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While targeting angiogenesis represents a key therapeutic
strategy in several pathological contexts, it comes with signif-
icant challenges associated with therapeutic efficacy and drug
resistance. Therefore, developing novel, more effective and
durable therapeutic modalities is paramount. We have previ-
ously reported that antibody-mediated inhibition of CD93, a
vascular endothelial cell surface glycoprotein, can inhibit
angiogenesis. Here, we describe a novel strategy to efficiently
inhibit CD93 expression in cells, based on the targeted degra-
dation of CD93 mRNA using frans-acting hammerhead ribo-
zymes. To pinpoint single-stranded regions in CD93 mRNA
that are amenable to ribozyme targeting in living cells, we
performed RNA secondary structure mapping via targeted
DMS-MaPseq analysis. Next, since exogenous hammerhead ri-
bozymes are easily degraded and lose catalytic activity when
expressed in living cells, we developed a novel scaffold RNA
based on short stems from the 3’ UTR of histone mRNAs to
stabilize the active ribozyme structure and promote the
CD93 cleavage under physiological conditions. Ectopic expres-
sion of these engineered ribozymes in primary endothelial
cells resulted in efficient inhibition of CD93 expression, cell
migration, and formation of tube-like structures in functional
assays. Collectively, our data provides the proof-of-concept for
the use of ribozyme-based therapeutics for the treatment of
neovascular pathologies.

INTRODUCTION

Angiogenesis, the process by which new blood vessels form from
pre-existing ones, is essential for normal development and adult
physiology, and its deregulation is associated with a wide range of
pathological conditions." Over the past decades, several antiangio-
genic drugs have been developed to prevent the progression of
different neovascular diseases, including cancer and ocular disor-
ders.” However, because multiple converging pathways can promote
angiogenesis, its inhibition often results in weak clinical outcomes
and the development of drug resistance. Therefore, the discovery
of new antiangiogenic targets is paramount.”

We and others have previously shown that silencing of CD93, a gly-
cosylated transmembrane protein prevalently expressed on endothe-

lial cells (ECs), leads to impaired EC adhesion, migration, and forma-
tion of vessel sprouts, which are critical steps during angiogenesis.™
The CD93 receptor exerts its proangiogenic activity by directly bind-
ing extracellular matrix proteins, such as Multimerin-2 and IGFBP?7,
and modulating the function of different transmembrane proteins,
including p-dystroglycan, VEGFR-2, pl-integrin, and VE-cad-
herin.” ® Effectively, disruption of the CD93/Multimerin-2 interac-
tion reduces EC adhesion and migration and blockade of the
CD93/IGFBP7 pathway normalizes tumor vasculature promoting
drug delivery and immunotherapy).”'® Hence, CD93 represents an
ideal target for antiangiogenic treatment also because in contrast
to pathological blood vessels, it is weakly expressed on ECs of normal
resting blood vessels.'"*'* Accordingly, targeting CD93 has been pro-
posed as a viable antiangiogenic therapeutic strategy for the treat-
ment of cancer and other diseases.'”"”

In this work, we sought to develop a new therapeutic post-transcrip-
tional gene silencing strategy to inhibit the function of the CD93 re-
ceptor in ECs, by designing hammerhead ribozymes (hhRzs). Tar-
geting CD93 at the mRNA level may offer potential advantages
compared with antibody-based strategies. While therapeutic anti-
bodies can effectively block ligand-receptor interactions, RNA-based
approaches reduce the production of the receptor itself, thereby pre-
venting the activation of multiple downstream signaling pathways.'®
In addition, catalytic RNAs such as hhRzs provide sequence-specific
cleavage of target transcripts through an intrinsic catalytic activity,
enabling precise post-transcriptional gene silencing. Indeed, hhRzs
are short RNA sequences that catalyze the cleavage of target polyri-
bonucleotides in a protein-independent fashion.'” First discovered
as self-cleaving sequences in plant infectious viroids,"® hhRzs were
next developed as trans-acting sequences to cleave any desired
RNA molecule by taking advantage of their conserved secondary
structure.'” Trans-cleaving hhRzs are engineered to contain a
conserved catalytic core able to cleave RNA substrates at the level
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of NUH triplets (where N is any base and H is A, C, or U) and two
lateral arms complementary to an accessible region of a target RNA
molecule.”” HhRzs represent attractive tools for the development of
RNA-based therapeutic agents due to their small size, easy design,
specificity of target recognition, and precise cleavage, with no detect-
able off-target effects.”’ Nevertheless, several challenges yet remain
to be addressed to efficiently exploit engineered hhRzs for gene
silencing in living cells, such as delivery to target cells, poor enzy-
matic activity, and high exogenous RNA instability in the cellular
environment.””

Herein, we designed hhRzs targeting CD93 mRNA and validated the
most efficient candidate in human primary ECs. To further increase
the stability of hhRzs in living cells, we employed a novel RNA scaf-
fold, based on the stem-loop sequence found at the 3’ end of histone
mRNAs,” thus generating new RNA-based tools to knock down the
expression of CD93 in physiological conditions.

RESULTS

Design and in vitro validation of hhRzs targeting CD93 mRNA

To test whether trans-acting hhRzs could constitute a viable strategy
to induce the degradation of the CD93 mRNA, we first selected a
candidate hhRz cleavage site in the proximity of an shRNA target
sequence that we had previously shown to efficiently silence CD93
expression by RNA interference.” The target site at position 560 of
the full-length CD93 mRNA was predicted to be localized within a
largely accessible region, based on minimum free energy (MFE) sec-
ondary structure prediction (Figure S1). Since several strategies have
been proposed to enhance the trans-cleaving activity of hhRzs, we
designed two ribozymes with distinct catalytic core: HR1, containing
the evolutionarily conserved catalytic core®* and HR2, harboring a
variant core known to retain strong activity under physiological con-
ditions.”” In each ribozyme, 5 and 3’ CD93-antisense flanks were
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samples, as well as the substrate RNA incubated for
2 h in the absence of ribozymes (sub NT). RNA
fragment lengths are indicated in nucleotides (nt).

introduced to ensure molecular recognition of the accessible region
within the human CD93 mRNA (Figure 1A; Table 1). To verify the
ability of HR1 and HR2 to cleave the CD93 mRNA, we first per-
formed an in vitro cleavage assay using a synthetic RNA substrate
corresponding to the CD93 mRNA region spanning nucleotides
468-675 (208 nucleotides in length). As expected, hhRz-mediated
cleavage generated two RNA fragments of 93 and 115 nucleotides
(Figure 1B). As both ribozymes displayed comparable efficiencies
at 37°C, we decided to carry out subsequent in cell experiments using
the HR2 catalytic core, which has previously been shown to maintain
robust cleavage activity at low MgCl, concentrations, comparable to
the intracellular environment.”

Strategies to enhance the intracellular stability of hhnRz RNA

Since trans-acting hhRzs are prone to degradation when expressed in
living cells,”” we devised an RNA scaffold designed to protect the ri-
bozyme from rapid digestion by cellular RNases. To this end, we
flanked both ends of HR2 with the 3’ stem-loop sequence of canonical
histone mRNAs.”> This 16-nucleotide stem-loop structure is
composed of a four-nucleotide loop and a six-base-pair stem, sepa-
rated from HR2 by a short stretch of 4-5 adenines (Figure 2A). To
assess the potential activity of this chimeric HR2 (ch-HR2) molecule,
we first analyzed its secondary structure. The use of a synthetic RNA
substrate corresponding to the CD93 mRNA region spanning nucle-
otides 468-732 (265 nucleotides long), showed comparable cleavage
efficiencies between ch-HR2 and HR2 lacking the added stem-loops
(Figure 2B). To further assess whether ch-HR2 could downregulate
CD93 expression in a physiological cellular context, we cloned ch-
HR?2 into a lentiviral vector to enable efficient delivery of the exoge-
nous construct and sustained expression of the catalytic hhRz in
living cells.”® Human umbilical vein ECs (HUVECs) were transduced
as described earlier, and cell extracts were subsequently analyzed by
immunoblotting. This analysis revealed an approximately 33%
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Table 1. Nucleotide sequences of hhRzs specific for CD93 mRNA

hhRz Stem I Stem II (catalytic core) Stem III

HR1 567-CAGCAGA CUGAUGAGGCCGAAA-GGCCGAA ACACACA-553

HR2 569-AGCAGCAGA CUGAUGAGUCCGGUAgcGGACGAA ACACACAGCGCU-548
HR2-NC 569-AGCAGCAGA CUGAUGACUCCcGUAGCGGACGAA ACACACAGCGCU-548

Stem I and stem III contain the annealing sequences targeting CD93 adjacent to a NUH triplet, where N represents any nucleotide, U is uridine, and H represents any nucleotide
except guanosine. Differences between HR1 and HR2 within the catalytic core are indicated (base substitutions, underlined; insertions, lowercase). HR2-NC was used as a negative
control for catalytic activity and carries two point mutations in the catalytic core (lowercase).

reduction in CD93 protein levels compared with lysates from ECs
transduced with a lentivirus expressing an unrelated RNA
(Figures 2C and 2D). These results suggest that the inclusion of his-
tone stem-loop elements does not impair the ability of trans-acting
hhRzs to interact with and cleave their target RNA sequence.

Identification and validation of hhRz accessible regions in
human CD93 mRNA

While promising, these results revealed only a suboptimal reduction
of CD93 levels. As efficient targeting by trans-acting hhRzs requires
base pairing with the target RNA, we investigated whether mapping
the CD93 mRNA secondary structure in cells could help identify
more accessible target sites. To obtain a map of structural accessibility
along the CD93 mRNA, we performed dimethyl sulfate (DMS) prob-
ing coupled with targeted mutational profiling analysis and
sequencing (DMS-MaPseq) (Figure 3A), as previously described.””
The identified regions were then classified according to their accessi-
bility score (high, mid, or low; see materials and methods) and within
these regions, we searched for potential NUH triplets required for
hhRz-mediated cleavage. For the selected catalytic core, the most
favorable cleavage triplet is GUC,*” which was rarely found within re-
gions displaying the highest accessibility scores. Nonetheless, we
identified two potential target sites located in highly accessible regions
(positions: 3,139 and 4,903) (Table 2). For comparison, we also
selected one site with a low accessibility score (position: 4,443). In
addition, we investigated four targets containing the alternative
UUC triplet, as this motif was the most frequently observed, and
selected two sites within highly accessible regions (positions: 2,735
and 3,815) as well as two additional sites located in regions with
mid (position: 3,936) and low (position: 5,265) accessibility scores,
respectively.

To rapidly assess the efficiency of trans-acting hhRzs targeting these
seven sites, we first cloned the full-length CD93 mRNA into a eukary-
otic expression vector and co-transfected it with ch-hhRz constructs,
containing the 5 and 3’ histone mRNA stem-loop elements, into hu-
man embryonic kidney (HEK) 293 cells, which lack endogenous
CDY3 expression.” Western blot analyses of the transfected cells re-
vealed a clear correlation between higher accessibility scores and
increased ribozyme-mediated knockdown efficiency (Figures 3B
and 3C), confirming that regions predicted to be more accessible
are indeed more susceptible to hhRz cleavage. Notably, the A4B
and A7B ch-hhRz constructs, whose targets contained the optimal

GUC triplet, displayed higher silencing efficiency than constructs
A9 and A10, whose targets contained the suboptimal UUC triplet.
These results indicate that both target structural accessibility and
cleavage triplet identity play key roles in determining ribozyme effi-
ciency. Moreover, the catalytically inactive A7B-NC ch-hhRz mutant,
carrying point mutations in the catalytic core (Figures S3A and S3B),
failed to downregulate CD93 protein levels (Figures S3C and S3D). As
these mutations preserve target binding via the antisense arms, this
result indicates that CD93 silencing depends on catalytic activity
rather than antisense-mediated inhibition.

To further confirm that ch-hhRz constructs could also cleave the
endogenous CD93 mRNA under physiological conditions, we gener-
ated lentiviruses encoding the best-performing ribozymes for both
triplets (A7B and A9), as well as for the less efficient ch-hhRz
(A6B) as a control and used them to infect primary HUVECs.
Consistent with our previous findings, ribozymes targeting regions
predicted to be the most accessible led to a significant reduction in
CD93 protein levels, as shown by western blot analyses
(Figures 3D and 3E). mRNA levels were also reduced, as assessed
by quantitative RT-PCR analysis (Figure S2). Furthermore, to eval-
uate the contribution of the histone stem-loop scaffold to ribozyme
efficiency, we removed the stem-loop elements from the best-per-
forming ch-hhRz (A7B), generating the construct A7B-w. Lentivi-
ruses encoding A7B-w were used to infect HUVECs, and western
blot analysis of CD93 levels revealed that removal of the stem-loop
elements drastically reduced the silencing efficiency of the ribozyme,
confirming that the introduced scaffold plays an important role in
enhancing hhRz stability and activity in cells (Figure 3F). Together,
these results demonstrate that our experimental strategy enables the
rational identification of optimal hhRz target sites for efficient gene
silencing in living cells.

CD93 knockdown by hhRz expression impairs EC function

Since we previously demonstrated that silencing CD93 expression by
shRNAs markedly affects the migration and differentiation of hu-
man primary ECs,” we next investigated whether the ch-hhRz-medi-
ated cleavage of CD93 could exert similar functional effects on EC
behavior. To assess this, HUVECs were transduced with lentiviral
vectors expressing the top-performing A7B ch-hhRz, and western
blot analysis confirmed a marked reduction in CD93 protein levels
compared with control (Figure 4A). Consistent with this decrease,
the migratory ability of HUVECs was significantly impaired in
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wound healing assays because cells expressing A7B failed to effi-
ciently close the wound gap within the same time frame as control
RNA-expressing cells (Figures 4B and 4C). Similarly, in a tube for-
mation assay on Matrigel, a substrate that supports EC attachment
and differentiation, control-transduced HUVECs organized into in-
terconnected tubular networks, whereas A7B-expressing cells
formed poorly developed and fragmented structures, showing a sig-
nificant reduction in both total tube length and branch number
(Figures 4D and 4E). Together, these findings indicate that the newly
designed scaffold RNA preserves the proper ribozyme conformation,
enabling its trans-cleaving activity to effectively silence specific target
genes under physiological conditions.

DISCUSSION

The discovery of novel endothelial markers and the identification of
proangiogenic molecules are major goals in the development of
effective antiangiogenic therapies. CD93 is a transmembrane protein
that has recently emerged as a promising target for antiangiogenic
treatment,'*® particularly in retinal vascular disorders such as
age-related macular degeneration (AMD), in which the regression
of choroidal neovessels is associated with vision recovery."
Although intravitreal anti-VEGF injections have revolutionized
AMD treatment, a significant proportion of patients either fail to
respond or require frequent intravitreal injections to prevent disease
recurrence.”” The permanent genetic ablation of chronically ex-
pressed proangiogenic factors in AMD patients could represent a
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Figure 2. Structure and activity of the ch-HR2
chimera

(A) Sequence and predicted secondary structure of the
HR2 ribozyme (black) fused with the histone 3’ end se-
quences (red) to form the chimeric construct (ch-HR2),
which anneals to the human CD93 mRNA sequence
(gray). A stretch of adenines is shown in green. Watson-
Crick base pairs are indicated by dotted lines. (B)
Denaturing gel electrophoresis showing the cleavage
activity of HR2 and ch-HR2 after 3 h of incubation at
37°C. The synthetic RNA substrate (sub) is 265
nucleotides long and corresponds to nucleotides 468—
732 of the full-length CD93 mRNA. Cleavage at the
target site (658-GUC-560) generates two fragments of
93 and 172 nucleotides. Control lane shows the
substrate RNA (sub) after 3 h of incubation at 37°C in
the absence of ribozymes. The lengths of RNA
fragments are indicated in nucleotides (nt). (C) HUVECs
were transduced with lentiviral particles expressing ch-
HR2 or an unrelated control (unr). Cell lysates were
subjected to western blotting analysis using anti-CD93
and anti-B-actin antibodies, the latter serving as a
loading control. (D) Quantification of CD93 protein levels
from experiments performed as in (C). Values were
normalized to B-actin and expressed as percentages
relative to unrelated transduced control cells (unr).
*p < 0.05; paired t test.
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valuable improvement over the current therapeutic approach,
reducing the injection burden and potentially improving visual out-
comes in non-responders. Importantly, the eye is an ideal organ for
gene therapy because of its limited immune response and easy acces-
sibility, which allows efficient delivery of genetic material to target
cells.”” Notably, nucleic-acid-based therapeutics have already been
successfully used in clinical practice for ocular diseases, including
the anti-VEGF aptamer pegaptanib and siRNA-based approaches
targeting angiogenic pathways.’"*” In this study, we developed a
trans-acting hhRz designed to cleave the CD93 mRNA and demon-
strated its ability to downregulate this pro-migratory receptor in
proliferating ECs. This hhRz-based approach for CD93 silencing
could serve as a valuable genetic tool for the treatment of AMD for
several reasons. First, the hhRz can be efficiently delivered to
choroidal ECs through adeno-associated virus (AAV) vectors, which
are among the most widely used viral vectors in retinal gene therapy
and have recently received FDA approval for clinical trials in AMD
patients.”” Importantly, several engineered AAV capsids with
enhanced tropism for ECs have been developed. For example,
AAV-BRI, identified through in vivo selection, preferentially trans-
duces vascular ECs in the central nervous system and retina,”* and
improved derivatives such as AAV-BI30 further enhance endothelial
targeting efficiency.” In addition, engineered capsids such as R100
have been optimized for ocular gene delivery and are currently being
evaluated in clinical trials for retinal diseases, supporting the feasi-
bility of AAV-mediated gene delivery in the eye.”® Second, although
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Figure 3. Selection of hhRz-accessible regions within the CD93 mRNA

(A) DMS-MaPseq analysis of CD93 mRNA in HUVECs. From top to the bottom, the figure shows per-base normalized DMS reactivities, the sliding-window median reactivity
plotted relative to the median reactivity across the entire transcript, and the positions of the ribozyme target sites analyzed. Terminal regions not captured by the targeted
analysis are shown in gray, while a region with low sequencing coverage is highlighted in pink. (B) HEK293 cells were co-transfected with the CD93 expression construct and
plasmids encoding the indicated chimeric hhRzs. 72 h after transfection, cell lysates were subjected to western blot analysis using anti-CD93 and anti-p-actin antibodies. (C)
Quantification of CD93 protein levels from experiments performed as in (B). Values were normalized to p-actin and expressed as percentages relative to unrelated-transfected
control cells (unr). “**p < 0.001, ***p < 0.0001, ns (not significant); one-way ANOVA. (D) Western blot analysis of cell lysates from primary HUVECs transduced with lentiviral
particles expressing either an unrelated (unr) or ch-hhRz RNAs. Cells were selected with puromycin for 72 h and analyzed using anti-CD93 and anti-p-actin antibodies. (E)
Quantification of CD93 protein levels from experiments performed as in (D). Values were normalized to p-actin and expressed as percentages relative to control cells (unr).
***p <0.001, ***p < 0.0001; one-way ANOVA. hhRzs are color-coded according to their accessibility scores, shown in the inset. (F) Western blot analysis of cell lysates from
primary HUVECs transduced with lentiviral particles expressing either an unrelated RNA (unr), hhRz A7B with the histone stem-loop scaffold (A7B), or the hhRz A7B lacking
the scaffold (A7B-w). Cells were selected with puromycin for 72 h and analyzed using anti-CD93 and anti-p-actin antibodies. (G) Quantification of CD93 protein levels from
experiments performed as in (F). Values were normalized to B-actin and expressed as percentages relative to control cells (unr). *p < 0.01, ***p < 0.0001; one-way ANOVA.

hhRzs may be slightly less efficient than RNA interference in  target effects.”’ Notably, hhRz-based gene therapy has already

silencing target genes,” they offer important advantages, including ~ demonstrated safety and biological efficacy, as evidenced by the first
high target specificity and precise cleavage without detectable off-  hhRz therapeutic agent that advanced to phase II clinical trials for
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Table 2. Nucleotide sequences of hhRzs specific for the CD93 mRNA

hhRz Stem I Stem II Stem III NUH
A4B 4915-GACCTATTTG HR2 ACAACAAATC-4895 GUC
A6B 4455-CAGGAGAGG HR2 acCCAGCCT-4436 guc

A7B 3151-GCTTTAAAAT HR2 ACAACTTTCA-3131 GUC
A9 2747-AAGGCTATTA HR2 AAATGTAAGA-2727 uucC
Al0 3827-AAAACAATCT  HR2 AACCATAGCA-3807 uucC
All 3947-GTTCCAACT HR2 AAAACTGGAG-3928 uuc
Al2 5281-GGCCACC HR2 2aGGCAGAG-5265 uuc

Stem I and stem IIT contain annealing sequences designed to target CD93 mRNA, each
located adjacent to a NUH triplet and displayed according to an accessibility score color
code: underlines indicate high accessibility, italics indicates medium accessibility, and
lowercase indicates low accessibility. The last base of the NUH triplet (C) is not shown,
as it does not anneal to the hhRz. The sequences are presented in the reverse orientation
relative to CD93 mRNA to allow proper base pairing with the target region. Upstream
of stem I, the sequence 5'-GGCTCTTCTCAGAGCCAAAAA-3" was inserted, while
downstream of stem III, the sequence 5'-AAAAAGGCTCTTCTCAGAGCCTTTTT-
3’ was added and where the stretch of five thymidines serves as a termination signal
for RNA polymerase III. Stem II contains the same core sequence as that reported
for HR2.

HIV-1 infection.”® Finally, the success of gene therapy for AMD de-
pends critically on the choice of an appropriate molecular target and
its expression profile. CD93 represents an excellent candidate, given
its essential role in choroidal neovascularization, its differential
expression in healthy and pathological vessels, and the evidence
that inhibition of CD93 signaling effectively blocks AMD-associated
angiogenesis.”

In living cells, however, exogenous RNAs are rapidly degraded by
host RNases, and intracellular proteins and compartments can inter-
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fere with the diffusion, folding, and target binding of trans-cleaving
hhRzs.** To ensure efficient delivery and activity of trans-acting
hhRzs in the cellular environment, these molecules must be inte-
grated into RNA scaffolds. Although different scaffolds have been
employed to improve structural stability and preserve hhRz activity
in living systems,”* we designed a novel scaffold based on the 3’ stem-
loop sequence of canonical histone mRNAs, a structural element
essential for histone mRNA stability and regulation.”” This sequence
was incorporated at both the 5" and 3’ flanking regions of the CD93-
specific ribozyme. Unlike other scaffolds,” this short histone-
derived sequence can be easily inserted into ribozymes without
altering their conformation or catalytic activity. Consistent with
this design, removal of the stem-loop elements from the best-per-
forming construct markedly reduced ribozyme-mediated silencing,
indicating that this scaffold enhances the intracellular performance
of the hhRz, most likely by improving its stability in the cellular envi-
ronment. As a result, the engineered RNA chimera effectively down-
regulated CD93 expression and reduced its pro-migratory activity
under physiological conditions. These findings open new avenues
for the development of ribozyme-based therapeutic tools aimed at
controlling pathological angiogenesis. Importantly, the aim of this
study was to establish a strategy for the selection of functionally
active hhRzs in cells. Further structural optimization of selected ribo-
zymes, including parameters such as antisense flank length that may
influence catalytic turnover,””*° will be addressed in future studies.

MATERIALS AND METHODS

Computational methods of RNA secondary structure prediction
The secondary structure of the full-length human CD93 mRNA
(GenBank accession number NM_012072.4; 6,681 nucleotides in
length) was predicted using the RNAfold server from the Vienna

Figure 4. Expression of A7B in ECs impairs cell
migration and tubulogenesis

HUVECs were transduced with lentiviral particles ex-
pressing either an unrelated (unr) or the A7B hhRbz and
selected in puromycin for 24 h. (A) Cell lysates from
transduced ECs were analyzed by western blotting using
anti-CD93 and anti-p-actin antibodies, the latter serving
as a loading control. (B) Representative images of
wound healing assays performed with transduced
HUVECs. Cells were photographed immediately after
scratching (0 h) and after 8 h of incubation. Scale bars,
100 pm. (C) Quantification of wound closure, expressed
as the percentage of the initial scratch area covered
after 8 h. Data are derived from three independent
experiments  (n 3 images per condition per
experiment). **p < 0.01; paired t test. (D) Representative
images of Matrigel tube formation assays performed
with transduced HUVECs. Images were taken after 8 h
of incubation in complete growth medium. Scale bars,
100 pm. (E) Quantification of total tube length, number
of tubes, and number of branching points, as shown in
(D). Representative images generated using the
Angiogenesis Analyzer plug-in for ImageJ are displayed.
*p <0.01, " p <0.001, and ***p < 0.0001; paired t test.
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RNA Websuite (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi). The MFE structure generated by RNAfold was visual-
ized as a two-dimensional representation using the forna server
(http://rna.tbi.univie.ac.at/forna/).

Vectors and cloning

The full-length human CD93 ¢cDNA (nucleotides 127-6,231) was
cloned into the Nhel/Xbal restriction sites of the pcDNA3.1 expres-
sion vector and purchased from GenScript (Piscataway, NJ, USA).
Two trans-acting hhRzs, designated HR1 and HR2, were designed
to target the coding region of human CD93 mRNA (Table 1).
HR1, HR2, and the catalytically inactive HR2-NC were synthesized
by Eurofins Genomics (Ebersberg, Germany). To generate chimeric
molecules in which hhRz sequences were flanked by histone stem-
loop elements, oligonucleotides corresponding to the sequences
listed in Tables 1 and 2 along with their complementary strands
were synthesized by Eurofins Genomics. A complete list of all oligo-
nucleotides is provided in Table S1. To generate compatible sticky
ends for cloning, forward primers were designed with a 5 CCGGT
overhang and a 3’ G overhang, whereas the reverse primers were de-
signed with a 5 AATTC overhang and a 3’ A overhang (Table S1).
Following phosphorylation and annealing, the double-stranded oli-
gonucleotides were cloned into the Agel/EcoRI restriction sites of
the pLKO.1 lentiviral vector, downstream of the U6 promoter.
Sequence accuracy of all constructs was verified by sequencing.

In vitro transcription

Templates for the synthesis of CD93 RNA targets were generated by
PCR amplification of a plasmid containing the full-length CD93
sequence using the following primers: A400, 5'-TAATACGACTCAC
TATAGGGCTTCAGCTGGGTGGG-3' (containing the T7 RNA po-
lymerase promoter) and A401, 5'-CTTGCACACGAAGCCCTC-3/,
or A400 and A441, 5-GGTCACCTGACCTGGGC-3, to generate
amplicons corresponding to nucleotides 468-675 and 468-732 of
the human CD93 sequence, respectively. The template for ch-HR2
synthesis was obtained by PCR amplification of the lentiviral vector
containing the ch-HR2 insert using the following primers: A434,
5-TAATACGACTCACTATAGGGCTCTTTTCAGAGCCAAAA
AG-3' (containing the T7 RNA polymerase promoter) and A435,
5'-GGCTCTGAAAAGAGCCTTTTTAG-3". PCR amplicons were
purified and used as templates for in vitro transcription with the
HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs,
Ipswich, MA, USA), according to the manufacturer’s instructions.
To remove template DNA, the synthesized RNA was treated with
DNase I for 15 min at 37°C and subsequently purified using the
Monarch RNA Cleanup Kit (New England Biolabs).

In vitro ribozyme cleavage reaction

Cleavage reactions between the hhRzs and the synthetic RNA sub-
strates (208-mer and 265-mer, both containing the cleavage nucleo-
tide C at position 93) were carried out using 100 pmol of ribozyme
and 10 pmol of substrate in a total volume of 10 pL. The ribozyme
and substrate were first incubated together at 95°C for 1 min in a
buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl,, and

20 mM NaCl, then allowed to cool to room temperature for
10 min and further incubated for 2 h at 37°C. Reactions were stopped
by adding an equal volume of RNA Loading Dye (New England Bio-
labs), followed by heating at 70°C for 5 min and immediate chilling
on ice. Reaction products were analyzed by electrophoresis on dena-
turing 6% TBE-urea gels (Thermo Fisher Scientific, Waltham, MA,
USA). Electrophoretic bands were visualized by staining with
SYBR Gold (Thermo Fisher Scientific).

Cell cultures and transfection

Primary HUVECs from pooled donors were purchased from Lonza
(Walkersville, MD, USA) and cultured on gelatin-coated plates in
Endothelial Cell Basal Medium-2 supplemented with growth factors
(Lonza), as previously described.*’ Knockdown experiments were
performed using pLKO.1 lentiviral vectors expressing either the
chimeric ribozymes or an unrelated RNA. Recombinant lentiviruses
were produced and used for infection experiments as previously
described.** After infection, cells were maintained in complete me-
dium containing 4 pg/mL puromycin (Merck, Darmstadt, Germany)
to select for stably transduced populations. (HEK293 cells were
maintained in DMEM supplemented with 10% fetal bovine serum
(FBS) and transfected in culture medium containing 2% FBS and
1 mM sodium butyrate (Merck). Transient transfections of
HEK293 cells were carried out using the Transporter 5 Transfection
Reagent (Polysciences, Warrington, PA, USA), according to the
manufacturer’s instructions. For cotransfection experiments, de-
signed to ensure efficient delivery of hhRzs into cells expressing
full-length CD93, the hhRz-expressing plasmids and the CD93
expression construct were cotransfected at a 10:1 molar ratio,
respectively.

DMS probing of HUVECs and RNA extraction

5 x 10° HUVECs suspended in 500 pL of complete medium were
probed with DMS (Merck) at a final concentration of 100 mM.
DMS was pre-diluted 1:6 in ethanol prior to use. Cells were incu-
bated with DMS for 2 min at 37°C. The reaction was quenched by
adding an equal volume of ice-cold 1 M DTT. Cells were briefly pel-
leted by centrifugation, the supernatant was discarded, and the pellet
was lysed in 1 mL of ice-cold TRIzol Reagent (Thermo Fisher Scien-
tific). RNA samples in TRIzol were mixed with 0.2 volumes of chlo-
roform and vigorously vortexed for 15 s. Samples were incubated at
room temperature for 2 min and centrifuged at 12,500 x g for 15 min
at 4°C. After phase separation, the upper aqueous phase was trans-
ferred to a clean tube, mixed with 2 mL of ethanol, and loaded on
Monarch Spin RNA Cleanup columns (New England Biolabs).

Targeted MaP of CD93 and library preparation

For targeted MaPseq of CD93 mRNA, 16 tiling primer pairs were de-
signed using Primer-BLAST," generating amplicons of approxi-
mately 450-550 bp. Primer pairs were divided into two non-overlap-
ping sets (odd and even) (Table 3). All reverse primers within each
set were pooled equimolarly, and 1 pL of the 20 pM pool was used
for reverse transcription of 5 pg of DMS-probed total RNA. Reac-
tions contained 2 pL. dNTPs (10 mM each), 4 pL 5x RT Buffer
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Table 3. Primer sequences used for targeted DMS-MaPseq analysis

Oligo Sequence

For-1 AGCTGGGAGCCGAGATAGAA
For-2 CAAGTGCCTGGACCCTAGTC
For-3 TTCCTGTGCAAGGAGAAGGC
For-4 CGAATGCTGGGTTGGCTATG
For-5 CAAGGCTACACCCACCACAA
For-6 ATGCGGCAGACAGTTACTCC
For-7 CCAATTCCGGATCAGGGTGT
For-8 GAGGCAGGAAGTGCCTCTTT
For-9 AACGGGAGATGATGCACTGT
For-10 GAGGCCTCATGTCTCCTGTG
For-11 AAAGGCTGTGTCCATTTGGC
For-12 GGTCATGGAACCCCTCTGTG
For-13 CAGTGGGGAATCCAAGGGTC
For-14 CCAGGGCAGGACAGTTATCG
For-15 TCCCTGCGATCAGGCAAAAA
For-16 GCTTGGGAATCTGAGATATGATCC
Rev-1 GGAGCTCCTTGTGCCAGTTA
Rev-2 CCATACTTGGGGCTGACACA
Rev-3 CGACCCAGAGCACACTCATC
Rev-4 TGAGTGGGGCAGATGTGATG
Rev-5 GTCTCTAGGGCCACCTCACT
Rev-6 TCAGCATGAGCAACTCACCT
Rev-7 CAAATCCCTGGCCTCTCTCG
Rev-8 TGCTGCATCAACTGTGGACT
Rev-9 TGTTCTCCTGCACAGTGGTG
Rev-10 CTCTCCACACCACAGACTGC
Rev-11 GCCAGGGAAGGTTTTGAGGA
Rev-12 GTCACCTGGGCAGAAACACT
Rev-13 GTGGTTGGTCTTGCCTGGAA
Rev-14 AGGGCTTGTGATGAGGATGG
Rev-15 AAACCATGGGTTTTGCAGCC
Rev-16 CTCTGAGCCTTCCCTCCTCA

(250 mM Tris-HCI, pH 8.3; 375 mM KCI; 15 mM MgCl,), 1 pL 0.1 M
DTT, 1 pL Induro Reverse Transcriptase (New England Biolabs), and
0.5 pL SUPERase-In RNase Inhibitor (Thermo Fisher Scientific), in a
final volume of 20 pL. Following reverse transcription, the RTase-
RNA-cDNA complex was disrupted by adding 1 pL of 10 M
NaOH and incubating the reaction at 95°C for 3 min. Reactions
were purified using Monarch Spin RNA Cleanup columns (New En-
gland Biolabs). cDNA was eluted in 20 pL, and 2 pL were used as
template for PCR with each primer pair, employing Phusion High-
Fidelity DNA Polymerase (New England Biolabs). PCR products
from all primer pairs within a set were pooled, resolved on a 2%
agarose gel, and a gel slice corresponding to the 450-550 bp region
was excised. DNA was purified using the NucleoSpin Gel & PCR
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Clean-up Mini Kit (Macherey-Nagel, Duren, Germany). Libraries
were generated from 10 ng of gel-purified DNA from each set using
the NEBNext Ultra IT FS DNA Library Prep Kit for Illumina (New
England Biolabs), following the manufacturer’s instructions.

Analysis of CD93 targeted DMS-MaPseq data

Sequencing reads were aligned to the CD93 mRNA reference
sequence using the rf-map module of RNA Framework v2.9.3** in
combination with Bowtie2 v.2.3.5.1,"° with the following parameters:
-b2 -ctn -cmn 0 -mp “-very-sensitive-local”. Mutation calling and
coverage estimation were performed using the rf-count module,
providing a mask file containing the primer sequences used to
generate each amplicon set. Data from the odd and even primer
sets were subsequently merged using the rf-rctools merge utility,
and normalized DMS reactivities were obtained with the rf-norm
module. Accessibility scores were computed to identify putative
target regions by applying a sliding-window analysis. For each nucle-
otide, the median DMS reactivity within a 21-nt window centered on
that position was calculated, excluding windows with more than 25%
missing reactivity values. Accessibility scores were defined as the dif-
ference between this local median and the global median reactivity
across the entire transcript.

Total RNA extraction and RT-qPCR

Total RNA was extracted from cells using the EuroGold Trifast Re-
agent (Euroclone, Pero, MI, Italy) according to the manufacturer’s in-
structions. CD93 mRNA expression was evaluated by quantitative
reverse transcription PCR using the Luna Universal One-Step RT-
PCR Kit (New England Biolabs) and the Rotor-Gene Q thermocycler
(Qiagen, Hilden, Germany). The specific primers used for CD93
amplification were: A512, 5'-GTGCATTACAGGTGTTTGTGAAG-
3’ and A513, 5-CCGTAGTCAAGTGTGTGGTAAC-3'.

Immunoblotting

Immunoblotting was performed as previously described. The
following primary antibodies were used: mouse monoclonal anti-
CD93 (clone 4E1)’ and mouse monoclonal anti-B-actin (A2228,
Merck). Protein band intensities were quantified by densitometric
analysis using Image] software to compare relative protein expres-
sion levels.

Wound healing and Matrigel tube formation assays

The scratch assay was performed as previously described.'” Briefly,
lentivirus-transduced HUVECs were cultured until confluence,
and a straight scratch was created in the monolayer using a sterile
pipette tip. The cultures were washed and allowed to grow in com-
plete medium. The Matrigel tube formation assay was carried out
as reported in a previous study.” Exponentially growing lentivirus-
transduced HUVECs were detached from culture plates using a
non-enzymatic dissociation method* and seeded on growth factor-
reduced Matrigel (Corning, Corning, NY, USA). Bright-field images
of the wound healing and tube formation assays were captured using
the Celena S Digital Imaging System (Logos Biosystems, Anyang,
South Korea) at multiple positions, and representative fields were
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shown. Wound closure (cell migration) and tube formation param-
eters (total tube length and branching points) were quantified using
Image] software with the wound healing size tool and the angiogen-
esis analyzer plug-ins, respectively.

Statistical analysis

Data were analyzed using Prism 9 statistical software (GraphPad, San
Diego, CA, USA). Values are expressed as the mean + SD from at
least three independent experiments. Statistical significance between
two groups was determined using a two-tailed Student’s ¢ test, while
comparisons among groups were performed using one-way ANOVA
followed by Tukey’s multiple comparison test. Differences were
considered statistically significant at p values less or equal to 0.05.

DATA AND CODE AVAILABILITY

The datasets on targeted mutational profiling analysis and sequencing are available from
the corresponding author upon reasonable request.'’
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