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Abstract

Rationale—How endothelial cells (ECs) migrate and form an immature vascular plexus has been
extensively studied. Yet, mechanisms underlying vascular remodeling remain poorly established.
A better understanding of these processes may lead to the design of novel therapeutic strategies
complementary to those already exploited in the clinic by current angiogenesis inhibitors.

Objective—Starting from our previous observations that the PP2A phosphatase regulates the
HIF/PHD2-constituted oxygen machinery, we hypothesized that this axis could play an important
role during blood vessel formation and tissue oxygen restoration.

Methods and Results—Here we show that the regulatory PP2A-phosphatase subunit B55a is
at the cross-road between vessel pruning and vessel maturation. Blood vessels with high B55a
will counter cell stress conditions and thrive for stabilization and maturation. In cases when B55a
is inhibited, ECs cannot cope with cell stress and undergo apoptosis, leading to massive pruning of
nascent blood vessels which are not yet stabilized and mature.

Mechanistically, we found that the B55a/PP2A complex restrains PHD2 activity, promoting EC
survival in a HIF-dependent manner, and furthermore dephosphorylates p38, altogether protecting
these cells against cell stress occurring, for example, during the onset of blood flow. In tumors,
EC-specific B55a. deficiency induces pruning of immature-like tumor blood vessels resulting in
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delayed tumor growth and metastasis, without affecting non-pathological vessels. Consistently,
systemic administration of a pan-PP2A inhibitor disrupts vascular network formation and tumor
progression /n vivo without additional effects on B55a-deficient vessels.

Conclusions—These data underline a unique role of the B55a/PP2A phosphatase complex
in vessel remodeling and suggest the use of PP2A-inhibitors as potent anti-angiogenic drugs
targeting specifically nascent blood vessels with a mode-of-action that is complementary to
currently available VEGF(R)-targeted therapies.

Introduction

Angiogenesis describes a process, by which blood vessels are formed within growing organs
or previously avascular tissues. During the initial sprouting phase, activated ECs migrate
towards a gradient of secreted growth factors. The fusion of leading tip cells and the start

of vessel perfusion then mark the formation of a first vascular network?. Albeit being
characterized by a high vessel density, this immature plexus is still inefficient and lacks a
clear distinction between arteries, capillaries and venous structures?-3.

To create a mature and stable network, the primitive plexus undergoes several remodeling
processes, including the removal of supernumerary capillaries. This process is mediated
either by coordinated cell migration or induction of apoptosis*-%, both of which have to be
tightly regulated to avoid inadequate blood flow supply to organs’.

In contrast to the initial steps of angiogenesis, there is still a tremendous lack of knowledge
on mechanisms controlling vascular remodeling and limiting apoptosis-mediated blood
vessel pruning, especially in response to cell stress upon the onset of blood flow8-11, For
example, it is known that HIF-signaling plays a pivotal role in protecting ECs against ROS
arising upon vessel perfusion®12-14 Moreover, also the p38 pathway is described to mediate
a tightly balanced response to cell stress. While short term activation of p38 induces cell
survival and differentiation, mostly 7 vitro data show that also prolonged p38 activation
leads to the induction of EC apoptosis!®. A better understanding of how these remodeling
processes are regulated, might present novel therapeutic strategies and intervention points
for clinical applications.

So far, research in the angiogenesis field is mainly focusing on VEGF and VEGF receptor
families, which are the key mediators of vessel sprouting!® and vessel maintenancel’. This
focus is also reflected in the clinic, since most of the angiogenesis inhibitors tested so far are
agents targeting VEGF or its receptor®. However, these drugs prolong the survival of cancer
patients without cure and at the expense of severe side effects 1920, The combination of
current antiangiogenic drugs together with novel agents, which have alternative mechanisms
of action, could increase the response and overcome resistance to currently used VEGF-
targeted therapies.

In this work, we analyzed the role of the regulatory PP2A phosphatase subunit B55a
during vascular development and cancer progression. B55a is one of 26 regulatory subunits
which are responsible to orchestrate the activity and substrate specificity of the trimeric
PP2A phosphatase complex?L. We have recently shown that inhibition of B55a. in cancer
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cells alleviates tumor progression by reducing cell viability in response to hypoxia and
glucose starvation?2-23, However, besides one publication in zebrafish?4, the direct role of
B55a in stromal cells remains unknown. Here, we found that genetic deletion of B55a in
ECs unleashes apoptosis-mediated blood vessel pruning in the remodeling vascular plexus
both during development and cancer progression. Strikingly, not only homozygous but
also heterozygous deficiency of B55a is embryonically lethal and demarcated by a severe
the collapse of immature vessels. In two different tumor models, we show that genetic
loss of B55a. in ECs or pharmacologic inhibition of the PP2A phosphatase has a strong
anti-angiogenic effect specifically on the abnormal and immature tumor vessels, thereby
delaying tumor and metastatic progression.

HUVEC:s, isolated from human umbilical cords, were cultured in gelatin-coated dishes,
using supplemented M199 medium. For dense conditions, 3x10° HUVECs were seeded in
the well of a 6-well plate, 3x10* cells were seeded for confluent conditions, 6x103 cells for
sparse conditions.

In vitro gene silencing—ShRNA-mediated KD of B55a was performed using
three different PLKO lentiviral vectors from Sigma (TRCN0000002489 (shB55a-1);
TRCNO0000002492 (shB55a-2); TRCN0000002493 (shB55a.-3)) and the respective
scramble as a control vector.

Chemical inhibitors

Inhibitors were purchased from Sigma or Selleck and, unless indicated otherwise, used in
the following concentrations: gD (50uM), zZVAD (100uM), DMOG (1mM), P38 inhibitor
(SB203580; 25uM), MnTBAP (100puM), Caspase 8 inhibitor (z-IETD-FMK; 100uM),
Necrostatin 1 (30uM), LB100 (2.5uM).

Cell immmunostainings and analysis of cell survival

Immunostainings of cultured ECs were done as described before2>.

For the WST1-based cell survival assay (Sigma), 1x10* HUVECs were seeded in a 96-

well plate. After treatment, 10% WST-1 solution was added and the absorbance levels,
correlating with living cell numbers, were measured and normalized to the respective control
group.

RNA and gPCR

Cells were collected in RLT buffer and RNA was isolated using RNeasy Micro- or Mini-Kkit.
Reverse transcription to cDNA was performed using Quantitect Reverse Transcription Kit
(Qiagen). RT-PCR was performed as described?6, using commercially available (Applied
Biosystems and IDT) or home-made primers and probes.
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Western Blots (WBs) and co-immunoprecipitations (Co-IPs)

ROS assay

Protein extraction and WBs were performed as described??, using antibodies listed in Online
Table I. Protein bands were quantified using ImageJ.

Co-IPs were performed in densely cultured HUVECs using Dynabeads protein G. In brief,
HUVECs were harvested in lysis buffer (0.025M Tris, 0.15M NaCl, 0.001M EDTA, 1%
NP40, 5% glycerol, pH 7.4) and pre-cleaned with uncoated beads. Coated beads were then
added to the sample for 4hrs and eluted by adding 50ul of NuPage 1x and boiling at 96°C
for 10min.

For ROS-measurements, HUVECs were incubated with CM-H2DCFDA (ThermoFisher
Scientific) for 30min in serum free medium. Cells were then washed and the fluorescence
(Ex/em 492-495/517-527nm) was measured every 30min before and after exposure to H,0,
(50uM). Results were normalized per protein contents.

Generation of Ppp2r2a-KO mice

ES cells were obtained by the trans-NIH Knock-Out Mouse Project (KOMP). The neo-
cassette and exon 6 was removed by intercrossing these mice with Pgk1.Cre2’ deleter mice,
generating global KO mice (Online Fig. | F). The correct recombination was verified on the
genomic DNA,; B55a depletion was then confirmed on RNA and protein levels.

To generate conditional KO mice, we intercrossed mice with the original construct to
FLPeR28 mice (Online Fig. | F). The resulting Pop2rZa-loxed mice were then crossed to
LysM.Cre?®, Rosa26.iCre30, VEcad.iCre3! and Prox1.iCre32 deleter lines.

Gene deletion using tamoxifen was induced as described previously2. Deletion efficiency
was confirmed by gPCR. All experiments were conducted in a C57BL/6 background using
littermate controls. Housing and experimental animal procedures were approved by the
Institutional Animal Care and Research Advisory Committee of the KU Leuven.

FACS-sorted EC

Murine lungs or embryonic tissues were dissected, mechanically dissociated and digested
using collagenase I/11 and dispase. Cell suspensions were stained using antibodies in Online
Table 1. Viable CD45-, CD31*, Pdpn- vascular ECs and CD45", CD31*, Pdpn* lymphatic
ECs were sorted by FACS Aria (BD Bioscience) and stored in RLT buffer.

Tumors and sponge assays

Murine Lewis lung (LLC) and EQ771 breast adenocarcinoma cells were obtained from the
American Type Cultures Collection (ATCC). 1x108 LLC cells were injected subcutaneously
while 5x10° E0771 cells orthotopically in the mammary fat pad. Tumor size was monitored
throughout the whole experiment. At endpoint, tumor weight was measured and superficial
lung metastatic nodules were quantified under a stereomicroscope. Tumors were harvested
and fixed in 2% formaldehyde o/n before being processed for histology.
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For resection experiments, tumors with an average size of 700mm3 were surgically removed.
After recovery, deletion of B55a was induced by daily administration of tamoxifen for 5
days. At the end stage, lungs were dissected and weighed as a readout for the metastatic
burden. After fixation in 2% formaldehyde o/n, paraffin sections were prepared and
processed for H&E staining and immunostainings.

To measure cancer cell extravasation, 0.5x108 LLCs, stably transduced with a CMV
promoter in a lentivector, were injected into the tail vein of control and B55a./EC-KO mice.
After 96hrs lungs were harvested and CMV-positive LLCs were quantified by qPCR.

The sponge-implantation angiogenesis assay was performed as described previously33. After
ex vivo treatment with 25ul of LLC tumor-conditioned media, serving as an initial attractor
for blood vessel formation, 4 sponges were subcutaneously implanted on the ventral side
of each animal. Three days after implantation, we started the treatments by injections of
254l of the indicated inhibitors such as the Phd inhibitor DMOG (2mM), the P38 inhibitor
SB203580 (low dose = 12.5uM; high dose = 100uM) or the PP2A inhibitor LB100 (low
dose= 1uM; high dose=2.5uM dose) into the center of the implanted sponge every 48
hours. Sponges within the same animal but treated with the according solvent only (e.g.
PBS) served as negative control. Ten days after implantation, the sponges were harvested
and stored in OCT at -80°C. In order to analyze the morphology and density of blood
vessels within these sponges, we performed CryoSections and immunostainings for CD31
and Hoechst.

Histology and immunostainings

RNAscope

Immunostainings of whole mount skin and retina samples were performed as described
previously?. Healthy organs, metastasis bearing lungs and tumor sections were fixed in 2%
PFA o/n at 4°C, dehydrated and embedded in paraffin. 7um-thick sections were stained in
H&E and immunostained as previously described3* using antibodies listed in Online Table 1.

To visualize tumor blood vessels, 80um-thick cryosections were stained for CD31,
clCasp3 and Hoechst. Tumor hypoxia was analyzed by i.p. injection of pimonidazole
hydrochloride 2hrs prior to dissection followed by immunostainings with Hypoxyprobe-1-
Mab1 (Hypoxyprobe kit, Chemicon). Microscopic analysis and quantifications were done
with an Olympus BX41 microscope and CellSense software.

Sections of 4um of thickness were obtained from paraffin-embedded tissues. RNAscope
2.5 HD Detection Kit (ACD, Cat No. 322350) was used with the RNAscope Probe Mm-
Ppp2r2a (ACD, Cat No. 549391) according to the manufacturer’s protocol followed by
immunostainings for CD31. Images were acquired on the Zeiss Axio Scan.Z1 using a x40
objective and ZEN2 software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software and significance
calculated by two-tailored t-test or two-way ANOVA respectively. Mathematical outliers
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were detected using Grubbs test in GraphPad. Independent experiments were pooled and
analyzed together whenever possible.

B55a is a key regulator of vascular remodeling during embryonic development

Although the different regulatory B-subunits of the PP2A phosphatase complex have been
suggested to have partially redundant functions, we found a conservation rate of 100%
between human and murine B55a protein (Fig. 1A), pointing to a unique role of this
regulatory subunit. We then decided to analyze in vivo the expression pattern of Pop2r2a
(the gene codifying for B55a) by using RNAscope. In mouse embryos, B55a was expressed
by several cell types and especially CD31" blood vessels (Fig. 1B). In adult mice, expression
of B55a in the quiescent vasculature was strongly diminished if not absent, while markedly
detectable in sites of active angiogenesis as it occurs in progressing tumors (Online Fig. |
A-E). These data point towards the hypothesis that B55a is required at some step during

the formation of the vascular plexus while it is not necessary in a quiescent and mature
vasculature (as it is the case in adults).

To analyze the functional role of B55a, we firstly generated embryos with homo- and
heterozygous deletion for the Ppp2r2a gene (Online Fig. | F). Deletion efficiency was
confirmed at embryonic stage E12.5 on RNA and protein levels (Fig. 1D-F). In line with
the high conservation rate, Pop2r2a gene deletion led to embryonic lethality around E14.5
(Fig. 1C). The fact that not only homozygous, but also more than 50% of heterozygous
knockout (KO) embryos died during development underline the importance of B55a in
embryogenesis. However, surviving adult heterozygous mice were fertile and did not show
any obvious defects. Embryonic lethality was accompanied by strong defects in remodeling
blood vessels (Fig. 1H-K), but not in the initially formed immature vascular plexus (Online
Fig. I H,1). In addition to the vascular defects, mutant embryos also displayed aberrant
lymphatic vessel structures (Fig. 1L,M).

In order to analyze the selective role of B55a in ECs, Pop2r2a(lox/lox) conditional KO
mice were intercrossed with the VEcadherin.CreERT?2 strain (henceforward B55a./EC-KO)
allowing for tamoxifen-induced deletion of B55a in ECs (Online Fig. | F). In line with

the results in Full-KO embryos, we found that genetic deletion of B55a in ECs did not

lead to any obvious defects during the initial steps of blood vessel formation neither

in embryonic skin nor in postnatal retina samples (Online Fig. Il A-F). However, lack

of endothelial B55a. had a severe impact on vascular and lymphatic vessel structures in
regions of vascular remodeling (Fig. 2A-F). Moreover, endothelial B55a deletion drastically
increased the density of cleaved Caspase-3* ECs in mutant embryos (Fig. 2G,1) and in the
remodeling vasculature of retina samples (Online Fig. 11 G-K), which led to increased blood
vessel pruning during vascular remodeling (Fig. 2H,J). In general, the induction of cleaved
Caspase-3 preceded the general collapse of blood vessels in less remodeled areas of the
vascular plexus (Online Fig. Il C,D), suggesting that EC apoptosis was the cause rather than
the consequence of blood vessel pruning. As a result of the severe and progressing vascular
defects, EC-specific deletion of B55a. led to embryonic lethality by E16.5 (Fig. 2K-O).
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Similar to the defects observed in full KO embryos (Fig. 1L,M), EC-specific deletion of
B55a also resulted in enlarged and activated lymph vessels in embryonic skin samples

(Fig. 2C,E,L,0). In contrast, Ppp2r2a deletion selectively in LECs (via the intercross of
floxed mice with the LEC-specific Prox1.CreERT2 deleter strain) did not recapitulate these
lymphatic defects (Online Fig. 111 D-1). The lymphatic phenotype in B55a/EC-KO embryos
might be explained by the fact that deletion of B55a. in vascular ECs caused excessive
blood vessel pruning. This, together with the resulting hypoxic microenvironment can affect
lymphatic network formation indirectly3® and thus induce lymphatic aberrations as observed
in pan-EC KO mice.

Overall, these data indicate that B55a has a very specific and unique role in the formation of
a blood vessel network but is dispensable in LECs.

Lack of endothelial B55a delays tumor progression

In contrast to the severe effects observed during development, neither EC-specific nor
ubiquitous deletion (using Rosa26.CreERT2 mice) of App2r2aled to lethality or any overt
organ defects when initiated in 8-10 weeks old adult mice (Online Fig. IV A-K). In addition,
also histological analysis of different organs from adult B55a./E€-KO mice did not reveal

any vascular or lymphatic defects (Online Fig. IV F-W). This is consistent with the fact

that Pop2rZa expression is downregulated in quiescent blood vessels of fully mature organs
in adult mice (Online Fig. I A-C) and supports the idea that B55a plays a crucial role

only during blood vessel remodeling while it is dispensable for the maintenance of vessel
quiescence.

Since tumor blood vessels are mostly immature36 and express high levels of Pop2r2a
(Online Fig. I D,E), we wondered whether B55a inhibition would induce pruning of these
aberrant vessels, similar to the effects we observed during development. Therefore, we
injected either LLC cells subcutaneously or EQ771 breast cancer cells orthotopically in
tamoxifen-treated control and B55a/EC-KO mice. We observed that EC-specific deletion of
B55a (Online Fig. IV D) resulted in a strongly delayed tumor progression and metastasis
formation in both models when compared to controls (Fig. 3A,D). Furthermore, the decrease
in tumor size and weight (Fig. 3B,E) was accompanied with enhanced tumor hypoxia and
necrosis (Fig. 3G-N). At the same time, we observed that also lung metastasis were reduced
in mutant mice (Fig. 3C,F). However, tumor cell extravasation was not directly altered by
lack of endothelial B55a (Online Fig. V B).

Although we did not find any defects in the vasculature of healthy organs, tumor blood
vessels of mutant mice had an altered shape, were less dense and less well connected when
compared to controls (Fig. 30-S,V). In addition, and reminiscent to the effects found during
development, lack of B55a led to an increased number of apoptotic ECs within the tumor
vasculature (Fig. 3S,U,V,X). However, this effect was restricted to immature and nascent
blood vessels, since the vascular density in adult organs did not changed upon loss of
endothelial B55a (Online Fig. IV F,G,L-W).
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Induction of B55a deletion following tumor resection inhibits metastatic growth and
prolongs survival

Our results in cancer cells?2:23 and the current data in ECs suggest that pharmacologic
inhibition of B55a/PP2A might represent an interesting approach in cancer therapy.
However, most clinical treatments only start after the main tumor is detected and surgically
resected. These approaches aim to inhibit metastasis progression, which account for the
majority of cancer related deaths®’.

To mimic this clinical setting, we injected wildtype LLC cancer cells in mice which were
not yet treated with tamoxifen (Fig. 4A). In line with the non-recombined Pop2r2a gene,
tumors in these mice progressed identical (Fig. 4B). Tumors were then surgically removed
at an average size of 700 mm3 and 3 days later tamoxifen treatment was initiated in order
to induce EC-specific Ppp2rZa deletion. As compared to control mice, EC-specific Pop2Zrza
deletion conferred a longer survival and a drastic reduction in lung metastasis (Fig. 4C-H).
Albeit having similar numbers of lung metastasis (Fig. 4D), lack of endothelial B55a led to
a delayed progression and reduced growth of these metastatic lesions (Fig. 4E-H). Similar
to the effects observed in primary tumors, blood vessel density within the angiogenic active
metastatic site was strongly impaired (Fig. 41-J).

Chemical inhibition of the PP2A phosphatase induces blood vessel pruning and delays
tumor progression in vivo

Although specific inhibitors for the B55a/PP2A are not currently available yet, the pan-
PP2A inhibitor LB100 was recently approved in a clinical phase 1 study for use in human
patients with 2 additional Phase 11 clinical trials still ongoing38-49,

In order to test whether LB100-mediated chemical inhibition of PP2A had an anti-
angiogenic effect, without affecting cancer or stromal cells directly, we conceived
experiments where sponges conditioned with tumor-conditioned medium were used to
monitor angiogenesis (Fig. 5A)33. Even at a low dose, LB100 was able to disrupt the
immature vascular network formation in sponges of WT mice but did not achieve any
further effect in B55a./EC-KO mice (Fig. 5B,C). Encouraged by these results, we then
analyzed the effects of low dose LB100 treatment on tumor progression. We found that
daily administration of LB100 reduced LLC tumor growth down to a similar extent as

in B55a/EC-KO (Fig. 5D,E) without showing any overt signs of toxicity (Fig. 5F). In
addition, also the reduction in tumor vessel density was comparable in both B55a.{EC-KO
and LB100 treated mice (Fig. 5G,H), resulting in increased tumor hypoxia under both
conditions (Fig. 51,J). As in B55a.{EC-KO mice, LB100-treated tumors did not alter the ratio
of pericyte-covered tumor blood vessels (Online Fig. V C). Overall, these data provide a
proof-of-principle that PP2A inhibitors have a potent apoptosis inducing effect on immature
vessels, which is mediated by the B55a/PP2A complex expressed in ECs.

B55a. deficiency induces apoptosis in maturating ECs but not in other cell types

We then set up a model to study the role of B55a. on EC apoptosis /n vitro. As a cell
system, we used HUVECSs seeded in growth factor supplemented medium, either sparse
or densely seeded. As used by several others#142, this is a simplified system comparing
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proliferative versusnon-proliferative angiogenic ECs, the latter resembling two features that
characterize the endothelial lining of remodeling blood vessels /.¢., cell contact inhibition
and the exposure to a cytokine and growth factor surge.

We found that B55a. was upregulated in densely-seeded ECs at both mRNA and protein
levels when compared to sparse ECs (Fig. 6A,B). Similar to the /n vivoresults, lentivirus-
mediated sShRNA knockdown (KD) of B55a led to a drastic decrease of EC numbers
specifically in dense HUVECs (Fig. 6C, Online Fig. VI B,C), which was mediated by
apoptosis induction in KD-ECs (Fig. 6D-H). Furthermore, treatment with the pan-Caspase
inhibitors zZVAD as well as qVD (Fig. 6F-H), but neither with the necroptosis inhibitor Necl
nor with an Caspase8 inhibitor (a mediator of the extrinsic apoptotic pathway) rescued EC
survival (Online Fig. VI E,F). Taken together, these data suggest that B55a loss leads to an
activation of the intrinsic apoptotic pathway in vascular ECs.

The apoptotic effect observed upon genetic silencing of B55a,, and recapitulated by using
the PP2A pan-inhibitor LB100 was far less pronounced in proliferating, sparse HUVECs
(Fig. 61-L) and restricted to vascular ECs, as PP2A inhibition in other cell types, such as
different cancer cell lines, macrophages or even LECs did not induce apoptosis (Online
Fig. VI D; Online Fig. 111 B,J,K). These data suggest that PP2A masters an anti-apoptotic
program which is crucial for the survival of neoformed endothelia but not of proliferating
ECs or other cell types.

B55a counteracts ROS in a PHD/HIF dependent manner

We then studied the mechanism through which B55a loss could induce EC apoptosis

in the neoformed vessels of the remodeling vascular plexus. Given the involvement of
PHD2/HIF in vessel remodeling?243 and ROS scavenging®12-14, as well as our previous
work showing a B55a.-mediated regulation of PHD2 activity and vice versa22:23, we
initially focused on this signaling axis. When HUVECs were grown from sparse to dense

in the presence of MnTBAP, a well-characterized ROS-scavenging molecule*#4°, protein
upregulation of B55a was strongly prevented (Fig. 7A). Furthermore, only non-proliferative
ECs cultured under dense conditions were protected against H,O, induced ROS-stress

in a B55a.-dependent manner (Fig. 7B,C). In line with our work in cancer cells, B55a
accumulation in dense HUVECs allowed HIF1a and HIF2a stabilization even under
normoxia, while protein levels of HIF1/2a were strongly reduced upon B55a.-KD (Fig.
7D). Treatment with the PHD2 inhibitor DMOG reversed this effect in B55a-KD HUVECs
and led to a reduction in cell stress, indicated by reduced levels of phospho-elF2a and p21
(Fig. 7E).

Interestingly, sparse HUVECs upregulated B55a. already after exposure to low doses of
H,0, (50uM), which had no effect on ROS-protected, dense ECs (Fig. 7F). In contrast,
exposure to high doses of H,0,, (500uM), which was lethal for sparse HUVECs, led to
further upregulation of B55a in dense HUVECs. This supports the idea that ECs upregulate
B55a in order to counteract otherwise lethal levels of ROS. In addition, DMOG treatment
in B55a-KD HUVECs (Fig. 7G) restored the expression of ROS-scavenging genes back to
the levels measured in B55a-proficient HUVECSs (Fig. 7H-K). As a consequence, DMOG-
treated B55a-KD HUVECSs showed a restored capacity to counteract ROS and a partial but
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significant rescue in cell survival (Fig. 7N-P). These results suggest that B55a/PP2A elicits
a HIF-mediated anti-oxidative program via PHD2 inhibition?2.

To show whether this signaling axis had a relevance /n vivo directly on ECs without having
a bias interpretation due to the indirect response of cancer or tumor stroma cells, we
performed sponge assays in control and B55a.{EC-KO mice. In line with our /n vitro results,
sponges implanted in B55a/EC-KO mice had very few blood vessels, but DMOG treatment
led to a significant rescue (Fig. 7Q,R).

Though DMOG is a non-specific PHD2 inhibitor, based also on our previous findings22:23
we can speculate that B55a is upregulated in non-proliferative ECs of the neoformed
vascular plexus in order to inhibit PHD2 and allow a HIF-mediated response that protects

the nascent endothelium against oxidative stress, a condition linked to the onset of blood
f|0W9,12—14

B55a/PP2A modulates a cell stress response by dephosphorylating p-p38

Given that DMOG treatment only partially improved the survival of ECs lacking B55a

both in vitroand in vivo, we speculated that an additional B55a dependent signaling axis
was involved in the regulation of EC apoptosis. We found that p38 phosphorylation in
B55a-KD HUVECs was higher than in control cells (Fig. 8A), an effect persistent after
inhibition of PHD2 (Fig. 7E). We hypothesized that B55a/PP2A might be able to regulate
p38 signaling either directly or indirectly by modulating upstream activators such as AMPK
and PKR1546:47 By performing co-immunoprecipitation experiments we found a direct
binding of B55a to p38 (Fig. 8B), but no interaction with AMPK or PKR (Online Fig. VI H)
in samples derived from densely seeded HUVECSs.

In line with previous findings, showing that prolonged phosphorylation and thus hyper-
activation of p38 results in EC apoptosis!®, chemical inhibition of p38 improved survival

in B55a-KD ECs by normalizing p38 activity levels in these cells (Fig. 8C-E). In contrast,
acute pharmacological blockade of p38 promoted cell death in control ECs. This could be
explained by the fact that also too low levels of p38 activation induces apoptosis in ECs (Fig.
8E)15,

To assess if prolonged activation of p38 after B55a deletion played a role for our phenotype
in vivo, we used again the sponge implantation model. In line with our /n vitro data,
chemical inhibition of p38 led to a dose dependent rescue of blood vessel density in
B55a/EC-KO mice while having the opposite effect in control mice (Fig. 8G-H). This
supported the idea that p38 activity, precisely controlled by the B55a/PP2A phosphatase, is
crucial for optimal blood vessel formation also /in vivo.

Discussion

Early publications dealing with vascular remodeling often described blood vessel pruning as
angiogenesis occurring in reverse. In this scenario, the onset of blood flow would cause a
withdrawal of pro-angiogenic survival factors, leading to an apoptosis mediated removal of
abundant ECs1148, However, in order to generate a highly effective and functional network,
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a plethora of well-coordinated processes are occurring at the same time and have to be
tightly regulated. Although some of these pathways might be shared with early angiogenic
processes, additional and yet unidentified molecular regulators might be important at later
stages only. In contrast to the early steps of angiogenesis, these later remodeling processes
are only poorly understood.

In this work, we genetically deleted B55a in ECs and found that, while B55a is dispensable
for initial vessel formation, it plays a major role in the remodeling vasculature. Consistently,
genetic deletion of B55a led to enhanced EC apoptosis within the remodeling plexus and
thus to a drastic pruning of the initially formed but still immature vasculature. Interestingly,
chemical pan-PP2A inhibition had no additional effects on blood vessel pruning in B55a./EC-
KO mice, suggesting that these signaling pathways and vascular remodeling are mainly
regulated by the B55a/PP2A holocomplex but not any of the other 26 regulatory subunits.

Our findings imply that B55a is upregulated at the late stages of vessel formation when
some of the newly formed vessels will undergo maturation while others undergo pruning,
overall increasing the efficiency of the vascular network and thus tissue perfusion. Thereby,
expression of B55a allows immature blood vessels to undergo the way of maturation while
ECs lacking B55a. would be unprotected against cell stress, especially after the start of
blood flow or in the harsh tumor microenvironment. As a result, deletion of B55a. leads

to a less dense vascular network by inducing EC apoptosis and hyperpruning of nascent
blood vessels. However, lack of B55a. did not affect early angiogenic processes such as
angiogenic sprouting or fully mature blood vessels. The upstream regulation of B55a
during angiogenic blood vessel remodeling has been recently ascribed to the engagement
of endothelial integrin a5p1 which, upon binding to fibronectin, would favor the formation
and stabilization of a B55a./PP2A complex?®.

The role of B55a. in the remodeling vasculature is supported by another publication,
showing a similar phenotype in developing zebrafish embryos24. However, this previous
study suggests that EC apoptosis might be secondary to a diminished blood flow following
blood vessel collapse®V. In contrast, the combination of our in vitroand in vivo data show
that EC apoptosis in the remodeling blood vessels upon B55a deletion occurs independent
of and even precedes the retraction of immature blood vessels. The lack of sprouting defects
and identical vessel densities in the immature vascular plexus also suggest that ECs did

not just become less responsive to angiogenic stimuli per se. In contrast, B55a has a very
specific role in restricting EC-apoptosis during vascular remodeling.

Since the onset of blood flow leads to a strong burst of ROS, ECs in the immature

plexus have to find a way to counteract this cell stress. Previous publications from us

and other labs showed an interaction between B55a and PHD2/HIF, which can counteract
ROS-mediated cell stress, so we first focused on this signaling axis®1912-14 \We found that
B55a expression in dense HUVECs indeed allowed for the engagement of a vasoprotective
HIF1251 signaling that leads to the upregulation of genes counteracting ROS.

However, inhibition of PHD2 using DMOG only led to a partial rescue in B55a-KD ECs
in vitro and in vivo, thus implying the involvement of PHD2-independent mechanisms in
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the regulation of EC survival by B55a. It is known that also a proper balance of p38
activation is crucial for EC survival under cell stress conditions, such as the onset of blood
flow!®. Complete loss of p38 is embryonically lethal due to defects in placental blood vessel
formation®2. However, also overactivation of p38 induces EC apoptosis, as was mainly
shown in vitrot553, Taken together, these data suggest that the proper balance of p38
activity is crucial to ensure EC survival under cell stress conditions. Our data suggest that
B55a/PP2A maintains this fine balance by dephosphorylating p38, resulting in normalized
levels of p38 activation. Initial activation of p38 can be triggered by multiple stimuli such
as cell stress or growth factors®*. Therefore, in our settings, initial p38 phosphorylation
might slightly differ /in vivoand in vitro. As an example, HUVEC medium contains plenty
of cytokines and growth factors which can activate p38 signaling. Unlikely, in perfused
blood vessel elevated levels of oxygen and physical cell stress might play the major role in
inducing p38 activation.

Although, we cannot fully exclude that, besides p38 and PHD2, B55a./PP2A could fine-tune
EC survival in remodeling blood vessels by dephosphorylating additional substrates*® our
rescue experiments /n vivo strongly support the idea that p38 and PHD2 are the main targets
in this context.

From a therapeutic point-of-view, our data show that both genetic deletion of B55a and

a pan-PP2A phosphatase inhibitor hinder primary tumor growth by inducing EC apoptosis
in the most immature blood vessels. Furthermore, genetic deletion of B55a reduced the
metastatic burden and extended survival in a model of metachronous disease /.e. a metastatic
relapse in the absence of primary tumor. Finally, of the two cancer models tested, namely
E0771 and LLC tumors, the latter is known to be unresponsive to traditional anti-angiogenic
therapies such as VEGF(R) inhibitors®>26, Altogether, these data pave the way for the
design of B55a/PP2A blockers and suggest their use as single agents or in combination
with VEGF-targeted therapies to overcome resistance in cancer treatment. The observations
that B55a was not detectable in fully mature, stabilized blood vessels of adult organs,

and that mural cell-covered tumor blood vessels were still detectable in B55a./EC-KO (or
LB100-treated) mice, lead to additional clinical speculations. Firstly, B55a/PP2A blockers
or pan-PP2A inhibitors affect only remodeling blood vessels whereas VEGF(R) inhibitors
mainly target hyperactive ECs. Yet, B55a/PP2A blockers or pan-PP2A inhibitors would
spare mature vessels. In tumors, mature and “normalized” vessels are the routes for anti-
cancer drugs (such as chemotherapy) to get into the tumor!2. In healthy organs, disturbance
of blood vessel homeostasis causes severe side effectsl’ as observed in the clinical use

of anti-VEGF(R) drugs29-36:57, Thus, B55a./PP2A inhibition can be complementary to
VEGF-targeted therapies, but tackle pathological blood vessels more selectively than current
antiangiogenic drugs.

In summary, by gaining a mechanistic understanding of processes controlling blood vessel
remodeling and maturation we were able to identify a novel and yet unexplored target for
multiple clinical interventions®8.
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What is new?

B55a/PP2A elicits a HIF- and p38-dependent survival program during vascular
remodeling that protects ECs against (oxidative) cell stress.

What arethe clinical implications?

B55a/PP2A inhibitors work in a complementary manner to anti-VEGF drugs, offering an
alternative in case of resistance to these therapies.
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Figure 1. B55a is highly conserved among species and plays an essential role during embryonic
development

(A) Analysis of B55a protein and mRNA sequences showing a high conservation between
species.

(B) Expression of B55a in embryonic tissue at day 14.5 post fertilization (=E14.5) assessed
by RNAscope (scale bars: 1000um in overview and 50um in smaller images).

(C) Ratio of surviving embryos at different stages during development in percent of the
expected Mendelian ratio.

(D) Western Blot analysis of tissue samples from control, heterozygous and homozygous
KO embryos at E12.5.
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(E) Quantitative analysis of B55a RNA levels using gPCR in control, heterozygous and
homozygous KO embryos at E12.5 (n = 4 embryos per group)

(F) Quantitative analysis of B55a protein expression in tissue samples from control,
heterozygous and homozygous KO embryos at E12.5 (n = 5 embryos per group).

(G) Representative images of surviving littermate controls and Pgp2r2a Full KO embryos at
embryonic stage E14.5.

(H,J,L) Representative images of embryonic skin samples from Ppp2r2a KO and littermate
controls stained for Collagen IV and CD31* blood vessels (J) and Lyvel* lymph vessels (L)
(Scale bars: 100 pm).

(1,K,M) Quantitative analysis of Collagen IV* / CD31" pruning blood vessels (n = 6 per
group) (1), CD31* blood vessel area (n = 3 per group) (K) and Lyvel* lymph vessel area (n
> 4 per group) (M) in surviving embryos at stage E14.5.

Pvalues are *p<0,05; **p<0,001; ***p<0,001; ****p<0,0001.

Graphs show standard error of the mean (SEM).
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Figure 2. Endothelial loss of B55a. leads to severe vascular and lymphatic defects during
embryonic development resulting in embryonic lethality

(A) Representative images of E14.5 embryos lacking endothelial B55a and littermate
controls. (B-D) Whole mount skin samples stained for lymph vessel marker Lyvel (C)
and the blood vessel marker CD31 (Scale bar: 200um) (D)

(E,F) Quantitative analysis of lymph vessel diameter (n = 4 embryos per group) (E) and
blood vessel density in the remodeling vascular plexus (n = 12 embryos per group) (F).
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(G,I) Apoptotic ECs in the remodeling vascular plexus indicated by immunostainings
against CD31 and cleaved Caspase3 (Scale bar: 100um) (G) and quantitative analysis
thereof (1).

(H,J) Pruning blood vessels, visualized by Co-staining of CD31* and CD31-/ CollagenlV*
empty sleeves (Scale bar: 100um) (H) and quantitative analysis thereof (n = 4 per group) (J).
(K,M) Representative images of whole embryos at stage E16.5 showing differentially
affected mutants and statistical quantifications thereof (M).

(L,N,O) Representative images of embryonic skin samples stained for CD31" blood vessels
and Lyvel* lymph vessels (L) and statistical analysis thereof (Scale bars = 200um) (N,O)
The statistical analysis was performed on 9 embryos per group for (N) and 4 embryos per
group for (O).

Pvalues are *p<0,05; **p<0,001; ***p<0,001; ****p<0,0001.

Graphs show standard error of the mean (SEM).
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Figure 3. EC specific deletion of B55a leadsto a strong delay in tumor growth lung metastasis,
dueto areduced number of blood vessels.

(A-F) Tumor progression after EC specific deletion of Pop2r2a following the subcutaneous
injection of LLC cancer cells, showing delayed tumor growth, a smaller tumor burden and
less lung metastasis in mutant mice (n = 8 per group) (a-c) and orthotopically injected
EQ771 breast cancer cells (n =9 per group) (D-F).

(G-J) Representative images and quantifications of hypoxic areas in LLC (G,H) and E0771
tumors (n = 8 per group, Scale bars = 100um) (1,J).

(K-N) Representative images and quantifications and of necrotic areas in LLC (K,L) and
EO0771 tumors (n = 7 per group, Scale bars = 400um) (M,N)

(O-T) 70um thick cryosections of LLC (O,S) and E0771 (Q,V) tumors stained for CD31*
blood vessels and the apoptosis marker cleaved Caspase3 and statistical analysis of blood
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vessel density (P,R), total area of apoptotic (tumor) areas (T,W) and cleaved Caspase3™ ECs
(U,X) (n = per group, Scale bars (O,Q) = 100um; Scale bars (S,V) = 10um).

Pvalues are *p<0,05; **p<0,001; ***p<0,001; ****p<0,0001.

Graphs show standard error of the mean (SEM).
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Figure 4. Deletion of B55a in the endothelium after removal of the main tumor delays metastatic

growth and prolongsthe survival of mutant mice.
(A) Schematic layout of the depicted experiment.

(B) Quantitative analysis of tumor size at the time point of tumor resection showing no
differences between littermate controls and non-tamoxifen injected mutant mice.

(C) Quantitative analysis showing the survival rates of littermate controls and mutant mice
after main tumor resection and subsequent tamoxifen induced depletion of endothelial

PppZr2a.

Circ Res. Author manuscript; available in PMC 2024 September 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ehling et al.

Page 25

(D) Quantitative analysis of the number of lung metastasis at the end stage of the
experiment.

(E,F) Representative overview images showing metastatic lungs from tamoxifen treated
littermate controls and mutant mice (E) and the quantitative analysis thereof (F).

(G,H) Representative images showing H&E stained lungs showing healthy lung areas and
the dense metastatic areas in littermate controls and mutant mice (G) and the quantitative
analysis thereof (H).

(1,J) Representative images showing the vasculature within lung metastasis in littermate
controls and mutant mice (Scale bar = 200um) (1) and the quantitative analysis thereof (J).
The statistical analysis was performed on a minimum of 8 animals per group.

Pvalues are *p<0,05; **p<0,001; ***p<0,001; ****p<0,0001.

Graphs show standard error of the mean (SEM).
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Figure 5. Chemical inhibition of the PP2A phosphatase induces blood vessel pruning and delays

tumor progression in vivo.

(A) Schematic representation and time frame of the sponge implantation assay shown in

(B.C)

(B, C) Representative images of sponges stained for CD31* blood vessels (Scale bar:

100um)
(B) and quantitative analysis thereof (n = 7 per group) (C).
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(D-F) Subcutaneous LLC tumor growth (D) and final tumor burden (E) after EC-specific
deletion of Ppp2r2a or systemic LB100 treatment (alone and in combination), showing a
similar delay in cancer progression when compared to untreated wildtype mice, albeit no
significant changes in total body weight (F).

(G, H) 6um thin paraffin sections of tumor samples stained for CD31+ blood vessels (Scale
bars: 100um) (G) and statistical analysis of blood vessel density (H).

(I, J) Representative images (Scale bars: 200um) (1) and quantifications (J) of
pimonidazole-positive tumor areas, indicating hypoxic regions.

Pvalues are *p<0,05; **p<0,001; n = 4 mice per condition in A-G.

Graphs show standard error of the mean (SEM).
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Figure6. In vitro, B55alphaisupregulated in a density dependent manner and needed to protect
HUVECs against activation of the endogenous apoptosis pathway.

(A,B) Analysis of B55a. expression in HUVECs cultured at different densities, showing an
upregulation in a density dependent manner on RNA (A) and protein level (B).
(C-E) Analysis of living ECs after KD of B55a showing a drastic reduction of living

HU

VECs

(C) and simultaneously an upregulation of apoptosis markers as analyzed by FACS (C) and
WB (E).
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(F-H) Immunostainings of B55a-KD HUVECs treated with pan-Caspase inhibitors (qVD
or zZVAD) for Phalloiding (green), the apoptosis marker cleaved Caspase3 (red) and Hoechst
(Scale bar: 100um) (F) and quantitative analysis thereof (G-H).

(1) Schematic representation and timeline of the experiments depicted in (J) and (K).

(J,K) Analysis of living HUVECs after KD of B55a showing a stronger induction of
apoptosis in dense HUVECSs, mimicking a more quiescent-like phenotype.

(L) Results showing that chemical inhibition of PP2A phosphatase activity recapitulates the
reduction of living HUVECSs in dense conditions, while barely affecting sparse HUVECs.
All statistical analysis was conducted on a minimum of 3 samples per group and are
representative from 3 independent repetitions.

Pvalues are *p<0,05; **p<0,001; ***p<0,001; ****p<0,0001.

Graphs show standard error of the mean (SEM).
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Figure 7. B55a. induces cell protection against ROS and cell stresspartially in a PHD dependent
manner

(A) WBs showing that the upregulation of B55a under dense conditions can be partially
inhibited with the ROS scavenger MnTBAP

(B) ROS sensitivity assay analyzing the differential effects of HoO»-induced ROS on sparse,
confluent and dense HUVECSs.

(C) Analysis of ROS sensitivity in qVD treated HUVECSs showing the differential response
of B55a-KD HUVECS to H,0, induced ROS-stress under dense conditions.
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(D,E) WB analysis of different proteins indicating increased cell stress (such as p-elF2a
and p21), proteins involved in counteracting cell stress (HIF1a, HIF2a, p-AKT) and the
apoptosis marker cleaved Caspase3 in B55a.-KD and DMOG treated HUVECs.

(F-M) gPCR-based expression analysis of B55a (F,G), genes counteracting ROS (Catalase
(H), SOD1 (1), SOD2 (J), GLRX (K)) and EC maturation markers such as total Vegfrl (L),
and VEcadherin (M).

(N-P) Staining of Phalloidin and Hoechst in DMOG treated B55a.-KD and control HUVECs
(Scale bar: 100um) (N) and quantification of the increased resistance to H,O, (O) and cell
survival (P).

(Q,R) Representative images of sponges stained for CD31* blood vessels (Scale bar:
300pm)

(Q) and quantification thereof (n = 6 per group) (R).

Pvalues are *p<0,05; **p<0,001; ***p<0,001; ****p<0,0001.

Graphs show standard error of the mean (SEM).
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Figure 8. B55a dephosphorylates p-p38 and thereby inhibitsits prolonged and apoptosis
inducing activity

(A) WB analysis showing that KD of B55a leads to elevated levels of activated p-p38, while
not affecting the total levels thereof.

(B) Co-IP experiments performed in dense HUVECs showing a direct interaction between
B55a and p38.
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(C,D) Cultured Ctrl and B55a.-KD HUVEC:S stained for Phalloidin and Hoechst (Scale
bar 100um) (C) showing a dose dependent rescue of cell numbers by inhibition of p38 in
B55a-KD, but not in control cells (D).

(E) Schematic representation of p38 control on EC apoptosis, explaining the results of the
experiments depicted in (A) and (D).

(F-H) Immunostainings for CD31* blood vessels of implanted sponges derived from control
and B55a.{EC-KO mice (Scale bar: 300pm) (F), showing a dose dependent improvement of
vessel density after p38 inhibitor treatment in B55a/EC-KO hut not in control mice (G,H).
(I Graphical abstract summarizing our findings and the proposed mechanism

Pvalues are *p<0,05; **p<0,001; ***p<0,001; ****p<0,0001.

Graphs show standard error of the mean (SEM).
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