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ABSTRACT

Glioblastoma (GBM) is amongst the deadliest human cancers and is characterized by high levels
of vascularisation. Angiogenesis is highly dynamic during brain development and almost quiescent
in the adult brain, but is reactivated in vascular-dependent CNS pathologies such as brain tumors.
Nucleolin (NCL) is a known regulator of cell proliferation and angiogenesis, but its roles on
physiological and pathological brain vasculature remain unknown. Here, we studied the expression
of Nucleolin in the neurovascular unit (NVU) in human fetal brains and human gliomas in vivo as
well as its effects on sprouting angiogenesis and endothelial metabolism in vitro. Nucleolin is
highly expressed in endothelial- and perivascular cells during brain development, downregulated
in the adult brain, and upregulated in glioma. Moreover, Nucleolin expression in tumor- and blood
vessel cells correlated with glioma malignancy in vivo. In culture, siRNA-mediated NCL
knockdown reduced human umbilical vein endothelial cell (HUVEC) sprouting angiogenesis,
proliferation and filopodia extension, and reduced glucose metabolism. Mechanistically, RNA
sequencing of Nucleolin knockdown in HUVECs revealed a putative pS3-TIGAR-HK2 regulation
of endothelial glycolysis. These findings identify Nucleolin as a neurodevelopmental factor
reactivated in glioma that positively regulates sprouting angiogenesis and endothelial metabolism.

Our findings have important implications in therapeutic targeting of glioma.
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INTRODUCTION

Glioblastoma (GBM) is a type of glial brain tumor with a putative stem cell origin'-2, and represents
the most common malignant primary brain tumors®. GBMs are amongst the deadliest human
cancers, with a less than 15-month median survival and a 5-year survival of only 5%%¢. Standard
treatment of care involves maximal surgical resection followed by chemotherapy and
radiotherapy®’. GBM almost invariably recurs and there is currently no therapy that prolongs
survival after tumor recurrence. In order to achieve significant improvements in GBM therapy and
clinical outcomes, a better understanding of the cellular and molecular mechanisms that drive GBM
growth, propagation, and therapeutic resistance is required.

A typical feature of GBMs is their high grade of vascularization established by angiogenesis, the
growth of new blood vessels from pre-existing ones®!°. GBM growth is highly dependent on
angiogenesis and mutual interaction among the cellular components of the neurovascular unit
(NVU)/perivascular niche (PVN) including endothelial- and perivascular cells such as pericytes,
astrocytes, neurons, macrophages, microglia, and neuronal stem cells'!. Accordingly, therapeutic
approaches targeting angiogenesis and the NVU in GBM have been proposed*!?'4. However,
despite promising preclinical data, anti-angiogenic agents have failed to show a survival benefit in
randomized controlled trials in GBM patients*!2. This is mainly due to our limited knowledge
about the cellular and molecular mechanisms regulating angiogenesis and the NVU in brain
tumors®89-11,15,16.
Whereas angiogenesis is highly dynamic during brain development, the brain vasculature is mostly
quiescent in the adult brain with only few proliferating endothelial cells ensuring a stable blood-
brain barrier (BBB)!>!713, Interestingly, angiogenesis and the NVU are reactivated in a variety of
angiogenesis-dependent central nervous system (CNS) pathologies such as brain tumors, brain
vascular malformations, or stroke®!!:151819 However, the molecular signaling cascades reactivated

in brain tumors remain elusive. For instance, whether there is molecular similarity between
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developmental- and tumor angiogenesis, and how neurodevelopmental pathways regulate brain
tumor (vessel) growth remains poorly defined. Thus, in order to better understand pathological
brain tumor vasculature, a molecular understanding of normal vascular brain development is
crucial'>17:19,

During development, the brain vascular network is established in multiple steps during
embryogenesis as well as at the postnatal stage'>2%2!, After initial formation of the perineural
vascular plexus (PNVP) surrounding the CNS via vasculogenesis (= de novo formation of blood
vessels from angioblasts), the brain is predominantly vascularized by sprouting angiogenesis (=
formation of new blood vessels from pre-existing ones)!>2%?2, During sprouting angiogenesis,
specialized endothelial tip cells at the forefront of a growing vascular sprout extend filopodia to
guide growing vessels'>?324, Behind the endothelial tip cells, endothelial stalk cells proliferate to

t 23,25

further elongate the vascular sprou , and quiescent endothelial phalanx cells line the parental

vessel'®. After fusion of neighboring sprouts, pericytes and perivascular astrocytes are recruited to
stabilize the vessel sprout and allow the formation of functional BBB microvessels!!:!%15:16,
Interestingly, endothelial tip cells drive sprouting angiogenesis during both development and in
tumors®>-232627 For instance, endothelial tip cells have been shown to exert crucial regulatory
effects via interaction with tumor cells within the perivascular niche in tumors outside the CNS28-2°,
However, even though peri-/neurovascular crosstalk and metabolism are crucial features of brain
tumors’%11:12:27:30-34 "legg is known about how developmental signaling pathways are reactivated in

brain tumors to regulate angiogenesis, perivascular crosstalk, and endothelial metabolism?®12:3031,

Nucleolin (NCL) is a multifunctional and widely expressed protein found in various cell
compartments of eukaryotic cells (nucleoplasm, nucleolus, cytoplasm and plasma membrane)™®. It
has been described as the most abundant non-ribosomal component of the nucleolus and its main

functions are the regulation of ribosome biogenesis and ribosomal RNA (rRNA) synthesis®5-38,
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Moreover, it regulates a variety of other fundamental biological processes such as cell cycle,
senescence, apoptosis, and angiogenesis®>-3%-37,

Upregulation of Nucleolin in CNS and non-CNS cancer cells is associated with poor prognosis and
promotes cell proliferation and rDNA transcription to sustain a high level of protein synthesis*’-3.
Nucleolin was also shown to prevent breast tumor cell apoptosis by promoting BCL2 expression)
and reducing p53 translation***®, Nucleolin expression increases with increasing malignancy grade

43,47-49

and proliferation rate in both human and mouse glial brain tumors , indicating its pro-

proliferative role in glioma. Furthermore, Nucleolin was found to be present in GBM stem cells>%>!,
and may constitute a histopathological marker for glioma grading and a possible tool for targeted
therapy®!.

Regarding angiogenesis, Nucleolin was shown to be upregulated at the cell surface of endothelial
cells in angiogenic vessels in breast tumor xenografts in vivo®. At the cell surface, Nucleolin serves
as a receptor for various ligands such as Endostatin®® and Pleiotrophin®¥, with inhibitory and
promoting effects on carcinogenesis and angiogenesis. Moreover, Nucleolin was shown to regulate

endothelial cell motility and tube formation in vitro®>, and targeting endothelial cell surface

Nucleolin induced endothelial apoptosis and vessel normalization in a pancreatic tumor mouse

model’%7.

However, the role of Nucleolin in angiogenesis of the developing human brain and in human
gliomas CNS has not been investigated and the role of Nucleolin in vascular endothelial cells
remains poorly understood. Here, using a variety of in vivo and in vitro assays, we show that
Nucleolin is a neurodevelopmental factor regulating sprouting angiogenesis in the developing CNS

and is reactivated in glial brain tumors.


https://doi.org/10.1101/2020.10.14.337824

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.14.337824; this version posted October 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

RESULTS

Nucleolin is a neurodevelopmental protein that is silenced in the healthy adult brain and
reactivated in the NVU/PVN of glial brain tumors

During development, the brain is predominantly vascularized by sprouting angiogenesis . At the
embryonic stage, the perineural vascular plexus in the leptomeninges surrounding the brain is
formed via vasculogenesis, followed by the radial growth of penetrating microvessels into the CNS
parenchyma®. To address the question whether Nucleolin constitutes a neurodevelopmental
protein that is reactivated in brain tumors, we performed immunofluorescence microscopy of the
main NVU/PVN cellular components of human fetal brain, of human normal adult brain, and
human glial brain tumors. Nucleolin was highly expressed during fetal forebrain neocortex
development, at gestational week 18 (GW18) and GW22, significantly downregulated in the adult
brain, and then upregulated in brain tumors, as revealed by immunofluorescence staining against
Nucleolin and the nuclear marker TO-PRO-3%° (Fig. 1a-c,p). Moreover, Nucleolin expression was
present throughout the nucleoplasm during fetal development but was restricted to the nucleolus in
the adult human brain (Fig. 1a,b). In GBM, Nucleolin expression was detected across the entire
nucleoplasm and appeared similar to the pattern observed during fetal development (Fig. 1a,c).
With regard to its cellular expression within the NVU, Nucleolin was expressed in both endothelial-
and perivascular cells (Fig. 1d-o). Nucleolin was highly expressed in cells labeled with the
endothelial marker cluster of differentiation 31 (CD31) during brain development, where 84% of
CD31" endothelial cells showed Nucleolin expression across the entire nucleoplasm (Fig. 1d, q).
Nucleolin was significantly downregulated in the adult brain with 16% of the CD31"cells being
Nucleolin® endothelial cells (predominant nucleolar expression) (Fig. 1e,q), but was significantly
upregulated in GBM endothelial cells, where 67% of the CD31" were Nucleolin® (nucleoplasm and
nucleolar expression), similar to its expression in fetal brain (Fig. 1d,f,q). Nucleolin was also highly

expressed in CD105" angiogenic endothelial cells during fetal brain development and in GBM,
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with 75% and 74% CD105"/Nucleolin® double-positive endothelial cells, respectively (Fig. 1g,i,r),
whereas only 13% CD105+/Nucleolin® endothelial cells could be observed in adult brain slices
(Fig. 1h,r), consistent with the reported quiescence of endothelial cells in the adult normal

brain15,59,61

Within the NVU, blood vessel endothelial cells are in contact with perivascular supportive cells
such as pericytes, astrocytes, and neuronal stem cells!>3%62-65 Therefore we assessed the expression
of Nucleolin in pericytes and perivascular astrocytes. Glial fibrillary acidic protein (GFAP)*
astrocytes formed typical patterns by contacting endothelial cells and showed very strong Nucleolin
expression during fetal brain development with 95% of GFAP*/Nucleolin® astrocytes (Fig. 1j,s).
In contrast, in the adult brain, Nucleolin was significantly downregulated in GFAP* astrocytes with
only 24% GFAP*/Nucleolin® (no restriction to nucleolus observed), but showed a significant
upregulation in glioblastoma with 84% of GFAP*/Nucleolin® astrocytes (Fig. 1j,k,s). Interestingly,
neuron-glial antigen 2 (NG2)" pericytes showed low Nucleolin expression in fetal brain
development with only 13% NG2*/Nucleolin® pericytes as well as in the adult brain with 7%
NG2*/Nucleolin® pericytes (Fig. 1m,n,t). However, Nucleolin was significantly upregulated in
human glioblastoma with 57% NG2*/Nucleolin® pericytes (Fig. 10,t).

Taken together, these data reveal that Nucleolin is highly expressed in endothelial- and certain
NVU cells (astrocytes > pericytes) during fetal brain development, is subsequently downregulated
in the adult brain, and is reactivated in GBM. This supports Nucleolin as a neurodevelopmental
protein that is reactivated in human glial brain tumors after downregulation in the quiescent adult

NVU.

Nucleolin expression within the NVU correlates with glial brain tumor malignancy and

progression
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Glial brain tumors are characterized by tumor progression from low- to high grade tumors,
described by World Health Organisation (WHO) grades I-IV, whereas gliomas grade I and II are
low-grade-, and grade III and IV (= glioblastoma) are malignant (= high-grade) brain tumors®®-¢7,
In order to address the expression of Nucleolin in glial brain tumor progression, we referred to
tissue microarrays (TMAs) of human glioma stained immunohistochemically for Nucleolin and the
nuclear marker Mayer’s hemalum (Fig. 2a-d). Nucleolin expression was markedly upregulated in
human glial brain tumors as compared to the adult normal brain (Fig. 2a-d, e). Moreover, Nucleolin
expression was significantly increased during glial tumor progression, ranging from 32% of
Nucleolin® cells in WHO grade 1 glioma to 57% in glioma grade IV (= glioblastoma) (Fig. 2e).
Nucleolin showed a significant upregulation from low grade (WHO grade I and II) to high grade
glioma (WHO grade III) as well as a significant increase from WHO grade III to WHO grade IV
glioma (= glioblastoma) (Fig. 2a-d, f). In recurrent glioblastoma, Nucleolin expression showed a
slight but significant decrease in expression as compared to primary glioblastoma (Fig. 2e).
Nucleolin expression correlated well with the established proliferation marker Ki-67 in all glioma
grades (Fig. 2g).

Based on Nucleolin’s expression within perivascular cells of the developmental- and tumoral NVU,
we first aimed to address its effects on tumoral cell proliferation. To determine whether Nucleolin
promotes GBM cell proliferation, Nucleolin was knocked down in the human glioblastoma cell
lines LN-229% and LN-187° as well as in freshly isolated primary human glioblastoma cells (GBM-
1) using siRNA (data not shown). Cell proliferation of LN-229, LN-18, and GBM-1 was inhibited
by siRNA-mediated knockdown of Nucleolin (Fig. 2h) compared with scrambled controls, in
agreement with the previously reported strong pro-proliferative effect of Nucleolin in human
glioblastoma cells**"!,

Next, we examined the immunohistochemical expression of Nucleolin in tumor blood vessels. In

agreement with our immunofluorescent data in GBMs (see Fig. 1f,y), Nucleolin was indeed present
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in the wall of tumor blood vessels, showing an increased expression during glial tumor progression
(WHO I — IV, Fig. 2i-l), further suggesting a regulatory effect on human glial brain tumor
angiogenesis.

Taken together, these data indicate that Nucleolin expression is reactivated in tumor- and tumor-

associated endothelial cells within the NVU during human astrocytic tumor progression.

Nucleolin is expressed within the NVU and in sprouting endothelial tip cells, and promotes
the number of tip cell filopodia during brain development in vivo

Nucleolin has been shown to affect tumor growth and angiogenesis*->%3%7172 but the underlying
cellular and molecular mechanisms of its roles in the NVU/PVN and on sprouting angiogenesis
during brain development remain unclear.

To assess whether Nucleolin affects sprouting angiogenesis and endothelial tip cells during brain
development, we addressed Nucleolin expression in the vicinity of sprouting blood vessels in the
human fetal brain. CD105-labeled endothelial tip cells with their typical, finger-like protruding
filopodia could be recognized in GW 18 and 22 human fetal brain forebrain (Fig. 3a-d). Nucleolin
was expressed in CD105" endothelial tip-, stalk-, and phalanx cells (Fig. 3a-d) as well as in
perivascular cells surrounding sprouting capillary endothelial tip cells (filopodia) (Fig. 3a-d). We
observed Nucleolin in nuclei of CD105" endothelial tip-, stalk-, and phalanx cells but not on the
(endothelial- and perivascular) cell surface and not in filopodia protrusions (Fig. 3a-d).

We examined if Nucleolin expression affected the number of endothelial tip cell filopodia, and
observed a lower number of filopodia in endothelial tip cells with low Nucleolin expression (Fig.
3e,f) and a higher number of filopodia in endothelial tip cells with high Nucleolin expression (Fig.
3g,h). Accordingly, we quantified the number of filopodia in Nucleolin”/CD105" endothelial tip

cells and assessed Nucleolin expression for each tip cell. Indeed, the number of filopodia positively
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correlated with Nucleolin expression in the tip cells, as revealed by median fluorescent intensity
(Fig. 31).
These results strongly suggest that Nucleolin positively regulates the number of endothelial tip cell

filopodia in the human fetal brain.

Nucleolin promotes HUVEC sprouting angiogenesis in vitro

Based on these expression studies suggesting a role for Nucleolin in sprouting angiogenesis and
endothelial tip cell filopodia in vivo, we next investigated the functional role of Nucleolin in human
angiogenic endothelial cell sprouting in vitro. We used siRNA, to knock-down Nucleolin in human
umbilical vein endothelial cells (HUVECS), and stained them with phalloidin to reveal the F-actin
cytoskeleton (Fig. 4a-d). In Nucleolin siRNA-treated HUVECs (HUVECNueleolin KD) “Nycleolin
expression was decreased and confined to the nucleolus when compared to the siRNA control-
treated HUVECs (HUVECCo! KD 'Fig 4a-d). Accordingly, gRT-PCR and Western blot analysis
revealed significant knocking-down of Nucleolin at both the mRNA- and the protein levels in
HUVEC:s (Fig. 4e-g).

To test the effects of Nucleolin on sprouting angiogenesis in vitro, we referred to an in vitro
spheroid angiogenesis assay’’. HUVECs in the sprouting spheroid assay using hanging drops
composed of collagen type [-methylcellulose matrix containing VEGF-A, FGF and EGF grew
vessel-like sprouts composed of multiple branches in the control group (Fig. 4h,i). In contrast,
siRNA-mediated knock-down of Nucleolin markedly suppressed the number of vessel sprouts per
spheroid as well as the length of the sprouts as compared to the control group (Fig. 4j,k,1,m,n,0),
suggesting a promoting effect on sprouting angiogenesis.

35,37,38

Given the important role of Nucleolin in cell proliferation , we next assessed whether

Nucleolin affects endothelial cell proliferation in a 3HT proliferation assay. Indeed, HUVEC
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proliferation was significantly reduced upon siRNA-mediated Nucleolin knock-down (Fig. 40),
indicating a positive regulatory role for Nucleolin on HUVEC cell proliferation, reminiscent of
stalk cell behavior in vivo!>23%,

Taken together, these results suggest that endothelial Nucleolin is a positive regulator of sprouting

angiogenesis, endothelial proliferation-, and filopodia formation in the brain.

Nucleolin regulates HUVEC lamellipodia and filopodia formation and actin cytoskeleton
orientation

Lamellipodia and filopodia are composed of actin and myosin fibers, and are essential components
of in vivo sprouting angiogenesis**. Therefore, to further assess the effects of Nucleolin on the
HUVEC angiogenesis in vitro, we addressed cell shape and morphology as well as actin orientation
after Nucleolin knockdown (Fig. 5a-1). HUVECNueleolinKD gpread less and were not as elongated as
control cells as quantified by their increased cell circularity and decreased cell area (Fig. 5g,h). F-
Actin fibers were more randomly organized in the HUVECNuwlclin KD (Fig 5]-p). Accordingly, the
distribution of actin orientation showed a classical peak in controls, whereas in the HUVECNucleolin
KD the actin orientation was more randomly distributed (Fig. 5s), indicating the HUVECNucleclin KD
had poorly orientated stress fibers as opposed to well-aligned stress fibers of control cells.

To assess the effects of Nucleolin on HUVECs and their filopodia, we cultured these cells on a
substrate consisting of nanopillar arrays’’> (Fig. 5j-1) allowing assessment of filopodia dynamics
and traction/pulling forces exerted by the spreading of HUVECs on the substrate (Figure. 5k.,l). In
HUVECNuleolin KD the number of filopodial extensions per HUVEC was significantly reduced as
compared to HUVECCno!lKD (Fig 5m,0,q).

Next, we examined the movement of Nucleolin-siRNA treated HUVECsS on the nanopillar surface.
In HUVECNueleolin KD " the mean displacements of the nanopillars was significantly decreased as

compared to the control group (0.068 um and 0.136 um, respectively, Fig. 5n,p,r). HUVECNucleolin
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KD exerted significantly reduced average traction forces of 5.4 nN when compared to the control
HUVEC:s (10.7 nN Fig. 5s). These results indicate a pro-adhesive / pro-migratory / pro-explorative
effect of Nucleolin on endothelial cells and their filopodial protrusions.

These data indicate that Nucleolin is important for actin orientation and polarization which is
required for endothelial cell lamellipodia- and filopodia formation, structures that are crucial for

migration, proliferation, and sprouting of vascular endothelial cells in vivo.

Nucleolin regulates endothelial glucose-, but not fatty acid metabolism

Endothelial metabolism has been shown to be a crucial regulator of sprouting angiogenesis,
endothelial tip cell formation, and endothelial lamellipodia- and filopodia-dynamics’67°.
Moreover, endothelial cell glycolysis regulates the rearrangement of endothelial cells by promoting
filopodia formation and by reducing intercellular adhesion 7. Based on the observed regulatory
effects of Nucleolin on sprouting angiogenesis, endothelial tip cell (filopodia) and the actin
cytoskeleton, we investigated whether Nucleolin affected endothelial glucose and fatty acid
metabolism’®,

Using a glycolytic flux assay®’, siRNA-mediated knock-down of Nucleolin resulted in a significant
reduction of glycolysis as compared to the control HUVECs (Fig. 6a). Similarly, HUVECNueleolin
KD showed reduced glucose uptake and decreased lactate production as compared to the
HUVECCentol KD (Fig  6b,c), indicating a positive regulatory effect of Nucleolin on HUVEC
glucose metabolism.

6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), and Hexokinase2 (HK2), have
been shown to be key regulators of endothelial glucose metabolism’”-’®. To address whether
Nucleolin affected the expression patterns of these genes involved in endothelial glucose

metabolism in HUVECs, we performed qRT-PCR and Western blots of HUVECNueleolin KD and

HUVECContrlKD HK 2 was significantly downregulated upon Nucleolin knockdown on the mRNA
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level (Fig. 6d), whereas PFKFB3 showed no significant change on both the mRNA and the protein
levels (Fig. 6d-j).

Next, we assessed whether Nucleolin also regulates endothelial fatty acid oxidation (FAO) which
was also shown to exert crucial effects endothelial stalk cells proliferation’8!, and to be
upregulated in quiescent endothelial cells as a protection against oxidative stress®?. Nucleolin KD
in HUVEC:s did not affect endothelial fatty acid oxidation (Fig. 6k). Carnitine palmitoyltransferase
1A (CPT1a) has been shown to be a key regulator of endothelial fatty acid metabolism’”’8. As
expected, qRT-PCR and Western blot analysis of HUVECNuclolin KD ghowed no significant
differences of CPT1a as compared to the HUVECCo! KD groyp at both the mRNA- and protein-
levels (Fig. 61,m,n).

Taken together, these data reveal that KD of Nucleolin decreases endothelial glucose metabolism
without affecting endothelial fatty acid metabolism, indicating a positive regulatory role of

Nucleolin on sprouting angiogenesis via promoting endothelial glucose metabolism.

Bulk RNA sequencing (RNAseq) reveals upregulation of PFKFB3-independent endothelial
glycolysis regulators p53 and TIGAR

To address the downstream signaling pathways induced by Nucleolin in human endothelial cells,
we performed an unbiased transcriptome analysis by RNAs of HUVECNuwleolinKD gnd HUVECCentro!
KD (Fig. 7a-c). RNAseq revealed 3240 genes significantly differentially regulated genes between
HUVECssRNA-Nucleolin KD and HUVECsSiRNA-control KD ¢el[g  (Fig. 7a-c). Among the top-regulated
genes upon Nucleolin KD figured genes implicated in cell proliferation and cell cycle progression,
in agreement with the previously reported role of Nucleolin in these cellular processes®”*%43, To
that regard, the key cell cycle inhibitor CDKN1A/P21 figured within the top upregulated genes,
whereas several regulators of the cell cycle such as the mitotic spindle protein cytoskeleton

associated protein 2 like (CKAP2L), DNA topoisomerase 2-alpha (TOP2A), mitosis regulator
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DEPDC1 and cyclin dependent kinase 1 (CDKI1) were the top downregulated genes in
HUVECsNuweleolinKD (Fig 7d). Analysis of the gene expression by the fragments per kilobase of exon
model per million reads mapped (FPKM) values, confirmed the Nucleolin downregulation
mediated by siRNA (Fig. 7e). Based on the observed regulatory effect of Nucleolin on sprouting
angiogenesis, we analyzed the expression of main regulators of key angiogenic pathways such as
the VEGF-A/VEGFR2/3-Dll4-Jagged-Notch-, and the Hippo-YAP-TAZ- pathways (Fig. 7f-h).
Indeed, HUVECNuclolin KD exnressed higher levels of the Notch downstream effectors HES1 and
HES?2, as well as of the NOTCH ligand Jagged 1 (JAG1) (Fig. 7f). On the other hand, Nucleolin
knock-down induced a downregulation of the expression of Notch receptor 4 (NOTCH4) and of
the Notch ligand DLL4 (Fig. 7f). Moreover, Nucleolin knock-down downregulated VEGFA but
upregulated VEGFR2 (Fig. 7g). Within Hippo-YAP-TAZ pathway, YAP1 expression and
downstream effectors CTGF and CYR61 were significantly downregulated with Nucleolin knock-
down (Fig. 7h). The upregulation of the anti-angiogenic DI114-Notch as well the downregulation of
the pro-angiogenic Hippo-Y AP-TAZ pathway upon Nucleolin-KD support the pro-angiogenic role
of Nucleolin.

Next, to further address the molecular pathways that are regulated by Nucleolin in endothelial cells,
we performed a gene set enrichment analysis (GSEA)®? between siNCL-treatead HUVECs and the
control HUVECs. Enrichment map revealed the TP53 pathway to be the only pathway enriched in
Nucleolin knockdown HUVECs, whereas pathways downregulated in HUVECNuleolin KD main]y
belonged to cell cycle and proliferation (Fig. 7i), indicating the negative regulatory effect of
Nucleolin on TP53 signaling and its positive regulatory effects on cell cycle and proliferation.
Given the positive regulatory effects of Nucleolin on endothelial glucose metabolism and on cell
cycle, we next wondered whether the expression of TP53-induced glycolysis and apoptosis

84,85

regulator (TIGAR), a protein linking cell cycle and glucose metabolism®*®, was regulated upon

Nucleolin-knockdown. Indeed, TIGAR was among the top 20 genes upregulated in the heatmap
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regrouping genes of the TP53 pathway (Fig. 7u). Knockdown of Nucleolin induced an upregulation
of TP53 downstream signaling without affecting TP53 expression (Fig. 7). Namely, the expression
of both TIGAR and the TP53 inducible protein 3 (TP5313) were upregulated upon Nucleolin
knockdown. Validation of these findings by Western blot and immunofluorescence confirmed
Nucleolin-induced upregulation of TIGAR at the protein level (Fig. 7w-zi).

Taken together, these results suggest that Nucleolin’s positive regulatory effects on CNS sprouting
angiogenesis and endothelial metabolism might be regulated by a TP53-TIGAR-HK2 signaling

axis.
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DISCUSSION

Here, using in vitro and in vivo approaches, we show that Nucleolin is a positive regulator of
angiogenesis in the human fetal brain. Our results suggest that Nucleolin promotes endothelial
sprouting, -proliferation, -filopodia formation, -and glucose metabolism via the TP53-TIGAR-
HK2 pathway. We propose that, by acting on the cytoskeleton of CNS endothelial (tip- and stalk)
cells and their filopodia, and by regulating vascular endothelial metabolism, Nucleolin controls the
sprouting and filopodia extension of growing CNS blood vessels during human fetal brain

development, and presumably in human brain tumors.

Nucleolin - a putative NVU/PVN derived signal to regulate developmental brain- and brain
tumor growth?

After initial development of the perineural vascular plexus (future meninges) via vasculogenesis,
the CNS parenchyma is predominantly vascularized by sprouting angiogenesis %%, Most of the
evidence regarding the molecular regulation of sprouting angiogenesis during brain development
is based on murine studies, whereas even less knowledge exists how the vascularization and
endothelial tip cells are regulated in the human brain.

Interestingly, angiogenesis is highly dynamic during brain development and almost quiescent in
the adult healthy brain!>'®%° but is reactivated in a variety of angiogenesis-dependent CNS
pathologies such as brain tumors, brain vascular malformations, or stroke®®!8, thereby activating
endothelial- and perivascular cells of the NVU!L5° In our study, we not only observed a
reactivation of Nucleolin in angiogenic endothelial- and perivascular cells within glial brain tumors
but also a positive correlation of Nucleolin expression with astrocytic tumor progression,
suggesting a crucial role of Nucleolin as a perivascular niche-derived signal in both angiogenic-
and tumor growth. The perivascular niche has been shown to activate tumor growth in mouse- and

zebrafish models of breast cancer®®. Notably, the stable microvasculature provided suppressive
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cues that inhibited angiogenesis, whereas the activated microvasculature fueled breast cancer cell
growth via a direct cellular crosstalk between endothelial- and tumor cells. Strikingly, endothelial-
derived thrombospondin-1 in the stable microvasculature induced sustained breast cancer cell
quiescence but this suppressive cue was lost in sprouting neovasculature, where endothelial tip
cell-derived active TGF-B1 and periostin promoted breast tumor growth?3. These characterized the
stable microvasculature as a “dormant perivascular (tumor) niche” in contrast to the sprouting
neovasculature which constitutes an “activated perivascular (tumor) niche” in which endothelial
tip cells exert crucial roles. In light of these studies, the exploration of Nucleolin angiogenic
function within the perivascular tip cell niche in vivo promises to be an exciting avenue of future
investigations.

Here, we found that Nucleolin is an important positive regulator of angiogenesis and endothelial
tip cell filopodia in human fetal brain. The expression of Nucleolin in endothelial- and perivascular
cells such as astrocytes and pericytes within the neurovascular unit of the human fetal brain, its
downregulation in the adult healthy brain and reactivation in brain tumors suggests an integral role
once reactivated during brain cancer. Its high expression in CD105" angiogenic blood vessel
endothelial cells in both human fetal brain and human glioblastoma (but not in the adult healthy
brain) supports this presumed role in active (developmental, tumor) versus stable (adult healthy)
brain angiogenesis. Accordingly, our in vitro results from a variety of functional bioassays suggest
that by exerting stimulatory effects on sprouting angiogenesis, filopodia extension, and glucose
metabolism of vascular endothelial cells, Nucleolin might promote the sprouting of angiogenic
blood vessel endothelial cells into the brain parenchyma. The latter is also strongly suggested by
the positive correlation between Nucleolin expression and the number of endothelial tip cell
filopodia in the fetal brain parenchyma in vivo. Other neurodevelopmental regulators such as
VEGF-A, and GPR124 are downregulated in the adult healthy CNS and are reactivated in vascular-

dependent CNSS pathologies such as brain tumors or stroke®’-%, However, in contrast to these other
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pro- or anti-angiogenic factors, Nucleolin is - to the best of our knowledge - one of the first to have
been directly described and compared in both human fetal brain and human gliomas. Furthermore,
Nucleolin endothelial- and perivascular expression within the fetal- and tumor perivascular niche
and its presumed different roles on the involved cell types (angiogenesis vs. tumor growth)
characterizes Nucleolin as an important developmental signal that is reactivated during brain tumor

growth.

Expression patterns of Nucleolin in the developing and adult brain as well as in brain intrinsic
tumors

Nucleolin is known to be expressed either at the cell surface, in the cytoplasm, nucleoplasm, or in
the nucleolus®®73%, At the cell surface, it functions mainly as a cell surface receptor for several
ligands mediating various functions such as the growth of cancer cells or the apoptosis of

39,43,71,90

endothelial cells , whereas intracellularly, it accounts for transport of other proteins between

the nucleus and the cytoplasm?3®-3%%0,

Here, we observed that Nucleolin expression in the adult brain was mainly restricted to the nucleoli,
as opposed to the predominant nucleoplasm expression during brain development and in brain
tumors. It is well known that Nucleolin functions depend on its subcellular localization, which can
be at the cell plasma membrane, in the cytoplasm, in the nucleus (nucleoplasm and/or nucleolus),
and that nucleolar fraction of Nucleolin usually represents more than 90% of the cellular pool of
Nucleolin®!. The nucleolar restriction of Nucleolin in the adult brain may indicate that its main
functions in the adult brain are those not linked to cell proliferation and cell division, such as
ribosomal biogenesis and rRNA synthesis allowing for protein synthesis thereby supporting basic
cellular functions®! 36373 However, during brain development and in brain tumors, perivascular-

and endothelial cells are dividing at high rates and may thus require both, Nucleolin function in the

ribosomes (in the nucleolus) as well as its regulatory role on cell cycle and cell proliferation (in
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the nucleoplasm) °!. Indeed, nuclear/nucleoplasmic Nucleolin is involved in the regulation of
oncogene gene expression, promotes the proliferation and aggressiveness of a variety of tumors °!,
and protects cancer cells from senescence °!.

In line with these observations, we observed a spatial restriction of Nucleolin to the nucleolus upon
Nucleolin knocking-down in vitro, further indicating a restriction on specific basic functions in
conditions with decreased Nucleolin expression (such as in the adult brain in vivo). Moreover, even
though we observed nuclelar/nucleoplasmic and nucleolar expression, we did not observe cytosolic
or cell surface/plasmalemmal expression of Nucleolin, which might be related to specific organ
(e.g. brain versus periphery) and developmental (e.g. brain development, adult brain, brain tumors)
properties. Given the complexity of Nucleolin’s subcellular expression patterns in various cell
types’!, the different functions of Nucleolin in the context of its cellular expression and specific

subcellular localization await further investigations.

Nucleolin as a regulator of endothelial filopodia dynamics and actin cytoskeleton orientation
Our in vitro results indicate that the effects of Nucleolin on developmental CNS angiogenesis are
mediated via positive regulatory effects on endothelial sprouting, -proliferation, -glucose
metabolism -and tip cell filopodia formation. This is supported by our in vivo findings showing
Nucleolin expression in endothelial tip- stalk- and phalanx cells. Whereas our data indicate a role
for Nucleolin in both tip cell filopodia formation as well as in stalk cell proliferation, the relative
importance of Nucleolin for those angiogenic cell types and cellular mechanisms in vivo and in
vitro remains unclear. For instance, differential expression patterns of Nucleolin might influence

the competitiveness for the tip cell position®”-”

and Nucleolin’s role on tip versus stalk cell
specification could be tested using in vitro genetic mosaic sprouting assays®’ and in silico

computational simulation’2, These future experiments might also shed light on the molecular

mechanism that are responsible for our interesting observation of a positive correlation of
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Nucleolin expression and the number of filopodia extension per endothelial tip cell during brain
development in vivo. It will be exciting to further investigate Nucleolin role on migrating tip cells,
proliferating stalk cells and tip vs. stalk cell specification in vivo in both health and disease.

During sprouting angiogenesis and vessel branching, actin cytoskeleton orientation is crucial for
endothelial tip- and stalk cell filopodia- and lamellipodia formation, sprout formation and guidance,

15:23.24.59.9394 " For instance, actin fibers form filopodia and lamellipodia in

and cell migration
endothelial tip cells during sprout migration and actin polarizes in the direction of migration
15245994 The knock-down of Nucleolin in HUVECs lead to disorientation of the actin cytoskeleton
inducing a loss of cell polarization as indicated by a change in cell shape towards a less elongated
phenotype. Recent evidence suggests that MST1-FOXO1-mediated endothelial tip cell polarity
facilitates sprouting angiogenesis®. MST1-FOXO1 was shown to be essential for directional
migration of tip cells towards hypoxic regions and endothelial-specific deletion of either MST1 or
FOXOI lead to loss of endothelial tip cell polarity resulting in impaired sprouting angiogenesis®>.
Indeed, in our bulk RNA sequencing data, we found a downregulation of FOXO1 upon Nucleolin
knock-down, indicating a regulatory role for Nucleolin on MST1-FOXO1-mediated regulation of
cell polarity. However, MST1 was upregulated in the Nucleolin-deprived HUVECs, which is
contradictory as compared to the findings by Kim and colleagues mentioned above. Whether these
differences are due to in vivo versus in vitro conditions or mouse vs. human cells warrants future
investigation. Also, it remains to be determined whether Nucleolin might regulate endothelial
polarization via interaction with other signaling pathways in brain development and brain tumors
in vivo.

Cell polarization directly depends on actin cytoskeleton organization®® and Nucleolin affected actin
cytoskeleton orientation in our study. However, the molecular mechanisms behind the lost of actin

cytoskeleton orientation upon knocking-down of Nucleolin remain to be elucidated. They could

either be mediated via direct effects on the nucleolus given the well-known functions it exerts on
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angiogenic mechanisms such as cell migration, -sprouting, and lamellipodia- and filopodia

formation’>%7

. Another possibility could be that Nucleolin affects protein-protein interactions
important for actin cytoskeleton regulation such as for instance actin-myosin interaction.
Interestingly, it was shown that glycolytic enzymes such as PFKFB3 associate with actin in
endothelial filopodia and lamellipodia to provide the high amounts of ATP required for actin-
myosin contraction?*”’. Therefore, the decreased endothelial glycolysis that we observed in
Nucleolin-deprived HUVECs might be causally linked to the decreased forced applied by those
HUVECNuwleelinKD filopodia, e.g. due to reduced actin-myosin contraction. Furthermore, in light of

emerging evidence of organ-specific regulation of angiogenesis!>>%%8

, it is tempting to speculate
about an organ- or even CNS-specific regulation of Nucleolin on angiogenesis and endothelial tip

cell polarity.

Nucleolin as regulator of glucose-, but not fatty acid endothelial metabolism — effects on
endothelial tip- and stalk cells?

Endothelial metabolism has recently emerged to be a crucial regulator of sprouting angiogenesis
during development and in tumors’¢78819%:100 Moreover, it was suggested that endothelial tip cells
mainly rely on glycolysis whereas endothelial stalk cells also use fatty acid metabolism to support
proliferation’6-78:81.9%.100 Here, we found that Nucleolin positively regulates endothelial glycolysis-
but not fatty acid metabolism in vitro, indicating that Nucleolin’s main effect might be on tip cells.
On the one hand, these findings are supported by the regulatory effects of Nucleolin on the number
of filopodia during fetal brain development. In addition, the regulatory effect of Nucleolin on the
actin cytoskeleton in vitro might — at least in part - explain the positive correlation between
Nucleolin and the number of filopodia observed in vivo. Filopodia formation relies on actin
cytoskeleton orientation and glycolytic production of ATP has been shown to promote filopodia

formation in vivo, in vitro, and in silico’®. On the other hand, given the observed in vivo expression
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of Nucleolin in both endothelial tip- and stalk cells as well as the positive regulatory effect on both
sprouting angiogenesis (a tip cell function) and endothelial proliferation (a stalk cell function) in
vitro, Nucleolin’s precise roles on both tip- and stalk cells in- and outside the CNS, for instance in
the embryonic or postnatal brain?*>? or in the postnatal retina!®! need to be investigated in vivo.
As demonstrated by our bulk RNA sequencing, most pathways regulated downstream of Nucleolin
were linked to regulating cell cycle and cell proliferation, in agreement with Nucleolin’s well
known role in these biological processes®’#>%, Interestingly, we also found a putative link between
Nucleolin and endothelial metabolism via regulation of the TP53-TIGAR pathway. Previously,
TIGAR was shown to regulate HK2 activity in tumor cells in vitro'*? but an interaction of TIGAR
with endothelial metabolism was not described so far. Our data suggest that Nucleolin
downregulation promotes TP53-TIGAR signaling thereby inhibiting endothelial metabolism.
Moreover, the knock-down of Nucleolin lead to a downregulation of VEGF-A. The seemingly
contradictory finding that VEGFR2 was upregulated in Nucleolin KD HUVECs may be due to the
complexity of VEGF — VEGFR interactions also involving compensatory mechanism!® . In light
of the important role of this signaling system for CNS angiogenesis *® and endothelial tip cells
818,104,105 "this result is interesting. It was showed that VEGF promotes Nucleolin translocation to
the membrane in vitro>®. However, whether and where the VEGF- and the Nucleolin signaling
pathways interact intracellularly in vivo awaits further investigation. Moreover, given the crucial

76,7799 ag well as of

role of endothelial metabolism for vessel sprouting in development and disease
tumor metabolism in gliomas®* investigating endothelial cell metabolism in brain tumors promises

to be exciting.

A putative role for Nucleolin in angiogenesis-dependent CNS pathologies?
Angiogenesis and the perivascular niche exert crucial roles in the pathophysiology of various

vascular-dependent CNS diseases such as brain tumors, vascular malformations, and stroke !!
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10.1961 "Based on our findings, one may therefore speculate that Nucleolin could - in addition to
brain tumors - also regulate vessel sprouting for example in brain vascular malformations such as
arteriovenous- or cavernous malformations, or in neuroregenerative (e.g. stroke), or degenerative
vascular diseases (e.g. vascular- or Alzheimer’s dementia). With regard to brain tumors,
glycosylated surface Nucleolin has been been shown to increase with the malignancy grade of
human gliomas®'. A high expression of Nucleolin may therefore promote vascularization of
astrocytoma and thereby promote brain tumor growth. Moreover, it was reported that delivery of a
toxin directed to cell surface Nucleolin could be used as targeted therapy of human glioblastoma!%¢.
Another study reported that a Nucleolin antagonist induced death of primary human glioblastoma
cells and decreased in vivo tumor growth in an orthotopic brain tumor model, but no regulatory
effect on angiogenesis was addressed!?’. Furthermore the anticancer aptamer AS1411 - a G-rich
quadruplex-forming oligodeoxynucleotide that binds specifically to Nucleolin - has shown
promising clinical activity and is being widely used as a tumor-targeting agent!%. Antibody- and
peptide-mediated targeting of Nucleolin induced normalization of tumor vasculature in pancreas-
and breast cancer models>®’2, suggest strategies to explore effects of regulating Nucleolin on
development of glioblastoma vasculature. These literature indications - in concert with our data -
suggest that - in addition to its effect on tumor cell proliferation - Nucleolin may regulate brain

tumor vascularization.
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FIGURES AND FIGURE LEGENDS

Figure 1 Nucleolin is expressed in endothelial- and perivascular cells during human brain
development, is downregulated in the adult brain, and is reactivated in glial brain tumors.
Coronal sections (20 pm) of human fetal- (GW 18-22) and adult brain (derived from temporal
lobectomies) as well as from human glial brain tumors (GBMs) were stained for Nucleolin (green),
the vascular endothelial cell markers CD31 (pan-endothelial marker, red) and CD105 (endoglin,
activated endothelial cells, red), the astrocytic marker GFAP (red), the pericyte marker NG2 (red),
and TO-PRO-3 nuclear counterstaining (blue).

a,b,c,p Nucleolin (green) is highly expressed in the nuclei of the developing human fetal brain (a)
and of human brain tumors (¢), but shows a significant downregulation in the adult normal/healthy
brain (b,p).

d,e,f,g,h,i,q,r Nucleolin (green) is highly expressed in CD31" blood vessel endothelial cells (red)
in the human fetal (d,q)- and pathological brain (f,q), but is significantly downregulated in
endothelial cell of the quiescent adult brain (e,q). Nucleolin shows a high expression in CD105
positive activated endothelial cells (red) in the human fetal brain (g,r) and in glioblastoma (Lr) but
is significantly downregulated in the quiescent adult normal brain (h,r), with a very low number
of CD105" endothelial cells in the quiescent adult brain (h,r).

j-K,Ls Nucleolin (green) is highly expressed in GFAP" neural precursors cells (red) in the fetal
brain (j) and in tumoral astrocytes in glioblastoma (I) but is downregulated in adult normal brain
(k,s).

m,n,0,t In human fetal and adult brains, NG2" pericytes (red) partially express low levels of
Nucleolin (m,n). Nucleolin expression is highly upregulated in human brain tumor NG2* pericytes
(0,t).

(p-t) Quantification of Nucleolin expression in all- (p), endothelial- (q,r), and perivascular cells

(s,t) in human fetal brain, -adult brain, and -glioblastoma. Nucleolin expression was significantly
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higher in the developing brain and in brain tumors than in the adult brain, in all cells (p), endothelial
cells (q,r), and astrocytes (s). In pericytes, however, Nucleolin expression was significantly higher
in brain tumors as compared to brain development and adult brain (t).
Scale bars: 25 um in a-o, left panels; and 15 um in a-o, right panels.

*P <0.05, **P <0.01, ****P <(0.0001.
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Figure 2 Expression of Nucleolin increases during astrocytic tumor progression and
Nucleolin is expressed in blood vessels in low and high grade gliomas

a-f Nucleolin (brown) expression increases during tumor progression of human astrocytomas from
WHO grade I (a), II (b), III (¢) to IV (= glioblastoma, d). In low-grade astrocytomas (WHO grades
I and II), Nucleolin expression (as revealed by the percentage of Nucleolin® cells) is significantly
higher than in the normal brain parenchyma (e,f), but significantly lower as compared to high-grade
astrocytomas (WHO grades III and IV) (e,f). Nucleolin expression slightly decreases again in
recurrent WHO grade IV tumors (e).

g Nucleolin expression positively correlates with the expression of the proliferation marker Ki-67.
h Glioblastoma cell lines (LN229, LN18 and GBM-1) proliferation was significantly decreased
upon Nucleolin knock down, as revealed by the reduced [3H-methyl] thymidine [(3H]TdR)
incorporation.

j-m Nucleolin expression in tumor blood vessels. Note the increasing expression of Nucleolin in
the blood vessel wall (arrows) as well as in perivascular cells (arrowheads) in astrocytomas of
higher grades.

**P <0.01, ****P <(0.0001. Scale bars represent: 100 um (a-d, upper panel), 50 um (a-d, lower

panel, and g-j).
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Figure 3 Nucleolin is expressed in endothelial tip-, stalk-, and phalanx cells of vascular
sprouts and Nucleolin expression correlates with the number of endothelial tip cell filopodia
in the human fetal brain in vivo

20 um sections of human fetal (GW 18-22) brains were stained for Nucleolin (green), the vascular
endothelial cell marker CD105 (red) and TO-PRO-3 nuclear counterstaining (blue).

a-d Blood vessel sprouts (red) in the human fetal brain grow in CNS tissue with vascular- and
parenchymal expression of Nucleolin, respectively. Nucleolin (green) is expressed in endothelial
tip (filled arrowheads in b,c,d)- stalk (empty arrowhead in a)- and phalanx cells (plain arrows in
a) in growing vessels in the human fetal (GW18-22) cortex.

e-h Vascular sprouts with CD105-labeled endothelial tip cells (red) with low- (e,f) and high (g,h)
Nucleolin (green) expression in the human fetal cortex.

Numerous filopodial protrusions emerged from the endothelial tip cell body with high Nucleolin
expression (g,h) as compared to only few filopodial protrusions in an endothelial tip cell with low
Nucleolin expression (e,f). (i) The number of endothelial tip cell filopodia strongly correlated with
the intensity of Nucleolin expression. ****P < (0.0001. Scale bars: 20 um in a-d; 25 pum in e and

g; and 10 ym in f and h.
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Figure 4 Nucleolin promotes vascular endothelial cell sprouting and proliferation in vitro
a-d HUVECs were stained for Nucleolin (green) , F-actin (stained with Phalloidin, red), and the
general nuclear marker DAPI (blue). Nucleolin expression was decreased and restricted to nucleoli
upon siRNA-mediated knockdown in HUVECs (¢,d). No inhibition of Nucleolin expression and
no restriction to nucleoli in HUVECs could be seen in the HUVECs treated with a control siRNA
(a,b).

e Western blot showing Nucleolin downregulation in HUVECs transfected with siRNA against
Nucleolin (siNCL). No Nucleolin downregulation was observed in HUVECs transfected with the
control siRNA (siControl).

f Quantification of Western blot revealing a significant downregulation of 80% Nucleolin protein
expression by siRNA-targeted Nucleolin knock down as compared to control cells.

g Quantitative RT-PCR revealing a significant downregulation of more than 90% of Nucleolin
mRNA expression by siRNA-targeted Nucleolin knock down.

h-k HUVEC sprout formation using hanging drops composed of a collagen type [-methylcellulose
matrix containing VEGF-A, basic FGF (bFGF), and EGF was massively decreased upon siRNA-
mediated Nucleolin knockdown (j,k) as compared to the control group (h,i). The boxed areas in
h,j are enlarged in i,k respectively.

I,m Nucleolin downregulation reduces the sprout formation of HUVECs as compared to the control
groups. HUVEC sprout formation (number of sprouts per spheroid) and total sprout length were
significantly reduced upon Nucleolin knock-down as compared to the control group (L,m).
finished figure legend Figure 5 from Wilchli et al., PNAS, 2013 paper

n HUVEC proliferation was significantly decreased upon Nucleolin knock down, as revealed by
reduction of radioactively labeled Thymidine incorporation.

*P <0.05, **P<0.01, ***P <0.001, ****P <0.0001. Scale bars: 20 pm in a-d; 150 pum in h and

J; and 50 um in i-k.

33


https://doi.org/10.1101/2020.10.14.337824

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.14.337824; this version posted October 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 5 Nucleolin regulates HUVEC lamellipodia and filopodia and affects actin
cytoskeleton orientation

a-f HUVEC treated with control- or Nucleolin siRNA were left to spread on fibronectin-coated
glass substrate and stained for F-actin (green) and DAPI (blue) (a,d). Pictures were processed using
Orientation] (plugin of ImagelJ) to automatically orientate a maximum of the actin fibers of the cell
to a 0° line. Each fiber was then colored based on the color wheel.

g Scheme illustrating actin fiber orientation characterization using the Orientationl.

h Schematic illustration of circularity index.

i,j Nucleolin knockdown decreased HUVEC cell spreading, as measured by cell circularity and
cell area measurements. Nucleolin knock down HUVECs tend to have a less elongated shape as
revealed by their circularity coefficient (i).

HUVEC spreading was decreased upon Nucleolin knockdown as revealed by a lower cell area (j).
Phalloidin actin fibers (green) were more randomly organized in the Nucleolin-KD HUVEC: (e,f)
as compared to the control (b,c). The distribution of actin orientation shows clear classical peak
close to 0 degree in the control HUVECsS (grey curve). In siNucleolin HUVECs, the classical peak
of actin orientation was lost and HUVEC actin orientation was more randomly distributed (black
curve) (k).

I-n Scheme illustrating a spread endothelial cell (green) on a SU-8 nanopilllar array (grey) coated
with fibronectin (red) (I). F-actin (green) and DAPI (blue) stained HUVEC on a fibronectin-coated
nanopillar substrate (red) (m). Scanning electron microscopy (SEM) image of HUVEC filopodia
attaching to nanopillars (n). Note the nanopillar-deflection caused by retracting HUVEC filopodia
(arrowheads), allowing to optically measure the displacement of the nanopillar and the induced
corresponding traction forces.

o-u HUVEC: treated with siRNA (for Nucleolin, and control) were placed on nanopillar substrate,

and were stained for F-actin (green) and the general nuclear marker DAPI (blue) (0,q). The number
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of filopodia per cell was decreased significantly in siRNA-mediated Nucleolin knockdown in
comparison with control siRNA-treated HUVECs (s). Explorative movements of HUVECs (and
its lamellipodia- and filopodia extensions) were reduced upon Nucleolin knockdown as evidenced
by displacement heatmaps (p,r). Nucleolin downregulation decreased mean nanopillar
displacement (t) and mean filopodia force (u) accordingly

Scale bars: 100 pm in a; 20 pm in d; 2 pm in €; 10 pm in f,g, and k); and 5 pum in h-j, and I-n.

*xEP <0.001.
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Figure 6: Interaction of Nucleolin signaling with metabolic pathways in human endothelial
cells.

a-c¢ Metabolic assays of HUVECs, upon Nucleolin downregulation with small interfering RNA
targeting Nucleolin. Nucleolin knockdown decreased the glycolytic flux (a), glucose uptake (b)
and lactate production (¢) in HUVECs as compared to the tested controls.

d Quantitative RT-PCR revealing a significant downregulation of about 30% of Hexokinase-2
(HK2) mRNA expression by siRNA-targeted Nucleolin knock down. 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (PFKFB3) expression showed slight but no significant
increase.

e-f Western blot using antibodies against HK2 and PFKFB3 revealed a significant downregulation
of HK2, while PFKFB3 expression remained unchanged by Nucleolin knock down.

g-n HUVECs were stained for Nucleolin (green) , PFKFB3 or HK2 (red), and the general nuclear
marker DAPI (blue). HK2 expression was decreased in HUVECsNu€0lin KD (m n) as compared to
HUVECs®ontol KD (k 1), No difference in PFKFB3 expression could be seen between Nucleolin
knock down HUVEC: (i,j) and the HUVECs treated with a control siRNA (g,h).

o Nucleolin knock down in HUVEC:s did not affect fatty acid oxidation.

p Quantitative RT-PCR showed no significant regulation of carnitine palmitoyltransferase 1A
(CPT1a) mRNA expression upon siRNA-targeted Nucleolin knock down.

q-r Western blot using antibodies against the CPT1la showed no difference in CPT1a protein
expression between Nucleolin knock down HUVECs and the control condition.

*P <0.05, **P <0.01.
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Figure 7: Nucleolin induces regulation of the DIl4-Jagged-Notch-Hey-Hes-NRARP-, the
YAP-TAZ-CTGF-Cyr61- and the glucose (Hexokinase 2 (HK2), Glutl)- metabolic pathways
through/via a P53-P21-TP53-inducible glycolysis and apoptosis regulator (TIGAR) pathway
in HUVECs.

Transcriptome analysis via RNA sequencing of HUVECs treated with small interfering RNA
(siRNA) against Nucleolin (siNucleolin) and control siRNA (siControl) in three independent
experiments.

a Heat map and hierarchical clustering of siNucleolin treated HUVECs as compared to siControl
treated HUVECs.

b-¢ 3240 genes were differentially regulated between HUVECsNueleolin KD and HUVECsControl KD/
and indicated in red on scatter (b) and volcano plots (c).

d Top 50 significantly up (blue)- or down (green)-regulated genes detected by RNA-seq in
HUVECs upon Nucleolin knock down as compared to control treatment. Differentially regulated
genes were arranged according to fold change of gene expression.

e-h Gene expression values (FPKM) of genes of interest for genes . Nucleolin was signigicantly
downregulated by siNucleolin treatment (e). Nucleolin knock down induced a significant
upregulation of the DII4-Jagged-Notch signaling pathway including: Hes1, Hes2 , Jaggedl (JAGI,
f). NOTCH4, and DLL4 were downregulated upon Nucleolin knock down (f). VEGFA expression

Nucleolin KD

was downregulated and VEGFR2 expression upregulated (g) in HUVECs as compared to
HUVECsContol KD giNucleolin treatment caused a significant down-regulation of the YAP-TAZ
gene YAPI as well as the YAP-TAZ downstream effectors genes CTGF and Cyr61 (h).

i-1 Gene set enrichment analysis (GSEA) and cytoscape enrichment map (i) showed a significant
up-regulation of P53 signalling pathway in HUVECS treated with siRNA against Nucelolin.

Whereas pathways involved in cell proliferation such as cell cycle regulation and mitosis were

enriched in the control treatment. Pathways enriched in Nucleolin KD HUVEC: are labeled in red
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and pathways enriched in control HUVECs are labeled in blue. Pathways are indicated by colored
nodes. Their size represents the number of genes they contain. Green lines indicate relationships
between the pathways. Black circles group related pathways.

TIGAR was among the top 20 upregulated genes in the heat map grouping genes involved in P53
pathway (j). Enrichment plot indicates that P53 downstream pathways is enriched in Nucleolin KD
HUVEC:s as compared to the control (k). siNucleolin treatment induced upregulation of P53 target
genes TPS53IP (q) and TIGAR (r) without affecting P53 expression (1).

m-n Western blot showing TIGAR upregulation in HUVECsNueleclin KD Quantification of Western
blot revealed an upregulation of TIGAR protein expression by almost 50% HUVECgNucleolin KD,
o-r HUVECs were stained for Nucleolin (green) , TIGAR (red), and DAPI (blue). TIGAR
expression was increased upon Nucleolin knockdown in HUVEC:s (q, r).

*P <0.05, **P <0.01, ***P <0.001, ****P < 0.0001.
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MATERIALS AND METHODS

Human fetal and adult brain tissue

Samples of fetal brain were obtained from three post-mortem fetuses, two 22- and one 18-week-
old, derived from spontaneous abortions and received by the Department of Pathological Anatomy,
University of Bari School of Medicine. Permission to collect fetal tissue was obtained from the
mother at the end of the abortion procedure. The sampling and handling of the specimens
conformed to the ethical rules of the Department of Emergency and Organ Transplantation,
Division of Pathology, University of Bari School of Medicine, and approval was gained from the
local Ethics Committee of the National Health System in compliance with the principles stated in
the Declaration of Helsinki. The fetuses did not reveal macroscopic structural abnormalities at
autopsy and/or microscopic malformations of the central nervous system after conventional
histological analysis with H&E or toluidine blue staining. The fetal age was estimated based on the
crown-rump length and/or pregnancy records (counting from the last menstrual period). From each
fetus, samples of the dorso-lateral wall of the telencephalic vesicles (n=6; future cerebral
hemispheres) were dissected along the coronal plane in slices about 0.5-cm thick, fixed for 2-3
hours at 4°C by immersion in 2% paraformaldehyde (PFA) plus 0.2% glutaraldehyde in phosphate-
buffered saline solution (PBS, pH 7.6), washed in PBS and stored in PBS plus 0.02% PFA at 4°C.
The parahippocampal cortex, used as normal adult brain samples obtained after selective
amygdalohippocampectomy from patients with chronic pharmaco-resistant mesial temporal lobe
epilepsy and glioblastoma samples were also cut in 0.5-cm thick slices and submitted to the same

histological procedure applied to fetal slices.

Immunofluorescence staining and analysis of angiogenesis and perivascular niche in human

fetal brain, human adult brain, and human brain tumors
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Fixed, unembedded fetal brain, normal adult brain, and glioblastoma slices were cut in 20-um thick
sections, using a vibrating microtome (Leica Microsystem) and submitted, as free-floating sections,
for single and double staining, with the following antibodies (Abs): mouse mAb anti-nucleolin
(1:200, Santa Cruz), rabbit pAb anti-CD31 (1:80; Abcam,), rabbit pAb anti-CD105 (predilute,;
Abcam), rabbit pAb anti-GFAP (prediluted, Immunostar), pAb anti-NG2 (1:200, generous gift
from William B. Stallcup). Briefly, the sections were: 1) permeabilized with 0.5% Triton X-100 in
PBS for 30 min at room temperature (RT); 2) incubated overnight at 4°C with primary Abs,
nucleolin, nucleolin/CD31, nucleolin/CD105, nucleolin/GFAP, and nucleolin/NG2; 3) incubated
with the appropriate secondary Abs, goat anti-rabbit Alexa 568 and goat anti-mouse Alexa 488
(1:300, ThermoFisher Scientific,), for 45 min at RT; 4) counterstained with the nuclear dye TO-
PRO-3 (diluted 1:10°000; Life Technologies, Inc., Gaithersburg, MD, USA). Finally, the sections
were collected on polylysine slides (Menzel-Glaser, GmbH, Braunschweig, Germany) and
coverslipped with Vectashield (Vector Laboratories Inc.). Negative controls were prepared by
omitting the primary antibodies and mismatching the secondary antibodies. Sections were
examined under Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems) using a
sequential scan procedure. Confocal images were taken at 0.35 um intervals through the z-axis of
the section, with 40x and 63x oil immersion lenses. Z-stacks of optical planes (image projection)

and single optical planes were recorded and analysed by Leica confocal software

Laser confocal morphometry

The quantitative assessment was carried out on fetal brains (n=3), normal brains (n=3) and
glioblastomas (n=4) samples, by computer-aided morphometric analysis using the Leica Confocal
Multicolor Package (Leica Microsystems) and ImageJ (NIH) softwares. The nucleolin mean area
percentage was evaluated according to the ‘mean area fraction’ parameter of ImageJ, calculated on

randomly chosen fields (n=10; field area = 150.000 um?) of single optical planes across the z-stack.

40


https://doi.org/10.1101/2020.10.14.337824

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.14.337824; this version posted October 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

On double stained nucleolin/CD105 sections (fetal brain n=18, normal brain n=12, glioblastoma
n=36), cells positive for both the markers were counted on maximum intensity projection images
(40x magnification), cells positive for both nucleolin and CD31 were counted on double stained
sections (fetal brain n=18, normal brain n=18, glioblastoma n=24), nucleolin”/GFAP" cells were
counted on double stained sections (fetal brain n=12, normal brain n=6, glioblastoma n=10), and
nucleolin”/NG2" cells were counted on double stained sections (fetal brain n=15, normal brain n=9,
glioblastoma n=29). The percentage of double positive cells was calculated as the fraction of these
cells on total number of nuclei stained with TO-PRO-3 counted on optical planes at 0.35um
intervals across the z-stack. The measurement of the number of vessel sprouts was carried out on
nucleolin/CD31 and nucleolin/CD105 stained sections (n=3 for each fetus), to make the presence
of endothelial tip cells recognizable. The results showed a range of 2-6 sprouts per section (total
sprout number, n=35). The nucleolin green signal intensity was calculated on a manual selection
of the cell nucleus as a ROI and then the number of filopodia emerging from each vessel sprout

was recognized and counted on single optical planes acquired at 63x.

Tissue Microarrays (TMAs)

Glioma tissue microarray. The study cohort comprised of low and high grade glioma samples from
103 patients who were treated at the Department of Neurosurgery, University Hospital Zurich
(Switzerland) between 06/2003 and 05/2009. Paraffin blocks of these tumors were reviewed by a
neuropathologist and classified according to the World Health Organization of brain tumors®®57,
Representative tumor areas were marked on hematoxylin/eosin-stained slides by an experienced
neuropathologist (JH) and two cores (0.6 mm diameter) were punched from the donor block and

transferred into the tissue microarray (TMA) recipient block. Additionally, the TMA contained

eight normal brain samples and four cell lines (MCF-7, LN-18, LN-229 and HT29).
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For immunohistochemistry (IHC) analysis freshly cut 3-um thick sections of the TMA block were
mounted on SuperFrost. slides (Menzel Glaser, Braunschweig, Germany). The mouse monoclonal
nucleolin antibody C23 (1:20, Santa Cruz) was used and incubated overnight at 4°C. As a detection
system the Simple Stain MAX PO (MULTI) anti-mouse (Nichirei Biosciences) was used. Finally,
the slides were counterstained with Mayer’s hemalum solution prior to dehydration and
coverslipping.

Percentage of nucleolin staining of tumor cells in all the samples were evaluated by two

investigators and was performed in an entirely blinded fashion.

Cell culture and proliferation assay

Glioma cell lines (LN-229 and LN-18 kindly provided by N. de Tribolet, Geneva, Switzerland)
and the ex vivo GBM-1 cells (passage 3-7) established at the Department of Neurosurgery,
University Hospital Zurich, as described by Rodak et al. (J. Neurosurg 102: 1055-68, 2005) were
cultured in DMEM (Gibco, Thermo Fisher Scientific, Allschwil, Switzerland) containing 10%
heat-inactivated FCS (PAA Laboratories, Thermo Fisher Scientific), gentamicin (10 pg/ml,
Gibco), 100 mM sodium pyruvate (ICN Biomedicals, Aurora, Ohio), and 5 ml N-acetyl L-alanyl
L-glutamine (Biochrom AG, Berlin, Germany). Proliferation assays were performed by adding 1
uCi/ml of *H-thymidine for the final 7 hours of culture and before harvesting and counting on a
liquid scintillation counter (Wallac 1450 Microbeta/Trilux, Shelton, Connecticut). HUVECs were
cultured in endothelial basal medium (EBM-2) supplemented with endothelial growth factors

EGM-2 SingleQuots (Lonza).

siRNA-mediated knockdown of Nucleolin in HUVECs
Silencing of Nucleolin expression, was performed by transfecting HUVECs with siRNA against

human Nucleolin (50nM, Santa Cruz), or a control siRNA (Santa cruz), as indicated by the
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manufacturer (50 nM). HUVECs were transfected with the indicated siRNA using Transfection

reagent and Transfection medium (Santa Cruz).

Immunoblotting

Cells were lysed in RIPA buffer and mechanical disruption through a Iml insulin syringe (BD).
Proteins were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) at 150 V
and transferred to a nitrocellulose membrane at 100 V for 1.5 hours. Unspecific binding sites were
blocked with 5% milk in TBS-Tween 0.05% for 30 minutes. The membrane was probed with
mouse anti-Nucleolin (NCL, 1:500, Santa Cruz), rabbit anti-Hexokinase-2 (HK2, 1:500,
proteintech), rabbit anti-6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3,
1:1,000, abcam), mouse anti-p53 (1:1,000, Cell signalling), rabbit anti-CPT1a (1:500, abcam), and
rabbit anti-TIGAR (1:200, Sigma) at 4°C overnight. A secondary donkey antibody directed against
mouse, or rabbit (1:2,000, Dako) was applied for 1 hour. Bands were visualised by
chemiluminescence using ECL (Amersham). Densitometric analysis was performed with ImageJ

(NIH freeware). Data were normalised to actin, and values of control cells were set to 1.

Quantitative real-time PCR

Total RNA was prepared using the RNeasy RNA isolation kit (Qiagen, Hilden, Germany) including
a DNase treatment to digest residual genomic DNA. For reverse transcription, equal amounts of
total RNA were transformed by oligo(dT) and M-MLYV reverse transcriptase (Promega). Ten
nanograms of cDNA were amplified in the Applied Biosystems 7500 Fast Real Time PCR System
thermocycler (Thermo Fisher Scientific) with the polymerase ready mix (KAPA SYBR FAST;
Sigma). Relative quantification was calculated using the comparative threshold cycle (AACT)
method. cDNA levels were normalized to S/8 (reference genes) and a control sample (calibrator

set to 1) was used to calculate the relative values.
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Spheroid angiogenesis assay

A three-dimensional (3D) in vitro sprouting angiogenesis assay was performed as described
previously’>7’. Briefly, HUVECs were incubated overnight in hanging drops in EGM-2 medium
containing 20% methylcellulose (Sigma) to form spheroids. Spheroids were then embedded in
collagen gel and cultured for 24 hours (at 37°C, 5% CO2) to induce sprouting. Spheroids were
fixed with 4% PFA at room temperature for 15 min and images of spheroids were captured with a
Leica DMil (objectives: 20x and 40x. Analysis of the number of sprouts and the average sprout

length was done using Image J.

Nanopillar arrays

The polymer nanopillars platforms (photoresistant SU-8 nanopillars, Micro Chem) were fabricated
using nanosphere lithography followed by a molding process, as previously described 7+7°. The
spring constant k of a representative nanopillars was measured by atomic force microscopy (AFM).
From the resulting force curve, k was calculated resulting in a value of 79 nN um'!. To enable
HUVECs culture on nanopillars, arrays were placed on petri dishes. HUVECs on nanopillars
deflected the nanopillar tips (displacement x) and the resulting forces exerted by MVECs on
nanopillars could be dedicated using the formula F=k*x.

The nanopillar platforms were fabricated exploiting nanosphere lithography followed by a molding
process [1] and further described in previous study [2]. The spring constant of a representative SU-
8 nanopillar was measured by Atomic Force Microscopy (AFM). For the AFM measurement, a
SU-8 single nanopillar was prepared by frozen sectioning and horizontal fixation. An AFM tip (of
known spring constant 62 nN/um) was used to measure the force curve of the SU-8 nanopillar.
This experimentally determined pillar spring constant (karm = 79 nN/um [2], as given by the slope

of the force-displacement curve, was then used to calculate the horizontal traction forces.
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Printing Fn on naopillar substrates for cell culture

The flat PDMS stamps were plasma treated for 5 seconds before use. 50 pg/ml fibronectin labelled
with Alexa dye 633 were added to the stamp and was incubated at room temperature for 15 minutes.
Excess Fn solution was removed and the stamp was dried by compressed air. Stamps coated with
Fn were applied on top of the nanopillar substrates, 50g weight was applied on top to ensure good
contact. The stamps were removed from nanopillar substrates and non-coated area was blocked
with Pluronic F-127 (P2443, Sigma) solution. Control HUVEC and HUVEC Nucleolin KD were
cultured in the EGM-2 medium (Lonza), at 37°C with 5% COx. Cells (7,500 cells/cm? were let to

adhere for 6 h seeded on a SU-8 nanopillar array printed with fibronectin.

Image acquisition and analysis

To calculate the traction forces by which the cells displaced the nanopillars, the deflections of the
nanopillar tips were imaged with confocal microscopy using a Leica confocal microscope SP5 with
a 63x/1.43 oil immersion objective. During image acquisition, cells were kept at 37 °C and 10%
CO; condition. The following laser wavelengths were used to acquire both the images of nanopillar
arrays and of the labeled cells: 405 nm (DAPI), 488 nm (to create a DIC image of nanopillar
structures, eGFP and FITC) and 546 nm (Dil & TRITC). Each cell was imaged live for 30 to 60
min, with a scanning ratio of 1 min/frame. The displacements in Xy direction of the nanopillar tips
were quantified by comparison of two images taken at the planes of the pillar tops versus the bottom
plane, respectively, using confocal microscopy (image resolution 50 nm per pixel). All nanopillar
images were processed by Diatrack 3.03 (Powerful Particle Tracking, Semasopht), Fiji (plugin,
template matching for drift collection) and the force calculated according to Hooke’s law: F = k*x.

The average background displacement of pillars was ~15 nm.

Scanning electron microscopy
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Cells on nanopillar arrays were imaged with higher magnification using a Scanning Electron
Microscope (SEM, Zeiss ULTRA 55). After fixation, the samples were dehydrated by critical point
drying using standard procedures. Briefly, this stepwise dehydration procedure started by adding
0.5% aqueous solution of polyethylenimine, followed by dehydrating the samples with a series of
ethanol-water washes (25%, 50%, 75%, two 95%, and 100% ethanol) and finishing by drying the
sample using critical point drying equipment and CO». After dehydration process, the samples were

coated with a 5 nm thick layer of gold using a sputter coater.

Cell immunofluorescence

Cells were cultured on nanopillars or 8-well chamber slides (Sigma-Aldrich), cells were fixed with
4% PFA (P6148, Sigma-Aldrich) for 15 min at room temperature (RT). The cell membrane was
then permeabilized with 0.1% Triton X-100 (X100, Sigma-Aldrich) in PBS (10 min) followed by
1% BSA/PBS (85040C, Sigma-Aldrich) blocking step (30 min, RT).

HUVECs were stained with with mouse anti-NCL (1:100, Santa Cruz), rabbit anti-HK2 (1:100,
proteintech), rabbit anti-PFKFB3 (1:100, abcam, rabbit anti-CPT1a (1:500, abcam), and rabbit
andti-TIGAR (1:200, Sigma) in 1% BSA/PBS at 4°C overnight. Cells were the incubated with
secondary antibodies goat anti-rabbit Alexa 568 and goat anti-mouse Alexa 488 (1:500, Thermo
Fisher Scientific), or TRITC-labeled phalloidin (1:100 Sigma) in 1% BSA/PBS for 1.5 hours at
RT. Nuclei were counterstained with DAPI staining using (1:20,000, Thermo Fisher Scientific) in

PBS for 5 min.

Glycolytic Flux
HUVECs were incubated for 6 hours in EGM-2 containing 0.4 pCi/ml [5-3H]-D-glucose
(PerkinElmer). Supernatant was transferred into glass vials containing perchloric acid and sealed

with rubber stoppers. *H,O was captured in hanging wells containing filter paper soaked with H,O
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over a period of 48 hours at 37°C®. Thereafter, the filter paper was transferred in scintillation

cocktail for radioactivity measurement by liquid scintillation counting.

Fatty acid oxidation

HUVECs were incubated in FBS-free EGM-2 medium supplemented with 50 fatty-acid free BSA,
50 puM carnitine, 100 uM unlabeled palmitic acid, and 2 pCi/ml [9,10-*H]-palmitic acid. Again,
supernatant was transfered into glass vials and sealed with rubber stoppers. Radioactivity was

measured as in the glycolytic flux assay.

Glucose uptake and lactate production

Glucose and lactate concentrations in HUVECsNuleolin KD gnd HUVECsControlKD gypernatant as well
as in basal growth medium were measured at Toronto General Hospital.

Glucose uptake was calculated by substracting glucose concentration in medium by the
concentration in cell supernatant. Lactate production was calculated by substracting lactate

concentration in medium by the concentration in cell supernatant.

Proliferation assay

HUVECsS were incubated for 6 hr in growth medium supplemented with 1 uCi/ml [*H]-thymidine.
Cells were fixed with 100% ethanol for 15 min at 4°C. Thereafter, cells were precipitated with 10%
trichloroacetic acid and lysed using 0.1N NaOH. [*H]-thymidine incorporation into DNA was

measured by scintillation counting.

Statistical analysis
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Statistical significance was determined using unpaired two-tailed Student’s t-test (GraphPad
Prism8). Differences were considered significant with a P value less than 0.05. Quantified data are

presented as mean + SEM.
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Figure 2
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Figure 4
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Figure 5

| Phalloidin / DAPI | Horizontal auto alignment |Actin orientation color code|
Original . S PI"_oc'e'gsed C
- e
c
3]
9 ght holder for this preprint
n but permission.
®
0 90° 45°
>
2
I
OO
=
8
S 90° b a5
Z
‘»
[0}
O
i,
5 Circularity = 1
I -
h - >

Horizontal Color coding HUVECs siControl
—_—> 0° — ™ >
auto alignment
HUVECs siNucleolin
H c
' 0.5 — J 4000 B k % 2000
-é, LN ] ('\l_‘ E
5 % : £ so00 q 2 1500
3 0.3 . T © I A < o HUVECs siNCL
-E 0.2 . 041—’. : : g 2000 {» %- g 1000
8 0.1 ﬁ:ﬁ . 8 1000 * § 500
e®eo _% 0 1
a 90 45 0 45 90

Orientation in degrees

SEM

[Phalloidin / FN / DAP!I |

HUVECs siControl
HUVECSs siNucleolin

© O O O O «
X - . N (] &
illar displacement

=
32


https://doi.org/10.1101/2020.10.14.337824

Figure 5 continued
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Figure 6
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Figure 7
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Figure 7 continued
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