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Circular RNAs (circRNAs) are long-lived, covalently closed
RNAs that are abundantly expressed and evolutionarily
conserved across eukaryotes. Possible functions ranging from
microRNA (miRNA) and RNA binding protein sponges to reg-
ulators of transcription and translation have been proposed.
Here we describe the design and characterization of recombi-
nant adeno-associated viral (AAV) vectors packaging transgene
cassettes containing intronic sequences that promote back-
splicing to generate circularized RNA transcripts. Using a split
GFP transgene, we demonstrate the capacity of vectors contain-
ing different flanking intronic sequences to efficiently drive
persistent circRNA formation in vitro. Further, translation
from circRNA is efficiently driven by an internal ribosomal en-
try site (IRES). Upon injecting AAV vectors encoding circRNA
in mice, we observed robust transgene expression in the heart,
but low transduction in the liver for the intronic elements
tested. Expression in the murine brain was restricted to astro-
cytes following systemic or intracranial administration, while
intravitreal injection in the eye yielded robust transgene
expression across multiple retinal cell layers. These results
highlight the potential for exploiting AAV-based circRNA
expression to study circRNA function and tissue-specific regu-
lation in animal models, as well as development of therapeutic
platforms using this approach.
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INTRODUCTION
Circular RNAs (circRNAs) are a class of regulatory RNAs in which
the RNA is covalently closed to form a circle. They are found in a
range of organisms spanning from Archaea to humans.1,2 In meta-
zoans, they are predominantly formed from pre-mRNAs through a
process known as backsplicing, in which a splice donor site is spliced
to an upstream acceptor site, thus resulting in a mature circRNA that
consists of an exon (or multiple exons).3–5 There is thus competition
between production of the circRNA product and the linear mRNA
product, and the ratio of circular and linear products varies for
each gene; for some genes, the circRNA is the predominant RNA
product.6,7 Signals that affect the circularization of a given exon can
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be encoded in the surrounding intron sequences. In humans, the
presence of inverted repeats (such as Alu elements) has been shown
to promote exon circularization.8–10 Additionally, there are examples
of circRNAs whose formation is stimulated by RNA binding proteins
such as Quaking or Muscleblind, which can bind to intronic
sequences and dimerize, and hence may be involved in regulation
of circularization of an intervening exon(s);11,12 spliceosomal factors
are also known to promote the process.13

Recent studies have shown that circRNAs are highly expressed in
multiple cell and tissue types.8,14–16 However, the function, if any,
of the majority of circRNAs is unknown. There are exceptions,
such as ciRS-7/Cdr1as and circMbl, which are well characterized
as microRNA 7 (miRNA-7) and MBL protein sponges, respec-
tively.12,17,18 Recent studies have indicated that some endogenous
circRNAs may have coding potential; however, the translation effi-
ciency may be low, because other studies have failed to see association
of endogenous circRNAs with ribosomes at appreciable levels.19–22

circRNAs that are engineered to contain an IRES (internal ribosomal
entry site) drive translation of an open reading frame (ORF) con-
tained in the circRNA.23 Our lab recently created a system of inducing
the expression of circRNA encoding an IRES-driven GFP ORF, in
which we demonstrated association of the circRNA with actively
translating polyribosomes.24 An important property of circRNAs is
their enhanced stability compared with linear RNAs, which is due
to their lack of free ends, and therefore resistance to cellular exonucle-
ases. Studies have shown that circRNAs are more stable compared
with their linear counterparts in cultured cells.25 Thus, it is possible
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Figure 1. Schematic of AAV Vector Design Encoding circRNA Constructs

The RNAs derived from either ZKSCAN1 split GFP or HIPK3 split GFP constructs

are expressed from the CMV promoter and are capped and poly-adenylated in their

linear isoforms. The precursor split GFP transcript contains a split GFP cassette

flanked by intronic sequences derived from the human ZKSCAN1 or HIPK3 genes

and will not express GFP. Pre-mRNAs are predicted to be �2.8 and �2.7 kb in

length, respectively. Donor and acceptor splice sites are represented by gray

triangles, and the dotted lines indicate the backsplicing pattern. The GFP fragments

are separated by an EMCV IRES such that upon RNA circularization (forming a

1.3-kb circRNA), full-length GFP can be expressed.
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to design circRNAs that will allow for expression of proteins
from a very stable RNA molecule. This property makes circRNAs
an intriguing possibility for use in gene delivery applications, where
long-term gene expression is a key concern.

We designed circRNA expression cassettes that could be delivered
using recombinant adeno-associated viral (AAV) vectors, commonly
utilized in gene transfer applications in vivo. AAV is a small, non-
pathogenic member of the Parvovirus family that requires a helper
virus for replication.26–28 AAV packages a single-stranded DNA
genome of approximately 4.7 kb with 145-bp inverted terminal
repeats (ITRs) that are the sole packaging signal.29,30 Although
wild-type AAV can integrate into the host genome, recombinant
vectors will not integrate in the absence of the viral Rep proteins,
but persist instead as episomes.31,32 There are many AAV capsid var-
90 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
iants, both natural and engineered, with a broad spectrum of host tis-
sue tropisms and cell-type specificities, allowing for transgene expres-
sion in different organ systems in different animal models and
humans.33–35 In this study, we present proof-of-concept studies
describing the use of recombinant AAV (rAAV) vectors to deliver
circRNA producing transgenes. We created reporter transgenes
with two different intron pairs that drive exon circularization and
demonstrate expression in multiple cell and tissue types. Our studies
help establish new AAV-circRNA vectors as tools that could prove
useful for exerting spatio-temporal control over transgene expression.

RESULTS
Design and Construction of AAV-circRNA Vectors

To show that rAAV vectors can be used to deliver transgene cassettes
that express circRNAs, we designed reporters based on intronic se-
quences from the human ZKSCAN1 andHIPK3 genes that are known
to drive production of endogenous circRNAs.9 Portions of these
intronic sequences that flank the endogenously circularized exons
were placed intoAAV vector genome packaging cassettes. Specifically,
a split GFP ORF was placed between the intronic sequences such that
full-length GFP would be reconstituted only after backsplicing to
make the circRNA.36 The EMCV IRES was additionally positioned
upstream of the N terminus of GFP so that these constructs should
only be translated intoGFPupon backsplicing to forma circRNA (Fig-
ure 1). rAAV vectors were then generated using both sets of intron
sequences, creating the ZKSCAN1 split GFP and HIPK3 split GFP
vectors. As a control, we created a vector (linIRES-GFP) lacking
intronic elements, but containing the EMCV IRES followed by a
contiguous GFP ORF; this creates a linear mRNA containing the
same sequences as the circRNA generated from the above cassettes.

AAV-Mediated circRNA Expression in Cell Culture

The different constructs were packaged into rAAV2 vectors to effi-
ciently transduce human glioma (U87) cells in culture. The two circu-
lar cassettes showed roughly equal expression based on assessment of
fluorescent images, whereas the control expressed low levels (Fig-
ure 2A). This was verified by western blot analysis of GFP expression
(Figure 2B). To further characterize circRNA expression, we extracted
RNA from cells and assessed by northern blot.When probed for GFP-
specific sequences, the two split GFP vectors showed two bands: one
corresponding to the unspliced polyadenylated RNA and the other
corresponding to the spliced circRNA as described previously by
our lab using plasmid vectors.24 linIRES-GFP also produced an
mRNA at the expected size (Figure 2C). Northern blots demonstrated
that the levels of circRNA produced from ZKSCAN1 split GFP and
HIPK3 split GFP were not significantly different from each other,
consistent with GFP protein levels observed. Approximately 50% of
the transcripts were linear, polyadenylated RNA, and 50% were circu-
larized at 4 days post-transduction. These cell culture experiments
validated that our vectors could be successfully packaged into AAV
for delivery and expression of translatable circRNAs.

We next utilized this in vitro system to probe the stability of the RNAs
produced from our vectors. U87 cells were transduced as above;



Figure 2. AAV-Mediated Expression of circRNAs In Vitro

(A) GFP fluorescence at 4 days post-transduction in U87 cells transduced with

100,000 vector genomes per cell of recombinant AAV2 vectors packaging linIRES-

GFP, ZKSCAN1 split GFP, or HIPK3 split GFP (n = 3). (B) GFP expression verified by

western blot; Actin loading control is also shown. (C) Northern blotting of total

cellular RNA from the above cells, probed against GFP, revealed the following

species: the linIRES-GFP mRNA, the unspliced pre-mRNA, and the spliced

circRNA. Schematic of RNA species is depicted alongside the bands. The position

of 18S rRNA is noted as a marker of size. (D) U87 cells were transduced with

100,000 vector genomes per cell of recombinant AAV2 vectors packaging linIRES-

GFP, ZKSCAN1 split GFP, or HIPK3 split GFP (n = 2 biological replicates). At 3 days

after transduction, cells were treated with actinomycin D, then harvested for RNA at

0-, 4-, 8-, 12-, and 24-hr time points. qRT-PCR was performed for GAPDH, c-myc,

and TBP RNA quantification. Northern blotting was performed for the GFP-

containing species and is shown in the panel below.
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after 3 days, cells were treated with the transcription inhibitor
actinomycin D, and RNA was harvested at time points ranging
from 0 to 24 hr. To verify our assay, we performed qRT-PCR for
GAPDH, TBP, and c-mycmRNAs across the time course. Our results
agreed with previous reports,8 showing GAPDH to be highly stable,
c-myc to completely degrade by the 4-hr time point, and TBP to
have an intermediate phenotype (Figure 2D). Next, we performed
northern blots to investigate circRNA stability; we compared the
circRNA with the RNA from linIRES-GFP, because it is a capped
and poly-adenylated RNA containing the same sequences as the
circRNA. The circRNAs generated by either ZKSCAN1 split GFP
or HIPK3 split GFP were extremely stable and showed no evidence
of degradation after actinomycin D treatment (Figure 2D). In
contrast, the linIRES-GFP RNA showed degradation kinetics similar
to that of TBP. Quantification of this RNA was difficult due to the
slightly overlapping 18S RNA background band (see image of north-
ern blot below the plotted quantifications). However, it can clearly be
seen that the linIRES-GFP RNA levels decrease, whereas the circRNA
levels do not. These experiments convincingly demonstrate the
inherent stability of the circRNAs generated by our system compared
with otherwise linear mRNAs.

AAV-Mediated circRNA Expression after Intravenous Delivery in

Mice

To determine whether these vectors were functional in vivo, we pack-
aged ZKSCAN1 split GFP and HIPK3 split GFP cassettes into recom-
binant AAV9 vectors, a serotype known to transduce several tissues
in vivo.37 Mice were injected intravenously at a dose of 5.5� 1011 vec-
tor genomes (vg)/mouse, and immunohistochemical staining against
GFP was carried out in cardiac tissue at 4 weeks post-administration.
The two circRNA vectors showed largely uniform expression
throughout the heart with ZKSCAN1 split GFP showing more robust
expression than HIPK3 split GFP (Figure 3A). In contrast, linIRES-
GFP showed little to no GFP staining. This was confirmed by quan-
tifying the mean pixel intensities of stained sections (Figure 3B). We
further verified that differences in expression were not due to dosing,
because all animals had similar numbers of vector genomes per cell in
the heart (Figure 3C).

To assess expression of the vector-derived circRNA, we performed
RT-PCR with primers amplifying the GFP coding region across the
circRNA splice junction. Using these primers, we detected circRNA
expression from both constructs, although not from linIRES-GFP,
which this primer pair also detects (Figure 3D). qRT-PCR revealed
detectable levels of linear RNA from the linIRES-GFP vector,
although at much lower amounts compared with the circRNA. Spe-
cifically, ZKSCAN1 split GFP showed 27-fold higher expression
than the HIPK3-driven construct (Figure 3E). Because both vectors
have the same promoter and ORF, they should be transcribed and
translated with equal efficiencies. Thus, the ZKSCAN1 intron se-
quences appear to drive circularization with higher efficiency than
the HIPK3 introns in cardiac tissue. Finally, we verified that the vec-
tor-derived transcripts are resistant to RNase R, a 30 to 50 exonuclease.
RT-PCR was performed on RNA samples treated with or without
RNase R. Bands were observed for both split GFP vectors after treat-
ment, providing further evidence of resistance to RNase R and circu-
larity (Figure 3F). PCR was also performed for the linear GAPDH
mRNA; as expected, this band disappeared after RNase R treatment.
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 91
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Figure 3. Systemic Expression of circRNAs in

Murine Cardiac Tissue

The indicated constructs were packaged into recombi-

nant AAV9 vectors and injected intravenously into C57/

BL6 mice (n = 3) at a dose of 5.5 � 1011 vector genomes

per animal, then harvested 4 weeks post-injection.

(A) Immunohistochemical staining of sectioned cardiac

tissue showed GFP expression for ZKSCAN1 split GFP

and HIPK3 split GFP. (B) The level of GFP expression in

stained cardiac sections was analyzed semiquantitatively

by mean pixel intensity. (C) AAV vector genomes per cell

were quantified by qPCR for the CMV promoter,

normalized to the mouse lamin B2 locus. (D) RT-PCR

performed with primers amplifying GFP across the

backsplice junction (see schematic) showed expression

of circRNA from both ZKSCAN1 split GFP and HIPK3 split

GFP. (E) qRT-PCRwas performedwith the same samples

and primer set as in (D). (F) RT-PCR bands of the circRNA

are resistant to RNaseR treatment. Where indicated,

*p < 0.05; ***p < 0.0005; ****p < 0.00005. Error bars

represent 1 SD.
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AAV-Mediated circRNA Expression in Murine Liver

We next determined whether these circRNA expression vectors were
expressed and translated in other tissue types. From the same cohort
analyzed above, liver tissue was harvested and processed. Immuno-
histochemical staining for GFP was performed, revealing that both
constructs displayed extremely low GFP expression in the liver
(although visible compared with the control); ZKSCAN1 split GFP
expression was higher than HIPK3 split GFP (Figure 4A). This was
confirmed by quantifying the mean pixel intensities of stained sec-
tions (Figure 4B). Vector genome copy numbers determined by
qPCR ranged from 0.7 to 1.4 vg/cell between constructs and were
similar to those seen in the heart (Figure 4C). We directly measured
the levels of circRNA in the harvested livers by performing qRT-PCR
with the primers described above. This analysis showed expression of
the circRNA from ZKSCAN1 and HIPK3 split GFP vectors, with
ZKSCAN1 split GFP yielding greater circRNA levels (Figure 4D).
The linIRES-GFP RNA was also detected, albeit at much lower levels
than circRNAs (statistically significant for ZKSCAN1 split GFP). We
note that consistent with the RT-PCR results, endogenous ZKSCAN1
circRNA expression has been reported in the liver.9 Because our re-
sults show RNA production but little protein expression, it is possible
that the EMCV IRES does not efficiently drive translation of the
circRNA in the liver. Previous work corroborates that the EMCV
IRES has low activity in the liver compared with other IRES
elements.38
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AAV-Mediated circRNA Expression in the

Murine Brain and Eye

To evaluate the AAV-circRNA vectors in the
nervous system, we first analyzed brain tissue
from the same intravenous injection cohort.
Immunohistochemical staining was performed
on brain sections and showed limited expres-
sion from both split GFP vectors, mainly
within the cerebral cortex and cerebellum (representative images
shown in Figure 5A). This region-specific expression may be a
function of vector dose or circRNA related (attributable to back-
splicing due to intronic elements, IRES-mediated translation, or
both). However, although AAV9 vectors are known to express
broadly within the CNS,37 we observed GFP expression predomi-
nantly in astrocytes, with little neuronal expression. Quantification
of GFP-positive cells showed higher expression from ZKSCAN1
split GFP, followed by HIPK3 split GFP. However, it can be seen
that the number of GFP-positive cells per whole section was very
low (Figure 5B). qRT-PCR to detect circRNA revealed that
ZKSCAN1 split GFP had the highest RNA expression, followed
by HIPK3 split GFP. However, expression of the control linIRES-
GFP was below the limit of detection in all but one animal
(Figure 5C).

We also carried out direct intracerebroventricular (i.c.v.) injections
of the AAV-circRNA vectors into the CSF of P0 neonatal mice
at a dose of 4 � 109 vg per animal. As before, brains were har-
vested, and immunohistochemical staining was performed to visu-
alize GFP expression. As with intravenous delivery, we observed
GFP expression mainly in cortical astrocytes (Figure 5D). These
results suggest that the astrocyte-specific expression profile is
likely attributable to the biology of the circRNA constructs.
Although further studies evaluating different intronic and IRES



Figure 4. AAV-Mediated circRNA Expression in the

Liver

The indicated constructs were packaged into recombi-

nant AAV9 vectors and injected intravenously into C57/

BL6 mice (n = 3) at a dose of 5.5 � 1011 vector genomes

per animal, then harvested 4 weeks post-injection.

(A) Immunohistochemical staining of sectioned liver tissue

displayed low GFP expression for ZKSCAN1 split GFP

and HIPK3 split GFP. Scale bars, 400 mm. (B) The level of

GFP expression in stained cardiac sections was analyzed

semi-quantitatively by mean pixel intensity. (C) AAV vector

genomes per cell were quantified by qPCR for the CMV

promoter, normalized to the mouse lamin B2 locus.

(D) qRT-PCR performed with primers amplifying GFP

across the backsplice junction revealed expression of

the circRNA in the liver. Where indicated, *p < 0.05;

**p < 0.005; ***p < 0.0005. Error bars represent 1 SD.
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elements in combination with different AAV capsids will be
required to understand the CNS expression profile of circRNAs,
these proof-of-principle studies show that circRNAs can be ex-
pressed in the brain.

Further, we assessed AAV-mediated circRNA expression in the eye.
In brief, rAAV9 vectors were injected into the vitreous of the mouse
eye at a dose of 1 � 1010 vg per eye; eyecups were removed and the
retinas sectioned, followed by immunofluorescence to visualize the
GFP expression. Both ZKSCAN1 split GFP and HIPK3 split GFP
showed extensive expression throughout the retinal cross section,
whereas the control linIRES-GFP showed no expression (Figure 5E,
quantified in Figure 5F). In this case, HIPK3 split GFP expression
was higher than the ZKSCAN1 construct with predominant and
widespread expression in photoreceptor cells and the retinal pigment
epithelium (RPE). RNA was extracted from the retinas from a second
cohort injected with rAAV-circRNA vectors for qRT-PCR analysis
(Figure 5G). Consistent with GFP expression levels, ZKSCAN1 split
GFP showed lower circRNA levels compared with HIPK3 split
GFP, although these results were not statistically significant. These
observations are particularly exciting because they provide the foun-
dation for studying circRNA biogenesis and expression profiles in the
eye for the first time.
Molecular Thera
DISCUSSION
Our studies demonstrate that circRNAs can be
overexpressed and translated in a variety of tis-
sue types in vivo. We observed robust expres-
sion and translation in cardiac tissue, which is
interesting because neither the endogenous
circZKSCAN1 nor circHIPK3 are highly ex-
pressed in the heart.9 In the liver, circRNA
expression was detectable, although protein
translation was low, likely due to the EMCV
IRES used in this study;38 ZKSCAN1 split
GFP showed higher circRNA expression consis-
tent with the endogenous profile reported for
circZKSCAN1.9 In the brain, AAV-circRNA
vectors showed expression in astrocytes, but not neurons. Further
evaluation of circRNA constructs with neuron-specific promoters
might provide additional insight into this observation, given a num-
ber of studies have shown neuronal circRNA expression, and many
circRNAs are thought to function in neuronal processes.16,18,39,40

The expression of endogenous circRNAs in the eye has not been re-
ported to date. Excitingly, our vectors showed broad and robust
expression in photoreceptors and the retinal pigment epithelium.

One of the distinguishing features of circRNAs is their increased sta-
bility compared with most linear mRNAs.8,25 Indeed, we were able to
demonstrate this in vitro with our vectors (Figure 2D). The current
study was primarily focused on evaluating the feasibility of circRNA
expression efficiency and the potential for translatability at a single
time interval in vivo. However, with increased RNA stability, it is
possible that the level of expression would increase over time in com-
parison with a linear message. Evaluating the durability of expression,
persistence, and turnover rate of circRNAs expressed using AAV
vectors in different tissue types would be of significant interest
in future studies. In addition, it would be critical to understand
whether increased stability of AAV-circRNA transcripts could help
reduce the effective vector dose for gene therapy applications. This
is especially important because high doses of rAAV vectors can
py: Nucleic Acids Vol. 13 December 2018 93
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Figure 5. AAV-Mediated Expression of circRNAs in

the Brain and the Eye

(A) The indicated constructs were packaged into recom-

binant AAV9 vectors and injected intravenously into

C57/BL6 mice (n = 3) at a dose of 5.5 � 1011 vector ge-

nomes per animal, then harvested 4 weeks post-injection.

Immunohistochemical staining of brain sections revealed

astrocytic expression (representative images are shown).

Scale bars, 300 mm. (B) Quantitation of the number of

GFP-positive cells per brain section in the HIPK3 and

ZKSCAN1 split GFP-injected animals. (C) qRT-PCR per-

formed with primers amplifying GFP across the backsplice

junction revealed expression of the circRNA in the brain.

(D) The indicated constructs were packaged into recom-

binant AAV9 vectors and injected into the left cerebral

ventricle of C57/BL6 at a dose of 4 � 109 vg per animal,

then harvested 6 weeks post-injection (n = 3). Immuno-

histochemical staining of brain sections revealed as-

trocytic expression (representative images are shown).

Scale bars, 300 mm. (E) The indicated constructs were

packaged into recombinant AAV9 vectors and injected

through the intravitreous route in C57/BL6 (n = 3) at a dose

of 1 � 1010 vg per animal, then harvested 4 weeks post-

injection. Immunofluorescent staining of sectioned retina

revealed GFP expression in the retinal cup, in photore-

ceptors, and retinoid pigment epithelial cells (see zoom

images). Green: immunofluorescent staining for GFP;

blue: DAPI staining of cell nuclei. (F) Quantification of GFP

expression by mean corrected fluorescence. (G) A sepa-

rate cohort was injected as described above. RNA was

extracted from retinas, and qRT-PCR was performed

with a primer set amplifying GFP across the backsplice

junction, revealing circRNA expression. Where indicated,

*p < 0.05; **p < 0.005; ****p < 0.00005. Error bars

represent 1 SD.
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induce inflammatory responses that result in ablation of transgene
expression.41

The intronic elements characterized in the current study are derived
from ZKSCAN1 and HIPK3, which are human genes containing an
exon or exons that are circularized. The circularized regions are
flanked by inverted Alu elements of the same family, which help drive
the circularization event. Endogenous circZKSCAN1 and circHIPK3
RNAs are expressed at high levels within the brain, especially within
the cerebellum;9 however, our vectors did not display a similar expres-
sion profile. One possible explanation for the latter observations
is that the intronic elements utilized in our study are substantially
truncated compared with the endogenous introns and might lack
elements essential to maintain CNS expression. Additional studies
focused on evaluating the impact of intron length and regulatory
elements essential for broad CNS expression with such vector con-
structs are warranted. Nevertheless, the current studies provide the
first proof-of-principle that artificial or naturally occurring circRNAs
can be overexpressed using AAV vectors in vivo.

From a design perspective, it is important to note that the circRNA
constructs described here could be modified to further adjust tissue
specificity. Although the constructs used in the current study showed
tissue-specific differences, we note that only two different intron pairs
were evaluated. Given the large numbers of known circRNAs identi-
fied in a variety of studies,17,39,42 intron pairs derived from any of
these could be tested for their expression level and tissue specificity.
Thus, it may be possible to create a toolkit of intron pairs with
targeted circRNA expression in a desired tissue and/or cell type. Simi-
larly, we show that the EMCV IRES element used here can affect pro-
tein translation efficiency from circRNA. Consequently, evaluation of
different viral or cellular IRES elements could provide another degree
of control over circRNA expression. Taken together, we postulate that
the current approach could afford multiple layers of regulation by
modular incorporation of capsid, promoter, intronic, and IRES ele-
ments for spatio-temporal control of circRNAs.

Wealsonote that circRNAvectors canpotentially beused for expression
of a wide variety of functional RNAs. For instance, noncoding RNAs
could be expressed using our system, including various longnon-coding
RNAs (lncRNAs). In addition, circRNAs have the potential as a
platform to express designer RNAs such as RNA binding proteins
sponges or miRNA sponges (especially as endogenous circRNAs have
been well characterized as miRNA sponges).17,18,43 Importantly, our
platform could also serve as a powerful tool to study basic circRNA
biology by enabling expression of circRNAs in vivo. Because the compo-
nentsof the circRNA, introns, IRES, andexoncan eachbe readily altered
in a modular fashion, it should be possible to create a variety of con-
structs for evaluation in a variety of tissues and animal models in vivo.

MATERIALS AND METHODS
Plasmids

Plasmids containing a portion of the human ZKSCAN1 and HIPK3
genes were previously described.9 New vector cassettes were con-
structed using these naturally occurring intron sequences and by clon-
ing into a plasmid backbone separated by a multiple cloning site.
A cassette containing the EMCV IRES and split GFP was cloned be-
tween these intron sequences. The split GFP cassette used was derived
from the circGFP plasmid (gift fromDr. ZefengWang).36 All plasmids
were constructed in a backbone containing a CMV promoter, SV40
polyadenylation signal, and ITRs derived from the AAV2 genome.44

The linIRES-GFP construct consists of the EMCV IRES cloned
directly in front of GFP, in the same backbone as the above constructs.

rAAV Vector Production

An updated triple-plasmid transfection protocol was used to generate
rAAV vectors,45 with modifications. In brief, the transfection mixture
contained: (1) the pXR helper plasmid; (2) the adenoviral helper
plasmid pXX6-80; and (3) the indicated transgene, driven by a
CMV promoter, flanked by AAV2 ITRs. Vector purification was
carried out using iodixanol gradient ultracentrifugation followed by
desalting with ZebaSpin desalting columns (40K MWCO; Thermo
Scientific, Waltham, MA, USA). vg titers were obtained by qPCR
(LightCycler 480; Roche Applied Sciences, Pleasanton, CA, USA)
using primers designed to selectively bind AAV2 ITRs (forward,
50- AACATGCTACGCAGAGAGGGAGTGG-30; reverse, 50- CATG
AGACAAGGAACCCCTAGTGATGGAG-30).

Cell Culture

U87 cells were cultured in DMEM (GIBCO/Life Technologies,
Waltham, MA, USA) supplemented with 5% fetal bovine serum
(FBS; Millipore-Sigma, St. Louis, MO, USA) and 1% gentamycin
and kanamycin, and maintained at 37�C and 5% CO2. 300,000 cells
were seeded into six-well plates, followed by transduction with the
indicated rAAV vectors. Cells were imaged after transduction using
an EVOS FL epifluorescence cell imaging system (AMC/Life
Technologies, Waltham, MA, USA) equipped with the GFP light
cube (excitation 470 nm, emission 510 nm).

RNA Extraction

RNA was extracted from frozen tissue stored in RNAlater or from
adherent cells using TRIzol reagent (Invitrogen, Waltham, MA,
USA) following the manufacturer’s protocol. For tissue samples,
the tissues were first homogenized in TRIzol using a Tissue Lyser II
(QIAGEN, Germantown, MD, USA).

Western Blotting

Lysates were recovered using 1� passive lysis buffer (Promega, Madi-
son,WI,USA) and stored at�80�C. Sampleswere denatured in lithium
dodecyl sulfate (LDS) and 100 mM DTT, and heated to 95�C before
separation on a 10% Tris-glycine gel and transfer to a nitrocellulose
membrane. Membranes were blocked overnight at 4�C in 5% non-fat
milk in Tris-buffered saline with tween (TBST). Membranes were
blotted with primary antibody against either GFP (1:1,000; SC9996;
Santa Cruz Biotechnology, Dallas, TX, USA) or Actin (1:10,000;
GeneTex GT5512; Irvine, CA, USA). Stabilized peroxidase-conjugated
sheep anti-mouse antibody was used as secondary antibody (1:3,000;
NA931V; GE Healthcare, Chicago, IL, USA). Blots were developed
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using SuperSignalWest Femto substrate (Thermo Scientific/Life Tech-
nologies,Waltham,MA,USA) and visualized by autoradiography or by
the Chemiluminescence High Sensitivity protocol on a ChemiDoc
XRS+ (Bio-Rad, Hercules, CA, USA) for quantification purposes.

Northern Blotting

10 mg of total RNA was resuspended in denaturing buffer (67% deion-
ized formamide, 6.7% formaldehyde, 1� 3-morpholinopropane-1-sul-
fonic acid [MOPS] running buffer), incubated at 60�C for 10 min, and
cooled on ice. Samples were separated on a 1.2%denaturing agarose gel
and subsequently transferred to Hybond N+ membrane (GE Health-
care, Chicago, IL, USA). A radiolabeled probe was generated using
the Prime-It II Random Primer Labeling Kit (Agilent Technologies,
Santa Clara, CA, USA) according to the manufacturer’s instructions.
DNA templates for probe labeling were generated by PCR with the
following primers amplifying split GFP (50-GCATGCTCTTCTCAGG
AGCGCACCATCTTCTTCAAGGACGACGG-30, 50-GCATGCTCT
TCTTACCTGGACGTAGCCTTCGGGCATGGC-30). Radiolabeled
probewas purified using illustraMicroSpinG-50 columns (GEHealth-
care, Chicago, IL, USA) following the manufacturer’s protocol. Probe
was then hybridized to the membrane in Rapid-Hyb buffer (GE
Healthcare, Chicago, IL, USA). Blots were visualized by exposure to
film, and radiolabel signal was quantified by exposure to a Phosphor-
Imager screen.

Actinomycin Treatment

300,000 U87 cells were seeded into 35-mmplates and transduced with
100,000 vg/cell of the indicated rAAV2 vectors. At 3 days after trans-
duction, media were removed and replaced with fresh media for
30 min. These media were removed and replaced with pre-warmed
and equilibrated media containing 5 mg/mL actinomycin D (Sigma-
Aldrich, St. Louis, MO, USA). Cells were treated for 30 min; then me-
dia were removed and replaced with fresh media. Cells were harvested
in TRIzol reagent (Invitrogen, Waltham, MA, USA) at 0-, 4-, 8-, 12-,
and 24-hr time points. RNA was extracted and analyzed by qRT-PCR
or northern blotting as described above.

Intravenous Administration

Animal experiments reported in this study were conducted with C57/
Bl6 mice bred and maintained in accordance to NIH guidelines as
approved by the The University of North Carolina at Chapel Hill
(UNC) Institutional Animal Care and Use Committee (IACUC). An-
imals were injected intravenously through the tail vein with 5.5� 1011

vg/animal. At 4 weeks after injection, mice were overdosed with tri-
bromoethanol (Avertin) (0.2 mL/10 g of 1.25% solution) via the intra-
peritoneal route. This was followed by transcardial perfusions of PBS.
Portions of the harvested organs were cut and stored in RNAlater so-
lution (Invitrogen,Waltham, MA, USA); the remainder was postfixed
in 4% paraformaldehyde. For this study, n = 3 mice were injected and
processed for each construct.

i.c.v. Administration

Animal experiments reported in this study were conducted with C57/
Bl6 mice bred and maintained in accordance to NIH guidelines as
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approved by the UNC IACUC. Pups at post-natal days 1–2 were
rapidly anesthetized on ice for 2 min followed by stereotaxic i.c.v. in-
jections. Specifically, vectors packaging different transgenes were in-
jected at a dose of 4� 109 vector genomes into the left lateral ventricle
(total volume < 3 mL) using a Hamilton 700 series syringe with a 26s
gauge needle (Sigma-Aldrich, St. Louis, MO, USA), attached to a
KOPF-900 small-animal stereotaxic instrument (KOPF Instruments,
Tujunga, CA, USA). All neonatal injections were performed 0.5 mm
relative to the sagittal sinus, 2 mm rostral to transverse sinus, and
1.5 mm deep. Following vector administration, mice were revived un-
der a heat lamp and rubbed in the bedding before being placed back
with the dam. At 6 weeks after injection, mice were overdosed with
tribromoethanol (Avertin) (0.2 mL/10 g of 1.25% solution) via the
intraperitoneal route. This was followed by transcardial perfusions
of 4% paraformaldehyde in PBS. The brain was harvested and post-
fixed in 4% paraformaldehyde for 24 hr. For this study, n = 3 mice
were injected and processed for each construct.

Tissue Processing and Immunohistochemistry

Using fixed tissues, we obtained 50-mm-thick sections using a Leica VT
1,200S vibrating blademicrotome (Leica Biosystems, BuffaloGrove, IL,
USA). Immunohistochemical analyses ofGFPexpressionwas conduct-
ed using an antibody against GFP (sc-9996; Santa Cruz Biotechnology,
Dallas, TX, USA) and the Vectastain ABC-HRP kit (Rabbit IgG
PK-4001 kit; Vector Biolabs, Burlingame, CA, USA) according to
the manufacturer’s protocol. Zeiss CLSM 700 confocal laser scanning
microscope was used for imaging sections of different organs after
immunostaining (Microscopy Services Laboratory, UNC).

Quantification of GFP Expression in Tissues

Quantification of cardiac sections was performed in ImageJ. Sections
were converted to 16-bit images and inverted, followed by back-
ground removal by the rolling ball method. The integrated density
and area of each section was measured, as well as for a no-staining
control section. Density was normalized to area, and background
values (from the no-stain control) subtracted. Quantification of brain
sections was performed by counting of GFP+ cells. The number of
GFP+ cells in an entire brain section was counted, and at least two
sections were counted for each animal.

RT-PCR

5 mg of RNA was DNase treated using the Turbo DNA-free kit
(Ambion/Life Technologies, Waltham, MA, USA). Equal nanogram
amounts of DNase-treated RNA were converted to cDNA using the
High Capacity RNA-to-cDNA kit (Applied Biosystems/Life Technol-
ogies, Waltham, MA, USA). Products of this reverse transcription re-
action were utilized as template for PCR (or qPCR) using gene-specific
primers for GFP (50-CTGCTTGTCGGCCATGATATAGACGTTGT
GGC-30, 50-CAAGCTGACCCTGAAGTTCATCTGCACCACC-30),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (50-CCACTC
CTCCACCTTTGAC-30, 50-ACCCTGTTGCTGTAGCC-30), c-myc
(50- CGTCTCCACACATCAGCACAA-30, 50-CACTGTCCAACTTG
ACCCTCTTG-30), and TBP (50- TGCACAGGAGCCAAGAGTG
AA-30, 50-CACATCACAGCTCCCCACCA-30). Non-qPCR products
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were visualized on an agarose gel. For RNase R experiments, 5 mg of
RNA was treated with 5 units of RNase R (Epicenter, Madison, WI,
USA) at 37�C for 10 min. Enzyme was inactivated at 95�C for
5 min. The resulting RNA was used for RT-PCR as described above.

Quantification of Vector Genome Copy Number in Tissues

Genomic DNA was extracted from sections of fixed tissue using the
QIAamp DNA FFPE Tissue Kit (QIAGEN, Germantown, MD,
USA). To calculate viral genome copy numbers, we performed
qPCR with primers specific to the CMV promoter (50-CAAGTACG
CCCCCTATTGAC-30 and 50-AAGTCCCGTTGATTTTGGTG-30).
The vector genome copy numbers were normalized to the mouse
lamin B2 locus as the housekeeping gene (primers 50-GGACCCAAG
GACTACCTCAAGGG-30 and 50- AGGGCACCTCCATCTCGGA
AAC-30).

Intravitreal Administration

Animal experiments reported in this study were conducted with C57/
Bl6 mice bred and maintained in accordance to NIH guidelines as
approved by the UNC IACUC. Prior to injection, eyes were dilated
with 1% atropine and 2.5% phenylephrine HCl (Akorn, Lake Forest,
IL, USA) ophthalmic solution. Mice were anesthetized using
200 mg/kg tribromoethanol (Avertin). A small hole was made at
the limbus of the eye with a 30G needle; then 1 mL of virus (at a
dose of 1 � 1010 vector genomes) was slowly delivered with a 34G
needle on a Hamilton gastight syringe. Four weeks post-injection,
mice were sacrificed via CO2 inhalation. Limbi were marked at the
top of each eye to facilitate orientation. Following this, eyes were
enucleated in 4% paraformaldehyde and incubated at 4�C overnight.
Cornea was dissected away from the eyecup; then the eyecup was
immersed in 30% sucrose for 3 hr, cryoprotected in Optimal Cutting
Temperature compound (Sakura Finetek, Torrance, CA, USA), and
stored at �20�C. Where noted, the eyecup was stored in RNAlater
(Invitrogen, Waltham, MA, USA) for later RNA extraction. For this
study, n = 6 eyes were injected for each construct; half were processed
for immunofluorescence and half for RNA.

Ocular Tissue Processing and Immunofluorescence

12-micron retinal sections were cut on a Leica CM3050 cryostat
(Leica Biosystems, Buffalo Grove, IL, USA). Slides were then rinsed
with 1� PBS (GIBCO, Germantown, MD, USA) three times. Retinal
sections on the slides were covered with 0.5% Triton X-100 and 1%
BSA (Fisher Scientific, Waltham, MA, USA), each for 1 hr. Rabbit
anti-GFP (G10362; Invitrogen, Waltham, MA, USA) was diluted
1:750 in 1% BSA + 0.3% Triton X-100 and incubated with the sections
at 4�C overnight. Slides were rinsed with 1� PBS and incubated with
Alexa Fluor goat anti-rabbit 488 (1:500; A-11008; Invitrogen, Wal-
tham, MA, USA) at room temperature. Following rinsing, ProLong
Gold DAPI containing mounting media (Life Technologies, Wal-
tham, MA, USA) was applied and coverslips placed. Fluorescence
images were taken by Zeiss LSM 710 Spectral Confocal Laser Scan-
ning Microscope at the UNC Microscopy Service Laboratory
(MSL). Fluorescence was quantified in ImageJ by the corrected total
fluorescence method.
Statistical Analysis

Statistical analysis was carried out using an unpaired, one-tailed Stu-
dent t test. Where indicated, n.s. represents not significant; *p < 0.05;
**p < 0.005; ***p < 0.0005; ****p < 0.00005. Error bars represent 1 SD.
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