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Adenosine to inosine (A to I) editing is mediated by adenosine
deaminases acting on RNA (ADAR) enzymes. Inosines are in-
terpreted as guanosines by the translational machinery. Conse-
quently, A to I editing in mRNAs can lead to their recoding and
the formation of proteins not encoded in the genome. Filamin
A is an actin-crosslinking protein. A to I editing in the filamin
pre-mRNA leads to the exchange of a glutamine to an arginine
in a highly interactive domain of the protein. However, the con-
sequences of this editing event are still poorly understood. Here
we show, using transgenic mice expressing either constitutively
edited or constitutively uneditable filamin A that filamin A ed-
iting critically controls angiogenesis in tumors but also in a
mouse ischemia model. Hyper-editing reduces angiogenesis,
while hypoediting leads to increased angiogenesis, possibly
by altering vascular endothelial growth factor receptor 2
(VEGFR?2) turnover. Further, FLNA editing of the tumor itself
seemingly affects its metastatic potential by changing its inter-
action with the extracellular matrix. We therefore identify fila-
min A editing as a critical component for angiogenesis, tumor
growth, and metastasis formation.

INTRODUCTION

Adenosine deaminases acting on RNA (ADARs) convert adenosine to
inosine (A to I) in structured and double-stranded RNAs.! As ino-
sines are primarily interpreted as guanosines by cellular machineries,
A to I editing can have a large impact on many cellular functions. On
the one hand, A to I editing seems to mark endogenous repeat-
derived RNAs as “self,” thereby preventing inadvertent activation of
the cytoplasmic double-stranded RNA sensor MDA5 and subsequent
interferon signaling.” RNA-editing events can also alter splice pat-
terns or change the proteins binding to RNAs." Editing within coding
regions of RNAs can even lead to the recoding of RNAs, thereby lead-
ing to the formation of proteins that are not encoded in the genome."
In mammals, two active ADAR enzymes can be found: Adar
(ADAR1) and Adarbl (ADAR2). While ADARI is primarily target-
ing non-coding, repeat-derived RNAs, the majority of protein recod-
ing events are mediated by ADAR2.> ADAR2 was first identified to be
critically involved in the recoding of mammalian glutamate receptor
subunit Gria2, where editing leads to the exchange of a CAG-gluta-
mate (Q) to CIG-arginine (R) codon.* This amino acid exchange
critically regulates Ca”* influx into cells. Mice lacking this Q to R ex-
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change in Gria2 suffer from epilepsy and die within 3 weeks after
birth.” Meanwhile, more than a 100 editing-induced amino acid ex-
changes have been characterized.” However, the precise impact on
protein function and their impact on cellular and organismic physi-
ology has only been investigated in very few cases.

An A to I RNA editing that is highly conserved in mammals has been
identified in the pre-mRNA encoding filamin A (FLNA).” FLNA is
built of 24 immunoglobulin (Ig)-like repeats. Editing occurs in
exon 42 encoding parts of Ig-repeat 22.° The editing events lead to
the exchange of a Q to an R amino acid exchange in a highly interac-
tive region. FLNA editing is mainly mediated by ADAR2 and has
been shown to be highest in the vasculature, the large intestine, and
the stomach.”

Mutations in human FLNA lead to neuronal and intestinal dis-
eases.' "'
cardiovascular defects and irregular vascular patterning.'> Deletion of
FLNB in mice leads to skeletal malformations.> FLNA is known to
play a dual role in tumorigenesis. FLNA can get proteolytically
cleaved, leading to differential subcellular localization of the resulting
fragments. Full-length, cytoplasmic FLNA could favor tumor pro-
gression, whereas nuclear FLNA may inhibit tumorigenesis.'*'> An
endothelial-specific knockout of FLNA results in altered cardiac re-
modeling, reduced capillary formation, and dysregulated endothelial
signaling upon induced infarction."® Moreover, small interfering
RNA (siRNA)-mediated knockdown of FLNA in human umbilical
vein endothelial cells (HUVECs) leads to reduced tube formation
and cell migration.'®

FLNA-deficient mice are embryonic lethal, showing severe

To study the impact of FLNA editing on cellular and organismic func-
tion, we generated mice that are specifically impaired in the editing of
FLNA: the double-stranded region required for recruiting of ADAR2
is formed by an exonic and a complementary intronic region. Removal
of the intronic sequence disrupts the formation of the double-stranded
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RNA and abolishes FLNA editing.'” To mimic a fully edited mouse, we
generated a CRISPR-induced mutation where the critical Q codon was
replaced by an R codon. To reflect the single amino acid exchange in
the corresponding mouse strains, we refer to them as FLNAR and
FLNA® mice, which either express fully edited FLNA® or fully uned-
ited FLNAQ. FLNA is an X-chromosomally expressed gene. Therefore,
hemizygous males exclusively express either fully edited FLNA® or un-
edited FLNAR We have shown previously that mice expressing only
unedited FLNAQ display increased contraction of smooth muscle cells
derived from the dorsal aorta. Moreover, mice expressing unedited
FLNA® have an elevated diastolic blood pressure and develop aortic
thickening and left ventricular hypertrophy with age.'” Importantly,
samples derived from human patients with left ventricular hypertro-
phy also showed decreased editing of FLNA in their vascular tissue.
We could thus establish a link between hypoediting of FLNA and
the development of cardiovascular disease.'”

More recently, we could also establish that FLNA editing affects
cellular stiffness and cell migration. We could show that cells express-
ing edited FLNA® are stiffer and show reduced migration, while cells
expressing unedited FLNA® are softer and migrate faster in cell-
migration assays.18

Based on these observations and based on the fact that FLNA is critically
involved not only in metastasis formation but also in angiogenesis, we
set out to study the impact of FLNA editing on angiogenesis with a spe-
cial focus on tumor angiogenesis. We can show that hypoedited FLNA?
facilitates vascularization, thereby promoting tumor growth, while hy-
peredited FLNAR prevents angiogenesis and restricts tumor growth.

RESULTS

Characterization of constitutively edited FLNA mice

To generate mice that express constitutively edited FLNA (FLNAR),
the editing complementary site was deleted from intron 42 of the
Flna gene and the CAG (Q) codon was replaced by a CGG
(R) codon using a targeting vector based on the CRISPR-Cas9
approach as shown (Figure S1A). The resulting edited FLNA® mice
were verified by detection of the critical codon to be CGG in cDNAs
of lung tissues (Figure S1C), confirming expression of fully edited
Flna in lungs of FLNA® mice. In parallel, the previously available un-
edited FLNA® mice were tested, confirming expression of the uned-
ited CAG coding in FLNA® lungs (Figure S1C). Wild-type (WT) mice
showed around 46% editing (Figure S1C), confirming previously re-
ported editing levels in this tissue.” Next, FLNA expression was
analyzed in lungs of WT, FLNA?, and FLNAR mice to test whether
the altered alleles show comparable expression. Western blotting re-
sults showed that lungs did not show significant differences of FLNA
expression between WT, FLNAQ, and FLNAR mice (Figure S1B).

Xenograft tumors grown in edited FLNAR hosts are much
smaller and less vascularized

We showed previously that FLNA editing is highest in the mouse and
human vasculature.'” Further, mice lacking Flna showed clear defects
in vascularization.'” To test whether FLNA editing could also regulate

neo-angiogenesis and hence tumor growth, we performed xenograft
assays and subcutaneously injected B16-F10 cells into mice expressing
unedited FLNA® or fully edited FLNA®. Eighteen days later, tumors
were harvested and tumor weight and sizes were recorded. A striking
difference was observed between the two genotypes (Figure 1A). The
quantifications showed an average of 5-fold difference in tumor weight
(Figure 1B) and 6-fold difference in the tumor volume (Figure 1C).
Overall, when melanoma cells were grown in mouse hosts expressing
fully edited FLNAR, the tumor size remained dramatically smaller than
tumors emerging upon injection in mice expressing unedited FLNA®,
These results show that tumor growth is dramatically affected depend-
ing on the editing status of the tumor microenvironment. We also per-
formed xenograft assays in WT and edited FLNA® mice and compared
the tumor size between the two genotypes. We found that neither the
tumor weight nor tumor volume was statistically different when B16-
F10 cell were injected and compared between WT and edited FLNA®
mice (Figures S2A and S2B).

We further analyzed the xenografted tumors to determine the extent
of vascularization in tumors grown in hosts expressing edited FLNA®
versus unedited FLNAR. Multiple sections from each tumor were
stained with CD31 antibody, a marker of endothelial cells, and
analyzed for vessel density in the tumor (Figure 1D). Since the size
of the tumors of edited versus unedited mice were dramatically
different, the total vessel number was normalized to the size of the tu-
mor to calculate the vessel density. The vessel density in the tumors
grown in the edited FLNA® mice was at least 2-fold lower than the
one found in tumors grown in unedited FLNA? mice (Figures 1E
and 1F). These results show that Flna RNA editing regulates neo-
vascularization in the tumor xenograft assay.

Edited FLNA endothelial cells show reduced sprouting ex vivo
and in vitro

To further check the effect of FLNA editing on angiogenesis, we tested
for vascular sprouting from aortic rings. One-millimeter-thick
sectioned rings from dorsal aortae of mice expressing unedited
FLNA® and edited FLNA® were placed on Matrigel in the presence
of 20 ng/mL vascular endothelial growth factor (VEGF). After 72 h,
the aortic rings from edited FLNA® mice showed strongly reduced
outgrowth compared with outgrowth observed on aortic rings
collected from unedited FLNA® mice (Figures 2A and 2B). Quantifi-
cation showed that both mean sprout length as well as a total number
of sprouts were significantly reduced in aortae from mice expressing
edited FLNA® compared with those from mice expressing unedited
FLNAQ® (Figures 2C and 2D).

To test for sprouting in vitro, primary endothelial cells were isolated
from lungs of mice expressing unedited FLNAQ and edited FLNA®
using CD31 conjugated to Dynabeads (Figure S3A) and subsequently
fluorescence-activated cell sorting (FACS) sorted using ICAM2-488
to obtain a pure population of endothelial cells (Figure S3B). The
FACS-sorted endothelial cells were checked for their FLNA editing
levels (Figure S3C) and then used for in vitro 3D spheroid sprouting
assay.
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Figure 1. Increased xenograft tumor growth in mice
expressing unedited FLNA® is accompanied by
increased vascularization

(A) Representative images showing xenografted tumors
grown in transgenic mice expressing unedited FLNA? or
fully edited FLNAR. (B and C) Graphs showing
quantification and standard deviation of tumor weight
(B) and tumor volume (C) grown in mice expressing
unedited FLNA? and constitutively edited FLNAR. Tumor
weight and volume were measured in at least 12 mice per
genotype. **p < 0.01. (D) Representative images showing
immunostaining of sections of xenografted tumors using
CD31 antibody (green) on tumors grown in mice
expressing unedited FLNA® and hyperedited FLNAF,
Insets show magnified views of the tumor sections stained
with CD31 in green and counterstained with DAPI in blue.
Scale bars: 5 mm and 1 mm for the low magnification
sections of tumors grown in unedited FLNA® and
hyperedited FLNAR mice, respectively. High-
magnification-image scale bars, 200 um. (E and F) Graphs
showing quantification and standard deviation of vessel
density measured by CD31 staining compared between
unedited FLNA? and hyperedited FLNAR genotypes
counted on either the biggest section (E) or by averaging
of three sections from different areas of the tumor (F). The
number of vessels counted in each section was
normalized to the tumor area to rule out the differences
due to different sample area. **p < 0.01.
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Figure 2. Editing of FLNA reduces vascular sprouting
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(A) Brightfield images showing representative images of aortic rings taken at day 4. Aortic rings derived from mice expressing unedited FLNA® show increased vascular
sprouting compared with aortic rings from mice expressing edited FLNAP. Scale bar: 200 um. (B) Wimasis analysis of representative images showing the sprout area (blue) of
aortae expressing unedited FLNA? and hyperedited FLNAR. (C and D) Graphs showing the total number of sprouts (C) and mean length of sprouts (D) compared between
unedited FLNA® and hyperedited FLNAR aortae. Four independent mice were used for the assay and at least three rings per mouse were used. *p < 0.05. (E) Scheme
describing the steps involved in 3D spheroid generation and embedding in collagen gels for 3D sprouting assays. (F) Phase contrast images of spheroids derived from
endothelial cells expressing unedited FLNA® and edited FLNAR. Sprouts were monitored after 3 days of culturing 3D endothelial spheroids. Scale bar: 50 um. (G) Quan-
tification of sprouts per spheroid compared between spheroids derived from mice expressing unedited FLNA® and hyperedited FLNAR.**p < 0.01. Data shown as mean

values +SD from three independent experiments.

The edited as well as unedited endothelial cells were cultured with
methylcellulose to generate 3D spheroids (Figure 2E). The 3D sprout-
ing assay showed that 3D spheroids derived from mice expressing
fully edited FLN AR failed to sprout even after 72 h of collagen embed-
ding, whereas 3D spheroids expressing unedited FLNA? showed clear
sprouting (Figures 2F and 2G).

FLNA RNA editing regulates endothelial cell migration

Endothelial cell migration is an important event in formation of
new vessels during both embryonic development as well as
tumor angiogenesis.'” To test for potential differences in cell
migration between cells expressing unedited FLNA®Q and
edited FLNA®, we used primary FACS-sorted endothelial cells
derived from both FLNA? and FLNAR mice and subjected them
to Transwell assay. In these assays, we used VEGF as a chemoat-

tractant. These experiments showed that endothelial cells express-
ing edited FLNA® migrate much slower toward VEGF
present in the bottom chamber of the Transwell than endothelial
cells expressing unedited FLNA? (Figures 3A and 3B). To exclude
that the differences in migration rate were not an indirect
effect of different proliferation rates between endothelial cells
expressing unedited FLNA? and edited FLNA®, we compared
the proliferation rates using K167 staining on CD31" cells. Count-
ing of >600 CD31" cells in each genotype and evaluating their
KI67* status demonstrated that the proliferation rate was
not affected by the editing status of FLNA (Figures 3C and 3D).
Taken together, this endothelial cells
expressing edited FLNA® show strongly reduced migration
toward a chemoattractant than do cells expressing unedited
FLNA®.

indicates  that

Molecular Therapy: Nucleic Acids Vol. 30 December 2022 525


http://www.moleculartherapy.org

% of proliferating cells

FLNA RNA editing regulates neo-angiogenesis in a hindlimb
ischemia model

To test whether FLNA RNA editing is generally affecting neo-angio-
genesis, we took advantage of a non-tumor angiogenesis model. To do
so, we performed hindlimb ischemia assays on WT, FLNAS®, and
FLNAR mice. In this model, the femoral artery is ligated in the groin
area of a mouse. The ligation forces the remaining blood flow through
collateral arterioles in the adductor muscle where the increase in the
shear stress and circumferential stretch of the vessel wall induces ar-
teriogenesis (i.e., outward remodeling of pre-existing arterioles into
functional arteries). Simultaneously, the lack of blood flow leads to
ischemia in the lower half of the limb, which induces angiogenesis
(i.e., the sprouting of new capillaries from the existing capillary bed
in the adductor and gastrocnemius muscles). Briefly, the left femoral
artery of mice expressing edited FLNAF, unedited FLNA?, and of WT
mice was ligated. The perfusion in the paw was measured shortly
before surgery, immediately after surgery, as well as 3 and 7 days
post ligation. Recovery rates were quite comparable at day 3 after sur-
gery in all WT, FLNA®, and FLNA® mice (Figures 4B and S4). How-
ever, clear differences were seen 7 days post artery ligation in all three
genotypes (Figure 4A). The post-ischemic blood-flow recovery
expressed as the blood-flow ratio between left ligated and right
non-ligated paws shows that mice expressing edited FLNA® show se-
vere impairment in blood-flow recovery compared with both WT and
FLNA? mice (Figure 4B). On average, WT mice showed around 70%
recovery at day 7 after ligation, unedited FLNA® mice showed around
57% recovery, whereas edited FLNA® mice showed only 33% recovery
at day 7 after the hindlimb ischemia surgery (Figure 4B). These results
indicate that FLNA RNA editing plays an important role in post-
ischemic blood-flow recovery.

Since FLNA® mice showed reduced blood-flow recovery post surgery,
we further compared neo-angiogenesis in soleus muscles of WT,
FLNAS, and FLNA® mice by immunostaining both left ligated and
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Figure 3. Cell migration is enhanced in cells
expressing unedited FLNA®

(A) Images showing crystal-violet-stained endothelial cells
migrating toward VEGF in a Transwell assay. Endothelial
cells expressing unedited FLNA® show a much-enhanced
cell migration compared with hyperedited FLNAR cells. (B)
Graph showing the quantification of cell migration
between unedited FLNA® and hyperedited FLNAR
endothelial cells. Data shown are mean values +SD from
at least three independent experiments. Scale bar:
200 pum. p < 0.05. (C) Proliferation of endothelial cells
was measured by simultaneous staining with CD31 and
KI67 antibodies. (D) Cells staining positive for both
antibodies were quantified and normalized over the total
CD31-positive cell count.
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right non-ligated calf muscles with CD31
(Figure 4C). Comparison of CD31 intensity in
the left soleus muscle showed that mice express-
ing edited FLNA® exhibited much less CD31-
positive cells compared with WT and mice expressing unedited
FLNAQ (Figure 4D), indicating that edited mice demonstrate reduced
neo-angiogenesis compared with WT and mice expressing edited
FLNAR. The CD31 intensity in the right non-ischemic soleus muscle
did not show any significant difference among WT, FLNAY, and
FLNA® mice (Figure 4E), suggesting that no genetic difference in
the steady state of vessel formation is found in any of the three geno-
types used. These results suggest that FLNA RNA editing controls
neo-angiogenesis during the post-ischemic blood-flow recovery.

Arteriogenesis is an important phenomenon during post-ischemic for-
mation of new vessels.”’ To evaluate arteriogenesis in the hindlimb
ischemia model, the adductor muscles of WT mice and mice expressing
unedited FLNA® and edited FLNA® were stained with an antibody
directed against smooth muscle actin (SMA) (Figure 4F). Both the
lumen diameter and the number of the collaterals were determined.
The SMA staining showed that neither the number of collaterals
(Figure 4G) nor the lumen measured by the diameter of the collaterals
(Figure 4H) was significantly changed among WT, FLNA®, and FLNA®
mice 7 days post ischemia. Overall, these results suggest that the post-
ischemic reduced blood flow in mice expressing edited FLNA® is due
to defects in angiogenesis and not due to defective arteriogenesis.

FLNA RNA editing controls VEGFR2 signaling in endothelial cells

During neo-angiogenesis, endothelial cell migration and proliferation are
the two most important cellular events playing a vital role in formation of
new vessels in response to VEGF. VEGFR2 (Kdr) is the key receptor regu-
lating VEGF-mediated endothelial cellular effects.”’ Upon binding of
VEGF-A ligand to VEGFR2, the receptor undergoes conformational
changes and leads to activation of several downstream events, including
focal adhesion kinase (FAK) activation that mediates endothelial cell
migration.”’ We checked the phosphorylation of FAK (pFAK) at
Tyr397, which is important for focal adhesion-mediated adhesion and
migration by staining endothelial cells expressing edited FLNA® or
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Figure 4. Mice expressing edited FLNAR show delayed post-ischemic recovery of blood flow

(A) The left femoral artery of mice of different genotypes was ligated and post-ischemic blood flow was measured using LDPI. Representative images showing the left and right
(control) paw compared among unedited FLNA®, hyperedited FLNAR, and WT mice. Paw perfusion was measured both before ligation (t = 0) and then after 7 days of surgery
(t="7). Ten mice per genotype were used for the hindlimb ischemia assay. (B) Graph showing the post-ischemic blood-flow recovery measured as a flux ratio of left (ischemic)
versus right (control) paw perfusion in unedited FLNA®, hyperedited FLNA®, and WT mice. Data are presented as mean +SEM. *p < 0.05. (C) Representative images showing
left ligated soleus muscle stained with CD31 in green compared among unedited FLNAY, hyperedited FLNAR, and WT mice. Scale bar: 50 um. (D and E) Graphs showing the
quantification of CD31 intensity in left ligated (D) and right unligated (E) soleus muscles. **p < 0.01. (F) Representative images showing left ligated adductor muscle stained
with smooth muscle actin (SMA) in green compared among unedited FLNA®, hyperedited FLNA®, and WT mice. Scale bar: 100 um. (G and H) Graphs showing the
quantification of number of collaterals (G) and lumen of collaterals (H) represented as a ratio of left/right adductor muscle. Data are presented as mean +SEM. No significant
difference is observed between either the count or lumen of collaterals in the adductor muscle.

unedited FLNAQ that were treated with or without VEGF (Figure 5A).%
We found that pFAK staining at Tyr397 is significantly increased in
FLNA® endothelial cells compared with FLNA® cells when these cells
were stimulated with VEGF for 30 min (Figure 5B). However, not
much difference in pFAK levels was observed between the untreated
endothelial cells expressing unedited FLNA® and edited FLNAR, indi-
cating that the steady-state levels of VEGFR2 signaling are not affected.
We also checked the steady-state levels of several VEGF-receptors, such
as VEGFR1, VEGFR2, and VEGFR3, along with integrin B3 by qPCR
analysis from the cDNA of untreated endothelial cells expressing uned-
ited FLNAQ and edited FLNA® and found that all these membrane recep-
tors are equally expressed in both cell types (Figure S5A).

Upon VEGF ligand binding, VEGFR2 activation also promotes its
own internalization. The internalized receptor is either subjected to
lysosomal mediated degradation or is recycled back to the mem-
brane.” We further compared the fate of the internalized VEGFR2
in endothelial cells expressing unedited FLNA® and edited FLNA®
by treating them with VEGF and then immunostaining them with to-
tal VEGFR2 antibody (Figure 5C). We observed that, after stimu-

lating cells with VEGF for 30 min, VEGFR2 was dramatically reduced
in endothelial cells expressing edited FLNAR, whereas VEGFR2
seemed to be protected from degradation in endothelial cells express-
ing unedited FLNA? (Figures 5C and 5D). The steady-state levels of
VEGFR2 in the absence of VEGF were found to be similar (Fig-
ure 5D). Taken together, this suggests that VEGFR2 has a higher
turnover rate in cells expressing edited FLNA®.

We also checked the membrane VEGFR2 expression directly on tu-
mor sections from xenografts in mice expressing unedited FLNA?
and edited FLNA® by immunostaining the tumor sections with extra-
cellular domain (ECD)-specific VEGFR2 antibody. Our results
showed that membrane VEGFR2 receptor expression was seemingly
unchanged between the tumor xenografts in either FLNA? or FLNA®
host mice (Figure S5B).

FLNA editing status of melanoma cells slows down liver

metastasis
So far, we have investigated how the editing status of the vasculature
affects xenograft tumor growth and neovascularization upon
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Figure 5. VEGFR signaling is reduced in cells
expressing edited FLNAR

(A) To test whether VEGFR signaling is altered in
endothelial cell expressing unedited FLNA? or edited
FLNAR, we stained lung endothelial cells that were
CD31 positive with an antibody against phosphorylated
FAK (pFAK) (scale bar: 20 pm). (B) Quantification of
>150 cells in three independent experiments revealed
that FAK phosphorylation was significantly reduced in
cells expressing hyperedited FLNA® upon VEGF
stimulation. (C) Staining for VEGFR2 also showed a clear
reduction of this receptor in cells expressing edited
FLNAR upon stimulation with VEGF (scale bar: 100 um).
(D) Quantification of VEGFR2 staining on >250 cells.
Data are presented as mean +SD
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induced hindlimb ischemia. Next, we investigated how the Flna
RNA editing status of tumors affects their growth and metastatic
potential. To do so, we manipulated B16 melanoma cells to express
either constitutively edited FLNA® or the unedited FLNAR version.
This was achieved using CRISPR-Cas9-mediated mutagenesis as
shown in Figure S6A. The repair template deleted the editing com-
plementary sequence to prevent editing and introduced a genomic
arginine codon to generate cells expressing edited FLNA®. An in-
tronic GFP reporter was used to sort GFP-positive single cells.
Those were expanded to clones and screened using PCR (Fig-
ure S6B). PCR-positive clones were confirmed by sequencing and
their FLNA editing was confirmed at both genomic as well as
cDNA levels. Clones that showed complete CAG (unedited) or
CGG (edited) sequences in their cDNA amplicons were selected
(Figure S6C). The final edited and unedited B16-F10 clones were
checked for their FLNA expression by western blotting, and we
found that these clones had a similar but reduced expression of
FLNA protein compared with WT cells (Figure S6D). The reduced
expression may be a side effect of the introduced GFP reporter.

WT and the CRISPR-modified B16 melanoma cells expressing un-
edited FLNA?Q or edited FLNA® were injected subcutaneously in
WT mice to assess the autonomous role of FLNA RNA editing pre-
sent in tumor cells on tumor growth in vivo (Figure S7A). The
xenograft assay showed no significant difference in tumor growth
with respect to tumor weight (Figure S7B) or tumor volume (Fig-
ure S7C). In order to assess the autonomous effects of FLNA editing
on organ-specific metastasis, we performed tail-vein injections of
WT B16-F10 cells and cells expressing unedited FLNA® or edited
FLNAR in WT C57Bl6 mice. After 14 days, mice were sacrificed
and their lungs and livers were analyzed for the occurrence of me-
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—
tastases. Microscopic examination of lung tis-
sues did not show any difference in the number
of metastatic nodules (Figure 6C). However,
mice injected with melanoma cells expressing

i VEGE pre-edited FLNA® showed reduced liver metas-

tasis compared with mice injected with WT

melanoma cells or cells expressing unedited

FLNA® (Figure 6A and 7B). Liver metastasis
was observed by bleaching the tissue with Fekete’s solution and
then counting metastatic nodule (black) microscopically with sam-
ple genotype not being revealed.

DISCUSSION

Filamins are critical actin-crosslinking proteins that link the cortical
cytoskeleton to the cell surface. In fact, filamin A has been shown
to interact with integrins.”’ Consequently, filamin expression has
been shown to affect metastasis formation.'* In this study, we inves-
tigate the impact of filamin RNA editing on angiogenesis. Filamin A is
edited in Ig-repeat 22, close to the region mapped to interact with in-
tegrins. Moreover, repeat 22 has been shown to be critically involved
in the interaction with beta-arrestin.**

We can show that mice expressing constitutively edited FLNA® show
reduced angiogenesis in vitro as well as in vivo. Using a xenograft tumor
assay, we can show that reduced angiogenesis correlates with reduced
tumor growth. Conversely, using a hindlimb ischemia assay, mice
only expressing hyperedited FINA® show delayed recovery and
reduced perfusion of the ischemic paw. In contrast, mice lacking filamin
A editing and therefore only expressing FLNA? show increased xeno-
graft tumor growth and have increased perfusion following induced
hindlimb ischemia. These findings are consistent with analysis of The
Cancer Genome Atlas (TCGA) data that indicate reduced filamin A ed-
iting in tumor versus healthy tissues.”> Thus, decreased editing is most
likely facilitating tumor vascularization. Reduced filamin A editing can
also be beneficial for post-ischemic neo-angiogenesis.

Molecularly, the reduced angiogenesis in mice with increased filamin
A editing is most likely linked to a decrease in VEGFR2 signaling
observed in FLNA"-expressing endothelial cells as suggested by our
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WT FLNA®

FLNAR

Figure 6. The FLNA editing status of B16 melanoma
cells affects their metastatic potential

(A) Representative images of livers of WT mice after tail-
vein injection of WT, unedited FLNA®, and hyperedited
FLNAR B16 CRISPR clones. Insets show the respective
magnified view of the part of liver of all the three
genotypes. The black area indicates the metastatic

tissue. Scale bar: 2.5mm. (B) Graph showing the
quantification of liver metastasis represented by number
of metastatic nodules in livers injected with WT,
unedited FLNA?, and hyperedited FLNA® CRISPR
clones. (C) Graph showing the quantification of lung
metastasis represented by number of metastatic
nodules in lungs injected with WT, unedited FLNA®, and
hyperedited FLNA® CRISPR clones. Graph indicates
mean and 75 percentile. **p < 0.01; ns, non-significant.
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experiments (Figure 7). Reduced levels of VEGFR2 upon VEGF stim-
ulation of cells expressing edited FLNARs are most likely the result of
altered receptor turnover. While we have attempted to directly test for
receptor turnover, these experiments were not conclusive. FLNA
crosslinks the cortical actin cytoskeleton and also interacts with trans-
membrane proteins such as integrins.*® Altered membrane dynamics
in response to FLNA editing status might therefore occur and explain
the phenomena observed here.

This, in turn, suggests that editing of filamin A might be regulated
dynamically in vivo to allow adaptation to altered extra- and intra-
cellular needs. In fact, this is in good agreement with our observa-
tion that editing of filamin A and filamin B pre-mRNAs do not
strictly correlate: both pre-mRNAs are edited at the same exon,
leading to the same amino acid exchange in FLNA and
FLNB.”*” However, filamin A editing is highest in the dorsal aorta
and the colon, where editing can reach almost 100%. In contrast,
editing of filamin B is modest in the vasculature and colon but
can reach levels of 80% in cartilage and brown fat.”” Editing is
also regulated during development. For instance, editing of filamin
A is negligible during embryogenesis and increases postnatally to
reach a plateau at ~1 month of age. This finding would be consis-
tent with increased vascularization occurring during embryonic
and post-natal development, while vascularization would decrease

R
g

ns correlating with an increase in filamin A edit-
ns ing later in development.

Interestingly, we can also show that the editing
status of tumors can also affect metastasis for-
mation in a tissue-specific manner. Tail-vein-in-
jected B16 melanoma cells that were modified
using CRISPR-Cas9 to express only edited or
unedited FLNA showed comparable tumor for-
mation in the lungs. However, melanoma cells
expressing unedited FLNAQ showed much
higher metastasis formation in the liver than
WT B16 cells or cells expressing edited
FLNAR. At present, it is not clear why B16 cells expressing unedited
FLNAQ show increased tumor formation in the liver. However, it is
possible that integrin-mediated cell adhesion alters the preference
of the modified B16 cells for different tissue environments. Alterna-
tively, we could show that cells expressing FLNA® are softer, while
cells expressing pre-edited FLNA® are more rigid.'” It may therefore
be possible that the different preferences for target organs is affected
by the migratory and/or adhesive potential of the modified B16 cells.

In summary, our study shows that editing of filamin A pre-mRNA
can be friend of foe, depending on the condition and type of cell
investigated. Filamins are edited largely by ADAR2. Editing of fil-
amin A is regulated throughout development and shows tissue-
specific differences. Given the fact that FLNA editing can be
both beneficial and detrimental, it is obvious that FLNA editing
needs to be dynamically regulated. We have shown previously
that editing levels can be regulated by the rate of RNA process-
ing.”® Moreover, the availability of ADAR2 and its access to the
editing region will be a strong regulator of filamin A editing. Given
the high disease relevance of FLNA editing, it will be interesting to
determine how FLNA editing is regulated in human disease condi-
tions other than tumor formation. Moreover, FLNA editing may
also be exploited therapeutically to promote or repress angiogen-
esis or metastatic potential.
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Figure 7. Model of altered angiogenesis in mice expressing edited or unedited FLNA
Mice expressing unedited FLNA® display increased angiogenesis compared with mice expressing hyperedited FLNAR. Consequently, xenografted tumors grow larger in
FLNA? mice. (Right) Endothelial cells expressing unedited FLNA® show elevated response to VEGF, most likely as a consequence of reduced VEGFR2 receptor turnover.

MATERIALS AND METHODS

Generation of constitutively edited FLNA transgenic mice

Mice expressing constitutively edited FLNA® were generated in collab-
oration with Cyagen (Santa Clara, CA, USA) using CRISPR-Cas9. A tar-
geting vector was designed to delete a 228-bp-long region in intron 42—
43 harboring the editing complementary site that is required for Flna ed-
iting and with a point mutation to convert CAG to CGG to create a
constitutively edited version of FLNA. Briefly, mouse genomic frag-
ments containing the homology arms were amplified from bacteral arti-
ficial chromosome (BAC) clone using high-fidelity Taq and were
sequentially assembled into a targeting vector together with recombina-
tion sites. The schematic representing the donor vector along with the
targeted allele is shown in Figure S1. The donor DNA containing
Q1682R (CAG to CGG) and Cas9 mRNA were co-injected into fertilized
mouse eggs to generate targeted knockin offspring. FO founder animals
were identified by PCR followed by sequence analysis. The positive foun-
ders were then bred with WT mice to test germline transmission and F1
animal generation. Transgenic mice were backcrossed with C57BL/6]
for six generations to generate isogenic lines. Genotyping was performed
by PCR on DNA isolated from finger biopsies using primers forward,
TCTGGATGGTAGGCTTCTGC, and reverse, CTGGAAGCATAGC
AGATGTGG. Forward primer is located in exon 42 while the reverse
primer is located in intron 42 downstream of the editing complementary
sequence. In WT animals, the primer pair produces a band of 520 bp; in
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unedited FLNA® animals, a band of 417 bp is produced. Pre-edited
FLNAR mice show a band of 385 bp due to the lack of a loxP site in
the CRISPR repair construct. All animal experiments were conducted
in accordance with national regulations.

Western blotting of mouse tissue lysates

Lung tissues were also lysed with radioimmunoprecipitation assay
(RIPA) buffer and homogenized using a Dounce homogenizer. The
samples were then centrifuged at 15,000 rpm for 30 min at 4°C and
the supernatant was mixed with 2x SDS sample buffer, boiled, and
loaded on SDS-PAGE gels. Lung lysates were probed with a monoclonal
FLNA antibody 1B6."®* GAPDH was used as a loading control. All blots
were detected by chemiluminescence and images using a CCD camera
on a fusion-FX (Fisher Biotec, West Perth, WA, Australia). All experi-
ments were done at least in triplicate and mean values +SD were plotted.
Statistical significance was calculated using Student’s t test.

cDNA preparation and determination of FLNA editing levels

Total RNA was isolated from homogenized organs with TRIzol re-
agent. After DNAse I treatment, cDNAs were synthesized using
M-MLV Reverse Transcriptase kit (Invitrogen, Carlsbad, CA) and
random hexamer primers. An FLNA cDNA fragment was amplified
using primers spanning the spliced editing regions exon 42 to exon
43 of FLNA. Amplified products were gel eluted and sent for
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sequencing to check editing levels. For amplification, forward primer
was 5 GTCAAGTTCAACGAGGAGCAC-3' and reverse primer was
5" GTGCACCTTGGCATCAATTGC-3'.

For qPCR assays, two different sets of primers were used to amplify
pre-mRNA and mRNA from various mouse organ tissues. Each tissue
was processed in biological triplicates, including no-template control
(ntc) and room-temperature (RT) samples as control. Primers used
are discussed next.

Pre-mRNA
MJ6905: forward primer, CTGATAGCCCCTTCGTGGTG.

MJ6976: reverse primer, TTTCTGCGTAGGCACTCAGC.

mRNA
MJ6905: forward primer, CTGATAGCCCCTTCGTGGTG.

M]J6974: reverse primer, CCCCTTGGCTCCATTCAGAC.

Tumor xenograft assay

WT B16-F10 cells were cultured to 50% confluency and harvested.
Cells were washed once with PBS and then resuspended in ice-cold
Hank’s balanced salt solution (HBSS). The cell suspension was passed
through a 70-pm cell strainer and counted using trypan blue.
Viability was verified to be >90%. Cell concentration was adjusted
to 1 x 10° cells/mL using ice-cold HBSS. Cells were injected using
a 1-mL syringe and a 27G needle. One-hundred microliters of cell
suspension was injected subcutaneously per mouse. Tumors were
harvested 17 days after injection, and 8- to 12-week-old WT,
FLNA®, and FLNA® mice were used for the assay. The weight (grams)
and the volume of the tumor (cubic millimeters) were measured and
imaged. The
(length x width x height)/2. The tumor samples were further pro-
cessed for cryo-sectioning.

volume of the tumor was calculated as

Immunostaining of tumor sections

The cryosections were fixed with ice-cold methanol for 15 min at
—20°C and with ice-cold acetone for 5 min at —20°C. The sections
were then blocked with 5% BSA for 30 min at RT. To stain for vessels,
a CD31 antibody (BD Biosciences), a cell surface marker for endothe-
lial cells was used along with secondary a.-Rat Alexa 488. Slides were
then washed and mounted using antifade containing DAPI. The tu-
mor sections were imaged using VS120-L100-W Olympus slide scan-
ner. The images were analyzed using Image] and total number of ves-
sels was counted per sample. The total number of vessels was
normalized to the sample area and plotted. Multiple sections from
each sample were analyzed and averaged.

Aortic ring sprouting assay

Thoracic aortae were dissected from 8-week-old FLNA? and FLNA®
mice. Aortae were cleaned of surrounding fat and cut into 1-mm rings
using a stereo-microscope and a scale ruler. Three rings were used per
mouse for each experiment. Forty-eight-well plates (Corning) were

coated with 100 pL of Matrigel per well and kept at 37°C for
30 min. Aortic rings were placed on the Matrigel and incubated at
37°C for 5 min. Subsequently, 50 puL of Matrigel was overlayed on
rings and placed at 37°C, again for 40 min, and 250 pL of medium
was placed on top, containing 20 ng/mL VEGF (Peprotech). Rings
were incubated at 37°C in a CO, incubator. After 4 days, images
were taken. Aortic ring sprouting was quantified using an online mi-
croscopy analysis platform (wimasis.com). The identity of the sam-
ples submitted to Wimasis was not revealed and was blinded.

Primary endothelial cell isolation

Lungs from 5- to 6-week-old mice were isolated and homogenized us-
ing collagenase type I (Sigma). The resulting cell suspension was re-
suspended using an 18G needle, filtered through a 70-um cell strainer,
and pelleted. The cell pellets were resuspended and incubated with
CD31 antibody (BD Biosciences)-coupled Protein G Dynabeads
(Thermo Scientific) for 1 h at 4°C. The beads were separated in a mag-
netic separator, washed three times with medium, and cells were
plated on fibronectin-coated dishes. Medium was exchanged every
48 h until cells were confluent and subsequently used for FACS using
ICAM?2-488 (Thermo Scientific) to enrich for endothelial cells. After
FACS, cells were directly used for the experiments.

3D spheroid sprouting assay

After FACS, 2,000 endothelial cells were plated in a non-coated,
round (U)-bottom 96-well dish along with 5-mg/mL methylcellulose
to generate 3D spheroids. After 24 h, the 3D spheroids were pelleted
and embedded in a collagen bed using collagen type I (Gibco). Pic-
tures of the sprouts were taken after 72 h.

Transwell migration assay

Eight-micrometer, 24-well Transwell inserts (Corning) were coated
with 10 pg/mL fibronectin for 1 h at 37°C. Then 50,000 endothelial
cells of each genotype were resuspended in DMEM + 0.5% FBS and
put in the upper chamber of the Transwell insert. In the bottom
chamber, 600 pL of medium containing DMEM + 0.5% FBS +
VEGF (25 ng/mL) was placed. The Transwell inserts were incubated
for 16 h at 37°C. After 16 h, the non-migrated cells from the top
chamber were removed using a wet cotton swab and the migrated
cells on the lower side of the membrane were stained with crystal vi-
olet and counted under a microscope.

Proliferation assay

Twenty-thousand primary endothelial cells were seeded onto fibro-
nectin-coated coverslips for Ki-67 staining. After fixation with 4%
PFA for 10 min, cells were permeabilized with 0.1% Triton X-100
for 15 min. Unspecific binding sites were blocked by incubating cells
in 2% BSA for 1 h, followed by the antibody staining with Ki-67
recombinant rabbit monoclonal antibody (1:100; Invitrogen;
#MA5-14520) and purified rat anti-mouse CD31 antibody (1:100;
BD biosciences; #557355) overnight at 4°C. Incubation with second-
ary anti-rabbit Alexa 647 and anti-mouse Alexa 488 was performed
for 1.5 h at RT. The cells were mounted with antifade containing
DAPL Antibody staining and DAPI were visualized with the
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Olympus slide scanner BX61VS and the VS-ASW-S6 software. Only
CD31-positive endothelial cells were included in the following anal-
ysis. Ki-67- and DAPI-positive nuclei were counted from ~200
CD31-positive cells and the DAPI/Ki-67 ratio calculated. The statis-
tical analysis was performed with SPSS and the independent t test
(n=2).

Hindlimb ischemia assay

These experiments were approved by the Committee on Animal Wel-
fare of the Leiden University Medical Center (Leiden, the Netherlands)
and were performed in accordance with Directive 2010/63/EU of the
European Parliament and Dutch government guidelines, and 14- to
15-week-old male WT C57Bl6/], FLNA®, and FLNA® mice were
used for the assay. The experiment was performed following the
same protocol as described before. Briefly, mice were anesthetized
via intraperitoneal injection of midazolam (5 mg/kg; Roche Diagnos-
tics, Almere, the Netherlands), medetomidine (0.5 mg/kg; Orion, Es-
poo, Finland), and fentanyl (0.05 mg/kg; Janssen Pharmaceuticals,
Beerse, Belgium). Unilateral hindlimb ischemia (HLI) was induced
by double ligation of the left femoral artery, proximal to the superficial
epigastric artery and proximal to the bifurcation of the popliteal and
saphenous artery. After surgery, mice were given a subcutaneous injec-
tion of flumazenil (0.5 mg/kg, Fresenius Kabi, Utrecht, the
Netherlands) and atipamezol (2.5 mg/kg, Orion) to antagonize anes-
thesia. Buprenorphine (0.1 mg/kg, MSD Animal Health, Boxmeer,
the Netherlands) was given after surgery for pain relief.”**

Blood-flow recovery was measured using laser Doppler perfusion imag-
ing (LDPI). The measurements were taken pre-surgery, immediately af-
ter surgery, and then at day 3 and day 7 in both the left (ischemic) and
the right (non-ischemic) paw. Before measurements, mice were anes-
thetized with an intraperitoneal injection of midazolam (5 mg/kg,
Roche Diagnostics) and medetomidine (0.5 mg/kg, Orion). Mice were
placed in a double-glassed pot that was perfused with water at 37°C
for 5 min prior to each measurement. LDPI measurements in the ligated
paw were normalized to measurements of the unligated paw as an inter-
nal control. After LDPI, anesthesia was antagonized by subcutaneous
injection of flumazenil (0.5 mg/kg) and atipamezole (2.5 mg/kg).

At day 10 after surgery, mice were sacrificed and gastrocnemius, so-
leus, and adductor muscles were harvested for immunohistochemical
analysis. Adductor muscles were fixed with 4% paraformaldehyde
and embedded in paraffin. Soleus and gastrocnemius muscles were
snap frozen and stored at —80°C until sectioned.

Immunostaining on hind-limb-ischemic muscles

Six-micrometer cryosections of the soleus muscle were taken and
stained with CD31 (BD Biosciences) antibody to visualize endothelial
cells. The stained samples were imaged using a slide scanner
(BX61VS, Olympus) and vessel density was analyzed by measuring
CD31 intensity per sample using ImageJ (Fiji) and normalized to
the total sample area. Five-micrometer paraffin sections of the
adductor muscle were taken and stained with SMA antibody
(SIGMA, St. Louis, MI) to detect smooth muscle cells. The stained
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samples were imaged using a slide scanner (BX61VS, Olympus)
and analyzed. Three sections of each sample were analyzed and aver-
aged. The smallest diameter of each visible lumen was measured and
the total number of arterioles per section/area was counted.

Endothelial cell assays

For cell signaling assays, primary endothelial cells were isolated using
CD146 (LSEC)-coupled microbeads (Miltenyi Biotec). Briefly, lungs
were harvested from FLNA® and FLNAR mice, collagenase treated,
and then incubated with CD146 microbeads. Labeled cell suspension
was then subjected to magnetic cell sorting (MACS) purification and
the eluents were plated on fibronectin-coated dishes. For pFAK
studies, double staining with pFAK (Invitrogen) and CD31 (BD Bio-
sciences) was performed to identify endothelial cells in both FLNA®
and FLNA® at steady state and after treating cells with VEGF (25 ng/
mL) for 30 min. The pFAK intensity was measured by total cell fluo-
rescence intensity using Image], and the average pFAK intensity per
cell was plotted and compared between FLNA? and FLNA® geno-
types in the presence and absence of VEGF (Peprotech). In order to
check the VEGFR2 receptor stability after VEGF stimulation, we
treated both FLNAQ and FLNA® endothelial cells with VEGF
(25 ng/mL) for 30 min and stained with total VEGFR2 antibody
(Cell Signaling Technology, Leiden, the Netherlands). The total
VEGFR2 signal was then analyzed by measuring total cell fluores-
cence using Image]. The internalized VEGFR2 receptor levels per
cell was calculated and compared between FLNA? and FLNA® geno-
types in the presence and absence of VEGF. In order to specifically
look at the VEGFR?2 receptor present at the membrane, we stained
endothelial cells with an ECD-specific VEGFR2 antibody (R&D Sys-
tems) at the steady state and after treating the cells with VEGF (25 ng/
mL) for 30 min. The membrane VEGFR2 receptor intensity per cell
was plotted and compared between FLNAQ and FLNA® genotypes
in the presence and absence of VEGF. All the endothelial cell assays
were done in triplicate, mostly with three different biological primary
endothelial cell isolates. For every replicate, at least 50-60 cells per ge-
notype per condition were analyzed to measure the intensity.

CRISPR-Cas9 in B16-F10 melanomas

To generate edited and unedited B16 melanoma cells, the same guide
RNAs (gRNAs) were used as for the generation of constitutively edi-
ted transgenic mice. gRNA1 (CTGTTTCTAGTCTTCAGGTG) tar-
geting exon 42 and gRNA2 (GCTACCTGGGTGTGTGATTG)
targeting intron 42 were cloned in vector p31 containing T7 promoter
followed by BbsI cloning sites. In vitro gRNA transcription was per-
formed with HiScribe T7 High Yield RNA synthesis kit (NEB) ac-
cording to the manufacturer’s protocol and gRNA was purified via
phenol:chloroform:isoamyl alcohol (25:24:1, Applichem, A2279) fol-
lowed by ethanol precipitation. WT B16-F10 cells were electroporated
with 12 pg of gRNA pre-mixed with 5 pug of recombinant Cas9 protein
in Cas9 buffer (20 mM HEPES pH 7.5, 150 mM KCI, 0.5 mM DTT,
0.1 mM EDTA) using a Neon transfection system. After 48 h of elec-
troporation, batch culture was collected for genotyping to confirm
editing. Editing efficiency was analyzed with TIDE algorithm
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(https://tide.deskgen.com/) based on chromatogram analysis with
WT PCR product used as a reference.

A repair template was generated specific to either unedited (CAG) or
edited (CGG) comprising left and right homology arms spanning the
editing site and editing complementary site along with a GFP marker
in intron 43. WT B16-F10 cells were electroporated with 12 pg of
gRNA each pre-mixed with 5 pg of Cas9 protein in Cas9 buffer and
7 ug of the repair template. The batch culture was genotyped after
48 h, and single cells were then sorted in 96-well plates using GFP
as a marker. The single cell clones were expanded and screened first
using PCR. The PCR-positive clones were then fully sequenced from
left homology arm to right homology arm. The clones that showed the
desired sequence were next tested for FLNA editing by Sanger
sequencing and FLNA expression by western blotting.

Tail-vein assay

WT, FLNA?, and FLNA® B16-F10 cells were kept in log phase until
harvested. The tail veins of mice were dilated and 250,000 cells were
injected per mouse using 27G 0.5-inch needle as described previ-
ously.”" After 14 days, mouse lungs and livers were harvested, rinsed
with cold PBS, and imaged. Both the organs were counted for meta-
static nodules after bleaching with Fekete’s solution (95% ethanol,
37% formaldehyde, glacial acetic acid). Metastatic nodules (black)
were counted microscopically with sample genotype not being re-
vealed. Either 5 or 6 mice were used per genotype.

Statistical analysis

Data were analyzed using GraphPad Prism or Microsoft Excel. Statis-
tical analysis was done using Student’s t test with equal variance, and
p < 0.05 was considered to be statistically significant.

Data availability
No genomic data were collected in this study.
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