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Abstract: Transcribing exogenous RNA in eukaryotic cells
requires delivering DNA to their nuclei and changing their
genome. Nuclear delivery is often inefficient, limiting the
potential scope of gene therapy and synthetic biology. These
challenges may be overcome by techniques that allow for
extranucleate transcription within eukaryotic cells. Protocells
have been developed that enable transcription inside of
liposomes; however, it has not yet been demonstrated whether
this technology can be extended for use within eukaryotic cells.
Here we show RNA-synthesizing nanoliposomes allow tran-
scription of exogenous RNA inside anucleate cells. To accom-
plish this, components of transcription were encapsulated into
liposomes and delivered to platelets. These liposomes were
capable of light-induced transcription in platelets, providing
proof-of-concept that protocell technology can be adapted for
use within mammalian cells.

-rranscription in healthy eukaryotic cells typically occurs only
in nuclei and mitochondria. This presents challenges when
modifying mammalian cells to transcribe RNA from exoge-
nous DNA. Efficient nuclear gene delivery is a major
challenge in developing effective non-viral vectors,' and
questions remain about the long-term safety of viral vectors.”!
Engineering anucleate mammalian cells, such as platelets, to
synthesize exogenous RNA with these methods is impossible.

Cell- and nuclei-free systems have been developed for
synthesizing RNA and proteins using phage RNA poly-
merases and translational machinery extracted from cells.
These systems have been encapsulated within lipid bilayers to
form “protocells”, liposomes capable of protein expression.!
Protocells have been used to model early cellular life,**! and
significant advances have been made in studying and max-
imizing protein expression within nano-' and microsized
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liposomes.”® Several applications for protocells in synthetic
biology and drug delivery have been explored. These include
using protein-synthesizing vesicles as synthetic vaccines,"
reactors for directed evolution,'” stimuli-responsive vehicles
toward in vivo drug delivery,'!l and for modifying bacterial
cell behavior.l'”

Can existing protocell technology be adapted to function
in mammalian cells? This would enable transcription of
exogenous RNA in cells without requiring delivery of DNA
to nuclei. We hypothesized that RNA-synthesizing nano-
liposomes could function within platelets, anucleate cells
found in blood (Scheme 1). To test this hypothesis, we used
liposomes capable of light-induced RNA synthesis,"! allow-
ing transcription to be initiated only after liposomes were
internalized by platelets. Components of a transcription
reaction, consisting of T7 RNA polymerase (T7RNAP),
a linear DNA template, and ribonucleotide triphosphates
(rNTPs), including photocaged adenosine triphosphate
(caged-ATP), were encapsulated into nanoliposomes. While
active protocells have previously been injected into mice,"!
their ability to function within eukaryotic cells has not been
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Scheme 1. Transcription in nanoliposomes allows exogenous RNA to
be synthesized in anucleate cells. a) Transcriptional components (dark
green), including caged-ATP (light green), were encapsulated into
nanoliposomes (light blue and orange), which synthesized RNA (red
lines) following irradiation. b) Transcription of RNA is a basic function
of nuclei (dark blue and yellow), but anucleate cells are incapable of
de novo RNA synthesis. RNA-synthesizing nanoliposomes allow tran-
scription to occur in anucleate cells.

Angew. Chem. Int. Ed. 2015, 54, 1359013593


http://dx.doi.org/10.1002/ange.201506500
http://dx.doi.org/10.1002/anie.201506500
http://dx.doi.org/10.1002/anie.201506500

[
T

. 80- .

[}
< 30001 <15- -

2 2 360-
o o 2
13 £ i
a 20004 ©104 £

T 3 £40
(U] e S
® -
21000+ s $

® 5 5 =20
o < s
o & [
ns n.s. o

0 . 0- 0-

Oh -hy +hvy Oh -hv +hv -hy +hy

Figure 1. Transcription of GFP and FLuc mRNA in nanoliposomes is
controlled by light. a,b) The amount of GFP (n=6) and FLuc mRNA
(n=3) increased only when irradiated with light (+ hv), measured
using qPCR. ¢) FLuc mRNA extracted from liposomes produces func-
tional enzyme that activates a luminescent substrate in a cell-free
translation system (n=3). Error bars represent standard error of the
mean (SEM), * p <0.05, n.s. indicates not significant compared to the
results at O h.

conclusively demonstrated. Protocells typically contain cou-
pled RNA and protein synthesis, but we focused on tran-
scription to bypass the difficulties in co-encapsulating com-
ponents of translation,” while maintaining a wide range of
potential applications in gene and RNAI therapy.'!

To control transcription in platelets, we first tested
whether transcription in purified nanoliposomes (220 +
110 nm; mean +s.d.) could be initiated using light. Liposomes
were irradiated for 30s with white light (1>300nm) to
release ATP from caged-ATP (A,,,, =360 nm), and incubated
for one hour at 37°C for transcription to occur. GFP mRNA
increased by 2300-fold, measured using quantitative poly-
merase chain reaction (qPCR). Only a 6-fold increase
occurred in control samples without irradiation (Figure 1a).
To determine if mRNA was made in liposomes of different
sizes, two batches of liposomes with average diameters of
270 £ 50 nm and 430 + 120 nm were prepared. The amount of
RNA synthesized in these two populations was not signifi-
cantly different (Supporting Information, Figure S1).
Another DNA template, for firefly luciferase (FLuc)
mRNA, was controllably transcribed in liposomes. A 12-
fold increase in FLuc mRNA occurred in irradiated samples
while there was no significant increase in samples that were
not irradiated (Figure 1b). To confirm that mRNA tran-
scribed within liposomes was functional, a cell-free expression
system was used to translate FLuc mRNA isolated from
liposomes. A 6-fold increase in luminescence occurred when
a substrate for the FLuc enzyme was added, indicating that
functional FLuc mRNA was synthesized in liposomes (Fig-
ure 1c). The lower RNA yield observed with the FLuc
template (2 kb) compared to the GFP template (1 kb)
suggests optimization is needed to maximize RNA synthesis
of larger templates. Taken together, these data demonstrate
that transcription in nanoliposomes can be suppressed and
specifically initiated using light.

Photoinduced transcription in liposomes has previously
been achieved in liposomes as small as 170 nm, but the
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composition and purification of these liposomes was not
optimized for use in cells.""! To optimize the liposomes for
transcriptional activity and delivery to cells, modifications to
the composition and preparation of liposomes were made. A
lipid functionalized with polyethylene glycol (PEG) was
incorporated, which has previously been shown to enhance
protein expression within liposomes.”! This led to a 10-fold
increase in RNA synthesis (Supporting Information, Fig-
ure S2). Liposomes were also purified using an anionic
exchange column to remove unencapsulated T7RNAP and
DNA (Supporting Information, Figure S3). This quick, single-
step method for purification is an alternative to published
methods of adding ethylenediaminetetraacetic acid (EDTA)
or nucleases to inhibit transcription outside of liposomes,> !
which are likely unsuitable for subsequent cellular delivery.

To determine whether RNA-synthesizing nanoliposomes
could be delivered to cells, the ability of platelets to take up
liposomes was first assessed using flow cytometry and
confocal microscopy. Empty, fluorescently tagged liposomes
were incubated with isolated platelets in a buffered solution.
Excess liposomes were removed, and platelets were stained
with a fluorescent antibody against CD42b, a cell-surface
marker expressed only on platelets and megakaryocytes.®
Liposomes co-localized with 35 to 65% of platelets, with
variation between platelet donors (Figure 2a). Confocal
microscopy of liposome-treated platelets confirmed that the
majority of co-localization corresponded to internalized
liposomes (Figure 2b). Uptake was reduced by inhibitors of
endocytosis, further confirming that liposomes were internal-
ized, measured using flow cytometry (Figure 2 c). Uptake was
decreased by over 60% by cytochalasin D, an inhibitor of
actin polymerization, as well as by sodium azide (NaNj),
a general metabolic inhibitor. Using inhibitors to specific
endocytotic pathways, uptake was reduced by over 60% by
dynasore and 35% by phenylarsine oxide (PAO) while
amiloride did not significantly reduce uptake. Dynasore
inhibits dynamin-dependent endocytosis pathways, including
caveolae- and clathrin-mediated endocytosis, PAO inhibits
clathrin-mediated endocytosis, and amiloride inhibits phag-
ocytosis and micropinocytosis.l'”! These results suggest plate-
lets take up liposomes through multiple dynamin-dependent
endocytotic pathways. Platelets have been reported to
internalize nanoparticles through the open canalicular
system (OCS), a surface-connected system of channels
within the core of the platelet, and by cell engulfment and
trafficking to storage vacuoles.'"”! This is consistent with the
results observed here, including the inability of any single
inhibitor to completely abrogate uptake.

To test if protocells could function in platelets, light-
inducible RNA-synthesizing liposomes were incubated with
platelets. A 59-fold increase in mRNA was detected in
irradiated platelets, compared to only a 2-fold increase when
platelets were first treated with dynasore. To confirm all
excess liposomes were removed, two control samples, con-
sisting of liposomes without platelets, or liposomes incubated
with platelets that were first lysed by freeze-thawing, were
purified in the same manner as samples containing intact
platelets. In both of these control samples, no significant
increase in mRNA occurred, indicating efficient removal of
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This work shows, for the first
time, that controlled transcription
of exogenous RNA can occur in an
anucleate cell. The goal of this work
was to demonstrate proof-of-con-
cept that protocells could be
adapted for use in mammalian
cells to express exogenous RNA,
although applications of this system
with other mammalian cells remain
to be tested. The scope of the
experiments described here did not
include testing whether the newly
synthesized RNA can be utilized by
the cells, although this is an impor-
tant next step toward using this
technology in molecular biology,
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Figure 2. Liposomes were internalized by platelets. a) Flow cytometry histograms of platelets depict
an increase in fluorescence from liposomes, corresponding to liposome internalization (black curve).
b) Confocal images of platelets (green) and internalized liposomes (red). Scale bar: 10 um. c) Uptake
of liposomes was reduced when platelets were pre-treated with a metabolic inhibitor and inhibitors
of endocytosis, quantified by flow cytometry. Error bars represent standard error of the mean (n=3).
* p<0.01, ** p<0.05, n.s. indicates not significant compared to no inhibitor.
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Figure 3. Liposomes internalized by intact platelets (PLT) synthesized
RNA. A significant increase in RNA occurred one hour after irradiation
only in uninhibited, intact platelets. When platelets were lysed or
absent, no RNA was detected. In dynasore-inhibited platelets, no
significant increase in RNA was detected. Error bars represent stan-
dard error of the mean (n=3), * p<0.01, n.s. indicates not significant
compared to the respective 0 h sample, B.D. indicates below detection
by qPCR.

all liposomes not internalized by platelets (Figure 3). This
data demonstrates that RNA was synthesized in liposomes
within intact platelets.

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

apeutics. To answer this, it will be
important to determine whether the
1.0 newly synthesized RNA escapes the
OCS or endosomal compartments
in platelets to enter the cytoplasm.
Even with these limitations, the
system described here is a first
step towards engineering extranu-
cleate transcription in mammalian
cells for the expression of exoge-
nous RNA, without modifying their
genome.

Experimental Section

Informed, signed consent was obtained from healthy volunteers prior
to collecting whole blood from donors. Approval for the study was
given by the research ethics boards of the University of British
Columbia. Whole blood was collected into tubes containing sodium
citrate (0.105m).

Liposomes were prepared using a published procedure, with
minor modifications.™™ Liposomes were then purified with an anionic
exchange column, irradiated for 30 s and incubated at 37°C. RNA was
measured using qPCR. To measure protein expression a rabbit
reticulocyte lysate (RRL) system was used to translate FLuc mRNA.
D-luciferin was added and luminescence was measured in a microplate
reader. Statistical significance was determined using two-tailed
Student’s t-test.

Platelets were isolated from citrated whole blood, washed, and
resuspended in buffer. Liposomes were added and incubated for
30 min at 37°C. Excess liposomes were removed by washing platelets
with buffer. Samples used for qPCR were further purified with an
ultrafiltration spin column, irradiated for 30 s, and incubated at 37°C.
To inhibit uptake, platelets were pre-incubated with inhibitors for
30 min before adding liposomes, and inhibitors were present in
samples throughout the experiment. Statistical significance was
determined using a two-tailed Student’s t-test.
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