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Abstract
This study determined the changes in microRNA expression in mammalian Chinese hamster ovary
(CHO) cells undergoing apoptosis induced by exposing the cells to nutrient-depleted media. The
apoptosis onset was confirmed by reduced cell viability and caspase-3/7 activation. Microarray
comparison of known mouse and rat microRNA’s in CHO cells exposed to fresh or depleted
media revealed up-regulation of the mouse miR-297-669 cluster in CHO cells subjected to
depleted media. Mmu-miR-466h was chosen for further analysis as the member of this cluster
with the highest overexpression and its up-regulation in depleted media was confirmed with qRT-
PCR.

Since microRNAs suppress mRNA translation, we hypothesized that up-regulated mmu-miR-466h
inhibits anti-apoptotic genes and induces apoptosis. A combination of bioinformatics and
experimental tools was used to predict and verify mmu-miR-466h anti-apoptotic targets. 8708
predicted targets were obtained from miRecords database and narrowed to 38 anti-apoptotic genes
with DAVID NCBI annotation tool. Several genes were selected from this anti-apoptotic subset
based on nucleotide pairing complimentarity between the mmu-miR-466h seed region and 3′ UTR
of the target mRNAs. qRT-PCR analysis revealed reduced mRNA levels of bcl2l2, dad1, birc6,
stat5a and smo genes in CHO cells exposed to depleted media. The inhibition of the mmu-
miR-466h increased the expression levels of those genes and resulted in increased cell viability
and decreased caspase-3/7 activation. The up-regulation of mmu-miR-466h in response to
nutrients depletion causes the inhibition of several anti-apoptotic genes in unison. This suggests
the pro-apoptotic role of mmu-miR-466h and its capability to modulate the apoptotic pathway in
mammalian cells.

Introduction
Mammalian cells are widely used in biotechnology for the production of complex
recombinant proteins due to their ability to convey the proper protein folding and the
human-like post-translational modifications. Chinese hamster ovary (CHO) cells are the
primary mammalian cell culture systems utilized for biopharmaceuticals production (Werner
et al. 1998). One of the drawbacks in the CHO cell production system is low stress tolerance
of the cells in bioreactors, which affects productivity. Different stress conditions in
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bioreactors such as nutrients and growth factors depletion, shear stresses, metabolites
accumulation, and hypoxia may cause apoptosis by lowering the viable cells’ densities
which has a negative effect on proteins yields and quality (Lim et al. 2010). The apoptosis
cascade is initiated as a sequence of complex signaling networks starting inside or outside
the cell. There are two major apoptosis-initiating pathways: intrinsic (mitochondria
dependent and endoplasmic reticulum) and extrinsic (receptor mediated) pathways (Kroemer
and Reed 2000; Rossi and Gaidano 2003; Thorburn 2004). These pathways initially activate
the upstream cysteine aspartate proteases (caspases), Caspases-8,9,10,12, followed by the
activation of downstream Caspases-3,6,7 which carry out the final steps of cell death
(Barisic et al. 2003; Majors et al. 2007).

There are a number of possible stimuli that can activate the apoptosis pathways including
UV irradiation, death ligands, chemical toxins and deprivation of nutrients (Mastrangelo and
Betenbaugh 1998). It was previously reported that glucose and glutamine exhaustion as well
as depletion of some essential amino acids induce apoptosis in mammalian cell cultures.
Glucose is one of the main nutrients supporting growth and maintaining viability in
mammalian cell cultures and its depletion can activate apoptosis cascade (Bialik et al. 1999;
Mercille and Massie 1994; Moley and Mueckler 2000). There are several possible apoptotic
scenarios resulting from glucose metabolism impairment. First, reduced glucose levels lead
to ATP depletion which triggers the mitochondria-mediated apoptosis pathway. Secondly,
decreased glycolysis resulting from glucose transport limitation causes oxidative stress and
shift in a redox balance of the cell. This activates a signal transduction cascade which was
shown to cause death of human cancer cell lines (Blackburn et al. 1999). In addition,
glucose deprivation can result in increased expression of Hif-1alpha, stabilization of p53,
and onset of p53-mediated apoptosis (Carmeliet et al. 1998)

The current approaches to optimize mammalian cell cultures are directed toward delay or
reduction of apoptosis to minimize the extensive loss of viable cells and increase the
production. There are two main strategies to inhibit or slow down the onset of apoptosis.
One involves the manipulation of the outer cellular environment by media supplementation
of growth factors, limiting nutrients, and hydrolysates (Majors et al. 2007; Zanghi et al.
1999). The second approach is intended on changing of the intracellular biochemical
environment using genetic engineering to reallocate the tightly regulated balance of pro- and
anti-apoptotic factors in favor of the anti-apoptotic proteins (Chiang and Sisk 2005; Lim et
al. 2006; Wong et al. 2006). Increased viability and extended cultures in CHO cells were
achieved by exogenous expression of Bcl-2 and Bcl-xL proteins known to reduce apoptosis
by binding the bcl-2 pro-apoptotic factors and maintaining the integrity of mitochondrial
membrane (Arden et al. 2007; Janumyan et al. 2003; Kim 2005). Also, the overexpression of
viral domain-containing homologs of bcl-2 such as E1B19K and Aven was reported to
inhibit the apoptosis in mammalian cell cultures (Figueroa et al. 2007; Mercille and Massie
1999).

MicroRNAs (miRs) were recently discovered as small, single stranded non-coding
regulatory RNA molecules 18–25 nucleotides in length (Tang et al. 2009). They have been
found to be highly conserved in genomes of animals, plants, fungi and viruses, and account
for approximately 1% of the human genome (Lynam-Lennon et al. 2009). MiRs are usually
transcribed as long primary microRNA transcripts (pri-miRs) several kb in length with a
stem-loop structure containing a 5′-end cap and 3′-poly (A) tail (Cai et al. 2004). Pri-miRs
undergo a two-step cleavage to produce the mature functional microRNA. The first cleavage
step is facilitated in the nucleus by endonuclease RNase III called Drosha which generates a
stem-loop miR precursor 70 nucleotides long called pre-microRNA (Lee et al. 2003). The
latter is then transported to the cytoplasm via Exportin-5 and Ran-GTP mediated mechanism
(Lynam-Lennon et al. 2009). The second miR maturation step is facilitated by another
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RNase III endonuclease, called Dicer in the cytoplasm which produces microRNA/
microRNA* duplex of 18–25 nucleotides in length. The duplex is subsequently loaded to the
RNA-induced silencing complex (RISC) which is activated upon unwinding and
degradation of the complementary microRNA* strand (Schwarz et al. 2003). The single-
stranded miR guides the RISC complex to its target mRNA. The miR to mRNA binding is
restricted to the 3′-UTR region of target mRNA and 5′-end of targeting miR (5′ seed region
between 2nd and 8th nucleotides of miR) (Lynam-Lennon et al. 2009). Upon its recognition,
target mRNA either gets degraded via RNA interference process in case of sufficient miR-
mRNA bases complimentarity, or sequestered and stored in cytoplasmic processing bodies
away from the translational machinery in cases of insufficient complimentarity (Hutvagner
and Zamore 2002; Lynam-Lennon et al. 2009). In both cases the miR-guided regulation
affects the translated protein levels.

MiRs have been found to be involved in numerous cellular processes including cell
development, differentiation, metabolism, proliferation and death. Changes in miRs
expression profiles have been associated with breast, prostate, and lung cancers development
and progression, and recently a number of miRs have been associated with the regulation of
apoptosis (Jovanovic and Hengartner 2006; Lynam-Lennon et al. 2009). However, only few
studies attempted to characterize the involvement of miRs in regulation of nutrients
homeostasis in mammalian cell cultures (Lanceta et al. 2010; Liang et al. 2009; Maes et al.
2008). It was suggested that miRNAs should be implemented in bioprocess applications.
MiRs can be over-expressed or inhibited with antagomirs using relatively simple constructs
(Gammell 2007; Muller et al. 2008). One of the main advantages of over-expressing miRs
instead of the exogenous regulatory protein(s) is the fact that they do not compete for the
translational machinery in the host cells. Since each miR targets several genes it can globally
regulate the entire pathways of cellular growth, death, stress tolerance and protein secretion.
Therefore, if the miRNAs expressions profiles are linked to known phenotype, the
manipulation of the respective miRs may introduce another dimension to genetic
engineering of mammalian cell factories.

This study examines the changes in miRNA expression profiles in Chinese Hamster Ovary
(CHO) cells under conditions induced by nutrients depletion. The CHO cell system was
selected because it is a well-characterized mammalian system for apoptosis investigation
and control. Previous studies on apoptosis characterization in mammalian cell lines used
CHO cells as a model organism, and some pro and anti-apoptotic genes have been explored
in CHO cells (Arden et al. 2007; Chigancas et al. 2002; Figueroa et al. 2004; Reynolds et al.
1994). The current study identifies and confirms the pro-apoptotic role of a novel
microRNA, mmu-miR-466h, and reveals some of its molecular targets based on a
combination of bioinformatics prediction and experimental changes in the cellular
phenotype.

Materials and Methods
Cells Growth and Viability Studies

Chinese Hamster Ovary cells adapted to growth in suspension (CHO-S) were purchased
from Invitrogen (Cat. No. 11619-012) and grown in commercial CD-CHO serum-free media
(Cat. No. 10743-029) supplemented with 8mM of L-glutamine (Cat. No. 25030-164). Cells
were grown in 37°C, 5% CO2 humidified incubator. For the growth kinetic studies, cells
were seeded at the concentration 2×105 cells/ml in 40 ml of media in triplicates in 125ml
vented shake flasks and shaken at 130 rpm. Cells were sampled daily. Cells were counted
using Cedex (Innovatis AG) and viability was assessed using Trypan Blue exclusion
method. Glucose and lactate concentrations were determined by YSI 2700 Select
biochemistry analyzer (YSI Life Sciences).
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Nutrient-depleted Media Generation and Apoptotic Assays
To generate the depleted media cells were seeded at 2×105 cells/ml in 40 ml of CD-CHO
media and grown for about 9 days until they were exhausted of nutrients and significantly
lost viability (less than 15% viability). Depleted media was then collected, sterile-filtered
and stored for the further studies. The EnzChek® Caspase-3 Assay Kit #1 (Invitrogen Cat.
No. E13183) was used to detect the onset of apoptosis by assaying for increases in
Caspase-3 (and other DEVD-specific proteases such as Caspase-7) activity. Briefly: cells
pellets were prepared in sterile eppendorf tubes. After cells lysis the samples were
normalized to the same proteins levels by BCA protein assay (Thermo Scientific Cat. No
23227). The increase in caspase-3/7 activity was assessed based on its specificity for Asp-
Glu-Val-Asp (DEVD). The proteolytic cleavage of Z-DEVD-AMC substrate yielded a
bright fluorescent product (excitation/emission ~342/441nm) and fluorescence was
continuously monitored in the SPECTRAmax GEMINI-XS spectrofluorometer. For the
apoptotic studies, samples were taken at different time points, pelleted and frozen, and then
assayed altogether for caspase-3/7 activity continuously. 3.3×106 cells/ml were incubated in
spent media during the initial apoptosis onset assessement, and 4×105 cells/ml during mmu-
miR-466h inhibition analysis.

RNA Isolation
Total RNA was isolated from the samples using TRIzol® Reagent (Invitrogen Cat. No.
15596-018) according to the manufacturer’s protocol and quantified based on its absorbance
at 260nm in NanoDrop 1000 (Thermo Scientific).

miRNA Analysis Using Microarrays
The analysis was performed by the service provider (LC Sciences, Houston, TX,
http://www.lcsciences.com) using μParaflo® microfluidics synthesis technology (Zhu et al.
2007). Briefly: The probe content included 714 combined mouse and rat miRNAs listed in
Sanger miRBase Release 12.0. The probes for the respective miRs were spotted to the
μParaflo® microfluidics biochips. The probes were chemically modified and had normalized
Tm-s ensuring uniform hybridization on the chip to enhance the sensitivity and specificity of
the probes. Fresh and depleted media derived RNA samples were labeled with Cy5 and Cy3
(and vice versa to account for possible labeling bias) and hybridized to the wells containing
probes for the respective miR. The fluorescent intensities of the wells were determined with
respect to the control’s values. Multiple control probes were included on chip for quality
controls of chip production, sample labeling and assay conditions. Among the control
probes, PUC2PM-20B and PUC2MM-20 were respectively perfect match and single-based
match of 20-mer RNA positive control sequences spiked into RNA samples before labeling.
The assay stringency was assessed from the intensity ratio of PUC2PM-20B and
PUC2MM-20 which was larger than 30. The sampling was performed in quadruplicate and
average fluorescent intensities of fresh and depleted media exposed RNA samples were
compared for each microRNA. The t-test and ANOVA were carried out on the ratios of the
average fluorescent intensities for all respective microRNAs to assess their differentiation
significance. The analyzed data were presented in the Table form which contained the
respective average fluorescent intensities in fresh and depleted media samples and p-values
for all significantly differentiated miRs. The raw fluorescence data was shown as separate
Cy3 and Cy5 chips images for each sample (including the inverse labeling). The maps of
overlaid images for the respective fluorescent signals in fresh and depleted media samples
were also generated (one is shown in Figure 3).
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qRT-PCR Analysis of mRNA Levels
qRT-PCR analysis was performed in Prism 7900H Sequence Detector (Applied Biosystems)
with 40 amplification cycles using TaqMan® chemistry according to the provided protocols
for mRNAs detection. TaqMan® assays for bcl2l2, bcl2, birc6, cflar, dad1, naip7, smo,
stat5a, and tegt genes were purchased from Applied Biosystems
(AssayIDs:Mm00432054_m1, Mm_00477631_m1, Mm00464380_m1, Mm01255576_m1,
Mm01319221_m1, Rn01757810_m1, Mm01162710_m1, Mm00839861_m1,
Mm00509863_m1). The murine qRT-PCR TaqMan mRNA assays for the respective genes
(if available) were selected with probes not discriminating from closely related species but
restricted to at least 90 percent homology among mouse, human and rat in the probe-mRNA
binding region. The data were normalized to 18S levels (Applied Biosystems Assay ID:
Hs99999901_s1) in the respective sample, and 2−ΔΔCt method was performed for data
interpretation. Measurements were performed in triplicates.

qRT-PCR Analysis of microRNA
The analysis was done using Prism 7900H Sequence Detector (Applied Biosystems) with 40
amplification cycles and TaqMan® chemistry according to the manufacturer’s protocols for
miRNA detection. The mmu-miR-466h quantification was done using mmu-miR-466h assay
with a stem loop primer specific for mmu-miR-466h. The assay was purchased from
Applied Biosystems (Assay ID: AM002516). The 2−ΔΔCt analysis was done to estimate
mmu-miR-466h differentiation. Mmu-miR-let-7c was used as internal endogenous control
based on its least differentiation levels based on microarray statistical analysis (Assay ID:
AM000379). SnoRNA202 (Assay ID: AM001232) was used as the second control. The
mmu-miR-466h preamplification was performed in all samples to increase mmu-miR-466h
levels in total RNA samples (it was barely detectable in fresh media samples due to low
signal) for better qRT-PCR detection. The preamplification (10 cycles) was done using
Applied Systems TaqMan® PreAmp Kit (Part No. 4384267) in PCR Thermal cycler
(Applied Biosystems) after miRNA reverse transcription and before qRT-PCR reads.
TaqMan® PreAmp Master Mix preamplifies small amounts of cDNA without introducing
amplification bias to the sample and provides a very high correlation coefficients between
amplified and unamplified cDNA (Li et al. 2008). qRT-PCR measurements were performed
in quadruplicates.

Anti-miR™ Transfections and mmu-miR-466h Inhibition Studies
Transfections were performed using HiPerFect transfection reagent from Qiagen (Cat. No.
301704). To optimize transfection efficiency CHO-S cells were first transfected with FAM™

dye-labeled Anti-miR™ Negative Control #1 (Applied Biosystems ID: AM 17012)
according to Qiagen miR transfection protocol for suspension cells. The optimal final
concentration of the inhibitor was 162.5nM combined with the recommended HiPerFect
reagent amount. Mmu-miR-466h was inhibited using the chemically modified single-
stranded Anti-miR™ inhibitor specific for mmu-miR-466h (Applied Biosystems ID:
AM12941). The inhibition was done on Corning Costar® 6-well plates (Cat. No. 3506).
Briefly: ~106 cells/well were seeded in 400μl of CD-CHO medium. The miR-466h inhibitor
or Anti-miR™ Negative Control #1 (a random sequence of single stranded chemically
modified miR inhibitor–like molecule validated to not produce any effect on known
microRNAs function-Applied Biosystems ID: AM17001) were incubated with HiPerFect
reagent in 400μl of CD-CHO medium for 10min at room temperature. The transfection
complexes were then added to the cells drop wise and the plates were shaken at 130rpm in
37°C, 5% CO2 humidified incubator. After 6 hours of incubation 1.6ml of CD-CHO media
was added to each well. The cells were pelleted on the next day and resuspended in spent
media. After designated point of depleted media exposure, the cells were pelleted for total
RNA isolation or caspase-3/7 activity studies. For viability and Caspase activity comparison
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between spent media grown CHO-S cells with and without miR-466h inhibition, cells were
resuspended in depleted media at least 22h after transfections, and assayed for caspases-3/7
activity and viability together with fresh media grown cells at different time points.

Results
Growth Rates and Identification of Apoptosis Onset During Incubation in Nutrient Depleted
Media

Growth and viability of CHO cells in fresh and nutrient-depleted media are shown in Figure
1. Cells were grown in fresh media to a concentration of 3.3×106 cells/ml, depleting most of
the glucose (Figure 1A). At that concentration cells were resuspended in nutrient-depleted
media obtained from 9 day old cultures. In the depleted media, cells exhibited a steady state
decline in viability between 15 and 24 hours (Figure 1B) with almost no viable cells
detected after 39 hours (data not shown). In contrast, when the cells were resuspended in
fresh media at the same density, they maintained viability above 93 percent (Figure 1B).

In order to evaluate if the apoptosis cascade was activated during the exposure of the cells to
the depleted media the caspase-3/7 activity was assessed as shown in Figure 2. The time
points for caspase-3/7 activity assessment were selected based on the viability decline
(Figure 1B) when the cells were exposed to depleted media. The caspase-3/7 activity was
found to correlate with the depleted media exposure time with the highest activity obtained
for cell samples taken at 21.4 and 25.4 hours. The enhanced caspase-3/7 activities are a good
indicator of the onset of apoptotic events since it follows the initial apoptotic stimuli and
preliminary stages of pathway activation (Arden and Betenbaugh 2004; Majors et al. 2007).
For the current study, it was important to prevent the complete execution phase of apoptosis
orchestrated by Caspases-3/7 and 6 in order to avoid degradation of nucleic acids and
proteins used for subsequent analysis. Therefore, a 24 hours exposure (when the viability
was in the range of 80%) was selected as the point for microRNA expression analyses in
fresh and nutrient-depleted media.

Comparison of microRNA Profiles
Microarrays comparison was performed to examine the levels of microRNA (miR)
expression in CHO cells exposed to fresh and nutrient- depleted media for 24 hours. Since
there are no data available on microRNA for CHO (Chinese hamster ovary) cells, the
screening was done for all known mouse and rat miRs (total of 714 microRNAs) given the
conservation among closely related species (Babak et al. 2004; Gammell et al. 2007; Li and
Ruan 2009). It is possible that because of non-specificity of the miR screening, some
expressed miRs were not detected Shown in Figure 3 are superimposed images for the
respective average miR fluorescent signals in RNA samples taken from cells grown in
depleted or fresh media. Out of 300 combined mouse and rat miRs detected in CHO cells 70
miRs were found with more than 95 percent confidence (p<0.05) to be differentially
expressed (were up or down-regulated at least 2 times) in the cells exposed to depleted
media compared to cells exposed to fresh media. Sixty five out of the 70 differentially
expressed miRs were found to be up-regulated in CHO cells exposed to nutrient-depleted
media.

Due to the high number of differentially expressed miRs obtained from microarray data and
the information available about miRs clustering, especially regulating multi-faceted cellular
processes such as apoptosis (Mendell 2005; Vecchione and Croce 2009; Yue and Tigyi
2010), we evaluated if the up-regulated miRs were a part of an already identified cluster.
The analysis revealed that the members of the mouse 297-669 miR cluster were up-
regulated.
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This cluster is composed of 28 miRs (according to Sanger miRBase Release 12.0), located
in intron 10 of the mouse Sfmbt2 gene on Chromosome 2. The 18 detected members of
mouse 297-669 miR cluster are listed in Table 1. All of them had low detection signals in
CHO cells exposed to fresh media but were up-regulated in the depleted media with p-
values at or below 0.05. Mmu-miR-466h was selected for subsequent analysis since its
relative up-regulation was the highest among the members of the 297-669 miR cluster
(Table 1). TaqMan qRT-PCR was performed on this miR to test for false positives which
could be introduced by nonspecific microarray hybridization (Figure 4A). Mmu-miR-466h
was found to be up-regulated 5.6 times in CHO cells grown in depleted media compared to
its level in fresh media.

The up-regulation of one other member of the 297-669 cluster, mmu-miR-669c, was also
verified by TaqMan qRT-PCR. This miR was found to be up-regulated 4.4 times in depleted
media (Figure 4A). Mmu-miR-466h and mmu-miR-669c are designated with arrows on the
microarray fluorescence map in Figure 3.

Identification of mmu-miR-466h Targets
It is likely that the over-expression of mmu-miR-466h following exposure to nutrient-
depleted media promotes apoptosis by suppressing of its anti-apoptotic gene targets. Since
there are no verified targets for mmu-miR-466h, the miRecords database which incorporates
11 microRNA targets prediction engines, was used to scan for all mmu-miR-466h possible
targets (Xiao et al. 2009). All 8708 predicted gene targets for mmu-miR-466h were then
entered into the DAVID NCBI (National Center for Biotechnology Information) annotation
tool which classified all genes according to their biological roles. Thirty eight distinct anti-
apoptotic genes were identified as potential mmu-miR-466h targets.

To narrow the potential target list, the 38 identified genes were further constrained by
verifying their consistency across three prediction engines, miRanda, PITA, and RNAhybrid
(Enright et al. 2003; Kertesz et al. 2007; Rehmsmeier et al. 2004), and then by analyzing the
binding complementarity between mRNAs’ 3′-UTRs and 2–8 nucleotides of mmu-
miR-466h (Kuhn et al. 2008; Yue et al. 2009). From this evaluation, nine potential anti-
apoptotic genes were identified. The list of the nine putative gene targets, their known anti-
apoptotic roles, and possible mmu-miR-466h binding sites are presented in Table 2.

To evaluate if the predicted mmu-miR-466h target genes were altered in nutrient-depleted
media conditions, the mRNA levels for those genes were compared to the levels in fresh
media using murine qRT-PCR analysis (Kantardjieff et al. 2009; Nissom 2007; Trummer et
al. 2008). The relative expression of mRNA for bcl2l2, birc6, dad1, stat5a, and smo genes
was lowered by levels ranging from 2.1 to 67 times in depleted medium as shown in Figure
4B. However, the mRNA of bcl2, cflar, naip7, and tegt genes were not detected in either
fresh or depleted media, which could be the result of either no expression or no detection
since mouse or rat probes were used for qRT-PCR analysis.

Inhibition of mmu-miR-466h
To evaluate the effects of mmu-miR-466h on its target genes, an anti-miR-466h (chemically
modified single stranded oligonucleotide specific for mmu-miR-466h) was added to the
culture media. The levels of mmu-miR-466h in fresh media and in the depleted media, with
or without anti-miR-466h, are seen in Figure 5A. Compared with fresh media, mmu-
miR-466h levels were 10 times higher in depleted media in the absence of the inhibitor, and
were reduced by a factor of 4.5 in depleted media containing anti-miR-466h. The addition of
the irrelevant anti-miR as a negative control to the depleted media did not alter the level of
up-regulation of mmu-miR-466h (data not shown).
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To determine if the mmu-miR-466h inhibition in depleted media affected the expression of
bcl2l2, birc6, dad1, stat5a, and smo genes, their mRNA levels were compared in depleted
media in the presence or the absence of anti-miR-466h. The mRNA level for each gene
increased between 4 and 23 fold in the presence of anti-miR-466h with the greatest relative
increases observed in smo and dad1 genes (Figure 5B). Addition of the irrelevant anti-miR
as a negative control at the same concentration as anti-miR-466h to the depleted media
generated the respective mRNA levels that were comparable to their levels without inhibitor
(data not shown).

Apoptotic Assessment of CHO-S Cells Grown in Depleted Media with and without anti-
miR-466h

To examine a possible pro-apoptotic role of mmu-miR-466h, cell viability and caspase-3/7
activity were monitored in CHO cells exposed to fresh and depleted media with and without
anti-miR-466h. As shown in Figure 6, cell viability in the depleted media started to decline
after about 18 hours and fell to 81% by 23 hours. However, when the cells were treated with
anti -miR-466h, the cell viability was higher at both the 20 and 23 hours time points. As for
Caspase activity, samples were analyzed after 17, 18.5 and 20 hours of incubation in
depleted media since Caspase activation often precedes the decline in cell viability
(Nivitchanyong et al. 2007). Caspase -3/7 activities increased in the spent medium at all
evaluated time points. There was no significant difference in Caspase-3/7 levels in CHO
cells after 17 hours exposure to depleted media with or without anti-miR-466h (Figure 7A),
but when evaluated after 18.5 and 20 hours exposure, the Caspase-3/7 activity was
significantly reduced when anti-miR-466h was present (Figure 7B and 7C), which is
consistent with the viability profiles shown in Figure 6.

Discussion
MicroRNAs were found to be involved in various cellular processes including apoptosis and
its deregulation in cancer (Cheng et al. 2005; Hayashita et al. 2005; Kumar et al. 2007;
Lynam-Lennon et al. 2009; Roldo et al. 2006). MicroRNAs involvement has been associated
with regulation of intrinsic and extrinsic apoptotic pathways (Garofalo et al. 2008; Mott et
al. 2007). Taking into consideration the complex nature and combined action of the
apoptotic signals, it is not surprising that apoptosis would include several master regulators.

The purpose of this study was to identify microRNAs involved in apoptosis caused by
nutrients depletion in mammalian cell culture and consequently attempt to affect this
programmed cell death to create cells that are less sensitive to media changes and nutrient
depletion. Group of microRNAs was found to be up-regulated when the cells were exposed
to nutrient-depleted media; the group is located within intron 10 of the mouse Sfmbt2 gene
and is clustered as 297-669 miRs. Since clustered miRs are known to be transcribed together
as polycistronic transcrips to regulate mRNA of genes with similar functions, the 297-669
miR cluster may be transcribed as an intact pri-miR unit to stimulate apoptosis caused by
nutrients depletion (Faraoni et al. 2009; Hayashita et al. 2005; Liang et al. 2009). Because of
its highest level of up-regulation, mmu-miR-466h was selected for further analysis. The pro-
apoptotic role of this miR was examined by investigating its effects on several anti-apoptotic
genes. Currently, there is no clear agreement on the criteria for miRs targets validation
(Kuhn et al. 2008). Given the considerable number of mmu-miR-466h possible targets and
the intent to investigate its effects on the apoptotic phenotype we used two main criteria for
mmu-miR-466h targets validation: qRT-PCR verification of mmu-miR-466h and its target
genes co-expression, and the effects of mmu-miR-466h on its target biological function
(Kuhn et al. 2008). Using a combination of bioinformatics and experimental approaches it
was found that the up-regulation of this microRNA was associated with the down-regulation
of the anti-apoptotic genes bcl2l2, dad1, birc6, stat5a and smo. These genes have been
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previously linked to nutrient deprivation in mammalian cells. Dad1 is a subunit of
oligosaccharide transferase complex in endoplasmic reticulum which aids N-linked
glycosylation of the proteins (Makishima et al. 2000; Sanjay et al. 1998). Glucose
deprivation leads to the inhibition of N-linked glycosylation with lowered levels of dad1
(Makishima et al. 2000; Yoshimi et al. 2000), accumulation of improperly folded proteins in
the endoplasmic reticulum (ER), and the ER apoptosis activation via unfolded protein
response (Fribley et al. 2009). Bcl2l2 inhibits apoptosis by binding Bax which translocates
to mitochondria and induces cytochrome C release in response to both oxidative stress and
ATP levels reduction caused by glucose deprivation (Majors et al. 2007; Moley and
Mueckler 2000). Bcl2l2 was found to be negatively regulated by mmu-miR-497 during
ischemic conditions which could result in neuronal cell death (Yin et al.2010 ). Birc6 is
known to protect the cells from glucose deprivation-induced hypoxic stress and the resulting
p53 associated apoptosis (Aharinejad et al. 2008). Smo and stat5a promote the transcription
of bcl2 and bcl-xL genes (Chen et al. 2008; Fujinaka et al. 2007; Xu et al. 2009a; Xu et al.
2009b), which protect the cells from apoptosis resulting from metabolic oxidative stress and
reduction of ATP levels due to nutrient deprivation (Lee et al. 1997; Majors et al. 2007).

Inactivation of mmu-miR-466h by transient transfection with anti-miR-466h during
exposure to nutrient-depleted media increased the levels of bcl2l2, dad1, birc6, stat5a, and
smo genes four to twenty three fold. It is, therefore, likely that mmu-miR-466h plays a role
in apoptosis induction caused by nutrient depletion through the simultaneous inhibition of
several genes. However, it is possible that the levels of bcl2l2, dad1, birc6, stat5a, and smo
were indirectly affected by mmu-miR-466h activity. MiRs are known to regulate cellular
pathways by controlling the levels of multiple genes (Akao et al. 2006; Crawford et al. 2009;
Yin et al. 2010 ). Mmu-miR-466h affects the apoptotic pathway by targeting at least five
anti-apoptotic genes in unison, but the inhibition of mmu-miR-466h did not entirely save
CHO cells from apoptosis onset when the cells were exposed to nutrient-depleted media.
Compared with the negative control, the cells containing the anti-miR-466h showed a
decrease in caspase-3/7 levels and an increase in cell viability. Although the relative up-
regulation of mmu-miR-466h was the highest among all members of mouse 297-669 miR
cluster and its pro-apoptotic activity became evident, other members of this cluster were also
up-regulated and may be essential to complement the pro-apoptotic activity of mmu-
miR-466h. One member of this cluster, mmu-miR-669c, has been previously associated with
glutathione metabolism and oxidative stress in the aging mouse (Lanceta et al.2010; Maes et
al. 2008).

This report is the first that links mmu-miR-466h to apoptosis, further understanding of its
pro-apoptotic role and the role of the other members of 297-669 miR cluster can clarify the
regulatory role of this cluster in mammalian cell death and other cellular processes. Despite
the incomplete knowledge about the exact mechanism of mmu-miR-466h activity, the
benefits of mmu-miR-466h induction or suppression in mammalian cell cultures are
encouraging. It would be worthwhile to investigate the effects of this microRNA (and
perhaps the whole 297-669 cluster) on the phenotypes related to deregulations in apoptotic
program and metabolism for diseases such as cancer and diabetes. Considering the low
expression levels of 297-669 miR cluster in mammalian cells during normal growth and that
it has not been reported to be differentially expressed in cancer cells compared to healthy
cells, it is possible that this cluster is associated with cell death processes in cancer cells.
Stable suppression of mmu-miR-466h activity (and other members of 297-669 cluster) may
generate apoptosis-resistant cell lines since single miR has a potential to regulate multiple
gene targets. Additional studies searching for other genes affected by mmu-miR-466h and
297-669 miR cluster will be important for creating “stress tolerant” cell lines that are better
suitable for biologicals production.
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Figure 1.
Growth and glucose depletion of CHO cells. (A)Fresh media growth, (B) Viability
comparison
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Figure 2.
Caspase-3/7 activity in CHO cells exposed to nutrient-depleted media. Assay was read
continuously for 40 min in 10 min intervals.
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Figure 3.
Map of the overlaid images of the respective microRNA fluorescent signals in nutrient-
depleted and fresh media grown CHO-S cells. Each well represents a distinct microRNA.
Depleted media derived RNA sample was labeled with Cy3 (green) and fresh media with
Cy5 (red). The wells with probes for mmu-miR-466h and mmu-miR-669c are pointed at
with arrows.
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Figure 4.
qRT-PCR comparison of mmu-miR-466h, mmu-miR-669c, and mRNA levels for mmu-
miR-466h predicted targets in fresh and depleted media after 24h. (A) Mmu-miR-466h and
mmu-miR-669c levels. The TaqMan microRNA assays were used for both miRs with
sno202 and let-7c as controls for 2−ΔΔCt analysis. (B) mRNA levels for mmu-miR-466h
predicted gene targets. Respective TaqMan mRNA assays were used to assess mRNA levels
with 18S as control for 2−ΔΔCt analysis.
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Figure 5.
Relative levels of mmu-miR-466h and its target genes in fresh and nutrient-depleted media
with and without mmu-miR-466h inhibition. (A) Mmu-miR-466h levels. TaqMan
microRNA qRT-PCR analysis was used to assess mmu-miR-466h levels at 23.5h in
different media conditions with let-7c as control for 2−ΔΔCt analysis. (B) Relative mRNA
levels of bcl2l2, birc6, dad1, stat5a, and smo genes in depleted media with and without
mmu-miR-466h inhibition based on TaqMan qRT-PCR data. 18S levels were used as
control for 2−ΔΔCt analysis.
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Figure 6.
Viability comparison of CHO-S cells grown in fresh media and exposed to nutrient-depleted
media with and without mmu-miR-466h inhibition.
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Figure 7.
Comparison of Caspase-3/7 activity at different time points during fresh media incubation
and nutrient-depleted media incubation with and without mmu-miR-466h inhibition.
Depleted media incubated CHO cells were transfected with anti-miR-466h or anti-miR
negative control 22h before depleted media exposure. Caspase plate was read continuously
for 60 min in 15 min intervals. (A) 17h incubation, (B) 18.5h incubation, (C) 20h
incubation.
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Table 2

Refined set of mmu-miR-466h possible targets. Table shows possible binding site(s) of mmu-miR-466h seed
region(s) and mRNA 3′-UTRs of the respective target gene. Brief description of the known anti-apoptotic
roles for those genes is given

Mouse gene symbol

mmu-miR-466h binding
site(s) in mRNA 3′-UTR

(miR-466h binding
nucleotides #) Anti-apoptotic role of targeted gene

bcl2 GCACAC (2–7) Bcl2 is outer mitochondrial membrane protein which suppresses apoptosis either by
preventing release of cytochrome C from mitochondria or by binding apoptosis
activating factor (Apaf-1)

bcl2l2 GCACAC(2–7)
TGCACA(3–8)

Bcl2l2 (bcl-w) inhibits formation of permeability transition pore and subsequent
release of cytochrome C by binding to bax

birc6 GCACA (3–7) Birc6 (BRUCE, Apollon) can inhibit apoptosome by binding to Caspase-9 and
occupying its active-site pocket. It can function as E2 ubiquitin conjugase for
Caspase-9 and Smac/Diablo. Also, in response to loss of BIRC6 function p53
activates PIDD/Caspase-2 and bax/bak resulting in mitochondrial apoptosis

cflar TGCACAC(2–8), 3 of
TGCACA(3–8)
GCACAC (2–7)

Caspase-8 and FADD-like apoptosis regulator. Acts as an inhibitor of TNFRSF6
mediated apoptosis. It inhibits procaspase-8 cleavage and Caspase-8 activation.

dad1 2 of TGCACA (3–8) Defender against cell death1. It is a component of N-oligosaccharyl transferase
catalyzing transfer of oligosaccharide from lipid-linked donor to nascent polypeptide
chain. Loss of dad1 was reported to trigger apoptosis

naip7 2 of GCACAC(2–7) Naip7 (birc1g) Baculoviral iap repeat-containing 1g protein. BIR domains are known
to inhibit apoptosis by direct inhibition of the caspase family of proteases

smo TGCACAC (2–8)
GCACAC (2–7)

Part of Hedgehog signaling pathway. Activated smo uninhibits gli-1 transcriptional
factor which stimulates up-regulation of bcl2

stat5a GCACAC (2–7) Part of Jak-Stat signaling pathway. Stat5a dimers are transcriptional factors for bcl-xL
and bcl2 genes

tegt TGCACAC (2–8) Tegt is a multipass membrane protein. Interacts with bcl2 and bcl-xL and inhibits bax
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