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Abstract

Glioblastoma (GBM) is the most common primary brain tumor and has a dismal prognosis. 

Amplification of chromosome 12q13–q15 [Cyclin-dependent kinase 4 (CDK4) amplicon] is 

frequently observed in numerous human cancers including GBM. Phosphoinositide 3-kinase 

enhancer (PIKE) is a group of GTP-binding proteins that belong to the subgroup of centaurin 

GTPase family, encoded by CENTG1 located in CDK4 amplicon. However, the pathological 

significance of CDK4 amplicon in GBM formation remains incompletely understood. In the 

current study, we show that co-expression of PIKE-A and CDK4 in TP53/PTEN double knockout 

GBM mouse model additively shortens the latency of glioma onset and survival compared to 

overexpression of these genes alone. Consequently, p-mTOR, p-Akt and p-ERK pathways are 

highly upregulated in the brain tumors, in alignment with their oncogenic activities by CDK4 and 

PIKE-A stably transfected in GBM cell lines. Hence, our findings support that PIKE amplification 

or overexpression coordinately acts with CDK4 to drive GBM tumorigenesis.
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Introduction

Glioblastoma (GBM; WHO grade IV), the most common type of primary brain tumors, are 

highly aggressive, infiltrative and destructive. The molecular pathogenesis of GBM studies 

concludes that GBM formation requires dysregulation in three core pathways: the receptor 

tyrosine kinase (RTK)/PI3K/Akt axis, p53 signaling, and Rb-mediated cell cycle progression 

(1). Recently, radiotherapy plus concomitant and adjuvant temozolomide (TMZ) was shown 

to significantly improve the survival of GBM patients without reducing their quality of life 

(2, 3). However, the aggressive nature of glioblastomas renders current treatments dismal, 

and the median survival after treatment is 14 months. Therefore, novel and effective 

therapeutic interventions for GBM are urgently needed. For this reason, tremendous effort 

has been spent to identify tumorigenic or tumor-promoting genomic events and molecular 

pathways that directly drive malignant transformation and tumor progression.

GBM comprehensive genomic profiles mapped by The Cancer Genome Atlas (TCGA) 

project reveal that one of the most common copy number alterations in GBM is 

amplification at chromosome 12q13.3–14.1. This amplification is also observed in many 

other human cancers including melanoma, breast cancers and lung cancers (4–7). 

Importantly, glioblastoma patients harboring this amplification had markedly decreased 

survival. The cyclin-dependent kinase 4 (CDK4) gene has been postulated as the target of 

this amplification. CDK4 promotes proliferation by inhibiting the Rb1 tumor suppressor and 

by sequestering p27Kip1 and p21Cip1, thereby promoting E2F- and Cdk2- dependent cell 

cycle progression (8). However, CDK4 overexpression alone does not induce spontaneous 

tumorigenesis in transgenic animal models, suggesting that CDK4 cooperates with other 

genetic changes to initiate tumorigenesis.

CENTG1 encodes a GTPase called PIKE, which directly binds and activates PI 3-kinase and 

Akt (9). PIKE-A associates with Akt and enhances Akt kinase activity, promoting GBM 

proliferation and invasion (10, 11). Our previous studies support that PIKE-A is frequently 

amplified in numerous human cancers and acts as a proto-oncogene, promoting cancer cell 

survival, invasion and migration (12). The expression of PKE-A, but not other PIKE 

isoforms, is selectively increased in primary gliomas as compared with non-neoplastic brain 

tissue. Indeed, from an automated network analysis on the core pathways of glioma 

formation, PIKE-A has recently been confirmed as a driver gene of glioblastoma (13). 

Moreover, CENTG1 is frequently co-amplified with Cdk4. Further, a recent report reveals 

that hsa-miR26a, CDK4, and PIKE-A comprise a functional integrated oncomir/oncogene 

DNA cluster, which promotes the aggressiveness in glioblastoma (14). Conceivably, PIKE 

amplification or overexpression coordinately acts with CDK4 to drive GBM tumorigenesis.

Since signaling transduction is mediated by dynamic molecular interactions, such as protein-

protein interactions (PPIs). Oncogenic PPI offers opportunities to reveal their functional 

significance and potential therapeutic strategies. New class of drugs targeting PPIs has 
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attracted much attention recently (15, 16). Previously, we also demonstrated that disrupting 

PIKA-A/Akt interaction suppressed GBM cell oncogenic activity (17). In the current study, 

we show that PIKE-A directly interacts with CDK4, and PIKE-A/CDK4 complex promotes 

cell proliferation and GBM tumorigenesis in vitro and in vivo. Our study provides 

foundation of PIKE-A/CDK4 being considered as a potential target for GBM treatment. The 

concomitant contribution of CDK4 and PIKEA/Akt signaling to tumor progression might 

also offer a selective target for future personalized anti-cancer drug therapy.

Results

Constructing PIKE-A/CDK4-inducible mouse model with GFAP-CreER; PtenloxP/loxP; 
Tp53loxP/loxP mouse and pTOMO lentivirus system

Dysregulation in three core pathways including RTK/PI3K, p53 and Rb signaling cascades 

are involved in human glioblastoma (GBM) formation and progression (1). Mutual 

exclusivity of alterations of components within each pathway or genes aberrations in all 

three pathways are required for glioblastoma pathogenesis. Accordingly, combined 

inactivation of Pten and Tp53 induce glioblastoma, which was achieved through GFAP-

CreER; PtenloxP/loxP; Tp53loxP/loxP compound mice, hereafter termed Pten; p53 cKO mice 

(18). Cre activity was transiently induced in developmentally mature mice by tamoxifen 

administration after postnatal day P21 (range P20–P45) and 87% of Pten; p53 cKO brains 

developed tumors within the spectrum of HGA (High-grade gliomas), showing a range of 

histopathological features. Approximately 25% of tumors are classified as GBM. The 

survival median is 211 days and the onset day of the mice death is 90 day (18). To explore 

the pathological functions of over-expression of PIKE-A or CDK4 or both in mouse GBM 

model, we separately injected lentivirus expressing Flag-tagged PIKE-A or Myc-tagged 

Cdk4 or their combination into Pten; p53 cKO mouse (Supplemental Fig. S1) brain to 

determine their contribution to glioblastoma formation. In our preliminary study, we 

successfully packed Flag-PIKE-A or Myc-CDK4 virus using a Cre-loxP-controlled lentiviral 

vector (pTOMO) (19), named pTOMO-Flag-PIKE-A or pTOMO-Myc-CDK4 lentivirus. 

The viruses’ expression efficiency in HEK293 cells was validated in vitro by 

immunoblotting and immunofluorescent staining (Fig. 1A–C). To ensure the engineered 

genes can be expressed in the targeted tissue and cell types, we injected the lentivirus 

respectively into the hippocampus of mice, and conducted the immunofluorescent staining 

of Cre-recombinase and GFAP. As expected, the injected Flag-PIKE-A or Myc-Cdk4 was 

expressed in the GFAP positive cells in hippocampus (Fig. 1D–F).

PIKE-A and CDK4 co-amplification accelerates glioblastoma formation

To test the pathological roles of PIKE-A and Cdk4 in the GBM formation, after virus 

injection into the GFAP-CreER; PtenloxP/loxP; Tp53loxP/loxP compound mice, we monitored 

GBM formation latency, mice survival rate and GBM pathologies. About 3 months after 

injection, mice with brain transduced with PIKE-A and CDK4 lentivirus showed an enlarged 

head and lethargy (Fig. 2A), indicating brain tumors formation, which was confirmed by the 

gross appearance of the brain (Fig. 2B) and H&E staining (Fig. 2C). On the H&E staining 

slide, we examined the characteristics of high grade gliomas (World Health Organization 

Grades III–IV), including increased cell density, pseudopalisading, and necrosis within the 
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dense cellular region and perivascular invasion (Fig. 2D). In addition, IHC analysis (Fig. 2E) 

showed that the brain tumor contained cells positive for astrocyte marker GFAP, the 

oligodendrocyte marker myelin basic protein (MBP), the neuron-specific B III tubulin 

marker Tuj1, and a neural progenitor cell marker nestin, indicating the tumor contains 

various cell types, which is often found in human glioblastoma (18, 19). We also examined 

the survival rates of the various PIKE-A or CDK4 or their combination overexpressed 

groups using Kaplan-Meier survival analysis. PIKE-A or CDK4 overexpressed mice had a 

significantly reduced survival compared to Pten; p53 cKO mice. As expected, the shortest 

survival rates occurred to mice with both PIKE-A and CDK4 co-amplification (Fig. 2G) 

(19).

Based on the histopathological features of high grade gliomas (Figure 2D) and glioblastoma 

(Figure 2E) detected by H&E and IHC staining. Quantitative analysis indicated 

approximately 63.64% of tumor formation rate in control Pten; p53 cKO brain with 20% as 

glioblastomas. Overexpression of PIKE-A or CDK4, the ratios were elevated to 75% and 

81.82%, respectively. Noticeably, glioblastoma rate was increased up to 42.85% by PIKE-A 

versus 28.57% by CDK4. Strikingly, 100% PIKE-A/CDK4 co-expressed Pten; p53 cKO 

brains harbored tumors within the spectrum of HGA. Approximately 66.67% of tumors were 

classified as glioblastomas (Table 1). Moreover, from the pathological analysis, we also 

noticed the difference of tumor formation patterns: tumor cells growing mainly in the half 

brain (Fig. 2F–b) with the injection site and tumor cells scattered in the whole brain (Fig. 

2F–a). All the tumors were showing the latter growth pattern in the PIKE-A and CDK4 

overexpressed brains. However, only 20.00% of brains showed the one site focused growth 

in control group. The focused growth was shown at 85.71% and 71.42% in PIKE-A and 

CDK4 groups, respectively. Therefore, co-expression of PIKE-A and CDK4 evidently 

decreased the survival period compared to these genes infected separately or the control 

mice, supporting that co-amplification of PIKE-A and CDK4 on the cdk4 amplicon elevates 

their oncogenic activity in GBM formation and progression.

Co-amplification of PIKE-A and CDK4 enhances cell proliferation and suppresses 
apoptosis in GBM

PIKEs directly interact with PI3K or Akt and enhance the kinase activities (10, 20). PIKE-A 

is frequently amplified in numerous human cancers including GBM and acts as a proto-

oncogene, promoting cancer cell survival, invasion and migration (10, 12). CDK4 is the key 

regulator of the G1-S transition. In complex with cyclin D, CDK4 phosphorylates 

retinoblastoma protein (Rb) and drives the cell-cycle progression. Accordingly, 

overexpression of PIKE-A or CDK4 significantly stimulated cell proliferation, and the 

maximal effect occurred to the mixture of PIKE-A and CDK4, as shown by Ki67 

immunohistochemistry (IHC) (Fig. 3A & B). Active Caspase-3, a marker of apoptosis, was 

also detectable in most tumors. Co-expression of PIKE-A and CDK4 evidently repressed the 

apoptosis than control (Fig. 3A & C), which was confirmed by TUNEL staining (Fig. 3D). 

CD31 is used primarily to demonstrate the presence of endothelial cells in histological tissue 

sections, which is a marker for evaluating the degree of tumor angiogenesis, which can 

imply rapidly growing tumors. Clearly, IHC analysis demonstrated that co-expression of 

PIKE-A and CDK4 elicited much more robust CD31 positive endothelial cell proliferation 
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and malignant GBM growth than PIKE-A or CDK4 separately expressed alone (Fig. 3A, 3rd 

panels), which is confirmed by using immunochemical staining with antibody against Factor 

VIII (21), another marker of micro vessels (Supplemental Fig. S2). Since hypoxia is another 

a hallmark of GBM aggressiveness, we checked the expression of carbonic anhydrase (CA) 

9 which is an indicator of hypoxia in glioblastoma (22). IHC staining showed that PIKE-A 

over-expression upregulated CA9 expression compared to control/CDK4 groups and PIKE-

A & CDK4 group showed the strongest CA9 staining (Fig. 3A, 4th panel), indicating 

expression PIKE-A and CDK4 enhances the GBM aggressiveness in vivo. To further 

characterize the signaling cascades alteration by PIKE-A and Cdk4 co-amplification, we 

performed immunoblotting analysis with the brain tumors. Notably, p-ERK and p-Akt were 

highly activated in tumors with both PIKE-A/CDK4 co-amplification, so was p-mTOR. 

Interestingly, overexpression of PIKE-A decreased p-rps6 and p-Rb than control cells, 

though CDK4 overexpression elevated these two protein phosphorylation signals. However, 

both p-rps6 and p-Rb signals were reduced in the tumors from the combination of PIKE-A/

CDK4 than the control (Fig. 3E).

PIKE-A interacts with CDK4 in human primary brain tumors

CDK4 and CENTG1 locate in Cdk4 amplicon and co-expression of both PIKE-A and CDK4 

reveals the additive effect on cell proliferation and tumorigenesis, we wonder whether these 

two proteins may physically interact with each other. Indeed, protein-protein interaction 

studies with a protein fragment complementation assay in GBM revealed a physical 

interaction between PIKE-A and CDK4. To confirm this interaction, we conducted in vitro 
binding assay with GST pull-down assay. GST-PIKE-A but not GST control selectively 

interacted with Myc-CDK4, transfected in HEK293 cells (Fig. 4A). To explore which 

domain of PIKE-A binds to CDK4, we performed a truncation assay. Mapping study 

demonstrated that the C-terminal a.a. 574–836 on PIKE-A was sufficient to associate with 

CDK4, which was validated by both co-immunoprecipitation using transfected TP366 

glioblastoma cell line and GST-pull down assay (Fig. 4B & C). We also extended the study 

into the endogenous proteins in various GBM cell lines. Co-immunoprecipitation assay 

revealed that CDK4 strongly associated with PIKE-A in SF188, LN-Z308 and TP366 cells, 

which contain the cdk 4 amplicon (10). Accordingly, PIKE-A and CDK4 were highly 

expressed in these cell lines than U87MG and LN229 GBM cells (Fig. 4D). Next, we 

explored the association between PIKE-A and CDK4 in human primary GBM samples. It is 

worth noting that both PIKE-A and CDK4 displayed the similar expression patterns in these 

tumor samples (Fig. 4E, left panels). Co-immunoprecipitation with Cdk4 antibody assay 

indicated that PIKE-A tightly associated with CDK4, when PIKE-A was demonstrable in the 

tumor samples (Fig. 4E, right panels). Hence, our findings support that PIKE-A directly 

associates with Cdk4 through its C-terminal Arf-GAP domain in primary gliomas.

Co-expression of PIKE-A and CDK4 displays additively oncogenic activity in 
tumorigenesis

To explore the biological consequence of PIKE-A or CDK4 or their combination in 

tumorigenesis, we established several stable GBM cell lines with different genetic 

background. We stably transfected control vector, PIKE-A, CDK4 or both PIKE-A and 

CDK4 into LN229 (p53 mutant), U87MG (PTEN −/−) and LN-Z308 (TP53 −/− and PTEN 
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−/−) glioblastoma cells as well as wild-type C8-S astrocyte cells. We monitored their effects 

on cell proliferation, migration, invasion, and colony formation. Interestingly, in C8-S cells, 

no difference on cell proliferation was observed regardless of overexpression of PIKE-A, 

CDK4 or their mixture. By contrast, PIKE-A overexpression revealed stronger activity than 

CDK4 in stimulating cell proliferation compared to vector control in GBM cell lines 

including LN229, U87MG and LN-Z308 cells. The maximal activity occurred to the mixture 

of PIKE-A and CDK4, indicating that they display the additive effect when co-expressed 

(Fig. 5A). Notably, migration and invasion assays basically exhibited the similar results in 

GBM cells lines, whereas PIKE-A or CDK4 had no effect in astrocyte C8-S cells (Fig. 5B). 

Again, PIKE-A exhibited stronger oncogenic activity than CDK4 in all of the GBM cell 

lines. Nonetheless, the colony formation assay revealed that PIKE-A and CDK4 revealed the 

comparable activity, and co-expression of these two proteins exhibited the additive activity 

as expected (Fig. 5C).

Since PIKE-A and CDK4 overexpression blocked apoptosis in primary brain tumors, we 

further examined cell apoptosis in the LN-Z308 isogenic cell lines. Following Annexin V/PI 

staining, flow cytometry analysis indicated that under normal culture condition (medium 

with 10% FBS), ratios of the apoptosis cells among the stable transfected cell lines are 

almost the same. However, following starvation, cells with overexpression of PIKE-A and 

CDK4 decreased the apoptosis compared to others (Supplemental Fig. S3), which is 

consistent with the in vivo data (Fig. 3). To assess whether these effectors mediate the cell 

cycle progression or not, we conducted the flow cytometry analysis following PI staining. 

As shown in Supplemental Fig. S4, compared to control cell lines, PIKE-A/CDK4 co-

expression did not change the cell cycle profiles significantly in either C8-S or LN229 

isogenic cell line, indicating that the difference of the effect of PIKE-A/CDK4 on cell 

proliferation in C8-S and GBM cell lines might not be due to regulation of cell cycle 

progression.

To explore the effects of PIKE-A, CDK4 and their mixture’s effect on different signaling 

cascades, we performed immunoblotting analysis with these stable cell lines. 

Overexpression of PIKE-A or CDK4 elevated mTOR phosphorylation, and its downstream 

effector p-rps6 signals were escalated by PIKE-A or CDK4 compared to control samples 

(Fig. 6A, Supplemental Fig. S5). In alignment with what observed in primary brain tumors, 

overexpression of PIKE-A strongly enhanced p-Akt, so was p-ERK (Fig. 6A, Supplemental 

Fig. S5). Since Rb is one of the major downstream targets of CDK4, p-Rb signals were 

prominently elevated, when Cdk4 was overexpressed in U87MG (Supplemental Fig. S5A), 

LN-Z308 and C8-S cells (Fig. 6A & 6B). Since p-Rb baseline was very high in control 

samples in LN229, the effect by CDK4 on p-Rb was not as clear as in other cell lines 

(Supplemental Fig. S5B). Furthermore, to define the biological roles of PIKE-A and CDK4 

on the endogenous levels, we knocked down PIKE-A and CDK4 in LN-Z308 cells. In 

alignment with the upregulation of p-mTOR, p-Akt, and p-ERK in over-expression system, 

PIKE-A and CDK4 knocking down decreased signalings described above (Fig. 6C), 

validating the effects of PIKE-A and CDK4 on oncogenic pathways. Functional studies 

showed that cells with PIKE-A deficiency displayed decreased proliferation, migration/

invasion compared to controls and together with CDK4 deficiency, the oncogenic activities 

were further suppressed (Fig. 6D&E). In addition, rapamycin, an mTOR signaling pathway 
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inhibitor, completely blocked PIKE-A/CDK4 induced cell proliferation (Supplemental Fig. 

S6). Collectively, these data support that co-expression of PIKE-A and CDK4 additively 

exerts the oncogenic activity, which is involved in up-regulation of mTOR, Akt, and ERK 

signaling pathways.

Discussion

In the current study, we demonstrate that PIKE-A directly interacts with CDK4 in vitro and 

in vivo, and this protein complex promotes GBM tumorigenesis, in addition to the genetic 

co-localization on chromosomal 12q13.1–14 (Cdk4 amplicon) by these two genes. 

Interestingly, in vitro CDK4 kinase assay or p-Rb signals in PIKE-A overexpressed GBM 

cells was not altered, suggesting that PIKE-A may not regulate CDK4 kinase activity. On the 

other hand, CDK4 overexpression does not affect Akt activation by PIKE-A either. However, 

when both PIKE-A and Cdk4 are co-amplified, p-Akt and p-ERK signals were highly 

upregulated in both brain tumors and GBM cell lines (Fig. 3E, 6A–C, and Supplemental Fig. 

S5), which might be due to the mTOR signaling activation. It is worth noting that the 

downstream effector of mTORC1, rps6, was robustly phosphorylated in PIKE-A or CDK4 

stably cell lines, and the maximal effect occurred in the co-amplified cell lines 

(Supplemental Fig. S5, Fig. 6). However, p-rps6 was inhibited, when PIKE-A was 

overexpressed in the brain tumors (Fig. 3E, lane 4–6; 10–12). The molecular mechanism 

accounting for this discrepancy remains unclear. Presumably, the heterogenous cell types in 

primary brain tumors may partially contribute to this effect.

Tp53 gene is frequently mutated in human glioblastoma and is associated with malignant 

transformation astrocytoma (23). And mutation of p53 is usually used as a tool to study 

other genes function in glioblastoma formation and progression, such as EGFR (24), Akt 

(19), Ras, and PTEN. In the current study, we used GFAP-CreER; PTEN loxP/loxP; 

Tp53loxP/loxP compound mice (18). Here we show that overexpression of PIKE-A increased 

GBM formation from 20% in PTEN; p53 cKO mice up to 42.85%, and co-expression of 

both PIKE-A and Cdk4 enhanced the effect to 66.67%. Accordingly, the median survivals 

were 240, 169, 196, and 136 days in vector, PIKE-A, Cdk4, and PIKE-A plus Cdk4 groups, 

respectively, underscoring that PIKE-A plays a critical role in GBM transformation. It is 

reported that p53 cKO mice has a long latency (6–14 months) to tumor formation, and 

overexpression of EGFRvIII in p53 knockout mice can shorten the latency to 26 days with a 

100% glioblastoma formation ratio. As a part of downstream effectors of EGFR, PIKE-A 

amplification displays a fraction of amplified RTK (e.g. EGFRvIII) oncogenic effect fits 

with the observed in vivo activities (Fig. 2 & 3). There are several other genetically 

engineered mouse GBM models, such as EGFR WT/WT; lnkΔ2/3−/−;PTEN2lox and 

EGFRVIII/VIII; lnkΔ2/3−/−(p16Ink4a/p19Arf knockout); PTEN2lox models, the median survival 

are 15 and 5 weeks, respectively(24). Since glioblastoma formation needs mutual exclusivity 

of alterations of components within each pathway (RTK/PI3K, p53 and Rb) or genes 

aberrations in all three pathways (1, 25). If EGFR/EGFRvIII overexpression model was 

employed, CDK4 overexpression should be required. EGFR/EGFRVIII have multiple 

downstream signaling pathways and PI3K/Akt pathway is one of them, which is not suitable 

for characterizing PIKE-A functions.
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PIKE-A belongs to PIKE family which has other two members, PIKE-L and PIKE-S. All of 

the three can be expressed in brains. However, only PIKE-A is highly amplified in 

glioblastoma, which has been considered as one key pro-oncogene responsible glioblastoma 

formation (10, 17). Both PIKE-S and PIKE-L bind to PI3K and enhance its activity. 

However, PIKE-A does not interplay with PI3K. Instead, it interacts with the downstream 

effector Akt and promotes its activity (10, 12). Our previous works have demonstrated that 

PIKE-A enhances Akt activity in vitro and in vivo (10). However, p-Akt levels in tumors that 

overexpress PIKE-A are not upregulated. This discrepancy may be caused by the GBM 

mouse model which is tamoxifen-induced tp53 and pten double deleting in GFAP expressed 

cells in brain based on the floxP/Cre system. The model can form glioma/glioblastoma by 

itself following tamoxifen treatment. The lentivirus harboring PIKE-A/CDK4 also acted 

based on the floxP/Cre system. Conceivably, the brain tumor formed in the mouse model is 

mediated by at least two gene manipulation. It remains unclear why overexpression of 

PIKE-A alone did not elevate p-Akt or p-mTOR pathways; nevertheless, these signals 

cascades were highly augmented when co-expressed with Cdk4, indicating that CDK4 may 

somehow contribute to PIKE-A’s stimulatory effect on p-Akt and p-mTOR signaling. In 

addition, the primary tumor tissues contain a mix of cell types, which may be also the reason 

that PIKE is not expressed across all GBM specimens (Fig. 4E); yet it is rather well 

expressed across in GBM cell lines. In addition, although over-expression PIKE-A or CDK4 

slightly increase the levels of p-mTOR, p-rps6, p-Akt, p-Rb, and p-ERK in C8-S cells, 

functional analysis does not reflect the induction of oncogenic activity (proliferation, 

migration, and invasion) by PIKE-A or CDK4, which is different from GBM cell systems 

(Fig. 5). This may be caused by different degrees of the signaling activation among various 

cell lines (Fig. 6A&B, Supplemental Fig. S5). Another reason may depend on the genomic 

background. As mentioned before, LN229 (p53 mutant), U87MG (PTEN −/−) and LN-Z308 

(TP53 −/− and PTEN −/−) are GBM cell lines with oncogenic mutations and there should be 

many other gene mutations contributing cell malignancy, which is different from normal 

astrocytes cells. Among the three cell lines, LN229 and U87MG cells have low endogenous 

PIKE-A and CDK4, whereas LN-Z308 cells highly express PIKE-A and CDK4, which is 

irrelevant of the oncogenic effects induced by co-amplification of PIKE-A and CDK4.

Our data demonstrate that co-amplified PIKE-A and CDK4 substantially increased GBM 

cell migration and invasion, however, their effect on cell proliferation is not so dramatic 

(Fig. 5). Cell proliferation integrates varies biological processes, such as cell survival, cell 

cycle progression and apoptosis etc.. GBM cells possess numerous mutations implicated in 

controlling these processes. The tested GBM cell lines (U87MG, LN229, LN-Z308) are 

dividing very fast, conceivably, co-expression of extra PIKE-A and CDK4 may not greatly 

further enhance their proliferation. It is worth noting that co-amplification of PIKE-A and 

CDK4 decreased apoptosis in primary brain tumors (Fig. 3). Furthermore, flow cytometry 

analysis indicated that under normal conditions, cells among the groups showed subtle 

differences in apoptosis. However, following starvation, cells with overexpression of PIKE-

A and CDK4 decreased the apoptosis compared to others (Supplemental Fig. S3). Moreover, 

co-expression both of them elicited prominent tumorigenesis activities demonstrated by 

colony formation assay (Fig. 5C). All of these effects are in alignment with the robust 

activities on p-Akt/p-mTOR and p-ERK by PIKE-A and Cdk4 co-amplification in GBM. 
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Except for ERK, the MAPK family in mammals includes c-Jun NH2-terminal kinase (JNK), 

p38 MAPK. It is demonstrated that ERK signaling closely integrates with mTOR signalings 

(26, 27). Recently studies show that inhibition of p38 MAPK decreases sensitivity to PI3K/

mTOR inhibition (28) and JNK contributes tumorigenic activity through mTOR pathway in 

cholangiocarcinoma (29). Therefore, it is possible that the p38 MAPK and JNK signaling 

involved in GBM formation and progression.

Previous study has shown that phosphorylation of PIKE-A by Cdk5 mediates growth factor-

induced migration and invasion of human glioblastoma cells (30). Mechanisms by which 

interactions of PIKE-A and CDK4 stimulates oncogenic signaling as well as the mutual 

regulation between PIKE-A and CDK4 need to be further defined. Here, we provide 

evidence that PIKE-A interact CDK4 and that PIKE-A/CDK4 promotes tumorigenesis in 
vitro and in vivo. Hence, PIKE amplification or overexpression coordinately acts with 

CDK4 to drive GBM tumorigenesis. Conceivably, selectively disrupting this oncogenic 

protein complex may provide an innovative therapeutic target for GBM treatment.

Materials and Methods

Cell lines, reagents, and mice

The human embryonic kidney 293 (HEK293) cells, human glioblastoma LN-Z308, U87MG, 

LN229, and C8-S astrocyte cells were cultured in DMEM with 10% FBS. All the cell lines 

were from Dr. Keqing Ye’s lab and reported recently (17, 31, 32). They were used before 

being tested for mycoplasma contamination. U87MG, LN299, LN-Z308 human 

glioblastoma cells and C8-S astrocyte cells were stably transfected with vector control, 

PIKE-A (GFP-tagged), CDK4 (Myc-tagged), PIKE-A/CDK4 were maintained in DMEM 

with 10% FBS and 1×Pen/Strep/glutamine supplemented with various selection antibiotics 

(PIKE-A, 400 μg/ml G418; CDK4, 150 μg/ml hygromycin). Anti-β-actin (A5441), anti-Flag 

(F1804), anti-Myc (MAB8864), anti-BMP (M3821), and anti-Tuj1 (MAB1637) antibodies 

were purchased from Sigma (St. Louis, MO). Antibody against GFAP (sc-71143) and 

Protein A/G agarose (sc-2003) beads were from Santa Cruz Biotechnology (Santa Cruz, 

CA). Antibodies against Nestin (ab6142), Ki67 (ab15580) and CA9 (ab184006) were 

purchased from Abcam (Cambridge, MA). The Horseradish peroxidase-linked IgG 

secondary antibodies and Glutathione Sepharose 4B were from GE healthcare. Antibodies of 

Cre (15036S), Active-caspase-3 (9664S), and CD31 (3508S were obtained from Cell 

signaling (Beverly, MA). Antibody against Factor VIII (RB281A1), Aneexin V/PI staining 

kit (V13241), and the Histostain-SP AEC kit was obtained from Invitrogen, Inc. (USA). All 

of the chemicals not included above were from Sigma. We obtained GFAP-CreER; Tp53 

flox/flox; Pten flox/flox compound mice from St. Jude Children’s Research Hospital. 

Animal care was in accordance with guidelines of Division of Animal Resources in Emory 

University.

Cell proliferation, migration, invasion, and colony formation assay

Cells were seeded in 96-well plates at a density of 3,000 cells per well. Cell were incubated 

at 37 °C for indicated times. The cell proliferation was monitored by MTT incorporation 

(Cell signaling, Beverly, MA) assays according to the manufacturer’s protocols. Cell 
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migration assay was performed using BD Falcon cell culture inserts for 24-well plates with 

8.0 μm pore filter according to manufacturer’s instructions. Invasion of cells through 

Matrigel was determined using a transwell system (10 mm diameter, 8 μm pore size with 

polycarbonate membrane; Corning Costar). Cells (equal number of viable cells counted by 

Trypan blue staining) were seeded into the upper chamber of the insert in serum-free media, 

and lower chamber was filled with media containing 5% FBS. After 16 hours (migration) or 

24 hours (invasion), cells were fixed using 100% methanol and stained using 0.05% crystal 

violet. Cells in upper chamber were carefully removed, and cells migrated through the filter 

were determined by counting the cells attached on the filters. For colony formation assay, a 

base 0.6% agar gel with 10% FBS in DMEM was prepared and added to the wells of a six-

well culture dish. Cells were plated at a density of 5,000 cells per well on top of the base 

agar for anchorage-independent growth analysis in 0.4% agar gel with 10% FBS in DMEM 

supplemented specific antibiotics. The cells were maintained at 37 °C and allowed to grow 

for 3 weeks. The colonies were scored with staining with using MTT dye.

Flow cytometric analysis

For cell cycle analysis, cells were washed twice with ice-cold PBS, and fixed in 70 % 

ethanol. Tubes containing the cell pellets were stored at −20 °C for at least 24 hours. After 

centrifugation for 10 minutes, the supernatant was discarded. Cells were then washed with 5 

ml of PBS and incubated with propidium iodide (20 μg/ml)/R Nase A (20 μg/ml) in PBS for 

45 minutes. For cell apoptosis analysis, cells were collected and stained with AnnexinV/PI 

according to the data sheet of the product. The samples were analyzed on a Coulter Elite 

flow cytometer;

Western blotting, co-immunoprecipitation, and GST-pull down assay

Western blotting was performed using standard protocol. Cell lysate was quantified using 

Brandford assay. Equally amount of protein (20–50 μg) was loading for blotting with 

specific antibodies indicated. For immunoprecipitation, after centrifuge, the supernatants 

were collected, quantified and antibody was mixed with the supernatant for 1 hour, and 

protein A/G agarose beads were added in for overnight. Immunoprecipitates were washed 

four times with lysis buffer, and proteins were eluted with SDS-PAGE sample buffer. For 

GST-pull down assay, transfected cells were collected and lysed in the lysis buffer described 

above, and then centrifuged for 10 min at 13,000 × g at 4 °C. The supernatant was collected 

and 20 μl glutathione epharose 4B was added into the supernatant, incubated with slow 

rotation for 3 hours, and washed five times with lysis buffer. The beads were then eluted and 

boiled with sample buffer. Eluted proteins associated with the A/D agarose beads or 

glutathione beads were analyzed by western blotting assay.

Mice treatment and virus injection

To generate pTOMO-PIKE-A/pTOMO-CDK4 lentiviral vectors, we inserted a Flag-tagged 

PIKE-A or Myc-tagged CDK4 fragment between EcoRV and BamH1 sites of the pTOMO 

vector (Addgene). Other lentiviral vectors and packaged virus were provided by the Viral 

Vector Core at Emory University. Based on the literatures (18, 19), mice (P25–P49, n=12/

group) were injected with virus using stereotaxic apparatus. Virus (2 μl, 2 × 108 international 

units) was injected stereotactically at coordinates posterior 1.8 mm, lateral 1.6 mm, ventral 
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1.8 mm relative to bregma followed by treatment with tamoxifen (0.225 g/kg body weight, 

i.p.) for constituent 5 days. No significant difference associated with the age of induction in 

the time from tamoxifen administration to tumor onset, or in the histology of the resulting 

tumors. To inject a mixture of pTOMO-PIKE-A and pTOMO-CDK4 lentivral vectors, we 

mixed the two viral preparations (1:1) and injected 2 μl. Animals were treated blindly during 

the experiments and the tumor tissue collection was also done blindly. The animal 

experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Emory University.

Immunohistochemistry and immunofluorescence staining

Samples were fixed in 4% paraformaldehyde overnight followed by paraffin embedding. 

Sections (8 μm) were deparaffinized in xylene and rehydrated in graded alcohols. 

Endogenous peroxidase activity was blocked by 3% hydrogen peroxide for 5 minutes and all 

slides were boiled in 10 mM citrate buffer (pH 6.0) for 10 minutes. Aim proteins were 

detected using specific primary antibodies and Zymed Histostain-SP AEC kit. Slides were 

then counterstained with hematoxylin. For immunofluorescent staining, the tissue sections 

were deparaffinized in xylene, rehydrated in graded alcohols and were boiled in 10 mM 

sodium citrate buffer (pH 6.0) for 10 minutes. The sections were blocked with 1% BSA in 

PBS at 37 °C for 30 min followed primary antibodies incubation at 4 °C for overnight. On 

the second day, the sections were washed with PBS and incubated with Alexa Fluor 488-

labeled goat anti-rabbit IgG antibody or Alexa Fluor 555-labeled goat anti-mouse IgG 

antibody (1: 800) at room temperature for 60 minutes followed rinsing with PBS for 10 

minutes and staining with DAPI for another 10 minutes at room temperature. Cells were 

seeded on coverslips and fixed with 4% paraformaldehyde for (prepared in PBS) for 30 min 

and permeabilized with 0.1% Triton X-100 for 30 minutes. Following blocking in 3% FBS 

in PBS for 1 hour, cells were incubated with antibody at 4 °C for overnight. After washing 

with PBS for three times, cells were incubated with secondary antibodies (1:1000) for 2 

hours at room temperature. Then the cells were counterstained with 4′ 6-diamidino-2-

phenlindole (DAPI) and examined under a fluorescence microscope. After mounting, 

sections were examined under a fluorescence microscope.

Statistics analysis

Data are presented as mean ± S. E. M. from three independent experiments. Statistical 

evaluation was carried out by Student’s t-test or one-way ANOVE. Data were considered 

statistically significant when P< 0.05 *, P< 0.01 **. All statistical analysis was performed by 

program Prism (GraphPad Software, La Jolla, CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cre recombinase-dependent expression of Flag-PIKE-A/Myc-CDK4 by pTOMO 
PIKE-A/CDK4 lentiviral vector (LV) in vitro and in vivo
A. Plasmids confirmation of pTOMO-Flag-PIKE-A and pTOMO-Myc-CDK4. pTOMO 

constructions were digested by BamHI an EcoRV. B. Immunocytochemistry showing Flag-

PIKE-A/Myc-CDK4 expression induced by Cre recombinase. HEK293 cells were infected 

with pTOMO-Flag-PIKE-A/pTOMO-Myc-CDK4 LVs with Cre-expressing LVs. After 

fixation, the cells were stained with the indicated antibodies. C. Western blot showed Flag-

PIKE-A/Myc-CDK4 expression induced by Cre recombinase. HEK293 cells were infected 

with pTOMO mock LVs or pTOMO PIKE-A/CDK4 LVs with or without Cre-expressing 

LVs, and the cell lysates were processed for western blotting with indicated antibodies. β-

actin detection was used as a loading control. D. Confocal images of Cre recombinase 

specifically expressed in GFAP+ cells in GFAP-CreER mice. Brain sections were analyzed 

by immunofluorescence staining, Cre and GFAP expressed cells were stained as described in 

Experimental procedures. E. Tomo PIKE-A/CDK4 LVs were successfully injected into 

hippocampus (HP). Images were taken 10 days after injection of pTOMO PIKE-A/CDK4 

LVs into HP. GFP signals (green) indicated the infected cells. F. Immunohistochemistry 

images showing Tomo PIKE-A/CDK4 were successfully expressed in mouse brains. 

Staining was taken 10 days after injection of pTOMO PIKE-A/CDK4 LVs into HPs. The 

brown cells showed the positive cells.
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Figure 2. Glioblastoma induced by PIKE-A/CDK4 overexpressing in GFAP-CreER; Tp53 flox/
flox; Pten flox/flox mice
A. The representative images from GFAP-CreER; Tp53 flox/flox; Pten flox/flox mice 

showing tumor formation. GFAP-CreER; Tp53 flox/flox; Pten flox/flox mice injected with 

pTOMO PIKE-A/CDK4 into the right hippocampus showed an enlarged head (black arrows) 

after the injection. B. Photograph showing gross appearance of the brain, suggesting a large 

lesion in the cerebrum. Black arrows indicated the irregular surface of the cerebrum. C. 
Representative image of an H&E-stained section. A darker area denoted increased cellular 

density of the tumor. D. H&E staining shows the characteristics of glioblastoma: a, high 

cellular density, star indicating normal brain tissue; b, microvascular proliferation; c, 

necrosis within the dense cellular region; d, nuclear pleomorphism; e, intratumoral 

hemorrhage; f, multinucleated giant cell phenotype. Scar bar, 20 μm. E. The tumors induced 

by combined expression of PIKE-A and CDK4 in GFAP-CreER; Tp53 flox/flox; Pten flox/

flox mice contain the cells expressing cell markers as glioblastoma. a, GFAP; b, nestin; c, 

MBP; d, Tuj1. Scar bar, 20 μm. F. Represent images of tumor growth patterns. a, tumor cells 
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grow in the whole brain; b, tumor cell grow mainly in the injection side of brain. G. Effects 

of PIKE-A/CDK4 on tumor formation in GFAP-CreER; Tp53 flox/flox; Pten flox/flox mice. 

A Kaplan-Meier curve showing the survival of GFAP-CreER; Tp53 flox/flox; Pten flox/flox 

mice with vector/PIKE-A/CDK4/PIKE-A plus CDK4 LVs injection. GFAP-CreER; Tp53 

flox/flox; Pten flox/flox mice were injected with vector, pTOMO- PIKE-A, pTOMO-CDK4, 

or pTOMO- PIKE-A and CDK4 into hippocampus. The median survivals are 240, 169, 196, 

and 136 days in vector, PIKE-A, CDK4, and PIKE-A plus CDK4 groups, respectively.
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Figure 3. PIKE-A and CDK4 additively promote tumor growth in vivo
A. Immunohistochemistry analysis of cell proliferation, apoptosis and angiogenesis using 

Ki67, active-caspase-3, CD31, and CA9 in the brain tumors from indicated groups. Scar bar, 

20 μm. B & C. Quantification of Ki67 (B) and active-caspase-3 (C) positive cells in the 

slides of brain tumors in different groups. D. Apoptosis detection/quantification using by 

TUNEL staining. Three fields were averaged in each tumor, and the averages for each 

animal yielded the final mean ± SEM (*P < 0.05, **P < 0.01, two-tailed Student’s t test, n = 

3). E. Signaling characterization in the tumors formed in the brains infected by indicated 

lentivirus. Brain tumors were collected, lysed and equal amount of proteins in each sample 

were analyzed by western blotting with the indicated antibodies.
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Figure 4. PIKE-A interacts with CDK4 in vitro and in vivo
A. GST-pull down assay for PIKE-A binding to CDK4. Cell lysates from HEK293 cells 

transfected with GST-tagged PIKE-A and Myc-tagged CDK4 were collected and analyzed 

by GST-pull down assay as described in Experimental procedures. Data indicated that PIKE-

A interacted with CDK4 in cells compared to GST vector control. B & C. Truncation 

analysis indicates that the C-terminus of PIKE-A (a.a. 574–836) binds to CDK4. Cell lysates 

were collected from TP366 cells transfected with myc-tagged PIKE-A truncations and used 

for co-immunoprecipitation analysis with anti-myc antibody (B). Purified GST-tagged 

PIKE-A truncated recombinant proteins confirmed that C-terminus of PIKE-A (a.a. 574–

836) interacted with CDK4 in GST pull-down assay (C). D. Interaction of PIKE-A and CDK 

in glioblastoma cells. Glioblastoma cells were collected and lysed for co-

immunoprecipitation. Endogenous CDK4-associated proteins were collected by anti-CDK4 

antibody and analyzed by indicated antibodies. E. Interaction of PIKE-A and CDK in human 

glioma tissues. Expression profiles of PIKE-A or CDK4 in human glioblastoma tissues (left 

panels). Co-immunoprecipitation assay was performed using the lysates form human glioma 
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tissues with different PIKE-A expression levels. The CDK4-associated proteins were 

analyzed by western blotting showing that PIKE-A interacted with CDK4 (right panels).
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Figure 5. PIKE-A and CDK4 complex additively promotes GBM tumorigenesis
A, Additive effect of PIKE-A and CDK4 on cell proliferation in glioblastoma cells. PIKE-A, 

CDK4, and PIKE-A/CDK4 stably transfected human glioblastoma LN229 (A), U87MG (B), 

LN-Z308 (C), and C8-S astrocyte (D) cells were seeded in 96-well plates and cell 

proliferation were examined every day for total 4 days using MTT assay. B & C, Additive 

effect of PIKE-A and CDK4 on cell migration and invasion in glioblastoma cells. PIKE-A, 

CDK4, and PIKE-A/CDK4 stably transfected human glioblastoma LN229, U87MG, LN-

Z308, and C8-S astrocyte cells were examined by cell migration and invasion and colony 

formation assays.
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Figure 6. Effects of PIKE-A, CDK4, and PIKE-&CDK4 on oncogenic signaling in LN-Z308 
GBM cells and C8-S astrocyte
PIKE-A, CDK4, and PIKE-A/CDK4 stable transfected LN-Z308 (A) and C8-S astrocyte (B) 
cells were collected and cell lysates were used for signaling examination by western blot 

with the indicated antibodies. C. In LN-Z308 cells, PIKE-A or/and CDK4 knocking down 

by siRNA, cell lysates were used for signaling examination by western blot with the 

indicated antibodies. D&E. Effect of PIKE-A/CDK4 knocking down on cell proliferation, 

migration and invasion. Following siRNA treatment, LN-Z308 cells were analyzed by cell 

proliferation, migration, and invasion assays described in Materials and Methods.
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Table 1

Tumor formation data of groups of mice injected different kinds of virus.

Parameters
Tum or cell distribution as Figure F -b (%) Tumor formation rate (%) Glioblastoma rate (%)

Groups

Control 20.00 63.64 20.00

PIKE-A 85.71 75.00 42.85

CDK4 71.42 81.82 28.57

PIKE-A & CDK4 100.00 100.00 66.67
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