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MicroRNAs (miRNAs) are single-stranded, small, non-coding RNAs, which fine-tune protein expression by degrading and/
or translationally inhibiting mRNAs. Manipulation of miRNA expression in animal models frequently results in severe
phenotypes indicating their relevance in controlling cellular functions, most likely by interacting with multiple targets. To
better understand the effect of miRNA activities, genome-wide analysis of their targets are required. MicroRNA profiling
as well as transcriptome analysis upon enforced miRNA expression were frequently used to investigate their relevance.
However, these approaches often fail to identify relevant miRNAs targets. Therefore, we tested the precision of RNA-
interacting protein immunoprecipitation (RIP) using AGO2-specific antibodies, a core component of the “RNA-induced
silencing complex” (RISC), followed by RNA sequencing (Seq) in a defined cellular system, the HEK293T cells with stable,
ectopic expression of miR-155. Thereby, we identified 100 AGO2-associated mRNAs in miR-155-expressing cells, of which
67 were in silico predicted miR-155 target genes. An integrated analysis of the corresponding expression profiles indicated
that these targets were either regulated by mRNA decay or by translational repression. Of the identified miR-155 targets,
17 were related to cell cycle control, suggesting their involvement in the observed increase in cell proliferation of HEK293T
cells upon miR-155 expression. Additional, secondary changes within the gene expression profile were detected and
might contribute to this phenotype as well. Interestingly, by analyzing RIP-Seq data of HEK-293T cells and two B-cell lines
we identified a recurrent disproportional enrichment of several miRNAs, including miR-155 and miRNAs of the miR-17-92

cluster, in the AGO2-associated precipitates, suggesting discrepancies in miRNA expression and activity.

Introduction

MicroRNAs (miRNAs) bind to their target mRNAs via a 6-8
nt seed sequence located in the 5 part of the mature miRNA.!
Once a specific mRNA is attached to a miRNA within the
“RNA-induced silencing complex” (RISC), the translation
of the mRNA is inhibited and/or the mRNA is degraded. To
what extent mRNA targets are ecither cleaved or merely trans-
lationally inhibited is still a matter of debate.”” Genetic mouse
models with manipulated miRNA expression levels frequently
show severe phenotypes. For instance, mice lacking miR-155
show impaired immune responses, whereas mice overexpressing
miR-155 exhibit perturbed peripheral blood cell populations.®’
As miRNAs are known as fine-tuners of gene expression and
often have only limited impact on single targets, the interaction
of a single miRNA with a single target mRNA might not easily
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explain the pronounced phenotypes. To identify miRNA-mRNA
interactions and their relevance for phenotypic changes, overex-
pression of miRNAs followed by transcriptome analyses were
frequently used. This approach has however several weaknesses.
First, effects on primary miRNA targets cannot be distinguished
from indirect or secondary effects on gene expression. Second,
miRNA targets that are regulated by translational repression are
missed by this approach. Even though miRNA expression profil-
ing is commonly used to characterize their role in diseases like
cancer, it is not clear whether these profiles reflect the actual
activity of miRNAs. To investigate this question and to iden-
tify miRNA targets in a genome-wide approach, we used RNA-
interacting protein IP followed by next-generation sequencing of
co-precipitated RNAs (RIP-Seq)'*'* using HEK293T cells with
ectopic miR-155 expression, as a defined isogenic cell model.
This approach allowed us to test the precision of the RIP-Seq
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Figure 1. Proliferation of HEK-vector and HEK-miR-155 cells. (A) Quantification of miR-155 expression in HEK-vector and HEK-miR-155 cells by qPCR. The
miR-155 levels were normalized to the expression of the housekeeping small RNA RNU-6B. (B) HEK-vector and HEK-miR-155 cells were seeded at 3 x 10°
(1.2 x 10°/ml) cells per well in 6-well culture plates and viable cells were quantified after 24 h (n=7),48 h (n =9) and 72 h (n = 8) using a Vicell Counter.
Statistical significance was calculated using student'’s t-test (* p < 0.05). (C) Average cell doubling-times over 72 h were calculated (p < 0.002). The

method and to identify functionally related miR-155 targets. By
integrating AGO2-IP profiles and corresponding gene expression
profiles, which were generated by RIP-Seq, we wanted to dis-
sect secondary changes of the expression profile, which might be
induced by the enforced miR-155 expression. We further aimed
at testing whether and to what extent miRNA targets are regu-
lated by mRNA decay or translational inhibition.

Results

Ectopic miR-155 expression results in increased proliferation
of HEK293T cells. In order to test the accuracy of the RIP-Seq
method, (1) to identify functionally relevant miRNA targets,
(2) to delineate the secondary consequences of ectopic miRNA
expression and (3) to determine the actual mode of miRNA
activity, we stably transfected HEK293T cells that have a low
endogenous miR-155 expression, with a miR-155 expression vec-
tor to generate a HEK-miR-155 cell line. After culturing cells
under selective conditions for up to 3 mo, miR-155 levels were
analyzed at three different time points by quantitative real-time
PCR (qPCR), which revealed a miR-155 overexpression between
13- and 28-fold relative to the control cell line carrying the vec-
tor backbone (HEK-vector). The HEK-miR-155 cells that were
used for the RIP-Seq experiments showed a 13-fold overexpres-
sion of miR-155 (Fig. 1A). To study the impact of miR-155 on
the phenotype, we compared cell viability and proliferation rates
of HEK-miR-155 cells with the control cell line. Cell counts and
viabilities were determined 24, 48 and 72 h after seeding equal
amounts of cells. Seven independent experiments were performed
over a period of more than 3 mo. HEK-miR-155 cells had a signif-
icantly higher proliferation rate compared with HEK-vector cells
with on average 30% more cells after 72 h of culture (Fig. 1B).
Cell duplication times within the first 72 h of cultivation of
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HEK-vector and HEK-miR-155 cells were calculated and were
20.8 and 19 h, respectively (Fig. 1C). No significant differences
in cell viability between both cell lines were observed. To fur-
ther validate these findings, we performed EdU incorporation
assays detecting DNA replication rates as an indicator for prolif-
eration. Synchronized cells were cultured for 6 h in the presence
of EdU and cells with active replication were quantified by flow
cytometry, which revealed a 7% increase in proliferation of HEK-
miR-155 cells (Fig. S1).

Extensive changes in mRNA profiles induced by ectopic
miR-155 expression. In order to identify changes in the miR-
Nome and targetome upon ectopic miR-155 expression, RIP-
Seq experiments using HEK-miR-155 and HEK-vector cells
were performed. In addition, mRNA-Seq of the total lysates of
both cell lines was performed to dissect changes on the cellu-
lar gene expression profile, which were directly and indirectly
caused by the enforced expression of miR-155. The specificity
of AGO2 immunoprecipitation was confirmed by western blot
analyses (Fig. S2) and mass spectrometry. For quality control, we
tested the enrichment of miR-155 in the AGO2 IPs by qPCR. As
expected, miR-155 was almost absent in the IP fractions of HEK-
vector cells, but specifically enriched in the AGO2 IP of HEK-
miR-155 cells with a more than 7-fold enrichment compared with
the control IP with isotype antibodies (Fig. S3).

The mRNA content of the total lysate (TL) and immune-
precipitate (IP) fractions of three independently performed
RIP experiments was analyzed by high-throughput sequenc-
ing. The obtained reads were mapped against the human ref-
erence genome version 19 using the TopHat algorithm.” For
the IP and TL fractions on average 35M and 68M reads were
generated, respectively. Comparing the mRNA profiles in the
TL fractions of HEK-vector and HEK-miR-155 cells revealed
that 339 mRNAs were downregulated and 121 mRNAs were
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upregulated in HEK293T cells upon ectopic miR-155 expres-
sion (Fig. 2A, Table 1; Table S1). Notably, among the top
20 upregulated genes, we identified CCNDI and all three mem-
bers of the ETS transcription factor subfamily PEA3, which
are ETVI, ETV4 and ETV5 (Table S1). Upregulation of these
genes was confirmed by quantitative real-time PCR (Fig. S4).
The IP fractions of both cell lines were compared, to identify
transcripts enriched in the RISC. Here, 213 mRNAs with
higher abundance and 409 mRNAs with lower abundance in
the IP fraction of HEK-miR-155 cells were identified (Fig. 2B,
Table 1; Table S2). Taken together, these data suggest that the
enforced expression of miR-155 led to wide-spread secondary
changes within the gene expression profile. Furthermore, these
changes might subsequently have an impact on the IP profiles.
For instance, CCNDI was—besides being one of the most
highly upregulated transcripts in HEK-miR-155—among the
mRNAs, which were highly enriched in the IP of these cells.
Computational miRNA target prediction for the CCNDI
3'UTR indicated a potential miR-155 binding site and the pres-
ence of several miRNA target sites for miR-17, miR-19a, miR-
15, miR-16-1, miR-20a and miR-106a, which were shown to
be functionally active.'®” The miR-155 target gene CEBPB'
was described to repress the expression of CCNDI in macro-
phages.” Furthermore, screening of the CCNDI promotor
region for protein interaction sites using the TESEARCH algo-
rithm revealed several putative CEBPB binding sites. We there-
fore performed knockdown experiments using CEBPB-specific
siRNAs. Quantitative RT-PCR analysis revealed a knockdown
of the CEBPB transcript of approximately 40% 24 h and 48 h
after transfection. Associated with that, a slight increase of up to
1.8-fold of CCNDI mRNA was observed (Fig. S5), suggesting
that the increased expression of CCNDI in HEK-miR-155 cells
might be in part caused by miR-155-mediated downregulation
of CEBPB. Therefore, its enrichment in the IP fraction might
not be due to a direct interaction with miR-155, but rather
reflects the higher abundance of this mRNA in the lysate of
HEK-miR-155 cells and its subsequent interaction with endog-
enous miRNAs like miR-17 or miR-106a. Thus, in order to reli-
ably identify miR-155 targets, mRNA levels detected in the IP
fractions have to be normalized to their expression levels mea-
sured in the total lysates of the respective sample.

Identification of potential miR-155 target genes by RIP-Seq.
The mRNA levels detected in the IP fractions were normalized to
their respective TL fractions in order to compensate for changes
in mRNA expression as described above. Therefore, log2-ratios
of IP vs. TL values were calculated for each transcript and statis-
tically significant differences between HEK-miR-155 and HEK-
vector cells were obtained by performing a Significance Analysis
of Microarrays (SAM). As a result, 100 transcripts were iden-
tified with significant enrichment in the IPs of HEK-miR-155
cells in comparison to the control cell line (false discovery rate
10%, SAM) (Fig. 2C, black, Table 1; Table S3). Notably, no
significant enrichment of transcripts was observed in HEK-
vector IPs (Fig. 2C). Prediction algorithms were used in order
to identify putative miR-155 targets within the lists of co-precip-
itated mRNAs for the isogenic cell lines. For this purpose, five
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target prediction tools TargetScan, MiRANDA, DianaMicro-T,
MiRWALK and PITA were used.?** Transcripts predicted by at
least three of these five algorithms with a seed match of seven or
eight nucleotides and a p value lower than 0.05 were considered
as putative miRNA targets predicting regulation of 67 (of 100)
enriched mRNAs in HEK-miR-155 IPs (Table 2). At least 21
of these are experimentally validated miR-155 targets (Table 2;
indicated with *).

To confirm an enrichment of target genes, qPCR was per-
formed for the known miR-155 target PHC2 in one technical
and two biological replicates. Since GAPDH mRNA was not
enriched in our RIP-Seq experiments, it was used as a negative
control. The obtained results verified a consistent enrichment of
PHC2 mRNA in HEK-miR-155 IPs relative to HEK-vector IPs
in all three experiments (data not shown). In accordance with the
RNA-Seq data, GAPDH mRNA showed no consistent enrich-
ment in HEK-miR-155 IPs, indicating specific precipitation of
miR-155 targets. To identify functionally relevant transcripts
regulated by miR-155, we searched the Ingenuity database for
genes related to proliferation. Of the 100 genes enriched in HEK-
miR-155 IPs, 25 were associated to proliferation and 17 of these
were predicted as direct miR-155 targets (Table 2; bold letters).
Notably, at least seven of these genes, among them CEBPB, PHC2
and 7CF4, were experimentally verified miR-155 targets.’®**%” By
screening RIP-Seq data of two B-cell lines, MEC-1 and JEKO-1
(unpublished data), we observed an enrichment of 36 and 19
of the 67 putative HEK miR-155 targets in the respective IPs.
We further tested ZFP36, JARID2 and BACHI regulation after
24 h of anti-miR-155 treatment in MEC-1 cells by qRT-PCR.
Accordingly, we observed a tendency of de-repression for all can-
didates, which was significant for ZFP36, a so far unknown miR-
155 target (Fig. S6).

Degradation vs. translational repression of miR-155 targets.
The modes of miRNA activity are still under debate. Recent
data suggest that translational repression precedes mRNA dead-
enylation and decay.»*** Here, we investigated miRNA targets
at a steady-state level to determine to which extent the identi-
fied miR-155 targets were degraded or translationally repressed.
We therefore evaluated the expression levels of the 67 putative
HEK miR-155 targets to identify transcripts with differential
expression between HEK-vector and HEK-miR-155 cells. Out of
these, nine targets (e.g., BACHI and JARID?2) showed signifi-
cantly lower levels of mRNA in the TL fraction, which might
be explained by miR-155-mediated decay of the transcripts, but
only a minor enrichment in the IP of HEK-miR-155 cells (p <
0.05). Furthermore, 20 targets showed a significant enrichment
in the IP fraction (p < 0.05) but no significant change in the TL
(e.g., PHC2 and DUSP14), suggesting that these transcripts were
primarily regulated by translational repression. One single target
gene, ZFP36, was identified by a significant enrichment in the
IP and a robust decay in the TL of HEK-miR-155 cells. To vali-
date these findings, the expression levels of eight putative miR-
155 targets were quantified by qRT-PCR using the TL fractions
of HEK-vector and HEK-miR-155 cells. Thereby, we observed
reduced mRNA levels for ZFP36, ZNF652 and BACHI in HEK-
miR-155 cells, whereas the mRNA levels of PHC2, FBXO9,
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Figure 2. Volcano and starburst plots displaying significantly altered mRNAs within IP and TL fractions. Co-immunoprecipitated mRNAs of TL
and IP fractions of three RIP experiments using HEK-vector and HEK-miR-155 cells were identified and quantified by next generation sequenc-
ing. (A) TL fractions of HEK-vector and HEK-miR-155 cells were compared. In total, 460 mRNAs showed differential expression between both cell
lines, with 339 significantly downregulated and 121 significantly upregulated transcripts upon ectopic miR-155 expression (p < 0.05, black). (B)
Comparing the IP fractions of both cell lines revealed 409 mRNAs with significantly lower levels and 213 mRNAs with significantly higher levels
in HEK-miR-155 IPs (p < 0.05, black). (C) Transcripts with enhanced enrichment in the HEK-miR-155 IPs after compensation for secondary effects,
like TCF4, JARID2, PHC2 CEBPB and PHC2, are displayed in black (FDR 10%, SAM).
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AGTRAP and DUSPI4 were similar in both isogenic cell lines
(Fig. 3A), confirming the RNA sequencing data.

To test for the regulation of identified miR-155 target genes on
protein level, 3'UTR luciferase sensor assays were performed for
CEBBP, PHC2, DUSPI4 and MAP3K14. The sensor constructs
were co-transfected either with miR-155 or backbone vectors.
The obtained results revealed a significant reduction of the lucif-
erase signals upon miR-155 co-transfection for CEBBP, PHC2
and MAP3K14 (Fig. 3B), which suggests that these genes are
direct targets of miR-155, and a non-significant trend of reduc-
tion for DUSPI4. We further quantified ZFP36 and DUSP14
protein levels upon transient miR-155 expression in HEK293T
cells by western blot analyses. Thereby, we observed a significant
reduction of ZFP36 protein by miR-155 of 0.3-fold and a less
distinct effect of 0.5-fold and 0.8-fold for DUSP14 (Fig. 3C;
Fig. S7), which confirms the results of the luciferase assays. Taken
together, these data suggest that despite several putative miR-155
target transcripts were barely degraded, their protein levels were
reduced, indicating translational repression as an important mode
of miRNA-mediated regulation for a subset of targets.

We further analyzed whether the mode of miRNA activity
correlates with seed sequence length or the amount of miR-155
binding sites by using the PITA prediction algorithm. For seed
length determination we counted the longest seed interaction
site, in case there were more than one predicted binding sites per
transcript. Interestingly, we observed that the group of degraded
miR-155 targets showed an enrichment for a seed length of
8 nucleotides (50% of targets) compared with the group of trans-
lationally inhibited targets (21%; Fig. 3D). Furthermore, the
group of translationally repressed transcripts showed an enrich-
ment for targets with just one putative miR-155 binding site (74%
compared with 30% in the group of degraded targets). Whereas
degraded transcripts contained more transcripts with four puta-
tive miR-155 binding sites (30% compared with 5% in the other
group; Fig. 3D). Whether these observations can be explained
by a dependency of the mode of miRNA activity on seed length
and number of binding sites has to be clarified by more detailed
analyses.

MicroRNA expression changes upon ectopic miR-155
expression. In order to delineate changes in the miRNA profile
caused by ectopic expression of miR-155, TL and IP fractions of
HEK-miR-155 and HEK-vector cells were analyzed by TagMan
arrays covering the 377 most frequently expressed miRNAs. In
total, 248 and 193 miRNAs were detected in HEK-miR-155 IP
and TL fractions, respectively. In HEK-vector cells, 249 miR-
NAs were detected in the IP fraction and 197 in the TL indi-
cating an enrichment of miRNAs in AGO?2 precipitates with an
average difference of more than 3.5 Cevalues between IP and
respective TL fraction. Comparison of the miRNA profiles of the
TLs of the isogenic cell lines uncovered a differential expression
of several miRNAs. For instance, miR-150 and miR-34a were
expressed at higher levels in HEK-miR-155 cells with a ACt >
3. As expected, miR-155 was detected with a difference of more
than six Ce-values, which confirmed our initial analysis using sin-
gle plex miRNA assays (Fig. 1A). Furthermore, several miRNAs
showed lower levels in HEK-miR-155 compared with HEK-vector
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Table 1. Comparison of mMRNAs and miRNAs in HEK-vector and HEK-
miR-155 cells

HEK- HEK-
vector miR-155
mRNAs with lower abundance in TL fraction 121 339
mRNAs with higher abundance in IP fraction 409 213
mRNAs with higher abundance in IP fraction 100
after IP/TL normalization 0
(67)

(predicted miR-155 targets)

cells. For instance miR-224, miR-135b and miR-98 levels were
decreased with a difference of at least 2.5 Ct-values. Notably, no
changes were observed for U6 snRNA controls measured as qua-
druplicates on the plates, indicating a robust detection with the
TaqMan arrays. Furthermore, there were only minor variations in
the levels of the housekeeping RNAs RNU44 (ACt < 0.15) and
RNU48 (ACt < 0.08) between HEK-vector and HEK-miR-155
cells indicating equal amounts of starting material.

The comparison of miRNAs with the highest abundance in
the IP fractions of both isogenic cell lines revealed a large over-
lap, with 28 of the top 30 miRNAs in HEK-miR-155 IPs shared
with HEK-vector IPs (Fig. 4). We further detected four miRNAs
(miR-17,-222, -106a and -20a) with apparently higher abundance
in the IP fractions compared with the ectopically expressed miR-
155. Thus, we assume that the transgenic expression of miR-155
was near a physiologically relevant level. Furthermore, the rela-
tive abundance of the top 30 miRNAs, except for miR-155, was
similar in both IP fractions, indicating that the miRNA machin-
ery, including AGO2, was not affected or saturated and the activ-
ity of the most highly expressed miRNAs was not disturbed by
the ectopic miR-155 expression (Fig. 4).

Disproportional loading of microRNAs into AGO2.
MicroRNAs guide associated RISC complexes to their target
mRNAs. Thus, in order to be functionally active, miRNAs have
to be incorporated in an AGO protein. To investigate miRNA
activity and to correlate it with its expression, we performed
an integrated analysis of miRNA expression and correspond-
ing enrichment profiles. As expected, we detected higher levels
of miRNAs in the IP compared with the TL fractions. For the
majority of miRNAs, levels were proportional in both fractions
with constant IP to TL ratios. Interestingly, 20 and 18 miRNAs
appeared to be over-proportionally enriched in the IP fractions
of HEK-vector and HEK-miR-155 cells, respectively, with IP/TL
ratios that were higher than the single standard deviation from the
median values (HEK-vector: median-ratio 0.921, STDEV 0.09;
HEK-miR-155: median-ratio 0.927, STDEV 0.084) (Table 3). In
addition, 36 and 39 miRNAs were under-represented in the IP
fractions, respectively. Furthermore, 35 of these miRNAs were
commonly either over- or under-represented in the IP fractions of
both isogenic cell lines.

To elucidate whether disproportional loading of miRNAs into
RISC is a general phenomenon, we performed additional AGO2
IP experiments with two B-cell lines JEKO-1 and MEC-1 and
again detected a disproportional abundance of miRNAs in the
IP fractions, with 28 miRNAs showing disproportional IP/TL
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Table 2. Predicted miR-155 target genes enriched in HEK-miR-155 IPs ratios, in each cell line (]EKO—l: median-ratio 0.892, STEDV
[log2 fold changes (FC) compared with HEK-vector IPs and p values are 0.09; MEC-1: median-ratio 0.907, STDEV 0.088). Of these, 18

depicted . . . .
picted] miRNAs, including several members of the miR-17-92 cluster,
Gene D Riffsssncslinlicogine GRalis showed also disproportional values in HEK293T cells (Fig. 5).

CEBPB*'* 191 4.98E-05 MiR-155, which was disproportionally enriched in the IP frac-

DET1*” 1.734 2.99E-05 tion of HEK-miR-155 cells, was also over-represented in JEKO-1

PHC2*' 1,581 9.97E-06 and MEC-1 IP fractions. Notably, the majority of over-pro-

TCE4* 1.570 8.97E-05 portionally enriched miRNAs were among the 50 most highly

— 1415 | SOE04 expressed miRNAs.

: : Taken together, our data underline the potential of RIP-Seq
46 - . . . . .

piacl it 1414 S to identify the targetome of a specific miRNA or miRNomes.

MAP3K10 1.195 1.59E-04 As part of the targetome of miR-155, we observed targets, which

CSNK1G2 1112 3.19E-04 were regulated by translational repression as well as targets that

JARID2%' 1.025 2.59E-04 underwent mRNA decay. We further provide evidence that the

RAPGEF2 1.007 1.69E-04 ectopic expression of m1I'(—155 in HEK2.93T cells caused c}'lang.es

in the mRNA and miRNA expression profiles resulting in

TRIM32*18 1.007 1.30E-04 . . . ..

increased cell proliferation. In addition, we detected a recurrent,
%18 - . . . . . . .

RIESC 2 AL, disproportional enrichment of miRNAgs, including miR-155 and

ZNF320 0.929 2.39E-04 three members of the miR-17-92 cluster, by AGO2 IP.

VAMP3*18 0.893 2.49E-04
PSKHT 0.889 6.98E-05 Discussion

ATP6V1G1 0.885 2.09E-04 . ) . )

MicroRNA expression profiling and overexpression of selected
IER5 0.873 4.49E-04 . . . .
miRNAs are tools, which are frequently used to investigate func-

L 0.840 1.89E-04 tionally relevant miRNA-mRNA interactions. In many studies,

TSHZ3* 0.834 4.78E-04 these techniques have been used with subsequent high-through-

C30rf18 0.817 7.48E-04 put profiling of mRNA decay to identify relevant miRNA tar-

EN2 0.811 219E-04 gets. However, the mechanisms by which miRNAs regulate their
DCK 0792 179E-04 targets are st.lll a matter of debate, suggesting that translationally
inhibited miRNA targets might be missed by these approaches.

ARRDC2 0.770 5.28E-04 . .

However, the enforced expression of miRNAs, a frequently
%27 - . . . .

AR e SR used tool to characterize the function of miRNAs, induces also
BBS7 0.719 5.98E-04 indirect changes within the mRNA and miRNA expression
EYA2 0.711 5.18E-04 profile, which might contribute to the observed phenotypes.

ZNF468 0.699 9.77E-04 Furthermore, the dependency of miRNA expression and miRNA

CTNND1 0.680 5 38E-04 activity has been marginally afidressed in the past. Recent stud-

ies suggest that a complex miRNA and target mRNA regula-

ARVCF 0.679 1.13E-03 - .

tory network is involved in the control of cellular phenotypes.
*18 - .« qe . . . « . »
AU IET T Al Therefore, data providing insights into the global “miRNome

GALT 0.670 1.19E-03 and “targetome” of cells are important for a better understanding

TBC1D14 0.670 1.09E-03 of the functional role of miRNAs.

DPY19L1 0.646 5.78E-04 In the present study, we aimed at testing the accuracy of the

MAP3K14 0633 9.67E-04 RIP—Seq.method und.er str.lctly fieﬁned conditions. We also used

the obtained data to identify miR-155 target genes in a genome-

NFIB 0.621 6.18E-04 . . . . . .

wide approach and to investigate their functional relation. We

RGL1 0.621 1.26E-:03 therefore generated isogenic HEK293T cells with stable, ectopic

PAK2 0.620 3.89E-04 expression of miR-155 that resulted in a significant increase in

BACH1*¥/ 0.618 1.44E-03 cell proliferation in comparison to the control cell line. These

DUSP14 0.617 6.88E-04 experiments allowed us to identify 67 known and novel, puta-

CARD10 0613 4.09E-04 tive n'nR—lSS targets in HFTK—m.lR—ISS cells.'Of these, 17 were

functionally related to proliferation. Enhancing effects of miR-

EID2 0.611 9.17E-04 . . . .

155 on cell proliferation were also described in other cell types,

RIS L) LLEEIE) e.g., B-cell lymphomas or breast cancer cells.>*?!

FBXO9 0.582 3.59E-04 Our data suggest that a combination of target genes, rather
*, experimentally verified miR-155 targets; bold, proliferation-related than a single miRNA-mRNA interaction, might be responsible
targets. for the observed enhanced cell proliferation, as e.g., knockdown
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of the miR-155 target gene CEBPB resulted only in a minor
increase of CCNDI. A recently established computer model ana-
lyzing the global miRNome-targetome interaction network dem-
onstrated the interdependent effects of mRNA expression and
the cooperative fashion of miRNA-mediated gene regulation.’
Moreover, findings about mRNAs, ncRNAs and pseudogenes®*
acting as endogenous modulators of miRNA activity by compet-
ing for miRNA binding underline the necessity to study miRNA
activities in a global context.

The ectopic expression of miR-155 induced changes within
the transcriptome, with more than 450 significantly altered
mRNAs including 339 downregulated and 121 upregulated
genes. Of these, merely 21.5% and 11.6% were predicted as
direct miR-155 targets, respectively. Furthermore, 622 tran-
scripts were differentially enriched in the IPs with 409 and
213 mRNAs showing significantly different co-precipitation
in HEK-vector and HEK-miR-155 cells, respectively. Of these,
18.3% and 13.7% were predicted as miR-155 targets, respec-
tively. In our previous study using the SILAC approach, we
identified 46 proteins which were downregulated upon tran-
sient miR-155 expression in HEK293T cells. Thirteen of these
showed a tendency for transcript degradation in the TL or an
enrichment in the IP fraction of HEK-miR-155 cells.*® However,
these studies were performed using transiently transfected cells
and the experimental design was not restricted to de novo syn-
thesized proteins, which might limit the number of commonly
identified targets. Taken together, these data indicate that the
overexpression of a single miRNA causes, besides regulation
of its direct targets, a secondary modulation of a broad spec-
trum of genes and miRNAs, which might be involved in the
observed phenotypic changes and which should be considered
for experimental set-ups with enforced miRNA overexpression.
Of note, by performing TagMan arrays, we could show that
the stable ectopic expression of miR-155 in our experiments
was within a physiologic range, as several endogenous miRNAs
were expressed at higher levels and the AGO2-miRNA interac-
tion profile for the most highly expressed miRNAs was similar
to the control.

In order to account for secondary gene alterations caused by
enforced miR-155 expression, we normalized the mRNA profiles
of the IP fractions with the corresponding TLs, which revealed
100 potential miR-155 target genes in HEK-miR-155 cells and
not a single altered mRNA in HEK-vector cells. Sixty-seven of
these 100 transcripts were in silico predicted miR-155 targets.
However, miRNA target prediction algorithms harbor the uncer-
tainties of false-negative and false-positive results. We therefore
followed a conservative strategy by solely counting putative tar-
gets, which were identified by at least three out of five commonly
used algorithms. Notably, using TargetScan for single target
prediction revealed exactly the same 67 miR-155 targets, which
were identified by the combined approach. As recent publications
suggested additional miRNA interactions with the 5'UTR, cod-
ing sequence of the target as well as non-canonical interaction of
miRNAs and their target sequences,”* we screened the remain-
ing 33 transcripts with the RNA22 prediction algorithm, which
is capable of detecting targets in the 5'UTR as well as coding
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Table 2. Predicted miR-155 target genes enriched in HEK-miR-155 IPs
[log2 fold changes (FC) compared with HEK-vector IPs and p values are
depicted]

LDLRAP1 0.579 7.58E-04
TRIP13*® 0.578 9.07E-04
MASTL 0.560 5.68E-04
CDC42EP4 0.557 8.27E-04
TMTC2 0.551 1.63E-03
FOS*4 0.550 1.27E-03
BRWD!1 0.540 8.47E-04
ARFIP1*® 0.535 9.27E-04
TAPT1 0.533 1.72E-03
TUSC1 0.512 6.38E-04
RCN2*® 0.505 1.96E-03
RAB34*® 0.504 9.37E-04
TSPAN14 0.469 1.18E-03
C20rf18 0.447 1.70E-03
CHAF1A*® 0.436 1.28E-03
EIF5A2 0.425 1.81E-03
ANKFY1*18 0.422 1.52E-03
MPP5 0.421 1.83E-03
SMADS5*¥ 0.417 1.53E-03
STK38 0.417 1.50E-03
LRP12 0.410 1.60E-03
GNE 0.390 1.97E-03
AHRR 0.390 1.10E-03
PDK1 0.365 1.54E-03

*, experimentally verified miR-155 targets; bold, proliferation-related
targets.

sequences. Accordingly, we identified unique miR-155 interac-
tion sites for seven of these genes.

Of the 67 potential miR-155 targets identified by RIP-Seq,
20 showed a significant enrichment in the IP and no significant
(p < 0.05) change in the TL fraction (e.g., PHC2 and DUSP14),
suggesting that these transcripts were primarily regulated by
translational repression and would not have been identified by
expression profiling, as indicated by the subsequent qRT-PCR
analyses. However, luciferase sensor assays and western blot
analyses confirmed two of these genes, DUSPI4 and PHC2, as
direct miR-155 targets on protein level. Strikingly, according to
the pSILAC database (psilac.mdc-berlin.de), PHC2 was identi-
fied as a miR-155 target on protein level, however the changes on
mRNA levels in that study were very weak with a fold change of
0.97."% The reduction of DUSP14 protein levels were moderate
as seen by western blot and luciferase assays, reflecting the rela-
tively mild but significant enrichment in the AGO2 IPs, which
indicates that RIP-Seq is a more sensitive method for the identi-
fication of miRNA targts. Only nine identified miR-155 targets
(e.g., BACHI and JARID?2) showed a significant (p < 0.05) decay
of mRNA in the TL fraction as confirmed by qRT-PCR. The

majority of putative miR-155 targets showed, however, a modest
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Figure 3. Validation of miR-155 targets on transcript and protein level. (A) Quantification of transcripts from 4 transcriptionally degraded and four
translationally repressed miR-155 targets by qRT-PCR in HEK-vector and HEK-mir-155 cells. Ct-values were normalized to the mean of two housekeep-
ing genes GAPDH and DCTN2 (HK). Relative transcript levels of HEK-vector and HEK-miR-155 cells are depicted. (B) Luciferase sensor assays of miR-155
targets identified by RIP-Seq. The control experiments without miR-155 expression were set to 1 (black line). Statistical significance was calculated by
student’s t-test (* = p < 0.05). (C) Western blot analysis of ZFP36 and AGO2 protein expression in HEK cells with and without enforced miR-155 expres-
sion. Equal loading of protein lysates was confirmed by 3-Actin detection. (D) Correlation of seed length and number of putative miR-155 binding sites

per transcript to the mode of miRNA-mediated target regulation as predicted by the PITA algorithm.
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enrichment in the IP fraction and a weak, non-significant degra-
dation in the corresponding TL. The correlation of seed length
and the amount of predicted miRNA-binding sites per transcript
indicated a trend for longer seed sequences and more binding
sites within the group of degraded miR-155 targets.

Even though we investigated changes of the transcriptome
and targetome at a steady-state level and enzymatic activities
should be inhibited during cell lysis and IP, we might have missed
targets, which are extremely fast and completely degraded upon
RISC binding. Such transcripts might not be detected in the IP
fractions and will therefore be missed by this technique.

We observed a strong increase of CCNDI mRNA in the TL
of HEK-miR-155 cells partly caused by the miR-155-mediated
reduction of the transcription factor CEBPB. In addition, we
found CCNDI mRNA enriched in the IPs of HEK-miR-155
cells. We assume that CCNDI was enriched in the IP fraction
because it was bound by endogenously expressed miRNAs, like
miR-17 and miR-106a,'®" indicating the importance to adjust
the IP profiles for secondary gene expression changes in this
experimental setting.

Taken together, these observations support the general idea
of a combined mode of miRNA activity to regulate gene expres-
sion, including miRNA-mediated target decay and translational
inhibition, as described by others.*” The usage of techniques like
RIP-Seq increases the dynamic range and accuracy of target
identification, allowing the determination of targets by screen-
ing for transcript degradation in the TL and relative enrichment
in the IP, which identifies degraded and translationally inhibited
miRNA targets. Furthermore, combining the effects on the TL
and IP level provides the ability to distinguish primary targets
from secondary changes in the cellular transcriptome and targe-
tome as an indirect consequence of ectopic miRNA expression.

MicroRNA expression profiling is a commonly used tool to
characterize their role in diseases like cancer. However, miR-
NAs are only active when incorporated into RISC complexes.
In this work we therefore addressed, whether miRNA expres-
sion profiles reflect the actual activity of miRNAs by comparing
miRNA profiles of TL and IP fractions. We observed a dispro-
portional association of several miRNAs with AGO2 includ-
ing miR-155, miR-17, miR-20a, miR-92a and miR-106a. This
is in accordance with data recently published by Goff et al.,'?
who reported over-proportional abundance of several miRNAs
in AGO2 IPs of neuronal stem cells, including miR-320, which
was also over-represented in all cell lines tested in our study."
Interestingly, Burroughs et al. reported that snRNAs Ul and
U2 were associated with AGO proteins. We detected an AGO2
association of snRNA U6, which was, similar as for several
miRNAs, under-represented in relation to the TL levels in cell
lines tested (not shown). Whether these observations have an
impact on target gene regulation has to be addressed in future
studies. Furthermore, the mechanisms, which are responsible for
this effect, remain elusive. Feasible explanations are variations
in AGO2-miRNA stabilities, different miRNA accessibilities
due to sub-cellular distribution, miRNA-specific AGO2 loading
efficiencies or a differential expression of co-factors involved in
miRNA loading processes. Whether this observation is restricted
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miR-19b
miR-30c
miR-30b
miR-18a
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miR-10a
miR-20b
miR-320
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miR-99b
miR-532
miR-193b
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Figure 4. Top 30 miRNAs detected in AGO2 IPs of HEK-miR-155 cells.
Normalized Ct-values (AACt) obtained by TagMan arrays of the 30 most
abundant miRNAs in the IP fraction of HEK-miR-155 cells were com-
pared in HEK-miR-155 (black) and HEK-vector (gray) IP fractions.

to AGO2 or resembles a general feature of all AGO proteins
needs to be further investigated. Two studies, in which miRNA
profiles of AGO1-3 IPs were compared, indicate mild loading
biases for a limited number of miRNAs. The results of these
studies suggest an involvement of miRNA length in AGO pro-
tein specificity.**!

Considering the findings of our study and data presented by
other groups, we suggest that classical miRNA expression profil-
ing might not necessarily reflect the de facto activity of miRNAs
as recently proposed also by Mullokandov and colleagues.®

Materials and Methods

Cell culture and generation of stable cell lines. The cell line
HEK293T (CRL-1573) was received from the American Type
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Table 3. MicroRNAs with overproportional IP to TL ratios (AACt-values
relative to the median are depicted, smaller numbers indicate a rela-
tively higher abundance of the respective miRNA)

HEK-vector the\I:Ztlll:’:s HEK-miR-155 the",:tl":’:s
hsa-miR-222 0.728 hsa-miR-155 0.739
hsa-miR-92a 0.733 hsa-miR-222 0.746
hsa-miR-221 0.762 hsa-miR-92a 0.753
hsa-miR-106a 0.777 hsa-miR-501-3p 0.755
hsa-miR-17 0.784 hsa-miR-221 0.774
hsa-miR-320 0.790 hsa-miR-320 0.775
hsa-miR-342-3p 0.792 hsa-miR-17 0.787
hsa-miR-197 0.799 hsa-miR-342-3p 0.797
hsa-miR-615-5p 0.804 hsa-miR-20a 0.807
hsa-miR-191 0.809 hsa-miR-10a 0.809
hsa-miR-20a 0.815 hsa-miR-615-5p 0.815
hsa-let-7e 0.818 hsa-miR-106a 0.828
hsa-miR-10b 0.818 hsa-miR-191 0.829
hsa-miR-30b 0.818 hsa-miR-125a-3p 0.832
hsa-miR-501 0.821 hsa-miR-125a-5p 0.835
hsa-miR-30c 0.826 hsa-miR-197 0.838
hsa-miR-99b 0.828 hsa-miR-425-5p 0.841
hsa-miR-346 0.830 hsa-miR-99b 0.841
hsa-miR-10a 0.830
hsa-miR-125a-5p 0.830

Culture Collection (ATCC), MEC-1 (ACC 497) and JEKO-1
(ACC 553) from the German Resource Centre for Biological
Material (DSMZ). HEK293T and MEC-1 were cultured in
Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal bovine serum (FBS), and 1% penicillin/streptomycin.
JEKO-1 was cultured in RPMI-1640 containing 20% FBS and
1% penicillin/streptomycin. The cells were incubated at 37°C,
95% humidity and 5% (for RPMI) or 10% (for DMEM) CO,.

For transgenic miR-155 expression, the pre-miR-155 sequence
was amplified using genomic DNA of MEC-1 cells and the prim-
ers listed in Table S5. The amplified fragment was ligated into the
episomal. Vector pREP4 (Invitrogen) using Hind III and Xho I
restriction sites. The resulting pPREP4miR-155 vector was Sanger
sequenced to test for mutations and proper integration of the
pre-miR-155 sequence. To generate HEK293T cells with ectopic,
stable expression of miR-155, 5 x 10° cells were transfected with
2 g of pREP4-miR-155 using TransIT-LT1 transfection reagent
(Mirus bio LLC). Cells transfected with the pREP4 vector back-
bone were generated accordingly. Transfected cells were selected
with 250 wg/ml hygromycin B (Invitrogen) for 4 wk while pas-
saged every second day. To monitor transgenic expression of
miR-155, quantitative reverse transcription-PCR was performed
at several time points.

Transfection of siRNAs in HEK293T cells was performed
using HiPerfect transfection reagent (Qiagen) according to the
manufacturer’s instructions.
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Quantification of mRNA and miRNA. For mRNA quantifi-
cation, total RNA was isolated using the miR Neasy kit (Qiagen)
and reverse transcribed using Superscript II and random primer
(Invitrogen) according to the manufacturer’s instructions.
Amplification and quantification of cDNA was performed in
7900 HT Fast Real-Time PCR System (Applied Biosystems) in
triplicates using SYBR Green (Thermo Scientific) according to
the manufacturer’s protocol and as described before.” Relative
quantities were calculated in relation to the housekeeping genes
(GAPDH, DCTN?Z). The qPCR primer sequences are listed in
Table S5.

Quantitative RT-PCR analysis of miRNAs was performed
using RNA isolated by miRNeasy kit (Qiagen) and TagMan
MicroRNA Assays (Applied Biosystems). Relative amounts of
miRNAs were calculated in relation to the house keeping small
RNA RNU-6B.

MicroRNA expression profiles were generated using TagMan
Array System version 3 (Applied Biosystems) according to the
manufacturer’s protocol. After reverse transcription of 20 ng
RNA isolated by the RIP protocol, cDNA was pre-amplified,
detected and quantified using TagMan Array “A” cards. Ce-values
higher than 35 were considered as not expressed. Ce-values were
normalized to the median value of all expressed miRNAs in the
respective sample (ACt).

RNA-interacting protein IP (RIP)-Seq. Cells (2 x 10® - 4 x
10® per IP) were washed with ice-cold PBS and lysed in 400 .l
polysome lysis buffer (PLB)" for 5 min on ice and freezing at
-80°C. Protein G sepharose (GE Healthcare Europe GmbHj;
50 wl per tube) was coupled to a mixture of 5 pg each of two
AGO2-specific antibodies (Abnova, clone 2E12-1C9; Sigma
Aldrich, clone 11A9) or 10 pg IgGl isotype control antibody
(Jackson Immunoresearch laboratories) in 500 wl NT2 buffer'?
in low binding tubes for 1 h at 4°C, followed by three wash-
ing steps with NT2 buffer. Thawed lysates were centrifuged
at 13,000 rpm and 4°C for 10 min, added 1:10 to NT2-buffer
containing 5 wl RNaseOUT (Invitrogen), 2 pl vanadyl ribo-
nucleoside complex (New England Biolabs), 10 wl of 100 mM
DTT (Invitrogen), 10 ul of 25 mM EDTA (Invitrogen) and
10 pl protease inhibitor cocktail (Roche) per 1 ml buffer. Of this
mixture 100 Wl were recovered as total lysate fraction (TL). The
remaining lysate was portioned equally to four tubes containing
AGO2-antibody coated beads and incubated for one hour at 4°C.
Thereafter, the beads were collected by centrifugation, the super-
natant (SN) was stored at ~80°C for later use, and the sepharose
beads were washed five times in 1 ml of NT2-buffer, prior to
elution of bound protein by incubation in 50 pl of 1 M glycine
(pH 2.3) at room temperature for 10 min, followed by neutral-
ization using 5 pl of 1 M TRIS-HCI (pH 8). Proteins were then
degraded by adding 3 p.l of proteinase K (Qiagen), and RNA was
isolated using 350 wl TRIZOL LS reagent (Invitrogen) followed
by miRNeasy kit (Qiagen) purification.

Luciferase sensor assays. For luciferase sensor assays 3 x 104
HEK293T cells were co-transfected with pMiRReport vec-
tor containing the 3'UTR of the target gene of interest, a TK
renilla vector and either the miR-155 overexpressing or the corre-
sponding control vector using TransIT-LT1 transfection reagent
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(Mirus Bio). The cells were lysed 24 h after 1.3 1
transfection using 65 wl of passive lysis buffer
(Promega). Luciferase signals were detected on 12 4 °
a Mithras 96-well plate reader (Berthold tech- ) o
nologies) using a custom made dual luciferase E 11 - ° ?
buffer system* and 20 pl of the protein lysate. | 5 L e %00
All measurements were performed as triplactes. | 3 b 00 ® 2 o}
The firefly luciferase signals were normalized to 2 11 & o
the respective renilla signals. Control experi- o
ments without ectopic miR-155 expression were .g 0.9 - ® HEK-vector
scaled to 1. All experiments were performed in % . o ® HEK-miR-155
three biological replicates. s 0.8 ° 8 09 8 JEKO-1
Western blot analyses. HEK293T cells were | © 6 ®
lysed 48 h after transfection with miR-155 or ® 8 é OMEC-1
. . 0.7 4
control vector, using RIPA buffer, contain-
ing EDTA-free proteinase inhibitor complete
mini (Roche) and Benzonase (Merck). Cellular 06 O 6 OGO ®GOOCOoONTO®O®—
debris was removed by spinning the lysates. 28 2 8 2 = RN & 2 2 2 $§33 o g )
Protein concentrations were tested by BCA xocd E EEXEIPGIEEXTXN L X
assays (Pierce). Equal amounts of each lysate EELEE E€xag EEEyEE
were loaded onto a denaturing poly-acryl- E EEE E
amide gel. The proteins were size-separated
and transferred to a PVDF-membrane (Merck). Figure 5. Comparison of miRNA levels in IP and respective TL fractions. RIP experiments
DUSP14 protein was detected using a monoclo- | followed by miRNA TagMan arrays of IP and TL fractions of HEK-miR-155, HEK-vector, JEKO-1
nal antibody (clone 4B5-EG6, Abnova copora- and MEC-1 cells were performed and ratios of relative Ct-values (AACt) of IP vs. TL samples
tion). ZFP36 was detected using a polyclonal vyergcalculated.AIImiRNAs displayi'ngarecurrent,disproportional enrichment or deple-
antibody (ABE285, Merck Mil[ipore). The tion in the IP vs. TL fractions are depicted.

AGO?2 protein was detected by mouse mono-

clonal antibody (clone 2E12-1C9). A polyclonal antibody
against B-Actin (clone sc-1616, Santa Cruz) was used as load-
ing control. Both antibodies were detected using HRP-linked
secondary antibodies against mouse or rabbit, respectively (Cell
signaling technology) and ECL plus detection chemistry (GE
Healthcare). The DUSP14 signal was removed by incubating
the membrane for 30 min with 0.1% sodium-azide in PBS prior
to B-Actin detection.

High-throughput sequencing. The RNA fraction isolated
by RIP was quantified by NanoDrop analysis and its quality
was assessed by Agilent capillary electrophoresis using the RNA
picoChips and the setting for total RNA analysis. The sequenc-
ing libraries were generated using 300—600 ng of RNA and the
TruSeq mRNA sequencing Kit from Illumina according to the
manufacturer’s instructions. Briefly, the RNA samples were poly-
A purified using oligo-dT beads. The RNA was enzymatically
degraded using endoribonucleases generating small fragments of
approximately 200 bp in length. The cDNA synthesis was per-
formed by first strand synthesis followed by second strand syn-
thesis. After end repair and 3' end adenylation, the sequencing
adaptor oligo mix was ligated to the unstranded ¢cDNA library.
In order to perform a multiplexed sequencing run, six different
barcoded sequencing adaptors were used. The cDNA library was
amplified using 15 cycles of PCR according to the manufacturer’s
manual (Illumina). The enrichment and size distribution of the
libraries were tested by Agilent capillary gel electrophoresis on
a DNAI1000 chip. For sequencing, six samples were pooled at
equal molarities per lane. Nine pmol of each sample library pool
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were loaded per lane of an Illumina version 3 single read flow
cell. The hybridization and cluster generation was performed on
a cBot unit. The samples were single-end sequenced with a read
length of 51 bp on an Illumina HiSeq 2000 sequencer. Raw data
were sorted and analyzed according to barcoded library adaptors
allowing one basepair mismatch within the barcode sequence.
Absolute read counts are depicted in Table S6.

Sequencing reads were mapped against the human reference
genome version 19 using the TopHat algorithm version 1.4.0
supplying Ensembl gene annotations version GRCh37.65 and
default settings. RNA levels of 20,318 protein-coding genes were
calculated using the HTSeq-Count algorithm version 0.5.3p3
and default settings except defining unstranded sequencing
libraries.®

Further analysis was performed using the R statistical pro-
gramming language version 2.15.0. Default settings were used
unless otherwise noted. Testing for genes differentially enriched
between the IP and total lysate fractions of both cell lines was
performed using the functions “estimateSizeFactors” and “nbi-
nomTest” from the DESeq package version 1.8.2. Log2-ratios of
IP and total lysate fractions from the same biological sample were
calculated for genes with an average normalized read count of at
least 250 (10,036 genes). The resulting ratios were normalized
using the function “normalizeQuantiles” from the limma pack-
age version 1.32.0 and tested for differential enrichment between
HEK-miR-155 and HEK-vector cells using the Significance
Analysis of Microarrays (SAM) method from the siggenes pack-
age version 1.30.0.
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