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The Wnt pathway is frequently dysregulated in many cancers, underscoring it
as a therapeutic target. Wnt inhibitors have uniformly failed in clinical trials.
Here, we report a mechanism of WNT pathway activation through the Sema-
phorin 3 C neurodevelopmental program in glioma stem-like cells. Sema3C
directs B-catenin nuclear accumulation in a Racl-dependent process, leading
to transactivation of Wnt target genes. Sema3C-driven Wnt signaling occurred
despite suppression of Wnt ligand secretion, suggesting that Sema3C drives
canonical Wnt signaling independent of Wnt ligand binding. In a mouse model
of glioblastoma, combined depletion of Sema3C and B-catenin partner TCF1
extended animal survival more than single target inhibition alone. In human

M Check for updates

glioblastoma, Sema3C expression and Wnt pathway activation were highly
concordant. Since Sema3C is frequently overexpressed in glioblastoma,
Sema3C signaling may be a significant mechanism of resistance to upstream
Wnt pathway inhibitors. Dual targeting of Sema3C and Wnt pathways may
achieve clinically significant Wnt pathway inhibition.

The Wnt pathway is a fundamental developmental program that is
deregulated in numerous cancers'. In the canonical pathway, Wnt
ligands bind to their receptors, Frizzled and LRP, to inhibit the [-
catenin destruction complex, ultimately leading to (3-catenin translo-
cation to the nucleus. Nuclear B-catenin then binds to the TCF/LEF
transcription complex to drive transcription of Wnt target genes that
can drive cancer progression.

Glioblastoma (GBM) is a lethal primary brain tumor that is
refractory to standard treatment®. In GBM, Wnt signaling is frequently
dysregulated, particularly in the glioma cancer stem-like cell (GSC)
population, where it plays a critical role in stem cell maintenance® and
therapeutic resistance®’. Wnt signaling can also facilitate interactions
between glioma stem or progenitor cells with other cell types within
the tumor microenvironment to facilitate invasion and further confer
resistance to treatment®'°, In preclinical models of GBM, inhibition of

the Wnt pathway itself has minimal benefits in terms of tumor control,
but rather indirectly sensitizes tumors to chemotherapy'*".

While mutations in the Wnt pathway have been identified in mul-
tiple cancers including the primary brain cancer medulloblastoma®, no
mutations in APC (Adenomatous Polyposis Coli) or CTNNBI (the gene
encoding [B-catenin) have been identified in GBM®. Rather, over-
expression of Wnt ligands, or mutational or epigenetic dysregulation of
key pathway regulators are more frequently found®**',

Numerous clinical trials have investigated Wnt inhibitors in a
variety of cancers”. Despite these intense efforts, however, Wnt inhi-
bitors have failed in the clinic”’. Considering that most Wnt inhibitors
target either the ligand or receptor'®®, we hypothesized that GSCs
have evolved mechanisms to bypass signaling initiated by Wnt ligand-
receptor interactions. Defining these resistance pathways may lead to
improved tumor control.
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The Semaphorin pathway is a neurodevelopmental program that
directs the patterning of the nervous and cardiovascular systems**
and is frequently dysregulated in GBM and other cancers”*>°, We
previously reported that the secreted protein Semaphorin 3C
(Sema3C) and its receptors are overexpressed in ~85% of GBM and are
preferentially utilized by GSCs but not their normal counterparts,
neural progenitor cells”. Sema3C binding to its Neuropilin-Plexin
receptor complex promotes GSC survival and invasion®'. As a secre-
ted protein, Sema3C facilitates communication between neighboring
GSCs to promote tumor progression, thereby expanding their popu-
lation and reinforcing their malignant phenotype collectively.

Sema3C-mediated glioma progression is dependent on activation
of the small GTPase Racl®. In embryonic development, Racl has been
implicated in the regulation of -catenin translocation from the cyto-
plasm to the nucleus™. We therefore hypothesized that Sema3C-Racl
signaling may similarly promote (3-catenin nuclear localization, effec-
tively bypassing Wnt ligand-receptor interaction and driving down-
stream canonical Wnt signaling in GSCs. Here, we report that the
Sema3C pathway acts as an alternate canonical Wnt pathway activator
by driving 3-catenin nuclear translocation and conferring resistance to
upstream Wnt pathway inhibition. Our data support a therapeutic
strategy of targeting of both pathways to improve GBM control.

Results

Combined inhibition of Wnt and Sema3C pathways improves
survival

Previous studies in preclinical mouse models of GBM suggest minimal
if any survival benefit with Wnt inhibition alone despite overwhelming
data of improved tumor control in vitro®”. The Porcupine inhibitor
LGK974 blocks Wnt secretion and is under clinical investigation®,
Since GSCs are more resistant to therapeutic agents®**, we first tested
the sensitivity of GSCs to LGK974. We found that the half maximal
effective dose (EC50) of LGK974 is about 6.5uM in GSCs (Supple-
mentary Fig. 1a). Treatment of GSCs with LGK974 reduced GSC self-
renewal and viability in a dose-dependent manner, demonstrating the
sensitivity of GSCs to this specific Wnt pathway inhibitor (Supple-
mentary Fig. 1b).

Considering that many drugs are unable to pass through the
blood-brain-barrier and blood-tumor-barrier, we first asked whether
LGK974 can engage its target in a GSC-derived orthotopic mouse
model of GBM. After confirming tumor growth by bioluminescence
imaging, mice were randomized to receive LGK974 or placebo control
by oral gavage at two different dose levels (Supplementary Fig. 1c). The
higher dose of 10 mg/kg twice a day induced diarrhea in all of the
animals after 10 days of treatment, consistent with known intestinal
toxicity of Wnt inhibitors®, and led to premature death. Mice tolerated
the lower dose (5mg/kg twice a day) without clinically significant
toxicity. We expanded our studies to larger numbers of mice (Fig. 1a).
Analysis of the tumors from treated animals showed a significant
reduction in the expression of the Wnt target gene TCF1* (Fig. 1b).
These data suggest that at a well-tolerated dose, LGK974 can indeed
pass the blood-brain-barrier and blood-tumor-barrier to engage its
target. However, we did not see any survival benefit (Fig. 1a, p = 0.4973)
even though TCF1 expression was reduced (Fig. 1b) in tumors of
treated animals. Our data suggest that blocking Wnt secretion alone is
insufficient to reduce tumor growth in vivo and that other pathways
contribute to resistance.

Cancer stem cells have evolved mechanisms to reactivate devel-
opmental pathways to ensure their survival and maintenance*’. We
next assessed whether other signaling pathways that are often
deregulated in GBM, in particular in GSCs, can act as a driver of
canonical WNT pathway. Since Sema3C is overexpressed in the over-
whelming majority (>85%) of GBM and Sema3C signaling is frequently
activated in GSCs*, we assessed the possibility that Sema3C could
regulate canonical Wnt signaling.

To this end, we first investigated the expression pattern of TCF1,
the Wnt target gene and (-catenin binding partner, and Sema3C in
human GBM samples (Fig. 1c and Supplementary Fig. 1d, e). By dual
immunohistochemical staining, we found that the expression of both
proteins is highly correlated (Fig. 1c, d; Pearson correlation coefficient,
r=0.82, R?=0.66, p<0.0001), suggesting that they may function in
the same signaling axis.

To determine potential interactions between Sema3C and Wnt
signaling, we used a genetic approach. We established tumors in which
Sema3C, TCFL, or both Sema3C and TCF1 were knocked down. In two
different models, knockdown of either Sema3C or TCF1 alone reduced
tumor growth and extended animal survival compared to control
animals (Fig. le-g, Supplementary Fig. 1f, g). Silencing both Sema3C
and TCF1 resulted in the greatest tumor control and longest animal
survival. Ki67 staining was markedly reduced in tumors in which
Sema3C and TCF1 were silenced, supporting a reduction in tumor cell
proliferation (Fig. 1f). Together, these data support that inhibition of
both Sema3C and Wnt pathways synergize to improve survival more
than single pathway inhibition alone.

Sema3(C is indispensable for the self-renewal of GSCs

Since the Wnt pathway facilitates stem cell self-renewal, and our study
suggests a link between Sema3C and Wnt pathways, we investigated
the functional role of Sema3C in GSC self-renewal. We assessed
tumorsphere formation and performed in vitro extreme limiting
dilution assays using GSC lines in which Sema3C was silenced. Sema3C
knockdown (shSema3C) reduced tumorsphere formation (Fig. 2a, b)
and reduced self-renewal capacity compared to control non-targeting
knockdown (shNT) (Fig. 2c, d). The frequency of GSCs was reduced 6-
to 13-fold after silencing Sema3C, depending on the cell line (Fig. 2c, d).
In addition, Sema3C knockdown significantly reduced proliferation, as
evidenced by reduced incorporation of the thymidine analog ethy-
nyldeoxyuridine (EdU) into DNA (Fig. 2e, f). This reduction in pro-
liferation contributed to a decline in cell number after Sema3C
knockdown (Fig. 2g, h). These data suggest that Sema3C plays an
essential role in GSC self-renewal.

Sema3C signaling regulates the Wnt pathway

We next tested the effects of Sema3C on canonical Wnt signaling.
Expression of key Wnt target genes including TCF1 and c-Myc were
down-regulated at the mRNA and protein levels when Sema3C was
silenced (Fig. 3a, b, Supplementary Fig. 2a). We then overexpressed
FLAG-tagged full-length Sema3C in GSCs. Overexpression of Sema3C
led to increased expression of multiple Wnt target genes including
Axin2, CCND1, c-Jun, C-myc, and TCF1 at the mRNA level (Fig. 3c).
Changes in expression of a subset of these targets were confirmed at
the protein level (Supplementary Fig. 2b). Together, these data suggest
that Sema3C can regulate the canonical Wnt pathway.

Sema3C regulates B-catenin nuclear translocation

In canonical Wnt signaling, translocation of f-catenin into the
nucleus is a critical event that leads to transactivation of Wnt
target genes'. We therefore investigated the role of Sema3C in
regulating B-catenin nuclear localization. We performed cellular
fractionation assays to separate cytosolic and nuclear fractions of
GSCs, followed by immunoblotting of B-catenin. The nuclear
fraction of B-catenin was significantly reduced when Sema3C was
silenced in four different GSC lines (Fig. 4a, Supplementary
Fig. 3). We next complemented these fractionation studies with
immunofluorescence imaging of -catenin. Knockdown of
Sema3C in GSCs reduced the fraction of cells exhibiting nuclear
B-catenin by at least 50% (Fig. 4c, d). Conversely, overexpression
of Sema3C led to an increase in cells with (-catenin nuclear
localization (Fig. 4b). These data strongly suggest that Sema3C
regulates the subcellular localization of B-catenin.
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Activation of Racl by Sema3C facilitates 3-Catenin nuclear
translocation

Sema3C binds to the NRP1/PlexinD1 receptor complex in GSCs?. The
PlexinD1 co-receptor functions in signal transduction and is essential
in GSC maintenance. We reasoned that silencing PlexinD1 would phe-
nocopy the effects of Sema3C knockdown on Wnt signaling. Indeed,
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we observed a reduction in TCF1 and c-Myc expression in three inde-
pendent GSCs in which PlexinD1 was silenced (Fig. 5a).

We previously demonstrated that Racl is activated upon Sema3C
binding to its receptor complex, and Racl is an essential mediator of
Sema3C-dependent glioblastoma progression”. The small GTPase
Racl can regulate the Wnt pathway by facilitating B-catenin nuclear
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Fig. 1| Combined inhibition of Wnt and Sema3C pathways improves survival in
a mouse model of GBM. a Kaplan-Meier curve of GBM model. 14 days after NSG
mice were intracranially injected with 387 GSCs, they were treated with either
vehicle (n =16, median survival 27 days) or LGK974 (n =16, median survival 28 days)
5mg/kg twice a day for 14 days by oral gavage (Log-rank test p=0.4973).

b Immunoblot of TCF1 expression in GBM tissue of representative control or
LGK974 treated animals in (a) (representative 2 samples from each group were
shown out of 9 samples analyzed from each group). Sox2 and a-Tubulin were used
as loading controls. ¢ Multiple antigen immunohistochemistry staining of TCF1
(red, nucleus) and Sema3C (yellow, cytosol) in human GBM samples (representative
pictures from 27 samples were shown). Left: 10x objective view with scale bar
200 pM. Right: 63x oil objective view with scale bar 50 pM. d Scatterplot and linear
regression analysis of TCF1 and Sema3C positive stained cells in human GBM (n =27
GBM samples, simple linear regression test, R*=0.66, p < 0.0001, Slope = 0.6034,

95% confidence interval 0.43 to 0.78). e Western blots of TCF1 and Sema3C after
knockdown of TCF1, Sema3C, or both in 387 GSCs used in orthotopic xenograft
model in figure panels (f) and (g). f Left panels: H&E staining of mouse brain
panorama image. Scale bar 2 mm. Right panels: Ki67 immunohistochemistry
staining in shNT, shSema3C, shTCF1, or shSema3C plus shTCF1 knockdown tumors.
Scale bar 50 pM. Representative images of 387 GSC-derived xenograft tumor
samples of euthanized animals (as in C) are shown (one sample from each group
out of 14 was shown). g Kaplan-Meier curve of 387 GSC-derived orthotopic
xenografts expressing shNT (median survival, 32 days), shSema3C (median survival,
103 days), shTCF1 (median survival, 143 days) or shSema3C + shTCF1 double
knockdown (median survival not reached) (n =14 for each group). Log-Rank test,
each group compared with control p < 0.0001; shSema3c vs. shTCF1, P=0.7461;
shSema3C vs. shSema3C + shTCF1, p = 0.0055; shTCF1 vs. shSema3C + shTCFI,
p=0.0035. Source data are provided as a Source data file.

translocation®. Considering the effects of Sema3C on GSC self-
renewal, we next assessed the potential convergence of Sema3C and
canonical Wnt signaling in GSCs as mediated through Racl. We first
silenced Sema3C and assessed active Racl by Racl-GTP pull-down
assays. Racl-GTP was significantly reduced in GSCs in which Sema3C
was silenced (Fig. 5b), consistent with our previous findings®.

We next tested the ability of Racl to regulate Wnt signaling. GSCs
were treated with increasing concentrations of the Racl inhibitor
NSC23766". After inhibition of Racl, TCF1 and c-Myc expression were
reduced in a dose-dependent manner, phenocopying Sema3C knock-
down (Fig. 5c). We observed a similar reduction of TCF1 protein
expression when we silenced Racl in GSCs (Fig. 5d). These studies
suggest that Racl mediates Sema3C-induced Wnt signaling.

We next tested the ability of constitutively active Racl (Racl-
Q61L)* to restore the expression of TCF1 and c-Myc, and nuclear
localization of f-catenin in the setting of Sema3C knockdown. As
expected, active Racl rescued TCF1 and c-Myc expression (Fig. Se, left)
and increased nuclear f-catenin in all three GSC lines tested (Fig. Se,
right). These data support that Sema3C can regulate the canonical Wnt
pathway through activation of Racl.

High Sema3C expression drives canonical Wnt signaling despite
inhibition of Wnt ligand secretion

Our data suggest that Sema3C can drive canonical Wnt signaling by
facilitating f3-catenin nuclear translocation irrespective of Wnt ligand-
receptor interaction. To test this possibility, we performed Sema3C
overexpression studies in the presence of a Wnt pathway inhibitor.
Treatment of GSCs with the Porcupine inhibitor, LGK974, reduced
expression of TCF1 and c-Myc expression in a dose-dependent manner
(Fig. 6a). We next overexpressed FLAG-tagged Sema3C in GSCs fol-
lowed by treatment with LGK974. Sema3C overexpression rescued
LGK974-mediated reduction in TCF1 expression (Fig. 6b). Together,
these data support that high levels of Sema3C signaling can drive
canonical Wnt signaling to bypass Wnt ligand inhibition.

Combined Sema3C and Wnt pathway inhibition improve GBM
control

GSCs are dependent on the Sema3C pathway and Wnt signaling for
their maintenance. We reasoned that inhibition of both Sema3C and
Wnt pathways would achieve better GSC control than inhibition of
either pathway alone. To this end, we silenced Sema3C and TCF indi-
vidually or together. Silencing both Sema3C and TCF1 led to the
greatest reduction in GSC self-renewal capacity compared to single
knockdown in limiting dilution assays, suggesting synergy with dual
inhibition (Fig. 7a). Similarly, combined Sema3C knockdown with the
Wnt pathway inhibitor LGK974 disrupted Wnt signaling more than
single pathway treatment alone (Fig. 7b). These in vitro data support
our animal studies that dual inhibition of Sema3C and Wnt pathways
reduces GSC self-renewal and GSC-mediated tumorigenesis (Fig. 1g,
Supplementary Fig. 1f).

Based on our findings, we propose a model by which Sema3C can
drive Wnt signaling irrespective of Wnt ligand binding to its receptor
(Fig. 7c). Sema3C signaling activates Racl to facilitate -catenin trans-
location into the nucleus to initiate downstream Wnt target gene
expression. Therefore, GSCs can bypass Wnt ligand-receptor interac-
tion and instead directly engage downstream Wnt pathway effectors to
promote their self-renewal and facilitate tumor growth.

Discussion

Inhibition of the Wnt signaling pathway is an attractive therapeutic
approach given its frequent deregulation in a wide range of tumor
types. However, resistance mechanisms have held Wnt inhibitors at
bay. The precise mechanisms driving this resistance are unclear. We
have identified a potentially prevalent mechanism by which GSCs are
refractory to upstream Wnt pathway inhibition.

Our studies support that Sema3C helps to maintain GSC self-
renewal and drive tumor progression by promoting Wnt signaling.
Since Sema3C is overexpressed in 85% of GBM”, our data suggest that
Sema3C signaling may contribute to resistance to Wnt inhibitors in
many patients. In human GBM, Sema3C and TCF1 expression are
strongly concordant. In GSCs, Sema3C signaling through Racl activa-
tion leads to nuclear accumulation of B-catenin and subsequent
transactivation of Wnt target genes. Importantly, we found that
Sema3C-dependent Wnt signaling can occur despite suppression of
Whnt ligand secretion, suggesting that Sema3C drives Wnt signaling
independent of Wnt ligand binding,.

These findings have significant clinical implications. Efforts to
develop Wnt pathway or Racl inhibitors have been unfruitful in
GBM****, This may in part be due to activation of multiple upstream
pathways that regulate key effectors. Accumulating evidence suggests
that translocation of -catenin is deregulated in GBM. The transcrip-
tion factor FoxMl binds to and facilitates P-catenin nuclear
translocation***®. Inactivating mutations of FAT1, a cadherin-like pro-
tein that binds B-catenin and sequesters it in the cytoplasm, is found in
~20% of GBM". Our data now support that the Sema3C-Racl axis may
serve as an alternate and frequently used mechanism to drive -catenin
translocation into the nucleus, ultimately to facilitate canonical Wnt
signaling.

The toxicities of current Wnt inhibitors preclude further dose
escalation. The Sema3C/PlexinD1/Racl/B-catenin signaling axis may
represent a therapeutic vulnerability to inhibit the Wnt pathway in
GSCs. Our data support that Sema3C signaling is indispensable for GSC
maintenance but not that of neural progenitor cells®. Furthermore,
Sema3C knockout mice do not exhibit overt gastrointestinal signs*’, a
dose-limiting toxicity of many Wnt inhibitors”, suggesting that
Sema3C is unlikely to regulate Wnt signaling in the gastrointestinal
tract. As proof-of-principle, we showed that depletion of both Sema3C
and TCF1 prolonged animal survival better than either target alone.

Inhibitors have been developed to target different levels of the
Wnt pathway*‘. Most of them are designed to inhibit Wnt ligands or
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Source data are provided as a Source data file.

their receptors. We demonstrated that upstream Wnt pathway inhibi-
tion alone is insufficient to impact animal survival. Downstream inhi-
bition of TCF1 alone was better, but most animals still succumbed to
disease progression. Targeting both Sema3C and TCF1 resulted in
sustained tumor control with almost all animals surviving. Our data
highlight that dual targeting approaches are needed to inhibit both the
canonical Wnt pathway and alternate regulatory pathways, including
Sema3C signaling. Overexpression of Sema3C may confer resistance to
Wnt inhibitors, not just in GBM, but also in other cancers such as breast
and castration-resistant prostate cancers that also utilize both
pathways*®*°. Our study provides a therapeutic approach of targeting
the Sema3C pathway to increase the efficacy of Wnt pathway
inhibitors.

Methods

Cells and cell culture

GSCs were isolated from GBM surgical specimens or mouse
xenografts as previously described®. Briefly, tumor cells were
isolated from fresh surgical samples using the Papain Dissociation
System (Worthington Biochemical). Dissociated cells were plated
in a Matrigel (Corning) covered culture plate and recovered in
stem cell medium (Neurobasal-A medium with B27 supplement,
10ng/ml EGF and 10ng/ml FGF) until tumorspheres were
observed. Sphere forming cells were sorted by magnetic cell
sorting using the surface marker CD133 (Miltenyi Biotec.).
CD133 + sphere forming cells were cultured in stem cell medium
as described above. These cells were tested by subcutaneous and
intracranial transplantation in mice to confirm their tumor
forming ability. GBM surgical specimens were collected in com-
pliance with Cleveland Clinic Institutional Review Board-

approved protocol. LGK974 and NSC23766 were purchased
from Selleckchem (Cat# S7143 and S8031). They were diluted in
DMSO as stock solution.

Immunofluorescence

Immunofluorescent staining of cells was performed as previously
described®. Briefly, GSCs were plated on 1% Matrigel covered cover-
slips overnight before fixed with 4% paraformaldehyde (PFA, Sigma-
Aldrich) for 10 min. Samples were permeabilized with 0.2% Triton
X-100 (Bio-Rad) in PBS for 20 min and blocked with 10% BSA (Sigma-
Aldrich) for 60 min at room temperature. Primary antibody incubation
was carried out overnight at 4 °C followed by appropriate secondary
fluorescently labeled antibodies (Invitrogen) for one hour at room
temperature. Nuclei were counterstained with DAPI. Images were
acquired using a wide-field fluorescence microscope or SP-5 confocal
microscope (Leica).

Immunohistochemistry

Immunohistochemical staining of tissue sections were performed
with an ABC kit using DAB (3,30-Diaminobenzine) substrate (Vector
Laboratories SK-4105) or AEC substrate (Millipore 152224, 152226).
Two-colored immunohistochemistry was performed following the
multiple antigen IHC protocol by Vector Laboratories. Briefly, after
deparaffinization, rehydration and antigen retrieval, endogenous
enzymes were quenched by BLOXALL reagent (Vector Laboratories).
Slides were blocked by Avidin/Biotin blocking reagent (Vector
Laboratories, SP-2001) and protein blocking solution (0.5% Casein,
0.5% BSA, and 0.1% Sodium azide in PBS) sequentially. The primary
antibody TCF1 (Rabbit, 1:100 diluted in 10% BSA in PBS) was applied to
the slides and incubated at 4°C overnight. HRP conjugated

Nature Communications | (2023)14:2262



Article

https://doi.org/10.1038/s41467-023-37397-w

a b
Sema3C Cytosol Nucleus Whole Cell g
shRNA shNT #1 #2 #3 shNT #1 #2 #3 Kd shNT #1 #2 #3 K?OO 5
[7] . —
% B S - -~ -|—100 =
2| o-TUBUIIN | w——— _55  o-Tubulin E—ss 2
3 2
H2B e | — 15
Sema3C Cytosol Nucleus Whole Cell
shRNA  shNT #1 #2 #3  shNT#1 #2 #3 Kd shNT #1 #2 #3 Kd
(O
o | a-Tubulin | eue———— —55 a-TubuIinEl—ss s
3 .
] . <
® H2B PR —— T g os
i 3 o5
Sema3C Cytosol Nucleus Whole Cell ? 02
ShRNA  ShNT #1 #2 #3 ShNT#1 #2 #3 Kd ShNT #1_#2 #3 Kd s "
3 B-Catenin|___.——.| — |—100 Sema3C —100 e
7]
e i e
o B\
pr HZB| |—15
4121 GSCs
C
B-catenin DAPI Merge B-catenin DAPI Merge
A P=0.0012 04 P<0.0001
= < U - [
4 E c
@ T . ol @ ‘T 03
[ (%) .a.
b & 302
8 . (U] @
b &
© © S
€ £ 2
[ g 0.0 N
[72) & O O
G e‘\\; 0@"”’ @ é\é e@'g’
@ é\%

387 GSCs

Fig. 4 | Sema3C promotes B-catenin nuclear localization. a Western blots of j3-
catenin in cytosolic and nuclear fractions (left) of GSCs after Sema3C knockdown
(right). Western blots were repeated at least twice. b Quantification of nuclear -
catenin positive cells of GSCs expressing FLAG vector or FLAG-Sema3C (n=3
independent experiments in 387 GSCs Two-tailed T-test p =0.0066, error bars:
S.D.; n=4 independent experiments in 4121 GSCs, Two-tailed T-test p = 0.0088,

4121 GSCs

error bars: S.D.). ¢, d Left panels: representative immunofluorescence images of 3-
catenin (green) in 387 (c) and 4121 (d) GSCs after control shNT and shSema3C
knockdown. Nuclei were counterstained with DAPI (blue). Right panels: quantifi-
cation of nuclear B-catenin positive cell fraction (n =3 independent experiments,
Two-tailed T-test, p=0.0012 (387 GSCs); p < 0.0001 (4121 GSCs) error bars: S.D.
Scale bar 50 uM). Source data are provided as a Source data file.

anti-Rabbit secondary antibody (1:200, 1h at room temperature)
incubation was followed by ABC-HRP reagent (Vector laboratories)
labeling (1h at room temperature). AEC reagent was used for TCF1
staining. Second primary antibody Sema3C (Rat, 1:400 diluted in 10%
BSA in PBS) was applied after washing off excessive AEC reagent.
Repeat secondary (HRP conjugated anti-Rat antibody) antibody and
ABC-HRP incubation as in the first primary antibody staining. DAB
reagent was used for Sema3C staining. Quantification of Sema3C and
TCF1 positive cells were conducted under 63x oil immersed objective
fields. Five visual fields were analyzed for each sample. Sema3C and
TCF1 positive cells were counted from the same visual fields. The total
positive cells from each sample were used in data analysis and plot-
ting and reported as counted cell numbers in all visual fields.

Cell fractionation and immunoblot

GSC spheres were collected and dissociated with trypsin. After
washing with PBS, cell pellets were resuspended in buffer A (10 mM
HEPES pH 7.9, 10 mM KCI, 1.5 mM MgCl,, 0.34 M sucrose, 10% gly-
cerol, 0.1% Triton X-100, proteinase and phosphatase inhibitors).

Cells were lysed on ice for 10 min and centrifuged at 1300 x g for
5 min at 4 °C. The supernatants (cytosol fraction) were collected and
further centrifuged at 20,000 x g for 10 min to clear the debris. The
remaining pellets were washed by buffer A for 3 times (1300 g for
5min at 4°C) and lysed in RIPA buffer (150 mM NaCl, 1.0% NP 40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, proteinase
and phosphatase inhibitors) as nuclear fraction. Whole cell lysates
were obtained by dissolving cell pellets in RIPA buffer and the lysate
were sonicated and cleared by high-speed centrifuge (20,000 x g for
10 min). Protein samples were measured and resolved by SDS-PAGE
gel electrophoresis and transferred onto PVDF membranes. Blots
were incubated with primary antibodies overnight at 4 °C followed
by HRP-conjugated species-specific antibodies (Cell Signaling).
Antibodies used are listed below: Sema3C (IB) (Thermo Fisher Sci-
entific, Cat# PAS5-24997); Sema3C (IHC) (R&D Systems, Cat#-
MAB1728); TCF1 (Cell Signaling Technology, Cat#2203); c-Myc (Cell
Signaling Technology, Cat#5605); c-Met (Cell Signaling Technology,
Cat#8198); [-catenin (BD Transduction Laboratories, Cat#610153);
o-Tubulin (Sigma-Aldrich, Cat#T6199-200UL); FLAG (Sigma-Aldrich,
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Fig. 5 | Sema3C induces nuclear B-catenin shuttling via Racl activation.

a Western blots of TCF1 and c-Myc proteins after PlexinD1 knockdown in GSCs.
b Western blots of Racl-GTP and Racl after Sema3C knockdown in GSCs. ¢ Western
blots of TCF1 and c-Myc in NSC23766-treated GSCs. d Western blots of TCF1 after

Racl knockdown in GSCs. e Western blots of TCF1 and c-Myc in GSCs expressing
FLAG-Racl-Q61L in the setting of Sema3C knockdown. Immunoblots using whole
cell lysates (left) and cytosol and nuclear fractions (right) are shown. Source data
are provided as a Source data file. Western blots were repeated at least twice.
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Fig. 6 | Sema3C confers resistance to Wnt inhibition. a Western blots of TCF1and
c-Myc in GSCs treated with Porcupine inhibitor LGK974. Cells were treated with
LGK974 or vehicle control for 24 h. b Western blots of TCF1 in LGK974 treated

GSCs expressing FLAG vector or FLAG-Sema3C. Cells were treated with LGK974
100 pM or vehicle control for 24 h. Source data are provided as a Source data file.
Western blots were repeated at least twice.

Cat#F1804); H2B (Santa Cruz Biotechnology, Cat#sc10808); Racl
(Cytoskeleton, Cat#ARCO03) and Ki-67 (Novocastra, Cat#NCL-Ki67p).

Cell viability, EC50, and tumor sphere forming assays

For cell viability EC50 and tumor sphere forming assays, 1x10° cells
were plated into each well of 96-well plates. Cell titers were determined
after the indicated number of days using the Cell Titer-Glo Lumines-
cent Cell Viability Assay kit (Promega, G7571). Tumor spheres were
counted after 7 days in culture. All data were performed in triplicate
and normalized to day O and presented as mean + standard deviation.

EdU incorporation assay

EdU incorporation assay was performed using Click it EAU cell pro-
liferation kit (Invitrogen, C10339). Briefly, cells were collected after
incubation with EAU (10 uM) for 2 h; cells were divided in two parts and
click reaction were performed in 1.5 ml centrifuge tubes. One part of
the cells was dissociated with trypsin to make single cell suspension for
quantification purpose and the other part was left in sphere form for
imaging.

Extreme limiting dilution assay

Cells were plated in 96-well plates at doses ranging from 1 cell per well
to 200 cells per well. Each concentration of cells had 8 technical
replicates in each dose, at least three biological replicates. After 7 days
of culture wells that showed sphere were recorded as positive while
wells did not show sphere were recorded as negative. Statistics were
performed by extreme limiting dilution assay (ELDA) online tool
(http://bioinf.wehi.edu.au/software/elda/).

DNA constructs and lentiviral transfection

Lentiviral clones expressing NT shRNA, Sema3C, PlexinD1, or
TCF1shRNAs were acquired from Sigma-Aldrich. shRNAs for each gene
that displayed high knockdown efficiency (>80% reduction) were used
for all related experiments. Construction of constitutively active Racl-
Q61L (Flag-RaclQ61L) was described before”. pCDH-FLAG-Sema3C
construct was cloned by inserting Sema3C cDNA into pCDH-puro
vector by BamHI and Notl sites. Viral particles were produced in
293FT cells with the pPACK set of helper plasmids (System Bios-
ciences) in stem cell media. For rescue experiments, GSCs were
transduced with Flag-RaclQ61L lentiviral construct or pCDH-FLAG
control vector and allowed to recover for 48 h. Cells were selected by

exposure to puromycin for 48 h, and then these cells expressing Flag-
RaclQ61L or FLAG-control were transduced with Sema3C (shSema3C)
or control non-targeting (shNT) shRNAs via lentiviral infection. 48 h
post infection cells were collected for analysis.

Orthotopic mouse xenografts

All animal experiments were approved by the Institutional Animal
Care and Use Committee at Cleveland Clinic. NSG mice of both sex at
4 to 8 weeks old were used in the experiments. Intracranial trans-
plantation of GSCs to establish GBM xenografts was performed as
described”. For LGK974 (Selleckchem, Cat#S7143) studies, 2 x10*
GSCs, which stably expressed firefly luciferase, were implanted into
the right frontal lobes of NSG mice. Tumor growth was confirmed by
bioluminescence imaging on day 11th after tumor transplantation.
LGK974 was diluted in DMSO at 50 mg/ml as stock solution. LGK974
was formulated in 0.5% (vol/vol) methyl cellulose. It was adminis-
tered by oral gavage at 5mg/kg or 10 mg/kg BID in 200 ul total
volume. Control animals were administered with vehicle alone. Ani-
mals were treated for 14 days starting 12 days post-intracranial tumor
cell transplantation. For the knockdown studies, 48 h after lentiviral
infection, 2 x 10* GSCs were transplanted into the right frontal lobes
of NSG mice. Animals were maintained until manifestation of neu-
rological signs or for 180 days post-transplantation. Mice were
euthanized and necropsied when exhibiting signs of declining neu-
rologic status or performance status. Animals were anesthetized and
underwent cardiac perfusion with PBS.

RNA isolation and real-time PCR

Total RNA was isolated from cultured cells using RNeasy Kit (Qiagen).
cDNA was synthesized by reverse transcription and subjected to real-
time PCR with human Axin2, CCND], c-Jun, ¢-Myc, and TCF1 primers in
the presence of Cyber green PCR-Mix (Applied Biosystems). Data were
analyzed from three independent experiments and are shown as the
mean * S.D. The following primer pairs were used to detect the mRNA
levels of the following genes by RT-qPCR: Human Axin2 (Forward
CAACACCAGGCGGAACGAA, Reverse GCCCAATAAGGAGTGTAAG
GACT); Human CCND1 (Forward TGGAGCCCGTGAAAAAGAGC,
Reverse TCTCCTTCATCTTAGAGGCCAC); Human c-Jun (Forward
GAGGGGGTTACAAACTGCAA, Reverse TCTCACAAACCTCCCTCCTG);
Human c¢-Myc (Forward TTTCGGGTAGTGGAAAACCA, Reverse
CACCGAGTCGTAGTCGAGGT); Human TCF1 (Forward CTGGCTT
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Fig. 7 | Improved GSC and tumor control with combined Sema3C and Wnt
pathway inhibition. a In vitro extreme limiting dilution assay in shSema3C,
shTCF1or both knockdowns. Tables below show estimated stem cell frequencies in
control shNT, shSema3C, shTCF1, and shSema3C + shTCF1 knockdown GSCs (n=8
technical replicates in each dose, at least three biological replicates, ELDA test,

comparing to shSema3C + shTCF1 knockdown GSCs, 387 GSCs: shNT p < 0.0001;
shSema3C P=0.0003; shTCF1 p=0.0002; 4121 GSCs: shNT p < 0.0001; shSema3C

[T

p <0.0001; shTCF1 p=0.028). b Western blots of TCF1 and c-Myc in shSema3C
knockdown GSCs treated with LGK974 100 uM or vehicle control for 24 h. Western
blots were repeated at least twice. ¢ Model of Sema3C regulation of the Wnt
pathway in GSCs. Despite upstream Wnt pathway inhibition, Sema3C binds to the
Neuropilin 1 (NRP1)—PlexinD1 receptor complex pathway to activate Racl. Active
Racl (Racl-GTP) facilitates B-catenin nuclear translocation to drive Wnt target gene
transcription. Source data are provided as a Source data file.
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CTACTCCCTGACCT, Reverse ACCAGAACCTAGCATCAAGGA); Human
B-Actin (Forward AGAAAATCTGGCACCACACC, Reverse AGAGGCG
TACAGGGATAGCA).

Statistics and reproducibility

All grouped data are presented as mean = S.D. unless otherwise spe-
cified. All the western blot data were repeated at least twice. All the
other in vitro experiments were repeated at least three times. Graph-
Pad Prism Software (GraphPad Software, Inc.) was used to examine
statistical significance with Student’s t test or Mann-Whitney U test as
appropriate, log-rank or one-way ANOVA.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All relevant data supporting the key findings of this study are available
within the article and its Supplementary Information files. Source data
are provided with this paper.

References

1. Nusse, R. & Clevers, H. Wnt/beta-catenin signaling, disease, and
emerging therapeutic modalities. Cell 169, 985-999 (2017).

2. Stupp, R. et al. Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N. Engl. J. Med. 352,

987-996 (2005).

3. Rajakulendran, N. et al. Wnt and Notch signaling govern self-
renewal and differentiation in a subset of human glioblastoma stem
cells. Genes Dev. 33, 498-510 (2019).

4. Kim, K. H. et al. Wnt/beta-catenin signaling is a key downstream
mediator of MET signaling in glioblastoma stem cells. Neuro. Oncol.
15, 161-171 (2013).

5. Kaur, N. et al. Wnt3a mediated activation of Wnt/beta-catenin sig-
naling promotes tumor progression in glioblastoma. Mol Cell
Neurosci. 54, 44-57 (2013).

6. Yun, E.J., Kim, S., Hsieh, J. T. & Baek, S. T. Wnt/beta-catenin sig-
naling pathway induces autophagy-mediated temozolomide-resis-
tance in human glioblastoma. Cell Death Dis. 11, 771 (2020).

7.  Kim, Y. et al. Wnt activation is implicated in glioblastoma radio-
resistance. Lab. Invest. 92, 466-473 (2012).

8. McCord, M., Mukouyama, Y. S., Gilbert, M. R. & Jackson, S. Tar-
geting WNT signaling for multifaceted glioblastoma therapy. Front.
Cell Neurosci. 11, 318 (2017).

9. Hu, B. et al. Epigenetic activation of WNT5A drives glioblastoma
stem cell differentiation and invasive growth. Cell 167, 1281-1295
e1218 (2016).

10. Griveau, A. et al. A glial signature and Wnt7 signaling regulate
glioma-vascular interactions and tumor microenvironment. Cancer
Cell 33, 874-889 e877 (2018).

1. Huang, M. et al. Wnt-mediated endothelial transformation into
mesenchymal stem cell-like cells induces chemoresistance in
glioblastoma. Sci. Transl. Med. 12, https://doi.org/10.1126/
scitranslmed.aay7522 (2020).

12. Clevers, H. & Nusse, R. Wnt/beta-catenin signaling and disease. Cell
149, 1192-1205 (2012).

13. Lee, Y., Lee, J. K., Ahn, S. H., Lee, J. & Nam, D. H. WNT signaling in
glioblastoma and therapeutic opportunities. Lab Invest. 96,
137-150 (2016).

14. Foltz, G. et al. Epigenetic regulation of wnt pathway antagonists
in human glioblastoma multiforme. Genes Cancer 1, 81-90
(2010).

15. Roth, W. et al. Secreted Frizzled-related proteins inhibit motility and
promote growth of human malignant glioma cells. Oncogene 19,
4210-4220 (2000).

16.

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Shou, J. et al. Human Dkk-1, a gene encoding a Wnt antagonist,
responds to DNA damage and its overexpression sensitizes brain
tumor cells to apoptosis following alkylation damage of DNA.
Oncogene 21, 878-889 (2002).

Morris, L. G. et al. Recurrent somatic mutation of FAT1 in multiple
human cancers leads to aberrant Wnt activation. Nat. Genet. 45,
253-261 (2013).

Chen, Y. et al. Wnt-induced stabilization of KDMA4C is required for
Wnt/beta-catenin target gene expression and glioblastoma
tumorigenesis. Cancer Res. 80, 1049-1063 (2020).

Jung, Y. S. &Park, J. I. Wnt signaling in cancer: therapeutic targeting
of Wnt signaling beyond beta-catenin and the destruction complex.
Exp. Mol. Med. 52, 183-191 (2020).

Zhong, Z. & Virshup, D. M. Wnt signaling and drug resistance in
cancer. Mol. Pharmacol. 97, 72-89 (2020).

Tran, T. S. et al. Secreted semaphorins control spine distribution
and morphogenesis in the postnatal CNS. Nature 462, 1065-1069
(2009).

Mire, E. et al. Developmental upregulation of Ephrin-B1 silences
Sema3C/Neuropilin-1 signaling during post-crossing navigation of
corpus callosum axons. Curr. Biol. 28, 1768-1782 1764 (2018).
Hao, J. & Yu, J. S. Semaphorin 3C and its receptors in cancer and
cancer stem-like cells. Biomedicines 6, https://doi.org/10.3390/
biomedicines6020042 (2018).

Wiegreffe, C. et al. Bcl11a (Ctip1) controls migration of cortical
projection neurons through regulation of Sema3c. Neuron 87,
311-325 (2015).

Man, J. et al. Sema3C promotes the survival and tumorigenicity of
glioma stem cells through Rac1 activation. Cell Rep. 9, 1812-1826
(2014).

Blanc, V. et al. A role for class 3 semaphorins in prostate cancer.
Prostate 71, 649-658 (2011).

Miyato, H., Tsuno, N. H. & Kitayama, J. Semaphorin 3C is involved in
the progression of gastric cancer. Cancer Sci. 103, 1961-1966
(2012).

Esselens, C. et al. The cleavage of semaphorin 3C induced by
ADAMTS1 promotes cell migration. J. Biol. Chem. 285,

2463-2473 (2010).

Peacock, J. W. et al. SEMASC drives cancer growth by transacti-
vating multiple receptor tyrosine kinases via Plexin B1. EMBO Mol.
Med. 10, 219-238 (2018).

Yin, L. et al. MAOA promotes prostate cancer cell perineural inva-
sion through SEMA3C/PlexinA2/NRP1-cMET signaling. Oncogene
40, 1362-1374 (2021).

Christie, S. M. et al. Interactions between semaphorins and plexin-
neuropilin receptor complexes in the membranes of live cells. J.
Biol. Chem. 297, 100965 (2021).

Wu, X. et al. Rac1 activation controls nuclear localization of beta-
catenin during canonical Wnt signaling. Cell 133, 340-353
(2008).

Liu, J. et al. Targeting Wnt-driven cancer through the inhibition of
Porcupine by LGK974. Proc. Natl Acad. Sci. USA 110, 20224-20229
(2013).

A Phase Il Trial Evaluating WNT974 in Patients With Metastatic Head
and Neck Squamous Cell Carcinoma. ClinicalTrials.gov identifier
NCT02649530. Updated September 30, 2016. Accessed Decem-
ber 17, 2021. https://clinicaltrials.gov/ct2/show/NCT02649530.

A Study of LGK974 in Patients With Malignancies Dependent on Wnt
Ligands. ClinicalTrials.gov identifier NCTO1351103. Updated January
25, 2023. Accessed December 17, 2021. https://clinicaltrials.gov/
ct2/show/NCT01351103?term=nct01351103&draw=2&rank=1.

Chen, J. et al. A restricted cell population propagates glioblastoma
growth after chemotherapy. Nature 488, 522-526 (2012).

Eramo, A. et al. Chemotherapy resistance of glioblastoma stem
cells. Cell Death Differ. 13, 1238-1241 (2006).

Nature Communications | (2023)14:2262


https://doi.org/10.1126/scitranslmed.aay7522
https://doi.org/10.1126/scitranslmed.aay7522
https://doi.org/10.3390/biomedicines6020042
https://doi.org/10.3390/biomedicines6020042
https://clinicaltrials.gov/ct2/show/NCT02649530
https://clinicaltrials.gov/ct2/show/NCT01351103?term=nct01351103&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT01351103?term=nct01351103&draw=2&rank=1

Article

https://doi.org/10.1038/s41467-023-37397-w

38. Kahn, M. Can we safely target the WNT pathway. Nat. Rev. Drug
Discov. 13, 513-532 (2014).

39. Cadigan, K. M. TCFs and Wnt/beta-catenin signaling: more than
one way to throw the switch. Curr. Top Dev. Biol. 98, 1-34
(2012).

40. Batlle, E. & Clevers, H. Cancer stem cells revisited. Nat. Med. 23,
1124-1134 (2017).

41. Gao, Y., Dickerson, J. B., Guo, F., Zheng, J. & Zheng, Y. Rational
design and characterization of a Rac GTPase-specific small
molecule inhibitor. Proc. Natl Acad. Sci. USA 101, 7618-7623
(2004).

42. Schwartz, M. A., Meredith, J. E. & Kiosses, W. B. An activated Rac
mutant functions as a dominant negative for membrane ruffling.
Oncogene 17, 625-629 (1998).

43. Smithers, C. C. & Overduin, M. Structural mechanisms and drug
discovery prospects of Rho GTPases. Cells 5, https://doi.org/10.
3390/cells5020026 (2016).

44. Zhan, T., Rindtorff, N. & Boutros, M. Wnt signaling in cancer.
Oncogene 36, 1461-1473 (2017).

45. Zhang, N. et al. FoxM1 promotes beta-catenin nuclear localization
and controls Wnt target-gene expression and glioma tumorigen-
esis. Cancer Cell 20, 427-442 (2011).

46. Gong, A. & Huang, S. FoxM1 and Wnt/beta-catenin signaling in
glioma stem cells. Cancer Res. 72, 5658-5662 (2012).

47. Feiner, L. et al. Targeted disruption of semaphorin 3C leads to
persistent truncus arteriosus and aortic arch interruption. Devel-
opment 128, 3061-3070 (2001).

48. Malik, M. F., Satherley, L. K., Davies, E. L., Ye, L. & Jiang, W. G.
Expression of semaphorin 3C in breast cancer and its impact on
adhesion and invasion of breast cancer cells. Anticancer Res. 36,
1281-1286 (2016).

49. Tam, K. J. et al. Semaphorin 3 C drives epithelial-to-mesenchymal
transition, invasiveness, and stem-like characteristics in prostate
cells. Sci. Rep. 7, 11501 (2017).

Acknowledgements

We thank the Burkhardt Brain Tumor and Neuro-Oncology Center brain
tumor bank for glioblastoma specimens and Dr. Jeremy Rich for his
generous gift of some of the GSCs used in this study. This work was
funded by NIH/NINDS (ROINS094199, ROINS092641, ROTINS124081,
ROINS130798), VeloSano, Amy Post Foundation, Case Comprehensive
Cancer Center, and the Cleveland Clinic (to J.S.Y.).

Author contributions

JH., X.H., HH., X.Y., J.F,, and J.S.Y. performed and analyzed the
experiments. J.Z., R.P., and S.B. provided technical and scientific advice.
J.H. and J.S.Y. designed the overall research and wrote the manuscript.
All authors have reviewed and approved of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37397-w.

Correspondence and requests for materials should be addressed to
Jennifer S. Yu.

Peer review information Nature Communications thanks Haizhong Feng
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Nature Communications | (2023)14:2262

12


https://doi.org/10.3390/cells5020026
https://doi.org/10.3390/cells5020026
https://doi.org/10.1038/s41467-023-37397-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sema3C signaling is an alternative activator of the canonical WNT pathway in glioblastoma
	Results
	Combined inhibition of Wnt and Sema3C pathways improves survival
	Sema3C is indispensable for the self-renewal of GSCs
	Sema3C signaling regulates the Wnt pathway
	Sema3C regulates β-catenin nuclear translocation
	Activation of Rac1 by Sema3C facilitates β-Catenin nuclear translocation
	High Sema3C expression drives canonical Wnt signaling despite inhibition of Wnt ligand secretion
	Combined Sema3C and Wnt pathway inhibition improve GBM control

	Discussion
	Methods
	Cells and cell culture
	Immunofluorescence
	Immunohistochemistry
	Cell fractionation and immunoblot
	Cell viability, EC50, and tumor sphere forming assays
	EdU incorporation assay
	Extreme limiting dilution assay
	DNA constructs and lentiviral transfection
	Orthotopic mouse xenografts
	RNA isolation and real-time PCR
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




