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Abstract: Pancreatic cancer (PC) is characterized by metabolic deregulations that often manifest as
deviations in metabolite levels and aberrations in their corresponding metabolic genes across the
clinical specimens and preclinical PC models. Cholesterol is one of the critical metabolites supporting
PC, synthesized or acquired by PC cells. Nevertheless, the significance of the de novo cholesterol
synthesis pathway has been controversial in PC, indicating the need to reassess this pathway in PC.
We utilized preclinical models and clinical specimens of PC patients and cell lines and utilized mass
spectrometry-based sterol analysis. Further, we also performed in silico analysis to corroborate the
significance of de novo cholesterol synthesis pathway in PC. Our results demonstrated alteration
in free sterol levels, including free cholesterol, across in vitro, in vivo, and clinical specimens of
PC. Especially, our sterol analyses established consistent alterations in free cholesterol across the
different PC models. Overall, this study demonstrates the significance and consistency in deviation of
cholesterol synthesis pathway in PC while showing the aberrations in sterol metabolite intermediates
and the related genes using preclinical models, in silico platforms, and the clinical specimens.

Keywords: PDAC (pancreatic ductal adenocarcinoma); free cholesterol; Dhcr24; Dhcr7; sterol analysis

1. Introduction

Cholesterol is a vital structural component of cellular membranes and plays a key role
in various biological processes involving physiology and disease progression, including
cancer [1,2]. Due to the cellular utilization of free cholesterol as a membrane constituent
and an intermediate in sterol metabolism, free cholesterol pools become significantly
decreased in cells, thus leading to cellular dependence on cholesterol replenishment for vital
processes [3]. Such striking reliance on cholesterol replenishment, including the de novo
biosynthesis of cholesterol, is noticed in malignancies, wherein cancer cells exhibit prolific
division and migration potential, and abnormally rely on cholesterol to maintain their
proliferative and migratory competence [2,4–6]. Such aberrant cholesterol dependence often
manifests as deviations in abundance of cholesterol and the intermediates of the cholesterol
synthesis pathway in cancer tissues [3,7].
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Pancreatic cancer (PC) is characterized by rapid growth evident at dismal stages of the
disease, and pancreatic tumor cells exhibit consistent proliferative and migration potential
at early as well as at dismal stages of cancer [8,9]. Oncogenic mutations, including the most
frequent KRASG12D mutation, promote the proliferative and migratory capacity in PC
cells [10]. In addition to the stimulus provided by the oncogenes, PC cells also require
oncogene-driven metabolism, of which cholesterol metabolism plays a crucial role in the
pathological phenotype of PC [11,12]. Cholesterol metabolism impacts survival in both
the clinical and preclinical contexts of PC [12]. Independent studies supported the notion
of PC’s dependence on cholesterol through in vitro, in vivo, and in silico analyses [11,12].
While uptake of cholesterol for in vitro growth by PC cells was established [13]; deletion of
cholesterol metabolic genes also showed cytostatic effects on Kras-driven tumor growth,
in vivo in mouse PC models [12]. Furthermore, retrospective studies revealed poor survival
outcomes in PC patients associated with sterol metabolic genes [12,14]. Thus, in vitro and
in vivo models of PC reveal an inevitable association between cholesterol synthesis and
growth, survival, as well as therapy response of PC, which is strongly supported by
retrospective survival analyses [12].

We have previously shown that cholesterol metabolism plays a vital role in the radia-
tion resistance of PC, and blockage of cholesterol synthesis sensitizes PC to radiation [15].
Based on the previous observations indicating dependence of PC on cholesterol synthesis
pathway, we hypothesized that free cholesterol and cholesterol synthesis intermediates alter
across different models of PC. Quantification of free cholesterol and sterol intermediates
in cholesterol biosynthesis become critical to unveil the pathological role of cholesterol
metabolism in disease [16,17], which is pertinent to our hypothesis. Such quantitation of
cholesterol and its upstream metabolites preferably enumerates the fluctuations in choles-
terol synthesis associated with disease, including cancers [16,18]. However, discrepancies
in sterol content across biological models [19] and the lack of comparative analyses of
cholesterol metabolites from a range of malignant specimens, including the in vitro, in vivo,
and clinical specimens [20] of a single cancer model, impede the possibility of correlating
the metabolite readouts across multiple specimen platforms within cancer.

In the current study, we have utilized the in silico analysis, clinical specimens, and
in vitro and in vivo models of pancreatic ductal adenocarcinoma for enumerating the
aberrant cholesterol synthesis pathway in PC. Our study sheds light on the consistency in
the deviation of cholesterol abundance and its synthesis across the biological specimens
of PC. We focused on the alterations in gene expression patterns involved in cholesterol
synthesis pathway, quantification of free sterols comprising cholesterol synthesis pathway,
and the prognostic outcomes of the genes involved in cholesterol synthesis pathway in PC.

2. Results
2.1. Higher Expression of Cholesterol Synthesis Genes in Human Pancreatic Ductal Adenocarcinoma

Pancreatic malignancies are histologically well-characterized exocrine lesions that can
progress from three precursor lesions, namely, intraductal papillary mucinous-neoplasms
(IPMNs), intraductal papillary-mucinous adenomas (IPMAs), and pancreatic intraepithelial
neoplasms (PanINs), to pancreatic ductal adenocarcinoma (PDAC) through oncogenic trans-
formation and mutations in tumor suppressor genes (Figure 1A). Along with histological
abnormalities, malignant transformation also drives metabolic deviations in PC, as evident
in the mouse models of PC [21,22]. Anabolism of cholesterol constitutes a series of regu-
lated biosynthesis steps, which have been least studied in the progression of PC. Cholesterol
biosynthesis initiates with Acetyl-CoA followed by sequential intermediates comprising
hydroxymethylglutaryl-CoA (HMG-CoA), mevalonate, farnesylpyrophosphate, lanosterol,
desmosterol, and 7-dehydrocholesterol (7-DHC), to name a few intermediates (Figure 1B).
In our analysis, human pancreatic tumors and premalignant lesions exhibited alterations
in gene expression patterns related to the enzymes involved in the cholesterol synthesis
pathway as shown in Figure 1C,D. As presented in heatmaps, the expression patterns of
sterol synthesis enzymes such as hydroxymethylglutaryl-CoA syntahse-1 (HMGCS1), 3-
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hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR), squalene epoxidase (SQLE),
NAD(P)-dependent steroid dehydrogenase-like (NSDHL) protein, β-hydroxysteroid-d(8),d(7)-
isomerase (EBP), and 24-dehydrocholesterol reductase (DHCR24) were significantly upreg-
ulated in the human pancreatic tissues of malignant cohorts compared to normal pancreas
(Figure 1C,D). Relative expression patterns obtained from the dataset GSE19650 revealed
differences in expression of cholesterol synthesis genes among the normal, premalig-
nant (IPMNs and IPMAs), and PDAC categories (Figure 1C). Furthermore, evaluating
the difference between normal and malignant pancreatic tissues with higher tumor cel-
lularity revealed consistent upregulation of genes involved in cholesterol synthesis in
PC (Figure 1D). Nevertheless, there is significant upregulation of 13 cholesterol biosyn-
thetic pathway genes in the pancreatic cancer compared to cancer-adjacent normal tissues
(Figure 1C) in the GSE19650 dataset. When we compared pancreatic cancer tissue with
high cellularity, we observed only three genes were significantly overexpressed in a PC
patient’s tissues compared to cancer-adjacent normal tissues (GSE32676) (Figure 1D).
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Figure 1. Changes in cholesterol synthesis pathways in pancreatic cancer. (A) A schematic of
pancreatic cancer progression. (B) List of some of the enzymes and metabolic intermediates involved
in the cholesterol biosynthesis pathway. (C,D) Heatmaps of alterations in cholesterol synthesis
enzymes in pancreatic cancer. Color gradient: red, black, to green in each row of the heatmaps
indicates relative differences in the gene expression patterns as indicated by the scale provided below
the heatmap. The significant changes are marked with * <0.05; ** <0.01; *** <0.001.
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2.2. Sterol Alterations in Human Pancreatic Tumors

To determine if the changes in the gene expression (Figure 1C,D) translate into
changes in sterols, we measured the levels of sterols in human pancreatic tissues us-
ing LC–MS/MS method. Our method included the comparative analysis of unesterified
free sterols from the patient tumors as well as from the cancer-adjacent normal pancreas.
We found a lack of significant alteration in levels of cholesterol intermediates lanosterol,
desmosterol, and dehydrocholesterol between the normal and tumor specimens. How-
ever, free cholesterol content was significantly elevated in pancreatic tumors compared
to the cancer-adjacent normal pancreas (Figure 2A). Pancreatic cancer patient specimens
often contain premalignant zones reflecting distinct stages of tumor development, primary
tumors, and the metastatic tissues from distant organs [8]. Therefore, we compared the
levels of free sterols among the patient specimens comprising the primary and metastatic
sites of collection. Apart from the cholesterol, which was higher in pancreatic tumors com-
pared with normal tissues, other sterols analyzed in this pathway did not exhibit significant
differences among the normal, primary malignant pancreatic tissues, and metastatic tissues
(Figure 2A,B), this may be due to small sample size used in the current study.
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Figure 2. Sterol changes in human pancreatic tissues. (A) Mean and standard error plots showing
sterol levels in normal human pancreatic tissues and pancreatic cancer tumors (PC) normalized with
the protein content of respective tissue specimen. (B) Mean and standard error plots showing sterol
levels in normal human pancreatic tissues, pancreatic tumors (PC), and metastatic pancreatic cancer
(Met PC) tissues normalized to protein content of the respective tissue specimen. * = 0.0622, indicates
significant difference in cholesterol comparing normal vs. PC obtained through Welch’s t-test.
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2.3. An Elevated Level of Serum Cholesterol in Human Pancreatic Cancer

Serum constitutes the source and sink for multiple metabolites, including cholesterol,
enabling noninvasive analysis of cholesterol in pathological scenarios, including cancer [23].
We performed sterol analysis using sera to verify if high free cholesterol levels in human
PC tumors are reflected in sera of the PC patients. Indeed, our analyses using sera from
PC patients showed significantly higher un-esterified cholesterol levels compared with
normal samples (Figure 3A). However, lanosterol, desmosterol, and dehydrocholesterol
did not differ significantly among these groups, this may be due to small sample size.
We further categorized the serum samples from PC patients into subtypes based on the
stage of patients during diagnosis. Our analyses revealed a significant increase in the
level of cholesterol in the PC stage 2B patient samples compared to the sera from healthy
individuals. Such a significant difference was not noticed in serum cholesterol content from
other stages of PC (2a, 3, and 4, respectively) in comparison to the normal serum samples
(Figure 3B). This result may be due to the very small cohort used in this study, and precise
interpretation of current outcomes in future studies is required to validate these findings.
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Figure 3. Serum cholesterol levels are high in human pancreatic cancer. (A) Mean and standard devia-
tion plots showing sterol levels in human sera collected from healthy (normal) and patients with pan-
creatic ductal adenocarcinoma (PDAC) normalized with the volume of the specimen. (B) Mean and SE
plots showing sterol levels in human normalized to serum volume and classified based on healthy
(normal) and stagewise progression of pancreatic cancer, including stages 2a, 2b, 3, and 4, respectively.
* indicates p < 0.05 obtained through unpaired t-test.
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2.4. Sterol Upregulation in Different Mouse Models of PDAC

Genetically engineered mouse models (GEMMs) were developed with either the
pancreas-specific expression of oncogenic KrasG12D through PdxCre (KC), or activation of
KrasG12D in combination with Trp53R172H through PdxCre (KPC). We observed the develop-
ment of PanIN lesions at 5 and 10 weeks of age and subsequently cancer with metastases at
25 and 50 weeks of age in KC and KPC models, respectively. These mice models for PC reca-
pitulate the human PC in the defined genetic and histopathological manner [24]. We utilized
the pancreas from normal, KrasG12D;PdxCre (KC) and KrasG12D;Trp53R172H;PdxCre (KPC) mice
models and analyzed levels of free cholesterol and other sterols. We observed significantly
high cholesterol and desmosterol in mouse pancreatic tumor tissues collected from KPC
mice models compared to normal as well as KC mice (Figure 4).
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Figure 4. Sterol levels increase in GEMM models of pancreatic cancer: Mean and standard deviation
plots showing sterol levels in normal, KrasG12D;PdxCre (KC) and KrasG12D;Trp53R172H;PdxCre (KPC)
pancreatic tissues. *, ** and *** indicate p < 0.05, 0.01 and 0.001 respectively, obtained through
unpaired t-test.

2.5. Sterol Levels from In Vitro Models of PC

Human pancreatic cancer cell lines reveal dependence of pancreatic cancer on choles-
terol metabolism in a therapeutic context [15]. However, sterol content could be altered
through either uptake or intracellular synthesis [25]. Therefore, we evaluated the sterol
content in PC cell lines.

As presented in Figure 5, the cellular content of sterol was significantly altered in PC
cell lines compared to the HPNE cells, with differences observed in cell lines and media
composition. The PC cell line, T3M4, cultured in either delipidated media or N2 media,
contained significantly higher cholesterol, desmosterol, and lanosterol than that of the
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HPNE cells. Though CFPAC1 and SW1990 cells had high desmosterol content when
cultured in either media, the cholesterol levels were only elevated in these cells compared
to HPNE in N2 media. Another PC cell line, COLO357, utilized in our study showed
significantly low sterol contents compared to the HPNE cells. Finally, dehydrocholesterol,
which is the precursor metabolite of either cholesterol or desmosterol, was significantly
low in all PC cell lines compared to the HPNE cells, indicating the conversion of 7-DHC to
cholesterol in PC cells compared to normal HPNE cells.
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Figure 5. Sterol levels in pancreatic cancer cell lines alter with lipid deprivation. Mean and standard
deviation bar plots depicting sterol quantification from immortalized pancreatic epithelial cell line
(HPNE) and pancreatic ductal carcinoma cell lines (CFAPC1, SW1990, T3M4, and COLO357) grown
in a delipidated medium are shown in panel (A), and N2-supplemented medium is shown in panel
(B). *, **, and *** indicate p < 0.01, <0.05, and <0.001, respectively, which were obtained through
one-way ANOVA analysis.

2.6. Patient Survival Is Dependent on Cholesterol Metabolism-Associated Genes in PC

To evaluate the overall impact of altered cholesterol synthesis on the survival of PC
patients, we compared the patient survival relative to the gene expression levels of sterol
biosynthesis enzymes. We found that the survival of PC patients declined with an elevated
expression of the following cholesterol synthesis pathway genes: FDFT1, SQLE, DHCR7,
DHCR24, and EBP (Figure 6).
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Figure 6. Genes involved in cholesterol synthesis affect patient survival in PDAC. Kaplan–Meier
survival curves reflecting the impact of cholesterol metabolic genes expression on patient survival
in PDAC.

3. Discussion

Pancreatic ductal adenocarcinoma possesses hyperplastic and neoplastic tumor lesions
(Figure 1A) originating spontaneously from the exocrine pancreas [26,27]. Neoplastic, trans-
formed PC relies on a metabolic upsurge, including high cholesterol, to maintain survival
and proliferation, which could be compensated through de novo cholesterol synthesis [28].
The dependence of malignant cells on de novo cholesterol biosynthesis is so prominent that
the Kandutsch–Russell branch (Figure 1B) of the cholesterol synthesis pathway was first
described in cancer cells [29]; thus, metabolically demarcating malignancies from normal
tissues. Such demarcation can be revealed through alteration in expression of metabolic
genes, as evident from the upregulation of genes involved in cholesterol biosynthesis in PC
patient cohorts in our study (Figure 1C,D). Similar comparisons of cholesterol synthesis
gene expression patterns between normal and malignant cohorts have been utilized to
reveal and target cholesterol synthesis pathway in cancer [30,31]. Our study indicates upreg-
ulation of multiple genes that are particularly enzymes involved in cholesterol biosynthesis,
i.e., GGPS1, SQLE, FDPS, HMGCS1, and HMGCR, which were also reported in distinct
cancer models [30–38]. Such comparisons led to enumeration of the role of individual genes
involved in cholesterol synthesis pathway in different cancer models including PC [30,35].

Sterol analysis provides direct evidence of abnormal cholesterol metabolism and of-
ten corroborates with sterol gene expression patterns in cancer [39]. In our study, high
free cholesterol levels in PC tumors compared to the normal pancreatic tissues reflect
two possibilities: accumulation of free cholesterol in tumors through uptake of choles-
terol and its precursors from extra tumoral sources, as shown previously [11], or elevated
cholesterol biosynthesis within tumors [14]. Based on higher free cholesterol in pancreatic
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tumors (as shown in Figure 2A), along with the upregulation of cholesterol biosynthesis
genes in pancreatic cancer patients, we conclude that the cholesterol biosynthesis path-
way (Figure 1C,D) is undoubtedly upregulated in pancreatic cancer patients and in PC
tumors when combined with metastatic sites, which could be supported by the notion that
cholesterol maintains growth and metastasis in PC [12,13]. However, the lack of significant
differences in sterol levels other than free cholesterol in our analysis leaves scope for future
studies involving a greater number of samples to address the role of cholesterol metabolic
pathway intermediates in PC pathogenesis.

Tumor metabolism is often reflected by abnormal metabolic profiles in nontumoral
tissues like plasma [40]. We demonstrate high free cholesterol levels from serum samples
in PC (Figure 3A), which could serve as an indication of upregulated cholesterol synthesis
in pancreatic tumors. Furthermore, high free cholesterol levels in sera from stage 2b patient
samples of pancreatic cancer (Figure 3B) indicate that serum cholesterol levels alter with
the progression of pancreatic cancer. Previous studies reported controversial correlations
between high serum cholesterol and pancreatic cancer incidence [41,42]. Moreover, recent
findings indicate that the impact of cholesterol metabolism on PC would be affected by
genomic perturbations prevalent in this cancer [28]. Despite the ambiguity of metabolic per-
turbations from clinical specimens of PC, murine models have been ideal in recapitulating
metabolic deviation in PC. Our sterol analysis from murine PC models also substantiates
that sterol metabolites, especially cholesterol and DHC, are high in the pancreas of KPC
mice harboring activated KrasG12D and Trp53R172H compared to the normal pancreas and
KC mice (Figure 4), which indicates recapitulation of human pancreatic tumor sterol levels
in mice models of PC. Though human pancreatic cancer-derived cell lines recapitulate most
tumor cell metabolism in in vitro conditions [43], our analysis using pancreatic tumor cell
line models revealed heterogeneity in sterol content of PC cells in comparison to HPNE
cells. However, our study revealed higher cholesterol and its precursor levels in most of
the PC cell lines in lipid-deprived media, which substantiates high de novo cholesterol
synthesis in PC cells.

4. Materials and Methods
4.1. Chemicals

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). HPLC-grade solvents were purchased from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). All sterol standards, natural and isotopically labeled, used in this
study are available from Kerafast, Inc. (Boston, MA, USA).

4.2. Mice and Ethics Statement

We generated and characterized KrasG12D;PdxCre (KC), and KrasG12D;Trp53R172H;PdxCre
(KPC) mouse models. The mice positive for Kras, Trp53, and PdxCre (Floxed KrasG12D and
Trp53R172H (KPC), 20–25 weeks old), as well as mice positive for Kras and PdxCre (Floxed
KrasG12D (KC), 40–50 weeks old), and their contemporary littermates (Unfloxed KrasG12D

(LSLKrasG12D) of both sexes were utilized for this study [44]. The pancreas of each mouse
was resected and flash-frozen in liquid nitrogen. Throughout the study, the animals were
humanely treated and subjected to a 12 h of dark/light cycle with food and water ad libitum.
Animal studies were performed in accordance with the United States Public Health Service
“Guidelines for the Care and Use of Laboratory Animals” under an approved proto-
col by the University of Nebraska Medical Center’s Institutional Animal Care and Use
Committee (IACUC). Pancreatic tissue samples were frozen and kept at −80 ◦C until
sterol extraction. Frozen pancreatic tissue samples were sonicated in ice-cold PBS con-
taining butylated hydroxytoluene (BHT) and triphenylphosphine (PPh3). The aliquots of
homogenized tissue were used for sterol and oxysterol extractions and protein measure-
ments. The protein was measured using a BCA assay (Pierce). Sterols were extracted
with Folch solution. The organic phase was dried in a speed vacuum, and samples were
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derivatized with Phenyltriazoledione (PTAD) as described in Section 4.6. Sterol levels were
normalized to protein measurements and expressed as nmol/mg protein.

4.3. Plasma and Pancreatic Tissue Preparation

Archived and deidentified serum samples were obtained for sterol analysis from the
Nebraska Biobank, UNMC, and stored at−80 ◦C pending analysis. These samples included
serum processed from normal (healthy) and pancreatic cancer patient blood samples
available through Nebraska Biobank. Serum samples were thawed on ice during the
extraction, and 10 mL aliquots were taken for the sterol measurements. Sterols from 10 mL
aliquots were extracted without hydrolysis, derivatized with PTAD, and analyzed using
LC–MS/MS methods described previously [45]. Frozen pancreatic tumor tissues obtained
from PC patients and their adjacent normal pancreatic tissues were procured through Rapid
Autopsy Program, UNMC, and processed according to the method described in Section 2.2
for sterol analyses.

4.4. Cell Culture and Preparation

Human pancreatic cancer cell lines (CFPAC1, SW1990) and normal pancreatic cell
line HPNE were obtained from American Type Culture Collection, whereas T3M4 and
COLO357 were obtained from our collaborator. All the cell lines were validated by short
tandem repeat profiling (STR) DNA profiling at University of Nebraska Center (UNMC),
and before performing experiments, cell lines were tested for mycoplasma contamination.
Human pancreatic cancer cell line CFPAC1 was maintained in IMDM, while others, SW1990,
T3M4, and COLO357, were maintained in DMEM. In addition, basal medium with low
serum and epidermal growth factor was used to maintain the HPNE cell line. All media
were supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin
and 0.1 mg/mL streptomycin) at 37 ◦C with 5% CO2 in a humidified atmosphere.

4.5. Metabolite Extraction from Cell Lines

Cells were seeded with an approximate density of 10,000 cells/well into 96-well plates
in their regular growth media. After several hours of cellular attachment, the medium was
replaced with defined media, which was either delipidated, serum-containing DMEM or N2
supplement medium, and cells were incubated for 48 h. At the end of incubation, Hoechst
dye was added, and the plate was imaged on ImageXpress Pico to count the total number
of cells per well. After that, the medium was removed, cells were rinsed twice with 1X PBS,
10 mL of antioxidant (butylated hydroxytoluene/sodium tripolyphosphate, BHT/TPP)
was added to each well, and the plate was frozen at −80 ◦C until sterol extraction. For
sterol extraction, we added 200 mL of methanol per well and followed the analysis method
as described in our previous methodology [46].

4.6. LC–MS/MS (SRM) Analyses

Sterols were extracted and derivatized with PTAD as described previously [47] and
placed in an Acquity UPLC system equipped with an ANSI-compliant well plate holder
coupled to a Thermo Scientific TSQ Quantis mass spectrometer equipped with an APCI
source. Then, 5 µL of sample was injected onto the column (Phenomenex Luna Omega
C18, 1.6 µm, 100 Å, 2.1 mm × 50 mm) with 100% methanol (0.1% v/v acetic acid) mo-
bile phase for 1.0 min runtime at a flow rate of 500 µL/min. Natural sterols were ana-
lyzed by selective reaction monitoring (SRM) using the following transitions: Chol 369→
369, 7-DHC 560→ 365, 8-DHC 558→ 363, desmosterol 592→ 560, lanosterol 634→ 602,
with retention times of 0.7, 0.4, 0.4, 0.3, and 0.3 min, respectively. SRMs for the internal
standards were set to d7-Chol 376 → 376, d7-7-DHC 567 → 372, d7-8-DHC 565 → 370,
13C3-desmosterol 595→ 563, 13C3-lanosterol 637→ 605. Final sterol numbers are reported
as nmol/mg of protein, and 7-DHC and 8-DHC are reported combined as dehydrocholesterol.
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4.7. Gene Expression and Survival Analyses

The publicly available, normalized datasets and their corresponding metadata (GSE19650
and GSE32676) were retrieved from Gene Expression Omnibus (GEO) repository [48]. Re-
actome cholesterol biosynthesis geneset from mSig database was used for the metabolic
gene expression profiling across the groups [49,50]. Kaplan–Meier survival analyses corre-
sponding to effects of cholesterol synthesis pathway genes on PDAC patient survival were
retrieved using OncoLnc tool (http://www.oncolnc.org, accessed on 19 April 2021).

4.8. Statistics

Statistical analyses were performed using GraphPad Prism 9 for Windows and Mi-
crosoft Excel. An unpaired, two-tailed t-test was performed for individual comparisons
between two groups. Welch’s correction was employed when the variances between the two
groups were significantly different. Ordinary one-way ANOVA and multiple comparisons
with Tukey corrections were performed for comparisons between three or more groups.
The p-values for statistically significant differences are highlighted in the figure legends.

5. Conclusions

The cholesterol biosynthesis pathway plays a significant role in cellular metabolism
as it provides cholesterol and other sterol intermediates required for multiple metabolic
pathways associated with sterols [41,51]. Our in silico and metabolite analysis revealed the
upregulation of cholesterol biosynthesis in PC, which could explain the high cholesterol
levels in the plasma of PC patients, which has been of keen interest in cancer as a potential
target [52]. For instance, the upregulation of the rate-limiting enzyme HMGCR inevitably
enhances cholesterol synthesis in different malignancies, making it a predictable survival
marker and target in malignancies [37]. However, targeting HMGCR alone for curtailing
the cholesterol synthesis pathway using statins revealed controversial outcomes across
malignancies [53]. Thus, identification of cancer type-specific deviations in the cholesterol
biosynthesis would be more beneficial, and our study reveals that cholesterol synthesis is a
critical target in PC. However, enumeration of ideal targets, models, and their metabolic out-
comes is warranted before optimal preclinical and clinical targeting of cholesterol synthesis
pathway could be achieved in PC. In the current study, we applied multiple modalities
to identify the upregulation of the cholesterol synthesis pathway in PC and confirmed
that clinical, in vivo, and in vitro models of PC could serve as complementary models to
decipher the exact functional involvement of cholesterol biosynthesis in PC. Furthermore,
our study also demonstrates the poor prognosis associated with the cholesterol metabolic
genes in PC. However, future studies using large patient cohort samples are warranted to
discriminate the prospective role of individual cholesterol biosynthesis steps in PC. Overall,
our study reflects the potential for individual PC models and applicability of in silico
and sterol analysis in identifying potential targets in the cholesterol synthesis pathway
in PDAC.

Author Contributions: Conceptualization, V.G., Z.K., S.K.B. and S.R.; data curation, Z.K., V.G.
and S.R.; funding acquisition, K.M. (Karoly Mirnics), S.K.B. and S.R.; investigation, V.G., T.C.G.-M.
and J.B.K.; methodology, V.G., T.C.G.-M., J.B.K., K.M., R.C.-V., K.M. (Kavita Mallya), G.N. and S.R.;
project administration, Z.K., S.K.B. and S.R.; supervision, Z.K. and S.R.; validation, V.G., Z.K., T.C.G.-
M. and S.R.; visualization, V.G., T.C.G.-M., Z.K. and S.R.; resources, P.M.G.; writing—original draft,
V.G.; writing—review and editing, Z.K., V.G., T.C.G.-M., J.B.K., S.K.B. and S.R. All authors have read
and agreed to the published version of the manuscript.

Funding: The authors obtained funding from the National Institutes of Health and the National
Cancer Institute R01 CA247763, R21 CA238953, MH110636, and P01 CA217798.

Institutional Review Board Statement: The animal study protocol was approved by the Univer-
sity of Nebraska Medical Center’s Institutional Animal Care and Use Committee (protocol code
17-159-02-FC). Guidelines for the Care and Use of Laboratory Animals” under an approved protocol
by the University of Nebraska Medical Center’s Institutional Animal Care and Use Committee (IACUC).

http://www.oncolnc.org


Metabolites 2022, 12, 47 12 of 14

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical.

Acknowledgments: The authors are thankful to Michel Ouellette for providing HPNE cells and the
funding from the National Institutes of Health and the National Cancer Institute R01 CA247763, R21
CA238953, MH110636, and P01 CA217798.

Conflicts of Interest: S.K.B. is the co-founder of the Sanguine Diagnostics and Therapeutics, Inc.
Other authors declare no conflict of interest.

References
1. Park, W.G.; Wu, M.; Bowen, R.; Zheng, M.; Fitch, W.L.; Pai, R.K.; Wodziak, D.; Visser, B.C.; Poultsides, G.A.; Norton, J.A.; et al.

Metabolomic-derived novel cyst fluid biomarkers for pancreatic cysts: Glucose and kynurenine. Gastrointest. Endosc. 2013,
78, 295–302.e2. [CrossRef]

2. Li, H.Y.; Appelbaum, F.R.; Willman, C.L.; Zager, R.A.; Banker, D.E. Cholesterol-modulating agents kill acute myeloid leukemia
cells and sensitize them to therapeutics by blocking adaptive cholesterol responses. Blood 2003, 101, 3628–3634. [CrossRef]

3. Steck, T.L.; Lange, Y. Cell cholesterol homeostasis: Mediation by active cholesterol. Trends Cell Biol. 2010, 20, 680–687. [CrossRef]
4. Silvente-Poirot, S.; Poirot, M. Cholesterol and Cancer, in the Balance. Science 2014, 343, 1445–1446. [CrossRef]
5. Simons, K.; Ikonen, E. How Cells Handle Cholesterol. Science 2000, 290, 1721–1726. [CrossRef] [PubMed]
6. Hoque, M.; Rentero, C.; Conway, J.R.; Murray, R.Z.; Timpson, P.; Enrich, C.; Grewal, T. The cross-talk of LDL-cholesterol

with cell motility: Insights from the Niemann Pick Type C1 mutation and altered integrin trafficking. Cell Adhes. Migr. 2015,
9, 384–391. [CrossRef]

7. Ikonen, E. Cellular cholesterol trafficking and compartmentalization. Nat. Rev. Mol. Cell Biol. 2008, 9, 125–138. [CrossRef]
[PubMed]

8. Yu, J.; Blackford, A.L.; Molin, M.D.; Wolfgang, C.L.; Goggins, M. Time to progression of pancreatic ductal adenocarcinoma from
low-to-high tumour stages. Gut 2015, 64, 1783–1789. [CrossRef] [PubMed]

9. Roe, J.-S.; Hwang, C.-I.; Somerville, T.D.; Milazzo, J.P.; Lee, E.J.; Da Silva, B.; Maiorino, L.; Tiriac, H.; Young, C.M.; Miyabayashi, K.;
et al. Enhancer Reprogramming Promotes Pancreatic Cancer Metastasis. Cell 2017, 170, 875–888.e20. [CrossRef]

10. Rachagani, S.; Senapati, S.; Chakraborty, S.; Ponnusamy, M.P.; Kumar, S.; Smith, L.M.; Jain, M.; Batra, S.K. Activated KrasG12D
is associated with invasion and metastasis of pancreatic cancer cells through inhibition of E-cadherin. Br. J. Cancer 2011,
104, 1038–1048. [CrossRef]

11. Guillaumond, F.; Bidaut, G.; Ouaissi, M.; Servais, S.; Gouirand, V.; Olivares, O.; Lac, S.; Borge, L.; Roques, J.; Gayet, O.; et al.
Cholesterol uptake disruption, in association with chemotherapy, is a promising combined metabolic therapy for pancreatic
adenocarcinoma. Proc. Natl. Acad. Sci. USA 2015, 112, 2473–2478. [CrossRef]

12. Gabitova, L.; Restifo, D.; Gorin, A.; Manocha, K.; Handorf, E.; Yang, D.-H.; Cai, K.Q.; Klein-Szanto, A.J.; Cunningham, D.;
Kratz, L.E.; et al. Endogenous Sterol Metabolites Regulate Growth of EGFR/KRAS-Dependent Tumors via LXR. Cell Rep. 2015,
12, 1927–1938. [CrossRef] [PubMed]

13. Li, J.; Gu, D.; Lee, S.S.-Y.; Song, B.; Bandyopadhyay, S.; Chen, S.; Konieczny, S.F.; Ratliff, T.L.; Liu, X.; Xie, J.; et al. Abrogating
cholesterol esterification suppresses growth and metastasis of pancreatic cancer. Oncogene 2016, 35, 6378–6388. [CrossRef]

14. Karasinska, J.M.; Topham, J.T.; Kalloger, S.E.; Jang, G.H.; Denroche, R.E.; Culibrk, L.; Williamson, L.M.; Wong, H.-L.; Lee, M.K.;
O’Kane, G.M.; et al. Altered Gene Expression along the Glycolysis–Cholesterol Synthesis Axis Is Associated with Outcome in
Pancreatic Cancer. Clin. Cancer Res. 2019, 26, 135–146. [CrossRef] [PubMed]

15. Souchek, J.J.; Baine, M.J.; Lin, C.; Rachagani, S.; Gupta, S.; Kaur, S.; Lester, K.; Zheng, D.; Chen, S.; Smith, L.; et al. Unbiased
analysis of pancreatic cancer radiation resistance reveals cholesterol biosynthesis as a novel target for radiosensitisation. Br. J.
Cancer 2014, 111, 1139–1149. [CrossRef]

16. Jamnagerwalla, J.; Howard, L.E.; Allott, E.H.; Vidal, A.C.; Moreira, D.M.; Castro-Santamaria, R.; Andriole, G.L.; Freeman, M.R.;
Freedland, S.J. Serum cholesterol and risk of high-grade prostate cancer: Results from the REDUCE study. Prostate Cancer
Prostatic Dis. 2018, 21, 252–259. [CrossRef]

17. Hoppstädter, J.; Dembek, A.; Höring, M.; Schymik, H.S.; Dahlem, C.; Sultan, A.; Wirth, N.; Al-Fityan, S.; Diesel, B.; Gasparoni, G.;
et al. Dysregulation of cholesterol homeostasis in human lung cancer tissue and tumour-associated macrophages. EBioMedicine
2021, 72, 103578. [CrossRef]

18. Kuzu, O.F.; Noory, M.A.; Robertson, G.P. The Role of Cholesterol in Cancer. Cancer Res. 2016, 76, 2063–2070. [CrossRef] [PubMed]
19. Mitsche, M.A.; McDonald, J.G.; Hobbs, H.H.; Cohen, J.C. Flux analysis of cholesterol biosynthesis in vivo reveals multiple tissue

and cell-type specific pathways. eLife 2015, 4, e07999. [CrossRef]
20. Qin, W.-H.; Yang, Z.-S.; Li, M.; Chen, Y.; Zhao, X.-F.; Qin, Y.-Y.; Song, J.-Q.; Wang, B.-B.; Yuan, B.; Cui, X.-L.; et al. High

Serum Levels of Cholesterol Increase Antitumor Functions of Nature Killer Cells and Reduce Growth of Liver Tumors in Mice.
Gastroenterology 2020, 158, 1713–1727. [CrossRef]

http://doi.org/10.1016/j.gie.2013.02.037
http://doi.org/10.1182/blood-2002-07-2283
http://doi.org/10.1016/j.tcb.2010.08.007
http://doi.org/10.1126/science.1252787
http://doi.org/10.1126/science.290.5497.1721
http://www.ncbi.nlm.nih.gov/pubmed/11099405
http://doi.org/10.1080/19336918.2015.1019996
http://doi.org/10.1038/nrm2336
http://www.ncbi.nlm.nih.gov/pubmed/18216769
http://doi.org/10.1136/gutjnl-2014-308653
http://www.ncbi.nlm.nih.gov/pubmed/25636698
http://doi.org/10.1016/j.cell.2017.07.007
http://doi.org/10.1038/bjc.2011.31
http://doi.org/10.1073/pnas.1421601112
http://doi.org/10.1016/j.celrep.2015.08.023
http://www.ncbi.nlm.nih.gov/pubmed/26344763
http://doi.org/10.1038/onc.2016.168
http://doi.org/10.1158/1078-0432.CCR-19-1543
http://www.ncbi.nlm.nih.gov/pubmed/31481506
http://doi.org/10.1038/bjc.2014.385
http://doi.org/10.1038/s41391-017-0030-9
http://doi.org/10.1016/j.ebiom.2021.103578
http://doi.org/10.1158/0008-5472.CAN-15-2613
http://www.ncbi.nlm.nih.gov/pubmed/27197250
http://doi.org/10.7554/eLife.07999
http://doi.org/10.1053/j.gastro.2020.01.028


Metabolites 2022, 12, 47 13 of 14

21. Rachagani, S.; Macha, M.; Menning, M.S.; Dey, P.; Pai, P.; Smith, L.M.; Mo, Y.-Y.; Batra, S.K. Changes in microRNA (miRNA)
expression during pancreatic cancer development and progression in a genetically engineered KrasG12D;Pdx1-Cre mouse (KC)
model. Oncotarget 2015, 6, 40295–40309. [CrossRef] [PubMed]

22. Liu, W.; Xu, L.; Lamberson, C.; Haas, D.; Korade, Z.; Porter, N.A. A highly sensitive method for analysis of 7-dehydrocholesterol
for the study of Smith-Lemli-Opitz syndrome. J. Lipid Res. 2014, 55, 329–337. [CrossRef]

23. Genaro-Mattos, T.C.; Anderson, A.; Allen, L.; Korade, Z.; Mirnics, K. Cholesterol Biosynthesis and Uptake in Developing Neurons.
ACS Chem. Neurosci. 2019, 10, 3671–3681. [CrossRef] [PubMed]

24. Genaro-Mattos, T.C.; Tallman, K.A.; Allen, L.; Anderson, A.; Mirnics, K.; Korade, Z.; Porter, N.A. Dichlorophenyl piperazines,
including a recently-approved atypical antipsychotic, are potent inhibitors of DHCR7, the last enzyme in cholesterol biosynthesis.
Toxicol. Appl. Pharmacol. 2018, 349, 21–28. [CrossRef]

25. Barrett, T.; Wilhite, S.E.; Ledoux, P.; Evangelista, C.; Kim, I.F.; Tomashevsky, M.; Marshall, K.A.; Phillippy, K.H.; Sherman, P.M.;
Holko, M.; et al. NCBI GEO: Archive for functional genomics data sets—Update. Nucleic Acids Res. 2013, 41, D991–D995. [CrossRef]

26. Liberzon, A.; Subramanian, A.; Pinchback, R.; Thorvaldsdóttir, H.; Tamayo, P.; Mesirov, J.P. Molecular signatures database
(MSigDB) 3.0. Bioinformatics 2011, 27, 1739–1740. [CrossRef] [PubMed]

27. Fabregat, A.; Jupe, S.; Matthews, L.; Sidiropoulos, K.; Gillespie, M.; Garapati, P.; Haw, R.; Jassal, B.; Korninger, F.; May, B.; et al.
The Reactome Pathway Knowledgebase. Nucleic Acids Res. 2018, 46, D649–D655. [CrossRef] [PubMed]

28. Pasquale, V.; Dugnani, E.; Liberati, D.; Marra, P.; Citro, A.; Canu, T.; Policardi, M.; Valla, L.; Esposito, A.; Piemonti, L. Glucose
metabolism during tumorigenesis in the genetic mouse model of pancreatic cancer. Acta Diabetol. 2019, 56, 1013–1022. [CrossRef]

29. Carrer, A.; Trefely, S.; Zhao, S.; Campbell, S.L.; Norgard, R.J.; Schultz, K.C.; Sidoli, S.; Parris, J.L.D.; Affronti, H.C.; Sivanand, S.;
et al. Acetyl-CoA Metabolism Supports Multistep Pancreatic Tumorigenesis. Cancer Discov. 2019, 9, 416–435. [CrossRef]

30. Fiorenza, A.M.; Branchi, A.; Cardenà, A.; Molgora, M.; Rovellini, A.; Sommariva, D. Serum cholesterol levels in patients with
cancer. Int. J. Clin. Lab. Res. 1996, 26, 37–42. [CrossRef]

31. Izeradjene, K.; Combs, C.; Best, M.; Gopinathan, A.; Wagner, A.; Grady, W.M.; Deng, C.-X.; Hruban, R.H.; Adsay, V.; Tuveson, D.A.;
et al. KrasG12D and Smad4/Dpc4 Haploinsufficiency Cooperate to Induce Mucinous Cystic Neoplasms and Invasive Adenocar-
cinoma of the Pancreas. Cancer Cell 2007, 11, 229–243. [CrossRef]

32. Yang, J.; Wang, L.; Jia, R. Role of de novo cholesterol synthesis enzymes in cancer. J. Cancer 2020, 11, 1761–1767. [CrossRef] [PubMed]
33. Brat, D.J.; Lillemoe, K.D.; Yeo, C.J.; Warfield, P.B.; Hruban, R.H. Progression of pancreatic intraductal neoplasias to infiltrating

adenocarcinoma of the pancreas. Am. J. Surg. Pathol. 1998, 22, 163–169. [CrossRef] [PubMed]
34. Klöppel, G.; Lingenthal, G.; Von Bülow, M.; Kern, H. Histological and fine structural features of pancreatic ductal adenocarcinomas

in relation to growth and prognosis: Studies in xenografted tumours and clinico-histopathological correlation in a series of
75 cases. Histopathology 1985, 9, 841–856. [CrossRef]

35. Kugel, S.; Hingorani, S.R. Cholesterol Biosynthesis Influences Subtype Specificity and Plasticity in Pancreas Cancer. Cancer Cell
2020, 38, 443–445. [CrossRef]

36. Kandutsch, A.; Russell, A.E. Preputial gland tumor sterols. 3. A metabolic pathway from lanosterol to cholesterol. J. Biol. Chem.
1960, 235, 2256–2261. [CrossRef]

37. Haney, S.L.; Varney, M.L.; Chhonker, Y.S.; Shin, S.; Mehla, K.; Crawford, A.J.; Smith, H.J.; Smith, L.M.; Murry, D.J.; Hollingsworth,
M.A.; et al. Inhibition of geranylgeranyl diphosphate synthase is a novel therapeutic strategy for pancreatic ductal adenocarci-
noma. Oncogene 2019, 38, 5308–5320. [CrossRef] [PubMed]

38. Seshacharyulu, P.; Rachagani, S.; Muniyan, S.; Siddiqui, J.A.; Cruz, E.; Sharma, S.; Krishnan, R.; Killips, B.J.; Sheinin, Y.; Lele, S.M.;
et al. FDPS cooperates with PTEN loss to promote prostate cancer progression through modulation of small GTPases/AKT axis.
Oncogene 2019, 38, 5265–5280. [CrossRef]

39. Agabiti, S.S.; Li, J.; Wiemer, A.J. Geranylgeranyl diphosphate synthase inhibition induces apoptosis that is dependent upon GGPP
depletion, ERK phosphorylation and caspase activation. Cell Death Dis. 2017, 8, e2678. [CrossRef]

40. Brown, D.N.; Caffa, I.; Cirmena, G.; Piras, D.; Garuti, A.; Gallo, M.; Alberti, S.; Nencioni, A.; Ballestrero, A.; Zoppoli, G. Squalene
epoxidase is a bona fide oncogene by amplification with clinical relevance in breast cancer. Sci. Rep. 2016, 6, 19435. [CrossRef]

41. Cirmena, G.; Franceschelli, P.; Isnaldi, E.; Ferrando, L.; De Mariano, M.; Ballestrero, A.; Zoppoli, G. Squalene epoxidase as a
promising metabolic target in cancer treatment. Cancer Lett. 2018, 425, 13–20. [CrossRef]

42. Walsh, C.A.; Akrap, N.; Garre, E.; Magnusson, Y.; Harrison, H.; Andersson, D.; Jonasson, E.; Rafnsdottir, S.; Choudhry, H.;
Buffa, F.; et al. The mevalonate precursor enzyme HMGCS1 is a novel marker and key mediator of cancer stem cell enrichment in
luminal and basal models of breast cancer. PLoS ONE 2020, 15, e0236187. [CrossRef]

43. Wang, I.-H.; Huang, T.-T.; Chen, J.-L.; Chu, L.-W.; Ping, Y.-H.; Hsu, K.-W.; Huang, K.-H.; Fang, W.-L.; Lee, H.-C.; Chen, C.-F.; et al.
Mevalonate Pathway Enzyme HMGCS1 Contributes to Gastric Cancer Progression. Cancers 2020, 12, 1088. [CrossRef] [PubMed]

44. Chushi, L.; Wei, W.; Kangkang, X.; Yongzeng, F.; Ning, X.; Xiaolei, C. HMGCR is up-regulated in gastric cancer and promotes the
growth and migration of the cancer cells. Gene 2016, 587, 42–47. [CrossRef] [PubMed]

45. Bjarnadottir, O.; Feldt, M.; Inasu, M.; Bendahl, P.-O.; Elebro, K.; Kimbung, S.; Borgquist, S. Statin use, HMGCR expression, and
breast cancer survival—The Malmö Diet and Cancer Study. Sci. Rep. 2020, 10, 558. [CrossRef] [PubMed]

46. Khan, N.A.; Stopsack, K.H.; Allott, E.H.; Gerke, T.; Giovannucci, E.L.; Mucci, L.A.; Kantoff, P.W. Intratumoral Sterol-27-Hydroxylase
(CYP27A1) Expression in Relation to Cholesterol Synthesis and Vitamin D Signaling and Its Association with Lethal Prostate Cancer.
Cancer Epidemiol. Prev. Biomark. 2019, 28, 1052–1058. [CrossRef]

http://doi.org/10.18632/oncotarget.5641
http://www.ncbi.nlm.nih.gov/pubmed/26516699
http://doi.org/10.1194/jlr.D043877
http://doi.org/10.1021/acschemneuro.9b00248
http://www.ncbi.nlm.nih.gov/pubmed/31244054
http://doi.org/10.1016/j.taap.2018.04.029
http://doi.org/10.1093/nar/gks1193
http://doi.org/10.1093/bioinformatics/btr260
http://www.ncbi.nlm.nih.gov/pubmed/21546393
http://doi.org/10.1093/nar/gkx1132
http://www.ncbi.nlm.nih.gov/pubmed/29145629
http://doi.org/10.1007/s00592-019-01335-4
http://doi.org/10.1158/2159-8290.CD-18-0567
http://doi.org/10.1007/BF02644772
http://doi.org/10.1016/j.ccr.2007.01.017
http://doi.org/10.7150/jca.38598
http://www.ncbi.nlm.nih.gov/pubmed/32194787
http://doi.org/10.1097/00000478-199802000-00003
http://www.ncbi.nlm.nih.gov/pubmed/9500216
http://doi.org/10.1111/j.1365-2559.1985.tb02870.x
http://doi.org/10.1016/j.ccell.2020.09.010
http://doi.org/10.1016/S0021-9258(18)64608-3
http://doi.org/10.1038/s41388-019-0794-6
http://www.ncbi.nlm.nih.gov/pubmed/30918331
http://doi.org/10.1038/s41388-019-0791-9
http://doi.org/10.1038/cddis.2017.101
http://doi.org/10.1038/srep19435
http://doi.org/10.1016/j.canlet.2018.03.034
http://doi.org/10.1371/journal.pone.0236187
http://doi.org/10.3390/cancers12051088
http://www.ncbi.nlm.nih.gov/pubmed/32349352
http://doi.org/10.1016/j.gene.2016.04.029
http://www.ncbi.nlm.nih.gov/pubmed/27085483
http://doi.org/10.1038/s41598-019-57323-9
http://www.ncbi.nlm.nih.gov/pubmed/31953433
http://doi.org/10.1158/1055-9965.EPI-18-1083


Metabolites 2022, 12, 47 14 of 14

47. Sivanand, S.; Heiden, M.G.V. Emerging Roles for Branched-Chain Amino Acid Metabolism in Cancer. Cancer Cell 2020,
37, 147–156. [CrossRef]

48. Mormile, R. Total Serum Cholesterol and Pancreatic Cancer Risk: What Is the Link? Pathol. Oncol. Res. 2019, 26, 1361. [CrossRef]
49. Chen, W.C.-Y.; Boursi, B.; Mamtani, R.; Yang, Y.-X. Total Serum Cholesterol and Pancreatic Cancer: A Nested Case–Control Study.

Cancer Epidemiol. Prev. Biomark. 2019, 28, 363–369. [CrossRef]
50. Guillaumond, F.; Iovanna, J.L.; Vasseur, S. Pancreatic tumor cell metabolism: Focus on glycolysis and its connected metabolic

pathways. Arch. Biochem. Biophys. 2014, 545, 69–73. [CrossRef]
51. Wang, W.-J. Association of cholesterol with risk of pancreatic cancer: A meta-analysis. World J. Gastroenterol. 2015, 21,

3711–3719. [CrossRef] [PubMed]
52. Feltrin, S.; Ravera, F.; Traversone, N.; Ferrando, L.; Bedognetti, D.; Ballestrero, A.; Zoppoli, G. Sterol synthesis pathway inhibition

as a target for cancer treatment. Cancer Lett. 2020, 493, 19–30. [CrossRef] [PubMed]
53. Terblanche, M.; Adhikari, N.K. Statin research in critical illness: Hampered by poor trial design? Crit. Care 2009, 13,

1015. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ccell.2019.12.011
http://doi.org/10.1007/s12253-019-00698-x
http://doi.org/10.1158/1055-9965.EPI-18-0421
http://doi.org/10.1016/j.abb.2013.12.019
http://doi.org/10.3748/wjg.v21.i12.3711
http://www.ncbi.nlm.nih.gov/pubmed/25834340
http://doi.org/10.1016/j.canlet.2020.07.010
http://www.ncbi.nlm.nih.gov/pubmed/32711099
http://doi.org/10.1186/cc8173
http://www.ncbi.nlm.nih.gov/pubmed/20017899

	Introduction 
	Results 
	Higher Expression of Cholesterol Synthesis Genes in Human Pancreatic Ductal Adenocarcinoma 
	Sterol Alterations in Human Pancreatic Tumors 
	An Elevated Level of Serum Cholesterol in Human Pancreatic Cancer 
	Sterol Upregulation in Different Mouse Models of PDAC 
	Sterol Levels from In Vitro Models of PC 
	Patient Survival Is Dependent on Cholesterol Metabolism-Associated Genes in PC 

	Discussion 
	Materials and Methods 
	Chemicals 
	Mice and Ethics Statement 
	Plasma and Pancreatic Tissue Preparation 
	Cell Culture and Preparation 
	Metabolite Extraction from Cell Lines 
	LC–MS/MS (SRM) Analyses 
	Gene Expression and Survival Analyses 
	Statistics 

	Conclusions 
	References

