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Abstract Phosphofructokinase-1 (PFK-1), a major regula-

tory glycolytic enzyme, has been implicated in the functions

of astrocytes and neurons. Here, we report that PFK-1 neg-

atively regulates neurogenesis from neural stem cells (NSCs)

by targeting pro-neural transcriptional factors. Using in vitro

assays, we found that PFK-1 knockdown enhanced, and

PFK-1 overexpression inhibited the neuronal differentiation

of NSCs, which was consistent with the findings from NSCs

subjected to 5 h of hypoxia. Meanwhile, the neurogenesis

induced by PFK-1 knockdown was attributed to the increased

proliferation of neural progenitors and the commitment of

NSCs to the neuronal lineage. Similarly, in vivo knockdown

of PFK-1 also increased neurogenesis in the dentate gyrus of

the hippocampus. Finally, we demonstrated that the neuro-

genesis mediated by PFK-1 was likely achieved by targeting

mammalian achaete-scute homologue-1 (Mash 1), neuronal

differentiation factor (NeuroD), and sex-determining region

Y (SRY)-related HMG box 2 (Sox2). All together, our results

reveal PFK-1 as an important regulator of neurogenesis.
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Introduction

Neural stem cells (NSCs), present in both the developing and

adult nervous system, can not only self-renew by mitotic cell

division, but can also differentiate into a diverse range of

specialized cell types, such as neurons, astrocytes, and oligo-

dendrocytes [1, 2]. In adult mammalian brain, two principal

neurogenic regions are the subventricular zone,which lines the

border between the lateral ventricle and the striatum, and the

subgranular zone of the dentate gyrus (DG) in the hippocam-

pus [3–5]. NSCs in these neurogenic niches undergo prolif-

eration, migration, differentiation, and eventual integration

into the existing network circuitry, contributing to normal

functioning of the nervous system [6, 7]. Due to their prolif-

erative capacity andmulti-directional differentiation potential,

NSCs provide an attractive candidate for the reconstruction of

damaged neural circuitry [7–11]. More importantly, if they

differentiate into the optimal types and numbers of neurons,

NSCs could be an ideal therapeutic tool for neurodegenerative

disorders as well as stroke. Thus, it is critical to illuminate the

mechanisms of NSC maintenance and fate specification,

especially under pathological conditions such as hypoxia,

which is generally caused by ischemic stroke and plays an

important role in the development of NSCs [12].

Phosphofructokinase-1 (PFK-1) is a rate-limiting enzyme

in glycolysis by phosphorylating fructose-6-phosphate to

form fructose-1, 6-bisphosphate, and is involved in the

regulation of peripheral muscle fatigue by interaction with

neuronal nitric oxide synthase [13, 14]. As a pacemaker of

glycolysis, PFK-1 is intricately regulated by various signals,
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including its reaction products, substrates, and other cellular

metabolites [13, 15]. For example, PFK-1 can be inhibited

by ATP, citrate, lactate, and long-chain fatty acids at dif-

ferent levels [15–17]. The most potent allosteric activator of

PFK-1 is fructose-2, 6-bisphosphate whose biosynthesis is

almost exclusively dependent on 6-phosphofructo-2-kinase/

fructose-2, 6-bisphosphatase-3 (PFKFB3) [18]. In addition,

PFK-1 is tightly regulated by changes in cellular metabolism

and physiology, such as signals from cell proliferation and

tumor growth [19, 20].

PFK-1 is also involved in mediating the functions of the

central nervous system [21–24]. Increasing evidence indi-

cates that nitric oxide-mediated inhibition of mitochondrial

respiration is anti-apoptotic in astrocytes but pro-apoptotic in

neurons, and this has been ascribed to the different glycolytic

capacity of the cells [23]. More specifically, the inhibition of

respiration redirects glucose flux to the glycolytic pathway to

prevent ATP depletion in astrocytes, and confers an anti-

apoptotic effect. Unlike astrocytes, neurons do not invoke

glycolysis due to the absence of PFKFB3, thereby failing to

maintain ATP production [21–24]. In contrast to the detailed

reports on astrocytes and neurons, little is known about the

effects of PFK-1 on NSCs. Here, using loss- and gain-of-

function approaches, we showed that PFK-1 negatively

regulates neurogenesis by mediating the proliferation of

neural progenitors and the neuronal fate commitment of

NSCs, and that this effect is probably achieved by modu-

lating mammalian achaete-scute homologue-1 (Mash 1),

neuronal differentiation factor (NeuroD), and sex-determin-

ing region Y (SRY)-related HMG box 2 (Sox2).

Materials and Methods

Animals

The experimental protocol was approved by the Animal

Care and Use Committee of Nanjing Medical University.

C57/BL/6 mice (6–7 weeks old) were maintained at a con-

trolled temperature (20 ± 2 �C) and group-housed (12-h

light/dark cycle) with access to food and water ad libitum.

Cell Culture

Embryonic NSCs were isolated from embryonic day 14

(E14) mouse cortex as we previously described [25]. Cells

were floating cultured in proliferation medium, DMEM/

F12 (1:1; Invitrogen, Carlsbad, CA) containing 20 ng/mL

basic fibroblast growth factor (Sigma-Aldrich, St Louis,

MO), 20 ng/mL epidermal growth factor (Sigma-Aldrich)

and 2% B27 supplements (Invitrogen), and passaged every

4–6 days when neurospheres with a diameter of 100 lm
were formed. These embryonic NSCs were still able to

proliferate and self-renew, and to generate differentiated

progeny until passage 10 [25]. Embryonic NSCs from

passages 2–5 were used in this study.

Cultures were maintained in an incubator (HERAcell

150, Thermo Fisher Scientific, Waltham, MA) with a

humidified atmosphere of 95% air and 5% CO2 at 37 �C,
except for the hypoxia experiments.

NSC Differentiation

Monolayer-cultured NSCs were allowed to differentiate in

growth factor-free DMEM/F12 containing 2% B27 and

0.5% fetal bovine serum. After the indicated times of dif-

ferentiation, cells were fixed for immunohistochemistry or

collected for western blot analysis.

Cell Proliferation Assays

Cell proliferation was assessed by bromodeoxyuridine

(BrdU) incorporation in monolayer-cultured NSCs. NSCs

infected with LV-PFK-1-shRNA or LV-Control-shRNA

were plated on polyornithine/laminin-coated coverslips and

cultured for 4 days. During the last 24 h, cultures were

incubated with 10 lmol/L BrdU (Sigma-Aldrich) and then

fixed for BrdU staining.

Hypoxia

Six hours after plating, NSCs were exposed to hypoxia.

Briefly, cells were rinsed twice with growth factor-free

DMEM/F12 containing 2% B27 and 0.5% fetal bovine

serum and incubated in a hypoxia chamber (MACS MICS

Jar Gassing System, Don Whitley Scientific, Shipley, UK).

The chamber was flushed with a mixture of 95% N2 and

5% CO2 through two anaerobic cycles, and then sealed and

maintained at 37 �C for the indicated times. After hypoxia,

the cultures were immediately collected for western blot

analysis or returned to a normoxic incubator, maintained

for 4 days, and then fixed for immunofluorescence studies.

Lentivirus Production and Infection

PFK-1 shRNA lentiviral particles expressing green fluores-

cent protein (GFP)were constructed for the inhibition of PFK-

1 expression in mouse cells (LV-PFK-1-shRNA, GeneChem,

Shanghai, China). The target sequence used against mouse

PFK-1 was 50-CTAGTGCTACGGCTAGATT-30. LV-PFK-
1-shRNA or LV-Control-shRNA was added into single-cell

suspensions ofNSCswhen passaged [multiplicity of infection

(MOI) = 10]. Twenty-four hours later, the medium was

completely replaced with fresh proliferation medium. Five

days after infection with the lentivirus, NSCs were passaged

for experiments.
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The lentiviral vector, expressing full-length PFK-1 and

GFP, was designed to overexpress PFK-1 (LV-PFK-1-

GFP, GeneChem). The experimental procedures of LV-

PFK-1-GFP and LV-GFP infection were performed as

described above (MOI = 8).

For lentivirus infection in vivo, as we previously reported,

stereotaxic surgery was used to deliver 2 lL of virus sus-

pension (LV-PFK-1-shRNA or LV-Control-shRNA) to the

right DG of the hippocampus at coordinates 2.3 mm pos-

terior to bregma, 1.3 mm lateral to the midline, and 2.0 mm

below the dura (an intermediate region that has partly

overlapping characteristics with dorsal and ventral posterior)

[26, 27]. The mice were treated with BrdU (50 mg/kg, i.p.,

four times at 12-h intervals) on days 4 and 5, and sacrificed

on days 7 and 14, for immunofluorescence assessment.

Immunofluorescence

Procedures for immunofluorescence in brain sections and

cultured cells were performed as we previously reported [25].

Theprimary antibodies usedwere as follows:mouse anti-b-III-
tubulin (1:300; MAB1637 Millipore, Darmstadt, Germany),

mouse anti-nestin (1:100; sc-33677 Santa Cruz, CA, USA),

rabbit anti-GFP (1:1000; ab290 Abcam, Cambridge, UK),

rabbit anti-doublecortin (DCX, 1:1000; ab18723 Abcam),

chicken anti-GFP (1:400; AB16901, Millipore), and mouse

anti-BrdU (1:1000; MAB4072 Millipore). The secondary

antibodies were goat anti-rabbit Cy3 (1:200; 111-165-003

Chemicon, CA, USA), goat anti-mouse Cy3 (1:200; 115-165-

003 Jackson ImmunoResearch, West Grove, PA), goat anti-

rabbit Dylight 488 (1:400; 111-485-003 Jackson ImmunoRe-

search), goat anti-chicken Dylight 488 (1:400; 103-485-155

Jackson ImmunoResearch), and goat anti-mouse 647 (1:300;

115-605-003 Jackson ImmunoResearch). Finally, cell cultures

were counterstained with Hoechst 33258 (Sigma-Aldrich) to

label nuclei. The percentage ofNSCs (neurons)was calculated

by the ratio of nestin? cells (b-III-tubulin? cells) to Hoechst?

cells, in which Hoechst? cells was used instead of GFP? cells

due to the high infection efficiency of LV-PFK-1-shRNA and

LV-PFK-1-GFP (96% and 94%, respectively). Images were

captured with a fluorescence microscope (Axio Imager, Zeiss,

Oberkochen, Germany) or a confocal laser-scanning micro-

scope (LSM700,Carl Zeiss) and analyzedwith Image-ProPlus

software (Media Cybernetics, Silver Spring, MD).

Western Blot Analysis

Western blot analysis was carried out as described in our

previous study [28]. The primary antibodies were as follows:

rabbit anti-PFK-1 (1:1000; sc-67028 Santa Cruz), rabbit anti-

GFP (1:3000; ab290 Abcam), rabbit anti-PFKFB3 (1:500;

#9645, CST, Boston, MA), rabbit anti-Sox2 (1:400; sc-20088

Santa Cruz), rabbit anti-NeuroD (1:1000; ab109224 Abcam),

and rabbit anti-Mash 1 (1:2000; ab74065 Abcam). The

internal control was mouse anti-GAPDH (1:4000; KC-5G4

KangChen Bio-tech, Shanghai, China) or mouse anti-b-actin
(1:1000; ab8226, Abcam). Appropriate horseradish peroxi-

dase-linked secondary antibodies were used for detection by

enhanced chemiluminescence (Pierce, Rockford, IL).

Time-Lapse Recordings

NSCs infected with LV-Control-shRNA or LV-PFK-1-

shRNA were seeded onto polyornithine/laminin-coated

6-well plates and allowed to differentiate for 4 days.

During the last 24 h, the cultures were transferred onto a

microscope stage, incubated with 5% CO2 and 95% air at

37 �C, and imaged at the 0th hour and 24th hour for

analysis of cell death and total cell numbers.

Quantitative Analysis of Neurogenesis from NSCs

The mathematical description of neurogenesis was as

described previously [29]. Briefly, Nj?1 is defined as the total

cell number present at the beginning of the (j ? 1)th day;

nj?1 as the total number of neurons (b-III-tubulin? cells)

present at that time; bj as the rate of conversion from pro-

genitors to neurons on that day, and dj as the death rate of all
cells. Thus, the number of neurons present at the beginning of

the (j ? 1)th day is obtained by the equation nj?1 = nj ? bj
(Nj - nj) - dj

n nj; in which dj
n refers to the death rate of

neurons and the quantity dj
n nj presents the number of neurons

dying during the jth day. This equation reveals that the

neuron number at the beginning of the (j ? 1)th day is

composed of the neurons present at the start of the jth day

(nj), plus those converted from progenitors, bj (Nj - nj),

minus the number of dead neurons. This death number is

unknown, but the inequality dj Nj C dj
n nj C 0 sets limits on

neuronal death. These equations, together with the measured

numbers of total cells, neurons, and cell death enable us to

obtain the maximum and minimum b on each day.

Statistical Analysis

Comparisons among multiple groups were made with one-

way ANOVA followed by Scheffe’s post hoc test. Com-

parisons between two groups were made with a two-tailed

Student’s t test. Data are presented as the mean ± SEM,

and P\ 0.05 was considered statistically significant.

Results

PFK-1 is Involved in Regulating the Neuronal Fate

of Embryonic NSCs

PFK-1, an important control point in the glycolytic path-

way, is involved in the development of tumors and is
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becoming a potential therapeutic target [19, 30]. In the

central nervous system, it plays different roles in astrocytes

and neurons [21–24], so we investigated whether PFK-1

has an impact on neurogenesis from NSCs. To address this

question, we analyzed the effect of PFK-1 knockdown and

overexpression on neurogenesis in vitro by generating a

lentiviral vector containing shRNA of PFK-1 (LV-PFK-1-

shRNA) (Fig. 1A, B, E) and another expressing full-length

PFK-1 (LV-PFK-1-GFP) (Fig. 1C, D, F). After 4 days of

differentiation, we assessed the expression of b-III-tubulin,
a cell-type-specific marker for neurons (Fig. 1G). LV-PFK-

1-shRNA-infected NSCs displayed markedly increased

neuronal differentiation (Fig. 1H, J), while LV-PFK-1-

GFP-infected NSCs showed substantially decreased neu-

ronal differentiation (Fig. 1I, K), suggesting a negative role

of PFK-1 in neurogenesis.

To further ascertain the effect of PFK-1 on the cell-fate

choice of NSCs, we next investigated its role in maintaining

stem-cell-like properties by staining for nestin, a neural

stem/progenitor cell marker, after 4 days of differentiation

(Fig. 1G). As expected, knockdown of PFK-1 resulted in a

significant reduction in the percentage of nestin? cells

(Fig. 1L, M), indicating a weakened capacity for NSCs to

maintain self-renewal, or an enhanced tendency to differ-

entiate. Therefore, all these results confirmed that PFK-1

negatively regulates neurogenesis from NSCs.

Knockdown of PFK-1 Promotes Neurogenesis

in the Dentate Gyrus of the Hippocampus

The DG is an important neurogenic niche; neurons gener-

ated from this site are responsible for higher cognitive

function, most notably memory processes, as well as cer-

tain affective behaviors [4]. Thus, we next determined

whether PFK-1 affects neurogenesis in the DG. To address

this question, we treated mice with BrdU (50 mg/kg, i.p.,

four times at 12-h intervals), a marker of dividing cells, to

label proliferating cells on days 4 and 5 after microin-

jecting LV-PFK-1-shRNA or LV-Control-shRNA into the

DG (Fig. 2A). By seven days after microinjection, LV-

PFK-1-shRNA treatment had effectively infected cells in

the DG and inhibited PFK-1 expression (Fig. 2B, C). Mice

were sacrificed at day 14 to estimate the number of GFP?/

BrdU? cells (proliferating and dividing cells infected by

the lentivirus) and GFP?/BrdU?/DCX? cells (immature

neurons differentiated from infected NSCs). In line with

the in vitro results, compared with LV-Control-shRNA

treatment, LV-PFK-1-shRNA injection significantly raised

the numbers of both GFP?/BrdU?/DCX? newborn neurons

(Fig. 2D, E) and GFP?/BrdU? dividing cells in the granule

cell layer of the DG (Fig. 2D, F), suggesting increased

neurogenesis from the LV-PFK-1-shRNA-infected NSCs.

However, lentiviral delivery of shRNA would result in an

overall knockdown of PFK-1 in the entire population of

DG cells (i.e., NSCs, neurons, and glial cells), which might

interfere with the effect of PFK-1 knockdown on neuro-

genesis from NSCs. To solve this problem, we assessed

neurogenesis, the numbers of newborn neurons (GFP-/

BrdU?/DCX?) and dividing cells (GFP-/BrdU?), from

NSCs that were not infected by the lentivirus. The results

showed no significant difference for both between LV-

Control-shRNA treatment and LV-PFK-1-shRNA treat-

ment (Fig. 2G, H), indicating that non-cell-type-specific

knockdown of PFK-1 does not play a role in neurogenesis

from the uninfected NSCs. Thus, it can be deduced that

non-cell-type-specific knockdown of PFK-1 does not affect

neurogenesis from the lentivirus-infected NSCs, either. On

the whole, these results, in combination with the in vitro

findings, demonstrate that knockdown of PFK-1 enhances

neurogenesis from NSCs in the DG.

Knockdown of PFK-1 Promotes Neurogenesis

by Increasing the Proliferation Rate and Neuronal

Fate Commitment of NSCs

The above findings confirmed that knockdown of PFK-1

increases neurogenesis, and this increase might be attributed

to better neuronal survival, enhanced proliferation of pro-

genitors, and/or elevated neuronal cell-fate commitment.

Thus, we first explored whether a decrease in neuronal

progenitors or neuronal death contributes to neurogenesis.

We counted the number of dead cells by Hoechst staining in

live cells. The results showed a low percentage of dead cells

and no significant difference in both LV-PFK-1-shRNA- and

LV-Control-shRNA-infected NSCs (Fig. 3C). Therefore,

increased neuronal survival does not explain the neurogen-

esis induced by LV-PFK-1-shRNA.

Subsequently, to confirm whether the proliferation of

neural progenitors might cause the enhanced neurogenesis,

cFig. 1 Phosphofructokinase-1 (PFK-1) is involved in regulating

neurogenesis from embryonic neural stem cells (NSCs). A Represen-

tative images showing GFP expression in neurospheres infected with

LV-Control-shRNA or LV-PFK-1-shRNA (scale bar 200 lm). B,
E Immunoblots (B) and statistics (E) showing PFK-1 levels in NSCs

infected by LV-Control-shRNA or LV-PFK-1-shRNA. C, D Im-

munoblots showing the expression of PFK-1-GFP in NSCs infected

with LV-GFP or LV-PFK-1-GFP using GFP antibody (C) and PFK-1

antibody (D).F PFK-1 levels inNSCs infected byLV-GFP or LV-PFK-

1-GFP. G Schematic of the experimental design for (H–M). Images

(H) and statistics (J) of the effect of PFK-1 knockdown on neuroge-

nesis. b-III-tubulin (red), neuronal marker; nuclei were counterstained

with Hoechst (blue) (scale bar 100 lm). Images (I) and statistics (K) of

the effect of PFK-1 overexpression on neurogenesis.b-III-tubulin (red);
Hoechst (blue) (scale bar 100 lm). Images (L) and statistics (M) of the

effect of PFK-1 knockdown on the stem-cell-like properties of NSCs.

Nestin (red), neural stem/progenitor cell marker; Hoechst (blue) (scale

bar 100 lm). Data are mean ± SEM, n = 4, *P\ 0.05, **P\ 0.01,

***P\ 0.001 (two-tailed t test).
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we incubated NSCs with BrdU (10 lmol/L) for 24 h and

calculated the percentage of BrdU? cells. LV-PFK-1-

shRNA treatment induced a higher percentage of BrdU?

cells than LV-Control-shRNA treatment (Fig. 3A, B),

suggesting that PFK-1 knockdown promotes progenitor

division during NSC differentiation. Together, the PFK-1-

knockdown-induced neurogenesis is mediated, at least in

part, by the increased proliferation of neural progenitors.

Lastly, to illuminate whether the neurogenesis is due to

increased neuronal fate commitment of NSCs, we estab-

lished a mathematical description of neurogenesis, in

which bj was defined as the conversion rate of progenitors

Fig. 2 Knockdown of PFK-1 promotes neurogenesis in the dentate

gyrus (DG) of the hippocampus. A Schematic of experimental design

for (D–H). B Left representative image of PFK-1-GFP fluorescence in

the DG infected with LV-PFK-1-shRNA (scale bar 200 lm). Right,

magnified image from the boxed area in the left image (scale bar

40 lm). Below immunoblots showing PFK-1 levels in NSCs infected

by LV-Control-shRNA or LV-PFK-1-shRNA. C Statistics from data

in (B) (n = 3). (D) Images of the DG infected with lentiviruses and

stained with DCX (red), GFP (green), and BrdU (blue) (scale bar

50 lm). White boxes, regions enlarged in adjacent panels (scale bar

10 lm). E Percentages of GFP?/BrdU?/DCX? cells in the DG

(n = 6). F Numbers of GFP?/BrdU? cells in the lentivirus-infected

area of the granule cell layer (GCL) (n = 6). G Percentages of GFP-/

BrdU?/DCX? cells in the DG (n = 6). H Numbers of GFP-/BrdU?

cells in the lentivirus-infected area of the GCL (n = 6). Mean ± -

SEM, *P\ 0.05, **P\ 0.01 (two-tailed t test).
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(b-III-tubulin-) to neurons (b-III-tubulin?) on the jth day,

and dj was defined as the cell death rate during that day

[29]. dj was determined directly by Hoechst staining during

a 24-h period. As the cell types of the dead cells remained

unknown, the maximum and minimum bj were estimated

by assuming that either no neurons were dead or all dead

cells were neurons. The results showed that both the

maximum and minimum conversion rates of progenitors

were markedly higher in LV-PFK-1-shRNA-infected NSCs

than in NSCs infected with non-targeting shRNA-

expressing control virus (Fig. 3D, E). Taken together,

PFK-1 knockdown upregulates neurogenesis by enhancing

the proliferation rate of progenitors and potentiating the

neuronal fate commitment of NSCs.

PFK-1 Reduces the Neuronal Differentiation

of NSCs After Hypoxia

Brain injury such as ischemic stroke impairs axonal struc-

ture and function, and eventually disrupts neuronal circuitry

[31, 32]. Thus, promoting neurogenesis after brain injury is

extremely important for the treatment of ischemic stroke.

Here, we set out to determine whether PFK-1 also mediates

neurogenesis after hypoxia, which is generally caused by

ischemic stroke. To answer the question, we subjected cul-

tured NSCs with PFK-1 knockdown or overexpression to

hypoxia for different times, followed by western blot

analysis immediately or immunofluorescence after 4 days in

normoxic culture (Fig. 4A). The expression levels of PFK-1

and PFKFB3, an enzyme responsible for synthesizing the

potent allosteric activator of PFK-1, were significantly

upregulated by hypoxia in a time-dependent manner

(Fig. 4B–D). Meanwhile, a slight increase of neuronal dif-

ferentiation of NSCs was also recorded (Fig. 4E–H), which,

however, was inconsistent with the physiological finding

that overexpressing PFK-1 in NSCs markedly inhibited

neuronal differentiation (Fig. 1I, K). This inconsistency

might be ascribed to some factors induced by hypoxia that

are involved in hypoxia-induced neurogenesis such as Notch

1 signaling [33–35]. Notch 1 is known to be crucial for the

self-renewal and fate-decision of NSCs and promotes

ischemia-induced neurogenesis in the hippocampus by

cleaving Notch 1 and increasing the level of NICD (notch

intracellular domain), the active form of Notch 1 that

Fig. 3 Knockdown of PFK-1

promotes neurogenesis by

increasing the proliferation rate

of progenitors and neuronal fate

commitment of NSCs. A Images

of NSCs with PFK-1

knockdown incubated with

bromodeoxyuridine (BrdU) for

24 h, and stained for BrdU (red)

and Hoechst (blue) (scale bar

100 lm). B Statistics of data in

A (n = 4). C Percentages of cell

death in NSCs with or without

PFK-1 knockdown (n = 4). D,
E Statistics of the maximum

(D) and minimum

(E) conversion rate (b) of b-III-
tubulin- cells to b-III-tubulin?

cells during day 4 (n = 4). Data

are mean ± SEM; *P\ 0.05,

**P\ 0.01 (two-tailed t test).
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translocates to the nucleus and regulates transcription [36,

37]. In addition, LV-PFK-1-shRNA treatment, as expected,

significantly elevated the neuronal differentiation of NSCs

compared with LV-Control-shRNA treatment after hypoxia

(Fig. 4E, G). In contrast, overexpression of PFK-1 in NSCs

markedly reversed the above phenotype (Fig. 4F, H). All

together, the above results show that PFK-1 inhibits neuro-

genesis from NSCs after hypoxia.

Mash 1, NeuroD, and Sox2 are Involved in the PFK-

1-Mediated Neuronal Differentiation of NSCs

Mash 1 (also called Ascl1) and NeuroD, neuron-specific

transcription factors, are critical for the regulation of neu-

rogenesis [38, 39]. Accordingly, we investigated whether

knockdown or overexpression of PFK-1 alters their

expression in vitro. We allowed NSCs with PFK-1

Fig. 4 Effect of PFK-1 on neuronal differentiation of NSCs after

hypoxia.A Schematic of experimental design for (B–H). B Expression

levels of PFK-1 and PFKFB3 in NSCs after hypoxia. Statistics are

shown in C and D, respectively (n = 4). E Images of NSCs with or

without PFK-1 knockdown allowed to differentiate for 4 days after

5-h hypoxia, followed by fixation and staining for b-III-tubulin (red)

and Hoechst (blue). F Images of NSCs with or without PFK-1

overexpression allowed to differentiate for 4 days after 5-h hypoxia,

followed by fixation and staining for b-III-tubulin (red) and Hoechst

(blue). G Statistics of data in E (n = 4). H Statistics of data in

F (n = 4). Scale bars 100 lm; mean ± SEM; *P\ 0.05,

**P\ 0.01, ***P\ 0.001 (ANOVA).

212 Neurosci. Bull. June, 2016, 32(3):205–216

123



knockdown or overexpression to differentiate for 6 h fol-

lowed by western blot analysis, and found that PFK-1

knockdown significantly increased Mash 1 and NeuroD

expression (Fig. 5A, B). In contrast, overexpression of

PFK-1 decreased the expression levels of both (Fig. 5A,

B), indicating that PFK-1 might attenuate neurogenesis by

regulating neural transcription factors. In addition, we

analyzed the expression levels of Mash 1 and NeuroD after

5 h of hypoxia. Similarly, knockdown of PFK-1 increased

and its overexpression decreased the expression of both

transcription factors (Fig. 5D, E, G, H). Sox2, a well-

established NSC marker, has also been proposed to direct

cells to the neuronal lineage by regulating neurogenic

factors and plays a critical role in the maintenance of

neurons in the hippocampus [40–42]. Here, consistent with

the above reports, Sox2 showed an expression profile

similar to NeuroD and Mash 1 (Fig. 5C, F, I). Collectively,

these data suggest that PFK-1 negatively regulates neuro-

genesis from NSCs by regulating Sox2, Mash 1, and

NeuroD.

Discussion

Neurogenesis, a dynamic, subtly-tuned process modulated

by many physiological, pathological, and pharmacological

stimuli, occurs extensively during embryonic and perinatal

stages, but is limited in the adult central nervous system

[6]. Several lines of evidence have shown that increased

neurogenesis after brain injury improves cognitive out-

come and promotes repair [43, 44]. Thus, if enhanced,

neurogenesis may offer a better treatment alternative, and

is poised to make another leap forward. Here, we showed

that PFK-1 negatively controls the neuronal cell fate of

NSCs, and knockdown of PFK-1 benefits neurogenesis by

potentiating neuronal lineage commitment and expanding

the population of progenitors.

The role of PFK-1 in proliferating cells is well established

[19, 45]. Evidence shows that PFK-1 glycosylation,

inhibiting the activity of PFK-1, suppresses the glycolytic

pathway and promotes cancer cell proliferation by redi-

recting glucose flux through the pentose phosphate pathway

[19]. Different roles of PFK-1 have also been reported in

neurons and astrocytes [23]. In addition, a rapid loss of

glycolysis has been reported in the early stages of differ-

entiation of human embryonic stem cells [46]. In agreement

with the above findings in human embryonic stem cells, we

found that in vitro knockdown of PFK-1 directs NSCs to

differentiate into neurons, as revealed by the increase in b-
III-tubulin? cells, and lose the stem cell-like phenotype, as

shown by a decreased population of nestin? cells. Consis-

tently, this enhanced neurogenesis was also found in vivo by

stereotaxic injection of the lentiviral-shRNA against PFK-1

into the DG. Indeed, PFK-1 knockdown in the DG not only

targeted NSCs, but also the entire population of DG cells,

which might have affected neurogenesis from NSCs,

including lentivirus-infected and uninfected NSCs. Impor-

tantly, this non-cell-type-specific knockdown, did not affect

neurogenesis from the uninfected NSCs. Thus, it can be

concluded that in vivo neurogenesis from infected NSCs is

mainly mediated by PFK-1-knockdown in NSCs, rather than

in other cells.

A major question arising from this study is how PFK-1

knockdown affects neurogenesis. Evidence has shown that

enhanced proliferation of progenitors, better neuronal sur-

vival, and increased neuronal fate commitment of NSCs are

factors that can contribute to neurogenesis [29]. In the

present study, by establishing a quantitative approach, we

confirmed that both increased proliferation of progenitors

and neuronal fate commitment contribute to the neuroge-

nesis induced by PFK-1 knockdown.

Neurogenesis and neuroregeneration promote functional

recovery after ischemic stroke, which causes local hypoxia

[31, 43, 44]. Here, we showed that after hypoxia, PFK-1

knockdown increased, and PFK-1 overexpression inhibited

neurogenesis from NSCs, suggesting an important role for

PFK-1 in the regulation of neurogenesis under pathological

conditions. Moreover, it is interesting that physiologically,

the results that PFK-1 overexpression inhibited neurogenesis

were inconsistent with the findings after hypoxia that dis-

played a significant increase in the expression of PFK-1, as

well as a slight elevation in the neuronal differentiation of

NSCs. There are at least two explanations for this incon-

sistency. One might be that some factors induced by hypoxia

actively regulate neurogenesis, thereby counteracting the

inhibitory effect of PFK-1. For example, Notch 1, a cell-

surface transmembrane receptor, is known to control the

proliferation and fate of embryonic NSCs and promotes

ischemia-induced neurogenesis after activation by ischemia–

reperfusion injury [36, 37]. Recently, researchers have also

found that hypoxia increases the expression levels of genes

downstream from NICD and Notch1, and therefore pro-

motes neurogenesis in the hippocampus [33]. Alternatively,

other molecular mechanisms underly the PFK-1-mediated

neurogenesis; this needs further elucidation.

Mash 1 and NeuroD are main regulators of neuronal

differentiation in the mammalian brain [38, 39]. During

neurogenesis, Mash 1 activates the neurogenic differenti-

ation program by binding to and promoting the opening of

closed chromatin regions, while NeuroD facilitates the

survival, differentiation, and maturation of neurons, and

promotes their integration into the neuronal circuitry [38,

39]. What is more, Sox2 promotes adult hippocampal

neurogenesis by activating the expression of Mash 1 and

NeuroD, although its role in the maintenance of pluripo-

tency in NSCs is well documented [40, 41, 47]. These
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findings raise the possibility that PFK-1 may control the

fate of NSCs via regulating Sox2, as well as Mash 1 and

NeuroD. Here, we showed that PFK-1 negatively regulates

neurogenesis by targeting these transcriptional factors.

In summary, the data presented here show that knock-

down of PFK-1 promotes neurogenesis by enhancing the

proliferation of neural progenitors and instructing these

progenitors to adopt a neuronal fate, and this effect is

achieved by the upregulation of Mash 1, NeuroD, and

Sox2. However, additional studies are necessary to further

characterize the effects of PFK-1 on neurogenesis, such as

the role of PFK-1 overexpression in neurogenesis in vivo,

and whether the new neurons generated from the NSCs

with PFK-1 knockdown are functionally integrated into

existing neuronal circuits and ameliorate neurological

deficits in diseases.
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