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Alpha 1-antichymotrypsin contributes to stem cell
characteristics and enhances tumorigenicity of
glioblastoma

Montserrat Lara-Velazquez, Natanael Zarco, Anna Carrano, Jordan Phillipps, Emily S. Norton,
Paula Schiapparelli, Rawan Al-kharboosh, Jordina Rincon-Torroella, Stephanie Jeanneret,
Teresa Corona, Jose Segovia, Mark E. Jentoft, Kaisorn L. Chaichana, Yan W. Asmann,

Alfredo Quinones-Hinojosa, and Hugo Guerrero-Cazares

PECEM, UNAM, Mexico City, Mexico (M.L.-V.); Department of Neurosurgery, Mayo Clinic, Jacksonville, Florida, USA (M.L.-V.,,
NZ,A.C,J.R, ESN.,PRS,RA., SJ., KLC.,A.Q.-H., H.G.-C.); Neuroscience Graduate Program, Mayo Clinic Graduate School
of Biomediical Sciences, Mayo Clinic, Rochester, Minnesota, USA (E.S.N., R.A.); Regenerative Sciences Training Program,
Center for Regenerative Medicine, Mayo Clinic, Rochester, Minnesota, USA (E.S.N., R.A.); Department of Neurosurgery,
Johns Hopkins Hospital, Baltimore, MD, USA (J.R.-T.); Clinical Laboratory of Neurodegenerative Diseases, National Institute
of Neurology and Neurosurgery, Mexico City, Mexico (T.C.); Department of Physiology, Biophysics and Neurosciences,
Cinvestav-IPN, Mexico City, Mexico (J.S.); Department of Laboratory Medicine and Pathology, Mayo Clinic, Jacksonville,
Florida, USA (M.E.J.); Department of Health Sciences Research, Mayo Clinic, Jacksonville, Florida, USA (YW.A.)

Corresponding Author: Hugo Guerrero-Cazares, MD, PhD, Department of Neurosurgery, Mayo Clinic Florida, 4500 San Pablo Road,
Griffin Building 111, Jacksonville, FL 32224, USA (Guerrero-Cazares.Hugo @ mayo.edu).

Abstract

Background. Glioblastomas (GBMs) are the main primary brain tumors in adults with almost 100% recurrence
rate. Patients with lateral ventricle proximal GBMs (LV-GBMs) exhibit worse survival compared to distal locations
for unknown reasons. One hypothesis is the proximity of these tumors to the cerebrospinal fluid (CSF) and its
chemical cues that can regulate cellular phenotype. We therefore investigated the role of CSF on GBM gene expres-
sion and the role of a CSF-induced gene, SERPINAS3, in GBM malignancy in vitro and in vivo.

Methods. We utilized human CSF and GBM brain tumorinitiating cells (BTICs). We determined the impact of SERPINA3
expression in glioma patients using The Cancer Genome Atlas (TCGA) database. SERPINA3 expression changes were
evaluated at mRNA and protein levels.The effects of knockdown (KD) and overexpression (OE) of SERPINA3 on cell migra-
tion, viability and cell proliferation were evaluated. Stem cell characteristics on KD cells were evaluated by differentiation
and colony formation experiments. Tumor growth was studied by intracranial and flank injections.

Results. GBM-CSF increased BTIC migration accompanied by upregulation of the SERPINA3 gene. In patient samples
and TCGA data, we observed SERPINA3 to correlate directly with brain tumor grade and indirectly with GBM patient
survival. SERPINA3 KD induced a decrease in cell proliferation, migration, invasion, and stem cell characteristics, while
SERPINA3 OE increased cell migration. In vivo, SERPINA3 KD BTICs showed increased survival in a murine model.
Conclusions. SERPINA3 plays a key role in GBM malignancy and its inhibition results in a better outcome using
GBM preclinical models.
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Importance of the Study

SERPINA3encodes the antiprotease o.1-antichymotryp-
sin (ACT). al-Antichymotrypsin is produced in the
brain and other tissues and is overexpressed in mul-
tiple cancers, including glioma. We hypothesize that
the overexpression (OE) of ACT is a contributing factor
to GBM malignancy. We tested this hypothesis in vitro
and in vivo by investigating the effects of SERPINA3
KD and OE. Our data showed that cellular migration,
invasion, proliferation, and stem cell characteris-
tics are affected after SERPINA3 KD. In contrast,

Glioblastoma (GBM) is the most frequent and aggressive
primary brain tumor in adults.” In the United States, 13 000
new cases are detected annually.? Current GBM standard
of care includes surgical resection, chemotherapy, and ra-
diotherapy.®* However, tumor recurrence is inevitable and
the overall survival is still unacceptable.®

GBMs proximal to the lateral ventricles (LV-GBMs) have
a decreased median overall survival by more than 20%
(compared to noncontacting GBMs).6% Genetic analyses
of bulk GBM samples have not identified a distinct molec-
ular signature on LV-GBMs and the reason for the worse
outcome of these tumors has not been defined.® However,
the interaction of GBM cells with components of the
subventricular zone (SVZ) neurogenic niche, including the
cerebrospinal fluid (CSF), may contribute to this event.The
SERPINA3 gene encodes for the serine protease inhibitor
al-antichymotrypsin (ACT), which inhibits chymotrypsin
and cathepsin G among other proteases.' This gene and
its protein expression correlate with tumor progression
in gliomas and other cancers.”'®* However, the impact of
SERPINA3 expression on glioma malignancy is unknown.
This study aims to elucidate the contribution of SERPINA3
knockdown (KD) and overexpression (OE) on GBM aggres-
siveness. We observed that CSF induces an increase in
migration of human GBM-derived brain tumor-initiating
cells (BTICs); moreover, CSF induces increased expres-
sion of SERPINA3. We identified SERPINA3 as one of the
genes responsible for an increase in malignancy (as de-
fined by increased migration, invasion, and proliferation) of
GBM-BTICs.

Materials and Methods
Human Glioma Tissue and GBM Cell Lines

All human BTIC primary cultures were derived from
intraoperative tissue samples from newly diagnosed GBM
patients without prior treatment. Human glioma tissues
were obtained upon patient informed consent at the Johns
Hopkins Hospital and Mayo Clinic Jacksonville under the
approval of the Institutional Review Board of each institu-
tion, respectively. Written informed consent was obtained
from all patients’ previous samples collection. Primary
GBM cell line 1A was obtained from Galli et al,’® and cell

SERPINA3 OE increased GBM cells migration and
invasion. We also detected a decreased activation
of MAPK, and a decreased matrix metalloproteinase
(MMP) activity with compensatory effects of tissue
inhibitor metalloproteinases (TIMPS). Mice injected
with SERPINA3 KD cells showed a prolonged overall
survival. In summary, this study highlights the impor-
tance of SERPINA3 and ACT for GBM aggressiveness.
It shows that SERPINA3 represents a potential new
therapeutic target for GBM.

lines 612 and 965 were used and analyzed by our group
previously.'8 BTICs were cultured without serum and in
the presence of growth factors (epidermal growth factor
and fibroblast growth factor) to promote their undifferen-
tiated status, as described previously."” Clinical data of the
cell lines is included in Supplementary Figure 1.

Microarray

BTICs at 70% confluency were treated with GBM and
noncancer CSF for 24 hours. RNA was extracted and sub-
mitted (2 ng of RNA) for RNA expression microarray using
the llumina Human HT- 12 v4 chip. The log2-transformed
array probe-level data across samples were normalized
using robust multiarray average (RMA)."® Only probes with
detection P values <.05 in at least 2 samples were con-
sidered “present” and kept for further analysis. SERPINA3
was identified by analysis of variance (ANOVA) and
Bonferroni multiple test correction.

Lentivirus Construction for Knockdown,
Overexpression, and Genetic Rescue

SERPINA3 ORF tagged with TurboGFP at the C-terminal
end was amplified by PCR from the RG200509 ORF
clone. The resulting product was cloned in a lentiviral
backbone under the CMV promoter along with a
polyadenylation signal to increase the translation of the
mRNA. For SERPINA3 KD, 2 different shRNA sequences
were used; KD1 =shRNA1 and KD2 = shRNA2. An empty
vector (EV) was used as a negative control of SERPINA3
OE and KD (see Supplementary Table 1). A third shRNA
sequence against SERPINA3 (Sigma, TRCN0000006658)
targeting the 3’UTR region in the mRNA was used.
Lentiviral particles production, titration, and cellular
transduction methods were included in Supplementary
Material.

Transwell With and Without Matrigel (2D/3D)

BTICs were resuspended in 200 pL of GBM media with
0.5% of fetal bovine serum (FBS) onto the top chamber
of noncoated or matrigel-coated transwell migration
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chambers. The bottom well was filled with 500 uL of GBM
media plus 2% FBS. For specific experimental conditions,
recombinant ACT protein at 4 uM or CSF at 25 ng/mL was
added to the bottom chamber. After 24 hours cells were
fixed, stained with DAPI and counted.

Real-time PCR

Total RNA was extracted using RNeasy Mini Kit.
Quantitative real-time PCR (RT-qPCR) was performed using
Power SYBR Green PCR Master Mix. Primer sequences are
listed in SupplementaryTable 1.

Cell Cycle Analysis and Cellular Viability

Cell cycle analysis was performed using EdU and cellular
viability was measured using alamarBlue. Manufacturer’s
instructions were followed for both methods.

Fluorescence-activated Cell Sorting

Cell sorting for CD133-positive cells was performed using
the BD FACS ARIA |l Flow Cytometer. Unfixed cells were
stained with CD133/2(293C3)-PE antibody following
manufacturer’s protocol.

Colony Formation Assay

We cultured 1 x 102 cells per well in 6-well plates. After
14 days, colonies were fixed in methanol, stained with
0.05% crystal violet, and counted using ImageJ software.
A positive colony was considered >500 um in diameter or
at least 50 cells.?’

Limiting Dilution Assay In Vitro and In Vivo

We seeded 1, 5, 25, and 50 cells per well in a 96-well plate
with 12 wells per dilution. The number of tumor spheres
(tight, spherical, nonadherent masses >50 pm in diam-
eter)? that subsequently formed in each well were quan-
tified after 14 days. For extreme limiting dilution assay
(ELDA) in vivo, 2000, 20 000, and 200 000 cells were in-
jected in the left flank of 7 mice per group. The number of
tumors (tight, spherical, masses >80 um in diameter) that
subsequently formed in each animal were measured in
length and width with a caliper after 10 weeks; these tu-
mors were also weighed with a balance after extraction.
Limiting dilution plots and stem cell frequencies for both
experiments were calculated with the Walter and Eliza Hall
Institute of Medical Research (http:/bioinf.wehi.edu.au/
software/elda/index.html).

Cellular Differentiation

We seeded 3.5 x 10° cells per well on 6-well plates. After 24
hours, media containing 10% FBS was added to the cells
for 7 days to induce differentiation.

Immunoblotting and Immunohistochemistry

Fifty micrograms of whole cell lysate proteins were re-
solved using the NuPAGE gel and transferred to PVDF
membranes. Membranes were blocked at room tem-
perature and primary antibody was incubated overnight
at 4°C. After washing, the appropriate secondary anti-
body was added for 1 hour (see Supplementary Table 2).
For immunohistochemistry analysis, paraffin-embedded
mouse brain sections were deparaffinized and rehydrated,
followed by antigen recovery. Endogenous peroxidase
activity was inhibited, after which slides were washed in
phosphate-buffered saline and stained using the appro-
priate antibodies (see SupplementaryTable 2).

Matrix Metalloproteinase Antibody Array

Human matrix metalloproteinase (MMP) antibody array
membrane was used following manufacturer’s instruc-
tions with 250 ng of cell lysate.

Tumor Implantation

Animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Mayo Clinic
(protocol A00002260-16). Intracranial tumor implanta-
tion was performed as previously described.??2 3.5 x 10°
luciferase-bearing 1A-green fluorescent protein (GFP)
cells were injected in (15 mice per group) 2 pL of GBM
base media at coordinates X = 1.5 mm, Y = 1.35 mm, and
Z = 3.5 mm relative to bregma. For survival analysis, 10
mice per group were used. For tumor volume assessment,
5 mice per group were sacrificed 4 weeks after injection.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
8. Data distribution was determined by D’Agostino-
Pearson test. Statistical significance for 2 group experi-
ments was determined by Ttest and for multiple groups by
a 1-way ANOVA, followed by Tukey or Kruskal-Wallis anal-
ysis based on data distribution. Overall survival data were
analyzed by Log-rank test (Mantel-Cox). Results represent
the mean = SEM. Statistical significance is represented by
**P<.01, *P<.05.

Results

GBM-CSF Increases Migration and SERPINA3
Expression in BTICs

To understand how CSF contributes to the aggres-
siveness of GBM cells, we treated BTICs with either
noncancer or GBM-CSF for 24 hours. The stimulation
of BTICs with GBM-CSF induced an increase in cell mi-
gration in comparison to noncancer CSF (965 by 57.3%
and in 1A by 57.8%) (P < .01) (Figure 1A). We also de-
termined the transcriptome response of BTICs to GBM
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and noncancer CSF using an RNA expression array.
We identified SERPINA3 as one of the genes most
overexpressed in BTICs when exposed to GBM-CSF in
comparison to noncancer CSF (Figure 1B). This obser-
vation was confirmed by RT-qPCR in 4 different BTICs
(Figure 1C). Remarkably, we detected levels of ACT pro-
tein in CSF to be higher in high-grade glioma patients
than in controls (P < .05) (Supplementary Figure 2).
Upon SERPINA3 KD with 2 different short hairpin RNAs
(Supplementary Figure 3), we observed a reduction in
the migratory response of GBM-BTICs to CSF in the
evaluated lines (P < .05) (Figure 1D). These results indi-
cate that cancer CSF increases the migration of BTICs
and that expression of SERPINA3 is necessary for this
response.

SERPINAS3 Expression Correlates With Glioma
Grade and Indirectly With Patient Survival in
GBM Tissues and Cells

We evaluated the expression of the SERPINA3 gene and its
protein ACT in human brain. SERPINA3 is overexpressed
in gliomas and other human cancers when compared to
noncancer tissue." 22324 \We observed that GBM brain
samples had a higher expression of the SERPINA3 tran-
script (fold change of 13.1) (P=.0075) (Figure 2A) and ACT
protein versus noncancer tissue (P = .0315) (Figure 2B
and C). To determine the impact of LV proximity with the
expression of SERPINA3, we identified that 33% of the tu-
mors were contacting only the SVZ, while 66% were con-
tacting both the SVZ and the cortex.There were no samples
contacting only the cortex (Supplementary Figure 1B).
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We then explored The Cancer Genome Atlas (TCGA)
dataset and observed a higher expression of SERPINA3
mRNA in GBM samples when compared to noncancer
tissue (median expression levels of 7.3 in noncancer vs
12.2 in GBM samples) (P < .05) (Figure 2D) and lower-grade
gliomas (mean difference: grade Il vs lll: =1.4 + 0.19; grade
Il vs IV: =4.0 = 0.22; and grade Ill vs IV: —=2.5 + 0.2) (P < .05)
(Figure 2E). Moreover, we observed that high levels of
SERPINAS3 correlate with lower patient survival (median
survival: low SERPINA3 14.10 mo vs high SERPINA3 12.50
mo) (P =.0011) (Figure 2F). After stratifying by molecular
subtype, a significant survival effect of SERPINA3 expres-
sion was evident in the proneural subtype (median sur-
vival: low SERPINA3 16.45 mo vs high SERPINA3 11.80 mo)
(P=.0011) (Supplementary Figure 4).

SERPINAS3 Silencing Impairs Proliferation and
Stem Cell Characteristics of BTICs

Next, we evaluated the contribution of SERPINA3 expres-
sion to GBM malignancy by knocking down SERPINA3 in
BTICs using 2 shRNA constructs. We first measured the ef-
fects of SERPINA3 KD on cancer stem cell characteristics
of BTICs. Using an ELDA,?° we observed a decrease in the
clonal capacity of BTICs 965 and 1A upon SERPINA3 KD
(cells seeded/percentage of colonies formed: WT: 50/62%,
25/50%, 5/29%, 1/25%; EV: 50/58%, 25/50%, 5/33%, 1/25%;
KD1: 50/29%, 25/25%, 5/8.3%,1/4.1%; KD2: 50/37%, 25/25%,
5/4%, 1/0%) (P < .05) (Figure 3A) and (statistics and ELDA

plots in Supplementary Figure 5). Through EdU incorpora-
tion, we observed that SERPINA3 KD decreased the DNA
synthesis phase of BTICs cell cycle (between 17% and
45%) resulting in an overall decrease in cell proliferation
of 965 and 1A lines (P < .05) (Figure 3B). Cell viability was
also decreased after SERPINA3 KD in all evaluated primary
cultures (965: 71%-86%, 1A 56%-75%, and 612 62%-82%
vs control) (P < .05) (Supplementary Figure 6). SERPINA3
KD also impaired the colony formation capacity of BTICs
(965 KD1 27.5% decrease and KD2 62% decrease compared
to EV, 1A KD1 56.8% decrease and KD2 58.8% decrease
compared to EV) (P < .05) (Figure 3C). These results sup-
port the hypothesis that SERPINA3 expression is required
for the self-renewal and proliferation of BTICs.

We then observed that cellular differentiation of 965
and 1A BTICs (corroborated by a decrease in stem cell
markers SOX2 and NESTIN, and an increase in GFAP)
induced a decrease in SERPINA3 expression (P < .05)
(Supplementary Figure 7). Furthermore, expression of
CD133*, a frequently used marker of BTICs,?® was also
affected by SERPINA3 expression. We determined that
the CD133-positive fraction of BTICs showed higher ex-
pression of SERPINA3 in our evaluated lines compared
to the CD133-negative portion (in 965 by 390%, in 1A by
40%, and in 612 by 410%) (P < .05) (Figure 3D). Moreover,
the silencing of SERPINA3 induced a decrease in the per-
centage of CD133-positive cells (in 965 KD1 by 90%-93%
and in 1A KD1 by 42%-56% compared to EV) (P < .05)
(Figure 3E). We also identified that SERPINA3 KD de-
creases the expression of stem cell markers CD44 in our



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa264#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa264#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa264#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa264#supplementary-data

Lara-Velazquez et al. SERPINA3 contributes to and enhances GBM tumorigenicity

) 95 WT Ciawr
o Lommossev | B 1AEY

KX 965 KD1 B 1A kD1
E= 965 KD2 E31akD2 @BV G kD1 E5 KD2
A B
10+
3 = 157 * .
OA £ = |* |
ﬁl@ o 5 1 [ |
[e] o] © o
2= O po 1.04
= QA - &=
5% 253
£ SaL
c3 ‘ S g 054
= L 5
2 b
= , <
- 0.0- . $
965 1A 965 1A
Cells seeded per well
C D
@ e & Kbt E5 KbD2 @B cpi3z- () CD133+
15 * * s 8
< 07 | I I« | 2@ ° *
> 2
8o 1 1 £ N 1
o e] éD 6 -
513 1.0 <O | |
S R e
38X
- © %8 4 4
°E N
* 5 0.5- Qs
= 2 E 21
8 i< lm []
xZ
0.04 , ‘ (L}J) 0- A ..— ] .l,
965 1A 965 1A 612
E F
@l ey X ko1 E5 KD2 @y &3 kb1 E kb2
12} *
=/_\15_ *
82 |_|* |* | “ 2.0+
+ C 0]
Q I_l [ ] 0~
8 g 1.04 ic)a 1.5+
Qg5 se
O o 2o
R 68 1.04
c 3 o= =
o £ 0.54 g c g
EE 2 £ o054 =
E\z/ zg ' s
0.0 KX = T =
: ' i € o.0- =
965 965 1A 95 1A
CD44 CD49f

Figure 3. SERPINA3 effect on proliferation and cancer stem cell characteristics. (A) BTICs with SERPINA3 KD exhibit lower sphere formation
capacity than controls (1A and 965 cells). (B) S-phase of cell cycle and (C) colony formation capacity are decreased after SERPINA3KD in BTICs
965 and 1A. (D) The CD133* population of BTICs has increased expression of SERPINA3 mRNA by RT-qPCR (965, 1A, and 612 cells). (E) SERPINA3
KD decreases CD133*, CD44, and CD49f expression in BTICs (965 and 1A cells) (F). *P < 0.05, **P < .01. BTIC, brain tumor-initiating cell; KD,
knockdown.

2 cell lines and of CD49f in line 965 (P < .05) (Figure 3F).  ACT Increases the Migratory and Invasive
These results indicate SERPINA3 expression is higher  Capabilities of BTICs

in undifferentiated BTICs and that the silencing of this
gene induces a more differentiated phenotype in human  To evaluate whether the expression of ACT correlates with
GBM-BTICs. BTICs migration capacity, we subjected them to transwell
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migration assays. Interestingly, we observed a correlation
between ACT expression and migratory capabilities of dif-
ferent BTICs at baseline (P < .05) (Supplementary Figure
8). We then evaluated the effects of SERPINA3 KD and re-
combinant ACT on the migratory and invasive capacity of
BTICs. We observed that silencing of SERPINA3 induced
a decrease in cell migration and invasion of GBM-BTICs
when compared to EV. In all the lines tested, SERPINA3
KD induced a decrease in the number of migrating cells
between 13% and 55% compared to EV-transduced cells
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(P < .05) (Figure 4A). The invasion capacity of GBM-BTICs
was similarly impaired upon SERPINA3silencingin all lines
tested with 54%-67% less invasive cells when compared to
EV-transduced cells (P < .05) (Figure 4B). Conversely, when
BTICs were treated with recombinant ACT, we observed an
increase in their migration capacity (in 965 by 37%, in 1A
by 128%, and in 612 by 104% compared to nontreated) (P <
.05) (Figure 4C). Interestingly, treatment with recombinant
ACT did not recover the migratory capacity of SERPINA3
KD cells (Figure 4D).
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Figure 4. SERPINA3 effects on cellular migration and invasion. (A) SERPINA3 KD decreased migration (965, 1A, and 612 cells) and (B) invasion
(965 and 1A) capacity of BTICs. (C) Recombinant ACT (4 uM) increased cellular migration in WT cells (965, 1A, and 612 cells), (D) but does not
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Due to the lack of rescue in cancer cells migration by re-
combinant ACT and to discard any off-target effect of the
SERPINA3 shRNA, we performed a genetic rescue exper-
iment. We utilized a combination of an overexpression
vector that was not targeted by the shRNA utilized. Genetic
re-expression of SERPINA3 rescued the migratory (50% in
965 and 96% in 1A cells) and proliferative capacity of the
SERPINA3 KD cells (P < .05) (Supplementary Figure 9).
Additionally, to determine whether exogenous ACT is able
to enter the cell, we performed an experiment utilizing
fluorescently labeled recombinant ACT (4 uM). Upon 24
hours of incubation, we observed no labeled protein inside
the 1A cells (Supplementary Figure 10).

The overexpression of SERPINA3 increased the migra-
tion (between 48% and 88% vs EV) and invasion (between
165% and 279% vs EV) of GBM-BTICs (P < .05) (Figure 4E
and F). However, overexpression of SERPINA3 did not af-
fect the proliferation capacity of BTICs compared to control
cells (Supplementary Figure 11). These results indicate that
the expression of SERPINA3 and ACT induce a more ag-
gressive migratory behavior in GBM cells that appears to
be dependent on the endogenous expression of SERPINAS3.

Silencing of SERPINA3 Suppresses BTICs-
Derived Tumor Growth In Vivo

We examined the effects of SERPINA3 expression on the
growth of intracranial tumors using human GBM-derived
BTICs injected orthotopically in immunosuppressed mice

(NuNu). Green fluorescent protein wild type (WT), EV,
KD1, and KD2 transduced 1A cells were utilized (n = 15
per group). Five animals per group were euthanized 4
weeks after injection to evaluate tumor volume and levels
of proliferation in vivo, and the remaining 10 mice per
group were followed for survival. Silencing of SERPINA3
in GBM cells results in increased survival of mice from
a median of 67 days in control groups (WT and EV) to a
median of 86 days in the KD groups (P < .05) (Figure 5A).
Immunohistochemistry analysis at 4 weeks postinjection
demonstrated lower percentages of proliferating GBM
cells (Ki67-positive cells in KD1 decreased by 32% and
KD2 by 46% when normalized to the EV group) (P < .05)
(Figure 5B). We also studied cell invasion by quantifying
the number of human nuclei (HuNu) positive cells that
migrated to the contralateral hemisphere by crossing the
corpus callosum. We detected decreased invasive capacity
in the KD groups (decreased in KD1 by 50%-60% and KD2
by 80%-90% compared to EV in quadrants A and B) (P <
.01) (Figure 5C). Tumor histology of the groups (WT, EV,
KD1, and KD2) was performed at survival endpoint, and
was included in Supplementary Figure 12A. Tumor size is
not different among controls and KDs since at the time of
death (45 d after injection for controls vs 80 d after injec-
tion for the KDs), the tumor in the animals had reached the
same dimensions. Neuropathological analysis revealed
higher number of mitotic spindles and cellularity in the EV
groups, and higher numbers of thin blood vessels, hem-
orrhage, and necrosis in the KD groups (Supplementary
Figure 12B and C).These results indicate that the impact of
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Figure 5. Effects of SERPINA3KD in vivo. (A) Mice injected intracranially with 1A SERPINA3KD cells survived longer than the control groups. (B)
SERPINA3 KD groups showed decreased Ki67 proliferation index and (C) invasive capacity than the controls. (D) In vivo ELDA analysis showing
lower tumor formation capacity in SERPINA3 KD BTICs than the controls. (E, F) ELDA in vivo tumors in the SERPINA3 KD group weighed less and
had a decreased Ki67 proliferation index than the controls. *P < .05, **P < .01. Scale 2 mm and 200 pm. BTIC, brain tumor-initiating cell; ELDA, ex-

treme limiting dilution assay; KD, knockdown.
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SERPINA3 expression on GBM malignancy is maintained
in the brain microenvironment in vivo.

We also performed a flank in vivo limiting dilution
assay with 1A WT, EV, and SERPINA3 KD cells. We ob-
served that 1A SERPINA3 KD cells showed decreased
tumor formation ability when compared to the control
groups (group/dilution: percentage of tumors formed
WT/200 x 103 42%, WT/20 x 10%: 28%, WT/2 x 10%: 71%,
EV/200 x 103: 85%, EV/20 x 103: 85%, EV/2 x 10%: 42%,
KD1/200 x 103: 28%, KD1/20 x 10%: 14%, and KD1/2 x 10%:
14%) (P < .05) (Figure 5D). After tumor extraction at 10
weeks, we observed a decreased weight in the KD tu-
mors by 52.2% in the 200 x 102 dilution, 71% in 20 x 108,
and 8.6% in 2 x 10 when compared with EV (P < .05).
Ki67 index of these tumors revealed decreased pro-
liferation in the KD1 group by 20% (P < .01) (Figure 5E
and F). This experiment further corroborates the role of
SERPINA3 on maintaining stem cell characteristics in
vivo.

SERPINAS3 Expression Induces Changes in the
MAPK Signaling Pathway and MMP Expression

To elucidate the intracellular mechanism by which
SERPINA3 mediates the different effects on BTICs, we
evaluated the phosphorylation status of MAPK signaling
pathway members MEK1/2 and ERK1/2, which are known
to play important roles in cell cycle, migration, and apop-
tosis.2627 SERPINA3 KD cells showed a decreased expres-
sion of phosphorylated MEK1/2 and ERK1/2 than controls
by western blot (Figure 6).

Lastly, MMPs and tissue inhibitor of metalloproteinases
(TIMPs) are key regulators in extracellular matrix
remodeling. Matrix metalloproteinases and TIMPs have
a crucial role in cancer progression, specifically in tumor
invasion into distal parenchyma.?82%30 |n SERPINA3 KD
BTICs, we observed decreased protein expression of MVIP
1, 2,3,8,9, and 13 by 20%-80% when compared with EV
(P < .05), with compensatory changes in TIMP-1 and TIMP-2
(P < .05). Interestingly, treatment of 1A WT BTICs with

965
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Figure 6. Effect of SERPINA3 expression on ERK and MEK kin-
ases. The active forms of the mitogen activated protein kinases
ERK1/2 and MEK1/2 are decreased upon KD of SERPINA3 (965
cells). KD, knockdown.

recombinant ACT induced an increase in MMP2 expres-
sion by 625% (P < .05), but did not affect TIMPs expression
(Supplementary Figure 13). These results suggest that the
activities of MAPK and MMP proteins are related to the ef-
fects of SERPINA3 expression and the malignancy of GBM
cells.

Discussion

In this study, we showed that human GBM-CSF induces
changes in BTICs at the cell migration and transcriptional
level. Multiple studies have demonstrated that LV-GBMs
show higher malignancy when compared to LV-distal tu-
mors.%7 Specifically, these tumors show higher distal re-
currence® and lower survival.®'The wall of the LV contains
the SVZ, the largest neurogenic niches in adults.323334 |n
rodents, neuroblast migration from the SVZ to the ol-
factory bulb is greatly regulated by the flow of CSF in-
side the LV and its contained chemokines.®® Our results
indicate that GBM cells respond to CSF by increasing
their migration and their expression of the SERPINA3
gene. Although we saw different levels of SERPINA3 ex-
pression in response to GBM-CSF among BTICs, this is
likely due to the intrinsic cellular heterogeneity between
cell lines. We also saw decreased migration of BTICs in
SERPINA3 KD lines. Interestingly, the migration pheno-
type of BTICs is not rescued when cells are stimulated
with GBM-CSF, reinforcing the role of SERPINA3 expres-
sion in this response. Our results indicate that SERPINA3
expression plays a critical role in the ability of GBM cells
to respond to CSF exposure, suggesting that SERPINA3
expression is increased in LV-GBM. An increased expres-
sion of SERPINA3 in serum from patients with LV-GBMs
has been previously reported.® A recent study evaluated
gene expression differences in LV-GBMs versus LV-distal
GBMs and found no significant molecular difference.3¢
The use of bulk tumor samples along with the hetero-
geneity of GBM might be reasons for these findings.
A study using directed biopsies and single cell analysis
would be necessary to further investigate this hypoth-
esis. The collection of such samples by neurosurgeons
offers some technical challenges (ie, need of navigation,
satisfy pathology tissue requirements for diagnosis,
brain shift during surgery, among others) that need to
be addressed.

Our results of higher expression levels of SERPINA3
in brain cancer tissue are in agreement with other re-
ports'? and with the tissue microarray data published by
Li et al, where SERPINA3 expression was higher in high-
grade tumors.?® In addition, our analysis of TCGA and
REMBRANDT databases detected a positive correlation
of SERPINA3 expression with glioma tumor grade and
a negative correlation with survival. SERPINAS3 is linked
with poor prognosis and tumor progression in several
types of cancer, including glioma." 528 SERPINA3 is a
member of the serpin protease family that contains 36
protein-coding genes, of which ACT is one of the most
abundant.’® The main function of SERPINA3 is to act as
protease inhibitor. Additional functions described to
other members of the same family include hormone
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transporters, blood pressure regulation, and apoptosis
mediators.?”38 During inflammatory processes ACT re-
lease is increased by 2- to 5-fold resulting in an increased
concentration in plasma.'%3 Extracellular ACT plays a
role in regulating inflammation and extracellular matrix
remodeling predominantly through inhibition of neu-
trophil cathepsin G, and mast cells chymases.'® Through
loss- and gain-of-function experiments, we identified
SERPINA3 to increase malignant features of GBM in
vitro and in vivo. Specifically, both overexpression of
SERPINA3 and the addition of recombinant ACT induced
an increase in cell migration and invasion. Conversely,
SERPINA3 KD caused a decrease in cell migration, pro-
liferation, invasion, and stem cell characteristics. Our
results showed a pro-tumorigenic action of SERPINA3 ex-
pression in GBM cells. Interestingly, we observed a pos-
itive feedback of SERPINA3 expression upon stimulation
with its encoded protein ACT. In the brain, ACT is secreted
from reactive astrocytes as a response of IL-6 and IL-1
during inflammatory events.?340417 Once released, ACT
is able to successfully reach the tumor site.?34? As con-
firmed by our data, in GBM patients, there are increased
levels of SERPINA3in CSF. Interleukin-6 also has been de-
scribed in higher levels in CSF from cancer patients.*345
Addition of recombinant ACT did not rescue the pheno-
typic changes induced by SERPINAS3 silencing, whereas
genetic re-expression of SERPINA3 did. These observa-
tions could be the result of a differential effect between
intracellular and extracellular ACT and indicate that the
endogenous expression of ACT is required to induce cell
migration and proliferation. While specific intracellular
action of ACT needs further elucidation, SERPINA3 ex-
pression has already been reported to increase cell pro-
liferation, migration, and invasion in other cancers like
melanoma, colon, and endometrial tumors."14.15

Our data revealed that MERK 1/2 and ERK1/2 activation
decreased after SERPINA3 KD in BTICs. These findings
have also been reported in endometrial cancer.*¢ The de-
creased phosphorylated levels in MEK1/2 and ERK1/2 kin-
ases after SERPINA3 KD can be a contributing factor of the
reduced cellular proliferation and migration that we ob-
served. However, further analysis on SERPINA3in intracel-
lular signaling processes is needed.

Tumor growth is dependent on extracellular matrix deg-
radation and remodeling. The role of SERPINA3 in connec-
tive tissue turnover has previously been demonstrated
in colon carcinoma cells." After SERPINA3 KD, we ob-
served decreased activity levels in MMP 1, 2, 3, 8, 9, and
13, as well as compensatory increased activity in inhibitors
TIMPS 1 and 2. Among MMPs, gelatinases 2 and 9 (MMP2
and MMP9) are key players in tumor progression, adhe-
sion, migration, differentiation, and evasion of the immune
system.?830 After recombinant ACT stimulus, we observed
higher activity levels of MMP2 in GBM cells, suggesting
that SERPINA3is a contributing factor for tissue remodeling
that increases migration in cancer cells. However, the role
of SERPINA3 in immune response against GBM should be
elucidated in an immunocompetent mice model.

In summary, this study provides evidence that the base-
line levels and CSF-induced increase of SERPINA3 ex-
pression are strongly linked to GBM migration, invasion,
proliferation, and stem cell characteristics in vitro, as well

as tumor formation capability and decreased survival ex-
pectancy in vivo in mice and human patients. Our findings
encourage further studies to identify therapeutic com-
pounds against SERPINA3 and ACT activity in GBM, partic-
ularly in the context of LV-GBMs.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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