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Purpose: The efficacy of post-surgery platinum-based chemotherapy, the primary choice for
the treatment of ovarian cancer (OC), is greatly reduced by the development of drug-resistance.
In this study, we investigated the association of expression low-density lipoprotein receptor
(LDLR) and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), two cholesterol metabo-
lism-related proteins, in OC tissues and chemoresistance and patient prognosis.

Methods: Survival analysis using LDLR and HMGCR expression in the ovarian cancer
patients using the dataset of Cancer Genome Atlas (TCGA) and Gene Expression Omnibus
(GEO) was carried out online. A retrospective study was performed on 65 patients who had
undergone surgery for ovarian cancer. In addition, patients were divided into 2 groups:
platinum resistance group and platinum sensitivity group. Serum lipid metabolism data
were collected and analyzed. Protein expressions of LDLR and HMGCR in ovarian cancer
tissue were detected by immunohistochemistry.

Results: Online survival analysis showed that patients with higher LDLR expression had
poorer prognosis than those with lower LDLR expression in ovarian cancer cells, while
a higher HMGCR expression was associated with better OC prognosis. Overall survival (OS)
and disease-free survival (DFS) were lower in patients with higher LDLR levels (OS:
P=0.046, DFS: P=0.009). Platinum-resistant patients had higher levels of low-density lipo-
protein (LDL) and cholesterol in serum as compared with platinum-sensitive patients
(P<0.001). Immunohistochemistry showed that LDLR expression was high and HMGCR
was low in platinum-resistant patients.

Conclusion: The expression of LDLR and HMGCR proteins, involved in the regulation of
cholesterol metabolism and the plasma LDL and cholesterol levels were significantly different in
platinum-resistant and platinum-sensitive ovarian cancer patients. We postulate that cholesterol
metabolic reprogramming might play a role in platinum resistance in ovarian cancer.
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Introduction

Ovarian cancer is the most lethal gynecological malignancy.! Despite great
advances in surgical techniques and adjuvant therapy, the clinical prognosis of
ovarian cancer remains poor, with a S5-year survival rate of only 49%.”

A majority of the OC patients are diagnosed at later stages, where surgery followed
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by chemotherapy with platinum-based drugs is the primary
choice for the treatment.’ Although 60%-90% of OC
patients respond well to platinum-based drugs,* median
progression-free survival of patients with advanced disease
is only 18 months, for which chemoresistance is largely to
be blamed.” Although PARP inhibitors have shown good
clinical efficacy in women with BRCA1/2 mutations, most
still
progress.®’ Therefore, elucidating the mechanism behind

targeted therapies have not made substantial
the development of resistance to platinum-based drugs is
important for increasing the efficacy of OC treatment.
Recent studies have shown that the development of
platinum-resistance is a multifactorial phenomenon, invol-
ving alterations in the tumor microenvironment, increased
DNA repair, cancer stem cells activity, and metabolic
reprogramming.® In a variety of cancer cells, lipid uptake,
storage, and lipogenesis are increased and contributed to
rapid tumor growth.” Cholesterol is an essential compo-
nent of mammalian cell membranes and plays an impor-
tant role in the regulation of the cell cycle.'” Rapidly
growing tumor cells require higher amounts of cholesterol
and several studies have suggested that cholesterol meta-
bolism plays an important role in the progression of malig-

11-13

nancies and the prognosis of cancer patients.

Reprogramming of cholesterol metabolic pathways has

been observed in many cancers,' '

including ovarian
cancer'” and breast cancer caused due to mutations in
BRCA1 and BRCA2 genes.'® Recent studies have also
shown that reprogramming of cholesterol metabolic path-
ways might be involved in chemoresistance in ovarian
cancer.'”'® Nevertheless, the specific mechanism by
which cholesterol metabolic pathway reprogramming
causes platinum resistance remains unclear.

Endogenous cholesterol synthesis and exogenous cho-
lesterol uptake synergistically meet the cholesterol require-
ment of the cells. It is known that chemo-resistant cells
down-regulate cholesterol biosynthesis and rely primarily
on the exogenous cholesterol for meeting their needs.'”
3-Hydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR) is a rate-limiting enzyme in endogenous cho-
lesterol biosynthesis and has been implicated in tumor cell
growth and proliferation. Cholesterol is transported in the
plasma in the form of lipoprotein complexes. Low-density
lipoprotein (LDL) contains about 80% lipids, most of
which are cholesterol and cholesteryl esters, and 20%
apolipoprotein B-100."” LDL binds to membrane-bound
low-density lipoprotein receptor (LDLR) and is interna-

lized. It is released from LDLR in the acidic environment

of late endosome/lysosome, where free cholesterol is also
released.” It has been reported that LDLR overexpression
in the tumor cells is associated with poor prognosis in
patients with epithelial ovarian cancer (EOC) undergoing
platinum-based therapy.?® Overall, these studies indicate
that lipid metabolism may be involved in drug resistance
in cancer cells. In this study, we have investigated the
association of LDLR and HMGCR protein expression
and the plasma levels of LDL and cholesterol with the
clinical prognosis of OC patients.

Methods and Materials

Materials

The data of 1109 patients who underwent surgery for
ovarian cancer at Qilu Hospital of Shandong University,
China, from December 2013 to December 2018 were
screened for the study. Patients who had received neo-
adjuvant chemotherapy, diagnosed with borderline ovarian
neoplasms, non-high grade serous cancer or secondary
ovarian malignant tumor and those with concurrent dysli-
pidemia were excluded. After screening, a total of 65
patients were selected for inclusion in the study. Reports
of laboratory investigations performed pre- and post-
surgery and pre- and post-chemotherapy (plasma lipid
profile, glucose, CA125), and data of pathological para-
meters and chemotherapy regimens were obtained. Lipid
profile parameters were measured by an automatic bio-
analyzer (Shandong Yi-Cheng Medical
LTD., Ji-Nan,
China). All laboratory tests were performed and reported

chemistry
Technology Co. Shandong Province,
as per the standard quality control procedures of the
laboratory of the Shandong University. Tissue samples of
patients were obtained from the Department of Pathology
of Qilu Hospital, Shandong University for paraffin section-
ing. The study was approved by the Medical Ethics
Committee of Qilu Hospital of Shandong University and
informed consents were obtained from all patients
included in the study. The patients were followed-up by
telephone.

Patients were divided into two groups, based on their
response to platinum-based chemotherapy: “platinum-
resistant” which included 34 patients and “platinum-
sensitive” which included 31 patients. Platinum-resistance
was defined as progression-free survival lasting less than six
months since last round of chemotherapy, while platinum-
sensitivity was defined as more than 12 months of progres-
sion-free survival since last round of chemotherapy as per
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Gynecologic Cancer Inter-Group (GCOG) consensus

statement.”!

Survival Analysis

Online survival analyses were performed to determine the
relationship between LDLR and HMGCR gene expression
and the prognosis of ovarian cancer patients using the KM
Plotter software (http://kmplot.com/analysis/index.php?p=

service). The ovarian cancer patients from the Cancer
(TCGA) and the
Omnibus (GEO) datasets were analyzed. The treatment

Genome Atlas Gene Expression
groups included the patients who were treated with plati-
num-based chemotherapy. Survival time was measured by
progression-free survival or post-progression survival and
other settings in the KM plotter were set at default. Next,
Kaplan—Meier survival analysis was performed to assess
the association between the expression levels of LDLR
and HMGCR protein with overall survival (OS) and dis-
ease-free survival (DFS) in ovarian cancer. The OS from
the date of diagnosis to death, or last follow-up, was
measured. The DFS from the date of diagnosis to recur-
rence, death or last follow-up was determined.

Immunohistochemistry

Expressions of LDLR and HMGCR were determined by
immunohistochemistry using 4-um-thick sections that
were stained using a monoclonal anti-LDLR (diluted
1:500 in phosphate buffer saline (PBS)) produced in rabbit
(ab52818, Abcam, Cambridge, UK) and monoclonal anti-
HMGCR (diluted 1:50 in PBS) produced in mouse
(ab242315, Abcam, Cambridge, UK). The slices were
dewaxed with xylene and rehydrated in ethanol. The endo-
genous peroxidase activity was blocked by hydrogen per-
oxide treatment, and the nonspecific antigens were blocked
by goat serum (1:10, Zhongshan Jin-Qiao Biotechnology,
Beijing, China). After overnight incubation with primary
antibodies at 4°C, the sections were treated with ready-to-
use biotin-labeled goat anti-rabbit IgG polymer, followed
by horseradish peroxidase-conjugated streptavidin,
enabling positive signal detection with DAB substrate.
Except for antibodies, all the above reagents were pur-
chased from Zhongshan Jin-Qiao Biotechnology, Beijing,
China. The stained tissue specimens were evaluated and
scored by two gynecological pathologists in a blind man-
ner. Brown signal was defined as strong positive staining;
yellowish brown as moderate staining; and light-yellow
reaction as weak staining. The staining intensity was quan-
tified was as follows: 0 = no staining; 1 = weak staining; 2

= moderate staining; 3 = strong staining. The percentage of
tumor cells stained was scored as follows: 0 = no staining;
1 = <10% of positive tumor cells; 2 = 11-50% positive
tumor cells; 3 = 51-80% positive tumor cells; 4 = >81%
positive tumor cells. The staining score was defined as the
sum of staining intensity grading and staining percentage
grading and ranged from 0 to 7. For statistical evaluation,
the staining score was again classified as: 0 = negative; 1—
5 = low expression; 6—7 = high expression.

Statistical Analysis

All experiments were repeated at least three times.
Statistical analyses were performed using GraphPad
Prism 8 and IBM SPSS 21.0 software. A Chi-squared
test was used for categorical data, and Student’s #-tests
and one-way ANOVA analyses were used for continuous
data. OS and DFS were estimated by Kaplan—Meier
method and analyzed with the Log-rank Mantel-Cox test.
Data are presented as the mean + SD unless otherwise
stated. Statistical significance was defined as P<0.05.

Results

The Characteristics of Patients
Medical histories of 1109 patients were screened (Figure 1),
out of which 621 patients were excluded for various rea-
sons. Ninety-two patients received neoadjuvant chemother-
apy, 57 patients had secondary surgery, 186 patients were
diagnosed with benign, borderline, or non-epithelial ovarian
neoplasms, and the chemotherapy regimen of 286 patients
was not available. Out of the remaining 488, only 47 fitted
the criteria of exhibiting platinum-sensitivity and 48 plati-
num-resistance. Further, 16 patients were lost to follow-up,
and pathological tissue sections could not be obtained for
14 patients. A total of 65 patients, 31 platinum-sensitive and
34 platinum-resistant were finally included in the study.
The average age at diagnosis for both groups of
patients was above 50 years. Interestingly, the mean age
(years) of menarche in platinum-sensitive patients was
significantly higher (15.9342.97) than that of platinum-
resistant patients (14.02+4.11) (p = 0.013). A majority of
cases were diagnosed at FIGO III stage in both platinum-
resistant (82.4%) and sensitive group (87.1%). The mor-
tality rate (72.2%) and recurrence rate (50%) of the
platinum-resistant group were significantly higher than
that of platinum-sensitive group. Other clinical features

are presented in Table 1.
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Patients
screened(N=1109)

Potentially appropriate
patients(N=488)

Platinum-sensitive patients(N=47)
Platinum resistant patients(N=48)

Excluded patients(N=621),including
neoadjuvant chemotherapy,secondary
malignant,other types of tumors,
incomplete chemotherapy regimens

Identified patients(N=65) ’

Loss to follow-up(N=16)
Loss of paraffin-embedded
tissues(N=14)

Figure | Flowchart used to identify suitable patients for the study. A total of 1109 patients were identified by an initial screening. After excluding inappropriate patients, 65

patients remained for analysis.

Upregulated LDLR and Downregulated
HMGCR Were Associated with Poor

Prognosis

To determine the relationship between LDLR and
HMGCR expression and prognosis (measured by progres-
sion-free survival or post-progression survival), online
survival analyses were performed using the OC patients’

dataset of the Cancer Genome Atlas (TCGA) and Gene
Expression Omnibus (GEO) datasets. The two datasets
with relatively large numbers of patients treated with pla-
(GSE14764
GSE26193) were selected for survival analysis. In TCGA

tinum-containing  chemotherapy and
dataset, patients with tumors expressing high levels of

LDLR had poorer survival (Figure 2C). In contrast, high

Table | Clinicopathologic Characteristics of Platinum-Resistant and Platinum-Sensitive Patients

Platinum-Resistant Platinum-Sensitive P value

Age at diagnosis (n=95)* 53.6+8.79 55.9+10.72 0.211
Age of menarche (n=95) 14.02+4.11 15.93+2.97 0.013
Age at menopause (n=95) 42.58+13.64 46.81+8.39 0.168
FIGO stage (n=65)° 0.834
| 4 (11.7) 3(9.7)

I 2 (5.9 1 3.2)

1] 28 (82.4) 27 (87.1)

v None None

CAI125 (IU/ML) (n=95) 1066.64 (33—10,000) 904.49 (11-3497) 0.585
Death (n=79)° 26 (72.2) 18 (38.29) 0.02
Lymphovascular space invasion(n=95) 9 (17.15) 6 (12.5) 0.777
Relapse (n=79)° 18(50.0) 4(9.3) <0.001

Notes: *Total number of patients selected after screening. “Total number of patients available for final analysis. “Total number of patients remaining after some patients were
lost to follow-up. Values are given as mean * SD, n (%), mean (minimal value-maximum value).
Abbreviations: FIGO, International Federation of Gynecology and Obstetrics; CAI25, Carbohydrate antigen 125.
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Figure 2 Survival analysis based on LDLR and HMGCR expression (high-expression group vs low-expression group) of TCGA ovarian cancer cohort, GSEI14764 dataset,
GSE26193 dataset. In GSEI4764 dataset, patients with tumors expressing high levels of LDLR had poorer PPS (A), high expression of HMGCR was associated with better
PPS (D). In GSE26193, high expression of HMGCR was associated with better PFS in OC patients (E), and tumors expressing high levels of LDLR had poorer PPS (B). In
TCGA dataset, patients with tumors expressing high levels of LDLR had poorer PPS (C), and high expression of HMGCR was associated with better PPS (F).

expression of HMGCR was associated with better prog-
nosis (Figure 2F). Similarly, in GEO dataset, patients with
tumors expressing high levels of LDLR and low levels of
HMGCR had poorer survival (Figure 2A, B, D and E).
Kaplan—Meier analysis and Log rank test were performed
to assess the relationship of LDLR and HMGCR protein
expression with OS and DFS in OC patients. OC patients
expressing high levels of LDLR had poorer DFS than
patients expressing low levels of LDLR (Figure 3B, p =
0.009). A similar tendency was observed for OS
0.046). However, no

(Figure 3A, p = significant

association between the expression of HMGCR and DFS
or OS was found (Figure 3C and D).

Serum LDL and Cholesterol Levels Were

Elevated in Platinum-Resistant Patients

The t-test was used to determine significant differences in
the levels of LDL and cholesterol in platinum-resistant and
platinum-sensitive patients (Figure 4). The mean LDL and
cholesterol levels (mmol/L) of 3.01+0.67 and 5.01+0.82,
respectively, in platinum-sensitive patients were signifi-
cantly lower than the corresponding values of 3.34+1.01
and 5.38+1.11 in platinum-resistant patients (p < 0.001)
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Figure 3 High levels of LDLR were associated with poorer DFS and OS (A and B). Expression levels of HMGCR were not associated with DFS and OS (C and D).

(Figure 4A and B, Table 2). The mean TG level (mmol/L)
of 1.44+0.84 in platinum-sensitive patients was also sig-
nificantly different from the TG level of 1.69+0.91 in
0.001).
However, the levels of HDL were not statistically different

platinum-resistant patients (Figure 4C, p =

between the two group (Figure 4D).

Immunohistochemical Analysis of LDLR

and HMGCR Protein Expression Levels

The LDLR and HMGCR staining was observed in both
resistant and sensitive cancer tissues. LDLR was located on
the plasma membrane and HMGCR in the cytoplasm with
slightly higher staining in the endoplasmic reticulum. The
LDLR was highly expressed (Figure 5A), whereas HMGCR
expression was low in patients with platinum resistance
(Figure 5C). A total of 22 (64.7%) resistant patients showed
high expression of LDLR and 27 (79.4%) showed low
expression of HMGCR. In platinum-sensitive patients, the

results of immunohistochemistry were the opposite
(Figure 5B and D). Statistical analysis showed that the stain-
ing score of LDLR was higher in platinum-resistant patients
(Figure SE, p < 0.0001), and that of HMGCR was lower in

platinum-resistant patients (Figure 5F, p = 0.0012).

Discussion

Ovarian cancer is the most lethal malignancy of the female
reproductive system. Although 60-90% of ovarian cancer
patients respond well to first-line platinum chemotherapy,*
the prognosis is still poor due to high incidence of drug
resistance.” The studies conducted in the past three dec-
ades have implicated factors such as altered tumor micro-
defects in the
execution of apoptotic pathways, and cell death programs

environment, increased DNA repair,

in the development of platinum resistance.® However, our
understanding of the development of platinum-resistance
is still incomplete and effective means of countering pla-
tinum resistance are still not available.®?> Therefore, it is
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Figure 4 Serum lipid levels in platinum-resistant (N=34) and platinum-sensitive (N=31) OC patients. LDL (A), cholesterol (B) and triglycerides (C) were significantly
elevated in patients with platinum resistance (p < 0.001). No significant difference was found in the level of HDL (D) between the two groups.

of great significance to explore the mechanisms of plati- Recent studies have shown an association between
num resistance for improving the prognosis of cancer hypercholesterolemia and poor prognoses of various malig-
patients. nant tumors, such as breast cancer, thyroid cancer, and liver

Table 2 Serum Lipid Levels (mmol/L) in Platinum-Resistant and Platinum-Sensitive OC Patients

Lipoprotein/Lipid Chemoresistance Chemosensitivity P value
LDL 3.34£1.01 3.01£0.67 <0.0001
HDL 1.34+0.31 1.38+0.31 0.209
CHO 5.38x1.11 5.01+0.82 <0.0001
TG 1.69£0.91 1.44+0.84 0.001

Note: Values are given as mean * SD.
Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein; CHO, cholesterol; TG, triglyceride.
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resistance (N=34)  sensitivity (N=31)

sensitivity(N=31)

resistance (N=34)

Figure 5 Immunohistochemical analysis of LDLR and HMGCR expression in platinum-resistant (N=34) and platinum-sensitive (N=31) ovarian cancer tissues (magnification
100X or 400X). LDLR expressed at higher levels in platinum-resistant ovarian cancer tissues (A) than that in platinum-sensitive ovarian cancer tissues (B). HMGCR
expression was lower in platinum-resistant ovarian cancer tissues (C) than that in platinum-sensitive ovarian cancer tissues (D). Statistical analysis was performed on the
staining scores of LDLR and HMGCR in the tumor tissue sections of platinum-resistant and platinum-sensitive patients using t-test. Staining score for LDLR was higher in the
tumors from platinum-resistant patients (E). And that of HMGCR was lower in tumors of platinum-resistant patients (F). **p = 0.0012, ***P < 0.0001.

cancer.'''® Gustbee et al reported that high HMGCR expres-
sion is associated with less aggressive breast cancer.”” He
et al showed that treatment of hepatocellular carcinoma
(HCC) with lipopolysaccharide (LPS) increased the intracel-
lular cholesterol concentrations by upregulating LDLR and
HMGCR, and higher cholesterol concentrations further pro-
moted LPS/NF-kB induced pro-inflammatory state.'® Revilla
et al showed that LDLR was up-regulated, while HMGCR
was down-regulated in more aggressive thyroid tumors,
increasing LDL uptake and intracellular cholesterol
concentration.'” These studies support the idea that choles-
terol metabolic reprogramming is involved in tumorigenesis
and tumor progression. In this study, we found that high
expression of LDLR was associated with poor prognosis,
while high expression of HMGCR was associated with better
prognosis in OC patients, which is similar to the results of the
above study. Based on the observations of this study, we
speculate that altered cholesterol metabolism is related to
platinum resistance in ovarian cancer. However, the sample
number of our study is small, and further large-sample stu-
dies are still needed to clarify the relationship between the
expression of LDLR and HMGCR and the prognosis of
patients.

To support this hypothesis, we have compared the differ-
ences in plasma lipid profiles between platinum-resistant and
platinum-sensitive ovarian cancer patients. The results of this
study showed that serum LDL and cholesterol levels in
platinum-resistant patients were significantly higher than
those in platinum-sensitive patients, indicating that choles-
terol accumulation in the cancer cells might be one of the risk
factors for the development of platinum-resistance in ovarian
cancer patients. Cholesterol is an essential component of the
mammalian cell membrane required for maintaining the
integrity and fluidity of the cell membrane.** A study by
Wau et al has shown that lung adenocarcinoma patients with
hypercholesterolemia are prone to developing resistance to
cisplatin.”> The mechanism might involve a decrease in the
permeability and fluidity of the membranes of the cancer
cells due to high cholesterol content, blocking the entry of
drugs.’*?’ Studies have also suggested that chemoresistance
may be attributed to cholesterol-induced ATP binding cas-
sette subfamily G member 2 (ABCG2) overexpression,”
which allows cells to escape from the apoptosis induced by
endoplasmic reticulum stress.”® We also found that triglycer-
ide levels in platinum-resistant patients were higher than
those in platinum-sensitive patients. Hypertriglyceridemia
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has been shown to be associated with an increased risk for
disease recurrence in prostate cancer,”’ and a positive asso-
ciation has been found between triglycerides and the risk of
ovarian cancer.’® These observations indicate that TG may
play an important role in the progression of various types of
cancers, but their role in platinum resistance is not clear, and
further studies are needed in this area.

Intracellular cholesterol homeostasis is maintained by
cholesterol ~ synthesis, uptake, transportation and
conversion.” HMGCR is a key rate-limiting enzyme in
cholesterol biosynthesis pathway. Mammalian cells absorb
LDL from the blood via LDLR and the cholesteryl ester in
the LDL is hydrolyzed to release the free cholesterol in late
endosomes/lysosome.’ The rapid growth of tumors require
a large amount of cholesterol, and tumor cells reprogram
cholesterol metabolism pathways to meet the cholesterol
requirement for rapid tumor growth.'> Our results indicate
that cholesterol metabolism reprogramming may be involved
in OC.

Immunohistochemistry showed a high LDLR expression

in the development of platinum-resistance
and a low HMGCR expression in the tumor cells of drug-
resistant patients. It is likely that the upregulation of LDLR
expression in platinum-resistant ovarian cancer cells leads to
increased uptake of exogenous cholesterol, while downregu-
lation of HMGCR expression decreases endogenous choles-
terol synthesis. This allows the tumor cells to obtain the
cholesterol required for rapid growth without expending
large amounts of cellular energy. Higher levels of cholesterol
and LDL were observed in the plasma of platinum-resistant
patients compared with platinum-sensitive patients. LDL is
synthesized by the liver and is absorbed via LDLR on the
liver and extrahepatic cells.** Circulating cholesterol mainly
comes from intestinal absorption and endogenous synthesis
(hepatic and peripheral tissues).>® Although platinum-
resistant ovarian cancer cells express LDLR at higher levels,
the increased uptake of cholesterol by these cells is not
expected to significantly affect the concentration of LDL
cholesterol in plasma. Further studies are needed to under-
stand the mechanism and significance of higher cholesterol
levels in the plasma of platinum-resistant OC patients.

Conclusion

The expression of LDLR and HMGCR proteins, which are
involved in the regulation of cholesterol metabolism and
the levels of LDL and cholesterol were significantly dif-
ferent in platinum-resistant and platinum-sensitive ovarian
cancer patients. We postulate that cholesterol metabolic
reprogramming might play a role in platinum resistance

in ovarian cancer. This metabolic reprogramming may
allow the cancer cells to meet the elevated energy and
cholesterol requirements associated with rapid tumor
growth.
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