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Abstract

Acyl-coenzymeA:cholesterol acyltransferase 2 (ACAT2) is abundantly expressed in intestine and fetal

liver of healthy human. Our previous studies have shown that in monocytic cells the low-level

expression of human ACAT2 gene with specific CpG-hypomethylated promoter is regulated by the

CCAAT/enhancer binding protein (C/EBP) transcription factors. In this study, we further report that

the ACAT2 gene expression is attributable to the C/EBPs in the human leukocytes and correlated

with the excretion of fluorescent lipoproteins containing the ACAT2-catalyzed NBD22-steryl esters.

Moreover, this lipoprotein excretion can be inhibited by the ACAT2 isoform-selective inhibitor pyripyr-

opene A (PPPA) in a dose-dependent manner, and employed to determine the half maximum inhibi-

tory concentration (IC50) values of PPPA. Significantly, it is found that the differentiation-inducing

factor all-trans retinoic acid, but not the proinflammatory cytokine tumor necrosis factor-α, enhances
this ACAT2-dependent lipoprotein excretion. These data demonstrate that the ACAT2 expression of

human leukocytes is responsible for the excretion of lipoproteins containing cholesteryl/steryl esters

(CE/SE), and suggest that the excretion of lipoproteins containing the ACAT2-catalyzed CS/SE may

avoid cytotoxicity through decreasing the excess intracellular cholesterols/sterols (especially various

oxysterols), which is essential for the action of the human leukocytes.
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Introduction

Acyl-coenzymeA:cholesterol acyltransferase (ACAT) catalyzes the
formation of cholesteryl esters (CE) from cholesterol and long-chain
fatty acyl-CoA, and is the exclusive intracellular enzyme in mammals
[1]. At present, two ACAT isoforms, ACAT1 and ACAT2, have been
identified [2,3]. In healthy human, ACAT2 is abundantly expressed

and involved in secreting chylomicrons and very low density lipo-
proteins in the intestine and fetal liver, respectively [4–9]. In fact,
both ACAT1 and ACAT2 exist in the cells of intestine and fetal
liver. Moreover, the cholesteryl/steryl esters (CE/SE) catalyzed by
ACAT2 can be incorporated into both lipoproteins for the secretion
and lipid droplets for the storage of cells [6–8]. Very importantly, two
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isotype-specific ACAT inhibitors, K-604 [10] and pyripyropene A
(PPPA) [11], have been characterized for human ACAT1 and
ACAT2, respectively.

Current methods for assaying ACAT activity are laborious and
time-consuming, involving the use of radioactive substrates in live
cells or in incubations of cell homogenates or microsomes with the
isolation of the radioactive CE products by thin-layer chromatog-
raphy and subsequent quantification [12–14]. To facilitate the deter-
mination of ACAT activity, we have developed a more rapid and
high-throughput cell-based assay using a fluorescent sterol, also an
ACAT substrate, 22-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-
23,24-bisnor-5-cholen-3-ol (NBD22-sterol) in which the NBD moi-
ety replaces the terminal segment of the partial alkyl tail of
cholesterol [15]. NBD22-sterol has been shown to mimic native
cholesterol absorption in hamsters [16], cholesterol efflux in macro-
phages [17], intracellular lipid or sterol carrier protein transport
[18–21], and esterification in vivo by cultured cells [16]. The weak
or strong fluorescence of NBD22-sterol can be dependently mea-
sured when it is in a polar or nonpolar environment [22,23]. This
property of NBD22-sterol serves to measure ACAT activity in live
cells expressing ACAT1 and/or ACAT2 [24].

We have previously reported that a specific cholesterol metabolic
pathway, involving induction of ACAT2 and esterification of excess
oxysterols for excretion to avoid cytotoxicity, is established in a subset
of hepatocellular carcinomas (HCCs) for tumor growth [25]. More
recently, our studies showed that the low-level expression of human
ACAT2 gene with specific CpG-hypomethylated promoter is regulated
by the CCAAT/enhancer binding protein (C/EBP) transcription factors
in monocytic cells [26]. However, the role of ACAT2 in the monocytic
cells is still unknown, and the possibility that the increased expression
of ACAT2 in the monocytic cells may be associated with some
physiological/pathological role has not been examined.

In this study, we revealed that the ACAT2 expression attribut-
able to the C/EBPs is responsible for the lipoprotein excretion of
human leukocytes. Significantly, the differentiation-inducing factor
all-trans retinoic acid (ATRA) enhances this ACAT2-dependent lipo-
protein excretion.

Materials and Methods

Reagents

RPMI 1640 and fetal bovine serum (FBS) were from Gibco-BRL
(Grand Island, USA). Ficoll-Paque Plus was from GE Healthcare
Life Sciences (Piscataway, USA). The phorbol 12-myristate 13-acetate
(PMA) and NBD22-sterol were from Sigma-Aldrich (St Louis, USA).
Human Pan T Cell Isolation Kit and Human Pan B Cell Isolation
Kit were from Miltenyi Biotech (Auburn, USA). ACAT2 isoform-
selective inhibitor PPPA was from ALEXIS Biochemicals (Lausen,
Switzerland).

Cell culture

The human monocytic cell line THP-1, the T lymphocyte cell lines
Jurkat and MOLT4, the B lymphocyte cell lines BJAB and RAJI, the

myeloid cell line U937 and the promyeloblast cell line HL-60 were
maintained in RPMI 1640 supplemented with 10% FBS. For differ-
entiating into macrophages, THP-1 cells were cultured in 0.1 μM
PMA for 48 h. All cell lines were maintained in 100 μg/ml penicillin
and 100 µg/ml streptomycin at 37°C in a humidified atmosphere of
5% CO2 and 95% air.

Human peripheral blood mononuclear cells (PBMCs) and granu-
locytes were isolated from 200ml of blood from each healthy donor
(Shanghai Blood Service Center, Shanghai, China) by density gradi-
ent centrifugation with Ficoll-Paque Plus. Human blood monocytes
were isolated from PBMCs as previously reported [27] and cultured
in RPMI 1640 with 7% human AB serum. Human blood monocytes
were differentiated into macrophages as described previously [28].
Human blood T and B lymphocytes were isolated from PBMCs by
using Human Pan T and B Cell Isolation Kits, respectively.

Bisulfite genomic DNA sequencing

Bisulfite genomic DNA sequencing (BGS) was performed as
described previously [25]. Briefly, the genomic DNAs were treated
by using the EZ DNA Methylation-Gold kit (ZYMO Research,
Shanghai, China) according to the manufacturer’s instructions.
Then, by using the above treated DNAs, the −742 to −307 region
or −291 to +297 region of human ACAT2 gene promoter was amp-
lified by polymerase chain reaction (PCR) (94°C for 5min; 35 cycles
of 94°C for 30 s, 58°C for 45 s, and 72°C for 45 s; 72°C for 5min)
with primer sets BGS-F1/BGS-R1 or BGS-F2/BGS-R2 listed in
Table 1. PCR products were inserted into pGEM-T easy vector
(Promega, Madison, USA), and individual plasmids from 10 cloned
colonies were sequenced by Sangon Company (Shanghai, China).

RT-PCR analysis

Total RNA was freshly prepared using the Absolutely RNA® RNA
Miniprep Kit (Stratagene, Cedar Creek, USA). An aliquot of the
total RNA was reverse-transcribed to obtain cDNAs. Quantitative
RT-PCR was carried out on an Mx3005PTM instrument
(Stratagene) using a hot-start SYBR-green-based method followed
by melting curve analysis to verify the specificity of the products.
The cycle number at threshold (Ct) was used to calculate the relative
amount of mRNA. The Ct value of each determined RNA sample
was normalized by subtracting that of control GAPDH mRNA to
obtain the ΔCt value, and the relative mRNA level was calculated as
2-ΔCt. All primer sets for quantitative RT-PCR were individually
listed in Table 2.

Fluorescence assay

The fluorescence assay was performed as described previously [15].
Briefly, the cells were incubated with 0.5 μg/ml NBD22-sterol and
the ACAT2 isoform-selective inhibitor PPPA at different concentra-
tions (ranging from 0.1 to 10 μM). After incubation, the fluores-
cence intensity (FI) of lipoproteins containing the ACAT2-catalyzed
NBD22-steryl esters in cultured media was measured using the
Envision Multilabel Reader (Perkin Elmer, Waltham, USA) by

Table 1. Sequences of all primer sets used for amplifying human ACAT2 gene promoter regions

Primer set Sequence (5′→3′)

BGS-F1/R1 TTTTATTTGGATAATTTTATTTTGAGT/AACTAAAAATCAAAAAAAAATCAAAAATA
BGS-F2/R2 TGGGAGGTTAGTTATGTTAGGTGAT/CTTCCTTAACCTCTCTAAACAACAA
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setting the excitation and emission wavelength to 488 nm and
535 nm, respectively. The FI of lipoproteins in cultured media with-
out cells used as the blank control was subtracted. The FI of lipopro-
teins in cultured media of cells incubated with DMSO and 10 μM
ACAT2 isoform-selective inhibitor PPPA was used as the controls of
no inhibition (NI) and total inhibition (TI), respectively, and then,
the following formula was used for the calculation:

⎡⎣ ⎤⎦( ) ( )( ) = − – – ×ACAT2 activity % 1 FI FI FI FI 100%.NI NI TI

The IC50 value of PPPA for ACAT2 was obtained through the
non-linear fitting of concentration-dependent curve by using
Graphpad Prism 5.

Statistical analysis

Experimental differences were analyzed as indicated in figure
legends. Statistical analysis were performed by using the Student’s
t-test. P values of <0.05 were considered of statistically significant
difference.

Results

ACAT2 gene expression of the human blood leukocytes

attributable to the C/EBP transcription factors

Our previous studies have shown that in the monocytic cells the
low-level expression of human ACAT2 gene with specific CpG-
hypomethylated promoter is regulated by the C/EBP transcription
factors [26]. Here, by investigating the human blood leukocytes
from two healthy donors, we observed that the same specific CpG
sites (No. 2–7, arrow labeled) of ACAT2 gene promoter were hypo-
methylated in all the leukocytes including the monocytic cells
(Fig. 1A,B). The quantitative RT-PCR results showed that all the
leukocytes expressed ACAT2, which was attributable to the C/EBPs
but not to Cdx2 and HNF1α, and the ACAT2 mRNA levels of
monocytic cells were obviously lower than those of other leukocytes
(Fig. 1C). The above results demonstrate that the hypomethylated
status of ACAT2 gene promoter is correlated with its expression
which is attributable to the C/EBP transcription factors in all the
human blood leukocytes.

Lipoprotein excretion associated with the ACAT2

expression of the human leukocytic cell lines

To detect the role of ACAT2 in human leukocytes, we used avail-
able human leukocytic cell lines to examine the promoter-CpG-
methylation status of ACAT2 gene and its expression. It was
observed that in four human leukocytic cell lines, the promoter-
hypomethylated status of ACAT2 gene was correlated with its
expression, which was attributable to the transcription factors

C/EBPs, but not Cdx2 and HNF1α (top or left four cell lines in
Fig. 2A,B). Generally, the CS/SE esters catalyzed by ACAT2 are
incorporated into various lipoproteins for the secretion of different
tissue cells [4–9]. Thus, we performed an assay with the fluorescent
NBD22-sterol, also an ACAT substrate, for the extracellularly
excreted lipoproteins containing ACAT2-catalyzed NBD22-steryl
esters. It was found that mainly the above four human leukocytic
cell lines expressing ACAT2 excreted fluorescent lipoproteins into
the cultured media (left four cell lines in Fig. 2C). These results indi-
cate that the lipoprotein excretion is associated with the ACAT2
expression of the human leukocytic cell lines.

Inhibition of the lipoprotein excretion with the ACAT2

isoform-selective inhibitor PPPA in a dose-dependent

manner

To demonstrate that NBD22-sterol was esterified by ACAT2, the
human leukocytic cell lines were incubated with 0.5 μg/ml NBD22-
sterol and the ACAT2 isoform-selective inhibitor PPPA at different
concentrations (ranging from 0.3 to 10 μM). After the 3, 6, or 9 h of
incubation, the FI of lipoproteins in the cultured media was mea-
sured. Figure 3A showed that in the four ACAT2-expressed leuko-
cytic cell lines, the FI of lipoproteins in the cultured media was
significantly decreased with the increase of PPPA concentration at
each time-point, indicating that PPPA inhibits ACAT2-dependent
excretion of lipoproteins containing ACAT2-catalyzed NBD22-steryl
esters in a dose-dependent manner. Because the other four cell lines
did not obviously express ACAT2 mRNA or excrete lipoproteins
(right four cell lines in Fig. 2B,C), no inhibitory effect of PPPA was
observed (Fig. 3B). These results demonstrate that the ACAT2
expression of human leukocytes is responsible for the excretion of
lipoproteins containing CS/SE, and also the FI of lipoproteins con-
taining NBD22-steryl esters specifically inhibited by PPPA is an indi-
cator of the cellular ACAT2 activity.

IC50 values of PPPA for ACAT2 of the human leukocytic

cell lines

In addition, we further performed the fluorescence assay to measure
the FI of lipoproteins containing ACAT2-catalyzed NBD22-steryl
esters selectively inhibited by PPPA for calculating its half maximum
inhibitory concentration (IC50) value. The results shown in Fig. 4
indicated that the IC50 values of PPPA with the 6 and 9 h of incuba-
tion from the same cell line were similar, but exhibited difference
(consistent with that of ACAT2 mRNA level, Fig. 2B) among the
individual cell lines. The average IC50 values of PPPA with the 6 and
9 h of incubation from the leukocytic cell lines THP-1 (1.44 μM)
and MOLT4 (1.38 μM) were rarely different, but smaller than that
from the macrophage THP-1-Mϕ (2.53 μM) and larger than that
from the leukocytic cell line Jurkat (1.06 μM). These results confirm

Table 2. Sequences of all primer sets used for RT-PCR analysis

mRNA Primer set Sequence (5′→3′)

ACAT2 ACAT2-F/R CATGCTGCTGCTCATCTTCT/ACTGCGGAGACCAGGAACA
C/EBPα C/EBPα-F/R TGTATACCCCTGGTGGGAGA/TCATAACTCCGGTCCCTCTG
C/EBPβ C/EBPβ-F/R GACAAGCACAGCGACGAGTA/AGCTGCTCCACCTTCTTCTG
C/EBPε C/EBPε-F/R CTCTGCGCGTTCTCAAGG/GCCGGTACTCAAGGCTATCTT
Cdx2 Cdx2-F/R AGCCAAGTGAAAACCAGGAC/CAGAACCCCAGGGACAGA
HNF1α HNF1α-F/R TCATCATGGCCTCACTTC/CCATTGCTGGAGTCTGAG
GAPDH GAPDH-F/R ACCCACTCCTCCACCTTTG/CTGTAGCCAAATTCGTTGTCAT
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that the excretion of lipoproteins containing CS/SE depends on the
ACAT2 activity of human leukocytes.

Effect of ATRA and tumor necrosis factor-α (TNFα)
on the ACAT2-dependent lipoprotein excretion

of the human leukocytic cell lines

With the ATRA-induced partial differentiation of THP-1 cells [29],
we found that the expressions of ACAT2 and C/EBPs (α, β, and ε)
were all evidently increased [26]. Therefore, we measured the FI of
lipoproteins containing NBD22-steryl esters selectively inhibited by
PPPA for the ACAT2-dependent lipoprotein excretion. The results
showed that this lipoprotein excretion was evidently increased with
the ATRA treatment, whereas it was not affected with the tumor
necrosis factor-α (TNFα) treatment in the four ACAT2-expressing
leukocytic cell lines (Fig. 5). Significantly, these results demonstrate
that the differentiation-induced factor ATRA, but not the proinflam-
matory cytokine TNF-α [30], enhances the ACAT2-dependent lipo-
protein excretion of human leukocytes or increases the ACAT2
activity.

Discussion

It is believed that ACAT2 is restricted to intestine and fetal liver in
healthy human [1]. However, our previous studies have shown that
in the human monocytic cells the low-level expression of ACAT2
gene with specific CpG-hypomethylated promoter is regulated by
the C/EBP transcription factors [26]. Here, by investigating the
human blood leukocytes and leukocytic cell lines, we first observed
that in the human blood leukocytes, the same specific CpG sites
(No. 2–7) of ACAT2 gene promoter are hypomethylated (Fig. 1A,B),
and the mRNAs of ACAT2 and C/EBPs (α and ε) are consistently
expressed (Fig. 1C). Then, with the available leukocytic cell lines, it
was found that in the four leukocytic cell lines (THP-1, THP-1-Mϕ,
Jurkat, and MOLT4), the ACAT2 mRNA expression attributable to
the C/EBPs is correlated with the promoter-hypomethylated status
of its gene, whereas in the other four (BJAB, RAJI, HL-60, and
U937) there is no obvious ACAT2 expression mainly due to the
very low-level expression of C/EBPs or together with the hyper-
methylated promoter (RAJI and U937). More importantly, by using
a cell-based fluorescence assay with the NBD22-sterol (also an

Figure 1. Promoter-CpG-methylation status and expression of ACAT2 gene in the human blood leukocytes (A,B) Promoter-CpG-methylation status of ACTA2

gene in the human blood leukocytes from two healthy donors was individually measured by bisulfite genomic sequencing. Bisulfite genomic sequencing was

performed according to the procedures described in the ‘Materials and Methods’. Each row of circles represents a single cloned allele, and each circle indicates

a single CpG site. The filled and open circles represent methylated and unmethylated CpG sites, respectively. (C) Quantitative RT-PCR analysis of ACAT2,

C/EBPs, Cdx2, and HNF1α mRNAs in the human blood leukocytes from two healthy donors. Quantitative RT-PCR was performed according to the procedures

described in the ‘Materials and Methods’. The relative mRNA level of ACAT2 was expressed as fold to that in the monocytes, and the relative mRNA level of

each transcription factor (C/EBPs, Cdx2, or HNF1α) in different cells was expressed as fold to that of C/EBPε in the monocytes. Results shown were representa-

tive of three independent experiments and data were shown as the mean ± SD of triplicates. ND: not detected.

993ACAT2-dependent lipoprotein excretion of human leukocytes



Figure 2. Promoter-CpG-methylation status, expression, and role of ACAT2 in the human leukocytic cell lines (A) Promoter-CpG-methylation status of ACTA2

gene in different human leukocytic cell lines was examined as described in Fig. 1A. (B) Quantitative RT-PCR analysis of ACAT2, C/EBPs, Cdx2, and HNF1α
mRNAs in different human leukocytic cell lines. Quantitative RT-PCR was performed as described in Fig. 1B. The relative mRNA level of ACAT2 was expressed

as fold to that in THP-1 cells, and the relative mRNA level of each transcription factor (C/EBPs, Cdx2, or HNF1α) in different cells was expressed as fold to that of

C/EBPε in THP-1 cells. The data were obtained as indicated in Fig. 1B. (C) The fluorescence assay for the extracellularly excreted lipoproteins containing ACAT2-

catalyzed NBD22-steryl esters. It was performed according to the procedures described in the ‘Materials and Methods’. The relative FI was expressed as percent-

age (%) to that in THP-1 cells. Results shown were representative of two independent experiments and data were shown as the mean ± SD of triplicates.

Figure 3. Effect of the isoform-selective inhibitor PPPA on the role of ACAT2 in the human leukocytic cell lines (A,B) The FI of lipoproteins in the cultured med-

ia of different human leukocytic cell lines incubated with PPPA. The fluorescence assay was performed as described in the ‘Materials and Methods’. Results

shown were representative of two independent experiments and data were shown as the mean ± SD of triplicates.
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ACAT substrate) for measuring ACAT2 activity of cells expressing
ACAT1 and/or ACAT2 [15], the functional studies indicated
that the lipoprotein excretion is associated with the ACAT2 expres-
sion in the four human leukocytic cell lines. Furthermore, this lipo-
protein excretion can be inhibited by the ACAT2 isoform-selective
inhibitor PPPA in a dose-dependent manner, and IC50 values of
PPPA are determined. These data demonstrate that the ACAT2
expression attributable to the C/EBPs in human leukocytes is
responsible for the excretion of lipoproteins containing ACAT2-
catalyzed CS/SE.

Additionally, we have previously reported that ACAT1 regulates
the dynamics of free cholesterols in plasma membrane, which leads
to the amyloid precursor protein (APP)-α-processing alteration, and
postulated a model for the regulatory dynamic of free cholesterols in

plasma membrane by the exclusive intracellular cholesterol esterifi-
cation enzyme ACAT1 [31]. Our recent work has found that inhibit-
ing cholesterol esterification in T cells by genetic ablation or
pharmacological inhibition of ACAT1 leads to the potentiated
effector function and enhanced proliferation of CD8+ but not CD4+

T cells, and therefore ACAT1 is a potential target for cancer
immunotherapy [32]. In this study, we further found that ACAT2 is
responsible for the lipoprotein excretion of human leukocytes. Thus,
we are very interested in investigating the mechanism(s) for the regu-
latory roles between ACAT1 and ACAT2 in the human leukocytes
in the near future.

Human monocyte-derived macrophages can produce discoidal
and vesicular lipoprotein particles following and during the enrich-
ment of macrophages with cholesterol from acetylated low density

Figure 4. IC50 values of PPPA for ACAT2 of the human leukocytic cell lines (A–D) The IC50 values of PPPA for ACAT2 of the four human leukocytic cell lines.

The fluorescence assay was performed as described in the ‘Materials and Methods’. And the IC50 values of PPPA was obtained through non-linear fitting of the

concentration-dependent curve by using Graphpad Prism 5 as described in the ‘Materials and Methods’. Results shown were representative of two independent

experiments and data were shown as the mean ± SD of triplicates.

Figure 5. Effect of ATRA and TNFα on the ACAT2-dependent lipoprotein excretion of human leukocytic cell lines Relative ACAT2 activity of different human

leukocytic cell lines with or without the treatment of ATRA (A) or TNFα (B). The fluorescence assay was performed as described in Fig. 2. The data were obtained

as indicated in Fig. 4. Relative ACAT2 activity was expressed as fold to that of each cell line without the ATRA or TNFα treatment. Statistical analyses were done

with Student’s t-test. *P < 0.05, **P < 0.01.
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lipoprotein or cholesterol crystals [33]. But there is rare report about
the lipoprotein excretion of other human leukocytes except for
macrophages. Here, we also found that ATRA enhances the
ACAT2-dependent lipoprotein excretion of human leukocytes.
However, ATRA is used in several clinical trials for the treatment of
acute promyelocytic leukemia (APL), one subtype of acute myeloid
leukemia, and it is reported that APL undergoes differentiation in
response to the treatment of ATRA [34–36]. More possibly, ACAT2
might function in ATRA-induced differentiation of APL through
decreasing the excess intracellular cholesterols/sterols. But, it has to
be clarified whether the enhanced ACAT2-dependent lipoprotein
excretion of human leukocytes, and which subtype of lipoproteins
containing ACAT2-catalyzed steryl esters, is involved in this clinical
ATRA treatment.

ACAT2 inhibitor or elimination of ACAT2 has been used in
atherogenic mouse models to improve hypercholesterolemia, athero-
sclerosis, and nonalcoholic fatty liver disease [37–39]. We have pre-
viously shown that in a subset of HCCs, the high-level expression of
human ACAT2 gene with the CpG hypomethylation of its whole
promoter synergistically regulated by Cdx2 and HNF1α is involved
in the esterification of excess oxysterols transported from all extra-
hepatic tissues for excretion to avoid cytotoxicity, and postulated
that specifically blocking this HCC-established cholesterol metabolic
pathway may have potential therapeutic applications for HCC
patients [25]. Here, we further reported that in the leukocytes, the
low-level expression of human ACAT2 gene with specific CpG-
hypomethylated promoter attributable to the C/EBPs is responsible
for the excretion of lipoproteins containing ACAT2-catalyzed
CS/SE, which may avoid cytotoxicity through decreasing the excess
intracellular cholesterols/sterols (especially various oxysterols), and
is essential for the action of the human leukocytes. So, it is possible
that the low-level expression of ACAT2 in the leukocytes may play
an important physiological role in the immune system. It is worthy
to be further studied.
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