Dokkyo Medical Journal
1(3): 157-166, 2022

Review Article

157

Regulation of Glycerophospholipid and Cholesterol Synthesis in

Cells by Hydroxylated Cholesterols (Oxysterols)
Hiromi Ando, Yasutake Shinohara, Maki Arai, Satoko Yamashita, Hiroyuki Sugimoto

Department of Biochemistry, Dokkyo Medical University Tochigi Japan

Summary

Phosphatidylethanolamine (PE) and cholesterol are major lipid components of mammalian cell membranes.
The rate limiting enzymes for the synthesis of PE and cholesterol are CTP: phosphoethanolamine cytidylyl-
transferase (Pcyt2) and 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), respectively. The transcription
and activity of these enzymes in NIH3T3 cells are suppressed by fetal bovine serum (FBS) and hydroxylated
cholesterol (oxysterols) in similar dose-dependent manners. These results suggested that the intrinsic oxys-
terol concentration in cells is important for maintaining membrane lipid components, leading us to investigate
the regulation of oxysterol-producing enzyme activity in cells. Using NIH3T3 cells, we found that of all
oxysterol-producing enzymes, only the 24S-hydroxycholesterol producing enzyme cytochrome P450 46A1
(Cyp46A1l) is expressed. Transcription of Cyp46Al is suppressed by FBS, and we identified insulin-like
growth factor II (IGF-II) in FBS as the factor suppressing Cyp46Al transcription. The oxysterol level in
NIH3T3 cells is also suppressed by IGF-II. These results suggested that the classical hormone IGF-II regu-
lates the oxysterol content in cells and transduces cellular signals.
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Glycerophospholipids such as phosphatidylethanola-
mine (PE), phosphatidylcholine (PC) and cholesterol are
major components of mammalian cell membranes (Ta-
ble 1). The distribution of these lipids in cell mem-
branes is strictly regulated, with PE found mainly in
the inner leaflet and PC in the outer leaflet”. Choles-

terol is found in both leaflets.
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Table 1 Lipid contents of cell membranes. From Voet Biochemistry (%: lipid
weight/total lipid weight).

Human erythroid Bovine heart

plasma membrane mitochondria
Glycerophospholipids 48 735
Phosphatidylcholine (PC) 19 39
Phosphatidylethanolamine (PE) 18 27
Phosphatidylserine (PS) 85 05
Phosphatidylinositol (PI) 1 7
Phosphatidic acid (PA) 15 0
Sphingolipids 275 0
Sphingomyelin 175 0
Glycosphingolipid 10 0
Cholesterol 25 3
Cardiolipin 0 225

Biosynthesis of PE and PC
PE synthesis PC synthesis
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Figure 1 Biosynthesis of phosphatidylethanolamine (PE) and phosphatidylcholine (PC).

The Kennedy pathway and the rate limiting en-
zymes, Pcyt2 for PE synthesis and Pcytl for PC syn-
thesis

In the de novo biosynthesis of phospholipids, PE and
PC are synthesized via the CDP-ethanolamine and
CDP-choline pathways (Fig. 1), which together are re-
ferred to as the Kennedy pathway. Synthesis occurs
on the endoplasmic reticulum (ER), and each of these
pathways involves a similar series of three sequential
enzymatic reactions®. In step 1, ethanolamine/choline

is phosphorylated by ethanolamine/choline kinase, pro-

ducing phosphoethanolamine/phosphocholine. In step
2, CTP: phosphoethanolamine cytidylyltransferase
(Pcyt2) or CTP: phosphocholine cytidylyltransferase
(Pcytl) catalyzes the transfer of CTP to phosphoetha-
nolamine or phosphocholine, generating CDP-
ethanolamine or CDP-choline. This second step is con-
sidered as the rate limiting step in these pathways. Fi-
nally in step 3, ethanolamine/choline phosphotrans-
ferase transfers CDP-ethanolamine/CDP-choline to dia-
cylglycerol, producing PE or PC.

There are three other PE synthesis pathways: (1)
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Figure 2 Mouse Pcyt2 proximal promoter sequence and putative binding sites for transcriptional factors, and luciferase ac-
tivities of Pcyt2 promoter-reporter constructs.

Truncated Pcyt2 promoter fragments ET-Nhe (-1395/+ 56), ETe (-464/+ 56), ETd (-86/+ 56), ETT (-56/+ 56), ETg (-36/+ 56) and
ETa (-15/+ 56) were cloned into the luciferase reporter vector pGL4.24 and the constructs (375 ng) and pRL-CMV (5 ng) were
transfected into NIH3T3 cells. 25-Hydroxycholesterol (25-HC) (black bars) or cholesterol (grey bars) (1.25 uM), or control vehicle
(white bars), was added to the culture medium 12 h after transfection, and reporter activities were measured 24 h later. Lucif-
erase activities (Photinus pyralis) were normalized for transfection efficiency relative to pRL-CMV (Renilla reniformis). **p < 0.01
and *p < 0.03 compared with cells treated with control vehicle (EtOH) or cholesterol. 25-HC, 25-hydroxycholesterol. All values
are expressed as means = S.D. Group means were compared by using Student’s t test after ANOVA or one-way ANOVA
with Tukey test to determine the significance of the differences between individual mean values. P < 0.05 was considered sta-
tistically significant. (Ando et al. B] 2015 12)

the phosphatidylserine decarboxylation (Psd) pathway spliced forms of Pcyt2 have been identified™”. The hu-
in mitochondrial inner membranes (Fig. 1), (2) the man PCYT2 promoter is TATA-less and driven by a
acylation of Lyso-PE to PE, and (3) the base exchange functional CAAT box, and is regulated by early
pathway. The predominant PE biosynthesis pathways growth response factor-1 and nuclear factor-xB". In C2
are the CDP-ethanolamine and Psd pathways”. Both C12 cells, C/EBP CCAAT/enhancer-binding protein
Pcyt2-/- and Psd-/- are embryonic lethal phenotypes in (C/EBP), specificity protein 1 (Spl), Sp3 and MyoD are
mice*”, indicating that both pathways are essential for bound to the Pcyt2 promoter and enhance its transcrip-
mouse development. In mitochondria®, and especially tion during muscle cell differentiation”. Mouse Pcyt2
in the absence of ethanolamine in vitro, the Psd path- and mouse Hmgcr promoters are shown in Fig. 2ZA and
way predominantly contributes to PE biosynthesis”. Fig. 3A, respectively, and consensus elements for sev-

In humans, rats and mice, Pcyt2 (rate-limiting en- eral transcription factor binding sites important for
zyme for PE biosynthesis) is a cytosolic enzyme® and these enzyme transcriptions are indicated'.

is encoded by a single gene, Pcyt2. Two alternatively
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Figure 3 Mouse Hmgcr proximal promoter sequence and putative binding sites for transcriptional factors, and luciferase ac-

tivities of Hmgcr promoter-reporter constructs.

The effect of 25-hydroxycholesterol (25-HC) was analyzed by the luciferase reporter activity of the prepared constructs. The
HR (-1000/+ 61) or HR (-30/+ 61) promoter-luciferase plasmid, with or without mutation in the NF-Y-binding consensus se-
quence (T -GG -2 changed to G - “TT - 12), HR (-1000/+ 61) CCAATm or HR (-30/+ 61) CCAATm (500 ng) and pRL-CMV (25
ng) were transfected into NIH3T3 cells for 12 h. Then, 25-HC (1.25 uM) (black bars) or control vehicle (white bars) was added to
the culture medium, and reporter activities were measured after 24 h incubation. Luciferase activities (Photinus pyralis) were

normalized for transfection efficiency relative to pRL-CMV (Renilla reniformis). *p < 0.01 and *p < 0.02 compared with cells
treated with control vehicle (EtOH). 25-HC, 25-hydroxycholesterol. (Ando et al. B] 2015 12))

The rate limiting enzyme, Hmgcr, for cholesterol
synthesis

Cholesterol, the other major lipid in the cell mem-
brane, is produced from acetyl-CoA by sequential en-
zymatic reactions, and its synthesis is regulated by a
feedback system. The rate-limiting enzyme for choles-
terol biosynthesis is HMGCR (3-hydroxy-3-methyl-
glutaryl-CoA reductase), which synthesizes mevalonate
from HMG-CoA and is regulated at both the transcrip-
tional and post-translational levels™. This enzyme is
the target of statins for treating hypercholesterolemia.
Transcription of the Hmgcr gene is enhanced when cel-
lular cholesterol levels are low. Specifically, SCAP
[SREBP (sterol regulatory element-binding protein)
cleavage activation protein] binds to SREBPs and es-
corts them from the ER to the Golgi, then active do-

mains of SREBPs are released by two sequential cleav-
ages by site 1 protease (S1P) and S2P. The released ac-
tive domain binds to sterol regulatory element (SRE)
and stimulates Hmgcr transcription. By contrast, cho-
lesterol inhibits the release of SREBPs from ER". Cho-
lesterol derivatives such as hydroxylated cholesterol
(oxysterols) also inhibit the release of SREBPs medi-
ated by the product of the insulin-induced gene (In-
sig)” (Fig. 3A and B).

Transcriptional regulation of Pcyt2 and Hmgcr by
oxysterols

Previously, we reported that the enhanced transcrip-
tion of Pcyt2 in cells cultured in serum-starved medium
can be suppressed by the addition of fetal bovine se-
rum (FBS) or the lipid phase of FBS obtained by chlo-
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Figure 4 Inhibition of Pcyt2 transcription by FBS and fractionated FBS samples, and effect of lipoprotein on Pcyt2 transcrip-

tion in NIH3T3 cells.

(A) After serum starvation (0.5% FBS) for 48 h, NIH3T3 cells were treated with 10% FBS (white bar), 0.5% FBS (black bar), dia-
lyzed FBS (oblique cross striped bar), the larger (right oblique striped bar) or smaller (left oblique striped bar) phase of FBS
after 300 kDa filter separation or the lipid phase (crossed striped bar) of FBS extracted using the Bligh & Dyer method for 12
h. Then, total RNA was extracted and mRNA levels of Pcyt2 were quantified relative to Gapdh. *p < 0.01 as compared to cells
cultured in 0.5% FBS (black bar) (B) NIH3T3 cells were cultured in medium with lipoprotein containing serum (10% FBS)
(white bar) or lipoprotein-deficient serum (black bar), then the Pcyt2 mRNA levels were quantified relative to Gapdh after 24 h
incubation. **p < 0.01 as compared to cells cultured in 10% FBS. (Ando et al. BBA 2010 16))

roform/ethanol separation (Bligh & Dyer Method) to
the culture medium (Fig. 4). We identified low-density
(LDL) 25-
hydroxycholesterol (25-HC) as the compounds responsi-

lipoprotein and oxysterols such as
ble for this suppression, in contrast to the regulation of
Pcytlo (most active and ubiquitous form of Pcytl) tran-
scription (Fig. 5). LDL and 25-HC can also suppress
Hmgcr transcription in a similar dose-dependent man-
ner'® (Fig. 4 and 5). Oxysterols such as 25-HC, 24-HC
and 27-HC suppress the transcription of Pcyt2 and
Hmgcr (Fig. 6). These oxysterols are known as LXR ag-
onist, although Pcyt2 and Hmgcr mRNA levels were
not affected by treatment with the synthetic LXR ago-

210 These results suggest that oxysterols are im-

nists
portant negative regulators for maintaining the PE and
cholesterol content in cell membranes by controlling
the levels of Pcyt2 and Hmger mRNAs, which in turn

affect the levels of the Pcyt2 and Hmgcr enzymes.

In mammalian tissues, four cDNA isoforms of Pcytl
(rate-limiting enzyme for PC biosynthesis) have been
reported™?”. Transcription factors that are involved in
cell growth and division are important for the tran-
scription of most active Pcytlo in the cell®. We
showed that the mRNA levels of Pcytlo are not af-
fected by treatment with LDL or 25-HC" (Fig. 5).

Importance of nuclear factor-Y for the regulation
of Pcyt2 and Hmgcr transcription by oxysterols

In the mouse Pcyt2 promoter, SRE was not detected
at the promoter region, as shown in Fig. 2A, in con-
trast to the Hmgcr promoter as shown in Fig. 3A.
Therefore, we were interested in the transcriptional
regulation of Pcyt2. We identified and characterized an
element in the Pcyt2 promoter at position -56 to -36
that is regulated by 25-HC by preparing and analyzing

mouse deleted or mutated Pcyt2 promoter-luciferase
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Figure 5 Inhibition of Pcyt2 and Hmgcr transcriptions by LDL and 25-hydroxycholesterol.
After 48 h of serum starvation (0.5% FBS), NIH3T3 cells were incubated with several concentrations of (A) and (C) LDL (0-200
ug/ml) or (B) and (D) 25-hydroxycholesterol (25-HC) (0-0.5 pg/ml) for 12 h, then (A) and (B) mRNA levels of Pcyt2 (closed dia-
monds) and (C) and (D) the mRNA levels of Hmgcr (closed squares) and Pcytlo (closed circles) were quantified relative to Gapdh.
*p < 0.01 and "p < 0.05 as compared to control cells incubated with vehicle. (Ando et al. BBA 2010 16)

reporter constructs using NIH3T3 cells (Fig. 2B). Nu-
clear factor Y (NF-Y) and Yin Yang 1 (YY1) transcrip-
tion factors were identified as proteins that can bind to
this element (-41/-37) using a yeast one-hybrid system"
and a chromatin immunoprecipitation (ChIP) assay
(Fig. 7) and regulate transcription. The data suggest
that 25-HC suppresses the co-operative activities of
NF-Y and YY1, suppresses the interaction with RNA
polymerase II at the Pcyt2 promoter, and thus sup-
presses Pcyt2 transcription.

NF-Y is a ubiquitous transcription factor that binds
to the CCAAT box, which is present in 30% of eukary-
otic promoters. NF-Y is composed of three subunits
(NF-YA and NF-YB/NF-YC), all of which are neces-
sary for binding to the CCAAT box. These three
subunits are well conserved evolutionarily®, and are

important for RNA polymerase II recruitment for tran-

scription initiation®. NF-Y is known to recruit histone
acetyltransferase, such as p300, and enhance histone
acetylation and transcription. We found that p300
binds to Pcyt2 promoter, and that p300 binding and
histone acetylation (H3K27) in Pcyt2 promoter is sup-
pressed by 25-HC".

In the mouse Hmgcr promoter, the NF-Y binding site
was also detected at -16/-12 as analyzed by deleted
and mutated promoter-luciferase reporter constructs
(Fig. 3A). The -16/-12 element is important for cellular
response to 25-HC®. NF-Y binds to this element, and
binding of RNA polymerase II to this element was sup-
pressed by 25-HC. The Pcyt2 promoter region was also
verified by ChIP analysis®®. These results supported
the new transcriptional regulatory machinery by oxys-
terols illustrated in Fig. 8 A. This regulatory machinery

is proposed for mouse cells and tissues because



1 (3) (2022) Oxysterols regulate lipid synthesis 163

7.0

w
(<]

B

N
(%))
1

N
o

=
n

=
(=)

o
n

Hmgcr mRNA/Gapdh mRNA x 103

Pcyt2 mRNA/Gapdh mRNA x 103

Figure 6 Inhibition of Pcyt2 and Hmgcr transcription by several oxysterol species.
After serum starvation (0.5% FBS) for 48 h, NIH3T3 cells were treated with 0.5 wg/ml of the indicated oxysterols (25-hydroxy-
cholesterol (25-HC) (white bar), 24-hydroxycholesterol (24-HC) (vertical striped bar) and 27-hydroxycholesterol (27-HC) (horizon-
tal striped bar) ) and cholesterol (oblique crossed striped bar) for 12 h. Then, total RNA was extracted and mRNA levels of
Pcyt2 (A) and Hmgcr (B) were quantified relative to Gapdh. *p < 0.01 as compared to control cells incubated with control vehicle.
(Ando et al. BBA 2010 10)
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Figure 7 Binding of NF-Y and RNA polymerase II to the Pcyt2 promoter region and the effects of 25-hydroxycholesterol de-
termined by ChIP analysis.

(A) NIH3T3 cells were cultured in serum-starved medium (0.5% FBS) for 48 h, then were treated with or without 1.25 uM

25-hydroxycholesterol (25-HC). After 8 h of incubation, ChIP analysis was performed using anti-RNA polymerase II (Pol II) or

anti-NF-YA antibody, or control IgG. The promoter region of Pcyt2 (-96/+ 44) and Gapdh (-21/+ 144) were amplified using spe-

cific primer sets. (B) The band densities in (A) were analyzed. The data are densitometric analyses of the percentage input (n

=3). *p < 0.02 and *p < 0.01 compared with cells treated with control vehicle. (Ando et al. SBMB 2019 17)
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Figure 8 Schemes showing the inhibition of promoter activity by 25-hydroxycholesterol, and synthetic pathways for oxyster-

ols.

(A) Upper panel: (I) NF-Y recruits p300 to the Pcyt2 promoter, then (2) p300 acetylates H3K27 in the Pcyf2 promoter, and (3)
enhances Pcyt2 transcription. Lower Panel: (1) 25-HC suppresses the recruitment of p300 to the Pcyt2 promoter, (2) suppresses

H3K27 acetylation, and (3) suppresses RNA polymerase II (pol II) binding to the Pcyt2 promoter. GTF, general transcription
factors. (B) Oxysterol production from cholesterol by cytochrome p450 46A1 (CYP46A1) (mainly for 24S-HC production), cyto-
chrome p450 27A1 (CYP27A1) (for 27-HC production), cytochrome p450 3A (CYP3A) (for 25-HC production) and cholesterol

25-hydroxylase (CH25H) (for 25-HC production) in mouse.

NIH3T3 mouse cells were used in our experiments.
The Pcyt2 mRNA levels in mouse Hepal cells were
also suppressed by FBS". SRE systems may also be
critical in human cells and tissues, since human Hela
cells respond to serum starvation similar to NIH3T3

cells®.

IGF-II suppresses the 24-HC-producing enzyme cyto-
chrome P450 46A1 (Cyp46Al)

In these experiments, oxysterols were applied to
cells from the outside (Fig. 6) whereas intrinsic
oxysterol-producing enzymes are expressed in cells
(Fig. 8B)**. Therefore, we were interested in the regu-
lation of oxysterol-producing enzyme activity inside
cells. We recently showed that the 24-HC-producing
enzyme cytochrome P450 46A1 (Cyp46Al) is the only
enzyme expressed in NIH3T3 cells that synthesizes
oxysterols, and its transcription and enzyme activity in
NIH3TS3 cells cultured under FBS starvation conditions
were suppressed by FBS, as found for Pcyt2 and
Hmgcr (Fig. 9A). However, the lipid phase of FBS ob-
tained by chloroform/methanol separation (Bligh &

Dyer Method) showed no effect on Cyp46A1 transcrip-
tion whereas the aqueous phase clearly suppressed its
transcription. We attempted to identify the suppress-
ing factor in FBS, and identified insulin-like growth fac-
tor II (IGF-II) in the aqueous phase as the factor sup-
pressing Cyp46A1 transcription (Fig. 9B). The bovine
IGF-II concentration in FBS was 324 ng/ml and in the
aqueous phase obtained by the Bligh & Dyer method
it was 135 nm/ml. Furthermore, IGF-II, IGF-I and insu-
lin suppressed the oxysterol content in cells*. Insulin,
IGF-I and IGF-II can affect to each other’s receptor®.
These results show that classical hormones such as
IGFs and

oxysterol-producing enzymes and thus the oxysterol

insulin suppress the transcription of
content in cells, and transduce cellular signaling.
CYP46AImRNA levels in the T98G human glioblas-
toma cell line were also increased by serum starvation
but not by FBS supplementation, and IGF-II did not
suppress the increase. Further studies on the regula-
tion of oxysterol production by IGFs and insulin in

cells are warranted.
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Figure 9 Inhibition of 24S-hydroxycholesterol-producing
enzyme (Cyp46A1l) transcription in NIH3T3 cells
by FBS and fractionated FBS samples, and IGF-
1L

(A) NIH3T3 cells were cultured in serum-starved medium

(0.5% FBY) for 48 h, then treated with 0.5% FBS (black bar),

10% FBS (white bar), dialyzed FBS (gray bar), the aqueous

phase (vertical striped bar) or the lipid phase (horizontal

striped bar) of FBS extracted using the Bligh & Dyer meth-
od. After 24 h incubation, the mRNA level of CYP46A1 was
quantified relative to Gapdh mRNA levels. Each fraction was

added at a concentration equivalent to 10% FBS. *p < 0.02

indicates significant differences as compared to cells cul-

tured in 0.5% FBS. (B) NIH3T3 cells were cultured in se-
rum-starved medium (0.5% FBS) for 48 h, then treated with

IGF-II (0.5 ug/ml). After 6 h incubation, the mRNA levels of

CYP46A1 were quantified relative to Gapdh mRNA levels.

*p < 0.01 indicates significant differences as compared to

cells treated with control vehicle. (Shinohara et al. BBA

2022 29)

Acknowledgments
We thank Dr. Takashi Namatame of the Clinical Re-
search Center, Dokkyo Medical University.

Funding

This work was supported by the Japan Society for
the Promotion of Science (JSPS) KAKENHI Grant
numbers 24590358, 15K08284 and 20K07314 (H. Sugi-
moto), and 20K07329 (H. Ando).

References

1. Rothman JE, Lenard ]J: Membrane asymmetry. Sci-

10.

11.

ence 195: 743-753, 1977. https://doi.org/10.1126/scienc
€.402030

. Kennedy EP, Weiss SB: The function of cytidine coen-

zymes in the biosynthesis of phospholipids. J Biol
Chem 222: 193-214, 1956. https://doi.org/10.1016/S002
1-9258(19)50785-2

. Calzada E, Onguka O, Claypool SM: Phosphatidyletha-

nolamine Metabolism in Health and Disease. Int Rev
Cell Mol Biol 321: 29-88, 2016. https://doi.org/10.1016/
bs.ircmb.2015.10.001

. Fullerton MD, Hakimuddin F, Bakovic M: Develop-

mental and metabolic effects of disruption of the
mouse CTP:phosphoethanolamine cytidylyltransferase
gene (Pcyt2). Mol Cell Biol 27: 3327-3336, 2007. https://
doi.org/10.1128/MCB.01527-06

. Steenbergen R, Nanowski TS, Beigneux A, et al.: Dis-

ruption of the phosphatidylserine decarboxylase gene
in mice causes embryonic lethality and mitochondrial
defects. ] Biol Chem 280: 40032-40040, 2005. https://do
iorg/10.1074/jbc.M506510200

. Vance JE, Tasseva G: Formation and function of phos-

phatidylserine and phosphatidylethanolamine in mam-
malian cells. Biochim Biophys Acta 1831: 543-554, 2013.
https://doi.org/10.1016/j.bbalip.2012.08.016

. Voelker DR, Frazier JL: Isolation and characterization

of a Chinese hamster ovary cell line requiring ethano-
lamine or phosphatidylserine for growth and exhibit-
ing defective phosphatidylserine synthase activity. J
Biol Chem 261: 1002-1008, 1986. https://doi.org/10.101
6/S0021-9258(17)36044-1

. van Hellemond J]J, Slot JW, Geelen M], et al: Ultra-

structural localization of CTP:phosphoethanolamine
cytidylyltransferase in rat liver. J Biol Chem 269:
15415-15418, 1994. https://doi.org/10.1016/S0021-9258(1
7)40693-4

. Nakashima A, Hosaka K, Nikawa J: Cloning of a hu-

man cDNA for CTP-phosphoethanolamine cytidylyl-
transferase by complementation in vivo of a yeast
mutant. ] Biol Chem 272: 9567-9572, 1997. https://doi.o
rg/10.1074/jbc.272.14.9567

Tie A, Bakovic M.: Alternative splicing of CTP:phos-
phoethanolamine cytidylyltransferase produces two
isoforms that differ in catalytic properties. J Lipid Res
48: 2172-2181, 2007. https://doi.org/10.1194/jlr.M60053
6-JLR200

Zhu L, Michel V, Bakovic M: Regulation of the mouse
CTP: Phosphoethanolamine cytidylyltransferase gene
Pcyt2 during myogenesis. Gene 447: 51-59, 2009. http



166 Hiromi Ando DKM]J

s://doiorg/10.1016/j.gene.2009.07.014

12. Ando H, Aoyama C, Horibata Y, et al.. Transcriptional
suppression of CTP:phosphoethanolamine cytidylyl-
transferase by 25-hydroxycholesterol is mediated by
nuclear factor-Y and Yin Yang 1. Biochem ] 471: 369-
379, 2015. https://doi.org/10.1042/BJ 20150318

13. Gil G, Faust JR, Chin D], et al. Membrane-bound do-
main of HMG CoA reductase is required for sterol-
enhanced degradation of the enzyme. Cell 41: 249-258,
1985. https://doi.org/10.1016/0092-8674(85)90078-9

14. Goldstein JL, DeBose-Boyd RA, Brown MS: Protein
sensors for membrane sterols. Cell 124: 35-46, 2006. htt
ps://doi.org/10.1016/j.cell.2005.12.022

15. Radhakrishnan A, Ikeda Y, Kwon HJ, et al: Sterol-
regulated transport of SREBPs from endoplasmic re-
ticulum to Golgi: oxysterols block transport by bind-
ing to Insig. Proc Natl Acad Sci U S A 104: 6511-6518,
2007. https://doi.org/10.1073/pnas.0700899104

16. Ando H, Horibata Y, Yamashita S, et al: Low-density
lipoprotein and oxysterols suppress the transcription
of CTP: Phosphoethanolamine cytidylyltransferase in
vitro. Biochim Biophys Acta 1801: 487-495, 2010. http
s://doiorg/10.1016/j.bbalip.2009.12.014

17. Ando H, Horibata Y, Aoyama C, et al: Side-chain ox-
ysterols suppress the transcription of CTP: Phos-
phoethanolamine cytidylyltransferase and 3-hydroxy-
3-methylglutaryl-CoA reductase by inhibiting the in-
teraction of p300 and NF-Y, and H3K27 acetylation. ]
Steroid Biochem Mol Biol 195: 105482, 2019. https://do
org/10.1016/j.jsbmb.2019.105482

18. Kalmar GB, Kay R], Lachance A, et al: Cloning and
expression of rat liver CTP: phosphocholine cytidylyl-
transferase: an amphipathic protein that controls
phosphatidylcholine synthesis. Proc Natl Acad Sci
U S A 87: 6029-6033, 1990. https://doi.org/10.1073/pna
$.87.16.6029

19. Lykidis A, Murti KG, Jackowski S: Cloning and char-
acterization of a second human CTP:phosphocholine
cytidylyltransferase. J Biol Chem 273: 14022-14029,
1998. https://doi.org/10.1074/jbc.273.22.14022

20. Sugimoto H, Bakovic M, Yamashita S, et al.: Identifica-
tion of transcriptional enhancer factor-4 as a tran-
scriptional modulator of CTP:phosphocholine cyti-
dylyltransferase alpha. ] Biol Chem 276: 12338-12344,
2001. https://doi.org/10.1074/jbc.m100090200

21. Sugimoto H, Banchio C, Vance DE: Transcriptional
regulation of phosphatidylcholine biosynthesis. Prog
Lipid Res 47: 204-220, 2008. https://doi.org/10.1016/].pl
ipres.2008.01.002

22. Romier C, Cocchiarella F, Mantovani R, et al: The NF-
YB/NF-YC structure gives insight into DNA binding
and transcription regulation by CCAAT factor NF-Y.
J Biol Chem 278: 1336-1345, 2003. https://doi.org/10.10
74/ibc.m209635200

23. Kabe Y, Yamada J, Uga H, et al: NF-Y is essential for
the recruitment of RNA polymerase II and inducible
transcription of several CCAAT box-containing genes.
Mol Cell Biol 25: 512-522, 2005. https://doiorg/10.112
8/mcb.25.1.512-522.2005

24. Shinohara Y, Ando H, Maekawa M, et al: Transcrip-
tion of cytochrome P450 46A1 in NIH3T3 cells is
negatively regulated by FBS. Biochim Biophys Acta
Mol Cell Biol Lipids 1867: 159136, 2022. https://doi.or
g/10.1016/j.bbalip.2022.159136

25. Kahn CR: The molecular mechanism of insulin action.
Ann Rev Med 36: 429-451, 1985. https://doi.org/10.114
6/annurev.me.36.020185.002241

@ @@@ ©Dokkyo Medical Society 2022. This
EETETE article is licensed under the Creative
Commons  Attribution-NonCommercial-NoDerivatives
4.0 International License (https://creativecommons.org/
licenses/by-nc-nd/4.0/). The copyright of this article re-
mains with Dokkyo Medical Society. This license allows
anyone to download, reuse, copy, reprint, or distribute
the article, provided the work is attributed to the origi-
nal author(s) and the source, but does not allow for the
distribution of modified versions or for commercial uses
without permission of Dokkyo Medical Society (https://
dokkyomed-igakukai.jp/dkmj/)




