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RhoA regulates translation of the Nogo-A decoy SPARC in white
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Abstract

Glioblastomas strongly invade the brain by infiltrating into the white matter along myelinated nerve fiber tracts even though
the myelin protein Nogo-A prevents cell migration by activating inhibitory RhoA signaling. The mechanisms behind this
long-known phenomenon remained elusive so far, precluding a targeted therapeutic intervention. This study demonstrates
that the prevalent activation of AKT in gliomas increases the ER protein-folding capacity and enables tumor cells to utilize
a side effect of RhoA activation: the perturbation of the IREla-mediated decay of SPARC mRNA. Once translation is initi-
ated, glioblastoma cells rapidly secrete SPARC to block Nogo-A from inhibiting migration via RhoA. By advanced ultra-
microscopy for studying single-cell invasion in whole, undissected mouse brains, we show that gliomas require SPARC for
invading into white matter structures. SPARC depletion reduces tumor dissemination that significantly prolongs survival and
improves response to cytostatic therapy. Our finding of a novel RhoA-IRE1 axis provides a druggable target for interfering
with SPARC production and underscores its therapeutic value.
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Introduction

Glioblastomas are highly invasive brain tumors. The current
standard therapeutic protocol for patients includes tumor
resection, radiation and chemotherapy with temozolomide
(TMZ) [59]. Nevertheless, these high-grade gliomas invari-
ably relapse, and median patient survival is only 15 months
[43]. The invasive nature of glioblastomas is a primary
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reason for the failure of the current standard therapy [6].
Glioblastoma cells invade the healthy brain parenchyma
along anatomical guide structures such as myelinated nerve
fibers, which constitute the white matter [20]. Butterfly glio-
blastomas are a typical example of tumor cell infiltration of
the contralateral brain hemisphere across the corpus cal-
losum. This structure is a bundle of extensively myelinated
nerve fibers that connect both hemispheres [6]. Myelin of
the central nervous system contains inhibitory membrane
proteins such as Nogo-A, oligodendrocyte-myelin glycopro-
tein (OMgp) and myelin-associated glycoprotein (MAG),
of which Nogo-A is the most abundant and is primarily
responsible for inhibiting migration [49]. This intrinsically
disordered transmembrane protein contains two inhibitory
domains that bind to distinct cell surface receptors. The
Nogo66 domain binds to the Nogo receptor 1 (NgR1) [19],
whereas the A20 domain binds to the sphingosine 1-phos-
phate receptor 2 (S1PR2) [29]. Both receptors are strong
activators of Ras homolog A (RhoA) [49]. Active RhoA
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induces lamellipodia collapse and stress fiber formation
which stop cell migration [51]. Despite the presence of
Nogo-A, glioblastoma cells efficiently invade white matter
[17].

Constitutive activity of the RAC-a serine/threonine-
protein kinase (AKT) is a common feature of highly inva-
sive gliomas that can be caused by amplification of receptor
tyrosine kinases, activating mutations in phosphoinositide
3-kinase (PI3 K) subunits or functional inactivation of the
tumor suppressor protein phosphatase and tensin homolog
(PTEN) [11]. In recent prostate and lung cancer studies,
the ectonucleoside triphosphate diphosphohydrolase 5
(ENTPDS) was discovered as being transcriptionally upreg-
ulated by activated AKT signaling [7, 14]. The upregula-
tion of ENTPDS5 was suggested to confer most of the cancer
phenotypes associated with AKT hyperactivity, including a
metabolic shift towards anaerobic glycolysis [14]. ENTPDS5
sustains high UDP-glucose levels in the endoplasmic retic-
ulum (ER) that are required for efficient glycosylation of
secreted proteins [26]. Cancer cells constantly modulate
their microenvironment by secreting matricellular proteins.
The upregulation of these proteins has been reported in vari-
ous cancers, including breast cancer, bladder cancer, and
gliomas, and has been correlated with poor prognosis [60].
Secreted protein acidic and rich in cysteine (SPARC), a
matricellular protein, is strongly expressed in highly invasive
gliomas [47]. However, the function of SPARC in glioma
biology is not fully understood.

Our study introduces a novel RhoA-driven mechanism
utilized by glioblastoma cells to invade the healthy brain
parenchyma along myelinated nerve fibers: glioblastoma
cells interact with the myelin protein Nogo-A via the SIPR2
receptor. This initially activates anti-migratory RhoA sign-
aling but decreases the ribonucleic activity of the inositol
requiring enzyme la (IREla). Reduced IREla activity
enables glioblastoma cells with activated AKT signaling to
secrete SPARC, which prevents an intrinsically disordered
region of Nogo-A-A20 from further inducing RhoA sign-
aling via S1PR2. Our study introduces ultramicroscopy as
a powerful tool for quantitating glioblastoma invasion of
white matter at the single-cell level in whole, undissected
brains. By analyzing infiltration into the corpus callosum,
we provide in vivo evidence that glioblastoma cells require
SPARC to invade white-matter structures. SPARC deple-
tion significantly prolonged survival in several pre-clinical
mouse glioma models.

Methods

Extended and detailed experimental procedures are provided
in the Supplementary Information (Online Resource 2).

@ Springer

Cell culture

Patient-derived low-passage glioblastoma cells [27]
and established glioma cell lines [1] were previously
described.

Myelin extraction

Total myelin protein extracts were prepared from brains
of C57BL/6 or C57BL/6-Rtn4™ 5™ mice [50]. Human
tissue samples were provided by the tissue bank of the
National Center of Tumor Diseases (NCT, Heidelberg,
Germany) according to the regulations of the tissue bank
and with the approval of the Ethics Committee of Heidel-
berg University.

Real-time cell analysis (RTCA)

Migration through myelin-coated and electronically inte-
grated transwells was monitored using an xCELLigence
RTCA DP analyzer (Acea Biosciences, USA).

Recombinant proteins

His-tagged recombinant proteins were mainly produced in
BL21 (Novagen, Germany) or SHuffle (NEB, Germany)
bacteria; Nogo-A and Nogo-B were produced in CHO cells
(provided by C Rosli, DKFZ, Germany). EGFP-tagged
SPARC, ECL2-EGFP and ECL3-EGFP did not contain
a His-tag and were produced in HEK293 cells (ATCC,
USA).

Ultramicroscopy

Tissues were dehydrated and optically cleared as previ-
ously described [2]. Samples were imaged with an Ultra-
Microscope II (LaVision BioTec, Germany).

Lectin affinity chromatography (LAC) and nano-LC-
MS/MS

Conditioned medium was concentrated, dialyzed and
equilibrated for LAC using concanavalin A-conjugated
agarose resin (ConA; Sigma-Aldrich, Germany). Isolated
proteins were analyzed by nanoscale liquid chromatogra-
phy coupled to tandem mass spectrometry (nano-LC-MS/
MS) followed by label-free data analysis.
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Microscale thermophoresis

Ligand binding was measured by microscale thermopho-
resis using a Nanotemper Monolith NT.115 (NanoTemper
Technologies, Germany) as described previously [29].

Animal experiments

Male NOD.Cg-Prkdc*“ 112rgt™"//Sz] (NSG) mice (Jack-
sons, USA), 10-12 weeks of age, were used for xenografts
with LN308FCFP-2A-FLuc Apnimal procedures were in accord-
ance with the institutional animal research guidelines after
approval by the regional commission of Karlsruhe, Baden-
Wuerttemberg, Germany (file number G223/14). Survival
was compared using the log-rank test.

Immunohistochemistry

Primary isocitrate dehydrogenase (IDH)-wildtype glioblas-
toma tissue samples of 27 patients were retrieved from the
archive of the Department of Neuropathology, Heinrich
Heine University Diisseldorf, Germany, and investigated
as approved by the local ethics committee (study number
5513). Tumors were diagnosed according to the current
World Health Organization classification of CNS tumors
[34] and had been molecularly characterized before [15, 63].

Results

Glioblastoma cells respond to Nogo-A by activating SIPR2
and its downstream effector RhoA

We have previously demonstrated that Nogo-A acti-
vates RhoA by binding via its A20 domain (Nogo-A-A20)
to the Ga,, 5-coupled receptor SIPR2 [29]. This receptor
is expressed in established glioblastoma cell lines and in
patient-derived low-passage glioblastoma cells. In contrast,
the Nogo-A receptor NgR1 was not expressed by these cells
[Fig. 1a, b; Suppl. Figure 1a (Online Resource 1)]. SIPR2
can be activated in glioblastoma cells by the specific receptor
agonist CYM-5520, as demonstrated by increased levels of
active, GTP-bound G5 (GaJ™") [Suppl. Figure 1b (Online
Resource 1)]. Similarly, Nogo-A-A20 activated SIPR2 in
glioblastoma cells, and this activation could be attenuated
by the receptor antagonist JTE-013. In contrast, a scrambled
version of the A20 domain, Nogo-A-ASCR, did not activate
S1PR2 [Fig. 1a, c; Suppl. Figure 1c (Online Resource 1)].
We further confirmed these results in NIH-3T3 fibroblasts, a
classical model for studying the inhibitory effects of myelin
[3]. NIH-3T3 fibroblasts, which do not express NgR1 [29],
activated S1PR2 in the presence of Nogo-A-A20, similar to
glioblastoma cells [Suppl. Figure 1d (Online Resource 1)].
Moreover, Ga, 5 activation in the presence of Nogo-A-A20

was decreased in glioblastoma cells by blocking peptides
that mimic extracellular loops (ECL) 2 and 3 of S1PR2
[Fig. 1a, d and Suppl. Figure 1j (Online Resource 1)]. The
ECL2/3 peptides physically interact with Nogo-A since
EGFP fused to either of these peptides precipitated Nogo-A
from myelin extracts [Suppl. Figure 1e (Online Resource 1)].
This interaction required the presence of the A20 domain
since the Nogo-B isoform, which lacks this domain, did not
precipitate the EGFP-ECL2/3 fusion protein [Suppl. Fig-
ure 1f (Online Resource 1)].

We have previously shown that Nogo-A-A20 repulses
neurons and fibroblasts by activating RhoA [29]. Although
glioblastoma cells invade myelinated structures [18], they
increased the levels of active, GTP-bound RhoA (RhoAS™)
when exposed to myelin but only when Nogo-A was present
[Fig. le; Suppl. Figure 1g (Online Resource 1)]. Further-
more, the Nogo-A-A20 domain alone was enough to acti-
vate RhoA in glioblastoma cells [Suppl. Figure 1h (Online
Resource 1)]; this activation was attenuated by S1PR2
silencing (Fig. le). Similar to what occurs in neurons and
fibroblasts [29], RhoA activation by Nogo-A-A20 was not
suppressed by pertussis toxin-mediated inhibition of Goy;,
proteins [Suppl. Figure 1i (Online Resource 1)] but only if
Ga;-encoding GNA 13 transcripts were silenced (Fig. 1f).

Glioblastoma cells secrete SPARC upon RhoA
activation

Since RhoA activation is a key event in inhibitory Nogo-A
signaling [49], we expressed constitutively active RhoA
(RhoAS'"Y) in glioblastoma cells to identify secreted
matricellular proteins that may enable migration. Mass
spectrometry data of the RhoA-induced glioma secretome
[Suppl. Figure 2a (Online Resource 1), Suppl. Table 1
(Online Resource 3)] were compared with data from a
proteome-wide yeast two-hybrid (Y2H) screen, which
we had previously conducted to find novel Nogo-A-A20
binding partners [29]. We identified SPARC as the only
matricellular protein to interact with Nogo-A [Suppl. Fig-
ure 2b (Online Resource 1)]. Immunoblotting [Fig. 2a;
Suppl. Figure 2c, d (Online Resource 1)] and immuno-
fluorescence staining [Fig. 2b; Suppl. Figure 2e-g (Online
Resource 1)] confirmed that glioblastoma cells produced
SPARC when exposed to myelin or Nogo-A-A20. In these
glioblastoma cells, SPARC localized to the ER (co-stained
with calnexin; Suppl. Figure 2h) and secretory Golgi vesi-
cles [co-stained with syntaxin-16; Suppl. Figure 2i (Online
Resource 1)], indicating a classical secretion pathway.
Increased SPARC production in response to Nogo-A was
dependent on SIPR2 [Suppl. Figure 2j (Online Resource
1)], which could be stimulated by the receptor agonist
CYM-5520 [Suppl. Figure 2k (Online Resource 1)]. While
the primary ligand sphingosine 1-phosphate (S1P) was
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Fig. 1 Glioblastoma cells respond to Nogo-A by activating S1PR2
and its downstream effector RhoA. a Nogo-A activates SIPR2 via its
A20 domain. b SIPR2 and NgR1 levels in human brain and glioma
cell lines (LN18, LNT229, LN308, LN443, LN446, and T98G) and
in low passage patient-derived glioblastoma cells (NCH82, NCHS89,
NCH342, and NCH417). ¢, d GaSJ? levels in ¢ LNT229 cells treated
with 1 pM JTE-013 or d LN308 cells treated with blocking pep-
tides mimicking ECL2 or ECL3 or a scrambled peptide (SCR). Error

nonessential [Suppl. Figure 21 (Online Resource 1)], an
active receptor conformation was required since expres-
sion of the conformation-arrested mutant S1PR2R147C [37]
prevented SPARC production [Suppl. Figure 2m (Online

@ Springer

bars represent the SD, n=3. Unpaired #-test, ¥*p <0.05; **p <0.01;
*##%p <0.001; not significant=p>0.05. e SIPR2 activation by Nogo-
A induces RhoA. e, f RhoAS™ levels in LN308 cells. Control SIRNA
(shCTR); shRNA against S/PR2 (shS1PR2); shRNA against GNA13
encoding Gu,; (ShGNAI3). ¢, d, e, f Cells were seeded on A20-
coated dishes and harvested for activity assays after 30 min (Ga,3) or
1 h (RhoA). Nogo-A-A20 (A20); Nogo-A-ASCR (ASCR)

Resource 1)]. Moreover, SPARC production occurred only
when Nogo-A activated S1PR2 in trans, whereas overex-
pression of Nogo-A in glioblastoma cells did not induce
SPARC [Suppl. Figure 2n (Online Resource 1)].
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SPARC expression has been observed not only in glio-
blastoma cells in the invasive zone but also in tumor cores
with high cell density [45]. In line with this observation and
a report of cell density-induced activation of RhoA in mes-
enchymal stem cells [36], we demonstrate that glioblastoma
cells activated RhoA and produced SPARC at high cell den-
sity [Fig. 2c, d; Suppl. Figure 20, p (Online Resource 1)]. In
contrast, the non-glioma cell lines A549 and DU145, which
have low or absent SPARC expression, did not produce
SPARC under conditions of RhoA®!*Y expression (Suppl.
Figure 2q), Nogo-A-A20 exposure [Suppl. Figure 2r (Online
Resource 1)] or high cell density [Suppl. Figure 2s (Online
Resource 1)].

The Kazal-like module of SPARC interacts
with the A20 domain of Nogo-A

In validating the Y2H data, we demonstrate that SPARC
co-precipitated with Nogo-A in lysate from human brain
but not from human liver (Fig. 2e), which lacks Nogo-A
expression [57]. Similarly, SPARC co-precipitated with
Nogo-A in brain lysates of wild type (WT) but not Nogo-
A KO mice [Suppl. Figure 3a (Online Resource 1)]. This
interaction depended on the A20 domain since Nogo-B,
which lacks this domain, did not co-precipitate with SPARC
[Suppl. Figure 3b (Online Resource 1)]. Nogo-A-A20 alone
was enough to precipitate SPARC (Suppl. Figure 3c, d), and
the Kazal-like module of the Follistatin domain of SPARC
was required for this interaction [Fig. 2f; Suppl. Figure 3e
(Online Resource 1)]. Correspondingly, co-precipitation of
SPARC with full-length Nogo-A was attenuated when the
Kazal-like module was lacking [Suppl. Figure 3f, g (Online
Resource 1)].

A conserved disordered region of Nogo-A-A20
is central for its interaction with S1PR2 and SPARC

Nogo-A has been shown to contain intrinsically disor-
dered regions (IDRs) [48] that comprise the A20 domain
[Suppl. Figure 4a (Online Resource 1)]. IDRs can adapt
their structure to interact with different binding partners
[10]. Since Nogo-A-A20 interacted with both SIPR2
[29] and SPARC [Suppl. Figure 2¢ (Online Resource 1)],
we searched for conserved stretches longer than 20-30
amino acids that could constitute protein—protein recogni-
tion motifs within IDRs [52]. Based on the identification
of two conserved regions with transient secondary struc-
tures, we divided Nogo-A-A20 into an N-terminal (Nogo-
A-A20 N) and a C-terminal (Nogo-A-A20C) half [Suppl.
Figure 4a (Online Resource 1)]. Only Nogo-A-A20C
bound to SPARC (Suppl. Figure 4b), which we further nar-
rowed down to a disordered region with transient second-
ary structures (Nogo-A-A20 min) (Fig. 2g). Using ab initio

modeling and PROFASI, we found three possible models
of Nogo-A-A20 min [Suppl. Figure 4c (Online Resource
1)] with similar structural properties and secondary struc-
tural propensities [Suppl. Figure 4d, e (Online Resource
1)]. On average, the structural models of Nogo-A-A20 min
contained 40% o-helices (mainly present in the N-terminal
region) and 8% f-sheets (mainly present in the C-terminal
region) [Suppl. Figure 4f, g (Online Resource 1)]. Using
the 3did database, we found that the interface adopted by
binding partners to interact with the Kazal-like module of
SPARC contained mostly -sheets [Suppl. Figure 4h, i, j
(Online Resource 1)]. This suggested that -sheets within
Nogo-A-A20 min likely represent the binding interface for
SPARC. We further demonstrated by affinity chromatogra-
phy that Nogo-A-A20 min is the minimal IDR that is not
only required for SPARC binding (Fig. 2g) but also enough
to induce SPARC production in glioblastoma cells (Fig. 2h).
Moreover, this IDR also interacted with S1PR2: whereas
ECL2 bound strongly to Nogo-A-A20 N but weakly to
Nogo-A-A20C [Suppl. Figure 4k (Online Resource 1)], this
affinity was reversed for ECL3, which bound more tightly to
Nogo-A-A20 min than did ECL2 [Suppl. Figure 41 (Online
Resource 1)].

SPARC is a Nogo-A-decoy that prevents activation
of STPR2

We analyzed whether SPARC competes with S1PR2 for
binding to Nogo-A. By microscale thermophoresis, we
determined the dissociation constant (Kp,) between SPARC
and Nogo-A-A20 to be ~ 150 nM, which is within the range
of the K, (~280 nM) previously determined for the binding
of S1PR2 and Nogo-A-A20 (Suppl. Figure 4m). We further
show that xenografted glioblastoma cells produced SPARC
that both co-precipitated with Nogo-A and attenuated the
binding of SIPR2 (Fig. 2i), whereas deletion of the Kazal-
like module prevented SPARC from co-precipitating with
Nogo-A, thus rescuing SIPR2 binding [Suppl. Figure 4n
(Online Resource 1)]. Consequently, blocking Nogo-A-A20
with recombinant SPARC prevented RhoA activation in
glioblastoma cells [Suppl. Figure 40, p (Online Resource 1)].

Canonical Rho-ROCK signaling triggers SPARC
production

We investigated the molecular mechanism by which glio-
blastoma cells produce SPARC in response to RhoA activa-
tion (Fig. 3a). SPARC production depended on the RhoA
effector Rho-associated protein kinase (ROCK) and its
downstream target myosin regulatory light chain 2 (MLC-
2) because ROCK inhibition with Y-27632 prevented both
MLC-25' phosphorylation and SPARC production in the
presence of Nogo-A-A20 (Fig. 3b). Accordingly, inhibition
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«Fig.2 Glioblastoma cells secrete the Nogo-A decoy SPARC upon
RhoA activation. a, b, h Cells were grown on protein-coated sur-
faces for 16 h. a SPARC levels in secreted lysates and intracellular
protein isolates from LN308 cells. b CLSM of LN308 cells. Scale
bar: 20 um. ¢, d RhoAS™ or SPARC levels in NCH343 cells grown
at either low (2% 10* cells/cm?) or high (10x 10* cells/cm?) density.
e, f, g IMAC using e TrxA-SPARC and human brain and liver lysates,
f His-tagged A20 and EGFP-tagged SPARC with deletion of either
the EGF-like motif (del_EC) or the Kazal-like motif (del_Kazal), or
g RFP-tagged A20 min or A20 and SPARC-EGFP. The plot shows
the propensity for intrinsic disorder within Nogo-A-A20. h SPARC
levels in the presence of RFP-A20 min or a scrambled version. i
Co-IP of Nogo-A, S1PR2, and SPARC using brain lysates from mice
xenografted without glioblastoma cells (nx) or with LN308 glioblas-
toma cells expressing shCTR or shSPARC. Control shRNA (shCTR);
shRNA against SPARC (shSPARC). f, g, h Nogo-A(A20) (A20); RFP-
tagged minimal deleted Nogo-A(A20) (A20 min-RFP); scrambled
Nogo-A(A20) (ASCR)

of MLC-2 with blebbistatin attenuated RhoA-mediated
SPARC production (Fig. 3c). Using the receptor agonist
CYM-5520 to activate S1PR2, we confirmed that SIPR2
induced SPARC through the RhoA effector ROCK [Suppl.
Figure 5a (Online Resource 1)] and its target MLC-2 [Suppl.
Figure 5b (Online Resource 1)]; silencing ROCK or MLC-2
prevented SPARC induction. Similarly, cell density-induced
SPARC production was also prevented by inhibiting ROCK
or MLC-2 [Suppl. Figure 5c, d (Online Resource 1)]. Moreo-
ver, blocking Nogo-A-A20 with recombinant SPARC not
only prevented RhoA activation [Suppl. Figure 40, p (Online
Resource 1)] but also attenuated the downstream activation
of MLC-2 in glioblastoma cells (Fig. 3d). Moreover, we con-
firmed this RhoA-mediated induction of SPARC in previ-
ously reported patient-derived glioblastoma cells which were
cultured in the absence of serum [42], thus excluding serum-
derived effects [Suppl. Figure 5r (Online Resource 1)].

RhoA-mediated perturbation of IRE1a-regulated
mRNA decay (RAPID) leads to SPARC translation

Rho-ROCK-mediated MLC-2 activation converts non-mus-
cle myosin (NM2) into an assembly-competent form that
is required for generating contractile actomyosin bundles
called stress fibers [56]. Stress fiber formation in glioblas-
toma cells in response to RhoA activation induced SPARC
which was prevented by interrupting actin assembly with
latrunculin A (Lat-A) (Fig. 3e).

Actomyosin contractility was previously linked to the
activity of IREla [23], a kinase/endoribonuclease that
regulates SPARC translation in a mechanism called regu-
lated Irel-dependent decay of messenger RNA (RIDD).
During RIDD, SPARC transcripts are cleaved by IREla
and further degraded by the RNA exosome complex [25]
(Fig. 3f). Glioblastoma cells have been shown to continu-
ously produce high SPARC transcript levels [45]; how-
ever, these levels do not correspond with the low SPARC

protein level in cells without RhoA activation. Silenc-
ing IREla or the exosome component 10 (EXOSC10)
induced SPARC translation [Fig. 3g; Suppl. Figure Se
(Online Resource 1)], whereas transcript levels remained
unchanged [Fig. 3h; Suppl. Figure 5e (Online Resource
1)]. The increase in SPARC translation is also mirrored by
an increased polysomal occupancy of SPARC transcripts
[Suppl. Figure 5f (Online Resource 1)]. For this posttran-
scriptional regulation, the RNase activity of IREla was
required because expression of the RNase-defective, domi-
nant negative mutant IRE1a®?*’# increased SPARC levels
[Fig. 3i; Suppl. Figure 5g (Online Resource 1)]. Conse-
quently, enhancing IREla RNase activity with the allos-
teric activator APY-29 prevented SPARC production when
Rho-ROCK signaling was induced by RhoAS*V (Fig. 37),
Nogo-A-A20 [Suppl. Figure 5h (Online Resource 1)], or
high cell density [Suppl. Figure 5i (Online Resource 1)].

IREla phosphorylation has been shown to increase
its RNase activity [30]. We demonstrated that SIPR2-
induced activation of Rho-ROCK signaling by Nogo-
A-A20 (Fig. 3k) or CYM-5520 [Suppl. Figure 5j (Online
Resource 1)] reduced p-IREla®7** levels. Similarly,
RhoAS!*Y expression reduced p-IRE1a>"** levels, and
this was prevented by inhibiting ROCK [Fig. 31; Suppl.
Figure 5q (Online Resource 1)]. We further confirmed that
reducing IRE1la phosphorylation increased SPARC pro-
duction in glioblastoma cells by expressing the phospho-
dead mutant IRE1a57%* [Fig. 3i Suppl. Figure 5g (Online
Resource 1)]. Moreover, direct induction of stress fiber
formation by jasplakinolide also triggered SPARC pro-
duction which was blunted by enhancing IREla activity
[Suppl. Figure 5k (Online Resource 1)] and thus, links
stress fiber formation to IRElx activity.

Recently, an IREla consensus cleavage site has been
identified in a subset of ER-targeted transcripts, often as
part of a stem-loop structure [39]. This recognition sequence
was also found in the 3’-UTR of SPARC and can be cleaved
in vitro by recombinant IREla if presented as part of a
200 bp oligonucleotide [8]. We probed whether RhoA-
induced SPARC translation required the IREla recogni-
tion site by expressing EGFP-tagged SPARC fused to the
3'-UTR [Suppl. Figure 5m (Online Resource 1)]. SPARC-
EGFP (3'-UTR"T) was inducible by RhoA activation with
Nogo-A-A20 similar to endogenous SPARC [Suppl. Fig-
ure 5n (Online Resource 1)], whereas EGFP targeted to the
ER via an N-terminal signal peptide (SP-EGFP) did not
respond [Suppl. Figure 5o (Online Resource 1)]. However,
mutated IRE 1« recognition sequence (3’-UTRC!472) which
disrupted the stem-loop structure, rendered SPARC-EGFP
non-inducible and increased the overall SPARC-EGFP levels
[Suppl. Figure 5Sm, p (Online Resource 1)]. This indicates
that IREla controls SPARC translation endogenously by
cleaving the 3'-UTR.
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«Fig.3 RhoA-induced deactivation of IREla initiates SPARC transla-
tion. a The canonical Rho-ROCK pathway is triggered by Nogo-A-
mediated activation of SIPR2. b SPARC, MLC-2, and p-MLC-25"°
levels in LN308 cells. ¢, e SPARC levels in LN443 cells expressing
RhoAS'*Y and treated with either 1 uM blebbistatin (Bleb) or 250 ng/
ml latrunculin A (Lat-A) for 16 h. d p-MLC-25"° levels in LN308
cells harvested after 1 h. A20/ASCR was pre-adsorbed with equimo-
lar amounts of either TrxA-SPARC (SPARC) or TrxA-SPARC(del_
Kazal) (del_Kazal). f Perturbation of IRElx activity initiates SPARC
translation. g, h SPARC levels in LN308 cells expressing control
shRNA (shCTR) or shRNA against ERNI (shERNI), which encodes
IREla. (h) Gene expression analysis of ERNI and SPARC. i SPARC
levels in LN308 cells expressing either IRE1a572*A, IRE1a%%7A or
EGFP fused to an N-terminal signal peptide (SP-EGFP). j SPARC
levels in LN443 cells expressing RhoAS'*V and treated with 1 uM
APY-29 for 16 h. k, 1 Total- and phospho-IRE1o"** levels in LN308
cells exposed to A20 (k) or expressing RhoAS!Y and treated with
1 uM Y-27632 (1). Error bars represent the SD, n=3. Unpaired ¢ test,
*p<0.05; **p<0.01; ***p<0.001; not significant=p>0.05. b, k
Nogo-A-ASCR (ASCR); Nogo-A-A20 (A20)

AKT signaling promotes SPARC production
by increasing ENTPD5 expression

Previous studies revealed that phenotypes associated with
active, phosphorylated AKT1 (p-AKT1) are mediated
through its transcriptional target ENTPDS5. This ER-res-
ident enzyme enables a high protein folding capacity of
the ER by sustaining UDP-glucose levels [26], which may
also be required for the glycosylation and folding of matri-
cellular proteins, such as SPARC. Since AKT signaling is
often upregulated in gliomas due to genetic alterations of
PI3 K or PTEN [4], we investigated whether AKT1-driven
ENTPDS expression is required for glioblastoma cells to
produce SPARC.

In glioblastoma cells with high p-AKT1 levels [Fig. 4a;
Suppl. Figure 6a (Online Resource 1)], we observed high
ENTPDS expression levels, which were reduced by express-
ing the phospho-dead mutant AKT1%*7*2, In contrast, glio-
blastoma cells with low p-AKT]1 levels had low ENTPD5
levels, which could be increased by overexpressing AKT1
(Fig. 4b). In PTEN-negative glioblastoma cells, we further
show that PTEN re-expression reduced p-AKT1/ENTPD5
levels [Fig. 4a; Suppl. Figure 6a (Online Resource 1)].
However, not all PTEN-positive glioblastoma cells had low
p-AKTI1/ENTPDS levels, whereas WT PTEN-expression in
LNT229 glioblastoma cells was responsible for their low
p-AKT1/ENTPDS levels (Fig. 4b); LN18 cells retained
high p-AKT1/ENTPDS levels even in the presence of WT
PTEN [Suppl. Figure 6b (Online Resource 1)]. This may
indicate alternative mechanisms that can circumvent AKT1
suppression, such as gain-of-function mutations of p53 that
can modulate WT PTEN activity [33].

We further demonstrate that inhibiting AKT1 phospho-
rylation with MK-2206 not only reduced ENTPDS lev-
els but also prevented RhoA-induced SPARC production

in glioblastoma cells with high p-AKT1 levels [Fig. 4c;
Suppl. Figure 6¢ (Online Resource 1)]. Likewise, SPARC
production was reduced when the enzymatic function of
ENTPDS5 was disturbed by expressing the dominant negative
mutant ENTPD5E127A [Fig. 4d; Suppl. Figure 6d, e (Online
Resource 1)] or by re-introducing WT PTEN [Suppl. Fig-
ure 6f, g (Online Resource 1)]. Conversely, glioblastoma
cells with low AKT1 activity were able to produce SPARC
under conditions of RhoA activation when ENTPDS lev-
els were increased [Fig. 4e; Suppl. Figure 6h, i (Online
Resource 1)] or when AKT1 activity was elevated by silenc-
ing PTEN [Suppl. Figure 6j (Online Resource 1)]. Moreover,
increasing the levels of ENTPDS5 compensated for the sup-
pressive effects of PTEN on AKT1 signaling and thus ena-
bled SPARC production [Suppl. Figure 6k (Online Resource
1)]. Similarly, an improved capability to produce SPARC
due to increased AKT1 activity after silencing of PTEN was
reversed when ENTPDS5 was co-silenced [Suppl. Figure 61
(Online Resource 1)]. Finally, we linked IREla and AKT1
activity to SPARC production: PTEN-negative glioblas-
toma cells with high p-AKT1 levels produced SPARC when
IRE1la was inactivated with the inhibitor 4u8C. However,
SPARC production due to inactive IREla was attenuated
when AKTI activity was reduced by re-expressing PTEN
(Fig. 4f). Thus, RhoA-mediated perturbation of IREla-
regulated mRNA decay (RAPID) induces SPARC pro-
duction that can only be sustained by high p-AKT]1 levels

(Fig. 42).

SPARC secretion enables glioblastoma cells
to invade myelinated structures

We showed that glioblastoma cells with high p-AKT1/
ENTPDS levels produced SPARC in response to acute RhoA
activation. Therefore, we investigated whether these cells
have an advantage in invading myelinated structures. In the
presence of myelin or Nogo-A-A20, SPARC-producing cells
migrated through myelinated transwells [Fig. 5a; Suppl.
Figure 7a—c (Online Resource 1)]. In contrast, the invasion
of glioblastoma cells with low p-AKT1/ENTPD5/SPARC
levels, such as LNT229 cells, was inhibited [Fig. 5a; Suppl.
Figure 7a (Online Resource 1)]. These cells invaded through
myelinated transwells only when Nogo-A was blocked by an
antibody directed against the A20 domain (Fig. 5b). Moreo-
ver, glioma cell invasion in the presence of Nogo-A-A20 was
regulated by the activity of SIPR2 and IREla. Cell invasion
was increased by inhibiting S1PR2 signaling with the antag-
onist JTE-013 (Fig. 5c¢) but was diminished when IREla
was re-activated by APY-29 (Fig. 5d). The superior invasive
capability of glioblastoma cells with high p-AKT1/ENTPDS5
levels was limited when AKT1 was blocked. However,
recombinant SPARC rescued the ability of cells to invade
in the presence of Nogo-A-A20 [Fig. 5e; Suppl. Figure 7d
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«Fig.4 Increased ENTPDS5 expression due to high p-AKT levels
allows for SPARC production. a, b ENTPDS levels in a LN308 glio-
blastoma cells expressing either myc-tagged AKTS*** or PTEN; b
LNT229 cells expressing either AKT1-myc, control shRNA (shCTR)
or shRNA against PTEN (shPTEN). ¢ ENTPDS and SPARC levels in
glioblastoma cells treated with MK-2206 for 16 h. d, e SPARC levels
in d LN308 cells expressing ENTPD5E2"A-myc or e LNT229 cells
expressing ENTPDS5-myc. ¢, d, e Cells were exposed to either Nogo-
A-A20 (A20) or Nogo-A-ASCR (ASCR) for 16 h. f SPARC levels
in glioblastoma cells expressing PTEN-myc were treated with 1 uM
4u8C. g The RhoA-activated perturbation of IREla-regulated mRNA
decay (RAPID) pathway

(Online Resource 1)]. Similarly, glioblastoma cells with
low p-AKT1/ENTPDS, and thus low endogenous SPARC
production, showed increased invasion through myelinated
transwells in the presence of recombinant SPARC but not
SPARC (del_Kazal) (Fig. 5f).

To quantify glioma invasion in vivo, we developed an
ultramicroscopy (UM)-based approach that allows for the
detection of single fluorescence-labelled tumor cells in the
undissected mouse brain. To specifically address white-mat-
ter invasion, we analyzed cell penetration into the exten-
sively myelinated corpus callosum (Fig. 6a). GFP-labelled
glioblastoma cells were injected into the basal ganglia and
developing tumors were imaged 10 days post implantation.
We tracked tumor growth with bioluminescence and mag-
netic resonance imaging (Fig. 6b, c). UM enabled the pre-
cise identification of individual glioblastoma cells (Fig. 6d,
e). After 3D analysis of UM-image stacks, we quantified
glioblastoma cells (green) that invaded the corpus callo-
sum (highlighted in red). These cells either expressed con-
trol shRNA (shCTR) (Fig. 6f) or shRNA against SPARC
(shSPARC) (Fig. 6g). To account for effects related to cell
viability and cytotoxicity, we analyzed both cell popula-
tions using LDH-, MTT- or RTCA-based experiments which
revealed no significant difference in their cell growth [Suppl.
Figure 7e, f, g (Online Resource 1)].

We demonstrate that the ability of glioblastoma cells
with high p-AKT1/ENTPDS levels to invade the corpus
callosum was strongly reduced when SPARC was silenced
[Fig. 6h, i; Suppl. Movies 1, 2 (Online Resource 5, 6)].
In comparison, the white-matter invasion of glioblastoma
cells with low p-AKT1/ENTPDS levels, such as LNT229
cells, was restricted but could be improved by silencing
PTEN (shPTEN). This effect was reversed by co-silencing
SPARC (shPTEN/shSPARC), which confirmed that SPARC
was required for glioblastoma cells to invade white matter

(Fig. 6)).
SPARC depletion improves survival in vivo
To assess the clinical potential of our molecular findings, we

first focused on glioma cell lines with high p-AKT1/ENTPDS5
levels and investigated if a reduction in white matter invasion

upon SPARC depletion improves survival in a pre-clinical
setting (Fig. 7a). We implanted glioblastoma cells that either
expressed control ShRNA (shCTR) or shRNA against SPARC
(shSPARC) into NSG mice and confirmed that silencing
blunted protein production in vitro (Suppl. Figure 8a) and
in vivo [Suppl. Figure 8b (Online Resource 1)]. SPARC deple-
tion in gliomas increased survival, and this increase was fur-
ther improved when animals were treated with the standard
chemotherapeutic temozolomide (TMZ). In contrast, animals
bearing gliomas with high SPARC levels showed significantly
reduced survival that did not improve upon therapy [Fig. 7b,
c; Suppl. Figure 8c, d (Online Resource 1)]. We also xeno-
grafted LNT229 cells, which have low p-AKT1/ENTPDS
levels and did not increase SPARC levels in the presence
of myelin. Silencing SPARC removed any residual SPARC
production from these gliomas [Suppl. Figure 8e (Online
Resource 1)], which did not confer an additional survival
advantage. However, treatment of LNT229 gliomas with TMZ
improved survival [Suppl. Figure 8f, g (Online Resource 1)].
This confirmed the results obtained with gliomas expressing
high p-AKT1/ENTPDS levels, in which SPARC depletion
improved the treatment response [Fig. 7b, c; Suppl. Figure 8c,
d (Online Resource 1)].

We additionally performed immunohistochemical staining
for SPARC in tissue sections of 26 IDH-wildtype glioblasto-
mas [Suppl. Table 2 (Online Resource 1)], which had been pre-
viously characterized for glioma-associated genetic alterations
[15, 63]. In these studies, we observed high SPARC levels
across all tumors, including PTEN-wildtype glioblastomas,
both in cellular tumor areas and in less cellular areas of the
infiltration zone (Fig. 7d). We confirmed SPARC expression
in immunohistochemical stainings of consecutive sections in
pAKT-, p53- or EGFRvIII-positive glioblastoma cells in situ
[Suppl. Figure 8 h, I, k (Online Resource 1)]. In addition, we
performed double-labeling immunofluorescence stainings for
SPARC and p53 or SPARC and EGFRVIII on selected tumors
which also revealed SPARC expression by glioblastoma cells
being positive for either of these tumor cell-specific markers
[Suppl. Figure 8 j, 1 (Online Resource 1)]. These findings are
in line with our in vitro data: glioblastomas are able to increase
SPARC production even in presence of WT PTEN. Moreover,
similar to our observation in high-density cell cultures, glio-
blastomas also demonstrated stronger SPARC expression in
the cellular tumor core compared to the invasive zone [Fig. 7d,
Suppl. Figure 8h (Online Resource 1)].
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Nogo-A activates STPR2 and induces inhibitory
Rho-ROCK signaling in glioblastoma cells

Previous studies established NgR1 and S1PR2 as receptors
for the inhibitory myelin protein Nogo-A [49]. Since glioblas-
toma cells are known to invade white matter [6], infiltrating
cells could potentially silence these receptors to prevent the
induction of inhibitory Nogo-A signaling. Although this was
true for NgR 1, we found that SIPR2 was still expressed in all
investigated cell lines. Our finding for NgR1 in invasive gli-
oma cell lines is in agreement with previous data from human
glioma tissues showing a reduction in expression with increas-
ing malignancy [61]. The expression of SIPR2 by glioblas-
toma cells may be explained by their requirement to balance

@ Springer

in vivo. a SPIM workflow for ultramicroscopic analysis of glioma
cell invasion. b, ¢, d, e Increased resolution from b BLI, ¢ MRT
with injection site (yellow square); scale bar: 2 mm, d, e UM;
scale bar: 100 pm. f, g UM analysis of brains xenografted with
LN308ECFP-2A-FLuc cells The focus plane is indicated in gray, and
the injection site on the lateral side to the corpus callosum (red) is
indicated in yellow. h, i, j Quantification of EGFP-labelled h LN308
cells, i NCHS82 cells, and j LNT229 cells that invaded the cor-
pus callosum. Wilcoxon rank-sum test, error bars represent the SD,
*p<0.05; **p<0.01; ***p<0.001; ns.=p>0.05. Control shRNA
(shCTR), shRNA against SPARC (shSPARC), shRNA against PTEN
(shPTEN)

the input from other expressed S1P receptor subtypes, such
as S1PR1 or S1PR3 [44]. Lysophospholipid receptors such
as S1PR2 are activated by small molecules [38]. We recently
showed binding of the large membrane protein Nogo-A to
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«Fig. 7 Glioblastoma cells require SPARC for infiltrative growth. a
Treatment scheme of xenografted NSG mice. b, ¢ Kaplan—-Meier
analysis of NSG mice xenografted with LN308 or NCH644 cells
expressing EGFP-2A-FLuc and treated with temozolomide (TMZ) or
DMSO. Control shRNA (shCTR), shRNA against SPARC (shSPARC).
Mice that died due to a non-tumor-related cause were censored by a
symbol: shCTR (circle), shCTR + TMZ (square), shSPARC (trian-
gle), shSPARC + TMZ (thombus). d Immunohistochemical staining
for SPARC in tissue samples from two representative IDH-wildtype
glioblastomas, with (GB2380) or without PTEN mutation (GB2269).
Shown are images of cellular tumor areas (left column) and the
respective infiltration zone (right column). Brown: specific immuno-
reactivity. Blue: counterstaining with hemalum. Scale bars: 50 uM

S1PR2 [29]. Our current study demonstrates that the A20
domain of Nogo-A not only physically binds to SIPR2 but
also transactivates S1IPR2, mainly via its third extracellular
loop. For many GPCRs, the third extracellular loop has been
proposed to be a ligand binding site [41] and to regulate ligand
selectivity and receptor activation [32].

RhoA-mediated attenuation of RIDD enables
gliomas to produce SPARC

Nogo-A inhibits cell migration by activating RhoA, which
leads to actomyosin constriction and stress fiber formation
[49]. Although glioblastoma cells use myelinated nerve
fibers as guide structures for invasion [20], we found that
they also activated the anti-migratory Rho-ROCK pathway
when exposed to Nogo-A. However, this signaling dis-
turbed the mRNA decay activity of IREla, thus enabling
glioblastoma cells to increase the production of secreted
glycoproteins such as SPARC. This mechanism is similar
to the activation of the transcriptional co-factors YAP and
TAZ by RhoA-induced cytoskeletal tension [12, 62]. Our
finding further expands this concept of mechanotransduced
gene regulation [9]: we have identified a fast and dynamic
RhoA-driven mechanism that regulates protein translation
(yet-unknown mechanisms we termed RAPID). RAPID is
efficiently exploited by glioblastoma cells to adapt quickly
in a spatiotemporal manner to distinct microenvironments,
such as inhibitory white matter.

The Nogo-A decoy SPARC competes with S1PR2
for binding to an IDR of the A20 domain

SPARC modulates the cellular microenvironment and is
secreted by cells under stress conditions [5]. We found that
SPARC competes with SIPR2 for binding to an IDR of the
Nogo-A-A20 domain. IDRs allow proteins to interact with
different binding partners due to enhanced structural flex-
ibility [10]. Our computational modeling suggested that
the flexibility of the Nogo-A-A20 IDR enabled its fold-
ing into a B-strand, the predominant conformation adopted
by protein interfaces that interact with Kazal-like motifs.

Thus, Nogo-A-A20 was prevented from binding to SPARC
when the Kazal-like motif was deleted. Similarly, the IDR
of the HIF-1a transactivation domain exhibits compa-
rable backbone flexibility: the domain folds as a helix to
bind to the translin-associated zinc finger protein TAZ1,
whereas it adopts a f-strand conformation when binding
to the asparagine hydroxylase FIH [13]. Glioblastoma cells
seem to exploit the structural flexibility of Nogo-A-A20
using SPARC as a soluble decoy to attenuate the activation
of inhibitory RhoA signaling via SIPR2. In an analogous
triadic signaling system, osteoclasts mature upon binding
of receptor activator of NF-kB (RANK) to the osteoblast-
expressed RANK ligand (RANKL). Osteoblasts, in turn, can
interrupt RANK activation by secreting the decoy osteo-
protegerin, which neutralizes RANKL and thereby inhibits
osteoclast maturation [31]. Previous neuropathological stud-
ies hypothesized that invasive glioblastoma cells must pos-
sess an intrinsic capability to infiltrate white matter despite
its anti-migratory features [17], in addition to mechanisms
involving microvessels [2] and ultra-long astrocytoma mem-
brane protrusions as routes for brain invasion [40, 58] as well
as mitogenic factors such as neuroligin-3 [54, 55]. We pro-
pose that glioblastoma cells counteract the Nogo-A-enforced
block in migration. These cells have the intrinsic ability to
secrete SPARC when exposed to mechanical stress, such
as that caused by RhoA-induced actomyosin constriction,
which enables them to migrate away from the cell-dense
and nutrition-deprived bulk of the tumor. In turn, this con-
sequently raises the question if less invasive gliomas, e.g.,
pilocytic astrocytomas or ependymomas lack diffuse infiltra-
tive growth capacities because they do not have the intrinsic
ability to secrete SPARC. Solving this question, however,
requires further experimental studies.

SPARC depletion reduces white matter invasion
and prolongs survival in an orthotopic glioma
model in vivo

Quantification of single glioblastoma cells in various regions
of the entire undissected rodent brain has been technically
challenging and time consuming so far. With the advance-
ment of our recently developed UM-imaging platform [2],
this study provides a new methodology for precisely inves-
tigating the invasion of single glioblastoma cells into white-
matter structures. Together with the in vitro data, our UM
invasion analysis demonstrated that increased AKT-driven
ENTPDS expression enabled glioblastoma cells to produce
the Nogo-A decoy SPARC, which was key for their abil-
ity to invade the extensively myelinated corpus callosum.
Thus, gliomas utilize an AKT/ENTPD5-mediated metabolic
shift, similar to prostate and lung cancers [7, 14]. However,
this altered metabolism not only spurs the growth of can-
cer cells [26] but also increases their ability to invade the
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microenvironment. Our work supports recent studies high-
lighting the important role of altered cell metabolism in con-
trolling cancer invasion and metastasis [22, 35].

The invasive capacity of glioblastomas is a major clinical
burden for disease control and therapy [46]. As evidenced by
butterfly glioblastomas, in which tumor cells cross the midline
via the extensively myelinated corpus callosum [17], anti-
invasive treatment strategies for gliomas must consider the
invasion of the white matter, which represents a substantial
proportion of the brain [21]. We demonstrated that SPARC
depletion in gliomas with elevated AKT activity improved
the response to TMZ treatment and prolonged survival. The
reduction of the invasive potential may increase the sensitivity
of glioblastoma cells to alkylating drugs. Studies showed that
reducing the invasive capability of glioblastoma cells shifts
their cell fate decision towards cell growth, which renders
them more susceptible to cytostatic therapy [16, 24, 28, 53].
Our pre-clinical data are further supported by patient glioma
samples, in which high AKT levels were associated with
strong SPARC expression in tumor cells within both the inva-
sive zone and the tumor bulk. Clinical data show that glioblas-
tomas can acquire elevated AKT levels independent of their
IDH mutation status [34]. Thus, the molecular mechanism we
discovered may apply to both IDH-wildtype and IDH-mutant
glioblastomas [34], influencing SPARC production via either
IREla or AKT/ENTPDS might represent a worthwhile thera-
peutic option to pursue.

Taken together, we have identified a novel RhoA-induced
signaling mechanism that enables glioma cells to efficiently
invade the white matter of the healthy brain using myelinated
nerve fibers as guide structures. When glioma cells invade
along myelinated nerve fibers, the inhibitory myelin protein
Nogo-A activates the SIPR2 receptor, which induces anti-
migratory Rho-ROCK signaling. However, these signaling
events also lead to deactivation of the ribonuclease IREla,
which abolishes SPARC mRNA decay and allows glioma
cells to secrete SPARC. As a result, SPARC prevents Nogo-
A from further activating S1PR2 and thus enables glioblas-
toma cells to invade white matter. Upon quantifying the inva-
sion along myelinated nerve fiber projections, we found that
glioma cells with high levels of p-AKT1 and ENTPD5 were
superior at invading white matter due to an increased pro-
tein folding capacity. In pre-clinical mouse glioma models,
we demonstrated that depleting SPARC and thus preventing
white-matter invasion significantly prolonged survival and
improved the treatment response to TMZ.
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