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Abstract

Introduction Effective glioblastoma (GBM) treatment is limited by high invasiveness and heterogeneity. Current therapies
target proliferating Glioma Stem Cell (GSC) subpopulations while sparing invading GSCs, which eventually engender
tumor recurrence after treatment. Surface receptor CD97/ADRGES is associated with invasion and metastasis regulation in
non-CNS cancers. Although CD97 expression level positively correlates with poor GBM patient prognosis, its role in this
tumor is unclear.

Methods Here, we examined CD97 function in primary patient-derived GSCs (pdGSCs) obtained from five GBM tumors,
belonging to three major genetic subtypes. We compared endogenous CD97 levels in pdGSCs to the corresponding patient
MRTI’s radiographic invasion pattern aggressiveness. We manipulated CD97 levels in these pdGSCs by knockdown and over-
expression and analyzed: (i) stem and subtype marker expression, (ii) in vitro invasive properties, and (iii) cell proliferation.
Results Endogenous CD97 levels in pdGSCs positively correlated with radiographic invasion pattern aggressiveness on
patient MRIs, and in vitro invasion rate. CD97 knockdown decreased pdGSC invasion rates in vitro, most markedly in mes-
enchymal subtype pdGSCs, as well as classical subtype pdGSCs. Invasion rates in vitro increased after CD97 overexpression
predominately in proneural subtype pdGSCs. In the pdGSC line with the lowest endogenous CD97 level, CD97 overexpres-
sion increased the proliferation rate almost threefold.

Conclusions For the first time in pdGSCs, we have shown that CD97 knockdown decreases and overexpression increases
invasion rate in vitro. The effect of CD97 on invasion is pdGSC subtype-dependent. Future in vivo and mechanistic stud-
ies are needed for validation. Pharmacologic CD97 inhibitors should be identified, as they may potentially therapeutically
diminish GBM invasion.
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Background Current standard of care entails surgical resection followed

by radiation and chemotherapy with the alkylating agent
Glioblastoma (GBM) is the highest grade and most lethal ~ temozolomide [2], both of which primarily target prolifer-

primary brain tumor with an average 12—-15 month sur-  ating tumor cells. During treatment, non-dividing migrating
vival. The hallmark characteristics of this fatal tumor are its glioma stem cells (GSCs) survive the treatment and even-
aggressive invasiveness and highly heterogeneous nature [1].  tually populate distal brain areas, giving rise to recurrent

therapeutically-resistant tumors. Therefore, having a better
understanding of the mechanism regulating GSCs migration
D. G. Eichberg and T. I. Slepak Denotes Co-first authors. will guide the search for alternative therapies targeting not
only cell proliferation but also the invasive aspect of GBM.

One group of gene products that play a fundamental
role in GCS invasiveness are cell surface receptors, which
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Suite 306, Miami, FL 33125, USA as ADGRES, has been implicated in the invasive behavior
of GBM [3, 4] and metastatic progression of many other
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tumors [5-8]. CD97 expression level positively correlates
with enhanced GBM invasiveness and shorter survival [3,
4]. CD97 is coupled to the G12/13 family of G proteins
[7, 9], which activate signaling pathways involved in cell
proliferation, transformation, adhesion, and migration [10,
11]. While CD97’s involvement in invasion and metastasis
is well documented for other cancers [12], the role of CD97
in GBM tumorigenesis has not been thoroughly investigated.
Specifically, it is not known how this receptor affects the
behavior of GCSs of different genetic subtypes. Previous
functional studies have used U87, U251 and other commer-
cial GBM cell lines [3, 4, 13] that have been propagated
in vitro for many generations and may not represent the
properties of original tumors [14].

Here, to understand how CD97 affects GSCs behavior, we
identified five GBM patients with varying radiographic inva-
sion patterns, from which we established primary patient-
derived GSCs (pdGSCs). We examined the radiographic and
clinical data of the original GBM tumors, as well as the
in vitro GSC morphology. We correlated these findings with
endogenous CD97 levels, as well as the growth and inva-
sion properties of the GSCs. By manipulating the levels of
CD97 via over-expression or knockdown, we tested whether
this receptor had an effect on cell invasion and proliferation.
Our results indicate that CD97 can strongly influence the
behavior of primary pdGSCs, and that these effects occur in
a GSC subtype-dependent manner.

Materials and methods
Surgical specimens and primary GSC culture

GBM surgical specimens were acquired intraoperatively at
our institution from 2 surgeons (MEI, RJK). All research
was approved by the University of Miami Institutional
Review Board for human research (IRB #20190521). Writ-
ten and verbal informed preoperative consent were provided
from all patients. Clinical data of all patients was collected
from the electronic medical records. Primary Glioma Stem
Cell (GSC) lines were established as previously described
[15] with minor modifications. In short, tissue specimens
were minced in Hibernate A media (ThermoFisherScien-
tific, #A1247501) followed by 20 min incubation with 0.25%
Trypsin (ThermoFisher, #15090046) and 50ug/ml DNAse
(Sigma, #D5025) at 37 °C. Tissue was then washed three
times with HibernateA supplemented with B27, triturated
gently and filtered through 40 nm sieve. Dissociated cells
were centrifuged at 100 g for 5 min, resuspended in red
blood cell lysis buffer (Thermo Scientific #00-4333-57) and
incubated for 5 min. Cell were plated in flasks coated with
PDL (0.1 mg/ml)/Laminin (10ug/ml) for adherent monolayer
or into uncoated flasks for spheres formation and cultured
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at 37 °C 5% CO2 in the following media: Neurocult NC-A
media (Stem Cell Technologies #5750) supplemented with
B27 (LifeTechnologies, #17504-044), N2 (ThermoFisher,
#17502001), 1% Penicillin/Streptomycin (Life Technolo-
gies #15140-122), 2 mM L-Glutamine (Life Technolo-
gies #A2916801), 1 mM Na Pyruvate (Life Technologies
#11360-070), 20 ng/mL EGF (Stem Cell Technologies
#78006), 20 ng/ml bFGF (Stem Cell Technologies #78003),
and 1 IU/ml Heparin (Stem Cell Technologies #07980).

Plasmid constructs and lentivirus production

shRNA for CD97 and controls were designed using Invivo-
gen siRNA wizard software and cloned into pLKO-Puro-
TRC plasmid (Addgene #10878). Of three constructs for
CD97 shRNA, we choose the most effective (target sequence
5’ACAAGAAGGTTCGGGAAGAAT) with the knockdown
of ~60-80%. Flag-tagged CD97 cDNA was PCR-amplified
from CD97-Tango (Addgene, #66247) and cloned into
pLenti-CMV-Puro (Addgene, # 17448) replacing GFP
cDNA. The original plasmid was used as a control. Produc-
tion of 2nd generation Lentivirus was done according to
Addgene protocol using psPAX2 (Addgene, #12260) and
pMD2.G (Addgene, #12259) as helper plasmids. In short, all
three plasmids were transfected into HEK293T cells (ATCC
Cat# CRL-3216) using PEI at 1 mg/ml (764604, Sigma)
as a transfection agent. The released virus was harvested
twice and filtered through 0.45 um filter. The virus was
concentrated with Viro-Peg Concentrator (CHMO00B952,
Thomas Scientific), aliquoted and stored at — 80 °C. The
viral titer was tested by serial dilutions and by cells’ Puro-
mycin resistance.

Invasion assay

pdGSCs were infected with lentiviruses 24 h before the
assay. On the day of the assay, the wells of the CIM-plate
(cat# 05665825001, ACEA bio) upper chamber were coated
with 0.4 mg/ml of Matrigel (Corning #354230) supple-
mented with 100ug/ml Hyaluronic acid (H7630, Sigma)
and incubated at 37 °C for 4 h. 160ul Growth media sup-
plemented with 10% FBS was added to each well of the
lower chamber and the CIM plate was assembled. 50 ul
growth media was added to each well of the upper chamber
and the plate was equilibrated in the xCelligence machine
(RTCA-DP, Agilent) at 37 °C 5% CO- incubator. Trans-
duced cells were added to the upper wells at 50,000/well in
100 ul media in quadruplicates, settled for 15 min at room
temperature, and the plate was returned to the instrument.
Cell index measurements were taken every 15 min for the
experimental duration.
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Results

Radiographic tumor invasiveness and clinical
parameters of GBM patients

For our studies, we chose five GBM patients with a wide
range of tumor invasiveness. All five patients had pathologi-
cally confirmed W.H.O. Grade IV glioblastomas. Figure 1
shows Magnetic Resonance Images (MRIs) of the tumors
before and after the surgery and at the time of tumor recur-
rence. GBM 22 had the most aggressive recurrence pattern
(noncontiguous contralateral hemisphere spread), followed
by GBM1 and GBM 18 (contiguous contralateral hemi-
sphere spread), followed by GBM40 (ipsilateral spread to
the corpus callosum), and GBM12 had the least aggressive
pattern (ipsilateral locoregional spread).

Table S1 (Supplemental materials) summarizes clinical
parameters for each patient.

Morphology of patient-derived primary GSCs

From each studied GBM tumor, we isolated and established
pdGSCs lines that can be maintained in culture in serum
free conditions. We observed that the morphology of these
GSCs roughly fall into three categories (Supplemental Fig.
S1): (i) round loosely adhered cells that tend to form clusters

Recurrence
MRI

Fig.1 GBM tumors and tumor derived GSCs from five patients.
MRIs taken before (top row) and after (middle row) the surgery, and
at the time of recurrence (bottom row). Preoperatively, all five of
the patients’ tumors were localized to one hemisphere visualized as
a brighter white color than the surrounding brain (blue lines). The
immediate postoperative MRI shows the resection cavity (orange

i

(GBM22 and GBM1), (ii) elongated cells readily growing
in a monolayer (GBM 18, GBM40) and (iii) GBM12, which
is similar to the latter two, but with visibly larger and flatter
cell bodies. GBM12,18 and 40 could only be lifted from
laminin coated surface using trypsin or accutase. When
confluent, they form a dense network of elongated often
overlapping cells. In contrast, GBM22 and 1 could easily
be detached with non-enzymatic solution and readily form
spheres when confluent. This observation suggests that these
two GSCs could be more mobile due to their lower affinity
to components of ECM such as laminin, correlating with
radiographic findings.

The level of CD97

We investigated CD97 expression in our pdGSCs using
immunoblot, flow cytometry, immunofluorescence micros-
copy, and qPCR (Fig. 2). HEK293 cells and normal human
astrocytes (NHA) served as negative controls since they do
not express CD97. As expected, CD97 was undetectable
in either control cells. In contrast, all pdGSCs expressed
CD97, albeit at different levels (Fig. 2A). The highest levels
were detected in GBM22. GBM12 expressed about 6 times
less and had the lowest CD97 among tested GSCs. Nota-
bly, these cells were derived from the most invasive and the
least invasive tumors (Fig. 1), respectively, consistent with
the previous report that CD97 expression correlates with

line). The follow up MRIs at the time of tumor recurrence, with
recurrent enhancing tumors are outlined by the red lines. Noncontigu-
ous versus contiguous tumors spread to the contralateral hemisphere
are marked by yellow and white arrowheads, respectively. GBM 40 is
seen invading the corpus callosum, but GBM12 spread is only within
the margins of the primary tumor (bottom right two panels)
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Fig.2 CD97 protein and mRNA expression in primary GSCs.
(A) Representative western blot stained with CD97 and pan tubu-
lin (loading control) antibodies shows variable CD97 expression in
primary GSCs. CD97 band is not detected in HEK293 cells (HEK)
and Normal Human Astrocytes (NHA) used as negative controls
(B) Flow cytometry results of non-permeabilized cells stained for
PE-conjugated CD97 antibody. The graphs show the distribution of
fluorescently labeled CD97 +cells and their percentage of the total
single cell population. HEK293 cells are taken as a negative control

invasive GBM phenotype [4]. We didn’t observe such cor-
relation between the invasive phenotype and CD97 mRNA
level which varied only about 2 to 4-fold between our GSCs
(Fig. 2E). This data may suggest that CD97 protein levels
are regulated post-translationally.

We then compared CD97 protein expression on the cell
surface of GCSs using flow cytometry of non-permeabilized
cells with fluorescently-labeled CD97 antibody (Fig. 2B,
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and Jurkat cells (JRK) as a positive control for CD97 expression. All
cell lines included a control without addition of fluorescently labeled
antibody to control for autoflorescence (representative distribution for
GBM1 control included). (C) Western blots quantitation for CD97
protein normalized to tubulin (N=3) (D) Flow cytometry data shown
on the graph comparing the percentage of cells expressing CD97
receptor on their cell surface. (E) gPCR results for CD97 mRNA fold
expression in primary GSCs compare to levels in normal human brain
(red dotted line, N=3). Error bars + SEM

D). This technique specifically detects cell surface CD97.
Among the GSCs with high CD97 expression, GBM1 and
GBM22 had more than 80%, and GBM40 had approxi-
mately 60% of CD97-positive cells. This proportion was
much lower (20-25%) for low CD97-expressing GBM12
and GBM18. Overall, the measurement of total (Fig. 2A,
C) and cell surface (Fig. 2B, D) CD97 receptor produced
a similar pattern. Immunostaining of permeabilized cells
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for endogenous CD97 demonstrates diffuse punctate stain-
ing of this receptor distributed throughout multiple cellular
compartments, including cell surface and cytosol (Suppl.
Fig. S2).

Interestingly, confocal imaging revealed a unique pattern
of CD97 localization in GBM1 and GBM22. When grown
in monolayer these cells showed diffused staining, but in the
areas of high cell density, CD97 was concentrated at the bor-
der of adjacent cells forming spheres. (Suppl. Fig. S3). This
staining pattern was not detected in the other GSCs. This
observation may suggest that in GBM22 and GBMI1 that
have the highest levels of CD97 and the highest radiographic
invasiveness, this receptor is upregulated upon cell-to-cell
contact during sphere formation in culture.

Stemness of patient-derived GSCs

The notorious heterogeneity of GBM tumors is caused by the
presence of cancer stem cells that can proliferate indefinitely

and exhibit high degree of plasticity. To test whether the
pdGSCs sustain their stem cell characteristics, we meas-
ured expression levels of several stem markers (Fig. 3A).
All five GSCs express Nestin and Vimentin mRNA more
then 50-fold higher than normal brain control. Pluripo-
tency marker Sox2 and the oncogene cMyc are both highly
expressed in GBM12, 18 and 40. In contrast, in GBM1 and
22, these stem markers levels are just slightly above those of
normal brain. Transcription factors Oct4 and Nanog activate
pluripotency genes in complex with Sox2. The expression
level of Oct4 was higher in both GBM12 and GBM18, but
Nanog was over-expressed only in GBM18.

GBM1 and 22 have relatively low mRNA levels of these
stem markers compared to the other three lines, indicating
a potentially higher differentiated status, though still main-
taining stemness. These two GSCs also have the highest
levels of CD97 (Fig. 2). It is reasonable to suggest that such
combination of high expression of this invasion-associated
gene and lower stemness predisposes these cells to increased
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Fig. 3 Endogenous expression of stem and subtype markers in five
studied GSCs. (A) mRNA expression of several stem markers tested
by qPCR. mRNA levels are normalized to GAPDH and the results on
the graphs are shown as fold changes relative to normal brain con-
trol (dashed red line). (B) The endogenous mRNA expression of GSC

subtype markers EGFR, PDGFRA, Olig2, and cMET, relative to their
expression in normal brain (red dashed line). (C) Western blot show-
ing endogenous levels of several marker proteins in studied GSCs.
N =3, error bars + SEM
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invasiveness. Notably, GBM40 also has high CD97. In this
GSC line the expression of Sox2 mRNA and protein is the
highest among all five GSC cell lines (Fig. 3A, C). There-
fore, in GBM40 the functional effect of Sox2 may dominate
over CD97 signaling, reducing its invasive properties while
increasing self-proliferation.

Defining GSCs subtypes

Since there is no single molecular marker that clearly defines
GBM subtype [1, 16, 17], we tested expression of several
additional markers that might suggest the lineage of our
pdGSCs (Fig. 3).

Our data indicate that the morphologically similar GBM1
and 22 belong to the Mesenchymal GBM subtype. Indeed,
they express high levels of proto-oncogene Mesenchymal
Epithelial Transition (¢cMET) that is associated with Mes-
enchymal subtype [1].

GBM12 and GBM40 appear to belong to Proneural sub-
type. They both have high expression of Olig2, a marker
of oligodendrocyte progenitors. GBM12 also overexpress
PDGFRA, and GBM40 has high levels of Sox2 that is typi-
cally expressed in neuronal progenitors. High expression of
cMET in GBM12 also suggests the presence of Mesechymal
subtype cells.

We define the subtype of GBM18 as Classical on the
basis of high EGFR expression [1, 16, 17].

Invasion phenotype of primary GSCs in vitro

To test if the invasive properties of our GSCs correlate with
CD97 expression in vitro, we assessed the migration of
these cells through Matrigel, a commercial preparation of
extracellular matrix (ECM) derived from mouse sarcoma.
To better mimic the unique composition of brain ECM, we
supplemented the Matrigel with hyaluronic acid (HA), the
major component of the brain extracellular matrix, that is
also known to be upregulated at the brain-tumor interface
[18-20]. All GSCs migrated through the Matrigel barrier,
which confirms their overall invasive nature (Fig. 4). How-
ever, the invasion dynamics of the cells were different. Mes-
enchymal subtype GBM1 and GBM22, which highly express
CD97, showed the highest invasiveness. Proneural GBM40
and GBM 12 had the lowest invasion rates. The lower in vitro
invasiveness of GBM12 correlated with low invasiveness of
the original GBM12 tumor (Fig. 1) and the lower expression
of CD97. However, there was no such correlation in the case
of GBM40 that has high CD97 levels and showed high radi-
ographic tumor migration (Fig. 1). Perhaps the high expres-
sion of the stemness marker Sox2 (Fig. 3A, C) negates the
invasive properties of this GSC in vitro. Sox2 has a regula-
tory role promoting the epithelial-to-mesenchymal transition
(EMT), a process that promotes proliferation and impedes
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Fig.4 In vitro basal invasion rate of primary GSCs. Plotted data of
in vitro invasion assay shows the changes in Cell Index of primary
GSCs migrating through Matrigel barrier. Error bars + SEM, N=4

invasion [21-24], potentially reducing the in vitro invasion
rate of GBM 40.

The in vitro migration rate of Classical subtype GBM18
was intermediate among the tested GSCs which correlated
with the intermediate levels of CD97 (Fig. 2A, C).

Overall, the ranking of GSCs invasion rates in vitro cor-
responds very well to the invasive characteristics of original
tumors on MRI. Moreover, for some GSCs, particularly of
mesenchymal and classical subtype, we observed a correla-
tion between the level of CD97 and invasive behavior of
these cells; this led us to the hypothesis that CD97 can pro-
mote GSCs invasion.

Effect of CD97 expression manipulation on GSC
invasion in vitro

To test this hypothesis, we performed knockdown and over-
expression of CD97 in our pdGSCs using lentivirus vectors
carrying either shRNA against CD97 (shCD97) or CMV-
driven flag-tagged CD97 (ICD97). As controls, we used
GFP cDNA and shRNA against GFP.

The results of in vitro invasion assays showed that CD97
knockdown significantly decreased the invasion rate of
GBM1, GBM22, and GBM12 (Fig. 5A). This effect was less
noticeable in GBM18 and was not significant in GBM40.
Interestingly, the strongest effect of CD97 knockdown was
observed in the two GSCs with the highest CD97 expression,
GBMI1 and GBM22, and the one with the lowest, GBM12.
The common feature of these GCSs is the presence of mes-
enchymal subtype cells (MET positive, Fig. 3A) suggesting



Journal of Neuro-Oncology (2021) 153:383-391

389

A CD97 knockdown

GBM1 GBM12 GBM18 GBM22 GBM40
0 -
Rt AT R R ot P42 . -3 A Zwcow S
i : — I ; §
3™ P ¥ 3
ol 1 / 1
L SN e o 12 % 4 60 S & P S & & A . L
Time (hrs) Time (hrs) Time (hrs) Time (hrs) Time (hrs)

CD97 overexpression

GBM12 GBM18 GBM22 GBM40
ok K " = Gnchgv ¥ - '(';ggw n.s. *
§ . ,‘-:_v—,’, g > = ::‘i
3 - > 8 8o
1
7 i - A s R I s T

Time (hrs)

Fig.5 Changes in CD97 expression affect GSCs invasion rates
in vitro. Graphs show the changes in Cell Index of GSCs with CD97
knockdown (A) and overexpression (B). Greater Cell Index corre-

that CD97 depletion primarily affects mesenchymal subtype
GSCs.

The most striking effect of CD97 over-expression was
observed for GBM12 where it strongly increased the inva-
sion rate (Fig. 5B). Since these cells have the lowest endog-
enous levels of this receptor, it is reasonable to suggest that
bringing CD97 expression to higher levels above a threshold
induces the invasiveness of these GSCs. CD97 over-expres-
sion had no significant effect on invasion rates of GBM1, 22
and 40, and only mildly but significantly increased invasion
of GBM18. CD97 over-expression’s lack of effect on inva-
sion in the former three GSCs may be explained by high
endogenous levels of this receptor (Fig. 2A, C). The invasive
properties of GBM40 did not depend on CD97 expression
levels.

Overall, the results from in vitro invasion assay suggest
that CD97 selectively affects the invasion properties of sev-
eral pdGSC subtypes. The only pdGSC resistant to CD97
levels changes was GBM40, the line with the highest Sox2
expression, which as previously mentioned may promote a
high proliferation, low invasion state [21-24]. Future stud-
ies will confirm the role of SOX2 in driving the differential
phenotype of GBM40 by knocking down SOX2, and deter-
mining the effect on invasion rates with and without CD97
manipulation.

Time (hrs)

sponds to greater invasion. *p <0.05, ****¥p <0.0001, n.s. not signifi-
cant. Error bars+ SEM, N=4

Effect of CD97 expression changes on GSC
proliferation rate

To investigate whether changes in CD97 expression affects
cell proliferation, we stained the virus transduced pdGSCs
with antibody against proliferation marker Ki67. We saw no
significant changes in cells’ proliferation with either knock-
down or over-expression of CD97 in almost all tested GSCs
(Suppl. Fig. S4). The only exception was seen in GBM12 in
which CD97 over-expression significantly increased prolif-
eration almost threefold. This GSC line was derived from the
tumor with the lowest Ki67 proliferation index (see Suppl.
Table S1). In GBM18, we saw a trend towards reduced pro-
liferation after CD97 knockdown, however it was not signifi-
cant. We conclude that CD97 mostly does not contribute to
GSCs proliferation, but may affect it in some GSCs.

Discussion

CD97/ADGRES is an adhesion GPCR that was first
found in myeloid cells. CD97 has been implicated in cell
adhesion and migration via interactions with the ECM and
proteins on other cell surfaces. High CD97 expression has
been associated with aggressive metastatic and invasive
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behavior of gastric, hepatocellular, and many other malig-
nancies [5-7, 21, 25]. Recently, correlation between higher
CD97 expression and increased invasion was noted in
commercially-available glioblastoma cell lines [3, 13, 26]
that may be genetically dissimilar to their original tumors
[14], but the cause-and-effect relationship of this phenom-
enon has not been investigated.

In this paper, for the first time, we investigated the role
of CD97 in pdGCSs by actively manipulating the levels
of CD97 expression. We found that genetic inhibition of
CD97 reduced, and overexpression increased, the invasion
rates of GCSs in vitro. The reduction in invasion mostly
affected the GSCs of mesenchymal and to a lesser extent
classical subtype. In contrast, the observed increase in
invasion after CD97 overexpression was seen mostly in
proneural subtype GSCs. Thus, our results indicate that
this effect of CD97 depends on GSC subtype.

Unlike with invasion, the effect on proliferation was
observed only in GBM12, which had the lowest endog-
enous CD97 level. In these cells, overexpression of CD97
increased the proliferation rate almost threefold. Com-
bined, these results support the notion that CD97 signaling
varies among GBM subtypes.

In summary, the original results presented here show
that CD97 can control functional invasion of pdGSCs. We
found that inhibition of CD97 in GSCs of mesenchymal
and classical subtype reduces their invasion rate in vitro.
A strong stimulatory effect of CD97 on proliferation was
observed only in one GSC with the lowest endogenous
CD97 levels. Considering that in vitro invasiveness of
patient derived GSCs corresponds to invasive character-
istics of the original tumors, these findings support the
regulatory role of CD97 in GBM invasion in vivo. Adhe-
sion GPCRs recently emerged as potential drug targets
in cancer [27]. Therefore, finding new strategies utilizing
CD97 and associated mechanisms as new pharmacological
targets may be promising for glioblastoma.
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