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ABSTRACT

Background: Cell-free microRNAs (miRNAS) exist in
body fluid. Previous studies showed that cell-free mi-
RNAs are partly bound in microvesicles, and could
transfer between cells via fusion with cell membrane.
Methods: We quantified the amount of a panel of mi-
RNA targets in and outside microvesicles in human
proximal tubular epithelial cell (HK2) medium by
microarray and real-time quantitative polymerase
chain reaction (RT-QPCR). Inter-cellular miRNA
transfer was explored by medium transfer experi-
ments. Results: We identified a portion of cell-free
mMiRNAs that exists as non-vesicle bound, truly naked
form. More importantly, these non-vesicle bound free
MiRNA could transfer between cells and exert bio-
logical effects. By miRNA microarray, we showed that
the expression of many miRNA targets in HK-2 cells
were altered, either up- or down-regulated, after ex-
posure to extrinsic free miRNAs. The miRNA-200
family was the most affected in our model, with a
corresponding alteration in the messenger RNA ex-
pression of down-stream targets including ZEB1 and
vimentin. Conclusion: Our results suggest that free
MiRNA may serve as an intercellular messenger, a
phenomenon that needs further exploration.
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1. INTRODUCTION

MicroRNAs (miRNAs) are small, non-coding, single-
stranded, endogenous RNA molecules that regulate gene
expression by promoting degradation of messenger RNA
targets, inhibition of translation by binding to the 3’un-
translated region (3’UTR), or altering mRNA metabo-
lism by acting as molecular decoys for RNA-binding
proteins [1-3]. MiRNAs has a profound influence on
cellular gene expression; it regulates over 30% of all the
genes in a cell, and participates in almost all major cel-
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lular activity [4].

While numerous studies focus on intra-cellular miRNAs,
recent studies revealed the existence of cell-free miRNAs
in blood, urine and cell culture medium [5-8]. Previous
studies showed that these miRNAs are largely enclosed
in microvesicles and could transfer between cells, possi-
bly playing a role in intercellular communication ([8-11]).
Besides within microvesicles, however, it is now realized
that there is “naked” miRNAs freely present outside mi-
crovesicles because serum can be directly used as tem-
plate for polymerase chain reaction without a formal
miRNA extraction [5]. Nonetheless, the biological roles
of these naked (non-vesicle bound) free miRNAs remain
unclear.

2. MATERIALS AND METHODS
2.1. Cell Culture

The human kidney-2 (HK-2) cell line, which is a human
proximal tubular cell line, was purchased from the
American Type Culture Collection (Manassas, VA, USA).
Keratinocyte serum-free media (K-SFM) (Invitrogen,
Paisley, UK) supplemented with bovine pituitary extract
(40 pg/mL), epidermal growth factor (5 ng/mL), 100
U/mL penicillin and 100 pg/mL streptomycin was used
for cell culture. The cell lines were then maintained in a
37°C, 5% CO, humidified atmosphere. The media was
changed every 2 to 3 days. HK-2 cells were subcultured
in a 24-well plate and grown to 70% - 80% confluence.

2.2. RNA Extraction

MirVana™ miRNA isolation kit (Ambion, Inc. Austin,
TX, USA) was used for the extraction of miRNA from
HK-2 cells according to the manufacturer’s protocol. The
mirVana™ PARIS™ Kit (Ambion, Inc. Austin, TX,
USA) was used for the extraction of total RNA from the
culture medium. In brief, the medium was first centrifug-
ed at 15,000-g for 2 hours at 4°C; 400 ul media were then
mixed with 400 pl denaturing solution and 800 pl acid
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phenol chloroform and centrifuged for 10 minutes at
15,000-g. The upper aqueous phase (600 pl) was then
mixed with 1.25 volumes of 100% ethanol and washed
with washed 3 times on a filter cartridge. Total RNA was
then eluted with 60 ul preheated (95°C) water and stores
at —80°C till reverse transcription.

2.3. miRNA Labeling and Co-Culture

The whole extracted miRNAs were labeled with Label IT
miRNA Labeling Kit, Cy™3 (Mirus, Inc. Madison, WI,
USA) according to the manufacturer’s protocol. Labeled
miRNAs were then added to the media of HK-2 cells.
The media was changed after 24 hours and cells were
observed with fluorescence microscope. In the co-culture
experiment, the treated cells were further transferred to
an insert and co-cultured with naive HK-2 cells in an-
other well for another 3 days.

2.4. Effect of Extrinsic miRNAs Exposure

The whole miRNAs extracted from HK-2 cells were
added to the culture medium of fresh HK-2 cells. The
latter cells were cultured for another 24 hours. The cells
were then harvested for RNA extraction.

2.5. miRNA Microarray

The quantity of the extracted total RNA was determined
using the Nanodrop (Thermo Fisher Scientific Inc. Wil-
mington, DE 19810, USA) and the quality was assayed
using the Agilent 2100 Bioanalyzer Eukaryote Total RNA
Nano assay (Agilent Technologies, Waldbronn, Germany).
Briefly, 100 ng of total RNA was labeled and hybridized
to the Agilent Human V3 miRNA Microarrays using the
Agilent miRNA Complete Labeling and Hyb Kit (Agilent
Technologies, Waldbronn, Germany) according to the
manufacturer’s protocol. Scanning and image analysis
were performed using the Agilent DNA Microarray Scan-
ner (Agilent Technologies, Waldbronn, Germany) equipped
with extended dynamic range (XDR) software. Data was
then extracted from raw microarray image files using
Feature Extraction Software (Version 10.5) (Agilent Tech-
nologies, Waldbronn, Germany). GeneSpring GX (Ver-
sion 10.0) software (Agilent Technologies, Waldbronn,
Germany) with default setting was used for data visuali-
zation and analysis.

2.6. Quantification of RNA Levels

Gene expression was quantified by real time quantitative
polymerase chain reaction (RT-QPCR) using the ABI
Prism 7900 Sequence Detection System (Applied Bio-
systems, Foster City, CA, USA). TagMan” microRNA
reverse transcription Kit (Applied Biosystems, Foster
City, CA, USA) and High Capacity cDNA Reverse
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Transcription Kit (Applied Biosystems, Foster City, CA,
USA) were used for reverse transcription. Commercially
available Tagman primers and probes, including 2 unla-
beled primers and 1 FAM™ dye-labeled TagMan® MGB
probe were used for all the targets (all from Applied
Biosystems).

For miRNA, 1.67 pl total RNA was mixed with 1 pl
specific primers, 0.05 pl 100 mM dNTPs (with dTTP),
0.5 pl 10x reverse transcription buffer, 0.33 pl (50 U)
MultiScribe™ Reverse Transcriptase, 0.66 pl RNase
inhibitor (20 U/pl) and made up to 5 pl with H,O. Re-
verse transcription was performed at 16°C for 30 minutes,
42°C for 30 minutes and 85°C for 5 minutes. 1.67 pl me-
dia without RNA extraction was also used as template for
reverse transcription. For mRNA, 10 pl total RNA was
mixed with 2 pl specific primers, 0.8 ul 100 mM dNTPs
(with dTTP), 2 ul 10x reverse transcription buffer, 1 ul
(50 U) MultiScribe™ Reverse Transcriptase, 1 ul RNase
inhibitor (20 U/pl) and made up to 20 ul with H,O. Re-
verse transcription was performed at 25°C for 10 minutes,
37°C for 120 minutes and 85°C for 5 minutes. The re-
sulting cDNA was stored in —80°C until use.

For mRNA expression, the primer and probe set was
deliberately designed across the intron-exon boundary so
as not to detect probable genomic DNA. For RT-QPCR,
10 pl universal master mix, 1 pl primer and probe set,
1.33 pul ¢cDNA and 7.67 pl HO were mixed to make a 20
ul reaction volume. Each sample was run in triplicate.
RT-QPCR were performed at 50°C for 2 minutes, 95°C
for 10 minutes, followed by 40 cycles at 95°C for 15
seconds and 60°C for 1 minute. f-Glucuronidase (GUSB,
Applied Biosystems) and RNU48 (Applied Biosystems)
were used as house-keeping genes to normalize the mRNA
and miRNA expression respectively. Results were ana-
lyzed with Sequence Detection Software version 2.0
(Applied Biosystems). In order to calculate the differ-
ences of expression level for each target among samples,
the AACT method for relative quantitation was used.

2.7. Statistical Analysis

Statistical analysis was performed by SPSS for Windows
software version 15.0 (SPSS Inc., Chicago, IL). All the
results were presented in mean + SD. Since the gene ex-
pression data are highly skewed, Mann-Whitney U test
was used to compare gene expression levels between
groups. A P value of below 0.05 was considered statisti-
cally significant. All probabilities were two-tailed.

3. RESULTS
3.1. Free miR-200a in Culture Medium

The miR-200a level in culture medium, with and without
RNA extraction, which represent vesicle-bound and truly
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free miRNAs, is summarized in Figure 1. Although the B
level of miR-200a in culture medium without RNA ex- 5 -
traction was significantly lower than that with RNA ex- @ 20 T
traction (15.24 £ 0.65 vs 19.48 = 0.82, P < 0.001) (Fig- s
ure 1), the former was easily detectable, indicating that 2 o
there is a substantial quantify of non-vesicle bound free s
miRNAs in the culture medium. =
8 10
3.2. Free miRNAs Could Enter Cells E
We then examine whether free miRNA in culture me- E s
dium could gain entrance into the cytosol. After CyTM3- 3
abeled miRNA was added into the culture medium, fluo- E o
rescence could be detected in HK-2 cells as early as 5 i et it vl
minutes, and it continued to accumulate in the following medium
24 hours (Figure 2). When the cells pre-treated with Figure 1. Levels of total and non-vesicle bound
CyTM3 labeled miRNA were then co-cultured with or- free miR-200a in the culture medium of HK-2 cell.
dinary HK2 cells, fluorescence could also be detected in
the latter after 72 hours.
3.3. Change in Micro-RNA Expression in
Response to Extrinsic miRNA
We further explored the change in miRNA expression
profiles of HK-2 cells in response to treatment of extrinc
miRNA for 24 hours by microRNA expression microbar-
ray. The results are summarized in Tables 1 and 2. Of
the 866 miRNA species in the microarray, 308 were de-
tected in HK-2 cells. The expression of 206 species re-
mained unchanged, 86 were down-regulated, while 16
were up-regulated. The change in miRNA expression was Figure 2. Fluorescence in HK-2 cells after exposure
confirmed by RT-QPCR (details not shown). to CyTM3 labeled miRNAs for 24 hours.
Table 1. Micro-RNA species that were significantly down-regulated in HK-2 cells after treated by extrinsic miRNAs for 24 hours.
miRNA fold change miRNA fold change miRNA fold change miRNA fold change
let-7¢ 2.62 miR-148b 2.69 miR-26b 2.98 miR-429 4.11
let-7g 2.48 miR-152 2.59 miR-27b 2.04 miR-450a 3.44
let-71 2.39 miR-15a 3.12 miR-28-5p 2.19 miR-454 3.46
miR-1 6.12 miR-16 2.75 miR-29a 3.75 miR-455-5p 3.09
miR-100 2.07 miR-186 2.55 miR-29b 2.98 miR-497 2.79
miR-101 3.64 miR-18a 3.12 miR-29¢ 4.07 miR-502-5p 2.47
miR-103 2.00 miR-18b 2.97 miR-301a 2.20 miR-503 3.00
miR-106b 3.18 miR-192 2.50 miR-30a 2.98 miR-542-3p 3.72
miR-107 2.10 miR-194 2.28 miR-30b 2.09 miR-545 2.13
miR-10a 2.16 miR-195 2.49 miR-30e 3.90 miR-590-5p 3.37
miR-10b 2.75 miR-19a 4.78 miR-32 2.53 miR-628-5p 2.84
miR-126 4.89 miR-19b 3.83 miR-33a 3.84 miR-660 3.60
miR-1271 2.10 miR-19b-1" 3.88 miR-340 5.36 miR-7 3.08
miR-130b 2.06 miR-200a 2.57 miR-340" 3.17 miR-708 4.04
miR-133a 3.63 miR-200a" 2.37 miR-345 2.57 miR-7-1" 2.33
miR-135b 342 miR-20a 3.11 miR-34b" 2.80 miR-766 2.38
miR-140-5p 2.30 miR-20a’ 5.8 miR-361-3p 2.04 miR-93 2.37
miR-142-3p 3.45 miR-20b 3.05 miR-363 3.18 miR-96 3.18
miR-142-5p 2.55 miR-21 2.01 miR-374a 4.53 miR-98 3.13
miR-146a 2.70 miR-215 3.00 miR-374b 2.97 miR-99a 3.33
miR-146b-5p 2.09 miR-221" 2.42 miR-424 2.75
miR-148a 2.68 miR-24-1" 2.74 miR-425 2.31
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Table 2. Micro-RNA species that were significantly up-regu-
lated in HK-2 cells after treated by extrinsic miRNAs for 24
hours.

miRNA fold change miRNA fold change
miR-1202 221 miR-483-5p 2.05
miR-1260 2.06 miR-555 3.88
miR-1274a 2.04 miR-572 2.09
miR-1274b 2.07 miR-636 2.26
miR-1280 2.27 miR-638 2.02
miR-1306 2.52 miR-720 2.10
miR-155" 2.20 miR-886-5p 2.20
miR-338-5p 2.78 miR-939 2.17

3.4. Change in Messenger RNA Expression in
Response to Extrinsic miRNA

We note that the down-regulation miRNA species were
mostly related to epithelial-mesenchymal transition. As a
result, we further explored the mRNA expression of
ZEBI1, ZEB2 and vimentin in HK-2 cells following ex-
posure to extrinsic free miRNA for 24 hours (Figure 3).
Briefly, the expression of ZEB2 remained unchange, while
that of vimentin and ZEBI1 increased following exposure
to extrinsic free miRNA, although the change in ZEBI
expression did not reach statistical significance (details
not shown).

4. DISCUSSION

In line with a previous study [5], which showed that se-
rum and plasma can be directly used as template for
RT-QPCR because of the presence of free miRNA in
body fluid, we found that there was a substantial expres-
sion of miRNAs in HK-2 cell medium. Our results sug-
gest the existence of “naked” miRNA in cell culture me-
dium, presumably released by the cells under culture.

It is often believed that miRNAs in microvesicles
could be transferred between cells via fusion of microve-
sicles to cell membrane. In contrast, our study showed
that non-vesicle bound free miRNAs could also enter
cells and transfer between them. The mechanism of how
non-vesicle bound free miRNAs gain entrance to living
cells is not clear. In fact, miRNAs are big, negatively
charged molecules that should theoretically be repelled
by cell membrane. Nonetheless, living cells has been
found to be able to take up other nucleic acids in various
in vitro models [12,13].

Previous studies have shown that the miRNAs trans-
ferred by the fusion of microvesicles to cell membrane
would increase the specific miRNA expression in target
cells [8]. In this study, however, we found that the
change in target cell miRNA expression was diverse af-
ter exposure to naked miRNAs, and the levels of many
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Figure 3. Expression levels of ZEB1, ZEB2 and
vimentin in HK-2 cells after exposure to extrinsic
free miRNAs for 24 hours.

miRNA species actually decreased. It was possible that
free miRNAs gaining entrance into the cell might trigger
a negative feedback, resulting in a down-regulation of
miRNA production. It should be noted that we did not
use specific miRNA species in this study; the physio-
logical effect of individual miRNA species needs to be
further investigated.

We found that exposure to extrinsic free miRNA have
biological effect. Specifically, the messenger RNA ex-
pression of ZEB1 and vimentin in HK-2 cells, which are
known to be regulated by miRNA 200 family [14-16],
were altered. It should be noted that intracellular expres-
sion of miRNA 200 family was down-regulated upon
exposure to extrinsic free miRNAs, which may lead to
repression of ZEB2 translation to nucleus, resulting in a
change in vimentin expression.

There are a few shortcomings of our study. Firstly, we
used the whole miRNA in the culture medium for our
study. The free miRNAs extracted from microvesicle-
free medium could be used because the species and
quantity of non-vesicle bound free miRNAs may be quite
different from the total miRNAs present in the culture
medium. Secondly, a chemically synthesized, specific
miRNA species might be needed for the study to exclude
the interaction within a group of miRNAs. Further, two
types of cells might be used to study intercellular miRNA
transfer.

In conclusion, we found that there exists non-vesicle
bound free miRNA in the culture medium of HK-2 cells.
We also showed that these non-vesicle bound free miRNAs
could gain entrance to other HK-2 cells and exert bio-
logical effects (i.e. affecting the expression of miRNA
and mRNA expression). The role of free miRNA as in-
tercellular messenger needs further exploration.
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