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Understanding the multifaceted nature of microRNA (miRNA) function in mammalian cells is still a challenge.
Commonly accepted principles of cooperativity and multiplicity of miRNA function imply that individual mRNAs can be
targeted by several miRNAs whereas a single miRNA may concomitantly regulate a subset of different genes. However,
there is a paucity of information whether multiple miRNAs regulate critical cellular events and thereby acting
redundantly. To gain insight into this notion, we conducted an unbiased high-content miRNA screen by individually
introducing 1139 miRNA mimics into Chinese hamster ovary (CHO) cells. We discovered that 66% of all miRNAs
significantly impacted on proliferation, protein expression, apoptosis and necrosis. In summary, we provide evidence
for a substantial degree of redundancy among miRNAs to maintain cellular homeostasis.

Introduction

MicroRNAs are endogenous non-protein coding (nc) small
RNAs that modulate global gene expression in eukaryotic cells at
the post-transcriptional level and are highly conserved across spe-
cies." miRNAs are critically involved in virtually all cellular pro-
cesses and aberrant miRNA expression is associated with a variety
of diseases.> Thus, miRNAs have gained much attention both as
therapeutic target and biomarker for medical applications, as well
as in the field of biotechnology as powerful cell engineering
tools.>*

In recent years the question of how miRNAs exert their multi-
ple cellular functions has gained increasing attention. It has
become clear, that miRNAs employ certain principles or modes
of action which are characterized by the following principles: (i)
cooperativity in miRNA function describes the targeting of a sin-
gle mRNA by several miRNAs;® This cooperative binding has
been shown to be important for miRNA-mediated function and
to facilitate more effective target repression.” (i) Multiplicity of
miRNA function takes into account that a single miRNA can tar-
get more than one gene, due to the short and imperfect binding
mode of miRNAs to their target mRNAs.® The interplay between
cooperativity and multiplicity enables a single miRNA to fine-
tune protein biosynthesis from thousands of genes and to form
complex regulative networks within the cell.*? In the past few
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years the number of known miRNAs placed in the miRBase
repository has risen to a total number of >2800 in humans."’
Considering these vast numbers of miRNAs in the light of their
cooperative and multiplying effects on target genes, the intercon-
nected and multilayered network character of their mechanism of
action on cellular pathways becomes apparent. Current concepts
investigate the regulatory action mostly centered on a single
miRNA and its cooperative and multiplying effects on different
but distinct cellular scenarios. However, the question whether
multiple miRNAs regulate crucial cellular pathways and their
mode of action has not been adequately addressed. Regulation of
single or multiple pathways by multiple miRNAs, however, may
add an additional layer of complexity to the network operation
and introduce a possible redundancy of miRNA function.

The present study aimed at assessing the impact of all known
cellular miRNAs on cell proliferation, protein expression/secre-
tion, apoptotic and necrotic cell death. We recently conducted
an unbiased functional miRNA screen in a recombinant CHO
cell line assessing the impact of 1139 miRNAs on crucial cellular
functions.'! In this report, we demonstrate that each of these vital
cellular pathways could be controlled by an unexpectedly large
number of miRNAs, which may indicate a redundancy in path-
way regulation guaranteeing survival of the cell. Since the path-
ways are to some degree interrelated, we found that subsets of
miRNAs have both specific as well as overlapping functions. Our
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results show that >750 miRNAs (66% of library) had an effect
on essential cellular pathways such as proliferation, protein
expression, apoptosis and necrosis, which supports the idea that
many, if not all miRNAs are critically involved to a certain extent
in most cellular pathways keeping the cell in homeostasis.

Materials and Methods

Cell culture and transfection

CHO-SEAP suspension cells stably expressing the human
secreted alkaline phosphatase (SEAP),'? were cultured in Pro-
CHO™5 culture medium (Lonza, Vervier, Belgium) with
4 mM L-Glutamine (Lonza) and 0.1% anti-clumping agent
(Life Technologies, Carlsbad, CA, USA). Cells were maintained
at 37°C, 5% CO, and 85% humidity with agitation at 140 rpm
in an orbital shaker incubator (Kuehner, Birsfelden, Switzerland).
Transfections of miRNA mimics and small interfering RNAs
(siRNAs) were carried out essentially as described previously.''
An entire murine miRNA mimics library (miRBase release 18)
comprising 1139 different miRNAs was used for the transient
miRNA screening (Qiagen, Hilden, Germany) (see also Supple-
mentary Table S1). An Alexa Fluor® 647-labeled non-targeting
siRNA, a non-labeled, scrambled siRNA (NT siRNA), an anti-
SEAP siRNA (siSEAP) (all Qiagen) and a cell death control
siRNA (siDeath) (kindly provided by Dr. Eric Lader, Qiagen)

served as functional transfection controls.

Flow-cytometry based high-content cell analysis

Transfected cells were analyzed for cell concentration, viabil-
ity, necrosis, apoptosis and transfection efficiency by quantitative
high-throughput flow cytometry employing a MACSQuant®
Analyzer (Miltenyi Biotech, Bergisch-Gladbach, Germany). Cell
viability was determined by means of Calcein-Violet450-AM
(eBioscience, Frankfurt, Germany) staining and necrosis/late
apoptosis was detected by propidium iodide (PtdIns) (Roth,
Karlsruhe, Germany) exclusion. miRNA transfection efficiency
was assessed by analyzing cells for Alexa Fluor® 647 fluorescence.
Analysis of apoptosis was performed by means of Nicoletti stain-
ing'? and analyzed by flow cytometry. Transfected cells were
incubated for 30 min at 4°C in a modified Nicoletti staining
solution composed of 0.1% sodium citrate (Roth), 0.05% Triton
X-100 (Roth), 10 pg/mL PI (Roth) and 1 U/pL RNase A
(Thermo Fisher Scientific, Schwerte, Germany) in phosphate
buffered saline.

Analysis of protein expression

Differing SEAP concentrations in the culture supernatant of
CHO-SEAP cells were indicative of changes in protein expres-
sion/secretion. Changes in SEAP protein levels were determined
using a SEAP reporter gene assay (Roche Diagnostics, Man-
nheim, Germany) according to the vendor’s protocol and mea-
sured on a SpectraMax® MS5e microplate reader (Molecular
Devices, Sunnyvale, CA, USA). A standard curve from purified
SEAP was used to calculate SEAP concentrations in the culture
supernatant.
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Bioinformatics and statistics

Bioinformatics-based examination of putative target genes for
miRNAs exhibiting related functions was performed by a com-
prehensive iz silico target prediction analysis using 5 different
miRNA target prediction algorithms (miRanda, TargetScan,
DIANA-mT, miRDB and miRWalk). Potential target genes that
were commonly predicted by at least 3 of the mentioned algo-
rithms were further considered for gene clustering analysis using
the PANTHER classification system (www.]pantherdb.org),]4 fol-
lowed by a comparative analysis.

For statistical analysis of the primary screening results, biolog-
ical triplicate data points of each effector miRNA were normal-
ized to the mean value of the respective on-plate non-targeting
control miRNA, to allow for inter-plate comparisons between
different 96-well screen plates and to identify impactful miRNAs.
Significant miRNA-mediated changes on cellular readout param-
eters were determined by applying a one-way analysis of variances
(ANOVA) combined with a Dunnett’s multiple comparison
post-test (against the non-targeting control miRNA; * p<0.05,
* p<0.01, *** p<0.001).

A detailed expression analysis of impactful miRNAs in CHO
cells was carried out by first comparing all miRNA hits from the
high-content screening with miRNAs already annotated for Cri-
cetulus griseus (C. griseus) in the publically available miRBase
repository (release 21). In a next step, miRNAs which were not
annotated yet for C. griseus, but have already been detected in dif-
ferent small RNA sequencing approaches of CHO cell lines, were
also considered to be expressed. Finally, all remaining mouse
miRNA sequences were aligned to the recently published Chinese
hamster (CH) genome to examine if the miRNA hairpin is at
least genomically present.

Results and Discussion

miRNA-mediated impact on mammalian cellular behavior
may be studied by transient gain-of-function experiments in
which miRNA mimics are introduced into cultured cells result-
ing in an elevation of the cytosolic abundance of a given miRNA.
CHO cells are frequently applied as a cell system of choice, e.g.
for studying cytogenetics and DNA repair mechanisms but also
as host cells for the production of therapeutic proteins.'>'® In
order to investigate which miRNAs significantly affect funda-
mental cellular functions such as proliferation, apoptosis, necrosis
or protein expression/secretion, we have separately introduced an
entire murine miRNA mimics library into a recombinant CHO
cell line constitutively expressing SEAP as model protein. Three
days following transfection, cells were subjected to a high-content
analysis to determine miRNA-induced changes in crucial cellular
processes. Functional transfection controls reproducibly con-
firmed highly efficient and functional intracellular transfer of the
miRNAs (Fig. 1A, B). Functionally relevant miRNAs were ascer-
tained as screening hits if they were found to induce a statistically
significant change (one-way analysis of variances (ANOVA);
p<0.05) in at least one of the observed phenotypes as compared
to cells transfected with a scrambled siRNA.
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miRNA-mediated effects on protein
expression

Strikingly, we found that an unexpect- 1.2
edly large proportion of miRNAs signifi-
cantly influenced each of the investigated
cellular parameters (Fig. 1C). Notably,

>

miRNAs that influenced protein expres-
sion levels due to acute apoptotic or
necrotic cell death were excluded from the
above presented numbers. Therefore, 255
miRNAs (22.4%) of all miRNAs influ-
enced overall protein expression, whereof
184 miRNAs (16.2%) increased protein
expression while 71 miRNAs (6.2%)
reduced functional SEAP protein concen-
trations in the culture supernatant, sug-
gesting a decreased protein expression,
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behind these changes in protein concen-
tration in the culture supernatant might
be diverse and certainly rely on the target
genes (and pathways), which were
affected. Basically, observed alterations
might be due to an involvement in a vari-
ety of cellular processes including gene
transcription, protein translation/modifi-
cation, unfolded protein response (UPR),
ubiquitination/proteasomal  degradation,
metabolism, intracellular trafficking, cyto-
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skeleton dynamics or secretion/exocytosis.

Modulating the expression of transcrip-
tion factors such as the X-box binding
protein (XBP1) might be causative for
observed alterations in SEAP concentra-
tions since overexpression of XBP1 has

previously been shown to support protein
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expression and enhance exocytosis in

mammalian cells.!” Thus, miRNA-medi-
ated post-transcriptional silencing of tran-
scription factors like XBP1 might be
responsible for reduced SEAP protein lev-
els following miRNA transfection in the
presented screen. To support this hypoth-
esis, XBP1 has been demonstrated to be a
direct target of miR-214-3p in human
cells,’® and
intriguingly, our data suggest that miR-

hepatocellular  carcinoma

control cells.

Figure 1: Confirmation of functional small ncRNA transfection on all miRNA screen plates (n=73) in
the primary miRNA screen. Normalized mean values of (A) viable cell density and (B) SEAP protein
expression level of siDeath and siSEAP siRNA transfected CHO-SEAP cells, respectively. Sample val-
ues were normalized to the respective NT siRNA transfected on-plate control cells. Data are pre-
sented as mean =+ s.e.m. and for statistical analysis an unpaired, 2-tailed t-test was applied (*** p
<0.001). (C) Overview on how many miRNAs significantly affected crucial cellular processes such as
protein expression, cell proliferation, necrosis and apoptosis in CHO-SEAP cells. Data are presented
as percentages of the entire miRNA library comprising 1139 murine miRNA mimics and the amount
of miRNAs increasing (green) or decreasing (red) observed phenotypes are indicated. miRNAs were
considered as impactful if the change in phenotype was statistically significant against the negative

214-3p significantly decreased SEAP pro-
tein expression in CHO cells (Fig. 2A).

Hammond and Lee reported that the siRNA-mediated
knock-down of cofilin (CFL), an actin-modulating protein
involved in cytoskeleton dynamics, increased protein expres-
sion in CHO cells.”? Down-regulation of CFL diminishes
actin stress fibers and a destabilized actin cytoskeleton has
been shown to enhance heterologous protein expression.>

CFL2 is assumed to be regulated by miR-17-5p and miR-
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20b-5p in CHO cells.”' Furthermore, another interesting actin
binding protein, twinfilin-1 (TWF1), has been shown to be
targeted by miR-30a-5p.** Notably, we observed that transient
introduction miR-17-5p, miR-20b-5p and miR-30a-5p into
CHO-SEAP cells resulted in markedly increased SEAP expres-
sion levels in the miRNA screen (Fig. 2A), suggesting that
CFL and TWF might presumably be a target of those miR-
NAs in CHO cells, too.

Volume 12 Issue 3



i 25 [\ Cell-specific productivity 5 2.5 @ Viable cell concentration e
Q. Il Viable cell concentration e = B Apoptotic cells
£ 5 £5
cg c2
E5 EE
= £
DG D @
] =
E g E: é
E 4
o 0
& &
& «R R o« «R R < R R R \_c,Q R R AR AR R AR
& IS '{‘b IS ‘_Lsc b@ @8- q@o :h“o i @p & '\# ng' S o
* & p & & & PO Q_,\ & @ Q‘,\ & Q__m Q:q. Q;«
c e T &< & & &8 € FH FFES
Transfected miRNA Transfected miRNA
C 3.0 [l Necrotic cells i D - W Apdptatic calls
a [l Viable cell concentration é‘, B Viable cell oo:i:entrahon
2 @ Apoptotic cells °
2 5 30
2 £
()
=g £g
E5 s =
s 2% 20
53 s
£0 Se
C =, =1
g 2
£ ._.':“ 1.0
© @
& .2
0.0

R R R R R R R R R ol R
& o b o b: b 2 2 b

miR-30a-5p

& o & & S P S R g
& & ¢ FEEF T FEFSs
Transfected miRNA Transfected miRNA
miR-17-5p

miR-20b-5p

miR-16-5p

Figure 2: Influence of single miRNAs on different cell phenotypes in CHO-SEAP cells. (A) Effects of individual pro- and
anti-productive miRNAs on SEAP protein level (black) and viable cell concentration (gray) 72 h following transfection
in the primary miRNA screen. (B) Effects of individual pro- and anti-proliferative miRNAs on viable cell concentration
(black) and apoptosis (gray) 72 h following transfection in the primary miRNA screen. (C) Effects of individual pro-
necrotic miRNAs on necrotic (black) and apoptotic (white) cell death as well as viable cell concentration (gray) 72 h
following transfection in the primary miRNA screen. (D) Effects of individual pro-apoptotic miRNAs on apoptosis
(black) and viable cell concentration (gray) 72 h following transfection in the primary miRNA screen. Triplicate sample
values of each miRNA were normalized to the mean value of the miR-NT transfected control cells. Error bars represent
the standard deviation (SD) of 3 independent transfections. Statistics: One-way ANOVA (* p <0.05; ** p<0.01; ***
p<0.001). (E) VENN diagram of bioinformatically predicted target genes for miR-17-5p, miR-20b-5p, miR-30a-5p, miR-
214-3p and miR-16-5p in humans involved in translational control. The five different prediction algorithms miRanda,
TargetScan, DIANA-mT, miRDB or miRWalk were used and overlaps indicate shared target genes.
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Other conceivable tar-
gets might be for instance
the ubiquitin  pathway
which represents a key
interface to be modulated
by miRNAs in order to
control protein abundance.
In this conjunction, miR-
16 has been shown to regu-
late several effector genes
of the ubiquitin pathway
(e.g., UBE4A, UBE2VI
and UBE2S) and thus
seems to be involved in
protein synthesis control in
humans.** Ectopic overex-
pression of miR-16-5p
severely decreased SEAP
expression in the presented
miRNA screen (Fig. 2A)
supporting the idea that
miR-16 might be an
important regulator of pro-
tein expression in mamma-
lian cells.

In this conjunction, it is
also  conceivable  that
miRNA-mediated downre-
gulation of particular genes
involved in ubiquitination
might result in elevated
levels of specific proteins.
Notably, stringent bioin-
formatics target prediction
for miR-17, miR-20b,
miR-30a, miR-214 and
miR-16 yielded a reason-
able high number of genes
exhibiting translational
regulatory activity
(Fig. 2E). Common puta-
tive target genes specific
for pro-productive miR-
17, miR-20b and miR-30a
comprised DDX46,
EIF2S1 and PELO. These
genes were jointly pre-
dicted by at least 4 of the 5
different target recognition
algorithms (miRanda, Tar-
getScan, DIANA-mT,
miRDB miRWalk)
which we applied for anal-
ysis. Furthermore, HBS1L
is supposed to be a shared
target of miR-17 and miR-

or
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30a according to our target prediction (Fig. 2E). Excessive trans-
lation of particular mRNAs in mammalian cells, e.g. during pro-
duction of therapeutic proteins, might trigger listerin-dependent
nascent protein ubiquitination to keep protein homeostasis.>
This process, however, relies on ribosome subunit dissociation
which is directed by the ribosome splitting factors PELO/HBS1/
ABCE1.”* Disrupting ribosome splitting by post-transcriptional
down-regulation of one of these critical factors might prevent
this special form of ubiquitination and could thus be responsible
for the observed increase in SEAP abundance following miR-17,
miR-20b or miR-30a introduction in CHO cells. These exam-
ples, together with the many novel miRNAs we have identified
to affect SEAP protein levels, strongly argument for a highly
redundant regulation of the underlying processes in mammals.

Control of cell proliferation by miRNAs

Our data suggest that a total of 370 miRNAs (33.4%) influ-
ence cellular proliferation of CHOs, whereof 53 miRNAs (4.7%)
significantly increased while 317 (28.7%) decreased viable cell
numbers. Influencing the expression of genes involved in cell
cycle regulation such as checkpoint kinases entails severe changes
in cell proliferation. Oncogenes require circumventing cell cycle
arrest which could occur once a host cell senses intra- or extracel-
lular abnormalities such as DNA damage or infection. Aberrant
expression of cell cycle checkpoint or loss-of-function of tumor
suppressor genes thus ultimately leads to cancer and uncontrolled
cell growth.

One of the most prominent tumor suppressors is p53, a tran-
scription factor exhibiting a variety of crucial functions in cell
cycle control and apoptosis.”* Aberrant p53 function has been
demonstrated to be a hallmark of cancer and post-transcriptional
downregulation of tumor suppressors might be responsible for
miRNA-mediated cell growth.”> A number of previous studies
suggested that miR-125b-5p and miR-30a-5p directly target
p53, thereby averting apoptosis and promoting proliferation.**?”
Furthermore, Le and co-workers discovered that miR-125b-5p
not only regulates p53 but also affects the expression of a number
of other effector genes within the p53 network, which are highly
conserved across species.”® In the presented work, inhibition of
apoptosis and partially the acceleration of cell proliferation by
miR-125b and miR-30a could be confirmed in CHO cells
(Fig. 2B). In addition, stable overexpression of pre-miR-30a in
CHO cells was shown to enhance cell proliferation.''

Conversely, oncogenes such as c-Myc, KRAS or growth factor
receptors, whose overexpression is directly linked to uncontrolled
cell growth and tumorigenesis, might have been targeted by miR-
NAs leading to diminished cell growth. In papillary thyroid can-
cer cells, let-7f has been detected to be down-regulated, whereas
overexpression of let-7 was shown to inhibit cell growth, by tar-
geting c-Myc.”’
demonstrated to target c-Myc in renal cell carcinoma leading to

Furthermore, miR-34a and miR-135a were

growth arrest and apoptosis.SO’31 Tumor suppressor function of
miR-18a-3p was reported by Tsang et al., who suggested that the
oncogene KRAS is directly regulated by miR-18a-3p in different
human carcinomas.?” Finally, there is increasing evidence that
the down-regulation or loss-of-function of the microRNAs miR-
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146a, miR-200b/c and miR-133a critically promotes cell growth
and metastasis of various cancers. The common function of these
miRNAs relies on the direct target interaction with either the epi-
dermal (EGFR) or vascular-endothelial growth factor receptor
(VEGFR).**** Collectively, these findings are in keeping with
our observations that introduction of let-7f-5p, miR-34a-5p,
miR-135a-5p, miR-18a-3p, miR-146a-3p, miR-200b-3p, miR-
200c-3p and miR-133a-3p decreased CHO proliferation and
induced cell death (Fig. 2B). Considering that we were able to
substantially expand the known pool of anti-proliferative miR-
NAs by our comprehensive screening approach, results from this
study might be a good resource to identify novel miR-based ther-
apeutic targets for manipulating tumor growth and metastasis.

miRNA-mediated modulation of necrosis

Interestingly, cell proliferation data was inversely correlated
with the number of miRNAs influencing necrotic cell death.
Hence, a total of 351 miRNAs (31%) influenced necrosis,
whereof 3.7% (42) of the miRNAs decreased whereas 308 miR-
NAs (27.0%) increased susceptibility for necrotic cell death.
Necrotic cells are morphologically characterized by an enhanced
cell volume, organelle swelling, lack of intranucleosomal DNA
fragmentation and plasma membrane rupture.”” Necrosis usu-
ally occurs in response to physico-chemical stress, e.g., by desta-
bilization of the cytoskeleton or loss of membrane integrity, by
increased generation of reactive oxygen species or by the disrup-
tion of cellular calcium homeostasis.>® A detailed example dem-
onstrating our flow cytometry based cellular analysis of necrosis
and apoptosis is illustrated in Supplementary Figure S1, show-
ing specific effects of the pro-necrotic miRNA miR-3097-5p
and the pro-apoptotic miRNA miR-466k on CHO cells. Of
note, there are only very few reports connecting miRNA func-
tion to necrosis. The reason for this might be that for many
years necrosis was considered to be caused solely by exterior
stimulations. However, in recent years programmed necrosis,
also called necroptosis, has gained growing attention in cancer
therapy as for its potential to circumvent apoptosis resistance
mechanisms, which have been developed by a variety of malig-
nant tissues during treatment.”’ Key mediators of necroptosis
are the RIPK1/3 genes which can induce necrosis upon receptor
stimulation.”® In human cardiomyocyte progenitor cells, miR-
155-5p has been shown to prevent necrosis via targeting
RIP1.> In contrast to that, miR-155-5p increased the number
of both necrotic and apoptotic cells and diminished prolifera-
tion, pointing toward a different function of miR-155 in CHO
cells (Fig. 2C). Furthermore, Mucaj et al. recently reported that
miR-124 expression is downregulated in glioblastomas and
enforced miR-124 expression stops survival and induces cell
death of tumor cells.*” In colorectal cancers, miR-124-5p has
been shown to regulate expression of the SMC4 gene and
reduced miR-124-5p levels are correlated with poor patient
prognosis.41 This pro-necrotic effect of miR-124 could also be
validated by our screening approach and introduction of miR-
124-5p clearly induced necrosis and decreased viable cell num-
bers (Fig. 2C). Cell death induced by miR-124 in glioblastomas
was demonstrated to be caused by the direct downregulation of
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TEADI1, MAPK14 as well as SERP1.** However, it sill
remains to be elucidated if miR-124-mediated induction of nec-
roptosis in CHO cells is also caused by silencing this set of
genes.

Finally, miR-28-5p was found as one of the most potent pro-
necrotic and pro-apoptotic miRNAs in CHO cells by substan-
tially increasing both parameters compared to control cells
(Fig. 2C). miR-28-5p has been shown to directly target
MAPK1.*? Inhibition of the MAPK1 pathway is associated with
apoptosis and impaired cell proliferation.”® In accordance with
our data, miR-28 expression has been demonstrated to be down-
regulated in a variety of cancer cells and enforced expression of
miR-28-5p blocked proliferation and induced apoptosis in vari-
ous cancer cells.** Furthermore, in mouse embryonic fibroblasts
overexpression of miR-28 induced apoptosis and inhibited prolif-
eration by post-transcriptional repression of SRSF1.%> Besides its
function as a tumor suppressor, miR-28 appears to induce differ-
ent types of cell death (apoptosis/necroptosis) in a cell type and
species specific manner.

miRNA-mediated effects on apoptosis

288 miRNAs (25.3%) influenced apoptosis and a remarkably
balanced proportion of 142 (12.5%) and 146 (12.8%) miRNAs
increased or decreased apoptosis rate, respectively, indicating that
the genes controlling apoptosis appear to be tightly regulated by
miRNAs. Evasion of apoptosis has been shown to be a major
cause of cancer, thus deregulated miRNA expression can be either
onco§enic or tumor suppressive depending on the miRNA func-
tion.”® One of the most promising miRNAs for clinical treat-
ment of a variety of cancers is the miR-34 family, consisting of
miR-34a, -b and -c since these pro-apoptotic miRNAs have been
shown to be downregulated in many tumors.*” Among the 142
pro-apoptotic miRNAs identified in CHO cells, we found func-
tionally homolog candidates corresponding to human pro-apo-
ptotic miRNAs such as miR-9, miR-18a, miR-29a, miR-29c,
miR-33, miR-34a, miR-34c, miR-133a, miR-134, miR-183,
miR-200c and miR-378 (Fig. 2D). These findings obtained
using CHO cells confirm previous observation in other mamma-
lian cells and suggest a high degree of evolutionary conservation
for these miRNA-regulated pathways.

However, it has not yet been clarified if the miRNA-mediated
phenotypic changes in CHO are directly associated with a down-
regulation of the above mentioned genes/pathways similar to
human and mouse. Although these genes are prominent exam-
ples and key players in a plethora of diseases, there are many
more cellular pathways and target genes which may trigger
changes in cellular behavior.

Vast numbers of miRNAs regulate crucial cellular pathways

Given the fact that each of the examined cellular pathways was
regulated by 20-30% of the whole miRNA library, we became
interested in how many impactful miRNAs have the capacity to
significantly affect at least one of the observed phenotypes. Inter-
estingly, 66% of the entire miRNA library (754 miRNAs) signifi-
cantly impacted on protein expression/secretion, proliferation,
apoptosis or necrosis, which was far above our initial assumptions
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(Fig. 4A). Such a finding might not be surprising for well-studied
cellular processes such as apoptosis, however, considering the
comparably high numbers of impactful miRNAs in other pro-
cesses, the outcome of our studies clearly provide deeper insights
into the multifaceted and redundant nature of miRNA-mediated
pathway regulation. In addition, although we investigated merely
4 different cellular phenotypes, we determined significant
changes for >750 miRNAs suggesting that the selected cellular
processes are tightly regulated by vast numbers of different
miRNAs.

Generally, each cell type of an organism usually exhibits a
particular miRNA expression pattern depending on the distinct
function of a cell or tissue. In the latest miRBase version (release
21), 1982 murine mature miRNAs have been annotated. RNA
deep sequencing data of different CHO lines indicated that
approximately 400 miRNAs are expressed in CHO cells.*®
Although Chinese hamsters possess a considerably lower num-
ber of chromosomes (n=22) compared to mice (n=40), the
genomic information is highly overlapping.”” Thus, the pres-
ence of only 400 different miRNAs appears to be underesti-
mated and recently reported computational re-analysis of CHO
genomic data identified hundreds of additional pre-miR sequen-
ces. This suggests that other CH tissue types might take advan-
tage of different miRNA pools to selectively control their
transcriptome. However, this postulate does not inevitably
mean that those miRNAs not expressed in CHO cells, are inca-
pable of inducing any phenotypic changes once they are intro-
duced, as there might be target transcripts still available for
these miRs. Among all impactful miRNAs identified in the pre-
sented screening, 55% (36% of the entire library) are assumed
to be expressed in CHO cells while 29% (19%) and 16%
(11%) are only present on the CH genome or even completely
absent, respectively (Fig. 4A). This might suggest that the CH
might have lost some miRNA genes but still expresses mRNAs
harboring conserved miRNA binding sites in their 3’UTRs
which could be targeted by murine miRNAs.

By detailed data analysis it became apparent that vast numbers
of miRNAs influence multiple cellular processes (Fig. 3A). More
specifically, 471 miRNAs were found to affect more than one of
the examined cellular phenotypes in CHO cells (Supplementary
Figure S2). In addition, we provide detailed results of some mul-
tifunctional miRNAs influencing 2 or 3 obviously non-interre-
lated cellular states. For example, the miRNAs miR-5100, miR-
543-3p, miR-30a-5p, miR-30d-5p and miR-20b-3p exhibited
anti-apoptotic effects but were also found to influence SEAP pro-
tein expression or secretion (Fig. 3B). Interestingly, among anti-
apoptotic miRNAs were also candidates that additionally
decreased cell proliferation, e.g. miR-24-2—5p, miR-146a-3p or
miR-362-3p (Fig. 3C). The combination of anti-apoptosis and
anti-proliferation appears to be contradictory since inhibition of
apoptosis is often in conjunction with increased survival.
Decreasing the susceptibility to apoptosis is further not directly
linked to necrotic cell death. Nonetheless, we could identify miR-
NAs decreasing both necrosis and apoptosis in parallel as
depicted for miR-194-1-3p, miR-200c-5p, miR-5626-5p and
miR-33-3p (Fig. 3D). These additional effects all seem to be
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contrary to an anti-apopto-
tic function and are likely
not a consequence thereof.
Furthermore, our high-
content screening approach
also enabled the identifica-
tion of miRNAs influenc-
ing more than two
different cell functions. For
instance, miR-501-3p,
miR-5615-3p, miR-493-
3p, miR-1960 and miR-
196a-1-3p decreased apo-
ptotic cell death and cell
proliferation, and surpris-
ingly increased cell-specific
SEAP expression (Fig. 3E).

Taken together, our
findings underscore the
hypothesis that miRNA
regulation is highly redun-
dant in mammals, and cru-
cial cellular processes seem
to be controlled by a pleth-
ora of different miRNAs in
parallel. Advantages which
could arise from such a reg-
ulatory redundancy might
be that cells can maintain
their homeostasis even if
specific miRNA species are
lost, e.g., due to genomic
DNA mutations. In sum-
mary, many miRNAs were
found to influence one par-
ticular cellular process pre-
sumably due to the
regulation of one or more
genes involved in a specific
pathway.
much greater number of
miRNAs was identified to
modulate more than one
phenotype presumably by
controlling muldple

Intriguingly, a

pathways.

Concluding remarks

In recent years, the
widespread functionality of
miRNAs to post-transcrip-
gene
in eukaryotic

tionally  fine-tune
expression

cells has been the focus of various research projects. Valuable
reports enabled deeper insights into the complex miRNA:mRNA
relationship and its downstream target regulation activity. This
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Figure 3: Vast numbers of miRNAs redundantly regulate multiple cellular pathways in CHO-SEAP cells. (A) Phenotypic
distribution of all impactful miRNAs significantly affecting cell proliferation, protein expression, apoptosis and necro-
sis. Subdivisions indicate the total number of miRNAs regulating only a single (red), 2 (green, violet and blue) or multi-
ple (orange) cellular processes. (B) Influence of anti-apoptotic (black bars) miRNAs on cell-specific SEAP productivity
(red bars). (C) Influence of anti-apoptotic miRNAs on cell proliferation (green bars). (D) Influence of anti-apoptotic
miRNAs on necrotic cell death (blue bars). (E) Influence of anti-apoptotic miRNAs on cell proliferation and cell-specific
SEAP productivity. Data are presented as mean =+ SD for 3 independent transfections. Statistics: One-way ANOVA (* p
<0.05; ** p<0.01; *** p<0.001).

resulted in different hypotheses addressing specific miRNA
actions, e.g. the multiplicity of target recognition of a single
miRNA resulting in efficient regulation of molecular pathways.®
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Cooperativity describes another feature by which different miR-
NAs target the same mRNA at different positions (binding sites)
within the 3 UTR.”*® However, the principle of functional redun-
dancy of miRNAs has not yet been adequately addressed for mam-
malian cells. Miska and colleagues already introduced the term
redundancy in regard to miRNAs when they reported that knockout
of 83% of the miRNA repertoire in Caenorbabditis elegans did not
affect viability and developmental timing.”" Their findings already

pointed toward a putative redundant function of miRNAs since
residual miRNAs might take over regulatory activity of deleted miR-
NAs to buffer transcriptomic balance. Hence, our functional screen-
ing data clearly support the results of Miska et al. and strongly
promote the hypothesis of a similar redundant regulation of multi-
ple cellular pathways in mammals. A schematic overview on the 3
major principles of miRNA function — muldplicity, cooperativity
and redundancy — is depicted inFigure 4B.

Expressed
M Effect
O No effect Not expressed
but on
CHO genome

Neither expressed
nor on genome

Cellular pathway 1 Cellular pathway 2

;
|

(Eﬂector 4 Effector 3 Effector 2  Effector 1

one miRNA
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Figure 4: (A) Impactful murine miRNAs from the primary miRNA screen were found to be either
expressed in CHO cells (green), not expressed but present as mature miRNA sequence on the CHO
genome (red), or did not have any equivalent in CHO cells (gray). (B) Schematic overview on the main
principles of miRNA-mediated regulation of cellular pathways in mammals. A single miRNA can regu-
late various effector genes of a particular pathway since miRNAs are capable of post-transcriptionally
regulating hundreds of different mRNAs due to the imperfect nature of target recognition. This princi-
ple is known as multiplicity of miRNA function. Furthermore, as most mRNAs have been found to pos-
sess multiple binding sites for miRNAs, individual mRNAs can be regulated by different miRNAs in
parallel which known as cooperative miRNA function. Finally, vast miRNAs are capable of regulating
multiple cellular processes by targeting various effector genes of different pathways thereby ensuring
cellular homeostasis. This phenomenon is called redundancy in miRNA function.
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Finally, screening of miRNA mimics
has previously been performed by sev-
eral groups to identify target miRNAs
but was generally limited to a distinct
phenotype in a particular disease model.
Taking advantage of an unbiased gain-
of-function miRNA screening in con-
junction with a high-content cell analy-
sis greatly helped to  decipher
multifunctional miRNAs in mamma-
lian cells. Our results might provide
new basis for further examinations of
single miRNAs or miRNA families,
which had been identified to control
specific cell behavior. Our results high-
light the presence of multifunctional
miRNAs and support the idea that
miRNAs can act redundantly to main-
tain function of conserved crucial cell
functions. Further testing of miRNA
hits from the presented screening
approach in other organisms will help
to gain deeper insights into conserved
miRNA target interactions.
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