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Abstract
Background: Melanoma is the most serious skin cancer with gradually increased incidence and poor
prognosis mainly as the result of cancer stem cell (CSC) expansion and drug resistance. Some studies
have suggested that dysregulated cholesterol homeostasis increasing tumorigenicity and metastasis in
cancers. In the present study, our objective was to elucidate the contribution of 24-Dehydrocholesterol
reductase (DHCR24) towards melanoma progression and drug resistance.

Methods: Immunohistochemistry and HE staining were performed for determing the expression of
DHCR24 in melanoma patients, lentivirus perturbation and functional assays were used to evaluate the
ability of turmorigenesis of DHCR24 altered melanoma cells and melanoma stem-like cells. RNA
sequencing (RNA-seq) and targeted metabolomics were carried out for identifying metabolites which
contributes melanoma stem-like cell expansion and vemurafenib treatment resistance.

Results: DHCR24 was over-expressed in melanoma patients while knockdown of DHCR24 blocked
melanoma cells in S phase and lead to signi�cant inhibition in proliferation and migration. Meanwhile,
forced expression of DHCR24 promotes the growth of melanoma cells in xenograft mice. We further
demonstrated that DHCR24 promotes the proliferation of melanoma stem-like cell populations by
activating Rap1/AKT signaling and result in accumulation of cellular 27-Hydroxycholesterol (27-HC)
contents. Next, we validated that both CYP27A1 and 27-HC administration contributed to melanoma
stem-like cells formation and vemurafenib resistance through AKT-308/309 phosphorylation.

Conclusions: Our data con�rmed the oncogenic role of DHCR24 in melanoma stem-like cells proliferation
and vemurafenib resistance by regulating 27-HC. These �ndings established the basis of targeting
DHCR24 as a potential therapeutic target for advanced melanoma.

Background
Melanoma is the most serious skin cancer with gradually increased incidence in the past few
decades [1]. It counts for approximately 1.7% cases of all newly diagnosed primary malignancies and
0.7% cancer deaths every year in the world. Once metastasis occurs, the prognosis of melanoma patients
is extremely poor. The �ve-year survival rate for metastatic melanoma has been only 15–20% before the
remarkable development of both targeted and immunotherapy [2, 3]. Although we have achieved a
number of important scienti�c milestones, much more work remains to be done in malignant melanoma.
V600E mutation on B-Raf proto-oncogene, serine/threonine kinase (BRAFV600E) is the most common
driver mutation in melanoma patients. It leads to constitutive activation in mitogen-activated protein
kinase (MAPK) signaling to support cell proliferation [4]. The development of BRAFV600E inhibitors
(vemurafenib or dabrafenib) and MEK inhibitors (cobimetinib or trametinib) have greatly improved
survival rate of advanced melanoma patients, however, plenty of patients suffered relapse approximately
one year later due to drug resistance [5-8]. Cancer stem cells (CSCs) are rared population in cancer cells
that retain the capacity of self-renewal, differentiation and initiation of tumor formation. A growing body
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of evidences reveal that CSCs are contributed to tumor metastasis, relapse and resistance to therapy [9-
11]. Thus, deciphering the limiting factors that regulate the properties of CSCs is pressing needed for
developing promising therapeutic strategies to eliminate melanoma recurrence.

Cholesterol is associated with tumorigenesis, especially in subtypes of upregulated mevalonate pathway.
Oncogenic signals enable cancer cells to synthesize their own cholesterol to support rapid proliferation.
Patient-derived gene expression analysis demonstrated that cholesterol biosynthesis was associated with
tumorigenesis of breast cancer, sarcoma, melanoma and leukemia [12]. However, epidemiologic studies
make contradictory conclusions regarding the use of statins, HMG-CoA reductase (HMGCR) inhibitor, and
risk of cancer development. Preclinical investigations show that statins directly inhibit development and
progression in cell and animal models of prostate and pancreatic cancer [13, 14]. However, a great body
of clinical meta-analysis failed to support the protective effect of statin on cancer [15, 16]. One of the
possibilities of that is off-target. It has been reported that statin-dependent enhancement of
mitochondrial membrane potential in cancer cells is independent of cholesterol content [17]. In addition,
due to the great need for rapid growth of cancer cell, detection of intracellular cholesterol content may be
more reasonable than serum cholesterol [18]. More importantly, various cholesterol metabolites acts
promotion or suppression role in cancers depending on cancer types and stage [19, 20]. Thus, deciphering
the key mediators involved in dysregulation of metabolism in certain context could provide novel
therapeutic targets and highlight the importance of metabolism reprogramming in tumorigenesis.

Process of cholesterol metabolism generates numerous metabolites and biological activity molecules
that involved in physiological processes and speci�c biological responses. 27-Hydroxycholesterol (27-HC)
promotes breast cancer cell proliferation, invasion, and migration by activating with liver Tumor X
receptor (LXR) while 25‐Hydroxycholesterol (25-HC) shows anti-tumor activity in gastric cancer [21-
25]. The different functions of cholesterol metabolites raise the question of how to interfere with the
metabolic pathway, and at which steps in cancer treatment. It has been reported that cholesterol and its
metabolites also contribute to cancer stem-like cell populations in cancer progression by providing energy
and proliferation signals [26-28]. However, the role of metabolic reprogramming, especially the linking
between metabolic abnormality of cholesterol and CSCs, is not well elucidated yet. In this study, we aim
to uncover the key components involved in the dysregulation of metabolism in melanoma stem-like cells
looking forward to provide novel therapeutic targets of advanced melanoma.

Besides HMG-CoA Reductase (HMGCR), the �rst rate-limiting enzyme for cholesterol synthesis in the
conversion of HMG-CoA to mevalonate, many other key enzymes in cholesterol biosynthesis have been
reported to be involved in the initiation and metastasis of hepatocellular carcinoma and breast
cancer [29, 30]. 3 beta-Hydroxysterol Delta (24)-reductase (DHCR24) catalyzes the ultimate step of
cholesterol biosynthesis, which seems to have both cholesterol synthesizing and anti-apoptotic activities.
As mediator of Ras-induced senescence, DHCR24 binds the p53 amino terminus and displaces the E3
ubiquitin ligase Mdm2 from p53, resulting in p53 accumulation [31]. DHCR24 is also implicated in
numerous diseases, including tumors. It has been reported that inhibition of DHCR24 in pregnant mice
caused teratogenic pups by desmosterol, zymosterol accumulation and mutations in the dhcr24 result in
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desmosterolosis, an autosomal recessive disease that is characterized by developmental and growth
retardation [32, 33]. Furthermore, due to the inhibition of caspase-3, the decreased expression of DHCR24
is related to the increased apoptosis in adrenocortical cells, which is also found in the temporal cortex of
Alzheimer's disease patients[34, 35]. In prostate cancer, DHCR24 is lower expressed in advanced tumors
than early tumors and normal tissues and force expressed DHCR24 inhibits the cell
growth [36, 37]. Moreover, DHCR24 promotes the growth of CSC-like population via activation of
Hedgehog pathway in breast cancer and protects melanoma cells from apoptosis, suggesting the role of
tumorigenesis and potentials as therapeutic target [38-40]. In present study, we observed that DHCR24
promoted the growth of melanoma cells in xenograft mice and contributed to vemurafenib resistance by
enhancement of melanoma stem-like cell populations proliferation. Additionally, DHCR24 activated Rap1
and induced 27-Hydroxycholesterol (27-HC) accumulation in melanoma cells. These �ndings established
the basis for targeting DHCR24 as a potential treatment strategy for advanced melanoma.

Materials And Methods
Cell culture and chemicals 

Human malignant melanoma cell lines A375 and embryonic kidney cell lines 293T cells were obtained
from Cell Resource Center of Peking Union Medical College (IBMS, CAMS/PUMC). Human malignant
melanoma cell lines A2058 was kindly provided by Dr. Fang from the Beijing Institute of Genomics. Cells
were grown in high-glucose DMEM medium (Gibco) supplemented by 100 U/ml penicillin and 100 μg/ml
streptomycin (TransGen Biotech.), and 10% fetal bovine serum (FBS) (Gibco) at 37°C with 5% CO2. 

Construction of DHCR24 overexpression and shRNA constructs

The pCDH-DHCR24 plasmid was constructed as follows, DHCR24 was ampli�ed by reverse transcription-
PCR using mRNA from A2058 cells, with the forward primer (5’-
gcgttctagagctagcgCCgccaccATGGAGCCCGCCGTGTCGCT-3’) and reverse primer (5’-
atcAGGCTGATCAGCGGGTTTAAACTCAGTGCCTGGCGGCCTTGCAG-3’) including ~25 bp homology arm
with pCDH the PCR product and pCDH (digested with EcoR1 and BamH1) fragments were then joined
through Gibson assembly using NEBuilder HiFi DNA Assembly Master Mix (NEB).

DHCR24 speci�c shRNA sequences were selected by BLOCK-iTTM RNAi Designer
(http://rnaidesigner.thermo�sher.com/rnaiexpress/). The shRNA sequences were as follows: shRNA-6 (5’-
CCGCGTGTGAAACACTTTGA-3’), shRNA-7 (5’-GCTCTCGCTTATCTTCGATA-3’), and control shRNA (shNC)
(5’-GGTACGGTCAGGCAGCTTCT-3’). Short-hairpin sequences were synthesized as oligonucleotides and
annealed according to standard protocol. Annealed shRNAs were then subcloned into pLL3.7 shRNA
vectors (Addgene).

Establishment of stable melanoma cell lines 
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The lentivirus was packaged into the helper plasmids (PSPAX2, PMD2.G) by cotransfection of 293T cells.
The supernatant of the 293T cells packages lentivirus was harvested. A375 and A2058 cells were
transduced with the lentivirus and 8 μg/ml polybrene. Stable transfected cells were incubated at 37°C
with 5% CO2 for 48 h, then selected by 1 μg/ml puromycin for one-two weeks and maintained with 0.8
mg/ml puromycin.

Subcutaneous tumor formation 

Six- to eight-week-old BALB/c-nu/nu female mice were purchased from Biotechnology Co., Ltd. (Beijing,
China) and fed under SPF conditions in Institute of Radiation Medicine, Chinese Academy of Medical
Science & Peking Union Medical College (Tianjin, China). All animal experiments were approved by the
Institution’s Ethics Committee.

Mice were injected subcutaneously with 1×107 cells (0.1 ml PBS) and weighed twice a week. The volume
of tumor was measured after three weeks  and calculated by the equation (length ´ width2/2). Tumors
were �xed in 4% paraformaldehyde for hematoxylin-eosin (HE) staining.

Real-Time quantitative PCR analyses

Total RNA was prepared from cells using EasyPure® RNA Kit (TransGen Biotech.) and reversely
transcribed using TransScript® All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (TransGen
Biotech.) according to the manufacturer’s protocol. Real-Time quantitative PCR was performed using
SYBR SuperMix (TransGen Biotech.) and speci�c primers for DHCR24 (forward 5’-
GTGAAACACTTTGAAGCCAGG-3’, reverse 5’-AGCCATCAAACATCTCCCAG-3’) CYP27A1 (forward 5’-
CATGGAGCTATGGAAGGAGC-3’, reverse 5’-TGAAAGCATCCGTATAGAGCG-3’), and GAPDH (forward 5’-
AGCCACATCGCTCAGACAC-3’, reverse 5’-TTAAAAGCAGCCCTGGTGAC-3’). All the samples were
normalized to the housekeeping gene, GAPDH. Data were calculated using the 2−ΔΔCt method.

RNA-seq analyses

Total RNA was obtained from fresh cells using EasyPure® RNA Kit (TransGen Biotech.) following the
manufacturers’ protocol. Paired-end read of 100 bp (or 150 bp) were prepared in a BGISEQ-500 platform.
The read number of each gene was converted to Fragments-Per-Kilobase per Million mapped fragments
(RPKM) and differentially expressed genes were analyzed by DEseq2 package. Heatmap, GSEA
enrichment, GO enrichment and KEGG enrichment were obtained via online Dr.Tom
(https://biosys.bgi.com/#/main).

Western Blot analysis 

Protein lysates from cells were extracted in RIPA buffer, with 1´ protease inhibitors cocktail. Equal number
of proteins were resolved by 12% SDS-PAGE gel and transferred onto PVDF membranes. The blots were
blocked and incubated with primary antibodies overnight at 4°C. Then membranes were incubated with
the secondary antibody at 37°C for 1 h. The blots were probed with anti-DHCR24 (Santa Cruz
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Biotechnology, sc-398938), anti-CYP27A1(Thermo Fisher Scienti�c, PA5-27946), anti-Rap1 (Santa Cruz
Biotechnology, sc-53434), anti-AKT1 (Santa Cruz Biotechnology, sc-5298) and anti-pAKT1-Thr308/309
(Signalway Antibody, 13311). GAPDH (TransGen, HC301) were used as the internal control. Densitometry
analysis was performed using ImageJ software.

Cell growth and cell cycle analysis

Cell proliferation was assesd using TransDetect® Cell Counting Kit (TransGen Biotech.) according to the
manufacturer’s instructions. Brie�y, cells were plated in a 96-well plate at 3×103 cells/well and the
absorbance value (OD) was measured at 450 nm using a microplate reader. Cells were �xed with 70%
ethanol at 4 ̊C overnight for cell cycle assay. Cells were added RNase A (100 μg/ml) for 5 min at room
temperature, then stained with PI (50 μg/ml, US EVERBRIGHT) for 30 min at room temperature. All
samples were detected using a �ow cytometer (NovoCyte 2040R, Agilent Technologies) and analyzed
using the NovoExpress 1.4.1 software (Agilent Technologies).

Wound healing assay

Cells were seeded in 6-well plates and wounds were generated using a 200-μl micropipette tip in the
middle of each well. The migrated distances were measured at 0 and 48 h after scratching in the same
wounded region using an inverted microscope. The data were processed using Image J software.

Tumorsphere formation 

To prepare poly-hydroxyethyl methacrylate (poly-HEMA, Sigma) coated plates, 300 μl of 12 mg/ml poly-
HEMA was added to each well of 12-well plates and put on the shaker at 37°C overnight. Cells (5×103

cells/well) were plated in triplicate in poly-HEMA coated 12-well plates using DMEM/F-12 medium
(Gibco), supplemented with penicillin (100 U/ml)/streptomycin (100 μg/ml) (TransGen Biotech.), L-
glutamine (2 mM, Gibco), B27 supplement (1×, Thermo), bFGF (20 ng/ml, MCE), and hEGF (20 ng/ml,
Gibco). Tumorsphere with a diameter greater than 50 μm were counted using an inverted microscope.

Determination of cholesterol metabolites 

1×107 cells were collected and added 400 μL methanol: water: chloroform (5:2:2, v/v/v) mixed solution.
The samples were homogenized in a microhomogenizer for 3 min, and extracted ultrasonically in an ice-
water bath. The supernatant was collected and concentrated with centrifugal concentration dryer. Dried
lipids were dissolved with 200 μl methanol: water (4:1, v/v) mixture solution and swirled in ice water bath
until mixture is homogenous. Then the sample were �ltered with 0.22 μm organic phase pinhole �lter for
LC-MS analysis.

Liquid chromatography was performed using an UPLC system (Nexera UHPLC LC-30A). The
chromatographic column was the Waters UPLC HSS C18 Column (2.1 mm × 100 mm, 1.7 µm). The
mobile phase A was water containing 0.1% formic acid, and the mobile phase B was acetonitrile. The
temperature of column was 45°C, and the �owing rate of mobile phase was 0.4 ml/min. Gradient
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conditions were as follows: 0-0.5 min, 40% B, 0.5-1 min, 40%-55% B, 1-8 min, 50%-90% B, 8-9.2 min,
90%-40% B, 9.2-10 min, 40% B. Mass spectrometry analyzed using an AB Sciex Qtrap 5500 system
containing an electrospray ionization (ESI) source. The capillary voltage was set to 5500V for positive
mode and 4500 V for negative mode. The mass spectra were acquired in a mass range of m/z 100–
1000, and collision-activated dissociation (CAD) was medium. Other parameters were as follow: ion
source gas 1, 60 psi, ion source gas 2, 50 psi, curtain gas (CUR), 35 psi, and turbo ion spray source
temperature, 500 °C.

All standards were purchased from Sigma and prepared at the concentrations of 0.05 ng/ml, 0.13 ng/ml,
0.33 ng/ml, 0.82 ng/ml, 2.05 ng/ml, 5.12 ng/ml, 12.80 ng/ml, 32.00 ng/ml, 80.00 ng/ml, 200.00 ng/ml,
500.00 ng/ml and 1000.00 ng/ml. The content of cholesterol and its metabolites in different cells were
obtained according to standards.

Tissue Microarrays (TMAs) and Immunohistochemistry (IHC)

Skin cancer tissue Microarray (K063Me01) was purchased from Xi’an bioaitech Co., Ltd (Xi’an, China).
The samples were analyzed by IHC using an anti-DHCR24 antibody according to standard method and
microarray instruction. The results were randomly observed 5-10 �elds of view, and then taken the
average.

Measurement of 27-HC

Human 27-HC ELISA Kit was obtained from Wuhan Fine Biotech Co., Ltd (Wuhan, China). Cells (2x106)
were collected and detected for 27-HC content following the manufacturer’s protocol. The OD value was
measured by a Microplate Reader (Thermo) at 450 nm. The concentration of cellular 27-HC was obtained
according to standards.

Statistical analysis

The GraphPad Prism v8.0 software was used to perform all statistical analyzes. Student’s t-test was
performed to compare two groups, a one-way ANOVA was performed to compare more than two groups.
All experiments were repeated at least three times. Data were represented as the mean ± SEM. P value <
0.05 was considered statistically signi�cant.

Results
Highly expression of DHCR24 in melanoma patients and DHCR24 increases tumor growth in xenograft
mice

To investigate the role of DHCR24 in melanoma patients, Hematoxylin-Eosin (HE) staining and
immunohistochemical (IHC) staining via tissue chip were performed, containing normal skin tissue
(n=15), malignant melanoma (n=38) and metastatic malignant (n=10) melanoma patient samples
(details were provided in Supp Table 1). The results demonstrated that the expression of DHCR24 was
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signi�cantly higher in malignant melanoma, especially in metastatic malignant melanoma, compared
with control (Fig. 1 A). 

Next, in order to illustrate the effect of DHCR24 on tumorigenic ability in nude mice, xenograft mice assay
was performed using DHCR24 overexpression and control melanoma cells. After 21 days, the tumor
volume increased signi�cantly in DHCR24 group, while there was no signi�cant change in body weight
(Fig. 1 B-D). HE staining showed that the tumor cells in DHCR24 and control group were disordered, the
polarity disappereaed, nuclear atypia and intercellular vascular congestion (Fig. 1 C). However, there were
mitotic �gures in the DHCR24 group, which indicates that malignancy was more severed in the DHCR24
group than that in the control group. These data indicated that DHCR24 maybe act as a novel oncogene
in melanoma cells. 

DHCR24 is essential to melanoma survival and migration

To validate the oncogenic function of DHCR24, we performed shRNA-based DHCR24 knockdown in
melanoma cells. Using two different shRNA constructs to knock down DHCR24, we observed that the
knockdown e�ciency of sh6 and sh7 was more signi�cant (Fig. 2 A-B). DHCR24 knockdown signi�cantly
slowed down cell proliferation at 48-96 h compared with control (Fig. 2 C). Flow cytometry analysis
showed that the DHCR24 silencing signi�cantly reduced cell numbers in the G1 phase while increased
cell numbers in S phase (Fig. 2 D), which may inhibit cell proliferation and induce cell apoptosis.
Moreover, wound healing assay revealed that the migration rate of melanoma cells with DHCR24
knockdown was lower compared with control (vector as a control) (Fig. 2 E). Taken together, these results
suggested that DHCR24 played a critical role in melanoma cell survival and migration. 

DHCR24 promotes the formation of melanoma stem-like cells by Rap1 signaling 

To evaluate the effect of the DHCR24 on melanoma stem-like cells, the tumorsphere formation analysis
was performed in the stable DHCR24 expressed melanoma cells. After 7-10 days culture, the well
annotated stemness markers, Stat3 and Klf4 in tumorsphere, were strongly increased compared to their
levels in adherent cells (Supp Figure 1). Besides, we found that the numbers and size of DHCR24
expressed tumorspheres were signi�cantly increased in melanoma cells, con�rming that DHCR24 could
promote the proliferation of melanoma stem-like cell populations in melanoma cells (Fig. 3 A). 

To decipher the molecular mechanism underlying DHCR24, whole transcriptome sequencing was
performed on melanoma stem-like cells expressing DHCR24 and control (vector as control). The heatmap
showed that 134 differentially expressed genes, including 38 downregulated genes and 96 upregulated
genes (genes with a fold change ≥ 2 and a P-value (t-test) < 0.05 were collected) (Fig. 3 B). The KEGG
pathway enrichment analysis of 96 upregulated genes demonstrated that Rap1 signaling pathway which
is the upstream of PI3K/AKT signaling pathway was signi�cantly enhanced in melanoma stem-like cells
(Fig. 3 C). We next determined the expression changes of Rap1 and pAKT (thr 308/309) protein by
western blot. The results showed that Rap1 and pAKT (thr 308/309) were signi�cantly increased in
mammosphere melanoma cells with stable DHCR24 expressed (Fig. 3 D). Taken together, these data
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revealed that DHCR24 promoted the formation of melanoma stem-like cell populations via activating AKT
signaling pathway.

DHCR24 induced cellular 27-HC accumulation in melanoma cells

Among the rate-limiting enzymes in cholesterol metabolism, DHCR24 is the �nal enzyme of the
cholesterol biosynthetic pathway that converts desmosterol into cholesterol by catalyzing the reduction
of the C24 = C25 unsaturation in the side-chain (Fig. 4 A). And considering that cholesterol is an essential
lipid to maintain cell homeostasis and provide energy for cancer cell rapid proliferation [41], we ought to
ask whether cholesterol contributes to the proliferation of melanoma stem-like cell populations. Thus, we
treated the A375 and A2058 melanoma cells with different concentrations (0, 5 μM, 10 μM, 50 μM) of
cholesterol on the poly-HEMA coated 12-well plates under the condition of tumorsphere formation for 7-
10 days. As shown in Fig. 4 B, the numbers and size of tumorspheres increased signi�cantly in
melanoma cells with the addition of exogenous 50 μM cholesterol compared with ethanol control group.
The results showed that cholesterol signi�cantly promotes the growth of melanoma stem-like cells in
melanoma cells. 

We next investigate the variation of cholesterol metabolites pro�les driven by DHCR24. Cellular
cholesterol and its metabolites in A2058 with stable expressing DHCR24 was characterized by LC-MS,
and 8 of 17 metabolites, including cholesterol, were quanti�ed. Beyond our expectation, only 27-HC levels
were increased by 41.39% with statistical signi�cance (n=6, p=0.0000751), but there was no signi�cant
change in the cellular cholesterol contents (n=6, p=0.0951267) (Supp Table 2 and Fig. 4 C). These results
were coincided with recently reported that 27-HC promotes breast cancer cell proliferation, invasion, and
migration [22-24] and CYP27A1, coding 27-hydroxylase that catalyze cholesterol into 27-HC, was highly
expression in melanoma patients and cell lines compared with nomal paitients and melanocytes
(Fig. 4 D and Supp Figure 2. Moreover, we found that DHCR24 could induced the expression of CYP27A1
in the metastasis melanoma cell A2058 (Fig. 4 E). These results indicated that there might be a potential
positive feedback mechanism for amplifying CYP27A1 expression in melanoma and increased 27-HC
content eventually.

27-HC promotes the proliferation of melanoma stem-like cell populations

To validate the role of 27-HC on melanoma stem-like cells induced by DHCR24, we established stable
melanoma cell lines with expressed CYP27A1 and then evaluated the changes of 27-HC contents
compared with empty vector control (Fig. 5 A). Without DHCR24 induction, we observed that CYP27A1
alone triggered the cellular accumulation of 27-HC and promoted the proliferation of melanoma stem-like
cell populations both in A375 and A2058 melanoma cells (Fig. 5 B-C). Correspondingly, tumorsphere
formation assay in wild type melanoma cells treated with different concentrations (0, 1 nM, 5 nM, 50 nM
and 100 nM) of 27-HC was performed as well. As shown in Fig. 5 D, when treated with 27-HC for 7-10
days, the numbers and size of tumorspheres were signi�cantly increased in A375 and A2058 melanoma
cells with administration of exogenous 100 nM 27-HC compared with control (ethanol as control). These
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data validated that 27-HC promoted melanoma stem-like cell proliferation as downstream effector of
DHCR24.

DHCR24 contributes to vemurafenib resistance by activating AKT pathway  

Previously research has shown that CSCs contribute to resist radiation, chemotherapy and drug
resistance in cancer therapy [42]. However, the linking between metabolic abnormality of cholesterol and
CSCs is still not well elucidated. According to the data in Fig. 3-4, DHCR24 increased the proliferation of
melanoma stem-like cell by inducing the expression of CYP27A1 and subsequently cellular accumulation
of 27-HC. Thus, we hypothesized that DHCR24 and its downstream metabolite 27-HC may contribute to
drug resistance in targeted therapy of advanced melanoma. To con�rm that, 27-HC administrated,
DHCR24 and CYP27A1 expressing stable melanoma cell lines were treated using multiple concentrations
(0, 1, 5, 10 and 20 μM) of BRAFV600E inhibitor vemurafenib for 2 days (DMSO as control), respectively.
Cell proliferation assay results showed that 27-HC administration, the expression of DHCR24 and
CYP27A1 signi�cantly reduced the sensitivity for vemurafenib induced proliferation inhibition. (Fig. 6 A-
B and Supp Figure 3). 

 We have previously demonstrated that DHCR24 promotes the formation of melanoma stem-like cells by
Rap1/AKT signaling pathway and the activation of PI3K/AKT signaling pathway has been proved to be
associated with obtained resistance in many types of cancer [43, 44]. Therefore, we next determined the
activities of AKT signaling in DHCR24 expressing melanoma cells treated with BRAFV600E inhibitor,
vemurafenib, in 1 uM and 5 uM conditions. When DHCR24 expressing A375 and A2058 melanoma cell
lines were exposure to vemurafenib, we observed that the phosphorylation of AKT (pAKT) at thr308/309
sites were strongly enhanced (Fig. 6 C). Thus, we concluded that DHCR24 caused the drug resistance of
vemurafenib by reactivating AKT signaling in melanoma cells. Finally, we drew a schematic diagram to
summarize our �ndings in present investigation that DHCR24 promotes melanoma stem-like cells
formation and mediates vemurafenib resistance by accumulating 27-HC and reactivating AKT signaling
(Fig. 6 D). 

Discussion
Cholesterol is the precursor of steroid hormones and bile acids and essential component of cell
membranes. Despite the controversy of statin use and cancer risk, there is increased cholesterol
biosynthesis in cancers thereby implicating its potential role in tumorigenesis and cancer metastasis [44-
46]. Targeting cholesterol metabolism is presently being utilized as a potential therapeutic approach to
cancer therapy. It is reported that targeting SQLE and HMGCR to inhibit cholesterol biosynthesis can slow
down the cell growth and induce apoptosis in breast and prostate cancers [47]. While
hypercholesterolemia is shown to promote mammary tumor growth and invasiveness in several mouse
transgenic models [48-50]. It is worth noting that in cancer cells, cholesterol maybe not the ultimate
effector for cancer survival. The intermediate metabolites of cholesterol have been demonstrated various
functions in tumorigenesis. We and others previously showed that 7-dehydrocholesterol and vitamin K3
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inhibited melanoma cell proliferation and induce apoptosis via AKT/MAPK signaling pathways [51-
53]. while Nelson et al. found that cholesterol metabolite 27-HC, as a partial agonist for the estrogen
receptor and the liver X receptor, promoted tumor growth and metastasis in mouse models of mammary
cancer [24]. Indeed, our data showed that force expression of DHCR24 increase the cellular 27-HC
contents without affecting cholesterol contents in melanoma cells. Meanwhile, it was found that level of
the enzyme expressing cholesterol to 27-HC (CYP27A1) in melanoma cells and human malignancy
melanoma was signi�cantly increased, suggesting that 27-HC produced within tumors may contribute to
tumorigenesis. Further administration of 27-HC in melanoma cell validated that DHCR24 promotes the
proliferation of melanoma stem-like cell populations by accumulating 27-HC content in melanoma cells.
Meantime, we found that the DHCR24 could induced the expression of CYP27A1 in metastatic malignant
melanoma A2058 cells but not in primary melanoma A375 cells. The result was consistent with the
phenotypes which forced overexpression of DHCR24 or CYP27A1 showed stronger resistance to
vemurafenib in metastatic melanoma A2058 cells, however, the mechanism underlying needs to be
further explored.

Cancer stem cells (CSCs) are considered to be the main causes that result in the clinical outcome of poor
prognosis due to the “stemness” of tumorigenesis[54-56]. Increased cholesterol biosynthesis lead to
breast CSCs propagation and impaired outcome of patients [26]. Consistent with that, we found that
cholesterol could promote the growth of melanoma stem-like cell populations in melanoma cells. We next
ask which limiting enzyme contribute to cholesterol deregulation in melanoma and which patients could
speci�cally bene�t from it as a biomarker or therapeutic target. DHCR24 is the �nal step enzyme that
catalyzes desmosterol into cholesterol. It participates in a variety of cellular functions, such as oxidative
stress, cell differentiation, anti-apoptotic function, anti-in�ammatory activity. Dysregulation of DHCR24 is
implicated in Alzheimer's disease and cancers [57] and the knockout mice demonstrate lethal dermopathy
with differentiation and maturation defects in the epidermis [58]. In present study, our patient derived
sample results illustrated that DHCR24 was upregulated in malignant melanoma compared with normal
skin tissues, which was consistent with the previous conclusions that DHCR24 expression was increased
in metastatic melanoma and high DHCR24 levels are associated with stronger growth ability of tumor
cells [39]. The latest study also found that the up-regulated expression of DHCR24 in endometrial
carcinoma was signi�cantly correlated with advanced clinical stage, histological grade, vascular
invasion, lymphatic metastasis and reduced overall survival [59]. Therefore, DHCR24 may play a role as a
tumor promoting factor in melanoma, which can predict the clinical prognosis of melanoma patients. We
observed that forced expression of DHCR24 promotes the growth of tumor in xenograft mice while
knockdown of DHCR24 blocks cells in S phase and results in signi�cant inhibition of cell proliferation
and migration in melanoma cells. Importantly, DHCR24 reproduced cholesterol phenotype in promoting
melanoma stem-like cells formation as well, indicating the oncogenic role of DHCR24 in melanoma cells.

BRAFV600E mutation is found about 50% in melanoma patients. However, the long-term survival rate of
melanoma patients is still unideal due to resistance to BRAFV600E inhibitor. CSCs were considered to be
associated with drug resistance and inherited most drug resistance mechanisms [11]. Moreover, it has
been reported that 27-HC promotes cisplatin drug resistance in glioblastoma cells and high 27-HC
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concentration is associated with poor patient outcome [60]. Thus, we subsequently investigate the effect
of DHCR24 in BRAFV600E inhibitor resistant. Both of DHCR24 and 27-HC rescued melanoma cell
proliferation inhibition induced by vemurafenib treatment. Consistent with our RNA-seq data in
melanoma CSCs, vemurafenib resistant induced by DHCR24 was mediated by AKT activation. 

Conclusions
In summary, our results suggest that DHCR24 contributes to drug resistance to melanoma cells and
increases the growth of melanoma stem-like cell populations through its biosynthesis of cholesterol
metabolite 27-HC, which may result in poor prognosis of patients. Thus, up-regulation of DHCR24
expression may lead to reduce the long-term survival rate of melanoma patients and DHCR24 could be
used as a potential drug target for improving the prognosis rate of melanoma patients.
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Figure 1

DHCR24 is highly expressed in melanoma patients and increases tumor growth in xenograft mice. (A)
Representative images of IHC for DHCR24 in normal skin tissue, malignant melanoma, and metastatic
malignant melanoma samples, Negative control groups were examined by conventional hematoxylin and
eosin (HE) staining. (B) Subcutaneous tumors generated in BALB/c-nu/nu mice, with DHCR24 transduced
A2058 cells. (C) Hematoxylin eosin (HE) tumor staining in transduced A2058 cells. The cells arranged
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disorderly, the polarity disappeared, and the nucleus was heteromorphic (Yellow arrow), Intercellular
vascular congestion (Black arrow), Mitotic �gure (Green arrow). Magni�cation×200. (D) The body weight
of mice after A2058 xenografts. *P < 0.05. 

Figure 2
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DHCR24 is essential to cell survival in melanoma cells. (A-B) RT-qPCR and Western blot of DHCR24 in
melanoma cell lines A375 and A2058 using pLL3.7 lentivirus expressing negative control shRNA (shNC)
and 2 different DHCR24 shRNAs (sh6 and sh7). (C) Proliferation of cells with shNC, sh6 and sh7 targeting
DHCR24 at 48 h, 72 h and 96 h. (D) Flow cytometry analysis was performed to assess cell cycle phase
status after staining with propidium iodide (PI). (E) Representative statistics of the wound healing assay
using cells transfected with the indicated vectors. Magni�cation ×100. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 3

DHCR24 promotes the formation of melanoma stem-like cells by Rap1 signaling pathway. (A)
Tumorsphere formation in A375 and A2058 melanoma cells with overexpressed DHCR24. Cell
tumorspheres with diameter > 40 μm were counted under 50× magni�cation objective lens. (B) The
heatmap of A375 stem-like cells with stable DHCR24 overexpression (134 genes, FDR-corrected P value <
0.05 and ≥ 2-fold change cut-off), 38 genes are relatively downregulated and 96 genes are upregulated.



Page 22/26

(C) The KEGG pathway enrichment analysis (representative pathways) of 96 genes that are upregulated
in A375 stem-like cells with stable DHCR24 overexpression. (D) Representative western blots of Rap1,
AKT and pAKT in A375 and A2058 melanoma stem-like cells with stable expressed DHCR24. *P < 0.05,
**P < 0.01,  ***P < 0.001.
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Figure 4

DHCR24 induced cellular 27-HC accumulation in melanoma cells. (A) DHCR24 catalyzes the synthesis of
cholesterol by reducing the double bond at C24-C25 position of desmosterol. (B) A375 and A2058
melanoma cells were treated with multiple concentrations (0, 5, 10 and 50 μM) of cholesterol and ethanol
as a control under the condition of tumorsphere formation for 7-10 days. Cell tumorspheres with diameter
> 40 μm were counted under 50× magni�cation objective lens. (C) The heatmap analysis for cholesterol
metabolites. The heat map color codes re�ect a change. (D) Expression levels of CYP27A1 in 1019 Skin
Cutaneous Melanoma (SKCM) samples. (E) The levels of DHCR24 and CYP27A1 in A2058 melanoma
cells with expressed DHCR24. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5

27-HC promotes the growth of melanoma stem-like cell populations in melanoma cells. (A)
Overexpression of CYP27A1 in A375 and A2058 cells. (B) The levels of 27-HC in A2058 melanoma cells
with CYP27A1 overexpression. (C) Tumorsphere formation in A375 and A2058 melanoma cells with
overexpressed CYP27A1. Cell tumorspheres with diameter > 40 μm were counted under 50×
magni�cation objective lens. (D) A375 and A2058 melanoma cells were treated with multiple
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concentrations (0, 1, 5, 50 and 100 nM) of 27-HC and ethanol as a control under the condition of
tumorsphere formation for 7-10 days. Cell tumorspheres with diameter > 40 μm were counted under 50x
magni�cation objective lens. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 6
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DHCR24 contributes to vemurafenib resistance by accumulating cellular 27-HC and activating AKT
pathway in melanoma cells. (A-B) Cell proliferation in A375 and A2058 melanoma cells with DHCR24 and
CYP27A1 overexpression (vector as a control) were treated with multiple concentrations (0, 1, 5, 10 and
20 μM) of vemurafenib and DMSO as a control for 2 days. (C) A375 and A2058 melanoma cells with
DHCR24 overexpression were treated with multiple concentrations (0, 1, 5, 10 and 20 μM) of vemurafenib
and DMSO as a control at 2 days for detecting anti-AKT and anti-pAKT. (D) Schematic diagram showing
the basic conclusion. *P < 0.05, **P < 0.01, ***P < 0.001. 
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