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Terminal Differentiation of Cardiac

and Skeletal Myocytes Induces Permissivity
to AAV Transduction by Relieving Inhibition
Imposed by DNA Damage Response Proteins

Jasmina Lovric!, Miguel Mano', Lorena Zentilin', Ana Eulalio’, Serena Zacchigna' and Mauro Giacca'

"Molecular Medicine Laboratory, International Centre for Genetic Engineering and Biotechnology (ICGEB), Trieste, Italy

Gene therapy vectors based on the adeno-associated
virus (AAV) are extremely efficient for gene transfer into
post-mitotic cells of heart, muscle, brain, and retina. The
reason for their exquisite tropism for these cells has long
remained elusive. Here, we show that upon terminal dif-
ferentiation, cardiac and skeletal myocytes downregu-
late proteins of the DNA damage response (DDR) and
that this markedly induces permissivity to AAV trans-
duction. We observed that expression of members of
the MRN complex (Mre11, Rad50, Nbs1), which bind
the incoming AAV genomes, faded in cardiomyocytes
at ~2 weeks after birth, as well as upon myoblast dif-
ferentiation in vitro; in both cases, withdrawal of the
cells from the cell cycle coincided with increased AAV
permissivity. Treatment of proliferating cells with short-
interfering RNAs (siRNAs) against the MRN proteins, or
with microRNA-24, which is normally upregulated upon
terminal differentiation and negatively controls the NbsT1
levels, significantly increased permissivity to AAV trans-
duction. Consistently, delivery of these small RNAs to the
juvenile liver concomitant with AAV markedly improved
in vivo hepatocyte transduction. Collectively, these find-
ings support the conclusion that cellular DDR proteins
inhibit AAV transduction and that terminal cell differen-
tiation relieves this restriction.
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INTRODUCTION

Viral vectors based on the adeno-associated virus (AAV) have
become progressively very efficient tools for in vivo gene transfer
in both the laboratory and in the clinic. Their growing popularity is
due largely to the relative genetic simplicity, low risk of insertional
mutagenesis, low immunogenicity, and capacity to drive transgene
expression in a very persistent manner.! Most notably, while largely
ineffective in several cultured, replicating primary cells and cell
lines, the various AAV vector serotypes can transduce at very high
efficiency noncycling tissues in vivo, including heart (cardiomyo-
cytes), skeletal muscle (skeletal myofibers), brain (neurons), retina

(ganglionar cells, pigment epithelium and photoreceptors) and,
possibly, to a lesser extent, liver (hepatocytes) and pancreas (both
[3-cells and acinar cells).! The molecular reasons as to why the virus is
particularly efficient in these cell types are still largely enigmatic. Of
note, most of the AAV targets in vivo are post-mitotic cells, namely
cells that are terminally differentiated and have permanently exited
the cell cycle. Since the various AAV serotypes interact with widely
expressed receptors,? restriction to AAV transduction in nonper-
missive cells most likely occurs after virion internalization.

Similar to its wild type counterpart, recombinant AAV displays
a linear single-stranded DNA genome with identical terminal hair-
pin palindromes (inverted terminal repeats). Work performed by
different laboratories has shown that one of the major, rate-limiting
determinants of AAV permissivity relates to the way in which cel-
lular DNA damage response (DDR) proteins process viral genomes
once these reach the nucleus. In particular, multiple evidence indi-
cates that both the error-prone, nonhomologous end-joining and
the homologous recombination (HR) DNA repair pathways are
involved in different ways in the processing of AAV genomes. These
mechanisms appear to regulate the conversion of single-stranded
DNA into transcription-competent, double-stranded (ds) DNA,*”
the opening of inverted terminal repeats and circularization,*’ the
joining of several genomes to form linear concatamers that are even-
tually also circularized into large and stable episomal molecular
species,”'*"" or, finally, the expression of the viral transgenes."*

In particular, work from our laboratory, and that of others, has
demonstrated that, once internalized into the nucleus of cycling
cells, AAV genomes physically interact with members of the MRN
(Mrell, Rad50, Nbs1) complex.'>'® In eukaryotic cells, MRN con-
trols the DDR by sensing DNA damage and governing the activa-
tion of the ataxia-telangiectasia mutated kinase;'” besides being
a key component in the homology-directed repair, MRN also
participates in the repair through classical and alternative NHE]
pathways.'!? Multiple evidence indicates that the interaction
between AAV genomes and cellular DDR proteins restricts AAV
transduction in several cultured cell types. This conclusion is sup-
ported by the observations that cells that are genetically defective
in ataxia-telangiectasia mutated or Nbs1 are naturally more per-
missive to transduction,®”'° that different DDR proteins physically
bind the transducing AAV genomes,*'*'* and that short-interfering
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RNAs (siRNAs) targeting Nbs1 or MDC1' or Rad50 (unpublished
observations) increase transduction efficiency.

Precisely how this information, obtained mostly in cultured
cells, relates to the exquisite permissivity to AAV transduction of
post-mitotic cells in vivo still remains to be understood and repre-
sents the major focus of the work presented in this manuscript. The
negative role of the DDR proteins suggests that a most favourable
cellular environment for viral transduction would entail a radically
reduced expression of these proteins. Supporting this possibility,
genetic studies have demonstrated that the essential functions of
the MRN complex, as the major sensor of double stranded breaks,
are associated with DNA replication and that HR is not essential
in nondividing cells.*® More specifically, in post-mitotic cells, ds
DNA breaks are radically reduced, concomitant with the cessation
of DNA replication, and the DDR proceeds differently from repli-
cating cells, with a significant increase in the NHE] pathway at the
expense of an attenuation of the HR machinery.”!

The downregulation of HR proteins in post-mitotic cells coin-
cides with that of several factors required for G1-S progression, as
well as G1- and S-phase checkpoints. Recent evidence indicates that
the overall decrease in the expression of these factors is strictly corre-
lated to terminal differentiation and that microRNAs (miRNAs) are
integral components of this regulatory circuitry. In particular, differ-
entiation of muscle precursors to multinucleated myofibers involves
the function of several, different miRNAs. In particular, miR-24 was
shown as an essential miRNA for the modulation of transforming
growth factor-B-inhibited myogenesis.> The same miRNA, how-
ever, exerts a much broader effect on a variety of other cell types. In
particular, its overexpression downregulates several hundred genes,
many of which are involved in cell-cycle regulation and DNA repair,
including those coding for transcription factors c-myc and E2F2,
dihydrofolate reductase, histone y-H2AX, the cyclin-dependent
kinases Cdc2 and CDK6, members of the pre-replication complex
proteins, and others.?** Overexpression of miR-24 in different cell
lines inhibits cell proliferation and results in cell cycle arrest;*® con-
versely, its inhibition in HeLa cells markedly increases cell growth.”
Based on this information, a reasonable possibility is that this miRNA,
either directly or indirectly, through the modulation of the cell cycle,
might also regulate AAV permissivity by inducing the downregula-
tion of the DDR proteins that restrict AAV transduction.

Indeed, here we show that permissivity to AAV transduction in
both cultured primary cardiomyocytes and skeletal myoblasts cor-
relates strictly with the progress of their terminal differentiation.
We also show that this process coincides with the reduced expres-
sion of members of the MRN complex, which instead restrict AAV
transduction of cycling cells. siRNA-mediated downregulation of
MRN proteins, or treatment with miR-24, which negatively regu-
lates the Nbs1 levels, induces AAV permissivity in both cultured
cells and in the juvenile liver in vivo.

RESULTS

Efficiency of myocardial transduction with AAV
vectors depends on cardiomyocyte withdrawal

from the cell cycle

The adult heart is one of the tissues most permissive to
transduction with various AAV serotypes, including AAV1,
AAV2, AAV6, AAVS, and AAV9.? During embryonic and fetal
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development, cardiomyocytes actively proliferate, while they
permanently exit the cell cycle after birth. We recently observed
that, at birth, over 30% of rat cardiomyocytes still incorpo-
rate the thymidine analogue bromodeoxyuridine, a marker of
active proliferation, while this percentage drops to <3% in adult
hearts.?® We, therefore, wished to assess whether the in vivo,
proliferative potential of cardiomyocytes might also determine
different permissivity to AAV transduction. We intraperitone-
ally injected animals at day 1, day 7, and day 21 after birth with
AAV9-LacZ at a dose of 2.25 x 10'° vector genomes (vg)/g of
body weight (n = 6 per group; Figure 1a). In all groups, 7 days
postinjection animals were sacrificed, hearts collected, and vg
copies and transgene expression assessed. Analysis of heart
sections showed a markedly higher heart transduction in the
animals injected at day 21 compared to those injected at days
1 or 7 (Figure 1b for histological analysis and Figure 1c for
[B-galactosidase quantification; approximately sixfold difference
between day 1 and 21). Analysis of vg copies at the different
time points revealed that animals injected at days 7 or 21 had a
higher number of AAV copies in the heart compared to those
injected at day 1 (Figure 1d); however, the highest transgene
expression per DNA copy was observed in the animals injected
at day 21 (Figure le).

Next, we wanted to assess whether the markedly different
permissivity to AAV transduction of cardiomyocytes of different
age might be reproduced ex vivo. Purified neonatal rat cardio-
myocytes maintain the capacity to undergo a few rounds of cell
division in cell culture, as can be concluded by their capacity to
incorporate the thymidine analogue 5-ethynyl-2’-deoxyuridine
(EdU) and to express the proliferation marker Ki67; this is rap-
idly lost in subsequent days, when they differentiate terminally,
enlarge their cytoplasm and organize their sarcomere.”® The per-
centage of proliferating EAU and Ki67 double-positive cardio-
myocytes, isolated immediately after birth, dropped from 15.2%
at day 4 after plating to 2.6% at day 10 (Figure 2a for represen-
tative images and Figure 2b for quantification). We transduced
these cells with an AAV6 vector-expressing enhanced green
fluorescent protein (EGFP) at day 1, 3, and 7 after isolation and
using three different multiplicities of infection (MOIs) (1 x 10°,
5 x 10% and 1 x 10* vg/cardiomyocyte); in all cases, analysis of
GFP fluorescence was performed after 4 days from transduction
(Figure 2c). Permissivity of o-actinin-positive cardiomyocytes to
AAV transduction was clearly correlated with the time from plat-
ing (Figure 2d). At an MOI of 5 x 10° vg/cell, the percentage of
transduced cardiomyocytes rose from 13.3 + 5.1% GFP™ cells to
37.6 £ 4.0% and 48.6 = 7.3% when infection was performed at
days 1, 3, and 7, respectively (Figure 2e). Notably, however, these
differences in transduction efficiency did not denote a different
capacity to internalize the vector; at 4 hours after transduction,
the same amount of vector DNA was found inside the cells in
all three groups of samples, as determined by quantitative PCR
(~3.2 x 10° copies per ng of DNA at the m.o.i of 5 x 10° vg/cell;
Figure 2f). Analogous considerations also apply to the other MOlIs
considered.

Both the in vivo and the ex vivo results indicate a marked dis-
crepancy between the number of genome copies internalized by
the cardiomyocytes and the efficiency at which these were actually
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Figure 1 Efficiency of myocardial transduction with adeno-associated virus (AAV) vectors at different times after birth. (a) Schematic repre-
sentation of the experimental workflow. AAV9-LacZ vectors were administered intraperitoneal (i.p.) in 1-, 7-, and 21-day-old mice; in all cases, analysis
was performed 7 days after injection. (b) Histochemical staining for B-galactosidase expression—whole heart sections (upper panels) and enlarge-
ments (lower panels; Bar: 100 um)—after AAV administration for the indicated time intervals (days). (c¢) Quantification of B-galactosidase expression
in total heart tissue (n = 6 per group; mean values + SD) after AAV administration for the indicated time intervals (days). (d) AAV vector DNA copy
numbers per ng of genomic DNA (n = 6 per group; mean values = SD) after AAV administration for the indicated time intervals (days). (e) Ratio
between the amount of expressed p-galactosidase and AAV genome copy numbers (n = 6 per group; mean values + SD) after AAV administration for

the indicated time intervals (days).

expressed. This discrepancy is highly consistent with the possibil-
ity that viral transduction is blocked at a step post-virus entry in
replicating cardiomyocytes.

Our previous findings indicate that, in poorly permissive cells,
AAV genomes are found within the nucleus in close proximity
to the sites where cellular DDR proteins and, in particular, mem-
bers of the MRN complex accumulate.'* We, and others, have also
shown that siRNA-mediated downregulation of these proteins'®
or Adenovirus E1B55k-mediated degradation of Mrell,” mark-
edly induce AAV transduction in poorly permissive cell lines. We
wondered, therefore, whether knockdown of MRN might also
modify permissivity of neonatal cardiomyocytes. For this purpose,
we reverse transfected, at the time of plating, primary rat cardio-
myocytes, which are still replicating, with siRNAs against Mrell,
Rad50, or Nbs1, or with a nontargeting siRNA (NTS) control, fol-
lowed by transduction with an AAV6 vector-expressing luciferase.
Analysis of luciferase expression after 48 hours indicated that all
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three siRNAs determined a significant increase of cell permissiv-
ity to AAV transduction (Figure 2g). Quantification of the mRNA
levels of the three MRN proteins confirmed that the siRNA
treatments were effective in all three cases (>85% knockdown;
Figure 2h).

Taken together, these experiments indicate that, in replicating
neonatal cardiomyocytes, MRN proteins negatively regulate AAV
transduction.

Efficiency of in vivo AAV transduction correlates with
the levels of MRN proteins

Next, we wondered whether the different permissivity of cardiac
myocytes in vivo to AAV transduction at various times after birth
correlated with the endogenous levels of expression of MRN pro-
teins. To address this possibility, we assessed the levels of Mrell,
Rad50, and Nbsl in mouse heart from the early postnatal days
to the adult age. We observed that these proteins were expressed
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Figure 2 Permissivity of cultured neonatal cardiomyocytes to adeno-associated virus (AAV) transduction. (a) Representative images of cardio-
myocytes cultures at 4, 7, and 10 days after plating. Cells were stained with anti-a-sarcomeric actinin antibody (green) to reveal cardiomyocytes and
ethynyl-2"-deoxyuridine (EdU) to assess DNA synthesis. Bar: 100 um. (b) Percentage of proliferating (EdU* and Ki67") cardiomyocytes at day 4, 7,
and 10 after plating (mean values + SD of five independent experiments). (c¢) Schematic representation of experimental workflow. Neonatal rat car-
diomyocytes were transduced with AAV6-EGFP at days 1, 3, and 7 after plating and analyzed 4 days after transduction. (d) Representative images of
cardiomyocytes transduced with AAV6-EGFP at the indicated time intervals. Cells were fixed and immunostained with anti-o-sarcomeric actinin anti-
body (red) to reveal cardiomyocytes. Cell nuclei were stained with Hoechst 33342. (e) Percentage of transduced (GFP™) cardiomyocytes after AAV6-
EGFP transduction for the indicated time intervals (mean values + SD of three independent experiments). (f) Amount of AAV vector DNA genomes
per ng of genomic DNA, determined by real-time quantitative PCR, at 4 hours postinfection, after transduction for day 1, 3, and 7 (mean values
+ SD of three independent experiments). (g) Effects of knockdown of Mre11, Rad50, and Nbs1 using RNA interference (RNAi). Cardiomyocytes,
isolated at day 1 after birth, were treated with the indicated short-interfering RNAs (siRNAs) and later transduced with AAV6-Luciferase. The levels of
luciferase expression were tested 48 hours after transduction (mean values + SD of three independent experiments)/NTS, nontargeting siRNA control.
*Statistical significance (P < 0.05). (h) Levels of Mre11, Rad50, and NbsT mRNAs at 72 hours after transfection of the corresponding siRNAs, measured
by real-time PCR in the same samples as in panel g. The results are shown relative to those measured in cardiomyocytes treated with the NTS control.

EGFP, enhanced green fluorescent protein.

abundantly in the neonatal heart, but that their levels abruptly
decreased between day 7 and 14 (Figure 3a), a time point coinci-
dent with the withdrawal of cardiomyocytes from the cell cycle.”®
This decrease in protein level was accompanied by a correspond-
ing decrease in the respective mRNA levels, as evaluated by quan-
titative PCR from the same tissue samples (Figure 3b).

Next, we wanted to understand whether the amount of cellu-
lar MRN might more generally correlate with the different tissue
permissivity to AAV transduction. We found that the expression
levels of Mrell, Rad50, and Nbsl differed markedly in the vari-
ous mouse tissues, with their mRNAs being abundantly expressed
in adult bone marrow and spleen, reduced in liver and very low
in skeletal muscle and heart (Figure 3c). Of interest, we also
observed that the levels of all three MRN proteins significantly
decreased in the adult (age of 2 months) compared to the neonatal
liver (Supplementary Figure S1a).

The rapid downregulation of the expression of MRN proteins
in the heart at days 7-14 after birth and the generally low levels
of these proteins in adult post-mitotic tissues correlate very well
with the known permissivity of these tissues to AAV transduc-
tion. These results are thus consistent with the notion that MRN
proteins restrict vector transduction in vivo.

2090

Terminal differentiation of myoblasts coincides with
downregulation of MRN proteins and induction of
permissivity to AAV transduction
C2C12 murine myoblasts are a well-characterized model of skel-
etal muscle cell differentiation.”® When cultured with high con-
centrations of growth factors (nondifferentiating (ND) medium),
these homogeneous cells proliferate as mononucleated progeni-
tor cells. In contrast, when cultured with low concentrations of
growth factors (differentiating (D) medium), they start expressing
muscle differentiation proteins and fuse to form terminally differ-
entiated, multinucleated myotubes. Consequently, we wished to
verify whether the differentiation state of these cells might modify
the levels of MRN proteins and permissivity to AAV transduction.
The levels of Rad50 and Nbsl proteins progressively decreased
from day 4 in differentiation medium, parallel to the increase
in the differentiation marker myosin heavy chain (Figure 4a).
Mrell protein levels did not appreciably change during the time
of this study, however, the mRNA levels of all three MRN mem-
bers were decreased after the switch to the differentiation medium
(Figure 4b).

To assess AAV transduction efficiency, myoblasts and myo-
tubes were transduced with an AAV6-EGFP vector for 4 days in

www.moleculartherapy.org vol. 20 no. 11 nov. 2012
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Figure 3 Levels of Mre11/Rad50/Nbs1 (MRN) proteins in the heart
at different times after birth and in other organs. (a) Western blot
analysis of Mre11, Rad50, and Nbs1 proteins from whole mouse heart
samples obtained at different times after birth—days 0 (neonatal), 3, 7,
14, 21, 60 (adult). Representative samples from two mice are shown for
each time point. Hsc-70 was used as loading control. (b) Gene expres-
sion analysis of proteins of the MRN complex in the mouse heart at
different age as determined by real-time PCR. Values (n = 5 per group;
mean * SD) are normalized over glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). (c) Gene expression analysis of proteins of the MRN
complex in different tissues of 2-month-old mice (adults), evaluated by
real-time PCR. Values (n = 5 per group; mean + SD) are normalized over
GAPDH.

ND or D medium, respectively (Figure 4c). Transduction was not
apparent for myoblasts, while a very large number of polynucle-
ated, o-actinin-positive myotubes were immediately evident in
the cell cultures that had been maintained in differentiating condi-
tions (Figure 4d). The same experiments were also repeated using
an AAV2-Luciferase vector, to obtain a precise quantification of
transduction efficiency. At all the three investigated multiplicities
of infection, the luciferase activity per g of cell lysate was >20-fold
higher in myotubes than in myoblasts (Figure 4e). Notably, how-
ever, also in this case, myoblasts and myotubes internalized com-
parable amounts of vg, as evaluated by quantitative PCR performed
at 4 hours after transduction (Figure 4f). This again suggests that,
in myotubes, AAV transduction is restricted at a time point after
vector internalization.

Molecular Therapy vol. 20 no. 11 nov. 2012
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Expression of the cell-cycle regulator miR-24
increases along myoblast differentiation and during
heart development

The molecular mechanisms behind the downregulation of MRN
and other DDR proteins in post-mitotic cells are still not well
understood, but are, most likely, part of a broader modification
of gene expression along cellular differentiation. One of the miR-
NAs that regulate post-mitotic differentiation of several cell types,
including myoblasts* is miR-24. This miRNA is clustered closely
with miR-23 and miR-27 at two genomic loci known as the miR-
24-1 and -2 gene clusters.”” All three miRNAs were reported to be
highly expressed in post-mitotic tissues such as skeletal muscle,
heart, and brain.” Of note, miR-24 was also found to be upregu-
lated during cardiac hypertrophy and to induce hypertrophic
growth when overexpressed in primary cardiomyocytes.*

Based on these observations, we wanted to understand whether
miR-24 might, directly or indirectly, be involved in the regulation
of AAV permissivity. We first analyzed the levels of miR-24, 23a,
and 27a in the mouse heart from early neonatal days to adult age.
The expression of miR-24 and 23a increased 2.5-fold from day 0 to
60 after birth, while no change was apparent in the expression of
miR-27a (Figure 5a). Moreover, miR-24 and the other miRNAs of
the same cluster were also markedly upregulated in a time-depen-
dent manner during the process of C2C12 myoblast differentia-
tion in vitro (Figure 5b).

miR-24 negatively regulates Nbs1 levels and
enhances permissivity to AAV

Based on the observation that the downregulation of MRN parallels
the miR-24 cluster increase, we wondered whether overexpression
of miR-24, miR-23a, or miR-27 precursors might induce downreg-
ulation of Nbs1, Mrell, or Rad50. As shown in Figure 6a, we found
that treatment of HeLa cells with 50 nmol/l miR-24 precursor deter-
mined a decrease in the levels of Nbs1 protein, in addition to that of
E2F-1, as already described.” Reduction in the levels of both Nbs1
and E2F-1 were clearly dose-dependent, as shown for representative
immunoblots in Figure 6b and quantified in Figure 6¢ (4.1-fold
reduction of Nbsl with 100nmol/l miR-24 precursor). Through
3’UTR reporter experiments we were unable to detect direct tar-
geting of miR-24 to the Nbsl 3" UTR (data not shown); however,
another direct miR-24 target, c-myc, is known to positively regulate
expression of Nbs1 and its downmodulation upon miR-24 transfec-
tion might thus explain the observed decrease of Nbs1.%

To test whether miR-24 overexpression and consequent Nbs1
downregulation might result in higher cellular permissivity to
AAV transduction, we infected HeLa cells with AAV2-Luciferase
at three different MOIs at 48 hours after transfection with
100 nmol/l miR-24, miR-23a, or miR-27 precursors. As shown in
Figure 6d, overexpression of the miR-24 precursor significantly
increased AAV transduction at all three, investigated vector con-
centrations (showing a 3.6-fold increase at the MOI 5 x 10° vg/
cells). Precursors of miR-23a and 27a had no effect either on MRN
complex expression or on AAV2 transduction.

Finally, a marked increase in the number of fluorescent cells
compared to nontransfected cells or cells transfected with control,
NTS was also observed when using an AAV2-EGFP vector, fol-
lowed by quantitative analysis of cell fluorescence (with a fivefold
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Figure 4 Permissivity of C2C12 cells to adeno-associated virus (AAV) transduction markedly increases during cell differentiation. (a) Western
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anti-o-sarcomeric actinin antibody (red) to reveal formation of differentiated myotubes. Cell nuclei were stained with DAPI. The enlarged merged
figures are shown in the rightmost panels. Bars: 200 um. (e) Quantification of luciferase activity per ug of total protein in nondifferentiated (ND) and
differentiated (D) C2C12 cultures transduced with AAV2-Luciferase at the MOl of 1 x 104, 5 x 104, and 1 x 10° vg. Graphs represent mean values +
SD of three independent experiments. (f) Amount of AAV vector genomes internalized by ND and D C2C12 cells at 4 hours postinfection, determined
by real-time quantitative PCR (mean values * SD of three independent experiments).

increase at 100 nmol/l miR-24 precursor; Figure 6e). Analysis of ~MRN knockdown or treatment with miR-24 precursor
ATP content by a chemiluminescence-based assay in these cells  increase liver permissivity to AAV transduction in vivo
revealed that, at the concentrations used, cell treatment with ~ Next, we wanted to assess whether transfection of the siRNAs
miR-24 did not induced significant cellular toxicity (Figure 6f). against Mrell, Rad50, and Nbsl, or of the miR-24 precursor,
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Figure 5 Levels of expression of microRNAs 24, 23a, and 27a. (a) Expression of miR-24, miR-23a, and miR-27a in mouse heart at different times
after birth (days 0 (neonatal), 3, 7, 14, 21, 60 (adult)) as determined by real-time PCR. Graphs represent the change in gene expression over miR-191,
shown as mean values + SD; n=5 per group. (b) Expression of miR-24, miR-23a, and miR-27a during the differentiation of C2C12 cells (0, 4, and 10
days in differentiation medium (DM)) as determined by real-time PCR. Graphs represent mean values + SD of three independent samples, normalized
to miR-191.
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Figure 6 Expression of miR-24 precursor leads to downregulation of Nbs1 and enhances permissivity to adeno-associated virus (AAV) in
vitro. (@) Mre11, Rad50, and Nbs1 protein levels in Hela cells 72 hours after transfection with precursors of miR-24, 23a, and 27a, at a final con-
centration of 50nmol/l. B-Tubulin was used as a control for protein levels. (b) Mre11, Rad50, and Nbs1 protein levels in Hela cells 72 hours after
transfection with 25, 50, and 100 nmol/l miR-24 precursor. E2F-1 was used as control of miR-24 efficacy, since the E2F family members are known
targets of miR-24.2* (¢) Quantification of immunoblots showing the relative expression of Mre11, Rad50, Nbs1, and E2F-1 in Hela cells treated with
the indicated amounts of miR-24 precursor for 72 hours. The results show mean values + SD of three independent experiments. (d) Luciferase activ-
ity of lysates from Hela cells transfected with miR-24, miR-23a, or miR-27a precursors (100 nmol/l) or control cells (white bars) after transduction
with AAV2-Luciferase at three different multiplicities of infection (MOIs) (1 x 103, 5 x 103, and 1 x 10* vg per cell). The graph shows mean values +
SD of three independent experiments. (e) Representative images of Hela cells transfected with miR-24 precursor (25, 50, 100 nmol/Il) or nontarget-
ing short-interfering RNA (siRNA) (NTS; 50 and 100 nmol/I) for 48 hours and then transduced with AAV2-EGFP (MOI 1 x 10%). Images were taken
24 hours after AAV transduction. Control cells represent nontransfected cells transduced with AAV2-EGFP. Bar: 100 um. (f) Analysis of ATP production,
as a measurement of cell viability of HelLa cells transfected with miR-24 precursor at the indicated concentrations. The experimental conditions were
as in panel e (mean + SD of three independent experiments). EGFP, enhanced green fluorescent protein.

of miR-24 were twice as higher in the adult compared to the neo-
nate (Supplementary Figure S1b). One-month old mice (n = 6

might also be effective in improving AAV transduction in vivo.
We choose to perform our experiments by portal vein injection

in 1-month-old mice, since there is evidence that AAV trans-
duction of the liver becomes progressively more efficient from
the neonatal age onward.*® Consistent with this notion, we also
noticed that, in contrast to the above described decrease in the
levels of MRN mRNAs in the adult liver, on the opposite, those
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per group) were injected, into the portal vein, with cationic lipid
formulations containing siRNAs against Mrel1, Rad50, or Nbsl,
the miR-24 precursor or a NTS control (150 pmol); these formu-
lations were mixed together with an AAV8 vector in which the
EGFP gene was under the control of the ApoE/hAAT promoter,
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which does not undergo transcriptional silencing over time in
the liver.** The animals were sacrificed at day 10 after treatment
to analyse the extent of transduction. Analysis of EGFP fluores-
cence indicated significant increase of liver transduction in the
animals that received the three siRNAs against MRN members
and, to a lesser extent, in those treated with miR-24 (representa-
tive pictures shown in Figure 7a). Quantification of the levels of
the EGFP mRNA revealed an average 4.9-fold, 7.4-fold, and 11.9-
fold induction for Mrell, Rad50, and Nbsl respectively, and of
4.0-fold for miR-24, compared to the nontargeting RNA control
(Figure 7b). We also analysed the number of vg in the total DNA
extracted from two lobes of the transduced livers, and detected
no significant differences in the animals treated with the various
small RNAs (Figure 7c). This observation is again in agreement
with the conclusion that the marked increase in transduction
efficiency observed upon anti-MRN siRNA or miR-24 delivery is
exerted after AAV genome internalization into the cells.

DISCUSSION
In this work, we show that permissivity to AAV transduction
strictly coincides with the process of terminal differentiation of
skeletal and cardiac myocytes. In vivo, cardiomyocytes enter a
permanent postmitotic state within a couple of weeks from birth
and this markedly increases the efficacy of whole heart transduc-
tion by systemically administered AAV vectors. In cultured cells,
induction of differentiation of both skeletal and cardiac myoblasts
parallels a remarkable increase in permissivity of these cells to
AAV infection. Both in vivo and in vitro, terminal cell differentia-
tion is accompanied by a drastic decrease in the levels of proteins of
the MRN complex, a finding which is in agreement with previous
reports on the relatively lower levels of these factors in adult ani-
mals compared to the embryo*-* and the dispensability of MRN
for maintenance of genomic integrity in terminally differentiated
cells.*® Members of the MRN complex are known to efficiently
recognize DNA damage in response to external agents or ensuing
during DNA replication,"” and to direct repair primarily through
the HR pathway,” which takes place during the S-phase of the cell
cycle.® Postmitotic cells, which have permanently exited the cell
cycle, downregulate expression of most S-phase required factors,
including proteins required for DNA replication and HR, whereas
DNA repair mainly occurs by nonhomologous end joining.*"*
The correlative evidence that the down regulation of MRN
proteins is paralleled by the increased cell permissivity to AAV
transduction is in agreement with the conclusion that in cycling
cells, including most cultured cell lines, these proteins restrict
AAV transduction. This is supported by a series of previous find-
ings obtained both by us and by other laboratories, including the
observations that: (i) in cultured cells, AAV DNA genomes accu-
mulate in the nucleus into specific foci (AAV foci), which over-
lap with DNA repair foci formed by Mrell, Rad50, Nbsl, and
the MDC-1 proteins;" (ii) in poorly permissive cells, Mrell and
other cellular DDR proteins physically interact with AAV ssDNA,
as shown by chromatin immunoprecipitation experiments;*** (iii)
cell treatment with agents determining genome-wide DNA dam-
age increase AAV permissivity while decreasing Mrell binding
to the AAV genomes and the percentage of DDR foci colocalizing
with AAV foci;" (iv) cell infection with adenovirus or the specific
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Figure 7 In vivo delivery of short-interfering RNAs against Mre11/
Rad50/Nbs1 (MRN) components and of miR-24 precursor increases
adeno-associated virus (AAV) transduction of juvenile mice livers.
(a) Representative images of liver sections at day 10 after portal vein
injection of AAV8-ApoE/hAAT-EGFP together with siRNAs against Mre11,
Rad50, and Nbs1 or the miR-24 precursor, as indicated. For each treat-
ment, the panel on the right side shows a magnification of the squared
area shown on the left panel. Bar: 1 mm. (b) Quantification of the lev-
els of the enhanced green fluorescent protein (EGFP) mRNA in the liver
samples as in panel a. Real-time PCR quantifications were normalized
over the amounts of cellular GAPDH and expressed as fold-values over
samples treated with the nontargeting siRNA (NTS; mean values + SD;
n = 6 per group). The asterisks denote statistical significance (P < 0.05).
() Quantification of the number of AAV vector genomes in total DNA
samples from the liver of animals treated as in panel a (mean values +
SD; n = 6 per group).

expression of adenovirus E4ORF6/E1B55k induces degradation
of Mrell and increases AAV transduction;?® (v) cells defective
for Nbsl and ataxia-telangiectasia mutated are naturally permis-
sive to AAV in the absence of any treatment.*”!*!* The observa-
tions, reported in this manuscript, that treatment of rat neonatal
cardiomyocytes with siRNAs against Mrell, Rad50, and Nbsl
increases AAV transduction and that siRNAs against the same
proteins, once injected in vivo, markedly improve transduction of
the mouse juvenile liver further support the conclusion that MRN
restricts AAV transduction.

By what mechanism is this restriction exerted? A most likely
possibility is that, by virtue of its ss DNA nature and the presence
of hairpins at its extremities, the AAV genome is recognized as
a form of “damaged” DNA by the cellular DDR machinery. The
observation that 3" overhangs (such as the origin of the AAV
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DNA) and hairpins are preferred substrates for Mrell binding®
and that AAV nuclear foci contain the activated form of Nbsl,
phosphorylated at S-343," support this possibility. We speculate
that binding of MRN itself might block single- to ds DNA conver-
sion of the AAV genomes, a step which has long been recognized
as one of the most limiting during AAV infection.** In addition,
in the process of genomic DNA repair, Mrell acts as an exonu-
clease, generating 3" overhangs that become substrates for HR.*
Although not formally demonstrated here, it might be envisaged
that the resection of ss AAV genomes is deleterious to AAV-
mediated transduction of protein-coding transgenes. Besides pre-
vention of single-stranded to ds-DNA conversion or degradation
of internalized AAV DNA, other possibilities to explain inhibi-
tion of AAV processing exist. Among these, recent work in cul-
tured cells has shown that the interaction of DDR proteins might
induce transcriptional silencing of the AAV genomes, similar to
that which occurs for damaged cellular chromatin.'* Whatever the
mechanism of inhibition, it is worth noting that MRN binding to
the viral genomes and subsequent recruitment of the cellular HR
machinery might well explain why AAV vectors carrying portions
of cellular genomic DNA promote HR with their cellular homo-
logue sequences at an efficiency that is 2-3 orders of magnitude
higher than plasmid DNA.*

Multiple evidence indicates that various cellular barriers to
AAV transduction exist and that some of these can be overcome
by different AAV serotypes.” Restriction of AAV transduction by
DDR proteins, however, most likely acts at a step involving genome
processing and is thus common to all serotypes. As a matter of
fact, in this work, we have exploited the vector serotypes known to
be among the most efficient for transduction of the various inves-
tigated tissues, including AAV9 for cardiac transduction after
systemic administration,* AAV6 for transduction of isolated car-
diomyocytes,*> AAV2 and AAV6 for C2C12 myocytes (L. Zentilin
and M. Giacca, unpublished results), and AAV8 for transduction
of the liver.**** Restriction of AAV transduction by MRN, how-
ever, appeared to apply in all cases, consistent with the conclusion
that it affects a step subsequent to virion internalization.

When considered collectively, the results obtained favour
a model by which terminal cell differentiation coincides with
reduced MRN expression and increased AAV permissivity.
Terminal differentiation of both cardiomyocytes and myoblasts is
accompanied by an increase in the levels of miR-24. In addition to
this miRNA, we found that the other two miRNAs from the miR-
24-2 cluster (miR-23a and miR-27a) were also induced during
myotube formation, whereas only miR-23a during differentiation
of cardiomyocytes, consistent with the notion that, while all being
encoded within a short genomic region, the different miRNAs of
this cluster can be transcriptionally regulated in an independent
manner.* The work of other laboratories has shown that, in muscle
and heart, not only is miR-24 strongly induced during myogenesis,
but it is also maintained at high levels in terminally differentiated
adult tissues.”> In our experiments, delivery of a miR-24 precur-
sor RNA induced downregulation of Nbsl in a dose-dependent
manner, while leaving the levels of Mrell and Rad50 unaffected.
This is most likely the indirect consequence of downregulation of
the c-myc transcription factor, which is targeted by miR-24* and
in turn negatively regulates Nbs1 expression.* In addition, E2F-1,
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an indirect miR-24 target, has been shown to directly bind MRN
through specific interaction with Nbs1.* Downregulation of Nbsl
by miR-24 would concur with the induction of cell permissivity to
AAV transduction, again reinforcing the conclusion that the levels
of MRN correlate with restriction to AAV transduction.

Based on the effect of miR-24 precursor delivery to cultured
cells, we wished to explore the effect of this molecule in vivo.
A number of investigators have reported that AAV vectors are
efficient in permanently transducing the adult liver,”” and this
information has been successfully brought into the clinic for gene
therapy of different, inherited disorders." A few of these studies
have also reported that, in contrast to that of the adult, the neonate
and juvenile liver are much less prone to persistent transduction
by the same vectors.”** Since the adult liver contains mainly non-
proliferating hepatocytes, with a turnover of 180-400 days* while
neonatal hepatocytes proliferate to sustain organ growth, the dif-
ference between the efficiency of AAV transduction in adult and
neonatal liver has been largely attributed to the loss of episomal
AAV genomes, in the latter case, upon cell proliferation.*® An
alternative possibility is that the neonatal hepatocytes restrict AAV
transduction due to expression of inhibitory DDR proteins. This
possibility is very well supported by the observation that the levels
of Mrell, Nbsl, and Rad50 are decreased in adults versus neo-
natal mice, while, conversely, the levels of miR-24 are increased.
Even more significant, in our experiments the simultaneous deliv-
ery of an AAV8 vector together with siRNAs against the three
MRN proteins or an RNA corresponding to the miR-24 precur-
sor significantly augmented the extent of AAV transduction of the
juvenile liver. Whether these treatments might be routinely used
to improve AAV transduction in vivo of poorly permissive tissues
is an interestingly possibility that we wish to further pursue.

MATERIALS AND METHODS

Cell cultures. C2C12 mouse myoblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum and anti-
biotics. To induce cell differentiation into myotubes, the growth medium
was switched to Dulbecco’s modified Eagle’s medium with 1% horse serum
when cells reached 80% confluence. HeLa cells were cultured in Dulbecco’s
modified Eagles medium with 10% fetal bovine serum and antibiotics.
Neonatal rat ventricular myocytes were obtained as previously described*
and detailed in the Supplementary Materials and Methods.

Production of AAV stocks. All the AAV vectors used in this study were
generated by the AAV Vector Unit (AVU) at ICGEB Trieste (http://www.
icgeb.org/avu-core-facility.html) according to established procedures, as
detailed in the Supplementary Materials and Methods. All vectors are
based on the AAV2 genome and the transgenes are driven by the cytomeg-
alovirus immediated early promoter, with the exception of AAV-ApoE/
hAAT-EGFP, in which EGPF is controlled by the ApoE/hAAT promoter.*

In vivo myocardial transduction. Animals were injected intraperitoneally
with AAV9-LacZ at a dose of 2.25 x 10'° vg/g of body weight. An appropri-
ate volume of viral vector solution (~30l in neonatal mice to ~100l in
21-day old mice) was injected slowly using a U-100 insulin syringe. Seven
days postinjection animals were sacrificed, the hearts collected and divided
into two parts. One half was slowly frozen using isopentane/liquid nitro-
gen and stored at —80 °C until processed for X-gal staining and determina-
tion of AAV vg copy number; the other half was frozen immediately in
liquid nitrogen and stored at —-80°C until processed for quantification of
[B-galactosidase expression.
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Ex vivo AAV transduction of cardiomyocytes. Cardiomyocytes were
transduced with AAV6-EGFP at day 1, 3, and 7 after isolation. Cells were
transduced at three different MOIs (1 x 107 5 x 10% and 1 x 10* vg). Four
days after transduction, cells were fixed and immunostained with anti-o.-
sarcomeric actinin antibody to reveal cardiomyocytes, as detailed in the
Supplementary Materials and Methods.

Cardiomyocyte proliferation assay. Cardiomyocytes growing on BD
Primaria 96-well plates were fixed at days 4, 7, or 10, following 20-hour
incubation with EdU. Cells were immunostained with o-sarcomeric actinin
antibody to identify cardiomyocytes and the cell proliferation marker Ki67;
EdU incorporation was revealed using the Click-iT EdU Alexa Fluor555,
according to the manufacturer’s instructions; cell nuclei were stained with
Hoechst 33342. Analysis of EAU and Ki67 double positive cardiomyocytes
was performed using an ImageXpress Micro automated high-content screen-
ing microscope (Molecular Devices, Sunnyvale, CA) equipped with a 10x
objective; analysis was performed using the MetaXpress software (Molecular
Devices) as detailed in the Supplementary Materials and Methods.

AAV transduction of ND and D C2C12 cells. C2C12 cells were seeded onto
96-well plate at density of 5,000 cells/well and, after 24 hours, transduced with
AAV6-EGFP or AAV2-Luciferase at MOIs of 1 x 10, 5 x 10, and 1 x 10° vg.
Cells were passaged 2 days after plating when they reached confluence.

To induce differentiation of C2Cl12 into myotubes, the growth
medium was switched to differentiation medium 24 hours after plating
(96-well plate at density of 5,000 cells/well). Four days after the medium
switch cells were transduced with AAV6-EGFP or AAV2-Luciferase.

Both ND and D cells were fixed with 4% paraformaldehyde 4 days after
transduction. Immunostaining was performed using anti-o.-sarcomeric
actinin antibody to reveal formation of differentiated myotubes.

Luciferase activity was determined four days after transduction.
Luminescence was measured using PerkinElmer EnVision 2104 Multilabel
Reader (Perkin Elmer, Waltham, MA) using beetle-Juice reagents (PJK,
Kleinblittersdorf, Germany). Luciferase activity was expressed as the ratio
between relative light units and total protein (in pg) of the sample.

Analysis of B-galactosidase expression. For histochemical detection of
[-galactosidase, frozen heart sections (3.5Um) were fixed in phosphate-
buffered saline containing 2% formaldehyde and 0.2% glutaraldehyde at
room temperature for 15 minutes. After being washed with in phosphate-
buffered saline containing 0.02% NP-40 three times, sections were incu-
bated at 37 °C overnight in phosphate-buffered saline containing 5mmol/l
potassium ferricyanide, 5 mmol/l potassium ferrocyanide, 2 mmol/l MgCl,,
2mg/ml X-Gal, and 0.02% NP-40.

After staining, sections were dehydrated by graded alcohol, cleared
with Bio-Clear, mounted with EuKit mounting medium (Sigma-Aldrich,
St Louis, MO), and protected with cover slides. Pictures were taken using
an Olympus CX40 microscope (Olympus, Center Valley, PA).

The Beta-Glo Assay System (Promega) was used to quantify the
B-galactosidase expression after AAV-LacZ transduction. Tissues were
disrupted using electric homogenizer in Reporter lysis buffer (Promega).
The grams of [3-galactosidase were calculated based on a standard curve,
obtained from serial dilutions of B-galactosidase enzyme (Sigma).

miRNA precursor transfection and AAV transduction of Hela cells. We
reverse transfected HeLa cells (96-well plate, 10* cells/well) with 25, 50,
or 100nmol/l miR-24 (Qiagen, Hilden, Germany) or siGENOME Non-
Targeting siRNA (Dharmacon, Lafayette, CO) using Lipofectamine
RNAIMAX (Invitrogen, Carlsbad, CA) following the manufacturer’s
instructions. After 48 hours, cells were transduced with AAV2-EGFP or
AAV2-Luciferase at MOI of 10°, 5 x 10°, or 10*. Transduction efficiency
was determined 24 hours postinfection.

siRNA transfection of rat neonatal cardiomyocytes. Rat neonatal car-
diomyocytes were reverse transfected using Lipofectamine RNAIMAX
according to the manufacturer’s instructions. siRNAs targeting Mrell,

2096

© The American Society of Gene & Cell Therapy

Rad50, and Nbsl (SMARTpool) and NTS control were purchased from
Dharmacon. Cardiomyocytes were transduced with AAV6-Luc at 72 hours
after transfection; luciferase activity was determined 48 hours after trans-
duction). To control the effect of siRNA knockdown on Mrell, Rad50,
and Nbsl expression, cells were reverse transfected in 35-mm dishes and
harvested 72 hours after transfection. Expression was evaluated by quan-
titative real time-PCR, as detailed in the Supplementary Materials and
Methods.

AAV transduction of the liver. Juvenile mice (1-month old) were injected
into the portal vein with a mix of transfection reagent (Lipofectamine
RNAiIMAX) and siRNA against Mrel1, Rad50, Nbs1, miR-24 precursor or
a nontargeting control together with AAV8-ApoE/ hAAT-EGFP at a dose
of 5 x 10" vg; a volume of 50 pl was injected slowly using a U-100 insulin
syringe. Animals were sacrificed 10 days after injection to evaluate AAV
transduction. Livers were collected, carefully divided in lobes, and a piece
of every lobe was processed for evaluation of GFP* cells (by fluorescent
microscopy) and quantification of GFP expression by quantitative PCR.
For fluorescent microscopy, liver tissue was fixed in 4% paraformaldehyde
overnight at 4°C, cryoprotected in 30% sucrose overnight at 4°C and then
frozen at -20°C. Liver sections (5um) were imaged using a ImageXpress
Micro automated high-content screening microscope (Molecular Devices)
equipped with a 4x objective.

SUPPLEMENTARY MATERIAL

Figure S1. Levels of Mre11, Rad50, NbsTmRNAs, and miR-24 in neo-
natal and adult liver samples.

Materials and Methods.
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