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ABSTRACT

Post-transcriptional gene regulation controls the
amount of protein produced from a specific mRNA
by altering both its decay and translation rates.
Such regulation is primarily achieved by the inter-
action of trans-acting factors with cis-regulatory ele-
ments in the untranslated regions (UTRs) of mRNAs.
These interactions are guided either by sequence-
or structure-based recognition. Similar to sequence
conservation, the evolutionary conservation of a
UTR’s structure thus reflects its functional impor-
tance. We used such structural conservation to iden-
tify previously unknown cis-regulatory elements. Us-
ing the RNA folding program Dynalign, we scanned
all UTRs of humans and mice for conserved struc-
tures. Characterizing a subset of putative conserved
structures revealed a binding site of the RNA-binding
protein Roquin. Detailed functional characterization
in vivo enabled us to redefine the binding prefer-
ences of Roquin and identify new target genes. Many
of these new targets are unrelated to the estab-
lished role of Roquin in inflammation and immune
responses and thus highlight additional, unstudied
cellular functions of this important repressor. More-
over, the expression of several Roquin targets is
highly cell-type-specific. In consequence, these tar-
gets are difficult to detect using methods dependent
on mRNA abundance, yet easily detectable with our
unbiased strategy.

INTRODUCTION

The precise regulation of gene expression in response to
internal or external signals is crucial for cell survival and
the prevention of pathologies. In higher eukaryotes, post-
transcriptional regulation, affecting both the mRNA and
protein levels, leads to several layers of complexity, which
are particularly necessary for the establishment of cell-type-
and tissue-specific gene expression.

The central hubs for regulation at the RNA level are
mRNAs. Early regulation steps influence the processing
of pre-mRNAs into mature mRNA, with the regula-
tion of splicing being of particular importance. After ex-
port to the cytoplasm, the localization, translation effi-
ciency and stability of an mRNA are tightly controlled.
Such regulation is primarily based on cis-acting elements
in the untranslated regions (UTRs) of mRNAs. These
elements are recognized by trans-acting factors, mainly
RNA-binding proteins (RBPs) and non-coding RNAs, like
microRNAs (miRNAs). Recognition is either sequence-
based—typically short, single-stranded motifs—or shape-
based, i.e. depending on the three-dimensional structure of
the UTR (1). Precise knowledge of the type and number of
regulatory elements in a UTR is necessary to understand
how specific expression patterns are achieved and to pre-
dict changes in response to stress signals. While a variety of
methods for the prediction and high-throughput identifica-
tion of linear sequence motifs are established (2-4), struc-
tural elements that contribute to gene regulation are more
difficult to detect and therefore less studied.

Recognizing this shortfall, several methods based on
high-throughput sequencing have recently been developed
to determine RNA structures in vivo. In vivo probing of
RNA structures is based on cell-permeable chemicals with
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different reactivity for single- and double-stranded regions
(5-8). In these cases, however, it is unclear whether an un-
detected region, i.e. one that is not accessible to the chem-
ical, is actually double-stranded or bound by a protein.
Complementary methods directly detect double-stranded
regions by proximity ligation after cross-linking. These
can either detect unbound double stranded regions with
psoralen-induced cross-linking or protein-bound regions by
UV-induced cross-linking in combination with immuno-
precipitation of the desired protein (9,10). Such methods
are promising for a comprehensive elucidation of the RNA
structurome in the future, but they have certain limitations.
One disadvantage is that all methods are limited to the tran-
scripts (abundantly) present at the time of the experiment.
Thus, cell-type-specific or stress-induced transcripts are not
detected.

RNA secondary structure prediction provides an alter-
native approach to detecting specific structures that is in-
dependent of the expression level (11,12). Thus it is possi-
ble to query all human UTRs simultaneously for potential
structure formation. Furthermore, base pairing probabili-
ties provide additional information; highly probable pairs
are more likely to be correctly predicted than less probable
pairs (13,14). Similar to sequence conservation, evolution-
ary conservation of structures is an indicator of functional
importance (15). Comparative analyses of structure conser-
vation in UTRs of related species thus improve the accuracy
of de novo discovery of new structured elements that func-
tion in gene regulation.

Nucleotide mutation patterns that maintain structure
formation, e.g. compensatory mutations in stem regions, are
called covariations. They are indicative of functional struc-
tures and can thus be used for the discovery of structured
RNA. This principal was first exploited by the program
QRNA, which used such mutational patterns as the sig-
nal to find conserved structures (16). Bioinformatic screens
for assessing covariation in UTRs were successfully used to
identify functional structured elements in bacterial mRNAs
(17). In addition to the lower sequence content, the decisive
advantage in bacteria is the availability of a large number
and variety of genomes. The comparatively few mammalian
genomes, however, are less diverse due to a closer evolution-
ary relationship. Therefore, covariation will be less useful
for the discovery of conserved RNA structures in mammals,
than it was within bacteria.

An alternative means to discover conserved structures,
independent from mutation patterns, is folding stability.
This was used by RNAz to find conserved RNA structures
(18,19). RNAz uses a fixed input alignment, but sequence
alignment is difficult for sequences of low nucleotide iden-
tity. As alternatives, Dynalign and Foldalign were both ex-
tended to discover conserved structures (20,21). These pro-
grams take two unaligned sequences and simultaneously
fold and align the sequences to identify the lowest free en-
ergy conserved structure (22,23).

While most of the RBPs characterized so far recognize
single-stranded sequences, Roquin proteins are distinctive
for their specific recognition of the shape of stem loop struc-
tures (24,25). Mammals encode two highly similar paralogs,
Roquin-1 and Roquin-2 (RC3HI and RC3H?2), which seem
to fulfill largely redundant functions. They share >80%

of sequence identity in their N-terminal region, coding a
RING domain (really interesting new gene) and two RNA-
binding domains: the ROQ domain, which is unique for
Roquin proteins and a CCCH-type ZnF (zinc finger). The
C-terminal region is predicted to be intrinsically disordered.
It is necessary for the recruitment of the deadenylation ma-
chinery and the subsequent degradation of target mRNAs
(26,27).

Roquin-1 was first discovered in a mouse germline mu-
tagenesis screen for autoimmune regulators. The so-called
sanroque mutation of the ROQ domain leads to the over-
expression of its target /COS (inducible T-cell costimula-
tor), which causes the accumulation of follicular helper T
cells and the production of autoantibodies (28,29). Fur-
ther immune-relevant targets such as Ox40 (TNFRSF4)
and A20 (TNFAIP3) were subsequently identified, under-
lining Roquin’s role in the immune system (27,30). However,
knockout of Roquin-1 or Roquin-2 causes perinatal lethal-
ity in mice, strongly suggesting additional roles of Roquin
outside the immune system (30,31).

Roquin binding to so-called CDEs (constitutive decay el-
ements) in the 3’'UTR of target mRNAs has been best in-
vestigated so far. CDEs consist of a single hairpin that is
capped with a tri-nucleotide loop. Mutational analysis of
the CDE in the 3’UTR of TNF revealed the importance of
a YRY triloop motif and three Y-R base pairs in the upper
part of the stem forming a purine stack at the 3 side (26).
However, this consensus does not match CDE-like hairpins
found in other Roquin target mRNAs (32,33). In addition,
structural analyses of Roquin-1 or Roquin-2 in complexes
with different CDEs showed mainly a shape-specific recog-
nition independent of exact sequence requirements (33-36).
Moreover, an ADE (alternative decay element) consisting of
a hairpin capped with a U-rich hexaloop was identified as a
functional, high-affinity Roquin binding site in the 3’UTR
of Ox40 (37). Together, these studies suggest that Roquin
binding is much more versatile than was indicated by the
mutational analysis of the TNF CDE. Thus, the exact se-
quence requirements for an active CDE are still unclear.
However, exact knowledge of Roquin’s binding preference
is necessary for the accurate genome-wide prediction of its
targets.

Using a bioinformatic approach for the detection of con-
served structures within UTRs, we identified two CDEs in
the 3UTR of UCP3. Performing an in-depth mutational
analysis allowed us to define a new, relaxed consensus for
active CDEs. Using this consensus, we identified a plethora
of new Roquin targets. Additional targets encoding ADEs
were also identified. Many of these new targets are not con-
nected to immune responses, supporting Roquin’s role in
other cellular processes. Quantification of target mRNA
levels after Roquin knockdown showed, that several targets
have cell-type-specific expression and were therefore not de-
tected in previous studies.

MATERIALS AND METHODS
Cell culture

HEK293 cells (Leibniz-Institute DSMZ, Germany, ACC
305), C2CI12 cells (Leibniz-Institute DSMZ, Germany,
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ACC 565) and HeLa ‘Flp-In Host Cell Line’ HFI-
3 cells (38) were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM, Sigma-Aldrich) supplemented with
10% (HEK293 and HeLa) or 20% (C2C12) fetal bovine
serum (FBS Superior, Biochrom), 1 mM sodium pyruvate
(Thermo Fischer Scientific) and Pen Strep (Thermo Fisher
Scientific) at 37°C in a 5% CO, humidified incubator. HF1-
3 cells were additionally supplemented with 100 pg/ml
zeocin (Invivogen). HF1-3 cells stably expressing UCP3 wt
or mutl/IT constructs were supplemented with 150 wg/ml
hygromycin B (Invivogen). HUVECs (Lonza) were cul-
tured in EBM-Plus medium (Lonza) supplemented with
EGM-Plus SingleQuots (Lonza) and 10% FBS (Thermo
Fisher Scientific) at 37°C in a 5% CO, humidified incu-
bator. For differentiation experiments, C2C12 cells were
grown to 90-100% confluency and medium was changed
to DMEM (Sigma-Aldrich) supplemented with 2% horse
serum (Sigma-Aldrich), 1 mM sodium pyruvate (Thermo
Fischer Scientific) and Pen Strep (Thermo Fisher Scien-
tific).

Plasmid construction

pDLP (luciferase reporter system). To generate luciferase
reporter plasmids the 1131 bp long 3’UTR of UCP3
(ENST00000314032.8) plus 98 nt endogenous context was
introduced downstream of the firefly luciferase open read-
ing frame into the multiple cloning site of pDLP (39) us-
ing Notl and HindIII restriction sites. The 3'UTR deletion
mutant without the predicted structurally conserved win-
dow was generated by a two-step overlap extension poly-
merase chain reaction (PCR). All 100 nt long variants of the
UCP3 repressive element, other conserved CDEs or other
Dynalign-predicted windows were generated by hybridiza-
tion of complementary oligonucleotides. All sequences are
summarized in Supplementary Table S1.

pHDYV (invitro transcription). For RNA synthesis, UCP3
wt, MUTI, MUTII, MUTI/II, R1, CDEImut, CDEIImut,
CDEI/IImut sequences together with the T7 promoter were
generated by hybridization and introduced into the Ncol
and HindIII sites of an HDV ribozyme encoding plasmid
based on the pSP64 vector (Promega). RNAs were tran-
scribed as HDV ribozyme fusions to obtain uniform 3’
ends. Required sequences were obtained by hybridization
of complementary oligonucleotides and phosphorylation of
restriction sites.

pCMV (miRNA expression). For the overexpression of
hsa-miR-152-5p, the genomic locus with 200 bp up- and
downstream endogenous context was cloned in the Xbal
and Xmal sites of the pCMV-MS plasmid (39).

pDF_FRT (stable integration). For generation of the in-
tegration plasmid pDF_FRT, eGFP and mCherry ex-
pressed from a shared CMV enhancer/promoter element
(pBI-CMV1; Clontech), were inserted into the Notl and
Nhel sites of the pcDNAS/FRT plasmid (Invitrogen).
pDF_FRT_UCP3_wt and _MUTI/II were generated by hy-
bridization of complementary oligonucleotides and inser-
tion downstream of eGFP into the Notl and HindIII re-
striction sites of pDF_FRT.
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The complete vector sequences are available upon re-
quest.

Transient transfection

For transfection of reporter plasmids, 100 000 HEK293
cells were seeded in 24-well plates. Twenty-four hours after
seeding, cells were transfected with 100 ng reporter plasmid
using Lipofectamine 2000 (Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol. Firefly and Renilla
luciferase activity were measured 24 h post-transfection us-
ing the Dual Luciferase Reporter Assay System (Promega).
For miR-152 overexpression, 400 ng pCMV-miR-152 or
pCMV-MS and 100 ng reporter plasmid were cotransfected
using Lipofectamine 2000.

For siRNA transfection, 100 000 or
HEK293 or HF1.3 cells were reverse

200 000
transfected

with 100 nM siRNA (siCTRL: 5-UUCUCCGAA
CGUGUCACGU[AT][dT]-3  or siROQI/2  mix:
5'-CCAAGAAAUGUGUAGAAGA[AT][dT]-3’ and

5-UCUUCUACACAUUUCUUGG [dT][dT]-3") using
Lipofectamine RNAIMAX (Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol. RNA and protein
samples were prepared 48 h post-transfection. To inves-
tigate the influence of Roquin knockdown on luciferase
activity, transient transfection of the reporter plasmid was
performed 24 h after reverse transfection of siRNAs. For
siRNA transfection, 350 000 HUVECs were seeded in 60
mm plates. 24 h after seeding, cells were transfected using
Lipofectamine RNAIMAX (Thermo Fisher Scientific) and
100 nM siRNA (siCTRL or siROQ1/2 mix). RNA and
protein samples were prepared 48 h post-transfection. For
siRNA transfection, 50 000 of C2C12 cells were reverse
transfected with 100 nM siRNA (siCTRL or mmsiROQ1/2
mix: 5-CGCACAGTTACAGAGCTCA[dT][dT]-3’ and
5-GGACTTGGCTCATAAATCA[AT][dT]-3') using
Lipofectamine RNAIMAX according to the manufac-
turer’s protocol. Forty-eight hours post-transfection cells
had reached 90-100% confluency and differentiation was
induced by switching to culture media containing 2% horse
serum. Twenty-four hours post-induction of differentiation
RNA and protein samples were prepared.

Genomic integration

For the establishment of constitutive expression of GFP
with the UCP3 wt repressive element and the double mutant
MUTI/II, the Flp-In System (Thermo Fisher Scientific)
was used. The pFRT-constructs were cotransfected with
pOG44 (Thermo Fisher Scientific) in a molar ration 1:9
into HF1-3 cells using Lipofectamine 2000 (Thermo Fisher
Scientific). Two days after transfection, cells were culti-
vated in selection medium supplemented with 150 pg/ml
hygromycin B. The selection steps were as described in the
manufacturer’s protocol. After 2 weeks of cultivating the
cells with 150 pg/ml hygromycin B genomic integration was
analyzed by flow cytometry.

Flow cytometry

For flow cytometry, cells were washed with Phosphate-
buffered saline (PBS) once and detached by Trypsin diges-
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tion. After Trypsin treatment cells were diluted 1:1 with PBS
and fluorescence at 510 and 610 nm was measured with a
Beckman Coulter Cytoflex S.

RNA extraction, cDNA synthesis and PCR

Total RNA from HeLa, C2C12 and HEK 293 cells was ex-
tracted with TRIzol Reagent (Ambion) followed by Turbo
DNase (Thermo Fisher Scientific) treatment. Total RNA
from HUVECs was isolated using the miR Neasy Mini kit
(Quiagen), including on-column DNA digestion with the
RNase-Free DNase Set (Qiagen). After isolation, 1 pg of
RNA was quality checked on a 1% agarose gel.

MiRNAs were quantified according to (40). For mRNA
analysis, total RNA was reverse transcribed using MuLV
reverse transcriptase (Thermo Fisher Scientific) and quan-
tified via qPCR using the Fast SYBR Green Master Mix
(Thermo Fisher Scientific). For details see Supplementary
Methods.

Oligonucleotides used for cDNA synthesis and qPCR are
listed in Supplementary Table S2.

mRNA decay assay

For mRNA decay experiments, HF1-3 cells stably express-
ing either UCP3 wt or UCP3 MUTI/II were treated with
5 mg/ml actinomycin D (Sigma). Total RNA was extracted
at the indicated time points and GFP mRNA levels quan-
tified by RT-qPCR (oligonucleotides are listed in Supple-
mentary Table S2). GFP mRNA levels were normalized to
RPLPO mRNA levels and plotted against time. MRNA

half-lives were calculated as follows: Y = (YO - Plateau)*e
(-K*X) + Plateau

In vitro transcription

pHDV constructs were linearized with HindIII and purified
by phenol extraction. A total of 2 pg of linearized DNA
were transcribed overnight at 37°C using the following con-
ditions: 200 mM Tris—HCI pH 8.0, 20 mM Mg(Ac),, 50
mM Dithiothreitol (DTT), 2 mM spermidine, 4 mM nucle-
oside triphosphate (NTP) (each) and 3 pg T7 Polymerase
(homemade). RNA was polyacrylamide gel electrophoresis
(PAGE) purified.

In-line probing

In-line probing was performed according to (41). For details
see Supplementary Methods.

Electromobility shift assays (EMSAs)

Electromobility shift assays (EMSAs) were performed ac-
cording to (33). For details see Supplementary Methods.

RNA affinity purification

Purified RNA was dephosphorylated using calf intestine
phosphatase (Roche). For 5" end biotinylation, 600 pmol
RNA were incubated with 0.2 mM vy -S-ATP (Biomol) and
T4 polynucleotide kinase (New England Biolabs) for 30 min

at 37°C. Biotin-long-arm maleimide (Vector Laboratories)
was added and incubated for 30 min at 65°C. Unincorpo-
rated label was depleted by LiCl precipitation. Biotinylated
RNA (200 pmol) was conjugated to Dynabeads M-280 (In-
vitrogen) in incubation buffer (10 mM Tris—=HCI pH 7.4, 150
mM KCI, 0.5 mM DTT, 0.05% NP40, 100 U/ml RNasin)
for 2 h at 4°C with continuous rotation. Whole cell protein
lysate (1 mg) of HEK293 cells together with 200 g yeast
tRNA (Sigma-Aldrich) and 5 mg Heparin (Sigma-Aldrich)
was added to the beads and incubated for 1 h at 4°C fol-
lowed by 15 min at room temperature with continuous ro-
tation. Beads were washed five times with incubation buffer,
resuspended in 30 wl protein loading dye and boiled at 95°C
for 10 min. Eluted proteins were separated by sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis (BioRad).

Mass spectrometry

Mass spectrometric analysis of RNA bound proteins were
performed basically as described at (42) with the following
changes: (i) samples were run on NuPAGE gel and entire
lanes were cut into 23 slices and further processed as de-
scribed (see above). (i1) LC-MS analyses were performed on
a Q-Exactive Plus MS (Thermo Fisher Scientific) coupled to
an UltiMate 3000 HPLC (Thermo Fisher Scientific) under
similar condition as described (see above) except that LC
separation time was 48 min. The MS data were acquired by
scanning the precursors in mass range from 350 to 1600 m/z
at a resolution of 70 000 at m/z 200. Top 20 precursor ion
were chosen for MS2 by using data-dependent acquisition
mode at a resolution of 15 000 at m/z 200 with maximum
IT of 50 ms. (iii) Data analysis was performed as described
(see above) using Mascot (Version 2.3.02) as search engine
searching against Uniprot database (Taxonomy human, 155
190 entries, 20161124). Data were evaluated with Scaffold
software (Version 4.8.2).

Western blot

Cells were lysed in lysis buffer [137 mM NaCl, 10% glyc-
erol, 20 mM Tris—HCI pH 8.0, 2 mM ethylenediaminete-
traacetic acid pH 8.0, 1% Igepal, 5 wl protease inhibitor
cocktail (Sigma) for 20 min on ice. After centrifugation
(15 min at 17 000 g, 4°C) the protein content in the sol-
uble fraction was determined according to the Bradford
method. A total of 10-20 pg protein were loaded onto pre-
cast gels with stain free technology (Bio-Rad). Total lane
protein was visualized as loading control with the Chemi-
Doc Imaging System (Bio-Rad) prior transfer onto PVDF
membranes (Bio-Rad). The primary antibody Roquin-1/-2
(Millipore 3F12) and the secondary antibody Horseradish
peroxidase-conjugated anti-rat IgG (Jackson Immunore-
search) were used. Blots were developed with the ECL se-
lect (Life technologies). Imaging was performed with the
ChemiDoc Imaging System and quantified using Image Lab
Software (Bio-Rad).

Computational methods

A detailed description of (i) the search for conserved struc-
tures by Dynalign, (ii) the prediction of human CDEs and
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ADE:s and their folding probability and (iii) the evolution-
ary conservation of putative CDEs and ADEs is provided
in the Supplementary Methods.

Statistical analysis

All bar graphs are given as mean values + standard de-
viation. Statistical analysis was done using Student’s z-test
(two-tailed, paired).

RESULTS

A conserved structure in the 3'UTR of UCP3 reduces gene
expression

In order to identify functional structured mRNA elements,
we investigated the conservation of structures on a genome-
wide scale, by comparing all UTRs of human and mouse.
Besides the human genome, the mouse genome is currently
the best annotated and was therefore selected for compari-
son. Further emphasis was placed to rely on structural con-
servation. Therefore, the bioinformatic prediction of con-
served structures was performed using the RNA folding
program Dynalign, which simultaneously folds and aligns
two input sequences (23,43). It predicts the conserved sec-
ondary structure with the lowest total score, which is the
sum of the folding free energies of the two structures as es-
timated by nearest neighbor rules and a score for the align-
ment. The alignment is made to reflect the conserved struc-
ture, and this alignment does not consider sequence iden-
tity. Therefore, the accuracy of Dynalign is not adversely
affected when sequence identity is low (21,43). This is a
strong advantage compared to programs that predict RNA
secondary structures based on a fixed sequence alignment.
These depend on the quality of the sequence alignment and
as a result favor higher sequence similarities (44). Therefore,
Dynalign includes the advantage of evolutionary conserva-
tion for structure prediction, without the disadvantage of
relying on high-sequence conservation.

For the discovery of structured RNA sequences in
genomes, machine learning was used to train a model to
classify Dynalign output (21,45) (see also http://hdl.handle.
net/1802/6609). Two sequences are input to Dynalign, the
best scoring common structure is predicted, and features of
the sequences (length and nucleotide composition) and the
estimated folding free energy change are used to estimate
the probability that the two sequences represent a conserved
and stable RNA secondary structure. For the genome-wide
search, all human UTRs were divided into 100 nt long win-
dows, with a step size of 50 nt and structurally compared to
the corresponding mouse sequences. A total of 100 nt long
windows were chosen, to balance structure prediction ac-
curacy and scanning efficiency. The predicted structurally
conserved windows are given in Supplementary File 1.

We chose 20 windows from 3'UTRs for an initial test-
ing of post-transcriptional regulation (Supplementary Ta-
ble S3). The windows were selected based on an estimated
probability of >0.9 to be a conserved structure, a total
3'UTR length between 500 and 1500 nt and they were not
allowed to overlap with other windows. The 100 nt long
3'UTR sequences were cloned downstream of a luciferase
reporter gene. Four of the 20 windows significantly reduced
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luciferase activity in HEK293 cells (Supplementary Figure
S1). The most efficient reduction was observed with the win-
dow from the 3’UTR of UCP3. The UCP3 gene codes for
a mitochondrial membrane protein. It is implicated in fatty
acid metabolism, obesity and insulin resistance [reviewed in
(46,47)).

To further confirm the importance of this element in
UCP3 expression, we fused the complete 3’UTR of UCP3
(1131 nt) and a variant where the 100 nt window is deleted to
luciferase (Figure 1A and B). The complete 3’'UTR and the
window alone showed the same level of luciferase repres-
sion, while deleting the 100 nt window restored luciferase
activity. Doubling of the window further reduced luciferase
activity, while a randomized control with the same nu-
cleotide composition again restored luciferase activity (Fig-
ure 1A and B). Thus, the 100 nt structurally conserved re-
gion identified by Dynalign is necessary and sufficient for
post-transcriptional regulation by the UCP3 3'UTR.

Examination of the structurally conserved region for
miRNA binding sites using the TargetScan program (48)
revealed two conserved, overlapping sites that are targeted
by two miRNA families, miR-148a/148b/152 and miR-
130a/130b/301a/301b (Supplementary Figure S2A and B).
All seven of these miRNAs are either undetectable or ex-
pressed at a very low level in HEK 293 cells (Supplementary
Table S4). Thus, it is unlikely that they are responsible for
the observed reduction in luciferase activity. Accordingly,
deletion of the binding sites had no effect on luciferase re-
pression (Supplementary Figure S2C). To test, if the pre-
dicted miRNA binding sites are functional at all, we over-
expressed one of the miRNAs, miR-152, in HEK?293 cells.
Overexpression of miR-152 reduced luciferase activity of
the wild-type (wt) sequence, but not that of the deletion con-
struct (Supplementary Figure S2C and D). Thus, although
these miRNAs are not responsible for the reduction in lu-
ciferase activity observed in HEK 293 cells, they might con-
trol UCP3 levels in other cell types.

The conserved structure of the UCP3 element predicted
by Dynalign contains three small hairpins separated by
sequences that are less conserved at both structure and
sequence level (Figure 1C). To assess the importance of
the three hairpins, we performed truncation studies of the
UCP3 element (Figure 1D and E). Deleting the first hair-
pin alone (dell) or together with the miRNA binding site
(del2) had no effect. However, deleting the second (del3
and del4) or third hairpin (del5) restored luciferase activ-
ity. The minimal active construct del2 is very AU-rich (72%
AU content). To exclude unspecific luciferase reduction due
to this high AU content, we fused five different randomized
sequences with the same nucleotide composition (R1-R5)
and one randomized sequence with uniform nucleotide con-
tent (64 nt) to the luciferase reporter. All randomizations
restored luciferase activity (Supplementary Figure S3). This
confirms that a minimal region of 64 nt is necessary and suf-
ficient to regulate gene expression. The del2 construct will
be referred to as UCP3 wt henceforth.

We performed in-line probing to verify the structure pre-
diction of the UCP3 wt element. In-line probing of the
64 nt long region confirmed the existence of the two hair-
pins (Figure 2A and B). The basal A-U bp of the second
hairpin is not formed in vitro, so that both hairpins have a 6
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Figure 1. The 100 nt long structurally conserved region in the 3’ UTR of UCP3 codes for a repressive element. (A) Overview of luciferase reporter constructs.
Different fragments of the UCP3 3’UTR were fused to firefly luciferase. (B) Luciferase activity of UCP3 3’UTR fusion constructs shown in (A). Firefly
luciferase activity was normalized to Renilla luciferase as internal transfection control. Values are normalized to an empty vector control, without UCP3
3'UTR sequences. n = 3. (C) Secondary structure prediction by Dynalign of the structurally conserved regions in the human and mouse UCP3 3’ UTRs.
(E) Overview of truncations of the 100 nt long window. (D) Luciferase activity of UCP3 truncation constructs shown in (E). Firefly luciferase activity
was normalized to Renilla luciferase as internal transfection control. Values are normalized to an empty vector control, without UCP3 3 UTR sequences.
Luciferase activity of the 100 nt window is indicated as dashed line. n = 3. (**) P-value < 0.01.

bp stem. Furthermore, a small stem of 5 bp is formed by the
non-conserved surrounding sequences. In order to precisely
map the regions important for post-transcriptional regula-
tion, we performed a mutational analysis of the 64 nt in
blocks of 7 nt. Mutations that interfered with the forma-
tion of one of the two hairpins restored luciferase activity,
while mutations affecting only the surrounding sequences,

including the small 5 bp stem, had no effect (Figure 2C).
Of note, mutation of nucleotides 8-14, which shortens the
stem of the first hairpin by 1 bp down to 5 bp, already sig-
nificantly increased luciferase activity.

To determine whether the UCP3 wt element reduces gene
expression by reducing mRNA abundance or translation
efficiency, we determined the half-lives of mRNAs encod-
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Figure 2. The UCP3 wt element folds into two hairpins and reduces mRNA half-life by interaction with Roquin. (A) Predicted lowest free energy secondary
structure of the UCP3 wt element by RNAstructure. Nucleotides detected by in-line probing [shown in (B)] are circled. (B) In-line probing analysis of UCP3
wt RNA. The RNA was loaded directly (NR, no reaction), subjected to cleavage by RNase T1 or alkaline hydrolysis (-OH), or incubated for 40 h at room
temperature and pH 8.3 (in-line) prior to Urea PAGE. Paired regions are indicated by identically colored lines. (C) Luciferase activity of UCP3 mutants
for the identification of motifs essential for gene regulation. Adenine was mutated to cytosine, guanine to uracil and vice versa. Numbers indicate mutated
nucleotide positions. Firefly luciferase activity was normalized to Renilla luciferase as internal transfection control. Values are normalized to an empty
vector control, without UCP3 3'UTR sequences. Luciferase activity of the UCP3 wt element is indicated as dashed line. n = 3. (D) GFP fluorescence
of UCP3 wt and double mutant (MUTI/II). GFP-UCP3-fusion constructs were stably integrated into the genome of HeLa cells. GFP fluorescence was
measured by flow cytometry. (E) Half-life of GFP mRNAs containing the UCP3 wt element (wt) or double mutant (MUTI/II). HeLa cells stably expressing
one of the two constructs were treated with 5 pg/pl actinomycin D (ActD). Thereafter, total RNA was isolated at 2 h intervals and GFP mRNA levels
quantified by RT-qPCR. GFP values are normalized to the housekeeping gene RPLP0. n = 3. (F) Overview of UCP3 constructs used for RNA affinity
purification. (G) Analysis of Roquin binding to the UCP3 constructs shown in (F). For RNA affinity purification HEK293 whole cell lysates were incubated
with the different UCP3 RNAs. Roquin-1 and Roquin-2 were visualized by western blot using anti-Roquin antibody. n = 2. (H) Western blot of Roquin-1
and Roquin-2 after siRNA-mediated knockdown. Anti-Roquin was used to verify the respective knockdown. Total lane protein is shown as loading control.
n = 3. (I) Luciferase activity of the UCP3 wt element after siRNA-mediated knockdown of Roquin proteins. Firefly luciferase activity was normalized to
Renilla luciferase as internal transfection control. Values are normalized to an empty vector control, without UCP3 3'UTR sequences. n = 3. (**) P-value
< 0.01. (*) P-value < 0.05.
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ing either the UCP3 wt element (wt) or a double mutant in
which formation of both hairpins is prevented (MUTI/II).
The UCP3 wt and double mutant were fused to a GFP re-
porter gene and stably integrated into the genome of HelLa
cells. Successful integration was monitored by the simul-
taneous integration of an mCherry reporter gene (Supple-
mentary Figure S4A). Measurement of GFP levels by flow
cytometry showed the expected reduction (7.7-fold) of GFP
levels by the UCP3 wt element compared to the double mu-
tant (Figure 2D). A corresponding reduction was observed
at mRNA level (Supplementary Figure S4B). Determina-
tion of mRNA half-lives after treatment with actinomycin
D, which blocks transcription, showed that GFP mRNA
containing the UCP3 wt element in its 3’UTR is very un-
stable (half-life of ~1.5 h) compared to the double mutant,
for which no reduction of mRNA levels was detectable over
the time course of the experiment (Figure 2E).

In summary, we have identified a cis-acting repressive el-
ement in the 3 UTR of UCP3 coding for two hairpins with
a 6 bp long stem by bioinformatic prediction of conserved
structures.

The 3'UTR of UCP3 encodes two Roquin binding sites

Next, we performed RNA affinity purification to identify
protein factors involved in the post-transcriptional regula-
tion of UCP3. HEK293 whole cell lysate was incubated with
biotinylated RNAs, of either the wt UCP3 element (wt), in-
dividual mutations of the first or second hairpin (mutl or
mutll, respectively), a double mutant (mutl/II) and a ran-
domized control with the same nucleotide composition (R 1)
(Supplementary Figure S5). A total of 229 proteins were de-
tected by mass spectrometry using a cut-off of at least five
unique peptides detected in at least one of the samples. Ten
of these proteins were not detected in the two controls, i.e.
the double mutant and the randomized sequence (Supple-
mentary Table S5). Among these 10, the paralogs Roquin-1
and Roquin-2 were highly enriched. The binding of Roquin-
1 and Roquin-2 to RNAs, which form at least one of the two
hairpins, but not to the double mutant, was confirmed by
western blot analysis after RNA affinity purification (Fig-
ure 2F and G).

To determine whether Roquin mediates repression by
binding to the UCP3 wt element, we measured luciferase
activity after transient knockdown of Roquin-1, Roquin-2
or both. In accordance with the previously reported redun-
dant function of Roquin-1 and Roquin-2 in the repression
of gene expression, only the double knockdown fully re-
stored luciferase activity in HEK293 cells (Figure 2H and
I). In addition, the double knockdown of Roquin-1 and
Roquin-2 increased GFP levels in HeLa cells, which sta-
bly express GFP mRNA containing the UCP3 wt element
in its 3’UTR (Supplementary Figure S6). UCP3 is mainly
expressed in the skeletal muscle. Thus, we performed a dou-
ble knockdown of Roquin-1 and Roquin-2 in C2C12 mouse
myoblasts, to verify the regulation of endogenous UCP3 by
Roquin (Supplementary Figure S7A and B). After 1 day of
differentiation, UCP3 mRNA levels were ~3-fold higher in
Roquin knockdown cells compared to control cells (Supple-
mentary Figure S7C). These experiments confirm Roquin’s

role in the repression mediated by the UCP3 3'UTR ele-
ment.

Together, mutational analysis, structural probing and
RNA affinity purification suggested binding of Roquin to
the two hairpins. These are similar to CDEs in that they
form a 6 bp long stem capped by a tri-nucleotide loop and
are referred to as CDEI and CDEII henceforth.

However, while RNA affinity purification suggested an
independent binding of Roquin to both CDEs, mutation of
one of the two CDE:s alone is sufficient to restore luciferase
activity. To investigate this discrepancy more closely, we
performed electrophoretic mobility shift analyses (EMSAs)
with purified Roquin-1 protein and the UCP3 wt element
or single and double mutants of the two CDEs (Figure
3A). To minimize the effects on the overall folding of the
UCP3 clement, we mutated only 1 nt of the closing base
pair so that triloop formation is prevented (Figure 3B and
Supplementary Figure S8). In accordance with our previ-
ous results, mutation of one of the two CDEs into a pen-
taloop is sufficient to restore luciferase activity to 67—73% of
the empty vector control (CDEImut and CDEIImut) (Fig-
ure 3C). The combined mutation of both CDEs further in-
creased luciferase activity to 89% of the empty vector con-
trol (CDEI/IImut). This small, but significant increase, sug-
gests that Roquin can bind to both hairpins independently,
but also that both CDEs are necessary for robust regulation
of gene expression. This finding is confirmed by EMSAs
with Roquin and the various UCP3 mutants. Both the core
ROQ domain alone and the complete N-terminus showed
a higher affinity to the wt than to the two single mutants
(Figure 3D-G). No binding to the double mutant could
be observed (Figure 3D and F). Binding the N-terminal
Roquin fragment to the UCP3 wt generated two bands,
which is consistent with two N-terminal fragments binding
to the two CDEs. However, binding of the core ROQ do-
main to the UCP3 wt resulted in only one band. This mi-
grated slower than the bands observed with the two single
mutants, suggesting the binding of two core ROQ domains
to the UCP3 wt. We performed a stoichiometric binding
experiment (49) to verify that actually two core ROQ do-
mains are bound to the UCP3 wt. It confirmed that two
core ROQ domains bind to the UCP3 wt (Supplementary
Figure S9A), consistent with the simultaneous detection of
both CDEs. Roquin binding to these two CDEs is mediated
by its core ROQ domain, as the mutation of this domain,
which has been shown to inhibit binding to the TNF CDE,
also inhibits binding to the UCP3 CDEs (Supplementary
Figure S9B).

The observed Kp of 138 nM of the core ROQ domain
of Roquin-1 to the UCP3 wt is comparable to other high-
affinity binding sites, such as the TNF CDE (26,33,50),
the ICOS CDE (51) and the Ox40 ADE (37). In contrast,
the ROQ domain of Roquin-1 showed a significantly lower
affinity to the Ox40 CDE, with a Kp > 1000 nM compara-
ble to CDEIImut (37). For the ROQ domain of Roquin-2 a
Kp of ~ 360 nM to the ler3 CDE was measured (36). Thus,
the binding constants of the wt and the single mutants are
in the range of previously determined binding constants of
Roquin to CDEs and ADEs. Recently, the binding of an
N-terminal fragment to a tandem element from the /COS
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Figure 3. Both UCP3 CDEs are required for efficient Roquin binding. (A) Domain organization of mouse Roquin-1 and overview of Roquin fragments
used for binding experiments. (B) Overview of UCP3 constructs used for binding experiments. (C) Luciferase activity of UCP3 constructs shown in (B).
Firefly luciferase activity was normalized to Renilla luciferase as internal transfection control. Values are normalized to an empty vector control, without
UCP3 3'UTR sequences. n = 3. (D and F) Binding of recombinant Roquin-1 to the UCP3 constructs shown in (B). Radiolabeled RNAs were incubated
with increasing amounts of Roquin-1 ROQ domain (D) or N-terminus (F). The apparent dissociation constant (Kp) was calculated from two to three
independent experiments. (E and G) Representative quantification of EMSA experiments with Roquin-1 ROQ domain (E) or N-terminus (G). (**) P-value
< 0.01. (*) P-value < 0.05. n.d. = not determined.
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3'UTR, encoding a CDE-like and an octaloop-containing
stem loop, was tested by EMSAs (32). As was the case in
our studies, efficient binding was only observed if both stem
loops were present.

In summary, the UCP3 3’'UTR encodes two CDEs, both
necessary for efficient Roquin binding and robust suppres-
sion of gene expression.

Mutation analysis of the UCP3 CDEs shows the versatility
of Roquin binding

The CDEs found in the UCP3 3’UTR deviate from the con-
sensus derived by mutational analysis of the TNF CDE.
They do not code for three Y-R base pairs in the apical
part of the stem, nor does CDEI contain a purine stack
at the 3’ side. This is in line with structural analyses that
did not show sequence-specific contacts to the stem region
upon Roquin binding to CDEs (33-36). To evaluate the
contribution of the stem sequence to gene regulation, we
performed a comprehensive mutational analysis of the two
CDEs of UCP3 (Figure 4A). Mutation of the base pair that
closes the tri-nucleotide loop to any other Watson—Crick
base pair did not affect luciferase repression (Figure 4B).
Mutation of the closing base pair to a GoU or UoG wob-
ble base pair significantly increased luciferase activity, but
not to the same extent as the pentaloop mutation, suggest-
ing that wobble base pairs may also occur in endogenous
Roquin binding sites (Supplementary Figure S10). Stabi-
lization of CDEI, which consists exclusively of A-U base
pairs, by one or two G-C base pairs, had no effect on re-
pression. Similarly, neither the stabilization nor destabiliza-
tion of the CDEII stem changed luciferase activity (Figure
4B and C). In addition, the complete exchange of CDEI
with CDEII also had no effect (Supplementary Figure S10).
This indicates that stem (in-)stability as such is not an im-
portant feature for recognition by Roquin. However, stem
length seems to be important. Mutational analysis of the
TNF CDE showed that extending the stem to 9 bp inac-
tivates the CDE (26). Conversely, the mutagenesis screen
of the UCP3 wt indicates that shortening the stem to 5
bp significantly impairs repression (Figure 2C). To verify
the dependence on stem length, we introduced point mu-
tations to shorten the stem of CDEI, CDEII or both to 5
bp. Such shortening significantly restored luciferase activ-
ity and confirms that CDEs with only 5 bp long stems are
less active (Figure 4C). Furthermore, neither the introduc-
tion of a purine stack in CDEI (M1) nor the destruction of
the purine stack in CDEII (M 12) influenced gene repression
(Figure 4B and C). From this analysis, we conclude that a
purine stack on the 3’ side of the stem is not a prerequisite
for Roquin binding.

Further, we investigated the importance of the triloop
sequence for gene regulation. Previous in vitro studies
suggested YRN as a possible loop motif (25), but this
was not comprehensively tested in vivo. Thus, we mutated
nucleotides 1-3 to the corresponding other possible nu-
cleotides in CDEI, CDEII or both and measured the lu-
ciferase activity of the mutants (Figure 4D). The exchange
from U to C in position 1 had no influence on gene repres-
sion, in accordance with previous studies. However, muta-
tion of A to G in position 2 significantly increased luciferase

activity, both in CDEI, CDEII and the double mutant. This
is in contrast to the TNF CDE, where A and G are equally
effective in gene repression. The mutation of U at position 3
to any other nucleotide increased luciferase activity, which
is particularly pronounced in double mutants. From this
we conclude that YAU triloops are most efficient for gene
regulation. This corresponds to the conservation of UCP3
CDEs in mammals, which almost exclusively show YAU
triloops (Supplementary Figure S11). However, other se-
quences that correspond to the YRN motif retain a certain
regulatory capacity and can therefore occur in endogenous
Roquin binding sites.

In summary, Roquin has no sequence preferences within
the stem region and only minimal sequence requirements
for the triloop. This finding is in line with the structural
analyses of the Roquin CDE complexes, which suggested
an almost exclusive shape-specific recognition (33-36). Fur-
ther, it suggests that many more genes could encode func-
tional CDEs and thus be regulated directly by Roquin.

Identification of new Roquin target genes

Based on our mutational analysis of the UCP3 CDEs, we
created a new, relaxed consensus for the genome-wide pre-
diction of functional CDEs in all human 3’UTRs (Figure
5A). The consensus consists of a 6-8 bp long stem capped
with a YRN tri-nucleotide loop. We chose this stem length
because our mutational analysis showed a significant reduc-
tion in repressive strength already for a 5 bp stem (Figure
4C) and mutation of the TNF CDE that a 9 bp long stem is
not functional at all. Furthermore, we have excluded G°U
wobble base pairs for this search, as this is the only stem
mutation that significantly reduced the repressive activity
of the UCP3 CDEs (Supplementary Figure S10).

Scanning all human 3’UTRs showed that ~2600 genes
contain at least one potential CDE (Supplementary File
2). Because correct folding is crucial for the function of
CDEs, we have calculated the folding probability of all pre-
dicted CDEs. These calculations used an exact calculation
of the estimated thermodynamics and expanded on prior
work that calculated loop probabilities (see Supplementary
Methods) (52). Known CDEs, e.g. from the TNF, Ox40
and /COS mRNAs, have a folding probability between 15
and 98%. CDEII of UCP3 is in the middle with 55%, while
CDEI, which consists entirely of A-U base pairs, is signif-
icantly lower with 6% folding probability. About a third of
the predicted CDEs have an even lower folding probability
of <5% and might thus not be targeted by Roquin.

In addition, we studied the evolutionary conservation
of all predicted potential CDEs as indication of their
functional importance. The predicted human CDEs were
queried in Multiz 46-way multiple sequence alignments
with chimpanzee, mouse, dog and cow. A CDE is consid-
ered conserved either if its nucleotide sequence is identi-
cal across all five species or if it contains only nucleotide
changes that still retain the structure of the stem and cor-
respond to the description of the triloop. These tolerated
changes include: (i) changes in the triloop that still fit
the definition of the motif (5' stem—YRN-—stem 3'), (ii)
changes in the length of the stem such that only 6 bp need
to be conserved, and changes in the stem that can still form
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Figure 4. Mutational analysis of the UCP3 tandem CDE. (A) Overview of UCP3 mutants. (B) Luciferase activity of closing base pair mutants. n = 3. (C)
Luciferase activity of stem mutants. n = 3. (D) Luciferase activity of triloop mutants. n = 3. (B-D) Firefly luciferase activity was normalized to Renilla
luciferase as internal transfection control. Values are normalized to an empty vector control, without UCP3 3'UTR sequences. Luciferase activity of the
UCP3 wt element is indicated as dashed line. (**) P-value < 0.01. (*) P-value < 0.05. n.s. = not significant.

canonical base pairs. These can be (iii) compensating base
pair changes or (d) G°U wobble base pairs.

Approximately one out of eight of the potential human
CDE:s is also conserved in the mammals studied, underlin-
ing their functional importance (Supplementary Table S6).
Conserved CDEs show a pronounced enrichment for U at
position 3 in the triloop, while the nucleotide distribution at
positions 1 and 2 is identical between conserved and non-
conserved CDEs (Figure 5A). This is consistent with our
mutational analysis, which has shown that CDEs with U
at this position show the strongest repression. In addition,

conserved CDE:s also have a significantly higher estimated
likelihood of folding (Supplementary Figure S12). We also
investigated preferences in the composition of the stem. Be-
cause the stem of CDEI in UCP3 consists exclusively of
A-U base pairs, we have calculated the AU content for all
CDEs. There is no significant enrichment for AU-rich stems
(>50%) in conserved versus non-conserved CDEs (Supple-
mentary Figure S12). We further analyzed the presence of
purine stacks (at least three consecutive purines) on the 3’
side of the stem. While the mutational analysis of the TNF
CDE indicated the necessity of a purine stack at the 3’ side,
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Figure S. Identification of new Roquin targets. (A) Consensus used for bioinformatic prediction of new CDE structures by RNAMotif. Nucleotide occur-
rences in the triloop are shown for all and conserved elements. V = A, G, C. P-value < 0.0001 (Pearson’s chi-square test). (B) Co-occurrence of A or G at
position 2 in the triloop with R-Y or Y-R closing base pairs. R = A, G and Y = C, U. P-value < 0.0005 (Pearson’s chi-square test). (C) Luciferase activity
of different CDE-encoding 3'UTR regions and mutants. n = 3. CDEs and mutations are shown in Supplementary Figure S13. Firefly luciferase activity
was normalized to Renilla luciferase as internal transfection control. Values are normalized to an empty vector control, without UCP3 3'UTR sequences.
Influence of predicted CDE-like elements on luciferase activity in HEK293 cells. n = 3. (D) Western blot of Roquin-1 and Roquin-2 after siRNA-mediated
knockdown in HEK293 cells and HUVECs. Anti-Roquin was used to verify the respective knockdown. Total lane protein is shown as loading control. n =
3. (E) RT-qPCR quantification of new Roquin target genes encoding CDEs after siRNA-mediated knockdown of Roquin-1 and Roquin-2 in HEK 293 cells
and HUVECs. Values are normalized to the housekeeping gene RPLP0. n = 4. (F) Consensus used for bioinformatic prediction of new ADE structures
by RNAMootif. (G) RT-qPCR quantification of new Roquin target genes encoding ADEs after siRNA-mediated knockdown of Roquin-1 and Roquin-2 in
HEK?293 cells and HUVECs. Values are normalized to the housekeeping gene RPLPO. n = 4. (**) P-value < 0.01. (*) P-value < 0.05. n.d. = not detected.
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our mutational analysis could not confirm this. In agree-
ment, conserved CDEs have only a slight preference over
non-conserved CDEs for a purine stack at the 3’ side (Sup-
plementary Figure S12). Thus, purine stacks are found in
CDEs, but are not required for their activity.

Our mutational analysis of the UCP3 tandem CDE
showed that G in position 2 of the triloop is less efficient
in gene repression than A, while A and G are equally effec-
tive in the TNF CDE. One difference between the CDEs of
the two genes is the polarity of the closing base pair. While
all closing base pairs are equally effective in the context of
the UCP3 tandem CDE, a preference for Y-R closing base
pairs was shown for the TNF CDE. Thus, we analyzed the
co-occurrence of A or G at position 2 in the triloop with
either Y-R or R-Y closing base pairs in conserved CDEs
(Figure 5B). While no specific preference was observed for
A, an enrichment of Y-R base pairs was observed for G-
containing conserved CDE:s.

In summary, CDEs that do not correspond to the initially
proposed consensus are conserved across mammals. These
conserved CDEs are enriched for high folding probability
and show a pronounced preference for U at position 3 of the
triloop. Additionally, the identity of the purine base at po-
sition 2 in conjunction with the polarity of the closing base
pair seems to modulate the repressive strength of CDEs.

Based on evolutionary conservation, a folding probabil-
ity >5% and a U at position 3 in the triloop, we defined a
high-confidence set of 160 Roquin targets with 1-2 CDEs in
their 3’ UTRs (Supplementary Table S6). To verify the func-
tionality of the newly identified CDEs, we selected three sin-
gle and one tandem CDE and tested their ability to reduce
gene expression in our luciferase reporter system. The indi-
vidual CDEs of CSF3 (also G-CSF), CYRG61 (also CCNI)
and ZC3HI2A (also Regnase-1 or MCPIP-1) and the tan-
dem CDE of TM2D3, together with ~ 40 bp of flanking
sequences at each side, were fused to firefly luciferase (Sup-
plementary Figure S13). Furthermore, we introduced point
mutations in the closing base pairs of the CDEs to prevent
triloop formation and inhibit Roquin binding. As a pos-
itive control, the TNF CDE and a corresponding mutant
were also fused to firefly luciferase. Luciferase activity was
reduced to 67-82% in all single CDEs tested, comparable
to the effect observed for the single UCP3 mutants (Figure
5C, compare Figure 3C). The tandem CDE of TM2D3 re-
duced luciferase activity more strongly (47%), comparable
to the tandem CDE of UCP3. All mutants showed signifi-
cantly higher luciferase activity than the corresponding wt
sequences. This shows that new single and tandem CDEs
were accurately detected by our bioinformatic prediction.

To verify this finding in an endogenous context, we an-
alyzed changes in mRNA abundance for these four new
Roquin targets plus for eight more from the high confi-
dence set, after siRNA-mediated knockdown of Roquin-
1 and Roquin-2 (Figure 5D and E; Supplementary Figure
S14). We performed this analysis in HEK293 cells and ad-
ditionally in HUVECs (human umbilical vein endothelial
cells), as some of the predicted targets are known to alter
the function of endothelial cells. All 12 genes could be ver-
ified as Roquin targets in HUVECs and showed a signif-
icant increase in mRNA levels after knockdown, which is
consistent with increased mRNA stability in the absence of
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Roquin. This confirms that our bioinformatic prediction is
highly accurate in the discovery of new Roquin targets. No-
tably, only seven of the ten mRNAs detected in HEK293
cells show increased abundance after Roquin knockdown.
This shows that not only the expression of Roquin targets
is cell-type-specific, but also that their repression by Roquin
might be dependent on the cell type.

Recently, stem-loops capped with a U-rich hexaloop were
identified by SELEX (systematic evolution of ligands by
exponential enrichment) as new high-affinity binding sites
for Roquin (37). One such ADE was identified in the Ox40
3’UTR, so far the only known example. We searched all hu-
man 3'UTRs for additional ADEs to investigate the occur-
rence of this type of Roquin binding site in other 3'UTRs.
The consensus consists of a 6-8 bp long stem capped with a
GUUYUA hexa-nucleotide loop (Figure 5SF). We chose this
stem in analogy to functional CDEs, as the structure of the
Roquin-Ox40 ADE-complex showed no sequence-specific
binding within the stem region.

Scanning all human 3'UTRs predicted that 19 genes con-
tain one potential ADE (Supplementary Table S7). Only
one of these has a folding probability <5%. About half
of the ADEs have an AU-rich stem and contain a purine
stack on the 3’ side, comparable to the occurrence of these
features in CDEs. No specific polarity of the closing base
pair could be detected. Three 3'UTRs were predicted to en-
code an additional CDE. However, none of these CDEs is
conserved, suggesting that ADEs function independently.
Six of the ADEs are also conserved in chimpanzees, mice,
dogs and cows, underlining their functional importance.
To test whether ADE-encoding mRNAs are regulated by
Roquin, we analyzed changes in mRNA abundance for
four of these after siRNA-mediated knockdown of Roquin-
1 and Roquin-2 in HEK?293 cells and HUVECs. All four
showed a significant increase in mRNA levels after Roquin
knockdown in both HEK293 cells and HUVECs (Figure
5G). This confirms that ADEs were accurately detected
by our bioinformatic prediction. Importantly, none of the
3'UTRs contains an additional CDE element, which under-
lines the self-sufficiency of the ADE as a cis-regulatory ele-
ment.

In summary, the definition of a new consensus for CDEs,
together with the genome-wide prediction of ADEs, en-
abled us to predict and verify a variety of new Roquin tar-
gets. It is important to note that many of the newly pre-
dicted and verified targets are not associated with immune
responses, suggesting that new cellular functions of Roquin
proteins still need to be investigated.

DISCUSSION

The three-dimensional structures of RINAs are essential to
their physiological function. Thus, structural conservation,
equal to sequence conservation, is indicative for functional
importance. Bioinformatic prediction of conserved struc-
tures in UTRs using a program, Dynalign, that is able to
predict conserved structures, independent of prior sequence
alignments, allowed us to discover new functional struc-
tured elements.

We discovered two CDEs in the 3'UTR of UCP3, a fam-
ily member of five mitochondrial membrane proteins in-
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volved in cell metabolism. UCPs are encoded in the cell
nucleus and imported into mitochondria after translation
of the entire protein in the cytoplasm (53). The first iden-
tified uncoupling protein, UCP1, is primarily expressed in
brown adipose tissue. Its physiological function is to me-
diate a regulated, thermogenic proton leak (47). Inducible
proton conductance is a feature common to all UCPs. Since
proton leakage accounts for a substantial part of the rest-
ing metabolic rate, this process represents a potential target
for the treatment of metabolic diseases. The physiological
role of UCP3 is still under debate (46,54). It is selectively
expressed in skeletal muscle, brown fat and diabetic heart.
Although it has uncoupling properties, this does not seem
to be its primary function. Increased UCP3 levels do not
necessarily lead to an increase in uncoupling. Further, the
thermoregulation of UCP3~/~ mice is not impaired, sug-
gestive of other cellular functions. Several experiments in-
dicate a role of UCP3 in the metabolism of fatty acids. In-
terestingly, elevated UCP3 levels were observed in obesity-
resistant mice and a decrease in UCP3 levels was associated
with insulin sensitivity, a condition that precedes diabetes.
Thus, modulation of UCP3 levels is an interesting target for
the development of novel therapeutics. Fasting, acute ex-
ercise and high-fat intake all lead to increased UCP3 lev-
els, which is in line with the induction of UCP3 caused by
PPAR transcription factors (55). Notably, UCP3 mRNA
levels are elevated in fasted mice and are quickly restored
after re-feeding, indicating that UCP3 mRNA is unstable
(56). Thus, rapid constitutive decay of UCP3 mRNA by
Roquin’s recruitment of the deadenylase machinery could
be essential to enable a rapid response to changing nutri-
tional states.

The UCP3 CDEs do not correspond to the initially pro-
posed consensus for Roquin-mediated mRNA decay (26).
The subsequent detailed mutational analysis showed that
Roquin binding is essentially sequence-independent, in ac-
cordance with previous structural analyses (33-36). This
prompted us to formulate a new consensus for active CDEs.
The new consensus enabled us to discover and verify a large
number of new Roquin targets. Some of these are in line
with the function of Roquin in immune response and in-
flammation, such as the verified proinflammatory factors
CSF3, CYRG61 and TNFSF15 (also TL1A). But most sug-
gest a broader cellular function of Roquin that is consistent
with the perinatal lethality of Roquin-1 or Roquin-2 knock-
out mice.

The ZnF-containing Regnase-1 (ZC3HI12A4) was pre-
viously identified to detect similar hairpin structures in
3'UTRs (57). Regnase-1 destabilizes its targets by endonu-
cleolytic cleavage and shares an overlapping set of targets
with Roquin. Shared targets can either be suppressed co-
operatively (58) or through spatiotemporally distinct mech-
anisms (57). In accordance with the redundant recogni-
tion of hairpin structures, we also identified targets pre-
viously associated with Regnase-1, such as TM2D3 and
TFRC (57,59). In addition, it was shown that Regnase-1
itself is a Roquin target (58). The 3’UTR encodes a func-
tional CDE (60), which, together with the CDEs within the
3'UTRs of Roquin-1 and Roquin-2 (26), allows for exten-

sive auto- and cross-regulation between these three proteins
(58,61). Thus, Regnase-1 targets can be regulated either di-
rectly by Roquin or indirectly by modulation of Regnase-1
mRNA abundance. In summary, apart from the functions
in the immune response, Roquin will also share other cellu-
lar functions with Regnase-1, such as the regulation of the
iron metabolism.

The UCP3 3’UTR contains two closely spaced CDEs,
both of which are necessary for efficient Roquin binding
and gene repression. Similarly, the /COS 3’'UTR contains
two closely spaced Roquin binding sites, both necessary for
efficient Roquin binding and ICOS repression (32). Repres-
sion is additionally supported by a remote CDE that works
in conjunction with the tandem binding site. Thus, sev-
eral Roquin binding sites might act cooperatively in Roquin
binding in vitro and gene regulation in vivo. It is unclear how
such cooperativity would be achieved at the molecular level.
In solution, Roquin protein is a monomer. However, inter-
action between Roquin proteins could be induced by RNA
binding or by auxiliary factors such as the recently discov-
ered NUFIP2 protein, which enhances /COS repression by
Roquin (32).

Similar to the UCP3 3’UTR, the TM2D3 3’'UTR con-
tains two closely spaced CDEs. Both tandem CDEs re-
duce luciferase activity in our reporter system significantly
more than any of the tested single CDEs. Thus, gene sup-
pression by CDEs is somewhat digital in isolation, in that
the levels of repression are discrete and relate to the num-
ber of CDEs, with two CDEs being more repressive than
one CDE. In contrast, the induction of mRNA levels af-
ter Roquin knockdown varies greatly between different tar-
get genes and also between cell types. The largest induction
is observed for the cytokine CSF3. However, CSF3 CDE
alone has no greater influence on luciferase expression than
other individual CDEs.

Interestingly, the CSF3 CDE was characterized as a re-
pressive element even before Roquin was discovered. Muta-
tional analysis of the CSF3 CDE showed the same prefer-
ence for a YAU triloop and no Roquin binding after preven-
tion of triloop formation (62). Notably, the closing base pair
in the CSF3 CDE is A-U, as in both UCP3 CDEs. Thus,
although YRN triloops and any closing base pair are toler-
ated in active CDEs, some sequence combinations seem to
be better recognized by Roquin. The reason for these pref-
erences is still unclear. Up to now, all high-resolution struc-
tures of Roquin RNA complexes use a UGU triloop with
a C-G closing base pair (33-36). Here the middle G of the
triloop is stacked between the G of the closing base pair and
arginine 219. An A at this position could allow for differ-
ent interactions within the CDE or with the ROQ domain
and thus ultimately support complex formation. Alterna-
tively, specific sequence combinations could support prefor-
mation of the CDE to facilitate conformational selection
by Roquin. In this context, it was shown that incorrect pre-
formation inhibits Roquin binding to a mutant of the TNF
CDE (50).

In addition to CDEs, ADEs have emerged as func-
tionally important Roquin binding sites. Interestingly, two
of the verified targets, MAP3KS5 (also ASK1) and Itch,

8102 Joquieoaq /| uo Jesn Ansiway) [evishydolg |dIN A9 00%EZLS/60 12 1/2Z/9¥A0rISqe-9]0lE/1eu/W0D dNo dlapEd.//:Sd)Y WOl) PAPEOjUMOQ



were already known targets of Roquin. The stability of
the MAP3KS5 protein is regulated through ubiquitination
by Roquin-2 (63). Our study suggests an additional layer
of regulation by mRNA destabilization. Itch has recently
been identified as a downstream target of Roquin in T cells
(64). The 3’ half of the Itch 3'UTR was sufficient to confer
Roquin-dependent repression. This is where the predicted
Itch ADE is located, emphasizing the accurate prediction
of functional ADEs.

Further determinants will modulate the response of in-
dividual target genes to changes in Roquin protein levels.
One of these is the folding probability of the CDE/ADE
within its 3’'UTR, with a high folding probability facilitat-
ing conformational selection by Roquin. In addition, auxil-
iary proteins such as the recently described NUFIP2 (32)
or auxiliary sequences such as other stem loop clements
with even larger U-rich loops recognized by the ROQ do-
main (27,32,64), or AU-rich sequences recognized by the
ZnF (27), would support Roquin binding. Other determi-
nants that will modulate regulation by Roquin are compet-
ing factors that also bind to CDEs. The binding of Regnase-
1 could destabilize shared target mRNAs in the absence of
Roquin, so that they remain partially suppressed (61). Con-
versely, interactions with antagonists such as ARIDS5A (65)
and BAG3 (66) would further enhance the stability of the
target mRNA. In addition, backup systems independent of
the CDE could also ensure continuous destabilization of
the mRNA. These could be AU-rich elements, as for ex-
ample in the TNF 3'UTR (67), or miRNA binding sites.
In this context, it has been shown that Roquin cooperates
with miR-146a in /COS mRNA repression (68). Notably,
the UCP3 3'UTR also contains miRNA binding sites di-
rectly upstream of its tandem CDE. Thus, Roquin could
also support the suppression of UCP3 by these miRNAs.

As increasingly complex patterns of post-transcriptional
gene regulation are discovered, it will become more and
more important to integrate different genome-wide meth-
ods with a detailed mutational analysis in order to clarify
the exact binding preferences of individual RNA binding
proteins. In this context, we have successfully implemented
genome-wide bioinformatic predictions of conserved struc-
tured elements for the discovery of new Roquin targets. This
discovery led to a revised consensus for functional CDEs
and uncovered new cellular functions of Roquin. Thus, in
silico predictions of RNA structures are both highly com-
plementary and informative for in vivo experiments. Future
work should focus on the importance of auxiliary Roquin
binding sites and the effect of competing proteins to provide
accurate predictions of target gene responses to fluctuating
Roquin levels and thus advance our understanding of the
role of Roquin in health and disease.
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ACKNOWLEDGEMENTS

We thank Dr Beatrix Suess and Dr Andreas Schlundt for
the helpful discussions and Britta Kluge for excellent tech-
nical assistance. We thank Dr Michael Sattler and Dr An-
dreas Schlundt for Roquin protein.

Nucleic Acids Research, 2018, Vol. 46, No. 22 12123

FUNDING

Dr Ing. Wilhelm und Maria Kirmser-Stiftung (to
S.F.); Deutsche Forschungsgemeinschaft [SFB902/B14 to
JE.W]; U.S. National Institutes of Health [RO1GMO076485
to D.H.M.]; Max Planck Society (to H.U.). Funding for
open access charge: Deutsche Forschungsgemeinschaft.
Conflict of interest statement. None declared.

REFERENCES

1. Stefl,R., Skrisovska,L. and Allain,F.H. (2005) RNA sequence- and
shape-dependent recognition by proteins in the ribonucleoprotein
particle. EMBO Rep., 6, 33-38.

2. Lee,F.C.Y. and Ule,J. (2018) Advances in CLIP technologies for
studies of protein-RNA interactions. Mol. Cell, 69, 354-369.

3. Wheeler,E.C., Van Nostrand,E.L. and Yeo,G.W. (2018) Advances
and challenges in the detection of transcriptome-wide protein-RNA
interactions. Wiley Interdiscip. Rev. RNA, 9, e1436.

4. Wissink,E.M., Fogarty,E.A. and Grimson,A. (2016)
High-throughput discovery of post-transcriptional cis-regulatory
elements. BMC Genomics, 17, 177.

5. Ding,Y., Kwok,C.K., Tang,Y., Bevilacqua,P.C. and Assmann,S.M.
(2015) Genome-wide profiling of in vivo RNA structure at
single-nucleotide resolution using structure-seq. Nat. Protoc., 10,
1050-1066.

6. Rouskin,S., Zubradt,M., Washietl,S., Kellis,M. and Weissman,J.S.
(2014) Genome-wide probing of RNA structure reveals active
unfolding of mRNA structures in vivo. Nature, 505, 701-705.

7. Spitale,R.C., Crisalli,P., Flynn,R.A., Torre,E.A., KoolLE.T. and
Chang,H.Y. (2013) RNA SHAPE analysis in living cells. Nat. Chem.
Biol., 9, 18-20.

8. Talkish,J., May,G., Lin,Y., Woolford,J.L. Jr. and McManus,C.J.
(2014) Mod-seq: high-throughput sequencing for chemical probing of
RNA structure. RNA, 20, 713-720.

9. Lu,Z., Zhang,Q.C., Lee,B., Flynn,R.A., Smith,M.A., Robinson,J.T.,
Davidovich,C., Gooding,A.R., Goodrich,K.J., Mattick,J.S. et al.
(2016) RNA duplex map in living cells reveals Higher-Order
transcriptome structure. Cell, 165, 1267-1279.

10. Sugimoto,Y., Vigilante,A., Darbo,E., Zirra,A., Militti,C.,
D’Ambrogio,A., Luscombe,N.M. and Ule,J. (2015) hiCLIP reveals
the in vivo atlas of mRNA secondary structures recognized by
Staufen 1. Nature, 519, 491-494.

11. Hofacker,I.L. (2014) Energy-directed RNA structure prediction.
Methods Mol. Biol., 1097, 71-84.

12. Mathews,D.H. and Turner,D.H. (2006) Prediction of RNA
secondary structure by free energy minimization. Curr. Opin. Struct.
Biol., 16, 270-278.

13. Mathews,D.H. (2004) Using an RNA secondary structure partition
function to determine confidence in base pairs predicted by free
energy minimization. RNA, 10, 1178-1190.

14. McCaskill,J.S. (1990) The equilibrium partition function and base
pair binding probabilities for RNA secondary structure. Biopolymers,
29, 1105-1119.

15. Pace,N.R., Thomas,B.C. and Woese,C.R. (1999) 4 Probing RNA
Structure, Function, and History by Comparative Analysis. In:
Gesteland,RF, Cech, TR and Atkins,JF (eds). The RNA World. 2nd
edn. Cold Spring Harbor Laboratory Press, NY, pp. 113-141.

16. Rivas,E. and Eddy,S.R. (2001) Noncoding RNA gene detection using
comparative sequence analysis. BMC Bioinformatics, 2, 8.

17. Weinberg,Z., Wang,J.X., Bogue,J., Yang,J., Corbino,K., Moy,R.H.
and Breaker,R.R. (2010) Comparative genomics reveals 104
candidate structured RNAs from bacteria, archaea, and their
metagenomes. Genome Biol., 11, R31.

18. Gruber,A.R., Findeiss,S., Washietl,S., Hofacker,I.L. and Stadler,P.F.
(2010) RNAz 2.0: improved noncoding RNA detection. Pac. Symp.
Biocomput., 2010, 69-79.

19. Washietl,S., Hofacker,I.L. and Stadler,P.F. (2005) Fast and reliable
prediction of noncoding RNAs. Proc. Natl. Acad. Sci. U.S.A., 102,
2454-2459.

20. Torarinsson,E., Sawera,M., Havgaard,J.H., Fredholm,M. and
Gorodkin,J. (2006) Thousands of corresponding human and mouse

8102 Joquieoaq /| uo Jesn Ansiway) [evishydolg |dIN A9 00%EZLS/60 12 1/2Z/9¥A0rISqe-9]0lE/1eu/W0D dNo dlapEd.//:Sd)Y WOl) PAPEOjUMOQ


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky908#supplementary-data

12124 Nucleic Acids Research, 2018, Vol. 46, No. 22

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

genomic regions unalignable in primary sequence contain common
RNA structure. Genome Res., 16, 885-889.

Uzilov,A.V., Keegan,J.M. and Mathews,D.H. (2006) Detection of
non-coding RNAs on the basis of predicted secondary structure
formation free energy change. BMC Bioinformatics, 7, 173.
Havgaard,J.H., Lyngso,R.B. and Gorodkin,J. (2005) The
FOLDALIGN web server for pairwise structural RNA alignment
and mutual motif search. Nucleic Acids Res., 33, W650-W653.
Mathews,D.H. and Turner,D.H. (2002) Dynalign: an algorithm for
finding the secondary structure common to two RNA sequences. J.
Mol. Biol., 317, 191-203.

Schaefer,J.S. and Klein,J.R. (2016) Roquin—a multifunctional
regulator of immune homeostasis. Genes Immun., 17, 79-84.
Schlundt,A., Niessing,D., Heissmeyer, V. and Sattler,M. (2016) RNA
recognition by Roquin in posttranscriptional gene regulation. Wiley
Interdiscip. Rev. RNA, 7, 455-469.

Leppek,K., Schott.J., Reitter,S., Poetz,F., Hammond,M.C. and
Stoecklin,G. (2013) Roquin promotes constitutive mRNA decay via a
conserved class of stem-loop recognition motifs. Cell, 153, 869-881.
Murakawa,Y., Hinz,M., Mothes,J., Schuetz,A., UhLM., Wyler,E.,
Yasuda,T., Mastrobuoni,G., Friedel,C.C., Dolken,L. et al. (2015)
RC3HI post-transcriptionally regulates A20 mRNA and modulates
the activity of the IKK/NF-kappaB pathway. Nat. Commun., 6, 7367.
Vinuesa,C.G., Cook,M.C., Angelucci,C., Athanasopoulos,V., Rui,L.,
Hill,K.M., Yu,D., Domaschenz,H., Whittle,B., Lambe,T. et al. (2005)
A RING-type ubiquitin ligase family member required to repress
follicular helper T cells and autoimmunity. Nature, 435, 452-458.
Yu,D., Tan,A.H., Hu,X., Athanasopoulos,V., Simpson,N.,
Silva,D.G., Hutloff A., Giles,K.M., Leedman,P.J., Lam,K.P. et al.
(2007) Roquin represses autoimmunity by limiting inducible T-cell
co-stimulator messenger RNA. Nature, 450, 299-303.

Vogel, K. U., Edelmann,S.L., Jeltsch,K.M., Bertossi,A., Heger,K.,
Heinz,G.A., Zoller,J., Warth,S.C., Hoefig,K.P., Lohs,C. ez al. (2013)
Roquin paralogs 1 and 2 redundantly repress the Icos and Ox40
costimulator mRNAs and control follicular helper T cell
differentiation. Immunity, 38, 655-668.

Bertossi,A., Aichinger,M., Sansonetti,P., Lech,M., Neff,E., Pal M.,
Wunderlich,F.T., Anders,H.J., Klein,L. and Schmidt-Supprian,M.
(2011) Loss of Roquin induces early death and immune deregulation
but not autoimmunity. J. Exp. Med., 208, 1749-1756.

Rehage,N., Davydova,E., Conrad,C., Behrens,G., Maiser,A.,
Stehklein,J.E., Brenner,S., Klein,J., Jeridi,A., Hoffmann,A. et al.
(2018) Binding of NUFIP2 to Roquin promotes recognition and
regulation of ICOS mRNA. Nat. Commun., 9, 299.

Schlundt,A., Heinz,G.A., Janowski,R ., Geerlof,A., Stehle,R.,
Heissmeyer, V., Niessing,D. and Sattler,M. (2014) Structural basis for
RNA recognition in roquin-mediated post-transcriptional gene
regulation. Nat. Struct. Mol. Biol., 21, 671-678.

Sakurai,S., Ohto,U. and Shimizu,T. (2015) Structure of human
Roquin-2 and its complex with constitutive-decay element RNA.
Acta Crystallogr. F Struct. Biol. Commun., 71, 1048-1054.

Tan,D., Zhou,M., Kiledjian,M. and Tong,L. (2014) The ROQ
domain of Roquin recognizes mRNA constitutive-decay element and
double-stranded RNA. Nat. Struct. Mol. Biol., 21, 679-685.
Zhang,Q., Fan,L., Hou,F., Dong,A., Wang,Y.X. and Tong,Y. (2015)
New insights into the RNA-Binding and E3 ubiquitin ligase activities
of roquins. Sci. Rep., 5, 15660.

Janowski,R., Heinz,G.A., Schlundt,A., Wommelsdorf,N., Brenner,S.,
Gruber,A.R., Blank,M., Buch,T., Buhmann,R., Zavolan,M. et al.
(2016) Roquin recognizes a non-canonical hexaloop structure in the
3’-UTR of Ox40. Nat. Commun., 7, 11032.

Berens,C., Lochner,S., Lober,S., Usai,I., Schmidt,A., Drueppel,L.,
Hillen,W. and Gmeiner,P. (2006) Subtype selective tetracycline
agonists and their application for a two-stage regulatory system.
Chembiochem, 7, 1320-1324.

Kemmerer,K. and Weigand,J.E. (2014) Hypoxia reduces MAX
expression in endothelial cells by unproductive splicing. FEBS Lett.,
588, 4784-4790.

Chen,C., Ridzon,D.A., Broomer,A.J., Zhou,Z., Lee,D.H.,
Nguyen,J.T., Barbisin,M., Xu,N.L., Mahuvakar,V.R.,
Andersen,M.R. et al. (2005) Real-time quantification of microRNAs
by stem-loop RT-PCR. Nucleic Acids Res., 33, e179.

Regulski,E.E. and Breaker,R.R. (2008) In-line probing analysis of
riboswitches. Methods Mol. Biol., 419, 53-67.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Treiber,T., Treiber,N., Plessmann,U., Harlander,S., Daiss,J.L.,
Eichner,N., Lehmann,G., Schall,K., Urlaub,H. and Meister,G.
(2017) A compendium of RNA-Binding proteins that regulate
MicroRNA biogenesis. Mol. Cell, 66, 270-284.

Harmanci,A.O., Sharma,G. and Mathews,D.H. (2007) Efficient
pairwise RNA structure prediction using probabilistic alignment
constraints in Dynalign. BM C Bioinformatics, 8, 130.
Havgaard,J.H. and Gorodkin,J. (2014) RNA structural alignments,
part I: Sankoff-based approaches for structural alignments. Methods
Mol. Biol., 1097, 275-290.

Lu,J. (2008) University of Rochester School of Medicine & Dentistry.
PhD thesis. The University of Rochester School of Medicine &
Dentistry, Rochester.

Bouillaud,F., Alves-Guerra,M.C. and Ricquier,D. (2016) UCPs, at
the interface between bioenergetics and metabolism. Biochim.
Biophys. Acta, 1863, 2443-2456.

Busiello,R.A., Savarese,S. and Lombardi,A. (2015) Mitochondrial
uncoupling proteins and energy metabolism. Front. Physiol., 6, 36.
Agarwal,V., Bell, G.W., Nam,J.W. and Bartel,D.P. (2015) Predicting
effective microRNA target sites in mammalian mRNAs. Elife, 4,
€05005.

Ryder,S.P., Recht,M.I. and Williamson,J.R. (2008) Quantitative
analysis of protein-RNA interactions by gel mobility shift. Methods
Mol. Biol., 488, 99-115.

Codutti,L., Leppek,K., Zalesak,J., Windeisen, V., Masiewicz,P.,
Stoecklin,G. and Carlomagno,T. (2015) A distinct, sequence-induced
conformation is required for recognition of the constitutive decay
element RNA by roquin. Structure, 23, 1437-1447.

Schuetz,A., Murakawa,Y., Rosenbaum,E., Landthaler,M. and
Heinemann,U. (2014) Roquin binding to target mRNAs involves a
winged helix-turn-helix motif. Nat. Commun., 5, 5701.

Sloma,M.F. and Mathews,D.H. (2017) Base pair probability
estimates improve the prediction accuracy of RNA non-canonical
base pairs. PLoS Comput. Biol., 13, ¢1005827.

Renold,A., Koehler,C.M. and Murphy,M.P. (2000) Mitochondrial
import of the long and short isoforms of human uncoupling protein
3. FEBS Lett., 465, 135-140.

Bezaire, V., Seifert,E.L. and Harper,M.E. (2007) Uncoupling
protein-3: clues in an ongoing mitochondrial mystery. FASEB J., 21,
312-324.

Azzu,V., Jastroch,M., Divakaruni,A.S. and Brand,M.D. (2010) The
regulation and turnover of mitochondrial uncoupling proteins.
Biochim. Biophys. Acta, 1797, 785-791.

Hwang,C.S. and Lane,M.D. (1999) Up-regulation of uncoupling
protein-3 by fatty acid in C2C12 myotubes. Biochem. Biophys. Res.
Commun., 258, 464-469.

Mino,T., Murakawa, Y., Fukao,A., Vandenbon,A., Wessels,H.H.,
Ori,D., Uehata,T., Tartey,S., Akira,S., Suzuki,Y. ez al. (2015)
Regnase-1 and roquin regulate a common element in inflammatory
mRNAs by spatiotemporally distinct mechanisms. Cell, 161,
1058-1073.

Jeltsch,K.M., Hu,D., Brenner,S., Zoller,J., Heinz,G.A., Nagel,D.,
Vogel,K.U., Rehage,N., Warth,S.C., Edelmann,S.L. et al. (2014)
Cleavage of roquin and regnase-1 by the paracaspase MALT1
releases their cooperatively repressed targets to promote T(H)17
differentiation. Nat. Immunol., 15, 1079-1089.

Yoshinaga,M., Nakatsuka,Y., Vandenbon,A., Ori,D., Uehata,T.,
Tsujimura,T., Suzuki,Y., Mino,T. and Takeuchi,O. (2017) Regnase-1
maintains iron homeostasis via the degradation of transferrin
receptor 1 and Prolyl-Hydroxylase-domain-containing protein 3
mRNAs. Cell Rep., 19, 1614-1630.

Iwasaki,H., Takeuchi,O., Teraguchi,S., Matsushita,K., Uehata,T.,
Kuniyoshi,K., Satoh,T., Saitoh,T., Matsushita,M., Standley,D.M.
et al. (2011) The IkappaB kinase complex regulates the stability of
cytokine-encoding mRNA induced by TLR-IL-1R by controlling
degradation of regnase-1. Nat. Immunol., 12, 1167-1175.

Cui, X., Mino,T., Yoshinaga,M., Nakatsuka,Y., Hia,F., Yamasoba,D.,
Tsujimura, T., Tomonaga,K., Suzuki,Y., Uehata,T. e al. (2017)
Regnase-1 and roquin nonredundantly regulate Thl differentiation
causing cardiac inflammation and fibrosis. J. Immunol., 199,
4066—4077.

Putland,R.A., Sassinis, T.A., Harvey,J.S., Diamond,P., Coles,L.S.,
Brown,C.Y. and Goodall,G.J. (2002) RNA destabilization by the
granulocyte colony-stimulating factor stem-loop destabilizing

8102 Joquieoaq /| uo Jesn Ansiway) [evishydolg |dIN A9 00%EZLS/60 12 1/2Z/9¥A0rISqe-9]0lE/1eu/W0D dNo dlapEd.//:Sd)Y WOl) PAPEOjUMOQ



63.

64.

65.

element involves a single stem-loop that promotes deadenylation.
Mol. Cell. Biol., 22, 1664-1673.

Maruyama,T., Araki, T., Kawarazaki, Y., Naguro,I., Heynen,S.,
Aza-Blanc,P.,, Ronai,Z., Matsuzawa,A. and Ichijo,H. (2014)
Roquin-2 promotes ubiquitin-mediated degradation of ASK1 to
regulate stress responses. Sci. Signal., 7, ra8.

Essig,K., Hu,D., Guimaraes,J.C., Alterauge,D., Edelmann,S., Raj,T.,
Kranich,J., Behrens,G., Heiseke,A., Floess,S. ez al. (2017) Roquin
suppresses the PI3K-mTOR signaling pathway to inhibit T helper cell
differentiation and conversion of treg to Tfr cells. Immunity, 47,
1067-1082.

Hanieh,H., Masuda,K., Metwally,H., Chalise,J.P., Mohamed,M.,
Nyati,K.K., Standley,D.M., Li,S., Higa,M., Zaman,M.M. et al.
(2018) Arid5a stabilizes OX40 mRNA in murine CD4(+) T cells by

66.

67.

68.

Nucleic Acids Research, 2018, Vol. 46, No. 22 12125

recognizing a stem-loop structure in its 3 UTR. Eur. J. Immunol., 48,
593-604.

An,M.X., Li,S., Yao,H.B., Li,C., Wang,JM., Sun,J.,, Li,X.Y.,
Meng,X.N. and Wang,H.Q. (2017) BAG3 directly stabilizes
Hexokinase 2 mRNA and promotes aerobic glycolysis in pancreatic
cancer cells. J. Cell Biol., 216, 4091-4105.

Carballo,E., Lai,W.S. and Blackshear,P.J. (1998) Feedback inhibition
of macrophage tumor necrosis factor-alpha production by
tristetraprolin. Science, 281, 1001-1005.

Srivastava,M., Duan,G., Kershaw,N.J., Athanasopoulos,V., Yeo,J.H.,
Ose,T., Hu,D., Brown,S.H., Jergic,S., Patel, H.R. ez al. (2015) Roquin
binds microRNA-146a and Argonaute?2 to regulate microRNA
homeostasis. Nat. Commun., 6, 6253.

8102 Joquieoaq /| uo Jesn Ansiway) [evishydolg |dIN A9 00%EZLS/60 12 1/2Z/9¥A0rISqe-9]0lE/1eu/W0D dNo dlapEd.//:Sd)Y WOl) PAPEOjUMOQ



