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Abstract:



MicroRNAs (miRNAs) play important roles under multiple cellular conditions including endoplasmic reticulum (ER) stress. We found that miR-3648, a human specific microRNA, was induced under ER stress. Moreover, Adenomatous polyposis coli 2 (APC2), a tumor suppressor and a negative regulator of Wnt signaling, was found to be the direct target of miR-3648. Levels of APC2 were downregulated when cells were under ER stress or after overexpressing miR-3648. Inhibition of miR-3648 by antagomir increased APC2 levels and decreased cell proliferation. Conversely, when miR-3648 was overexpressed, APC2 levels were decreased and the cell growth increased. Our data demonstrated that ER stress mediated induction of miR-3648 in human cells, which then downregulated APC2 to increase cell proliferation.
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1. Introduction


MicroRNAs (miRNAs) are small ~22-nucleotides noncoding RNAs (ncRNAs). Generally, miRNAs bind to 3′ untranslated region (3′ UTR) of target messenger RNAs (mRNAs) to promote mRNA degradation or repress translation [1,2]. miRNA gene is transcribed to give rise to a large primary transcript (primary microRNA, Pri-miR), which is then processed sequentially to produce the mature miRNA [3,4]. miRNAs are involved in many biological processes including tumorigenesis, and participate in response to various stresses such as oxidative stress and endoplasmic reticulum (ER) stress [5,6,7,8,9].



ER is responsible for folding and maturation of a large number of proteins [10,11]. Protein folding is both regulated and sensed by ER resident chaperones, such as GRP78/Bip and Grp94 [12,13,14]. ER stress is a perturbed state caused by unresolved folding of proteins, which accumulate within the ER and cause cell toxicity. Thapsigargin (TG) and Tunicamycin (TM) are two drugs often used to generate ER stress in experimental setup [15]. Cells respond to ER stress by activating a protective response called unfolded protein response (UPR) [10,16]. Mammalian UPR is controlled by inositol-requiring enzymes 1 (IRE1), protein kinase-like ER kinase (PERK), and the activating transcription factor 6 (ATF6) [11,17,18]. IRE1 trigger increased expression of various ER chaperones by activating the X box binding protein 1 (XBP1) transcription factor [19]. PERK is activated in a manner similar to IRE1. It catalyzes serine 51 phosphorylation of eIF2α, resulting in global repression of protein synthesis [20]. ATF6 is involved in the transcriptional induction of ER chaperones [21].



ER stress has very complex effects [17]. The UPR will alleviate the stress conditions and restore the homeostasis of the cell. Tumors can have adaptive ER stress response, which occurs mainly through the activation of GRP78, to enhance tumor cell survival, proliferation, metastasis, and even drug resistance [17,22]. Generally, when ER stress is prolonged, and the protein load on ER exceeds its folding capacity, cell death may occur through a series of complementary pathways [23]. ER stress alters an array of cell signaling cascades including the Wnt/β-catenin pathway [24,25]. Multiple miRNAs have also been shown to participate in cellular responses to ER stress [26].



Adenomatous polyposis coli 2 (APC2) is a tumor suppressor and is expressed in different tissues and cell lines [27]. This protein binds with β-catenin, and negatively regulates Wnt/β-catenin signaling pathway [28,29]. Thus, the reduced levels of APC2 lead to high expression of downstream genes of the Wnt/β-catenin signaling pathway, and result in tumorigenesis, as activated Wnt signaling promotes cell proliferation [27,29,30,31].



In this study, we identified miR-3648, a human specific miRNA, to be upregulated in cells under ER stress. The tumor suppressor APC2 was found to be the major target of miR-3648 in ER stressed cells. By targeting APC2, miR-3648 played critical roles in regulating cell proliferation under ER stressed condition.




2. Results


2.1. Expression of miR-3648 in Human Cell Lines and Tissues


miR-3648 is a human specific miRNA, and no ortholog exists in great apes and the other mammals [32]. Sequencing data previously generated in our lab showed miR-3648 to be upregulated in ER stress [26]. We checked the endogenous expression of miR-3648 in different human cell lines and tissues, and found this miRNA to be expressed in all the tested cell lines and tissues (Figure 1A,B). These data indicated that miR-3648 might play physiological roles in many human cells, and its expression might be regulated in conditions such as ER stress.


Figure 1. Expression of miR-3648 in human cell lines and tissues: (A) expression of miR-3648 in multiple cell lines by RT-PCR; and (B) expression of miR-3648 in multiple tissues by RT-PCR. miRNA bands were indicated with arrowheads. RT, Reverse transcription.
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2.2. miR-3648 Was Induced by the ER Stress


In an effort to identify microRNAs upregulated upon ER stress, we noticed that levels of mature miR-3648 were increased when cells were treated with TG, a drug commonly used to induce ER stress, in HEK293T cells (Figure 2A). UPR induction upon TG treatment was confirmed by the cytoplasmic splicing of XBP-1 [33] (Figure 2B). Similarly miR-3648 was induced when HEK293T cells were treated with Tunicamycin (TM), another drug that can induce ER stress (Figure 2C). We also observed this induction of miR-3648 in HeLa cells treated with TG (Figure 2D). We next examined miR-3648 levels with Northern blots, and mature miR-3648 was significantly increased with TG treatment for 8 h (Figure 2E). However, as a comparison, no change was observed for the level of let-7 (Figure 2E), an abundant miRNA that regulates cellular differentiation in the developing organism [34].


Figure 2. miR-3648 was upregulated under ER stress: (A) qPCR analysis of mature miR-3648 levels in HEK293T cells after TG treatment (300 nM) for indicated time points; (B) the cytoplasmic splicing of XBP-1 mRNA in response to TG treatment at different time points was detected by separating the RT-PCR product in an agarose gel; (C) qPCR analyses of miR-3648 expression levels in HEK293T cells after TM treatment (300 nM) for indicated time points; (D) qPCR analysis of miR-3648 expression levels in HeLa cells after TG treatment (300 nM) for indicated time points; and (E) Northern blot of miR-3648 and let-7. let-7 was used as loading control. HEK293T cells were either untreated or treated with TG for 8 h. Bands were quantified relative to let-7 with Image J (Ver 1.51j8, NIH, Bethesda, MD, USA, available online: https://imagej.nih.gov/ij). Arrowheads indicates mature miRNA bands. (F) qRT-PCR analyses of primary and mature forms of miR-3648 in untreated or TG treated HEK293T cells. * p < 0.05; ** p < 0.01; *** p < 0.001. p values were determined with two-tailed student’s t test. All data were from three repeats. Error bars represent standard deviation S.D.
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To know at which stage the induction of miR-3648 happened, we examined levels of pri-miR-3648 [35] (Figure 2F). Levels of pri-miR-3648 and mature miR-3648 were significantly increased with TG treatment (Figure 2F). These results demonstrated that levels of mature miR-3648 increased in cells under ER stress, and it was highly possible due to the transcriptional activation of pri-miR-3648.




2.3. miR-3648 Directly Targeted the 3′ UTR of APC2


In order to identify potential targets of miR-3648, we used three algorithms i.e. Targetscan, miRDB and miRWalk, and 13 target genes in common were identified [36,37,38] (Figure 3A). We then performed luciferase reporter assays for 3′ UTR of all these predicted targets. The relative luciferase activity of reporter with APC2 3′ UTR was significantly repressed by miR-3648, while no effect was observed on the luciferase activity for all the other 3′ UTR reporters (Figure 3B). Further, we mutated all the three predicted binding sites of miR-3648 within the 3′ UTR of APC2, and the suppressive effect of miR-3648 was then abolished (Figure 3C). When miR-3648 was overexpressed, both the mRNA and protein levels of APC2 were downregulated (Figure 3D). Conversely, when the cells were transfected with miR-3648 antagomir (ant3648), both the mRNA and protein levels of APC2 were upregulated (Figure 3E). These results showed that APC2 was the only miR-3648 target among the 13 predicted genes, and it was a direct target with miR-3648 binding sites in its 3′ UTR.


Figure 3. miR-3648 targeted the APC2 3′ UTR: (A) Venn diagram shows the predicted targets of miR-3648; (B) HEK293T cells were co-transfected with miR-3648 or pmR-mCherry (mCherry) with pRL-null (Renilla plasmid) and firefly luciferase reporter plasmids harboring the corresponding 3′ UTR. The ratio of the reporter (Firefly) to control (Renilla) in relative luminescence units was plotted; (C) The 3 binding sites of miR-3648 in 3′ UTR of the APC2 mRNA are shown in bold black. The nucleotides mutated in 3′ UTR of APC2 are highlighted in red. Nucleotides in green color represents miR-3648 seed region. The overexpressed miR-3648 had no effect on the mutated APC2 3′ UTR when examined with luciferase assays; (D) miR-3648 was overexpressed in HEK293T cells, and the relative expression levels of APC2 were examined by qRT-PCR (for the mRNA) and Western blots (for the protein); (E) levels of APC2 were examined by qRT-PCR (for the mRNA) and Western blots (for the protein) in HEK293T cells treated with the scrambled control or antagomir (ant3648). * p < 0.05; *** p< 0.001; ns, not significant. p values were determined with two-tailed student’s t test. All data were from triplicates. Error bars represent S.D.
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2.4. APC2 Was Regulated by miR-3648 under ER Stress


We next examined whether TG treatment could affect APC2 levels. Decreased APC2 mRNA and protein levels were found through the time course of ER stress (Figure 4A). To investigate whether these decreases of APC2 levels in ER stressed cells were due to increases in miR-3648 levels (Figure 2 and Figure 3), we performed experiments to overexpress or block (with antagomir) miR-3648 in cells under ER stress (Figure 4B,C). Both the APC2 mRNA and protein levels were further downregulated when miR-3648 was overexpressed in ER stressed cells (Figure 4B). Conversely, miR-3648 antagomir significantly increased the APC2 mRNA and protein levels in ER stressed cells (Figure 4C). Luciferase assays confirmed that miR-3648 could regulate APC2 by targeting the 3′ UTR of APC2 in ER stressed cells (Figure 4D). These results revealed that elevated levels of miR-3648 suppressed the expression of APC2 in cells under ER stress.


Figure 4. APC2 was regulated by miR-3648 under ER stress: (A) APC2 mRNA levels (qRT-PCR) and protein levels (Western blots) in HEK293T cells after TG treatment at different time intervals; (B) APC2 mRNA levels (qRT-PCR) and protein levels (Western blots) in HEK293T cells with or without TG treatment and miR-3648 overexpression. Although the levels of APC2 mRNA seems to increase when miR-3648 was overexpressed in stressed cells, the change was statistically not significant (p = 0.09). Protein bands were quantified with Image J; (C) APC2 mRNA levels (qRT-PCR) and protein levels (Western blots) in HEK293T cells with or without TG treatment and miR-3648 antagomir (ant3648). Protein bands were quantified with Image J; (D) APC2 3′ UTR Luciferase assays in HEK293T cells with or without TG treatment and miR-3648 overexpression. (E) qRT-PCR analyses of Wnt/β-catenin pathway genes in ER stressed HEK293T cells. * p < 0.05; ** p < 0.01; *** p < 0.001. p values were determined with two-tailed student’s t test. All data were from three repeats. Errors bars represent S.D.
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APC2 is an interacting partner of β-catenin, and negatively regulates β-catenin signaling pathway [25,27]. We sought to find out whether decreased APC2 levels could activate the downstream Wnt/β-catenin pathway genes in ER stressed cells. Indeed, the expression levels of target genes of Wnt pathway such as CCND1, β-catenin, c-Myc, and TCF4 were upregulated in stressed cells (Figure 4E).




2.5. Upregulation of miR-3648 Increased Cell Proliferation


APC2 is a well-known tumor suppressor, mainly due to its suppressive role in the Wnt signaling [27,28,30]. Thus far, our findings suggested that miR-3648 was induced, and then APC2 was suppressed, in ER stressed cells. Therefore, miR-3648 might play roles in tumorigenesis, especially in the context of ER stress. To examine this, we overexpressed miR-3648 in HeLa and HEK293T cells (Figure 5). We observed cells overexpressed with miR-3648 formed significantly more colonies in cells compared to control group (Figure 5A,B). Overexpression of miR-3648 could also enhance the anchorage-independent growth (examined with soft agar assays) as compared to control group (Figure 5C,D). Cell proliferation was similarly increased in cells with miR-3648 overexpression (Figure 5E,F).


Figure 5. miR-3648 upregulation increased cell proliferation in both HeLa and HEK293T cells: (A,B) representative micrographs and quantification of colony formation assays in cells overexpressing miR-3648; (C,D) representative micrographs and quantification of soft agar assays in cells overexpressing miR-3648; scale bar represents 100 µm (E,F) quantification of cell proliferation (MTT assays) for cells overexpressing miR-3648. * p < 0.05; ** p < 0.01; p values were determined with two-tailed student’s t test. All data were from three repeats. Error bars represent S.D.
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2.6. Suppression of miR-3648 Decreased Cell Proliferation


We then suppressed the function of miR-3648 by applying the miR-3648 specific antagomir (ant3648) (Figure 6). Cells treated with ant3648 decreased the colony formation as compared to scramble treated cells (Figure 6A,B). Similarly, cells treated with ant3648 repressed the anchorage independent cell growth (Figure 6C,D). Cell proliferation was also decreased in cells with ant3648 treatment (Figure 6E,F).


Figure 6. Suppression of miR-3648 decreased cell proliferation: (A,B) representative micrographs and quantification of colony formation assays after blocking miR-3648; (C,D) representative micrographs and quantification of soft agar assays after blocking miR-3648; scale bar represents 100 µm (E,F) quantification of cell proliferation (MTT assays) after blocking miR-3648. * p < 0.05; ** p < 0.01; p values were determined with two-tailed student’s t test. All data were from three repeats. Error bars represent S.D; (G) proposed model: miR-3648 was induced at the transcriptional level by ER stress, and then miR-3648 suppressed the expression of APC2, a negative regulator of Wnt signaling pathway. These regulations contributed to the stimulated cell proliferation in ER stressed cells.
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3. Discussion


Our study showed that the human specific miR-3648 was induced at the transcriptional level by ER stress. The increased levels of miR-3648 then suppressed the expression of APC2, a negative regulator of cell proliferation and Wnt signaling pathway. All these regulations would eventually contribute to stimulated cell proliferation under ER stress (Figure 6G).



We demonstrate that expression level of pri-miR-3648 along with mature miR-3648 is up-regulated during ER stress (Figure 2F). This indicates the possibility that the induction of this miRNA is regulated at transcriptional level. Further study is required to explore the mechanism of transcriptional regulation of miR-3648 expression during ER stress.



miR-3648 is also shown to be up-regulated in multiple high throughput researches in conditions such as Japanese Encephalitis Virus infection in microglia cells, HBV-positive HCC cells, and also in Renal cell carcinoma (RCC) and Upper tract carcinoma (UT-UC) [39,40,41]. These studies along with our study indicate that miR-3648 may be a tumor promoting miRNA, and is upregulated in multiple conditions that trigger ER stress, as ER stress can also be induced during viral infections [42].



APC2 is identified as the target of miR-3648 in ER stressed cells. APC2’s role is mainly as a negative regulator of Wnt/β-catenin pathway [30]. Wnt signaling is generally upregulated in ER stress mainly via the so-called CHOP-Wnt pathway [15,43]. In this study, we also find increased expression level of target genes of Wnt/β-catenin signaling pathway (Figure 4E), and our data regarding miR-3648 and APC2 add a novel link between ER stress and Wnt/β catenin signaling in human cells. Wnt/β-catenin pathway plays important roles in cellular differentiation and proliferation, and abnormal activation of this pathway may lead to various human cancers [44,45,46].



Many human specific miRNAs such as miR-3648 have been identified, however, most of them have no identified targets or functionality yet [32,47]. It is interesting to notice that among the 13 predicted targets of miR-3648, only APC2 is the direct target of miR-3648 (Figure 3). It would be tempting to propose that newly evolved microRNAs may have less number of targets as compared to more ancient miRNAs. miR-3648 is expressed in essentially all cells and tissues examined (Figure 1), is induced, and plays critical roles in ER stressed cells. Therefore, this human specific microRNA may be a newly added molecule in the cellular responses to stresses. Whether APC2 in other mammals is suppressed in ER stress by some other microRNAs or even via alternative pathways remains an interesting topic of investigation. Roles of miR-3648 in ER stress and other forms of cellular stress in human cells also deserve further study.




4. Materials and Methods


4.1. Construction of Plasmids


For the functional analysis of miR-3648, partial segments of the mRNA 3′ UTR containing the miR-3648 binding sequences of APC2, CCNF, SKI, SGTA, INPP51, SLC12A5, UPF1, LPL, HMHA1, LRFN1, H2AFX, FOXD3 and ATF5 were PCR amplified from cDNA prepared from RNA of HEK293T cells. The PCR product was then sub cloned into the XbaI site downstream of the stop codon in the pGL3-control firefly luciferase reporter vector. miRNA expression plasmid was constructed by inserting DNA fragment containing pre-miRNA coding sequence between the HindIII and BamHI sites of pmR-mCherry (Clontech, Mountain View, CA, USA). The correct orientation of 3′ UTR fragments and pre miRNA coding sequences in plasmid DNA constructs was confirmed by sequencing. All the primers used for plasmid construction are given in Table S1.




4.2. Cell Culture, Transfections, TG and TM Treatments


HeLa and HEK293T cells were cultured under standard conditions with DMEM (GE Healthcare, South Logan, UT, USA) plus 10% heat inactivated fetal bovine serum (FBS) at 37% and 5% CO2. Plasmid transfection was performed with Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA) according to the supplier’s protocol. 2′-O-methyl RNA/DNA antisense oligonucleotides (ASOs) which were modified by changing the five nucleotides at 5′ and 3′ end into 2′-O-methylribonucleotides, were synthesized by RiboBio (Guangzhou, China). The antagomir transfections were performed at a concentration of 200nM with Lipofectamine2000 (Invitrogen) according to the supplier’s protocol. For Thapsigargin (TG) and Tunicamycin (TM) treatments, actively growing cells were incubated for the indicated times with a 300 nM TG or TM.




4.3. PCR Reactions


Total RNA was isolated using Trizol reagent (Invitrogen) according to the manufacturer’s instructions. DNA was eliminated with nuclease-free DNase (Promega, Madison, WI, USA). For RT–PCR, complementary DNA was synthesized from RNA with a GoScript Reverse Transcription System (Promega) according to the manufacturer’s protocol, with the corresponding primers. About 500 ng RNA was used for cDNA preparation. Quantitative real-time PCR was performed with GoTaq SYBR Green qPCR Master Mix (Promega) on a PikoReal 96 real-time PCR system (Thermo Scientific, Waltham, MA, USA) according to standard procedures. All PCR products were sequenced for confirmation. All the primers are given in Table S1.




4.4. miRNA Isolation and Northern Blot


Sense and antisense digoxigenin-labeled DNA probes were purchased from Generay Biotechnology. Fifteen micrograms of miRNA and the Riboruler, low range RNA ladder (Thermo scientific), were mixed with 2× RNA loading dye (Thermo scientific). These mixtures were then denatured at 60 °C for 5 min followed by fractionated on 15% Urea PAGE Gel (Criterion, BioRad, Hercules, CA, USA) for 1 h at 120 Volts. RNA was then transferred onto Hybond-N+ membranes (GE Healthcare) by electro transfer method at 200 mA for 4 h on ice. The membrane was baked for 1 h at 80 °C followed by UV cross linking for 2 min. The membrane was pre-hybridized for 30 min at 42 °C with pre-warmed (42 °C) Dig easy Hub granules. The probe was denatured at 100 °C for 5 min followed by rapid cooling on ice for 5 min. This probe was then added to fresh Dig easy Hub granules. Hybridization with probes was performed at 42 °C overnight. Detection was performed according to the manufacturer’s protocol (Roche, DIG Northern Starter Kit, Basel, Switzerland). Images were taken with an ImageQuant LAS4000 Biomolecular Imager (GE Healthcare). The probe sequences are given in Table S1.




4.5. Luciferase Assay


HEK293T cells (1 × 106) were transfected with 1μg of pmR-mCherry-miR-3648 or empty vector control, 1 μg of pGL3 Control Vector carrying the corresponding 3′ UTR and 10 ng pRL-TK renilla plasmid. In the case of TG experiments, 8 h before cells lysis, 300 nM of TG was added with fresh media. Luciferase assays were performed 48 h after transfection using Dual Luciferase Reporter Assay System (Promega) according to the manufacturer’s protocol. Briefly, cells were lysed with passive lysis buffer at room temperature for 20 min. The luciferase assay buffer II was then added, and firefly luciferase (F-luc) activity was immediately read using a Fluoroskan Ascent FL microplate reader (Thermo Scientific). Next, Stop & Glo Buffers with Stop & Glo substrates were added and mixed briefly. Renilla luciferase (R-luc) activity was immediately read. F-luc activity was normalized to R-luc activity to account for variation in transfection efficiency.




4.6. Western Blots


Western blots were performed from the cells transfected with miR-3648 overexpressing plasmids or ant-3648 after 48 h. While Western blots for TG treatment cells were performed at the indicated times post treatments, wor Western blots, samples were separated on 10% SDS–PAGE gels and then transferred to PVDF membranes (Millipore, Billerica, MA, USA). Proteins on the membranes were blocked with 5% non-fat milk for 1 h at room temperature. The membranes were then incubated with primary antibodies in 5% non-fat milk over night at 4 °C. After washing the membranes three times with TBST, these were incubated with the respective secondary antibodies. Membranes were processed according to the ECL Western blotting protocol (GE Healthcare). The following primary antibodies were used in Western blots: anti-APC2 (Abcam, cat#113370) and anti-Actin (Signalway antibody, 21338).




4.7. Colonogenic Assay


HeLa or HEK293T cells in 6-well plates were transfected with the corresponding plasmids or oligos, with or without TG treatment. After 48 h, cells were trypsinised and 500 cells were plated in triplicate into each well of 6-well plate. The plates were incubated for 14 days at 37 °C, in a 5% CO2. The media was changed after every 3 days. Finally the cells were washed twice with PBS and colonies were fixed with 37% (v/v) formaldehyde for 10 min at room temperature. The colonies were stained with 0.1% crystal violet dye for 20 min. The wells were rinsed with water carefully. The colonies were counted for quantification.




4.8. Soft Agar Assay


Soft agar plates were prepared using six-well culture plates. Briefly, 3 mL 0.5% Noble agar containing DMEM medium with 10% FBS were poured into each well to form a base. HeLa or HEK293T cells in 6-well plates were transfected with the corresponding plasmids or oligos, with or without TG treatment. After 48 h, cells were trypsinised and a total of 2000 cells were counted and were diluted in 1 mL DMEM medium and then further diluted in 0.7% Noble agar to give a final concentration of 0.35% noble agar. This mixture of cells was poured on the top of hardened agar base and allowed to solidify. One milliliter of DMEM medium was added to the cells after 10 min of incubation at room temperature. The dishes were incubated at 37 °C in a 5% CO2. The media was changed after every 3 days. The colonies were counted after 14 days.




4.9. Cell Proliferation Assay


Cell viability was measured with the MTT Cell Proliferation and Cytotoxicity Detection Kit (Keygentec, Nanjing, China) according to the manufacturer’s recommendations. Cells in 96-well plates were plated at a density of 2 × 103 per well. MTT reagents were added at indicated time points. Four hlater the supernatant was removed, and DMSO was added to dissolve the blue precipitates. The amount of live cells was determined by the OD value, which was measured by a plate reader (MultiSkan Go, Thermo Scientific).





5. Conclusions


We found that miR-3648, a human specific microRNA, was upregulated upon ER stress. Adenomatous polyposis coli 2 (APC2) was found to be the direct target of miR-3648. APC2 is a tumor suppressor and a negative regulator of Wnt signaling. We demonstrated that levels of APC2 were downregulated when miR-3648 was induced. Inhibition of miR-3648 increased APC2 levels and decreased the cell proliferation. Conversely, when miR-3648 was overexpressed, APC2 levels were decreased and the cell growth increased. Our findings demonstrated that ER stress mediated induction of miR-3648, which then downregulated APC2 and increase cell proliferation. Since this miRNA is also found to be upregulated in several other diseases such as HCC, RCC and UT-UC, the downregulation of APC2 by miR-3648 might be associated with these diseases.
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	TG
	Thapsigargin



	TM
	Tunicamycin







References


	1. 
Bartel, D.P.; Chen, C.Z. Micromanagers of gene expression: The potentially widespread influence of metazoan microRNAs. Nat. Rev. Genet. 2004, 5, 396–400. [Google Scholar] [CrossRef] [PubMed]

	2. 
Pehserl, A.M.; Ress, A.L.; Stanzer, S.; Resel, M.; Karbiener, M.; Stadelmeyer, E.; Stiegelbauer, V.; Gerger, A.; Mayr, C.; Scheideler, M.; et al. Comprehensive Analysis of miRNome Alterations in Response to Sorafenib Treatment in Colorectal Cancer Cells. Int. J. Mol. Sci. 2016, 17, 2011. [Google Scholar] [CrossRef] [PubMed]

	3. 
Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microRNA biogenesis, functionand decay. Nat. Rev. Genet. 2010, 11, 597–610. [Google Scholar] [CrossRef] [PubMed]

	4. 
Patil, V.S.; Zhou, R.; Rana, T.M. Gene regulation by non-coding RNAs. Crit Rev. Biochem. Mol. Biol. 2013, 1–17. [Google Scholar] [CrossRef] [PubMed]

	5. 
Rashid, F.; Shah, A.; Shan, G. Long Non-coding RNAs in the cytoplasm. Genom. Proteom. Bioinform. 2016, 14, 73–80. [Google Scholar] [CrossRef] [PubMed]

	6. 
Schetter, A.J.; Leung, S.Y.; Sohn, J.J.; Zanetti, K.A.; Bowman, E.D.; Yanaihara, N.; Yuen, S.T.; Chan, T.L.; Kwong, D.L.; Au, G.K.; et al. MicroRNA expression profiles associated with prognosis and therapeutic outcome in colon adenocarcinoma. JAMA 2008, 299, 425–436. [Google Scholar] [CrossRef] [PubMed]

	7. 
Chitnis, N.S.; Pytel, D.; Bobrovnikova-Marjon, E.; Pant, D.; Zheng, H.; Maas, N.L.; Frederick, B.; Kushner, J.A.; Chodosh, L.A.; Koumenis, C.; et al. MiR-211 is a prosurvival microRNA that regulates chop expression in a PERK dependent manner. Mol. Cell 2012, 48, 353–364. [Google Scholar] [CrossRef] [PubMed]

	8. 
Muratsu-Ikeda, S.; Nangaku, M.; Ikeda, Y.; Tanaka, T.; Wada, T.; Inagi, R. Downregulation of miR-205 modulates cell susceptibility to oxidative and endoplasmic reticulum stresses in renal tubular cells. PLoS ONE 2012, 7, e41462. [Google Scholar] [CrossRef] [PubMed]

	9. 
Varga, Z.V.; Kupai, K.; Szucs, G.; Gaspar, R.; Paloczi, J.; Farago, N.; Zvara, A.; Puskás, L.G.; Rázga, Z.; Tiszlavicz, L.; et al. MicroRNA-25-dependent up-regulation of NADPH oxidase4 (NOX4) mediates hypercholesterolemia-induced oxidative/nitrative stress and subsequent dysfunction in the heart. J. Mol. Cell. Cardiol. 2013, 62, 111–121. [Google Scholar] [CrossRef] [PubMed]

	10. 
Diehl, J.A.; Fuchs, S.Y.; Koumenis, C. The cell biology of the unfolded protein response. Gastroenterology 2011, 141, 38–41. [Google Scholar] [CrossRef] [PubMed]

	11. 
Lu, M.; Lawrence, D.A.; Marsters, S.; Acosta-Alvear, D.; Kimmig, P.; Mendez, A.S.; Paton, A.W.; Paton, J.C.; Walter, P.; Ashkenazi, A. Opposing unfolded-protein-response signals converge on death receptor 5 to control apoptosis. Science 2014, 345, 98–101. [Google Scholar] [CrossRef] [PubMed]

	12. 
Dorner, A.J.; Wasley, L.C.; Kaufman, R.J. Overexpression of GRP78 mitigates stress induction of glucose regulated proteins and blocks secretion of selective proteins in Chinese hamster ovary cells. EMBO J. 1992, 11, 1563–1571. [Google Scholar] [PubMed]

	13. 
Melnick, J.; Aviel, S.; Argon, Y. The endoplasmic reticulum stress protein GRP94, in addition to BiP, associates with unassembled immunoglobulin chains. J. Biol. Chem. 1992, 267, 21303–21306. [Google Scholar] [PubMed]

	14. 
Li, W.; Hsiung, W.; Zhou, Y.; Roy, B.; Lee, A.S. Induction of the mammalian GRP78/BiP gene by Ca2+ depletion and formation of aberrant proteins: Activation of the conserved stress-inducible grp core promoter element by the human nuclear factor YY1. Mol. Cell. Biol. 1997, 17, 54–60. [Google Scholar] [CrossRef] [PubMed]

	15. 
Shen, M.; Wang, L.; Wang, B.; Wang, T.; Yang, G.; Shen, L.; Wang, T.; Guo, X.; Liu, Y.; Xia, Y.; et al. Activation of volume-sensitive outwardly rectifying chloride channel by ROS contributes to ER stress and cardiac contractile dysfunction: Involvement of CHOP through Wnt. Cell Death Dis. 2014, 5, e1528. [Google Scholar] [CrossRef]

	16. 
Ye, J.; Rawson, R.B.; Komuro, R.; Chen, X.; Dave, U.P.; Prywes, R.; Brown, M.S.; Goldstein, J.L. ER stress induces cleavage of membrane-bound ATF6 by the same proteases that process SREBPs. Mol. Cell 2000, 6, 1355–1364. [Google Scholar] [CrossRef]

	17. 
Hetz, C.; Martinon, F.; Rodriguez, D.; Glimcher, L.H. The unfolded protein response: Integrating stress signals through the stress sensor IRE1 α. Physiol. Rev. 2011, 91, 1219–1243. [Google Scholar] [CrossRef] [PubMed]

	18. 
Walter, P.; Ron, D. The unfolded protein response: From stress pathway to homeostatic regulation. Science 2011, 334, 1081–1086. [Google Scholar] [CrossRef] [PubMed]

	19. 
Yoshida, H.; Haze, K.; Yanagi, H.; Yura, T.; Mori, K. Identification of the cis-acting endoplasmic reticulum stress response element responsible for transcriptional induction of mammalian glucose-regulated proteins. Involvement of basic leucine zipper transcription factors. J. Biol. Chem. 1998, 273, 33741–33749. [Google Scholar] [CrossRef] [PubMed]

	20. 
Harding, H.P.; Zhang, Y.; Ron, D. Protein translation and folding are coupled by an endoplasmic-reticulum-resident kinase. Nature 1999, 397, 271–274. [Google Scholar] [CrossRef] [PubMed]

	21. 
Li, M.; Baumeister, P.; Roy, B.; Phan, T.; Foti, D.; Luo, S.; Lee, A.S. ATF6 as a transcription activator of the endoplasmic reticulum stress element: Thapsigargin stress-induced changes and synergistic interactions with NF-Y and YY1. Mol. Cell. Biol. 2000, 20, 5096–5106. [Google Scholar] [CrossRef] [PubMed]

	22. 
Schroder, M.; Kaufman, R.J. The mammalian unfolded protein response. Annu. Rev. Biochem. 2005, 74, 739–789. [Google Scholar] [CrossRef] [PubMed]

	23. 
Sano, R.; Reed, J.C. ER stress-induced cell death mechanisms. Biochim. Biophysi. Acta-Mol. Cell Res. 2013, 1833, 3460–3470. [Google Scholar] [CrossRef] [PubMed]

	24. 
Appenzeller-Herzog, C.; Hall, M.N. Bidirectional crosstalk between endoplasmic reticulum stress and mTOR signaling. Trends Cell Boil. 2012, 22, 274–282. [Google Scholar] [CrossRef] [PubMed]

	25. 
Zhang, P.; Zhou, L.; Pei, C.; Lin, X.; Yuan, Z. Dysfunction of Wntless triggers the retrograde Golgi-to-ER transport of Wingless and induces ER stress. Sci. Rep. 2015, 6, 19418. [Google Scholar] [CrossRef] [PubMed]

	26. 
Dai, L.; Huang, C.; Chen, L.; Shan, G.; Li, Z. Altered expression of microRNAs in the response to ER stress. Sci. Bull. 2015, 60, 202–209. [Google Scholar] [CrossRef]

	27. 
Dokanehiifard, S.; Yasari, A.; Najafi, H.; Jafarzadeh, M.; Nikkhah, M.; Mowla, S.J.; Soltani, B.M. A novel microRNA located in TrkC gene regulates Wnt signaling pathway and is differentially expressed in colorectal cancer specimens. J. Biol. Chem. 2017, M116, 760710. [Google Scholar] [CrossRef] [PubMed]

	28. 
Schneikert, J.; Harsha, S.; Chandra, V.; Ruppert, J.G.; Ray, S.; Wenzel, E.M.; Behrens, J. Functional Comparison of Human Adenomatous Polyposis Coli (APC) and APC-Like in Targeting β-Catenin for Degradation. PLoS ONE 2013, 8, e68072. [Google Scholar] [CrossRef] [PubMed]

	29. 
Daly, C.S.; Shaw, P.; Ordonez, L.D.; Williams, G.T.; Quist, J.; Grigoriadis, A.; Van Es, J.H.; Clevers, H.; Clarke, A.R.; Reed, K.R. Functional redundancy between Apc and Apc2 regulates tissue homeostasis and prevents tumorigenesis in murine mammary epithelium. Oncogene 2016, 36, 1793–1803. [Google Scholar] [CrossRef] [PubMed]

	30. 
Nakagawa, H.; Murata, Y.; Koyama, K.; Fujiyama, A.; Miyoshi, Y.; Monden, M.; Akiyama, T.; Nakamura, Y. Identification of a Brain-specific APC Homologue, APCL, and Its Interaction with/β-Catenin. Cancer. Res. 1998, 58, 5176–5181. [Google Scholar] [PubMed]

	31. 
Ying, X.; Li-ya, Q.; Feng, Z.; Yin, W.; Ji-hong, L. MiR-939 promotes the proliferation of human ovarian cancer cells by repressing APC2 expression. Biomed. Pharmacother. 2015, 71, 64–69. [Google Scholar] [CrossRef] [PubMed]

	32. 
Hu, H.Y.; He, L.; Fominykh, K.; Yan, Z.; Guo, S.; Zhang, X.; Taylor, M.S.; Tang, L.; Li, J.; Liu, J.; et al. Evolution of the human-specific microRNA miR-941. Nat. Commun. 2012, 3, 1145. [Google Scholar] [CrossRef] [PubMed]

	33. 
Xu, Z.; Bu, Y.; Chitnis, N.; Koumenis, C.; Fuchs, S.Y.; Diehl, J.A. miR-216b regulation of c-Jun mediates GADD153/CHOP-dependent apoptosis. Nat. Commun. 2016, 7, 11422. [Google Scholar] [CrossRef] [PubMed]

	34. 
McDaniel, K.; Hall, C.; Sato, K.; Lairmore, T.; Marzioni, M.; Glaser, S.; Meng, F.; Alpini, G. Lin28 and let-7: Roles and regulation in liver diseases. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 310, G757–G765. [Google Scholar] [CrossRef] [PubMed]

	35. 
Shan, G.; Li, Y.; Zhang, J.; Li, W.; Szulwach, K.E.; Duan, R.; Faghihi, M.A.; Khalil, A.M.; Lu, L.; Paroo, Z.; et al. A small molecule enhances RNA interference and promotes microRNA processing. Nat. Biotechnol. 2008, 26, 933–940. [Google Scholar] [CrossRef] [PubMed]

	36. 
Dweep, H.; Sticht, C.; Pandey, P.; Gretz, N. miRWalk-database: Prediction of possible miRNA binding sites by “walking” the genes of 3 genomes. J. Biomed. Inform. 2011, 44, 839–847. [Google Scholar] [CrossRef] [PubMed]

	37. 
Agarwal, V.; Bell, G.W.; Nam, J.; Bartel, D.P. Predicting effective microRNA target sites in mammalian mRNAs. Elife 2015, 4, e05005. [Google Scholar] [CrossRef] [PubMed]

	38. 
Nathan, W.; Xiaowei, W. miRDB: An online resource for microRNA target prediction and functional annotations. Nucleic Acids Res. 2015, 43, 146–152. [Google Scholar] [CrossRef]

	39. 
Zaravinos, A.; Lambrou, G.I.; Mourmouras, N.; Katafygiotis, P.; Papagregoriou, G.; Giannikou, K.; Delakas, D.; Deltas, C. New miRNA Profiles Accurately Distinguish Renal Cell Carcinomas and Upper Tract Urothelial Carcinomas from the Normal Kidney. PLoS ONE 2014, 9, e91646. [Google Scholar] [CrossRef] [PubMed]

	40. 
Kumari, B.; Jain, P.; Das, S.; Ghosal, S.; Hazra, B.; Trivedi, A.C.; Basu, A.; Chakrabarti, J.; Vrati, S.; Banerjee, A. Dynamic changes in global microRNAome and transcriptome reveal complex miRNA-mRNA regulated host response to Japanese Encephalitis Virus in microglial cells. Sci. Rep. 2016, 6, 20263. [Google Scholar] [CrossRef] [PubMed]

	41. 
Morishita, A.; Iwama, H.; Fujihara, S.; Sakamoto, T.; Fujita, K.; Tani, J.; Miyoshi, H.; Yoneyama, H.; Himoto, T.; Masaki, T. MicroRNA profiles in various hepatocellular carcinoma cell lines. Oncol. Lett. 2016, 12, 1687–1692. [Google Scholar] [CrossRef] [PubMed]

	42. 
Tardif, K.D.; Waris, G.; Siddiqui, A. Hepatitis C virus, ER stress, and oxidative stress. Trends Microbiol. 2005, 13, 159–163. [Google Scholar] [CrossRef]

	43. 
Han, J.; Back, S.H.; Hur, J.; Lin, Y.H.; Gildersleeve, R.; Shan, J.; Yuan, C.L.; Krokowski, D.; Wang, S.; Hatzoglou, M.; et al. ER-stress-induced transcriptional regulation increases protein synthesis leading to cell death. Nat. Cell. Biol. 2013, 15, 481–490. [Google Scholar] [CrossRef]

	44. 
Ochoa-Hernandez, A.B.; Juarez-Vazquez, C.I.; Rosales-Reynoso, M.A.; Barros-Nunez, P. Wnt-β-catenin signaling pathway and its relationship with cancer. Cir. Cir. 2012, 80, 389–398. [Google Scholar] [PubMed]

	45. 
Kim, K.H.; Seol, H.J.; Kim, E.H.; Rheey, J.; Jin, H.J.; Lee, Y.; Joo, K.M.; Lee, J.; Nam, D.H. Wnt/β-catenin signaling is a key downstream mediator of met signaling in glioblastoma stem cells. Neuro. Oncol. 2013, 15, 161–171. [Google Scholar] [CrossRef] [PubMed]

	46. 
Hsieh, I.S.; Chang, K.C.; Tsai, Y.T.; Ke, J.Y.; Lu, P.J.; Lee, K.H.; Yeh, S.D.; Hong, T.M.; Chen, Y.L. Microrna-320 suppresses the stem cell-like characteristics of prostate cancer cells by downregulating the wnt/β-catenin signaling pathway. Carcinogenesis 2013, 34, 530–538. [Google Scholar] [CrossRef] [PubMed]

	47. 
Awan, H.M.; Shah, A.; Rashid, F.; Shan, G. Primate specific Long Non-coding RNAs and MicroRNAs. Genom. Proteom. Bioinform. 2017. [Google Scholar] [CrossRef] [PubMed]



















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
>

HEK293T

Relative miR-3648 level
(Normalized with U6)
nN

0-
NoTG2 4 6 8 13
TG treatments (h)

(@)

HEK293T

fekk

-—h
o
1

Relative miR-3648 level
(Normalized with U6)

NoTM 4 8 12

TM treatments (h)

E HEK293T
let-7 miR-3648

NoTG TG NoTG TG

TG treatments

NoTG 2 4 6 8 13 Time (h)

—_
o
1

Relative miR-3648 level
(Normalized with U6)

0

pri-miR-3648 level
1

(Normalized with U6)

o
L

E -
1

nN
L

XBP-1 mRNA
< Unspliced (225 bp)
< Spliced (199 bp)

HelLa

*kk
—

NoTG2 4 6 8 13
TG treatments (h)

HEK293T

s @8 No TG
T TG






nav.xhtml


  ijms-18-01375


  
    		
      ijms-18-01375
    


  




  





media/file2.png
HEK293T Hela H1299 T47D MCF7 HCT116
NRT RT nRT RT nRT RT nRT RT nRT RT nRT

Stomach_Liver Pancreas Kidney Spleen Lungs Uterus
nRT RT nRT RT nRT RT nRT RT nRT RT nRT RT nRT RT






media/file5.jpg
miRWak

g HEK203T

H

e

i

£

3.

H

2 'ow R
k08 RER o

o Lucoraso activiy

s avez e

RNAlovel






media/file3.jpg
>

armaied i 08

NoTG2 4 6 8 13
TG treatments (h)

G HEK293T

NoTM_4 2
T treatments ()

E HEK293T
ot miR3648

Note TG

TG troatments

NoTG 2 4 6 8 13 Time(n)

XBP.1 mRNA
P nspiiced (225 bp)
< spiiced (199 bp)

o HeLa

NoTG2 4 6 8 13
TG rotments (h)

HEK293T

-






media/file1.jpg
HEK293T Hela  H1299 T47TD__ MCF7__ HCT116
nRT RT_nRT RT nRT RT nRT_RT_nRT RT_nRT RT

Stomach_Liver _Pancreas_Kidney Spleen Lungs Uterus
nRT RT nRT RT nRT RTnRT RT nRT RT nRT_RT nRT RT






media/file7.jpg





media/file10.png
x I+ x I+
+ | + | £ m
5
o 0 o © Y f T T T i £ E
& < <, 6 o S 2B & 8B 8
saquinu Auojo) sa1uojo9 Jebe jjos ¢4
T X
o o )
(=7} [e]] o2}
N | + AN I+ 2 )
X Y b K L
: 3 i
+ | + |
- @ - * & 8 2 2 2 3
¢ 3 g & 6
n.w A m_.uv s YIMO.ID ||20 SAllE|oY
- Aesse Auojo) £ E A Kesse iebe jyog £ E "
+ | + | E E
¢t 4
Jsquinu Auojo) saluojo9 Jebe }yog —*
©
: . R : R : !
[T) [0 D
T T I
+ | + | : . : : o
=3 =3 Uimolb [|80 aAijejey
2 @ 2 @
O X O X
< Aesse Auojo) EE © Aesse jebe yog £ g w





media/file12.png
A HelLa B HEK293T

> @ 15 > S
© Ke] © 0 157
a E & =
(3] g i © g 1.0
> >
g E‘ 0.5+ g ?M-
—_— 0 — )
3 o S °
QO oo- O oo-
scramble + + - scramble + - + -
ant3648 - N + ant3648 - + - +
HEK293T
C D
» n
%’ 2 > D 45,
n e © c
@ = 9 )
(o] © o
E (3] - (3
o) = © g
© 1) (@) ©
(@) © o))
5 : 5 =
» b s (o] =
g S oo n ‘g
scramble + - + - scramble + -
ant3648 - + - + ant3648 -— + = +
E F
= ] HeLa — 25- HEK293T &~ Scramble
.|§ -&- Scramble -l§ - ant3648
4 - - ant3648 A
e e 2.0
(@) . :|* (o)) :|*
= . 1.5
()] ()]
QO 27 O 1.0
[0)) . o
2 . 2 0.5+
— i -—
(_.B 0 |.4§—/——: c—“
q) 1 T T 1 GJ 0.0 T T T T
oy ° 1 2 3 4 5 oY 0 1 2 3 4
G
Pri-miR-3648 miR-3648

N\'jilvv\ mm Wnt
3 | i 3 ‘|‘1|||||ﬂTm APC2 AAA " Cell
* Loy iy I_Ijiljuuuu-uu l. i Tresg :::;ve 3 proliferation






media/file9.jpg
HeKzsT

HEK293T

1.

b
H
g

£
3.

3

:
 —






media/file0.png





media/file8.png
< <
4 |
) + + |
vv + + | - %
I+ @
. T m |+ 1
¥
+ 1+ =) *
H l
X . 1+
- o +- 2
“ o “ o O®
I T T 1 G “ w - = = = = M W
© ° 0 - =
- - s s @2 AlIAIOE 8sela)ion x O
(Hadvo ym pezijewloN) £ 2 EE
|9A8] YNYW dAlje[ey o
< < O
0
. Z -
z m S + + o+ | . i
— X
® T
' _ + |
— < —
73 < 7))
O ~ c
o T7) X .
< “ — w M I+
|3 |
K o
2 t |+ ‘
=
+ <
-— I T T 1 0 O
M ® b - ° m M m ) T T T
; Z : = 2 E S e a <
2 B : S (HAdVD yim paziewioN) € & a7 Wik PSZIENLON
[9A3] YNHW SAlEIDY ? . .
(HadYS Yum pazijewloN) e " |oAS] YNYW SAe|oY

|oAs] YNYW SAlje|oy





media/file11.jpg
Relative cell growth

s | — 1.5,





media/file6.png
4

O

RNA level relative to U6

TargetScan

miRWalk miRDB

GGGGAGGGCGGCGCCGLCGGCE 3

|

GGGAGCCGCUAGGGGCGCCGA 5

GGGGAGGGCGGCGGGCGGGCG 3

CGGCCCGGCGCAGCCGLCGGCG 37

GGGAGCCGCUAGGGGCGCCGA 5’

L]

CGGCCCGGCGCAGGGCGGGCG 37

AGGCCTCCTCCCACCGCGGCC 3’

GGGAGCCGCUAGGGGCGCCGA 57

|||

AGGCCTCCTCCCAGGCGGGCC 3'

15+

10+

miR-3648

*kk

e

mCherry miR3648

APC2

3'UTR (429-450) -wt

hsa-miR-3648

APC2

APC2

3'UTR (429-450) -mut

3'’UTR (874-895) -wt

hsa-miR-3648

APC2 3'UTR (874-895)-mut

APC2 3'UTR (2564-2595)-wt

has-miR-3648

APC2 3'UTR (2564-2595)-mut

1.0 4

0.5

0.0~

APC2

mCherry miR-3648

E e B /\P(:Z

1.0 ~0.7

(o3 )

Relative Luciferase activity

Relative Luciferase activity

—-— - Actin

2004 HEK293T
1 D™= ]
b Tz ol B Teoa s LN
1.0+ . i
.
050
0.0 T T
S
29" SOGE AT 6 9 oM @Y e & &°
N
= O @\@200 RGPS,
B pmR-mCherry miR-3648
ns
1.5~
Kk

-—
o
1

o
(3]
1

1.1

Bl mCherry
miR-3648+APC2-3'"UTR wt
B miR-3648+APC2-3'UTR mut

o
o
L

E
APC2

g 2.57 Bl Scramble
ant3648

9 2y |

o

=

E 1.5+

()

—

F) 1.0 -

>

()

= 0.5-

<

Z

Y o.0- T

Scramble ant3648
I \-Tey
1.0 ~2.

1
Actin






