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ABSTRACT Fatty acids stored in triacylglycerol-rich lipid droplets are assembled with a surface
monolayer composed primarily of phosphatidylcholine (PC). Fatty acids stimulate PC synthesis
by translocating CTP:phosphocholine cytidylyltransferase (CCT) a to the inner nuclear mem-
brane, nuclear lipid droplets (nLD) and lipid associated promyelocytic leukemia (PML) struc-
tures (LAPS). Huh7 cells were used to identify how CCTa translocation onto these nuclear
structures are regulated by fatty acids and phosphorylation of its serine-rich P-domain. Oleate
treatment of Huh7 cells increased nLDs and LAPS that became progressively enriched in CCTa.
In cells expressing the phosphatidic acid phosphatase Lipin1a or 1B, the expanded pool of
nLDs and LAPS had a proportional increase in associated CCTa.. In contrast, palmitate induced
few nLDs and LAPS and inhibited the oleate-dependent translocation of CCTa without affect-
ing total nLDs. Phospho-memetic or phospho-null mutations in the P-domain revealed that a
70% phosphorylation threshold, rather than site-specific phosphorylation, regulated CCTa as-
sociation with nLDs and LAPS. In vitro candidate kinase and inhibitor studies in Huh7 cells
identified cyclin-dependent kinase (CDK) 1 and 2 as putative P-domain kinases. In conclusion,
CCTo translocation onto nLDs and LAPS is dependent on available surface area and fatty acid
composition, as well as threshold phosphorylation of the P-domain potentially involving CDKs.

SIGNIFICANCE STATEMENT

e PC synthesis is stimulated by CCTo translocation to the nuclear envelope and nuclear LDs. How
enzyme association with these two compartments is spatially and temporally regulated is poorly
understood.

e Oleate stimulated the rapid dephosphorylation and association of CCTo. with the nuclear envelope,
followed by gradual recruitment to nuclear LDs in proportion to droplet expansion driven by Lipin1.

* CCTa association with nuclear LDs was inhibited by palmitate and, 70% phosphorylation of its ser-
ine-rich domain. These data show that transition of CCTa. from the nuclear envelope to nuclear LDs
is coupled to Lipin1 activity and dephosphorylation to a critical threshold.
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INTRODUCTION

Excess fatty acids and cholesterol are esterified to triacylglycerol
(TAG) and steryl esters and stored in cytoplasmic lipid droplets (cLD)
that are emulsified and stabilized by a surface monolayer of phos-
pholipids and associated proteins. The principal functions of cLDs
are to store and release fatty acids and sterols in response to the
changing nutrient and growth demands of a cell, and to protect
against lipid metabolic stress (Walther and Farese, 2012). cLD bio-
genesis is initiated by the polymerization of seipin and lipid droplet
assembly factor 1 (LDAF1) on endoplasmic reticulum (ER) and the
subsequent assembly of a metabolic complex of lipid biosynthetic
enzymes and regulatory factors that promote cLD maturation and
budding (Yan et al., 2018; Chung et al., 2019; Kim et al., 2022). ER-
resident and cytosolic proteins that associate with the surface of LDs
control the function of LDs with respect to nutrient provision, ste-
roidogenesis, and innate immunity (Kory et al., 2016; Shen et al.,
2016; Henne et al., 2018; Bosch et al., 2021; Song et al., 2022).

Recent studies have established the presence of nuclear lipid
droplets (nLDs) that are structurally related but functionally distinct
from their cytoplasmic counterparts (Fujimoto, 2022; McPhee et al.,
2022). High resolution imaging identified nLDs in human and rat liver
nuclei (Layerenza et al., 2013; Uzbekov and Roingeard, 2013), and
later in the budding yeast Saccharomyces cerevisiae (Romanauska
and Kohler, 2018), Drosophila melanogaster (Jacquemyn et al.,
2021), and Caenorhabditis elegans (Mosquera et al., 2021). The bio-
genesis of nLDs occurs by at least two mechanisms. In hepatoma
cells, nLDs originate from very low-density lipoprotein (VLDL) precur-
sors in the ER lumen that migrate into and rupture the type | nucleo-
plasmic reticulum (NR) at sites that are enriched in isoform Il of the
promyelocytic leukemia (PML) protein but depleted of lamina
(Soltysik et al., 2019). The second mechanism, described in yeast and
U20S cells, involves de novo biogenesis of nLDs at the inner nuclear
membrane (INM) where many of the enzymes required for TAG syn-
thesis are localized, including glycerol-3-phosphate acyltransferase
(GPAT) 3 and 4, 1-acyl-glycerol-3-phosphate acyltransferase (AGPAT)
1, Lipin-1, and diacylglycerol acyltransferase (DGAT) 1 and 2 (Lee
et al., 2020; Soltysik et al., 2021). Interestingly, nLD formation on the
INM of U20S cells does not require seipin (Soltysik et al., 2021).
Consistent with a de novo origin at the INM, nLDs also contain the
TAG and phospholipid precursors diacylglycerol (DAG) and phos-
phatidic acid (PA; Lee et al., 2020; Soltysik et al., 2021). nLDs shrink
in size when cells are deprived of exogenous fatty acids (Soltysik
et al., 2021) but the relevant lipases have not been identified.

While nLDs are widespread in nature, they are restricted to spe-
cific cell types, are fewer in number than cLDs and are often ob-
served under specific genetic and nutritional conditions. Thus, nLDs
are unlikely to be involved in energy homeostasis but could partici-
pate in nuclear responses to lipid metabolic stress. Clues to nLD
function comes from their association with the nuclear proteins PML
and CTP:phosphocholine cytidylyltransferase (CCT) o. PML forms
the structural scaffold of PML nuclear bodies (PML NBs), which re-
cruit and regulate the activity of >150 client proteins that mediate
responses to DNA damage, oxidative stress, apoptosis, and tran-
scription (Dellaire et al., 2006; Corpet et al., 2020). In Huh7 cells, the
PMLII isoform is required for assembly of 40-50% of total nLDs (Oh-
saki et al., 2016). Knockout of the PML gene in U20S cells resulted
in a similar reduction in total nLDs indicating the presence of a
unique subset of lipid-associated PML structures (LAPS; Lee et al.,
2020). Moreover, LAPS in U20S cells are depleted of canonical pro-
teins found in PML NBs, such as death domain associated protein
(DAXX), small ubiquitin-like modifier (SUMO) and SP100. Thus, the
accretion of nLDs shifts PML to LAPS at the expense of PML NBs,
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potentially inhibiting PML NB functions but generating a novel
structure that ostensibly is involved in the nuclear response to lipid
overload and toxicity.

Approximately 30% of nLDs and LAPS in U20S cells contain
CCToa, which catalyzes the rate-limiting and regulated step in PC
synthesis (Lee et al., 2020). In Huh7 cells, CCTa is activated on nLDs
and LAPS resulting in increased PC synthesis to reduce ER stress,
and enhanced storage of TAG and secretion in VLDL (Ohsaki et al.,
2016; Soltysik et al., 2019). The loss of LAPS in PML-knockout U20S
cells caused reduced CCTa. association with the residual nLD pool
and a 40% reduction in PC synthesis (Lee et al., 2020). These data
indicate that nLDs and LAPS ameliorate the effects of fatty acid
overload and ER stress by acting as platforms for the recruitment of
CCTa to activate PC synthesis by the CDP-choline pathway. The
association of CCTa with nLDs and LAPS is dependent on its mem-
brane-binding M-domain, which is inhibited by phosphorylation of
the adjacent serine-rich P-domain (Lee et al., 2020). However, it is
unknown if this regulatory mechanism involves global or site-spe-
cific changes in P-domain phosphorylation or applies to other meta-
bolic conditions under which nLDs and LAPS are formed. The results
presented here show that the monounsaturated fatty acid oleate is
the preferred substrate for nLD and LAPS formation and CCTa. acti-
vation, which is enhanced by Lipin1 expression but opposed by
global increases in P-domain phosphorylation by cyclin dependent
kinases (CDK).

RESULTS

Lipin1 expression increases CCTa-positive nLDs

PC synthesis is increased in oleate-treated U20S and Huh7 cells as
a result of recruitment and activation of CCTa on nLDs and LAPS
(Ohsaki et al., 2016; Lee et al., 2020). How CCTo. recruitment is reg-
ulated and the relative contribution of nLDs and LAPS is unknown.
To address this, we used confocal immunofluorescence to investi-
gate the temporal sequence of CCTa recruitment to BODIPY-posi-
tive nLDs, and LAPS in Huh7 cells treated with oleate for up to 24 h
(Figure 1). In this study, nLDs refer to the total pool of BODIPY-
positive nLDs, and LAPS defines the portion that is PML-positive.
Untreated Huh7 cells contained a small number of nLDs (-1 per
cell), the majority of which (~80%) were LAPS devoid of CCTa
(Figure 1, A and B). Treatment with oleate for 24 h increased total
nLDs and LAPS, with the latter containing the majority of CCTa.
(Figure 1, A and B). Quantitation of immunofluorescence images
over the 24 h oleate-treatment period (Figure 1A) revealed that total
nLDs per cell increased up to 6 h before plateauing (Figure 1C).
However, the number of LAPS (Figure 1D) and CCTo-positive
nLDs (Figure 1E) increased continually for 24 h. At 24 h, 60% of nLDs
were CCTo-positive, with the majority being CCTo-positive LAPS
(Figure 1B). The proportion of nLDs that were devoid of both PML
and CCToa increased to ~30% by 24 h (Figure 1B). These data show
that nLDs and LAPS are omnipresent in Huh7 but only after oleate
treatment does CCTo. translocate to preexisting or newly made
nLDs and LAPS.

The PA phosphatase Lipin1o and 1B isoforms associate with
nLDs and LAPS in response to oleate treatment (Lee et al., 2020)
and when nuclear import is stimulated by mTORC1 inhibition in
U20S cells (Soltysik et al., 2021). Lipin1 expression in U20S cells
increases nLD formation by providing the DAG precursor for TAG
synthesis (Soltysik et al., 2021). To test whether Lipin affects CCTa.
association with nLDs and LAPS, Huh7 cells transiently expressing
V5-tagged Lipinlo. or 1B were treated with oleate for 24 h.
Representative confocal images of Huh7 cell nuclei show that Lipin
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Temporal association of CCTo with nLDs and LAPS in oleate-treated Huh7 cells.
(A) Huh7 cells were treated with oleate (0.4 mM) for the indicated times and immunostained
with antibodies against CCTo. and PML. LDs were visualized with BODIPY 493/503 (bar, 5 pm).
(B) mean percent distribution of CCTo. and PML on nLDs at 0 and 24 h. (C-E) quantification of
total BODIPY-positive nLDs (panel C), LAPS (panel D) and CCTa-positive nLDs (panel E). Results
are the mean and SEM of 9-15 confocal images (10-20 cells per field) from three independent

experiments.

isoforms did not appear on nLDs until 6-12 h after oleate addition
(Figure 2, A and B). Endogenous CCTo. also appeared on nLDs at
6-12 h and extensively colocalized with LipinToe and 1B by 24 h.
Lipin1a. and 1B did not associate with cLDs despite partial cytosolic
localization of both isoforms. Quantitation of Lipin1 localization dur-
ing oleate treatment revealed that the 1o isoform was predomi-
nately nuclear and its distribution between the nucleus and cyto-
plasm did not change significantly with oleate treatment (Figure 3A).
Lipin1B was predominantly cytoplasmic but there was an apprecia-
ble shift to the nucleus after 24-h oleate treatment. Consistent with
its prominent nuclear localization (Peterfy et al., 2005; Figure 3A),
LipinTow appeared on nLDs more rapidly but by 24 h both isoforms
populated a similar number of nLDs (~6 per cell, Figure 3B).
Compared to nonexpressing cells in the same field, Huh7 cells
expressing Lipin1a had a significant twofold increase in nLDs after 6
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h of oleate exposure (Figure 3C). A signifi-
cant increase in nLDs in cells expressing
Lipin1p cells was not observed until 24 h. In
parallel with the increase in nLDs, CCTo-
positive nLDs were also significantly in-
creased twofold in cells expressing LipinTo
or 1B at 12 and 24 h (Figure 3D), evidence
that recruitment of CCTo to nLDs reflects
the increase in nLD biogenesis afforded by
Lipin1 expression.

Palmitate inhibits CCTa translocation
to nLDs and LAPS

The biogenesis of nLDs has been studied al-
most exclusively in the context of the mono-
unsaturated fatty acid oleate, which is effi-
ciently stored in LDs. Palmitate is poorly
incorporated into LDs (Listenberger et al.,
2003; Leamy et al., 2016), and induces lipo-
toxicity and the ER unfolded protein re-
sponse by increasing the saturation of mem-
brane lipids (Borradaile et al., 2006; Kitai
et al., 2013; Hirsova et al., 2016). To deter-
mine whether palmitate activates CCTa, its
translocation to the nuclear envelope (NE),
nLDs and LAPS was monitored in Huh7 cells
exposed to equal concentrations of oleate or
palmitate complexed with bovine serum al-
bumin (BSA). Treatment with oleate for 15 or
30 min caused CCTa. translocation to the NE
as well as nucleoplasmic puncta (Figure 4A).
CCTo-pY359/5362 was also detected on the
NE after oleate treatment but CCTo-pS319
remained in the nucleoplasm. This is consis-
tent with partial dephosphorylation of S319

24 h

but not Y359/5362 following 15- and 30-min
exposure to oleate (Figure 4B). In contrast,
palmitate did not induce CCTa. translocation
to the NE in Huh7 cells, or effect the localiza-
tion or phosphorylation of CCTa-pS319 or
-pY359/5362 (Figure 4, A and B). Next, Huh7
cells were treated with oleate or palmitate for
24 h, and the presence of CCTo on LAPS
and nLDs was visualized by immunofluores-
cence confocal microscopy (Figure 4C).
Oleate-treated Huh7 cells had numerous
LAPS and nLDs coated in CCTa (Figure 4C,
and associated line-plots). Comparatively, palmitate-treatment did
not increase nLDs and LAPS, which were devoid of CCTa (see
quantitation in Figure 4, F and Q). Similarly, palmitate did not
promote the translocation of Lipin1o. or 1B to LAPS or nLDs (Supple-
mental Figure 1), which was strongly induced by the same concen-
tration of oleate (Figures 2 and 3). CCTo translocation to nLDs and
LAPS in oleate-treated cells was accompanied by the partial
dephosphorylation at S319 and S359/Y362 after 12 h (Figure 4D).
Dephosphorylation of S319 and S359/Y362 was not observed in
palmitate-treated cells (Figure 4D), consistent with the lack of trans-
location to LAPS and nLDs shown in Figure 4C. Compared to cells
treated with oleate (0.4 mM), the addition of palmitate (0.1 mM)
did not affect total nLDs (Figure 4, E and F) but suppressed the
translocation of CCTa to nLDs by >50% (Figure 4, E and G). We
conclude that palmitate poorly induces nLD and LAPS formation

0 3 61224
Time (h)
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Confocal immunofluorescence imaging of Lipin-1o and -1B. Huh7 cells transiently expressing Lipin1o (panel
A) or 1B (panel B) were treated with oleate (0.4 mM) for the indicated times and immunostained with antibodies against
V5 and CCTo. LDs were visualized with BODIPY 493/503 (bar, 5 pm).
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FIGURE 3: Lipin1 overexpression in Huh7 cells increases nLD and
LAPS with associated CCTo.. Confocal immunofluorescence images
shown in Figure 2 were used for quantification. (A) percentage
distribution of Lipin1a and 1B following oleate treatment for 0 and
24 h. Lipin1 was classified as more nuclear than cytoplasmic (Nuc >
cyto), equally partitioned (Nuc = cyto) or more cytoplasmic (Nuc <
cyto). (B) time-course for association of Lipin1o. and 1 with nLDs.

(C and D) total nLDs (panel C) and CCTo-positive nLDs were
quantified in cells expressing Lipin1o and 1B, and in nontransfected
(NT) cells in the same fields. Results in panels B-D were derived from
3-5 confocal images per time point (10-20 transfected cells per
image) from 2-3 independent experiments. Panels C and D are
presented as box and whisker plots showing the mean and 5-95t
percentile. Statistical differences between NT, Lipin-1a;, and -1 cells
was determined using two-way ANOVA and Tukey's multiple
comparison; *p < 0.01 ***p < 0.001 ****p < 0.0001.

and antagonizes oleate-induced recruitment of CCTo to nLDs
or LAPS.

Threshold phosphorylation of the CCTa P-domain controls
translocation to LAPS and nLDs

Activation of CCTa on nLDs and LAPS by insertion of the amphipa-
thic M-domain into the surface monolayer is inhibited by phospho-
mimetic mutation of 16 serine residues in the P-domain or enhanced
by deletion of the P-domain (Lee et al., 2020). In U20S and Caco2
cells, CCTa. S319 was dephosphorylated upon nLD association,
while the phosphorylation of the C-terminal Y359/5362 site was un-
affected (Yue et al., 2020). Huh7 cells treated with oleate for 24 h
showed a progressive increase in CCTo-pY359/pS362-positive
nLDs (Figure 5A), but CCTo-pS319 was nucleoplasmic and de-
creased slightly at 24 h (Figure 5B). Immunoblotting of Huh7 lysates
from an oleate time course showed that CCTa-pS319 and -pY359/
pS362 were reduced by 24 h (Figure 4D).

Results with Huh7 (Figure 5) and other cells (Yue et al., 2020)
showed that P-domain sites are differentially dephosphorylated dur-
ing or after association with the NE and nLDs. However, systematic
mutagenesis of the P-domain has not been undertaken to deter-
mine whether bulk or site-specific phosphorylation regulates CCTa.
localization to nLDs and LAPS. To address this question, four sepa-
rate tracts of two to three serine residues in V5-tagged rat CCTa.
were mutated individually or in combination to alanine or aspartate
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residues, resulting in a series of mutants in which from two to 11
serine residues were converted to a dephospho- or phosphomi-
metic state (Figure 6A). U20S cells were used to analyze the CCTo
phosphomutants because they express relatively less endogenous
CCTo (Supplemental Figure 2A) and form nLDs and LAPS. Temper-
ature-sensitive CHO-MT58 cells (Esko et al., 1981) were used to
monitor the expression of CCTa. phosphosite mutants because en-
dogenous CCTa was undetectable by immunoblotting at the non-
permissive temperature (Supplemental Figure 2B). Immunoblots of
lysates from U20S (Figure 6, B, D, and E) and CHO-MT58 cells
(Figure 6C) using a V5 antibody indicated similar expression levels
for the transfected CCToa phosphosite mutants. Treatment of U20S
cells expressing wild-type, single or double serine-to-alanine mu-
tants with oleate for 24 h caused a slight shift to lower mass spe-
cies indicative of dephosphorylation (Figure 6B). Immunoblotting
for CCTa-pS319 showed that this site was dephosphorylated in
oleate-treated U20S cells expressing wild-type CCTo. and, as ex-
pected, was absent in mutants in which this was mutated to alanine
(Figure 6B). pS319 was not dephosphorylated in oleate-treated
CHO-MT58 cells that do not form nLDs (Figure 6C).

Unexpectedly, the CCTa-pS319 signal was absent in U20S and
CHO-MT58 cells expressing CCTo-2A (Figure 6, B and C), a site
adjacent to S319 that does not overlap with the pS319 antibody
epitope. Phosphorylation of S319 was not affected by the CCTa-3A
mutation (Figure 7, B and C). To determine whether S319 phos-
phorylation in CCTo-2A was inhibited due to a lack of negative
charge at that site, the S319 phosphorylation status of CCTa-2D
was determined in control and oleate-treated U20S cells (Figure
6D). Unlike CCTo-2A, S319 was phosphorylated in CCTa-2D in un-
treated cells and dephosphorylated in cells treated with oleate. This
result indicates that S319 phosphorylation requires prior phosphory-
lation at $321-323, further evidence in support of hierarchical phos-
phorylation of the P-domain (Cornell et al., 1995).

Next, we used immunofluorescence confocal microscopy to de-
termine whether combinations of CCTo. serine-to-alanine or -aspar-
tate mutations affected localization to nLDs in U20S cells treated
with oleate for 24 h. Because the level of overexpression of CCTo-V5
mutants was six- to eightfold over endogenous CCTa (Supplemen-
tal Figure 2A), results would not be impacted by dimerization with
the endogenous enzyme. Mutation of all 11 targeted CCTa serine-
to-alanine sites had no clear effect on the total number of nLDs
compared with wild-type (Figure 7, A and B). CCTa association with
nLDs was also unaffected by single, double, or triple serine-to-ala-
nine mutations (Figure 7C). However, when all four tracts (11 serine
residues) were mutated in CCTo-1234A was there a significant 25%
increase in association with nLDs (Figure 7C), indicating that reduc-
ing the bulk negative charge of the P-domain enhances CCTa as-
sociation. The opposite trend was observed when the same experi-
ments were repeated using CCTa serine-to-aspartate mutants; the
total number of nLDs per cell was unaffected by expression of any
mutant (Figure 8, A and B), and only CCToa-1234D had a signifi-
cantly reduced association with nLDs (Figure 8, A and C). We also
determined whether S362A and S362D mutations at the C-terminal
end of the P-domain (Figure 6A) affected the association of CCTa
with nLDs in U20S cells. Both mutants were phosphorylated on
S$319 (Figure 9B). Quantification of confocal images from oleate-
treated U20S cells indicated that neither S362 mutation affected
total nLDs (Figure 9, A and C) or association of CCTo. with nLDs
(Figure 9, A and B). Collectively these data show that CCTa. associa-
tion with nLDs is enhanced or inhibited by a threshold phosphoryla-
tion mechanism that is triggered when 11/16 serine residues have a
neutral or negative charge, respectively.

Lipid- and phospho-regulation of CCTa. | 5
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CCTo phosphorylated on $319 and Y359/5362 differentially associates with nLDs.
(A and B) Huh7 cells were treated with oleate for the indicated times and immunostained with
antibodies against the CCTo-pY359/pS362 (panel A) and CCTo-pS319 (panel B). LDs were
visualized with BODIPY493/503.

Phosphorylation of the P-domain by CDK

The 11 serine residues that were mutated in CCTa. (Figure 6A) are
predicted to be substrates for proline-directed kinases. To identify
the kinase(s) responsible for phosphorylation of these sites we in-
cubated dephosphorylated recombinant rat CCTo with purified
candidate kinases and ATP. Phosphorylation of CCTa was de-
tected by immunoblotting with antibodies against pS319, a pre-
dicted proline-directed site, and pY359/pS362, predicted protein-
tyrosine kinase and casein kinase 2 (CK2) sites (Y359 is missing in
rat CCTo). In addition to detection of CCTa, these antibodies also
detected phosphorylation of several of the kinases and their acti-
vating proteins (Supplemental Figure 3, B-D). S319 was phos-
phorylated by AMP-activated protein kinase (AMPK), cyclin-de-
pendent kinases (CDK) 1 and 5, ERK2, MST1, and PKCa, while
AMPK and CK2a1 phosphorylated the S362 site (Figure 10A).
GSK3p did not phosphorylate S319, likely because it was unable
to phosphorylate S327 that would then convert S319 into a con-
sensus GSK3 site.
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Eukaryotic CDKs comprise a large family
of proline-directed kinases that phosphory-
late intrinsically disordered serine-rich do-
mains in proteins involved in cell cycle regu-
lation and transcription (Brown et al., 1999;
Echalier et al., 2010; Malumbres, 2014). The
CCTo P-domain is an intrinsically disordered
structure with numerous serine-proline mo-
tifs (Figure 6A; Dennis et al., 2011) and is
temporally phosphorylated during cell
division (Jackowski, 1994), underscoring its
potential as a CDK substrate. In addition,
CDK1 and 5 did not phosphorylate S362,
which was phosphorylated by CK2af
(Figure 10A; Cornell et al., 1995). To confirm
that CCTo, was a CDK substrate, Huh7 and
Hela cells were treated with increasing
concentrations of CDK1 (RO-3306), CDK2
(KO3861), or CDK4/6 (PD0332991) inhibi-
tors for 6 h and the phosphorylation of S319
and S362 was determined by immunoblot-
ting (Figure 10B). Under these basal condi-
tions it was apparent that the CDK1 and 2
inhibitors caused a shift in CCTo. to the low
mass dephosphorylated species that was
accompanied by a reduction in the pS319
signal. This trend was most prominent with
the CDK2 inhibitor while the CDK4/6 inhibi-
tor had no effect on CCTo. phosphorylation.
Phosphorylation of Y359/5362 was unaf-
fected by the inhibitors.

To better assess the role of CDKs in
phosphorylation, Huh7 cells were treated
with oleate to promote CCTo translocation
and dephosphorylation at the INM (Figure 4,
A and B). This was followed by removal of
oleate in the presence of CDK inhibitors to
assess their effect on CCTa rephosphoryla-
tion (Figure 10C). In Huh7 cells that received
no inhibitors (NA), oleate removal caused a
progressive increase in phosphorylation as
indicted by a shift to higher mass CCTa. spe-
cies that were enriched in pS319. This shift
to higher mass phosphorylated species was
partially prevented by the CDK1 inhibitor. Similar to results in Figure
10B, the CDK2 inhibitor was more effective in blocking rephosphor-
ylation of S319 following oleate removal and prevented the appear-
ance of the higher mass phosphorylated CCTo.. CDK inhibitors had
no effect on the Y359/S362 sites after oleate removal. Although the
mammalian CDK family and associated cyclin activators is vast,
these initial experiments support a role for CDK1 and 2 in phos-
phorylation of CCTo.

DISCUSSION

The synthesis of PC by the CDP-choline pathways is regulated by
the reversible association of CCTa with the INM in response to lipid
activators such as oleate (Lagace and Ridgway, 2005) or PC defi-
ciency (Haider et al., 2018; Dorighello et al., 2023). This mode of
regulation was recently extended to include the association of
CCTa with the surface of nLDs and LAPS by virtue of its membrane-
binding M-domain (Lee et al., 2020). nLDs and LAPS are formed in
response to fatty acid storage in TAG, indicating that they provide a
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genesis by providing the substrate for TAG
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was dependent on the PA phosphatase ac-
tivity of the enzyme (Soltysik et al., 2021).
Here we showed that the increase in nLDs
due to overexpression Lipin1o and 1B was
accompanied by a proportional increase in

N

$362

CCT(’.‘-—- -----------ul

“'--—-—----- ,—-‘

CCToa association. The effect was greater for
Lipin1a, consistent with its increased nu-

V5 [—-. -—q--g?--,-&l

‘m_--.._.-—-—,-,.-

clear and nLD localization compared with
Lipin1B. LipinTo or 1B and CCTo occupied

CCTo-pS319 | o

the same nLDs (Figure 2), and CCTo asso-

ciation with nLDs and LAPS was not corre-
‘ lated with the presence of DAG measured

with a fluorescent reporter (Lee et al., 2020).
These results indicate that CCTo. association
with nLDs and LAPS is coupled to Lipin1 ac-

ccTo/ Mzl NS

+ -+ - o+

tivity and primarily driven by availability of a

surface monolayer for M-domain insertion.

Because LD surface area is related to the

V5 |9 e W e ™ oy

rate of TAG synthesis and storage, this

CCTa-pS319 | =

OSBP | « - -

FIGURE 6: Analysis of CCTo P-domain phosphomutants reveals hierarchical phosphorylation of
$319. (A) Domain structure of CCTo. showing the serine residues (in red) in tracts 1-4 of the
P-domain that were mutated singly or in combination to alanine (1A-4A) or aspartate (1D-4D).
(B) U20S cells transiently expressing wild-type (WT) or CCTo with the indicated serine-to-alanine
mutations were treated with (+) or without (-) oleate for 24 h. Total cell lysates were
immunoblotted with antibodies against V5, CCTa, CCTa-pS319, and OSBP (load control).

(C) CHO-MT58 cells were transiently transfected, treated with oleate and cell lysates were
immunoblotted as described in Panel B. (D) Lysates from CHO-MT58 cells expressing WT,
CCTo-2A or CCTa-2D and treated with or without oleate for 24 h were immunoblotted as
described in Panel B. (E) lysates from CHO-MT58 cells expressing WT, CCTo-1234A, or -1234D
were immunoblotted for CCTa and V5. Results in panels B-E are representative experiments

that were repeated at least two other times.

platform from which to drive PC synthesis as a response to fatty acid
overload. To understand the role of CCTa and PC synthesis in this
stress response, we identified factors that control the association of
CCTo with nLDs and LAPS in Huh7 cells.

CCTo translocated to the INM of oleate-treated cells Huh7 cells
as early as 15 min and began to appear on nLDs and LAPS after 3
h, followed by steady enrichment and preferred association with
LAPS over 24 h. This temporal relationship indicates that the initial
activation of CCTa is in response to enrichment of oleate or an
oleate-derived lipid activator in the INM followed by a shift to nLDs
and LAPS as these structures accumulated in the nucleoplasm. This
shift in CCTo. localization reflects an increased requirement for PC
synthesis to accommodate the storage and/or secretion of excess
fatty acids as TAG. Accordingly, we found that CCTa does not as-
sociate with preexisting LAPS in untreated Huh7 cells. CCTo. on the
INM could associate with nLDs or LAPS as they form in situ, but a
more likely scenario is dynamic dissociation and reassociation cycle
that is typical of proteins with amphipathic helices (Olarte et al.,
2021).

8 | J.Fosteretal

would provide a feedforward mechanism to
coordinate the rates of PC and TAG synthe-
sis to maintain nLD stability. A similar mech-
anism was proposed to explain the localiza-
tion of CCT1 to the surface of cLD in insect
cells during storage of excess oleate in TAG
(Krahmer et al., 2011).

Compared to oleate, the saturated fatty
acid palmitate induced fewer nLDs and
LAPS, and failed to recruit CCTo. onto the
INM, nLDs, or LAPS. Palmitate also inhibited
oleate-dependent translocation of CCTo. to
nLDs when combined at a 1:4 molar ratio
but without effecting nLD formation. This
indicates that palmitate inhibits CCTo trans-
location by modifying the fatty acid content
of nLDs rather than reducing nLD surface
area. CCTa. is activated by membrane negative curvature stress in-
duced by lipids such as PE that are enriched in unsaturated fatty
acids and create gaps in the membrane or monolayer surface into
which the domain M amphiphilic inserts (Attard et al., 2000; Davies
et al., 2001). The enrichment of phospholipids in palmitate would
promote tighter packing of phospholipids and inhibit domain M in-
sertion. Because the ER stress response to palmitate is caused in
part by increased saturation of membrane phospholipids (Leamy
et al., 2014), lack of activation of CCTa and PC synthesis in palmi-
tate-treated cells could be a mechanism to prevent the further incor-
poration of saturated phospholipids into membranes (Piccolis et al.,
2019).

Insertion of the a-helical M-domain of CCTa. into membranes
results in the removal of the N-terminal auto-inhibitory region from
the active site and derepression of catalytic activity (Ramezanpour
et al., 2018). M-domain association with membranes is negatively
regulated by phosphorylation of the adjacent C-terminal P-domain,
which in humans and rodents contains 16 phosphorylation sites.
Similarly, CCTo association with nLDs is enhanced by deletion of

Molecular Biology of the Cell
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CCTa association with nLDs is enhanced by P-domain serine-to-alanine mutations. (A) U20S cells transiently
expressing wild-type (WT) and CCTa. serine-to-alanine mutants were treated with oleate for 24 h. Cells were
immunostained with antibodies against V5 (CCT) (red), and LDs were visualized with BODIPY493/503 (green) and the
nuclei with propidium iodide (blue) (bar, 5 pm). (B) quantitation of total nLDs in cells expressing WT and CCTo. mutants.
(C) percentage of CCTa-V5-positive nLDs. Quantitation in panels B and C used 15 confocal images (~ 15-20 cells per
field) from three independent experiments. Results are presented as box and whisker plots showing the mean and
5-95t percentile. Significance was determined using one-way ANOVA and Tukey's multiple comparison versus

wild-type. **p < 0.01.

the P-domain, and dephosphorylation at S319 but not Y359/5262 is
associated with increased nlLD association (Lee et al., 2020; Yue
et al., 2020). A temporal analysis of CCTa phosphorylation in Huh7
cells revealed that S319 was dephosphorylated after treatment with
oleate 15 and 30 min, was rephosphorylated by 3 h and did not
decrease again until after 12 h. Throughout the entire time course
CCTo-pS319 was not detected on the INM, nLDs, or LAPS. A poten-
tial explanation is that the S319 is rephosphorylated by 3 h as fatty
acids are packaged into TAG that is incorporated into cLDs, nlLDs,
and LAPS. The gradual association of CCTo with nLDs and LAPS
between 3-12 h appears to involve a pool of enzyme that is already
dephosphorylated at S319, and only after 12 h does the CCTo-pS319
fraction start to dephosphorylate again. Unlike U20S and Caco2
cells (Yue et al., 2020), Y359/S362 was partially dephosphorylated
after 24 h oleate exposure in Huh7 cells, perhaps reflecting cell-
specific responses to long-term fatty acid exposure.

Due to the complexity of the P-domain, it is unknown which
phosphorylation site(s) are regulatory and the kinase(s) and
phosphatases(s) involved. To address this problem, we conducted
additive mutagenesis of small clusters of serine-proline phosphory-
lation sites, as well as a putative casein kinase Il site at the C-termi-
nus (S362). In the case of serine-to-aspartate mutants, it was not
until all four sites encompassing 11 serine residues were mutated
that there was a significant inhibition of CCTa association with nLDs.
Together with results for serine-to-alanine mutants, this evidence
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favors a model in which the net-charge of the P-domain defines its
regulatory status. Thus, a threshold of P-domain phosphorylation is
required to generate sufficient negative charge to attract the M-
domain or repulse membrane lipids, leading to CCTa. disengage-
ment from a membrane or monolayer. Similarly, a critical level of
dephosphorylation of nucleoplasmic CCTa, would relieve inhibition
and promote membrane or monolayer association. The mutagene-
sis studies also supplied evidence that phosphorylation of the P-
domain could be sequential. Phosphorylation of S319 in site 1A did
not occur unless the adjacent site 2A SSSP motif was negatively
charged due to aspartate mutations. Although additional phospho-
specific antibodies are needed to confirm these results at other
sites, it indicates that the sequence of P-domain phosphorylation
could occur in a C-to-N-terminal direction. Because the P-domain is
a disordered structure, it is feasible that phosphorylation at C-termi-
nal sites triggers its reorganization and exposure of other sites to
phosphorylation.

Of the kinases that phosphorylated S319 in vitro, CDK1, CDKS5,
and ERK were considered viable candidates based on their specific-
ity for proline-directed phosphorylation sites, which make up the
majority of serine phosphorylation sites in the P-domain (Figure 6A).
Although AMPK phosphorylated both S319 and S362, it has not
been implicated in PC metabolism (Jacobs et al., 2007), and RNA
interference and pharmacological inhibition of AMPK in cultured
cells did not affect S319 phosphorylation (result on not shown). In
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CCTa association with nLDs is inhibited by P-domain negative charge density. (A) U20S cells transiently
expressing wild-type (WT) or CCTa aspartate mutants were treated with oleate for 24 h and immunostained with
antibodies against V5 (CCT) (red), LDs were visualized with BODIPY 493/503 (green) and the nuclei with propidium
iodide (blue) (bar, 5 pm). (B) quantification of the total nLDs in cells expressing WT and CCTo. mutants. (C) percentage
of CCTo-V5-positive nLDs. Quantification in panels B and C used 15 confocal images (~ 15-20 cells) from three
independent experiments. Results are presented as box and whisker plots showing the mean and 5-95t percentile.
Significance was determined using one-way ANOVA and Tukey's multiple comparison versus wild-type. ****p < 0.0001.

contrast, specific inhibitors of CDK1 and CDK2 promoted a shift to
dephospho-species of CCTo. on SDS-PAGE and reduced pS319 un-
der basal conditions and after removal of oleate from cultured Huh7
cells. Inhibition of CDK2 was more effective in this regard, causing
an almost complete inhibition of S319 phosphorylation following
removal of oleate from Huh7 cells. Our data showing that CDK1
and/or CDK2 are CCTo. kinases is supported by the results of a re-
cent CRISPR screen that identified checkpoint kinase 1 (Chk1) as a
positive effector of PC biosynthesis (Tsuchiya et al., 2023). Chk1
regulates genotoxic stress and cell cycle progression by suppressing
CDC25-dependent activation of CDK1 and CDK2 at inter-S and
G2/M mitotic checkpoints (Neizer-Ashun and Bhattacharya, 2021).
Inhibition of Chk1 resulted in increased CCT phosphorylation and
reduced PC synthesis, which was partially prevented by coapplica-
tion of a CDK1 inhibitor (Tsuchiya et al., 2023). The activation of
CCTo during G1 is primarily driven by the enrichment of lipid activa-
tors derived from lipid degradation in nuclear membranes (Jack-
owski, 1996; Ng et al., 2004). CCTo phosphorylation then increases
steadily from S phase through to G2/M, mirroring the decline in
CCToa activity and PC synthesis (Jackowski, 1994). Based on the cell
cycle activity of CCTa, CDK1 or CDK2 would be active during S and
G2/M phase to suppress CCTa. activity and PC synthesis once the
demand for new membrane synthesis has been fulfilled. Our results
showing that the addition and removal of oleate from unsynchro-
nized cells initiates rapid changes in CCTa phosphorylation indi-
cates that the activity of CDK and unknown phosphatase(s) is also

10 | J.Fosteretal.

regulated by acute changes in the abundance of lipid activators that
are distinct from modes of cell cycle regulation of CDK activity de-
scribed above.

Our analysis reveals that CCTo. activation in response to oleate
occurs in stages, with translocation to the INM followed by its ap-
pearance on nLDs and LAPS in conjunction with Lipin1. The shift of
CCTo from nuclear membranes to a lipid droplet monolayer reflects
a change in demand for PC to accommodate the storage of excess
fatty acids in TAG. This sequence of events was inhibited by palmi-
tate, which is poorly incorporated into LDs, and by bulk phosphory-
lation of the P-domain, possibly involving CDK1 and/or CDK2.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture and transfections

U20S cells were cultured in DMEM containing 10% fetal bovine
serum (FBS). Huh7 cells were cultured in low-glucose (1000 mg/l)
DMEM containing 10% FBS. CHO-MT58 cells that express a tem-
perature-sensitive allele of CCTa were cultured at 33°C in DMEM
with 5% FBS and 34 ug/ml proline (Esko et al., 1981). Oleate/ BSA
complexes (6:1 mol/mol) were prepared as previously described
(Goldstein et al., 1983). Palmitate/BSA complexes (6:1 mol/mol)
were prepared using the same protocol except the palmitate solu-
tion was dissolved at 70°C. Cells were treated with 0.4 mM oleate
or palmitate unless otherwise stated. Stock solutions of CDK1

Molecular Biology of the Cell
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SDS-PAGE and immunoblotting

After removal of media, cells were washed
twice with cold phosphate-buffered saline
(PBS), scraped in PBS, collected by centrifu-

gation, and lysed with a detergent buffer (50
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CCT0-S362 phosphomutations do not affect association with nLDs. (A) U20S cells
transiently expressing wild-type (WT) or V5-tagged CCTa-S362A or -S362D mutants were
treated with oleate for 24 h. Cells were immunostained with antibodies against V5 (CCT), LDs
were visualized with BODIPY 493/503 and the nuclei with propidium iodide (blue) (bar, 5 pm).
(B) lysates from U20S cells transiently expressing CCTo. -S362A or -5362D and treated with
oleate for 24 h were immunoblotted with antibodies against V5, CCTa,, and CCTa-pS319.

(C) total nLDs in cells expressing the CCTa: mutants were quantified. (D) percentage of
CCTo-positive nLDs. Results in Panels C and D were quantified from three independent
experiments and expressed as box and whisker plots showing mean and 5-95t percentile.

(RO-3306, Sigma Aldrich), CDK2 (KO3861, Sigma Aldrich), and
CDK4/6 (PD0332991, Sigma Aldrich) inhibitors were prepared in
DMSO and used at concentrations previously described (Vassilev
et al., 2006; Alexander et al., 2015).

U20S, Huh7, and CHO-MT58 cells were transfected at 60-70%
confluency with a mixture of Lipofectamine 2000 and plasmids
(PGFP-C1(2)8-2xNLS [Lee et al., 2020], pLIPIN-10-V5 or pLIPIN-
1B-V5 [Bou Khalil et al., 2009] or pCMV-CCTa: phospho-mutants)
according to the manufacturer's instructions (Thermo Fisher Scien-
tific). Experiments were initiated 16-24 h posttransfection.

Mutagenesis of P-domain phosphorylation sites

Four separate tracts of serine residues and S362 encoded in the P-
domain of pPCMV-CCTa-V5 (see Figure 6A) were mutated to alanine
or aspartate residues using the primers listed in Supplemental Table
1. These four P-domain mutants were then used to generate dou-
ble, triple and quadruple mutants using the same mutagenic primer
pairs (specific primer sets were required for tract 2 mutagenesis of
pPCMV-CCTa-1A-V5 and pCMV-CCTo-1D-V5 due to sequence
overlap). Following the annealing of mutagenic primers to plasmid
templates and 20-30 rounds of extension using Phusion DNA poly-
merase (Cell Signaling Technology), products were incubated with
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sodium fluoride) for 15 min on ice. Lysates
were centrifuged at 13,000xg for 10 min at
4°C, and the protein concentration of the
supernatants was measured using a Pierce
BCA protein assay kit. SDS-PAGE buffer
(62.5 mM Tris-HCl pH 6.8, 10% glycerol, 2%
SDS, 0.05% bromophenol blue, and 5% f-
mercaptoethanol) was added to lysates,
which were then heated at 95°C for 3 min,
separated on SDS-PAGE and transferred to
nitrocellulose membranes. Proteins were
detected on nitrocellulose membranes by
immunoblotting at room temperature for
60 min or overnight at 4°C using Tris-buffer
saline-Tween (TBS-T, 20 mM Tris, pH of 7.4,
500 mM NaCl, and 0.05% Tween 20): LICOR
Odyssey blocking buffer (4:1, vol/vol). Anti-
bodies against the following proteins and
phosphorylation sites were used: B-actin
(Sigma Aldrich, AC-15), CCTa. (Gehrig et al.,
2009), CCTa-pS319 (Kinexus, PN546; Yue
et al., 2020), CCTo-pY359/pS362 (Kinexus,
PN548; Yue et al, 2020), Lipin1 (Abcam,
ab181389), OSBP (Zhao and Ridgway, 2017)
and V5 (BioRad, MCA1360GA or Invitrogen,
PA1-993). After removal of primary antibod-
ies, membranes were washed twice and in-
cubated for 1 h at room temperature with [Rdye800CW- or IRdy-
e680LT-secondary antibodies (LICOR Biosciences). After washing in
TBS-T, membranes were scanned using a LICOR Odyssey and fluo-
rescence quantified using associated software (v3.0).

Immunofluorescence imaging

Cells cultured on glass coverslips (0.13-0.16 mm) were fixed with
4% (wt/vol) paraformaldehyde in PBS for 15 min at room tempera-
ture, washed twice with 5 mM NH4Cl and permeabilized with 0.5%
Triton X-100 in PBS at 4°C for 15 min. Coverslips were blocked at
room temperature for 1 h using in PBS with 1% BSA and incubated
with anti-PML (E1, Santa Cruz Biotechnology) or the antibodies de-
scribed above overnight at 4°C. After removal of primary antibod-
ies, coverslips were incubated with goat antimouse and goat anti-
rabbit secondary antibodies conjugated to Alexafluor-488, -594, or
-647 (Thermo Fisher Scientific) at room temperature for 1 h. LDs
were visualized using BODIPY493/503 (Thermo Fisher Scientific) or
LipidTox Red (Invitrogen) diluted in PBS. Nuclei were visualized us-
ing DAPI diluted in PBS. Coverslips were mounted on glass slides
using Mowiol and imaged using a Zeiss LSM710 or Leica SP8 laser
scanning confocal microscopes with HC Plan-Apochromat 63x
(1.4 NA) oil immersion objectives and solid state 405, 488, 552, and
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FIGURE 10. Phosphorylation of P-domain residues by CDKs. (A) after incubating dephosphorylated recombinant rat
CCTo. with the indicated kinases and ATP, phosphorylation of S319 and Y359/5362 was determined by immunoblotting.
(B) Huh7 and Hela cells received no addition (NA) or were incubated with inhibitors of CDK1, CDK2, or CDK4/6 (1, 5,
and 10 pM) for 6 h and total cell lysates were immunoblotted using the indicated antibodies. (C) Huh7 cells were
cultured in serum-free medium for 1 h, followed by serum-free media containing oleate (0.4 mM) for 30 min. Cells then
received medium without oleate but supplemented with no addition, CDK1 or CDK2 inhibitors (10 pM). After 0, 30, 60,
and 120 min, cell lysates were prepared and immunoblotted with the indicated antibodies. Results are the
representative of three experiments. pCCT, phosphorylated CCT; CCT, dephosphorylated CCT.

638-nm lasers. The association of proteins with nLDs and LAPS was
quantified in confocal sections (0.8-1 pm) that contained 10-20 nu-
clei/image. Using Leica application suite X annotations software,
BODIPY493/503-positive nLD in the 488 channel were manually
counted within the nuclear DAPI mask. Association of PML, CCTa,
and Lipin1 with nLDs was determined after overlaying their respec-
tive 552 or 638 channels. Some images were quantified by auto-
mated counting using ImageJ and binary masks for the nucleus
(DAPI) with no significant difference.

12 | J.Fosteretal.

Identification of CCTa kinases

To identify candidate CCTa. kinases, those with consensus phos-
phorylation sites in the CCTo, P-domain sites were selected based
on the Kinexus Kinase Phosphosite Predictor algorithm (www.phos-
phonet.ca). The candidate kinases were then tested for their ability
to phosphorylate S319 and Y359/5362 in recombinant rat CCTot ex-
pressed in Sf21 cells (Taneva et al., 2003). First, S319 was dephos-
phorylated in recombinant CCTa. by Aphosphatase (New England
BioLabs, PO7535; Supplemental Figure 3A). CCTo (100 pg) was
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incubated with of Aphosphatase (60U) in 50 mM HEPES, 100 mM
NaCl, 2 mM dithiothreitol, 1 mM MnCly, 0.01% Brij 35, pH 7.5 for 1
h at 30°C. Next, dephosphorylated CCTa (600 ng) was incubated
with the purified kinases (10-50 ng) listed in Supplemental Table 2
(SignalChem Life Sciences) using specified buffers and 10 mM
MgCl; in a final volume of 60 pl. Assays were initiated by addition of
ATP (0.5 mM), incubated at 25°C for 30 min and terminated by ad-
dition of 20 pl of 4xSDS-PAGE lysis buffer. Samples were denatured
at 100°C for 2 min, separated by SDS-PAGE and transferred to ni-
trocellulose membranes. pS319 and pY359/5362 were detected by
immunoblotting as described in the previous sections.
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