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Background: Translation of the a-secretase ADAMI10 is repressed by its 5’ -untranslated region (5'-UTR).
Results: A G-rich region in the ADAM10 5'-UTR forms a highly stable G-quadruplex secondary structure, which inhibits

translation of a luciferase reporter and ADAM10.

Conclusion: The G-quadruplex secondary structure is one inhibitory element for ADAM10 translation.
Significance: Our findings provide new insights in the translational regulation of ADAMI0.

Anti-amyloidogenic processing of the amyloid precursor pro-
tein APP by a-secretase prevents formation of the amyloid-f3
peptide, which accumulates in senile plaques of Alzheimer dis-
ease patients. a-Secretase belongs to the family of a disintegrin
and metalloproteases (ADAMs), and ADAM10 is the primary
candidate for this anti-amyloidogenic activity. We recently
demonstrated that ADAMIO0 translation is repressed by its
5’-UTR and that in particular the first half of ADAM105’-UTR
is responsible for translational repression. Here, we asked
whether specific sequence motifs exist in the ADAMI10 5'-UTR
that are able to form complex secondary structures and thus
potentially inhibit ADAM10 translation. Using circular dichro-
ism spectroscopy, we demonstrate that a G-rich region between
nucleotides 66 and 94 of the ADAM10 5’-UTR forms a highly
stable, intramolecular, parallel G-quadruplex secondary struc-
ture under physiological conditions. Mutation of guanines in
this sequence abrogates the formation of the G-quadruplex
structure. Although the G-quadruplex structure efficiently
inhibits translation of a luciferase reporter in in vitro translation
assays and in living cells, inhibition of G-quadruplex formation
fails to do so. Moreover, expression of ADAM10 was similarly
repressed by the G-quadruplex. Mutation of the G-quadruplex
motif results in a significant increase of ADAMI0 levels and
consequently APPsa secretion. Thus, we identified a critical

* This work was supported by the Deutsche Forschungsgemeinschaft (Col-
laborative Research Center (SFB596) “Molecular Mechanisms of Neurode-
generation” (to S.L., M. W., and C. H.)), a fellowship of the Hans and llse
Breuer Foundation (to S. Z.), the Helmholtz Alliance (Mental Health in an
Aging Society, HelMA), the Bundesministerium fiir Bildung und Forschung
(“Degenerative Dementias: Target Identification, Validation, and Transla-
tion into Treatment Strategies” (to C. H.)), and by the Center of Integrated
Protein Science Munich.

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1.

"To whom correspondence should be addressed: Adolf-Butenandt-Insti-
tute, Biochemistry, Schillerstrasse 44, 80336 Munich, Germany. Tel.:
49-89-2180-75484; Fax: 49-89-2180-75415; E-mail: sven.lammich@med.
uni-muenchen.de.

2 Supported by “Forschungsprofessur” of the Ludwig Maximilians University
(Munich, Germany).

DECEMBER 30, 2011 +VOLUME 286+NUMBER 52

RNA secondary structure within the 5'-UTR, which contributes
to the translational repression of ADAM10.

The pathological hallmarks of Alzheimer disease are extra-
cellular amyloid plaques and intracellular neurofibrillary tan-
gles. Amyloid plaques are composed of the amyloid-f peptide,
which is liberated via sequential cleavage of the amyloid precur-
sor protein (APP)® by B- and 7y-secretase (1). Alternatively,
a-secretase cleaves APP within its amyloid-B domain and
therefore prevents formation of the neurotoxic amyloid-3 pep-
tide. a-Secretase cleavage liberates APPsc, which may have
neuroprotective and neurotrophic properties (2, 3). The
remaining C-terminal fragment of APP is further processed by
y-secretase to produce the non-amyloidogenic fragment p3 (4).

Three members of the large family of disintegrin and metal-
loproteinases (ADAM) apparently exert a-secretase activity:
ADAMY9, ADAMI10, and ADAM17 (5-7). Among these,
ADAMIO is the major candidate for the physiological a-secre-
tase because moderate overexpression of ADAMIO in an
Alzheimer disease mouse model resulted in increased APPsa
shedding, lowering of amyloid-B peptide generation, and con-
sequently, a reduction of the amyloid plaque load (8). In addi-
tion, it was shown recently that siRNA-mediated knockdown of
ADAMI10 in mammalian cells and primary neurons abolished
the generation of APPs«, whereas knockdown of ADAMY or
ADAM17 still allowed robust production of APPsa (9).
ADAMI10 knock-out mice die at day embryonic day 9.5 of
embryogenesis with multiple defects in the developing central
nervous system, somite segmentation, and the cardiovascular
system, emphasizing an important role of ADAMI10 in devel-
opment (10). To analyze the function of ADAMIO0 in brain
development, neuron-specific ADAM10-deficient mice were
generated (11). These mice die perinatally due to a down-regu-

3 The abbreviations used are: APP, amyloid precursor protein; IRP, iron-regu-
latory protein; FMRP, fragile-X mental retardation protein; IRE, iron-respon-
sive element; T,,, melting temperature; AH,,, van't Hoff enthalpy; AS, .,
van't Hoff entropie; AG,,,, van't Hoff free energy change; Luc, luciferase.
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lation of Notch signaling in the brain. However, analysis of APP
processing in primary neuronal cultures from embryonic day
14.5 of these conditional ADAM10 knock-out mice revealed a
90% reduction of APPs« generation (11). These data therefore
demonstrate that ADAMI1O0 is the predominant a-secretase
activity in the brain. Apart from APP and Notch, ADAMI10
cleaves other neuronal proteins, like ephrins, L1 adhesion mol-
ecule, and N-cadherin, which are important for neurite out-
growth and migration (12, 13). Finally, ADAMI10 is up-regu-
lated in several cancers and plays a role in inflammation
processes (13).

Regulation of ADAM10 is achieved by multiple mechanisms.
ADAMIO is expressed as an inactive prodomain containing
zymogene, which is activated by the proprotein convertases
furin and PC7 (14). The prodomain is important for folding of
ADAMI0 and acts as a potent inhibitor of ADAMI10 activity
(14, 15). Recently, it was demonstrated that ADAMI0 tran-
scription is stimulated by all-trans retinoic acid and by the
deacetylase Sirtuinl (16, 17). Moreover, we demonstrated pre-
viously that ADAMI10 expression could be suppressed at the
translational level by its unusual long GC-rich 5-UTR (18).
Therefore, we hypothesize that the 5'-UTR of ADAMI0 may
affect its translation via RNA binding proteins and/or stable
RNA secondary structures.

Current knowledge implicates that translational regulation
occurs predominantly at the level of initiation and two distinct
general modes could be discriminated, global translational reg-
ulation, and mRNA-specific regulation (19-21). In general,
global control of translation is mediated by phosphorylation of
initiation factors (19-21). Translational regulation of specific
mRNAs is often achieved by cis-acting elements within UTRs of
these mRNAs such as secondary structures, upstream ORFs,
internal ribosomal entry sites, and/or trans-acting elements like
mRNA binding proteins and microRNAs (19-21). Interest-
ingly, translation of the 3-secretase BACELI is suppressed by its
long GC-rich 5'-UTR, which contains several upstream ORFs
(22-24). Increased translation of BACE1 was observed in
response to energy deprivation, due to increased translation
reinitiation at the start codon of the BACEI message (25), sim-
ilar to the translation of yeast GCN4 and ATF4 (26, 27). More-
over, translational repression could be achieved by blocking the
recruitment of the preinitiation complex to an mRNA. The best
characterized examples for this mechanism are iron-regulatory
proteins (IRPs) (28, 29). In iron-deficient cells, IRPs bind to
iron-responsive elements (IREs), which form stable stem loops
in 5'-UTRs of L- and H-ferritin mRNAs and inhibit translation
of these mRNAs (28, 29). An increase of the cellular iron con-
centration results in dissociation of IRPs from the 5'-UTRs,
which leads to increased ferritin mRNA translation (29). More
recently, it was hypothesized that RNA G-quadruplex struc-
tures within 5'-UTRs are potent translational repressors that
block formation or scanning of the preinitiation complex (30).
G-quadruplexes are higher-order nucleic acid secondary struc-
tures formed by G-rich sequences. The basic structural core
motif of G-quadruplexes consists of a series of G-quartet
planes, each of which consists of four guanines connected by
Hoogsteen-hydrogen bonds and stabilized by monovalent ions,
particularly potassium ions (31-34). There is growing evidence
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that the formation of G-quadruplex secondary structures
within 5'-UTRs results in translational repression of a number
of different mRNAs, including N-ras, Zic-1, membrane-type
matrix metalloproteinase 3, ESR-1, and Bcl-2 (35—42). Similar
to the IRE stem loop, the stability of G-quadruplex structures
could be modulated by RNA binding proteins such as FMRP or
members of the hnRNP A family (43, 44).

Interestingly, the 5'-UTR of ADAMIO contains a G-rich
sequence between nucleotides 66 —94, which, based on a pre-
diction algorithm, may form a stable G-quadruplex secondary
structure (see Fig. 1, A and B). Using CD spectroscopy, we pro-
vide evidence that this sequence indeed folds into a stable RNA
G-quadruplex in vitro and that mutation of several guanines
inhibits G-quadruplex formation. The G-quadruplex inhibits a
luciferase reporter in cell free lysates and living cells. Moreover,
we demonstrate that mutation of the G-quadruplex motif
results in increased ADAMIO0 translation and consequently
increased the anti-amyloidogenic processing of APP.

EXPERIMENTAL PROCEDURES

Oligonucleotides—The following RNA oligonucleotides were
purchased from Thermo Scientific: ADAM10GQ-WT, UGGG-
GGACGGGUAGGGGCGGGAGGUAGGGG; ADAMI10GQ-
mutl, UGGAAGACGAGUAGGAGCGAGAGGUAGGGG; and
ADAM10GQ-mut2, UAGAAGACGAAUAGAAGCGAAA-
AGUAGAAG.

CD Spectroscopy—For spectroscopic studies, RNA oligonu-
cleotides were prepared at 5 uM strand concentration in RNase-
free water containing 10 mm Tris/HCI, 0.1 mM EDTA, pH 7.4 in
a final volume of 250 ul. The samples were annealed by heating
at 90 °C for 10 min and subsequent slow cooling to 20 °C at a
constant rate of 0.2 °C/min. CD measurements were performed
after a 10-min equilibration at 20 °C using a Jasco J-810 spec-
tropolarimeter equipped with a Peltier temperature cooler in a
0.1-cm cell at a scanning speed of 50 nm/min with a response
time of 8 s. The spectra were averaged over 11 scans from 200 —
320 nm, and data were zero-corrected at 320 nm. For each
sample, a buffer baseline was obtained in the same cuvette and
subtracted from the average scan.

CD melting curves were recorded as described above in the
presence of 1 mm KCl by monitoring ellipticity at 263 nm
between 20 and 90 °C. The melting temperature (7',,) was cal-
culated using the van’t Hoff method (45).

¢DNA Constructs—The ADAMI10 G-quadruplex motif and
mutated variants thereof in front of Renilla luciferase of the
psiCHECK-2 vector (Promega) were generated by PCR using
the unique Nhel restriction site upstream of the Renilla lucif-
erase start codon. pcDNA6/V5-HisA-5'-UTR-Luc with the
intact ADAM10 G-quadruplex motif was described previously
(18). Mutated variants of the G-quadruplex motif, 5'-UTR-
GQmutl-Luc (TGGAAGACGAGTAGGAGCGAGAGGTA-
GGGG) and 5 -UTR-GQmut2-Luc (TAGAAGACGAATAG-
AAGCGAAAAGTAGAAG) were introduced by PCR using
appropriate primers. In addition, plasmid pcDNA6/V5HisA-
ADAMI0 (18), was used to generate GQ-WT ADAMI10 and the
corresponding mutants GQ-mutl-ADAMI10 and GQ-mut2-
ADAMI10 using Nhel/HindIII restriction sites and appropriate
primers. All cDNAs were verified by sequencing.
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FIGURE 1. The 5’-UTR of ADAM10 contains a G-quadruplex motif. A, representation of the human ADAM10 5’-UTR-RNA sequence. The predicted G-qua-
druplex sequence located between nucleotides 66 and 94 of the ADAM10 5’-UTR is underlined. The guanines predicted to be involved in the formation of the
potential G-quadruplex secondary structure are highlighted in red. B, model of the parallel ADAM10 5’-UTR G-quadruplex secondary structure. Guanines (red
circles) of the canonical repeats of the G-rich stretches involved in G-quadruplex formation are located at the four edges of each plane marked in light red. C,
sequences of RNA oligonucleotides used for CD spectroscopy measurements in this study. Guanines potentially involved in G-quadruplex formation are

marked in red, and substitutions to adenines are highlighted in green.

Cell Culture and ¢cDNA Transfections—Human embryonic
kidney 293EBNA (HEK293) cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum, 1% penicillin/strepto-
mycin, and 2 mM glutamine. Transfections were carried out
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions.

Protein Analysis—1.8 X 10° HEK293 cells were plated in
6-cm dishes and transiently transfected with 8 ug of cDNA
encoding ADAM10 variants and 0.1 ug of pEGFP-N1 (Clon-
tech). Protein analysis was performed as described previously
(18). For analysis of APP processing, the cell culture medium
was replaced 24 h after transfection, and the cells were incu-
bated for 4 h in fresh medium. Equal amounts of conditioned
media were analyzed for APPs« using antibody 2D8 (1 pg/ml)
(46). Full-length APP was detected using the APP-C-terminal
antibody (A8717) from Sigma.

Dual-Luciferase Reporter Assay—1.8 X 10° HEK293 cells
were seeded in 24-well plates and transfected with 0.8 ug of
psiCHECK-2-GQ-WT, psiCHECK-2-GQ-mutl, or psi-
CHECK-2-GQ-mut2. 24 h after transfection, cell lysates were
prepared, and luciferase activity was measured with the Dual-
Luciferase reporter assay system (Promega) according to the
manufacturer’s instructions. Quantification was performed
using an LB96V luminometer (Berthold Technologies) and
analyzed with WinGlow software (Berthold Technologies).
Renilla luciferase activity was normalized to firefly luciferase
activity.

Quantitative Real-time PCR—Total RNA was isolated from
HEK293 cells 24 h after transfection with psiCHECK-2-GQ
plasmids using the RNeasy mini kit (Qiagen), including an on-
column DNase digest. Subsequently, the RNA was treated a
second time with DNase I (DNA-free, Ambion). cDNA was
synthesized from 250 ng of total RNA using MessageSensor RT
(Ambion) with random hexamer primers. Quantitative real-
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time PCR was performed with 2X Power SYBR Green PCR
Master Mix (Applied Biosystems) and 0.5 uMm of each primer
pair (RLuc 344, 5'-TCTTTGTGGGCCACGACTGGGG-3’
(forward primer); RLuc 603, 5'-GGCAGCGAACTCCTCAG-
GCTCC-3’ (reverse primer); and FLuc 976, 5'-GCCGTGGC-
CAAGCGCTTTCATC-3" (forward primer); FLuc 1150,
5'-CTCCCAGGGTCTTGCCGGTGTC-3' (reverse primer)).
ADAMI10 mRNA levels were determined as described previ-
ously (18). Quantification was performed with the 7500 Fast
Real-time PCR system (Applied Biosystems). For each RNA
sample, triplicates were analyzed with each primer set, and
Renilla luciferase RNA expression was normalized to firefly
luciferase as described (47).

In Vitro Transcription—Plasmids were linearized using the
Xhol restriction enzyme, which cuts at the 3’ end of the coding
region of the luciferase reporter gene. 5'-Capped transcripts
were generated in vitro using the nMESSAGE mMACHINE T7
kit (Ambion), following the manufacturer’s instructions. The
RNA concentration was determined by UV spectroscopy. The
integrity and the size of each transcript were confirmed by 1%
agarose gel analysis.

In Vitro Translation—In vitro translation of 100 ng of in
vitro-transcribed mRNAs was carried out in a cell-free transla-
tion system consisting of extracts from nuclease-treated rabbit
reticulocyte lysate (Promega) as described (48). Firefly lucifer-
ase activity was measured in duplicate as described above.

RESULTS

The 5'-UTR of ADAMI10 Contains a G-rich Region, which
Forms a Stable G-quadruplex Secondary Structure—Using the
G-quadruplex secondary prediction algorithm Quadfinder
(49), we identified a potential G-quadruplex motif between
nucleotide 66 and 94 of the human ADAM105'-UTR (Fig. 1, A
and B). This G-quadruplex motif is evolutionary conserved
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FIGURE 2. Biophysical analysis of the ADAM10 G-quadruplex motif. A, CD spectra of 5 um ADAM10GQ-WT oligonucleotide in the absence (blue) or presence
of different monovalent cations (green, LiCl; red, NaCl; black, KCl; 1 mm each) in 10 mm Tris/HCI (pH 7.4), 0.1 mm EDTA. Note that the formation of a stable
G-quadruplex structure was strongly induced in the presence of 1 mm KCl. B, CD melting experiments of 5 um ADAM10GQ-WT in the presence of 1 mm KCl.
Melting (black) and annealing (red) curves are almost identical and show a T,,, of 60 = 1 °C. In contrast, at 50 mm KCl (green), the folded G-quadruplex could not
be unfolded at higher temperatures. C, plot of T,,, values for ADAM10GQ-WT at various strand concentrations. All experiments were performed in the presence
of 10 mm Tris/HCl (pH 7.4), 0.1 mm EDTA, and 1 mm KCI. Results are expressed as the mean = S.D. of at least three different measurements. D, CD spectra in the
presence of 1 mm KCI of ADAM10GQ-WT (black) and mutated variants thereof (red, ADAM10GQ-mut1; green, ADAM10GQ-mut2).

between human, chimpanzee, and rhesus monkey, indicating
that it might have an important physiological function. To
prove that this sequence indeed forms a stable G-quadruplex
secondary structure, we performed CD spectroscopy, a stand-
ard technique to investigate the formation of G-quadruplex
structures by oligonucleotides (34, 50). We analyzed the CD
spectrum of ADAM10GQ-WT RNA-oligonucleotide (Fig. 1C)
at pH 7.4 in the absence of salt or in the presence of 1 mm LiCl,
NaCl, or KCI (Fig. 24). As a control, we determined the CD
spectrum for the previously characterized G-quadruplex of
N-ras in the presence of 1 mm and 100 mm KCI (supplemental
Fig. 1) (35). We observed the characteristic CD signature for a
parallel RNA G-quadruplex (51) with a positive peak at 263 nm
and a negative peak at 241 nm for ADAM10GQ-WT in the
absence of salt, suggesting an inherent propensity of the
sequence to form a G-quadruplex (Fig. 24) (35, 37). Addition of
1 mMm KCI significantly increased the positive peak at 263 nm
and a negative peak at 241 nm, consistent with the finding that
potassium ions could stabilize the formation of G-quadru-
plexes (32, 34-37, 52). In the presence of 1 mm LiCl, the CD
spectrum was not altered as expected because lithium ions do
not support the formation of G-quadruplexes (35, 37, 52). In
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our experiments, addition of 1 mm NaCl also had no effect on
G-quadruplex formation, possibly due to the lower propensity
of sodium ions compared with potassium ions to stabilize
G-quadruplex structures (32, 34, 35, 37, 42, 52).

To determine the thermal stability of the G-quadruplex, we
performed CD melting experiments at 263 nm of
ADAMI10GQ-WT in the presence of 1 mm KCl (Fig. 2B). Melt-
ing and annealing curves were virtually identical and T, was
determined to be 60 = 1 °C, assuming a single cooperative tran-
sition between the folded and unfolded state of the G-quadru-
plex structure (37, 45). Consistent with previous reports (35—
37, 40—-42, 53), at higher KCI concentrations (50 mm), the
structure could not be unfolded even at 90 °C, which is indica-
tive of a very stable G-quadruplex (Fig. 2B). Based on the van’t
Hoff method (45), we determined the thermodynamic param-
eters for the melting curves at 1 mm KCl. The Gibbs’ free energy
AG,,;; at 37 °C was —10.6 * 0.8 kJ/mol, suggesting the forma-
tion of a stable G-quadruplex structure at 37 °C. Moreover, the
calculated values for AH ,, (—151.5 £ 13.2 kJ/mol) and AS,,,
(—0.45 = 0.04 kJ/mol K) were comparable with published data
of other G-quadruplexes (37, 53-55). To further investigate
whether ADAM10GQ-WT forms an intermolecular or intra-
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FIGURE 3. Translational repression of a luciferase reporter by the ADAM10 G-quadruplex motif. A, Schematic representation of the plasmids used for
reporter gene assays. The wild-type G-quadruplex sequence (GQ-WT) of the ADAM10 5’-UTR or mutated variants thereof were cloned directly in front of the
Renilla coding region. B, 24 h after transfection of the indicated plasmids in HEK293 cells dual-luciferase assays were performed and mRNA was isolated. Renilla
luciferase activity was normalized to Firefly luciferase activity and the value for GQ-WT was set to 100%. C; values for Renilla and Firefly luciferase mRNA were
determined by quantitative RT-PCR and the ratio of C; Renilla/C; Firefly was calculated as described (47). Results are expressed as means =+ S.D. of at least three

independent experiments made in triplicates.

molecular G-quadruplex, we determined the melting tempera-
ture T, at different concentrations of ADAM10GQ-WT in the
range of 1-20 uM and in the presence of 1 mm KCl (35-37, 53,
56). As shown in Fig. 2C, T, remains unchanged at 60 °C in this
concentration range, indicating that ADAM10GQ-WT forms a
unimolecular G-quadruplex. Finally, we performed CD spec-
troscopy with mutant variants of ADAM10GQ-WT. We sub-
stituted several guanines, which might be involved in G-qua-
druplex formation by adenines (Fig. 1C), to prevent the
formation of an intramolecular, parallel G-quadruplex struc-
ture (35-37). Indeed, for ADAMIOGQ-mutl and
ADAMI10GQ-mut2, both CD spectra showed a lower ellipticity
in the presence of 1 mm KCI (Fig. 2D). Moreover, compared
with the CD spectrum of the wild-type sequence, the maxima
and minima were shifted slightly to higher wave lengths similar
to the CD spectra of unstructured, single-stranded RNA (37, 40,
57). Taken together, our biophysical analysis confirms that the
ADAM10GQ-WT RNA forms a highly stable, unimolecular,
parallel G-quadruplex near physiological pH and salt
conditions.

The ADAMI10 G-quadruplex Motif Inhibits Translation of a
Luciferase Reporter in Vivo—Recently, it was shown that
G-quadruplex motifs within 5'-UTRs inhibit translation of
their downstream gene in vitro and in vivo (35— 42). Moreover,
artificially introduced RNA-G-quadruplex motifs near the
ribosomal binding site suppress bacterial gene expression (58).
Therefore, we investigated whether the ADAM10 G-quadru-
plex motif could inhibit translation in living cells. We cloned
the ADAM10 G-quadruplex motif and its two mutant variants
in front of the Renilla luciferase coding region of the psi-
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CHECK-2 vector (Fig. 3A4). 24 h after transfection of the result-
ing plasmids in HEK293 cells, we performed Dual-Luciferase
reporter assays as described (36, 37, 39). Strikingly, for both
mutant variants, GQ-mutl and GQ-mut2, we observed a sig-
nificant increase in Renilla luciferase activity normalized to
firefly luciferase activity ratios (Fig. 3B). Using quantitative RT-
PCR, we observed only a very subtle increase in mRNA levels
for both mutants (Fig. 3B). These results confirm that the
ADAM10 G-quadruplex can suppress translation.

Inhibition of G-quadruplex Formation in the Context of the
Entire ADAMI0-5'-UTR Facilitates Luciferase Translation—
To further demonstrate that the G-quadruplex motif is an
inhibitory element within the entire context of the ADAM10-
5'-UTR, we performed in vitro translation assays. Equal
amounts of in vitro-transcribed 5'-UTR-GQ-WT-luciferase,
5'-UTR-GQ-mutl luciferase and 5'-UTR-GQ-mut2 lucifer-
ase mRNA were translated in nuclease-treated rabbit reticulo-
cyte lysate. Consistent with the data presented in Fig. 3B, lucif-
erase activity measurements revealed that both mutations of
the ADAM10 G-quadruplex motif resulted in a 3-fold increase
in firefly luciferase activity compared with the wild-type
5'-UTR-luciferase construct (Fig. 4). Taken together, these
findings demonstrate that the ADAM 10 G-quadruplex alone or
within the context of the ADAMI10-5'-UTR represses transla-
tion of a reporter gene and suggests that the formation of a very
stable G-quadruplex secondary structure is responsible for
translational repression.

The G-quadruplex Efficiently Inhibits ADAM10 Translation—
Recently, we demonstrated that the 5'-UTR of ADAMIO is
involved in translational repression of ADAM10 (18). Based on
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FIGURE 4. ADAM10 G-quadruplex motif in context of entire 5'-UTR inhib-
its translation of firefly luciferase reporter. Equal amounts of in vitro-tran-
scribed firefly luciferase mRNAs with the full-length 5’-UTR of ADAM10 con-
taining the wild-type G-quadruplex sequence (5'-UTR-GQ-WT-Luc) or the
indicated mutations as depicted in Fig. 1C(5'-UTR-GQ-mut1-Luc, 5'-UTR-GQ-
mut2-Luc) were subjected to in vitro translation using nuclease-treated rabbit
reticulocyte lysates. Results are expressed as means = S.D. of three independ-
ent experiments made in triplicate.

the in vitro findings, we assumed that the ADAM 10 G-quadru-
plex motif could contribute to this translational inhibition. To
prove this, we cloned the ADAM 10 G-quadruplex motif and the
corresponding mutants directly in front of the ADAM10 coding
region. After transient transfection of these cDNA constructs
in HEK293 cells, we observed a 9.5- to 15-fold increase in
ADAMI0 protein levels when the ADAMI0 G-quadruplex
motif was mutated (Fig. 5, A and B). As shown previously, over-
expression of ADAMI10 results predominantly in the genera-
tion of immature ADAM10 (18). Nevertheless, we detected ele-
vated levels of secreted APPsa in supernatants of cells
transfected with G-quadruplex mutations (Fig. 5, A and C).
Because there was only a small increase in mRNA levels (Fig.
5B), our data strongly suggest that the G-quadruplex is involved
in translational repression of ADAM10.

Taken together, we demonstrate that the ADAM10-5'-UTR
contains a G-quadruplex motif that is able to form a highly
stable secondary structure in vitro. This G-quadruplex is suffi-
cient for translational suppression of a reporter gene and
ADAMIO in living cells. Hence, the G-quadruplex secondary
structure is one element contributing to the translational inhi-
bition of ADAM10 expression via its 5'-UTR.

DISCUSSION

There is growing evidence that canonical repeats of G-rich
stretches in DNA or RNA can form stable G-quadruplex sec-
ondary structures, which are implicated in a variety of biologi-
cal processes like telomere protection, stabilization, and repli-
cation, as well as transcription, splicing, and translation of RNA
(30, 33, 59-61). Recently, it was demonstrated that besides
telomeres and promoter regions, 5- and 3’-untranslated
regions of mRNAs are hotspots of potential G-quadruplex
forming sequences (30). The authors suggested that G-quadru-
plex structures within 3’-UTRs might facilitate transcriptional
termination leading to an efficient cleavage at the polyadenyl-
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ation site and polyadenylation of the mRNA (30). In addition,
more recently, it was demonstrated that stable G-quadruplex
secondary structures within the 3'-UTR of PSD95 and CaM
kinase Ila are important neurite mRNA-targeting elements
(62). On the other hand, G-quadruplex signature motifs occur
predominantly at the 5’ end of the 5'-UTR, which suggests that
G-quadruplex secondary structures are involved in transla-
tional regulation either by inhibiting the formation of the initi-
ation complex or by inhibition of the scanning ribosome (30). In
agreement with this hypothesis, a series of recent reports dem-
onstrate that the 5'-UTRs of N-ras, Zic-1, membrane-type
matrix metalloproteinase 3, ESR-1, Bcl-2, and others contain a
G-quadruplex motif that inhibits the translation of their down-
stream genes (35—42).

We recently demonstrated that the 444-nucleotide-long,
GC-rich 5'-UTR of ADAMI0 is responsible for the transla-
tional repression of ADAMI10 (18). Using the G-quadruplex
secondary prediction algorithm Quadfinder (49), we now iden-
tified a potential G-quadruplex motif between nucleotides 66
and 94 of the human ADAM10 5'-UTR consistent with the
transcriptome-wide prediction analysis of G-quadruplex struc-
tures reported previously (30, 40). It was reported that RNA
nucleosides prefer the anti-conformation of the glycosidic
bond due to the C;,-endo puckering of sugar, and hence RNA
G-quadruplex structures adopt a parallel topology with a char-
acteristic CD spectrum (34, 51). Consistent with this finding
and previously reported RNA-G-quadruplexes, our CD spec-
troscopy analyses provide evidence that the G-quadruplex
sequence of the ADAMI105'-UTR forms a parallel, intramolec-
ular G-quadruplex secondary structure that is further stabilized
by potassium ions. We demonstrate that even at 1 mm KCl, the
G-quadruplex is extremely stable and has a high melting tem-
perature of 60 = 1 °C, whereas at 50 mm KCl, the G-quadruplex
could not be unfolded even at 90 °C, arguing that under physi-
ological conditions at 37 °C and an intracellular potassium con-
centration of ~130 mu, the formation of the G-quadruplex
structure is favored highly. Similar results were reported for the
G-quadruplex of the N-ras 5'-UTR and TRF2 5'-UTR in the
presence of 1 mm KClI (35, 41) (see also supplemental Fig. 1).
Moreover, determination of the thermodynamic parameters
AG,;; = —10.6 £ 0.8 kJ/mol, AH ,; = —151.5 * 13.2 kJ/mol,
and AS, ;= —0.45 = 0.04 k] /mol K, in the presence of 1 mm KCl
are comparable with known DNA and RNA G-quadruplexes
(37, 54, 55). In a recent study, the dependence of the stability of
RNA G-quadruplexes on the loop length between the G-qua-
druplex forming G-tetrads was determined (53). The authors
found that the thermodynamic stability but not the structure is
dependent on loop length. G-quadruplexes with long loops, e.g.
oligonucleotides with two or four nucleotides between each
G-tetrad, which were termed oligonucleotide library L222 or
L444, have melting temperatures between 67 and 50 °C in the
presence of 5 mm KCI (53). Our data are in accordance with
these results as the ADAM 10 G-quadruplex could be grouped
in the oligonucleotide library categories L222, 1331, or L322
with a total loop length of six or seven nucleotides (53).

To investigate the effect of the G-quadruplex structure on
translation, we performed two different well established assays
(35—42): Dual-Luciferase reporter assays and in vitro transla-
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FIGURE 5. ADAM10 expression is repressed by the G-quadruplex motif. A, HEK293 cells were transiently transfected with the indicated ADAM10 cDNA
constructs, and lysates were analyzed by immunoblotting for V5-tagged ADAM10, endogenous APP, B-actin as loading control, and GFP as transfection
control. Supernatants were analyzed for APPsa secretion using antibody 2D8. Cellular APP is present in low molecular weight immature forms (im) and high
molecular weight mature form (m). ADAM10 is present as a mature (m) form and predominantly as an immature (im) form. B, quantification of ADAM10 protein
(black bars) and mRNA levels (white bars) from cells transfected with ADAM10 cDNA constructs shown in A. ADAM10 protein levels were normalized to GFP and
actin levels. The signal for ADAM10 with the wild-type G-quadruplex GQ-WT ADAM10 was set to 1. Results are expressed as the means *+ S.D. from three
experiments made in triplicate. ADAM10 mRNA was normalized to glycerolaldehyde-3-phosphate-dehydrogenase mRNA levels, and the signal for GQ-WT
ADAM10 was set to 1. Results are expressed as the means = S.D. from three experiments. C, quantification of secreted APPsa from cells transfected with the
indicated ADAM10 variants were shown in A. The signal for APPsa from GQ-WT ADAM10 transfected cells was set to 100%. Results are expressed as the
means * S.D. from three experiments. Asterisks indicate statistical significance (one-way analysis of variance with Dunnett’s post test) relative to GQ-WT

ADAM10 transfected cells (*, p < 0.05; **, p < 0.01).

tion assays with luciferase mRNAs containing the wild-type
ADAMI105'-UTR or ADAM105'-UTRs with a mutated G-qua-
druplex motif. Using CD spectroscopy, we demonstrated that
our two RNA oligonucleotides with the mutated G-quadruplex
sequences do not have the same characteristic CD spectrum as
the wild-type oligonucleotide. Dual-Luciferase reporter assays
revealed a significant increase in luciferase activity for the two
mutant variants compared with the wild-type G-quadruplex-
containing reporter. This increase in reporter activity is con-
sistent with previously published reports for G-quadruplex
containing 5'-UTR mRNAs such as Zic-1 (36), membrane-type
matrix metalloproteinase 3 (37), EBAGY9, AASDHPPT,
BARHL2, THRA, NCAM2, and FDZ2 (40). To further confirm
these results, we performed in vitro translation assays using
equal amounts of in vitro-transcribed luciferase mRNAs con-
taining the full-length ADAM10 5'-UTR with the wild-type
G-quadruplex motif and mutant variants thereof. Mutation of
the ADAM 10 G-quadruplex signature motif resulted in a 3-fold
increase of luciferase activity for both mutants compared with
the wild-type 5'-UTR. These findings are again in agreement
with recently described results for the 5'-UTR mRNAs of N-ras
(35), ESR-1 (38), Bcl-2 (42), and TRE2 (41).

We further investigated the effect of the G-quadruplex and
mutations thereof on the translation of ADAMI10. As expected
from our reporter assays, we observed that mutation of the
G-quadruplex motif resulted in higher ADAMIO levels and in
an increase of APPsa secretion. We observed a 9.5- to 15-fold
increase in ADAMI10 expression with our mutated G-quadru-
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plex ADAMI0 constructs, which is in accordance to our
recently observed 9-fold increase of ADAMI10 expression after
transient expression of A1-155-5'-UTR ADAMI10, a construct
lacking the first 155 nucleotides of the ADAMI10 5'-UTR and
hence the entire G-quadruplex motif (18). However, deletion of
the first 259 nucleotides of the ADAM105'-UTR led to a nearly
100-fold increase in expression of ADAM10 (18), strongly sug-
gesting that the ADAMI0 5'-UTR contains several transla-
tional inhibitory elements and that the G-quadruplex motif is
one of these inhibitory elements. Although we observed a sig-
nificant increase in ADAM10 protein, we only detected a 1.3-
and 1.7-fold increase in ADAM10 mRNA levels for GQ-mut1-
ADAMI10 and GQ-mut2-ADAMIO0, respectively. However,
such a moderate increase in mRNA levels could not explain the
9.5- and 15-fold increase of protein levels. Because DNA could
also form G-quadruplex secondary structures, we could not
completely rule out that transcription of ADAMI0 might be
influenced by a DNA-G-quadruplex formed in the complemen-
tary strand (30, 59). In fact, it was reported that the transcrip-
tion of several proto-oncogenes, including c-myc, K-ras, c-kit,
Bcl-2, and platelet-derived growth factor receptor-f is sup-
pressed by G-quadruplex structures in their promoters (63—
67). Because the expression of ADAMI0 in our cDNA con-
structs is under the control of the very strong CMV promoter, it
is rather unlikely that increased transcription is responsible for
the observed effects. Instead, it was reported that the cytoplas-
mic 5'-3"-exoribonuclease mXrn1l, which is involved in mRNA
degradation, exhibits a substrate preference for G-quadruplex
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containing mRNAs (68). This could explain the slight increase
in mRNA levels of GQ-mutl-ADAMI10 and GQ-mut2-
ADAM1O0.

Because the G-quadruplex in the ADAMIO 5'-UTR is
involved in translational repression, it appears reasonable that
genetic variations in the G-quadruplex motif might have an
impact on translation of ADAM10. To identify SNPs in G-qua-
druplex motif containing 5'-UTRs, a bioinformatic analysis was
recently performed using all human G-quadruplex sequences
from the UTRef collection of the UTRdb database (40). Inter-
estingly, in 5% of these sequences, SNPs occur, which might
have an impact on translation of the downstream gene (40).
However, no SNP was found for the ADAM10 G-quadruplex
sequence, which does not rule out that SNPs in other regions of
the ADAM10 5'-UTR might have an impact on translation.

Translational repression of mRNAs is often achieved via
RNA secondary structures in 5'-UTRs (19, 69, 70). Interest-
ingly, the 5'-UTRs of the mRNAs coding for BACE1, APP, and
ADAM10 were found to be involved in translational regulation
of their downstream gene products (18, 71, 72). Translational
repression of BACEL is mediated by its long, structured, and
upstream ORFs containing 5'-UTR (22-24). Energy depriva-
tion results in phosphorylation of eIF2« and consequently in an
arrest of global translation; however, BACEI expression is
increased due to reinitiation of translation at the initiation
codon of the BACEI mRNA (25, 73). In contrast, it was
reported that similar to the 5'-UTR of L- and H-ferritin the
5'-UTR of APP contains an IRE, and translation of APP was
repressed by IRP1 under low cellular iron concentrations (74).
Iron uptake in cells result in the dissociation of the IRE-IRP
repressor complex and increased translation of ferritin and
APP (72). The exact mechanism how this is accomplished is not
known yet; however, a recent study suggests that Fe>" might
weaken the IRE-IRP repressor complex in vitro (75). Moreover,
it was reported that binding of poly-C binding protein 1 to the
acute box cis element within the 5'-UTR of the human H-fer-
ritin mRNA facilitates H-ferritin translation when the cytosolic
iron concentration is increased (76). These data demonstrate
that translational inhibitory RNA elements could be modulated
by RNA binding proteins. Therefore, we hypothesize that such
RNA binding proteins selectively bind and modulate the
ADAMI10 5'-UTR G-quadruplex structure. FMRP, an RNA
binding protein involved in mRNA translation, splicing, and
mRNA transport in the cell, was identified as a G-quadruplex
interacting protein (77-79). FMRP binds tightly to G-quadru-
plexes in the 5'-UTRs of protein phosphatase 2A catalytic sub-
unit and MAPIB (microtubule-associated protein 1B), and it
was suggested that this interaction represses translation of both
mRNAs (77, 80). Furthermore, it was demonstrated that the
FMRP-G-quadruplex repressor in the MAPIB 5-UTR was
destabilized by an increased FMRP concentration, suggesting
that the variation of FMRP concentration in response to neu-
ronal stimulation might act as a regulatory switch from trans-
lational repressor to a translational activator (43). The RGG box
of FMRP was shown to be responsible for the interaction with
the G-quadruplex secondary structure in the MAPIB 5'-UTR
(43). Therefore, methylation of RGG motifs in FMRP by
PMRT1 might regulate the interaction of FMRP with polyribo-
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somes and G-quadruplex-containing mRNAs (81). In addition,
members of the hnRNP A family were reported to destabilize
G-quadruplex structures by a so-far unknown mechanism (44,
82). Apart from FMRP and hnRNP A, there are several proteins
described that are able to interact and modify G-quadruplex
structures in DNA and RNA substrates. For instance, specific
RNA and DNA helicases are able to unwind G-quadruplex
structures (83—86). Deficiencies of certain G-quadruplex
resolving helicases result in abnormal mRNA deadenylation
and decay and in perturbed telomere maintenance and cellular
DNA replication, leading to cancer (87). In addition, it was
reported recently that nucleolin stabilizes the G-quadruplex
within the c-myc promoter and inhibits transcription (88).
Interestingly, nucleolin interacts with G-rich sequences in
UTRs or the coding region of a lot of mRNAs and was found to
enhance their translation (89), suggesting that nucleolin might
function as a RNA-G-quadruplex interacting factor.

ADAMI10 expression and activity is reduced in platelets and
neurons of Alzheimer disease patients (90, 91). Translational
repression of ADAM10 might be one possible explanation for
this observation. Based on the above discussed regulatory
mechanisms, we are currently investigating whether ADAM10
translation is modulated by G-quadruplex interacting proteins.

Taken together, we provide evidence that a stable G-quadru-
plex secondary structure within the ADAMI0 5'-UTR is
involved in translational regulation of ADAM10. The develop-
ment of selective G-quadruplex unwinding molecules, which
are able to cross the blood brain barrier, might be a new thera-
peutic venue for the treatment of Alzheimer disease.
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