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ABSTRACT

Human glioblastoma multiforme (GBM) is the most malignant tumor of the 
central nervous system (CNS). Fibroblast growth factor-2 (FGF2) belongs to the FGF 
superfamily and functions as a potential oncoprotein in GBM. FGF2 has low molecular 
weight (18K) and high molecular weight (HMW) isoforms. Nuclear accumulation 
of HMW-FGF2 strongly promotes glioblastoma cell proliferation, yet mechanism 
governing such cellular distribution remains unexplored. We investigated the 
mechanisms regulating FGF2 cellular localization in T98G human brain glioblastoma 
cells. We found HMW-FGF2, but not 18K-FGF2, is primarily located in the nucleus 
and interacts with nuclear transport protein Karyopherin-β2/Transportin (Kapβ2). 
SiRNA-directed Kapβ2 knockdown significantly reduced HMW-FGF2′s nuclear 
translocation. Moreover, inhibiting Ran GTPase activity also resulted in decreased 
HMW-FGF2 nuclear accumulation. Proliferation of T98G cells is greatly enhanced with 
transfections HMW-FGF2. Decreased PTEN expression and activated Akt signaling 
were observed upon HMW-FGF2 overexpression and might mediate pro-survival effect 
of FGF2. Interestingly, addition of nuclear localization signal (NLS) to 18K-FGF2 forced 
its nuclear import and dramatically increased cell proliferation and Akt activation. 
These findings demonstrated for the first time the molecular mechanisms for FGF2′s 
nuclear import, which promotes GBM cell proliferation and survival, providing novel 
insights to the development of GBM treatments.

 INTRODUCTION

Fibroblast growth factors (FGFs) superfamily 

consists of 22 FGF genes in mice and humans [1]. FGFs 

drive crucial biological functions such as early embryonic 

development and organogenesis via binding to FGF 

receptors (FGFRs) [2, 3]. FGF2, also known as basic 

FGF, belongs to FGF superfamily and is recognized as 

an pro-angiogenic factor for new blood vessel formation 

and wound repair [4]. Meanwhile, emerging evidence 

suggests that FGF2 functions as a potential oncogenic 

protein driving a variety of tumor malignancies. Human 

melanoma commonly expresses high levels of FGFR1 and 

FGF2. Antisense-mediated inhibition of FGF2 or FGFR1 

led to growth regression of xenografts formed by human 

melanoma cells [5]. Up-regulated FGF2-FGFR1 signaling 

is also implicated in the pathogenesis of prostate cancer, 

small cell lung cancer and glioblastoma multiforme 

(GBM) [6, 7]. Previous study demonstrated that high 

FGF2 mRNA expression is observed in over 94% of 

human glioblastomas [8]. It’s been shown that high FGF2 

expression promotes human glioma’s malignancy [9]. 

Studies suggested that FGF2 also exerts anti-apoptotic 

function through up-regulating anti-apoptotic genes 
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BCL-2 and BCL-X
L
, making tumor cells resistant to 

chemotherapy [10, 11].

In human, FGF2 has five isoforms (18, 22, 22.5, 24 
and 34 kDa), which are produced by alternative initiation 

of translation on the FGF2 mRNA [12]. The translation 

of low molecular weight 18 kDa FGF2 is initiated from 

the classic Kozak AUG start codon. This 18K-FGF2 

is made up of 155 amino acids, which is also the core 

domain for all FGF2 isoforms [13]. The other four FGF2 

isoforms are generally recognized as HMW FGF2s and 

are translated from alternative upstream CUG start codons. 

Previous studies revealed that HMW-FGF2 is primarily 

localized in nucleus whereas 18K-FGF2 resides in cytosol, 

and the nuclear FGF2 accumulation is associated with 

proliferation of human glioma cells [14, 15]. Mechanisms 

regulating such divergent cellular distribution of different 

FGF2 isoforms remain unclear.

In this study, we investigated how HMW-FGF2 

is translocated into the nucleus, as well as the impact 

of nuclear FGF2 on proliferation and survival of the 

T98G GBM cell line. Transfected HMW-FGF2 is 

found to associate with Karyopherin-β2 (Kapβ2), that 
belongs to the nuclear transport karyopherin protein 

family and also known as Transportin, functioning to 

transport macromolecule cargos between cytoplasm and 

nucleus [16]. A small GTPase Ran, which regulates the 

Kapβ2- cargo interaction, is also involved in mediating 
the nuclear localization of HMW-FGF2. Compared 

to 18K-FGF2, HMW-FGF2 overexpression in T98G 

cells resulted in a significantly higher proliferation rate. 
Together, our study demonstrated for the first time that 

Kapβ2 and Ran GTPase synergistically regulate the 

nuclear import of HMW-FGF2, which plays an important 

role in GBM cell proliferation.

RESULTS

Five known FGF2 isoforms can be classified into 
low molecular weight FGF2 (18K) and high molecular 

weight (HMW) FGF2, which are reported to localize 

either in the nucleus or cytosol [17]. To study the 

localization of both 18K and HMW FGF2 in glioblastoma 

cells, T98G cell line derived from human glioblastoma 

was transfected with HA-tagged constructs expressing 

HMW-FGF2 (HA-HMW) or 18K-FGF2 (HA-18K). 

Immunostaining against HA showed that HA-HMW is 

primarily located in the nucleus while HA-18K mainly 

resides in the cytosol (Fig. 1A). Even though there 

are three HMW FGF2 isoforms that display distinct 

molecular weights (22, 24, 34 kDa), the transfection of 

HMW-FGF2 construct led to the expression of a pure 

HMW-FGF2 population because of that HA tag addition at 

the N-terminal eliminates the alternative CTG start codon 

for HMW-FGF2 translation. This specific expression 
pattern of HMW-FGF2 excludes experimental variance 

and provides a favorable assay condition. Western blot 

analysis using nuclear and cytosolic fractionations 

extracted from HWM or 18K FGF2-transfected T98G 

cells revealed that almost all of overexpressed 18K-FGF2 

is located in the cytosol. The majority of HMW-FGF2 

is nucleus-localized, with a small amount of cytosolic 

HA- HMW FGF2 (Fig. 1B).

Figure 1: HMW FGF2 localizes in the nucleus and associates with Kapβ2. A. T98G cells transfected with the two HA-FGF2 

isoforms (HA-HMW and HA-18K) were immunostained by HA antibody. Scale bar 10 μm. B. Nuclear and cytosolic fractionation of T98G 

cells transfected with HA-FGF2 isoforms (HA-HMW and HA-18K) were subjected to western blot analysis using HA antibody. GAPDH 

and Histone H3 were used as marker for cytosolic (C) and nuclear (N) fractions respectively. C. Whole cell lysates were extracted from 

T98G cells transfected with either HA-HMW or HA-18K, as well as plasmid control, and subjected to immunoprecipitation with HA 

antibody, followed by western blot analysis using antibodies against HA and Kapβ2. Top panels: input; bottom panels: IP. D. Levels of 

FGF2 in the media of indicated experimental groups were measured using ELISA by plotting to curve of known FGF2 concentrations. Data 

are shown as mean ± SEM of three independent experiments. n.s. not significant vs empty vector.
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The transport of proteins between nucleus and 

cytoplasm is mediated by nuclear transport factors such 

as Karyopherin-β (Kapβ) family proteins that recognize 
nuclear localization signals (NLS) [18]. To confirm 
whether Kapβ2 is involved in mediating the preferential 
nuclear localization of HA-HMW FGF2, which potentially 

contains a non-classical arginine-glycine- rich NLS 

(see discussion for details), T98G cells were transfected 

with HA-HMW, HA-18K and empty plasmid before 

immunoprecipitation (IP) assay was performed to 

examine the association between Kapβ2 and transfected 
FGF2. Analysis using input cell lysate showed desired 

FGF2 expressions with corresponding FGF2 constructs. 

IP results indicated that HMW-FGF2, not the 18K-FGF2, 

physically interacted with Kapβ2 (Fig. 1C).
It is reported that HMW-FGF2 is not secreted 

and regulates multiple cellular events in an intracrine 

manner [19]. To determine whether the overexpressed 

FGF2 in our system functions in the same fashion, 

we measured the FGF2 concentrations in the medium 

collected from FGF-2-overexpressed T98G cells. First, 

using a series of media with known FGF2 concentrations 

as reference, a series of OD reading were obtained by 

ELISA (Supplementary Table 1), which were then plotted 

to the known FGF2 concentrations, to draw a linear 

curve (Fig. 1D). Next, also by ELISA, we measured 

the OD readings from culture media of cells transfected 

with empty vector, HMW-FGF2 and 18K-FGF2 

(Supplementary Table 2). Finally with the linear curve, 

we could calculate the FGF2 concentrations in the culture 

media of cells transfected with empty vector, HMW-

FGF2 and 18K-FGF2 from their respective OD readings. 

ELISA analysis showed that the FGF2 concentrations in 

HMW- FGF2 or 18K-FGF2 transfected cell medium are 

below 0.5 ng/ml and are not significantly different from 
the one in empty vector-transfected cells, indicating that 

the overexpressed FGF2 is not secreted (Fig. 1D and 

Supplementary tables 1 and 2).

Next, we sought to investigate whether Kapβ2 is 
required for HMW-FGF2′s nuclear localization. Two 
independent siRNA sequences were used to knockdown 

Kapβ2 in T98G cells. Both siRNA1 and siRNA2 against 
Kapβ2 achieved approximately 80% knockdown in 
mRNA and protein levels while siRNA1 showed slightly 

higher but not significant efficiency (Fig. 2A and 2B). 
T98G cells were then co-transfected with siRNA1 and 

HA-HMW FGF2 followed by immunostaining using 

antibody against HA. Staining analysis showed that 

Kapβ2 knockdown blocked the nuclear transport and 
led to a uniform subcellular distribution of HMW- FGF2 

(Fig. 2C). Quantification of fluorescent signal intensity 
showed that the percentage ration of nuclear to 

cytoplasmic HMW-FGF2 is 85% vs. 15% in Scramble 

group, whereas in siRNA group the difference of the ratio 

Figure 2: Kapβ2 is required for efficient nuclear translocation of HMW FGF2. A and B. T98G cells were transfected with 

scramble siRNA and siRNA against Kapβ2 mRNA. Kapβ2 mRNA and protein levels were examined with RT-PCR (A) and western blot 
(B) respectively. Data are shown as mean ± SEM of three independent experiments; *P < 0.05 versus control. C. T98G cells expressing 

HMW FGF2 (HA-HMW) were transfected with scramble siRNA or siRNA against Kapβ2, and subjected to immunostaining by HA 
antibody (green). Nuclei were stained by DAPI (blue). Scale bar 10 μm. D. T98G cells expressing HMW FGF2 were transfected with 

scramble siRNA or siRNA against Kapβ2, and subjected to fractionation. Nuclear (N) and cytosolic (C) fractions were analyzed by western 
blot using antibodies against HA to examine the subcellular distribution of HMW FGF2 protein. GAPDH and Histone H3 were used as 

marker for cytosolic (C) and nuclear (N) fractions respectively. E. Quantifications of the fluorescence signal of HMW-FGF2 in panel (C) 
Data are shown as mean ± SEM of three independent experiments; *P < 0.05 versus nuclear; n.s. not significant vs nuclear.
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is not significant (approximately 51% vs. 49%) (Fig. 2E). 
Nuclear and cytosolic fractionations were isolated from 

siRNA1 and HA-HMW FGF2 co-transfected T98G cells 

and subjected to western blotting analysis for HMW-

FGF2. Similar to immunostaining data, the immunoblot 

results showed that the nuclear HMW-FGF2 level 

was significantly reduced upon Kapβ2 knockdown 
(Fig.  2D). The same experiments were also performed 

using siRNA2, and the results were almost identical 

(data not shown). Together, these data indicate that 

Kapβ2 is required to mediate the nuclear localization of 
HMW-FGF2.

Kapβs bind to proteins in the nuclear pore complex 
(NPC) and facilitate the nuclear transport of Kapβ-cargo 
complex [20]. The Kapβ2 and cargo interaction, as well 
as nuclear-cytoplasmic transportation are regulated 

by Ran GTPase nucleotide cycle [18]. To confirm the 
involvement of Ran GTPase in the Kapβ2-HMW-
FGF2 nuclear transport, we employed treatments of 

GTPγS and GDPβS. GTPγS is a GTP analogue that is 
non-hydrolyzable and keeps Ran in GTP-bound state, 

whereas GDPβS is a GDP analogue that cannot be 
phosphorylated and locks Ran in inactive GDP-bound 

state. Both treatments block GTPase activity and the 

GTP-GDP cycle [21]. Immunostaining against HA 

showed that both GTPγS and GDPβS treatments reduced 
HMW-FGF2 nuclear accumulation in T98G cells 

overexpressing HMW-FGF2 (Fig. 3A). Western blot 

analysis using nuclear and cytoplasmic fractions from 

HWM-FGF2-expressing T98G cells further confirmed 
that inhibiting Ran GTPase activity blocks HMW-

FGF2 nuclear transport (Fig. 3B). Immunoprecipitation 

results showed that Ran interacts with HMW-FGF2 

upon treatment of GDPβS, but not GTPγS, suggesting 
Ran GDP, instead of Ran GTP, binds to FGF2 in the 

cytoplasm and facilitates the transport into nucleus, 

where Ran GTP is concentrated in the nucleus and 

mediates the FGF2 release in the nucleoplasm (Fig. 3C).

FGF2 signaling drives a wide range of oncogenic 

events such as proliferation, migration and survival in 

multiple cancer cell types [3, 22]. We next evaluated 

the role of FGF2 in the tumorigenic potential of T98G 

cells. We first showed that overexpression of both 
HMW- FGF2 and 18K-FGF2 led to increased cell 

proliferation while the effect of HMW-FGF2 is more 

profound. Kapβ2 knockdown in native T98G cells 
led to reduced proliferation, indicating that Kapβ2 is 
required for maintenance of cell growth at the basal 

Figure 3: Nuclear translocation of HMW FGF2 requires Ran GTPase activity. A. T98G cells expressing HMW FGF2 were 

treated with 0.1 nM either GTPγS or GDPβs, as well as control, and subjected to immunostaining by HA antibody (green). Nuclei were 
stained by DAPI (blue). Scale bar 10 μm. B. T98G cells as treated in A were also subjected to fractionation. Nuclear (N) and cytosolic 

(C) fractions were analyzed by western blot using antibodies against HA to examine the subcellular distribution of HMW FGF2 protein. 

GAPDH and Histone H3 were used as marker for cytosolic (C) and nuclear (N) fractions respectively. C. Whole cell lysates were extracted 

from T98G cells as treated in A, and subjected to immunoprecipitation with HA antibody, followed by western blot analysis using antibodies 

against HA and Ran.
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state (Fig. 4A). Next, we knocked down expression of 

Kapβ2 in HMW or 18K FGF2-expressing T98G cells 
using siRNA and found that Kapβ2 inhibition resulted 
in dramatically decreased proliferation in HMW FGF2-

expressing cells. However, the proliferation of T98G 

cells expressing 18K-FGF2 was not affected by Kapβ2 
knockdown (Fig. 4B and 4C). Similar with siRNA-

mediated Kapβ2 knockdown, inhibiting Ran GTPase 
activity and FGF2 nuclear transport by GTPγS or GDPβS 
treatments significantly reduced proliferation rate in 
HMW-FGF2-overexpressing T98G cells (Fig. 4D), 

indicating that nucleus-localized HMW-FGF2 plays a 

crucial role in facilitating cell proliferation. The above 

effects on T98G cell proliferation were not due to changes 

in FGF2 expressions under those culturing conditions, 

since the protein levels of both FGF2 isoforms were found 

to be almost constant in the same experimental conditions 

(Fig. 3C and Fig. 5).

To further explore molecular mechanisms 

responsible for enhanced proliferation by FGF2, we 

focused on the PI3K/AKT signaling cascade, which 

is the major mitogenic pathway in response to growth 

factor signaling [23]. Of note, although PTEN in T98G 

cells is mutated [24], the L42R mutation does not 

affect the lipid phosphatase activity of PTEN [25], it 

is still functional in its ability to suppress activation of 

Akt [26], as evident by reported negative correlations 

between PTEN and p-Akt levels in T98G cells [27]. 

Our results showed that overexpression of 18K-FGF2 

resulted in reduced PTEN expression and HMW-FGF2 

overexpression inhibit PTEN level to a further extent 

(Fig. 5A). As a result, p-Akt level was markedly increased 

with FGF2 overexpression, indicating that PTEN/p-Akt 

cascade might mediate the enhanced cell proliferation, 

downstream of FGF2 signaling. Consistent with previous 

finding that HMW-FGF2 overexpression imposes 
enhanced effect on proliferation, the Akt activation was 

more pronounced with HMW-FGF2 overexpression than 

that with 18K-FGF2 transfection. Kapβ2 knockdown 
in HMW-FGF2-expressing T98G cells gave rise to 

elevated PTEN and declined p-AKT levels, suggesting 

the Kapβ2-mediated HMW-FGF2 nuclear translocation 
is indispensable for the downstream Akt activation. On 

the contrary, Kapβ2 knockdown in 18K-FGF2-expressing 

Figure 4: Proliferation of T98G cells expressing either HMW or 18K FGF2 subjected to RNAi against Kapβ2 (B and C) 
or GTPγS/GDPβs treatment (D) were measured by MTT assays. A. Growth of T98G cells expressing HMW FGF2, 18K FGF2 

or empty plasmid, as well as subjected to RNAi against Kapβ2 vs scramble RNAi. B. Growth of T98G cells expressing 18K FGF2 were 

subjected to RNAi against Kapβ2 vs scramble RNAi. C. Growth of T98G cells expressing HMW FGF2 were subjected to RNAi against 

Kapβ2 vs scramble RNAi. D. Growth of T98G cells expressing HMW FGF2 were treated with GTPγS or GDPβs as well as control 
treatment. Data are shown as mean ± SEM of three independent experiments; *P < 0.05 versus respective control.
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T98G cells had no effect on the levels of either PTEN or 

p-AKT (Fig. 5B). Moreover, GTPγS/GDPβs treatments 
were able to suppress Akt activation in T98G cells 

transfected with HMW-FGF2 (Data not shown).

We have demonstrated that nucleus-localized 

HMW-FGF2, but not cytoplasmic 18K-FGF2, is capable 

of activating the mitogenic AKT signaling and facilitating 

cell proliferation in T98G cells. Next, we hypothesize 

that the additional peptide sequence on HMW-FGF2 

functions as a classic nuclear localization signal (NLS) 

to assist the nuclear transport of HMW-FGF2, which 

further activate its downstream molecular events. To test 

this hypothesis, we genetically engineered the construct 

expressing 18K-FGF2 that is tagged by the classic 

lysine-rich NLS, PKKKRKV, and transfected it into 

T98G cells [28]. Plasmid 18K-FGF2 served as control. 

Interestingly, we discovered that additional NLS sequence 

forced 18K-NLS-FGF2 translocate into the nucleus 

with undetectable cytosolic level, whereas 18K-FGF2 

is dominantly cytoplasm-localized (Fig. 6A). HMW, 

18K, 18K-NLS-FGF2 and empty plasmid control were 

transfected into T98G cells. Subsequent growth curve 

analysis revealed that the proliferation rate of nuclear 

18K-NLS-FGF2-transfected T98G cells is significantly 
higher than that of other FGF2 forms-overexpressing 

cells, specifically HMW-FGF2-transfected T98G cells 
(Fig. 6B). This might due to that a small portion of HMW-

FGF2 still resides within the cytoplasm, compromising the 

full utilization of overexpressed HMW-FGF2 (Fig. 1B). 

Western blot analysis showed 18K-NLS-FGF2 and 

HMW-FGF2 transfection led to significantly decreased 
PTEN expression, accompanied by increased p-Akt level. 

18K-FGF2 overexpression also reduced PTEN expression, 

but to a much lesser extent (Fig. 6C). Taken together, the 

Figure 5: Nuclear HMW FGF2 activates Akt signaling pathway. A. T98G cells were transfected with empty plasmid, HMW 

FGF2 or 18K-FGF2 respectively. Whole cell lysates were collected and subjected to western blot analysis using antibodies against HA, 

Kapβ2, PTEN, Akt and phosphorylated Akt (p-Akt). B. T98G cells expressing HMW FGF2 were transfected with scramble siRNA or 

siRNA against Kapβ2. Whole cell lysates were collected and subjected to western blot analysis using antibodies against HA, Kapβ2, PTEN, 
Akt and phosphorylated Akt (p-Akt). GAPDH was used as loading control. GAPDH was used as loading control.

Figure 6: Forcing 18K FGF2 into the nucleus with classical NLS. A. T98G cells transfected with either 18K or 18K-NLS FGF2 

were immunostained by HA antibody (green). Nuclei were stained by DAPI (blue). Scale bar 10 μm. B. T98G cells transfected with HMW, 

18K, 18K-NLS FGF2 or empty plasmid were subjected to MTT assay. Data are shown as mean ± SEM of three independent experiments; 
*P < 0.05 18K-NLS versus 18K and HMW. C. Whole cell lysates were collected from T98G cells as in B, followed by western blot analysis 

using antibodies against HA, PTEN, Akt and phosphorylated Akt (p-Akt). GAPDH was used as loading control. Notice the slight shift in 

mobility in HA-18K-FGF2 caused by the NLS.
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above analyses confirmed our hypothesis that the impact 
of HMW-FGF2 on GBM’s cell proliferation is achieved 

via FGF2′s nuclear translocation, which is cooperatively 
regulated by NLS, Kapβ2 and Ran GTPase.

DISCUSSION

In the present study, we investigated the role of 

FGF2, in the regulation of proliferation and survival 

of GBM tumor cells. Broadly, FGF2 is found to 

enhance the GBM cell line, T98G’s proliferation and 

survival. In our established working model, the high 

molecular isoform, HMW-FGF2 exerts such effect via 

translocating into nucleus, a process that is coordinated 

by a combined action of Kapβ2, a member of nuclear 
transport factor family, and Ran GTPase, a GTP-binding 

nuclear protein involved in nuclear-cytoplasmic cargo 

transportation [29]. Subsequent activation of PTEN/

PI3K/Akt signaling cascade upon nuclear entry of FGF2 

is found to account for the increased cellular mitogenic 

activity. Kapβ2 knockdown or Ran GTPase’s activity 
blockade were shown to abolish HMW-FGF2′s nuclear 
transport and suppress T98G’s proliferation. However, the 

low molecular weight FGF2 isoform that is dominantly 

localized in cytosol, 18K-FGF2 exhibits less stimulatory 

effect towards cell proliferation compared to HMW-FGF2. 

Genetic and pharmacological manipulations of Kapβ2 or 
Ran GTPase did not affect proliferation of T98G cells 

with 18K-FGF2 overexpression. Finally, forced nuclear 

entry of 18K-FGF2 by classic NLS addition to the native 

18K-FGF2 protein remarkably enhanced cell proliferation. 

These analyses demonstrated for the first time that Kapβ2 
and Ran GTPase collectively facilitate the nuclear 

translocation of HMW-FGF2, which further potentiate 

the proliferation and survival of GBM tumor cells via 

activation of FGF2- downstream PTEN/Akt pathway.

FGF2 and epidermal growth factor (EGF) are not 

included in the cell culture medium used in this study for 

the purpose of eliminating the impact of these growth 

factors on MTT assay using T98G cells with FGF2 

overexpression. Under our established in vitro culture 

condition, GBM tumor cells can still undergo self-renewal 

and form neurospheres even though proliferation is 

slightly compromised, which is further confirmed by 
previous reports [30]. Therefore, the experimental 

condition perfectly serves the purpose of this study and 

provides unbiased evidence.

Fibroblast growth factors (FGFs) transmit signal 

through FGF receptors and control a wide range of 

biological activities ranging from cell proliferation, 

survival to migration and differentiation [31–34]. FGF 

signaling is also tightly associated with fundamental 

developmental events, including mesoderm pattern 

formation in early embryo and multiple organ 

development [2, 3]. There is a large body of evidence 

suggesting aberrant FGF signaling in the pathogenesis of 

multiple cancer types, of which glioblastoma multiforme 

(GBM) is the most malignant tumor in central nervous 

system, with a median survival rate of less than two years 

and a lack of effective treatments [35]. Dysregulated FGF 

signaling drives tumor growth via promoting cancer cell 

survival and proliferation [36]. Interestingly, GBM is 

associated with nuclear accumulation of HMW-FGF2 

[15]. The FGF superfamily consists of 22 different FGF 

genes, several of which have been shown to localize in the 

nucleus [1]. FGF8 could be translocated to the nucleus and 

function as a transcription factor in NIH3T3 cells, neural 

tube cells, as well as in mouse embryonic neural tube [37]. 

Moreover, it has been reported that HMW-FGF2 isoforms 

are not secreted from the cells. Instead, they function in 

an intracrine manner to mediate various cellular activities 

such as survival, proliferation and invasion [38, 39]. In 

agreement with the established results, we found that the 

overexpressed FGF2 are not secreted in our system and 

functions in a similar fashion. Our data also indicated 

that the additional peptide sequence on HMW-FGF2 

functions as a NLS and plays a crucial role in facilitating 

the nuclear entry of HMW-FGF2. Interestingly, a previous 

study on FGF10 demonstrated that a NLS sequence on 

FGF10 is responsible for its dominant nuclear localization. 

However, genetically engineered FGF10 lacking this 

NLS still partially localize to nucleus, suggesting the 

existence of alternative determinants for FGF10′s cellular 
distribution [40]. Those findings are highly similar to our 
results, which showed the existence of a small HMW-

FGF2 cytoplasmic fractionation (Fig. 1B). However, 

addition of NLS on 18K-FGF2 nearly forced all the 

overexpressed 18K-FGF2 into the nucleus, generating 

a more profound impact on T98G cell’s proliferation 

compared to HMW- FGF2 (Fig. 6B).

Classical NLSs are defined as short peptide 
sequences that contain clusters of positively charged 

amino acids, typically lysine or arginine [41]. Classic 

NLSs are usually bound by adaptor protein such as 

Imp-α, which directs NLS-containing cargo complex 
through the nuclear pore complex (NPC) and promotes 

the nuclear import process [42]. Kapβ family members do 
not typically rely on adaptor protein binding for nuclear 

import, instead they directly interact with NLSs [43]. 

Compared to 18K-FGF2, the additional peptide sequence 

on HMW-FGF2 exerts function highly similar to NLS 

and promotes FGF2′s nuclear entry. Further examination 
revealed that the frequencies of glycine (G) and arginine 

(R) are high in this additional peptide sequence (31% 

for G, 17% for R), suggesting it might be a non-classical 

arginine-glycine-rich NLS (RG-NLS) [44]. Results 

presented in this study showed that Kapβ2 physically 
interacts with HMW-FGF2 but not 18K-FGF2 (Fig.  1C). 

This interaction is further proved to play a pivotal role in 

mediating HMW-FGF2′s nuclear localization and cellular 
proliferation. As Kapβ2 is also shown to interact with non-
classic NLS such as RG-NLS, our data strongly support  
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the notion that the HMW-FGF2 contains RG-NLS domain 

that directly interacts with Kapβ2 for nuclear import, the 
process of which is simultaneously facilitated by Ran 

GTPase.

As an important mitogenic signaling downstream of 

FGF2, PI3K/Akt pathway contributes to a variety of pro-

survival and proliferative, as well as anti-apoptotic signaling 

events [45]. High expression of FGFs is correlated with 

activated Akt signaling in several cancer types including 

prostate adenocarcinoma and small-cell lung cancer, 

indicating that PI3K/Akt signaling cascade mediates 

FGF’s mitogenic effects [46, 47]. We demonstrated that 

HMW-FGF2 overexpression is associated with reduced 

expression of PTEN, the negative regulator of PI3K/Akt 

pathway, leading to activated Akt signaling, which might be 

responsible for enhanced proliferative activity of T98G cells. 

Addition of NLS on 18K-FGF2 forced its nuclear import 

and activated Akt to an even higher degree than HMW-

FGF2 overexpression, suggesting that nuclear import signal 

on FGF2 is important for the activation of its downstream 

mitogenic pathway. To our surprise, overexpression of 

18K-FGF2, the FGF2 isoform dominantly residing in 

the cytoplasm, also led to reduction of PTEN level and 

activation of PI3K/Akt pathway. While the detailed 

molecular mechanism remains to be further elucidated, our 

findings emphasize the importance of FGF2 in the regulatory 
machinery governing PTEN/PI3K/Akt signaling cascade.

In conclusion, the present study investigated the 

cellular localization of 1ow molecular weight FGF2 

isoform, 18K-FGF2 and HMW-FGF2 in T98G GBM 

cells. Our results demonstrated for the first time that 
Kapβ2 and Ran GTPase collectively facilitate the 
nuclear import of HMW-FGF2 via interacting with 

HMW-FGF2′s additional peptide sequence, which 
functions as a non-classic NLS. Together, this study 

provides novel insights to the pathogenesis and 

treatment of GBM.

MATERIALS AND METHODS

Cell culture

The human glioblastoma cell line T98G was obtained 

from ATCC. Cells were cultured in MEM-α medium 
(Invitrogen, USA) supplemented with 10% FBS and 

maintained at 37°C in a humidified atmosphere with 5% 
CO

2
. The medium used throughout this study is devoid of 

FGF2 and EGF.

Antibodies

HA and Ran antibodies were obtained from Abcam 

(ab18181, ab157213). Kapβ2 antibody was obtained 
from Santa Cruz Biotechnology (sc-11368). GAPDH 

and histone antibody were purchased from Cell signaling 

Technology (2118, 8135). PTEN, p-AKT and total AKT 

antibodies were purchased from Millipore, USA (04-035, 

05-1003, 16-294).

Plasmid construction

FGF2 cDNA sequence (NCBI Gene ID: 2247) 
was used as template of PCR. Primer pair used to 

amplify HMW-FGF2 ORF: 5′- CCC AGA TCT ATG 
TAC CCA TAT GAT GTT CCA GAT TAC GCT CTG 

GGG GAC CGC GGG CGC GGC CGC-3′ (forward) 
and 5′- CCC TCT AGA TCA GCT CTT AGC AGA CAT 
TGG AAG-3′ (reverse). Primer pair used to amplify 
18K-FGF2 ORF: 5′- CCC AGA TCT ATG TAC CCA 
TAT GAT GTT CCA GAT TAC GCT ATG GCA GCC 

GGG AGC ATC ACC ACG-3′, and same reverse primer 
was used. The above amplified ORF was cloned into 
pCMV2 vector [48] using BglII and XbaI. Peptide 

translation of N-terminally HA-tagged HMW-FGF2 

ORF: YPYDVPDYA-LGDRGRGRALPGGRLGGRG 
RGRAPERVGGRGRGRGTAAPRAAPAARGSRPGPA 

GTMAAGSITTL PALPEDGGSGAFPPGHFKDPKRL 

YCKNGGFFLRIHPDGRVDGVREKSDPHIKLQLQAE 

ERGV VSIKGVCANRYLAMKEDGRLLASKCVTDEC 
FFFERLESNNYNTYRSRKYTSWYVALKRTGQYKL 

GSKTGPGQKAILFLPMSAKS. Peptide translation 

of N-terminally HA-tagged 18K-FGF2 ORF: 
YPYDVPDYA-MAAGSITTLPALPEDGGSGAFPPGHF 

KDPKRLYCKNGGFFLRIHPDGRVDGVREKSDPHIK 

LQLQAEERGVVSIKGVCANRYLAMKEDGRLLASK 

CVTDECFFFERLESNNYNTYRSRKYTSWYVALKRT 

GQ YKLGSKTGPGQKAILFLPMSAKS.

Immunofluorescence

T98G cells were grown on coverslips and 

transfected with 18K or HMW FGF2 constructs. 

24 hours after transfection, cells were washed with 

PBS, fixed in 4% paraformaldehyde for 45 min and 
then blocked and permeabilized for 90 min. Primary 

anti-HA antibody were incubated for 90 min followed 

by incubation of secondary antibody for 60 min. 

Stained cells were analyzed using confocal fluorescence 
microscopy.

Nuclear and cytosolic fractionation

T98G cells were incubated in buffer containing 

5 mM sodium phosphate, pH 7.4, 50 mM NaCl, 150 mM 

sucrose, 5 mM KCl, 2 mM dithiothreitol, 1 mM MgCl
2
, 

0.5 mM CaCl
2
, and 0.1% digitonin. Lysates were 

extracted via scrapping. Nuclei fractionation was obtained 

by centrifuging through buffer (2.5 mM Tris-HCl, pH 7.4, 

10 mM NaCl) containing 30% sucrose at 1000 g for 

10 min. The supernatant was used as cytoplasmic fraction.
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Immunoprecipitation and immunoblotting

Whole cell lysates were extracted from FGF2-

transfected T98G cells. Cells were washed with PBS 

and lysed in RIPA lysis buffer (20 mM Tris-HCl, pH 7.6, 

150 mM NaCl, 1% Triton X-100 and 2 mM PMSF) 

with protease and phosphatase inhibitors, which were 

added upon use. Protein concentration was quantified by 
BCA assay system (Biorad, USA). 25 μg of total protein 
extracts were loaded for electrophoresis. Primary HA 

antibody was added to the whole cell protein lysates 

according to manufacturer’s instruction and incubated at 

4°C overnight. Protein beads A/G were added to pull down 

the HA antibody complex followed by centrifuge down the 

beads and boiling above 95°C. Supernatant lysates were 

loaded and subjected to immunoblotting analysis.

Enzyme-linked immunosorbent assay (ELISA)

T98G cells were transfected with HMW-FGF2, 

18K-FGF2 and empty vector and the culture medium were 

then collected for the measurement of FGF2 concentration 

by FGF2 ELISA kit (Abcam, USA). Detailed protocol was 

based on manufacturer’s instructions. A series of FGF2 

concentrations (0, 5, 10, 15, 20 ng/ml) were used to plot 

the standard curve. The FGF2 concentrations within the 

culture medium collected from different experimental 

groups were determined by applying the optical density 

value to the standard curve.

RNA interference

SiRNA duplex targeting Karyopherin-β2 is 
synthesized by Dharmacon, GE Healthcare. T98G cells were 

cultured in serum-free medium and siRNA was transfected 

using Lipofectamine 2000 (Invitrogen, USA). Subsequent 

analysis was conducted 48 hours after siRNA transfection.

Quantitative real-time PCR

RNA was isolated using Trizol reagent 

(Invitrogen, USA). Reverse transcription was performed 

using RT kit from Promega. SYBR green system 
(Thermo Scientific, USA) was used to conduct the real-
time PCR experiment. Gene expressions were normalized 

to GAPDH. 2−ΔΔCt method was used to analyze data.

Treatments of GDPβS and GTPγS

T98G cells were transfected with HA-HMW-FGF2. 

Following transfection, culture medium was replaced 

by fresh medium containing 0.1 nM GTPγS or GDPβs 
or sterile water as control. Cells were incubated for 

30 mins under 37°C, followed by whole cell lysate 

extraction or nuclear-cytoplasmic fractionation for 

western blot analysis. MTT assay - For the measurement 

of cell proliferation, 3-(4, 5-dimethyl-2-thiazoyl)-2, 

5-diphenyltetrazolium bromide (MTT) was used 

according to manufacturer’s instructions (Roche, 

Switzerland). T98G cells were incubated with 0.5 mg/ml 

MTT in the incubator with 5% O
2
 at 37°C, and then 

incubated with lysis buffer overnight in the incubator. 

The optical density of solubilized formazan was 

measured at 570 nm on a plate reader (BioRad, USA).

Statistical analysis

Results were collected as the average of at least 

five independent experiments. All the data were presented 
by the mean ± SEM. The statistical significance of the 
difference between the values of control and treatment 

groups was determined by Student t test. Values of 

p < 0.05 were considered statistically significant.

ACKNOWLEDGMENTS

This project is supported by Major Program of 

Medical Scientific Research of Hebei Province, China 
(Grant No. ZL20140145).

CONFLICTS OF INTEREST

The authors declare that they have no competing 

interests.

SOURCE OF SUPPORT

This project is supported by Major Program of 

Medical Scientific Research of Hebei Province, China 
(Grant No. ZL20140145).

REFERENCES

1. Itoh N, Ornitz DM. Evolution of the Fgf and Fgfr gene 

families. Trends in genetics: TIG. 2004; 20:563–569.
2. Kimelman D, Kirschner M. Synergistic induction 

of mesoderm by FGF and TGF-beta and the identification 
of an mRNA coding for FGF in the early Xenopus embryo. 

Cell. 1987; 51:869–877.
3. De Moerlooze L, Spencer-Dene B, Revest JM, 

Hajihosseini M, Rosewell I, Dickson C. An important role 

for the IIIb isoform of fibroblast growth factor receptor 2 

in mesenchymal-epithelial signalling during mouse 

organogenesis. Development. 2000; 127:483–492.
4. Werner S, Grose R. Regulation of wound healing by 

growth factors and cytokines. Physiological reviews. 2003; 
83:835–870.

5. Wang Y, Becker D. Antisense targeting of basic 
fibroblast growth factor and fibroblast growth factor 



Oncotarget21477www.impactjournals.com/oncotarget

receptor-1 in human melanomas blocks intratumoral 

angiogenesis and tumor growth. Nature medicine. 1997; 
3:887–893.

6. Salven P, Teerenhovi L, Joensuu H. A high pretreatment 

serum basic fibroblast growth factor concentration is an 
independent predictor of poor prognosis in non-Hodgkin’s 

lymphoma. Blood. 1999; 94:3334–3339.
7. Giri D, Ropiquet F, Ittmann M. Alterations in expression 

of basic fibroblast growth factor (FGF) 2 and its receptor 
FGFR-1 in human prostate cancer. Clinical cancer research: 
an official journal of the American Association for Cancer 
Research. 1999; 5:1063–1071.

8. Takahashi JA, Mori H, Fukumoto M, Igarashi K, Jaye M, 

Oda Y, Kikuchi H, Hatanaka M. Gene expression 
of fibroblast growth factors in human gliomas and 
meningiomas: demonstration of cellular source of basic 
fibroblast growth factor mRNA and peptide in tumor 
tissues. Proceedings of the National Academy of Sciences 

of the United States of America. 1990; 87:5710–5714.
9. Takahashi JA, Fukumoto M, Igarashi K, Oda Y, Kikuchi H, 

Hatanaka M. Correlation of basic fibroblast growth factor 
expression levels with the degree of malignancy and 

vascularity in human gliomas. Journal of neurosurgery. 

1992; 76:792–798.
10. Pardo OE, Arcaro A, Salerno G, Raguz S, Downward J, 

Seckl MJ. Fibroblast growth factor-2 induces translational 

regulation of Bcl-XL and Bcl-2 via a MEK-dependent 

pathway: correlation with resistance to etoposide-induced 
apoptosis. The Journal of biological chemistry. 2002; 
277:12040–12046.

11. Pardo OE, Wellbrock C, Khanzada UK, Aubert M, 

Arozarena I, Davidson S, Bowen F, Parker PJ, Filonenko VV, 

Gout IT, Sebire N, Marais R, Downward J, Seckl MJ. FGF-2 

protects small cell lung cancer cells from apoptosis through 

a complex involving PKCepsilon, B-Raf and S6K2. The 

EMBO journal. 2006; 25:3078–3088.
12. Touriol C, Bornes S, Bonnal S, Audigier S, Prats H, 

Prats AC, Vagner S. Generation of protein isoform diversity 

by alternative initiation of translation at non-AUG codons. 

Biology of the cell / under the auspices of the European 

Cell Biology Organization. 2003; 95:169–178.
13. Bugler B, Amalric F, Prats H. Alternative initiation of 

translation determines cytoplasmic or nuclear localization 

of basic fibroblast growth factor. Molecular and cellular 
biology. 1991; 11:573–577.

14. Pintucci G, Quarto N, Rifkin DB. Methylation of high 

molecular weight fibroblast growth factor-2 determines 
post-translational increases in molecular weight and 

affects its intracellular distribution. Molecular biology  

of  the cell. 1996; 7:1249–1258.
15. Joy A, Moffett J, Neary K, Mordechai E, 

Stachowiak EK, Coons S, Rankin-Shapiro J, 

Florkiewicz RZ, Stachowiak MK. Nuclear 

accumulation of FGF-2 is associated with proliferation 

of human astrocytes and glioma cells. Oncogene. 1997; 
14:171–183.

16. Chook YM, Suel KE. Nuclear import by karyopherin-betas: 
recognition and inhibition. Biochimica et biophysica acta. 

2011; 1813:1593–1606.
17. Powers CJ, McLeskey SW, Wellstein A. Fibroblast growth 

factors, their receptors and signaling. Endocrine-related 

cancer. 2000; 7:165–197.
18. Chook YM, Blobel G. Karyopherins and nuclear import. 

Current opinion in structural biology. 2001; 11:703–715.
19. Sorensen V, Nilsen T, Wiedlocha A. Functional diversity 

of FGF-2 isoforms by intracellular sorting. BioEssays: 
news and reviews in molecular, cellular and developmental 

biology. 2006; 28:504–514.
20. Xu D, Farmer A, Chook YM. Recognition of nuclear 

targeting signals by Karyopherin-beta proteins. Current 

opinion in structural biology. 2010; 20:782–790.
21. Trapp S, Tucker SJ, Ashcroft FM. Activation and inhibition 

of K-ATP currents by guanine nucleotides is mediated by 

different channel subunits. Proceedings of the National 

Academy of Sciences of the United States of America. 

1997; 94:8872–8877.
22. Nakazawa K, Yashiro M, Hirakawa K. Keratinocyte 

growth factor produced by gastric fibroblasts specifically 
stimulates proliferation of cancer cells from scirrhous 

gastric carcinoma. Cancer research. 2003; 63:8848–8852.
23. Vivanco I, Sawyers CL. The phosphatidylinositol 3-Kinase 

AKT pathway in human cancer. Nature reviews Cancer. 

2002; 2:489–501.
24. Furnari FB, Lin H, Huang HS, Cavenee WK. Growth 

suppression of glioma cells by PTEN requires a functional 

phosphatase catalytic domain. Proceedings of the National 

Academy of Sciences of the United States of America. 

1997; 94:12479–12484.
25. Han SY, Kato H, Kato S, Suzuki T, Shibata H, Ishii S, Shiiba K, 

Matsuno S, Kanamaru R, Ishioka C. Functional evaluation 

of PTEN missense mutations using in vitro phosphoinositide 

phosphatase assay. Cancer research. 2000; 60:3147–3151.
26. Daniel P, Filiz G, Brown DV, Hollande F, Gonzales M, 

D’Abaco G, Papalexis N, Phillips WA, Malaterre J, 

Ramsay RG, Mantamadiotis T. Selective CREB-dependent 

cyclin expression mediated by the PI3K and MAPK pathways 

supports glioma cell proliferation. Oncogenesis. 2014; 3:e108.
27. Zhang R, Banik NL, Ray SK. Combination of all-trans 

retinoic acid and interferon-gamma suppressed PI3K/Akt 

survival pathway in glioblastoma T98G cells whereas 

NF-kappaB survival signaling in glioblastoma U87MG cells 

for induction of apoptosis. Neurochemical research. 2007; 
32:2194–2202.

28. Kalderon D, Roberts BL, Richardson WD, Smith AE. A short 

amino acid sequence able to specify nuclear location. Cell. 

1984; 39:499–509.
29. Chook YM, Jung A, Rosen MK, Blobel G. Uncoupling 

Kapbeta2 substrate dissociation and ran binding. 

Biochemistry. 2002; 41:6955–6966.
30. Kelly JJ, Stechishin O, Chojnacki A, Lun X, Sun B, 

Senger DL, Forsyth P, Auer RN, Dunn JF, Cairncross JG, 



Oncotarget21478www.impactjournals.com/oncotarget

Parney IF, Weiss S. Proliferation of human glioblastoma 

stem cells occurs independently of exogenous mitogens. 

Stem cells. 2009; 27:1722–1733.
31. Ho A, Dowdy SF. Regulation of G(1) cell-cycle progression 

by oncogenes and tumor suppressor genes. Current opinion 

in genetics & development. 2002; 12:47–52.
32. Dailey L, Ambrosetti D, Mansukhani A, Basilico C. 

Mechanisms underlying differential responses to FGF 

signaling. Cytokine & growth factor reviews. 2005; 
16:233–247.

33. Yu K, Xu J, Liu Z, Sosic D, Shao J, Olson EN, Towler DA, 
Ornitz DM. Conditional inactivation of FGF receptor 

2 reveals an essential role for FGF signaling in the 

regulation of osteoblast function and bone growth. 

Development. 2003; 130:3063–3074.
34. Colvin JS, Bohne BA, Harding GW, McEwen DG, 

Ornitz DM. Skeletal overgrowth and deafness in mice 

lacking fibroblast growth factor receptor 3. Nature genetics. 
1996; 12:390–397.

35. Darefsky AS, King JT Jr, Dubrow R. Adult glioblastoma 

multiforme survival in the temozolomide era: a population-
based analysis of Surveillance, Epidemiology, and End 

Results registries. Cancer. 2012; 118:2163–2172.
36. Turner N, Grose R. Fibroblast growth factor signalling: 

from development to cancer. Nature reviews Cancer. 2010; 
10:116–129.

37. Suzuki A, Harada H, Nakamura H. Nuclear translocation of 

FGF8 and its implication to induce Sprouty2. Development, 

growth & differentiation. 2012; 54:463–473.
38. Coleman SJ, Chioni AM, Ghallab M, Anderson RK, 

Lemoine NR, Kocher HM, Grose RP. Nuclear translocation 

of FGFR1 and FGF2 in pancreatic stellate cells facilitates 

pancreatic cancer cell invasion. EMBO molecular medicine. 

2014; 6:467–481.
39. Thomas-Mudge RJ, Okada-Ban M, Vandenbroucke F, 

Vincent-Salomon A, Girault JM, Thiery JP, Jouanneau J. 

Nuclear FGF-2 facilitates cell survival in vitro and 

during establishment of metastases. Oncogene. 2004; 
23:4771–4779.

40. Kosman J, Carmean N, Leaf EM, Dyamenahalli K, 

Bassuk JA. Translocation of fibroblast growth factor-10 and 
its receptor into nuclei of human urothelial cells. Journal of 

cellular biochemistry. 2007; 102:769–785.
41. Dingwall C, Sharnick SV, Laskey RA. A polypeptide 

domain that specifies migration of nucleoplasmin into the 
nucleus. Cell. 1982; 30:449–458.

42. Bayliss R, Littlewood T, Stewart M. Structural basis for the 

interaction between FxFG nucleoporin repeats and importin-

beta in nuclear trafficking. Cell. 2000; 102:99–108.
43. Lange A, Mills RE, Lange CJ, Stewart M, Devine SE, 

Corbett AH. Classical nuclear localization signals: 
definition, function, and interaction with importin alpha. 
The Journal of biological chemistry. 2007; 282:5101–5105.

44. Cautain B, Hill R, de Pedro N, Link W. Components 

and regulation of nuclear transport processes. The FEBS 

 journal. 2015; 282:445–462.
45. Altomare DA, Testa JR. Perturbations of the AKT signaling 

pathway in human cancer. Oncogene. 2005; 24:7455–7464.
46. Zhong C, Saribekyan G, Liao CP, Cohen MB, 

Roy- Burman P. Cooperation between FGF8b 

overexpression and PTEN deficiency in prostate 
tumorigenesis. Cancer research. 2006; 66:2188–2194.

47. Ruotsalainen T, Joensuu H, Mattson K, Salven P. High 

pretreatment serum concentration of basic fibroblast 
growth factor is a predictor of poor prognosis in small 

cell lung cancer. Cancer epidemiology, biomarkers & 

prevention: a publication of the American Association for 
Cancer Research, cosponsored by the American Society of 

Preventive Oncology. 2002; 11:1492–1495.
48. Andersson S, Davis DL, Dahlback H, Jornvall H, 

Russell DW. Cloning, structure, and expression of the 

mitochondrial cytochrome P-450 sterol 26-hydroxylase, a 

bile acid biosynthetic enzyme. The Journal of biological 

chemistry. 1989; 264:8222–8229.


