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Abstract 

Cancer cells reprogram the metabolic pathways to adapt to nutrient deficiency, while 

the underlying mechanism has not been fully understood. Phosphofructokinase 1 

muscle type (PFKM) is the second rate-limiting step of glycolysis, catalyzing the 

phosphorylation of fructose 6-phosphate to fructose 1,6-bisphosphate. Here we 

show, using an orthotopic xenograft glioma mouse model, that PFKM is deubiq-

uitinated and translocated into nucleus upon glucose deficiency, thereby activating 

fatty acid oxidation (FAO), which sustains tumor cell survival and ultimately pro-

motes glioblastoma (GBM) development. Mechanistically, the levels of fructose-2,6-

bisphosphate (F-2,6-BP) are decreased in tumor cells upon glucose deficiency, which 

enhances the interaction between ubiquitin carboxyl-terminal hydrolase 7 (USP7) 

and PFKM. USP7 removes the monoubiquitination of PFKM at lysine (K) 615, 

thereby promoting PFKM’s translocation into the nucleus. Nuclear PFKM interacts 

with c-MYC, which upregulates the expression of carnitine o-palmitoyltransferase 1 

muscle isoform (CPT1B) to activate FAO, thereby sustaining tumor cell survival upon 

glucose deficiency. Notably, USP7 inhibitor effectively dampens GBM development 

and extends the survival duration of the mice. The levels of nuclear PFKM correlate 

with the malignancy and prognosis of human GBM patients. Our findings reveal a 

novel mechanism through which USP7 senses fructose-2,6-bisphosphate levels to 

promote PFKM nuclear translocation, thereby sustaining tumor cell survival under 

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3003698&domain=pdf&date_stamp=2026-03-12
https://doi.org/10.1371/journal.pbio.3003698
https://doi.org/10.1371/journal.pbio.3003698
https://doi.org/10.1371/journal.pbio.3003698
https://doi.org/10.1371/journal.pbio.3003698
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1661-9137
mailto:taobangbao@xinhuamed.com.cn
mailto:liangji@sibcb.ac.cn
mailto:wyang@sibcb.ac.cn


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003698  March 12, 2026 2 / 22

nutrient deficiency by activating FAO. This establishes the critical role of USP7 in 

brain tumor development and suggests the therapeutic potential of USP7 inhibitors 

for treating GBM.

Introduction

Cancer cells generally proliferate at a faster rate than normal cells, leading to an 
increased demand for energy and nutrients, particularly a greater reliance on glu-
cose [1]. Glucose is crucial for energy production and anabolic metabolism in cancer 
[2,3]. Therefore, cancer cells greatly elevate the uptake and utilization of glucose 
from tumor microenvironment (TME). In addition, tumor-infiltrating immune cells also 
consume large amounts of glucose [4]. As a result, TME is characterized by limited 
nutrients, especially glucose deficiency [5]. Additionally, the inadequate and dysreg-
ulated vasculature in solid tumors may also contribute to insufficient nourishment, 
which trigger metabolic stress [6]. In response to metabolic stress, cancer cells often 
rewire their metabolic pathways and employ alternative nutrients, such as glutamine 
or fatty acids as the fuel source [7,8]. These adaptations help cancer cells survive 
and continue to grow, even in glucose-deficient environments. However, the underly-
ing mechanisms of how cancer cells switch to alternative metabolic pathways under 
metabolic stress remain elusive.

Cancer cells typically consume glucose via the Warburg effect, relying mainly 
on glycolysis even in the presence of oxygen [1]. This effect is linked to height-
ened glycolysis due to the upregulation of key glycolytic enzymes. A primary con-
trol point in glycolysis is the conversion of fructose-6-phosphate (F6P) to fructose 
1,6-bisphosphate (F1,6BP), which is catalyzed by phosphofructokinase 1 (PFK1) [9]. 
There are three isoforms of PFK1: platelet (PFKP), muscle (PFKM), and liver (PFKL) 
[10]. PFKL is most abundant in liver and kidneys, while PFKM and PFKP are found in 
adult muscles and platelets, respectively. Instead, all three isoforms are found in the 
brain [11]. PFK1 is often upregulated and hyperactivated in cancer cells [9]. Recent 
researches have shown that upregulation of PFKM is associated with progression 
and poor prognosis in various solid tumors. For instance, Zinc finger E-box-binding 
homeobox 1 (ZEB1), a transcription factor, could transcriptionally up-regulate the 
expression of PFKM and contribute to carcinogenesis and metastasis of hepatocel-
lular carcinoma (HCC) [12]. Posttranscriptional modifications of PFKM also promote 
tumor progression. PFKM could be S-nitrosylated by nitric oxide synthase NOS1 at 
Cys351. S-nitrosylation stabilizes the tetramer of PFKM, promoting the growth and 
metastasis of ovarian cancer cells [13]. Intriguingly, PFKM was recently reported to 
reside in the nucleus. Nuclear PFKM could interact with nijmegen breakage syn-
drome protein 1 (NBS1) and safeguard genomic stability of glioblastoma cells [14]. 
However, how is PFKM nuclear translocation regulated and whether nuclear PFKM 
contributes to tumor cell survival upon nutrient stress remain unknown.

In this study, we investigated the role and regulatory mechanism of nucleus-
translocated PFKM in cancer cells under glucose deficiency. We reveal a novel 
non-glycolysis-related function of PFKM in enhancing the growth and survival of 
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cancer cells under glucose deficiency by switching glycolytic metabolic pathway to 
fatty acid oxidation (FAO), and demonstrate the regulatory mechanism underlying 
such role of PFKM.

Results

Nucleus-translocated PFKM sustains tumor cell survival after GD

To investigate the role of PFKM in the adaptation of tumor cells to nutrient deficiency, 
we subjected U87 and U251 human glioblastoma multiforme (GBM) cells to glu-
cose deprivation (GD). Immunoblotting analysis of subcellular fractions showed that 
PFKM, but not PFKL or PFKP, was translocated into nucleus in the cells after GD 
(Figs 1A, 1B, and S1A), Similar results were obtained with immunofluorescence (IF) 
staining of PFKM in the cells (Fig 1C and 1D).

To determine the role of GD-induced PFKM’s nuclear translocation, we mapped 
nuclear localization sequence (NLS) of PFKM by using sequence analysis programs 
(NLS-mapper) and identified the peptide from 746 to 777 as one potential NLS in 
PFKM (S1B Fig). To validate the prediction, we generated NLS-disrupted PFKM 
mutant (PFKM RKR) by mutating arginine (R) 772, lysine (K) 773, and arginine (R) 
774 to alanine (A). PFKM was depleted in U87 cells by using CRISPR system and 
then rescued with guide RNA (gRNA)-resistant (r) PFKM WT or RKR (S1C Fig). 
Unlike PFKM WT, PFKM RKR was not translocated into the nucleus in response to 
GD (Fig 1E). Functionally, the cells rescued with rPFKM RKR exhibited much lower 
cell viability than the cells rescued with rPFKM WT after GD (Fig 1F). Collectively, 
these results demonstrate that PFKM is translocated into the nucleus upon GD, 
which supports tumor cell survival after GD.

Nuclear PFKM levels correlate with the malignancy and prognosis of GBM

To define clinical relevance of nucleus-translocated PFKM, we performed immu-
nohistochemistry (IHC) analyses in tumor tissues dissected from human primary 
GBM patients using anti-PFKM antibody. The survival durations of 55 GBM 
patients, all of whom underwent standard adjuvant radiotherapy after surgery, 
and subsequently received treatment with an alkylating agent (primarily temozolo-
mide), were compared based on their levels of nuclear PFKM staining, with one 
group exhibiting low staining (0–4) and the other high staining [5–8]. The repre-
sentative image was shown in Fig 1G. Patients (21 cases) with tumors exhibiting 
low levels of nuclear PFKM had a median survival of 19 months, while patients 
(34 cases) with tumors showing high levels of nuclear PFKM had a notably lower 
median survival of 14 months (Fig 1H). Furthermore, we conducted an analysis 
of the association between nuclear PFKM levels and the malignancy of glioma. 
IHC analysis showed that patients (63 cases) with low-grade diffuse astrocytoma 
(WHO grade II; median survival time >5 years) had lower nuclear PFKM levels in 
tumors than those (60 cases) with high-grade GBM (Fig 1I and 1J). These results 
provide evidence for the involvement of nuclear PFKM in the clinical behavior of 
human GBM, highlighting the connection between nuclear PFKM and the progno-
sis of the tumor.

PFKM, phosphofructokinase 1 muscle type; 
PFK1, phosphofructokinase 1; PPP, pentose 
phosphate pathway; PTMs, post-translational 
modifications; TME, tumor microenvironment; 
USP7, ubiquitin carboxyl-terminal hydrolase 7; 
ZEB1, zinc finger E-box-binding homeobox 1.
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Fig 1.  Nucleus-translocated PFKM sustains tumor cell survival after GD. Immunoblotting (IB) experiments were performed with the indicated 
antibodies. Data are representative of at least three independent experiments. (A) U87 cells stably expressing SFB-PFKM were treated with or without 
no glucose DMEM supplemented with 10% FBS (GD) for 6h. Cytosolic (Cyto) and nuclear (Nuc) fractions were prepared. (B) U251 cells stably express-
ing SFB-PFKM were treated with or without GD for 6h. Cytosolic (Cyto) and nuclear (Nuc) fractions were prepared. (C) U87 cells stably expressing 
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PFKM K615 deubiquitination promotes its nuclear translocation and GBM development

Subcellular localization of proteins are frequently regulated by post-translational modifications (PTMs) [15–17]. To explore 
the regulatory mechanism of GD-induced PFKM nuclear translocation, we analyzed the PTMs of PFKM in response to 
GD. Mining the UniProt database confirmed that PFKM undergoes several PTMs, including ubiquitination, acetylation, 
and phosphorylation. Guided by this information, we began by evaluating GD-mediated alterations in these PFKM mod-
ifications. As shown in Fig 2A, PFKM was detected to be mono-ubiquitinated. Intriguingly, this mono-ubiquitination was 
reduced following GD (Fig 2B). In contrast, the phosphorylation and acetylation levels of PFKM were unaffected by GD 
(S2A Fig). Thus, we focused our investigation on the functional role of mono-ubiquitination in regulating PFKM under GD 
conditions. To pinpoint the mono-ubiquitinated residue in PFKM, we generated a set of ubiquitination-deficient PFKM 
mutants, in which lysine (K) was mutated to arginine (R) and observed that K615R abrogated mono-ubiquitination of 
PFKM (Fig 2C), suggesting that PFKM was mono-ubiquitinated at K615.

We next examined whether K615 mono-ubiquitination (K615 mUb) regulated nuclear translocation of PFKM. PFKM-
depleted U87 and U251 cells were rescued with rPFKM WT or K615R (S2B Fig). As shown in Figs 2D and S2C, PFKM 
K615R had more nuclear localization in the cells after GD than PFKM WT. Moreover, the cells rescued with rPFKM K615R 
exhibited higher cell viability than the cells expressing rPFKM WT after GD (Figs 2E and S2D), indicating the removal of 
PFKM K615mUb is necessary for tumor cell survival after GD.

Furthermore, we evaluated the importance of K615 deubiquitination-promoted nuclear translocation of PFKM to GBM 
progression. We intracranially injected PFKM-depleted U87 cells stably expressing EGFRvIII (U87/EGFRvIII) rescued with 
rPFKM WT or K615R into randomized athymic nude mice (S2E Fig). Bioluminescence imaging of mice showed that the 
cells rescued with rPFKM K615R elicited more rapid tumor growth than the cells expressing rPFKM WT (Fig 2F and 2G). 
Consistently, mice bearing tumors expressing rPFKM K615R exhibited significantly shorter survival durations compared 
to mice bearing tumors expressing rPFKM WT (Fig 2H). Of note, the expression of PFKM WT was comparable to that of 
PFKM K615R in glioblastoma tumors (S2F Fig).

Collectively, these results demonstrate that K615 deubiquitination promotes tumor cell survival after GD by enhancing 
nuclear translocation of PFKM, thereby accelerating brain tumor development.

Additionally, we further investigated how K615 mUb regulates nuclear translocation of PFKM. We performed mass 
spectrometry analysis of PFKM-associated proteins in U87 cells after GD, showing that IPO4 (Importin 4), a nuclear 
transport receptor, interacts with PFKM under GD conditions (S2G Fig). The interaction of the two proteins was vali-
dated by co-IP in HEK293T cells transfected with HA-IPO4 and SFB-PFKM after GD (S2H Fig). Importantly, GD-induced 
nuclear translocation of PFKM in U87 cells was dramatically inhibited by IPO4 knockdown (S2I and S2J Fig), suggesting 
that IPO4 mediates PFKM nuclear import upon GD. To determine whether K615 mono-ubiquitination regulated nuclear 
translocation of PFKM through IPO4, we examined the interaction between IPO4 and PFKM WT or the non-ubiquitinable 
mutant PFKM K615R. As shown in S2K Fig, PFKM K615R exhibited stronger interaction with IPO4 under GD than PFKM 

SFB-PFKM were treated with or without GD for 6h. IF staining was performed using anti-Flag antibody. Representative images were shown. (D) U251 
cells stably expressing SFB-PFKM were treated with or without GD for 6h. IF staining was performed using anti-Flag antibody. Representative images 
were shown. (E) PFKM-depleted U87 cells were rescued with SFB-rPFKM WT or SFB-rPFKM RKR (NLS-disrupted PFKM mutant). Cells were treated 
with or without GD for 6h. Cytosolic (Cyto) and nuclear (Nuc) fractions were prepared. (F) PFKM-depleted U87 cells were rescued with SFB-rPFKM 
WT or SFB-rPFKM RKR. Cells were treated with or without GD for 48h. Cell viability was determined using trypan blue staining. Data represent the 
mean ± SD of the viability of the cells from three independent experiments (two-tailed Student t test). (G) Representative images for the nuclear staining 
of PFKM, low staining vs. high staining. (H) Survival of 55 patients with low (0–4 staining scores, blue curve) vs. high (5–8 staining scores, red curve) 
nuclear PFKM levels (low, 21 patients; high, 34 patients) was compared (Log-rank test). (I) Representative images for the nuclear staining of PFKM in 
Grade II vs. Grade IV glioma specimens. (J) 63 diffuse astrocytoma (Grade II) specimens were immunohistochemically stained using anti-PFKM anti-
body. Staining scores of the specimens were compared with 60 stained GBM (Grade IV) specimens (two-tailed Student t test). The data underlying this 
Figure can be found in S1 Data and S1 Raw Images.

https://doi.org/10.1371/journal.pbio.3003698.g001

https://doi.org/10.1371/journal.pbio.3003698.g001
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Fig 2.  PFKM K615 deubiquitination promotes its nuclear translocation and GBM development. Immunoprecipitation (IP) and immunoblot (IB) 
analyses were performed with indicated antibodies. Data are representative of at least three independent experiments. (A) HEK293T cells were trans-
fected with SFB-PFKM and HA-Ubiquitin (HA-Ub) or HA-pCDNA3. Co-IP experiment was performed with anti-Flag antibody. (B) HEK293T cells were 
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WT, suggesting that mono-ubiquitination at K615 prevents IPO4 binding, thereby inhibiting the nuclear translocation of 
PFKM. Together, these results demonstrate that IPO4 facilitates PFKM nuclear translocation upon GD, and that mono-
ubiquitination at K615 inhibits this process by impairing the PFKM-IPO4 interaction.

USP7 deubiquitinates PFKM K615

Next, we explored how GD induced the deubiquitination of PFKM K615. Mass spectrometry analysis of PFKM-associated 
proteins in U87 cells after GD showed that ubiquitin carboxyl-terminal hydrolase 7 (USP7), a potent deubiquitinase, inter-
acted with PFKM after GD (S3A Fig). The interaction of the two proteins was validated by co-immunoprecipitation (co-IP) 
in HEK293T cells transfected with HA-USP7 and SFB-PFKM after GD (Fig 3A). To confirm whether USP7 deubiquitinates 
PFKM upon GD, we reduced USP7 in the cells and observed that USP7 knockdown almost completely abrogated GD-
induced PFKM deubiquitination (Fig 3B), suggesting that USP7 is responsible for PFKM deubiquitination after GD. Impor-
tantly, GD-induced nuclear translocation of PFKM in U87 cells was dramatically inhibited by USP7 knockdown, while that 
of PFKM K615R was not influenced by USP7 depletion (Figs 3C and S3B). Consistently, the viability of the cells rescued 
with rPFKM WT was dramatically decreased by USP7 depletion after GD treatment, while the viability of the cells rescued 
with rPFKM K615R was only slightly influenced (Fig 3D). Together, these results indicate that USP7 interacts with PFKM 
upon GD and catalyzes PFKM K615 deubiquitination, thereby promoting nuclear translocation of PFKM and tumor cell 
survival after GD.

Pharmacological inhibition of USP7 dampens brain tumor development

As demonstrated above, USP7 is essential for tumor cell survival upon nutrient deficiency by deubiquitinating PFKM to 
promote its nuclear translocation, suggesting that pharmacologically targeting USP7 could be a promising therapeu-
tic approach to treat GBM. To test this hypothesis, we depleted endogenous PFKM in U87/EGFRvIII cells and rescued 
the cells with either rPFKM WT or the K615R mutant. These cells were implanted into randomized athymic nude mice, 
followed by treatment with the USP7 inhibitor P22077. Bioluminescence imaging and Kaplan–Meier survival analysis 
revealed that P22077 treatment strongly suppressed tumor growth and extended survival in mice bearing rPFKM WT 
tumors, whereas these anti-tumor effects were significantly attenuated in mice with rPFKM K615R tumors (Fig 3E–3G). 
These results implicate the therapeutic potential of USP7 inhibitor for GBM treatment and the efficacy of USP7 inhibition 
depends on PFKM, specifically on its deubiquitination at K615.

To further confirm the on-target effect of P22077, we combined pharmacological inhibition with genetic knockdown of 
USP7 using shRNA in vitro. Notably, P22077 treatment recapitulated the anti-proliferative effects observed upon USP7 
knockdown. Moreover, the combined application of P22077 in USP7-depleted cells did not enhance the suppression of 
cell viability (S3C Fig), suggesting that P22077 exerts its function primarily through targeting USP7.

transfected with SFB-PFKM and HA-Ub. The cells were treated with or without GD for 6 h and then Co-IP experiment was performed with anti-Flag 
antibody. (C) HEK293T cells were transfected with HA-Ub and SFB-PFKM WT or K16R/K141R/K272R/K360R/K366R/K372R/K445R/K466R/K476R/
K615R/K656R/K678R/K682R/K727R. Co-IP experiment was performed with anti-Flag antibody. (D) Endogenous PFKM in U87 cells was depleted by 
using CRISPR-Cas9 system and rescued these cells with gRNA-resistant (r) PFKM WT or K615R. These cells were then treated with GD treatment 
(6 h). Cytosolic (Cyto) and nuclear (Nuc) fractions were prepared. (E) PFKM-depleted U87 cells were rescued with rPFKM WT or K615R. These cells 
were then treated with or without GD (48 h). Cell viability was determined using trypan blue staining. Data represent the mean ± SD of the viability of the 
cells from three independent experiments (two-tailed Student t test). (F–H) U87/EGFRvIII cells stably expressing luciferase were depleted endogenous 
PFKM by using CRISPR-Cas9 system and the PFKM-depleted U87/EGFRvIII cells were reconstituted with the expression of rPFKM WT or K615R. 
These genetically modified cells (2 × 105 per mouse) were intracranially injected into randomized athymic nude mice (five mice per group). Biolumines-
cence imaging of tumor growth was carried out. Representative real-time images were presented (F) and the intensities of luciferase were quantified (G) 
using living image software (PerkinElmer). Data represent the mean ± SD of luciferase intensity of five mice per group (two-tailed Student t test). Survival 
durations of these implanted mice were compared (Log-rank test) (H). The data underlying this Figure can be found in S1 Data and S1 Raw Images.

https://doi.org/10.1371/journal.pbio.3003698.g002

https://doi.org/10.1371/journal.pbio.3003698.g002
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Fig 3.  USP7 deubiquitinates PFKM K615. IP and IB analyses were performed with indicated antibodies. Data are representative of at least three 
independent experiments. (A) HEK293T cells were transfected with SFB-PFKM and HA-USP7. The cells were treated with or without GD for 6h and 
then Co-IP experiment was performed with anti-Flag antibody. (B) HEK293T cells were infected with the lentivirus expressing shNT or shUSP7 and 
then transfected with HA-Ub and SFB-PFKM. The cells were treated with or without GD for 6h and then Co-IP experiment was performed with anti-Flag 
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F-2,6-BP prevents the interaction between PFKM and USP7

Several metabolites, including ATP, ADP, AMP, citrate, and fructose-2,6-bisphosphate (F-2,6-BP) can either activate 
or inhibit PFKM, thereby modulating the rate of glycolysis within cells [18,19]. It is very likely that the levels of these 
energy-producing metabolites will be altered in cells after GD. To explore how GD induces the interaction between 
USP7 and PFKM, we tested whether these metabolites can influence the interaction between these two proteins. 
SFB-PFKM was immunoprecipitated from glucose-starved HEK293T cells expressing SFB-PFKM and HA-USP7 and 
incubated with these metabolites. As shown in Fig 4A, F-2,6-BP dramatically attenuated the interaction between USP7 
and PFKM after GD compared to the other metabolites. F-2,6-BP, produced by PFK2 from F6P, is the most potent 
allosteric activator of PFKM [20]. Furthermore, we supplemented F-2,6-BP to GD-treated HEK293T cells expressing 
SFB-PFKM and HA-USP7 (S4A Fig). Immunoblotting analysis indicated that F-2,6-BP supplementation greatly abro-
gated the interaction between PFKM and USP7 after GD (Fig 4B), suggesting that F-2,6-BP inhibits the interaction 
of the two proteins. Consistently, F-2,6-BP supplementation abrogated GD-induced PFKM deubiquitination (Fig 4C). 
Notably, the levels of cellular F-2,6-BP were greatly decreased after GD (Fig 4D). In addition, we treated HEK293T 
cells with 3PO, an inhibitor of PFK2, to inhibit the production of F-2,6-BP. Indeed, 3PO treatment decreased F-2,6-BP 
levels in the cells (S4B Fig). Importantly, 3PO treatment enhanced the interaction between PFKM and USP7, thereby 
promoting PFKM deubiquitination (Fig 4E and 4F), suggesting that the decrease in F-2,6-BP levels sufficiently 
enhances the interaction between PFKM and USP7 and PFKM deubiquitination. Together, these results suggest that 
GD promotes the interaction between USP7 and PFKM by decreasing cellular F-2,6-BP levels, thereby promoting 
PFKM deubiquitination.

Next, we investigated how F-2,6-BP inhibits the interaction between PFKM and USP7 under GD. PFKM undergoes 
dynamic conversion between its active tetrameric form and inactive dimeric form, and this process is strictly regulated. 
It is known that F-2,6-BP is the strongest allosteric activator of PFKM, which can directly bind to PFKM and stabilize it in 
the active tetrameric conformation [21]. To determine whether F-2,6-BP inhibits the PFKM-USP7 interaction by regulating 
PFKM oligomerization, we generated PFKM F639L mutant, which has been reported to mainly exist in a dimeric form 
[22], and examined its interaction with USP7, which showed that PFKM F639L exhibited stronger interaction with USP7 
than PFKM WT (Fig 4G), suggesting that dimeric PFKM has a stronger interaction with USP7 than the tetrameric form. 
To further confirm that F-2,6-BP inhibits the PFKM-USP7 interaction by interacting with PFKM, we performed additional 
experiments. Firstly, Flag-PFKM and HA-USP7 were immunoprecipitated and purified from cells treated with GD. Next, we 
pre-incubated Flag-PFKM or HA-USP7 with F-2,6-BP, washed away the unbound F-2,6-BP, and then mixed pre-incubated 
Flag-PFKM or HA-USP7 with untreated HA-USP7 or Flag-PFKM for a Pull-down experiment. The results showed that 
Flag-PFKM pre-incubated with F-2,6-BP failed to interact with USP7 (Fig 4H), whereas HA-USP7 pre-incubated with 
F-2,6-BP could still interact with Flag-PFKM (Fig 4I). These results indicate that F-2,6-BP interacts with PFKM to disrupt 
the interaction between PFKM and USP7. Taken together, these results suggest that F-2,6-BP interacts with PFKM to 
promote its tetramerization, thereby attenuating its interaction with USP7.

antibody. (C) PFKM-depleted U87 cells reconstituted with rPFKM WT or K615R were infected with the lentivirus expressing shNT or shUSP7. Cells 
were treated with GD for 6h. Cytosolic (Cyto) and nuclear (Nuc) fractions were prepared. (D) PFKM-depleted U87 cells reconstituted with rPFKM WT or 
K615R were infected with the lentivirus expressing shNT or shUSP7. Cells were treated with GD for 48 h. Cell viability was determined using trypan blue 
staining. Data represent the mean ± SD of the viability of the cells from three independent experiments (two-tailed Student t test). (E–G) U87/EGFRvIII 
cells-depleted of endogenous PFKM and reconstituted with either rPFKM WT or the K615R mutant (2 × 105 per mouse) were intracranially injected 
into randomized athymic nude mice (five mice per group) and then treated with or without P22077 (15 mg/kg/daily). Bioluminescence imaging of tumor 
growth were carried out. Representative real-time images were presented and the intensities of luciferase were quantified using living image software 
(PerkinElmer) (E, F). Data represent the mean ± SD of luciferase intensity of five mice per group (two-tailed Student t test). Survival durations of these 
implanted mice were compared (Log-rank test) (G). The data underlying this Figure can be found in S1 Data and S1 Raw Images.

https://doi.org/10.1371/journal.pbio.3003698.g003

https://doi.org/10.1371/journal.pbio.3003698.g003
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Fig 4.  F-2,6-BP prevents the interaction between PFKM and USP7. (A) HEK293T cells were transfected with SFB-PFKM and HA-USP7 and then 
treated with GD for 6 h. SFB-PFKM is immunoprecipitated using Flag beads and the precipitate is incubated with or without F-2,6-BP/Citrate/AMP/ADP/
ATP (100 μM). (B) HEK293T cells were transfected with SFB-PFKM and HA-USP7. The cells were supplemented with or without F-2,6-BP (100 μM) by 
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PFKM interacts with c-MYC to up-regulate CPT1B expression and fatty acid oxidation

Tumor cells exhibit remarkable metabolic plasticity in response to GD, enabling survival through two key adaptive strat-
egies: the utilization of alternative nutrient sources to maintain energy production and the activation of mechanisms to 
mitigate oxidative stress. For example, under glucose-deprived conditions, many cancers enhance glutamine uptake 
and metabolism, which not only replenishes TCA cycle intermediates for energy generation but also contributes to redox 
homeostasis [7,8]. In melanoma cells, the nuclear receptor Nur77 promotes FAO to sustain NADPH and glutathione 
levels, thereby reducing ROS and ensuring survival during glucose starvation [23]. Additionally, GD also activates nuclear 
factor erythroid 2-related factor 2 (NRF2) via ROS, which upregulates Glucose-6-phosphate dehydrogenase (G6PD) to 
enhance the NADPH-producing pentose phosphate pathway (PPP), thereby providing metabolites for ROS scavenging 
and nucleic acid synthesis in gastric cancer cells [24]. The reliance on specific metabolic pathways varies across tumor 
types. To identify which pathway supports glioma cell survival under GD, we treated U87 cells with the glutaminase inhib-
itor BPTES, the FAO inhibitor Etomoxir, or the PPP inhibitor 6-AN, and examined the survival of these cells under GD. 
The treatment of Etomoxir, but not that of BPTES or 6-AN, dramatically reduced the viability of the cells after GD (Fig 5A), 
suggesting that FAO is required for the survival of glioma cells under GD.

As a key enzyme in FAO pathway, CPT1 is located on the outer mitochondrial membrane and is responsible for 
the transport of long-chain fatty acids into the mitochondria where they undergo beta-oxidation to produce energy 
[25]. And CPT1 has three isoforms, including CPT1A, CPT1B, and CPT1C. After GD, only CPT1B expression was 
upregulated (S5A and S5B Fig). And GD-induced CPT1B expression could be abrogated by PFKM depletion (S5B 
Fig). More importantly, rescued expression of rPFKM K615R could further up-regulate CPT1B expression compared 
to that of rPFKM WT (Fig 5B and 5C). Further, to confirm that nucleus-translocated PFKM promotes cell survival 
after GD through FAO upregulated by CPT1B, we measured whether FAO level was changed accordingly by tracing 
13C-labeled palmitate. We observed the proportions of 13C incorporated citrate were increase in rPFKM K615R-U87 
cells compared with rPFKM WT-U87 cells (Fig 5D). Moreover, we depleted CPT1B in PFKM-depleted U87 cells 
or U251 cells rescued with rPFKM WT or K615R (S5C Fig) and found that rescued expression of rPFKM K615R 
increased the viability of these cells after GD, while CPT1B depletion abrogated such viability increase (Figs 5E and 
S5D). Similar results were obtained with the inhibition of FAO by Etomoxir in S5E and S5F Fig. Taken together, these 
results indicate that nucleus-translocated PFKM support tumor cell survival after GD by upregulating CPT1B expres-
sion and FAO.

Next, we explored how K615 deubiquitination-dependent nucleus-translocated PFKM upregulates CPT1B expression. 
Firstly, we performed Luciferase Reporter Assays using the CPT1B promoter. The results clearly show that PFKM WT 
enhances CPT1B promoter activity under GD conditions, with the PFKM K615R further increasing this activity, suggesting 

electroporation and then treated with or without GD for 6 h. Co-IP experiment was performed with anti-Flag antibody. (C) HEK293T cells were transfected 
with SFB-PFKM and HA-Ub. The cells were supplemented with or without F-2,6-BP (100 μM) by electroporation and then treated with or without GD for 
6 h. Co-IP experiment was performed with anti-Flag antibody. (D) U87 cells were treated with or without GD for 6 h. The cell lysis were collected for mea-
surement of F-2,6-BP concentrations as determined by F-2,6-BP assay kit (Huabang Biotechnology, China). (E) HEK293T cells were transfected with 
SFB-PFKM and HA-USP7 and then treated with or without 3PO (20 μM, 12 h). Co-IP experiment was performed with anti-Flag antibody. (F) HEK293T 
cells were transfected with SFB-PFKM and HA-Ub and then treated with or without 3PO (20 μM, 12 h). Co-IP experiment was performed with anti-Flag 
antibody. (G) HEK293T cells were transfected with HA-USP7 and Flag-PFKM WT or F639L and then treated with GD for 6 h. Co-IP experiment was per-
formed with anti-Flag antibody. (H) HEK293T cells were transfected with either HA-USP7 or Flag-PFKM and treated with GD for 6 h. Following this, Flag-
PFKM and HA-USP7 were immunoprecipitated and purified from the respective cell lysates. For the pull-down assay, the purified Flag-PFKM was first 
pre-incubated with F-2,6-BP. After removing unbound F-2,6-BP through washing, it was then mixed with HA-USP7 to proceed with the pull-down assay. 
(I) HEK293T cells were transfected with either HA-USP7 or Flag-PFKM and treated with GD for 6 h. Following this, Flag-PFKM and HA-USP7 were 
immunoprecipitated and purified from the respective cell lysates. For the pull-down assay, the purified HA-USP7 was first pre-incubated with F-2,6-BP. 
After removing unbound F-2,6-BP through washing, it was then mixed with Flag-PFKM to proceed with the pull-down assay. The data underlying this 
Figure can be found in S1 Data and S1 Raw Images.

https://doi.org/10.1371/journal.pbio.3003698.g004

https://doi.org/10.1371/journal.pbio.3003698.g004


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003698  March 12, 2026 12 / 22

Fig 5.  PFKM interacts with c-MYC to promote CPT1B upregulation and fatty acid oxidation. IP and IB analyses were performed with indicated 
antibodies. Data are representative of at least three independent experiments. (A) U87 cells were treated with or without CPT1 inhibitor (Etomoxir, 10 
μM), glutaminase inhibitor (BPTES, 10 μM) or PPP inhibitor (6-AN, 100 nM) followed by GD treatment for indicated time. Cell viability was determined. 
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that nuclear-localized PFKM transcriptionally activates CPT1B (Fig 5F). We also performed the ChIP assay to determine 
whether PFKM bound to the CPT1B promoter. As shown in Fig 5G, both PFKM WT and the K615R mutant were enriched 
at the CPT1B promoter following GD treatment, with the K615R mutant exhibiting stronger binding.

c-Myc is a multifunctional transcription factor and has been identified to regulate CPT1B expression [26]. We per-
formed subcellular fractionation in cells treated with or without GD, which showed that GD treatment enhances the 
nuclear localization of PFKM. Moreover, the interaction between PFKM and c-MYC was observed in the nucleus after 
GD treatment (Fig 5H). More importantly, rescued expression of rPFKM K615R enhanced the interaction between 
PFKM and c-Myc compared to that of rPFKM WT (Fig 5I). Furthermore, ChIP assay also confirmed that c-Myc bound 
to CPT1B promoter in the cells rescued with rPFKM WT after GD. Moreover, rescued expression of rPFKM K615R 
further enhanced the binding of c-Myc to CPT1B promoter (Fig 5J). Taken together, these results suggest that nuclear 
PFKM interacts with c-Myc and directly enhances its binding to CPT1B promoter, thereby upregulating CPT1B expres-
sion and FAO.

Discussion

In order to achieve rapid proliferation, tumor cells must effectively adapt to and overcome the metabolic stress induced 
by glucose deficiency. In this study, we discover a novel function of PFKM, a rate-limiting enzyme in glycolysis, in promot-
ing glioma cell survival after GD by switching metabolism from glycolysis to FAO. Upon GD, the levels of F-2,6-BP are 
decreased, leading to the enhanced interaction between USP7 and PFKM. USP7 then deubiquitinates PFKM K615 and 
promotes its nuclear translocation. Nuclear PFKM enhances c-Myc-dependent expression of CPT1B and the activity of 
FAO, and promotes tumor cell survival under nutirent stress (Fig 6).

As a rate-limiting glycolytic enzyme, PFK1 plays a central role in tumor progression. ZEB1 transcriptionally upregu-
lates PFKM, thus promoting carcinogenesis and metastasis of HCC [12]. Oxidative stress-responsive microRNA-320a 
adjusts glycolysis via regulating PFKM expression and is involved in lung cancer progression [27]. In addition to the 
important role of PFK1 in cancer metabolism, several studies have reported other functions of PFK1 in tumors. Intrigu-
ingly, a study showed that PFKP could interact with AMPK after GD and promoted mitochondrial recruitment of AMPK, 
thereby alleviates GD-induced metabolic stress in lung cancer cells [28]. PFK1 can also bind the YAP/TAZ transcriptional 
cofactors TEADs and promotes the pro-tumorigenic function of YAP/TAZ [29]. More significantly, the interaction between 
PFK1 and TEADs occurs within the cell nucleus, implying the nuclear localization of PFK1. Recently, a research showed 
that PFKM interacts with NBS1 to maintain genomic stability [14]. These studies have hinted at the nuclear localization 
of PFK1, however, it remains unclear how the nuclear translocation of PFK1 is regulated and its potential contribution 

Data represent the mean ± SD of the viability of the cells from three independent experiments (two-tailed Student t test). (B) PFKM-depleted U87 cells 
rescued with or without rPFKM WT/K615R were treated with GD for 6 h. The mRNA level of CPT1B was examined by real-time PCR analyses. (C) 
PFKM-depleted U87 cells rescued with rPFKM WT or K615R were treated with GD for 6 h. (D) Labeling incorporation from 13C-palmitate into citrate 
in PFKM-depleted U87 cells rescued with rPFKM WT or K615R after GD treatment. Data are shown as percentage of M + 1 and M + 2 labeling from 
[U-13C] palmitate in citrate compared to the total pool of citrate. (E) PFKM-depleted U87 cells rescued with rPFKM WT or K615R were infected with the 
lentivirus expressing lentiCRISPRv2-NT or lentiCRISPRv2-CPT1B. The cells were treated with or without GD for 72 h. Cell viability was determined. Data 
represent the mean ± SD of the viability of the cells from three independent experiments (two-tailed Student t test). (F) Luciferase activity was mea-
sured in PFKM-depleted HEK293T cells rescued with rPFKM WT or the K615R mutant. Cells were transfected with a CPT1B promoter-firefly luciferase 
reporter and a Renilla control plasmid, followed by GD treatment for 6 h. Data shown represent normalized firefly/Renilla luciferase ratios determined at 
36 h post-transfection. (G) PFKM-depleted U87 cells rescued with SFB-rPFKM WT or K615R were treated with or without GD for 6 h. ChIP assays were 
performed with Flag antibody. (H) HEK293T cells were transfected with Flag-c-MYC and HA-PFKM and then treated with or without GD for 6 h. Cytosolic 
(Cyto) and nuclear (Nuc) fractions were prepared. Co-IP experiment was performed with anti-Flag antibody. (I) PFKM-depleted U87 cells rescued with 
rPFKM WT or K615R were treated with or without GD for 6 h. Co-IP experiment was performed with anti-Flag antibody. (J) PFKM-depleted U87 cells 
rescued with rPFKM WT or K615R were treated with or without GD for 6 h. ChIP assays were performed with c-Myc antibody. The data underlying this 
Figure can be found in S1 Data and S1 Raw Images.

https://doi.org/10.1371/journal.pbio.3003698.g005

https://doi.org/10.1371/journal.pbio.3003698.g005
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to tumor cell survival under nutrient stress are currently unknown. In our study, we found that the decrease in F-2,6-BP 
induced by GD promotes interaction between PFKM and USP7. The deubiquitination of PFKM at K615 mediates its 
nuclear translocation after GD.

Notably, PTMs of PFK1 are crucial for its role in cancer. For example, phosphorylation of S386 site of PFKP by AKT 
leads to increased expression of PFKP and promotes the growth of brain tumors [11]. S-nitrosylation at Cys351 of PFKM 
by NOS1 contributes to the metabolic reprogramming of ovarian cancer cells [13]. Glycosylation inhibits PFK1 activity and 
redirects glucose flux from glycolysis through the PPP, thereby providing cancer cells with a selective growth advantage 
[30]. Another research discovered that E3 ubiquitin ligase A20 interacts with PFKL and promotes its degradation, therefore 
inhibiting glycolysis in HCC [31]. Besides, USP14 interacts with PFKL and enhances its stability through deubiquitination 
in OSCC cells [32]. Moreover, PFKP deubiquitination and stabilization by USP5 activate aerobic glycolysis to promote 
triple-negative breast cancer progression [33]. In our study, unlike other PTMs affecting PFK1 activity and expression, 
the deubiquitination of PFKM at K615 promotes its nuclear translocation and non-glycolytic functions within the nucleus, 
thereby supporting tumor cell survival under nutrient stress.

USP7, a deubiquitinase, is overexpressed in various cancers including breast cancer, lung cancer, leukemia and 
prostate cancer, where it plays important roles in regulation of key oncogenic signaling pathways [34–39]. Jie Li and 
colleagues demonstrate that USP7 promotes GBM progression by deubiquitinating and stabilizing the nuclear receptor 
KPNB1. In our study, we discovered that USP7 is essential for glioma cell survival upon nutrient deficiency by deubiq-
uitinating PFKM to promote its nuclear translocation. More importantly, we demonstrate that inhibiting USP7 by P22077 
potently suppresses tumor growth of orthotopic GBM, suggesting that the pharmacological targeting of USP7 could repre-
sent a promising therapeutic strategy for the treatment of GBM.

Fig 6.  USP7-mediated deubiquitination and nuclear translocation of PFKM promotes brain tumor development by sensing fructose-2,6-
bisphosphate. USP7 interacts with PFKM regulated by F-2,6-BP, resulting in the ubiquitination of PFKM K615 after GD treatment. Deubiquitinated 
PFKM translocates into nucleus and interacts with c-Myc. PFKM facilitates c-MYC binding to CPT1B promoter and promotes transcription of CPT1B, 
thereby enhancing FAO and cell survival.

https://doi.org/10.1371/journal.pbio.3003698.g006

https://doi.org/10.1371/journal.pbio.3003698.g006
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Methods

Ethics statement

The use of human GBM and astrocytoma specimens and associated data was approved by Ethics Committee of Xin-
hua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine (XHEC-D-2025-019). Informed consent was 
obtained from all patients prior to their participation, with thorough review and documentation. The ethics committee evalu-
ated the design, implementation process, and protection of the rights and interests of the subjects. The researchers strictly 
followed the “Declaration of Helsinki” and “International Ethical Guidelines for Research Involving Human Health,” and 
fully respected the subjects’ rights to know and privacy, and effectively protected the subjects’ rights and well-being. All 
animal experiments were conducted in compliance with relevant domestic and international ethical principles, and spe-
cifically adhered to the Guidelines for the Ethical Review of Laboratory Animal Welfare of the People’s Republic of China 
(National Standard GB/T 35892-2018). All procedures were approved by the Animal Ethics Committee of the Shanghai 
Institute of Biochemistry and Cell Biology (approval number: SIBCB-S355-2312-40), and every effort was made to mini-
mize animal suffering.

Materials

Antibodies: Mouse monoclonal antibodies against Tubulin (1:5,000, T5201), Flag (1:5,000, F3165), and anti-Flag M2 
affinity gel (A2220) were purchased from Sigma (St. Louis, MO, USA). Anti-HA Aogarose FF (AGM90054) was pur-
chased from AGOMA. Rabbit monoclonal antibodies against HA (1:3,000, 3724S), β-actin (1:3,000, 3700S), LaminB1 
(1:3,000, 12586s), and rabbit polyclonal antibody against Acetylated-Lysine (1:1,000, 9441S) were obtained from Cell 
Signaling Technology (Danvers, MA, USA). Rabbit polyclonal antibody against PFKM (1:2,000, 55028-1-AP) were 
purchased from Proteintech. Rabbit polyclonal antibody against IPO4 (1:2,000, A19902) were obtained from Abclonal 
Technology (Wuhan, China). Rabbit polyclonal antibody against Phosphoserine (1:1,000, ab9332) and rabbit monoclo-
nal antibodies against c-Myc (1:2,000 for WB, 1:200 for Chip, ab32072) were purchased from Abcam (Cambridge, US). 
Mouse monoclonal antibody against p-Thr (1:1,000, sc-5267) were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA).
Reagents: Puromycin (540411-100MGCN) and hygromycin (400052-20MLCN) were bought from Merck/Millipore 
(Darmstadt, Germany). DNA transfection reagent Hieff TransTM Liposomal Transfection Reagent (H17520) was pur-
chased from Yeasen Biotechnology (Shanghai, China). Trypan blue stain (0.4%, 15,250,061) and Dulbecco’s modified 
Eagle’s medium (DMEM) (no glucose, 11,966,025) were purchased from Gibco (USA). Fructose-2,6-bisphosphate Elisa 
kit (HBP37450R) was purchased from Huabang Biotechnology (Shanghai, China). Fructose-2,6-biphosphate (84364-
89-6) was purchased from Tianshui Yiyao Chemical company (Gansu, China). The PFK2 inhibitor-3PO (HY-19824), 
USP7 inhibitor-P22077 (HY-13865), glutaminase inhibitor BPTES (HY-12683) and FAO inhibitor Etomoxir (HY-50202) 
were purchased from MCE (MedChemExpress, China). The inhibitor of PPP (6-AN, S9783) was purchased from 
Selleck.

Plasmids

PCR-amplified PFKM was cloned into pCDH-SFB. PCR-amplified USP7, UBB, and IPO4 were cloned into pCDNA3.0-HA. 
PCR-amplified c-MYC was cloned into pFlag-CMV. PFKM mutations were generated using the QuickChange site-directed 
mutagenesis kit (Stratagene, La Jolla, CA, USA). For gRNA cloning, the lentiCRISPRv2 vector was digested with BsmBI 
and ligated with BsmBI-compatible pre-annealed oligo-nucleotides. The following sequence was used for CRISPR-knockout 
strategy: PFKM gRNA AATGAGGATCTTACCCACAG. CPT1B gRNA CGAGGCGCGCCGCCGTTTTG. The pGIPZ control 
was generated with the control oligonucleotide 5′-CTCGCTTGGGCGAGAGTAA-3′. pGIPZ USP7 shRNA was generated with 
5′-AGAAGAGTCGAACGAGCTG-3′ oligonucleotide targeting the coding region of the USP7 transcript.
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Cell culture and transfection

U87, U251 GBM cells, and HEK293T cells were obtained from the cell library of the Chinese Academy of Sciences and 
maintained in high glucose or no glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS). The protein expression and reconstitution experiments were conducted using the established stable 
cell lines. Cells were transfected with indicated plasmids using Liposomal Transfection Reagent according to the manufac-
turer’s instructions.

Subcellular fractionation

Cells were treated with no glucose DMEM supplemented with 10% FBS (GD treatment) for indicated times and washed 
three times with cold PBS. Then the cells were lysed by buffer A (10 mM HEPES (contain 10 mM KCl, pH 7.9), 1 mM DTT, 
0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM PMSF) supplemented with 0.5% NP40, phosphatase inhibitors, and protease inhib-
itors. Following centrifugation for 5 min at 1,500 g and 4 °C, the supernatants were collected as the cytoplasmic fraction. 
Pellets were washed three times with cold PBS and then were lysed by vortexing in 50 μl of buffer B (50 mM Tris-HCl (pH 
7.5), 150 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, 0.1% SDS) supplemented with phosphatase inhibitors and prote-
ase inhibitors. After incubation on ice for 2 h, the lysates were centrifuged at 14,000 rpm for 20 min to remove the nuclear 
debris. The supernatants then were collected as the nuclear fraction.

Immunofluorescence analysis

Cells were fixed and incubated with primary antibodies, Alexa Fluor dye-conjugated secondary antibodies and DAPI 
according to standard protocols. Cell imaging was performed on a FLUOVIEW FV3000 laser scanning confocal micro-
scope (OLYMPUS).

Cell viability assay

In total, 2 × 105 cells were seeded in six-well plates. After GD treatment for the indicated time, cells were harvested with 
trypsin. Cells was stained with trypan blue and cell viability was measured by Thermo Countess II FL.

Mass spectrometry analysis

Immunoprecipitated SFB-PFKM using Flag beads (Sigma) from U87 cells stably expressing SFB-PFKM which were 
treated with no glucose DMEM supplemented with 10% FBS for 6 h. The precipitated complexes were boiled at 95 ℃ for 
10 min. PFKM-associated proteins were separated from the complexes using SDS–PAGE.

In-gel digestion

Briefly, gel band was de-stained with 50 mM NH
4
HCO

3
 in 50% acetonitrile. The protein was reduced with 10 mM TCEP 

(Thermo Scientific) for 30 min and alkylated with 55 mM iodoacetamide (Sigma) in the dark for 30 min, respectively. 
12.5 ng/μL trypsin (Promega) in 50 mM NH4HCO3 was using for digestion overnight at 37 ℃. The digestion was stopped 
by and extracted with 50% acetonitrile/5% formic acid and dried out by Speed Vacuum instrument. The sample was 
reconstituted with 0.1% formic acid, then desalted using a Mono-Spin C18 column (GL Science, Tokyo, Japan), and dried 
out by Speed Vacuum instrument.

HPLC-tandem MS (MS/MS) analysis of peptides

The peptide mixture was analyzed by a home-made 15 cm-long pulled-tip analytical column (75 μm ID packed with Aqua 
C18-3 μm resin, Phenomenex), the column was then placed in-line with an Easy-nLC 1200 nano HPLC (Thermo Scien-
tific) for mass spectrometry analysis. The analytical column temperature was set at 55 ℃ during the experiments. The 
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mobile phase were 0.1% formic acid in water as buffer A and 0.1% formic acid in 80% acetonitrile as buffer B, 0–1 min, 
1%−4% B; 1–91 min, 4%–35% B; 91–101 min, 35%−60% B, 101–111 min, 60%−100% B, 111–120 min, 100% B. The flow 
rate was set as 300 nl/min.

Data-dependent MS/MS analysis was performed with a Q Exactive Orbitrap mass spectrometer (Thermo Scien-
tific). Peptides eluted from the LC column were directly electrosprayed into the mass spectrometer with the applica-
tion of a distal 2.5-kV spray voltage. A cycle of one full-scan MS spectrum (m/z 300–1,800) was acquired followed 
by top 20 MS/MS events at a 30% normalized collision energy. Full scan resolution was set to 70,000 with auto-
mated gain control (AGC) target of 3e6. MS/MS scan resolution was set to 17,500 with isolation window of 1.8 m/z 
and AGC target of 1e5. MS scan functions and LC solvent gradients were controlled by the Xcalibur data system 
(Thermo Scientific).

Data analysis

The acquired MS/MS data were analyzed against a human UniProtKB database (released on August 12, 2019) using 
PEAKS Studio 8.5. Trypsin was set as the cleavage enzyme, with both-specific at peptide N/C term; the max missed 
cleavage was set as 3.

In order to accurately estimate peptide probabilities and false discovery rates (FDRs), a decoy database containing the 
reversed sequences of all the proteins was appended to the target database to accurately estimate peptide probabilities 
and FDR, the FDR was set at 0.01.

Fructose-2,6-bisphosphate assay

Fructose-2,6-bisphosphate concentration was measured using fructose-2,6-bisphosphate Elisa kit (Huabang Biotechnol-
ogy, China) according to the manufacturer’s instructions.

Metabolic flux analysis of FAO

FAO activity was measured by monitoring the conversion rate of [U-13C]-palmitate to 13C-citrate by using LC/MS. 
In brief, the cells were treated with GD and incubated with 50 μM [U-13C]-palmitate conjugate for 12 h. After incu-
bation, the metabolites were extracted and dried. Analysis was conducted using an LC–MS system comprising a 
Agilent 1290 Infinity II UHPLC system tandem with Agilent6545 Q-TOF/MS (Agilent). Extracted metabolites were 
dissolved in 100 µl of 80% methanol for analysis. Chromatographic separation was achieved on an ACQUITY 
UPLC BEH Amide column (100 mm × 2.1 mm, 1.7 μm). The mobile phase consisted of 15 mM ammonium acetate, 
0.3% NH3·H20 in water and 15 mM ammonium acetate, 0.3% NH3·H20 in 9:1 acetonitrile/water (B) at a flow rate 
of 0.3 ml/min.

The column was eluted with 95% mobile phase B for 1 min, followed by a linear gradient to 50% mobile-phase B over 
8 min, held at 50% for 3 min, a linear gradient to 95% mobile phase B over 0.5 min, then 1.5 min at 95% mobile-phase B. 
The sample volume injected was 5 μL.

MS data were acquired using electrospray ionization in negative ion mode over 50–1,250 m/z. Other MS settings 
include: sheath gas temperature 350℃, sheath gas flow 11 L/min, VCap 4,000 V, Nozzle voltage 1,000 V, gas tempera-
ture 350 ℃,nebulizer gas 30 psi; drying gas flow rate 8 L/min; fragmentor 110 V, skimmer 65 V. Raw data were processed 
using Profinder 10.0 (Agilent) for peak detection, alignment, and integration.

Dual-Luciferase Reporter Assay

PFKM-depleted HEK293T cells reconstituted with either rPFKM-WT or rPFKM-K615R were plated in 24-well plates 
and co-transfected with the pGL3-CPT1B promoter-firefly luciferase reporter and a Renilla luciferase control plasmid. 
After 36 h, cells were harvested and lysed. Firefly and Renilla luciferase activities were sequentially measured using the 
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Dual-Luciferase Reporter Assay System (Promega) on a luminescence microplate reader, following the manufacturer’s 
instructions. Firefly luciferase signals were normalized to the corresponding Renilla luciferase values to control for trans-
fection efficiency.

Chromatin Immunoprecipitation (ChIP)

ChIP was performed with indicated antibodies using SimpleChIP Enzymatic Chromatin IP Kits (Cell Signaling Technology) 
according to manufacturer instructions. The enrichment of c-Myc or PFKM WT/K615R to CPT1B promoter was assessed 
by quantitative RT-PCR. Primer sequences used for the amplification of human CPT1B promoter associated with c-Myc 
and PFKM were 5′- AGATGGCTTCCCATAGATCTG -3′ (forward) and 5′- AGCCCCTGGGAGAATAAGG -3′ (reverse).

Intracranial injection and bioluminescence imaging

Approximately 2 × 105 (in 2 μl of DMEM per mouse) luciferase-expressing PFKM-depleted U87/EGFRvIII cells with recon-
stituted expression of rPFKM WT/K615R or U87/EGFRvIII cells were intracranially injected into randomized 8-week-old 
female athymic nude mice. Briefly, a small hand-controlled twist drill that is 1 mm in diameter is used to make a hole in 
the animal’s skull. The cell suspension is drawn up into the cuffed Hamilton syringe. The needle of the Hamilton syringe 
is slowly lowered into the central hole of the guide screw until the cuff rests on the screw surface. The cell suspension is 
slowly injected into the brain of mouse [40]. To examine the effect of USP7 inhibition with P22077 (HY-13865, MCE) on 
tumor growth, mice were treated with P22077 (15 mg/kg/daily) or vehicle control through tail vein injection. Five mice in 
each group were included. After inoculation, the mice were intraperitoneally injected with 100 μl of 15 mg/ml D-luciferin 
(Xenogen) and subsequently anesthetized with isoflurane inhalation. Bioluminescence imaging with a CCD camera (IVIS 
Spectrum CT, PerkinElmer) was initiated 10 min after injection. All bioluminescent data were collected and analyzed using 
Living image software (PerkinElmer). Survival durations of the implanted mice were compared. The use of mice was in 
compliance with ethical regulations and was approved by the institutional review board at Institute of Biochemistry and 
Cell Biology.

Immunohistochemical analysis

The tissue sections from paraffin-embedded human GBM and astrocytoma specimens were stained with anti-PFKM 
antibody. We quantitatively scored the tissue sections according to the percentage of positive cells and staining 
intensity, as previously defined [41]. We rated the intensity of nuclear PFKM staining on a scale of 0–3: 0, negative; 
1, weak; 2, moderate; and 3, strong. We assigned the following proportion scores: 0 if 0% of the tumor cells showed 
positive staining, 1 if 0%−1% of cells were stained, 2 if 2%−10% were stained, 3 if 11%−30% were stained, 4 if 
31%−70% were stained, and 5 if 71%−100% were stained. We then combined the proportion and intensity scores to 
obtain a total score (range, 0–8). Scores were compared with overall survival, defined as the time from the date of 
diagnosis to death or last known date of follow-up. All patients received standard adjuvant radiotherapy after sur-
gery, followed by treatment with an alkylating agent. The use of human brain tumor specimens and the database was 
approved by the Institutional Review Board at XinHua Hospital School of Medicine. Informed consent was obtained 
from all patients.

Statistical analysis

No statistical methods were used to predetermine sample size. A log-rank test was used to analyze the statistical signifi-
cance of the survival correlations between groups (Figs 1H, 2H, and 3G). Other than the analyses mentioned above, an 
unpaired, two-tailed Student t test was used for two-group comparisons. P < 0.05 was considered to be significant. P < 0.01 
was considered to be extremely significant.
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Supporting information

S1 Fig. Related to Fig 1. IB analyses were performed with indicated antibodies. Data are representative of at least 
three independent experiments. (A) U87 cells stably expressing SFB-PFKL (left panel) or SFB-PFKP (right panel) were 
treated with or without GD for 6 h. Cytosolic (Cyto) and nuclear (Nuc) fractions were prepared. (B) The NLS of PFKM was 
predicted through sequence analysis programs (NLS-mapper). (C) U87 cells were depleted of endogenous PFKM and 
rescued with or without rPFKM WT or RKR. The data underlying this Figure can be found in S1 Raw Images.
(PDF)

S2 Fig. Related to Fig 2. IB analyses were performed with indicated antibodies. Data are representative of at least 
three independent experiments. (A) U87 cells stably expressing SFB-PFKM were treated with or without GD for 6 h. Co-IP 
was performed with anti-Flag antibody. (B) U87 cells (left panel) and U251 cells (right panel) were depleted of endoge-
nous PFKM and rescued with or without rPFKM WT or K615R. (C) PFKM-depleted U251 cells were rescued with rPFKM 
WT or K615R and then treated with or without GD for 6 h. Cytosolic (Cyto) and nuclear (Nuc) fractions were prepared. (D) 
PFKM-depleted U251 cells were rescued with or without rPFKM WT/K615R and then treated with or without GD for 48h. 
Cell viability was determined. Data represent the mean ± SD of the viability of the cells from three independent experi-
ments (two-tailed Student t test). (E) U87/EGFRvIII cells stably expressing luciferase were depleted endogenous PFKM 
by using CRISPR-Cas9 system and the PFKM-depleted U87/EGFRvIII cells were reconstituted with or without the expres-
sion of SFB-rPFKM WT or K615R. (F) The expression of SFB-rPFKM WT or K615R was detected in the glioblastoma 
tumors. (G) Mass spectrometry analysis of PFKM-associated protein in U87 cells stably expressing SFB-PFKM with GD 
treatment (6 h). (H) HEK293T cells were transfected with SFB-PFKM and HA-IPO4, then treated with or without GD (6 h). 
Co-IP experiment was performed with anti-Flag antibody. (I, J) U87 cells were infected with the lentivirus expressing shNT 
or shIPO4-1/shIPO4-2, followed by infection with a lentivirus expressing SFB-PFKM. These cells were treated with or 
without GD for 6h. Cytosolic (Cyto) and nuclear (Nuc) fractions were prepared. (K) HEK293T cells were transfected with 
SFB-PFKM WT or K615R and HA-IPO4, then treated with or without GD (6 h). Co-IP experiment was performed with anti-
Flag antibody. The data underlying this Figure can be found in S1 Data and S1 Raw Images.
(PDF)

S3 Fig. Related to Fig 3. Data are representative of at least three independent experiments. (A) Mass spec-
trometry analysis of PFKM-associated protein in U87 cells stably expressing SFB-PFKM with GD treatment (6 h). (B) 
PFKM-depleted U87 cells were rescued with rPFKM WT or K615R and then infected with the lentivirus expressing 
shNT or shUSP7. The mRNA level of USP7 was examined by real-time PCR analyses. (C) PFKM-depleted U87 cells 
were rescued with rPFKM WT or K615R and then infected with the lentivirus expressing shNT or shUSP7. These cells 
were treated with P22077 (20 μM) followed by GD treatment for 48 h. Cell viability was determined. Data represent the 
mean ± SD of the viability of the cells from three independent experiments (two-tailed Student t test). The data underlying 
this Figure can be found in S1 Data.
(PDF)

S4 Fig. Related to Fig 4. Data are representative of at least three independent experiments. (A) HEK293T cells were 
supplemented with or without F-2,6-BP (100 μM) by electroporation. F-2,6-BP content were determined. Data represent 
the mean ± SD of three biologically independent experiments (two-tailed Student t test). (B) HEK293T cells were treated 
with or without 3PO (20 μM, 12 h). F-2,6-BP content were determined. Data represent the mean ± SD of three biologically 
independent experiments (two-tailed Student t test). The data underlying this Figure can be found in S1 Data.
(PDF)

S5 Fig. Related to Fig 5. Data are representative of at least three independent experiments. (A) The mRNA level of 
CPT1A (left panel) or CPT1C (right panel) was examined by real-time PCR analyses in U87 cells treated with or without 

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003698.s001
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003698.s002
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http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003698.s004
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003698.s005
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GD for 6 h. (B) U87 cells were depleted endogenous PFKM by using CRISPR-Cas9 system and then treated with or 
without GD for 6 h. The mRNA level of CPT1B was examined by real-time PCR analyses. (C) PFKM-depleted U87 (left 
panel) or U251 (right panel) cells were rescued with rPFKM WT or K615R and then infected with the lentivirus expressing 
lentiCRISPRv2-NT or lentiCRISPRv2-CPT1B. (D) PFKM-depleted U251 cells rescued with rPFKM WT or K615R were 
infected with the lentivirus expressing lentiCRISPRv2-NT or lentiCRISPRv2-CPT1B. The cells were treated with or without 
GD for 72 h. Cell viability was determined. Data represent the mean ± SD of the viability of the cells from three indepen-
dent experiments (two-tailed Student t test). (E, F) PFKM-depleted U87 cells (E) or U251 cells (F) rescued with rPFKM 
WT or K615R treated with or without CPT1 inhibitor (Etomoxir, 10 μM) followed by GD treatment for 72 h. Cell viability 
was determined. Data represent the mean ± SD of the viability of the cells from three independent experiments (two-tailed 
Student t test). The data underlying this Figure can be found in S1 Data and S1 Raw Images.
(PDF)

S1 Data. Source data for Figs 1–5 and S1–S5. Source data for Figs 1–5 and S1–S5 are organized in the accompa-
nying Excel file. Each individual tab corresponds to the raw data for a specific figure panel.
(XLSX)

S1 Raw Images. Original, uncropped western blot images for Figs 1–5 and S1–S5. 
(PDF)
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