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Abstract

miR-29b and miR-29a transcript levels were reported to increase in exponentially growing CHO-

K1 cells. Here, we examine the regulation of miR-29b-1/a in CHO-K1 cells. We observed that 4-

hydroxytamoxifen (4-OHT) increased pri-miR-29b-1 and pri-miR-29a transcription in CHO-K1 

cells by activating endogenous estrogen receptor α (ERα). DICER, an established, bona fide 
target of miR-29b-1/a, was shown to be regulated by 4-OHT in CHO-K1 cells. We showed that 

miR-29b-1 and miR-29a serve a repressive role in cell proliferation, migration, invasion, and 

colony formation in CHO-K1 cells. To identify other targets of miR-29b-1 and miR-29a, RNA 

sequencing was performed by transfecting cells with anti-miR-29a, which inhibits both miR-29a 

and miR-29b-1, pre-miR-29b-1, and/or pre-miR-29a. In silico network analysis in MetaCore™ 

identified common and unique putative gene targets of miR-29b-1 and miR-29a. Pathway analysis 

of identified putative miR-29 targets were related to cell adhesion, cytoskeletal remodeling, and 

development. Further inquiry revealed regulation of pathways mediating responses to growth 

factor stimulus and cell cycle regulation.
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1. Introduction

Chinese hamster ovary cells (CHO, most often CHO-K1, although CHO-S is another cell 

line used) are the most frequently applied host system in industrial development for the 

manufacture and production of recombinant therapeutic proteins (Fischer et al., 2015; 

* Corresponding author. Department of Biochemistry & Molecular Genetics, University of Louisville School of Medicine, Louisville, 
KY 40292, USA. carolyn.klinge@louisville.edu (C.M. Klinge). 

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.mce.2017.01.044.

HHS Public Access
Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2018 March 15.

Published in final edited form as:
Mol Cell Endocrinol. 2017 March 15; 444: 38–47. doi:10.1016/j.mce.2017.01.044.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.mce.2017.01.044


Hacker et al., 2009; Harreither et al., 2015; Hernandez Bort et al., 2012). CHO-K1 cells are 

often used to characterize protein-protein and protein-DNA interactions because they are 

easy to transfect. MicroRNAs are endogenous 22 nt non-coding RNA molecules that control 

the fate of gene transcripts by binding to the 3’-untranslated regions (UTRs) of target 

mRNAs to mediate translational repression and/or mRNA degradation (Iorio and Croce, 

2009). Each microRNA can target hundreds of genes to coordinately regulate multiple 

cellular processes (Selbach et al., 2008). There are few studies offering an in-depth 

mechanistic study of identified microRNAs, their regulation and targets in CHO-K1 cells.

Selected microRNAs have been identified to regulate phenotypic behavior (Hernandez Bort 

et al., 2012), protein production (Barron et al., 2011), cell growth (Clarke et al., 2012), or 

increase apoptosis resistance (Druz et al., 2011) in CHO-K1 cells. For example ectopic 

expression of miR-7 in CHO-K1 cells decreased cell proliferation (Barron et al., 2011) while 

overexpression of mmu-miR-466h had a pro-apoptotic role in CHO cells adapted to grow in 

suspension (Druz et al., 2011). Studies of gene and microRNA function in CHO cells have 

been facilitated by the availability of techniques including microarray, high throughput next 

generation sequencing (NGS), and RNA sequencing (RNA), (Gammell et al., 2007; 

Kantardjieff et al., 2009; Trummer et al., 2008). Although the Chinese hamster (Brinkrolf et 

al., 2013; Lewis et al., 2013) and CHO-K1 (Xu et al., 2011) genomes have been sequenced, 

definition of these transcriptomes and the function of individual genes is limited when 

compared to well-studied genomes, i.e., human and mouse. An additional limitation of 

CHO-K1 cells is that culture conditions lead to epigenetic changes, in particular DNA 

methylation (Feichtinger et al., 2016), which would certainly affect transcript expression. 

This has led to a variety of approaches for evaluating transcriptomics within CHO cell lines 

(Le et al., 2015), including de novo assembly of transcripts (Vishwanathan et al., 2015). For 

our analysis, like others (Klanert et al., 2016), we used previously identified sequence 

homology to mouse Ensembl transcripts.

The miR-29 family is conserved across evolution in human, mouse, rat, and hamster (Barron 

et al., 2011; Diendorfer et al., 2015; Hackl et al., 2011; Johnson et al., 2011; Kriegel et al., 

2012). Using the miRBase (Griffiths-Jones et al., 2006) precursor sequences as a guide, in 

the Chinese hamster genome, miR-29a and miR-29b are separated by approximately 250 

base pairs on contig KE378782 in a region with sequence homology to an intron located 

within the mouse angiopoietin-like 7 (ANGPTL7) gene. A third member of the miR-29 

family, miR-29c, is located on contig KE382798 within an intronic region of the APH1 

homolog A, gamma secretase subunit (APH1A) based on sequence homology to the mouse 

APH1A gene. Each of these precursor miRs (pre-miRs) produces a mature miR on both 

strands of the hairpin, resulting in the six mature miRs cgr-miR-29a-5p, cgr-miR-29a-3p, 

cgr-miR-29b-5p, cgr-miR-29b-3p, cgr-miR-29c-5p, and cgr-miR-29c-3p (Diendorfer et al., 

2015; Hackl et al., 2011). Pre miR-29b-1 and pre-miR-29a are transcribed in the reverse 

direction and are 78 nt and 83 nt respectively (Hackl et al., 2012). Pre-miR-29c is 

transcribed in the forward orientation and is 76 nt long (Hackl et al., 2012).

In CHO-K1 cells, miR-29b and miR-29a were identified as upregulated during exponential 

growth followed by down-regulation in the stationary and decline phases of CHO-K1 growth 

in suspension culture (Hernandez Bort et al., 2012). Similarly, miR-29a was increased in the 
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6 d compared to the 3 d time period in a suspension-adapted CHO-K1 cell assay (Gammell 

et al., 2007). On the other hand, another study reported that miR-29b-3p, miR-29a-3p, and 

miR-29c-3p were negatively correlated with growth of CHO-K1 cells (Klanert et al., 2016). 

Thus, it is uncertain whether miR-29 promotes or represses CHO-K1 cell growth. Further, 

there are limited functional studies on the regulation of miR-29 expression or its endogenous 

targets in CHO-K1 cells.

Here we examined the regulation of miR-29b-1/a in CHO-K1 cells in response to 4-

hydroxytamoxifen (4-OHT), a selective estrogen receptor modulator (SERM) that has mixed 

agonist/antagonist activities for estrogen receptor α (ERα). We identified DICER, the 

RNase that cleaves precursor microRNAs to mature microRNAs (Grishok et al., 2001; 

Hutvagner et al., 2001; Ketting et al., 2001) as a miR-29b-1/a target in CHO-K1 cells. We 

report that 4-OHT increases miR-29b-1 and miR-29a expression in CHO-K1 cells. We 

examined the mechanism of 4-OHT-mediated miR-29b-1/a upregulation and identified 

endogenous ERα as responsible for 4-OHT-stimutlated miR-29b-1/a in CHO-K1. We used 

RNA seq to identify possible targets of miR-29b-1/a and/or metabolic processes regulated 

by these microRNAs in CHO-K1 cells, such as cell adhesion, cytoskeletal remodeling, and 

development. We show that miR-29b-1 and miR-29a serve a repressive role in cell 

proliferation, invasion, migration and colony formation of CHO-K1 cells. Finally we report 

DICER as a miR-29 target and identify enrichment pathways regulated by miR-29.

2. Material and methods

2.1. Chemicals

4-hydroxytamoxifen, (4-OHT) and estradiol (E2) were purchased from Sigma-Aldrich (St. 

Louis, MO). Fulvestrant (ICI 182,780, ICI) was purchased from Tocris (Ellisville, MO).

2.2. Cell culture and treatment

CHO-K1 cells were purchased from ATCC (Manassas, VA). CHO-K1 cells were maintained 

in phenol red modified IMEM (Life Technologies, Carlsbad CA) supplemented with 5% 

fetal bovine serum (FBS; Atlanta Biologicals, Norcross, GA) and 1% penicillin/

streptomycin (Pen/Strep; Invitrogen) at 37 C in a humidified atmosphere containing 5% 

CO2. Cells were ‘serum starved’ in phenol red-free modified IMEM supplemented with 5% 

charcoal-stripped FBS (DCC-FBS) for 48 h prior to treatments for the times indicated in 

Figures. In general, treatments included vehicle control (DMSO or ethanol (EtOH)), 100 nM 

4-OHT, 10 nM E2, or 100 nM ICI 182,780, alone or after pre-treatment with ICI 182,780 for 

6 h. For selected experiments, cells were pretreated with 10 μg/ml actinomycin D (ACTD, a 

transcriptional inhibitor, Sigma) for 6 h prior to vehicle or 4-OHT treatment.

2.3. Transient transfection

CHO-K1 cells were plated in 6 well plates at 1.0 × 105 cells/well, were serum-starved and 

transiently transfected for 48 h as indicated in Figure legends. CHO-K1 cells were 

transfected with pre-miR-29b-1-3p or pre-miR-29a-3p precursor (Pre-miRTMs, Ambion), 

Anti-miR-29b-1/a inhibitor (Anti-miRTMs, Ambion), and siERα (Silencer®, Ambion) 

using Lipofectamine RNAiMAX (Invitrogen) and Opti-MEM® Reduced Serum Medium 
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(Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. Negative controls were 

Pre-miR™ negative control #1 (Ambion), Anti-miR ™ negative control #1(Ambion), or 

Negative Control #1 (Silencer®, Ambion).

2.4. RNA isolation, RT-PCR and quantitative real-time PCR (qPCR)

RNA isolation was performed using the miRCURY RNA isolation kit (Exiqon) according to 

manufacturer's instructions. RNA concentration and quality was assessed using a NanoDrop 

spectrophotometer. RNA was converted to cDNA using the TaqMan® MicroRNA Reverse 

Transcription Kit (Applied Biosystems) for microRNA and the High Capacity cDNA 

Reverse Transcription kit for RNA (PE Applied Biosystems). miR-29b-1/a, pri-miR-29b-1/a 

(Applied Biosystems) and DICER1 (Kwon et al., 2014) (IDT), expression levels were 

quantified using TaqMan (Applied Biosystems) or SYBR green (QIAGEN). RNU6B or 

RNU48 (Applied Biosystems) or GAPDH (SYBR green) served as normalizers. qPCR was 

performed using ABI Viia 7 (Life Technologies) with each reaction run in triplicate. The 

comparative threshold cycle (Ct) method (2−ΔΔCT) was used to determine fold change 

relative to vehicle treated or control transfected cells (Schmittgen and Livak, 2008).

2.5. Luciferase reporter assay

For transfection (1.5 × 105), CHO-K1 cells were plated in each well of a 24-well plate in 

IMDM without phenol red supplemented with 5% charcoal-stripped calf serum (CSCS) and 

Pen/Strep. 24 h after plating, the cells were co-transfected with 250 ng reporter (ERE-

luciferase) and 5 ng of pRL-CMV (Promega, Madison, WI) as previously described 

(Thomas et al., 2003) in IMDM without serum. The cells were treated with the vehicle 

(DMSO), 100 nM 4-OHT, or 1 μM ICI 128,780. Treatments were performed in triplicate 

within each experiment. After 24 h of treatment, the cells were lysed in reporter lysis buffer 

(Promega) and the cleared cell extract was used for dual luciferase reporter assay (Promega) 

(Thomas et al., 2003). Statistical evaluation of the data was performed using GraphPad 

Prism Software (Graph Pad Software, San Diego, CA).

ERα regulation of miR-29b-1/a promoter was determined by plating CHO-K1 cells in 

triplicate in 24 well plates. Next day, cells were transfected with pGL3 −1530/þ165 

miR-29b-1/miR-29a promoter fragment (Mott et al., 2010) and pGL4-hRluc-TK (Renilla, 

Promega) using FuGENE HD (Roche) according to manufacturer's protocol. 24 h post 

transfection, cells were treated for another 24 h prior to performing dual luciferase assay 

(Promega). Relative expression was determined by dividing averaged values from vehicle 

control (DMSO) values.

2.6. Functional assays

For all functional assays, CHO-K1 cells were serum-starved and transfected 48 h prior to 

testing.

2.6.1. Cell proliferation (BrdU) assay—Following serum starvation and transfection in 

96 well plates, CHO-K1 cells were treated as indicated for 48 h and the cell proliferation 

ELISA bromodeoxyuridine (BrdU) assay (Sigma) was performed according to the 

manufacturer's instructions.
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2.6.2. Cell viability (MTS) assay—Following serum starvation and transfection in 96 

well plates, CHO-K1 cells were treated and medium changed every 48 h for 4 days. Cell 

viability was quantified using CellTiter 96 Aqueous One solution Cell proliferation (MTS) 

assay (Promega).

2.6.3. Colony formation assay—After transfection, CHO-K1 cells were counted, 

transferred to agarose plates and allowed to grow for 14 days to form colonies. Colonies 

were stained with crystal violet (0.005% w/v, Sigma) and counted using an inverted Nikon 

microscope (×10 objective).

2.6.4. Migration and invasion assay—Following transfection, cell were applied to 

transwell plates (Corning, purchased form VWR); and allowed to migrate across an 8.0 mm 

pore polycarbonate membrane for 24 h. Migrated cells were stained with 0.2% w/v crystal 

violet (Sigma), images taken with the Axio Observer.Z1m, (Zeiss,×10 objective) and 

quantified using imageJ (http://imagej.nih.gov/ij/). Invasion assay was performed similar to 

migration assay except that the transwell membrane was coated with 0.2 mg/ml/cm2 

Matrigel (Sigma).

2.7. Western blotting

CHO-K1 cells were either transfected or treated as indicated in Figure legends. Whole cell 

extracts (WCE) were prepared in RIPA buffer (Sigma) in the presence of phosphatase and 

complete protease inhibitors (Roche). After protein quantification (Bio-Rad DC protein 

assay), 15 μg of protein were electrophoresed on 10% SDS-PAGE gels, transferred to PVDF 

membranes (Bio-Rad Laboratories, Inc., Hercules, CA), and immunoblotted for ERα (G-20, 

Santa Cruz Biotechnology, Santa Cruz, CA), DICER1 (Cell signaling Danvers, MA). The 

membrane was stripped and re-probed for β-actin as a loading control (Sigma). Bands were 

visualized using Carestream Image Station 4000R PRO running on Carestream Molecular 

Imaging Software Version 5.0.2.30 and quantified by UN-SCAN-IT Graph Digitizer 

Software 7.1.

2.8. RNA sequencing

CHO-K1 cells were plated in 100 mm plates, ‘serum-starved’ and transfected with anti-

miR-29a, Pre-miR-29b-1 and Pre-miR-29a. Transfections were performed in three separate 

experiments to increase power and accuracy in RNA seq (Liu et al., 2014). 48 h post 

transfection, RNA was isolated using the miRCURY RNA isolation kit (Exiqon) according 

to manufacturer's instructions. RNA concentration and quality was assessed using a 

NanoDrop spectrophotometer. mRNA libraries were then prepared from 2 mg of RNA using 

Truseq isolation kit (Woburn, MA) and validated on an Agilent 2100 Bioanalyzer (Santa 

Clara, CA). Libraries were then quantified using the Illumina Library Quantification Kit, 

ABI Prism qPCR Mix (Kapa Biosystems) which was ran on an ABI17900HT real-time PCR 

instrument. The 500 High-output v2 (75cycle) sequencing kit was then used to perform 

single read sequencing (75–76 cycles) on the Illumina NextSeq500 instrument. The 

Cricetulus griseus (Chinese hamster) CriGri_1.0 genome was downloaded from the pre-

Ensembl ftp site (http://pre.ensembl.org/Cricetulus_griseus/Location/View?

r¼JH0000013%A3051578-3509200) (Xu et al., 2011). Sequencing reads were directly 
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aligned to the genome using tophat2 (version 2.0.13) (Trapnell et al., 2012) generating 

alignment files in bam format. A mapping rate of between 89.2% and 90.2% was observed 

for all samples (not shown). A gene annotation gtf file for CriGri_1.0 was downloaded from 

the pre-Ensembl ftp site (Yates et al., 2016). Since this GTF contains annotations from a 

variety of resources, many of which overlap, the GTF was parsed to contain only homology 

to mouse Ensembl transcripts. Differentially expressed genes were identified for the three 

pairwise comparisons: pre-miR-29b-1 vs. anti-miR29a, anti-miR-29a vs. pre-miR-29a, and 

pre-miR-29b-1 vs. pre-miR-29a using the tuxedo suite of programs (Trapnell et al., 2012, 

2013) including cufflinks-cuffdiff2 (version 2.2.1). Our RNA-seq raw data files are available 

at Gene Expression Omnibus (GEO) database: accession number GSE85710. Entrez gene 

identifiers for significantly expressed genes had a q-value cutoff of 0.05. Samples were then 

divided into fastq single end sequencing files representing comparisons of Pre-miR-29b-1 

vs. anti-miR-29a and anti-miR-29a vs. pre-miR-29a. CategoryCompare (Flight et al., 2014) 

was used to report Gene Ontology Biological Processes (GO:BP) (Harris et al., 2004) and 

KEGG Pathways (Kanehisa and Goto, 2000) that were significantly enriched.

2.9. In silico network analysis

We performed pathway and network analysis of differentially expressed genes in 

MetaCore™ version 6.27 (GeneGO, Thomson Reuters, New York, N.Y.). MetaCore™ is a 

web-based software suite for multiple applications in systems biology including RNA seq 

analysis as used here. For CHO-K1 analysis we used the Mus musculus genome. 

MetaCore™ analyses are based on MetaBase (http://metadatabase.org/), a 100% manually-

curated integrated database of mammalian biology that contains over 6 million experimental 

findings on protein-protein, protein-DNA, protein-RNA, and protein-compound interactions; 

metabolic and signaling pathways; and other information (Bolser et al., 2012).

2.10. Statistical analysis

Statistical evaluations of cell-based assays and qPCR used oneway ANOVA followed by 

Tukey's multiple comparison test using GraphPad Prism 5 (Graph Pad Software, Inc., 

LaJolla, CA). Differentially expressed genes (expression levels) are in Fragments Per 

Kilobase of transcript per Megabase (FPKM) and are for differential expression between 

experimental conditions. A false-discovery rate (FDR) corrected q-value cutoff of 0.05 was 

used to determine differentially expressed genes.

3. Results

3.1. 4-OHT-activated ERα increased miR-29b-1 and miR-29a expression in CHO-K1 cells

E2 stimulates and 4-OHT inhibits CHO-K1 cell viability (Thomas et al., 2003). miR-29b-1 

and miR-29a were downregulated in growing CHO-K1 cells (Klanert et al., 2016). We 

observed 4-OHT stimulated the expression of miR-29b-1 and miR-29a in CHO-K1 cells 

(Fig. 1A). Pretreatment of the cells with the transcriptional inhibitor actinomycin D (ActD) 

inhibited 4-OHT-stimulation of miR-29b-1 and miR-29a expression (Fig. 1A). This suggests 

that 4-OHT increases transcription of miR-29b-1 and miR-29a in CHO-K1 cells. 

Fulvestrant, an ER antagonist, non-significantly increased miR-29b-1 and miR-29a 

expression. The 4-OHT-induced increase in miR-29b-1 and miR-29a was abrogated by 
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pretreatment with1 mM fulvestrant (Fig. 1A); suggesting a role of endogenous ER in 

mediating the upregulation of miR-29b-1 and miR-29a by 4-OHT in CHO-K1 cells. We did 

not observe a significant effect of E2 on miR-29b-1/a expression. The 5’ promoter of the 

human miR-29b-1/a contains half-site EREs (Data not shown). 4-OHT treatment of CHO-

K1 cells transiently transfected with a human miR-29b-1/a-luciferase reporter increased 

luciferase activity (Fig. 1B). The increase with fulvestrant was, like endogenous miR-29b 

and miR-29a transcript levels, non-significant. Basal expression of miR-29a was higher than 

miR-29b-1 and we did not detect miR-29c transcript expression (Supplemental Fig. 1). This 

is consistent with next generation sequencing data (Hackl et al., 2011).

Q-PCR identified Esr1 (ERα) but not Esr2 (ERβ) transcript expression in CHO-K1 cells 

(Supplementary Fig. 1B) and we did not detect ERβ protein (data not shown), in contrast to 

previous results (Thomas et al., 2003), which suggests that different lots of CHO-K1 from 

ATCC may have variable endogenous ERβ expression. ERα mRNA expression in CHO-K1 

cells has previously been reported (Thomas et al., 2003) but not protein expression. To 

evaluate if ERα is mediating 4-OHT's stimulation of miR-29b-1 and miR-29a transcription, 

CHO-K1 cells were transfected with pooled ERα siRNAs or a negative control. We show for 

the first time, ERα protein expression and successful repression ERα at the protein (Fig. 1C) 

and mRNA (Fig. 1D) levels when CHO-K1 cells were transfected with siERα. siERα 
reduced basal miR-29b-1 and miR-29a expression in CHO-K1 cells by ~25% (Fig. 1E). 4-

OHT increased miR-29b-1 and miR-29a in siControl-transfected cells but this increase was 

ablated by siERα transfection (Fig. 1E). These data confirm a role for endogenous ERα in 

mediating 4-OHT stimulation of miR-29b-1 and miR-29a transcription in CHO-K1 cells.

3.2. Upregulation of miR-29b-1 and miR-29a decreases cell proliferation and colony 
formation

miR-29b and miR-29a negatively correlate with CHO-K1 cell growth (Klanert et al., 2016) 

and tamoxifen (TAM) has previously been associated with cell cycle arrest (Lykkesfeldt et 

al., 1984). Since 4-OHT inhibits CHO-K1 cell growth depending on the culture medium 

used (Thomas et al., 2003), and because 4-OHT increased miR-29b-1 and miR-29a in CHO-

K1 cells (Fig. 1), we hypothesized that the 4-OHT-mediated increase in miR-29b-1 and 

miR29a contributes to reduced CHO-K1 proliferation. Therefore we sought to determine the 

functional roles of miR-29b-1/a on CHO-K1 cells alone and in response to 4-OHT.

To determine the role of miR-29b-1/a on cellular growth and proliferation, we increased 

miR-29b-1, miR-29a, or a combination of both by pre-miR-29b-1/a transfection. Alternately, 

we decreased miR-29b-1, miR-29a, or a combination of both with anti-miR antagonists. 48 

h post transfection, the cells were treated with 1 μM 4-OHT for 48 h and BrdU assays were 

performed to examine cell proliferation. The 48 h treatment is required to allow the miRNA 

regulation of its targets, which can, in turn, have functional consequences, e.g., cell 

proliferation. Transfection with anti-miRs or pre-miRs was successful in increasing or 

repressing miR-29b-1 and miR-29a expression, respectively (Supplementary Fig. 2). 1 μM 

4-OHT alone had no effect on CHO-K1 proliferation (Fig. 2A). Transfection with anti-

miR-29b-1 or anti-miR-29a, individually or in combination, had no significant effect on cell 

proliferation relative to anti-miR control. However, relative to pre-miR control transfected 
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cells, pre-miR-29b-1 and pre-miR-29a, individually or in combination, inhibited cell 

proliferation (Fig. 2A). 4-OHT treatment gave no further reduction in the number of cells. 

Similar results were observed when cell viability was determined using an MTT assay 

(Supplementary Fig. 3).

Since miR-29b-1 and miR-29a repressed CHO-K1 cell proliferation, we examined if these 

microRNAs would inhibit CHO-K1 colony formation. CHO-K1 cells were transfected with 

either anti-miRs or pre-miRs for miR-29b-1 or miR-29a and colony formation was examined 

after 14 d ± 100 nM 4-OHT. Compared to the anti-miR control, neither anti-miR-29b-1 nor 

anti-mIR-29a had a significant effect on colony formation in the presence or absence of 4-

OHT treatment (Fig. 2B). Interestingly, compared to the pre-miR control, both pre-

miR-29b-1 and pre-miR-29a decreased colony formation. These results support an anti-

proliferative activity of miR-29b-1 and miR-29a in CHO-K1 cells.

3.3. Upregulation of miR-29b-1 and miR-29a decreased cell invasion

miR-29b promoted the migration/invasion of MCF-7 and MDA-MB-231 breast cancer cells 

(Wang et al., 2011). To further investigate the functional role of miR-29 in CHO-K1 cells, 

transwell migration assays were performed with filters coated with or without Matrigel to 

determine migration and invasion respectively. In addition cells were treated with 100 nM 4-

OHT. No effect of 4-OHT was seen on CHO-K1 cell migration or invasion (Fig. 3A and B). 

Neither anti-miR-29b-1/a nor pre-miR-29b-1/a affected cell migration (Fig. 3A). However, 

transfection with anti-miR-29a, but not anti-miR-29b-1, promoted CHO-K1 cell invasion 

(Fig. 3B). Transfection of CHO-K1 with pre-miR-29b-1 and pre-miR-29a decreased cell 

invasion, but no additive effect of 4-OHT was detected (Fig. 3B).

3.4. miR-29b-1 mediates 4-OHT decrease in DICER protein expression

Because 4-OHT increased miR-29b-1/a, and microRNAs bind and repress translation of 

their mRNA targets, we hypothesized that repression of miR-29 will block 4-OHT-induced 

miR-29 repression of miR-29 target genes. DICER1 is a target of miR-29b and miR-29a in 

breast cancer cells (Cochrane et al., 2010) and miR-29b-1 in prostate cancer cells (Bian et 

al., 2015). Anti-miR-29b-1 and anti-miR-29a increased DICER1 mRNA (Supplementary 

Fig. 4A) and protein expression in CHO-K1 cells (Fig. 4), consistent with DICER1 as a 

target of miR-29b and miR-29a in CHO-K1 cells.

To determine whether the 4-OHT decrease in DICER protein is mediated through miR-29, 

CHO-K1 cells were ‘serum-starved’ and transfected with anti-miR control, anti-miR-29b-1 

and anti-miR-29a. 48 h post transfection, cells were treated for 6 h with 100 nM 4-OHT. 

Anti-miR-29b-1 blocked the 4-OHT-mediated decrease in DICER protein expression (Fig. 

4C). No significant difference was observed in DICER protein expression between DMSO-

treated anti-miR control and 4-OHT-treated anti-miR-29a (Fig. 4C). These data suggest that 

the increase in miR-29b-1 by 4-OHT decreases DICER protein in CHO-K1 cells.

3.5. Differential regulation of miR-29 target genes in several cellular processes

To identify other putative miR-29 targets in CHO-K1 cells, we performed RNA sequencing 

of CHO-K1 cells transfected with pre-miR-29b-1, pre-miR-29a, or anti-miR-29a followed 
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by bioinformatics analysis. We observed that anti-miR-29a also repressed miR-29b-1 

(Supplementary Fig. 2).

3.6. RNA seq analysis of miR-29b-1- and miR-29a-regulated mRNAs in CHO-K1 cells

To identify potential mRNA targets of miR-29b-1 and miR-29a in CHO-K1 cells, cells were 

transfected with pre-miR-29b-1, pre-miR-29a, or AS-miR-29a (which inhibits both 

miR-29b-1 and miR-29a (Supplementary Fig. 2)), followed by RNA seq of total RNA. For 

target analysis, only transcripts that showed a log2 fold-change greater than 1 (or −1 for 

repressed mRNAs) were included. Additionally, the statistical threshold for significance was 

a q value of less than 0.05. RNA seq identified 659 and 725 differentially expressed genes in 

CHO-K1 cells transfected anti-miR-29a versus pre-miR-29b-1 and with anti-miR-29a versus 
pre-miR-29a, respectively (Table 1). We analyzed the transcriptome data from RNA seq 

using MetaCore™ to identify network processes, pathway maps, and shared gene ontologies 

(GO processes) between pre-miR-29b-1 vs. anti-miR-29a and pre-miR-29a vs. anti-miR-29a 

data sets. Fig. 5 shows Venn diagrams of these data and identifies the top network pathways 

identified in MetaCore™. A complete list of the differentially expressed genes, including the 

changes and statistical differences, is included as Supplementary Information 

(Supplementary Tables 1 and 2). 357 downregulated and 181 upregulated genes were 

common to both (anti-miR-29a versus pre-miR-29b-1) and (anti-miR-29a versus pre-

miR-29a) transfection comparisons (Fig. 5A and B, Supplementary Tables 3 and 4). These 

data suggest that miR-29b-1 and miR-29a have more similar than different putative targets in 

CHO-K1 cells. Enrichment pathway analysis was performed for each data set and the top 

Pathways are listed in Fig. 5 for commonly or uniquely miR-29b-1 and miR-29a down- or 

upregulated pathways.

The top 10 GO cellular processes commonly downregulated or upregulated are show in 

Supplementary Figs. 5A and 5B. Top highest scoring commonly downregulated GO 

processes included cellular component organization (or biogenesis), extracellular matrix and 

structure organization, and collagen metabolic process (Supplementary Fig. 5A). The top 

commonly upregulated GO processes included cGMP metabolic, cGMP catabolic, muscle 

system process, and muscle contraction (Supplementary Fig. 5B). Network analysis 

identified several miR-29b-1/a targets with potential roles in cell adhesion and cell matrix 

interactions with specific targets including TGFbeta3 (Supplementary Figs. 6A and 6C). We 

specifically evaluated the miR-29b-1/a targets that mediate response to growth factor 

stimulus. Of the several potential growth factor response pathways, MetaCore™ identified 

the SKP2, STAT3, CDK6, LARP5, and M33 as potential miR-29b-1/a targets that interact 

within a single network (Supplementary Fig. 6B) and Cyclin E, CDK6, TAB1, TGFβ3, 

IDH2 which are involved in cell cycle regulation (Supplementary Fig. 6C). We then 

confirmed miR-29b-1/a binding sites within the STAT3, CDK6, LARP5, M33, TGFβ3, 

IDH2 30UTR region using microRNA.org; suggesting they are putative direct miR-29b-1/a 

targets. Additional experiments will be required to experimentally validate their identity as 

bona fide miR-29b-1/a targets in CHO-K1 cells.

When comparing the 357 commonly downregulated mRNA transcripts by miR-29b-1 and 

miR-29a in CHO-K1 cells (Fig. 5A) with the set of 1079 miR-29-3p predicted Mus 
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musculus targets from TargetScan ver. 7.1 in MetaCore™, only 113 (31.7%) were in 

common. Network analysis identified common pathway maps and GO cellular processes 

(Supplementary Fig. 7). Included in this common gene list is DNMT3A, a bona fide miR-29 

target (Fabbri et al., 2007; Morita et al., 2013). Since a repression of DNMT3A would be 

expected to decrease methylation of its targets and thus possibly increase their transcription, 

this observation may account for at least some of the upregulated genes detected (Fig. 5B). 

For example, one upregulated gene (FLT1, EVGFR-1) is known to be regulated by promoter 

methylation (Kim et al., 2009). Representative unique genes and potential pathways 

downregulated by miR-29b-1 and miR-29a in CHO-K1 cells that were not included in the 

Mus miR-29-3p predicted target gene set are shown in Supplementary Fig. 8.

4. Discussion

Little is known about the effects of hormonal regulation of microRNAs in CHO-K1 cells. 

SERMs, including 4-OHT, regulate microRNA expression in other cell lines but no one has 

evaluated their effects in CHO-K1 cells (Jan et al., 2003). Here, we report that 4-OHT 

increases miR-29b-1 and miR-29a expression in CHO-K1 cells. For the first time, we show 

CHO-K1 cells express ERα protein and that the 4-OHT-induced increase in miR-29b-1 and 

miR-29a is mediated by ERα. Ectopic expression of miR-29b-1 and miR-29a decreased 

CHO-K1 cell proliferation, colony formation and cell invasion. These data agree with a 

report showing that miR-29b and miR-29a negatively correlated with CHO-K1 cell growth 

(Klanert et al., 2016) and corroborates miR-29's repressive functional role in cells (Garzon et 

al., 2009; Kwon et al., 2014; Mott et al., 2007; Xiong et al., 2010). Earlier we reported that 

4-OHT increased miR-29b-1/a expression in LY2 endocrine-resistant breast cancer cells 

based on microarray analysis of miRNA expression (Manavalan et al., 2011) and recently 

confirmed this observation by qPCR (Muluhngwi et al., 2017). In addition, we observed that 

4-OHT increased pri-miR-29b-1/a transcription in an ERα-dependent manner in LCC9 and 

LY2 cells (Muluhngwi et al., 2017). Thus, the 4-OHT stimulation of miR-29b-1/a in the 

CHO-K1 cells resembles that seen in the endocrine-resistant LCC9 and LY2 breast cancer 

cells. The 4-OHT-mediated increase in miR-29b-1/a results in a decrease in their target 

DICER at the mRNA and protein level. We also note that MetaCore™ analysis of our RNA 

seq data identified regulation of translation as a GO process inhibited by overexpression of 

both miR-29b-1 and miR-29a.

RNA seq has provided identification of new putative miR-29b-1/a targets in CHO-K1 cells. 

These data reveal possible cellular and metabolic processes regulated by miR-29. 

Importantly, in agreement with our observation that overexpression of miR-29b-1/a inhibited 

cell viability, some enriched categories associated with apoptosis were identified in 

MetaCore™ analysis of our RNA seq data. Likewise, we observed that overexpression of 

miR-29b-1/a inhibited cell invasion through Matrigel and GO categories related to invasion, 

cell adhesion, and extracellular remodeling were also identified in the MetaCore™ analysis. 

An improved understanding of the signaling pathways and cellular processes and/or 

mechanisms including microRNA regulation by hormones and hormonal regulators will 

assist in the designing and production of therapeutic proteins-which are currently in high 

demand.
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TAM concentrations greater than 5 μM were reported to decrease viability of CHO-K1 cells 

(Jan et al., 2003). Here we showed that 100 nM and 1 μM 4-OHT treatment did not have any 

significant effect on the viability, migration, invasion, or colony forming ability of CHO-K1 

cells-even when miR-29b-1 or miR-29a were overexpressed or their activity repressed by 

anti-miR transfection. These results suggest that CHO-K1 cells have higher tolerance to 

TAM than human derived cells and this is tolerance is independent of miR-29b-1/a 

regulation.

TAM was reported to have non-ER-mediated effects in MCF-7 cells at 0.5–10 μM that 

resulted in organelle acidification, although the mechanism(s) were not defined (Altan et al., 

1999). This is significantly higher than the concentration of 100 nM 4-OHT used in our 

study. We examined the impact of 4-OHT an extracellular acidification rate (ECAR). 

Supplemental Fig. 9 shows that 4-OHT significantly increased basal ECAR in CHO-K1 

cells, but the relationship of ECAR to the transcriptional activity of 4-OHT in CHO-K1 cells 

remains to be resolved.

microRNAs generally mediate their effects by regulating translational activity of target 

mRNA transcripts by binding to their seed elements in the 3′ UTR. Here we confirmed 

DICER as a miR-29b-1/a target in CHO-K1 cells and our results suggest a pathway for 4-

OHT-ERα stimulation of miR-29b-1/a targeting DICER. DICER cleaves pre-microRNAs to 

mature microRNAs. Downregulation of DICER by miR-29b-1/a would be thus expected to 

reduce mature microRNAs, but increase pre-microRNAs, in CHO-K1 cells. Transient 

DICER repression was reported to decrease in CHO-K1 cell growth (Hackl et al., 2014). 

However, moderately overexpressed DICER increased CHO-K1 maximum growth rate 

although there was a decrease in cell viability while strong overexpression impaired 

maximum growth rate and decreased viability (Hackl et al., 2014). Ectopic DICER 

upregulation also increased a subset of microRNAs positively correlated with growth rate 

(Hackl et al., 2014). The dual roles of DICER overexpression on CHO-K1 cells growth may 

account for why repression of miR-29 had no significant effect on CHO-K1 functional 

outcomes measured in this study. Further studies are warranted to ascertain the veracity of 

these speculations.

Our study also identifies common and unique mRNA targets altered by miR-29b-1 and 

miR-29a expression in CHO-K1 cells. The 357 commonly downregulated and 181 

commonly upregulated mRNA transcripts (70% and 53% respectively of all up- or down-

regulated transcripts (Fig. 5A and B)) suggest that targeted regulatory networks of 

miR-29b-1 and miR-29a are similar, although each regulates unique complex networks that 

are distinct from each other. Analysis of the common transcripts revealed that miR-29b-1 

and miR-29a regulate cellular response to growth factor stimulus in CHO-K1. This supports 

our finding that miR-29 is regulated by the SERM 4-OHT. The observation that E2 had no 

significant effect on miR-29 expression suggests that the activation of ERα by 4-OHT 

regulates miR-29b-1/a transcription by a mechanism distinct from E2 in CHO-K1 cells. 

Possible explanations involve altered ERα conformation and consequent interaction with 

coregulators and other transcription factors (reviewed in (Klinge, 2000)). A network analysis 

of some transcripts identified as miR-29 target genes were involved in apoptosis, protein 

folding and maturation, and cell adhesion, among others. Interestingly, the 7th pathway 
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identified in the commonly downregulated 357 mRNAs was “Membrane-bound ESR1: 

interaction with G-proteins signaling”. It is possible that 4-OHT activation of membrane 

bound-ERα (and not just the nuclear receptor) increases miR-29b-1/a in CHO-K1, but 

further experiments will be necessary to dissect this pathway.

5. Conclusions

Overall, results from our study demonstrate that 4-OHT increases miR-29 by ERα-

dependent transcriptional activation. We observed that miR-29b-1/a represses DICER, an 

endonuclease required for microRNA processing. miR-29b-1/a regulates the CHO-K1 

transcriptome and pathways predicted to lead to altered functional properties including cell 

proliferation, colony formation, and cell invasion. RNA seq identified multiple miR-29b-1/a 

targets in CHO-K1 cells, including genes involved in cell adhesion, cytoskeletal remodeling, 

and development. Additionally, we found alterations in pathways that have a possibility of 

mediating responses to growth factors which may be important for investigators using CHO-

K1 for protein production.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 4-OHT stimulation of miR-29ab-1/a expression is mediated by ERα in CHO-K1 cells
A) CHO-K1 cells were serum-starved for 48 h and treated for 6 h with vehicle control 

(DMSO), 10 nM E2, or 100 nM 4-OHT. Where indicated cells were preincubated with 100 

nM or 1 μM fulvestrant or 10 mg/ml actinomycin D for 6 h. B) CHO-K1 cells were 

transiently transfected with a human miR-29b-1/a promoter-luciferase reporter and a Renilla 

luciferase reporter. Cells were treated with 100 nM 4-OHT or 1 μM fulvestrant for 24 h prior 

to dual luciferase assay. Results were normalized to DMSO vehicle control. Values are the 

avg. ± SEM of 3 transfections. *p = 0.005 versus DMSO. ns = non-significant. (CeD) CHO-

K1 cells were serum-starved and transfected with si-control or siERα. Two d post 

transfection, cells were treated for 6 h with EtOH or 100 nM 4-OHT. WCE was western 

blotted for ERα (C). For A, C–D: Q-PCR performed as described in Methods. Values are 

the average of 4–15 (A) and 3 (C–D) separate experiments ± SEM. *p < 0.05 versus vehicle 

(DMSO) control transfected cells. #p < 0.05 versus control 4-OHT-treated cells.
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Fig. 2. Ectopic expression of miR-29b-1/a decreases CHO-K1 cell proliferation and colony 
formation
Cells were serum-starved and transfected with anti-miR-control, anti-miR-29b-1/a (3p), pre-

miR control or pre-miR-29b-1/a. 48 h post transfection, the media was changed and cells 

treated with 4-OHT, as indicated, for 48 h prior to BrdU assay (A) and colony formation 

assay counts were performed 14 d after transfection (B). Values are the ±SEM of 3 separate 

experiments. *p < 0.05 versus vehicle control-transfected cells; #p < 0.05 versus control 

transfected cells treated with 4-OHT. ns = non-significant.
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Fig. 3. Over expression of miR-29b-1/a decreases CHO-K1 cell invasion
Cells were serum-starved and transfected with anti-miR-control, anti-miR-29b-1/a (3p), pre-

miR control, or pre-miR-29b-1/a (3p). A and B) Two d post transfection cells were plated 

into transwell plates without (A) or with (B) Matrigel coating of the filter. Cells treated with 

vehicle (DMSO) or 100 nM 4-OHT for 24 h. Images of representative regions of transwells 

are shown. Values are the mean ± SEM of 4 wells in two separate experiments. *p < 0.05 

versus control-transfected cells.
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Fig. 4. miR-29b-1/a regulates DICER protein expression
A-C) CHO-K1 cells were serum-starved and transfected with anti-miR-29b-1/a-3p, 

premiR-29b-1/a-3p and their respective controls for 48 h. B-C) Cells were then treated for 

24 h with 100 nM 4-OHT. Membranes were probed for DICER and stripped and reproved 

for β-actin as a loading control. Representative western blots are shown. Values (DICER/β-

actin) are the mean of 2–3 separate experiment (A), a single experiment performed in 

duplicates (B and C). D) Model of a proposed mechanism of 4-OHT activation of ERα 
increasing miR-29b-1 and miR-29a, decreasing DICER, and phenotypic effects in CHO-K1 

cells.
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Fig. 5. Enrichment analysis of RNA seq data
Differentially expressed genes were identified in pairwise comparisons: Anti-miR-29a vs. 

Pre-miR29a and Anti-miR-29a vs. Pre-miR-29b-1 using the tuxedo suite of programs 

including cufflink-cuff diff2. The Venn diagrams show the number of common and 

differentially expressed genes significantly down-regulated (A) and upregulated (B). 

Pathway analysis was performed using GeneGo Pathways Software (MetaCore™). The 

pathways identified for each comparison are listed in the order provided by MetaCore™ 

analysis.
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Table 1

Differentially expressed genes (DEGs) identified in RNA seq. (p < 0.05, q < 0.05, logFC (fold change) ≥ 1.0).

Comparison Total DEGs Downregulated DEGs Upregulated DEGs

Anti-miR-29a versus Pre-miR-29b-1 659 390 269

Anti-miR-29a versus Pre-miR-29a 725 476 249

Pre-miR-29b-1 versus Pre-miR-29a 10 0 10
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