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Fructokinase A acts as a protein kinase to promote nucleotide synthesis
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The number of human protein kinases is greater than 500, and
they can be classified as tyrosine kinases, serine or threonine
kinases, and protein kinases with dual specificity for both tyro-
sine and serine/threonine phosphorylation. Our work and
others” have expanded the protein kinome by adding a new
branch of protein kinases classified as metabolic enzymes.
Pyruvate kinase M2 (PKM2), which is a glycolytic enzyme that
catalyzes conversion of phosphoenolpyruvate and ADP to
pyruvate and ATP, respectively, is the first glycolytic enzyme
identified as a protein kinase.'! PKM2 phosphorylates substrate
proteins at tyrosines, serines, or threonines in a signaling con-
text- and subcellular compartment-dependent manner. It is
known that PKM2 phosphorylates many critical cellular pro-
teins, including histone H3 at T11, at STAT3 at Y705, Bub3 at
Y207, myosin light chain 2 (MLC2) at Y118, and mTORC1
inhibitor AKT1 substrate 1 (AKT1S1) at S202/203, thereby reg-
ulating the Warburg effect, gene transcription, G1-S phase
transition, mitosis, cytokinesis, and mTORCI activation.”
Recently, we demonstrated for the first time that phosphoglyc-
erate kinase 1 (PGK1), the first ATP-generating glycolytic
enzyme known to catalyze the conversion of 1,3-diphosphogly-
cerate and ADP to 3-phosphoglycerate and ATP, respectively,
acts as a protein kinase, phosphorylating pyruvate dehydroge-
nase kinase-1 (PDHK1) at T338 in mitochondria. This phos-
phorylation activates PDHK]1, inhibits mitochondrial pyruvate
metabolism, and promotes glycolysis.” Thus, we established
that PKM2 and PGKI, the only 2 ATP-generating glycolytic
enzymes, function as protein kinases and play instrumental
roles in tumor development.

In addition to glycolysis, fructose metabolism is a critical
component of cell metabolism, and aberrant fructose metabo-
lism leads to liver diseases.* In the fructose metabolic pathway,
fructokinase, which is also known as ketohexokinase (KHK) and
is a rate-limiting metabolic enzyme, catalyzes the conversion of
fructose and ATP into fructose 1-phosphate and ADP. Fructose
1-phosphate is metabolized into dihydroxyacetone phosphate
and glyceraldehyde by aldolase and subsequently converge in
the glycolysis pathway.” Mutually exclusive splicing of adjacent

exons 3A and 3C in KHK precursor RNA has resulted in expres-
sion of KHK isoform A (KHK-A or fructokinase A) or C
(KHK-C or fructokinase C).® Whereas KHK-A is ubiquitously
expressed at low levels, KHK-C is predominantly highly
expressed in liver, kidney, and pancreatic cells. KHK-C, which
has high binding affinity to fructose compared to that of KHK-
A, exhibits much greater activity toward fructose phosphoryla-
tion than does KHK-A." In a recent study, we demonstrated that
KHK-A is the dominant KHK isoform expressed in hepatocellu-
lar carcinoma (HCC) cells, resulting in much lower fructose
catabolism rates in HCC cells than in normal hepatocytes.

To identify the mechanism of switching of expression from
KHK-C to KHK-A in HCC cells, we used biotinylated RNA
containing the sequence spanning the 3’ end of exon 3A or 3C
and its adjacent intron as bait to identify the splicing regulators
associated with these regions. We found that 2 splicing-regula-
tory proteins, hnRNPH1 and hnRNPH2, bind to a motif
located in the intron adjacent to the 3’ end of exon 3C. Deple-
tion of hnRNPH1 and hnRNPH2 by expression of their short
hairpin RNA inhibited the inclusion of exon 3A and reversed
the expression from that of KHK-A to that of KHK-C in HCC
cells. Examination of the promoters of hnRNPHI and
hnRNPH?2 revealed a noncanonical E-box that can be bound
by the oncogenic transcription factor c-Myc. Knockdown of c-
Myc expression resulted in the same effect induced by depletion
of hnRNPH1 and hnRNPH2 on KHK isoform expression, indi-
cating that c-Myc upregulates hnRNPH1/2 expression and sub-
sequently induces KHK-A expression in HCC cells.

To characterize the functions of KHK-A in HCC cells, we
performed mass spectrometric analysis of KHK-associated pro-
teins and found that KHK-A but not KHK-C interacted with
phosphoribosyl pyrophosphate synthetase 1 (PRPS1), a rate-
limiting enzyme in the de novo nucleic acid synthesis pathway.
Importantly, an in vitro phosphorylation assay demonstrated
that KHK-A functions as a protein kinase and directly phos-
phorylates PRPS1 at T225. This phosphorylation blocked the
binding of the allosteric inhibitor ADP to PRPS]1, thereby abro-
gating the feedback inhibition by ADP and leading to elevated
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Figure 1. A splicing switch from KHK-C to KHK-A promotes HCC formation. KHK-C, the isoform of KHK with high activity toward fructose phosphorylation, was predomi-
nantly expressed in normal hepatocytes. In HCC cells, high expression of c-Myc enhanced the expression of hnRNPH1 and hnRNPH2, which bound to the exon 3C-3/intron
region of KHK, leading to a splicing switch from KHK-C to KHK-A and reduced fructose metabolism. KHK-A phosphorylated and activated PRPS1, resulting in increased de
novo nucleic acid synthesis for hepatocellular tumorigenesis. F1P, fructose 1-phosphate; R5P, ribose-5-phosphate; PRPP, phosphoribosyl pyrophosphate.

de novo nucleic acid synthesis by constitutively activating
PRPS1 in HCC cells (Fig. 1). Suppression of a splicing switch
from KHK-C to KHK-A via depletion of hnRNPH1 and
hnRNPH2 or expression of the phosphorylation-resistant
PRPS1 T225A mutant dramatically inhibited HCC prolifera-
tion and tumor growth in mouse livers. Immunohistochemical
staining of human HCC tissue demonstrated that KHK-A and
PRPS1 pT225 were positively correlated with each other and
that the levels of KHK-A and PRPS1 pT225 staining were
inversely correlated with survival duration in HCC patients,
supporting a pivotal role for KHK-A-dependent PRPS1 phos-
phorylation in HCC progression.”

In summary, we provided important insight into integrated
regulation of cancer cell metabolism and other critical cell
activities by identifying a new class of protein kinases with the
dual roles of metabolic enzymes and protein kinases and by
characterizing their functions in regulation of tumor cell prolif-
eration. Disrupting the activity of these newly identified protein
kinases, including PKM2, PGK1, and KHK-A, may be an effec-
tive approach to cancer treatment.
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