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Abstract 27 

Cholesterol increases the risk of aggressive prostate cancer (PCa), and has emerged 28 

as a potential therapeutic target for PCa. The functional roles of cholesterol in PCa 29 

metastasis are not fully understood. Here we found that cholesterol induces the epithelial-30 

to-mesenchymal transition (EMT) through extracellular regulated protein kinases 1/2 31 

pathway activation, which is mediated by epidermal growth factor receptor (EGFR) and 32 

adipocyte plasma membrane-associated protein (APMAP) accumulation in cholesterol-33 

induced lipid rafts. Mechanistically, APMAP increases the interaction with epidermal 34 

growth factor receptor substrate 15-related protein (EPS15R) to inhibit the endocytosis of 35 

EGFR by cholesterol, thus promoting cholesterol-induced EMT. Both the mRNA and 36 

protein levels of APMAP are upregulated in clinical PCa samples. Together, these 37 

findings shed light onto an APMAP/EPS15R/EGFR axis that mediates cholesterol-38 

induced EMT of PCa cells. 39 

 40 

Introduction 41 

 42 

Although several treatments may benefit patients with localized prostate cancer (PCa), 43 

metastatic PCa remains lethal, and patients with metastatic PCa receive limited benefits from 44 

these treatments (1). Metastasis is a complex process, and this process involves the 45 

infiltration of cancer cells from the primary tumor site into the blood or lymphatic system, 46 

followed by extravasation into distant organs and the survival of invaded cells in suitable 47 

tissues to undergo metastatic colonization (2). Cancer cell metastasis requires a process 48 

known as the epithelial-to-mesenchymal transition (EMT), in which epithelial cells lose cell-49 

cell adhesion properties and cell polarity and undergo reorganization of their cytoskeleton, 50 

dramatic changes in morphology and reprogramming of gene expression (3). This process is 51 

driven by activation of and/or crosstalk between several signaling pathways (4-6), including 52 

the transforming growth factor-β (TGF-β), epidermal growth factor/ EGF receptor 53 

(EGF/EGFR) and androgen receptor (AR) signaling pathways (7, 8). The key components of 54 

EMT are frequently deregulated in aggressive prostate cancer (7, 9).The underlying 55 

molecular mechanisms of EMT in prostate cancer remain poorly understood. 56 
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Cholesterol is a steroidal lipid that accumulates in cancer tissues and plays an essential 57 

role in the tumorigenesis of various cancers, such as colorectal, prostate, and breast cancers 58 

(10-12). Emerging evidence suggests that cholesterol is associated with the development of 59 

PCa and may serve as a diagnostic marker and therapeutic target for PCa (13-19). 60 

Furthermore, cholesterol-lowering drugs (statins) reduce the risk of advanced PCa (20, 21). 61 

Cholesterol elevation has been shown to promote tumor growth and reduce the apoptosis of 62 

PCa cells through the AKT signaling pathway and cyclin E (22, 23). However, the effect of 63 

cholesterol on EMT and the underlying mechanism are unclear in PCa. 64 

 Adipocyte plasma membrane-associated protein (APMAP) is characterized as a 65 

transmembrane protein and specifically induced during adipocyte differentiation and obesity 66 

(24-27). Epidermal growth factor receptor substrate 15-related protein (EPS15R) has been 67 

reported to regulate the internalization of EGFR (28). In this study, we demonstrate that 68 

APMAP participates in the cholesterol-induced EMT of PCa cells by reducing EGFR 69 

endocytosis. We show the cholesterol increase the interaction APMAP and EPS15R, thus 70 

influencing EGFR trafficking (28, 29). And we highlight APMAP as a potential diagnostic 71 

and therapeutic target for PCa. 72 

Materials and Methods 73 

Cell culture 74 

All cell lines were obtained from the cell bank of type culture collection of Chinese 75 

academy of sciences and verified by short tandem repeat assays for their identification. 76 

Mycoplasma testing were performed by PCR every month. Cells were thawed from the 77 

original stocks and cultured do not exceed three weeks for experiments. 22Rv1 and DU-145 78 

cells were cultured in DMEM (Gibco by Invitrogen, Carlsbad, Calif), and PC-3 cells were 79 

cultured in RPMI-1640 (Gibco by Invitrogen, Carlsbad, Calif); the media were supplemented 80 

with 10% fetal bovine serum (FBS, Gibco by Invitrogen, Carlsbad, Calif). Cells treated with 81 

cholesterol were cultured in medium containing 1% FBS. The cholesterol was mixed with 82 

125uM fat free bovine serum albumin in medium containing 0.5% FBS before added to the 83 

cells. 84 

 85 
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Antibodies 86 

Antibodies against N-cadherin, EPS15R, caveolin-1, flotillin-1, ATP1A1, GAPDH and 87 

vimentin were purchased from Abcam (Cambridge, MA, USA); rabbit anti-APMAP was 88 

purchased from Proteintech Group (Wuhan, Hubei, China); mouse monoclonal anti-APMAP 89 

was purchased from OriGene (Rockville, MD, USA); anti-mouse secondary antibody (HRP) 90 

for the Western blotting detection immunoprecipitation proteins was purchased from Abcam 91 

(Cambridge, MA, USA); preabsorbed Alexa Fluor 488- and 555-conjugated secondary 92 

antibodies were purchased from Abbkine (Wuhan, Hubei, China); preabsorbed Alexa Fluor 93 

647-conjugated secondary antibodies were purchased from Jackson (West Grove, PA, USA); 94 

and the other 10 antibodies were purchased from Cell Signaling (Boston, MA,USA). 95 

 96 

Immunoprecipitation and Western blot analysis 97 

For co-immunoprecipitation (Co-IP), cells were lysed using Co-IP lysis buffer (20 mM 98 

Tris (pH 7.5), 150 mM NaCl, and 1% Triton X-100) supplemented with a protease and 99 

phosphatase inhibitor cocktail. The supernatants of the lysates were collected after 100 

centrifugation and then incubated with the indicated antibodies overnight at 4°C with 101 

constant rotation. Then, the antibodies in the lysates were precipitated with protein A/G 102 

magnetic beads (Millipore Billerica, MA, USA) and washed with PBS. Proteins were 103 

separated by SDS-PAGE, transferred to PVDF membranes (Millipore, Billerica, MA, USA), 104 

and detected with corresponding primary antibodies and HRP-conjugated secondary 105 

antibodies. Protein bands were visualized with the ChemiScope 6000 Touch Imaging system 106 

(Clinx, SHH, China). 107 

 108 

Co-IP-MS/MS and data analysis 109 

Co-IP was performed using FLAG M2 beads as described above. Proteins were eluted 110 

with 3×FLAG-peptide (Sigma) in PBS for 10 min. Proteins were precipitated with 20% 111 

trichloroacetic acid (TCA), and the resultant pellet was washed once with 10% TCA and 3 112 

times with cold acetone. LC-MS/MS analysis was performed by Guangzhou Fitgene 113 
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Biotechnology Co. Briefly, the gel was cut into slices, the gel fragments were digested, and 114 

the residing peptides were extracted and lyophilized for further analysis. Peptides were 115 

suspended in 2% acetonitrile and 0.1% formic acid. For the LC run, samples were loaded 116 

onto a 75 µm i.d. ×150 mm reversed-phase column, packed with Acclaim PepMap RSLC 117 

C18. Separated peptides were directly analyzed with the mass spectrometer (Thermo 118 

Scientific Q Exactive) for online detection. The resulting spectra were recorded for each run. 119 

MS data were searched on Sorcerer2-SEQUEST using the reviewed Swiss-Prot database. 120 

 121 

 122 

Expression vectors, shRNA and siRNA 123 

APMAP was cloned with 3×FLAG or GFP at the 3’-terminus into the pLVX-puro 124 

lentivirus expression vector. EGFR was cloned with RFP/EGFP at the 3’-terminus into the 125 

expressionvector.Rab5-RFP and EPS15R-RFP vectors were obtained from Sino Biological 126 

(Beijing China). Short hairpin RNA (shRNA) for APMAP (target sequences: 5’-127 

GGTGTTCTGCATCCAAATACG-3’ and 5’-GGGACTATTTGAAGTAAATCC-3’) were 128 

prepared by cloning double-stranded oligonucleotides into the vector pLVX. The siRNAs for 129 

EPS15R (target sequences: 5’-AAUUUAGGCGGUGGCAUGCTT-3’ and 5’-130 

UUUCUCUUUGUAACUGGTT-3’) and MyD88-adapter-like (MAL) (target sequences: 5’-131 

GCCCACGGUGGAGAGACUUTT-3’ and 5’-CCGUGGUGUUCUCCUACAUTT-3’) were 132 

from GenePharma (Shanghai, China). 133 

 134 

Immunofluorescence 135 

Cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.5% 136 

Triton X-100 for 15 min. Cells were then blocked with 1% donkey serum for 30 min, and 137 

primary antibodies were used to incubate the cells overnight at 4°C. Finally, the cells were 138 

incubated with Alexa Fluor-conjugated secondary antibody for 1 h at room temperature. 139 

Every step was followed by two 5-min PBS washes. For nuclear staining, prepared specimens 140 

were counterstained with 5 mg/ml DAPI for 5 min and washed with PBS. The specificity of 141 
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the antibodies was verified by the knockdown of target proteins. For live-cell imaging, PC-3 142 

cells were transfected with fluorescence protein vectors and cultured in 35-mm glass-bottom 143 

dishes (801002, NEST, wuxi, Jiangsu, China). Fluorescence images were obtained from a 144 

confocal microscope (Leica, Germany) and analyzed with ImageJ software. For 145 

colocalization analyses, approximately 50 cells were counted per experiment. 146 

 147 

Cell migration and invasion assays 148 

PC-3 or DU145 cells were seeded at a density of 3×10
4
 cells on each side of the culture 149 

insert (Ibidi, GmbH, 81176) in complete growth medium. After 24 h, the insert was removed, 150 

and the cells were washed twice with PBS. Cells were monitored for up to 48 h in medium 151 

containing 1% FBS with or without 10 µM cholesterol, and the images were captured at 0 h 152 

to 48 h. Migration was analyzed and quantified using ImageJ. 153 

Invasion assays were performed using transwell plates (8 µm;Corning, Inc.). Briefly, 154 

3.5×10
4
 cells inmedium containing 1% FBS with or without 10 µM cholesterol were seeded 155 

into the upper compartments of transwell sprecoated with Matrigel (BD). The lower 156 

compartments of the chambers contained medium supplemented with 10% FBS. Following 157 

24 h of culture, the cells that traversed the membrane were fixed with 4% formaldehyde, 158 

stained using 0.1% crystal violet and imaged with a microscope (IX71-A12FL/PH; Olympus 159 

Corporation, Tokyo, Japan). Signal intensity and colocalization were measured with the 160 

colocalization plugin of ImageJ software. 161 

 162 

Quantitative real-time PCR and RNA-seq 163 

Total RNA from PC-3 cells was prepared using TRIzol. Quantitative PCR was 164 

performed in a QuantStudio (TM) 7 Flex System (Life Technologies) as follows: 165 

denaturation at 94°C for 5 min, followed by 40 cycles of denaturation at 94°C for 30 s, 166 

annealing at 55°C for 30 s, and extension at 72°C for 30 s, with a final extension at 72°C for 167 

10 min. 168 
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The PC-3 cell cDNA libraries were prepared according to the manufacturer’s instructions 169 

(Illumina, USA) and sequenced on a Hiseq2500 platform, and 100-bp paired-end (PE) reads 170 

were generated and subjected to quality trimming. High-quality reads were aligned to mm10 171 

in Hisat2. Gene expression was quantified as the number of overlapping reads spanning each 172 

gene with HT-seq normalization to the RPKM-determined gene annotation file from Ensembl 173 

and the DESeq2 package in R. Differentially expressed genes  (DEGs) were also identified 174 

by the DESeq2 package (Fold change >1.2 or <0.8). The RNA-seq data were submitted to the 175 

Sequence Read Archive (SRA) under Bioproject PRJNA485556 and PRJNA522456. 176 

 177 

Animal studies 178 

     All protocols involving animals were previously approved by the Ethics Committee for 179 

the Use of Experimental Animals of the Suzhou Institute of Biomedical Engineering and 180 

Technology, Chinese Academy of Sciences (Suzhou, Jiangsu, China). NOD/SCID/IL-181 

2Rγnull (NSG) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA).  182 

Daily treatment with 0.5% bile salt/0.5% bile salt & 2% cholesterol commenced 5 days 183 

before the shNC, shAPMAP1 (1 x 10
7
) cells were injected into the tail veins of 8-week old 184 

male mice. Three weeks later, the mice were sacrificed and livers were fixed in formalin 185 

before embedded in paraffin using the routine procedure. Hematoxylin and eosin (H&E) 186 

staining was performed on sections from paraffin-embedded livers. 187 

Tissue microarrays and IHC 188 

Tissue arrays were obtained from Alena Biotechnology (PR1921a, Xi’an, Shaanxi, 189 

China), and immunohistochemistry was performed as a commercial service. Briefly, the cells 190 

were fixed, permeabilized and incubated with 1:50 APMAP antibody (TA054034, OriGene, 191 

Beijing, China) or EGFR (GeneTech, Shanghai, clone: EP22)/Vimentin (Maxim, Fuzhou, 192 

Fujian, clone: V9) antibodies. Immunostaining was performed with biotinylated secondary 193 

antibody, streptavidin peroxidase reagent (Abcam, Cambridge, MA, USA) and metal 194 

enhanced DAB colorimetric peroxidase substrate (Maxim, Fuzhou, Fujian, China). 195 

Immunostained microarrays were scored by according to the staining intensity (-, +, ++, +++) 196 

of each tissue point. All of the patients were enrolled with written informed consent. The 197 

study were conducted in accordance with the principles of the Declaration of Helsinki, and 198 
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was approved by the Institutional Ethical Review Board of the Suzhou Institute of 199 

Biomedical Engineering and Technology, Chinese Academy of Sciences. 200 

Preparation of detergent-free lipid rafts 201 

All procedures were carried out on ice. A total of 2×10
8
 cells were washed with PBS, 202 

scraped into basal buffer (20 mM Tris-HCl, pH 7.8, 250 mM sucrose, 1 mM CaCl2 and 1 203 

mM MgCl2) and pelleted by centrifugation for 2 min at 250 g. The cells were resuspended in 204 

1 ml of basic buffer, lysed by passage through a needle 20 times and centrifuged at 1,000 g 205 

for 10 min. An equal volume of base buffer containing 50% OptiPrep was added to the 206 

combined postnuclear supernatants. A 4-ml gradient of 0% to 20% OptiPrep in base buffer 207 

was poured on top of the lysate. Gradients were centrifuged for 120 min at 52,000 g in a 208 

small ultracentrifuge. Cloudiness was evident through the gradient after centrifugation. 209 

Gradients were aliquoted at 0.5 ml per aliquot, and the protein distributions were assessed by 210 

Western blotting. Proteome analysis of lipid rafts was performed with ptm-biolab (Hangzhou, 211 

Zhejiang, China). 212 

Bioinformatics analysis 213 

The protein-protein interaction network was established with the STRING database 214 

(string-db.org). The ontology-based pathway analysis was performed with the Gene Ontology 215 

(GO) consortium (gnenontology.org) as described (30). GO terms and Kyoto Encyclopedia of 216 

Genes and Genomes (KEGG) pathway were enriched with the clusterProfiler, GOstats,  and 217 

org.Hs.eg.db package in R as described (31). The bubble plot and chord graph were drawn 218 

with ggplot2 and GO plotpackage of R. 219 

 220 

Statistical analysis 221 

Data are all presented as the mean ± standard deviation (SD). Comparisons between two 222 

groups were performed using two-tailed unpaired Student’s t-tests. The associations between 223 

staining intensity and clinic pathological patterns were assessed using χ2 tests. All statistical 224 

analyses and graph plotting were performed with GraphPad Prism 5. 225 
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 226 

Results 227 

Cholesterol induces EMT in PCa cells and this process is dependent on ERK1/2 activation 228 

To explore the potential role of cholesterol in EMT, we treated PCa cells with and 229 

without cholesterol. The expression of EMT markers, including E-cadherin, N-cadherin and 230 

vimentin were detected by Western blot analysis. The results revealed that the expression 231 

levels of N-cadherin and vimentin were increased in 22Rv1, DU145 and PC-3 cells treated 232 

with cholesterol compared to the control, while N-cadherin was slightly enhanced in PC-3 233 

cells. Cholesterol inhibited the expression of E-cadherin in all three cell lines (Fig. 1A). 234 

Furthermore, cholesterol induced the weak mesenchymal-like morphological features in PC-235 

3 cells (Fig. 1B). We next investigated whether cholesterol had any effects on cell migration 236 

and invasion. Correspondingly, wound healing and transwell invasion assays showed that the 237 

migration and invasion of PC-3 and DU145 cells were increased by cholesterol treatment 238 

(Fig. 1C and 1D, Supplementary Fig. S1A and S1B). However, the addition of simvastatin 239 

abrogated the effects of cholesterol on migration, invasion and expression of EMT makers 240 

(Supplementary Fig. S1C-S1E). To further explore the potential involvement of signaling 241 

pathways in cholesterol-induced EMT, we examined the extracellular regulated protein 242 

kinases 1/2 (ERK1/2), protein kinase B (AKT), TGF-β and Wingless/Integrated (WNT) 243 

signals, which were summarized regulating EMT(4). Western blot analysis showed increased 244 

phosphorylation of ERK1/2 after cholesterol treatment in both PC-3 and DU145 cells (Fig. 245 

1E). To determine whether ERK1/2 signaling affected cholesterol-induced EMT, cells were 246 

preincubated with the ERK1/2 inhibitors U0126 and PD098059. Both inhibitors abrogated 247 

the phosphorylation of ERK1/2 and restored the expression of EMT markers induced by 248 

cholesterol, but PD098059 had the weak effect on the cholesterol-induced vimentin 249 

expression in PC-3 cells (Fig.1F). Furthermore, the increased migration and invasion of cells 250 

under cholesterol treatment were also reversed after treatment with the two ERK inhibitors 251 

(Fig. 1G and 1H, Supplementary Fig. S1F and S1G). These data suggest that the ERK 252 

signaling pathway is essential for cholesterol-induced EMT in PCa cells. 253 

Cholesterol promotes the accumulation of EGFR and APMAP in lipid rafts 254 

To dissect the effects of cholesterol at the transcriptional level, we analyzed the RNA 255 
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expression profiles of PC-3 cells treated with cholesterol. The transcriptions of 76 protein-256 

coding genes were upregulated, and 167 protein-coding genes were downregulated (Fig. 2A, 257 

Supplementary TableS1). We further performed GO enrichment and ontology-based 258 

pathway analysis of the DEGs. Pathway analysis revealed that these genes were clustered in 259 

the EGFR, WNT and VEGF signaling pathways, which are all involved in EMT 260 

(Supplementary Fig. S2A). Interestingly, GO enrichment showed that cholesterol might 261 

participate in membrane raft-related processes, such as membrane raft polarization, 262 

localization and distribution (Fig. 2B, Supplementary Table S2). These membrane raft-263 

related processes were mostly clustered with MAL, which is specifically able to recruit raft 264 

components in plasma membrane (32, 33). The expression of MAL was verified by qPCR 265 

(Supplementary Fig.  S2B). Additionally, MAL and the other DEGs induced by cholesterol 266 

were clustered in other lipid-related processes, including membrane raft organization and 267 

myelin sheath (Fig. 2C). These data suggest that cholesterol is involved in many important 268 

functions of the lipid raft. Because cholesterol is an important component of the lipid raft, we 269 

hypothesized that the effect of cholesterol on EMT was due to the formation of lipid rafts. 270 

We performed immunofluorescence staining of PC-3 and 22RV1 cells and found that 271 

cholesterol treatment significantly increased the formation of lipid rafts on the cell surface 272 

(Fig. 2D). Moreover, MAL knockdown reduced the formation of lipid rafts in cholesterol 273 

treated cells (Supplementary Fig.S2C), and also rescued the migration, invasion and EMT 274 

maker expression induced by cholesterol treatment (Supplementary Fig. S2D-S2F). To 275 

explore which proteins are involved in EMT, tandem mass tag labeling and LC-MS/MS 276 

analysis were performed to profile protein expression changes in the lipid rafts of PC-3 cells 277 

with and without cholesterol treatment. EGFR, an upstream regulator of ERK1/2, was 278 

enriched in the lipid rafts after cholesterol treatment. Furthermore, APMAP, which was 279 

recently reported to be associated with the metastasis of colorectal cancer (34), was also 280 

increased in the lipid rafts. Western blot analysis of the isolated fractions was performed, and 281 

the results showed that EGFR was induced by cholesterol in the lipid rafts, while APMAP 282 

was upregulated in both the lipid rafts and non-lipid rafts (Fig. 2E). Moreover, the protein 283 

levels of APMAP and EGFR were increased by cholesterol treatment in a dose-dependent 284 

manner (Supplementary Fig. S2G and S2H). As cholesterol was able to increase the 285 

expression of both APMAP and EGFR, we determined whether APMAP was involved in 286 

EGFR accumulation. EGFR-RFP vectors were transfected into APMAP-depleted PC-3 cells 287 

and control cells, which were then treated with cholesterol. The fluorescence of EGFR-RFP 288 
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was enhanced by cholesterol in control cells; however, the effect of cholesterol on EGFR 289 

was almost completely inhibited when APMAP was knocked down (Fig. 2F). At the same 290 

time, Western blotting showed that knockdown of APMAP impaired the accumulation of 291 

EGFR and consequently reduced the phosphorylation of ERK1/2 induced by cholesterol in 292 

PC-3 and 22Rv1 cells (Fig. 2G and Supplementary Fig.S2I). Taken together, these data 293 

indicate that APMAP increases the protein level of EGFR induced by cholesterol in PCa 294 

cells. 295 

APMAP promotes the EMT of PCa cells through EGFR 296 

Having shown that cholesterol induced the expression of genes involved in the EGFR 297 

pathway and lipid rafts, as well as the APMAP-mediated accumulation of EGFR in lipid 298 

rafts, we hypothesized that APMAP had effects on EMT in PCa cells. We analyzed the RNA 299 

expression profiles of APMAP knockdown PC-3 cells. The transcriptions of 931 protein-300 

coding genes were upregulated, and 943 protein-coding genes were downregulated 301 

(Supplementary Fig. S3A, Supplementary Table S3). We further performed GO enrichment 302 

and KEGG pathway analysis of the DEGs, which revealed that these genes were clustered in 303 

the MAPK, Notch, and adhesion-related signaling pathways as well as steroid biosynthetic 304 

and cholesterol metabolic process (Fig 3.A, Supplementary Fig. S3B, S3C, Supplementary 305 

Table S4 and Supplementary Table S5). These findings indicate that APMAP and cholesterol 306 

may have overlapping function. APMAP knockdown markedly impeded the cholesterol-307 

induced migration of PC-3, DU145 and 22Rv1 cells (Fig. 3B, Supplementary Fig. S3D-G). 308 

Similarly, the invasion capability of PC-3 and 22Rv1 cells was reduced by APMAP 309 

knockdown (Fig. 3C, Supplementary Fig. S3F-H). The effects of cholesterol on the 310 

phosphorylation of ERK1/2 and the expression of E-cadherin and vimentin were 311 

significantly blocked in APMAP-depleted PC-3 cells (Fig. 3D). In contrast, the APMAP 312 

overexpression promoted migration and invasion, while EGFR inhibitors inhibited this effect 313 

(Fig. 3E, 3F, Supplementary Fig. S3I and S3J). Additionally, EGFR inhibitors significantly 314 

inhibited ERK activation and abrogated the expression of EMT markers in APMAP-315 

overexpressing cells (Fig. 3G). In addition, in vivo, intravenous PC-3 cells from cholesterol-316 

fed group markedly formed more liver metastatic nodules compared to the control group. 317 

APMAP knockdown cells reduced the liver metastatic nodules in groups with or without 318 

cholesterol fed (Fig.3H and 3I). In consistent with the above findings, metastatic tumors 319 

derived from control cells in cholesterol-fed group had consistently higher expression levels 320 
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of EGFR (p<0.05), APMAP (p<0.01) and Vimentin (p<0.001) compared to tumors in control 321 

group. In cholesterol-fed groups, APMAP knockdown reduced their expression levels 322 

(EGFR, P<0.001; APMAP, p<0.05; Vimentin, p<0.05) compare to control cells. (Fig.3J, 3K, 323 

Supplementary Fig. S3K and S3L). Taken together, these data demonstrate that APMAP 324 

participates in cholesterol-induced EMT by regulating EGFR. 325 

Cholesterol decreases the internalization of EGFR through APMAP 326 

To understand how cholesterol mechanistically promotes the accumulation of EGFR in 327 

lipid rafts, we determined whether cholesterol increased the transcriptional expression of 328 

EGFR. We first performed quantitative RT-PCR and found that cholesterol had no effect on 329 

the mRNA level of EGFR (Fig. 4A), suggesting that APMAP regulation of the EGFR level 330 

occurs post translationally. The lysosome inhibitor chloroquine prevented EGFR degradation 331 

in control cells, whereas protein levels of EGFR were not further increased by cotreatment 332 

with cholesterol (Fig. 4B). We further examined the endogenous EGFR protein level in the 333 

presence of cycloheximide, an inhibitor of protein translation. Notably, the stability of EGFR 334 

was prominently decreased in APMAP-depleted cells compared to control cells after 335 

cholesterol treatment (Fig. 4C). EGFR degradation is well known to depend on 336 

internalization (35, 36). Given the evidence that cholesterol inhibits EGFR degradation, we 337 

first determined whether this inhibition occurred through internalization of EGFR. Indeed, 338 

confocal microscopy showed that the colocalization of EGFR and the early endosomal 339 

marker Rab5 was decreased by cholesterol treatment in both cells examined by indirect 340 

immunofluorescence (50% vs 38%) (Fig. 4D and Supplementary Fig. S4A) and live cells 341 

(23% vs 15%) (Fig. 4E and Supplementary Fig. S4B). Furthermore, the colocalization of 342 

APMAP-GFP with Rab5-RFP was increased in the presence of cholesterol (10% vs 42%) 343 

(Fig. 4F and Supplementary Fig. S4C). Next, we explored whether APMAP inhibited the 344 

internalization of EGFR. Increased colocalization of EGFR with Rab5 was observed in 345 

APMAP-depleted PC-3 and 22Rv1 cells relative to control cells with cholesterol treatment 346 

(Fig. 4G and Supplementary Fig. S4D-S4F). These data suggest that APMAP regulates the 347 

stability of cholesterol-mediated EGFR. 348 

APMAP inhibits EGFR internalization by interacting with EPS15R 349 

To determine how APMAP inhibited the internalization of EGFR, we expressed a 350 

3XFLAG-tagged APMAP or empty vector in PC3 cells. APMAP-3XFLAG was 351 
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immunoprecipitated, and expression was confirmed by Western blot (Supplementary 352 

Fig.S4G). We used coimmunoprecipitation coupled with label-free comparative LC-MS/MS 353 

analysis to identify APMAP-binding partners, revealing hundreds of potential APMAP-354 

binding proteins (Supplementary Table S6). To understand the biological roles of putative 355 

targets of APMAP, we performed GO enrichment and pathway analysis using APMAP-356 

binding partners. Pathway analysis revealed that the ubiquitin proteasome, p38 MAPK, 357 

Huntington disease, cytoskeletal regulation by Rho GTPase and cell cycle pathways were 358 

enriched by these proteins (Supplementary Fig. S4H). Strikingly, three coat protein (COPI) 359 

vesicle terms were enriched in the top 20 GO terms (Fig. 5A, Supplementary Table S7). The 360 

STRING protein-protein interaction network database revealed the relationships between the 361 

top 30 proteins, and these coat proteins formed a COPI complex (Supplementary Fig. S4I). 362 

Furthermore, coat proteins and the other proteins that were immunoprecipitated with 363 

APMAP were also clustered in other vesicle processes, including retrograde vesicle-364 

mediated transport, Golgi-to-ER vesicular transport and the Golgi-associated vesicle 365 

membrane (Fig.5B). These data suggest that APMAP is involved in the infusion of vesicle 366 

and vesicle-mediated transport. As EPS15R is involved in EGFR internalization, we first 367 

confirmed the physical interaction of endogenous APMAP with EPS15R by co-368 

immunoprecipitation from PC-3 cell lysates (Fig. 5C). We found that the protein level of 369 

EPS15R was not affected by cholesterol (Fig. 5D), while plasma membrane 370 

immunofluorescence showed that more APMAP colocalized with EPS15R in the membrane 371 

when cells were exposed to cholesterol (36% vs 20%) (Fig. 5E and Supplementary Fig. S4J). 372 

Consistently, their interaction was enhanced by cholesterol treatment (Fig. 5F). Furthermore, 373 

EPS15R increased the interaction with APMAP in cholesterol-treated cells and dissociated 374 

with EGFR. (Fig. 5G). Based on these data, we hypothesized that EPS15R was critical for 375 

the APMAP-mediated degradation of EGFR. The enhanced recruitment of EGFR to early 376 

endosomes by APMAP knockdown was blocked by EPS15R knockdown (37% vs 13% and 377 

14%) in DU-145 cells (Fig. 5H and Supplementary Fig.S4K). Consistently, the protein level 378 

of EGFR was restored by EPS15R depletion in APMAP-depleted cells in the presence of 379 

cholesterol (Fig. 5I). These results indicate that APMAP inhibits the internalization of EGFR 380 

into early endosomes by binding to EPS15R, thus affecting the cholesterol-induced protein 381 

stability of EGFR. 382 

APMAP is significantly upregulated in PCa 383 
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To understand the role of APMAP in malignancy, we performed bioinformatics 384 

analyses of the transcriptional levels of APMAP across 15 types of cancers by comparing 385 

tumors with their adjacent normal samples from The Cancer Genome Atlas (TCGA) 386 

database. Among 15 types of cancers, the transcriptional APMAP levels between cancer and 387 

control samples were similar in breast carcinoma and thyroid carcinoma, significantly lower 388 

in cholangiocarcinoma, kidney renal clear cell carcinoma and liver hepatocellular carcinoma 389 

and significantly higher in all other 10 cancer types (Fig. 6A). Additionally, APMAP 390 

expression was significantly higher in PCa tumors compared with the adjacent normal 391 

tissues from both paired and unpaired samples (P<0.001) (Fig. 6B). A subsequent receiver 392 

operating characteristic (ROC) curve analysis showed the sensitivity and specificity of 393 

APMAP expression in predicting PCa tissues from normal tissues. APMAP displayed 394 

predictive significance, with an area under the curve (AUC) of 0.752 (Fig. 6C). Gene 395 

Expression Omnibus (GEO) datasets showed that the transcriptional level of APMAP was 396 

not changed by dihydrotestosterone (DHT) or enzalutamide treated cells (Supplementary 397 

Fig. S5A), and in the castration resistance prostate cancer (CRPC) compared with hormone-398 

naïve prostate cancer (Supplementary Fig. S5B-S5E). There is also no significant difference 399 

of APMAP expression between CRPC and Neuroendocrine Prostate Cancer (Supplementary 400 

Fig. S5F) (37). To evaluate the protein expression of APMAP in PCa tissues compared to 401 

normal tissues, immunohistochemical (IHC) staining was performed on tissue microarray 402 

samples from 80 PCa patients and 8 normal controls. The results revealed that APMAP 403 

protein expression was increased in PCa tissues compared with the normal tissues (Fig. 6D, 404 

Supplementary Fig. S6 and Supplementary Table S8). Heterogeneous levels of APMAP 405 

were found in 55 out of 80 PCa samples (69%) but only in 2 out of 8 (25%) normal samples. 406 

There was also a statistically significant difference between the M1 and M0 tissues (80% vs 407 

67%, P<0.05) as well as the N1 and N0 tissues (83% vs 67%, P<0.05) (Fig. 6E). Lastly, the 408 

results indicated that the expression of APMAP was significantly higher in tumors and 409 

suggested APMAP as a potential diagnostic marker for PCa. 410 

DISCUSSION 411 

Cholesterol has been shown to increase the risk of aggressive PCa (13, 38), and 412 

consistent with these findings, patients who take statins after prostatectomy have less 413 

aggressive PCa (39). Furthermore, cholesterol regulates the proliferation and migration of 414 

PCa cells through TRPM7 and the AKT and/or the ERK1/2 pathways (40). Our study 415 
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provides further evidence that cholesterol promotes the EMT of PCa cells via the activated 416 

ERK1/2 pathway. Cholesterol is an essential component of cell membranes and is enriched in 417 

detergent-resistant membrane domains called lipid rafts, where signal transduction actively 418 

occurs (41, 42). GO term enrichment showed that membrane raft-related terms were clustered 419 

by MAL in cholesterol-treated cells. Cholesterol levels in lipid rafts affect PCa cell viability 420 

and apoptosis through the tyrosine phosphorylation of proteins in rafts (22, 43, 44). Increased 421 

levels of membrane cholesterol reduce isolated rafts and induce the formation of larger rafts 422 

in the cell-free model (45). Consistent with these findings, we proposed that the identification 423 

of raft-associated proteins would provide new insight into the signal transduction of cancer 424 

progression and the function of cholesterol. Proteome analysis of lipid rafts showed that 425 

cholesterol increases APMAP levels in lipid rafts. Our data showed that the cholesterol-426 

mediated upregulation of APMAP stabilized EGFR and subsequently activated ERK1/2 for 427 

EMT. 428 

      One clinical study showed that APMAP expression may serve as a prognostic biomarker 429 

for colorectal cancer with liver metastasis (34). Primary colorectal cancer cells 430 

overexpressing APMAP prefer to metastasize to the liver. However, the mechanism 431 

underlying this selective metastasis is unclear. All of these findings suggest that APMAP may 432 

link obesity to cancer. Emerging evidence has proven that obesity is associated with many 433 

cancers, and both diseases can result from an obesogenic diet. Here, we demonstrated that 434 

APMAP is upregulated by cholesterol and participates in the progression of EMT and 435 

metastasis. Based on these data, one can reasonably believe that APMAP is a key regulator 436 

that provides a link between a high-fat diet, obesity and metastasis. 437 

Unbalanced recycling and defective vesicular trafficking of receptors has emerged as a 438 

new hallmark of cancers (46). EGFR is endocytosed through clathrin-dependent or lipid raft-439 

dependent pathways. Plasma membrane cholesterol directly controls EGFR activation in 440 

laryngeal carcinoma cells (29, 47). The total EGFR level has also been shown to be 441 

unaffected by treatment with cholesterol for a short time (30 min), though the EGFR 442 

distribution is altered under these conditions, with less EGFR localizing to the plasma 443 

membrane . In our study, we found that EGFR expression is increased and accumulated in the 444 

lipid rafts of PCa cells treated with cholesterol over a relatively long period of time (48h). 445 

Internalization of EGFR depends on interactions with three ubiquitination-related proteins, 446 

namely, EPS15, EPS15R, and epsin (29). The independent roles of EPS15 and EPS15R in the 447 
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endocytosis of EGFR have been demonstrated by several studies (48, 49). 448 

APMAP knockdown attenuates the cholesterol-induced accumulation of EGFR, 449 

implying that the effect of cholesterol on EGFR accumulation is in a partially APMAP 450 

dependent manner. In addition, cholesterol enhanced the interaction between APMAP and 451 

EPS15R, thereby reducing the internalization of EGFR. EPS15R knockdown rescued the 452 

decreased protein level of EGFR in the absence of APMAP. Together, these data demonstrate 453 

that EGFR upregulation by cholesterol depends on increased APMAP-EPS15R complex 454 

formation. A previous study has shown that APMAP mediates the transport of Aβ from 455 

endosomes to lysosomes and subsequently leads to Aβ degradation (50). We also observed 456 

that the proteins coimmunoprecipitated with APMAP showed enrichment in vesicle GO 457 

terms. These findings suggest that APMAP may regulate the endocytosis of partial membrane 458 

proteins in vesicle-dependent transport, in addition to EGFR and Aβ. 459 

Our data provide new insights and an underlying mechanism for the function of 460 

APMAP, which enhances binding to EPS15R in the presence of cholesterol, thus increasing 461 

EGFR stability to induce the EMT of PCa (Fig. 6F). 462 

 463 
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Figures with legends 622 

Fig. 1. Cholesterol induces EMT by ERK1/2 activation in prostate cancer cells. (A) DU145, 623 

PC-3 and 22Rv1 cells were treated with 10 µM cholesterol for 48 h and subjected to Western blot 624 

analysis using the indicated antibodies. (B) Representative images of the morphology of PC-3 625 

cells treated with 10µM cholesterol for 96 h. Scale bar, 10 μm. (C) Representative images of 626 

transwell invasion assays of PC-3 and DU145 cells. (D) Representative images of wound healing 627 

assays of PC-3 and DU145 cells. (E) Western blot analysis of PC-3 and DU145 cells treated with 628 

10µM cholesterol for 48 h using the indicated antibodies. (F) PC-3 and 22Rv1 cells were 629 

pretreated with or without U0126 (1µM) and PD098059 (20µM) for 1h followed by treatment 630 

with cholesterol for 48h. Western blotting was performed to examine the phosphorylation levels 631 

of ERK1/2, and the expression levels of EMT-related proteins. (G) Wound healing and transwell 632 

invasion (H) assays of PC-3 cells treated with or without U0126 or PD098059 followed by 633 

treatment with cholesterol. Data are presented as the means ± SDs from three independent 634 

experiments. **P<0.01, ***P<0.001. 635 

Fig. 2. APMAP is involved in the cholesterol-induced EGFR/ERK1/2 pathway. (A) Heatmap 636 

of the cluster analysis of the differentially expressed protein-coding genes in PC-3 cells with and 637 

without cholesterol treatment (P<0.05). (B) Top 20 enriched GO terms(P<0.01) for protein-638 

coding genes sorted by RichFactor. The color tints indicate the P-values. The size of the circle 639 

represents the number of selected genes in the term. RichFactor indicates the percentage of the 640 

ratio of genes in the current study vs the total genes in the term. (C) Chord graph representing 21 641 

differentially expressed genes between cholesterol-treated cells and control cells and the 642 

association of these genes to the corresponding top 8 raft-related GO terms (P<0.01, sorted by 643 

RichFactor). The gene name color code represents the log2 fold change, with blue corresponding 644 

to downregulation and red corresponding to upregulation. (D) Representative 645 

immunofluorescence images showing the staining of the indicated lipid raft markers in PC-3 and 646 

22Rv1 cells. (E) Detergent-free raft isolation of PC-3 cells was analyzed by Western blot for the 647 

indicated protein. (F) Confocal images showing the expression of EGFR-RFP in APMAP-648 

depleted PC-3 cells treated with cholesterol. (G) Western blot analysis of EGFR, APMAP, 649 

phosphor-ERK1/2 and total ERK1/2 in APMAP-depleted PC-3 cells treated with cholesterol. 650 

Independent experiments were repeated three times. Scale bar,10 μm. 651 

 652 

Fig. 3. APMAP regulates EMT in prostate cancer cells. (A) Top 20 enriched GO terms (sort by 653 

p-value) for genes in APMAP knockdown PC-3 cells compared to control cells. The color tints 654 

indicate the P-values. The size of the circle represents the number of selected genes in the term. 655 

RichFactor indicates the percentage of the ratio of genes in the current study vs the total genes in 656 

the term. (B) Wound healing assays in APMAP-depleted PC-3 and DU145 cells treated with 657 

cholesterol (10µM, 48h). (C) Transwell invasion assays were carried out with APMAP-depleted 658 

PC-3 cells that were treated with cholesterol (10µM, 48h). (D) Western blot analysis of the 659 

indicated proteins from APMAP-depleted or control cells with or without cholesterol treatment 660 

(10µM, 48h). (E) Wound healing assay of APMAP-overexpressing cells treated with the EGFR 661 
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inhibitors Erlotinib (1µM) or AZD3759 (1µM). (F) Transwell invasion assay of APMAP-662 

overexpressing DU145 cells treated with EGFR inhibitors. The right panel shows the 663 

quantification of invading cells. (G) Western blot showing the indicated proteins in APMAP-664 

overexpressing PC-3 cells treated with Erlotinib or AZD3759. (H) Representative images of liver 665 

metastases and H&E staining (100X) of liver at 3 weeks after the injection of 1x10
7
 APMAP 666 

knockdown cells or control cells into cholesterol-fed and control mice (n=5 per group). (I) 667 

Statistics of metastatic foci by H&E staining counts. (J) Box plot of Vimentin expression in the 668 

metastases samples. Comparisons were performed by χ2 tests. (K) Immunohistochemical staining 669 

of EGFR, APMAP and Vimentin expression in liver metastases from four studied groups.  Data 670 

are presented as the means ± standard deviations from three independent experiments. -: negative, 671 

+: low, ++: moderate and +++: high. **P<0.01. 672 

Fig. 4. Cholesterol reduces the internalization of EGFR through APMAP. (A) The mRNA 673 

expression of EGFR in cholesterol-treated PC-3 cells. (B) The relative protein expression level of 674 

EGFR in DU145 cells treated with cholesterol and/or lysosome inhibitor chloroquine (CQ, 25 675 

µM) for 24 h. (C) Western blot analysis of EGFR and APMAP in control or shAPMAP1-676 

depeleted PC3 cells with cycloheximide (CHX, 10 µg/mL) treatment at the indicated times after a 677 

48h treatment with cholesterol (10 µM). (D) Immunostaining of EGFR and Rab5 in fixed PC-3 678 

cells with or without cholesterol for 48 h. (E and F) PC-3 cells transfected with EGFR-GFP/Rab5-679 

RFP (E) and APMAP-GFP/Rab5-RFP (F) vectors and treated with cholesterol for 48 h. (G) 680 

Immunostaining of EGFR (red) and Rab5 (green) in control or APMAP-depleted DU145 cells 681 

with or without cholesterol for 48 h. N.S. no significant difference. Scale bar, 10 μm. Arrows 682 

indicate colocalization of EGFR and Rab5. Three independent experiments were performed for 683 

each analysis. 684 

 685 

Fig. 5. APMAP inhibits EGFR internalization by binding to EPS15R. (A) Enrichment of top 686 

20 GO terms (P<0.01) for APMAP-immunoprecipitated proteins in PC-3 cells sorted by 687 

RichFactor. The color tints indicate the P-values. The size of the circle represents the number of 688 

selected genes in the term. RichFactor expresses the percentage of the ratio of genes in this study 689 

vs the total number of genes in the term. (B) The chord graph represents 18  DEGs and the 690 

associations of these genes to the corresponding top 10 vesicle-related GO terms;P<0.01 and 691 

sorted by RichFactor. The color represents the term. (C) Western blot analysis of the Co-IP assay 692 

performed to assess the interaction between APMAP and EPS15R in PC-3 cells. (D) Western blot 693 

analysis of cholesterol (10 µM, 48 h)-treated PC-3 cells using the indicated antibodies. (E) 694 

Colocalization of EPS15R and APMAP to the plasma membrane of DU-145 cells, without 695 

permeabilization. (F) Co-IP assays were performed with anti-APMAP antibodies in the lysates of 696 

PC-3 cells treated with cholesterol, followed by immunoblot assays. (G) Co-IP assays were 697 

performed with anti-EPS15R antibodies in the lysates of PC-3 cells treated with cholesterol, 698 

followed by western blot assays. (H) Immunostaining of EGFR and Rab5 in cholesterol-treated 699 

DU145 cells with shAPMAP1 depletion and/or knockdown of EPS15R by siRNA. (I) Western 700 

blot showing the protein levels of EGFR, EPS15, and APMAP in cells with shAPMAP depletion 701 
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and/or concurrent knockdown of EPS15R in PC-3 cells. Scale bar, 10 μm. Arrows indicate the 702 

colocalization of EGFR and Rab5. Three independent experiments were performed for each 703 

analysis. 704 

 705 

Fig. 6. APMAP is upregulated in PCa. (A) The boxplot shows the expression levels of APMAP 706 

in adjacent normal and tumor tissues across 15 TCGA cancer types. (B) APMAP mRNA 707 

expression in paired and unpaired TCGA PCa samples. (C) ROC curves of APMAP for predicting 708 

the clinical diagnostic value of APMAP in PCa based on the TCGA database. (D) 709 

Immunohistochemical staining of prostate and normal tissues for APMAP expression. (E) Box 710 

plot of APMAP expression in the PCa samples. The subjects were divided into four groups based 711 

on their APMAP expression scores, representing negative, low, moderate and high expression. 712 

Data were analyzed with the rank-sum test. (F)The proposed model for cholesterol-induced EMT 713 

via accumulation of APMAP in lipid rafts, preventing internalization of EGFR and thus inducing 714 

the EGFR/ERK1/2 signaling pathway, is shown. Under conditions of added cholesterol, cytosolic 715 

EPS15R is bound to APMAP, which stabilizes EGFR on lipid rafts to inhibit its internalization. -: 716 

negative, +: low, ++: moderate and +++: high. *, P<0.05, **, P<0.01, ***, P<0.001; M1, patients 717 

with metastasis, M0, patients without metastasis; N1, patients with lymph node involvement, N0, 718 

patients without nodal involvement. 719 
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