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Abstract

Background. Glioma stem cells (GSCs) are a subpopulation of tumor cells with self-renewal and tumorigenic cap-
abilities in glioblastomas (GBMs). Diffuse infiltration of GSCs facilitates tumor progression and frustrates efforts
at effective treatment. Further compounding this situation is the currently limited understanding of what drives
GSCinvasion. Here we comprehensively evaluated the significance of a novel invasion-related protein, Family with
Sequence Similarity 129 Member A (FAM129A), in infiltrative GSCs.

Methods. Western blotting, immunohistochemistry, and gene expression analysis were used to quantify FAM129A
in glioma specimens and cancer datasets. Overexpression and knockdown of FAM129A in GSCs were used to in-
vestigate its effects on tumor growth and invasion. RNA-seq, qRT-PCR, western blotting, and co-precipitation as-
says were used to investigate FAM129A signaling mechanisms.

Results. FAM129A is preferentially expressed in invasive frontiers. Targeting FAM129A impairs GSC invasion and
self-renewal. Mechanistically, FAM129A acted as a positive regulator of Notch signaling by binding with the Notch1
intracellular domain (NICD1) and preventing its degradation.

Conclusions. FAM129A and NICD1 provide a precise indicator for identifying tumor margins and aiding prog-
nosis. Targeting them may provide a significantly therapeutic strategy for GSCs.

Key Points
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Importance of the Study

Invasive GSCs exhibit diverse features of diffuse infil-
tration, such as perivascular adhesion, infiltration along
myelin sheaths, and collective migration. However, the
molecular features of GSCs in above invasive status
are poorly understood. Here, we demonstrate that the
FAM129A-NICD1 complex is preferentially expressed
in areas of GSC invasion, revealing a new feature for

Malignant gliomas, especially glioblastomas, are pre-
dominantly lethal tumors of the central nervous system.’
The heterogeneity and plasticity of GBM are critical fac-
tors contributing to the resistance to chemoradiotherapy
and postoperative recurrence.?® These malignant features
are thought to originated from GSCs, a subpopulation of
tumor cells with self-renewing and tumorigenic capabil-
ities.*#5The main distinction between GBM and other solid
tumors is that GBM (and GSCs) extensively infiltrates the
surrounding brain tissue, but rarely metastasizes to other
organs.® The infiltrating potential derived from residual or
distantly migrated GSCs impedes the efficacy of surgical
resection and contributes to recurrence.” However, the mo-
lecular mechanisms that drive the formation of invasion
potential in GSCs remain unknown.

In this study, we analyzed the molecular characteris-
tics of GSCs located in the infiltrating area. FAM129A was
one of the key candidate proteins involved in GSC inva-
sion. FAM129A, aliases C1orf24, GIG39 or Niban, is an
endoplasmic reticulum stress related protein that regu-
lates the phosphorylation of elF2a and S6K1/4E-BP1 to
modulate cell death.8 FAM129A is upregulated in several
cancers, including renal cancers,®'° prostate cancers, 2
thyroid carcinomas,’® and hepatocellular carcinoma.’
In hepatocellular carcinoma and prostate cancer, loss
of FAM129A affects the focal adhesion kinase signaling
pathway and unfolded protein response.™'* FAM129A
may also inhibit autophagy by activation of the AKT/
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intratumoral heterogeneity. Notch signaling-dependent
cellular communication in infiltrative GSCs requires
the involvement of FAM129A. Our work will serve the
purpose of recognizing the margins and the degree of
tumor invasion and provide a potential drug target for
both Notch pathway antagonism and anti-GSCs therapy.

mTOR/p70S6K axis in thyroid carcinoma cell lines.'®
However, how FAM129A regulates GSC behaviors remains
unknown, and the mechanism by which it accelerates GBM
progression is poorly understood.

We observed elevated expression of the FAM129A in
the invasive region of GBM. Downregulation of FAM129A
compromised the self-renewal ability and tumorigenic
potential of GSCs and further prevented its infiltration
into normal brain parenchyma. Thus, we propose that
FAM129A is crucial to the maintenance of infiltrative po-
tential in GSC and represents a therapeutic target for the
treatment of GBM.

Materials and Methods
Patients and Clinical Samples

All glioma samples were surgically obtained from January
2016 to March 2022 at Tongji Hospital of Huazhong
University of Science and Technology (Wuhan, China),
and all patients had signed informed written consent be-
fore surgery in accordance with a protocol approved by
the Research Ethics Committee of Tongji Hospital, Tongji
Medical College, Huazhong University of Science and
Technology, Wuhan, China (Serial no. TJ-IBR20181111).
No patients received radiation or chemotherapy prior
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to surgery. The clinical information was detailed in
SupplementaryTables 1 and 2.

Cells and Cell Culture

All GSC lines (T3359, T456, T3691 and T387) and neural pro-
genitor cells (NPCs) were gifted by professor Shideng Bao
and Jeremy N. Rich. All cells were cultured in a humidified
37°C, 5% CO, incubator. Moreover, all cultured cell lines were
confirmed to be free from mycoplasma infection. Details
were described in Supplementary Materials and Methods.

Animals and Intracranial Tumor Assay

The experimental BALB/C nude mice were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd
(Beijing, China). And the animal experiments were author-
ized by the Institutional Animal Care and Use Committee
(IACUC) of Huazhong University of Science andTechnology.
Ketamine and xylazine cocktail were used for anesthesia
by intraperitoneal injection before all surgical procedures.
GSCs (2 x 10* cells/mouse) after anticipatory treatment
were implanted into the right frontal lobes of 4-week-old
mice. And the manifestation of neurological signs, severe
weight loss, and physical impairment were considered as
clinical endpoints for the survival experiments.

Immunohistochemistry (IHC)

The protocol of IHC was implemented as described previ-
ously.’® The antibodies used and quantification of protein
expression levels located in specific regions of the tumor
were described in Supplementary Materials and Methods.
The histochemical scoring (H-SCORE) was utilized to
measure the expression level of FAM129A and NICD1 in the
tissue microarray of the glioma cohort (Figure 6). Detailed
scoring data is summarized in SupplementaryTable 2.

Western Blotting, Co-immunoprecipitation Assay
(Co-IP) and Immunofluorescent Staining (IF)

The protocol of western blotting, co-IP and IF was im-
plemented as described previously.' The thickness of
all tumor sections used in IF was 10 um. Supplementary
Materials and Methods listed the antibodies used.

RNA Isolation and Real-time PCR (qRT-PCR)

The protocol of RNA isolation and real-time PCR was im-
plemented as described previously.'® All primer sequences
are listed in SupplementaryTable 3.

GSCs Self-renewal Assays

Cell Viability Assay, Sphere Formation, Limiting Dilution
Assay, and EdU incorporation assay were employed to
measure cellular self-renewal capacity as described pre-
viously.'® Detailed experimental steps were described in
Supplementary Materials and Methods.

GSCs Movement and Invasion Assay

Transwell invasion assay and cell spheroid seeding assay
were employed to measure the invasion and movement
ability of GSC. Detailed experimental steps were described
in Supplementary Materials and Methods.

Plasmid Generation, Lentiviral Transfection, and
Reagent Treatment

In this study, the sequence of shRNAs for inhibiting
FAM129A or nontargeting NT shRNA was acquired from
Sigma-Aldrich. We screened two shRNA sequences
(shFAM129A#1, TRCN0000122151; shFAM129A#2,
TRCN0000140457) for all subsequently related experi-
ments that were performed at least in triplicate. Cell lines
stably expressing either FAM129A or NICD1 were con-
structed using lentivirus.

For the application of cell reagent, the following is in de-
tail: (1), lysosome inhibitor chloroquine (MCE, #54-05-7), 5
pMM, incubated with GSCs for 6 h; (2), proteasome inhib-
itor MG132 (MCE, #133407-82-6), 5 puM, incubated with
GSCs for 6 hours; (3), y-secretase inhibitor DAPT (MCE,
#HY-13027), 40 pM, incubated with GSCs for 24 hours; (4)
caspase-3 inhibitor Z-DEVD-FMK (MCE, # HY-12466), 20
pMM. Detailed experimental steps and the application of cell
reagent were described in Supplementary Materials and
Methods.

Single Sample Gene Set Enrichment Analysis
(ssGSEA), Bioinformatics Databases and RNA-
seq Analysis

Detailed bioinformatics screening methods and data proc-
essing were described in Supplementary Materials and
Methods.

Quantification and Statistical Analysis

All statistical processing was conducted by utilizing R
software (version 4.0.2) or GraphPad Prism (version 7.0),
and all data were presented as mean + SD. The unpaired
Student’s ttest was used for comparison between two
groups and one-way ANOVA for multiple group compar-
ison. Moreover, the generation of Kaplan-Meier curves
was validated by using the Log-rank test. P < .05 was con-
sidered statistically significant.

Results

Identification of the Key Characteristic Molecules
in Invasive GSCs

To elucidate the typical histopathological features of
infiltrative GSC in GBM tissues, we labeled GSCs with
SOX2 or CD133. From this, we identified at least three pat-
terns of GSC invasion: including perivascular invasion,
collective invasion and infiltration along myelin sheaths
(Figure 1A). Based on these observations, we speculated
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Figure 1. Identification of essential molecules in invasive GSCs. (A) Three manifestations of GSCs invasion. Left: immunohistochemical staining
of SOX2 (marker of GSC) in perivascular areas of GBM, scale bars: 50 ym; Middle and right: Inmunofluorescence staining in human GBM, MBP
(marker of myelin sheath) is shown in green, SOX2 in red, CD133 (marker of GSC) in yellow and DAPI in gray. Scale bars: middle, 10 pm; right, 20
pm. (B) Volcano plot showing the distribution of differential genes in 44 GSCs and 10 NPCs (GSE119834). High-expressed genes in GSCs is shown
in red, and that in NPCs is blue. (Cutoff: fold change >2, adjusted Pvalue < .01). (C) Heatmap reflecting cluster grouping according to the ssGSEA
scores of invasive and migrative gene signatures. Dataset for running ssGSEA: CGGA-GBM cohort (n = 249; cluster 1: low invasion and migration
scores, n = 171; cluster 2: high invasion and migration scores, n = 78). (D) Venn diagram showing genes that were highly expressed in cluster 2
GBM patients (compared to cluster 1), GSC (compared to NPC) and GBM tissues (compared to normal brain tissues). (E) Scatter plot showing
the distribution of priority of candidate genes. (F) Western blotting of FAM129A protein in GSCs and NPCs. (G) Immunohistochemical staining of
FAM129A in normal brain tissues and gliomas. Scale bars: 100 pm. And the right histogram describing the distribution of FAM129A IHC-scores (ns,
no significance; P <.01; “"*P< .0001, one-way ANOVA followed by Tukey’s test). (H) Inmunohistochemical staining of FAM129A in core and in-
vasive region. Dotted line: blood vessels; Arrows: perivascular FAM129A positive cells. Scale bars: 100 pm. And right histogram depicting the IHC
quantification of FAM129A in center and invasive frontier (n = 4). See the detailed pictures in Supplementary Figure S3. (I) Immunofluorescence
staining of FAM129A (green) and SOX2 (red) in human GBM tissues. DAPI is shown in gray. Also shown is quantification of the mean fluorescence
intensity (MFI) of FAM129A (right, n = 4). Scale bars: 150 pm; enlarged image: 40 ym. (J) Inmunofluorescence staining in human GBM, MBP is
shown in yellow, SOX2 in red, FAM129A in green and DAPI in gray. Scale bars: 40 ym; middle, 100 pm; right: 40 pm.
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that the infiltrative GSC has a distinctive spatiotemporal
gene expression signature. Thus, we employed three in-
dependent transcriptome databases (TCGA, CGGA, and
GSE119834) for screening the distinctive molecular pat-
terns in infiltrative GSCs. We first mapped out the spe-
cific gene clusters of GSCs (Figure 1B). We then utilized
the ssGSEA algorithm to calculate the invasion and mi-
gration gene signature scores of the GBM tissues in the
CGGA-GBM cohort and divided 249 GBM patients into
two clusters, with cluster 2 having a more aggressive
profile (Figure 1C). Our results showed nine genes (TNC,
FAM129A, METTL7B, FCGR2A, CHI3L1, SHOX2, HSPAS,
HOXD10, and TNFAIP6) met all the following screening cri-
teria: (1) enriched in cluster 2, (2) high expression in the
GBM tissue versus normal brain tissue, and (3) elevated
expression in GSCs (Figure 1D and E). Prognostic anal-
ysis of mesenchymal GBM further identified FAM129A
as the candidate of our subsequent study (Figure 1E and
Supplementary Figure S1).

High Correlation of FAM129A with Invasive GSC

To further distinguish between FAM129A expression in my-
eloid, vascular, and GSC cell populations, we re-analyzed
the single cell sequencing datasets (GSE138794) and
found that FAM129A is predominantly expressed in glioma
tumor cells, although also expressed in endothelial cells
(Supplementary Figure S2A). IF co-staining of CD31, CD68,
Nestin and Iba1 with FAM129A further confirmed that the
predominate localization of FAM129A was within tumor
cells in GBM tissues (Supplementary Figure S2B). Next, we
found that FAM129A was preferentially expressed in GSCs
but not in bulk tumor, matched differentiated cells, or NPCs
(Figure 1F and Supplementary Figure S2C-G).

To verify the aforementioned screening criteria, we sub-
sequently detected FAM129A expression in normal brain
tissues (n = 11) and glioma tissues with different WHO
grades (grade 2, n = 10; grade 3, n = 8; grade 4, n = 32).
The results confirmed that FAM129A expression in glioma
tissues, especially in GBM, is unambiguously higher than
normal brain tissues (Figure 1G). Moreover, IHC staining
confirmed that FAM129A* cells were mainly located in the
infiltrated areas instead of the central tumor area (Figure
1H and Supplementary Figure S3). Confocal imaging af-
firmed that the majority of these FAM129A* cells were
GSCs in the infiltrating region (Figure 11). And we con-
firmed that FAM129A was enriched in the infiltrating areas
of GSC, coinciding with our screening results (Figure 1J).
Ultimately, we ascertained the feasibility of FAM129A as a
signature molecule in the infiltrative GSCs.

FAM129A Maintains GSC Self-renewal in an
Apoptosis—Independent Manner

We next investigated the potential dependency of GSCs
on FAM129A by inhibiting or overexpressing FAM129A. As
shown by cell viability assay, the proliferation of GSCs was
suppressed by FAM129A silencing and accelerated after
overexpression (Figure 2A and B). Tumor-sphere formation
assay revealed that disruption or enrichment of FAM129A

caused the impairment or elevation of GSC spheres for-
mation (Figure 2C, D and Supplementary Figure S4A-C).
As assessed by extreme limiting dilution assay, FAM129A
elimination or supplementation resulted in the restraint
or acceleration of self-renewal, respectively (Figure 2E, F
and Supplementary Figure S4D). Next, we employed the
EdU incorporation assay and found that downregulation of
FAM129A decreased DNA replication of GSCs (Figure 2G
and Supplementary Figure S4E, F). Unexpectedly, SOX2,
not OLIG2, appeared to decrease after interfering with the
expression of FAM129A, although both SOX2 and OLIG2
are key transcription factors indispensable to GSC self-re-
newal (Supplementary Figure S5A). Similarly, we also
observed that upregulation of apoptosis-related proteins
(cleaved PARP and caspase-3) occurred after the knock-
down of FAM129A (Supplementary Figure S5B). To clarify
whether the decrease in “stemness” of GSCs was due to
apoptosis caused by FAM129A knockdown, we used in-
hibitors of caspase-3 and demonstrated that the reduced
self-renewal ability did not ameliorate after inhibition of
apoptosis, and that SOX2 remained at a depressed level
(Figure 2H and Supplementary Figure S5C). This indi-
cated that FAM129A exerts its control on SOX2 expression
through an apoptosis-independent pathway.

In vivo, our experiments showed that shFAM129A mice
survived significantly longer than shNT mice (Figure 2lI).
Hematoxylin and eosin (H&E) staining revealed larger
tumor masses in shNT mice than in shFAM129A mice
(Figure 2J). Finally, we compared the apoptotic level
and proliferation ability of tumors from shNT and
shFAM129A mice by IF staining of cleaved caspase-3
and Ki67. Consistent with the in vitro results, tumors
from shFAM129A mice exhibited high levels of cleaved
caspase-3 and lower Ki67 expression (Figure 2K and
Supplementary Figure S5D, E).

FAM129A Affects the Invasion and Migration of
GSCs

When we conducted the H&E staining of xenograft tumors,
we observed that shFAM129A mice showed smoother
tumor borders (Supplementary Figure S6A). We also ob-
served typical features of invasive GSC in xenograft tu-
mors that mimic those in human GBM tissue (Figure 3A).
Fluorescent labeling of N-cadherin revealed that collective
invasion was not isolated and disorganized, but rather
accompanied by well-defined migratory bands (Figure
3A). Moreover, the elevated expression of FAM129A in
the infiltrating margin was similar to that of human sam-
ples (Figure 3B). Subsequently, we found that coincident
with the attenuation of FAM129A, the group invasion
was curbed, and its associated molecules MMP9 and
N-cadherin were also downregulated (Figure 3C, D, and
Supplementary Figure S6B).

By interfering with the expression of FAM129A in vitro,
transwell assay demonstrated that the invasive ability of
GSCs was diminished. Conversely, GSC invasion was en-
hanced after overexpression of FAM129A (Figure 3E and
Supplementary Figure S6C). FAM129A silencing sup-
pressed the movement and cytoskeletal extensions of
GSCs (Figure 3F and Supplementary Figure S6D). We
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Figure 3. FAM129A is essential for invasion of GSCs. (A) Three manifestations of GSCs invasion in xenograft. hHLA-A: specific labeling of
human-derived tumor cells; CD31: marker of vessels; N-cad: N-cadherin, a cell adhesion molecule; MBP: marker of myelin; Scale bars: 150 pm;
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in T387 GSCs xenograft transduced with shNT or shFAM129A (n = 6). See the detailed pictures in Supplementary Figure S6B. (E) Transwell assay
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speculated that the above phenomenon is associated with
altered expression patterns of epidermal mesenchymal
transformation (EMT)-related molecules. Congruent with
this, we discovered a high correlation between FAM129A
and EMT-related representative molecules in GBM pa-
tients based on transcriptomic data of CGGA and TCGA
(Supplementary Figure S6E, F). Western blotting fur-
ther verified that protein levels of EMT-related molecules
(N-cadherin, vimentin, and SNAI1) were attenuated after
knockdown of FAM129A under in vitro culture conditions
(Figure 3G). We conclude that FAM129A knockdown effec-
tively interrupted the maintenance of invasive properties
of GSCs in vivo and in vitro.

FAM129A is a Novel Notch-related Molecule of
GSCs

To map the assumed signaling mechanisms by which
FAM129A may support GSCs’ self-renewal and inva-
sion, we performed next-generation RNA sequencing on
the T387 GSCs infected with either shNT or shFAM129A
(Figure 4A). Gene ontology analysis of downregulated
gene sets suggested that loss of FAM129A caused pertur-
bation of nervous system development, cell proliferation,
cell adhesion, and cell migration, highly consistent with
our previous observation (Figure 4B). Furthermore, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis identified the impairment of Notch signaling after
FAM129A deficiency in T387 GSCs (Figure 4C). We found
FAM129A had a highly positive correlation with Notch-
related molecules, such as Notch1, Notch3, Hey1, Hes1 and
MYC (Supplementary Figure S7A-C).

To further explore the functional relevance of FAM129A
to the modulation of Notch signaling, we performed gRT-
PCR analyses after knockdown of FAM129A in T387 and
T456 GSCs lines. Our data showed that the mRNA levels
of Notch target genes (Hes1, Hes2, Hey1, Hey2, MYC) were
downregulated after silencing FAM129A (Figure 4D and
Supplementary Figure S7D). Subsequently, we performed
western blotting to detect the attenuation of the Notch
pathway and the result showed that deletion of FAM129A
mainly led to the reduction of NICD1 both inT387 andT456
GSCs lines (Figure 4E). No variation in Notch1-3 was per-
ceptible, however (Figure 4E). IF also showed that FAM129A
disruption predominantly downregulated the levels of
NICD1, not Notch1, to interfere with Notch signal activation
in vivo and in vitro (Figure 4F, G and Supplementary Figure
S8A, B). Moreover, our results showed that FAM129A defi-
ciency led to an increase of P21 and a decrease of c-MYC,
CCND1, Hey1, and Hes1 (Figure 4H and Supplementary
Figure S8C).Thus, FAM129A facilitates the activation of the
Notch pathway via regulating NICD1 in GSCs.

FAM129A Prevents Ubiquitylation of NICD to
Control its Turnover

Given the importance and complexity of the Notch pathway
in controlling stem cell niches, the level of NICD is highly
regulated.'® We used DAPT to inhibit its generation, but
FAM129A did not show significant changes in transcript
levels (Supplementary Figure S9A), and its protein levels

fluctuated with increasing concentrations (Supplementary
Figure S9B). We speculated that this trend may be due to
adaptive changes caused by downregulation of NICD1.
Besides, we were unable to discern any variations in
Notch ligands or in y-secretase expression (Supplementary
Figure S9C).

It has been demonstrated that ubiquitination func-
tionally involves the turnover of NICD1 in mammals.'920
IF staining evidenced the presence of significant
co-localization of FAM129A with NICD1 (Figure 5A and
Supplementary Figure S9D). Thus, we hypothesized that
FAM129A binds to NICD1 to control its turnover. We veri-
fied the interaction between NICD1 and FAM129A by
using co-immunoprecipitation (Figure 5B). Therefore, we
treated GSCs with MG132 (a proteasomal inhibitor) or
chloroquine (a lysosomal acidification inhibitor). After
FAM129A knockdown, DMSO-treated cells (as a control
group) exhibited reduced NICD1 levels (Figure 5C D and
Supplementary Figure S9E). However, this reduction in
NICD1 level was ablated by treatment with MG132 (Figure
5C, D). NICD1 levels were not rescued by chloroquine treat-
ment (Supplementary Figure S9E). Next, we sought to de-
termine whether increased ubiquitylation of endogenous
NICD1 occurs when FAM129A is silenced. Co-IP of NICD1
and ubiquitin indicated that NICD1 was highly ubiquitin-
ated in MG132-treated GSCs after FAM129A knockdown
(Figure 5E and Supplementary Figure S9F).

To verify whether the Notch pathway is involved in
the maintenance of the infiltrative GSC by FAM129A, we
overexpressed NICD1. The loss of invasive capacity and
self-renewal ability of GSCs that we had observed fol-
lowing FAM129A downregulation was rescued by the
overexpression of NICD1 (Figure 5FH, and Supplementary
Figure S10A-C).The intracranial transplantation model fur-
ther illustrated that the remediation of Notch signaling ac-
celerates the tumor progression and invasion (Figure 5l, J).
Collectively, these results suggest that NICD1 is degraded
through the proteasome and that FAM129A binds it to re-
strain its degradation in GSCs.

The Interaction of FAM129A and NICD1 is a
Diagnostic or Therapeutic Target

We assigned a cohort containing 79 glioma subjects
(Grade 1, n=1; Grade 2, n=26; Grade 3, n=11; Grade 4, n=
41) from Tongji Hospital and examined whether FAM129A
could be exploited diagnostically in GBM.

First, we employed IHC staining of the same area in
continuous tissue sections, which showed a positive cor-
relation between the expression of FAM129A and NICD1
(Figure 6A, B). We confirmed the spatial consistency cor-
relation between FAM129A and NICD1 in characteristic
infiltrated areas of glioma (Figure 6C and Supplementary
Figure S11A-C). We then collected T2 MRI images of pa-
tients with clinically significant GBM and divided the pa-
tients into two groups based on the characteristics of the
tumor body margins, where group 2 possessed smoother
margins. Group 1 possessed invasive anterior segment or
distant lesions, and the histological scores of such patients
reflected consistently high expression of FAM129A and
NICD1 (Figure 6D).
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Next, we evaluated the clinicopathological rel-
evance of these two proteins against its H-scores.
FAM129AMhNICD1"h subjects manifested a strikingly
higher histopathological grade (Figure 6E). Ultimately,
Kaplan-Meier and univariate Cox proportional hazard
regression analyses of 76 glioma patients (41 GBM pa-
tients) with prognostic follow-up information revealed that
raised FAM129A and NICD1 levels were associated with
an unfavorable prognosis (Figure 6F). The combination of
FAM129A and NICD1 expression exhibited that the cases
with FAM129AMg"NICD1"9" had a distinctly poorer prog-
nosis (OS, overall survival, 10.1425 months) compared
with the other groups (FAM129A°WNICD1'°w, OS: 29.3589
months; FAM129APWNICD1Mg¢", OS: 13.4877 months;
FAM129AN9NICD1'ow, OS: 22.7689 months) (Figure 6G).

Considering the treatment-related implications of
FAM129A, we reviewed public databases and collected
tissues from recurrent GBM treated with temozolomide
after surgery, and there was no significant difference in
FAM129A levels compared to primary GBM, as well as in
vitro cultured GSC compared to treated with temozolomide
(Supplementary Figure S12A-E). Then we found knock-
down of FAM129A in combination with temozolomide led
to the extinction of GSC, suggesting a possible involve-
ment of FAM129A in temozolomide resistance (Figure 6H
and Supplementary Figure S12F).

Taken together, evidence from the human glioma cohort
highlighted that the combination of FAM129A and NICD1
provides a precise indicator of identifying tumor mar-
gins and targeting them could be a significant therapeutic
strategy for GBM.

Discussion

Invasive GSCs exhibit diverse features of diffuse infiltra-
tion of brain parenchyma, such as perivascular invasion,
infiltration along myelin sheaths, and collective migration,
and retain intercellular signaling and communication.?"??
Notch signaling is considered one of the key factors in-
volved in maintaining these invasive behaviors.?324 The
Notch1-SOX2 positive feedback loop has been shown to be
a driving component of GSC migration along white matter
tracts, and GSCs in the invasive frontier exhibit excessive
activation of Notch signaling.?® In this study, FAM129A si-
lencing caused the reduction of SOX2 but not OLIG2, and
the decrease of Notch signal targets (MMP9, ¢c-MYC, and
Hes1) also can be observed, suggesting that FAM129A
may act as an influential contributor to the Notch1-SOX2
pathways that drives GSC invasion. Importantly, we ob-
served that FAM129A and NICD1 were more visible in
tumor-infiltrating regions compared to central regions, and
we revealed that elevated FAM129A inhibits proteasome-
mediated degradation of NICD by binding to it in GSCs.
Our work reveals that FAM129A is indispensable for GSC
growth and diffuse brain infiltration and provides a new
viewpoint for the hyperactivation of Notch signaling in in-
vasive GSCs.

Based on previous study,®'> we speculated that
the increase of FAM129A is induced by cellular stress
due to the transformations that occurred in the tumor

microenvironment, accompanying the migration of GSCs.
Migrating GSCs often exhibit morphological extensions
and frequent interaction with nearby normal structures,
such as white matter tracts, axons, and blood vessels.?6-28
GSCs themselves, differentiated tumor cells as well as
normal cells located in the peritumoral brain parenchyma,
such as vascular endothelial cells and neurons, all can fur-
nish Notch ligands to activate Notch receptors of adjacent
GSCs, further increasing the formation of NICD, which
functionally associated with the preservation of a dedif-
ferentiation state of GSCs in invasive niches.?>2%30 The
exact role of FAM129A in GSC cellular interactions needs
to be further explored. Overall, elevated FAM129A is used
to anchor accumulated NICD in GSCs, maintaining their
self-renewal characteristics and invasive potential in the in-
filtration area.

Knockdown of FAM129A caused a reduction in the
self-renewal capacity of the GSC and a decrease in prolifer-
ation ability. And we demonstrate that the FAM129A post-
knockdown state is not a drug-resistant state, but instead
promotes susceptibility to temozolomide. FAM129A may
be involved in the maintenance of temozolomide resistance
in recurrent tumors, but its potential role and specific mech-
anisms need to be further explored. In summary, our work
details a novel adaptative feature of GSCs in the migratory
state, that is, FAM129A inhibits the proteasomal degrada-
tion of NICD to stabilize overactivated Notch signaling of
GSCs, thereby accelerating GBM progression and recur-
rence. Therefore, the FAM129A/NICD complex is critical
for the maintenance of GSCs infiltrating niches. Targeting
FAM129A may represent a novel strategy to conquer dif-
fuse brain infiltration and clinically fatal outcomes in GBM.
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