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MicroRNAs (miRNAs) are short, non-coding RNAs that can negatively regulate expression of multiple genes at post-transcriptional levels. Using miRNAs to target multiple genes and pathways is
a promising cell-engineering strategy to increase recombinant protein production in mammalian
cells. Here, we identified miRs-17, -19b, -20a, and -92a to be differentially expressed between highand low- monoclonal antibody-producing Chinese hamster ovary (CHO) cell clones using nextgeneration sequencing and quantitative real-time PCR. These miRNAs were stably overexpressed
individually and in combination in a high-producing clone to assess their effects on CHO cell
growth, recombinant protein productivity and product quality. Stably transfected pools demonstrated 24–34% increases in specific productivity (qP) and 21–31% increases in titer relative to the
parental clone, without significant alterations in proliferation rates. The highest protein-producing
clones isolated from these pools exhibited 130–140% increases in qP and titer compared to the
parental clone, without major changes in product aggregation and N-glycosylation profile. From
our clonal data, correlations between enhanced qP/titer and increased levels of miRs-17, -19b, and
-92a were observed. Our results demonstrate the potential of miRs-17, -19b, and -92a as cell-engineering targets to increase recombinant protein production in mammalian cells.
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1 Introduction
The biopharmaceutical industry realized annual revenue
of US$120 billion from global sales of biologics in 2012 [1]
and is expected to have an annual increase of 10–20% [2,
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3]. Chinese hamster ovary (CHO) cells are the predominant host cells and are estimated to produce about 70% of
all biotherapeutics [4]. However, low specific productivity
(qP) (amount of recombinant proteins produced by one
cell within a time interval) of mammalian host cells places
limitations on product yields. Traditional genetic engineering strategies to enhance qP only target individual
genes or specific pathways, such as overexpressing protein disulfide isomerase (PDI) [5] to enhance protein folding and assembly, overexpressing signal receptor protein
SRP14 to enhance protein secretion [6], and overexpressing X-box binding protein 1S (XBP-1S) for global expansion of the whole secretory pathway [7]. Such strategies
resulted in no increase or moderate increase in qP [8].
A dramatic increase in qP may require engineering of
multiple genes or pathways at global levels.
MicroRNAs (miRNAs) are short, non-coding RNAs,
which negatively regulate target gene expression at post-
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transcriptional levels, via either translational repression
[9] or destabilization and degradation of mRNA [10]. It has
been shown that a few miRNAs regulate expression of
multiple genes and thus affect multiple pathways in various mammalian cells. For example, ectopic expression of
miR-34 down-regulates expression of cyclin-dependent
kinase 6 (CDK6), E2F5 transcription factor, and anti-apoptotic factor BCL2 in the SW480 cancer cell line [11], and
miR-126 regulates vascular development and angiogenesis in endothelial cells by repressing expression of inhibitors of the VEGF pathway SPRED1, PIK3R2/p85-beta, and
VCAM-1 [12–14]. Besides regulation of multiple pathways, overexpression of non-coding miRNAs does not
impose additional strain on the translational machinery of
host cells, unlike genetic engineering strategies based on
overexpression of protein-coding genes [15, 16]. These
attributes of miRNAs make them attractive targets for the
engineering of CHO-cell factories. The increasing availability of CHO-cell sequencing data in recent years [17]
would also improve understanding of gene regulation by
miRNA in CHO cells and facilitate CHO cell-specific
miRNA-directed engineering strategies [18].
miRNA sequencing demonstrated that miRNAs are
highly conserved between CHO and other mammalian
cell lines [19, 20]. Using microarray and next-generation
sequencing (NGS), several groups have profiled the
miRNA-ome of commonly used parental CHO-cell lines
(K1, DXB11 and DG44) and recombinant cell lines under
normal culturing conditions [19–23] and stress conditions
such as media depletion [24], temperature shift [19, 25,
26], supplementation with sodium butyrate [19] and MTX
amplification [27]. Some miRNAs that were identified
from these profiling studies have been found to affect culture processes and thus recombinant protein production.
Transient inhibition of miR-466h by anti-miR-466h inhibitor in CHO S cells increased levels of anti-apoptotic
genes stat5a, bcl212, birc6, dad1, and smo in nutrientdepleted media, resulting in delayed apoptosis via reduction of caspase 3/7 activity [24]. Subsequent stable inhibition of miR-466h in CHO S cells resulted in improved
resistance to apoptosis and increased protein production
[28]. Barron et al. [25] described the inhibitory effect of
overexpression of miR-7 on cell proliferation in CHO K1
cells, possibly by targeting ribosomal and histone proteins
[29]. The growth inhibitory effect of overexpressing
miR-7 in CHO K1-SEAP cells led to an increase in qP, but
the total yield was decreased as a result of reduced cell
numbers [25]. In CHO cells expressing an EpoFc fusion
protein, transient overexpression of miR-17 increased
proliferation and total yield [30], whereas stable overexpression enhanced both growth performance and specific productivity, resulting in a three-fold overall increase in
titer [31].
In this study, we carried out NGS and quantitative
real-time PCR (qRT-PCR) to identify miRNAs that are differentially expressed between high and low IgG-express-
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ing CHO-cell lines. Some of these miRNAs were then stably transfected into a high-producing clone to generate
stably transfected pools and clones. The impact of overexpression of these miRNAs on growth, productivity, and
product quality were then assessed in these miRNA-modified pools and clones.

2 Materials and methods
2.1 Cell lines and culture media
Two CHO K1 stably transfected clones expressing antiHER2 monoclonal antibody (mAb), SH87 and SH31, were
generated previously [32]. Both clones were grown in a
protein-free medium (PFM) comprising HyQ PF (HyClone,
Logan, UT) and CD CHO (Life Technologies, Carlsbad,
CA) at a 1:1 ratio, supplemented with 1 g/L sodium bicarbonate, 6 mM glutamine, 0.1% Pluronic F68 (Life Technologies), and 600 μg/mL G418 (Sigma–Aldrich, St. Louis,
MO), and maintained in a 37°C humidified shaker incubator at 110 rpm with 8% CO2. Routine subculture was
done every 3–4 days. Cell density and viability were determined by Trypan blue exclusion method on a Vi-Cell XR
cell analyzer, while mAb titer was measured using
Immage 800 Immunochemistry System (both from Beckman Coulter, CA).

2.2 Global profiling of miRNA levels using NGS
One set of batch cultures was performed for SH87 and
SH31 in 1 L shake flasks (300 mL working volume) with
seeding viable cell density (VCD) of 2 × 105 cells/mL. Cells
were sampled daily for measurement of VCD, viability,
and mAb titer for determination of growth rate (μ), integrated viable cell density (IVCD) and qP. 5 × 106 cells were
collected at late exponential phase. miRNAs were isolated using mirVANA miRNA isolation kit (Life Technologies) and quantified on a Nanodrop 2000 (Thermo Scientific, Waltham, MA). cDNA libraries were prepared using
the small RNA sample preparation kit (Illumina, San
Diego, CA) as per manufacturer’s instructions. Briefly,
5′ and 3′ adapters were ligated to 100 ng of miRNA. The
ligated constructs were reversely transcribed and PCR
amplified. The purified PCR product was run on 10%
PAGE for gel purification of ~120 bp DNA to obtain cDNA
library. Concentrations of cDNA libraries were estimated
using qPCR method. 8–10 pM of each cDNA library was
sequenced on a separate lane on a Genome Analyzer IIx
(Illumina). Adapter sequences were trimmed from
sequence reads. Trimmed reads ≥15 bp were aligned to
mature miRNA sequences in the miRNA database
miRBase version 17 (http://www.mirbase.org/, accessed
Aug 2011). The number of reads in each clone with exact
matches to each miRNA was counted and normalized
to the total number of aligned reads for that clone. The
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miRNAs were then filtered to remove redundant miRNAs
with identical sequences, sequence variants of lower
abundance, and miRNAs with <500 matches in either
clone. Differential expression of remaining miRNAs was
determined as ratio of normalized reads in SH87 to normalized reads in SH31.

2.3 qRT-PCR analysis of miRNA levels
Triplicate batch cultures of SH87 and SH31 were grown in
1-L shake flasks (300 mL working volume) with seeding
VCD of 2 × 105 cells/mL. 5 × 106 cells were collected at the
same time point as for global miRNA profiling. Total RNA
was isolated using TRIzol reagent, with 100 μg/mL linear
polyacrylamide as carrier (both from Life Technologies).
Total RNA concentration was determined using
Nanodrop 2000. Multiplex reverse transcription (RT) and
qRT-PCR of miRNAs was performed using MiRXES
microRNA qPCR assays, licensed from Exploit Technologies, Agency of Science, Technology and Research
(A*STAR), Singapore, as previously described [33] with
some modifications. Briefly, 200 ng of total RNA was
reverse-transcribed using 100 nM of each RT primer,
5 mM MgCl2, 1 mM dNTP, and 1.25 μL ImProm-II Reverse
Transcriptase (Promega, Madison, WI), in a total volume
of 25 μL for 30 min at 42°C, then 5 min at 70°C. qRT-PCR
was done on iQ5 system (Bio-Rad, Hercules, CA) at 95°C
for 10 min, followed by 50 cycles of 95°C for 10 s and 60°C
for 30 s. Each reaction was performed using 0.5 μL of RT
product in 1× XtensaMix-SG (BioWORKS, Victor, NY)
containing 200 nM of each primer, 2.5 mM MgCl2, and
0.5 U KlearTaq DNA polymerase (KBiosciences, Hoddesdon, UK) in a total volume of 25 μL. All miRNA levels were
normalized to miR-26a. Fold differences were determined
from duplicate wells using 2–ΔΔCt method [34].

2.4 Vector construction
Genomic DNA was extracted from SH87 using Gentra
Puregene Kit (Qiagen, Valencia, CA). DNA elements
containing individual miRNA stem-loop sequences of
miRs-17, -19b, -20a, -92a and miR-17–92 cluster were
PCR-amplified and inserted into pcDNA3.1Hyg(+) vectors
(Life Technologies) using NheI and HindIII restriction
sites. Primer sequences are listed in Supporting Information, Table S1. Restriction enzymes were purchased from
New England Biolabs (NEB), Ipswich, MA.

2.5 Generation of stably transfected
miRNA-overexpressing pools and clones
Five micrograms of vector was linearized with BglII (NEB)
and transfected into 1 × 107 SH87 cells using Amaxa
Nucleofector (Lonza, Cologne, Germany) as per manufacturer’s protocol. Transfected cells were incubated in PFM
without containing G418 for 24 h at 37°C in a 5% CO2
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humidified static incubator, then transferred to 20 mL of
selection medium (PFM containing 600 μg/mL G418 and
400 μg/mL Hygromycin B (HygB) (Life Technologies) in
125 mL shake flasks. Stable pools were generated by passaging cells in selection medium for 2 wk. All transfections were carried out in triplicates. To isolate clones, stable pools were seeded at 250–300 cells/mL in semi-solid
CloneMedia-CHO-GS (Genetix, Molecular Devices, Sunnyvale, CA) supplemented with 6 mM glutamine, 2% FBS
(HyClone), 600 μg/mL G418 and 400 μg/mL HygB in culture dishes at 37°C in a 5% CO2 humidified static incubator. Colonies were formed in 2 wk. They were transferred
to selection media in 96-well plates and scaled up to
125-mL shake flasks for characterization.

2.6 Characterization of
miRNA-overexpressing cell lines
Stable pools were characterized in triplicates in 1-L shake
flasks while single cell clones were characterized in
125-mL shake flasks. Cells were seeded at a VCD of
3 × 105 cells/mL and cultured in a humidified shaker incubator supplemented with 8% CO2 at 37°C. VCD and culture viability were monitored daily. mAb titers were
measured on day 3 and at the end of the culture. Relative
quantification of miRNA levels and mRNA levels of IgG
heavy chain (HC) and light chain (LC) was carried out
using qRT-PCR on cells collected on day 3 of the culture.

2.7 qRT-PCR analysis of HC and LC mRNA levels
One microgram of total RNA was reverse-transcribed
using 2 μL ImProm-II Reverse Transcriptase, 2 μg of oligo
dT28, 3.75 mM MgCl2, 0.5 mM dNTP and 1 μL RNasin
(Promega) in a total volume of 40 μL for 2 h at 42°C, then
15 min at 70°C. qRT-PCR was done on iQ5 system at 95°C
for 30 s followed by 50 cycles of 95°C for 5 s and 60°C for
10 s. Each reaction was carried out using 2 μL of RT product in 1× SsoFast EvaGreen Supermix (Bio-Rad) containing 500 nM of each primer in a total volume of 20 μL. All
mRNA levels were normalized to the mRNA level of eukaryotic translation elongation factor-1 alpha-1 (EEF1A1).
Primer sequences are listed in Supporting Information,
Table S2. Fold differences were determined from duplicate wells using 2–ΔΔCt method.

2.8 IgG purification and aggregation analysis
IgG in the supernatant was purified using a protein A column on a GE AKTA explorer 100 (GE Healthcare, Uppsala,
Sweden) and the aggregation of purified IgG was determined using size exclusion chromatography (SEC) coupled to a dynamic light scattering detector and a UV–visible detector as previously described [32].
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2.9 IgG glycan profiling by MALDI-TOF MS
and UPLC-fluorescence

qP 

Glycosylation of purified IgG was characterized by two
orthogonal techniques: matrix-assisted laser-desorption
ionization-time of flight mass spectrometry (MALDI-TOF
MS) and ultra-high performance liquid chromatography
with fluorescence detection (UPLC-fluorescence). MALDITOF MS of permethylated N-glycans was performed
as previously described [32]. Glycan structures were
assigned to respective peaks based on matching mass-tocharge ration (m/z) and knowledge of N-glycan biosynthetic pathway in CHO cells. Graphical annotation was
assisted by GlycoWorkBench software. Heights of peaks
that correspond to glycan species were used for calculating relative abundance of glycans. UPLC profiling of
native N-glycans labeled with 2-aminobenzamide (2-AB)
was carried out using GlykoPrep Plus rapid N-glycan
preparation with 2-AB kit (Prozyme, Hayward, CA) on an
AssayMap Bravo automation platform (Agilent Technologies, Santa Clara, CA) as per manufacturer’s instructions.
Briefly, purified IgG were diluted to 1 mg/mL and 105 μL
of each sample was aliquoted into a 96-well PCR plate,
denatured, and captured to immobilization tips. N-glycans were released by PNGase F treatment, dried by CentriVac device and labeled with 2-AB by reductive amidation. 2-AB-labeled glycans were purified with clean-up
tips and eluted in 50 μL of ultrapure water. UPLC-fluorescence glycan analysis was done on Ultimate 3000 RSLC
system (ThermoFisher Scientific, Sunnyvale, CA) as per
published methodologies with slight modifications [35,
36]. Glycans were separated on an Accucore AmideHILIC column (2.1 mm internal diameter, 150 mm length)
(ThermoFisher Scientific) using 50 mM ammonium formate (pH 4.5) (solvent A) and acetonitrile (solvent B) as a
binary solvent system as follows: a linear gradient of solvent A from 20 to 50% over 40 min, an isocratic run of 50%
solvent A for 5 min, then an isocratic run of 20% solvent A
for 15 min. A 2-AB-labeled dextran ladder (Ludger, Oxford,
UK) was run as a calibrant for GU values. Peaks in chromatograms for IgG glycan samples were annotated based
on GU values of glycan standards obtained under the
same chromatographic conditions.

2.10 Calculations and statistical analysis
μ, IVCD, and qP at time-point n were calculated by the following equations:



ln X n  ln X n1
Tn  Tn1
Tn

IVCD 



(1)


1 X n  X n1

 2  T  T

n
n1 
T
1
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(2)

(C mAb ) n
IVCD n

(3)

with X being the VCD, CmAb being concentration of mAb
in the culture supernatant, and T being age of the culture.
Statistical differences in relative miRNA level and μ
between SH87 and SH31 were analyzed using two-tailed
two-sample Student’s t-test. Statistical differences in relative miRNA level, μ, qP, IVCD, and titer between miRNAoverexpressing stable pools and SH87 were analyzed
using two-tailed paired Student’s t-test. Significance testing for differences in qP and titer between “high miRNA”
and “low miRNA”-expressing single cell clones, and
between groups of cluster-transfected single cell clones
was conducted using Mann–Whitney U-test. Single factor ANOVA was used to analyze differences in aggregation levels and N-glycan structures of IgG produced by
single cell clones.

3 Results
3.1 Identification of differentially expressed
miRNAs in high- and low-producing CHO
mAb clones
Two CHO K1-mAb clones, SH87 and SH31, were used for
miRNA profiling studies. The qP of SH87 (designated high
producer) peaks at late stationary phase at ~19 pg/cellday, while qP of SH31 (designated low producer) remains
constant throughout culture at ~3 pg/cell-day. To identify
possible miRNAs which could play a part in regulating qP,
global miRNA profiling of the clones by NGS was carried
out at stationary phase where the difference in qP
between the low- and high-producing clones was greatest. Another reason to carry out profiling at stationary
phase was to exclude the effect of growth on miRNA
expression levels. NGS yielded 27 298 150 reads for SH87
and 28 715 951 reads for SH31. After adaptor trimming
and length filtering, 15 850 241 reads in SH87 were
aligned to 496 unique mature miRNA sequences in miRBase, while 17 105 519 reads in SH31 were aligned to 529
miRNAs. Those miRNAs, which exhibited >3-fold differences between SH87 and SH31 were further validated
using qRT-PCR in triplicate batch shake flask cultures.
miR-26a was used as reference miRNA as it was found to
be highly expressed at similar levels in SH87, SH33, and
two other previously generated CHO-mAb clones [37]
profiled by NGS (data not shown).
Eight miRNAs were confirmed to be ≥3-fold differentially expressed between the low- and high-producing
clones, of which two were up-regulated in SH87 and six
were down-regulated as determined using both NGS and
qRT-PCR (Table 1). Let-7e and miR-330, which were
reported to inhibit apoptosis in rat PC12 and human
glioblastoma cells, respectively [38, 39], were significantly
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Table 1. miRNAs with >3-fold differential expression between CHO K1-mAb clones SH87 (high producer) and SH31 (low producer) identified using nextgeneration sequencing (NGS) and validated using qRT-PCR

Mature miRNA sequencea)

miRNA

Fold differenceb)

Some reported/implicated effectsd)

Stationary phasec)

Exponential phasec)

NGS

qRT-PCR

qRT-PCR

Upregulated
in SH87

let-7e

UGAGGUAGGAGGUU
GUAUAGUU (N.A.)

5.5

4.47* (±1.09)

–

Anti-apoptosis [38]
Cell cycle arrest [53]

miR330-5p

UCUCUGGGCCUGUG
UCUUAGGC (N.A.)

3.4

3.97* (±0.86)

–

Anti-apoptosis [39]

Downregulated
in SH87

miR-17

CAAAGUGCUUACAGU
GCAGGUAGU
(CAAAGUGCUUACAGU
GCAGGUAG)

3.8

4.25* (±0.39)

3.31* (±0.31)

Cell proliferation
[22, 23, 30, 31, 45]
Specific productivity [31]
Anti-apoptosis [50]
Inhibits differentiation [52]

miR-19b

UGUGCAAAUCCAUGC
AAAACUGA

4.5

3.02* (±0.43)

2.92* (±0.49)

Growth inhibition [26]
Anti-apoptosis [45–48, 50]
Inhibits differentiation [51]

miR-20a

UAAAGUGCUUAUAGU
GCAGGUAG

7.4

5.88* (±1.69)

4.11* (±0.32)

Cell proliferation [22, 23, 45]
Anti-apoptosis [45,48]
Inhibits differentiation [52]

miR-92a

UAUUGCACUUGUCCC
GGCCUGU

9

3.46* (±0.23)

2.02* (±0.09)

Cell proliferation [23]
Growth inhibition [31]
Anti-apoptosis [45,48]
Angiogenesis [49]

miR-450b

UUUUGCAGUAUGUU
CCUGAAUA

9

9.68* (±2.72)

–

Myogenic differentiation [54]

miR542-3p

UGUGACAGAUUGAU
AACUGAAA (UGUGACA
GAUUGAUAACUGAAAG)

3.5

3.12* (±0.52)

–

a) Trimmed sequencing reads ≥15 nt were aligned to mature miRNA sequences in miRBase v17. Where miRNA sequenced by NGS differs from the reference Chinese
hamster (Cricetulus griseus, cgr) miRNA sequence listed in miRBase v20, the cgr sequence is given in parenthesis. (N.A.): no cgr sequence listed in miRBase v20.
The number of reads aligned to each miRNA was normalized to the total number of aligned reads in that clone. b) Fold difference in miRNA abundance between
the clones is determined by calculating the ratio of normalized reads. For fold difference determined by qRT-PCR, the average and standard deviation obtained from
biological triplicates are shown. Dash: not assayed. Significant differences are indicated by *(2 sample Student’s t-test, p < 0.05). c) Stationary phase: day 5 (SH31),
day 6–7 (SH87); exponential phase: day 3 (SH31 and SH87). d) Underlined references indicate studies performed in CHO cells.

up-regulated in SH87 compared to SH31, while miRs-17,
-19b, -20a, -92a, -450b, and -542b-3p were significantly
down-regulated (p < 0.05). Four of the validated downregulated miRNAs in SH87 – miRs-17, -19b, -20a, and
-92a, belong to the polycistronic miR-17–92 cluster, which
had been implicated in cell proliferation in several cell
types, for example retinoblastoma [40], hepatocellular carcinoma [41], CD4+ T cells [42] and CHO cell clones [23, 30,
31]. As expression levels of these four miRNAs in CHO
cells have been reported to change during culture [22, 23],
we further determined their expression levels during
exponential phase using qRT-PCR. Consistent with the
above-mentioned reports, we found that the levels of
these four miRNAs decreased in both clones from exponential to stationary phase (1.7- to 2.4-fold decrease in
SH87 and 1.2- to 1.7-fold decrease in SH31). However,
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they were still down-regulated during the exponential
phase in SH87 as compared to SH31 (Table 1).

3.2 Effects of overexpression of miRNAs
on productivity and growth
The differential expression of miRs-17, -19b, -20a, and
-92a between SH87 and SH31 suggests that the miR-17–92
cluster may play a role in regulating protein productivity
in CHO cells. We generated triplicate stable pools overexpressing these miRNAs by transfecting SH87 with stemloop sequences of each individual miRNAs or the entire
miR-17–92 cluster (comprising six miRNAs: miRs-17, -18a,
-19a, -20a, -19b, and -92a). The blank pcDNA3.1Hyg(+)
vector (“blank”) without expressing any miRNA was used
as a negative transfection control. No significant increas-
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Table 2. Effects of overexpression of miRs-17, -19b, -20a, -92a, and miR-17–92 cluster (“cluster”) on productivity and growth in stably transfected poolsa)

Parental

Relative miR-17
Relative miR-19b
Relative miR-20a
Relative miR-92a
qP (pg/cell-day)
Titer (mg/L)
μ (h–1)
IVCD
(107 cells/mL-day)

Stably transfected pools

SH87

Blank

miR-17

miR-19b

miR-20a

miR-92a

Cluster

1.00
1.00
1.00
1.00
18.0 (±0.8)
314 (±19)
0.033 (±0.006)
2.72 (±0.17)

1.07 (±0.17)
0.97 (±0.07)
1.17 (±0.27)
1.09 (±0.15)
19.6 (±1.0)
371 (±24)
0.033 (±0.002)
2.98 (±0.35)

8.49 (±1.81)*
1.19 (±0.16)
1.25 (±0.17)
0.89 (±0.14)
23.9 (±2.5)**
397 (±36)
0.032 (±0.001)
2.81 (±0.28)

1.21 (±0.03)*
1.72 (±0.06)*
0.97 (±0.15)
0.96 (±0.01)*
22.4 (±1.7)**
391 (±10)*
0.033 (±0.002)
2.85 (±0.28)

1.21 (±0.18)
1.26 (±0.10)*
1.83 (±0.12)*
1.12 (±0.19)
24.2 (±1.5)*
411 (±40)**
0.032 (±0.004)
2.84 (±0.32)

1.19 (±0.18)
0.98 (±0.15)
1.27 (±0.12)**
1.85 (±0.22)*
22.8 (±1.4)*
380 (±29)
0.038 (±0.001)
3.01 (±0.41)

8.83 (±3.93)**
3.99 (±1.10)*
5.49 (±0.92)*
4.90 (±1.47)*
23.6 (±1.1)*
400 (±14)*
0.034 (±0.002)
2.79 (±0.28)

a) Stable pools overexpressing miRNAs were generated by transfecting each miRNA into CHO K1-mAb high-producing clone SH87 and selecting with Hygromycin B
for stable transfectants. Blank pools were generated by transfection of SH87 with a blank pcDNA3.1Hyg(+) vector. Each pool was cultured in shake flask batch culture
until viability dropped below 50%. Relative miRNA levels, specific mAb productivity (qP) and growth rate (μ) were determined at day 3. Titer and integrated viable cell
density (IVCD) were determined at the end of culture. Average and standard deviation obtained from biological triplicates are shown. Significant differences in stable
pools relative to SH87 are indicated by *(paired Student’s t-test, p < 0.05) and **(p < 0.1).

es in levels of miRs-17, -19b, -20a, and -92a were found in
blank-transfected pools relative to SH87 (Table 2). On the
other hand, levels of the miRNAs were significantly
increased in the corresponding miRNA-transfected pools,
ranging from 1.73- to 8.83-fold relative to SH87. In each single miRNA-transfected pool, the expression levels of other
members of the miR-17– 92 cluster were slightly changed.
Overexpression of miRs-17, -19b, -20a, and -92a individually and in cluster resulted in significantly enhanced qP by
24–34% in stably transfected pools compared to SH87.
The mAb titers were also significantly increased in
the miR-19b-, miR-20a-, and cluster-transfected pools
(p < 0.05, 0.1). In contrast, blank-transfected pools did not
show significant changes in qP and titer. Both μ and IVCD
of blank-transfected and miRNA-transfected pools did not
differ significantly from SH87, indicating that the increases in qP and titer observed in the miRNA-transfected pools
were not due to changes in proliferation or cell density.
To further investigate the effects of miRNA overexpression on mAb productivity, we isolated 31–48 clones
from blank-transfected and each miRNA-transfected stable pool. The levels of miRNAs in the isolated clones varied considerably. To analyze the relationship between the
miRNA level and qP and mAb, the clones from each pool
were sorted in ascending order based on their miRNA levels and separated into two groups: clones with miRNA
levels <1.5-fold that of SH87 (“low miRNA”) and clones
with miRNA levels >1.5-fold (“high miRNA”). Among 35
blank-transfected clones, only one clone expressed miR-17
and miR-92a >1.5-fold and had titer and qP higher than
the parental SH87 clone. The remaining clones expressed
miRNA levels <1.5-fold and exhibited sharp decreases in
qP and titer relative to SH87 and blank-transfected pool
(Fig. 1A). The decrease in production in these clones was
likely due to the instability of mAb expression during the
4–6 wk of clone expansion. Of the 31 single cell clones isolated from miR-17 stably transfected pool, 12 clones have

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

“low miR-17” levels and two of them exhibited qP and titer
greater than SH87. In contrast, of the 19 “high miR-17”
clones, 10 clones demonstrated enhanced qP and 11 clones
showed increased titer (Fig. 1B). The highest producing
clone isolated from the miR-17 transfected pool exhibited
qP and titer 2.3- and 1.7-fold that of SH87, respectively.
Similar relationship between miRNA level and productivity is seen in the clones isolated from pools transfected
with miRs-19b, -20a, and -92a (Fig. 1C–E). The highestproducing clones isolated from miR-19b, miR-20a, and
miR-92a pools exhibited qP and titer of 2.1- to 2.4-fold and
1.9- to 2.2-fold that of SH87, respectively. No linear relationship was observed between miRNA expression level
and productivity in clones transfected with different
miRNAs. In clones transfected with miRs-17, -19b, and
-92a, the relative qP and titer of the “high miRNA” clones
were significantly higher than that of the “low miRNA”
clones (p < 0.05) (Fig. 1G), indicating that high levels of
these miRNAs are associated with increased qP and titer.
Significantly higher titer was also observed in “high
miR-20a” clones than in “low miR-20a” clones but the difference in qP is not significant. Overexpressing the entire
mir-17–92 cluster also exhibited enhanced qP and titer in
some clones with enhanced miRNA levels but did not
result in further enhancement compared to overexpressing only individual miRs-17, -19b, -20a, and -92a (Fig. 1F
and 1H).
To understand how miRs-17, -19b, and -92a enhanced
productivity, we quantified mRNA levels of the IgG HC
and LC in some “high miRNA” clones with improved productivity. The miR-17 and miR-92a clones showed an
increase in LC transcripts as compared to SH87. In contrast, the miR-19b clones demonstrated decreased levels
of HC and LC transcripts (Fig. 2), suggesting that miRs-17
and -92a may enhance qP in part by increasing transcription, whereas miR-19b may enhance qP by influencing
post-transcriptional mechanisms.
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Figure 1. Effects of stable overexpression of miRs-17, -19b, -20a, -92a, and miR-17–92 cluster on mAb productivity in single cell clones. (A–F) Relative
miRNA level, specific productivity (qP) and titer in clones isolated from pools stably transfected with (A) blank vector, (B) miR-17, (C) miR-19b, (D) miR20a, (E) miR-92a, and (F) miR-17–92 cluster. (G–H) Box-and-whisker plot of qP and titer in clones that were (G) transfected with blank vector and individual miRs-17, -19b, -20a, and -92a; (H) transfected with miR-17–92 cluster. “Low miRNA” clones: expression level of relevant miRNA <1.5-fold that of
parental clone SH87. “High miRNA” clones: miRNA level >1.5-fold that of SH87. Number next to median line of each box plot denotes number of clones in
the group. Significant differences in qP/titer between the groups of clones are indicated by * (Mann–Whitney U-test, p < 0.05) and ** (p < 0.10). Each clone
was cultured in shake flask batch cultures until viability dropped below 50%. Relative miRNA level was determined at day 3 using qRT-PCR. qP was determined at day 3 and titer was determined at the end of culture.
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3.3 Effects of overexpression of miRNAs
on mAb quality
Apart from titer, quality attributes of recombinant proteins such as aggregation and glycosylation profile are
critical, as they determine the functionality, efficacy,
safety, and in vivo half-life of the proteins [43, 44]. To
determine if increased titers from miRNA overexpression
were accompanied by product quality changes, we
selected one high-producing clone from each stably
transfected pool for aggregation and N-glycosylation
studies. Clones 17-28, 19b-36, 20a-17, 92a-31, and Clu-44
(isolated from the pools stably transfected with miR-17,
miR-19b, miR-20a, miR-92a, and miR-17–92 cluster,
respectively) were grown in duplicate cultures and the
purified IgG produced by these clones were separated by
SEC and detected using UV detectors and dynamic light
scattering. Peaks were identified as aggregates and IgG
monomers based on their average molecular weights
determined by dynamic light scattering. A representative SEC chromatogram from SH87 is shown in Fig. 3.
Aggregation levels were quantified by determining the
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respective peak areas detected using UV absorbance.
Overexpression of the miRNAs did not have any major
effect on IgG aggregation, as all purified IgG samples
demonstrated consistently low aggregation of <1%
(results not shown).
Glycan structures were identified using MALDI-TOF
MS (Fig. 4A) and categorized into the following species:
sialylated, fucosylated, pauci-/oligo-mannose, G0 (complex bi-antennary with no terminal galactose), G1 (1 terminal galactose), and G2 (2 terminal galactose). Overexpressing miRs-17, -19b, -20a, -92a, and miR-17–92 did not
impact N-glycosylation strongly. For all purified IgG samples, majority of N-glycans are fucosylated, bi-antennary
structures, with 0–2 terminal galactose residues in
descending order of abundance (Fig. 4B). Terminal mannosylated and sialylated glycans represent small fractions
of total N-glycan pool (<10 and 2%, respectively), consistent with a normal CHO cell-produced recombinant
human IgG glycan distribution pattern [32]. IgG sialylation levels were not statistically different between clones
(p = 0.32). Similar patterns in IgG N-glycosylation profiles
were also observed using UPLC fluorescence (Fig. 4C).
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Figure 2. Relative levels of miRs-17, -19b, -92a, specific mAb productivity
(qP), light chain (LC) mRNA and heavy chain (HC) mRNA in transfected
clones. Single cell clones were isolated from stable pools generated by
transfecting SH87 with vector expressing miR-17 (clones 17-13, 17-20,
17-12), miR-19b (clones 19b-36, 19b-25, 19b-23), or miR-92a (clones
92a-28, 92a-34, 92a-21, 92a-23). Levels of miRNAs, LC mRNA and HC
mRNA were determined using qRT-PCR and normalized to that of
parental clone SH87. All levels were determined at day 3 of culture.
Each point represents the average and standard deviation obtained
from duplicate nephelometer measurements/qRT-PCR assays.

www.biotecvisions.com

[46, 47] and miRs-19b, -20a, and -92a repress BIM [45, 48]
to inhibit apoptosis. miR-92a targets ITGA5 to promote
angiogenesis [49]. Previous studies of miRNAs in CHO
cells linked several members of the miR-17–92 cluster to
cell growth and productivity. Jadhav et al. found that overexpression of miR-17–92 cluster increased growth [31]
while overexpression of miR-17 enhanced both growth
and productivity [30, 31]. Bort et al. [22] reported miRs-17
and -20a to be up-regulated in exponential phase and
down-regulated in stationary and death phases in CHO
K1 cells. Clarke et al. [23] found that levels of miRs-17, 18a, -20a, and -92a correlated with μ. We also observed a
decrease in levels of miRs-17, -19b, -20a, and -92a from
exponential to stationary phase in both SH87 and SH31.
However, stable overexpression of these miRNAs individually or in cluster in SH87 had no effect on μ. The reported effects of overexpressing the miR-17–92 cluster are
wide-ranging in various cell culture and biological systems, such as inhibition of apoptosis in hematopoietic
stem cells [50] and inhibition of differentiation in trophoblasts and myeloid leukemia cells [51, 52], demon-

Figure 3. Representative size exclusion chromatogram (SEC) of protein A
purified mAb. IgG aggregates (P1) and monomers (P2) within protein Apurified supernatant of non-transfected parental clone SH87 were separated by SEC and detected using dynamic light scattering for molecular
weight calculation (“+”), as well as UV absorbance at 280 nm for protein
quantification (curve). Note the low UV280 absorbance around 25 min is
caused by solvent component.

4 Discussion
miRs-17, -19b, -20a, and -92a belong to the miR-17–92
polycistron and have been shown to have complementary and overlapping oncogenic functions. miRs-17 and
-20a inhibit p21 (negative regulator of the cell cycle) to
promote cell proliferation [45]. miR-19b represses PTEN
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Figure 4. Structure and distribution of N-glycans on IgG produced in
high-producing clones. N-glycans were released from purified recombinant IgG, and either permethylated and analyzed by MALDI-TOF MS or
labeled with 2-aminobenzamide (2-AB) and analyzed by UPLC-fluorescence. (A) MALDI-TOF MS spectrum of permethylated N-glycans from
parental clone SH87 as an example. (B) Distribution of N-glycan structures on IgG produced by the clones. The glycan structures were identified
by MALDI-TOF MS and categorized into the following species: sialylated,
fucosylated, pauci-/oligo-mannose, G0 (complex bi-antennary without terminal galactose), G1 (with 1 terminal galactose) and G2 (with 2 terminal
galactose). Relative abundance of glycan species were calculated by determining the heights of corresponding peaks. Each point represents the
average and standard deviation obtained from biological duplicates. (C)
UPLC chromatograms of the high-producing clones. SH87: parental
clone; 17-28, 19b-36, 20a-17, 92a-31, and Clu-44: high-producing clones
isolated from pools stably transfected with miR-17, miR-19b, miR-20a,
miR-92a, and miR-17–92 cluster, respectively. Triangle: fucose; square: Nacetylglucosamine; green circle: mannose; yellow circle: galactose; diamond: sialic acid.

strating the importance of cell type and context on the
functions of these miRNAs. The conflicting effect of overexpressing miR-17–92 on cell growth observed in our
work and the above-mentioned reports could be due to
cell line-specific effect.
While the median qP and titer of the “high miR-17”
clones were 1.3-fold that of SH87, the qP, and titer of these
clones varied greatly (interquartile range = 0.4- to 1.6-fold).
42% of the “high miR-17” clones had lower qP than SH87
and 48% had lower titer. However, this may be attributed
to the instability of the parental SH87, as 97% of the blanktransfected clones demonstrated drastic decreases in qP
and titer. Most blank- and miRNA-transfected clones with
miRNA expression <1.5-fold exhibited dramatic lower
productivity than the pools in which they were isolated.
Overexpression of the miRNAs may have contributed to
increased productivity in the clones by enhancing qP or
by improving IgG expression stability. It would be interesting to determine the action of these miRNAs on
expression stability in future studies.
To understand the possible combinatory effect of
these four miRNAs on productivity, we categorized the
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Figure 5. Effects of combinatory overexpression of miRs-17, -19b, -20a,
-92a on mAb productivity in clones transfected with miR-17–92 cluster.
Levels of miRs-17, -19b, -20a, and -92a were determined at day 3 using
qRT-PCR. The clones were then categorized into three groups: clones with
levels of: (i) all four of these miRNAs <1.5-fold that of parental clone
SH87; (ii) all four miRNAs > 1.5-fold; (iii) one-three of these miRNAs>1.5fold. Number next to median line of each box plot denotes number of
clones in the group. Significant differences in qP/titer between the groups
of clones are indicated by *(Mann–Whitney U-test, p < 0.05). Each clone
was cultured in shake flask batch cultures until viability dropped below
50%. qP was determined at day 3 and titer was determined at the end of
culture.

cluster-transfected clones into three groups: clones with
levels of: (i) all four miRNAs <1.5-fold that of SH87; (ii) all
four miRNAs >1.5-fold; and (iii) one, two or three of these
miRNAs >1.5-fold. We found the relative qP and relative
titer of these three groups to be significantly different
(p < 0.05) (Fig. 5), being highest in the third group. The qP
of the second group was slightly lower than SH87, while
the titer was similar to SH87, suggesting that overexpressing miRs-17, -19b, -20a, and -92a in combination
beyond a certain threshold not only may not further
enhance productivity, but may instead have a negative
impact on productivity. This could explain the observations from our initial miRNA profiling study that miRs-17,
-19b, -20a, and -92a were down-regulated in the high-producing clone SH87 relative to the low-producing clone
SH31. Jadhav et al. [31] have reported similar effect of the
miR-17–92 cluster, where stable overexpression of miR-17
resulted in enhanced qP and titer, whereas stable overexpression of the miR-17–92 cluster resulted in lowered qP
and titer. It is not clear whether there are some interactions between each miRNA in clones overexpressed with
the entire cluster. In previous studies, miR-17 has been
reported to be up-regulated in four recombinant IgG-producing cell lines compared to parental DG44 [27] while
miRs-17, -19b, -20a, and -92a were found to be up-regulated in CHO-SEAP cells (but not in CHO-tPa cells) compared to CHO-K1 [21] cells. These conflicting observations suggest that differential expression of these
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miRNAs could be due to other factors besides changes in
productivity. miRNA profiling provides a snapshot of differential miRNA expression in different cell lines. How the
expression of these miRNAs is regulated in response to
transgene expression in different cell lines and their functions cannot be derived. That stably overexpressing
miRs-17, -19b, and -92a enhanced qP and titer provide
direct evidence that these miRNAs play positive roles in
enhancing transgene expression. We also observed that
transient overexpression of miR-19b resulted in ~4–10%
increases in qP in both SH87 high producer and SH31 low
producer, further confirming the positive effect of miR-19b
on recombinant gene expression is not dependent on cell
lines [data not shown]. In a similar miRNA profiling and
engineering study, Barron et al. [25] found that miR-7
expression was lowered in CHO K1 cells that underwent
temperature shift from 37 to 31°C and postulated that that
overexpression of miR-7 may enhance proliferation. However, transient overexpression of miR-7 resulted in blocking of cell proliferation instead. Taken together with our
findings, this highlights the necessity of combining
miRNA profiling and genetic engineering for miRNA
functional studies.
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