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(Supplementary Table S4). We independently validated the top hits of the screen including Ring 

Box -1 (RBX1), an E3 ubiquitin ligase and Kinesin 11 (KIF11). RBX1 and KIF11 play a critical 

role in cell cycle progression (19,20). Depletion of RBX1 protein by shRNA resulted in a 

significant decrease in cell viability of the GBM-SC lines (Figure 1F, Supplementary Figure 

S1B). KIF11 was validated as an essential gene using depletion by siRNA (Figure 1G). In 

addition, treatment of GBM-SCs with the specific small molecule inhibitor of KIF11, monastrol, 

demonstrated a significant decrease in GBM-SC viability, further indicating its functional 

requirement in the GBM-SCs (Supplementary Figure S1C).     

 

Analysis of Essential Kinases 

Kinases regulate processes critical for survival and growth of cells and many kinase inhibitors 

are available and clinically approved (21). We examined the kinases, which were found to be 

important in cellular proliferation and survival of GBM-SCs in normoxic and hypoxic 

conditions.  Of the ~500 kinases tested, 64 kinases (10.6%) were hits in GS6-22 or GBM 8 in at 

least one of the GS6-22 Normoxia, GS6-22 Hypoxia, MGG8 Normoxia and MGG 8 Hypoxia. 

Only three serine/threonine kinases, Polo-like Kinase 1 (PLK1), Serine/Threonine Kinase 36 

(STK36) and Serum and Glucocorticoid regulated Kinase 1 (SGK1) were identified as essential 

for both GS6-22 and MGG 8 cell lines under both normoxic and hypoxic conditions (Figure 2A). 

As the common essential kinases were few in number, we performed pathway analysis on all the 

kinases scored as hits in the screen, by combining kinases which were unique or common to 

either condition or cell line. The top represented pathways included glioma signaling and 

metabolic salvage pathways (Figure 2B).  PLK1 is a mitotic kinase that have been previously 
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implicated in GBM (22).  STK36 is part of the hedgehog pathway, a pathway implicated in GBM 

stem cells, but has not been well studied (23,24). 

 

The serum and glucocorticoid regulated kinase (SGK1) has been extensively characterized and 

has been implicated in the growth of serum grown glioma cell lines (25), but has not been 

implicated as a required kinase for GBM stem cell function.  It is a member of the AGC kinase 

family that includes AKT, and has a known role in regulating cell fate (26). We initially 

validated SGK1 as a protein essential for GBM-SC proliferation and survival using three 

shRNAs independent from the constructs used during screening. Depletion of SGK1 mRNA and 

protein led to a significant decrease in cell viability of GS6-22 and MGG 8 cell lines (Figure 2C, 

D, Supplementary Figure S2A). Similar sensitivity to SGK1 knockdown was observed in three 

additional patient derived GBM-SC lines indicating that it is frequently required for growth and 

survival of GBM-SCs (Supplementary Figure S2B).  

 

The requirement of SGK1 for in vivo tumor growth was assayed using a stereotactic intracranial 

xenograft mouse model. Luciferase-tagged MGG 8 cells were transduced with SGK1 shRNA or 

scrambled sequence lentivirus, selected and injected into female NCR/nude mice. SGK1 

depletion led to a significant increase in mouse survival as compared to the scrambled control, 

indicating the importance of SGK1 for in vivo tumor growth (Figure 2E). 

 

Additional validation of SGK1 essentiality was tested using CRISPR/Cas9 based gene knock 

out. We designed two small guide RNAs targeting SGK1 gene exons. Expression of small guide 

RNAs with Cas9 abolished SGK1 protein expression and resulted in a severe loss of cellular 
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viability of GS6-22 cell line compared to the non-targeting guide sequence (Figure 3A, B). MGG 

8 and GS11-1 cell lines were also susceptible to knock out of SGK1 by the guide RNAs (Figure 

3C). Further, to determine whether the kinase activity for SGK1 is essential for GBM-SCs, GS6-

22 and MGG 8 cell lines were treated with the SGK1 specific inhibitor, GSK650394. Treatment 

with the inhibitor decreased cell viability in both GS6-22 and MGG 8 cell lines (Figure 3D-F). 

 

Phenotype of SGK1 knockdown is specific to glioblastoma stem cells 

We next investigated whether other glioma cells, which do not possess stem-like properties, were 

sensitive to SGK1 inhibition. To this end, we tested the effect of SGK1 knockdown and 

inhibition on traditional serum glioma lines that are not stem-like cells and are grown in presence 

of 10-15% serum in the culture media. Guide RNAs targeting SGK1 were used to knockout 

SGK1 in Cas9 expressing U251  and A172 glioma cell lines. Although efficient SGK1 protein 

knockdown was achieved, U251 cell proliferation and survival was not affected by depletion of 

SGK1 as compared non-targeting guide RNA control (Figure 4 A, B). Further, the A172 cell line 

only exhibited modest sensitivity to SGK1 knockout (Figure 4A). Although A172 shows a trend 

of sensitivity to the guide RNAs, this cell line overcomes the proliferation defect after passaging 

and grows at a rate similar to the non-targeting control (data not shown). This difference in 

sensitivity between the different cell types is not due to the lack of SGK1 expression in the cell 

lines used (data not shown). Interestingly, using the Oncomine database to analyze SGK1 mRNA 

expression in various GBM-SC and serum cell lines data using the Lee study database, we 

observed that the serum lines, which are insensitive to SGK1 depletion, actually have the highest 

level of expression of SGK1 (Supplementary Figure S3A, B). To test sensitivity of the cell lines 

to SGK1 pharmacological inhibition, we measured change in cellular viability of serum glioma 
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lines in response to increasing doses of SGK1 inhibitor. The glioma cell lines were refractory to 

the effect of SGK1 pharmacological inhibition as compared to the GBM-SC cell lines (Figure 

4C). In addition, the human normal fibroblast cell line, HS27 was also insensitive to SGK1 

knockdown by shRNA as well as pharmacological inhibition by GSK650394 (Figure 4 D, 

Supplementary Figure S3C). 

 

Undifferentiated Cell Types are Selectively Sensitive to SGK1 Inhibition 

Due to the lack of a growth phenotype observed in non-stem cell lines following SGK1 

knockout, we hypothesized that SGK1 activity is exclusively important in stem cell cultures. To 

test this, we treated normal neural progenitor lines, H04 and SW06, with the SGK1 inhibitor 

GSK650394. Both cell lines showed decreased viability when treated with the drug (Figure 5A). 

Although the effect was not as pronounced as observed in GBM-SCs, these cells display 

sensitivity to SGK1 inhibition. GBM-SCs may be differentiated in culture in the presence of 

media that is growth factor deprived and contains 2% serum when grown on laminin coated 

plates. This provides a direct assay to test the essentiality of SGK1 in differentiated cell types. 

We inhibited SGK1 activity using inhibitor GSK650394 on the differentiated and 

undifferentiated GS6-22 cell line cultured on laminin. Interestingly, we observed a loss of 

sensitivity of GBM-SCs to SGK1 inhibition upon differentiation, indicating that SGK1 is no 

longer required by the cells upon differentiation (Figure 5B). GS11-1 cells also show a similar 

pattern of drug sensitivity upon differentiation (Figure 5C). This desensitization is not due to loss 

of SGK1 protein in differentiated GBM-SCs as there is only a modest decrease in SGK1 

expression (Figure 5D). 

 

on April 19, 2018. © 2017 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on October 9, 2017; DOI: 10.1158/1541-7786.MCR-17-0146 

http://mcr.aacrjournals.org/


 15 

SGK1 is required for cellular survival of GBM-SCs 

The reduced number of viable cells observed due to SGK1 depletion could be due to either the 

loss of proliferation or due to death of the GBM-SCs. SGK1 depletion did not impact the 

expression of known stem cell markers (Supplementary Figure S4). As SGK1 is a known pro-

survival kinase, we tested the effect of SGK1 depletion on apoptosis (27). SGK1 knockdown by 

shRNA and inhibition using GSK650394, led to a significant increase in the Annexin V/PI 

double positive cell population as compared to the control (Figure 6A,B). This indicates an 

induction of apoptosis in response to SGK1 loss. The canonical pathway for apoptosis induction 

is via the caspase cascade (28). Cleavage of poly ADP ribose polymerase (PARP), a downstream 

target of active caspase 3, is also a marker for induction of apoptotic signaling cascade (29). 

Caspase 3 and PARP cleavage was detected exclusively in the cells with SGK1 knockdown by 

shRNA compared to the scrambled control, further indicating the activation of apoptosis in 

SGK1 depleted cells (Figure 6C). These apoptosis markers were also detected by western 

blotting of GS6-22 and MGG 8 GBM-SC lines upon treatment with the SGK1 inhibitor as well 

as upon SGK1 knockout by CRISPR (Figure 6D, Supplementary Figure S5A,B). Further studies 

are required to understand the molecular pathways involved in the role of SGK1 in GBM-SC 

survival. These results indicate that SGK1 functions as a critical cellular survival, anti-apoptotic 

kinase in GBM-SCs. 

 

Discussion 

 

GBM-SCs are important targets for drug discovery since they are relatively resistant to treatment 

with conventional chemo- and radio-therapy and are thought to be responsible for tumor relapse 
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(10,11). The enrichment of these cells in hypoxic niches further enhances these properties 

leading to incomplete tumor clearance and disease recurrence in the patients (30). Hypoxic 

conditions in the microenvironment may change the dependency of the cells on specific genes as 

it does to the ability of these cells to resist chemical and radiological treatment (31). In order to 

effectively target GBM-SCs, a better understanding is needed of the genes important for their 

proliferation and survival under normal oxygen conditions as well as hypoxic conditions. 

Therefore, we have conducted an RNAi screen of GBM-SC under both these conditions. 

 

We tested the effect of knockdown of ~10,000 genes on the proliferation and survival under 

normoxic and hypoxic conditions of two separate patient derived GBM-SC lines. This study 

focused on the hits common to both cell lines, under both conditions. These hits include genes 

that are required for key processes in cells such as transcription, translation and proteasomal 

degradation. The targeting of these pathways is not ideal due to their critical functions in many 

normal cells, but may be effective due to the dysregulation and hyperactivation of these 

pathways in cancer tissues (32,33). Comparison of the hits derived from GS6-22 and MGG 8, 

showed that a little over one-third of the hits were common to both cell lines (32% and 38% 

respectively) under normoxic conditions. Under hypoxic conditions, only 17% of hits in GS6-22 

were also identified in MGG 8 cell lines. This points to significant heterogeneity between GBMs, 

which is not unexpected despite a relatively small number of genes and pathways that are 

commonly mutated in GBM (34). These results suggest that a personalized therapeutic strategy 

will be needed for effective therapy of GBM rather than a common therapy for all GBMs as is 

now the standard of care.  Moreover, since most of the hits are not in genes that are frequently 

mutated in GBM, our results indicate that the set of potential target genes is much larger than just 
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the mutated genes. This suggests that the search for targeted therapeutics should move beyond 

targeting genes with mutations.  Similar results have been found in large scale inhibitor screens 

of cancer cell lines (35). 

 

Some of the top core essential genes from the screen included Ring-box 1 (RBX1), Kinesin 

Family 11 (KIF11) and Ran. RBX1 is an important component of the SCF E3 ubiquitin ligase 

complex, which targets key cell cycle regulators and transcription factors by ubiquitination (36). 

RBX1 has been found to be essential for maintaining genomic integrity and has been shown to 

be important for proliferation and survival of cancer cells (37). Gastric cancers with high RBX1 

expression have a poorer prognosis, but its importance in GBMs remains unknown (38). Kinesin 

family 11 (KIF11) is a motor protein which binds to microtubules during the M-phase and 

anaphase of cell division and is essential for proper chromosomal segregation (39). KIF11 has 

been targeted in cancer cells by small molecule compounds and work is ongoing in preclinical 

GBM models examining the potential of KIF11 as a therapeutic target (20). Ran (ras-related 

nuclear protein), functions in transport of biomolecules across the nuclear pores.  This protein 

has been previously reported as being critical for GBM-SC survival (40). The detection of these 

genes along with other known essential genes provides further validation that our screen 

successfully identified important functional genes for GBM.  

Comparison of the normoxic and hypoxic hit lists revealed that the majority (~70%) of the genes 

identified as hits under hypoxic conditions were also essential under normoxia (Figure 1D). 

GBM-SCs have been shown to be dependent on HIF1α and HIF2α, even under normoxic 

conditions (41).  We postulate that this may be due to the existence of a psuedohypoxic state in 

the GBM-SCs, which drives the hypoxic signaling network and makes the cells sensitive to the 
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disruption of this pathway. This pseudohypoxic state may be driven in part by the constitutive 

expression of HIF2α in the GS6-22 and MGG 8 cell lines (data not shown).  

The hypoxia specific hits provide further understanding of the regulation of tumor cells by the 

microenvironment and may provide tumor specific targets for GBM. Various hypoxia relevant 

genes were enriched in the screen. PFKFB4, encodes the bifunctional enzyme PFK2/FBPase-2, 

is a key regulator of glycolysis and has been shown to be stimulated under hypoxic conditions 

(42). Interestingly, PFKFB4 was identified as a gene important for GBM-SC growth in a 

previous kinome and phosphatome screen (43). Hypoxia Up-regulated 1 (HYOU1) is hypoxia 

responsive gene that was identified as a hit in our screen. HYOU1 is upregulated in invasive 

breast cancers and is known to protect against hypoxia induced cell death (44,45). The role of 

selected hypoxia specific hits is currently under investigation. However, another important 

implication of our results is that some drugs effective under normoxic conditions, may not be 

effective under hypoxia. Thus, hits which are specific to normoxic conditions only, may not be 

the best targets for drug development due to their potential lack of efficacy against cells under 

hypoxic conditions. In this study, we have focused on genes that are essential under both oxygen 

conditions. 

Kinases regulate many important cellular processes and are important drug targets. There are 

more than 25 kinase inhibitors already approved as oncology drugs (46). We validated SGK1 as 

a key pro-survival gene in GBM-SC proliferation and survival, using shRNA, CRISPR and a 

SGK1 specific inhibitor. Previously, Serum and Glucocorticoid regulated Kinase 1, an AGC 

kinase family member, is upregulated by various external stimuli, and its role in cellular survival 

is well known (26,47). SGK1 is a transcriptionally induced gene in the presence of a number of 

different environmental stimuli including oxidative and osmotic stress and UV irradiation 
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(47,48). The primary role of SGK1 in tumor development is as a regulator of cell death, 

primarily through the regulation of the balance of pro- and anti-apoptotic proteins through the 

FOXO3 and NF-κB cascades (26). Recent studies highlight the importance of SGK1 in GBM 

biology. A kinome screen identified SGK1 as a key regulator of mTOR1 in an mTOR2 

dependent, but AKT and S6 Kinase independent manner in NF2-deficient meningiomas (49). In 

another kinome and phosphatome screen to identify GBM-SC vulnerabilities, SGK1 was one of 

the hits of the screen which significantly increased cell death as measured by PI staining, but was 

not validated in this study (43). Interestingly, we did not observe SGK1 dependence in traditional 

glioma serum grown lines as well as in differentiated GBM-SC lines. A previous study 

implicated SGK1 as essential in some serum grown glioma lines, but this result was based on the 

use of a single chemical inhibitor that could have off-target effects (25).  Two large scale RNAi 

screens of over 20 serum grown glioma lines using 12 to 21 shRNAs to SGK1 did not find SGK1 

as an essential gene (50,51).  The differential effect of SGK1 inhibition on undifferentiated 

versus differentiated GBM-SCs is intriguing as it suggests that the GBM stem cells preferentially 

depend on SGK1 for survival. This is in contrast to AKT and PDK1 inhibition, which produces a 

robust growth deficit in serum glioma lines, neural stem cells as well as in differentiated GBM-

SCs (data not shown). Although there is significant overlap of SGK1 targets with Akt, our results 

suggest that Akt does not compensate for the loss of SGK1 in GBM-SCs. This indicates that an 

SGK1-specific downstream target may be playing a key role in survival of this cell type. Further 

investigation is required to elucidate the mechanistic difference in response of these cells to 

SGK1 depletion. 

We have found that SGK1 depletion and inhibition leads to an increase in annexin V and PI 

staining measured by FACS analysis. This induction of apoptosis is further evidenced by the 
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increase in Caspase 3 and PARP cleavage. Caspase 3 is a mediator of the apoptotic signaling 

cascade and targets and cleaves the PARP protein. PARP cleavage is a marker for caspase 

dependent cell death. We detected the presence of the cleaved forms of Caspase 3 and its 

downstream target PARP upon SGK1 protein depletion by shRNA and CRISPR as well as upon 

inhibition using SGK1 inhibitor GSK650394. This indicates that suppression of SGK1 function 

in the GBM-SCs leads to apoptotic cell death. However, in contrast to results in other cell types, 

we observed no change in FOXO3 and NF-κB signaling upon SGK1 knockdown in these cells, 

and further work is required to elucidate the molecular pathways regulating SGK1’s anti-

apoptotic role in GBM-SCs (Supplementary Figure S6A-C). 

In summary, to identify new genetic targets for GBM-SC, we employed an unbiased pooled 

shRNA screening approach. SGK1, in addition to other potential targets, was validated as key 

essential gene in multiple GBM-SCs. It may be effective to target SGK1 in GBM, as its 

inhibition seems to be well tolerated in non-stem cell types.  The refractory nature of 

differentiated GBM-SC and normal human fibroblast lines to SGK1 depletion may be a 

beneficial trait in this context, due to the reduced likelihood of it affecting normal cell types of 

the body. The mild phenotype of SGK1 knockout mouse indicates that it is indeed not required 

for survival of normal cell types though it is well known for regulated sodium reabsorption in the 

kidney(52). SGK1 may provide an avenue for therapeutic intervention for GBMs either as single 

targeting agent or in combination with current standard of care drugs such as temozolomide. 
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Figure 1: Identification of Essential Genes in GBM-SCs. (A) Schematic of methodology used to screen GS6-22 and 

MGG 8 Cell Lines. (B-D) Venn diagrams comparing numbers of hits in both cell lines in hypoxia (1% oxygen) and 

normoxia (21% oxygen). (E) Selected gene hits common between GS6-22 and MGG 8 under both normoxia and 

hypoxia. (F) Relative viable cell percentages were determined by prestoblue viability assay in response to shRNA 

targeting RBX1 in GS6-22 and MGG 8 GBM-SC cell lines. (G) Relative percentages of viable cells were determined by 
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Figure 2: Analysis of Kinase Hits from the Pooled shRNA Screen. Kinase hits in each condition were identified and 

then comparisons were performed between the hits in the various conditions (A) Venn diagram representing the 

number of kinase hits unique to each sample as well as common hits.  The only 3 kinases essential under all conditions 

are listed. (B) Top canonical pathways by Ingenuity Pathway Analysis (IPA) of all kinase hits, unique or common to the 

conditions. (C) Western blotting for cell lysates after SGK1 knock down using three independent hairpins. β-actin is 

used as a loading control. (D) Prestoblue cell viability assay was performed on cells transduced with shRNAs to SGK1 

or scrambled control. Cell growth was measured 7-10 days after puromycin selection (* p<0.01, ** p<0.0001). (E) 

Kaplan-Meier survival curve for mice with MGG 8 cells with scrambled or SGK1 knock down hairpins. (n=11 for shScr, 

n=10 for shRNA-2, n=11 for shRNA-3)(p<0.001 for both shRNAs).  
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Figure 3: SGK1 depletion by CRISPR and pharmacological inhibition in GBM-SC lines. (A) Western blot was 

performed to test efficiency of CRISPR/Cas9 small guide RNAs to knock out SGK1 in GS6-22 cell lines. β-actin was 

used as a loading control. (B-C) Relative numbers of viable cells were measured by prestoblue assay after expression 

of CRISPR/Cas9 guide RNAs to SGK1 in (B) GS6-22, (C) GS11-1 and MGG 8 cell lines. (C) Image of GS6-22 cell lines 

after treatment with the 10µM SGK1 inhibitor for 5 days and images were taken using an EVOS inverted microscope at 

10X magnification. Relative numbers of viable cells were measured by the prestoblue assay for GS6-22 (D) and MGG 

8 (E) cell lines at the indicated number of days following treatment with the SGK1 inhibitor (GSK650394).  
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Figure 4: Effect of SGK1 Knockout by CRISPR on Glioma Serum Lines. (A) Cell viability of U251 and A172 cell 

lines by MTS assay after SGK1 knockout using 2 independent guide RNAs measured 5 days post puromycin selection 

(* p<0.05). (B) Western blot showing efficiency of SGK1 knock out by CRISPR/Cas9 in U251 cells.  β-actin was used 

as loading control. (C) Relative viability of indicated cell lines, as determined by MTS assay, in response to increasing 

concentration (in μM) of SGK1 inhibitor, GSK650394. (D) Cellular viability of Hs27 fibroblast cell lines was determined 

by MTS assay after depletion of SGK1 using shRNAs relative to the scrambled control.  
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Figure 5: Effect of SGK1 inhibitor on undifferentiated and differentiated cells. (A) H04 and SW06 normal neural 

progenitor cell lines were treated with GSK650394 and cell viability was measured using prestoblue assay after five 

days. GS6-22 (B) and GS11-1 (C) cells were plated on laminin-coated plates and were grown with SCM or were 

differentiated using 2% serum in DMEM. After completion of differentiation, 10μM GSK650394 was added to 

undifferentiated cells 2 days after plating and to differentiated cells upon completion of the 5-day differentiation protocol. 

Relative cell viability was measured by prestoblue assay (*p<0.0001). (D) Western blot for SGK1 protein abundance 

before and after differentiation. β-actin was used as loading control. 
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Figure 6: Effect of shSGK1 on apoptotic cell populations in GS6-22. Annexin V-GFP and propidium iodide was 

used to stain GS6-22 cell lines after (A) SGK1 knockdown using shRNA at day 4 post selection or (B) treatment for 3 

days with 10 μM GSK650394 or DMSO. Number of events in top right quadrant (R3 in (A) and R13 in (B)) containing 

the Annexin V and PI double positive cells are quantified in the right hand panels.. Experiments were performed in 

triplicate. Representative images of the FACS scatter plots are shown. (C,D) Western blotting to test for induction of 

cleaved isoforms of PARP and caspase 3, a marker for apoptotic cell death, upon knockdown (C) and inhibition for 

indicated times (D) of SGK1 in GS6-22 cell line. β-actin and α-tubulin were used as loading controls.  (*p<0.05) 
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