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Telomeres maintain chromosome integrity. Loss of telom-
ere function, which is attributed to progressively shortened
telomeres in each round of DNA replication, induces end-
to-end fusion of chromosomes, anaphase bridges with
subsequent chromosome breakage, and eventually leads
to senescence and apoptosis in normal cells [1]. In can-
cer cells, highly activated telomerase synthesizes telomere
repeats to promote telomere elongation. For assembling
catalytically active telomerase, cytoplasmic telomerase
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reverse transcriptase (TERT), which is the catalytic pro-
tein subunit of telomerase, needs to translocate into
the nucleus. This translocation requires AKT-mediated
TERT S227 phosphorylation and subsequent binding of the
nuclear localization signal (NLS) of TERT to importin α
[2]. However, whether cancer cells and normal cells dif-
ferentially regulate TERT phosphorylation and telomere
functions remain largely unknown.
We recently demonstrated that fructose 1,6-

bisphosphatase 1 (FBP1), the rate-limiting gluconeogenic
enzyme that converts fructose 1,6-bisphosphate (F-1,6-
BP) to fructose 6-phosphate (F-6-P), acts as a protein
phosphatase and dephosphorylates TERT [3]. Through
analyses of FBP1 immunoprecipitants from hepatocellular
carcinoma (HCC) Huh7 cells by mass spectrometry,
TERT was identified as an FBP1-associated protein,
and this interaction was primarily in the cytosol. An in
vitro glutathione S-transferase (GST) pulldown assay
showed that FBP1 directly bound to TERT, and truncation
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F IGURE 1 A schematic depicting the role of FBP1 in TERT dephosphorylation and tumor growth inhibition. FBP1 dephosphorylates
TERT S227 in the cytosol. This dephosphorylation induces cell senescence. FBP1 deficiency promotes tumor growth. Abbreviations: FBP1,
fructose 1,6-bisphosphatase 1; TERT, telomerase reverse transcriptase; CDS, coding sequence.

and mutagenesis analyses identified that asparagine
(N)273 of FBP1 is a key residue involving in binding to
TERT. Importantly, a protein dephosphorylation assay
showed that wild-type (WT) FBP1, but not FBP1 N273A
mutant, dephosphorylated AKT1-phosphorylated TERT
at S227. Notably, FBP1 G260R, a metabolically inactive
mutant defected in its binding to F-1,6-BP, was still
able to dephosphorylate TERT, indicating that FBP1

dephosphorylates TERT independent of its gluconeogenic
activity.
The catalytic domain of conventional protein phos-

phatases contains a conserved and reduced cysteine (C),
which is critical for the dephosphorylation of protein sub-
strates. Molecular docking analyses showed that the phos-
phorylated S227 residue of TERT was in close proximity
to C129 of FBP1 [3]. In addition, during the process of the
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dephosphorylation, FBP1 formed a covalent phospho-C129
intermediate. FBP1 C129S mutant, which had comparable
metabolic activity to its WT counterpart, lost its ability to
dephosphorylate TERT pS227 both in vitro and in vivo.
Structural analyses revealed that a binding pocket was
formed by FBP1 C129, R244 and D128, which interact with
the phosphate group of pS227 of TERT. Notably, muta-
tions of FBP1 R244 or D128 also decreased TERT pS227
dephosphorylation by FBP1.
As expected, FBP1 depletion enhanced the nuclear

translocation of TERT and telomerase activity, leading to
increased telomere lengths in normal human renal cells
[3]. In contrast, in clear cell renal cell carcinoma (ccRCC)
cells with deficiency in FBP1 expression, ectopic expres-
sion of WT FBP1, but not FBP1 C129S or FBP1 N273A
reduced nuclear TERT levels and activity of telomerase,
resulting in decreased telomere lengths and increased cell
senescence. In addition, the expression of these proteins
did not alter the alternative lengthening of telomere (ALT)
pathway. Mouse studies showed that WT FBP1 expression
substantially promoted anaphase bridge formation, a fea-
ture of dysfunctional telomere, enhanced cell senescence
in tumors, and inhibited tumor growth that accompanied
with decreased levels of TERT S227 phosphorylation. In
contrast, the expression of FBP1 C129S and FBP1 N273A,
to a large extent, failed to inhibit tumor growth and tumor
cell senescence (Figure 1). In addition, FBP1 expression lev-
els and TERT pS227 levels were inversely correlated with
each other in ccRCC and HCC specimens and poor prog-
nosis of the patients. These results indicate that FBP1 acts
as a tumor suppressor and inhibits tumor growth through
TERT pS227 dephosphorylation.
To explore the therapeutic potential of employing

FBP1’s tumor-suppressing function to treat cancer, animal
studies were conducted using lipid nanoparticles (LNPs)
to deliver FBP1 mRNA [3]. Intravenous delivery of LNP-
FBP1 mRNA, which contained an Arg-Gly-Asp (RGD)
tripeptide on the surface of LNP for binding to integrin
overly expressed in tumor cell membrane, markedly
reduced glycolytic flux in the tumor tissues and inhibited
tumor growth. Of note, treatment with the LNPs did not
elicit obvious adverse effects.
Tumor cell proliferation relies on substantially increased

glycolysis regardless of oxygen availability, which is known
as the Warburg effect [4]. As a gluconeogenic enzyme,
FBP1 inhibited growth of acute myeloid leukemia through
anti-Warburg effect [5]. Glycolytic enzymes, including hex-
okinase, phosphoglycerate kinase 1, pyruvate kinase M2,
aswell as othermetabolic enzymes such as ketohexokinase
isoform A, phosphoenolpyruvate carboxykinase 1, choline
kinase α2, and creatine kinase B, exhibit protein kinase
activity. They phosphorylate diverse protein substrates
critical for various cellular activities [6, 7]. The finding of

FBP1’s protein phosphatase activity in dephosphorylation
of histone H3 and TERT reshapes the understanding of the
moonlighting functions of metabolic enzymes, involving
both phosphorylation and dephosphorylation of proteins
[8]. The deficiency in expression of gluconeogenic enzyme
FBP1 in tumor cells promotes cell proliferation not only by
facilitating the Warburg effect but also through the loss of
its protein phosphatase activity. FBP1 has been shown to
be able to dephosphorylate histone H3 at T11 and nuclear
factor of kappa light polypeptide gene enhancer in B-cells
inhibitor alpha (IκBα), resulting in suppression of histone
H3T11 phosphorylation-dependent gene transcription and
nuclear factor κB (NF-κB) activity, respectively [9, 10]. The
finding that FBP1 plays a critical role in the dephospho-
rylation of TERT and the inhibition of telomere function
underscores its previously unknown role in regulating cell
senescence and immortality. The proof-of-concept studies
showing that LNP-FBP1 mRNA effectively attenuated
tumor growth provide an attractive strategy for cancer
treatment.
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