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Abstract 

Background: Pancreatic cancer continues to be one of the most aggressive malignant tumors. Work in recent years 
in cancer molecular biology has revealed that metabolic reprogramming is an additional hallmark of cancer that is 
involved in the pathogenesis of cancers, and is intricately linked to gene mutations.

Main text: However, though oncogenes such as KRAS and c-Myc play important roles in the process, and have been 
extensively studied, no substantial improvements in the prognosis of pancreatic cancer have seen. Therefore, some 
scientists have tried to explain the mechanisms of abnormal cancer metabolism from the perspective of tumor sup-
pressor genes. In this paper, we reviewed researches about how metabolic reprogramming was regulated by tumor 
suppressor genes in pancreatic cancer and their clinical implications.

Conclusion: Abnormal metabolism and genetic mutations are mutually causal and complementary in tumor initia-
tion and development. A clear understanding of how metabolic reprogramming is regulated by the mutated genes 
would provide important insights into the pathogenesis and ultimately treatment of pancreatic cancer.
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Background
Pancreatic cancer is one of the most aggressive forms 
of cancer and the fourth leading cause of cancer-related 
mortality both in men and women [1]. Although lots 
of money and efforts has been invested to study it, the 
results are disappointing. The overall 5-year survival rates 
of pancreatic cancer according to the latest data was only 
about 8%, even in the US where the best hospitals and 
cancer research institutions in the world are situated [1]

An increasing body of research suggests that an addi-
tional hallmark of cancer is involved in the pathogenesis 
of cancer, that is, the capability to modify, or reprogram, 

cellular metabolism in order to support tumor prolifera-
tion [2]. For example, under aerobic conditions, normal 
cells process glucose, first to pyruvate via glycolysis in 
the cytoplasm and thereafter to oxidative phosphoryla-
tion in the mitochondria; while cancer cells consume 
glucose avidly but they only use a small amount for tri-
carboxylic acid (TCA) even in the presence of ample 
oxygen [3, 4]. This anomalous characteristic of cancer 
cell energy metabolism was first observed by Otto War-
burg and is termed “aerobic glycolysis” and also known 
as “the Warburg effect” [5]. Another remarkable meta-
bolic feature of tumor cells is glutaminolysis; the process 
by which glutamine is metabolized to α-ketoglutarate by 
glutamate. Glutamine is the most abundant amino acid 
in human serum, and through glutaminolysis it can pro-
vide a ready supply of carbon for TCA anaplerosis and 
other cellular pathways [6, 7]. For tumor cells, enhanced 
reliance on this cascade leads to glutamine dependency 
for cell growth and survival. The metabolic alterations 
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and adaptations of cancer cells create a phenotype that 
is essential for tumor cell growth and survival, alter-
ing flux along key metabolic pathways such as glycolysis 
and glutaminolysis. Some authors even divided pancre-
atic cancer into four subtypes according to phenotypes 
with distinct types of energy metabolism [8], and there is 
increasing evidence for the therapeutic potential of tar-
geting cancer metabolic reprogramming [9].

Work in recent years in cancer molecular biology has 
revealed that metabolic regulation is intricately linked to 
gene mutations, promoted by oncogenes and inhibited 
by tumor suppressors, and drives cancer progression, 
indicating that it is intrinsically associated with onco-
genic transformation [10]. This is particularly evident in 
the initiation and development of pancreatic cancer. Evi-
dence suggests that pancreatic cancer is actually a genetic 
disease. The successive accumulation of mutations in key 
genes leads to pancreatic cancer that once established is a 
complex, heterogeneous and genetically unstable disease 
[11]. Given that human pancreatic cancer is characterized 
by profound gene mutations [12], a clear understanding 
of how the mutated genes participate in the initiation 
and development would provide important insights into 
disease pathogenesis and ultimately treatment. Among 
the complex mutational landscape, they can be roughly 
divided into two categories: oncogenes and tumor sup-
pressor genes. Oncogenes such as KRAS, c-Myc and so 
on play important roles in tumor initiation and develop-
ment, and have been extensively studied. Nevertheless, 
the frustrating outcomes of a series of subsequent explo-
rations and clinical trials told us that pancreatic cancer 
is much more complicated than we had thought [13, 14]. 
Especially for KRAS, the most frequent mutation in pan-
creatic cancer. All clinical trials failed so far either due to 
its negative safety profiles or the slight effect in clinical 
trials which is significantly attenuated compared with the 
effects in preclinical trials [15–17]. While on the other 
hand, more and more research indicated that a series of 
tumor suppressor genes may provide new ideas in effec-
tive pancreatic cancer treatments [18–21]. Therefore, in 
this paper, we reviewed recent research about metabolic 
reprogramming by tumor suppressor genes in pancre-
atic cancer, and hope to identify novel molecular targets 
for the development of chemotherapeutic approaches in 
PDAC (pancreatic ductal adenocarcinoma).

Main text
Regulation of metabolic reprogramming by tumor 
suppressor genes
TP53
TP53, first described in 1979, was the first and most 
famous tumor-suppressor gene to be identified. It plays 
a critical role in maintaining genomic stability and 

preventing tumorigenesis, hence the reference to TP53 as 
“guardian of the genome” [22]. TP53 is mutated in more 
than 50% of PDAC cases, generally by missense altera-
tions of the DNA-binding domain. Major advances in our 
understanding of p53 in cancer biology have been made 
by investigating its activities in regulating the cell cycle, 
senescence, apoptosis, and genomic stability [22]. In 
recent years, the roles of p53 in cancer metabolism have 
been increasingly recognized (Fig. 1).

The roles of TP53 in glycolysis of pancreatic cancer cells
The loss of TP53 can alter metabolism in pancreatic 
cancer cells by inhibition of mitochondrial respiration 
and concurrent stimulation of glycolysis. This effect 
is mediated by regulating the cytochrome c oxidase 
(COX) complex through the downstream mediator 
Synthesis of Cytochrome c Oxidase (SCO)2, which is 
the major site of oxygen utilization in eukaryotic cells 
[23]. TP53 loss can also result in increased glycolysis 
by downregulating TIGAR (TP53-induced glycolysis 
and apoptosis regulator), whose expression lowers fruc-
tose-2,6-bisphosphate levels in cells which is a potent 
positive allosteric effector of 6-phosphofructo-1-kinase 
(PFK) that can stimulate glycolysis [24]. Butera et  al. 
reported that mutant p53 can support glycolysis by 
preventing the nuclear translocation of the glycolytic 
enzyme glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) stabilizing its cytoplasmic localization in 
pancreatic cancer cells [25]. Lactate dehydrogenase-
A (LDH-A) is an enzyme which promote pyruvate to 
metabolize to lactate during the process of aerobic gly-
colysis. Rajeshkumar et al. reported that FX11, a small-
molecule inhibitor of LDH-A, can significantly suppress 
the growth of patient-derived mouse xenograft (PDX) 
models of pancreatic cancer harboring TP53 muta-
tion [26]. Mutation of TP53 can also alter metabolism 
of pancreatic cancer by regulating the transmembrane 
(GLUT) proteins, which mediate glucose uptake in 
eukaryotic cells and are involved in the first step of the 
glucose utilization cascade. Fabiana et  al. [27] found 
that in normal conditions, p53 has repressive effect 
on transcriptional activity of the GLUT1 and GLUT4 
gene promoters, when it is mutated, the repressive 
effect was lost, and thereby resulting in increased glu-
cose transportation and cell energy supply. It is also 
reported that p53 can inhibit the translocation of 
GLUT1 and represses glycolysis under hypoxic condi-
tions by inducing RRAD (Ras-related associated with 
diabetes), the Ras-related small GTPase [28]. Kawauchi 
et al. found in p53-deficient primary mouse embryonic 
fibroblasts (MEFs), the activity of NF-κB (nuclear factor 
kappa-B) was enhanced. When NF-κB expression was 
absent, the oncogenic Ras-induced cell transformation 
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and acceleration of aerobic glycolysis were suppressed 
in p53-deficient cells, but can be restored by GLUT3 
expression, indicating that TP53 mutation can facilitate 
the glycolysis by upregulating the expression of GLUT3 
through NF-κB pathway [29]. p53 can also regulate 
metabolic reprogramming through post-transcrip-
tional mechanisms. For example, Kim et  al. reported 
that p53 can suppress glycolysis through the regulation 
of microRNA-34a (miR-34a), a microRNA which tar-
gets multiple glycolytic enzymes, including hexokinase 
1, hexokinase 2, glucose-6-phosphate isomerase and 
PDK1 in PDAC cells [30].

Recent research has identified some other roles of p53 
in glycolysis. Tumor cells are in low glucose state due 
to the greatly increased consumption of glucose. Low-
glucose conditions normally activate AMP-activated 

protein kinase (AMPK), whose activation induces 
phosphorylation of p53 at serine 15, and this phospho-
rylation is required to initiate AMPK-dependent cell-
cycle arrest, which further causes cells to stop dividing 
or proliferating. However, when TP53 is mutated, the 
AMPK-dependent cell-cycle arrest in low-glucose state 
is abolished, thus leading to unlimited abnormal pro-
liferation of cells that contribute to tumor initiation 
[31]. Lactic acid is a significant byproduct of cancer cell 
metabolism. Tumor cells need to deal with high lev-
els of lactate due to elevated glycolytic flux, to remove 
excess carbon and maintain cellular NADPH stores. A 
large family of monocarboxylate transporters (MCTs) 
are described as  H+/lactate symporters capable of 
bidirectional transport of lactic acid across the plasma 
membrane [32]. Among them, MCT1 is the most 

Fig. 1 The mechanisms of glucose metabolism alteration regulated by p53 in pancreatic cancer. The positive regulations are shown in arrows, 
and the negative regulations are shown in T-bar lines. TIGAR, TP53-induced glycolysis and apoptosis regulator; RRAD, Ras-related associated with 
diabetes; SCO2, synthesis of cytochrome oxidase 2; COX, cytochrome c oxidase; Fru-2,6-P2: fructose-2,6-bisphosphate; GLUT, glucose transporter; 
MCT: monocarboxylate transporter; MPC: mitochondrial pyruvate carrier
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ubiquitous. Romain et  al. found that p53-deficiency 
in tumors allows them to adapt to metabolic needs by 
facilitating lactate export or import depending on the 
glucose availability by MCT1 elevation [33].

The roles of TP53 in glutamine metabolism of pancreatic 
cancer cells
TP53 can also exert its tumor suppressor function by 
regulating glutamine metabolism. Glutaminase 2 (GLS2) 
is an enzyme which plays a key role in conversion of glu-
tamine to glutamate, and thus regulating glutathione 
(GSH) synthesis and energy production. It was reported 
that p53 can upregulate GLS2, which facilitate glutamine 
metabolism and lower intracellular ROS levels, and the 
authors found that GLS2 suppress tumor cell growth and 
was lower expressed in liver tumors than normal tissues, 
indicating GLS2 has the potential tumor-suppressor role 
[34]. Tran et  al. reported that when TP53 was mutated, 
the level of endogenous mutant p53 protein can affect cell 
sensitivity to glutamine withdrawal in human lymphoma 
cells by regulating the transactivation of p53-target gene 
CDKN1, thus triggering cell cycle arrest and promoting 
cell survival [35].

TP53 can also promote cancer cell proliferation 
by the regulation of metabolic reprogramming
However, as a tumor suppressor gene, p53 can also pro-
mote cancer cell proliferation and survival under glu-
tamine starvation. Tajan et al. reported that p53 can help 
colon cancer cell line HCT116 cells survive in the absence 
of extra cellular glutamine by inducing the expression of 
SLC1A3 (solute carrier family 1 member 3), an aspartate/
glutamate transporter [36]. Lowman et al. found that p53 
can promote MEF cells adapt to glutamine deprivation 
by inducing the expression of an arginine transporter 
SLC7A3, and the significant influx of arginine serves 
as an effector for mTORC1 (mammalian target of rapa-
mycin complex 1) activation which promote cell growth 
[37]. And it was reported recently that wild-type p53 can 
reduce pyruvate uptake of mitochondrion and increase 
glycolysis by promoting PUMA (p53 up-regulated apop-
tosis regulators), which inhibits mitochondrial pyruvate 
uptake by disrupting the function of mitochondrial pyru-
vate carrier (MPC) through PUMA-MPC interaction in 
hepatocellular carcinoma [38].

Therefore, though p53 is a classical tumor suppres-
sor gene which inhibits the initiation of cancers in most 
cases, it could also have a counterintuitive effect to pro-
mote tumorigenesis, which illustrates the complexity of 
genes and metabolisms in the initiation and development 
of tumors.

CDKN2A
CDKN2A, also called p16 or INK4A, can lose its func-
tions by mutation, deletion, or promoter hypermethyla-
tion, which occurs in 80–95% of sporadic PDAC, and is 
generally seen in moderately advanced lesions and highly 
associated with familial pancreatic cancer [11, 39]. Nor-
mally, CDKN2A inhibits complexes of cyclin D and the 
cyclin-dependent kinases CDK4/6, which mediate phos-
phorylation of RB tumor suppressor protein, thereby 
blocking entry into the S (DNA synthesis) phase of the 
cell cycle. Baschnagel et al. reported that GLUT1 expres-
sion was significantly higher in CDKN2A-negative head 
and neck squamous cell carcinomas, and high GLUT1 
expressing tumors were associated with worse local 
control and disease-free survival. This indicates that 
CDKN2A may exert its tumor suppressor function by 
inhibiting expression of GLUT1 [40] Ju et  al. reported 
that in case of Kras activation, p16 loss can accelerate 
oxidation of NADH and support increased glycolysis by 
generating NAD + , a substrate for GAPDH-mediated 
glycolytic reaction through Rb-E2F-NOX4 pathway, 
thereby promoting PDAC cell growth [41].

However, like the role of p53, CDKN2A also has the 
opposite roles in metabolism. For example, Aharon et al. 
reported that CDKN2A can enhance glucose uptake by 
upregulating genes associated with glucose metabolism, 
including Aldob, which encodes the glycolytic enzyme 
fructose-bisphosphate aldolase B, and Gck, which 
encodes glucokinase, the enzyme that controls glucose 
uptake and glycolysis rates, and the glucose uptake rate 
was 1.7-fold higher in cells isolated from p16-expressing 
islets than that in control islets [42]. There are still no rel-
evant reports about the roles of CDKN2A in glutamine 
metabolism of pancreatic cancer.

SMAD4
Loss of the SMAD4/DPC4 tumor suppressor is another 
frequent event associated with PDAC progression. 
SMAD4 is targeted for deletion or intragenic point muta-
tions in about 50% of PDAC cases, and serves as a central 
component in the transforming growth factor (TGF-β) 
signaling cascade [11]. Correspondingly, the mecha-
nism by which SMAD4 loss contributes to tumorigene-
sis is likely to involve its central role in TGF-β mediated 
growth inhibition. There is recent evidence that SMAD4 
deficiency may inhibit TGF-β induced cell cycle arrest 
and cell migration, while not affecting epithelial–mesen-
chymal transition (EMT), thereby shifting the balance of 
TGF-β signaling from tumor suppression to tumor pro-
motion [43]. Li et al. reported that inhibition of SMAD4 
in pancreatic beta-cells conferred mild but significant 
improvements in glucose levels and glucose tolerance in 
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high fat diet-induced obese mice [44], which often occurs 
in pancreatic cancer. SMAD4 can also function as a nega-
tive regulatory element in the glucose transport system, 
targeted by specific miRNAs, such as miR-29a and miR-
23a [45]. Liang et al. found loss of SMAD4 can enhance 
glycolysis and aggressive tumor behavior by upregulat-
ing phosphoglycerate kinase 1 (PGK1) in PDAC [19]. The 
relationship between SMAD4 and glutamine metabolism 
in tumors remains to be further studied.

RB
Since the retinoblastoma target gene RB was sequenced 
by Lee and colleagues in the 1980s, it has been regarded 
as a well-characterized tumor suppressor that exerts its 
function by inhibiting cell-cycle progression from G0/
G1 to S phase [46]. The genetic alterations of RB have 
been found in many kinds of tumors, including osteo-
sarcoma, renal cell carcinoma, soft-tissue sarcoma, and 
breast, lung (small cell) and prostate cancer, indicating 
an extensive role for RB dysfunction in the initiation and 
development of human tumors [47, 48]. In PDAC, it has 
been shown that RB is mutated or deleted in about 5% of 
patients [49]. Recent reports suggest that RB plays impor-
tant roles in multiple biochemical pathways required for 
tumorigenesis, including cell cycle control, apoptosis, 
angiogenesis, metastasis, as well as cellular metabolism. 
It is reported that the expression and activity of glycolytic 
enzymes such as hexokinase isozyme II (HK2) [50] and 
lactic dehydrogenase (LDH) [51], are increased in ret-
inoblastoma as well as other RB-deleted cancers. RB can 
recruit selective corepressor complexes, such as histone 
deacetylases, to silence gene transcription when bounded 
with the E2F activator transcription factors. And it is also 
well established that c-Myc can stimulate glycolytic flux 
to lactate via its control of glycolytic mRNAs including 
GLUT1, HK2, PKM2, and LDH-A [52]. Although the 
precise mechanisms for that have not been completely 
defined, considering that derepressed E2F-1 activity leads 
to increased expression of c-Myc through direct tran-
scriptional activation of the Myc promoter, and the spe-
cial association between RB and E2F, we can infer that 
RB could inhibit glycolysis of cancer cells through E2F-
Myc-HK2/LDH pathway. In addition, it is reported that 
loss of RB function can cause a significant increase in 
activated Ras, which induces expression of 6-phosphof-
ructo-2-kinase 3 (PFKFB3). PFKFB3 synthesizes fructose 
2,6-bisphosphate (F2,6P2), which allosterically activates 
6-phosphofructo-1-kinase (PFK-1), thus resulting in 
increased glycolytic metabolism in cancer cells [53]. Fur-
thermore, while RB is the repressor of E2F-depend-
ent transcription, which can directly induce the gene 
encoding pyruvate dehydrogenase kinase (PDK) 4, a key 
nutrient sensor and modulator of glucose homeostasis, 

thereby inhibiting glucose oxidation. Michael et al. dem-
onstrated that loss of RB function can trigger enrichment 
of E2F1 occupancy onto the PDK4 promoter, thereby 
resulting in enhanced glucose uptake [54].

RB can also affect tumor growth by regulating glu-
tamine metabolism. It is reported that glutamine uptake 
was significantly increased in immortalized mouse 
embryonic fibroblasts lacking RB family, and was medi-
ated in part through increased expression of the glu-
tamine transporter, ASCT2 (alanine-serine-cysteine 
transporter 2) and GLS1 [55]. Beyond the enhanced glu-
tamine uptake, loss of the RB family leads to increased 
incorporation of glutamine into the TCA metabolite 
aspartate for mitochondrial function, and significantly 
reduces GSH levels, which is essential for maintaining 
redox homeostasis and facilitation of certain enzymatic 
reactions [55]. All these mechanisms render cancer cells 
glutamine “addicted” when RB function was suppressed. 
In addition, several genes have been found to be directly 
suppressed by RB-E2F-1, including subunits of ATP syn-
thase, cytochrome c oxidase, ubiquinol-cytochrome c 
reductase, and the succinate dehydrogenase complex 
which are involved in electron transport chain activity 
and oxidative phosphorylation [56].

PTEN
The tumor suppressor gene PTEN (phosphatase and ten-
sin homologue) is frequently mutated or deleted in many 
types of tumors including PDAC [57–59] and germline 
mutations of PTEN is associated with multiple hamar-
toma disorders. There are no exact data on the muta-
tion rate of PTEN in pancreatic cancer, Wartenberg 
et  al. reported that PTEN expression was lost in 60% 
PDAC cases, 27.8% in pancreatic intraepithelial neo-
plasia (PanINs) and 13.7% in non-neoplastic pancreatic 
tissues [60]. As a lipid phosphatase, PTEN dephosphoryl-
ates phosphatidylinositol 3,4,5-trisphosphate, the second 
messenger produced by phosphatidylinositol 3-kinase 
(PI3K), and therefore negatively regulates the PI3K/AKT 
signaling pathway [61]. AKT is a critical regulator of the 
glycolytic pathway and has been shown to enhance glyco-
lysis by several ways including: (1) inducing translocation 
of glucose transporters, which is the first rate-limiting 
step for glucose metabolism to the plasma membrane; 
(2) activating glycolytic enzymes, such as HK2 and PFK; 
(3) phosphorylating and inactivating directly tumor sup-
pressor tuberous sclerosis protein 2, a negative regulator 
of mammalian target of rapamycin complex (mTORC) 
1, which functions as a key metabolic integration point 
and promotes glycolysis in cells. Martin et  al. observed 
that PTEN loss can increase the expression of pAKT and 
enhance glucose metabolism in PTEN null prostate can-
cer cell lines [62]. Shinde et al. reported that PTEN can 
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suppress the vesicular trafficking of GLUT1, an impor-
tant glucose transporter in cancer cells, by physically 
interacting with the retromer complex named SNX27 
(sorting nexin 27) which recycles transmembrane recep-
tors [63]. Garcia-Cao et  al. reported that PTEN can 
suppress the uptake of glucose, and redirect a greater 
fraction of glycolytic products into mitochondrial oxida-
tive phosphorylation by regulating pyruvate kinase (PK) 
through mTORC1 [64]. Zhao et al. reported that oroxylin 
A, a natural active flavonoid, can induce the downregu-
lation of mouse double minute 2 (MDM2) transcription 
by promoting the lipid phosphatase activity of PTEN, and 
further suppress the MDM2-mediated degradation of 
p53, thereby inhibiting glycolysis in MCF-7 and HCT116 
cells [65]. In addition, PTEN can also negatively affect 
glycolysis by regulating PFKFB3, an essential enzyme 
and control point in glycolysis though the E3 ubiquitin 
ligase APC/Cdh1 complex. And in the same way, PTEN 
elevation can suppress gultaminolysis through enhanc-
ing degradation of GLS1, the first rate-limiting enzyme in 
glutaminolysis [64].

FBW7
F-box and WD repeat domain-containing (FBW) 7 is the 
substrate recognition component for the Skp1-Cul1-F-
box (SCF) ubiquitin ligase complex and also a tumor sup-
pressor; the regulatory network of which is perturbed in 
many human malignancies, including breast carcinoma, 
and colon, gastric and pancreatic cancer [66–69]. Overall, 
approximately 6% of human tumors harbor FBW7 muta-
tions, and we previously reported that fewer than 2% of 
pancreatic cancer samples harbored FBW7 mutations, 
according to sequencing analysis [68]. FBW7 can bind to 
key regulators of cell division and growth after they have 
been phosphorylated within conserved phospho-degron 
motifs, including cyclin E, MYC, JUN and Notch. Most 
FBW7 substrates are proto-oncogenes that are broadly 
implicated in the pathogenesis of human cancers, and 
thus the loss of FBW7 function can lead to chromosomal 
instability and tumor initiation [70]. Researches have also 
found that FBW7 has intimate relationships with tumor 
metabolism. Ji et al. reported that almost all the enzymes 
related to glucose transportation (GLUT1, GLUT4, HK2, 
LDHA, and LDHB) decreased dramatically in FBW7-
overexpressing PDAC cells compared with the control 
cells, and FBW7 negatively regulated the metabolism of 
glucose through regulation of the c-Myc/TXNIP (Thiore-
doxin-Binding Protein) axis in pancreatic cancer [71]. 
However, a recent report from Davis et  al. found that 
though FBW7 mutation is closely associated with genes 
involved in mitochondrial function, FBW7 mutations 
shift cellular metabolism toward oxidative phospho-
rylation which was usually inhibited in cancer cells, and 

promote cell growth through the unique mitochondrial 
functions in anabolic metabolism [72]. It is also reported 
that FBW7 can negatively regulate HIF-1α through pro-
teasomal degradation to modulate cell growth and migra-
tion [73, 74], given the critical role of HIF-1α in cell 
metabolism, further research are warranted to determine 
the significances of FBW7/HIF-1α pathway in metabolic 
regulation. In addition, the relationship between FBW7 
and glutamine metabolism is also warranted to study.

LKB1
LKB1(liver kinase B1), also known as STK11, is a tumor 
suppressor gene whose mutation usually cause a familial 
cancer syndrome called Peutz-Jeghers syndrome which 
is associated with a > 40-fold increase in PDAC incidence 
[75]. Although there is some evidence that the rates of 
inactivation are high in intraductal papillary mucinous 
neoplasm (IPMN), which is identified as one of three 
PDAC precursor lesions [76], somatic mutation of LKB1 
in sporadic PDAC appears to be rare, and was detected in 
only 4–6% of sporadic cases examined [77].

LKB1 encodes a serine/threonine kinase that is 
involved in regulation of diverse processes such as cell 
polarity and metabolism. A large amount of evidences 
indicate that LKB1 plays an important role in the metab-
olism of various tumor and non-tumor cells, such as pan-
creatic cancer, cervical carcinoma, breast cancer and liver 
cancer cells [78–80]. LKB1 regulates cell metabolism 
mainly through directly phosphorylating and activating 
AMPK, which is a central metabolic switch found in all 
eukaryotes that governs glucose and lipid metabolism 
in response to alterations in nutrients and intracellular 
energy levels [81]. It is reported that loss of LKB1 can 
increase glucose consumption and glycolysis in cervical 
cancer cells. This may be related to the enhanced expres-
sion of HK-2 in the glycolytic pathway through elevated 
c-Myc [82]. Dupuy et al. found that loss of LKB1 induces 
increased glycolytic metabolism in breast cancer both 
in vivo and in vitro, and demonstrated that this was regu-
lated through the Akt/mTOR pathway [83]. Faubert et al. 
reported that loss of LKB1 promotes the metabolism of 
both glucose and glutamine through HIF-1α-dependent 
way, thus stimulates aerobic glycolysis and lowers reli-
ance on OXPHOS (oxidative phosphorylation) of non-
small cell lung cancer (NSCLC) cells [84]. And this was 
confirmed again in Parker’s study that functional LKB1 
expressing NSCLC cells exhibited higher flux through 
oxidative mitochondrial pathways compared to those 
deficient in LKB1 [85]. In addition, Wang et  al. found 
specific phosphorylation of LKB1 at Threonine 189 
enhanced glucose uptake by promoting GLUT4 trans-
location to the plasma membrane [86]. Galan-Cobo 
et  al. reported that LKB1 loss can enhance glutamine 
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dependence and vulnerability to glutaminase inhibition 
by regulating the levels of intracellular reactive oxygen 
species and ATP, NADPH/NADP ratio, and glutathione 
[87]. Recently, it was reported that loss of LKB1 renders 
cells dependent on glutamine for growth in polycystic 
kidney disease, and metabolomics analysis suggested that 
LKB1 mutant kidneys require glutamine for non-essen-
tial amino acid and glutathione metabolism [88]. This 
indicates that there is also a link between LKB1 and glu-
tamine metabolism in tumor cells.

BAP1
BAP1, also known as BRCA-associated protein 1, is a 
deubiquitinating enzyme that regulates various activi-
ties by forming multi-protein complexes. And it has been 
demonstrated that its mutation is associated with the 
initiation and development of multiple tumors including 
pancreatic cancer [89, 90]. Recently, Lee et  al. demon-
strated BAP1 exert a tumor suppressor function in pan-
creatic cancer by deubiquitinating LATS2 (large tumor 
suppressor, homolog 2), the negative regulator of Hippo 
pathway which could activate oncoproteins YAP and 
TAZ [89]. In terms of metabolism reprograming, Bon-
oni et  al. found the aerobic glycolysis and lactate secre-
tion are increased, while mitochondrial respiration and 
ATP production are reduced both in primary fibroblasts 
and human mesothelial cells when BAP1 was mutated 
or downregulated [91]. Yang’s team demonstrated that 
BAP1 can promote gluconeogenesis by reducing the deg-
radation of PGC-1α to improve glucose homeostasis in 
mouse liver cells [92]. In addition, it is also reported that 
BAP1 loss increased pancreatitis biomarkers but reduced 
mitochondria related proteins, and glucose and hexose 
metabolic pathways were also repressed in liver-specific 
BAP1 knockout mice [93].

Other tumor suppressor genes participate in metabolic 
reprogramming of pancreatic cancer alone 
or in cooperation
Apart from the several genes mentioned above (Table 1), 
many other tumor suppressor genes participating the ini-
tiation and development of pancreatic cancer are associ-
ated with the metabolic reprograming. For example, it 
was reported that SIRT4 can lead to mitochondrial glu-
tamine metabolism repression, and the loss of it result in 
tumorigenic phenotypes including glutamine dependent 
proliferation and stress-induced genomic instability [94]. 
And pancreatic cancer, like most other cancers, arises 
from stepwise accumulation of genetic perturbations. 
Therefore, there are often multiple genes mutated at the 
same time co-contributing to the initiation of PDAC. In 
a mouse model for pancreatic cancer initiation in which 
one copy of BRCA2 is inactivated from birth, loss of 

heterozygosity (LOH) before acquisition of further muta-
tions is not sufficient to drive tumorigenesis, instead pro-
moting chromosomal instability. Intriguingly, even in the 
presence of KRAS activation, LOH at BRCA2 inhibits 
tumor formation as long as wild-type p53 remains. When 
p53 is mutated, however, loss of the second copy of 
BRCA2 accelerates pancreatic tumorigenesis in a KRAS-
independent manner [95, 96]. The interactions between 
different genes promote the initiation and development 
of tumors, but at the same time provide a new strategy 
for us to the treatment of cancer. For example, Caiola 
et al. reported that co-occurring mutation of KRAS and 
LKB1 in NSCLC cells showed more efficient glycolysis 
and oxidative phosphorylation compared to cells with 
either single mutation genotype, however the enhanced 
metabolic activity renders cells with both genetic lesions 
more sensitive to nutrient limitation, suggesting the pos-
sibility to kill cancer cells through energy stress which 
induced by nutrition restriction regimens [97].

Therapies targeting metabolic reprogramming regulated 
by tumor suppressor genes
Metabolic reprogram regulated by tumor suppressor 
genes constitute an essential factor which facilitate the 
initiation and development of tumor, and this in turn 
provide us some targets to treat the depressing disease. 
More and more agents targeting metabolic alteration 
by tumor suppressor genes achieved significant tumor 
suppression effect (Table  2). For example, Sablina et  al. 
reported that the mutation of TP53 tumor suppressor 
gene is associated with the excessive intracellular ROS 
which could cause DNA damage and genetic instability 
and thus leads to the initiation of cancer. While dietary 
supplementation of antioxidant N-acetylcysteine (NAC) 
could prevent the frequent lymphomas characteristic and 
slow down the growth of lung cancer xenografts in TP53 
mutation mice [98]. In addition, it is reported that the 
low-molecular-weight compound APR-246 which reac-
tivate mutant p53 can suppress tumor growth by inhib-
iting the oxidoreductase enzyme thioredoxin reductase 
1 (TRXR1) and converting the enzyme to a pro-oxidant 
NADPH oxidase, thereby inducing oxidative stress and 
endoplasmic reticulum stress by its redox effects in oste-
osarcoma cells with TP53 mutation [99, 100]. Liu et  al. 
reported that APR-246 can deplete glutathione (GSH) 
and thereby inducing lipid peroxidative cell death in 
oesophageal cancer [101]. Ali et  al. reported that APR-
246 can increase expression of genes that are related to 
oxidative stress including haeme oxygenase 1 (HMOX1) 
and so on in acute myeloid leukaemia [102]. The meta-
bolic reprogramming driven by LKB1 and the KEAP1/
NRF2 pathways enhanced sensitivity of lung adenocar-
cinoma to the glutaminase inhibitor both in  vitro and 
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Table 1 The mechanisms of metabolic alteration by tumor suppressor genes in pancreatic cancer

Tumor 
suppressor 
genes

Substrates Authors Pathways Outcomes Cancer 
type/cell 
lines

Effects 
on tumor

TP53 Glucose Matoba 
et al. 
[23]

P53-SCO2-COX Mitochondrial respiration↓ Pancreatic 
cancer

Promotion

Glycolysis↑

Bensaad et a.
[24]

P53-TIGAR- 
fructose-
2,6-bispho-
sphate

Glycolysis↑ U2OS, 
RKO, 
MCF-7

Promotion

Butera et al. [25] Mutant p53-
GAPDH

Glycolysis↑ Pancreatic 
cancer

promotion

Schwartzenberg et al. [27] P53-GLUT1/4 Glucose transportation↓ SaOS-2, 
RD, 
C2C12

Inhibition

Zhang et al. [28] P53-RRAD-
GLUT1

Glycolysis↓ Lung 
cancer

Inhibition

Kawauchi et al. [29] P53 muta-
tion- 
NF-κB- 
GLUT3

Glycolysis↑ MEFs Promotion

Kim et al. [30] P53-miR-
34a-HK1/2, 
G6PI

Glycolysis↓ Pancreatic 
cancer

Inhibition

Romain et al. [33] P53 
mutation-
MCT1

Lactate export↑ SiHa, 
HeLa, 
MCF-7, 
MDA-
MB-231, 
HCT116

Promotion

Kim et al. [38] P53-PUMA-
MPC

Pyruvate uptake ↓
Glycolysis↑

Hepato-
cellular 
carci-
noma

promotion

Glutamine Suzuki et al. [34] P53-GLS2 ROS↓
GSH↓

Hepato-
cellular 
carci-
noma

Inhibition

Tran et al. [35] mutant p53- 
CDKN1A

Cell cycle arrest
Cell survival↑

Lym-
phoma

Promotion

Tajan et al. [36] P53-Slc1a3 Adaptation to glutamine deprivation↑ HCT116 Promotion

Lowman et al. [37] P53- Slc7a3-
mTORC1

Adaptation to glutamine deprivation↑ MEFs Promotion

CDKN2A Glucose Ju et al. [41] p16 loss-Rb-
E2F-NOX4

NADH oxidation ↑
Glycolysis↑

Pancreatic 
cancer

Promotion

Aharon et al. [42] Aldob/Gck Glucose uptake↑
Glycolysis rates↑

Pancreatic 
beta 
cells

Promotion

Glutamine - - - -

SMAD4 Glucose Raychaudhuri et al. [45] miR-29a/ 
miR-23a-
SMAD4

Glucose transport↓ Skeletal 
muscle

-

Glucose Liang et al. [19] SMAD4 loss-
PGK1

Glycolysis↑ Pancreatic 
cancer

Promotion

Glutamine – – – –
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Table 1 (continued)

Tumor 
suppressor 
genes

Substrates Authors Pathways Outcomes Cancer 
type/cell 
lines

Effects 
on tumor

RB Glucose Beemer et al. [50] RB-E2F-Myc-
HK2/LDH

Glycolysis ↓ Ret-
inoblas-
toma

Inhibition

Zhu et al. [53] RB loss-RAS- 
PFKFB3- 
F2,6P2- 
PFK-1

Glycolysis↑ Gastric 
Cancer

Promotion

Hsieh et al. [54] RB loss-E2F-
PDK4

Glucose uptake↑ Myo-
blasts, 
fibro-
blasts

Promotion

Glutamine Reynolds et al. [55] RB loss-
ASCT2/ 
GLS1

Glutamine uptake↑ MEFs Promotion

PTEN Glucose Maehama et al. [61] PTEN-PI3K/
Akt- HK2/
PFK

Glycolysis ↓ Human 
293 
cells

Inhibition

Garcia-Cao et al. [64] PTEN-PI3K/
Akt-
mTORC-PK

Glycolysis ↓ MEFs Inhibition

Martin et al. [62] PTEN loss-
pERK

Glycolysis↑ Prostate 
cancer

Promotion

Shinde et al. [63] PTEN-SNX27-
GLUT1

Glucose transport↓ HeLa, 
HepG2

Inhibition

Glutamine Garcia-Cao et al. [64] PTEN- APC/
Cdh1- GLS1

Glutaminolysis↓ MEFs Inhibition

FBW7 Glucose Ji et al. [71] FBW7- 
c-Myc/
TXNIP

Glycolysis ↓ Pancreatic 
cancer

Inhibition

Davis et al. [72] FBW7 muta-
tions-

Mitochon-
drial Gene 
(ATP5B/CS 
et al.)

Oxidative phosphorylation↑
Anabolic metabolism↑

colorectal 
cancer

Inhibition

Glutamine – – – –

LKB1 Glucose Zeng et al. [81] LKB1loss-c-
Myc-HK2

Glucose consumption ↑
Glycolysis↑

Cervical 
cancer

Promotion

Dupuy et al. [82] LKB1 loss-
Akt/m 
TORC

Glycosis↑ Breast 
cancer

Promotion

Faubert et al. [83] LKB1 loss- 
HIF-1α

Glycosis↑ Lung 
cancer

Promotion

Glutamine Faubert et al. [83] LKB1 loss- 
HIF-1α

Glutaminolysis↑ Lung 
cancer

Promotion

Galan-Cobo et al. [86] LKB1 loss- 
KEAP1/
NRF2

Energetic and redox homeostasis Lung 
cancer

Promotion
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in vivo, suggesting the clinical application of glutaminase 
inhibitor in subsets of KRAS-mutant tumors [87]. And 
in LKB1-deficient tumors, mTORC1 and hypoxia induc-
ible factor (HIF) signaling are hyper-activated which, in 
turn, stimulates aerobic glycolysis and lowers reliance 
on OXPHOS [84]. While Whang et al. reported that loss 
of LKB1 which leads to dysfunctional mitochondria and 
metabolic dysregulation can also render LKB1-deficient 
tumors hyper-sensitive to pharmacological agents which 
induce energy stress [103]. Also it is important to evalu-
ate the metabolism of the specific tumor that is selected 
for this therapy strategy, as the roles of some genes in 
cancer metabolism are complex, and sometimes even 
opposite. For example, we should be prudential when try 
to activate WTp53 with small molecules, or to restore 
normal function of mutant p53 in human cancers carry-
ing p53 mutations, as the opposite roles in tumor devel-
opment mentioned above [36–38].

Discussion
A large number of genes have been found to be closely 
related to the initiation and development of tumors, and 
have brought about some revolutionary changes in can-
cer treatment. For example, in breast cancer patients with 
HER-2 positive and germline mutations in BRCA1/2, 
the molecularly targeted drugs Trastuzumab and Tala-
zoparib, have greatly improved the patients’ prognosis 
[104, 105]. And there are evidences that poly-ADP-ribose 
polymerase (PARP) inhibitors Olaparib can improve the 
progression-free survival of patients with a germline 
BRCA mutation and metastatic pancreatic cancer [106]. 
A lot of researches including whole genome sequenc-
ing (WGS) and whole exome sequencing (WES) of large 
sample groups have been done to try to find new target 

genes in pancreatic cancer treatment [107–109] And 
accumulating molecular data in recent years divided pan-
creatic cancer into different subgroups with distinct biol-
ogy and provided potential subtype-specific therapeutic 
targets [110]. Apart from that, new tumor-associated 
genes are still being discovered every year. Some of these 
genes are oncogenes, some are tumor suppressor genes, 
and some have different effects of tumor suppression 
and promotion at different stages of tumorigenesis. This 
indicates that there is an inextricable and complex rela-
tionship between genetic changes and the development 
of tumors. In this review, we summarized the important 
roles of tumor suppressor gene mutations in the initia-
tion and progression of pancreatic cancer from the per-
spective of metabolic reprogramming. For example, in 
the alterations of glucose metabolism, almost all the 
tumor suppressor genes mentioned above participated 
in the process, mainly by inhibiting the enzyme activities 
of oxidative phosphorylation such as SCO2 and PK, [23, 
64] while upregulating enzyme activity of aerobic gly-
colysis such as PFK and HK2 [24, 50]. And in the other 
core alteration of glutamine metabolism, tumor sup-
pressor genes mainly regulated the enzymes involved in 
glutamine conversion such as GLS2 and GLS1, and glu-
tamine transporter such as ASCT2 [34, 55].

However, we should also note that while genes greatly 
alter tumor metabolism and facilitate tumor growth, 
abnormal tumor metabolism can also greatly affect the 
gene mutations through influencing the microenviron-
ment. For example, the elevated glycolysis of tumor cells 
could cause increased generation of reactive oxygen spe-
cies (ROS), which will induce the instability and accumu-
lation of mutations and deletions leading to cancer [111, 
112]. In addition, the accelerated anaerobic glycolysis in 

Table 1 (continued)

Tumor 
suppressor 
genes

Substrates Authors Pathways Outcomes Cancer 
type/cell 
lines

Effects 
on tumor

BAP1 Glucose Bononi et al. [90] BAP1 muta-
tion

Glycolysis↑
Mitochondrial respiration ↓

primary 
fibro-
blasts, 
human 
meso-
thelial 
cells

promotion

Ruan et al. [91] BAP1-PGC1α Gluconeogenesis↑ Mouse 
liver 
cells

–

Baughman et al. [92] BAP1 loss- 
mitochon-
dria related 
proteins

Mitochondria↓ liver and 
pan-
creas

–

Glutamine – – – –
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cells leaded the environment to become acidic which can 
induce the gene alterations. For example, the acid envi-
ronment induces the expression of HIF-1α and VEGF to 
promote the neovascularization in ovarian cancer cells 
[113]. Enzo et al. found that YAP/TAZ, key transcription 
factors regulating tumor cell proliferation and aggressive-
ness, can be fully activated when cells actively incorpo-
rate glucose and route it through glycolysis. While when 
glycolysis is reduced, YAP/TAZ transcriptional activity 
is significantly decreased [114]. Ye et  al. found that on 
one hand, the high expression of VCAM-1 (vascular cell 
adhesion molecule-1) in TAMs (tumor-associated mac-
rophages) can induce glycolysis in pancreatic cancer cells, 
on the other hand, the enhanced aerobic glycolysis yield 
large amounts of lactate which activate macrophages to 
a TAM-like phenotype and lead to low immunity [115]. 
Due to the dense stroma and hypo-vascularization, which 
lead to nutrient and oxygen-poor microenvironment in 
pancreatic cancer, the above conditions may be particu-
larly true during the tumor initiation and development.

Therefore, abnormal metabolism and genetic muta-
tions are mutually causal and complementary in tumor 
initiation. In the process, the abnormal metabolic regula-
tions of glucose and glutamine are at the core, but there 
are many other metabolic alterations that are essential for 
tumor growth, such as lipids and amino acids like serine, 
tryptophan and arginine that should not be ignored by 
us. By using genetically engineered mouse models and 
primary pancreatic epithelial cells, and performing tran-
scriptional, proteomics, and metabolic analyses, Kottakis 
et al. found that LKB1 loss can cooperate with KRAS acti-
vation to support tumorigenic growth by induction of the 
serine-glycine-one-carbon pathway coupled to S-aden-
osylmethionine generation, and thus sensitizes cells and 
tumors to inhibition of serine biosynthesis [116]. And as 
mentioned before, p53 can promote the adaption to glu-
tamine deprivation by increasing arginine uptake through 
upregulating SLC7A3 in MEFs [37]. Parker et  al. found 
that PDAC cells lacking of SLC38A2 were unable to con-
centrate intracellular alanine and occurred a profound 
metabolic crisis which lead to markedly impaired tumor 
growth [117]. In addition, LKB1 can activate AMP-acti-
vated protein kinase (AMPK) and inhibit Acetyl-CoA 
carboxylase (ACC), which is a product in the first step 
of fatty acid (FA) synthesis, thus inhibiting FA synthesis 
and tumor growth in lung cancer mouse models [118, 
119]. And as p53 can upregulate AMPK expression, it can 
suppress tumor growth by inhibiting de novo fatty acids 
synthesis through the inactivation of ACC [120]. Beyond 
that, p53 can also suppress adipogenesis by repress-
ing Coactivator-associated arginine methyltransferase 1 
(CARM1) in 3T3L1 preadipocytes [121]. Loss of PTEN 
can lead to aberrant accumulation of cholesteryl ester 

which is frequently occurred in pancreatic cancer. By 
inhibiting acyl-CoA cholesterol acyltransferase (ACAT), 
the proliferation of pancreatic cancer was attenuated 
both in vitro and in vivo [122]. In particular, when stud-
ies on glucose and glutamine metabolism fail to bring 
about breakthroughs in cancer treatment, alternative 
approaches that focus on interfering with the relationship 
between these non-core but important molecular metab-
olisms and gene-driven tumor development may be able 
to provide novel therapeutic avenues for pancreatic can-
cer [123].

In the long history of struggle with pancreatic cancer, 
especially in recent decades, scientists and clinicians have 
made great efforts to discover a variety of molecules and 
signaling pathways, but the treatment of pancreatic can-
cer has not achieved any substantial breakthrough, it is 
still the most lethal disease to human beings so far. This 
is like a fable in ancient China: our understanding of pan-
creatic cancer may have been the same as a blind man 
feeling an elephant, only touching one part of it, and con-
cluding what the elephant is like. We look at pancreatic 
cancer from many different aspects, but may have never 
recognized the essence of tumor as a whole. Therefore, 
although pancreatic cancer is being explored and rec-
ognized from more and more aspects, how to integrate 
the scattered information in a complete form is the real 
challenge.

Conclusion
In conclusion, tumor suppressor genes play essential 
roles in the initiation and progression of pancreatic can-
cer by regulating the metabolic reprogramming of vari-
ous substrates. And we believe that the study of gene 
mutations and reprogrammed metabolisms in pancre-
atic cancer will move forward rapidly and provide novel 
strategies in its treatment. Further original researches 
are warranted to elucidate the therapeutic values of these 
mechanisms and reasonable clinical trials should be 
designed to evaluate their effects on this lethal disease.
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