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So far, the mechanisms that impede AAV transduction, espe-
cially in the human heart, are poorly understood, hampering
the introduction of new, effective gene therapy strategies.
Therefore, the aim of this study was to identify and overcome
the main cellular barriers to successful transduction in the
heart, using induced pluripotent stem cell (iPSC)-derived car-
diomyocytes (iPSC-CMs), iPSC-derived cardiac fibroblasts
(iPSC-CFs), and primary endothelial cells to model vector-
host interactions. Through phosphoproteome analysis we es-
tablished that casein kinase 2 (CK2) signaling is one of the
most significantly affected pathways upon AAV exposure.
Transient inhibition of CK2 activity substantially enhanced
the transduction rate of AAV2, AAV6, and AAV9 in all tested
cell types. In particular, CK2 inhibition improved the traf-
ficking of AAVs through the cytoplasm, impaired DNA dam-
age response through destabilization of MRE11, and altered
the RNA processing pathways, which were also highly respon-
sive to AAV transduction. Also, it augmented transgene
expression in already transduced iPSC-CFs, which retain
AAV genomes in a functional, but probably silent form. In
summary, the present study provides new insights into the cur-
rent understanding of the host-AAV vector interaction, identi-
fying CK2 activity as a key barrier to efficient transduction and
transgene expression, which may translate to improving the
outcome of AAV-based therapies in the future.

INTRODUCTION
Adeno-associated viral vectors (AAVs) are one of the most widely
used transgene carriers in the clinic, as they provide transduction of
numerous cell types in vivo, with limited activation of immune
response. Versatility of AAV application was partially possible
through usage of various serotypes exhibiting different cellular
tropism. Despite successful targeting of the central nervous system,
liver, or retina with AAVs,1 expanding their potential to the cardio-
vascular system still seems challenging.

Initially, numerous studies in murine models have proven the safety
and efficiency of targeting cardiac tissue with AAV serotype 9
(AAV9) vectors (reviewed in Zhang et al.2). Considerable mitigation
of cardiomyopathy symptoms in small animal models encouraged
further studies using large model organisms and translation of several
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strategies into the clinic.3 Currently, out of the 174 active clinical trials
(clinicaltrials.gov database, accessed on 17.12.22) that use AAV vec-
tors as transgene carriers, only 4 aim at cardiomyopathy treatment.
Such a limited development of therapeutic strategies in patients sug-
gests that targeting the human heart with AAV vectors is not an easy
task, and to some extent may be the aftermath of an underwhelming
outcome of the CUPID (calcium upregulation by percutaneous
administration of gene therapy in patients with cardiac disease) trial.4

In that study, the lack of functional improvement after AAV-
SERCA2a delivery was associated with a very low efficiency of trans-
gene delivery, with the median value of only 43 copies per 1 mg of
DNA highlighting the real challenge in development of AAV-based
therapeutics in the heart.

Although, to some extent, the issue of low transduction efficacy can be
addressed by simply increasing the vector dose, numerous studies
report significant hepatotoxicity of high AAV doses.5 While in the
case of lower doses of AAVs the initial response is rather mild and
can be easily controlled with administration of steroids, high doses
tend to provoke severe adverse effects.6 These include thrombotic mi-
croangiopathy and, most commonly, hepatotoxicity, which led to the
death of several patients undergoing treatment for X-linked myotub-
ular myopathy with AAVs.5,6

To eventually overcome the issue of insufficient transgene delivery, it
is essential to understand the mechanisms that impede AAV trans-
duction. Prior research has shown that the main barriers to successful
AAV transduction include: availability of appropriate receptors on
the cell surface, phosphorylation and subsequent ubiquitination and
degradation of the capsids,7,8 nuclear translocation,9 restriction of
the second strand synthesis for single-stranded AAVs (ssAAV),10

and interaction of AAV genomes with DNA damage response
//creativecommons.org/licenses/by-nc-nd/4.0/).
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(DDR) machinery.11 To date, several host restriction factors outside
of these pathways were also identified, namely AAVR,12 GPR108,13

TM9SF2,14 and U2 snRNP.15

However, so far this topic has been studied primarily in HeLa or
HEK293 cells. Although the HeLa cell linemay be a convenient model
in various applications, its cancer origin implies some limitations in
the interpretation of the obtained data. HeLa cells are highly hetero-
genic, but what is important is that their genomic and transcriptomic
instability differs even between batches of cells cultured for years in
different laboratories.16 The sequencing of the HeLa Kyoto cell line
highlighted extensive genomic rearrangements that particularly affect
cell-cycle progression and DNA repair pathways.17 HEK293 cells,
despite not being considered as a cancer line, exhibit significant dif-
ferences in karyotype characteristics (reviewed by Stepanenko and
Dmitrenko18), suggesting genome instability and selection of distinct
populations during long-term culture.

More reliable in vitro modeling of vector-host interactions in the
heart can be achieved using primary cells isolated directly from the
tissue. Even though this strategy is feasible for cells of animal origin,
human heart tissue explants are nearly impossible to obtain, espe-
cially in the amount sufficient for continuous experiments. The
most convenient alternative are cells obtained from differentiation
of induced pluripotent stem cells (iPSCs).19 Since the discovery of
the iPSC generation method through reprogramming of somatic cells
by Takahashi and co-workers,20,21 they have been used for numerous
studies, serving as a source of virtually any desired cell type.

Therefore, the aim of this study was to identify the main barriers to
successful AAV transduction of the human heart using iPSC-derived
cardiomyocytes (iPSC-CMs) and iPSC-derived cardiac fibroblasts
(iPSC-CFs) as a model. In addition, we include primary endothelial
cells in the study, as they constitute up to 50% of cells in the heart22

and are particularly refractory to AAV transduction. Our data pro-
vide strong evidence that casein kinase 2 (CK2) is a crucial modulator
of the AAV transduction process, as it acts on multiple levels, starting
from trafficking of the vector up to DDR to AAV genomes.

RESULTS
As a model in this study, we selected two different cardiac cell types:
cardiomyocytes and cardiac fibroblasts, obtained through differenti-
ation of human iPSCs. We confirmed the phenotype of the differen-
tiated cells through flow cytometry analysis of two fibroblast
Figure 1. CK2 activity regulates AAV transduction efficiency

(A) Volcano plot representing detected phosphorylation sites in iPSC-CFs 16 h after s

phosphorylation fold change above 1.5 with p < 0.05 aremarked in blue andwere consid

phosphorylation motifs grouped by the putative kinases targeting particular sites. (C)

scAAV9-CMV-GFP transduction vs. control untransduced cells. (D) Differential phospho

showing results of gene ontology (GO) analysis of differentially regulated phosphosite

sentation of the RNA processing cluster—confidence of interaction between proteins is

cells and MFI of iPSC-CFs (G and H), iPSC-CMs (I and J), and HAECs (K and L) trans

assessed by flow cytometry 5 days after exposure to the vectors. Two-way ANOVA *p
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markers—collagen type I and discoidin domain-containing receptor
2 (DDR2); and epicardial origin marker—transcription factor 21
(TCF21). Average content of triple-positive cells reached more than
95%, showing very high efficiency of the differentiation process.
Furthermore, epicardial origin was confirmed by qPCR (Figure S1A).
As expected, epicardial progenitor cells exhibited the highest tran-
script level, which later decreased in iPSC-CFs. Here, as a negative
control, we used BJ human skin fibroblasts, where TCF21 expression
was not detected at all. iPSC-CFs were comparable in terms of DDR2
expression with the BJ line (Figure S1B) and responded to TGF-b
stimulation through upregulation of transcripts for ECM compo-
nents—collagen type I (Figure S1C) and fibronectin 1 (Figure S1D).
Obtained cells had a quiescent phenotype, which was confirmed by
lack of a-smooth muscle actin (a-SMA)-positive cells in culture (Fig-
ure S1E), but could be easily activated after TGF-b stimulation. Such
activated cells contained well-defined a-SMA fibers in the cytoplasm
and produced increased amounts of collagen type I (Figure S1E). For
cardiomyocytes, expression of a-actinin and its characteristic locali-
zation pattern was also confirmed using immunofluorescent staining
(Figure S1F). Differentiation efficiency for cardiomyocytes ranged be-
tween 85% and 95% basing on flow cytometry staining of cardiac
troponin T (Figure S1G).

CK1 and CK2 act as host restriction factors during AAV

transduction

To identify the main signaling pathways involved in host-vector
interaction, in the first step we analyzed the phosphoproteome of
iPSC-CFs after exposure to such vectors. Since silencing of nuclear
proteins results in substantial improvement in AAV transduc-
tion,11,23,24 we selected a late time point (16 h after exposure to the
vectors) and enriched for nuclear fraction proteins before mass spec-
trometry (MS) analysis. In total, we observed that 82 phosphorylation
sites (mapped to 53 unique proteins) had statistically significant
ssAAV9-responsive alterations (Figure 1A). On the other hand, for
self-complementary (scAAV9) we identified only 17 (mapped to 17
unique proteins) affected phosphosites (Figure 1C). Importantly,
the vast majority of these motifs could be targeted by either casein ki-
nase 1 (CK1) or CK2 (Figures 1B and 1D). Gene ontology (GO)
enrichment analysis pointed to RNA processing as the main affected
pathway (Figures 1E and 1F), with significant alteration detected also
in ER stress response (Figure 1E).

To test the impact of CK1 on transduction efficiency, we selected SR-
3029, an inhibitor of d and ε isoforms of CK1, which, according to the
sAAV9-CMV-GFP transduction vs. control untransduced cells. Only proteins with

ered in any further analyses. Data normalized to full proteome analysis. (B) Differential

Volcano plot representing detected phosphorylation sites in iPSC-CFs 16 h after

rylation motifs grouped by the putative kinases targeting a particular site. (E) Dot plot

s by ssAAV. (F) The STRING protein-protein interaction network—graphical repre-

marked by line thickness. Analysis of transduction efficiency: percentage of GFP+

duced with scAAV-CMV-GFP vectors in the presence of silmitasertib or SR-3029

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Human Protein Atlas, are enriched in cardiac muscle. CK2 was tar-
geted with silmitasertib, a potent and selective inhibitor, known
also as CX-4945. Both inhibitors significantly augmented AAV trans-
duction in iPSC-CFs (Figures 1G and 1H) for all tested serotypes. A
similar effect was observed for AAV6 and AAV9 in iPSC-CMs
(Figures 1I and 1J). Especially promising results were observed for sil-
mitasertib, which led to an up to 20-fold increase in GFP+ iPSC-CFs
following transduction with scAAV9 vectors (Figure 1G). Further-
more, CK1 and CK2 inhibition was also effective for primary endo-
thelial cells (human aortic endothelial cells [HAECs]) (Figures 1K
and 1L). In addition, silmitasertib treatment allowed for significant
improvement of transduction efficiency in primary cells—human car-
diac fibroblasts (Figure S1H) and human adventitial fibroblasts
(Figure S1I).

Since SR-3029 was severely toxic, leading to death of more than half of
the cells during the 5 days needed for transgene to be expressed, we
focused only on silmitasertib, which did not significantly affect the
viability of the cells (based on DAPI [40,6-diamidine-20-phenylindole
dihydrochloride] staining, not shown). The specificity of silmitaser-
tib, was verified with another CK2 inhibitor—(E/Z) GO-289
(Figures S2A–S2D). The feasibility of CK2 inhibition as a strategy
to improve AAV transduction was additionally confirmed in iPSC-
CMs and iPSC-CFs differentiated from alternative iPSC lines, where
similar results were obtained (Figures S2E–S2H). What is important,
the impact of CK2 inhibition was similar for scAAV (Figure 1G) and
ssAAV (Figure S2I) vectors, showing its versatility in regulation of
AAV transduction.

CK2 activity modulates AAV trafficking

Since CK2 is a broad-spectrum kinase, to unravel its role in AAV
transduction we tracked all the steps of AAV processing by the host
cells. Imaging of the intact AAV capsids in the cells following
AAV9 transduction revealed increased amount of vectors in iPSC-
CMs and iPSC-CFs upon CK2 inhibition (Figures 2A and 2B), with
very limited effect on HAECs (Figure 2C). These results were
confirmed by qPCR, where more AAV genome copies were present
in iPSC-CFs following silmitasertib treatment (Figure 2D), but not
in HAECs (not shown). Such observation may imply either improved
internalization of the vectors or decreased degradation of AAV cap-
sids in the cytoplasm. Interestingly, we noticed direct association be-
tween CK2 and AAV9 capsid 2 h after transduction (Figures 2E and
Figure 2. The impact of CK2 on AAV trafficking

Immunofluorescent staining of AAV9 intact capsid and calnexin in iPSC-CMs (A), iPSC-C

bar, 10 mm. (D) qPCR quantification of scAAV9 genome copies in iPSC-CFs 2 h after tra

and AAV9 intact capsid in iPSC-CFs 2 h after exposure to the vectors. Scale bar, 10 mm

number of nuclei. Student’s t test vs. control **p < 0.01. (G) coIP of CK2 and AAV VP pro

The membrane was probed for VP1/VP2/VP3. Specific bands are marked with an asteris

of VP proteins in the starting sample. iso, isotype control; untr, untransduced control; A

silmitasertib-treated iPSC-CFs with densitometry analysis as ratio of CAV1 to tubulin pea

iPSC-CFs (AAV2 and AAV9) (J), iPSC-CMs (AAV9) (K), and HAECs (AAV9) (L) after silenc

cells was assessed by flow cytometry 5 days after exposure to the vectors. Student’s t te

staining of AAV9 intact capsid and PIH1D1 in iPSC-CFs with silenced CAV1, 2 h after ex

bar, 10 mm. (N) qPCR quantification of scAAV9 genome copies in iPSC-CFs 2 h after t
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2F), and the presence of a putative CK2 phosphorylationmotif in VP1
protein, based on NetPhos 3.1 database analysis (Table S5). To
address the question whether CK2 may directly interact with viral
proteins (VP1, VP2, and VP3) of the AAV capsid, we performed
co-immunoprecipitation (coIP) using anti-CK2 antibody. After prob-
ing for VP proteins, we observed interaction of CK2 with VP1 (top
band of the input), but not with the other VP proteins (Figure 2G).

Although current studies suggest that AAVs can utilize several inter-
nalization routes,25–27 there is no agreement on the exact contribution
of each pathway to productive transduction. In fact, CK2 affects both
clathrin- and caveolin-based transport.28,29 As CK2 phosphorylates
and thus stabilizes CAV1 and CAV2 proteins,29 we observed a
decrease in CAV1 level after silmitasertib treatment in iPSC-CFs
(Figures 2H and 2I). In line with these data, knockdown of CAV1
(confirmed at the transcript level, Figure S2J) enabled more efficient
transduction of iPSC-CFs with AAV2 and AAV9 (Figures 2J and
S2K), the two AAV serotypes most efficient in iPSC-CFs after silmi-
tasertib treatment (Figure 1G). In addition, similar results were ob-
tained for iPSC-CMs, where the percentage of GFP+ cells as well as
fluorescence intensity was increased in siCAV-transfected cells
(Figures 2K and S2L). For HAECs, only the percentage of GFP+ cells
was elevated (Figures 2L and S2M). In accordance with elevated
transduction rate, we found an increased amount of AAVs in si-
CAV-transfected iPSC-CFs in comparison with siMOCK cells (Fig-
ure 2N, silmitasertib treatment for comparison), which was also
confirmed on qPCR (Figure 2N).

Since silmitasertib also promotes autophagy,30 we assessed the role of
this process in AAV transduction. Silencing of ATG7, an essential
effector of the autophagy mechanism,30 augmented transduction effi-
ciency for AAV9 in silmitasertib-treated iPSC-CFs (Figure S2M) but
had no effect in control, untreated cells (not shown). Moreover, this
observation was limited only to AAV9, possibly due to differences
in trafficking between AAV2 and AAV9 serotypes. Of note, this effect
was specific for fibroblasts, as in iPSC-CMs or HAECs ATG7 down-
regulation did not affect the transduction outcome (not shown).

Processing of AAV vectors through ER

Silmitasertib treatment resulted in self-limited ER stress response,
evidenced by altered BIP, CHOP, and GADD34 expression
(Figures S3A–S3C) and phosphorylation of eIF2a (Figure S3D).
Fs (B), and HAECs (C) 2 and 8 h after exposure to scAAV9-CMV-GFP vectors. Scale

nsduction. Student’s t test vs. control **p < 0.01. (E) Proximity ligation assay for CK2

. (F) Quantitative analysis of PLA for CK2-AAV9 as number of spots, normalized to

teins with anti-CK2 antibody in iPSC-CFs, 2 h after transduction with AAV9 vectors.

k. Input sample corresponds to 50% of the protein used for coIP to ensure detection

AV9, cells transduced with scAAV9 (2 h). (H) Western blot analysis of CAV1 level in

k intensity area. (I) Analysis of transduction efficiency of scAAV-CMV-GFP vectors in

ing of CAV1 expression. Vectors were added 48 h after siRNA; percentage of GFP+

st vs. appropriate control *p < 0.05, **p < 0.01, ***p < 0.001. (M) Immunofluorescent

posure to scAAV-CMV-GFP vectors; comparison with silmitasertib treatment. Scale

ransduction. Student’s t test vs. control ***p < 0.001.
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Yet, no apparent protein aggregation could be observed (Figure S3E).
While AAVs were earlier shown to promote unfolded protein
response (UPR) activation,31 this effect, associated with elevated
GADD34 and BIP expression and reduced level of CHOP, was rather
mild and transient in iPSC-CFs transduced with AAV2 (Figures S3F–
S3H), with no significant changes in other serotypes (not shown). On
the contrary, iPSC-CMs did not exhibit any alterations in gene
expression that may point to UPR activation following AAV expo-
sure, regardless of the serotype used (not shown). In addition, we
did not observe any correlation between genome type of AAV vectors
(ssAAV or scAAV) and UPR activation in any of the tested cell types
(Figures S3F–S3H). The discrepancies between iPSC-CFs and iPSC-
CMs in UPR activation prompted a question, whether AAVs are actu-
ally processed through the ER in both cell types. Staining of trans-
duced cells 6 h after exposure to AAV vectors revealed interaction
of the AAV9 capsid with the BIP chaperone, which was much more
apparent in iPSC-CFs (Figures 3A and 3B). BIP knockdown
(silencing confirmed on transcript level in Figure S3I) induced accu-
mulation of misfolded proteins in the ER (Figure 3C) and hampered
the transduction process in iPSC-CFs (Figures 3D and 3E) but not in
iPSC-CMs (Figures 3F and 3G). Here only serotypes with the highest
transduction efficiency after silmitasertib treatment were used—
AAV2 and AAV9 for iPSC-CFs; AAV6 and AAV9 for iPSC-CMs.
A similar reduction in transduction efficiency could be observed
when AAVs were added together with HA15 (Figures 3H and 3I),
an inhibitor of BIP ATPase activity, in iPSC-CFs and surprisingly
also in iPSC-CMs (Figures 3J and 3K). Silencing of BIP also had a
visible effect on trafficking of AAVs in iPSC-CFs. While, under con-
trol conditions, 6 h after infection AAVs started to group in larger foci
in the cytoplasm, and this effect was completely abrogated in siBIP-
transfected cells, where the signal for AAV capsids remained
dispersed in the whole cytoplasm volume (Figure 3L).

CK2 regulates transgene expression through destabilization of

DDR mechanisms

Analysis of the CK2 direct interactome, using the records deposited in
the PhosphoSitePlus (v.6.6.0.4) database, revealed significant enrich-
ment in proteins responsible for DDR and chromatin organization
(Figure 4A; detailed characteristics of the DDR cluster are shown in
Figures S4A and S4B). Indeed, we found that transient inhibition of
CK2 impaired ATM/ATR-related signaling (involved in the DNA
damage sensing and downstream signal transduction from both
ssDNA and dsDNA breaks), thus likely interfering with DDR execu-
tion. Phosphorylation of the ATM/ATR target motif was reduced in
all analyzed cell types—iPSC-CFs (Figures 4B–4D), iPSC-CMs (Fig-
Figure 3. ER trafficking and interaction with BIP chaperone

(A) Proximity ligation assay for AAV9 intact capsid and BIP protein in iPSC-CMs (upper p

for BIP-AAV9 as number of spots normalized to number of nuclei. Student’s t test vs

(PROTEOSTAT probe) in iPSC-CFs after BIP silencing. Scale bar, 10 mm. Analysis of sc

CFs (D and E) and iPSC-CMs (F and G) after silencing of BIP expression. Vectors were

increased to 105 from standard 104 for better visualization of the silencing impact. Analys

iPSC-CFs (H and I) and iPSC-CMs (J and K) in the presence of HA15 assessed by flow cy

*p < 0.05, **p < 0.01, ***p < 0.001. (L) Immunofluorescent staining of BIP and AAV9 in

90 Molecular Therapy Vol. 32 No 1 January 2024
ure S5A), and HAECs (Figure S5B)—following exposure to silmita-
sertib. Moreover, it was associated with downregulation of MRE11
level (but did not affect its chaperone PIH1D1) and formation of
MRE11/CK2 as well as ATM foci in the nuclei (Figures 4C, 4E,
S5A, and S5B). The primary function of MRE11 is recognition of
DNA breaks and cleavage of DNA ends to allowHR-directed repair.32

Such observations may imply disturbed resolution of DNA breaks in
silmitasertib-treated cells. We also detected increasing levels of p53 in
iPSC-CFs (Figures 4C and 4F) and HAECs (Figure S5B), which indi-
cates activation of mitotic checkpoints, presumably in response to
DNA damage.33 Silencing of ATM expression (knockdown
confirmed on the transcript level, Figure S5C) in both iPSC-CFs
and HAECs effectively reduced the signal from phosphorylated
ATM substrates (not shown) and augmented AAV transduction in
iPSC-CFs (Figure S5D) and HAECs (Figure S5E), with no effect on
iPSC-CMs (Figure S5F). Still, this approach was far less effective
than CK2 inhibition.

Under steady-state conditions, MRE11 can be phosphorylated by
CK2, which enables its stabilization by the PIH1D1 chaperone.34

PLA assay clearly confirmed the presence of such interactions in
iPSC-CMs as well as iPSC-CFs (Figures 5A and 5B). Upon silmitaser-
tib treatment, the signal for both CK2-MRE11 and Mre11-PIH1D1
was nearly abrogated in iPSC-CMs, and was significantly reduced
in iPSC-CFs (Figures 5A–5D). Disruption of the MRE11-PIH1D1
interaction in iPSC-CFs was further confirmed through coIP, where
silmitasertib treatment reduced the amount of detected MRE11 pro-
tein (Figures 5E and 5F). Unfortunately, we were not able to verify
MRE11-CK2 interaction with the samemethod (not shown), suggest-
ing that it may be more transient, or mediated by other proteins.

Although MRE11 was suggested to mainly interfere with second-
strand synthesis of the ssAAV vectors or engage in degradation of
vector genomes,11 similar effectiveness of CK2 inhibition in ssAAV
and scAAV transduction and direct interaction of MRE11 also with
scAAV genomes (Figure 5I) do not support this. Concomitantly, hot-
spots of MRE11 and NBS1 colocalization were present in the cells
transduced with AAVs (Figures 5G and 5H).

To challenge this view even further, we analyzed the AAV genome
content in transduced iPSC-CFs over time. To differentiate between
dilution of genomes during cell division and degradation of vector
DNA, the cells were maintained at full confluency. We noticed that
AAV genome number remains fairly stable during long-term culture,
with similar counts obtained for days 1 and 7 after transduction and
anel) and iPSC-CFs (lower panel). Scale bar, 10 mm. (B) Quantitative analysis of PLA

. control *p < 0.05. (C) Immunofluorescent staining of BIP and protein aggregates

AAV-CMV-GFP transduction efficiency: percentage of GFP+ cells and MFI in iPSC-

added 72 h after siRNA. Multiplicity of infection (MOI) of scAAV9 for iPSC-CFs was

is of scAAV-CMV-GFP transduction efficiency: percentage of GFP+ cells and MFI in

tometry 5 days after exposure to the vectors. Student’s t test vs. appropriate control

tact capsid, 6 h after exposure to scAAV9-CMV-GFP vectors. Scale bar, 10 mm.
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some decline at later time points (Figure 5J). This observation led to a
hypothesis that AAV genomes, even though treated by DDR compo-
nents as damaged DNA, are not resolved by this machinery. There-
fore, we transduced iPSC-CFs with AAV9 and applied CK2 inhibitors
only after 7 days of culture. Importantly, this resulted in efficient up-
regulation of transgene expression (Figures 5K and 5L), confirming
that AAV genomes are somehow trapped in the cells in a functional
but silent state.

CK2 inhibition affects RNA processing mechanisms, which

modulate AAV transduction process

We have once again looked into the cellular phosphoproteome after
transduction of iPSC-CFs upon CK2 inhibition (Figures 6A and
6C). According to our expectations, the majority of the phosphory-
lated motifs were associated with CK2 kinase and, to a lesser extent,
with CK1 (Figures 6B and 6D) Although we detected some alterations
in signaling involved in chromatin remodeling on the phosphopro-
teome level, once again mRNA processing clusters were the most
significantly affected, followed by rRNA processing and DDR (Fig-
ure 6E, detailed characteristics of the main clusters available in
Figures S6A–S6F). Similarly as in the initial analysis after transduc-
tion in control conditions (Figure 1), we noted considerably less alter-
ations in phosphorylation sites in response to scAAV than to ssAAV.
Then, we verified the impact of selected proteins with the most signif-
icant phosphorylation change on the AAV transduction, namely
NCOA5, MATR3, and THRAP3 (silencing efficiency presented in
Figure S7). We noticed impaired AAV9 transduction of iPSC-CFs
withMATR3 andNCOA5 knockdown (Figures 6F and 6G). These re-
sults were partially specific to iPSC-CFs, as in iPSC-CMs the same ef-
fect was observed only for siMATR3 (Figures 6H and 6I; based onme-
dian fluorescence intensity [MFI]). Surprisingly, silencing of NCOA5
resulted in increased percentage of GFP+ iPSC-CMs (Figure 6H). In
the case of THRAP3 knockdown the outcome was more consistent,
with augmented AAV9 transduction in both iPSC-CFs (Figures 6F
and 6G) and iPSC-CMs (Figures 6H and 6I). While analyzed factors
are primarily linked to mRNA processing pathways, we also noticed
that silencing of their expression may affect DDR (Figure 6J).

DISCUSSION
In the last couple of years, gene therapy has become a feasible alter-
native to regular treatment in numerous monogenic and multifactor
disorders. However, even though cardiovascular disorders are still a
leading cause of death worldwide,35 only less than 6% of all registered
gene therapy clinical trials target cardiovascular system (http://www.
wiley.co.uk/genmed/clinical database). One of the underlying obsta-
cles is a complex etiology of these disorders, which impedes the selec-
tion of effective and versatile transgenes. Still, numerous studies in
Figure 4. The impact of CK2 activity inhibition on DNA damage-response mac

(A) Analysis of GO term pathway enrichment in CK2 interactome (from PhosphoSitePlus

Western blot analysis of the ATM/ATR phosphorylation motif in iPSC-CFs after 18 h treatm

of iPSC-CFs for ATM/ATR phosphorylated substrate (abbreviated as ATMpS in the fig

treatment. Scale bar, 10 mm. (D) Analysis of ATMpS signal area normalized to number o

nucleus area. Student’s t test vs. control *p < 0.05, **p < 0.01, ***p < 0.001.
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murine models have shown beneficial effects of delivery of various
genes in alleviating the symptoms of heart failure (reviewed in Kieser-
man et al.36). Especially promising results were obtained with the use
of AAV vectors, due to their high transduction efficiency in cardiac
muscle and low immunogenicity. Unfortunately, to date, translation
of these studies into the clinic remains out of reach, as the efficiency
of AAV-based transgene delivery into the human heart has been
insufficient to improve patients’ condition.4

Since low transduction efficiency appears to be a detrimental factor
that restricts the application of AAV vectors for treatment of heart
diseases,4 we decided to get a deeper insight into the interaction of
AAVs with various types of human cardiac cells. But, due to limited
access to human cardiac tissue as well as challenging maintenance of
primary cardiomyocytes in the in vitro cultures, we utilized human
iPSC-derived cells as a model for our studies. Apart from cardiomyo-
cytes, which constitute approximately 35% of cells in the adult
heart,22 we used cardiac fibroblasts. Although in a healthy heart
they may constitute up to 12% of the cells,22 they can expand rapidly
in response to damage, i.e., myocardial infarction. From three major
populations of cardiac fibroblasts, the most abundant one is that of
epicardial origin (80% of all cardiac fibroblasts).37,38

CK2 controls multiple signaling pathways and phosphorylates hun-
dreds of downstream substrates.39 CK2 activity is involved in regula-
tion of cell-cycle progression, cell survival, migration, and angiogen-
esis, and therefore is widely studied in the context of tumor
development.40,41 In the case of AAVs, silmitasertib significantly
improved the transduction efficiency in iPSC-CMs, iPSC-CFs, and
even HAECs, regardless of the serotype used. What is important,
similar results were obtained for both ssAAV and scAAV, proving
that inhibition of CK2 activity may be a viable and versatile strategy
to enhance AAV transduction.

While, to our knowledge, CK2 has not been associated with AAV
transduction in any of the previous studies, we also analyzed the
data provided for published siRNA and CRISPR screenings. Although
CK2 silencing allowed for improvement in transduction of endothe-
lial cells by approximately 3- to 4-fold,42 no effect of CRISPR-based
CK2 disruption could be observed in Huh7 hepatocellular carci-
noma.43 Still, it is challenging to compare these results with our study,
as the efficiency of silencing and chemical inhibition in attenuating
CK2 activity may differ. On the other hand, application of the
CRISPR system may exert lethal effects, as it would cause permanent
lack of CK2 in modified cells. Interestingly, both aforementioned
screenings identified various isoforms of CK1 as transduction restrict-
ing factors, which supports our findings in iPSC-CMs and iPSC-CFs.
hinery

v. 6.6.0.4 database) based on the STRING protein-protein interaction network. (B)

ent with silmitasertib; a-tubulin as a loading control. (C) Immunofluorescent staining

ure), MRE11, PIH1D1, CK2, ATM, p-ATM, and p53 12 and 24 h after silmitasertib

f nuclei. (E) Analysis of MRE11 MFI in the nucleus area. (F) Analysis of p53 MFI in the

http://www.wiley.co.uk/genmed/clinical
http://www.wiley.co.uk/genmed/clinical


control 12h 24h

MRE11-CK2

MRE11-PIH1D1 MRE11-PIH1D1

MRE11-CK2

control 12h 24h

co
ntr

ol 12
h

24
h

0

2

4

6

8

sp
ot

s/
nu

cl
eu

s

*
** **

co
ntr

ol 12
h

24
h

0

10

20

30

40

sp
ot

s /
n u

cl
eu

s

*

**

****

un
tr

da
y 1

da
y 7

da
y 14

da
y 21

da
y 28

0

100

200

300

A A
V

ge
no

m
e

c o
pi

es
/c

el
l

co
ntr

ol

Silm
ita

se
rtib

(E/Z) G
O28

9
0

10

20

30

40

50

%
G

FP
+

[ D
A P

I-]

****

****

co
ntr

ol

Silm
ita

se
rtib

(E/Z) G
O28

9
0

10000

20000

30000

40000

M
FI

[a
.u

.]

****

***

un
tra

ns
du

ce
d

scA
AV9

0

1

2

3

4

5

fo
ld

en
ric

hm
en

t
ov

er
co

nt
ro

lI
gG

****

BA

C D E

F G

I

control AAV9 24h

MRE11
NBS1

35

130
100
70
55

kDa input iso ctl silctl sil

+ DSP

100

PIH1D1
IgG heavy chain

130
100
70
55
35

kDa input iso ctl silctl sil

+ DSP

MRE11

IgG heavy chain

H

J K L

*

*

co
ntr

ol
AAV9

0

20

40

60

M
FI

N B
S 1

in
th

e
n u

cl
e u

s
[ a

.u
. ]

**

Figure 5. Inhibition of CK2 disruptsMRE11-PIH1D1 interaction and activates transgene expression from AAV vectors
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However, we were not able to unravel the mechanism behind such ef-
fect due to the high toxicity of the CK1 inhibitor.

While analyzing the impact of CK2 on AAV transduction, we found
that the AAV9 capsid is directly associated with CK2 kinase in the
cytoplasm 2 h after transduction. Although interaction of CK2 and
AAV9 can imply capsid phosphorylation, which is a prerequisite for
proteasomal degradation,7 to further address this question it would
be necessary to analyze site-specific phosphorylation at T561 (or
T560 for AAV2). When it comes to internalization of AAVs, so
far several routes have been reported, i.e., clathrin-dependent endo-
cytosis,25 micropinocytosis,44 and CLIC-GEEC.26 Since CK2 was
shown to participate in stabilization of caveolin-mediated transport
and silmitasertib treatment was associated with reduced level of
CAV1 protein in iPSC-CFs, we assessed transduction efficiency in
cells with CAV1 knockdown. Interestingly, in such conditions,
transduction rate was elevated in all cell types, suggesting that cav-
eolin mediates an unproductive uptake/transport route. Such a
conclusion would support the hypothesis presented by Nonnen-
macher et al. that, even though AAV can utilize different entry
pathways at the same time, not all of them lead to productive
transduction.45

Monitoring of the transduction process at later time points unveiled
that AAV9 capsids directly interact with BIP chaperone protein in
iPSC-CFs, but not iPSC-CMs. Silencing of BIP or application of a
small-molecule BIP inhibitor hampered AAV transduction in iPSC-
CFs and reduced formation of the larger AAV foci in the cytoplasm
6 h after exposure to the vectors, suggesting that BIP may be an essen-
tial factor involved in vector trafficking through the ER. Although
there are no studies describing the role of ER chaperone proteins in
AAV processing, analogous conclusions can be inferred from studies
where activation of UPR was linked with enhanced AAV transduc-
tion.46,47 As UPR activation results in elevated ER chaperone protein
level, such data may indirectly point at their beneficial effect in AAV
transduction.

Although CK2 inhibition may regulate AAV transduction process
already at the step of trafficking through the cytoplasm, bioinformatic
analysis of the CK2 interactome pointed to DDR as the main pathway
targeted by this kinase. CK2 can phosphorylate multiple DDR-asso-
ciated proteins, engaged in both homologous recombination (HR)
and NHEJ pathways.48,49 What is more, recruitment of CK2 to the
sites of DSBs promotes HR DNA repair through phosphorylation
of MDC1,49 which stabilizes binding of MRN complex to DNA. Mul-
tiple studies have demonstrated that AAV transduction is heavily
dependent on AAV genomes processing by DDR (reviewed in Adachi
with anti-PIH1D1 antibody—the membrane was probed for PIH1D1 (E) or MRE11 (F). S

protein used for coIP. ctl, control; sil, cells treated for 24 hwith 20 mMsilmitasertib. (G) Imm

after exposure to scAAV9-CMV-GFP vectors. Scale bar, 10 mm. (I) Quantification of

obtained for control IgG. (J) qPCR quantification of AAV genomes in iPSC-CFs transduc

cells (K) and median fluorescence intensity (L) in iPSC-CFs treated with silmitasertib

appropriate control *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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and Nakai24). While direct interaction of AAV genomes was identi-
fied for MRN, Ku86, Rad52, RPA, and DNA polymerase delta,50–52

a plethora of other DNA damage-associated proteins were shown
to localize in AAV genome processing foci. So far, deficiency of
several HR-related proteins, i.e., ATM, MRN complex, and MDC1
was described as beneficial for AAV transduction rate.50,52–55 These
observations correlate with our data, where destabilization of HR-
related signaling through CK2 inhibition resulted in significant
improvement in transduction efficiency.

To our best knowledge, this is the first report showing potential
strategy to rescue the expression from silent AAV genomes retained
in transduced cells. Our observations imply that MRE11 may
impede transgene expression process at a stage downstream to sec-
ond strand synthesis and for some reason it does not execute its
endonuclease function. Since reactivation of transgene expression
from these genomes is feasible, defining transduced and untrans-
duced cells unexpectedly gets complicated as multiple cell types
may actually internalize and process AAVs but fail to produce deliv-
ered transgene on a detectable level. To some extent our data on
maintenance of silent AAV genomes corroborate with recent
RNA scope analysis of the vector genome content after in vivo
administration of AAV9, where the authors confirmed transduction
of heart, liver, and skeletal muscle but also kidney, spleen, adrenal
glands, testis, ovaries, pancreas, lung, and bone marrow.56 This
would suggest much wider biodistribution of AAV9 than previously
assumed. At this point it remains to be elucidated whether these ob-
servations are caused by presence of active mechanisms that pre-
clude transgene expression from successfully delivered AAV ge-
nomes. Nevertheless, our data imply that DDR and particularly
the MRN complex may be engaged in such regulation indepen-
dently of its role in ssDNA to dsDNA conversion.

While beneficial in terms of transduction efficiency, transient destabi-
lization of DDR by CK2 inhibitionmay have serious consequences for
AAV genome processing in the nuclei. Generation of DSBs in the host
genome and concomitant release of vector DNA from the control of
DDR machinery may exert unexpected effects related to the random
integration of the vector DNA to the host DNA. Furthermore, it re-
mains to be elucidated what the impact of CK2 inhibition on the
long-term stability of the genomes is, as impaired activation of the
NHEJ pathway in the presence of CK2 inhibitors may translate to
hampered concatemerization or circularization of the AAV ge-
nomes53,57 and therefore instability of the delivered construct.

Apart from identification of CK1 and CK2 kinases as potential targets
in modulation of AAV transduction, our phosphoproteome analysis
pecific bands are marked with an asterisk. Input sample corresponds to 10% of the

unofluorescent staining ofMRE11 andNBS1withMFI analysis (H) in iPSC-CFs 24 h

genomes immunoprecipitated with anti-MRE11 antibody normalized to the signal

ed with scAAV9-CMV-GFP. Analysis of transduction efficiency: percentage of GFP+

or (E/Z) GO289 assessed 5 days after scAAV9 transduction. Student’s t test vs.
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pointed out a very significant activation of signaling pathways associ-
ated with mRNA processing. These findings corroborate with the
AAV9 interactome data obtained by Chandran et al., where the au-
thors observed enrichment in RNA binding proteins after a pull-
down of AAVs from murine brain.23 A closer look into the identified
proteins revealed further similarities, as binding to AAVs and
elevated phosphorylation in response to AAV transduction could
be confirmed for SRSF1 and HNRNP proteins (our analysis of the da-
taset from the aforementioned study is presented in Figure S8). The
role of RNA splicing machinery in restricting AAV transduction pro-
cess is additionally supported by another study by Schreibacher et al.
that identified U2 snRNP and associated splicing factors as inhibitors
of transgene expression due to direct binding of AAV capsid.15 Here,
we assessed the role of MATR3, involved in assembly of HEXIM1-
DNA-PK-paraspeckle component-ribonucleoprotein complex that
regulates the activation of STING-cGAS pathway,58 as well as
NCOA5, its direct partner.59 NCOA5 was also demonstrated to
directly interact with MAPK14 kinase, which is a CK2 target.60

Furthermore, due to its role in promoting DDR,61 and direct associ-
ation with CK2,60 we focused on THRAP3 splicing factor. Interest-
ingly, we noticed that MATR3 was an essential protein for efficient
AAV transduction, yet its exact role in that process remains unclear.
On the other hand, THRAP3 silencing significantly improved trans-
duction. While the interplay between splicing factors and AAV trans-
duction is for now unexplored, we can speculate that THRAP3 may
affect cellular response to AAV vectors due to its role in selective
splicing and export of transcripts encoding DNA damage-associated
proteins.61

What is interesting, in terms of phosphoproteome analysis, we
noticed considerable discrepancies between ssAAV and scAAV vec-
tors. Since the proposed mechanisms of CK2 action seem to affect
both types of vectors similarly, we suggest that such an outcome
may be related to different kinetics of AAV processing because,
for scAAV, the synthesis of the second strand of the DNA is not
needed and the cellular response can be resolved quicker. Still,
this hypothesis would require further studies and analysis of the
AAV capsid and genome trafficking at multiple time points after
transduction.

In summary, we showed that CK2-related signaling acts on multiple
levels of AAV processing in the cells, hampering the transduction
process, and possibly also transgene expression itself through regula-
tion ofMRE11 stability. Our findings provide a deeper insight into the
mechanisms behind vector-host interaction and offer a novel strategy
to improve transduction efficiency in various cell types, even those
initially refractory to AAVs.

MATERIALS AND METHODS
Cell culture

Human iPSC lines used in this study (abbreviated as DMB01,
DMB02, and DMB04) correspond to those described previously
(donors 1 to 3, respectively).62 Detailed procedure of iPSC genera-
tion and characteristics was described earlier by Stepniewski
96 Molecular Therapy Vol. 32 No 1 January 2024
et al.63 and Martyniak et al.64 Presented results refer to the
DMB01 line unless stated otherwise. Human iPSCs were cultured
in Essential 8 medium (Gibco), which was replaced every day. Cells
were passaged at 80%–90% confluence using 0.5 mM EDTA and
seeded on a Geltrex (LDEV-Free, hESC-Qualified, Reduced Growth
Factor Basement Membrane Matrix, Gibco)-coated surface. During
seeding, 10 mM Y-27632 dihydrochloride (Abcam) was added to the
medium.

Human iPSC-CMs were maintained in RPMI 1640 (Biowest/Lonza)
with B-27 supplement (Gibco). Cells were passaged using 1�
TrypLE (Gibco) supplemented with 0.5 mM EDTA and seeded on
a Geltrex-coated surface.

Human iPSC-CFs were cultured in Fibroblast Growth Medium 3
(Promocell) in the presence of 10 mM TGF-b inhibitor (SB421543;
Sellekchem). Medium was replaced every day to prevent activation
of the cells during the culture. Cells were passaged using 1�
TrypLE at confluence reaching approximately 70% and cultured until
passage 5.

HAECs (Gibco) were cultured in EGM-2 Endothelial Cell Growth
Medium-2 BulletKit medium (Lonza) and passaged at 80%–90%
confluence using 0.25% trypsin-EDTA (Gibco) until passage 8.

AAV293 cells (Lonza) were cultured in Dulbecco’s modified Eagle’s
medium containing 4.5 g/L glucose (DMEM HG, Biowest) supple-
mented with 10% fetal bovine serum (FBS) (Biowest) and antibiotics
(penicillin 100 U/mL, streptomycin 10 mg/mL, Sigma-Aldrich) and
passaged at 60%–70% confluence using 0.05% trypsin-EDTA. All
cells were maintained under standard culture conditions (37�C, 5%
CO2, humidified atmosphere).

Human aortic adventitial fibroblasts were purchased from Lonza
(CC-7014), human cardiac fibroblasts were obtained from Sigma-
Aldrich (306-05A) and cultured according to the manufacturers’
instructions.

Differentiation of human iPSC-CMs

Differentiation to cardiomyocytes was conducted using modified pro-
tocol by Lian et al.65 Human iPSCs were seeded on a 24-well plate
(30,000 cells per well) and at approximately 90%–100% confluence,
stimulated with 12 mM (DMB01 line) or 10 mM (DMB02 line)
CHIR99021 (Sigma-Aldrich) in RPMI 1640 medium supplemented
with B-27 minus insulin (Gibco) for 24 h (day 0). Then, the medium
was replaced with fresh RPMI 1640 with B-27 minus insulin supple-
ment and cells were cultured for another 48 h. On day 3, cells were
stimulated with 5 mM IWR-1 (Sigma-Aldrich) in fresh RPMI 1640
with B-27 minus insulin, mixed in 1:1 ratio with conditioned medium
collected from the differentiating cells on the same day. Fresh RPMI
1640 with B-27 minus insulin was added on day 5. From day 8 on-
ward, cells were cultured in RPMI 1640 with B-27 supplement with
medium changes every 3 days. Differentiated iPSC-CMs were used
for experiments after day 23 of the procedure. To increase the purity
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of the iPSC-CM population, metabolic selection was applied.66 Be-
tween days 11–14 and days 17–20, cells were cultured in RPMI
1640 medium without glucose (Gibco) supplemented with B-27
and 4 mM sodium DL-lactate (Sigma-Aldrich).

Differentiation of human iPSCs to epicardial fibroblasts

Differentiation to fibroblasts was conducted using a modified proto-
col established by Zhang et al.67 Human iPSCs were seeded on a
24-well plate (30,000 cells per well) and, when they reached 90%–
100% confluence, they were stimulated with 6 mM CHIR99021 (the
same concentration for all cell lines) in RPMI with B-27minus insulin
for 48 h (day 0). On day 2, medium was replaced with fresh RPMI
1640 with B-27 minus insulin. The following day, cells were stimu-
lated with 5 mM IWR-1 for 48 h and then they were reseeded on a Gel-
trex-coated surface (35,000 cells per cm2) in Advanced DMEM/F-12
medium (Gibco) with GlutaMAX I-CTS (Gibco) and 5 mM
CHIR99021. On day 8, fresh Advanced DMEM/F-12 medium was
added. On day 12, cells were once again reseeded (20,000 cells per
cm2) in Fibroblast Growth Medium 3 supplemented with 20 ng/mL
bFGF2 (PeproTech) and 10 mM SB421543. Medium was changed
every day for another 6 days and such cells were cultured for further
experiments.

Immunophenotyping of iPSC-CMs and iPSC-CFs

Detached cells were resuspended in 100 mL phosphate-buffered saline
(PBS) (Lonza) and fixed by adding 25 mL of 10% ultra-pure methanol-
free formaldehyde (Polysciences). After 10 min of incubation at room
temperature (RT), 1 mL of 0.1% Triton X-100 (BioShop) was added
and samples were incubated for another 15 min. Then, 2 mL of 4%
FBS in PBS was added and tubes were centrifuged for 5 min, at
1,000 � g and RT. Supernatant was discarded and cells were resus-
pended in 100 mL of 2% FBS in PBS. At this point, primary antibodies
were added—for iPSC-CMs, recognizing Cardiac Troponin T, and for
iPSC-CFs, DDR2, collagen type I, and TCF21, in 1:100 dilution
(Table S1). After 30 min of incubation at 4�C, 2 mL of 2% FBS in
PBS was added, cells were centrifuged and resuspended in PBS con-
taining appropriate secondary antibodies (Table S1) in 1:300 dilution.
Staining was conducted for 30 min at RT and, after centrifugation,
cells were resuspended in 250 mL of PBS containing 0.5 mM
EDTA and 200 ng/mL DAPI (Sigma-Aldrich). Cells were analyzed
on a BD LSRFortessa flow cytometer using FACS Diva software. As
a negative control, cells incubated only with secondary antibodies
were used.

Transfection with siRNA

Transfection was performed using Lipofectamine RNAiMAX reagent
(Thermo Fisher Scientific) and 10 pmol of Silencer Select siRNA
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. In the study, the following siRNA sequences were used: negative
control no. 1, siATM ID: s1710, siBIP ID: s6981, siCAV1 ID: s2448,
siATG7 ID: s20652, siTHRAP3 ID: s107633, siMATR3 ID:
s138540, siNCOA5 ID: s109312. After 24 h medium was changed
and cells were further cultured for downstream applications.
Silencing effect was assessed 48–72 h after transfection.
Immunofluorescent staining

Cells were seeded on glass coverslips and fixed with methanol for
10 min at �20�C or paraformaldehyde (PFA) for 15 min at RT.
Then, wells (or slides with spheroid sections) were washed in PBS
and incubated for 1 h (RT) with blocking solution (3% BSA). In
the next step, primary antibodies diluted 100 times in blocking so-
lution were added and slides were incubated overnight at 4�C. A
detailed description of antibodies used in the study is presented in
Table S1. The next day, cells were washed 3 times with PBS for
5 min and incubated with secondary antibodies (Table S1) conju-
gated with fluorochromes for 45 min at RT. Nuclei were counter-
stained with DAPI (final concentration: 200 ng/mL). Coverslips
were sealed on glass slides in fluorescence mounting medium
(Dako) and imaged using a laser scanning confocal microscope
(LSM 880 Zeiss).

Proximity ligation assay

Proximity ligation assay (PLA) was performed using Duolink In Situ
PLA probes (Sigma-Aldrich) appropriate for the host of primary anti-
body and Duolink In Situ Detection Orange (Sigma-Aldrich) re-
agents. The procedure was performed according to the manufac-
turer’s instructions, using primary antibodies (Table S1) in 1:100
dilution. Imaging of the cells was conducted using a LSM 880 Zeiss
confocal microscope. Negative control for the reaction was prepared
using only one primary antibody and both probes. For positive con-
trol, antibodies against MRE11 and NBS1 were used, as these proteins
directly interact with each other as parts of MRN complex, which is
present in the nuclei.

AAV vectors production

AAV vectors were produced using a helper-free three-plasmid trans-
fection method. In brief, AAV293 cells were seeded on 15-cm plates
and at 60% confluence, transfected with 20 mg of each plasmid:
pHelper (Stratagene), pRC (pAAV2/2 or pAAV2/6 or pAAV2/9 de-
pending on produced serotype; pAAV2/2 was obtained from Strata-
gene, pAAV2/9 was kindly provided by Prof. James Wilson, Univer-
sity of Pennsylvania; pAAV2/6 was constructed from pDGM6
obtained from Addgene) and pGOI (pAAV-CMV-GFP or pdAAV-
CMV-GFP). In the case of pGOI, the abbreviations pAAV and
pdAAV refer to plasmids suitable for production of ssAAV or scAAV,
respectively. Plasmids were diluted in 750 mL of 150 mM NaCl and
mixed with 60 mL of PEI MAX (2.58 mg/mL) diluted in 750 mL of
150 mM NaCl.

Isolation of vectors was conducted 3 days after transfection. Cells
were scraped in culture medium, transferred to 50-mL conical tubes
and centrifuged (350� g, 10 min, 4�C). Then, all cells were pooled to
one tube and washed with 10 mL of PBS. The pellet was resuspended
in 6 mL of PBS with calcium andmagnesium ions and cells were lysed
through three freeze-thaw cycles in a liquid nitrogen/water bath at
37�C, with vigorous mixing between cycles. To digest nucleic acids,
in the next step HS nuclease (MoBiTec) was added to the lysates in
a final concentration of 50 U/mL. Samples were incubated for 1 h
at 37�C and subsequently centrifuged twice to pellet cellular debris
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(4,000 � g, 30 min, 4�C). Supernatant was collected and stored at
�20�C for further purification steps.

Purification of AAV vectors

AAV vectors were purified through ultracentrifugation on a discon-
tinuous iodixanol gradient. Iodixanol solution (OptiPrep, Sigma-
Aldrich; initial concentration: 60%) was diluted in PBS containing
0.5 mM magnesium chloride and 2.5 mM potassium chloride to
15%, 25%, 40%, and 54% solutions (v/v). In addition, to visualize
phase boundaries, 10 mL of 0.5% (w/v) phenol red (Sigma-Aldrich)
was added to 25% and 54% fractions. The gradient was built by add-
ing solutions to 39.2 mL UltraClear tubes (Beckmann Coulter) in the
following order: 19 mL of vector-containing lysate, 6 mL of 15% io-
dixanol, 4.5 mL of 25% iodixanol, 4.5 mL of 40% iodixanol, and
4.5 mL of 54% iodixanol. Then, if needed, PBS was added to the
top layer to fill the tube and prevent formation of air bubbles. Tubes
were sealed and equilibrated with counterweight, with 20mg accepted
mass difference between samples. Tubes were centrifuged at 300,000
� g for 2 h 15 min at 18�C using an Optima XPN-90 ultracentrifuge
(Beckman Coulter).

Next, 40% iodixanol fraction was collected using a needle connected
with a syringe, diluted to 50 mL final volume with PBS containing
magnesium and potassium chloride and concentrated using Amicon
ultra-15 Centrifugal Filters (100 kDa, Merck). Solutions were centri-
fuged at 4,000 � g for 10 min at 4�C until the volume of the vector
preparation reached 500 mL. Such AAV vectors were stored in ali-
quots at �80�C.

Quantification of AAV vectors

AAV titration was based on the quantity of the genomes in the prep-
aration. First, DNA was isolated from AAVs using phenol-chloro-
form extraction method. Standard curve for qPCR was prepared us-
ing 10-fold serial dilutions of linearized pdAAV-CMV-GFP plasmid.
Digestion was performed using SmaI enzyme (New England Biolabs)
for 3 h at 25�C. Next, the products were resolved on 1% agarose gel in
Tris-acetate-EDTA (0.04 M Tris-acetate, 0.001 M EDTA) buffer and
fragment corresponding to 2,282 bp was excised and purified using a
Zymoclean Gel DNA Recovery Kit (ZymoResearch).

Detection of AAV genome copies was performed using a qPCR
method with a TaqMan probe, recognizing fragment of GFP
sequence. Reaction mix contained 10 mL of TaqMan Gene Expression
Master Mix (Applied Biosystems), primers recognizing GFP sequence
(For.: 50-CCACGTGTTCACCATGGAGG-30; Rev: 50-AAGGC
GAAGGGCAGGG-30) in a final concentration of 250 nM and
TaqMan probe (50-6-FAM-GGGCAACATCCTGTTCGGCAAC
CAGC-BHQ-1-30) in a final concentration of 100 nM. The volume
was adjusted to 18 mL with nuclease-free water. For the reaction,
2 mL of standard or diluted vector DNA was used as a template.
The following reaction conditions were applied: 50�C for 2 min,
95�C for 10 min, 40 cycles; 95�C for 15 s, 60�C for 1 min. Titer was
calculated as a number of genome copies per 1 mL of concentrated
AAV stock.
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Transduction of cells with AAV vectors

For the transduction assays, cells were seeded at 75%–85% conflu-
ency. AAV vectors harboring GFP transgene were added in culture
medium at a multiplicity of infection of 104 viral genomes/cell, unless
specified otherwise. Compounds modulating investigated pathways
were added together with AAV vectors. All the small-molecule inhib-
itors used in the study are listed in Table S2.
Assessment of transduction efficiency using flow cytometry

Transduction efficiency was analyzed using flow cytometry 5 days af-
ter addition of the vectors unless specified otherwise. Single-cell sus-
pension was prepared through dissociation of cell cultures with 1�
TrypLE solution supplemented with 0.5 mM EDTA. Samples were
centrifuged and resuspended in 0.5 mM EDTA in PBS containing
200 ng/mL DAPI. Transduction efficiency was assessed as percentage
of GFP+ cells and MFI of GFP+ population after exclusion of DAPI+
events. Data were analyzed only when the viability of treated cells
(compounds from Table S2) reached at least 80% of control cells,
based on DAPI staining, to exclude toxic compounds or compound
concentrations.
Analysis of gene expression

Total RNA was isolated using the phenol-chloroform extraction
method. Reverse transcription was performed using a High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
with random hexamer primers according to the manufacturer’s in-
structions. The reaction mixture was diluted 5 times and used as a
template for real-time PCR.

Quantitative real-time PCR was performed using a Step One Plus
Real-Time PCR System device (Applied Biosystems). The reaction
mix for one sample was prepared as follows: 7 mL of SYBR Green
JumpStart Taq ReadyMix (Sigma-Aldrich), 0.5 mL of 10 mM forward
primer, 0.5 mL of 10 mM reverse primer, 5 mL of nuclease-free water,
and 2 mL of cDNA template. Primers used for the reaction as well as
their annealing temperatures are listed in Table S3. Reaction was
carried out under the following conditions: 95�C for 10 min (initial
denaturation); 40 cycles: 95�C for 25 s (denaturation), 58�C–60�C
for 60 s (primer annealing), 72�C for 45 s (extension); 72�C for
10 min (final extension). To ensure that the obtained products
were specific, analysis of melt curves was conducted after every re-
action. Normalization of the data was performed in comparison
with expression of EEF2 or TBP. Results were calculated as 2�DCt

where DCt = Cttarget � Cthousekeeping gene. Forward and reverse
primers were always separated by at least one intron on the corre-
sponding genomic DNA.
Isolation of protein and western blotting

Total protein was isolated using RIPA buffer (Thermo Fisher Scien-
tific) with Halt protease inhibitor cocktail (Thermo Fisher Scientific)
and PhosSTOP (Roche) phosphatase inhibitors. Cells were washed
twice with PBS and then scraped from the surface in the lysis
buffer. After 20 min incubation on ice, samples were centrifuged at
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12,000 � g for 10 min at 4�C. The supernatant was collected and
stored at �20�C for further analysis.

Protein concentration was determined using DC Protein Assay (Bio-
Rad) according to the manufacturer’s instructions. Samples contain-
ing 15–30 mg of total protein were prepared in reducing, denaturing
conditions and loaded on polyacrylamide gel. After SDS-PAGE elec-
trophoresis, proteins were transferred to 0.45-mm nitrocellulose
membrane (Bio-Rad) for 2 h at 100 V or overnight at 40 V for pro-
teins with mass exceeding 150 kDa. Next, membranes were incubated
for 1 h at RT in blocking buffer (5% dry skimmed milk or 5% BSA in
TBS containing 0.1% Tween 20). Then, membranes were transferred
to primary antibody solution diluted in blocking buffer for overnight
incubation at 4�C (details in Table S4). The following day, mem-
branes were washed in TBS (5 times, 5 min), incubated for 45 min
at RT with appropriate secondary antibodies (Table S4) and again
washed with TBS buffer. In the last step, chemiluminescent substrate
(Immobilon Western Chemiluminescent HRP substrate, Merck
Millipore) was added to the membranes and the signal was measured
using ChemiDoc Imaging System device (Bio-Rad).

Protein coIP

When indicated, to ensure detection of the interaction, cells before
protein isolation were additionally treated with 1 mM dithiobis suc-
cinimidyl propionate for 45 min to allow protein-protein crosslink-
ing. For protein coIP, fresh protein lysates prepared in immunopre-
cipitation (IP) lysis buffer (50 mM Tris-HCl [pH 7.4], 120 mM
NaCl, 0.5% NP-40, 2 mM EDTA, and cOmplete protease inhibitors)
and incubated overnight with protein G Dynabeads (Thermo Fisher
Scientific) pre-coated with primary antibody against CK2 or
PIH1D1 (1 h at 4�C, 4 mg of antibody per sample in 0.02% Tween
20 in PBS). The next day, beads were collected on the magnet and
washed 3 times in 0.02% Tween 20 in PBS. Elution of the bound pro-
tein was carried out in 100mM glycine solution (pH 2.0) for 10min at
RT. Such samples were then separated from the beads and incubated
for 10 min at 95�C in western blot loading buffer.

Immunoprecipitation of AAV genomes

For the assessment of MRE11 interaction with scAAV genomes,
iPSC-CFs were transduced with scAAV9 vectors. After 72 h, cells
were washed 2 times with PBS and fixed using 1% PFA for 10 min
at RT. Then glycine was added in a final concentration of 125 mM
and cells were once again incubated for 5 min at RT to quench the
crosslinking reaction. In the next step, cells were scraped and washed
once in B1 buffer (0.25% Triton X-100, 10 mM EDTA, 0.5 mM
EGTA, 10 mM Tris-HCl [pH 8.0]), once in B2 buffer (1 mM
EDTA, 0.5 mM EGTA, 200 mM NaCl, 10 mM Tris-HCl [pH 8.0]),
and subsequently lysed in RIPA buffer. Lysates were sonicated and af-
ter centrifugation (10,000 � g, 10 min, 4�C) used for the IP. For this
purpose, 2 mg of anti-MRE11 antibody (Abcam, clone 12D7, IgG1) or
anti-FLAG control antibody (Sigma-Aldrich, clone M2, IgG1) were
added and incubated overnight with end-to-end mixing at 4�C.
DNA-protein complexes were collected using protein G Dynabeads
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Then, beads were washed once with RIPA buffer, 2 times
with PBS containing 0.02% Tween, and incubated overnight at
65�C in Tris-EDTA buffer (pH 8) with 0.2% SDS to revert crosslink-
ing. The next day, 80 mg of proteinase K was added and samples were
incubated for 1 h at 56�C. After that supernatants were separated
from the beads and used for AAV genome quantification as described
above.

Phosphopeptide enrichment and MS analysis

Nuclear fractions from iPSC-CFs were isolated through hypotonic
lysis in buffer containing 20 mM Tris-HCl, 10 mM NaCl, 3 mM
MgCl2 (pH 7.4). The pellet was washed 3 times in hypotonic buffer
and lysed in 40 mL of 4% SDS in PBS. Then, after denaturation
(10 min, 95�C, 1,200 rpm), protein lysates were sonicated (Bioruptor
device, 10 cycles, 30 s each) and diluted to 200 mL. Cell debris was
removed by centrifugation at 20,000 � g for 15 min at RT. Proteins
were reduced and alkylated by adding TCEP and CAA in a final con-
centration of 5 and 15 mM, respectively. Proteins were acetone
precipitated and protein pellet was reconstituted in 10 mL of 6 M gua-
nidine hydrochloride (GuHCl). After dilution to 0.5 M GuHCl pro-
teins were digested subsequentially with LysC (enzyme/substrate ra-
tio 1:50) and trypsin (enzyme/substrate ratio 1:100) overnight at
37�C. Peptides were acidified with TFA (pH < 2) and desalted using
Sep-Pak C18 1 cc Vac Cartridge, 50mg (Waters, Milford, MA). Eluate
was dried using a SpeedVec Concentrator Plus (Eppendorf). Peptides
(10 mg) were used for proteomic analysis. Phosphopeptide enrich-
ment was performed using MagReSyn TiO2 functional magnetic mi-
croparticles (ReSyn Biosciences) and desalted with double-layered
SDB-RPS tips.

All samples were analyzed on an Orbitrap Eclipse Tribid Mass Spec-
trometer (Thermo Fisher Scientific) equipped with an FAIMS.Pro
interface (Thermo Fisher Scientific) and coupled with an easy nLC
1200 (Thermo Fisher Scientific). An in-house packed C18 analytical
column (30 cm, 150 mm inside diameter, and 1.9 mm ReproSil-Pur
C18 beads; Dr. Maisch, Germany) was used for each sample with an
integrated columnoven (50�C; PRSO-V1, Biberach,Germany). Prote-
ome samples were analyzed using a 90-min gradient with water, 0.1%
formic acid as solvent A, and 80% acetonitrile, 0.1% formic acid as sol-
vent B (0–65 min, 3%–23 % B; 65–78 min, 23%–55% B; 78–90 min,
95% B) with a flow rate of 250 nL/min. Peptides were analyzed in
data-dependent acquisition (DDA) mode with a constant compensa-
tion voltage (CV)+of�50 of the FAIMSdevice. FullMS scanwas set to
15,000 at a mass/charge ratio (m/z) of 350–1,800, with an AGC target
at 300%. MS2 resolution was set to 30,000. Phosphopeptides were
analyzed using a 120-min gradient (0–86 min, 3%–30% B; 86–
111 min, 30%–50% B; 111–120 min, 50%–95% B). Peptides were
analyzed in DDA mode with three CVs of �45, �60, and �75 of
the FAIMS device. Full MS scan was set to 60,000 at m/z = 350–
1,800, with AGC target at 300%. MS2 resolution was set to 15,000.

First, spectra were split according to their CV using a FAIMS-
MzXML-Generator-master, followed by the analysis using
MaxQuant (v.2.0.3.0) with phosphosite-serine-threonine-tyrosine as
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variable modification using a non-canonical human library. Identified
phosphosites were normalized to protein abundances. Further anal-
ysis was performed in Perseus (v.1.6.5.0) and visualized in Instant
Clue (v.0.10.10.2021)

Data analysis

Flow cytometry data were analyzed using FACS Diva software. Mi-
croscopy images were processed and analyzed using ImageJ and
ZEN 3.3 software. Analysis of the presence of phosphorylation motifs
in AAV capsids was performed using a NetPhos 3.1 online tool.
Pathway enrichment analysis was carried out using a STRING pro-
tein-protein interaction networks functional enrichment analysis
tool, v.11.5, available online. Figures were generated using
CorelDRAW 2021 and BioRender software. Statistical analysis was
performed in GraphPad 8 Software. All data are presented as
mean ± SEM of three repetitions, unless stated otherwise, with indi-
vidual values marked on the graphs.
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