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Crosstalk between GBM cells and mesenchymal 
stemlike cells promotes the invasiveness of GBM 
through the C5a/p38/ZEB1 axis
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Abstract
Background.  Mesenchymal stemlike cells (MSLCs) have been detected in many types of cancer including brain 
tumors and have received attention as stromal cells in the tumor microenvironment. However, the cellular mech-
anisms underlying their participation in cancer progression remain largely unexplored. The aim of this study was 
to determine whether MSLCs have a tumorigenic role in brain tumors.
Methods. To figure out molecular and cellular mechanisms in glioma invasion, we have cultured glioma with 
MSLCs in a co-culture system.
Results.  Here, we show that MSLCs in human glioblastoma (GBM) secrete complement component C5a, which is 
known for its role as a complement factor. MSLC-secreted C5a increases expression of zinc finger E-box-binding 
homeobox 1 (ZEB1) via activation of p38 mitogen-activated protein kinase (MAPK) in GBM cells, thereby enhancing 
the invasion of GBM cells into parenchymal brain tissue.
Conclusion.  Our results reveal a mechanism by which MSLCs undergo crosstalk with GBM cells through the C5a/
p38 MAPK/ZEB1 signaling loop and act as a booster in GBM progression.
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Key Points

1. � MSLCs activate p38 MAPK-ZEB1 signaling in GBM cells through C5a in a 
paracrine manner, thereby boosting the invasiveness of GBM cells in the tumor 
microenvironment.

2. � Neutralizing of C5a could be a potential therapeutic target for GBM by inhibition of 
mesenchymal phenotype.

Glioblastoma (GBM) is one of the most lethal human tumor 
types. Despite treatment with a standard regimen of surgery 
and concomitant chemoradiation therapy followed by adju-
vant chemotherapy, the median survival of GBM patients is 
14.6 months.1 Although there have been many efforts to de-
velop targeted molecular agents,2 these agents have failed 
to improve the overall survival of primary GBM patients.3 
Accordingly, a new conceptual approach is urgently needed 
to overcome treatment failure.

Current treatment strategies reflect a long-standing focus 
on the intrinsic properties of cancer cells. However, a tumor 
is not a solitary mass of only proliferating cancer cells. 
Instead, the tumor microenvironment includes a repertoire 
of recruited normal cells, such as fibroblasts, macrophages, 
pericytes, and endothelial cells.4 Emerging evidence sug-
gests that these tumor-associated stromal cells behave 
as active participants in tumorigenesis rather than pas-
sive bystanders in the tumor microenvironment.5 Among 
the stromal cells, mesenchymal stemlike cells (MSLCs) 
have been recently identified as stromal components in 
many types of cancers, including GBM.6,7 Mesenchymal 
stem cells (MSCs), which were originally isolated from 
the bone marrow, are non-hematopoietic multipotent 
precursors characterized in vitro by their adherence to 
plastic, multipotency for mesenchymal trilineage differen-
tiation, and expression of distinguishing surface markers.8 
Although bone marrow–derived MSCs (BM-MSCs) are the 
prototypical MSCs, this cell type has also been detected 
in almost all tissues, including brain tissue.9 MSCs display 
wound tropism and have the potential to repair damaged 
tissues and regenerate native tissues owing to their dif-
ferentiation potential.10 Given the innate tropism of MSCs 
for injury sites under pathological conditions such as in-
flammation, it would be reasonable to assume that MSCs 
are recruited to tumor sites and become tumor-associated 

stromal cells. However, whether MSCs or MSLCs in the 
tumor microenvironment play a role in cancer promotion 
or suppression has remained obscure, presumably re-
flecting differences in their origin and the type of tumor 
studied.11,12 Bioinformatics analysis show that the majority 
of GBM samples have a mesenchymal profile rather than 
epithelial. If epithelial-mesenchymal transition (EMT) is in-
duced, this phenotype can be shifted toward an even more 
mesenchymal type phenotype in glioma cells. Increased 
EMT related markers can induce mesenchymal transitions 
particularly invasion and migration of glioma cells.13

Here, we used MSLCs isolated from primary GBM pa-
tients to investigate heterotypic tumor-stroma signaling in 
the GBM microenvironment. Collectively, our findings re-
veal the molecular and cellular mechanisms underlying the 
pathological role of MSLCs as active contributors to the in-
vasiveness of GBM cells.

Materials and Methods

Details of this section can be found in the 
Supplementary Material.

Culture of GBM Cells and MSLCs

X01 GBM cells established previously from an acutely re-
sected human GBM biopsy were kindly provided by Dr 
Akio Soeda (University of Virginia).14 TS11-16 (referred 
to as gCSC0329) and TS09-03 (referred to as gCSC0504) 
GBM cells were established from GBM biopsies.15 Patient-
derived GSC11 GBM cells were kindly provided by Frederick 
F. Lang’s laboratory (The University of Texas MD Anderson 
Cancer Center).16 Human BM-MSCs were obtained from 
Yonsei Severance Hospital, Seoul, Korea.

Importance of the Study

Cancer treatments have been commonly focused on 
the tumor itself. However, Tumor tissue contained not 
only proliferating cancer cells but also normal cells, 
such as fibroblasts, macrophages, pericytes and 
endothelial cells are recruit and crosstalk with the 
cancer cells. MSCs has also been identified in several 
types of tumors, including GBM. Herein, we defined 
MSLC mediated GBM infiltration mechanism that C5a 
secreted from MSLCs activates the p38 signaling 

pathway in GBM cells, thereby increasing the ex-
pression of ZEB1 and changing to a mesenchymal 
phenotype. Eventually, phenotype of GBM cells was 
changed by MSLC become malignant and contribute 
to poor prognosis of the patient survival. Therefore, 
targeting C5a in MSLC isolatable GBM patients can be 
potential therapeutic approach through suppressed 
the infiltration of GBM cells, thereby increasing pa-
tient survival.
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3D Invasion Assays

The GBM cells were loaded in the upper chamber and 
incubated for 48  h. To visualize infiltration, GSC11 cells 
were transduced with green fluorescent protein (GFP). 
Infiltration was quantified as a percentage of the spheroid 
area at the initial time according to the formula (AT–A0)/
A0 × 100, where AT is the area covered by invaded cells at 
time T and A0 is the area of the spheroid at the initial time.

Transfection

Cells were transfected with small interfering (si)RNA 
using a Microporator-mini (Digital Bio Technology) ac-
cording to the procedure recommended by the man-
ufacturer. The sequences of the siRNAs are given in 
Supplementary Table 2.

Transduction

For retrovirus production, H29D packaging cells were 
transfected with pSuper-sh-control or pSuper-sh-C5. Forty-
eight hours after transfection, the viral supernatant was 
collected, passed through a 0.45-μm filter, and then used 
for transduction.

Western Blot Analysis

Proteins in cell lysates were separated by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis and transferred 
to a nitrocellulose membrane (Amersham). These proteins 
were visualized by enhanced chemiluminescence proced-
ures (Amersham).

Real-Time Quantitative PCR

Total RNA was isolated using Trizol (Invitrogen). 
Quantitative (q)PCR was performed using a KAPA 
SYBR FAST qPCR kit (KAPA Biosystems) in Rotor Gene 
Q (Qiagen). Fold changes were calculated by the 2-ΔΔCt 
method using ACTB as the internal normalization control.

Co-culture of MSLCs and GBM Cells

MSLCs were seeded in the upper chamber, and GBM cells 
were seeded in the lower chamber of a Transwell system 
with a pore size of 0.4 μm. Phenotypic changes were ana-
lyzed after 3 days of co-culture.

Cytokine Array

A human cytokine array (Proteome Profiler Array Human 
Cytokine, R&D Systems, #ARY005) was performed ac-
cording to the manufacturer’s instructions.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde and permeabil-
ized with 0.1% Triton X-100 in phosphate buffered saline. 
The cells were visualized using an anti-mouse Alexa Fluor 
488–conjugated secondary antibody (Molecular Probes). 

The stained cells were visualized with a fluorescence mi-
croscope (Olympus).

Animal Studies

Male athymic nude mice (5‒8 wk old) (Central Lab, Animal 
Inc) were used to assess tumorigenesis by GBM cells and 
MSLCs. GBM cells (5 × 105) alone or combined with MSLCs 
or BM-MSCs (1:1 ratio) were injected at a speed of 0.5 μL/
min into the right frontal lobe of the mouse brain via a 
Hamilton syringe (Dongwoo Science) using a guide-screw 
system as described previously.9,17,18

Immunohistochemistry

Paraffin-embedded tissue sections were deparaffinized 
in xylene and stained with hematoxylin. Observation 
and imaging were conducted using an IX71 microscope 
(Olympus).

Fluorescence Activated Cell Sorting Analysis

For FACS, GBM cells or MSLCs were gently dissociated 
and filtered through cell strainers (70 μm; BD Falcon) fol-
lowed by incubation with conjugated primary antibodies. 
Cell surface markers were analyzed with a FACS Vantage 
SE flow cytometer (BD Biosciences) equipped with FlowJo 
software (TreeStar), and 10 000 events were recorded for 
each sample.

Study Ethics Approval

Animal experimental procedures were approved by the 
Institutional Animal Care and Use Committee, Severance 
Hospital, Yonsei University College of Medicine. Human 
studies were approved by the institutional review boards 
of Severance Hospital, Yonsei University College of 
Medicine (4-2012-0212). Informed consent was obtained 
from patients according to the Declaration of Helsinki. 
Neuropathologists diagnosed each surgical specimen ac-
cording to World Health Organization classifications.19

Statistical Analysis

Comparisons between values were performed using an un-
paired two-tailed Student’s t-test, and ANOVA was used for 
multivariate analysis. Survival curves were plotted using 
the Kaplan–Meier method, and P-values were determined 
by the log-rank test. All statistical analyses were performed 
using GraphPad Prism 7.0 software. P-values <0.05 were 
considered significant.

Results

Tumor-Associated MSLCs Correlate with the 
Invasion of GBM Cells

Earlier, we isolated human MSLCs from glioma speci-
mens (Supplementary Table 1).18 To investigate their func-
tional role in the GBM microenvironment, we studied 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa064#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa064#supplementary-data
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3 MSLC lines (MSLC09-03, MSLC11-31, MSLC09-02). 
Importantly, these cells are similar to MSCs20 based on 
their spindle-shaped morphology (Supplementary Figure 
1A) and surface antigens (CD105, CD73, CD90) but not leu-
kocyte (CD45), endothelial cell (CD31), or pericyte (NG2) 
markers (Supplementary Figure 1B). We next tested 
mesenchymal differentiation potential as described pre-
viously.18 Of note, these cells were able to differentiate 
into trilineage mesenchymal cells, including osteogenic, 
adipogenic, and chondrogenic cells (Supplementary 
Figure 1C). Critically, orthotopic injection of these 
MSLCs into the mouse brain failed to form tumors, even 
at 6 months, indicating that MSLCs lack an intrinsic tu-
morigenic ability (Supplementary Figure 1D). To deter-
mine whether MSLCs contribute to phenotypic changes 
in GBM cells, we co-cultured patient-derived X01, TS11-
16, and TS09-03 GBM cells with MSLCs or BM-MSCs in 
transwells. In this co-culture system, the GBM cells were 

separated from the MSLCs or BM-MSCs but could com-
municate with each other through a porous membrane 
(Fig.  1A). After co-culture, the migration and invasion 
of the GBM cells were analyzed in a Transwell system. 
Importantly, the GBM cells co-cultured with the MSLCs 
(09-02, 09-03) were more migratory and invasive than 
the cells cultured alone or co-cultured with the BM-MSCs 
(Fig.  1B, Supplementary Figure 2A–C). To confirm this 
finding, we labeled GSC11 GBM cells with GFP and then 
visualized the infiltration of the GBM cells into a collagen-
based matrix. Consistently, the invasiveness of the GBM 
cells was markedly increased by co-culture with MSLCs 
but not by co-culture with BM-MSCs (Fig. 2C, D). Since 
phenotypic changes were caused by soluble factors se-
creted by MSLCs, we next sought to determine whether 
the invasiveness of GBM cells could be enhanced by 
treatment with conditioned media (CM) from MSLCs. To 
this end, we treated GSC11 spheroids with MSLC CM or 

  
MSLCs

BM-MSCs

GBM cells

GBM cells

GBM cells

GBM cells
MSLC

3D co-culture platform

Control
1500

MSLCs

MSLCs CM

ctrl CM
MSLC09-03

CM
BM-MSC

CM

GBM cells

3D culture platform

GSC11
GSC11+

MSLC09-02
GSC11+

MSLC09-03
GSC11+
BM-MSC

400

Invasion Migration

n.s
n.s

*
*

*

*

300

X01
X01+BM-MSC

X01+tMSLC09-02

A C

B D

E

H I

F G

X01+tMSLC09-03

200

N
um

be
r 

of
 X

01
 c

el
ls

/fi
el

d

100

0

1000

48
h

24
h

0h

500

2000

125

100

75

50

P
er

ce
nt

 s
ur

vi
va

l

25

0
0 30 60

Life time [days]

P = 0.002

P = 0.003

P = 0.003

90 120 150

GSC11 GSC11+MSLC09-03
GSC11+MSLC09-03 (n=5)
GSC11+BM-MSC (n=5)

GSC11 (n=5)

8 
w

k
5 

w
k

2 
w

k

GSC11+BM-MSC

1500
*

1000

500

0

1d 2d

1d 2d

In
fil

tr
at

io
n 

of
 G

S
C

11
(%

 o
f i

nv
ad

ed
 a

re
a)

In
fil

tr
at

io
n 

of
 G

S
C

11
(%

 o
f i

nv
ad

ed
 a

re
a)

0

tMSLC09-02

tMSLC09-03

BM-MSC

Control CM
X01

X01+
MSLC09-03

H
&

E
Z

E
B

1

X01+
BM-MSC

tMSLC09-03 CM

BM-MSC CM

*

*
*

*

PDMS mold
or

Fig. 1  Phenotypic change observed in GBM cells co-cultured with MSLCs but not with BM-MSCs. (A) Schematic illustration of the invasion/mi-
gration assays used to analyze GBM cells after co-culturing with MSLCs or BM-MSCs in transwells. (B) Quantification of the invasion/migration 
assays with X01 GBM cells shown in (A) (n = 3). (C) Infiltration of spheroid GSC11 cells (green) in co-culture with MSLCs or BM-MSCs (red) into a 
3D collagen matrix. Scale bars: 100 μm. (D) Quantification of GSC11 cell infiltration into a 3D collagen matrix (n = 3). (E) Infiltration of GSC11 sphe-
roid cells into a 3D collagen matrix filled with MSLC09-03 CM or BM-MSC CM. The inset shows spheroids at the initial time. Scale bars: 100 μm. (F) 
Quantification of GSC11 cell infiltration into a 3D collagen matrix (n = 3). (G) Hematoxylin and eosin (H&E) for ZEB1 in coronally sectioned mouse 
brain samples (n = 5 mice/group). Scale bar: 1 mm. (H) MRI of mouse brain samples harvested at 2, 5, 8 weeks after implantation with GSC11 alone 
or combined with either MSLC09-03 or BM-MSCs. (I) Kaplan–Meier survival of mice implanted with GSC11 cells alone or combined with either 
MSLC09-03 or BM-MSCs. *P < 0.05, **P < 0.01, ***P < 0.001.
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BM-MSC CM for 48 hours and then examined the infil-
tration of the GBM cells into the collagen-based matrix. 
As expected, compared with treatment with control CM 
or the BM-MSC CM, treatment with the MSLC CM en-
hanced the invasiveness of the GSC11 and X01 GBM cells 
(Fig. 1E, F, Supplementary Figure 3A, Movie S1A, B).

Among molecularly defined GBM subtypes, the mesen-
chymal subtype exhibits more invasiveness and a worse 
prognosis than the other subtypes.21,22 Notably, the non-
mesenchymal subtypes tend to acquire mesenchymal 
features upon relapse after aggressive anticancer treat-
ment, which is reminiscent of epithelial-mesenchymal 
transitions.23,24 In addition, EMT regulators (SNAIL, SLUG, 
TWIST, ZEB) have been shown to play critical roles in the 
malignant phenotypes of GBM.13 Among EMT transcription 
factors, zinc finger E-box-binding homeobox 1 (ZEB1) was 
exclusively induced along with loss of epithelial markers 
E-cadherin and mucin 1 in the GBM cells after co-culture 
with MSLCs (Supplementary Figure 2D, Supplementary 
Figure 3B).

To validate these cellular events in an in vivo system, we 
orthotopically implanted X01 cells alone or with MSLCs 

into the mouse brain. Consistent with the in vitro data, the 
GBM cells co-injected with the MSLCs showed greater in-
filtration into adjacent regions following tumor formation 
than the X01 cells injected alone (Fig. 1G Supplementary 
Figure 3C). To a lesser extent, co-inoculation with 
BM-MSCs slightly enhanced the infiltration of GBM cells; 
however, this effect was not statistically significant. In 
agreement with the in vitro data, immunohistochemistry 
(IHC) analysis revealed that ZEB1 levels were higher in 
the xenograft tumors formed by the mixture of X01 cells 
and MSLC09-03 than in the tumor margin formed by the 
GBM cells alone or combined with BM-MSCs. In addi-
tion, brain tumor formation was observed at an earlier 
time point, and the survival rate was poorer in the mice 
co-implanted with GSC11 cells and MSLCs than in the 
counterpart mice (Fig. 1H, I). Also, there was no significant 
changes in tumor growth observed in mice co-implanted 
with GBM cells and MSLCs compared with only GBM 
groups (Supplementary Figure 3D). These results suggest 
that MSLCs contribute to a shift in GBM cells toward the 
mesenchymal state, presumably via paracrine factors re-
leased by the MSLCs.
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MSLCs Contribute to the Invasiveness of GBM 
Cells Through C5a

Since the above data indicate that MSLCs promote a 
malignant GBM phenotype in a paracrine manner, we 
sought to define the soluble factor secreted by MSLCs 
that is responsible for the shift toward the more invasive 
type of GBM cells. Using a cytokine array, we found that 
the levels of the soluble factors C5a, growth-regulated 
oncogene alpha (GROα), interleukin (IL)-6, and IL-8 were 
drastically increased in a co-culture of GBM cells and 
MSLCs (Fig.  2A, B, Supplementary Figure 4A). Among 
those soluble factors, C5, the precursor of C5a, was 
highly expressed in MSLCs compared with GBM cells 
and BM-MSCs (Fig. 2C, Supplementary Figure 4B). The 
levels were elevated to a relatively high extent in the 
MSLCs co-cultured with GBM cells, as were the levels 
of GROα, IL-6, and IL-8 (Supplementary Figure 4C–E), 
indicating crosstalk between the GBM cells and MSLCs. 
To test the possibility that these soluble factors me-
diate the MSLC-induced invasiveness of GBM cells, we 
analyzed the migration and invasion of GBM cells after 
co-culturing with MSLCs transfected with siRNA against 
C5, GROα, IL-6, or IL-8. Notably, the effect of MSLCs on 
the migration and invasion of GBM cells was abolished 
by pretreatment with the C5 siRNA but not with the 
siRNA against GROα, IL-6, or IL-8 (Supplementary Figure 
4F, G, Supplementary Figure 5A), indicating that C5a is 
responsible for the MSLC-induced invasiveness of GBM 
cells. To further confirm the specificity of this effect, we 
depleted C5a in MSLCs (09-02, 09-03) using 2 siRNAs 
targeting different sites of the C5 transcript or a C5 short 
hairpin (sh)RNA. Consistently, treatment with either 
the siRNAs or shRNA inhibited the enhancing effect of 
MSLCs (09-02, 09-03) on the invasion and migration of 
GBM cells (Supplementary Figure 5B‒D). In agreement 
with these results, C5 depletion also blocked the effect 
of MSLC09-03 cells on the infiltration of GSC11 cells in 
a collagen-based matrix (Fig. 2D). To validate the critical 
role of C5a in the invasiveness of GBM cells, we next 
sought to block C5a functionally using an anti-C5a anti-
body. Consistently, treatment with the anti-C5a antibody 
attenuated the MSLC-enhanced migration and invasion 
of GBM cells in a dose-dependent manner (Fig.  2E, 
Supplementary Figure 6A). GBM cells also infiltrated 
less in a collagen-based matrix filled with C5-depleted 
MSLC CM than in a matrix filled with control MSLC 
CM (Fig.  2F, Supplementary Figure 6B). Likewise, sup-
plementation with the anti-C5a antibody diminished 
the effect of MSLC CM on the infiltration of GBM cells 
into a collagen-based matrix in a manner proportional 
to the concentration of the anti-C5a antibody (Fig. 2G). 
To further confirm the effect of C5a on invasiveness, 
we treated X01 cells with a human recombinant (rh) 
C5a protein. Importantly, rhC5a enhanced the migra-
tion and invasion of GBM cells in a Transwell system 
in a concentration-dependent manner (Supplementary 
Figure 6C). A  similar observation was also made in a 
collagen-based matrix (Supplementary Figure 6D). In 
agreement with the in vitro data, IHC analysis revealed 
that C5a levels were higher in orthotopic xenograft tu-
mors formed by a mixture of X01 cells and MSLC09-03 

than in tumors formed by X01 alone or combined with 
BM-MSCs (Supplementary Figure 6E).

MSLC-Secreted C5a Promotes ZEB1-Driven 
Phenotypic Changes in GBM Cells

Given that ZEB1 was highly induced in GBM cells 
co-cultured with MSLCs, we next examined whether 
MSLC-secreted C5a is responsible for the increase in the 
ZEB1 level in GBM cells. Real-time (RT)-qPCR showed that 
the ZEB1 level was increased in X01 and GSC11 cells by 
co-culture with MSLCs; however, this effect was not ob-
served after co-culture with C5-depleted MSLCs (Fig. 3A, 
Supplementary Figure 7A). Treatment with a C5a function-
blocking antibody also attenuated the effect of MSLCs 
on ZEB1 induction in a concentration-dependent manner 
(Fig.  3B, Supplementary Figure 7B). A  similar observa-
tion was made by western blot (Fig.  3C). In accordance 
with these data, we further confirmed the role of C5a in 
the induction of ZEB1 expression in GBM cells by treat-
ment with rhC5a. As anticipated, treatment with rhC5a ef-
fectively increased the levels of ZEB1 in both GBM cells 
treated with increasing concentrations of rhC5a (Fig.  3D, 
Supplementary Fig. 7B).

Since ZEB1 expression in GBM cells was increased by 
C5a, we next examined whether the effect of C5a on the 
invasiveness of GBM cells occurs via ZEB1. To this end, 
we tested whether ZEB1 depletion can attenuate the ef-
fect of C5a on the invasiveness of GBM cells. Consistently, 
treatment with rhC5a enhanced X01 cell invasion in a 
concentration-dependent manner; however, pretreatment 
with ZEB1 siRNA blocked the effect of rhC5a on X01 GBM 
invasiveness (Fig. 3E).

To validate our in vitro observation, we transduced 
MSLC09-03 cells with a C5 shRNA or scrambled control 
shRNA prior to orthotopic co-inoculation with X01 cells 
into the mouse brain. Upon tumor formation, the GBM 
cells co-implanted with MSLCs invaded more into adjacent 
regions of the brain than the GBM cells implanted alone; 
however, C5 depletion in the MSLCs blocked the effect 
on GBM cell invasion (Fig.  3F, Supplementary Figure 7D). 
Additionally, we observed that growth of glioma cells was 
not affected after either co-culture with MSLC or rC5a treat-
ment, indicating our mechanism shows motility independent 
cell growth pathways (Supplementary Figure 7E). The 
co-inoculation of MSLCs with X01 cells produced a higher 
number of ZEB1-positive cells in tumors than the injection 
of GBM cells alone; however, the number of ZEB1-positive 
cells was not increased by the co-inoculation including 
C5-depleted MSLCs. In parallel, the mice co-inoculated with 
GBM and C5a-depleted MSLCs showed longer survival time 
than the mice inoculated with GBM cells combined with 
MSLCs transduced with the control shRNA (Fig. 3G).

C5a Increases ZEB1 Expression in GBM Cells 
Through C5aR1-Mediated p38 Mitogen-Activated 
Protein Kinase

To investigate the regulatory mechanisms of C5a, we 
examined whether the effect of C5a occurs through its 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa064#supplementary-data
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cognate receptor in GBM cells. To this end, we treated 
GBM cells with siRNA against C5a receptor 1 (C5aR1) 
(Supplementary Figure 8A) and examined invasion in 
a co-culture with MSLC09-03. Consistently, invasion by 
the GBM cells was enhanced by co-culturing with the 
MSLCs; however, this was not the case when C5aR1 was 
depleted in the GBM cells (Fig. 4A, Supplementary Figure 
8B). Notably, treatment with the C5aR1 antagonist W54011 
also diminished the effect of MSLC co-culture on the in-
vasiveness of GBM cells and ZEB1 induction (Fig.  4B, 
C, Supplementary Figure 8C, D). In accordance, we fur-
ther examined the signaling mechanism underlying C5a/
C5aR1-mediated phenotypic changes in GBM cells. To 
this end, we examined the main downstream effectors 
of C5aR1—mitogen-activated protein kinases (MAPKs) 
(p38, JNK, ERK), JAK/STAT, SRC, PKCδ—in GBM cells after 
co-culture with MSLCs. We found that the phosphoryla-
tion of p38, AKT, PKCδ, and STAT3 was increased in the 
GBM cells co-cultured with the MSLCs (Supplementary 
Figure 8E, F). In accordance with these findings, we 
knocked down the expression of each signaling compo-
nent by siRNA in GBM cells and analyzed GBM cell mo-
tility. The downregulation of p38 expression effectively 
attenuated the MSLC-enhanced migration and invasion of 
GBM cells, whereas the downregulation of the expression 
of the other signaling factors had no such effect (Fig. 4D, 
Supplementary Figures 8G, 9A, B). To confirm the contribu-
tion of p38 to MSLC-induced infiltration, we treated GBM 
spheroids with MSLC09-03 CM supplemented with the 
p38 inhibitor SB203580. Interestingly, treatment with the 

MSLC CM enhanced the invasion of GBM cells; however, 
this effect was abrogated by SB203580 (Supplementary 
Figure 9C). When p38 was depleted in GBM cells by siRNA, 
co-culture with MSLCs no longer enhanced the infiltration 
of GBM cells into a collagen-based matrix (Fig. 4E). Given 
that p38 was activated by MSLCs and contributed to the 
invasion of GBM cells, we tested whether p38 activity de-
pends on C5a-mediated C5aR1 activation. Treatment with 
the anti-C5a antibody or C5aR1 antagonist W54011 atten-
uated the effect of MSLCs (09-03, 09-02 cells) on p38 ac-
tivation in a concentration-dependent manner (Fig. 4F, G, 
Supplementary Figure 9D). Similar effect was observed in 
presence of shC5a (Supplementary Figure 9E). Because 
ZEB1 expression is increased by C5a, we next validated 
whether ZEB1 expression can be upregulated by C5aR1 
and p38. Consistently, ZEB1 expression was greatly in-
creased in GBM cells by co-culture with MSLCs; however, 
it was not increased in GBM cells in which C5aR1 or p38 
was depleted prior to co-culturing with MSLCs (Fig.  4H, 
Supplementary Figure 9F).

Since MSLC-induced C5a increases ZEB1 expression 
in GBM cells through C5aR1-mediated p38 activation, we 
also evaluated whether C5aR1 levels in human brain tu-
mors including mesenchymal or only GBM cases correlate 
with patient survival. An analysis using the Repository of 
Molecular Brain Neoplasia Data (REMBRANDT) and The 
Cancer Genome Atlas (TCGA) database showed that C5aR1 
levels were well correlated with the survival of glioma and 
GBM patients (Fig. 4I, J), while there is no correlation in the 
mesenchymal type of GBM cases (Fig. 4K).
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MSLCs Residing in GBM Tumors Correlate with 
Clinical Outcome

MSLCs have previously been obtained from primary GBM 
patient biopsies. However, intriguingly, MSLCs could not 
be isolated from all GBM patients. Notably, in our previous 
work tracking the overall survival of GBM patients (n = 82; 
MSLC isolatable and non-isolatable), we observed that 
the survival time was significantly shorter in the MSLC-
isolatable GBM patients than in the non-isolatable pa-
tients, presumably owing to the absence or rarity of these 
cells in GBM (Fig. 5A).25 Out of the 82 patients in our trial, 
48 patients were successfully isolated and 34 patients were 
not isolated. There are 4 steps to define MSLC isolatable. 
The case of failure to isolate MSLCs is well documented 
in our previous report.18 If it is determined that the 4 steps 
are not suitable for the MSLCs defined in each step, they 
are defined as non-isolatable MSLCs. In addition, IHC anal-
ysis using randomly selected patient samples revealed 

that the expression of YKL40 and CD44, two well-known 
mesenchymal markers, was higher in the MSLC-isolatable 
samples than in the non-isolatable GBM patient speci-
mens (Fig. 5B, C). Because our data showed that MSLCs 
promoted mesenchymal features and the invasion of GBM 
cells through C5a secretion, we also examined the level of 
C5a in these patient samples. As anticipated, C5a-positive 
cells were observed more frequently in MSLC-isolatable 
GBM than in non-isolatable GBM. Immunofluorescence 
analysis revealed that C5a-expressing cells were mainly 
colocalized with MSLCs (CD105+) in the MSLC-isolatable 
GBM patient specimens, whereas MSLCs (CD105+) and 
C5a-expressing cells were rarely detected in the MSLC-
non-isolatable specimens (Fig. 5D, Supplementary Figure 
10A). Since C5a can be expressed by macrophages, we 
also examined the colocalization of C5a with macro-
phages (ionized calcium binding adaptor molecule 1 
[Iba1] positive). Noticeably, most C5a overlapped with 
Iba1-positive cells in MSLC non-isolatable GBM; however, 
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we easily found C5a-expressing cells that were negative 
for Iba1 in the MSLC-isolatable GBM patient specimens 
(Supplementary Figure 10B). These findings suggest that 
MSLCs residing in human GBM participate in the mesen-
chymal phenotypic change in GBM cells, at least though 
C5a secretion, and are associated with the prognosis of 
GBM patients.

Discussion

During the invasion, cancer cells loosen their contact 
adhesion to neighboring cells and the extracellular ma-
trix (ECM), degrade the adjacent cell tissues, and en-
hance their motility. Also, invasion of metastatic cancer 
cells throughout ECM has been believed to be facilitated 
by protease-mediated matrix degradation that makes a 
movement track for cancer cells migration.26 The detec-
tion of MSLCs in many invasive types of cancer has raised 
interest in their role in the tumor microenvironment.6,7,27 
However, whether MSLCs positively or negatively regu-
late cancer progression has remained obscure.28,29 Using 
co-culture systems, we found that MSLCs increased ZEB1 
levels in GBM cells through the C5a/C5aR1/p38 MAPK 
signaling and thereby increased the invasiveness of GBM 
(Fig. 5E).

In accordance with our findings, several lines of evi-
dence have also suggested that MSLCs in the tumor mi-
croenvironment contribute to cancer progression. Xu et al 
reported that intravenous injection of human BM-MSCs 
into human osteosarcoma tumor-bearing mice stimulated 
tumor growth and further showed that osteosarcoma 
cell proliferation was increased by MSC CM.30 Moreover, 
subcutaneous administration of cancer cells mixed with 
human BM-MSCs was shown to promote the growth 
of human colon carcinoma in mice.31 Bourkoula et al re-
ported that non-tumorigenic multipotent stem cells were 
present as stromal cells in the tumor microenvironment 
and increased the aggressiveness of GBM.32 Likewise, 
brain tumor–derived MSLCs have been shown to be in-
volved in glioma progression in mice.11 However, other 
studies have suggested the opposite effect, reporting 
antitumor activity by MSCs. Otsu et al observed that direct 
inoculation of rat BM-MSCs into subcutaneous melanoma 
tumors induced apoptosis and abrogated tumor growth 
in mice.12 Using a model of Kaposi’s sarcoma, Khakoo 
et al found that intravenously injected human BM-MSCs 
homed to sites of tumorigenesis and inhibited tumor 
growth, implying anti-tumorigenic effects mediated by 
MSCs.33 Although the reasons for these contrasting obser-
vations remain largely unknown, the role of MSLCs in the 
tumor microenvironment might depend on their origin, 
their degree of differentiation, and the type of tumor cells 
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of GBM patients. *P < 0.05, ***P < 0.001.
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they interact with. To precisely define the biological role 
of MSLCs in cancer progression, their site of origin must 
be considered. Hence, we used MSLCs that were isolated 
from GBM patient biopsies18 and examined the effect of 
these MSLCs on GBM progression. Notably, survival time 
was significantly shorter in patients from whom MSLCs 
were isolated than in those from whom MSLCs could not 
be isolated. Moreover, orthotopic co-inoculation of GBM 
cells with MSLCs enhanced tumorigenesis in mice and 
shortened the survival time of the mice compared with 
that of mice inoculated with GBM cells alone or GBM cells 
combined with human BM-MSCs, suggesting that en-
dogenous MSLCs in tumor sites are intrinsically different 
from BM-MSCs despite their similarities in regard to MSC 
marker expression and multipotency for mesenchymal 
trilineage differentiation.

In this study, C5a was secreted by MSLCs but not by 
BM-MSCs. Importantly, the secretion of C5a was mark-
edly increased in MSLCs co-cultured with GBM cells, 
indicating crosstalk between the GBM cells and MSLCs. 
C5a, a complement component, triggers the degranula-
tion of mast cells and neutrophils, enhancing the phag-
ocytosis of pathogens.34 Our findings suggest that in 
addition to performing this well-known role, C5a acts as a 
cue that promotes the invasion of GBM cells in the tumor 
microenvironment. MSLC-secreted C5a increased the ex-
pression of ZEB1, one of the EMT transcription factors, 
via p38 activation in GBM cells. In agreement, ZEB1 levels 
were higher in xenograft tumors formed by GBM cells 
co-injected with MSLCs than in tumors formed by GBM 
cells alone. Although the term “EMT” in cancer biology 
is more suitable for carcinoma cancers that are devel-
oped from epithelial cells, the EMT-like process and EMT 
activating transcription factors have also begun to gain 
attention in non-epithelial-origin cancer cells. In line with 
this notion, our findings show that the EMT transcription 
factor ZEB1 is induced in GBM and promotes the invasion 
of GBM cells. Importantly, treatment with rhC5a enhanced 
the invasion of GBM cells; however, rhC5a had no such ef-
fect on ZEB1-depleted GBM cells, indicating that ZEB1 acts 
as the downstream effector of C5a in the invasion of GBM 
cells. In agreement with our findings, previous studies 
have also suggested that the ZEB1 pathway correlates 
with the initiation, invasion, and stemness of GBM, conse-
quently affecting the survival of GBM patients.35 Besides, 
we showed that there was no reliable relationship be-
tween C5a and glioma growth in vitro (Supplementary 
Figure 7E). To define this correlation more clearly, further 
studies including in vivo experiments would be needed. In 
summary, our findings show that non-tumorigenic MSLCs 
promote the invasion of GBM cells through the secretion 
of C5a into the tumor microenvironment, which further 
increases ZEB1 expression in the GBM cells through the 
C5aR1/p38 MAPK signaling pathway.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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