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Review Article

Cholesterol metabolism and lipid droplet vacuoles; a
potential target for the therapy of aggressive lymphoma

Hiromu Yano," Yukio Fujiwara,"” Yoshihiro Komohara'?

Cholesterol uptake via LDL receptor (LDLR) is increased in some malignant tumors, and incorporated LDL contribute to lipid
droplet formation. Burkitt’s lymphoma is known to have a large number of vacuoles in the cytoplasm, however, intracellular
vacuoles are also seen in high-grade lymphomas such as adult T-cell leukemia/lymphoma, diffuse large B-cell lymphoma and
primary central nervous system lymphoma. Recent studies have shown that esterified cholesterol is the main component of
these vacuoles and the expression of cholesterol metabolism-related molecules such as LDLR, acetyl-CoA acetyltransferase 1
(ACAT1) which esterifies free cholesterol, and scavenger receptor class B type I (SR-BI) which effluxes free cholesterol, was
significantly upregulated in lymphoma cells. Moreover, negative feedback of LDLR was not regulated even under cholesterol-
rich conditions in lymphoma cells. We found that cytoplasmic free cholesterol was increased by ACAT and SR-BI inhibitors
(CI-976 and BLT-1, respectively), and the accumulation of free cholesterol induced lymphoma cell apoptosis. In addition,
overexpression of lipid droplet surface proteins has been correlated with poor prognosis in several malignant tumor such as
ovarian cancer and clear cell renal cell carcinoma, and it is important to evaluate lipid droplet formation in malignant tumors
including lymphomas.
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factor inhibitors.

INTRODUCTION Burkitt’s lymphoma is known to contain lipid-derived

Cholesterol is an essential component of cell membranes
and the backbone of steroid hormones. Low-density lipo-
protein (LDL), a source of cholesterol, is taken up by the
LDL receptor (LDLR) on cellular membranes.! LDLR is
expressed in all cells and its expression is increased in malig-
nant tumors.” Incorporated LDL sequentially aggregate and
fuse, thereby contributing to lipid droplet formation.® It is
well known that numerous lipid droplets are observed in the
cytoplasm of foamy macrophages during atherosclerosis.
Lipid droplet accumulation is also observed in various
tumors as a result of increased lipid metabolism.** Moreover,
vacuoles of lipid origin are observed in malignant lympho-
mas such as Burkitt’s lymphoma.® In addition, increased
expression of LDLR is observed in Burkitt’s lymphoma
cells,” suggesting that lipid metabolism may be enhanced;
however, few studies have examined lipid metabolism in
malignant lymphomas in detail. Therefore, this review
focuses on the mechanisms of lipid metabolism in malignant
lymphomas and the usefulness of lipid metabolism-related

vacuoles,® and intracytoplasmic vacuoles are observed in
other malignant lymphomas.®® In our study using malignant
lymphoma cell lines, LDL stimulation resulted in an increase
in lipid droplet vacuoles and an increase in intracellular cho-
lesterol content, indicating that the major component of these
vacuoles is LDL-derived cholesterol.! 1In addition, the
expression of cholesterol metabolism-related factors such as
LDLR, acetyl-CoA acetyltransferase 1 (ACAT1), and scaven-
ger receptor class B type I (SR-BI) is increased in malignant
lymphoma cells and plays an important role in lymphoma
lipid metabolism.'®

Cholesterol metabolism in malignant lymphoma

LDLR expression is increased in many malignant tumors,
including malignant lymphomas.> The expression of LDLR
in normal cells is regulated by the intracellular cholesterol
concentration, which is sensed by sterol regulatory element
binding protein-2 (SREBP-2) in the endoplasmic reticulum
membrane."!  When intracellular cholesterol levels are high,
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activation of the transcription factor SREBP-2 is suppressed
and expression of a group of genes involved in cholesterol
synthesis and uptake, including LDLR, is negatively regu-
lated. However, we have reported that in malignant lym-
phoma cells, downregulation of SREBP-2 and LDLR does
not occur even under cholesterol-rich conditions, indicating
that the negative feedback mechanism is disrupted.'’

ACAT]1 is an enzyme belonging to the membrane-bound
O-acyltransferase (MBOAT) family, which esterifies free
cholesterol to produce cholesterol esters that are stored as
lipid droplets. Overexpression of ACAT1 has been reported
in some malignant tumors, including pancreatic cancer'? and
clear cell renal cell carcinoma (ccRCC)."* We have reported
that in malignant lymphomas, ACAT1 expression is increased
in response to the uptake of large amounts of cholesterol and
protects cells from cholesterol toxicity by esterifying excess
cholesterol, thereby maintaining intracellular cholesterol
homeostasis.'”

SR-BI is a high-density lipoprotein (HDL) receptor first
identified by sequence homology to cluster determinant 36
(CD36) and is a member of the class B scavenger receptor
family.'*!5  SR-BI expressed in hepatocytes mediates reverse
cholesterol transport by uptake of HDL cholesterol for rout-
ing to bile. Conversely, SR-BI expressed in macrophages
suppresses the progression of arteriosclerosis by effluxing
intracellular cholesterol into HDL and minimizing the forma-
tion of foam cells in arteriosclerotic lesions. We reported
that SR-BI expressed in malignant lymphoma cells is mainly
involved in cholesterol efflux, since blocking its function
with SR-BI inhibitor (BLT-1) increased the amount of free
cholesterol in the cells.'

T cell lymphoma
cell line (ED)

B cell ymphoma
cell line (DAUDI)

Targeting the cholesterol metabolism of malignant
lymphoma

Statins (HMG-CoA reductase inhibitor) have previously
been reported to induce apoptosis in some malignant lym-
phoma cells. Cholesterol depletion by high-dose statins has
been shown to disrupt lipid rafts and alter the localization and
function of proteins in the lipid rafts of cell membranes.'¢!”
Simvastatin induces apoptosis of EBV virus-infected lym-
phoma cells by dissociating Latent Membrane Protein 1
(LMP-1) from lipid rafts in the cell membrane and inhibiting
NF-kB activation.!® Studies on cell death due to excessive
accumulation of free cholesterol have also been conducted.
Excess free cholesterol is harmful to cells.!”* It has been
reported that in pancreatic cancer cells, an ACAT inhibitor
increases the amount of intracellular free cholesterol, and the
resultant cholesterol toxicity induces apoptosis.'? In addi-
tion, we have reported that SR-BI inhibitor blocks the efflux
of free cholesterol to HDL, resulting in excessive accumula-
tion of free cholesterol, which in turn induces apoptosis in
malignant lymphomas' (Fig. 1). In malignant lymphoma
cells, negative feedback of LDLR is unregulated even under
cholesterol-rich conditions, so inhibition of cholesterol efflux
by SR-BI inhibitor readily leads to cholesterol over-accumu-
lation, which in turn induces apoptosis (Fig. 2).

Lipid droplet vacuole in malignant lymphoma

Lipid droplet accumulation in non-adipocytic tissues rep-
resents a novel characteristic of cancer. Glioblastoma
(GBM) is a malignant tumor associated with dysfunction of
lipid metabolism.?'?> It is the most aggressive brain cancer
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Fig. 1. Effects of ACAT and SR-BI inhibitors on lymphoma cell proliferation. Proliferation of lymphoma cells following incubation with the
indicated concentrations of CI-976 or BLT-1 for 24 h (A4). Caspase-3/7 activation of lymphoma cells following incubation with CI-976 (10
uM) or BLT-1 (10 uM) for 24 h (B). CI-976: ACAT inhibitor, BLT-1: SR-BI inhibitor. *p-value <0.05 compared with the control. PCNS, pri-

mary central nervous system; RFU, relative fluorescence unit
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Lipid metabolism as a therapeutic target

Fig. 2. Schema of the lipid metabolism in malignant lymphoma. Malignant lymphomas have unregulated the negative feedback of
LDL receptor (LDLR) and increased LDL uptake. Scavenger receptor class B type I (SR-BI) inhibitor blocks cholesterol efflux to
HDL, leading to intracellular over-accumulation of free cholesterol. As a result, apoptosis is induced in malignant lymphoma cells due

to cholesterol toxicity.

and is a grade IV astrocytoma. Large amounts of lipid drop-
lets are observed in tumor tissue from patients with GBM,
but are undetectable in low-grade gliomas and normal brain
tissue.?® Therefore, lipid droplet may be developed as a
promising diagnostic biomarker for GBM. We have
reported that lipid droplet vacuoles are frequently found in
adult T-cell leukemia/lymphoma, diffuse large B-cell lym-
phoma (DLBCL), and primary central nervous system lym-
phoma, which are considered high-grade lymphomas (vacu-
ole-positive rate of more than 50%). In contrast, lipid
droplet vacuoles are less frequently detected in follicular
lymphomas, which are classified as low-grade lymphomas

Lymphocyte

Low-grade
lymphoma

(vacuole-positive rate of about 13%). Similarly, in cell lines,
high-grade lymphoma cells tended to show more lipid drop-
lets'® (Fig. 3). In addition, patients with lipid droplet vacu-
ole-positive DLBCL had significantly shorter survival than
those lacking vacuoles.! Therefore, lipid droplets may rep-
resent a new prognostic and grade-predictive factor in malig-
nant lymphomas.

In addition to being cellular organelles that store lipids,
lipid droplets also have diverse functions including, but not
limited to, lipid metabolism, energy production, and escape
from lipotoxicity and endoplasmic reticulum stress. Thus,
lipid droplets are advantageous for the survival of malignant

Red: nucleus
Black: lipid droplet

-

Fig. 3. Lipid stained (Sudan Black B staining) images of lymphocytes and Malignant lymphoma cell lines.
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cells and have been reported to play a role in chemotherapy
resistance.?* In malignant lymphomas, the presence of lipid
droplet vacuoles is positively correlated with malignancy.
Therefore, lipid droplet vacuole formation is expected to be a
marker for aggressive lymphoma as well as a maker for pre-
dicting grade and prognosis. It has also been shown that
SR-BI inhibitors tend to have a greater antitumor effect on
higher-grade lymphoma cells.'® Therefore, it is suggested
that observation of lipid droplet vacuoles is important for
determining the therapeutic efficacy of lipid metabolism
inhibitors. However, lipid droplet vacuoles in malignant
lymphomas cannot be observed in hematoxylin and eosin-
stained or Papanicolaou-stained specimens. In specimens
prepared for routine examination, lipid droplet vacuoles can
only be observed with Giemsa staining for cytology.
Therefore, it is important to prepare cytology specimens
using the stamp preparation before formalin fixation and
observe them with Giemsa staining. It may also be impor-
tant to perform lipid staining (Oil Red O staining or Sudan
Black B staining) to distinguish degenerated vacuoles (Fig.
4).

Expression of lipid droplet surface proteins in malignant
tumors

In recent years, several malignant tumors have indirectly
been shown to exhibit lipid droplet formation by immunos-
taining for lipid droplet surface proteins (Perilipin 1, Perilipin
2: adipophilin, Perilipin 3, Perilipin 4, Perilipin 5).
Furthermore, it has been reported that high expression of adi-
pophilin predicts poor prognosis in high-grade serous ovarian
cancer?® and overexpression of Perilipin 3 is a poor prognos-
tic factor in clear cell renal cell carcinoma.?® The association

between lipid membrane proteins and prognosis in malignant
lymphoma has not been reported and should be investigated
in the future.

CONCLUSION

In conclusion, the formation of lipid droplet vacuoles in
malignant lymphoma cells can be not only a biomarker of
malignancy and prognosis, but also a morphological charac-
teristic that predicts the effect of lipid metabolism inhibitors.
This also applies to other malignant tumors in which lipid
metabolism is enhanced. Therefore, it is important to
observe specimen with attention to lipid droplet vacuoles
during pathological and cytological diagnosis.
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Fig. 4. Specimens from same adult T-cell lymphoma (ATL) case. Hematoxylin and eosin staining (A4). Papanicolaou staining (B). May-
Griinwald Giemsa staining (C). Lipid staining (Sudan Black B staining) (D). Immunohistostaining (adipophilin) (E). Scale bar, 10 um.
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