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MicroRNAs (miRNAs) play pivotal roles in the tumor microenvironment. Here, we analyzed miRNAs in tumor stromal fibroblasts. Expression of miR-224-3p in cancer-associated fibroblasts (CAF) from scirrhous gastric cancer patients was lower than in normal fibroblasts (NF). Introduction of a miR-224-3p mimic attenuated migration and invasion of CAF. Coiled-coil domain containing 85A (CCDC85A), whose function in tumors is not understood, was the target gene of miR-224-3p. Immunohistological analysis revealed that CCDC85A is expressed to varying degrees by cancer cells and CAFs in gastric and pancreatic carcinomas. Downregulation of CCDC85A in cancer cells revealed that these cells are vulnerable to endoplasmic reticulum (ER) stress induced by thapsigargin or tunicamycin, which were ameliorated after addback of CCDC85A. Injection of NF-derived exosomes containing miR-224-3p into the xenograft tumor increased tumor shrinkage by cisplatin treatment. Mechanistically, CCDC85A associated with the molecular chaperone GRP78 and GRP94, thereby inhibiting association of these negative regulators of the unfolded protein response (UPR), leading to sustained activation of PERK and downstream eIF2〈 and ATF4 upon ER stress. These data suggest a novel miR-224-3p-mediated function for CCDC85A: protection from ER stress and cisplatin resistance.
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1 Introduction

MicroRNAs (miRNAs), single-stranded RNA molecules comprising 21–25 nucleotides, mediate a wide range of biological processes including cell proliferation, differentiation, apoptosis, and metabolism (1, 2), and play a pivotal role in communication between cancer cells and stromal cells in the tumor. For example, cancer cell-derived exosomes transform normal fibroblasts into cancer-associated fibroblasts (CAFs); in turn, CAFs secrete their own exosomes, which promote proliferation, invasion, metastasis, and epithelial-mesenchymal transition (EMT) of cancer cells via transfer of miRNAs (3–5). Exosomal miRNA-mediated crosstalk between cancer cells with stromal cells also inhibits immune responses (3, 6). Although our understanding of miRNAs and their targets in various cancer cells has been much improved, we still know comparatively little about miRNAs secreted from stromal cells via exosomes.

CAFs are the most abundant stromal cell in the tumor microenvironment of various cancers (7). In this study, we compared expression of miRNAs by normal fibroblasts (NFs) and CAFs in several patients of gastric cancer, including scirrhous (diffuse-type) gastric carcinoma, which contains abundant fibroblasts in the tumor microenvironment. We found that expression of miR-224-3p was elevated in NFs. Previous reports show that miR-224 has both protumor and antitumor functions, probably due to its context-dependent functions. For example, miR-224 has a tumor-promoting effect in nonsmall cell lung cancer (8, 9), pancreatic cancer (10), and cervical cancer (11) via targeting of homeobox D10 (HOXD10) (8, 9), androgen receptors (8, 9), thioredoxin-interacting protein (TXNIP) (8, 9), and Ras-association domain family 8 (RASSF8) (8, 9). By contrast, it has a tumor-suppressive effect on prostate cancer (12) and breast cancer (13) via targeting of tumor protein D52 (TPD52) (12) or frizzled 5 (13). MiR-224 is upregulated in gastric tumor tissues (14), where it promotes cell growth, migration, and invasion by targeting RASSF8 or RKIP (14). However, the functions of miR-224 and its target molecules in different histological types of gastric cancer are not verified, and its effects on miR-224 in tumor stromal cells are still unknown.

To investigate the effects of miR-224-3p on the tumor environment, we focused on the coiled-coil domain containing 85A (CCDC85A) as a target gene of miR-224-3p. All CCDC family members have a coiled-coil domain and play diverse roles in tumor progression (15–17). Among them, CCDC85A is a member of the delta-interacting protein A (DIPA) family, which comprises CCDC85A, CCDC85B, and CCDC85C. Each has a pair of conserved coiled-coil motifs, however, the C-terminal sequence following the coiled-coil domain shows less homology within the family. CCDC85B increases the proliferation and invasiveness of nonsmall cell lung cancer (18). Expression of CCDC85B is induced by p53, after which it regulates the activity of β-catenin through interaction with nuclear T cell factor 4 (19). By contrast, the effects of CCDC85A on the tumor environment have not been characterized.

Here, we demonstrate that CCDC85A activates cell migration and invasion, and promotes the self-guard cellular responses against endoplasmic reticulum (ER) stress. ER stress, which is induced by accumulation of unfolded proteins (UP) in the ER, is initiated by ER-located transmembrane proteins, i.e., PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1). Activated PERK phosphorylates eukaryotic initiation factor 2A (eIF2〈) and attenuates eIF2〈-mediated global translation (20). ATF6 induces chaperones, and IRE1 augments degradation of UP (20). These responses assist cell survival and alleviate ER stress. The activity of these ER stress sensors is controlled by molecular chaperones, glucose-regulated protein 78 (GRP78) and GRP94 (21, 22). GRP78 and GRP94 are HSP70-like and HSP90-like proteins, respectively, in the ER, where they play roles in the proper folding and assembly of proteins, as well as activation of transmembrane ER stress sensors. Usually, GRP78 and GRP94 bind to stress sensors in the ER to negatively regulate them. In response to ER stress, GRP78 and GRP94 dissociate from the sensors, thereby allowing activation of ER stress responses (20, 23–26).

We found that CCDC85A associated with GRP78 and GRP94, which activates PERK by interfering with the binding of GRP78 and GRP94 to PERK, leading to ER stress resistance of CCDC85A-expressing cancer cells. MiR-224-3p is a possible regulator of CCDC85A, and was expressed in NFs. NFs secreted exosomes containing miR-224-3p, which affected expression of CCDC85A by cancer cells and ameliorated tumor resistance to cisplatin. This inhibitory effects on ER-stress resistance would be lost accompanied by changing NFs to CAFs. The data suggest that miR-224 and CCDC85A are promising targets for preventing resistance of cancer cells to drugs that trigger ER stress.




2 Materials and methods



2.1 Cells

Human CAFs were obtained from the tumoral gastric wall, and NFs were obtained from the noncancerous gastric wall of the same patient (27). Briefly, the tissues were excised under aseptic conditions, and minced. The pieces were cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin, 100 μg/mL streptomycin, and 0.5 mM sodium pyruvate, and incubated at 37°C in 5% CO2. The fibroblasts grew in a monolayer, and serial passage was carried out every 4–7 days. During passage, cancer cells were removed by taking advantage of the fact that fibroblasts attach to culture dishes much more quickly than cancer cells. Fibroblasts were used at passages 3–12. The purity of these NFs and CAFs was confirmed by checking expression of 〈SMA and E-cadherin (Figure S1A). Information about the CAF/NF-derived patients is provided in the Supplementary Materials and Methods. Gastric cancer cell lines HSC-43 (PRID : CVCL_A387), -57 (PRID : CVCL_A613), -59 (PRID : CVCL_A614), and -64 (PRID : CVCL_A617), and 44As3 (PRID : CVCL_XG62) and 58As9 (PRID : CVCL_XG64) cells, were isolated from patients with diffuse-type adenocarcinoma (scirrhous carcinoma); the exception was HSC-57, which was derived from intestinal-type adenocarcinoma (28–30). The human pancreatic ductal adenocarcinoma (PDAC) cell lines Capan-1 (PRID : CVCL_0237), PANC-1 (PRID : CVCL_0480), CFPAC-1 (PRID : CVCL_1119), and BXPC-3 (PRID : CVCL_0186); the glioblastoma cell lines U-87MG (PRID : CVCL_0022), T98G (PRID : CVCL_0556), and U-343MG (PRID : CVCL_S471); and the osteosarcoma cell lines HOS (PRID : CVCL_0312), SaOS-2 (PRID : CVCL_0548), and U2OS (PRID : CVCL_0042) were obtained from the American Type Culture Collection cell bank. The human osteosarcoma cell line Hu09 (PRID : CVCL_1298) and the human fetal lung normal fibroblast TIG-1-20 (PRID : CVCL_3181) were obtained from the Japanese Cancer Research Resources Bank (JCRB). Cells were cultured in DMEM containing 4,500 mg/mL glucose (U-87MG, TIG-1-20) or RPMI-1640 medium (gastric and pancreatic cancer, and osteosarcoma cell lines) containing 10% FBS. All cells were screened for mycoplasma, and the identities of the cell lines were confirmed by STR analysis. Cells were maintained in culture for less than 6 months after receipt. In some experiments, CCDC85A cDNA was stably expressed in Capan1 CCDC85AKO cells by lentiviral infection, and then selected in medium containing puromycin. For viral infection, recombinant lentiviral plasmids were cotransfected along with packaging vectors into HEK293T cells (PRID : CVCL_0063) to allow the production of the viral particles. The selected cells were cloned from single colonies. The study complied with the Declaration of Helsinki and was approved by the Osaka City University Ethics Committee (approval number 2756, Osaka, Japan) and Akita University Ethics Committee (approval number a-1-3175, Akita, Japan). All patients were provided informed consent prior to the study.




2.2 miRNA and cDNA microarray analysis

MiRNAs were purified from NF-37 and CAF-37 using miRNeasy mini kit (Quiagen Hilden, Germany), and were subjected to GeneChip miRNA 4.0 array (Filgen, Nagoya, Japan). Total RNAs extracted from NF-37 cells and CAF-37 cells using RNeasy Mini Kit (Quiagen) were subjected to Clariom S microarray analysis (cDNA microarray; Filgen, Japan). Data were analyzed using the Microarray Data Analysis Tool Ver3.2 (Filgen) and DAVID Bioinformatics Resources 6.8 (Laboratory of Human Retrovirology and Immunoinformatics). To analyze the miRNAs differentially expressed in NF-37 or CAF-37, miRNAs were selected by the expression value which is higher than 100.0.




2.3 miRNA-sequencing analysis

MiRNAs were purified from NF-50 and CAF-50 using miRNeasy mini kit (Quiagen Hilden, Germany), and were subjected to microRNA sequencing analysis (Azenta life sciences, South Plainfield, NJ, USA). The microRNA difference analysis was analyzed using edgeR (V3.28.1). Genes with significant differential expression were selected according to the criteria of fold change greater than 2 and p value less than 0.05 (50 miRNAs).




2.4 Gene targeting of CCDC85A by CRISPR-Cas9 system

Cas9 mediated targeting of CCDC85A was performed in Capan1 cells. Human CCDC85A sgRNA sequences were chosen from predicted sequences by GeneArt CRISPR Search and design tool (Invitrogen, Waltham, MA, USA). T7 promoter and sgRNA template sequences were amplified with long liker primers by TksGflex (Takara, Shiga Japan). The purified T7-sgRNA template DNA was treated with proteinase K at 56°C for 3 hours, then purified with PCR purification kit (Takara, Shiga, Japan), and sgRNAs were transcribed using MEGA T7 transcription kit (Ambion, Austin, TX, USA). Prior to cellular genome editing, digestion of CCDC85A target genomic DNA was confirmed in vitro by mixing the amplified target DNA fragment, sgRNA and GeneArt Platinum Cas9 nuclease (Invitrogen, Waltham, MA USA) in restriction enzyme high buffer, and incubation at 37°C. Cas9 protein and purified sgRNA was electroporated into Capan1 cell line (1000 V, 40 ms, 2 pulses; NEPAGENE, Chiba, Japan). The single cells were cultured by limited dilution method, and each clones were selected by Western blot analysis of CCDC85A. Two independent clones were used in part of the experiments. CCDC85A-/- Capan1 cells were maintained in RPMI-1640 containing 10% FBS.

T7 promoter+1(C) target sequence +sgRNA:

TAATACGACTCACTATAGCctgtccaaagtgtcggacgGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTCTA




2.5 Stable expression of CCDC85A miRNA in U87MG cells

A system for stable expression of miRNA was generated using the BLOCK-iT Pol II miR RNAi Expression Vector Kit (Invitrogen) according to the manufacturer’s instructions. To generate the miR RNAi vectors for CCDC85A and control, the following forward primers were used:

CCDC85A miR1,

5’TGCTGAACAGCAGAGGTCCCTCAGTTGTTTTGGCCACTGACTGACAACTGAGGCCTCTGCTGTT -3’;

CCDC85A miR2,

5’TGCTGTCATCCAGGAAACAGCAGAGGGTTTTGGCCACTGACTGACCCTCTGCTTTCCTGGATGA -3’;

Control,

5’TGCTGAAATCGCTGATTTGTGTAGTCGTTTTGGCCACTGTCTGACGACTACACATCAGCGATTT -3’.

CCDC85A-miRNA expressing U87MG cells were established by transfection of miR1 or miR2 above into the parent cells, and selected in DMEM containing 4,500 mg/mL glucose and blasticidin (Invitrogen) at a concentration of 10 μg/mL for 3 weeks. The selected cells were collected and used in bulk (referred to miR1 cells and miR2 cells) for experiments.




2.6 Preparation of fibroblasts-derived exosomes

Normal stomach fibroblasts (NFs) were cultured under hypoxia (O2, 1.0%) using a CO2-multigas incubator (APM-30D, ASTEC Fukuoka, Japan) for 40 h in medium lacking FBS. The medium was collected, and exosomes were purified from the supernatants by ultracentrifugation as described previously (31). Briefly, culture supernatants were cleared of cell debris by centrifugation at 300 × g, and centrifuged at 2,000 × g for 20 min to pellet large vesicles and apoptotic vesicles. The supernatant was centrifuged at 10,000× g for 30 min to remove microvesicles, and then centrifuged again at 100,000 × g for 2 h to pellet exosomes.




2.7 RT-PCR and TaqMan micro RNA assays

The expression of miRNAs was initially examined by detection of each miRNA precursor using Simple miRNA detection kit (BioDynamics Lab Inc. Tokyo, Japan). Briefly, miRNAs were ligated to a universal oligonucleotide tag, and tagged miRNAs were reverse-transcribed. The resulting cDNA was amplified with a miRNA specific forward primer and a universal reverse primer corresponding to the tag sequence. The PCR products were examined by polyacrylamide gel electrophoresis. Specific forward primers of representative miRNAs are as follows:

miR-224-Fw: 5’- TCAAGTCACTAGTGGTTCC-3’,

miR-383-Fw: 5’- CTCAGATCAGAAGGTGATT-3’,

miR-497-Fw: 5’- ACCCCGGTCCTGCTCC-3’,

miR-195-Fw: 5’- AGCTTCCCTGGCTCTAGCA-3’,

miR-708-Fw: 5’- TGCCCTCAAGGAGCTTACA-3’,

miR-137-Fw: 5’- GGTCCTCTGACTCTCTTCG-3’,

miR-218-Fw: 5’- AGCGAGATTTTCTGTTGTG-3’,

miR-10-Fw: 5’- TGTCTGTCTTCTGTATATA-3’,

miR-34-Fw: 5’- AGTTACTAGGCAGTGTAGT-3’,

miR-145-Fw: 5’- ACCTTGTCCTCACGGTCCA-3’,

The expression of human miR-224-3p was quantified using TaqMan microRNA assays using U47 as an internal control. Total RNAs were reverse transcribed to cDNAs using miRNAs specific primers using TaqMan MicroRNA Reverse Transcriptase kit (4366596, Applied Biosystem). In brief, 10 ng of total RNA was mixed with dNTPs, reverse transcription buffer, RNase inhibitor, and miRNA specific primer (4427975) and reverse transcribed to a final reaction mixture of 15 μl. Thereafter, the reaction mixture was subjected to thermal cycle at 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. The PCR was then run at 95°C for 10 min, and for 40 cycles at 95°C for 15 s and 60°C for 1 min. Samples were run in triplicate.




2.8 Luciferase reporter assay

The 3′UTR of CCDC85A mRNA containing miR-224 binding sites (1-1,487) was PCR-amplified and inserted into down-stream of a fire fly luciferase reporter gene in the pGL4.5 vector containing CMV promoter (Promega). Renilla luciferase reporter gene was used as a control. 293T cells were transfected with the luciferase reporter constructs together with or without miR-224-3p mimics or the control mimics using Lipofectamine 3000 transfection reagent. At 24 h after transfection, cell lysates were collected and luciferase intensity was determined using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer’s instructions. Luciferase activity was measured by the luminometer (GL-200, Microtec Chiba, Japan). The raw values of relative light unit (firefly)/relative light unit (Renilla) (F/R ratio) were calculated.




2.9 Flow cytometric analysis

Cell cycle assay: Cell cycle assay was performed by quantitation of DNA content. Briefly, cells were fixed in cold 70% ethanol at 4°C for 2 h, rinsed by PBS twice, and treated by RNase (0.25 μg/mL) at 37°C for 30 min. Cells were then labeled by Propidium Iodide (BD biosciences), and subjected to FACS analysis using a BD FACSAriaTM III (BD Biosciences) with FACSDiva and BD FlowJo software (BD biosciences).

Apoptosis assay: Cells were labeled by 7-amino-actinomycin D (7-AAD) (Miltenyi Biotec) to identify dead cells, and subjected to FACS analysis as described above.




2.10 Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde in PBS and permeabilized for 5 min with 0.1% Triton X-100. Cells were pre-incubated in 3% bovine serum albumin for 30 min and incubated with specific primary antibodies (1:500 dilution) for 1 h at room temperature. After washing, cells were incubated with Alexa Fluor-conjugated secondary antibodies (Invitrogen) for 1 h at room temperature. Images were obtained using an LSM780 or LSM980 (Zeiss) confocal microscope and processed using Zen software (Zeiss).




2.11 Patients and tissue samples

Patients with gastric cancer or pancreatic ductal adenocarcinoma who underwent surgery at Akita University from April 2007 to March 2017, for whom sufficient clinical information was available and accurate prognostic follow-up was possible, were included in the study. The study was approved by the Akita University Ethics Committee (approval number 1662, 2190 Akita, Japan). All specimens were handled and made anonymous according to the ethical and legal standards.




2.12 In vivo tumor transplantation

Specific pathogen-free (SPF) BALB/cnu/nu mice (6-week-old, males) were obtained from CLEA Japan, Inc. (Tokyo, Japan). The mice were bred under specific pathogen-free conditions at the Animal Research Laboratory Bioscience Education-Research Center of Akita University.

All animal experimental protocols were approved by the Committee for Ethics of Animal Experimentation (approval number a-1-3175, Akita, Japan), and the experiments were conducted in accordance with the guidelines for Animal Experiments at Akita University. Fluorescence-labeled cancer cells (1 × 106 cells each) suspended in 150 μL of medium were injected subcutaneously into 6-week-old nude mice. In some experiments, cisplatin (CDDP; 2.5 mg/kg body weight) was injected intraperitoneally once every other day (4–6 times in total, as indicated). Tumor size (diameter) was measured every day using a caliper. On the indicated days, mice were sacrificed by cervical dislocation, and subcutaneous tumors were resected. Five mice were used per group, and randomization was not performed. When assessing the outcome, the investigators were blinded to the group allocation.




2.13 Statistical analysis

Data are expressed as the mean ± standard deviation. Statistical significance was calculated using the Student’s t-test. P values <0.05 were considered statistically significant.

Other methods are described in the Supplementary Materials and Methods.





3 Results



3.1 Downregulation of miR-224-3p in tumor fibroblasts affects cell migration and proliferation

To examine the difference in the miRNA profiles of NFs and CAFs in scirrhous gastric carcinoma, miRNAs were isolated from NF-37 and CAF-37 cells (32) and examined by microarray analysis. We detected 140 upregulated miRNAs (>4-fold) and 185 downregulated miRNAs (<0.25-fold) in NF-37 compared with CAF-37 (Figure 1A, S1B, left) cells, and the greatest increase or decrease in CAFs were shown in Figure S1C. Among them, we focused on miRNAs upregulated in NFs (>5-fold), because their targets may include pro-tumor, therapeutic target molecules (Figure S1B left, S1C). To further validate by RT-PCR, miRNAs were isolated from NFs and CAFs from three different patients of gastric cancer. At first, we evaluated the amount of each precursor miRNA; we selected miR-224 because it was present at significantly higher amounts in NF cells (not only in NF/CAF-37 but also in NF/CAF-50 and NF/CAF-58) (Figure 1B). Consistent with this, miR-224 was also detected as a significantly upregulated miRNA in NF-50 compared with CAF-50 by microRNA-sequencing analysis (Figure S1B, right). Expression of other precursor miRNAs was elevated in NFs from only one or two patients, or not reproducibly upregulated in NF-37 (Figure S1D). QRT-PCR confirmed that miR-224-3p was downregulated in CAFs from the three patients (Figure 1C).




Figure 1 | Downregulation of miR-224-3p in CAFs affects cell proliferation, migration, and invasion. (A) RNA was purified from NF-37 and CAF-37 cells, and subjected to miRNA microarray analysis. Left: Scatter plot of the genes in CAF/NF. The green and magenta dots represent miRNAs that are up- or downregulated, respectively, in CAF-37 cells. Right: Heat map showing the comparison between CAF-37 and NF-37. (B) RT-PCR of miR-224 precursor was performed on CAFs and NFs isolated from three patients. Amplified products were analyzed by electrophoresis on polyacrylamide gels. GAPDH was used as the internal control. (C) Validations of miR-224-3p by qRT-PCR using TaqMan microRNA assays. Results are expressed as the relative ratio to CAFs in each. *P < 0.05, **P < 0.01. (D) Transwell assay was performed by CAF-37 and NF-37 with transfection of control or miR-224-3p miRIDIAN, or miR-224-3p miRIDIAN with miR-224-inhibitor. Cells were seeded onto a Transwell membrane, and harvested at 12h and cells that migrated to the bottom surface of the membrane were counted. Representative fields from each experiment are shown (results represent three independent experiments, each in duplicate). *P < 0.01. (E) 3D gel invasion assay of CAF-37 transfected with the control or miR-224-3p miRIDIAN. DiI-labeled cells were plated on a gel, and the images were taken after 5 days. Bar, 500 μm (left bottom in each panel). (F) The invasion area was measured (the method and examples are described in the Supplementary Materials and Methods and Figure S2A, respectively), and is expressed as the relative ratio to control untreated parent cells. *P < 0.01. (G) Cell proliferation was determined by BrdU uptake of CAF-37 cells. The results from three independent experiments are shown as means +/- SD. *P < 0.05 by Student’s t-test.



Because exaggerated invasion of CAFs guides cancer cells and promotes tumor expansion (33), we examined the effects of miR-224-3p on migration and invasion of fibroblasts. A miR-224-3p mimic (miRIDIAN miR-224-3p) was introduced into CAF-37 cells to determine whether it altered migration and invasion. MiR-224-3p decreased migration of CAF-37 significantly in a Transwell assay (Figure 1D, upper panel). By contrast, the inhibitor of miR-224-3p promoted migration of NF-37 cells (Figure 1D, bottom panel). In addition, a 3D gel invasion assay of CAFs revealed that although miR-224-3p mimic decreased invasion by CAF-37 cells (Figures 1E, F, Figure S2A top), it increased proliferation, as determined by measuring BrdU uptake (Figure 1G).




3.2 CCDC85A is a novel target of miR-224-3p and promotes invasion of fibroblasts

Next, we examined the target genes of miR-224-3p in NFs. For this purpose, target genes predicted by TargetScan Human 8.0 (34) were checked against the list of genes differentially expressed by CAF-37 and NF-37 cells (determined by cDNA microarray analysis) (33) (Figure 2A). Among 4,481 candidate targets of miR-224-3p, 248 that were upregulated in CAF-37 relative to NF-37 (ratio >2.0) were selected. Among them, ccdc85A, which showed the highest relative increase in CAF/NF-37 cells, was analyzed further (Figure S1E). We performed a similar analysis using miRmap to detect ccdc85A as a predicted miR-224-3p target (35) (Figure S1F).




Figure 2 | CCDC85A is a novel target of miR-224-3p, which promotes invasion of fibroblasts. (A) Target genes of miR-224-3p predicted by TargetScan software were checked against genes that were upregulated in CAF-37 compared with NF-37. Two hundred and forty-eight overlapped genes (upregulated in CAF-37 by more than 2-fold compared with NF) were identified as candidate miR-24-3p targets. Among them, CCDC85A, the most elevated gene in CAF (93.974-fold) was selected. (B) CAF-37 cells were transfected with miR-224-3p or control miRIDIAN or left untreated. Cells were lysed at Day 3 and subjected for western blot analysis with an anti-CCDC85A antibody. (C) Top: The predicted binding sequences of miR-224-3p in the 3’UTR of CCDC85A. Bottom: A schematic diagram showing construction of the reporter plasmid. Right: Dual luciferase reporter assay (performed as described in Materials and methods). Relative luciferase activity (F/R, Fire fly: sample/Renilla: control) is shown. Control cells were not transfected with miRNA. The results from three independent experiments are shown as means +/- SD. *P < 0.01. (D) Expression of CCDC85A by NF and CAF derived from three scirrhous gastric cancer patients was examined by western blotting. Intensity of each band was quantified, and expression of CCDC85A was normalized by α−Tubulin, and expressed as the relative ratio to NF. (E) Structure of human CCDC85A. cc1, cc2: coiled-coil domains. Amino acids are numbered. (F) Western blot analysis of CCDC85A in TIG-1-20 cells stably expressing CCDC85A variant 2 (two clones; OE #1, OE #2). (G) In vitro proliferation of TIG-1-20 cells overexpressing CCDC85A variant 2 (two clones; OE #1, OE #2) was evaluated by counting the cells under standard culture conditions. Data points indicate the average results from three dishes. *P < 0.01. (H) 3D gel invasion assay of TIG-1-20 transfected with CCDC85A var 2. DiI-labeled cells were plated on a gel, and images were obtained after 5 days (see Supplementary Materials and Methods). The invasion area is expressed as the relative ratio to control untreated parent cells. *P < 0.01. Bar, 500 μm. The different color asterisk indicate the significance of OE1 (orange) or OE2 (gray) compared with the control.



Expression of CCDC85A in CAF-37 cells was greatly reduced by introduction of miRIDIAN miR-224-3p (Figure 2B). Also, the CCDC85A 3’UTR contained the sequence targeted by miR-224-3p (Figure 2C, left upper), and the gene reporter assay revealed that miR-224-3p reduced the luciferase activity regulated by the CCDC85A 3’UTR (Figure 2C). When we compared expression of CCDC85A in NF and CAF, we found that it was elevated in CAFs in which miR-224-3p was downregulated (Figure 2D).

Next, we examined the effects of CCDC85A-overexpressing fibroblasts. To this end, CCDC85A full-length cDNA (accession: NM_001080433, variant 2) was introduced into human normal fetal fibroblasts (TIG-1-20) (Figures 2E, F); this was done because the cDNA corresponding to CCDC85A variant 2 was frequently amplified by RT-PCR of CAF-37 mRNA (data not shown). In TIG-1-20 cells, miR-224-3p was low level (Figure S2B, left), which was not influenced by overexpression of CCDC85A (Figure S2B, right). Elevated expression of CCDC85A attenuated proliferation of TIG-1-20 cells (Figure 2G), and did not affect cell transformation (Figure S2C). By contrast, CCDC85A increased the invasiveness of TIG-1-20 cells (Figure 2H, Figure S2A, bottom).




3.3 Elevated expression of CCDC85A upregulates cancer cell migration and invasion

To confirm CCDC85A expression in tumors, we performed immunohistochemical analysis of several cases of gastric and pancreatic cancer. CCDC85A was detected in both CAFs and cancer cells to varying degrees (Figures 3Aa, b, d, e, S2D), but rarely in normal gastric mucosa or in normal pancreas secretory ducts (Figures 3Ac, f). Because CCDC85A was expressed not only in CAFs but also in some cancer cells (Figure S3A), we examined CCDC85A expression in various human cancer cell lines. High expression of CCDC85A was detected in HSC43 (scirrhous gastric cancer), Capan1 (pancreatic ductal adenocarcinoma), and U87MG (glioblastoma) (Figure 3B) cells. Suppression of CCDC85A expression by miRIDIAN miR-224-3p was observed in Capan1 and U87MG cells (Figure 3C), supporting the notion that CCDC85A is the target of miR-224-3p.




Figure 3 | Increased expression of CCDC85A in tumors promotes cancer cell migration and invasion. (A) Immunohistochemical analysis of CCDC85A in human gastric cancer (top panels) and pancreatic cancer specimens (bottom panels). Representative cancer cell nests are demarcated by dotted lines (red), and CAF regions are marked by asterisks. Normal regions (c, f) are shown to the right of each image. Representative images are shown. Bar, 100 μm. Percentage of CCDC85A positive area/total area in each specimen was shown in the bottom. Example of the quantification of each area was shown in Figure S2D. (B) Expression of CCDC85A by cancer cells was examined by western blot analysis. (C) Capan1 and U87MG cells were transfected with the control or miR-224-3p miRIDIAN and subjected to western blot analysis to detect expression of CCDC85A. Right: Intensity of each band was quantified, and expression of CCDC85A was normalized by 〈−Tubulin, and expressed as the relative ratio to the control miRNA transfected cells. (D) Capan1 parent cells or CCDC85A knockout cells were examined for CCDC85A expression by western blotting. KO1 and KO2 indicate two independent clones. (E) Proliferation of Capan1 parent cells (control) or CCDC85AKO cells was evaluated by counting the cells under standard culture conditions. Data points indicate the average results from three dishes. *P < 0.01. (F) Cells were time-lapse monitored to evaluate the cell cycle morphologically. Bar graph indicates the cell cycle (duration (min) of M phase to M phase) of 30 individual cells of each control and CCDC85AKO. (Right) Graph indicates the average results of each 30 individual cells. *P < 0.01. (G) Transwell assay of Capan1 parent cells or CCDC85A knockout cells. The number of migrated cells (shown on the right) was counted in three independent experiments. *P < 0.01. (H) Cell lysates were prepared from cancer cells, pulled-down by GST-PBD, and then immunoblotted with anti-Rac1 or anti-CDC42 to detect GTP-bound Rac1 or CDC42 (activated). Expression of total Rac1 or CDC42 in the input is shown at the bottom. a, b, d, e are individual different patients.



To examine the effect of CCDC85A on cancer cells, we targeted the CCDC85A gene in Capan1 cells (Figure 3D). First, we assessed whether CCDC85A affects the growth of these cells in vitro. Depletion of CCDC85A from Capan1 cells increased cell growth (Figure 3E). We then examined the cell cycle. Cultured Capan1 cells were monitored by time-lapse photography, and the cell cycle (duration of M phase to M phase) of 30 randomly selected cells was measured. The data show that CCDC85AKO cells went through the cell cycle faster than parental cells (Figure 3F). When we examined the cell cycle by flow cytometry, the percentage of CCDC85AKO cells in the G1 phase was slightly reduced, and S phase was higher than that of parental cells (Figure S3B).

Next, a Transwell assay was performed to assess migration and invasion of Capan1 cells. The results showed that the number of migrated or invaded CCDC85AKO cells was clearly lower than that of the parent cells (Figure 3G, Figure S3C). We then examined activation of Rac1 and CDC42, which are small GTPases that promote cell migration via formation of lamellipodia and filopodia (36). To detect activated Rac1 and CDC42, pulldown assays were performed using the GTP-Rac1/CDC42-binding domain of PAK1 as a probe (Supplementary Materials and Methods). Knockout of CCDC85A in Capan1 cells reduced activation of Rac1 and CDC42 (Figure 3H). In addition, depletion of CCDC85A altered the morphology of Capan1 cells, particularly under hypoxic conditions. We observed that hypoxic control cells were elongated and scattered, suggesting EMT, whereas EMT-like changes were rather mild in CCDC85AKO cells (Figure S3D). Consistent with this, elevation of EMT-related molecules (HIF1〈, Slug, and N-cadherin) in CCDC85AKO cells was attenuated, while that of E-cadherin was upregulated (Figure S3E). Moreover, the expression of TGFβ was elevated in control parental cells under hypoxic conditions, whereas the expression was attenuated in CCDC85AKO cells (Figure S3F).

Similar results were obtained using U87MG cells. CCDC85A in U87MG cells was downregulated by stable transduction of CCDC85A miRNA (Figure S4A). When U87MG cells were plated on a gel, control cells contracted the gel surface and collected at the center of the gel. This gel contractile property was weak in CCDC85A-miR cells (Figure S4B, upper panel). Consistent with this, downregulation of CCDC85A greatly reduced invasion of the gel by U87MG cells (Figure S4B, bottom), while proliferation of CCDC85A miR cells was again increased (Figure S4C).




3.4 Exosomes secreted from fibroblasts contain miR-224-3p, which reduces expression of CCDC85A by recipient cancer cells

MiRNAs are incorporated in exosomes and transferred to surrounding cells. Therefore, we asked whether miR-224-3p was contained in exosomes secreted from NFs, and whether it reduced expression of CCDC85A by recipient cells. When miRNAs were extracted from exosomes purified from the culture medium of NF-37 or CAF-37 cells grown under hypoxic conditions, more miR-224-3p was detected in exosomes from NFs (Figure S4D). Treatment of Capan1 cells with NF-secreted exosomes (NF-exo) revealed that expression of CCDC85A in Capan1 cells decreased; however, this was prevented by treatment with a miR-224-3p inhibitor (Figure S4E). Accordingly, migration of Capan1 cells was suppressed by NF-exo, whereas this was prevented by transduction of the miR-224-3p inhibitor (Figure S4F). By contrast, transduction of the miR-224-3p inhibitor alone did not have a marked effect on expression of CCDC85A in Capan1 cells (Figure S4E) or U87MG cells (data not shown). These results suggest that CCDC85A expression in cancer cells may be, at least partially, modified by surrounding fibroblasts.




3.5 CCDC85A alleviates ER stress and contributes to resistance to cisplatin

Resistance of cancer cells to chemotherapeutic agents such as cisplatin is a major problem, and this phenomenon is affected by cellular responses to ER stress. Treatment with ER stress activators thapsigargin (TG) or tunicamycin (Tun) triggered apoptosis in Capan1 CCDC85AKO cells to a greater extent than in control cells (Figures 4A, B). Consistent with this, TG and Tun induced expression of cleaved caspase-3 and activation (phosphorylation) of JNK in Capan1KO cells; however, this was far less evident in Capan1 control cells under the same conditions (Figure 4C; left panel).




Figure 4 | CCDC85A alleviates ER stress and contributes to resistance against cisplatin treatment. (A, B) Appearance of Capan1 control (top panels) and CCDC85AKO cells (bottom panels) exposed to thapsigargin (TG) (A) or tunicamycin (Tun) (B) as indicated. Bar, 100 μm. (B) Cells were labeled by Hoechst 33342, and nuclear fragmentation was monitored to evaluate apoptosis. Bar, 100 μm. Right panels: Control and CCDC85AKO Capan1 cells were subjected to flow cytometry analysis to investigate apoptosis. Histogram of 7-AAD was shown. (C, D) Capan1 control, CCDC85AKO, and CCDC85A addback cells were treated with TG or Tun as indicated (C) or left untreated (D). Cell lysates were prepared and subjected to western blot analysis. The antibody specific for p-eIF2〈 detects phosphorylation on Ser51, and that specific for p-IRE1 detects phosphorylation on Ser724. (E) Capan1 CCDC85AKO cells and control cells were treated as above or pretreated with PERK inhibitor I (5 μM) for 30 min prior to addition of TG. Cell lysates were prepared 4 h after TG treatment and subjected for western blot analysis.



PERK and IRE1 are ER-located sensor proteins that are activated in response to ER stress. Activated PERK prevents accumulation of UP by phosphorylates eIF2〈, and augments autophagy by upregulation of ATF4; both facilitate cell survival (37, 38). Phosphorylation of eIF2〈 and induction of ATF4 induced by TG or Tun were attenuated in Capan1 CCDC85AKO cells (Figure 4C, left). In addition, phosphorylation (activation) of IRE1 was alleviated in Capan1 CCDC85AKO cells (Figure 4C, left). By contrast, these events were prevented by addback of CCDC85A (Figure 4C, middle and right panels). In the absence of TG or Tun, there was no apparent apoptosis in any of these cells (Figure 4D). In addition, pretreatment of cancer cells with a PERK inhibitor augmented TG-induced apoptosis, particularly in CCDC85AKO cells (Figure S4G), accompanied by JNK activation and attenuation of eIF2〈 phosphorylation and ATF4 expression (Figure 4E, right). These data suggest that CCDC85A promotes PERK-mediated cell survival responses during stress conditions.

Similar results were obtained for U87MG glioblastoma cells. Treatment of CCDC85A-attenuated U87MG cells with TG or Tun led to severe apoptosis, accompanied by induction of cleaved casapase-3 (Figure S5A, B). Again, phosphorylation of eIF2〈 and IRE1 was attenuated in U87MG CCDC85A miR cells (Figure S5B). Coincident with this, PERK activation, evaluated by measuring PERK phosphorylation on Thr 982, was also attenuated in CCDC85A miR cells (Figure S5B). Because cisplatin (cis-diamminedichloro-platinum: CDDP) also stimulates ER stress in cancer cells (indeed, it is often used for chemotherapy of gastric and pancreatic cancers, and for glioblastoma), we evaluated the protective effects of CCDC85A on CDDP-treated Capan1 and U87MG cells. As expected, CDDP-induced apoptosis, accompanied by increased levels of cleaved caspase-3 and phosphorylated JNK, while phosphorylation of eIF2〈 and IRE1 was decreased by downregulation of CCDC85A (Figure S5C).

Next, we examined the effects of miR-224-3p on ER stress in cancer cells. Introduction of miRIDIAN miR224-3p into Capan1 cells (Figures 5A, B) and U87MG cells (Figures 5C, D) increased apoptosis and cleaved caspase-3 levels while suppressing eIF2〈 phosphorylation in response to TG, Tun, or CDDP in both cancer cells. In addition, introduction of miR224-3p in CAF50 cells also showed the similar results (Figure S6A). Taken together, these results suggest that CCDC85A alleviates ER stress, which is (at least in part) dependent on activation of UPR-mediated cell survival. In this regard, we further examined expression of some inflammation-related cytokines because CCDC85A promotes activation of IRE-1, which is known to induce proinflammatory cytokines (39, 40). Treatment of Capan1 cells or U87MG cells with TG induced production of TNF〈 and IL-6, and activated STAT3, which were attenuated by downregulation of CCDC85A (Figure S6B). Considering that the IL-6/STAT3 pathway promotes cell growth and survival (41), it may also contribute to CCDC85A-mediated ER stress resistance.




Figure 5 | MiR-224-3p aggravates ER-stress/Cisplatin induced apoptosis. (A, C) Appearance of control cells of Capan1 or U87MG (top panels), and miR-224-3p mimic (miRIDIAN) transfected cells (bottom panels) after exposure to thapsigargin (TG) as indicated above the panels. Representative images are shown. Bar, 40 μm. (B, D) Capan1 or U87MG cells (control or miRIDIAN miR-224-3p transfected) were treated by TG, Tun or CDDP, or left untreated for 30h. Protein lysates were prepared and subjected for Western blot analysis with indicated antibodies.






3.6 CCDC85A regulates ER stress responses by interfering with the association between PERK and GRP78/GRP94

Next, we examined intracellular localization of CCDC85A. Because CCDC85A contributes to ER stress resistance, we examined its localization by coimmunostaining with calnexin, a marker of the ER. In untreated Capan1 and U87MG cells, CCDC85A showed a granular staining pattern, and partially localized with calnexin-positive ER structures (Figures 6A, C). After these cells were treated with TG, CCDC85A accumulated in the ER, and colocalization with calnexin was more evident (Figures 6B, D). CCDC85A also colocalized, at least partially, with the molecular chaperone GRP78 (Figure 6E).




Figure 6 | CCDC85A localizes in the ER and disrupts the interaction between PERK and GRP78/GRP94. (A–D) Capan1 (A, B) or U87MG cells (C, D) were treated with TG (B, 1 μM to Capan1; D, 5 μM to U87MG) for 24 h or left untreated. Cells were fixed and immunostained with anti-CCDC85A (green), anti-calnexin (red) antibodies, and phalloidin (white) as indicated above the panel. Bar, 10 μm. The boxed areas are enlarged to the right of each panel (Bar, 5 μm). (E) Capan1 cells were immunostained with anti-CCDC85A (green) and anti-GRP78 (red) antibodies. (F) Cell lysates of Capan1 were immunoprecipitated by an anti-CCDC85A antibody or rabbit IgG control antibody, or protein-G agarose alone and coprecipitated PERK, GRP78 or GRP94 was detected by each antibody. Asterisk indicates the heavy chain of IgG. (G) COS1 cells were transiently transfected with the plasmids encoding CCDC85A tagged with Halo at C-terminus. Cell lysates were prepared 30 h after transfection and subjected to immunoprecipitation (IP) of CCDC85A using Halo-tag magnetic beads. Coprecipitated endogenous GRP78 or GRP94 was detected by each antibody. Expression of transfected genes in cell lysates (input) is shown in the bottom panels. (H) Protein lysates of COS1 cells transfected with C-terminally HA-tagged PERK deletion mutant forms (illustrated at the top) and CCDC85A-Halo were subjected for IP to detect CCDC85A; coprecipitated PERK deletion forms were detected by an anti-HA antibody. Weak bands observed in the bottom panel indicate the background level of coprecipitated PERK-C. (I) COS1 cells were transfected with the plasmids indicated above the lanes. Lanes 3 and 4 contain lysates of cells transfected with increasing amounts of CCDC85A tagged with HA. PERK was immunoprecipitated by Halo magnetic beads, and coprecipitated endogenous GRP78 and transfected CCDC85A were detected by anti-PERK or anti-CCDC85A antibody. [(I), bottom] The intensity of the bands representing coprecipitated GRP78 was measured and normalized to the intensity of input GRP78. The results are expressed as a relative ratio.



Next, we examined the association between CCDC85A and molecules involved in ER stress responses. Activation of ER-localized transmembrane proteins PERK, IRE-1, and ATF6 are regulated by molecular chaperones GRP78 and GRP94. Immunoprecipitation analysis revealed that CCDC85A formed a complex with PERK, GRP78 and GRP94 (Figure 6F). In addition, the association of endogenous CCDC85A with GRP78 or GRP94 was augmented by treatment with thapsigargin (Figure S7A, B). In COS1 cells, exogenously transfected CCDC85A associated with GRP78, GRP94 (Figure 6G) and PERK (Figure S7C). When we examined the amino-terminus (ER lumen) and carboxyl-terminus (cytosol) of PERK, we found that CCDC85A associated with the N-terminal region, suggesting that CCDC85A interacts with PERK in the ER lumen (Figure 6H).

In response to accumulation of UP in the ER, GRP78 dissociates from PERK, leading to dimerization and activation of PERK. Overexpression of CCDC85A interfered with the interaction between PERK and GRP78 or GRP94 (Figure 6I, S7D). Consistent with this, knockdown of CCDC85A augmented the association of endogenous PERK with GRP94 (Figure S7E). These results suggest that CCDC85A activates PERK-mediated UPR by interfering with binding of GRP78 or GRP94 to PERK, thereby alleviating ER stress.




3.7 CCDC85A promotes resistance of cancer cells to cisplatin

The effect of CCDC85A on tumor growth upon treatment with CDDP was evaluated by subcutaneous injection of Capan1 cells into nude mice (Figure 7A). In the absence of CDDP, the size of control and CCDC85AKO Capan1 tumors was similar (Figure 7B, right panel). However, after repeated injection of CDDP, CCDC85AKO tumors were smaller than control tumors; this phenomenon was prevented by addback of CCDC85A to KO cells (Figure 7B, S8A, B). Histologically, CDDP-treated CCDC85AKO cells appeared to be apoptotic, accompanied frequently by fibrosis and accumulation of macrophages; this was rarely observed in control Capan1 tumors (Figure 7C, S8C). Expression of CCDC85A in these tumors was confirmed by immunohistochemistry (Figure S8D). These observations suggest that CDDP is more cytotoxic to CCDC85AKO cancer cells.




Figure 7 | CCDC85A promotes the resistance of tumors against cisplatin treatment. (A) Capan1 control, CCDC85AKO, or addback cells were injected subcutaneously into 6-week-old nude mice and treated by CDDP as described in Materials and Methods, and sacrificed at day 14. (B) Representative appearance of the tumors. Tumors in mice without CDDP treatment were shown at the right. (C) Tumors were excised, fixed, and the maximum cut surface was subjected to H&E staining. Representative images are shown. Bar; 200 μm (upper panels), 50 μm (lower panels). Five mice were examined in each group. (D) Capan1 cells (1×106) were subcutaneously injected with or without NF-exo (100 μg), and treated by CDDP as above. NF-exo was purchased as indicated by injecting into the tumor. (E) Representative images of tumors. miR-224-inh NF-exo: Exosomes were collected from NFs transfected with miR-224-3p inhibitor. (F) H&E staining of the maximum cut surface of each tumor, as described in (C) Bar; 100 μm (upper panels), 50 μm (lower panels). Bottom panels (b, d, f) are enlarged images of a, c, e, respectively. Asterisk indicates the nest of dead cancer cells. Five mice were examined per group, and representative results are shown.



Similar results were obtained when using U87MG cells. CDDP-mediated reductions in tumor size were more evident in CCDC85A-miR U87MG cells (Figure S9A, B). Next, we examined the effects of exosomes containing miR-224-3p on tumor viability in the presence of CDDP. NF-derived exosomes (NF-exo), which contain miR-224-3p (Figure S4D), impaired resistance of cultured Capan1 cells to ER stress induced by TG, Tun, or CDDP treatment, which was rescued by pretreatment of NFs with a miR-224-3p inhibitor (Figure S9C). Capan1 cells were injected subcutaneously into mice with or without NF-exo, and NF-exo were injected into the tumor periodically (Figure 7D). Cancer cell death upon CDDP treatment was more evident in tumors exposed to NF-exo (Figures 7E, Fa–d); this was also rescued, at least partially, by pretreatment of NFs with an miR-224-3p inhibitor (Figures 7E, Fe, f).

Taken together, these results indicate that CCDC85A prevents apoptosis of cancer cells due to ER stress, thereby increasing resistance to CDDP.





4 Discussion

In this study, we focused on CCDC85A as a target of miR-224-3p. We show that CCDC85A is upregulated in tumors, and that this upregulation is modulated, at least in part, by miR-224-3p derived from exosomes secreted by fibroblasts. Therefore, expression of CCDC85A in cancer cells during the early stages of tumor progression may be suppressed by surrounding NF, or at the stage where cancer cells meet NF at the tumor periphery; during the advanced stages, this suppression is thought to be weaker and accompanied by CAF generation, as observed in Figure 3A. However, we cannot rule out at present the possibility that CCDC85A expression of cancer cells is not regulated exclusively by miRNA of fibroblasts, because in some tumor specimens, CCDC85A was stained in cancer cells but not in stromal fibroblasts.

Pancancer analysis of miR-224-3p and CCDC85A expression in the TCGA dataset using cBioportal revealed that deletion of miR-224-3p occurred in around 5.6% of cancers (Figure S10A). By contrast, high expression of CCDC85A mRNA was detected in around 6% of cancers, and higher incidence of CCDC85A expression was observed in some other cancers, e.g. thyroid cancer (Figure S10B). Future studies should try to evaluate both CCDC85A protein and miR-224-3p levels in cancer cells and stromal cells from various tumor specimens to generalize our conclusions, although an inverse relationship between CCDC85A protein and miR-224-3p was observed at least in some cancer cell lines (Figure S10C).

Although CCDC85A attenuates cell proliferation in vitro under standard conditions, it activates cell migration and increases resistance to ER stress, leading to resistance to cisplatin therapy. Regarding the mechanism underlying miR-224-3p-CCDC85A-mediated regulation of cell migration and invasion, we observed activation of Rac1/CDC42 by CCDC85A. Although the signaling pathway is not clear, CCDC85A promoted EMT (Figure S3D), which activates Rac1/CDC42 in various cancer cells (42, 43). Because CCDC85A upregulated TGFβ in cancer cells under the hypoxic conditions (Figure S3F), it may promote EMT and activate Rac1/CDC42. In addition, although the proliferative capacity of CCDC85A KO cells was higher than that of control cells under standard culture conditions, the tumor size in untreated mice was almost the same. This may also be dependent on differences in adaptation to hypoxic conditions in vivo.

Because retaining eIF2〈 phosphorylation is considered to exert a cytoprotective effect via prolonged arrest of global translation (44), it may be the reason for CCDC85A-mediated resistance to ER stress. In addition, expression of ATF4 (a downstream molecule of the PERK-eIF2〈 axis) is augmented by CCDC85A. ATF4 protects cells against ER stress by inducing autophagy; however, it also induces expression of proapoptotic CHOP when ER stress is unmitigated (45, 46). Although the mechanism that fine-tunes cell survival and apoptosis via the PERK pathway is not well understood, our results from the PERK inhibitor experiments indicate that CCDC85A-mediated activation of PERK-eIF2〈 signaling is cytoprotective against ER stress. In addition to the functions in ER, GRP78 and GRP94 migrate to the cell surface, where they act as neoantigens (41, 45, 46). Although we did not observe clear accumulation of CCDC85A on the cell surface, the role of CCDC85A outside the ER warrants further examination.

Our results suggest that tumors showing high expression of CCDC85A (e.g., gastric and pancreatic cancer) may be refractory to ER stress; therefore, treatments such as CDDP, which induce ER stress, are less effective than they are against CCDC85A-negative tumors. Future studies should examine the correlation between CCDC85A expression and drug resistance in matched-pair samples from patients receiving CDDP chemotherapy. Although the binding site is not fully determined at present, a peptide that blocks the CCDC85A-GRP78 or GRP94 interaction would prevent CCDC85A-mediated resistance to chemotherapy. To the best of our knowledge, this is the first study to examine the function of CCDC85A in tumors, and to identify miR-224 and CCDC85A as promising therapeutic targets.
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Supplementary Figure 1 | Representative microRNAs differentially regulated in NF-37 and CAF37. (A) Expression of αSMA and E-cadherin was evaluated in CAF and NF by Western blot. (B) Left: Partial enlargement of the heat map shown in Figure 1A. Right: MicroRNA was purified from NF-50 and CAF-50 cells, and subjected to miRNA-sequencing analysis as described in Materials and methods. Heat map showing the most statistically significant miRNAs upregulated in NF-50. (C) Representative up-regulated or downregulated microRNAs in NF-37 cells compared to CAF-37 cells (more than 4.0-fold) by miRNA microarray analysis were shown. (D) RT-PCR of miRNA precursors was performed on CAFs and NFs isolated from three patients. Amplified products were analyzed by electrophoresis on polyacrylamide gels. Intensities of the bands were quantified, and expression of each miRNA precursor was normalized by the loading control, and expressed as the relative ratio to CAF. (E, F) The miR-224-3p targets were selected by picking up the upregulated genes in CAF-37 relative to NF-37 among the candidate genes predicted by TargetScan software (E) or miRmap software (F). The top 11 genes are shown.

Supplementary Figure 2 | Example of quantitation of cell invasion areas. (A) Quantitation of the cell invasion area using Figure 1E (CAF-37) and Figure 2H (TIG-1-20). The areas of invading cells in the gel (shown in black) were quantified by ImageJ software, as described in Materials and Methods. Bar, 500 μm. (B) Validations of miR-224-3p in TIG-1-20 cells by qRT-PCR using TaqMan microRNA assays. Right: Expression of miR-224-3p was compared in the parent or CCDC85A overexpressed TIG-1-20 cells. (C) TIG-1-20 fibroblasts overexpressing CCDC85A (two clones; OE #1 and OE #2, shown in Figure 2F), or control cells, were cultured under standard conditions. Photographs were taken 5 days after the cells reached confluence. Representative images are shown. No apparent transforming foci were observed. Bar, 100 μm. (D) Example of quantitation of the CCDC85A positive area using Figure 3A (a). Split color images of the immunohistochemical analysis were prepared by ImageJ software, and quantified the area as described in A.

Supplementary Figure 3 | CCDC85A promotes EMT in hypoxic condition. (A) (a, b) Human gastric cancer specimens (two cases) were immunostained with antibodies specific for CCDC85A (red), cytokeratin 19 (CK19, a cancer cell marker, green), αSMA (a marker of CAF, white), and DAPI, as described in the Supplementary materials and methods. (c, d) In case #2, merged images of CCDC85A and CK19 (c) or αSMA (converted to green, d) were prepared using ZEN software. The CCDC85A-expressing area in cancer cells (c) or CAFs (d) was evaluated by measuring the colocalized yellow area using ImageJ software; the results are expressed as a percentage (%) of the colocalized area relative to the total area of CK19 (cancer cells) or αSMA (CAFs). Bar, 50 μm. (B) Control and CCDC85AKO Capan1 cells were subjected to flow cytometry analysis to investigate cell cycle status as described in materials and methods. (C) Transwell invasion assay. Cells were seeded onto a Matrigel-coated membrane and harvested after 16 h. Cells present on the bottom surface of the membrane were counted. The results are representative of three independent experiments, each performed in duplicate. *P< 0.01. (D–F) Capan1 parent or CCDC85AKO cells were cultured under hypoxic conditions (1.0% O2) for 36 h. (D) Representative images of each cell are shown. Bar, 50 μm. (E, F) Protein lysates were prepared for western blot analysis of EMT-related molecules (E) and TGFβ (F). In F, cleaved mature TGFβ was detected after a longer exposure (arrowhead).

Supplementary Figure 4 | Transfer of miR-224-3p via exosomes regulates CCDC85A mediated cell migration. (A) Western blot of CCDC85A in U87MG cells stably expressing CCDC85A miRNAs (two independent miRNAs as described in Materials and Methods) or the control miRNA. (B) U87MG cells stably expressing control miRNA or CCDC85A miRNAs were subjected for 3D gel invasion assay as described in the legend of Fig 1E. Superior views of the gels were shown in the top panels. Pictures were taken 5 days after seeding the indicated cells. Bar, 500 μm. (C) In vitro proliferation of U87MG cells expressing CCDC85A miRs was evaluated as in the legend of Fig 2G. Data points indicate the average results from three dishes. **P<0.01. (D) Validations of miR-224-3p in exosomes derived from CAF-37 or NF-37 cells by qRT-PCR using TaqMan microRNA assays, as described in Materials and Methods. (E, F) Capan1 cells were transfected with miR-224-3p inhibitor (+), or control inhibitor (-), and exosomes secreted from NF-37 or control PBS was added. (E) Expression of CCDC85A in Capan1 cells was examined by Western blot. (F) Transwell assay was performed, and cells that migrated to the bottom surface of the membrane were counted. Results represent three independent experiments. *P<0.01. (G) Representative appearance of CCDC85AKO Capan1 cells in Figure 4E, treated by TG with or without PERK inhibitor.

Supplementary Figure 5 | CCDC85A alleviates ER-stress in U87MG cells. (A) Appearance of U87MG control (top panels) and CCDC85A miR cells (middle and bottom panels) exposed to tunicamycin (Tun) as indicated. (Right) Cells were fixed, and immunostained with anti-cleaved caspase3 (green) and phalloidin (red) as indicated above the panel. Merged images are shown. Bar, 40 μm. (B, C) Thapsigargin (TG) or tunicamycin (Tun) (B), or cisplatin (CDDP) (C), were added to the medium (containing 10% FBS) of U87MG control and CCDC85A miR cells, and incubated for 30 h. Protein lysates were prepared and subjected for Western blot analysis with indicated antibodies.

Supplementary Figure 6 | MiR-224-3p aggravates ER-stress induced apoptosis in CAFs. (A) CAF50 cells (control or miRIDIAN miR-224-3p transfected) were treated by TG, Tun or CDDP, or left untreated for 30h. Protein lysates were prepared and subjected for Western blot analysis with indicated antibodies. (B) Capan1 cells and U87MG cells (control, CCDC85AKO or CCDC85A-miR cells) were treated with TG or left untreated, and then subjected to immunoblotting to examine expression of the indicated inflammation-related molecules.

Supplementary Figure 7 | CCDC85A inhibits association of GRP94 with PERK. (A, B) U87MG cells were cultured with or without thapsigargin for 15h. Cell lysates were immunoprecipitated by anti-GRP78 antibody (A), anti-GRP94 antibody (B) or control mouse IgG, and coprecipitated CCDC85A was detected by anti-CCDC85A antibody (indicated by asterisk). (C) COS1 cells were transfected with plasmids encoding the indicated genes with HA- or Halo-tag at C-terminus. Cell lysates were subjected for immunoprecipitation (IP) of PERK, and co-precipitated CCDC85A was detected. The antibodies used for the detection of each gene product are described in brackets. Expression of transfected genes in cell lysates (input) are shown at bottom. (D) COS1 cells were transiently transfected with PERK, GRP94 together with increasing amount of CCDC85A (L, H). PERK was immunoprecipitated by Halo magnet beads as in Fig 6I, and co-precipitated GRP94 was detected by anti-HA antibody. (E) U87MG control or CCDC85A miR cells were subjected for immunoprecipitation using anti-GRP94 antibody or the control normal rabbit IgG. Co-precipitated PERK was detected by Western blot.  

Supplementary Figure 8 | Depletion of CCDC85A from Capan1 cells promotes cisplatin-induced tumor shrinkage. (A) The tumor size of Capan1control, CCDC85AKO and CCDC85A addback cells in CDDP treated mice were evaluated by quantifying the tumor area of the maximum cut surface in H&E stained specimens. Results were expressed as the relative ratio to the tumor of control cells. Five mice were examined in each group. *P< 0.01. (B) Line plots depicting changes in tumor size (diameter; mm) in each group shown in Figures 7A–C. Cont: control, KO: CCDC85AKO, Add: CCDC85A addback. (C) The same specimens in Figure 7-C were immunostained with anti-αSMA (green, fibroblasts), antiF4/80 (red, macrophages), and anti-cleaved caspase3 (white) as indicated at the bottom. Bar, 100 μm. (D) Expression of CCDC85A in the tumor sections shown in Figures 7A–C was confirmed by immunohistochemistry. Bar, 50 μm.

Supplementary Figure 9 | Decrease of CCDC85A expression in U87MG cells promotes tumor reduction by cisplatin. (A, B) U87MG control and CCDC85A miR cells were injected subcutaneously into 6-week-old nude mice and treated by CDDP as indicated, and sacrificed at day 14. (A) Representative appearance of the tumors are shown. CDDP (-): Tumors in mice without CDDP treatment. Tumor area was quantified in the paraffin sections of the maximum cut surface as above and expressed as the relative ratio to the tumor of control cells. Five mice were examined in each group. *P< 0.01. (B) Line plots showing changes in tumor size (diameter; mm) in each group. Cont: control U87MG cells, miR: CCDC85A miR cells. (C) Capan1 cells (1 × 106) were treated (or not) for 2 days with NF-exo or exosomes collected from NFs transfected with an miR-224-3p inhibitor (miR-224-inh NF-exo) (20 μg each) and then incubated for 26 h with TG, Tun, or CDDP, as indicated above the lanes. Cell lysates were prepared for western blot analysis to examine apoptosis and expression of CCDC85A.

Supplementary Figure 10 | Analysis of expression of CCDC85A and miR-224-3p in cancers from databases. (A, B) Data for miR-224-3p and CCDC85A were obtained from The Cancer Genome Atlas (TCGA) database and analyzed using cBioportal. (A) Pancancer analysis of the frequency of mutations, and amplifications and deletions, in miR-224-3p. (B) Percentage of CCDC85A mRNA “ high”  patients from pancancer analysis. (C) Expression of CCDC85A and miR-224-3p by various cancer cell lines. Expression of CCDC85A was examined by Western blot analysis (upper panels), and miR-224-3p was validated by qRT-PCR using TaqMan microRNA assays (bottom panels).




References

1. Ma, C, Liu, Y, and He, L. MicroRNAs - powerful repression comes from small RNAs. Sci China C Life Sci (2009) 52(4):323–30. doi: 10.1007/s11427-009-0056-x

2. Sayed, D, and Abdellatif, M. MicroRNAs in development and disease. Physiol Rev (2011) 91(3):827–87. doi: 10.1152/physrev.00006.2010

3. Su, T, Zhang, P, Zhao, F, and Zhang, S. Exosomal MicroRNAs mediating crosstalk between cancer cells with cancer-associated fibroblasts and tumor-associated macrophages in the tumor microenvironment. Front Oncol (2021) 11:631703. doi: 10.3389/fonc.2021.631703

4. Shelton, M, Anene, CA, Nsengimana, J, Roberts, W, Newton-Bishop, J, and Boyne, JR. The role of CAF derived exosomal microRNAs in the tumour microenvironment of melanoma. Biochim Biophys Acta Rev Cancer (2021) 1875(1):188456. doi: 10.1016/j.bbcan.2020.188456

5. Yang, X, Li, Y, Zou, L, and Zhu, Z. Role of exosomes in crosstalk between cancer-associated fibroblasts and cancer cells. Front Oncol (2019) 9:356. doi: 10.3389/fonc.2019.00356

6. Khalaf, K, Hana, D, Chou, JT, Singh, C, Mackiewicz, A, and Kaczmarek, M. Aspects of the tumor microenvironment involved in immune resistance and drug resistance. Front Immunol (2021) 12:656364. doi: 10.3389/fimmu.2021.656364

7. Patel, AK, and Singh, S. Cancer associated fibroblasts: phenotypic and functional heterogeneity. Front Biosci (Landmark Ed) (2020) 25(5):961–78. doi: 10.2741/4843

8. Li, S, Zhang, J, Zhao, Y, Wang, F, Chen, Y, and Fei, X. miR-224 enhances invasion and metastasis by targeting HOXD10 in non-small cell lung cancer cells. Oncol Lett (2018) 15(5):7069–75. doi: 10.3892/ol.2018.8245

9. Zhou, J, Wang, H, Sun, Q, Liu, X, Wu, Z, Wang, X, et al. miR-224-5p-enriched exosomes promote tumorigenesis by directly targeting androgen receptor in non-small cell lung cancer. Mol Ther Nucleic Acids (2021) 23:1217–28. doi: 10.1016/j.omtn.2021.01.028

10. Zhu, G, Zhou, L, Liu, H, Shan, Y, and Zhang, X. MicroRNA-224 promotes pancreatic cancer cell proliferation and migration by targeting the TXNIP-mediated HIF1α pathway. Cell Physiol Biochem (2018) 48(4):1735–46. doi: 10.1159/000492309

11. Huang, Y, Li, Y, Wang, FF, Lv, W, Xie, X, and Cheng, X. Over-expressed miR-224 promotes the progression of cervical cancer via targeting RASSF8. PloS One (2016) 11(9):e0162378. doi: 10.1371/journal.pone.0162378

12. Goto, Y, Nishikawa, R, Kojima, S, Chiyomaru, T, Enokida, H, Inoguchi, S, et al. Tumour-suppressive microRNA-224 inhibits cancer cell migration and invasion via targeting oncogenic TPD52 in prostate cancer. FEBS Lett (2014) 588(10):1973–82. doi: 10.1016/j.febslet.2014.04.020

13. Liu, F, Liu, Y, Shen, J, Zhang, G, and Han, J. MicroRNA-224 inhibits proliferation and migration of breast cancer cells by down-regulating fizzled 5 expression. Oncotarget (2016) 7(31):49130–42. doi: 10.18632/oncotarget.9734

14. He, C, Wang, L, Zhang, J, and Xu, H. Hypoxia-inducible microRNA-224 promotes the cell growth, migration and invasion by directly targeting RASSF8 in gastric cancer. Mol Cancer (2017) 16(1):35. doi: 10.1186/s12943-017-0603-1

15. Burkhard, P, Stetefeld, J, and Strelkov, SV. Coiled coils: a highly versatile protein folding motif. Trends Cell Biol (2001) 11(2):82–8. doi: 10.1016/s0962-8924(00)01898-5

16. Zhang, X, Zheng, Q, Wang, C, Zhou, H, Jiang, G, Miao, Y, et al. CCDC106 promotes non-small cell lung cancer cell proliferation. Oncotarget (2017) 8(16):26662–70. doi: 10.18632/oncotarget.15792

17. Jiang, GY, Zhang, XP, Zhang, Y, Xu, HT, Wang, L, Li, QC, et al. Coiled-coil domain-containing protein 8 inhibits the invasiveness and migration of non-small cell lung cancer cells. Hum Pathol (2016) 56:64–73. doi: 10.1016/j.humpath.2016.06.001

18. Feng, Y, Gao, Y, Yu, J, Jiang, G, Zhang, X, Lin, X, et al. CCDC85B promotes non-small cell lung cancer cell proliferation and invasion. Mol Carcinog (2019) 58(1):126–34. doi: 10.1002/mc.22914

19. Iwai, A, Hijikata, M, Hishiki, T, Isono, O, Chiba, T, and Shimotohno, K. Coiled-coil domain containing 85B suppresses the beta-catenin activity in a p53-dependent manner. Oncogene (2008) 27(11):1520–6. doi: 10.1038/sj.onc.1210801

20. Le, QG, and Kimata, Y. Multiple ways for stress sensing and regulation of the endoplasmic reticulum-stress sensors. Cell Struct Funct (2021) 46(1):37–49. doi: 10.1247/csf.21015

21. Haas, IG. BiP (GRP78), an essential hsp70 resident protein in the endoplasmic reticulum. Experientia (1994) 50(11-12):1012–20. doi: 10.1007/BF01923455

22. Marzec, M, Eletto, D, and Argon, Y. GRP94: an HSP90-like protein specialized for protein folding and quality control in the endoplasmic reticulum. Biochim Biophys Acta (2012) 1823(3):774–87. doi: 10.1016/j.bbamcr.2011.10.013

23. Xia, S, Duan, W, Liu, W, Zhang, X, and Wang, Q. GRP78 in lung cancer. J Transl Med (2021) 19(1):118. doi: 10.1186/s12967-021-02786-6

24. Ma, K, Vattem, KM, and Wek, RC. Dimerization and release of molecular chaperone inhibition facilitate activation of eukaryotic initiation factor-2 kinase in response to endoplasmic reticulum stress. J Biol Chem (2002) 277(21):18728–35. doi: 10.1074/jbc.M200903200

25. Gonzalez-Gronow, M, Gopal, U, Austin, RC, and Pizzo, SV. Glucose-regulated protein (GRP78) is an important cell surface receptor for viral invasion, cancers, and neurological disorders. IUBMB Life (2021) 73(6):843–54. doi: 10.1002/iub.2502

26. Jóźwiak-Bębenista, M, Sokołowska, P, Siatkowska, M, Panek, CA, Komorowski, P, Kowalczyk, E, et al. The importance of endoplasmic reticulum stress as a novel antidepressant drug target and its potential impact on CNS disorders. Pharmaceutics (2022) 14(4). doi: 10.3390/pharmaceutics14040846

27. Fuyuhiro, Y, Yashiro, M, Noda, S, Kashiwagi, S, Matsuoka, J, Doi, Y, et al. Upregulation of cancer-associated myofibroblasts by TGF-β from scirrhous gastric carcinoma cells. Br J Cancer (2011) 105(7):996–1001. doi: 10.1038/bjc.2011.330

28. Yanagihara, K, Kamada, N, Tsumuraya, M, and Amano, F. Establishment and characterization of a human gastric scirrhous carcinoma cell line in serum-free chemically defined medium. Int J Cancer (1993) 54(2):200–7. doi: 10.1002/ijc.2910540207

29. Yanagihara, K, Takigahira, M, Tanaka, H, Komatsu, T, Fukumoto, H, Koizumi, F, et al. Development and biological analysis of peritoneal metastasis mouse models for human scirrhous stomach cancer. Cancer Sci (2005) 96(6):323–32. doi: 10.1111/j.1349-7006.2005.00054.x

30. Yanagihara, K, Tanaka, H, Takigahira, M, Ino, Y, Yamaguchi, Y, Toge, T, et al. Establishment of two cell lines from human gastric scirrhous carcinoma that possess the potential to metastasize spontaneously in nude mice. Cancer Sci (2004) 95(7):575–82. doi: 10.1111/j.1349-7006.2004.tb02489.x

31. Umakoshi, M, Takahashi, S, Itoh, G, Kuriyama, S, Sasaki, Y, Yanagihara, K, et al. Macrophage-mediated transfer of cancer-derived components to stromal cells contributes to establishment of a pro-tumor microenvironment. Oncogene (2019) 38(12):2162–76. doi: 10.1038/s41388-018-0564-x

32. Hasegawa, T, Yashiro, M, Nishii, T, Matsuoka, J, Fuyuhiro, Y, Morisaki, T, et al. Cancer-associated fibroblasts might sustain the stemness of scirrhous gastric cancer cells via transforming growth factor-β signaling. Int J Cancer (2014) 134(8):1785–95. doi: 10.1002/ijc.28520

33. Satoyoshi, R, Kuriyama, S, Aiba, N, Yashiro, M, and Tanaka, M. Asporin activates coordinated invasion of scirrhous gastric cancer and cancer-associated fibroblasts. Oncogene (2015) 34(5):650–60. doi: 10.1038/onc.2013.584

34. McGeary, SE, Lin, KS, Shi, CY, Pham, TM, Bisaria, N, Kelley, GM, et al. The biochemical basis of microRNA targeting efficacy. Science (2019) 366(6472). doi: 10.1126/science.aav1741

35. Vejnar, CE, and Zdobnov, EM. MiRmap: comprehensive prediction of microRNA target repression strength. Nucleic Acids Res (2012) 40(22):11673–83. doi: 10.1093/nar/gks901

36. Aspenström, P. The intrinsic GDP/GTP exchange activities of Cdc42 and Rac1 are critical determinants for their specific effects on mobilization of the actin filament system. Cells (2019) 8(7). doi: 10.3390/cells8070759

37. Rzymski, T, Milani, M, Pike, L, Buffa, F, Mellor, HR, Winchester, L, et al. Regulation of autophagy by ATF4 in response to severe hypoxia. Oncogene (2010) 29(31):4424–35. doi: 10.1038/onc.2010.191

38. Luhr, M, Torgersen, ML, Szalai, P, Hashim, A, Brech, A, Staerk, J, et al. The kinase PERK and the transcription factor ATF4 play distinct and essential roles in autophagy resulting from tunicamycin-induced ER stress. J Biol Chem (2019) 294(20):8197–217. doi: 10.1074/jbc.RA118.002829

39. Gendrisch, F, Völkel, L, Fluck, M, Apostolova, P, Zeiser, R, Jakob, T, et al. IRE1 and PERK signaling regulates inflammatory responses in a murine model of contact hypersensitivity. Allergy (2022) 77(3):966–78. doi: 10.1111/all.15024

40. Junjappa, RP, Patil, P, Bhattarai, KR, Kim, HR, and Chae, HJ. IRE1α implications in endoplasmic reticulum stress-mediated development and pathogenesis of autoimmune diseases. Front Immunol (2018) 9:1289. doi: 10.3389/fimmu.2018.01289

41. Chen, J, Lynn, EG, Yousof, TR, Sharma, H, MacDonald, ME, Byun, JH, et al. Scratching the surface-an overview of the roles of cell surface GRP78 in cancer. Biomedicines (2022) 10(5). doi: 10.3390/biomedicines10051098

42. Yilmaz, M, and Christofori, G. EMT, the cytoskeleton, and cancer cell invasion. Cancer Metastasis Rev (2009) 28(1-2):15–33. doi: 10.1007/s10555-008-9169-0

43. Jansen, S, Gosens, R, Wieland, T, and Schmidt, M. Paving the rho in cancer metastasis: rho GTPases and beyond. Pharmacol Ther (2018) 183:1–21. doi: 10.1016/j.pharmthera.2017.09.002

44. Walter, F, Schmid, J, Düssmann, H, Concannon, CG, and Prehn, JH. Imaging of single cell responses to ER stress indicates that the relative dynamics of IRE1/XBP1 and PERK/ATF4 signalling rather than a switch between signalling branches determine cell survival. Cell Death Differ (2015) 22(9):1502–16. doi: 10.1038/cdd.2014.241

45. Hetz, C. The unfolded protein response: controlling cell fate decisions under ER stress and beyond. Nat Rev Mol Cell Biol (2012) 13(2):89–102. doi: 10.1038/nrm3270

46. Matsumoto, H, Miyazaki, S, Matsuyama, S, Takeda, M, Kawano, M, Nakagawa, H, et al. Selection of autophagy or apoptosis in cells exposed to ER-stress depends on ATF4 expression pattern with or without CHOP expression. Biol Open (2013) 2(10):1084–90. doi: 10.1242/bio.20135033




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Takahashi, Takagane, Itoh, Kuriyama, Umakoshi, Goto, Yanagihara, Yashiro, Iijima and Tanaka. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-13-1196546-g002.jpg
AN

B

— (CAF-37) vs. (NF-37) cAF37 o Qk:ﬂ <«

miR-224-3p TargetScan  cDNA microarray >2.0 Up B = Y ( F
4,481 genes 1,615 genes iy
—_— X CCDC85A - - e
50—
248 genes are overlapped o Tubulin
v 50_”
CCDC85A (CAF-37/ NF-37: 93.974) ' _ o
¢ 75 fég Relative luciferase activity (2937 cells)

CCDC85A 3'UTR 5' ...UGCUUAUCAGAGAGUACCAUUUA...

x
- - UM 320
miR-224-3p  3' ACAUCAGUGAUCCCGUGGU 140
120
cMvV i CCDC85A 3'UTR 100
»

pGL4.50 60

40

20

P 37 50 58 0
KDa NF CAF NF CAF NF CAF control ~ miR-224-3p control miR

ccpcesA” T e we *"
E
10 22 10 19 10 29 CCDC85A (var2)

1 1 43 109 137 169 553
o Tubulin so—"“‘ [w :[

F &, Noo) G Cellnusmber 4
6120 (& (Nt x10° - TIGL20 cellprofiferation
KDa
1B ’
75— 6
CCDC85A e | 5
co_| 4 === control
z m— OE #1
aTubulin . - - 1 == ke
50 —
0
d1 d2 d3 da
H TIG-1-20: 3D gel invasion assay lF‘{aetli%tive

Invasion area

S5
*
2
1.5
1
0.5 I
0

control  CCDC85A
OF #1

3D gel assay CCDC85A OE #1

® TIG-l-ZO?
vd

control






OEBPS/Images/fonc-13-1196546-g004.jpg
1G: Thap51gargm (1. Op. )

Tun: Tunlcamycm (5 um)

o -

TG (1.0 uM, 26 h)

ry

W' ‘ﬂ: W’ 10‘ ﬁ‘

—— control 7-AAD
CCDC85A KO

: Tun (5 UM, 20 h)
00
L=
o
q 0w
26 h |

ccpcssA A o
- —— control 7-AAD
CCDC85A KO
—=:20lh
TG(26h) Tun (26 h) TG (26 h) Tun (26 h)
c untreat 1.0 UM 5.0 uM 1.0 UM 5.0 uM D untreat
o 3 A oy D WV
€ «° A L3R ga- Ry

1B ” ko ko & Ko KO \5’ @b KO @ @6 o KO ¥
Cleaved “°7 — ! Cleaved ’ ‘
caspase3;s_| —":. caspase3;5_ !

50— < "
p-JNK 37 F - H’“

JNK

(total) 57 _ - - e e -
p-elF2a 37 — -
-
elF2aL
(total) 37-,_” ———
ATFAYT e —————
pIREL Bl
IRE1
(total)loo- - ———
o Tubulin

o _ - -

e
&

-

i A G
oTubulin g4

P E untreat TG (4 h)
. PERK inh
- em e e o S (O\

& & $
<.°& KO (9“" KO KO
50—
- —— —— — p-JNK

—— e
(total) -.“--
Se- e
p-elF2d, 4 .L .
s Wae o

(totaI)SV—. - - ‘ - -

PR - _ _
- . e
..’ — CTUDUIN g o . s

50—





OEBPS/Images/fonc-13-1196546-g007.jpg
A CDDP 2.5 mg/kg ip sacrificed

0 2 4 6 8 10 12 14day
CDDP (+)

LI LEY

control

ma - cmmm——

CCDC85A KO

? s¢ E control NF-exo miR-224-inh NF-exo
Capanl sacrificed ' , =

T VY Iy Y £

0 234 67 9 1lday .

Y ip: CDDP 2.5 mg/kg ip
V sc: NF-exo (100 Lig) or PBS control

F a o fRNE “ " control "¢
‘V e _—
-
N
£y
* 94
% ooy | - ald v-""- - % P
R ¥ ¥ vonk | — < 3
BT ST TR AR trol | EEas
:b_:> AT ‘VC(‘)r]ro‘ d

£






OEBPS/Images/fonc-13-1196546-g005.jpg
Capanl ¢
untreated TG 1.0 1M, 26h

<
=)
v

U8TMG

untreated TG 5.0 1M, 30h

Capani cells D U8B7MG cells
1G Tun CcDDP 16 Tun CDDP
untreated 5 uM 20 uM 200uM untreated  SuM 20 uMm 200uM
R R Q Q S R
N AT S AN S ) DX\ AW b.’
O (€ P S L L P ELH
S & &P & 6;8‘ & 6\3’ P S
B
-
-—_—p - - e o> =
Cleaved -
caspase3 20- =
- : . — -4!
{5 - p—
EaE == -
- 50— - p-e‘qu'ST = - - - S~
(rotal) W —— -
7=
> CIF20 .. i e D - ——
(total) . .
p-elf2o.
37— - - —-— -
CCDC85A - | ee - -, - -
slr2a -, =
(total) 37— -
o.Tubulin
= 50 — R MR e T w—-
CCDC8SA
- _ . N -
oTubulin
S e S D e
50 — -p e





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        CCDC85A is regulated by miR-224-3p and augments cancer cell resistance to endoplasmic reticulum stress

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cells

          



          		

            2.2 miRNA and cDNA microarray analysis

          



          		

            2.3 miRNA-sequencing analysis

          



          		

            2.4 Gene targeting of CCDC85A by CRISPR-Cas9 system

          



          		

            2.5 Stable expression of CCDC85A miRNA in U87MG cells

          



          		

            2.6 Preparation of fibroblasts-derived exosomes

          



          		

            2.7 RT-PCR and TaqMan micro RNA assays

          



          		

            2.8 Luciferase reporter assay

          



          		

            2.9 Flow cytometric analysis

          



          		

            2.10 Immunofluorescence staining

          



          		

            2.11 Patients and tissue samples

          



          		

            2.12 In vivo tumor transplantation

          



          		

            2.13 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Downregulation of miR-224-3p in tumor fibroblasts affects cell migration and proliferation

          



          		

            3.2 CCDC85A is a novel target of miR-224-3p and promotes invasion of fibroblasts

          



          		

            3.3 Elevated expression of CCDC85A upregulates cancer cell migration and invasion

          



          		

            3.4 Exosomes secreted from fibroblasts contain miR-224-3p, which reduces expression of CCDC85A by recipient cancer cells

          



          		

            3.5 CCDC85A alleviates ER stress and contributes to resistance to cisplatin

          



          		

            3.6 CCDC85A regulates ER stress responses by interfering with the association between PERK and GRP78/GRP94

          



          		

            3.7 CCDC85A promotes resistance of cancer cells to cisplatin

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1196546-g001.jpg
CAF-37 [0

miRNA array: scatter plot

A

a -

= "

= o

f'l‘. o

o=

= <

O =

— o«

S

= =

5 <

B =

= 0 o Nosignificant
.g. - o UpinCAF
Z < © UpinNF
5 \l(\ 3248 64 X 96 112125144

Expression level of NF-37 (log2)

reat map

<— NF-37vs CAF-37

up inNF-37
>2.0 892 miRNAs
>4.0 140 miRNAs

downin NF-37
<0.5 534 miRNAs

<0.25 185 miRNAs

miR-224-3p: TagMan qRT-PCR

Rel_ativq—ﬂH
B 37 50 58 . raticy
Relative
CAF NF CAF NF CAF NF ratio. 8 s
. 4 7
miR-224 - = e L4 2
(precursor) 3 s
10 29 10 93 10 40 4
2 3
GAPDH e wew e i w0 1] : L
o ol |
miR-224-3p  CAF37 NF37 CAFSO NFSO CAFS8 NFS8
Control miR

miR-224-3p

s

relative
ratio
12

1

Invasion area (ratio): CAF-37

0.8
0.6
0.4
0.2

parent

: *
II.

cont miR miR-224-3p

+ miR-224-3p inh

miR-224-3p
+ miR-224-3p inh

relative
ratio

25

Control miR

Number of

migratedcells CAF-37 <—>'\1F'37i
120 ,_n_’_.-_\ Ir—-r——-|
100
80
60
40
20
0
control miR 4 +
miR-224-3p + + +
miR-224-3p inh + + +

miR-224-3p

BrdU uptake: CAF-37

x
2
15
1
- I '
]

parent cont miR miR-224-3p





OEBPS/Images/fonc.2023.1196546_cover.jpg
& frontiers | Frontiers in Oncology

CCDCB85A is regulated by miR- 224-3p and
augments cancer cell resistance to
endoplasmic reticulum stress





OEBPS/Images/fonc-13-1196546-g003.jpg
A_

ccocsw% '

fe

Pancreatic
cancer

8 gastriccancer  pancreaticcancer glioblastoma c Capani R U87MG AR CCDCBSA
PO PP OD o B P e
S ] & C AN & ¥ &€ & CapanlUSTMG
O & PR R A 1B SRS PN apan. o
1B Q{? Q{‘) Q&(’Q& Q% (I@Q éQ %‘F \>$ - © & 1
CCDC85A oo e & - CCDC85A - -——
50— 50— "
10 03 10 03
CLTUDUNN | s e s s s e e s | . ) o l I
50— oL Tubulin
50.“ _—— SpRS
D E F ,’o°\$fb @“\é\r
x10°  Cell proliferation Cell cycle profiles s
s ccocssa - XM 2RCyclel )
Capanl & o = min Doubling time
B Q KO1 ko2 < N 1400
75— E iy
CCDC&T»A50 c—— é @ 4000 1] :
- ok o |"'
- » 00
aTubuI|20~_- —— . - !
0 200 |
0 a4 a a8 & & o M I
CONtrol me= KO 1 ==gQ 2 0 ™ @ W wo e e min et CCDCBSA
G Transwell assay: Capanl mmmparent ==CCDC8SA KO o KO
CCDC85AKO1  CCDC85AKO2 » Capanl
o) A T ST ) S R | = 0
v . . o
=
Io
B0
£
< o
E © - * s
e - e

Pull down = Pull down
GTP-Rac1 20—/ GTP-CDCA220- s
input input

total Rac1 20" alcDpCa2?" T






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-13-1196546-g006.jpg
untreat

75—

GRP78
S

TG

- —

100

- ) GRPO4”T
CCDC85A |— ~ calnexin]_<7 56;
G H | PERK(Halo) - + o+ +
Ccos1 1 ™ 1116  CCDC85A (HA) - - (L) +(H) ccocs;: s
- [ Kinase ]
IP Halo (CCDC85A) PERK 35 IPHalo(PREK) 1 2 3 4 56-,
CCDC85A (Halo) + - PERK-N————"53¢ 1116 ) -
PERK-C ——  BGRP78 55 . input
IBGRP7S 75— w CCDC85A V2 (Halo) + CCDCESA s s
- — PERK(HA) N N 75—
~ 1P Halo 1B CCDC8SA —— 150
100- (CCOCBSA) 75 so— PERK” ™" .
IBGRP94 75 1B HA (PERK) | 250—
S0— ) 75 1B Halo (PERK! e ® g GRP737S_—
input 2
I8Hako, BHAGERK) - input
(CCDC85A) — 1B GRP78 _ M S — B el —
100~ 18 Halo 75 GRPS4
input (CCDC85AN00- .
75—
|8 GRP78 75— —— 1BCCDC8SA’ .-
555 CCDC8SAV2(Halo) + -
IBGRPS4™" e @ PERK(HA) C ¢ IBHalo 250—
1P Halo ~ (PERK) - = e
1BHalo 150- {CCDCB5A) 150~
(CCDCB3A) v 1B HA (PERK) Relativeratio
1005 it GRP78
18 150~ 75 . - associatedwith
CCDCSSA W 1B HA (PERK)
100 PERK

1B Halo '
75 4
5] (CCDCB5A) 100 - P !

Lane: 2





