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Abstract

Molecular mechanisms preventing self-renewing brain stem cells from oncogenic transformation 

are poorly defined. We show that the expression levels of SOX5, SOX6, and SOX21 (SOX5/6/21) 

transcription factors increase in stem cells of the subventricular zone (SVZ) upon oncogenic 

stress, whereas their expression in human glioma decreases during malignant progression. 

Elevated levels of SOX5/6/21 promoted SVZ cells to exit the cell cycle, whereas genetic 

ablation of SOX5/6/21 dramatically increased the capacity of these cells to form glioma-like 

tumors in an oncogene-driven mouse brain tumor model. Loss-of-function experiments revealed 

that SOX5/6/21 prevent detrimental hyperproliferation of oncogene expressing SVZ cells by 

facilitating an antiproliferative expression profile. Consistently, restoring high levels of SOX5/6/21 

in human primary glioblastoma cells enabled expression of CDK inhibitors and decreased p53 
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protein turnover, which blocked their tumorigenic capacity through cellular senescence and 

apoptosis. Altogether, these results provide evidence that SOX5/6/21 play a central role in driving 

a tumor suppressor response in brain stem cells upon oncogenic insult.

Introduction

Organ development and homeostasis depend on the proper balance between self-renewal and 

differentiation of stem cells. However, this balance can be shifted due to the susceptibility of 

self-renewing stem cells to oncogenic transformation, leading to uncontrolled proliferation 

associated with cancer. In the brain, glioblastoma multiforme (GBM) is the most prevalent 

and aggressive form of primary tumors in adults. Studies have shown that malignant 

transformation of neural stem cells (NSC) plays a significant role in GBM initiation 

and development. An important mechanism that prevents malignant transformation is the 

activation of signaling cascades that results in cell-cycle exit and the induction of cellular 

senescence and apoptosis. But how organ-specific stem cells, such as those of the adult 

brain, execute these antitumorigenic response mechanisms upon oncogenic stress is not well 

understood.

Experiments conducted both in Drosophila and vertebrate model systems demonstrate that 

NSCs are controlled by a crosstalk between mechanisms regulating self-renewal and those 

promoting cell-cycle exit and cellular differentiation (1). For instance, while cyclin/CDK 

complexes actively stimulate cells to progress through the cell cycle, in part by inactivating 

the cell-cycle inhibitor RB, these complexes are negatively regulated by CDK inhibitors and 

the p53 protein (2, 3). Apart from their roles in regulating self-renewal and differentiation 

under normal conditions, p53 and CDK inhibitors are rapidly activated in response to 

various forms of cellular stresses, such as oncogene-based pressure, and are essential 

for counteracting malignant transformation through the induction of cell-cycle arrest, 

cellular senescence, or apoptotic cell death (4–6). However, how these tumor suppressors 

are activated in NSCs of the adult brain to prevent oncogenic transformation and the 

propagation of malignant cells is not fully understood.

The HMG-box SOX transcription factor family members SOX5, SOX6, and SOX21 

(SOX5/6/21) are widely expressed in NSCs of the CNS (7–12) and when overexpressed 

can promote embryonic NSCs to exit the cell cycle and commit to differentiation (13, 14). 

Interestingly, a common feature of these SOX transcription factors is their capability to 

counteract tumor cell expansion, as in vitro experiments have shown that forced expression 

of SOX5 and SOX21 decreases the viability of human glioma cell lines (15, 16). Although 

SOX6 has not been reported to alter the self-renewal of brain tumor cells, cell culture–based 

studies have shown that overexpression of SOX6 can suppress the expansion of non-CNS 

tumor cell lines (17–19). Despite these overexpression studies suggesting that SOX5/6/21 

can counteract cancer cell propagation, the question whether these transcription factors can 

also prevent malignant transformation of NSCs in the brain, has yet to be addressed.

Here we have examined the role of SOX5/6/21 in NSCs of the adult mouse subventricular 

zone (SVZ) upon oncogenic stress. We show that SOX5/6/21 are necessary for SVZ cells 

to induce an antitumorigenic response to oncogenes and that the susceptibility of these cells 
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to initiate the formation of glioma-like tumors is strongly increased by the individual or 

combined removal of the Sox5/6/21 genes.

Materials and Methods

Generation of mutant mice and tumor induction

All animal procedures and experiments were performed in accordance with Swedish 

animal welfare laws authorized by the Stockholm Animal Ethics Committee: Dnr N249/14. 

Generation of Sox5flox/flox and Sox6flox/flox mice has been described previously (20, 21). 

C57BL/6J mice were used as wild-type controls. For lentiviral injections, 10-to 20-week-old 

mice were used for the experiments. Animals received stereotactially guided injections over 

3 to 5 minutes into the SVZ (1.5 mm lateral and 0.6 mm anterior to bregma; depth 1.5 

mm from dura) of 2 μL virus mix of HRAS, AKT, and CRE. Mice were sacrificed up 

to 6 months after viral injections. For transplantation of human GBM cells, NOD.CB17-

PrkcSCID/J mice of 6 to 10 weeks of age were used. A total of 100,000 cells were 

transplanted stereotactically into striatum (2.0 mm lateral and 1.0 mm anterior to bregma; 

depth 2.5 mm from dura). Mice were sacrificed 3 months posttransplantation. Tumor size 

was calculated as an arbitrary value of GFP area at the same anterior–posterior level of 

multiple animals, using ImageJ.

Cell culture

Glioblastoma tissue specimens were collected via surgical resection under the ethical 

permit KI 02–254 (22) or 2013/576–31, issued by the Ethical Review Board at Karolinska 

Institutet, in accordance with the declaration of Helsinki. All samples were obtained 

following a written patient consent. A neuro-pathologist diagnosed all tissue samples 

collected. Primary glioblastoma cell cultures were established from fresh tumor tissue using 

papain (Worthington) following manufacturer’s protocol, or obtained from collaborators. 

Cells were cultured on poly-L-ornithine and Laminin (Sigma-Aldrich) coated plates in 

Human NeuroCult NS-A Proliferation media (Stem Cell Technology) supplemented with 2 

μg/mL heparin (Stem Cell Technology), 10 ng/mL FGF (Stem Cell Technology), 20 ng/mL 

EGF (Stem Cell Technology), and penicillin/streptomycin (Gibco). All primary cells were 

used below passage 15. U87 cell line, purchased from ATCC 2013, was cultured in DMEM 

containing glucose and glutamine (GIBCO), supplemented with 10 % FBS (Stem Cell 

Technology) and 100 μg/mL Penstrep (GIBCO). U87 cell line was used between passages 5 

and 10 (from arrival in the lab) and has not been authenticated since purchase. Cells from 

the adult mouse SVZ were collected as previously described (23) and tissue was dissociated 

using papain (Worthington) following manufacturer’s instructions. SVZ cells were cultured 

in mouse NeuroCult NS-A Proliferation media (Stem Cell Technology) according to 

manufacturer’s protocol. Neurospheres were maintained in ultra-low attachment surface 

plates (Corning). All cell cultures were regularly tested for mycoplasma with MycoAlert 

luciferase assay (Lonza), whereby the last set of assays was performed in September of 

2016.
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Neurosphere-forming assays

Neurosphere formation capacity assay was conducted as previously described (24) and 

neurospheres subjected to size measurement using publicly available ImageJ software.

Lentiviral vectors and virus production

Lentivirus vectors pTOMO AKT and pTOMO H-RasV12 were a kind gift from Inder M. 

Verma (Salk Institute, La Jolla, CA). pBOB-CAG-iCRE-SD was purchased from Addgene 

and pLenti-GIII-CMV-hCDKN1A-GFP-2A-Puro, pLenti-GIII-CMV-hCDKN1B-GFP-2A-

Puro, pLenti-GIII-CMV-hTP53-GFP-2A-Puro were obtained from Applied Biological 

Materials (ABM) Inc., whereas lentivirus vectors pLOC-Sox5 IRES GFP, pLOC-Sox6 

IRES GFP, and pLOC-Sox21 IRES GFP were acquired from Thermo Fisher Scientific. 

As tranduction control, either pLOC-RFP IRES GFP or pRRLsin.PPT.CMV.ires.eGFP.pre, 

a kind gift from Silvia K. Nicolis (University of Milano-Bicocca, Milan, Italy), were used. 

Viruses were packaged in 293FT cells with either second- or third-generation packaging 

systems.

Lentiviral transductions and plasmid transfections

Lentiviral transductions of cells were performed at a MOI of 1–2. Transduced cells were 

kept in culture for 3 days (proliferation assay), 3 to 9 days (senescence assay and Western 

blot analysis), and 9–12 days (AnnexinV assay), before being subjected to an assay of 

interest. Transfection of GBM cells was conducted using the NEON transfection system 

(Thermo Fisher Scientific), following manufactures protocol. Transfected cells were kept in 

culture for 3 days, before undergoing a proliferation assay.

Proliferation, senescence, and cell death assays

For proliferation assays cultured cells were pulsed with 10 μmol/L ethynyldeoxyuridine 

(EdU; Molecular Probes) for 1 to 2 hours and then processed for either 

immunohistochemistry or FACS analysis (BD FACSCantoII, BD Biosciences). EdU was 

visualized for manual scoring with Click-iT EdU Imaging Kit, and for FACS analysis with 

Click-iT EdU Flow Cytometry Assay Kit (Molecular Probes), following manufacturer’s 

protocol. For analysis of cellular senescence, Abcam Senescence Detection Kit was used to 

detect X-gal–positive cells, following manufacturer’s instructions. Images were acquired and 

color intensity was scored using ImageJ and corrected against total cell number. For analysis 

of cellular apoptosis, cells were processed with the APC Annexin V Apoptosis Detection Kit 

(BD Biosciences).

Cycloheximide chase

Cycloheximide (100 μg/mL; Sigma-Aldrich) was added to the cells 4 to 5 days after 

the transduction with the indicated combination of lentiviruses. Protein levels of p53 

were determined by collecting cell lysates at indicated time points and performing 

immunoblotting as described in Supplementary Materials and Methods.
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RNA isolation and qRT-PCR

RNA was isolated from transduced primary glioblastoma cells 4–5 days posttransduction 

using RNeasy Micro Kit (Qiagen). The RNA was used for complementary DNA synthesis 

with Oligo (dT) 12 to 19 (Life Technologies) using SuperScriptII Reverse Transcriptase 

(Life Technologies). Quantitative reverse transcriptase PCR reactions were prepared using 

KAPA SYBRFAST (Kapa Biosystems).

Accession numbers

The NCBI Sequence Read Archive accession number for the sequencing data reported in 

this article is SRP109992.

Statistical analyses

Statistical analyses were performed when appropriate and P values indicated by an asterisk 

in the figure legends. Significant differences between means for single comparisons were 

determined via Student t test. Multiple comparison analyses were conducted using ANOVA, 

followed by Bonferroni correction for post hoc analysis. NS stands for not significant.

Additional description of Materials and Methods can be found in the Supplementary 

Material.

Results

SOX5/6/21 expression is increased in brain NSCs upon oncogenic stimuli

To address the role of SOX5/6/21 in brain NSCs upon oncogenic stress, we first defined 

their expression pattern and activity in NSCs of the adult mouse SVZ, which have 

been shown to be susceptible to oncogenic transformation (24–26). In this region of the 

brain, a vast majority of the SOX2+ and NESTIN+ progenitor cells expressed SOX5/6/21, 

and their expression could be detected in most self-renewing KI67+ cells (Fig. 1A–K). 

Overexpression of SOX5/6/21 promotes cell-cycle exit of embryonic NSCs (Supplementary 

Fig. S1A and S1B; refs. 13, 14). To examine whether this function is conserved in the 

adult brain, SVZ cells were isolated and transduced with lentiviruses expressing GFP or 

SOX5/6/21 (Fig. 1L). Consistent with their function in embryonic cells, the fraction of adult 

NSCs that were labeled by a 1 hour pulse of EdU, 72 hours posttransduction, was reduced to 

less than half that of NSCs expressing GFP only (Fig. 1M).

The finding that high levels of SOX5/6/21 possess the capacity to reduce cell proliferation 

prompted us to examine their expression levels in adult NSCs in response to oncogenic 

stimuli. To address this, SVZ cells were isolated (Fig. 1L) and transduced with lentiviruses 

expressing CRE enzyme, with or without CRE/loxP-controlled lentiviruses expressing the 

oncogenic forms of AKT and H-RAS (AKT, H-RAS, and CRE, hereafter referred to as 

ARC; Fig. 1N; Supplementary Fig. S1C), which have been shown to induce a malignant 

phenotype in the mouse brain (25). Interestingly, while the expression levels of the general 

NSC markers SOX2 and NESTIN remained unchanged following ARC-transduction, the 

levels of SOX5/6/21 proteins were increased 5 to 7-fold in comparison with cells expressing 

the CRE-enzyme only (Fig. 1O and P).
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Deletion of Sox5/6/21 potentiates the formation of glioma-like tumors

The antiproliferative activity of SOX5/6/21 and the observation that their expression levels 

were increased in NSCs transduced with ARC-expressing lentiviruses, raise the possibility 

that these proteins may be part of a cellular response mechanism, which counteracts 

oncogenic transformation of NSCs. To examine this possibility, we analyzed how the 

tumor-inducing capacity of AKT and H-RAS, in NSCs of the adult brain was affected 

by the loss of SOX5/6/21 expression. Lentiviruses expressing ARC (Fig. 1N) were injected 

into the SVZ (Fig. 2A) of adult wild-type (Wt) mice or mice conditionally mutant for 

Sox5 (20), Sox6 (21), or Sox21 (see Supplementary Materials and Methods), as well 

as into mice harboring various combinations of these mutations. Apart from efficiently 

activating AKT and H-RAS expression from the CRE/loxP-controlled vectors (Fig. 2B–D), 

the virally expressed CRE-enzyme also successfully reduced SOX5/6/21 expression in the 

transduced SVZ cells (Fig. 2E and F; Supplementary Fig. S2A). In accordance with previous 

observations (25), the majority of the Wt brains showed no tumor formation, or only 

the development of minor hyperplasia, 4 to 5 months after ARC misexpression (Fig. 2G; 

Supplementary Table S1), and tumor formation could only be detected in approximately 

15% of the treated Wt animals. In contrast, misexpression of ARC in mice conditionally 

mutant for Sox5, Sox6, or Sox21, or for combinations of these genes, lead to tumor 

formation in around 60% to 80% of the transduced brains (Supplementary Table S1). 

Moreover, as determined with GFP-expression, as well as with hematoxylin and eosin 

(H&E) staining, the tumors were significantly larger in brains of the combinatorial mutants, 

compared with tumors generated in the individual mutants, with the largest tumors detected 

in Sox5/6/21–mutant mice (Fig. 2G–O). Importantly, in the absence of oncogene expression, 

a CRE-based excision of Sox5/6/21 did not lead to any tumor formation 5 months after 

the injection of CRE-expressing lentivirus (Supplementary Fig. S2B–S2I). Also, the additive 

effect that combinatorial loss of Sox5/6/21 had on tumor growth indicates that these SOX 

proteins have partly overlapping activities. Consistent with this, tumor formation in ARC-

transduced Sox5/6- or Sox21-mutant mice could be prevented by the coinjection of SOX21- 

and SOX6-expressing lentiviruses, respectively (Supplementary Fig. S2J–S2M). Thus, 

although the deletion of Sox5/6/21 does not lead to any detectable growth anomalies, these 

loss-of-function experiments demonstrate that SOX5/6/21 possess overlapping activities in 

preventing oncogene-induced tumor formation in the SVZ.

Examination of H&E-stained tumor sections revealed characteristics typical of human 

high-grade gliomas, including increased cellular density, hemorrhage, cellular atypia, and 

microvascular proliferation (Fig. 2P–T; ref. 25). These features were most abundant in those 

tumors generated in combinatorial Sox5/6/21–mutant mice, and to a lesser extent in tumors 

of mice mutant for Sox5/6 or Sox21. Oncogenic H-RAS and AKT have previously been 

demonstrated to induce astrocytic gliomas (27). In accordance, apart from expressing the 

NSC marker NESTIN, the tumors generated in Sox5/6/21–mutant mice were also highly 

positive for the astrocytic markers VIMENTIN and GFAP (Fig. 2U–W). However, the 

tumors also expressed high levels of the oligodendrocyte precursor markers PDGFRA and 

NG2 (Fig. 2X and Y). Similar composition of markers was found in tumors generated in 

the brains of Wt animals (Supplementary Figs. S2N–S2R), independent of the loss of the 

Sox5/6/21 genes.
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Loss of Sox5/6/21 deregulates genes promoting tumor proliferation

To examine how the loss of SOX5/6/21 expression facilitates oncogenic transformation of 

NSCs, SVZ cells of Wt mice or mice conditionally mutant for Sox5/6, Sox21, or Sox5/6/21 
were isolated and characterized in neurosphere-forming assays, 2 weeks after injection 

of lentiviruses expressing ARC. Compared with cells from Wt mice, cells isolated from 

Sox5/6-, Sox21-, and Sox5/6/21–mutant mice generated a significantly higher number of 

neurospheres per ARC-expressing cell, with Sox5/6/21–mutant cells exhibiting the highest 

sphere-forming capacity (Fig. 3A–E). Moreover, while we could not detect any significant 

increase in the volume of the neurospheres generated by Sox5/6–mutant cells, compared 

with those generated by Wt cells transduced with ARC-expressing lentiviruses, the loss of 

SOX21 expression, or SOX5/6/21 expression, increased the volume of the neurospheres over 

two and seven times, respectively (Fig. 3A–D and F). In agreement with these observations, 

the fraction of DAPI+ or KI67+ ARC-expressing cells that incorporated EdU during a 1-hour 

pulse, was increased more than 30% in Sox21-mutant neurospheres and more than 60% in 

Sox5/6/21–mutant neurospheres, compared with Wt or Sox5/6–mutant neurospheres (Fig. 

3G–K). Thus, the proliferative capacity of oncogene expressing SVZ cells is substantially 

increased upon the loss of Sox5/6/21.

Next, we used RNA-seq analysis to assess how the loss of Sox5/6/21 affects the gene 

expression profile of ARC-expressing SVZ cells. In comparison to Wt cells transduced 

with ARC-expressing lentiviruses, the loss of SOX5/6/21 expression lead to an upregulation 

(>1.5-fold) of 993 genes and a downregulation (>1.5-fold) of 998 genes. Consistent with the 

findings above, gene ontology (GO) analysis of the deregulated genes revealed a significant 

upregulation of proliferation-associated genes, resulting in high enrichment of GO-terms 

such as “Mitotic cell cycle,” “Cell division,” and “RB in cancer” (Fig. 3L). In contrast, 

analysis of the downregulated genes resulted in a strong enrichment of GO-terms associated 

with cellular differentiation, such as “Neurogenesis,” “Gliogenesis,” and “Axon guidance 

pathway” (Fig. 3M). Interestingly, of the genes upregulated both in ARC-expressing 

Sox5/6/21 mutant cells and in human GBM compared to low-grade glioma (28), we detected 

many genes implicated in cell-cycle regulation and tumorigenesis (e.g., AURKA, FOXM1, 
E2F8, MELK, PLK1, BIRC5; Fig. 3N; Supplementary Table S2; refs. 29–33). In contrast, 

among the genes commonly downregulated in these different cell types, we detected several 

genes with relevant roles in neuronal differentiation and tumor suppression (e.g., EBF4, 
DLL1–2, PTCH1, NF1, FAT1, APC, BAI1; Fig. 3O; Supplementary Table S2; refs. 34–

40). Hence, Sox5/6/21 appear to prevent oncogene-expressing SVZ cells from upregulating 

pro-proliferative genes that are highly expressed in human GBM.

Antitumorigenic responses by SVZ cells require SOX5/6/21

Components of the cyclin–CDK–RB axis are important regulators of tumor proliferation. 

Although cyclin/CDK complexes promote proliferation by inactivating the tumor suppressor 

protein RB (41), CDK inhibitors block this activity, and thus counteract proliferation (3). 

As revealed by immunoblotting, in the absence of oncogenes, the loss of Sox5/6/21 did not 

significantly alter the protein levels of cyclin D1, -D2, -E1, or -A1 in cultured SVZ cells 

(Supplementary Fig. S3A). However, in the presence of AKT and H-RAS expression, the 

loss of Sox5/6/21 lead to a dramatic increase in cyclin levels (Fig. 4A). Cells expressing 
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ARC responded differently to the loss of Sox5, Sox6, and Sox21. Although the upregulation 

of cyclin D2 and cyclin E1 levels were predominately associated with the loss of Sox21, 

the most significant increase in cyclin A1 levels was detected in Sox5/6–mutant cells (Fig. 

4A). Even though the level of total RB remained unchanged, the level of the inactive, 

hyperphosphorylated form of this protein (pRB) followed that of the cyclins, and was highly 

increased in ARC-expressing cells mutant for Sox5/6, Sox21, and Sox5/6/21 (Fig. 4B). In 

the absence of oncogene expression, the loss of Sox5/6/21 did not lead to a significant 

change in pRB levels (Supplementary Fig. S3B). Moreover, although the protein levels 

of the CDK inhibitors p21, p27, p57, and the tumor suppressor p53 were increased in 

SVZ upon AKT and H-RAS expression (Supplementary Fig. S3C), this upregulation was 

completely abolished following the loss of Sox5/6/21 (Fig. 4C). In the absence of oncogene 

expression, the lack of Sox5/6/21 did not lead to detectable decrease in protein levels of 

CDK inhibitors or p53 (Supplementary Fig. S3D). Notably, a corresponding regulation 

of the cell-cycle regulators analyzed above could not be detected at the mRNA levels 

(Supplementary Table S2).

One possibility is that the inability of Sox5/6/21 mutant SVZ cells to upregulate 

CDK inhibitors and p53 could explain their extensive proliferative activity and their 

susceptibility to malignant transformation in response to oncogenes. Consistently, restoring 

the expression levels of p21, p27, or p53 in Sox5/6/21–mutant SVZ cells transduced with 

ARC-expressing lentiviruses, significantly reduced their neurosphere-forming capacity (Fig. 

4D–H). Moreover, lentiviral-based expression of p21, p27, or p53 substantially reduced or 

totally prevented ARC-induced tumor formation in Sox5/6/21 mutant mice (Fig. 4I–M). 

Hence, restoring high levels of p21, p27, and p53 blocks oncogene-induced transformation 

of Sox5/6/21 mutant SVZ cells.

High SOX5/6/21 levels block tumor-inducing capacity of human GBM cells

Consistent with their capacity to counteract proliferation of mouse NSCs, forced expression 

of SOX5/6/21 in human primary (KS4 and G3) GBM cells or an established (U87) GBM 

cell line, significantly decreased the fraction of EdU incorporating cells, compared with 

those cells expressing GFP only (Figs. 5A–E; Supplementary Fig. S4A and S4B).

The negative relationship between SOX5/6/21 levels and GBM cell proliferation raises 

the question if there is a similar negative correlation between the level of SOX5/6/21 
expression and the malignancy grade in human gliomas. To address this possibility we 

retrieved publically available gene expression data sets of low-grade (grade II and III) and 

high-grade (grade IV) glioma samples analyzed with RNA-seq (28). Notably, the expression 

levels of SOX5/6/21 were decreased approximately four to six times in high-grade glioma 

samples compared to those of low-grade (Fig. 5F) and this reduction was independent of the 

mutational status of TP53 in the examined glioma samples (Supplementary Fig. S4C and 

S4D). Consistent with these findings, although transplantation of GFP-transduced human 

primary GBM cells (KS4) into the striatum of NOD-SCID mice (Fig. 5G) resulted in large 

tumors 3 months postinjection (Fig. 5H), GBM cells mis-expressing either SOX5, SOX6, or 

SOX21, failed to form secondary tumors upon transplantation (Fig. 5I–K). Thus, apart from 
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preventing mouse SVZ cells from malignant transformation, SOX5/6/21 can also reduce 

proliferation and the tumor-inducing capacity of human primary GBM cells.

SOX5/6/21 can restore tumor suppressor responses in human GBM cells

The fact that increased levels of SOX5/6/21 counteract proliferation of human GBM cells, 

both in vitro and in vivo, raises the possibility that SOX5/6/21 play a role in restoring an 

antitumorigenic expression profile in cancer cells that are already exhibiting a malignant 

profile. To address this hypothesis we analyzed the transcriptomes of five primary human 

GBM cell lines (KS4, G3, JM3, #87, and #89) and of the established glioma cell line U87 

(42), 72 hours after transduction with SOX5/6/21-expressing lentiviruses (Supplementary 

Fig. S5A). The transduced cells responded to SOX5/6/21 expression by deregulating 

thousands of genes (>1.5-fold; Fig. 6A; Supplementary Fig. S5B). Comparisons of the 

up- and down-regulated genes revealed a significantly higher overlap between the genes 

deregulated by SOX5 and SOX6, compared with the genes deregulated by SOX21 (Fig. 

6B; Supplementary Fig. S5C). GO-term analysis of genes deregulated by SOX5/6/21 in the 

primary and the established GBM cell lines, KS4 and U87, revealed a strong repression 

of proliferation-associated genes, resulting in an enrichment of GO terms, including 

“Mitotic cell cycle,” “Nuclear division,” and “RB in cancer” (Fig. 6C; Supplementary Fig. 

S5D). Interestingly, analysis of the genes upregulated by SOX5/6/21 instead resulted in a 

significant enrichment of GO terms associated with general tumor suppressor responses, 

including “Apoptotic process,” “Cellular response to stress,” “Direct p53 effector,” and 

“Senescence and Autophagy” (Fig. 6C; Supplementary Fig. S5D).

Cellular defense mechanisms following oncogenic stress are mediated through the 

upregulation of CDK inhibitors and tumor suppressors, which results in the deceleration 

of cell-cycle progression, as well as induction of cellular senescence and apoptosis. Because 

p16, p21, p27, p57, and p53 are potent regulators of these cellular processes (4, 5, 43, 

44), we assessed the expression levels of these proteins in cultured human primary GBM 

cells, 72 hours after the transduction with SOX5/6/21-expressing lentiviruses. As expected, 

both the primary GBM cells and the established GBM cell lines had undetectable, or only 

low levels of p16, p21, p27, p57, and p53 proteins (Fig. 6D). However, the levels of these 

proteins were significantly upregulated in the different cell lines in response to forced 

expression of SOX5/6/21 (Fig. 6D). Notably, even though their level of upregulation varied 

in a cell specific manner, cells transduced with SOX21-expressing lentiviruses exhibited the 

most abundant increase in the protein levels of p16, p21, p27, p57, and p53, compared to 

those cells over-expressing SOX5 or SOX6 (Fig. 6D).

Because the induction of apoptosis and cellular senescence has been attributed to the activity 

of CDK inhibitors and p53, we next examined these cellular processes in cultured human 

GBM cells after transduction with SOX5/6/21-expressing lentiviruses. In line with the 

upregulation of CDK inhibitors and p53, flow cytometry-based analysis of fluorochrome-

labeled Annexin V levels revealed a significantly higher level of apoptosis in U87 cells, as 

well as, in the five primary GBM cell lines (KS4, G3, JM3, #87, and #89) overexpressing 

SOX5/6/21, compared to those cells transduced with GFP-expressing lentiviruses (Fig. 6E 

and F; Supplementary Fig. S5E). Consistently, forced expression of SOX5/6/21 resulted 
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in increased levels of the pro-apoptotic proteins BIM, BID, BAX, and BAK, together 

with upregulation of the active forms of CASPASE-9 and -3, indicating that SOX5/6/21 

proteins induce apoptosis in these human primary GBM cells through permeabilization of 

the mitochondrial membrane (Fig. 6G; Supplementary Fig. S5F; refs. 45, 46). Furthermore, 

forced expression of SOX5/6/21 significantly increased the number of cells that entered 

senescence in the three human primary GBM cell lines (KS4, G3, and #87), as measured 

by senescence-associated βgal-activity (SA-βgal) and the cleavage of X-gal (Fig. 6H and I; 

Supplementary Fig. S5G; ref. 15).

SOX21 mediates tumor suppressor response by modulating p53 levels

Although the above findings provide evidence that increased levels of SOX5, SOX6, and 

in particular SOX21, are sufficient to restore tumor suppressor responses in human primary 

GBM cells, shRNA-mediated knockdown of p53 expression inhibited apoptosis and cellular 

senescence in response to forced SOX21 expression (Fig. 7A–E). The observation that 

the presence of p53 protein appears to be central for the capacity of SOX21 to facilitate 

a tumor suppressor response in GBM cells raises the question of how SOX21 promotes 

the increase in p53 levels. Notably, despite a robust increase in p53 protein levels upon 

forced SOX21 expression (Figs. 6D and 7A and B), a corresponding upregulation of TP53 
gene expression could not be detected (Supplementary Fig. S6A). In fact, although the 

protein levels of CDK inhibitors (p16, p21, p27, p57) and p53 were increased in response 

to SOX21 overexpression (Figs. 6D and 7A and B), only CDKN1A (p21) and CDKN1C 
(p57) demonstrated a significant upregulation at the mRNA level (Supplementary Figs. 

S6B–S6E). Moreover, while CDKN1A expression is positively regulated by p53 protein 

(Fig. 7A and B; Supplementary Fig. S6F; ref. 44), the ability of SOX21 to upregulate the 

expression of CDKN1A was completely abolished in the presence of shRNA targeting TP53 
(Supplementary Fig. S6G and S6H). Consistent with these findings, ChIP-seq–based binding 

studies of SOX21 in human primary GBM cells (KS4) failed to detect any SOX21 binding 

in the vicinity of the transcriptional start (<500 kilo base-pairs) of CDKN1A, -1B, -1C, -2A, 

or TP53 (Supplementary Fig. S6I; Supplementary Table S3). Thus, the ability of SOX21 to 

upregulate p16, p27, and p53 appears mainly to be achieved at the protein level.

We next examined if SOX21-driven upregulation of p53 is achieved through an ability to 

stabilize this tumor suppressor on a protein level (47). Indeed, SOX21 markedly extended 

the half-life of p53 protein in human primary GBM cells (#87) and the glioma cell line U87 

after protein synthesis inhibition by cycloheximide (Fig. 7F and G). SOX21 misexpression 

in these cells also resulted in the upregulation of phosphorylated (Ser15) p53, which is a 

stable form of this protein (Fig. 7H and I). Moreover, the level of the ubiquitin-protein 

ligase, MDM2, which is a negative regulator of p53 (48), was significantly reduced in 

GBM cells overexpressing SOX21 (Fig. 7J and K). However, SOX21 failed to downregulate 

MDM2 mRNA (Supplementary Fig. S6J) and neither could we detect any binding of SOX21 

to the MDM2 gene (Supplementary Table S3). Together these data show that SOX21 can in 

part restore initiation of a tumor suppressor response in GBM cells by counter-acting p53 

protein turnover, possibly through the regulation of MDM2 protein levels (Fig. 7L).
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Discussion

Stem cells in the adult body are essential for the maintenance of organ integrity, plasticity, 

and homeostasis (49), but their presence also constitutes a potential risk, as stem cells are 

faced with the difficult task of avoiding premature cell-cycle exit and at the same time being 

prepared to escape uncontrolled proliferation associated with neoplasia. In this study we 

have examined the role of SOX5/6/21 transcription factors in preventing stem cells of the 

brain from transformation upon oncogenic insult. We provide evidence that SOX5/6/21 are 

essential for the activation of anti-proliferative proteins and tumor suppressors in response 

to oncogenic stimuli and, consequently, that the loss of SOX5/6/21 expression in the mouse 

SVZ greatly potentiates the induction of tumors by AKT and H-RAS.

Gene targeting experiments have revealed a number of different roles of SOX5/6/21 in 

the CNS, such as regulation of oligodendrocyte differentiation (10), neuronal maturation in 

the adult hippocampus (7), and subtype specification of cortical interneurons and midbrain 

dopamine neurons (8, 50, 51). However, even though high levels of SOX5/6/21 can block 

NSC proliferation (13, 14), loss-of-function studies have not revealed any general role for 

SOX5/6/21 in regulating cell-cycle progression, neither in the developing nor the adult CNS. 

Moreover, in this study we failed to detect any signs of excessive proliferation in the adult 

SVZ when SOX5/6/21 were collectively deleted through CRE-mediated excision. In this 

respect, it is interesting to note the dramatic tumorigenic phenotype that is displayed in 

Sox5/6/21 mutant mice under conditions of oncogenic stimuli. Thus, indicating that one of 

the most prominent roles of SOX5/6/21 in NSCs may only be revealed under tumorigenic 

conditions. In agreement with this possibility, although the increased tumor burden in ARC-

injected Sox5/6/21 mutant mice was associated with a prominent increase in expression of 

cyclin proteins, combined with a failure to upregulate CDK inhibitors and p53, or maintain 

high levels of active RB, the expression levels of these factors were not generally altered by 

the loss of Sox5/6/21, in the absence of ectopic AKT and H-RAS. Although there are several 

possible explanations to the context-dependent function of SOX5/6/21, it is notable that the 

capacity of SOX5/6/21 to induce a tumor suppressor response appears to be limited to cells 

exposed to oncogenic stress.

How do then SOX5/6/21 facilitate the upregulation of an antitumorigenic expression profile 

upon oncogenic stress? The expression of CDK inhibitors and p53 has been shown to largely 

be regulated at the posttranscriptional level, through modulation of mRNA translation 

and protein stability (4, 5, 43, 44). Consistent with this, even though forced expression 

of SOX5/6/21 deregulated thousands of genes in human GBM cells, the prominent 

upregulation of CDK inhibitors and p53 at the protein level was only paralleled by an 

increased transcription of CDKN1A and CDKN1C. By analyzing how SOX21 controls 

the expression of p21 and p53, both at the gene regulatory and at the protein level, we 

have demonstrated that SOX21 fails to regulate the transcription of TP53, but efficiently 

reduces p53 protein turnover. We have also provided evidence that this function of SOX21 is 

necessary for its capacity to activate p21 expression, both at the transcriptional and protein 

level. Thus, because p53 is an efficient inducer of CDKN1A activity, it is reasonable to 

hypothesize that the transcriptional activation of p21 by SOX21 is only indirect via p53. 

In support of this idea, SOX21 fails to upregulate p21 mRNA and protein expression in 
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the absence of p53. Moreover, our ChIP-seq studies in human GBM cells failed to detect 

any binding of SOX21 in the vicinity of the transcriptional start of CDKN1A. How is 

then SOX21 decreasing p53 protein turnover? We detected a substantial decrease in MDM2 

protein levels in GBM cells transduced with SOX21-expressing lentiviruses. Hence, it is 

possible that the capacity of SOX21 to facilitate a tumor suppressor response in oncogene-

expressing cells, at least in part, is mediated through its ability to lower the levels of a 

negative regulator of p53 protein, MDM2.

We have provided evidence that SOX5/6/21 have partly overlapping activities in mediating 

an antitumorigenic response to oncogenic stimuli. Although individual mutations of the 

Sox5/6/21 genes increased the predisposition of SVZ cells to become tumorigenic in 

response to oncogenes, SVZ cells in which Sox5/6/21 were collectively deleted had the 

highest tumor forming capacity. Moreover, although SOX21 misexpression could prevent 

AKT and H-RAS-induced tumor formation in Sox5/6 mutant mice, SOX6 misexpression 

could hinder tumor induction in mice mutant for Sox21. Studies in hepatocellular carcinoma 

cells have also shown that SOX6, similarly to SOX21, can decrease p53 protein turnover and 

that the upregulation of p21 protein by SOX6 is decreased in the presence of a p53 inhibitor 

(19, 47). However, SOX5/6 are more structurally related to each other, than to SOX21, and 

share amino acid sequence similarities both within and outside their DNA-binding HMG-

domains (52). Consistently, comparing the genes and proteins deregulated in our gain- and 

loss-of-function experiments also revealed a substantial difference in the activity of SOX5/6 

and SOX21. For instance, although cyclin D2 and -E2 levels were most upregulated in ARC-

expressing SVZ cells in response to the loss of Sox21, the increased levels of cyclin A1 

were most prominent in those oncogene-transformed cells lacking Sox5/6, indicating that 

SOX5/6/21 counteract proliferation of oncogene-expressing NSCs by regulating different 

phases of the cell cycle. Finally, although SOX21 is mainly expressed in precursor cells of 

the CNS and the gastro-intestinal tract, expression of SOX5/6 can be detected in an array of 

different cell types (www.proteinatlas.org; ref. 53). Thus, it is possible that SOX5/6/21 could 

also act in different combinations to prevent oncogenic transformation of stem cells outside 

the CNS.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SOX5/6/21 expression in the SVZ is increased by oncogenic stimuli. A–I, Coexpression of 

SOX5/6/21 (red; A–I) with the progenitor markers SOX2 (green; A–C), NESTIN (green; 

D–F), and KI67 (green; G–I) in the mouse SVZ. J and K, Graphs show percentage of 

SOX2+ cells (J) and KI67+ cells (K) expressing SOX5/6/21 in NSCs of the adult SVZ (n = 

6–7 and n = 3 sections, respectively). L and M, Proliferation of SOX5/6/21-transduced SVZ 

cells was quantified as the percentage of GFP-positive cells labeled with EdU (n = 5–6). 

N–P, Immunoblots showing NESTIN and SOX protein levels in cultured mouse SVZ cells 

(O) after transduction with lentiviruses expressing the oncogenes AKT1 and H-RAS in a 

CRE-dependent manner (n = 3). Bar graph (P) shows fold-change expression of lenti-ARC 

over lenti-CRE and dotted line indicates a fold change of one. Scale bars in A–I, 20 μm; M, 

50 μm. For all graphs, data are shown as mean ± SEM. *, P < 0.05; **, P < 0.01.
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Figure 2. 
Oncogene-driven transformation of SVZ cells lacking SOX5/6/21. A–D, Injection of ARC-

expressing lentiviruses (Fig. 1N) into the adult mouse SVZ (A) results in the expression 

of GFP (B–D; green), AKT-HA (C; red), and H-RAS-Flag (D; red). E and F, Two weeks 

after injection of ARC-expressing lentiviruses, transduced cells express normal levels of 

SOX2 (E; red), but only low levels of SOX21 (F; red). G–O, GFP expression in tumors 

(G–J; green) and their cellular density visualized by H&E (K–N).O, Tumor size based on 

GFP-positive area at the same rostro-caudal level (n = 8–10 sections in 5–10 tumors). P–T, 

ARC-induced tumors in Sox5/6/21fl/fl animals analyzed with H&E. High cellular density 

(Q), bleedings (R), and large dilated vessels (S) are shown. CD31+ vascular endothelial cells 

within the GFP+ tumor mass (T). U–Y, NESTIN, VIMENTIN, GFAP, PDGFRA, and NG2 
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expression in ARC-induced tumors in Sox5/6/21fl/fl mice. Scale bars in B–F, 20 μm; K–N, 

Q–T, U–Y, 50 μm; G–J, P, 1 mm. For all graphs, data are shown as mean ± SEM. **, P < 

0.01; ***, P < 0.001.
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Figure 3. 
SOX5/6/21 suppress genes promoting tumor proliferation. A–K, Neurosphere forming 

capacity and proliferation of SVZ cells isolated from mouse brains 2 weeks after the 

injection of ARC-expressing lentiviruses. Sphere size (A–D) and proliferation (H–K) were 

measured after 10 to 14 days of culture. E–G, Quantifications of formed neurospheres 

(E; n = 6), sphere volume (F; n = 17–22 neurospheres/group) and proliferation (G; n = 

5–7). L and M, GO analysis of deregulated genes in ARC-expressing neurospheres lacking 

Sox5/6/21 compared with ARC-expressing Wt spheres. Biological processes (solid bars) 

and pathways (stippled bars). N and O, GO analysis of gene sets commonly deregulated in 

ARC-expressing neurospheres and in human high-grade glioma, compared with low-grade 
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glioma. X-axes show significance of enrichment. Scale bars in H, 50 μm; D, 100 μm. For all 

graphs, data are shown as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 4. 
SOX5/6/21 are required for tumor suppressor upregulation. A–C, Protein levels of cell-cycle 

regulatory proteins in neurospheres derived from SVZ cells of mice injected with ARC-

expressing lentiviruses. D–H, Expression of p21 (E), p27 (F), or p53 (G) prevents growth 

of ARC-expressing SVZ-derived neurospheres (H; n = 20–22 neurospheres/group). I–M, 

Sox5/6/21fl/fl brains 1 month after the injection of ARC-expressing lentiviruses (I) with or 

without lentiviruses expressing p21 (J), p27 (K) or p53 (L). Quantification of tumor size as 

measured by GFP area (M; n = 7–9). Scale bars in G, 200 μm; L, 1 mm. For all graphs, data 

are shown as mean ± SEM. *, P < 0.05; ***, P < 0.001.
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Figure 5. 
High levels of SOX5/6/21 block tumor-inducing capacity of human GBM cells. A–E, High 

levels of SOX5/6/21 decrease proliferation of human GBM cells 3 days posttransduction 

(A–D). FACS-based quantification of proliferation of GBM cells overexpressing SOX5/6/21 

(E; n = 4). F, FPKM expression levels of SOX5/6/21, normalized against PCNA, in low-

grade glioma (grade II/III) and high-grade glioma (grade IV; n = 31–33 samples). G–K, 

Injection of human GBM cells transduced with lentiviruses expressing GFP, SOX5-GFP, 

SOX6-GFP, SOX21-GFP into striatum of adult NOD-SCID mice. Scale bars in D, 25 μm; K, 

1 mm. For all graphs, data are shown as mean ± SEM. **, P < 0.01; ***, P < 0.001.
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Figure 6. 
SOX5/6/21 can restore tumor suppressor responses in human GBM cells. A, Deregulated 

genes in human primary GBM cells, KS4, after the transduction with SOX5-, SOX6-, 

or SOX21-expressing lentiviruses (n = 3). B, Gene overlap enrichment scores showing 

correlations of genes up- or downregulated in human primary GBM cells, KS4, after the 

transduction with SOX5-, SOX6-, or SOX21-expressing lentiviruses (n = 3). C, GO analysis 

on gene sets up- and downregulated in human primary GBM cells, KS4, transduced with 

SOX5/6/21-expressing lentiviruses. Significant GO terms are represented in the collapsed 

bars. D, Expression of p16, p21, p27, p57, and p53 in five human primary GBM cell 

samples and the glioma cell line U87 4 days after transduction with SOX5-, SOX6-, or 

SOX21-expressing lentiviruses. E and F, FACS-analysis of cell death 9 to 12 days after 
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that GBM cells were transduced with SOX5/6/21 expressing lentiviruses. Quantification of 

total Annexin V labeling shown as fold change over GFP control (F; n = 3). Q1, early 

apoptotic cells; Q2, late apoptotic cells; Q3, live cells; Q4, necrotic cells. G, Expression 

of BIM, BID, BAX, BAK, and cleaved caspase-9 and -3 in SOX5/6/21–transduced human 

primary GBM cells (KS4). H and I, X-gal–based detection of cellular senescence in primary 

human GBM cells (#87) more than 3 days posttransduction with SOX5/6/21–expressing 

lentiviruses. Quantification of X-gal color intensity and area (I; n = 8). Scale bars in H, 20 

μm. For all graphs, data are shown as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 

0.001.
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Figure 7. 
SOX21 decreases p53 protein turnover. A and B, p53 and p21 protein levels in human 

primary GBM cells, #87 (A) and KS4 cells (B), 4 days after the transduction with 

lentiviruses expressing SOX21, scrambled shRNAs or shRNAs targeting TP53 transcripts. 

C, Analysis of cell death of primary human GBM cells (KS4) 8 days after the misexpression 

of SOX21 with or without control shRNAs, or shRNAs targeting TP53 transcripts (n = 

3). D, Expression of cleaved caspase-3 in human primary GBM cells (KS4) 8 days after 

the transduction with lentiviruses expressing SOX21, control shRNAs, or shRNAs targeting 

TP53 transcripts. E, Quantifications of X-gal–based detection of cellular senescence in 

human primary GBM cells (#87) as fold change over GFP control (n = 3). F and G, 

Cycloheximide (CHX)-based p53 protein turn-over assay in human primary GBM cells 
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(#87; F) and U87 glioma cell line (G) 4 to 5 days posttransduction with control and SOX21 

expressing lentiviruses. H and I, Expression of phosphorylated p53 (P-p53) in the human 

primary GBM cells #87 (H) and KS4 (I) transduced with SOX21 or control-expressing 

lentiviruses. J and K, Expression of MDM2 in human primary GBM cells (#87; J) and 

(KS4; K) transduced with SOX21 or control-expressing lentiviruses. L, Model of how 

Sox5/6/21 prevent oncogenic transformation. For all graphs, data are shown as mean ± SEM. 

*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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