is associated with breast cancer progression

We have previously profiled small RNAs in the sera
of 42 stage II-11I BC patients by Solexa deep sequencing
[7]. By systemically aligning the detected sequences to
the miRNAome of Arabidopsis thaliana and soybean
(Glycine max), multiple plant miRNAs were identified
but only with sparse counts (Supplementary information,
Table S1), possibly due to the 2’-O-methylation on the
3’-terminal ribose in plant-derived miRNAs that causes
reduced ligation efficiency of adaptor oligonucleotides
[37]. Among the detected plant miRNAs, ath-miR159a
(from Arabidopsis thaliana), gma-miR159a-3p and gma-
miR159e-3p (from Glycine max) sharing the identical
sequence “uuuggauugaagggagcucua” had the highest
counts and were over 6-fold more abundant than other
plant miRNAs; therefore we chose to focus on this plant
miRNA to see whether it could influence BC progression.
Among the Solexa-identified small RNA sequences in
patient sera that were aligned to plant miR159, the ma-
jority exactly matched to the reference sequence in plants
(Supplementary information, Table S2). We further
confirmed the presence of miR159 by quantitative PCR
(qPCR) using part of these serum RNA samples from BC
patients (30 cases available after Solexa) as well as those
from individual female healthy donors. Interestingly,
circulating miR159 was significantly more abundant in
healthy donors in comparison to BC patients (Figure 1A).
Furthermore, circulating miR159 was significantly less
abundant in BC patients who relapsed with metastatic
disease within 3.5 years after serum collection compared
to patients who did not have disease progression during
2-6 years of follow-up. In addition, significantly lower
levels of circulating miR159 were associated with a neg-
ative status of estrogen receptor (ER) or progesterone
receptor (PR) expression in the tumor, whereas the ex-
pression of HER2 and inflammation status in the tumor
were not associated with miR159 levels (Supplementary
information, Tables S3 and S4). These results indicate
that plant miR159 sequences are present in human serum
and are inversely correlated with BC incidence and pro-
gression.

Since miRNAs are primarily transported to distant or-
gans through EV-mediated trafficking [14], we assessed
whether miR159 is located in EVs in human serum. The
majority of miR159 found in human serum was detected
in an EV-enriched serum fraction obtained by ultracen-
trifugation (Figure 1B). Similarly, miR-16, a mammalian
miRNA used as a control, was present primarily in the
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Figure 1 miR159 is detectable in human serum and breast
tumor tissue. (A) gPCR for miR159 in the serum of healthy hu-
man donors (n = 6) and breast cancer patients who did (n = 10)
or did not (n = 20) progress to a higher stage of disease after
chemotherapy. Data were first normalized to the level of human
miR-16 and then plotted relative to the average level of miR159
in healthy human donors. (B) Enrichment of miR-16 and
miR159 in EVs isolated from healthy human donor serum by
ultracentrifugation (n = 3). (C) gPCR for the indicated miRNAs
with (oxidized) or without (unoxidized) treatment with sodium
periodate. RNAs were extracted from EVs isolated from human
sera or from human sera depleted of EVs by ultracentrifugation.
Data were normalized to miRNA levels of unoxidized samples
(n = 3). (D, E) Representative ISH images of two human breast
tumors (D) without or (E) with detectable miR159. (F) Scatter
plot of ISH scores for miR159 expression in the tumor and the
relative serum miR159 abundance shown in A. Scale bar, 100
um. *P < 0.05. ND, not detectable.
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EVs. Plant miRNAs bear a single 2’-O-methylation on
their 3’ end [23], which is necessary for their stability
[38]. Since mammalian miRNAs lack this modifica-
tion, we used sodium periodate oxidation to confirm
that the miR159 in human serum is of plant origin. The
2’-O-methylation makes plant miRNAs resistant to
oxidation by sodium periodate; in contrast mammalian
miRNAs lack this protection and are oxidized, prevent-
ing them from being amplified by the miScript reverse
transcription system [21]. Subsequent qPCR showed that
the majority of the plant miRNA miR168, a previously
reported plant miRNA in human serum [21], and miR159
in human serum were resistant to sodium periodate and
thus are likely of plant origin (Figure 1C). In contrast, the
mammalian miR-16 was sensitive to sodium periodate
and was not detectable after oxidization. Using in situ
hybridization (ISH), we further confirmed that miR159
could be detected in human breast tumors and that the
miR159 abundance in the tumor was positively correlat-
ed to the miR159 abundance in the serum (Figure 1D-
1F). These data suggest that the miR159 in human serum
is capable of reaching breast tissue.

Since miR159 is a plant miRNA, the most like-
ly source of miR159 in human serum is from dietary
consumption. We profiled the abundance of miR159
in several commonly consumed plants and found that
broccoli was particularly rich in miR159 (Supplementary
information, Figure S1A). Furthermore, the majority of
miR159 was still present after cooking, suggesting that it
could be taken up from both raw and cooked foods (Sup-
plementary information, Figure S1B).

Synthetic miR159 suppresses proliferation of BC cells
Since we were able to detect miR159 in human sera
and breast tumors, we next tested whether miR159 may
influence BC cell growth. Cell counting assays demon-
strated that a synthetic, double-stranded and 2’-O-meth-
ylated miR159 that mimics the duplex of gma-miR159a-
3p and gma-miR159a-5p significantly reduced prolifera-
tion of the BC cell lines MDA-MB-231 and MCFDCIS,
but not the non-cancerous breast cell line MCF-10A or
human mammary epithelial cells (HuMECs) (Figure
2A-2D). This growth inhibitory effect of miR159 was
dose-dependent in MDA-MB-231 cells (Figure 2E).
Since miR159 can be detected in human serum, we test-
ed whether the miR159 in serum is sufficient to inhibit
cell proliferation. MDA-MB-231 cells were transfected
with either anti-miR159 or control locked nucleic acids
(LNAs) and then treated with EVs isolated from healthy
human donor serum. Human serum EVs reduced the
proliferation of MDA-MB-231 cells, which was partially
restored by anti-miR159 LNAs (Figure 2F). Therefore,
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the miR159 in human serum is capable of inhibiting BC
cell proliferation.

miR159 binds to and targets transcripts of human TCF7

In plants, the miR159 family controls plant growth,
development, and morphology by targeting transcrip-
tion factors MYB33 and MYB65 [39]; however, neither
miR159 nor its plant targets have any significant mam-
malian homolog. To identify what transcripts miR159 is
targeting in humans, we used three independent meth-
ods, including computational prediction using software
DIANA microT v3.0, RNA-Seq-based gene expression
profiling of MDA-MB-231 cells transfected with syn-
thetic miR159, and the RNA-induced silencing complex
(RISC)-trap (RISCTRAP) assay [40] followed by se-
quencing, to identify endogenous transcripts associated
with miR159 (Figure 3A, 3B and Supplementary infor-
mation, Table S5). Three genes, transcription factor 7
(TCF7), nuclear receptor coactivator 6 (NCOA6), and
engrailed-2 (EN2), were identified as putative miR159
targets by all three methods. TCF7 is a TCF/LEF family
transcription factor of the Wnt signaling pathway that is
upregulated in BC [41, 42], is a target of several tumor
suppressor miRNAs [43], and can drive BC cell prolif-
eration [44-46]. NCOAG® is a transcriptional coactivator
that is upregulated in BC [47, 48] and may influence a
variety of processes including cell growth, development,
and wound healing [49]. EN2 is a homeobox transcrip-
tion factor that is upregulated in a subset of BCs and can
contribute to transformation if ectopically overexpressed
[50]. Among these three putative miR159 targets, we
focused on TCF7, as it has the highest miTG score
calculated by the DIANA microT v3.0 prediction soft-
ware, the highest fold enrichment in the RISCTRAP pull-
down assay using biotinylated miR159, and the strongest
fold decrease in RNA-Seq and qPCR analyses in MDA-
MB-231 cells transiently transfected with miR159 (Fig-
ure 3B-3C). Using qPCR, we further confirmed that the
transcripts of TCF7 were associated with miR159 in
the RISCTRAP assay, whereas those of MXI1, a control
gene, were not (Figure 3D).

DIANA microT v3.0 identified 2 putative
miR159-binding sites in the T7CF7 3'UTR (Figure 3E).
To verify whether these sites indeed mediate miR159’s
regulatory effect on 7CF7 expression, the TCF7 3'UTR
carrying wild-type (WT) or mutant miR159-binding sites
was cloned into a luciferase reporter plasmid (Figure 3F).
MDA-MB-231 cells were transfected with the reporter
plasmids along with synthetic miR159 or a scrambled
control to verify the effect of each binding site (Figure
3G). Both full-length and truncated WT 3'UTR plasmids
were generated as the mutagenic cloning of site 2 result-
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Figure 2 miR159 decreases BC cell proliferation. (A-D) Cell
proliferation of breast cell lines transfected with a miR159 mimic
or scrambled control oligo. Cell proliferation was determined
by cell counting (n = 3). (E) Cell counting of MDA-MB-231
cells transfected with the indicated dose of miR159. Cell were
counted 4 days post-seeding (n = 3). (F) Cell counting of MDA-
MB-231 cells transfected with anti-miR159 LNAs or control
LNAs and treated with human serum EVs. Cells were treated
with EVs isolated from 4 ml of pooled human sera or PBS twice
over 4 days (n = 3). *P < 0.05.

ed in a 160-bp 3'-end truncation. miR159 was able to
reduce the luciferase activity of both WT reporters to a
similar degree, indicating that the 160 base pairs lost in
the WT truncated 3'UTR are not necessary for miR159
binding. Mutating either of the binding sites resulted in
partial restoration of luciferase activity, and complete
restoration occurred when both sites were mutated (Figure
3G). Therefore, miR159 is able to bind to both sites to
inhibit TCF7 expression. We further examined the effect
of miR159 on the transcriptional activity of TCF and
NF«B (control) in BC and normal breast cell lines using
the corresponding luciferase reporter assays (Figure 3H
and 3J). miR159 was able to reduce the transcriptional
activity of TCF in MDA-MB-231 and MCFDCIS BC
cell lines, but not in the non-cancerous MCF-10A cells
(Figure 3H). In contrast, miR159 was not able to alter
the NFkB activity in any of the cell lines (Figure 3J),
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demonstrating the specificity of this effect. One of the
downstream targets of TCF7 is the E-box-binding protein
and potent oncogene MYC. We used the E-box luciferase
reporter assay to assess whether miR159 is able to inhibit
MYC activity. Similar to the results with the TCF report-
er, miR159 was able to reduce the activity of MYC in
MDA-MB-231 and MCFDCIS BC cell lines, but not in
the non-cancerous MCF-10A cells (Figure 31). Western
blotting confirmed that miR159 was able to reduce TCF7
and MYC protein levels in BC cells but not in MCF-
10A cells (Figure 3K). The lack of a miR159 effect in the
non-cancerous MCF-10A and HUMEC cells is likely due
to their very low or undetectable level of TCF7 (Figure
3K and data not shown).

miR 159 inhibits BC cell growth by targeting TCF7
To determine whether miR159 inhibits BC cell growth
through targeting TCF7, MDA-MB-231 cells were

Andrew R Chin et al.

{rg

co-transfected with a pcDNA3-HA-TCF1 plasmid en-
coding TCF7 without the 3'UTR (TCF7HA) and synthet-
ic miR159. miR159 was able to inhibit proliferation and
TCF activity in vector-transfected cells, but failed to do
so in cells expressing miR159-resistant TCF7HA (Figure
4A and 4B). Furthermore, miR159 failed to inhibit pro-
liferation or MYC activity in cells overexpressing exog-
enous MYC (Figure 4C and 4D). These data suggest that
miR 159 inhibits BC cell proliferation by targeting 7CF?7,
which results in decreased MYC protein level (Figure
4E). We did not observe an increase in proliferation upon
forced overexpression of exogenous MYC, possibly due
to the saturation of cofactors that inhibit the pro-apop-
totic functions of MYC [51-54]. In a breast tumor array,
we detected a significant inverse correlation between the
intratumoral levels of miR159 and either TCF7 or MYC,
suggesting that miR159 may target TCF7 in vivo. A posi-
tive correlation between TCF7 and MYC levels was also

O
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Figure 3 miR159 directly targets human TCF7. (A) Overlap of putative miR159 targets in humans identified by RNA-Seq of
MDA-MB-231 cells transfected with miR159 mimic, Diana microT v3.0 target prediction software, and the RISCTRAP miR159
association assay. (B) Fold change and statistical significance of the three target genes identified by all three methods. (C-
D) gPCR validations of the regulation of the mRNA levels of putative miR159 targets by miR159 in MDA-MB-231 cells (C)
and the association of miR159 with TCF7 mRNA in RISCTRAP assay (D). (E) The two putative miR159-binding sites in TCF7
3'UTR identified by Diana microT v3.0. (F) Schematic of the TCF7 miR159-binding site reporter constructs. (G) Dual-lucifer-
ase assay in MD-MB-231 cells co-transfected with miR159 or scrambled control oligos and the reporter constructs from F.
(H-J) Dual-luciferase assays in the indicated breast cells transfected with miR159 or scrambled control oligos for TOP/FOP (H),
E-box (I) or NFkB reporter (J) activity. In C, D, G, and H-J, data shown represent mean + SD (n = 3). (K) Western blot assays
to evaluate TCF7 or MYC expression in breast cell lines transfected with miR159 or scrambled control oligos. Band intensi-
ties were measured using Imaged and were normalized to ACTIN. *P < 0.05. ND, not detectable.
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detected in this array (Figure 5).

miR159 suppresses breast tumor growth in vivo

We used a MDA-MB-231 xenograft tumor model to
determine whether miR159 inhibits BC growth in vivo.
Female NOD-scid IL2Rg™" (NSG) mice were gavage
fed daily with synthetic 2’-O-methylated miR159 or
scrambled control oligos starting 3 days before injection
of MDA-MB-231 cells into the mammary fat pad. The
miR159-treated group started to exhibit significantly re-
duced tumor growth on day 16 and showed significantly
decreased tumor weight at the end of the experiment
(Figure 6A and 6B). Mice fed with miR159 had signifi-
cantly reduced T7CF7 and MYC expression in their tu-
mors (Figure 6C and 6D), with decreased tumor cell pro-
liferation and increased apoptosis, indicated by Ki67 and
cleaved caspase-3 staining, respectively, (Figure 6E-6G).
We found that miR159 is indeed detectable, although at
much lower levels compared with the GI tract, after a
short-term treatment and showed increased accumulation
upon a longer treatment in organs outside the GI tract
(Supplementary information, Figure S2). Despite this, we
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Figure 4 miR159 inhibits cell proliferation through targeting
TCF7. (A, C) Cell counting of MDA-MB-231 cells co-transfected
with miR159 and TCF7HA (A) or MYC (C). Cells were counted
4 days post-seeding. (B) Dual-luciferase assay for TCF reporter
activity. MDA-MB-231 cells were co-transfected with miR159,
TCF7HA and either TOPFLASH or FOPFLASH plasmids. (D)
Dual-luciferase assay for E-box reporter activity. MDA-MB-231
cells were co-transfected with miR159, MYC and either E-box
reporter or vector plasmids. In B and D, the luciferase assay
was performed 3 days after transfection. (E) Working Model
for miR159 inhibition of breast cancer growth. Data shown
represent mean + SD (n = 3). *P < 0.05.

were still able to detect miR159 in the xenograft tumors
by ISH (Figure 6G). In contrast, miR159 was not able to
reduce the growth of MDA-MB-231 tumors stably over-
expressing TCF7 without the 3'UTR, and did not sig-
nificantly alter levels of TCF7 and MYC, or affect pro-
liferation and apoptosis in these tumor cells (Figure 6H-
6N). Therefore, the growth inhibitory effects of miR159
are dependent on the TCF7 3'UTR, demonstrating that
miR159 targets TCF7 in vivo to reduce breast tumor
growth.

Discussion

The recent discovery of circulating RNAs originating
from exogenous species in humans in their intact and
functional forms [21, 32] led to the paradigm-shifting
hypothesis that some RNAs may exert cross-kingdom
regulatory effects on physiological processes across dif-
ferent species. If proven true, certain dietary miRNAs
from plants and other species may serve as highly af-
fordable and powerful means of treatment with minimal
inconvenience to patients. Towards this end, we set out
to find plant miRNA sequences existing in human sera
that potentially associate with BC, and identified miR159
which (using a synthetic mimic) targets 7CF7 to inhibit
the proliferation of cells whose growth is dependent on
TCF7 such as the BC cells MDA-MB-231. Therefore,
miR159 may serve as a potential therapeutic agent to
improve current treatment for BCs that require TCF7. It
remains to be determined whether plant miRNAs with
therapeutic value, such as miR159, can be taken up from
certain types of dietary sources at levels that are suffi-
cient to exert a physiological impact on human consum-
ers. Nevertheless, our study using a BC model clearly
indicates the anti-tumor effect of orally administered
synthetic miR159 in its naturally existing form with the
plant-specific 2’-O-methylation, suggesting the feasibil-
ity of using synthetic forms of plant miRNAs as dietary
supplements in the treatment of human cancers, includ-
ing those outside of the GI track.

To address whether a physiological dose of miR159
was achieved in our xenograft experiments, we compared
the abundance of miR159 in sera of mice receiving equal
doses of miR159 as those shown in Figure 6 with sera
from 2 lots of pooled human serum samples. The average
abundance of miR159 in the xenograft tumor-bearing
mice gavage fed with miR159 was 524.3 + 234.0 fmols/
ml serum. Our pooled human serum had 27.5 + 6.4
fmols/ml of miR159. After normalizing the mouse serum
abundance to body surface area to account for the dose
differences between mouse and human [55], the mouse
dose is the equivalent of 42.5 = 19.0 fmol/ml in humans.
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Considering that the pooled human serum is expected to
be taken from a mix of people who may consume food
with variable miR159 abundance and that people who
consume food rich in miR159 likely have a higher con-
centration of miR159 than in our pooled human serum,
we believe that the miR159 serum concentration in our
xenograft experiments is an acceptable approximation of
a typical physiological dose. Our data therefore suggest
that dietary plant miR159 may be able to influence BC
growth.

The dietary uptake of natural plant miRNAs in mam-
mals has been viewed with skepticism due to the difficul-
ty in observing the uptake of several individual miRNAs
from different sources [27-30]. This difficulty may be
attributed to using PCR to search for selected miRNAs
rather than sequencing [31] or due to studying a source
that does not permit significant uptake of plant miRNAs.
Our detection of miR159 among other plant miRNAs in
Western human sera from our sequencing data set sug-
gests that plant miRNAs can be taken up through dietary
intake. However, the abundance of these miRNAs was
very low, with < 40 reads for the most abundant plant
miRNA miR159. This could be due to the 2’-O-methyl-
ation on the 3'-terminal ribose in plant-derived miRNAs
that is known to reduce the ligation efficiency of adap-
tors used in deep sequencing [37], although it remains
possible that naturally there is very little stable accumu-
lation of dietary plant miRNAs in the serum. By PCR,
we were able to detect miR159 in multiple lots of pooled
human sera from healthy donors and in individual sera
of BC patients. In an effort to examine the physiological
relevance of natural forms of miR159 in human blood,
we observed that EVs isolated from healthy donor sera
inhibited BC cell growth, which was partially restored by
an anti-miR159 LNA, but not a control LNA, indicating
that the plant miR159 in normal human serum indeed has
anti-tumor activity (Figure 2F).

Several labs have used PCR to note the absence of
individual plant miRNAs that were abundant in a given
source before ingestion [27-29]; however, our sequenc-
ing data as well as others have observed that the plant
miRNAs that are taken up after consumption are not
necessarily those that are most abundant in the plant
(Supplementary information, Table S1) [21, 22]. There-
fore, there is likely a selective mechanism for the uptake
of specific plant miRNAs in mammals. Furthermore, it
should be noted that PCR is dependent on both the con-
centration of a given gene in the sample as well as the
efficiency of the reaction, so caution should be applied
when comparing the abundance of two genes with each
other. Although our current study along with the previ-
ous ones by other groups show that plant miRNAs may
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regulate human gene expression and even impact human
diseases such as cancer, they also intensify the urgency
to understand the effects of food-derived miRNAs in hu-
man health and disease, for which little evidence exists
for one way or another. It is therefore critical to examine
the uptake of plant miRNAs from food and the physio-
logical effects of food-derived plant miRNAs in animals
using strictly controlled experiments in future studies. It
is also important to evaluate the scope of uptake of plant
small RNAs (both miRNAs and siRNAs) from food and
to understand the molecular basis for the uptake and
action of plant-derived small RNAs in animals. These
future studies would provide definitive evidence for the
highly controversial but potentially revolutionary con-
cept of small-RNA-mediated cross-kingdom action in
human-environment interactions, as well as the etiology,
prevention, and treatment of many human diseases, such
as cancer.

Materials and Methods

Cells, plasmids, and oligos

The human BC cell line MDA-MB-231 and the non-cancerous
cell line MCF-10A were obtained from American Type Culture
Collection (ATCC; Manassas, VA) and cultured in the recom-
mended media in a humidified 5% CO, incubator at 37 °C. MCF-
10DCIS.com (MCFDCIS) cells were purchased from Asterand
(Detroit, MI) and cultured in MCF-10A media. HUMECs were
purchased from ATCC and cultured in HUMEC Ready Medium
(Fisher Scientific; Pittsburgh, PA). The pcDNA3-HA-TCF1 plas-
mid (TCF7HA) and the TCF luciferase reporter plasmids TOP-
FLASH (M50 Super 8x TOPFlash) and FOPFLASH (M51 Super
8x FOPFlash (TOPFlash mutant)) [56], which contains seven
TCF/LEF-binding sites inserted into the M/ul site of the pTA-
Luc vector, were obtained from Addgene (Cambridge, MA). The
E-box luciferase reporter plasmid was constructed by inserting
four tandem copies of the canonical E-box sequence “CACGTG”
upstream of the luciferase gene in pGL3-Promoter vector (Prome-
ga; Madison, WI). The NF«B luciferase reporter was generated
by cloning the NFxB-binding site into a luciferase reporter con-
struct and was a kind gift from Dr Amy Chow. The pBabe-MYC
plasmid was a kind gift from Dr Mei Kong. The CMV-Flag-HA-
dnGW182-IRES-puro plasmid was a kind gift from Dr Richard
H Goodman. PCR primers used in 7CF7 3'UTR cloning are:
5'-ATAATTCCTCGAGAATGCATTCGGTACTTACCCG-3'
(Xhol forward primer), 5'-TTGCAATGCGGCCGCGGCTTT-
GAAAAACAAACCCAG-3' (Notl reverse primer), 5'-TTTG-
CCTAAAGAGAAAGAAAAAGG-3' (site 1 mutant forward
primer), 5'-CCTTTTTCTTTCTCTTTAGGCAAA-3’ (site 1 mu-
tant reverse primer), 5'-TTGCAATGCGGCCGCTTTCTCTTCT-
GAGAAACCAGT-3' (site 2 mutant Not1 reverse primer), 5'-TTG-
CAATGCGGCCGCTTTGGATTCTGAGAAACCAGT-3' (site 2
WT Notl primer). The TCF7 full-length WT, WT truncated, and
site 2 mutant plasmids were generated using the Xhol forward
primer and Notl reverse primer, site 2 WT Notl reverse primer,
or site 2 mutant Notl reverse primer, respectively, followed by
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Figure 5 miR159 level is inversely correlated with levels of
TCF7 and MYC in breast tumors. (A, B) Selected images
showing ISH for miR159 and IHC for TCF7 and MYC in two
BC samples with (A) or without (B) detectable miR159 from a
human breast cancer array. (C) Statistical analysis of correla-
tion between miR159 and TCF7 or MYC levels from the human
breast cancer array BC08118. (D) Histogram of miR159 scores
from the human breast cancer array. Scale bar, 50 um.

insertion into the psiCheck-2 plasmid with Xiol and Notl. The
site | mutant plasmid was constructed by combining two PCR
fragments generated by the Xhol forward primer and site 1 mutant
reverse primer (fragment 1) and the site 1 mutant forward primer
and Notl reverse primer (fragment 2). A site 1 mutant insert was
generated using the two PCR fragments mixed at equal molar ratio
as the template for a second-round PCR with the X/ol forward
primer and Notl reverse primer. The double-mutant plasmid was
generated using the same strategy as the site 1 mutant with the site
2 mutant plasmid as the template and using the site 2 mutant Not1
reverse primer in place of the Notl reverse primer. All generated
plasmids were confirmed by sequencing. miR159 mimic oligos for
in vitro experiments were made by annealing sense and anti-sense
strands to create a double-stranded miRNA duplex: miR159
sense 5'-UUUGGAUUGAAGGGAGCUCUmMA-3 (“m” denotes
2’-O-methylation), miR159 anti-sense 5'-GAGCUCCUUGAAGU-
CCAAUUmMG, scrambled control sense 5'-GGGACUAGCGGU-
UAGUGAUAmMG-3', scrambled control anti-sense 5'-CUAUCAC-
UAACCGCUAGUCCmC-3’, miR159-biotin sense 5'-P-UUUG-

GAUUGAAGGGAGCUCUAUU-biotin-TEG-3', miR159-biotin
anti-sense 5'-P-UAGAGCUCCCUUCAAUCCAUAAG-3'. The
miR159-biotin oligo used in the RISCTRAP assay was designed
as a double-stranded oligo with a biotin group attached by a TEG
linker on the sense strand, which has been reported to not interfere
with miRNA function [57]. Single-stranded oligos were used for
in vivo experiments: miR159 5-UUUGGAUUGAAGGGAGCU-
CUmA-3' and scrambled control 5-UAGUUUGGUAAGGGAG-
CUCUmA-3'. Anti-miR 159 inhibitory LNAs were ordered from
Exiqon (Woburn, MA). The negative control A LNA (Exiqon) that
does not target any known sequence was used as a control.

Clinical specimens

Human patient serum specimens were obtained from consent-
ed patients at City of Hope Medical Center (Duarte, CA) under
approved institutional review board protocols. Supplementary
information, Table S1 indicating the plant miRNA alignment result
is derived from our previously published serum smRNA-seq data
set that includes 42 female stage II-III BC patients participating
in neoadjuvant chemotherapy clinical trials at City of Hope [7].
All serum samples were collected at diagnosis before any treat-
ment. Upon diagnosis, all patients received conventional chemo-
therapy lasting 4-6 months followed by surgical resection of the
tumor. Among the 42 patients, 7 received docetaxel/doxorubicin/
cyclophosphamide (TAC) treatment regimen (group A) and 12
received doxorubicin/cyclophosphamide (AC) treatment followed
by carboplatin and nab-paclitaxel (group B). The other 23 patients
had HER2" BC, and were given the same regimen as for group
B but with addition of trastuzumab (group C). One of the HER2"
patients was likely stage IV based on the presence of pleural ef-
fusion at diagnosis, which later was documented to be malignant.
For PCR analysis of circulating miR159 in Figure 1A, 30 out of
the 42 serum RNA samples that were available after smRNA-seq
were examined, including 10 cases that later developed systemic
recurrence and 20 cases that had not developed systemic relapse.
The two groups exhibit balanced age, hormone receptor and
HER?2 expression, treatment regimen, sample collection time, and
follow-up time. Among these 30 cases shown in Figure 1A, 17
had paired primary tumors available for the correlation analyses
in Figure 1D-1F. The clinical and histopathological factors of all
patients are summarized in Supplementary information, Table S3.
Serum RNA was extracted using TRIZOL LS reagent (Life Tech-
nologies; Grand Island, NY) and subjected to reverse transcription
(RT)-gPCR for miR159 and miR-16 as described [7]. Individual
and pooled healthy female donor human sera were purchased from
Innovative Research (Novi, MI). The BC tissue array was pur-
chased from US Biomax (Cat #BC08118; Rockville, MD).

EVisolation

Human serum was spun down at 500x g for 5 min in a tabletop
centrifuge at 4 °C to remove any cellular contaminants. The super-
natant was spun at 18 700x g for 20 min in a Sorvall Lynx 6000
(Fisher Scientific) centrifuge to remove cellular debris. EVs were
pelleted by spinning at 110 000x g for 70 min at 4 °C in a LE-80
ultracentrifuge (Beckman Coulter; Palo Alto, CA). EV-depleted
serum was removed and the EV pellet was washed with PBS and
spun again at 110 000x g for 70 min at 4 °C. The supernatant was
removed by aspiration and the pellet was resuspended in a small
volume of PBS.
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Figure 6 miR159 decreases tumor growth through targeting TCF7 in vivo. (A) MDA-MB-231 tumor growth measured by
calipers in mice gavage fed with miR159 or scrambled control oligos. (B) Final tumor weight of MDA-MB-231 tumors. (C, D)
gPCR analysis of TCF7 (C) and MYC (D) expression in MDA-MB-231 tumors. (E, F) Quantification of IHC staining signals
for Ki67 (E) and cleaved caspase-3 (F) in MDA-MB-231 tumor slides. (G) Representative IHC/ISH images for Ki67, cleaved
caspase-3, and miR159 in MDA-MB-231 tumors. In A-G, MDA-MB-231 xenograft mice were fed with miR159 (n = 13) or
scrambled control oligos (n = 11). (H) MDA-MB-231-TCF7HA tumor growth measured by calipers in mice gavage fed with
miR159 or scrambled control oligos. (I) Final tumor weight of MDA-MB-231-TCF7HA tumors. (J, K) gPCR analysis of TCF7
(J) and MYC (K) expression in MDA-MB-231-TCF7HA tumors. (L, M) Quantification of IHC staining signals for Ki67 (L)
and cleaved caspase-3 (M) in MDA-MB-231-TCF7HA tumor slides. (N) Representative IHC/ISH images for Ki67, cleaved
caspase-3, and miR159 in MDA-MB-231-TCF7HA tumors. In H-N, MDA-MB-231-TCF7HA xenograft mice were fed with
miR159 (n = 12) or scrambled control oligos (n = 12). Scale bar, 100 pm. *P < 0.05.

Sodium periodate qPCR and RISCTRAP assay

RNA from 2 ml of pooled healthy donor serum was extracted
using TRIZOL LS. RNA was resuspended in 5 pl RNase-free H,O
and incubated with 95 pl 10 mM sodium periodate (Fisher Scien-
tific) for 40 min in a covered ice bucket. RNA was precipitated by
adding 1 ml 100% ethanol (Pharmco-AAPER; Brookfield, CT) +
1 ul glycogen (Roche Diagnostics Corporation; Indianapolis, IN)
and incubating on ice for 20 min. RNA was pelleted by spinning
at 12 000x g for 15 min at 4 °C in a benchtop centrifuge. To re-
move residual sodium periodate, the resulting pellet was washed
with 1 ml 100% ethanol followed by another 12 000x g spin for
15 min at 4 °C. The pellet was washed with 1 ml 75% ethanol and
spun down again at 12 000x g for 15 min at 4 °C in a benchtop
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centrifuge. To remove residual ethanol, the pellet was air dried at
room temperature for 5 min. The RNA was resuspended in RNase-
free H,O followed by miScript RT-qPCR as stated below. The
RISCTRAP assay was performed as previously described [40]
using biotinylated miR159 and anti-biotin beads (Sigma-Aldrich;
St. Louis, MO) to pull down miR159 and associated RNAs, rath-
er than assess total RNA. RNA-Seq was performed to identify
miR159-associated RNAs which were compared with input total
RNAs.

RNA-Seq and bioinformatics
Solexa sequencing was performed by the City of Hope Integra-

tive Genomics Core using RNA samples from MDA-MB-231 cells
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transfected with miR159 mimic or scrambled control, and using
miR159-associated and input RNAs from the RISCTRAP assay.
RNA was reverse-transcribed into cDNA and sonicated. After frag-
mentation, cDNA fragments with sizes between 130-280 bp were
isolated from polyacrylamide-urea gels. The isolated cDNA frag-
ments were ligated with a 3'-linker with a barcode and a 5'-linker.
The ligated material was amplified by PCR and then analyzed on
a HiSeq2500 (Illumina; San Diego, CA) for parallel sequencing.
Sequences were aligned to human genome assembly hgl9 and
unaligned reads were extracted for plant miRNA profiling. These
unaligned reads were aligned to plant miRNAs originated from
miRBase v18 using Bowtie not allowing mismatches. The resulted
alignment results were then imported into R and expression level
of each plant miRNA in each sample was summarized. Putative
targets of miR159 were identified using the DianaScan micro T
v.3.0 software. Identified putative targets were compared with
genes downregulated by miR159 in RNA-Seq data and targets en-
riched in the RISCTRAP assay.

RNA extraction and RT-gPCR

RNA from cellular samples was extracted using Trizol (Life
Technologies) according to manufacturer’s instructions. Plant
samples were frozen in liquid nitrogen and ground with a mortar
and pestle. An equal weight of ground plant material was used for
RNA extraction and all extracted RNA was used for cDNA synthe-
sis using the same method as cellular samples.

All RT from cellular samples was done using the miScript II kit
(Qiagen; Valencia, CA) according to manufacturer’s instructions
and qPCR was done using iQ SYBR Green Supermix (VWR; Rad-
nor, PA) with either U6 (for miRNA; Qiagen) or 18S (for mRNA;
forward primer: 5'-CTACCACATCCAAGGAAGCA-3', reverse
primer: 5'-TTTTTCGTCACTACCTCCCCG-3') as internal con-
trols. PCR primers are: miR159 primer 5-TTTGGATTGAAG-
GGAGCTC-3', miR168 primer 5'-TCGCTTGGTGCAGATC-
GGG-3', miR-16 (Qiagen, only in sodium periodate treatment),
TCF7 forward primer: 5'-CTGGCTTCTACTCCCTGACCT-3,
TCF7 reverse primer 5'-ACCAGAACCTAGCATCAAGGA-3/,
MYC forward primer 5-GGCTCCTGGCAAAAGGTC-3', MYC
reverse primer 5'-CTGCGTAGTTGTGCTGATGT-3'. RT for
miR-16 and miR159 from serum samples was conducted using
the TagMan MicroRNA Reverse Transcription Kit (Life Tech-
nologies) according to manufacturer’s instructions, and qPCR
was done using TagMan Universal PCR Master Mix II, No UNG
(Life Technologies) with corresponding Tagman probes with the
addition of 5% ethylene glycol and 1% DMSO for improved sen-
sitivity. Standard curves were generated from miR159 (5'-UUUG-
GAUUGAAGGGAGCUCUmA-3") and miR-16 (5'-TAGCAG-
CACGTAAATATTGGCG-3') synthetic oligos.

In situ hybridization (ISH), immunohistochemistry (IHC),
and western blot analysis

ISH and IHC were performed as previously described [17]. The
miR 159 detection probes were obtained from Exiqon (Woburn,
MA). Ki67 antibodies were obtained from Dako (Carpinteria, CA;
MIB-1) and cleaved caspase-3 antibodies were obtained from Cell
Signaling Technology (SA1E; Beverly, MA). TCF7 (C63D9) and
MYC (D84C12) antibodies were obtained from Cell Signaling
Technology. Actin antibodies were obtained from Sigma-Aldrich
(AC-195).

Transfection, proliferation, and luciferase assays

Transfection was performed according to manufacturer’s
instructions using RNAiMAX Lipofectamine (Life Technolo-
gies) for oligonucleotide transfection, Lipofectamine 2000 (Life
Technologies) for plasmid transfection, and DharmaFECT Duo
transfection reagent (GE Healthcare; Lafayette, CO) for oligonu-
cleotide + plasmid transfection. For cell proliferation assays, at 24
h post transfection, the cells were seeded at a density of 22 000
cells per 6-cm dish for cell counting. Cells were counted every day
for 5 days for cell numbers. In the experiment using various dos-
es of miR159, cell counting was performed 4 days post seeding.
For serum EV treatment with anti-miR159 LNAs, MDA-MB-231
cells were transfected with either anti-miR159 or control LNAs
and seeded at 22 000 cells per 6-cm dish 24 h after transfection.
Twenty-four hours later, cells were treated with human serum EVs
isolated from 4 ml of pooled human sera from healthy donors. The
cells received a second dose of EVs 48 h after the first and cells
were counted 48 h later. For luciferase assays, 3 days after trans-
fection the luciferase activity was measured using the Dual-Lucif-
erase Reporter Assay System (Promega).

Animals

All animal procedures were approved by the Institutional An-
imal Care and Use Committee at City of Hope and in compliance
with ethical regulations. Female 6-10-week-old NSG mice were
used for all animal experiments. For miR159 distribution exper-
iments, mice were gavage fed daily with 25 mg/kg miR159 or
scrambled control oligos dissolved in RNase-free H,O. At the in-
dicated time points, the animals were killed and tissues were pre-
served in RNAlater (Life Technologies) overnight. Tissues were
then homogenized using soft tissue homogenizing kit CK14 (VWR)
for RNA extraction. For xenograft tumor experiments, mice were
gavage fed daily with 25 mg/kg miR159 or scrambled control oli-
gos for 3 days before the implantation of 2 x 10° MDA-MD-231 or
MDA-MD-231-TCF7HA cells into the #4 mammary fat pad. Mice
continued to receive daily oral gavage of RNA oligos and tumor
size was measured by caliper three times a week for 5 weeks, after
which mice were killed.

Statistical analyses

All quantitative data are presented as mean + SD. For all quan-
titative data, statistical analyses were performed using Student’s
t-tests. Values of P < 0.05 were considered significant. The cor-
relation analyses were evaluated by Pearson correlation coefficient
(7). Values of P < 0.05 were considered significant.
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