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A moonlighting function of choline kinase alpha 2 in the
initiation of lipid droplet lipolysis in cancer cells

Cancer cells in the tumor microenvironment, where nutri-
ent availability is consistently changing during tumor
progression, harness lipid metabolism to support their
proliferation, survival, migration, invasion, and metastasis
[1]. When nutrients in the tumor microenvironment
are sufficient, lipids such as triglycerides, steryl esters,
and retinyl esters are stored in lipid droplets, which are
dynamic lipid-rich cellular organelles surrounded by a
single layer of polar and amphipathic phospholipids and
structural proteins in the perilipin (PLIN) family. Among
these family members, PLIN2 and PLIN3 are ubiquitously
expressed, whereas PLIN1 is primarily expressed in
adipocytes. These droplet-stored lipids are accessed for
energy production via fatty acid oxidation and membrane
biogenesis during cell growth. They are also involved in
protein modification, redox balance, autophagy modula-
tion and signaling, and can be secreted with lipoproteins.
Lipid droplet accumulation has been observed in many
types of human cancers, including breast cancer, glioblas-
toma (GBM), hepatocellular carcinoma (HCC), lung
cancer, cervical cancer, prostate cancer, colon cancer,
melanoma, cholangiocarcinoma, clear-cell renal cell
carcinoma, ovarian cancer, and pancreatic cancer [2].
Accumulated lipid droplets confer the metabolic capacity
of tumor cells to strive against severe energy stresses.
Aberrantly activated lipid metabolism in cancer cells
drives lipid droplet biogenesis through several ways. First,
cancer cells consistently upregulate de novo lipid syn-
thesis. Receptor tyrosine kinase activation and activat-
ing KRAS mutations induce AKT-mediated phosphory-
lation of cytosolic phosphoenolpyruvate carboxykinase 1
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reticulum; FABP, fatty acid-binding protein; FATP, fatty acid transport
protein; GBM, glioblastoma; HCC, hepatocellular carcinoma; LDL,
low-density lipoprotein; LDLR, low-density lipoprotein receptor; PC,
phosphatidylcholine; PCK1, phosphoenolpyruvate carboxykinase 1;
PKM2, M2 isoform of pyruvate kinase; PLIN, perilipin

(PCK1) at S90, leading to the inhibition of PCK1 gluco-
neogenic activity and its translocation to the endoplas-
mic reticulum (ER). PCK1 binds to the ER membrane
proteins INSIG1/2 and acts as a protein kinase to phos-
phorylate INSIG1 S207 and INSIG2 S151. Phosphorylated
INSIGs exhibit reduced binding to oxysterols, thereby,
activating SREBP-dependent lipogenesis gene expression
[3]. Second, cancer cells upregulate lipid uptake. They
increase fatty acid uptake by upregulating the expression
of fatty acid transporters, which include the cluster of dif-
ferentiation 36 (CD36, also known as fatty acid translo-
case), the family of fatty acid transport proteins (FATPs,
also known as SLC27), and plasma membrane fatty acid-
binding proteins (FABPs). Similarly, increased uptake of
cholesterol in the form of low-density lipoproteins (LDLs)
is mediated by LDL receptors (LDLRs) that are transcrip-
tionally upregulated by activated SREBP1 and PTEN loss-
induced PI3K/AKT activation [1]. Third, cancer cells mobi-
lize endogenous structural lipids. This is achieved via the
breakdown of membranous organelles by autophagy and
membrane remodeling by phospholipases [2].

In response to energy stress, accumulated lipid droplets
in cancer cells are hydrolyzed through a process known as
lipolysis, enabling cancer cell survival and growth. Lipol-
ysis is regulated by two different mechanisms at a later
stage of hydrolysis: (1) lipolysis by cytosolic lipases, such
as adipose triglyceride lipase (ATGL), which binds to the
surface of lipid droplets and hydrolyzes triglycerides to
fatty acids and glycerol, and (2) lipolysis by autophagy
(macrolipophagy), which leads to the translocation of lipid
droplets to lysosomes where they undergo hydrolysis [4].
Although these pathways have been characterized, the
mechanisms through which tumor cells initiate the lipoly-
sis of lipid droplets to fuel tumor growth remain unclear.

We recently revealed a critical mechanism by which
tumor cells sense energy stress and initiate the lipolysis
of lipid droplets through a moonlighting function of
choline kinases (CHKs) [4]. The canonical function
of CHK is the phosphorylation of choline to produce
phosphocholine, leading to the production of the critical
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membrane component phosphatidylcholine (PC). CHK is
expressed in 3 isoforms as homodimers or heterodimers:
CHKal and CHKa2 are produced by alternate splicing of
the CHKA gene, resulting in exon 3-containing CHKa2
and exon 3-excluding CHKal, whereas CHKS is encoded
by CHKB. CHKa2 is the predominant isoform expressed
in multiple types of human cancers. In response to glucose
deprivation, a small fraction of cytosolic CHKa2 binds
to lipid droplets in an AMP-activated protein kinase
(AMPK)-dependent manner. Glucose deprivation induces
the association between endogenous AMPK and CHKa2,
and AMPK phosphorylates CHKa2 at S279A both in vitro
and in vivo. Inhibition or deficiency of AMPK or CHKa2
S279A expression abrogates glucose deprivation-induced
binding of CHKa2 to lipid droplets in GBM and HCC cells,
whereas AMPK activation promotes the binding of CHKa2
to lipid droplets. Importantly, CHKa2 depletion blocks
glucose deprivation-induced lipolysis of lipid droplets.
These results suggest that AMPK activation mediates the
binding of CHKa2 to lipid droplets and subsequent lipid
droplets lipolysis.

Intriguingly, mass spectrum analyses revealed that
CHKoa2 is not only phosphorylated at S279 but is also acety-
lated at K247 and that KATS5 acetyltransferase is a CHKa2-
associated protein. A GST pull-down assay showed that
AMPK-mediated phosphorylation of CHKa?2 is required
for KAT5 to bind CHKa2, leading to KAT5-mediated
CHKa2 K247 acetylation. Importantly, the CHKa2 K247R
mutant, which is phosphorylated at S279 upon glucose
deprivation, fails to be translocated to lipid droplets. These
results suggest that energy stress elicits a cascade of pro-
tein interactions and posttranslational modifications, and
that AMPK activation and subsequent binding to CHK«2
and phosphorylation of CHKa2 are required for the associ-
ation of CHKa2 with KATS5, which subsequently mediates
CHKa2 K247 acetylation; a signaling pathway that is indis-
pensable for the translocation of CHKa2 to lipid droplets.

Structural analyses of dimerized CHKa2 showed that
the positively charged K247 of one CHKa2 molecule inter-
acts with the negatively charged E97 of another molecule
of CHKa2 molecule. As expected, KAT5-mediated K247
acetylation, which adds a negatively charged acetyl group
to the K247 residue and neutralizes the Lys charge, dis-
rupted CHKa2 dimerization. Similarly, the substitution
of E97 with a positively charged Arg residue inhibited
the dimerization of CHKa2 and disabled the binding of
CHKa2 to PLIN2 or PLIN3, suggesting that the conver-
sion of CHKa2 from a dimer to a monomer, exposing
the dimer interface, enables CHKa2 binding to PLIN2
or PLIN3. Among multiple mutations to the hydrophilic
and hydrophobic residues of the CHKa2 dimer inter-
face 175-EAMVLESVMFAILAER-190, 1186A/L187A substi-
tutions abolished the glucose deprivation-induced interac-

tion between CHKa2 and PLIN2 or PLIN3, suggesting that
CHKa2 K247 acetylation-mediated disruption of CHKa2
dimerization exposes the binding residues I186 and L187 of
the o helix in the dimerized interface, enabling their inter-
action with PLIN2/3.

Our previous studies demonstrated that the M2 iso-
form of pyruvate kinase (PKM2), phosphoglycerate kinase
1, ketohexokinase-A, and PCKI1, which are metabolic
enzymes, can also function as protein kinases and phos-
phorylate a variety of protein substrates to modulate crit-
ical cellular functions [3, 5-14]. In vitro phosphoryla-
tion and mass spectrometric analysis demonstrated that
CHKoa2 uses ATP as a phosphate donor and phosphory-
lates PLIN2 at Y232 and PLIN3 at Y251. Computational
docking analyses demonstrated that only monomeric
CHKa with its expanded choline-binding pocket, which
may contribute to reduced choline-binding affinity and
canonical activity, enables the PLIN2 Y232 or PLIN3 Y251
peptide to interact with the catalytic domain of CHKa2 for
phosphate group transfer. These results suggest that K247
acetylation-mediated monomerization of CHK« alters the
structure of the catalytic domain, enabling the phosphory-
lation of PLIN2/3.

It was previously reported that Hsc70 interacts with
PLIN2/3 to promote their chaperone-mediated autophagy
(CMA)- and lysosome-dependent degradation, leading
to lipid droplet association with cytosolic ATGL and
macrolipophagy [15]. Expression of phosphorylation-
resistant CHKoa2 S279A, acetylation-resistant CHKa2
K247R, or PLIN2/3 phosphorylation-resistant mutants
disrupts PLIN2/3 association with Hsc70 under glucose
deprivation conditions; blocks the glucose deprivation-
induced removal of PLIN2/3 from lipid droplets, the
association of ATGL, beclinl, or LC3B with lipid droplets,
and the engulfment of lipid droplets by autophagosomes;
and consequently abolishes the reduction of lipid droplets
in both GBM and HCC cells. Consistently, the expression
of these mutants inhibits glucose deprivation-induced
increases in glycerol and free fatty acid levels and §-
oxidation metabolic flux, decreases cellular acetyl-CoA
and ATP levels and cell proliferation under 2-deoxy-d-
glucose (2-DG) treatment, and further accelerates glucose
deprivation-induced cell apoptosis. In addition, knock-in
expression of these mutants inhibits brain tumor growth
with prolonged mouse survival time and enhances 2-DG
treatment-induced inhibition of the growth of tumors,
with corresponding inhibition of lipid consumption and
longer mouse survival time. Notably, the expression
of these mutants in combination with temozolomide
treatment enhances the growth inhibition of tumors.

The clinical significance of CHKa2-regulated lipol-
ysis of lipid droplets in human GBM progression was
shown by immunohistochemical analyses of human
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FIGURE 1 Schematic depicting the mechanism underlying

CHKa2-mediated lipolysis of lipid droplets in cancer cells
Abbreviations: AMPK, AMP-activated protein kinase; CHK, choline
kinase, TG, triglyceride; ATGL, adipose triglyceride lipase (ATGL);
P, phosphate group, Ac, acetyl group.

primary GBM specimens which revealed a positive corre-
lation between the levels of AMPK substrate acetyl-CoA
carboxylase (ACC) S79 phosphorylation, CHKa2 S279
phosphorylation, CHKa2 K247 acetylation, PLIN2 Y232
phosphorylation and PLIN3 Y251 phosphorylation. In
addition, CHKa2 and PLIN2/3 phosphorylation and
CHKa2 K247 acetylation were associated with poor
survival in GBM patients [4].

CHKoa2 is overexpressed in many types of cancer and is
associated with tumor prognosis. Therefore, CHKa2 has
been targeted for cancer treatment. Nevertheless, all prolif-
erating normal cells and cancer cells require the canonical
function of CHKa2 for phosphatidylcholine production
and subsequent cell membrane composition. Thus, target-
ing the canonical function of CHKa2 in cancer treatment is
predicted to unavoidably induce severe side effects. Here,
we demonstrated that CHKa2 protein kinase activity-
dependent PLIN2/3 phosphorylation was required for the
energy stress-induced initiation of lipid droplet lipolysis
in cancer cells (Figure 1). This finding paves the way for
specifically intervening tumor growth by inhibiting the
moonlighting function of CHKa2 in lipid metabolism in
cancer cells. Together with the clinical association of spe-
cific CHKa2 phosphorylation and acetylation and CHKa2-
mediated PLIN2/3 phosphorylation with aggressive
human GBM, the discovery of CHKa2 as a new member of
the human protein kinome indicates that CHKa2 is a novel
and promising diagnostic and therapeutic target for cancer.
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