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SUMMARY

Hepatitis C virus (HCV) entry is dependent on core-
ceptor complex formation between the tetraspanin
superfamily member CD81 and the tight junction
protein claudin-1 (CLDN1) on the host cell mem-
brane. The receptor tyrosine kinase EGFR acts as a
cofactor for HCV entry by promoting CD81-CLDN1
complex formation via unknown mechanisms. We
identify the GTPase HRas, activated downstream of
EGFR signaling, as a key host signal transducer for
EGFR-mediated HCV entry. Proteomic analysis re-
vealed that HRas associates with tetraspanin CD81,
CLDN1, and the previously unrecognized HCV entry
cofactors integrin B1 and Ras-related protein
Rap2B in hepatocyte membranes. HRas signaling is
required for lateral membrane diffusion of CD81,
which enables tetraspanin receptor complex
assembly. HRas was also found to be relevant for
entry of other viruses, including influenza. Our data
demonstrate that viruses exploit HRas signaling for
cellular entry by compartmentalization of entry
factors and receptor trafficking.

INTRODUCTION

Viral entry into target cells requires the coordinated interaction
of viral and host factors. Cellular kinases play a role in virus
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uptake (Chakraborty et al., 2012; Mercer and Helenius, 2008;
Pelkmans et al., 2005), but the underlying molecular mecha-
nisms and signaling pathways are only poorly understood.

Hepatitis C virus (HCV) is a major cause of liver cirrhosis and
hepatocellular carcinoma (HCC) (El-Serag, 2012). Major chal-
lenges include the absence of a preventive vaccine and resis-
tance to antiviral treatment in a large fraction of patients (Zeisel
et al.,, 2011). HCV is an enveloped, positive-sense single-
stranded RNA virus of the Flaviviridae family (Murray and Rice,
2011). Virus entry into hepatocytes is a multistep process that
is regulated by receptor tyrosine kinases (RTKs) (Lupberger
et al., 2011). Host cell factors for the initiation of infection include
heparan sulfate (Barth et al., 2006), CD81 (Pileri et al., 1998),
scavenger receptor type B class | (SR-BI) (Scarselli et al.,
2002), claudin-1 (CLDN1) (Evans et al., 2007), occludin (OCLN)
(Liu et al., 2009; Ploss et al., 2009), and Niemann-Pick C1-like
1 cholesterol absorption receptor (NPC1L1) (Sainz et al., 2012).
Virus entry is a promising target for antiviral therapy since host
cell receptors exhibit a high genetic barrier to viral resistance
(Zeisel et al., 2011).

CD81 belongs to the tetraspanin superfamily of integral trans-
membrane proteins that have been implicated in a variety of
physiological and pathological processes and play a role in path-
ogen infection (Konig et al., 2010; Krementsov et al., 2010; Silvie
et al., 2003). Tetraspanins are highly organized in microdomains
displaying specific and direct interactions with other tetraspa-
nins and molecular partners. Tetraspanins are implicated in
membrane protein trafficking, partitioning, and clustering in tet-
raspanin-enriched microdomains (TEMs) that regulate signaling
pathways by membrane compartmentalization (Berditchevski
and Odintsova, 2007; Chambrion and Le Naour, 2010).
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CD81 has a dynamic nature in HCV entry and its lateral diffu-
sion regulates HCV infection (Harris et al., 2012). The physical
interaction of CD81 with CLDN1 in a coreceptor complex is
a prerequisite and essential step for HCV entry (Harris et al.,
2010; Krieger et al., 2010). We demonstrated that RTKs, like
epidermal growth factor receptor (EGFR), act as cofactors for
HCV entry by promoting the formation of the CD81-CLDN1 cor-
eceptor complexes, but the molecular mechanism is unknown
(Lupberger et al., 2011). Unlike CD81, EGFR does not directly
bind HCV E2, and, furthermore, EGFR activity directly correlates
with HCV entry (Lupberger et al., 2011). Taken together, this
highlights an essential role for RTK signaling in regulating the
HCV entry process. Since EGFR supports the uptake of different
viruses (Karlas et al., 2010; Lupberger et al., 2011; Pelkmans
etal., 2005), itis likely that EGFR signaling plays a role in the entry
of other virus families. To uncover the molecular mechanism
underlying EGFR-regulated virus entry, we investigated the
signaling pathway(s) and cellular transducers mediating HCV
entry and investigated their impact on host receptor association
and motility.

RESULTS

EGF Predominantly Activates Ras/MAPK Signaling in
HCV Permissive Hepatic Cells

To identify the host signaling pathway of RTK-mediated HCV
entry, we first studied EGFR signaling in Huh7.5.1 cells—
a state-of-the-art permissive cell line for HCV infection, primary
human hepatocytes (PHHSs), and patient-derived liver biopsies.
EGFR activation leads to phosphorylation of tyrosine residues
in the intracellular domain that recruit signaling molecules to
the plasma membrane that prime subsequent activation of
events (Morandell et al., 2008), including mitogen-activated
protein kinase (MAPK), phosphoinositide-3 kinase (PI3K), and
v-Akt murine thymoma viral oncogene homolog (AKT) pathway
activation (Figure 1A). Analysis of signal transduction in
Huh7.5.1 cells, PHHSs, and liver tissue (liver biopsies 987 and
990) with phosphokinase (Figures 1B and 1C and Figure S1A
available online) and phospho-RTK arrays (Figures 1C and
S1B) demonstrates that EGFR and the Ras/MAPK pathway are
predominantly activated after EGF stimulation in human hepato-
cytes in vitro and in vivo. In contrast, activation of signaling path-
ways described in other cell lines and tissues (PISK/AKT, PLC/
PKC, p38/JNK, STAT3/5, Cbl, c-Src/ABL, and FAK) was less
relevant in the liver-derived cells, PHHs, or liver tissue (Figures
1B, 1C, and S1) as shown by phosphorylation arrays. To further
corroborate the relevance of the Ras/MAPK pathway as the
primary signal transducer of EGFR in the liver, we measured
the phosphorylation status of extracellular signal-regulated
kinases 1 and 2 (ERK1/ERK2) and AKT by dynamic phosphoflow
assay following EGFR stimulation (Firaguay and Nunes, 2009)
(Figures S1C-S1F) in Huh7.5.1 and PHHs. EGF stimulation of
Huh7.5.1 cells and PHHs activates Ras/MAPK signaling, while
even prolonged incubation of the cells with EGF failed to activate
the PISK/AKT pathway (Figures S1D-S1F). Similar results were
obtained by immunoblot of phosphoproteins in EGF-stimulated
Huh7.5.1 or PHH lysates (Figure S1G) and lysates from
patient-derived liver tissue (liver biopsies 956, 965, and 968)
that had been stimulated with EGF ex vivo (Figure 1D). We noted

that EGF activated ERK1/ERK2 at significantly lower doses in
Huh7.5.1 cells and PHHs (Figure S1G). In summary, these results
demonstrate that EGF predominantly activates the Ras/MAPK
pathway in hepatoma cells, PHHs, and liver tissue supporting
the key relevance of the Ras/MAPK pathway for EGFR-mediated
signaling in the liver.

EGFR Scaffolding Proteins Grb2 and Shc1 Are Relevant
for HCV Entry

To identify EGFR-mediated signals important for HCV entry, we
performed an unbiased small interfering RNA (siRNA) screen
targeting the expression of known EGFR adaptors and associ-
ated proteins (Table S1). Among the identified EGFR scaffolding
proteins with impact on HCV entry, we identified growth factor
receptor-bound protein 2 (Grb2) and Src homology 2 domain-
containing transforming protein 1 (Shc1): known activators of
Ras GTPases and MAPK pathway (Kolch, 2005) (Figure 1A).
Although STAT5b scored as a binding partner with potential
functional relevance (Table S1), we observed no evidence for
activation of the STAT5 signaling in EGF-treated PHHSs or liver
tissue (Figures 1 and S1A), and a STAT5b inhibitor had no effect
on HCV entry as described below. Thus, we focused on the
functional relevance of Grb2 and Shc1 for HCV entry. Silencing
of Grb2 or Shc1 expression significantly (p < 0.01) decreased
HCV pseudoparticle (HCVpp) entry (Figure 2A) and cell-culture-
derived HCV (HCVcc) infection (Figure 2B) to similar levels as
EGFR silencing, while silencing Grb2-associated binding protein
1 (Gab1) that recruits PI3K (Figure 1A) had no effect on HCV
infection (Figures 2A and 2B). Specific Grb2, Shc1, and Gab1
gene silencing was validated by immunoblot (Figure 2C). In
contrast, silencing of Grb2 or Shc1 expression had no effect
on the entry of murine leukemia virus (MLV) pseudoparticles
(Figure 2D), suggesting that the observed inhibitory effect is
not related to the pseudoparticle system. Finally, we confirmed
the functional relevance of Grb2 and Shc1 in HCVpp infection
of polarized HepG2-CD81 cells (Figure 2E). HepG2 cells polarize
in vitro and develop bile-canaliculi-like spaces between adjacent
cells, thus allowing the study of virus entry in a model system
closely related to polarized hepatocytes in the infected liver
in vivo (Mee et al., 2009). Taken together, these data show
arole for EGFR scaffolding proteins Grb2 and Shc1 in HCV entry
and infection.

Inhibition of Ras and Upstream MAPK BRaf Decreases
HCV Entry

Since silencing of EGFR scaffolding proteins Grb2 and Shc1
inhibits HCV entry and these proteins activate Ras/MAPK
signaling, we investigated whether other members of the
MAPK pathway play a role in HCV entry. We thus used a panel
of well-characterized small-molecule inhibitors (Figure 1A) of
EGFR (erlotinib), rat sarcoma (Ras) (tipifarnib), Raf (sorafenib),
BRaf (inhibitor VI), Raf-1 (inhibitor 1), mitogen-activated protein
kinase 1 and 2 (MEK1/MEK2) (U0126), and ERK1/ERK2
(Fr180204) and studied their effect(s) on HCV entry and infection
(Figures 3A-3F). We also ruled out a role of other major EGFR
signaling pathways including PIBK/AKT, PLC/PKC, p38/JNK,
STAT3/5, and FAK using well-described small-molecule inhibi-
tors (Figure 3G). The biological activity of all used inhibitors
was confirmed in functional assays in Huh7.5.1 (Figure S2).
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Figure 1. EGFR Signaling Pathways in Human HCV-Permissive Liver Cells, Hepatocytes, and Patient-Derived Liver Tissue
(A) Scheme of the two main canonical EGFR signaling cascades: the MAPK and the PIBK/AKT pathways. Inhibitors targeting members of these pathways are

indicated.

(B and C) EGFR-transduced signals in human hepatocytes and liver tissue. (B) Detection of kinase phosphorylation in Huh7.5.1 and PHHSs after EGF treatment
(1 ng/ml; 15 min) with a human phosphokinase array detecting specific phosphorylation of 46 phosphorylation sites on 32 cellular kinases, which are indicated in
Figure S1A. (C) Detection of RTK and kinase phosphorylation in liver tissue of patient biopsy 990 after EGF treatment (1 ng/ml; 15 min ex vivo) with a human
phospho-RTK array (detecting specific phosphorylation of 42 different RTKs as indicated in Figure S1B) and a human phosphokinase array.

(D) Analysis of the phosphorylated and total forms of ERK1/ERK2 and AKT with specific antibodies in three different liver biopsies (956, 965, and 968) after 15 min
EGF stimulation (1 ng/ml) ex vivo. Total protein (30 pg) was separated by SDS-PAGE and stained for total and phosphorylated forms of ERK and AKT by

immunoblot.
See also Figure S1 for more-detailed analyses of EGFR signaling.

All inhibitor concentrations were well tolerated in Huh7.5.1 and
PHHs, as shown by MTT assays applied for inhibitors that
inhibited HCV entry (Figures 3A and 3B). Since erlotinib and
tipifarnib resulted in a robust, donor-independent, and highly
significant (p < 0.0001) inhibition of HCVpp entry in hepatoma
cells and PHHs, we conclude that Ras is a predominant signal
transducer required for EGFR-mediated HCV entry. Inhibition
of Ras and upstream MAPK Raf, and to some extent MEK1/
MEK2, decreased HCVpp and HCVcc infection in Huh7.5.1 cells
and PHHs (Figures 3C-3E). Moreover, a different inhibition
profile of MLVpp infection of PHHs suggests that the effects
are not related to the lentiviral system (Figure 3F). Taken
together, our observations demonstrate that the closer the
inhibitor’s target is toward EGFR in the MAPK signaling cascade
(Figure 1A), the more efficiently HCV entry is inhibited. These
data suggest that only upstream members of the MAPK signaling

pathway, but not other canonical EGFR pathways, play a major
functional role in HCV entry.

HRas Is a Transducer of EGFR-Mediated HCV Entry

The classical Ras family comprises three isotypes: Harvey (H)-,
Kirsten (K)-, and neuroblastoma (N)-Ras (Boguski and McCor-
mick, 1993). Since Grb2, Shc1 and Raf play a role in EGFR-
mediated HCV entry (Figures 2 and 3), we investigated the
functional role of the Ras GTPase family in HCV entry using
RNA interference (RNAI). HRas, KRas, or NRas expression (Fig-
ure S3A) was silenced in Huh7.5.1 with two individual siRNAs per
target (Figures 4A-4C). The messenger RNA (MRNA) or protein
expression after silencing was studied for all Ras isoforms or
HRas, respectively (Figures 4A and 4B). Silencing of HRas
expression markedly and significantly (p < 0.0005) decreased
HCV entry into Huh7.5.1 cells to a comparable level as EGFR
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Figure 2. EGFR Adaptors Grb2 and Shc1 Are Relevant for HCV Entry

Silencing of EGFR adaptors Grb2 and Shc1 inhibits HCV entry. Huh7.5.1 (A-C) and polarized HepG2-CD81 (D and E) cells were transfected with individual siRNA
directed against Gab1, Grb2, or Shc1 and infected with HCVpp, MLVpp, or HCVcc.

(A, C, and E) Silencing of protein expression was confirmed by immunoblot with specific antibodies targeting Gab1, Grb2, Shc1, or actin (C). HCVpp entry was
assessed in Huh7.5.1 (A) and in polarized HepG2-CD81 (E) cells transfected with siRNA. siCTRL, CD81- and EGFR-specific siRNAs served as internal controls.
Data are expressed as percentage HCVpp entry relative to siCTRL-transfected cells (means + SD from three independent experiments in triplicate, n = 9).

(B) HCVcc infection in Huh7.5.1 cells transfected with the same siRNAs. Data are expressed as percentage HCVcc infection relative to siCTRL-transfected cells

(means + SD from three independent experiments in triplicate, n = 9).

(D) MLVpp entry in polarized HepG2-CD81 cells. Data are expressed as percentage MLVpp entry relative to siCTRL-transfected cells (means + SD from three

independent experiments in triplicate, n = 9).
*p < 0.01. See also Table S1.

silencing (Figure 4C). In contrast, silencing KRas or NRas
expression had no detectable effect on HCV entry (Figure 4C).
Isoform specificity of HRas gene silencing was validated by
gRT-PCR (Figure S3B). Moreover, HRas silencing reduced
EGF-induced ERK1/ERK2 phosphorylation, supporting a role
of HRas in EGF-induced MAPK activation in hepatocytes
(Figure S3C). These results demonstrate a specific role for the
GTPase HRas in the HCV entry process.

Since EGFR mediates entry of viruses other than HCV, we
studied the role of HRas on the entry of lentiviral pseudoparticles
expressing glycoproteins from avian fowl plague virus influenza
A (H7/N1), measles virus, MLV, endogenous feline virus
RD114, and vesicular stomatitis virus (VSV) in Huh7.5.1 cells.
Silencing HRas expression had a significant (p < 0.0005) inhibi-
tory effect on the entry of influenza and measles pseudoparticles
(Figure 4D), suggesting that these viruses require similar sig-
naling pathways to enter hepatoma cells as HCV. Although we
previously demonstrated that EGFR silencing had no effect on
measles virus entry (Lupberger et al., 2011), HRas silencing
impacts measles virus entry, suggesting an EGFR-independent
role of HRas in this process.

To confirm the HRas dependency of EGFR-mediated HCV
entry, we performed inhibition/rescue experiments using the
EGFR inhibitor erlotinib and the patient-derived transdominant
active V12 mutant of HRas (Beauséjour et al., 2003). Huh7.5.1
or PHHs were transduced to express the HRas V12 mutant
and 72 hr later evaluated for their HCVpp permissivity in the
presence or absence of 10 uM erlotinib (Figures 4E and 4F).
Exogenous HRas expression in Huh7.5.1 and PHHs was
confirmed by HRas-specific immunoblot (Figure S3D). The
HRas V12 mutant increased HCVpp infection of Huh7.5.1 and
PHHs in the absence of erlotinib, demonstrating an involvement
of HRas in HCV entry (Figures 4E and 4F). Moreover, HRas V12

mutant rescued the inhibitory effect of erlotinib on HCV entry,
confirming that HRas mediates EGFR-dependent HCV entry
(Figures 4E and 4F).

Next, we investigated whether HRas mediates EGFR-depen-
dent cell-cell transmission using a well-established cell-cell
transmission assay (Lupberger et al., 2011). Reduction of
(siHRas.6) or increase of (pHRas V12) HRas expression (Fig-
ures 4G and S3E-S3G) in target cells impaired significantly
(p < 0.0005) or enhanced cell-cell transmission compared to
control-transduced cells, respectively. Furthermore, the HRas
inhibitor tipifarnib blocked HCV cell-cell transmission (Figures
4G and S3G). These data highlight a previously unrecognized
role of HRas during viral spread.

HRas Associates with HCV Cell Entry Factors CD81

and CLDN1

EGFR promotes the association of CD81-CLDN1 coreceptor
complexes that are important for HCV entry (Lupberger et al.,
2011). To investigate whether EGFR signaling modulates
CD81-CLDN1 association, we analyzed whether TEMs contain
members of the EGFR signaling pathways using proteomic anal-
ysis of CD81 immunoprecipitates. HepG2 and HepG2-CD81
cells were differentially labeled with stable isotope labeling with
amino acids (SILAC) (Ong et al., 2002) and lysed with brij97
detergent that is reported to preserve tetraspanin interactions
(Le Naour et al., 2006), and HepG2 and HepG2-CD81 lysates
were pooled equally according to SILAC protocols (Ong et al.,
2002). From this pool, CD81 was pulled down with beads
coupled with CD81-specific IgG and coprecipitated protein
complexes analyzed by mass spectrometry. Among the CD81
coprecipitated proteins were several integrins (alphat, alpha6,
and beta1) that are well-characterized TEM components. There-
fore, we defined the threshold of specificity >2 accordingly to the

Cell Host & Microbe 13, 302-313, March 13, 2013 ©2013 Elsevier Inc. 305
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Figure 3. Upstream MAPK Are Relevant for HCV Entry in Hepatoma Cells and Human Hepatocytes

Cell survival (A and B), HCVpp entry (C, E, and G), HCVcc infection (D), or MLVpp entry (F) in Huh7.5.1 cells (A, C, D, and G) or PHHs (B, E, F, and G) incubated with
small-molecule inhibitors (10 uM) targeting EGFR (erlotinib), Ras (tipifarnib), Raf (sorafenib,10 uM for pseudoparticles and 1 uM for HCVcc), BRaf (Raf inhibitor VI),
Raf-1 (Raf inhibitor 1), MEK1/MEK2 (U0126), or ERK1/ERK2 (Fr180204) or the major EGFR pathways, including PI3K (wortmannin and LY294,002), STAT3
(Cpd188), STAT5 (573108), PKC (G66976), PLC (U-73122), FAK (PF573288), p38 (SB203580), JNK (JNK inhibitor Il), and Ras (tipifarnib). One hour after incubation
with inhibitors, HCVpp, MLVpp, or HCVcc was added to the cells in the presence of inhibitors. Cell viability was assessed by MTT assay. EGFR (erlotinib) serves as
internal control. Data are expressed as percentage HCVpp or MLVpp entry and HCVcc infection relative to solvent CTRL-treated cells (means + SEM from four

independent experiments in triplicate, n = 12).

isotope ratio '®C/'2C of coprecipitated integrins and accordingly
to SILAC standard procedures (Ong et al., 2002). Above this
threshold, we identified tetraspanin-associated proteins such
as membrane protease ADAM10, several tetraspanins (CD9,
CD81, CD151), and known specific interaction partners of
CD81, such as EWI-2 and CD9P-1/EWIF, validating this differen-
tial proteomic approach to identify CD81-associated proteins.
Interestingly, HCV entry factors CLDN1 and SR-BI but not
OCLN or NPC1L1 were identified as CD81 TEM components
corroborating a close cooperation of CD81, CLDN1, and SR-BI
during HCV entry (Krieger et al., 2010). These results were
confirmed in a second experiment using SILAC proteomics
with inverted isotope labeling (Table 1). Among the 169 compo-
nents identified in TEMs, we identified HRas as the only member
of the canonical EGFR signaling pathways associating with
CD81. A physical interaction of HRas with the tetraspanin core-
ceptor complex was further supported by a partial but robust
colocalization of CD81 with HRas at the plasma membrane of
Huh7 cells (Figure S4A) as calculated according to Pearson
(Rr = 0.25) and Manders (R = 0.659) coefficients and intensity
correlation quotient (ICQ = 0.129) (Bolte and Cordelieres, 2006;

*p < 0.0001. See also Figure S2.

Brown et al., 2010; Manders et al., 1992) (Figure S4). To further
study the relevance and robustness of the HRas-CD81 colocal-
ization, we transduced cells to express the HRas V12 mutant
(Figure S4B). The colocalization of HRas V12 with CD81 was
calculated (Image J software) and significantly (p < 0.005)
increased as demonstrated by the Pearson (Rr = 0.544 =+
0.047) and Manders (R = 0.825 + 0.056) coefficients and ICQ
(0.387 + 0.067) as compared to empty vector (Rr = 0.278 =
0.054; R = 0.820 + 0.05; ICQ = 0.175 + 0.022) (Figures S4C
and S4D). The distribution of HRas at the plasma membrane
was observed as intense punctuated spots and correlated with
high CD81 content. Taken together, these data suggest that
active HRas physically associates with CD81.

Functional Network Analyses of CD81-Associated
Proteins Identified Rap2B and Integrin Beta1

as Cofactors for HCV Entry

To identify members of TEM containing CD81 and CLDN1 with
a functional role in HCV entry, we analyzed the 169 identified
CD81-associated proteins (Table 1 and data not shown) for
known and predicted HRas protein interactions using the

306 Cell Host & Microbe 73, 302-313, March 13, 2013 ©2013 Elsevier Inc.
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Figure 4. HRas Is a Host Cell Factor for HCV Entry

(A) mRNA expression of HRas, KRas and NRas compared to GAPDH after silencing of each Ras isoform with isoform-specific siRNAs.

(B) Analysis of protein expression by immunoblot with specific antibodies targeting HRas or actin after Ras silencing (siHRas.6).

(C) HCVpp entry in Huh7.5.1 cells transfected with individual siRNAs directed against HRas (si6 and si7), KRas (si1 and si8), and NRas (si5 and si11). siCTRL,
CD81, and EGFR-specific siRNAs served as internal controls. Data are expressed as percentage HCVpp entry relative to siCTRL-transfected cells (means + SEM
from four independent experiments in triplicate, n = 12).

(D) Cell entry of pseudoparticles expressing envelope glycoproteins of influenza, measles, MLV, RD114, and VSV in Huh7.5.1 cells transfected with an individual
siRNA directed against HRas (si6). Two independent MLVpp preparations were used. siCTRL served as internal control. Data are expressed as percentage
pseudoparticle entry relative to siCTRL-transfected cells (means + SEM from three independent experiments in triplicate, n = 9).

(E and F) Inhibition of HCV entry by erlotinib is rescued by a transdominant active HRas mutant. HCVpp entry in Huh7.5.1 cells (E) and in PHHSs (F) transduced with
lentiviruses expressing a transdominant active HRas mutant (pHRas V12) and treated with erlotinib (10 uM). For HRas protein expression, see Figures S3C and
S3D. Data are expressed as percentage HCVpp entry relative to pCTRL cells (means + SEM from four independent experiments in triplicate, n = 12).

(G) Functional role of HRas in viral cell-cell transmission. Effect of HRas silencing by siHRas.6, overexpression of HRas V12, or HRas inhibition by tipifarnib (10 pM)
on viral spread is shown. Data are expressed as percentage cell-cell transmission relative to respective controls (for RNAi, means + SD from three independent
experiments in triplicate, n = 9; for HRas V12 and tipifarnib, means + SD from one representative experiment in triplicate, n = 3). SD for CTRL and tipifarnib are 0.77
and 0.68 respectively, and are thus not visible.

*p < 0.0005. See also Figure S3.

STRING database (Jensen et al., 2009; Lupberger et al., 2011).
STRING represents a metadatabase mapping all known
protein-protein interactions onto a common set of genomes
and proteins (Jensen et al., 2009). This analysis suggests
a potential network of proteins connecting CD81 and HRas
(Figure 5A) that includes known HCV entry factors CD81 and
CLDN1 and HCV host factor apolipoprotein E (apoE). Functional
analysis of members of this network using RNAi/HCVpp studies
identified Ras-related protein (Rap2B) and integrin betal (ITGB1)
as cofactors for HCV entry (Figure 5B). Silencing of ITGB1
and Rap2B expression was confirmed with individual siRNAs

(Figures 5C-5E). An ITGB1-specific antibody markedly and
significantly (p < 0.0001) inhibited HCV infection of Huh7.5.1 cells
and PHHSs (Figures 5F and 5G), validating the role of ITGB1 for
HCV entry. These data suggest a functional network organized
by tetraspanins in the plasma membrane consisting of CD81-
CLDN1, HRas, Rap2B, and ITGB1.

HRas Is Required for Lateral Diffusion of CD81
Promoting CD81-CLDN1 Associations

Since CD81 plays a role in the lateral diffusion of HCV (Harris
et al., 2012), we studied the effect(s) of EGFR/HRas signaling

Cell Host & Microbe 13, 302-313, March 13, 2013 ©2013 Elsevier Inc. 307



Table 1. Subset of CD81-Associated Proteins in HepG2-CD81
Cells Identified by SILAC Differential Proteomics, Including HRas
Interacting Partners

Inverted

SILAC SILAC
Protein Sequence MW Labeling Labeling
name ID (%) (kDa)  (Ratio H/L) [Ratio 1/ (H/L)]
CD151 P48509 13.4 28.30 15.86 64.72
EWI-2 Q969P0 47 65.03 13.93 85.67
GNAI3 P08754 22.3 40.53 13.52 41.35
CD9 P21926 7.5 25.41 13.38 231.30
CD9P-1/ Q9P2B2 36.70 98.55 13.16 6.72
EWIF
CD81 ABNMH8 30.3 29.81 12.64 111.17
ADAM10 014672 48.3 84.14 11.45 69.25
GNAI1 P63096 20.1 40.36 11.29 14.11
RAP2B  P61225 32.2 20.50 10.46 22.75
MPZ Q14902 9.2 27.95 9.05 NaN
APOE P02649  40.1 36.15 8.13 1.56
CLDN1  A5JSJ9 16.1 22.74 7.83 12.61
CD59 E9PR17 15.4 1453 7.19 NaN
HRas PO1112  20.1 21.30 5.84 103.91
RALA P11233 19.4 23.57 5.32 4.73
Integrin  P23229 28.8 126.63 5.09 15.78
alpha6
SCAMP3 014828 9.2 38.29 4.54 NaN
Integrin  P56199 12.4 130.85 2.98 17.16
alphat
Integrin  P05556  27.7 88.41 2.61 6.51
betal
SR-BI Q59FM4  12.4 64.19 2.56 7.69
LMNA P02545 19.6 7414 253 0.51
SOD2 P04179 13.1 24.72 NaN 2.91
LGALS1 P09382 17.0 14.72 NaN 2.56

HepG2-CD81 and HepG2 cells were differentially labeled with stable
carbon isotopes '2C or '¥C (SILAC method). CD81-associated
complexes were coprecipitated with CD81, digested, and analyzed by
mass spectrometry. The protein ID, its molecular weight, the number of
the identified peptides, and total sequence coverage for each identified
protein is stated. Specificity threshold of CD81 association from each
individual identified protein was defined as a peak volume ratio H/L >2
of the differentially isotope labeled versions of each protein. The results
were validated by a second experiment with inverse isotope labeling
(inverted). The specificity threshold for the inverted SILAC labeling was
1/ (H/L) > 2. NaN, not a number. See also Figure S4.

on CD81 dynamics by real-time fluorescence recovery after
photobleaching (FRAP). Huh7.5.1 cells were transduced to
express AcGFP-CD81, and the basal surface was imaged by
TIRF microscopy. We observed a significant increase in CD81
diffusion coefficient (CTRL 0.09 um?/s; tipifarnib 0.18 um?/s,
p < 0.05) in Huh7.5.1 cells treated with the HRas inhibitor tipifar-
nib (Figure 6A). These data suggest that HRas signaling reduces
CDB81 mobility by promoting an interaction with other proteins.
To investigate whether EGFR acts on CD81-CLDN1 interaction
via the putative EGFR/Shc1/HRas/BRaf pathway, we studied
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whether silencing of Shc1, HRas, or BRaf modulates CD81-
CLDN?1 coreceptor interaction using a well-established fluores-
cence resonance energy transfer (FRET)-based assay (Harris
et al., 2010). Silencing of Shc1, HRas, or BRaf expression signif-
icantly (p < 0.05) reduced CD81-CLDN1 FRET in Huh7.5.1 cells
(Figures 6B-6D, black bars) while silencing had a minimal effect
on CD81-CD81 association (Figures 6B-6D, open bars). These
results demonstrate that HRas and BRaf play a role in the for-
mation and/or maintenance of the CD81-CLDN1 coreceptor
complexes. We previously reported that although EGFR stimu-
lation increased HCV entry, this process does not require
ligand-induced EGFR stimulation since the basal activity of the
receptor, even after serum starvation, is sufficient to support
HCV entry (Lupberger et al., 2011). Indeed, EGF had no signifi-
cant effect on CD81-CLDN1 FRET (data not shown), supporting
the hypothesis that the steady-state complex of CD81-CLDN1 is
dependent on low-level constitutive EGFR signaling.

These data lead us to conclude that HCV exploits the EGFR/
HRas pathway to compartmentalize host entry factors and
receptor trafficking to regulate CD81-dependent pathogen inva-
sion of the liver.

DISCUSSION

Here, we identified GTPase HRas as key signaling factor in HCV
entry. We discovered that HRas associates with CD81-CLDN1,
providing a physical link between the EGFR/Shc1/Grb2/HRas
signaling pathway and the HCV entry factor complex. Further-
more, we identified the CD81-associated proteins ITGB1 and
Rap2B as cofactors for HCV entry. We demonstrate that the
identified signaling pathway mediates CD81-CLDN1 coreceptor
associations and that HRas signaling regulates CD81 diffusion
and confinement in the plasma membrane. Since CD81 lateral
diffusion and its association with CLDN1 are essential for HCV
entry in vitro (Harris et al., 2012; Harris et al., 2010; Krieger
et al., 2010), these findings identify HRas as a trigger of HCV
entry.

HCV-CD81 engagement has been suggested to induce MAPK
(Brazzoli et al., 2008) and PI3K/AKT (Liu et al., 2012) signaling.
Moreover, EGFR function is required for HCV entry (Lupberger
etal., 2011) and HCV-CD81 engagement promotes EGFR phos-
phorylation (Diao et al., 2012). These studies suggest that HCV
may use multiple signaling pathways and mechanisms for entry;
however, the underlying molecular mechanisms and the rele-
vance of these pathways for HCV entry into human hepatocytes
or liver tissue in vivo are unknown. Since transformed hepatoma
cells such as Huh7 have deregulated signal transduction
pathways, observations might be blurred or confounded by
cell-line-specific effects. Here we combined RNAI screening,
phosphorylation arrays, and small-molecule inhibitors to study
signaling in HCV entry in primary liver cells, concluding a role
for EGF priming HRas/MAPK signaling pathway in HCV infection
of human hepatocytes and patient-derived liver tissue (Figures 1
and S1).

Interestingly, although in our hands silencing of PI3K regula-
tory subunit 1 (PI3BKR1) expression reduced HCVpp entry (data
not shown) as previously shown (Liu et al., 2012), we failed to
validate its functional relevance for HCV entry using two different
small-molecule PI3K inhibitors (Figures 3G and S2A-S2C).
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Figure 5. Functional Analysis of HRas-CD81-Associated Proteins Identifies Integrin Betal and Rap2B as Previously Undiscovered HCV Entry
Factors

(A) Subset of TEM protein association network of the 169 proteins associating with HRas and CD81 identified by STRING analysis (Jensen et al., 2009). Lines
connecting proteins show direct (physical) and indirect (functional) associations derived from numerous sources, including experimental repositories (red lines),
computational prediction methods (blue lines), databases (yellow lines), and public text collections (green lines).

(B) Functional analysis of protein association network via RNAi. HCVpp entry in Huh7.5.1 cells transfected with pooled siRNA directed against identified members
of CD81-associated protein network containing HRas. siCTRL and CD81-specific siRNA served as internal controls. Data are expressed as percentage HCVpp
entry relative to siCTRL-transfected cells (means + SD from one representative experiment, n = 3).

(C) Analysis of protein expression in lysates of Huh7.5.1 with silenced Rap2B expression by immunoblot with specific antibodies targeting Rap2B or actin (Rab2B
pool siRNA).

(D and E) mRNA expression of Rap2B (D) and integrin betal (ITGB1) (E) compared to GAPDH or HCVpp entry after silencing of each protein with individual
siRNAs. Huh7.5.1 cells were silenced with siRAP2B.3 or siRAP2B.4 and silTGB1.2 or silTGB1.4 for 72 hr prior to mRNA expression measurement or to HCVpp
infection of Huh7.5.1 cells. siCTRL and CD81-specific siRNA served as internal controls. Data are expressed as mRNA expression of Rap2B or ITGB1 compared
to GAPDH (means + SD from one representative experiment in triplicate, n = 3) or percentage HCVpp entry relative to siCTRL-transfected cells (means + SEM
from three independent experiments in triplicate, n = 9).

(F and G) Effect of a neutralizing ITGB1-specific antibody on HCV entry and infection. Huh7.5.1 cells (F) or PHHs (G) were treated with 25 ug/ml antibodies 1 hr
prior and during infection with HCVpp or HCVcc. Irrelevant rabbit and mouse IgGs and a CD81-specific antibody were used as controls. Data are expressed as
percentage HCVpp entry or HCVcc infection relative to cells treated with irrelevant IgG (means + SEM from four experiments in triplicate, n = 12).

*p < 0.0001.

Moreover, silencing of Gab1 that binds EGFR and activates PI3SK
had no significant impact on HCVpp entry (Figure 2), and EGFR
signaling through AKT was limited or absent in PHHs or liver
tissue in vivo (Figures 1 and S1). Thus, our data suggest that
HRas and the upstream MAPK pathway are key signal trans-
ducers for EGFR-mediated HCV entry into PHHs and the human
liver in vivo and that signal transduction through the PISK/AKT
pathway most likely plays only a minor role.

Our functional analyses suggest that HRas acts as a molecular
switch promoting RTK-mediated HCV entry. Inhibition/rescue

experiments highlight that EGFR-mediated HCV entry is depen-
dent on HRas function. Our observation that HRas associates
with tetraspanin CD81 supports our biochemical data showing
that HRas links RTK signaling to CD81 and promotes CD81-
CLDNT1 association. This is in line with the recent finding that
CD81 internalization via a clathrin- and dynamin-dependent
process is independent of the CD81 cytoplasmic domain, sug-
gesting a role for associated partner proteins in regulating
CD81 trafficking (Farquhar et al., 2012). Moreover, it has been
reported that CD81 engagement activates Rho GTPase family
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Figure 6. HRas Is Required for Lateral Diffusion of CD81 Promoting CD81-CLDN1 Associations

(A) AcGFP-CD81 diffusion coefficient in Huh7.5.1 cells after 4 hr treatment with DMSO or 10 uM tipifarnib. The median CD81 diffusion coefficient (DMSO,
0.09 um?/s; tipifarnib, 0.18 um?/s) is shown, with each point representing a bleached region of interest and the black line represents the median value.

(B-D) FRET of CD81-CD81 (open bars) and CD81-CLDN1 (black bars) coreceptor associations in Huh7.5.1 cells incubated with siRNA specific for Shc1 (B), HRas

(C) or BRaf (D) (means + SEM from ten independent experiments, n = 10).
*p < 0.05.

members leading to actin-dependent relocation of HCV E2-
CD81 and activation of Raf/MAPK signaling (Brazzoli et al.,
2008). Membrane microdomains, such as TEMs or lipid rafts,
play a role in a variety of physiological and pathological
processes, for instance as signaling platform (Le Naour et al.,
2006). TEMs and lipid rafts differ in their solubility in Triton X-
100, as well as in their protein composition, and thus are distinct
membrane microdomains (Le Naour et al., 2006). GDP-bound
inactive HRas is associated to lipid rafts, whereas GTP-bound
active HRas is segregated from lipid rafts to bulk plasma
membrane microdomains where it activates signal transduction
including the Raf/MAPK pathway (Tian et al., 2007). Thus, it is
likely that EGFR-induced signals activate HRas function and
that GTP-bound activated HRas leads to rearrangement of
tetraspanins, resulting in formation of the essential CD81-
CLDN1 entry receptor complex.

Our functional analysis of HRas-CD81-associated proteins
demonstrates for the first time a functional role of the GTPase
Rap2B and ITGB1 as cofactors for HCV entry. Like HRas,
Rap GTPases are known regulators of integrin function. Rap
increases integrin avidity by promoting integrin clustering
(Kinbara et al., 2003) that may have an important impact on the
CD81 TEM formation. ITGB1 is a major TEM component. Integ-
rins are heterodimeric transmembrane proteins composed of
an alpha and a beta subunit that couple the extracellular matrix
to the F-actin cytoskeleton and signal in a bidirectional manner
(Wickstrédm and Fassler, 2011). Conformational changes of
integrins elicit signaling events that promote cytoskeletal
rearrangement and internalization of many viruses (Stewart and
Nemerow, 2007). EGFR can be activated in an ITGB1-dependent
manner, and ITGB1 controls EGFR signaling (Morello et al.,
2011; Moro et al., 1998), suggesting a crosstalk between
ITGB1 and EGFR in HCV entry. Collectively, these findings
suggest that HRas acts together with Rap2B and ITGB1 to
form a functional complex that may regulate host cell entry
receptor mobility, as well as plasma membrane and cytoskel-
eton organization.

Indeed, the HRas inhibitor tipifarnio promotes CD81 lateral
diffusion speed, suggesting an inhibitory role for HRas to regu-
late CD81 diffusion coefficient at the plasma membrane. We
previously reported that hepatoma polarization limits CD81
and HCVpp diffusion coefficient (Harris et al., 2012), concluding
that CD81 lateral movement plays an essential role in HCV
glycoprotein-dependent particle dynamics that are essential
for efficient particle entry.

Our results emphasize that TEMs are active and dynamic
areas of the membrane and uncover an important role of
GTPases as molecular switches to provide a functional link
between TEM-associated tetraspanins and the cytoskeleton,
allowing efficient coreceptor complex formation and cellular
entry of viruses. Indeed, tetraspanins have been associated
with the initiation of infection by various pathogens. Moreover,
a recent functional siRNA screen has suggested a potential
role for CD81 and HRas for influenza virus entry (Karlas et al.,
2010), although their exact function in this process was not
investigated. Here, we demonstrate that silencing HRas inhibits
the entry of pseudoparticles expressing glycoproteins of influ-
enza A and measles virus but not MLV or VSV. Collectively, these
findings highlight a functional relevance for HRas and its role in
plasma membrane compartmentalization and receptor traf-
ficking for entry of viruses of other families. Furthermore, our
results identify a mechanism to regulate CD81-dependent
pathogen invasion of the liver that is HRas dependent.

Finally, our results might have therapeutic implications for the
treatment of viral infections. Pharmacological interference with
BRaf and HRas might provide an approach for fighting a broad
range of viral infections including hepatitis C, influenza, and
measles. Indeed, host-targeting agents are an emerging strategy
to overcome antimicrobial resistance, a major limitation of
direct-acting antivirals or antibiotics (Nathan, 2012). The recent
development of safe and efficient clinically licensed small-mole-
cule inhibitors of GTPase and BRaf (Downward, 2003; Maurer
et al.,, 2011; Vanneman and Dranoff, 2012) provides a unique
opportunity to develop host-targeting antiviral strategies. In

310 Cell Host & Microbe 13, 302-313, March 13, 2013 ©2013 Elsevier Inc.



Cell Host & Microbe
HRas and Tetraspanin-Mediated HCV Entry

conclusion, our study has important impact not only for the
understanding of viral entry and pathogenesis, but also for the
development of preventive and therapeutic antiviral strategies.

EXPERIMENTAL PROCEDURES

Cell Lines and Primary Human Hepatocytes

The sources and culture conditions for 293T, Huh7, Huh7.5.1, HepG2, and
HepG2-CD81 cells have been described (Lupberger et al., 2011; Mee et al.,
2009). PHHs were isolated and cultured as described (Krieger et al., 2010;
Lupberger et al., 2011). Polarization of HepG2-CD81 was induced as
described (Mee et al., 2009).

Patient-Derived Liver Biopsies

Liver biopsy tissues were analyzed as described (Dill et al., 2012). Liver tissue
was lysed and subjected to immunoblot and phosphorylation array analysis
(described below). For ex vivo stimulation, liver tissue was incubated for
15 min with 1 pg/ml EGF. The protocol was approved by the Ethics Committee
of the University Hospital of Basel, Switzerland. Written informed consent
was obtained from all patients.

Analysis of Cell Signaling with Phosphorylation Arrays

Lysates of cells and liver biopsies were subjected to the proteome Profiler
Array human phosphokinase array and human phospho-RTK array (R&D
Systems) according to the manufacturer’s protocol.

Dynamic Phosphoflow Analyses

Phosphorylated forms of ERK1/ERK2 and AKT were quantified with phospho-
specific antibodies in the presence of the phosphatase inhibitor pervanadate,
EGF, and kinase inhibitors as described (Firaguay and Nunes, 2009). Cells
were fixed, permeabilized, and incubated successively with rabbit antibodies
directed against pAKT or pERK1/pERK2, biotinylated anti-rabbit antibodies,
and a streptavidin-phycoerythrin solution (Beckman Coulter, Paris, France).

Infection of Cells with Viral Pseudoparticles and Cell-Culture-
Derived HCV

Lentiviral pseudoparticles expressing envelope glycoproteins from HCV
(strains HCV-J and PO1VL), VSV, MLV, measles, RD114, avian fow| plague
influenza A (H7N1), and HCVcc (strain Luc-Jc1) were generated as described
(Lupberger et al., 2011). Infection of Huh7.5.1, HepG2-CD81 cells, and PHHs
with pseudoparticles and HCVcc were performed as described (Krieger et al.,
2010; Lupberger et al., 2011). Unless otherwise stated, pseudoparticle entry
and HCVcc infection were assessed by measurement of luciferase activity
72 hr after infection as described (Krieger et al., 2010; Lupberger et al.,
2011). HCV cell-cell transmission was assayed as described (Lupberger
et al., 2011) and is detailed in the Supplemental Experimental Procedures.

Functional RNAi HCV Entry Screens

siRNA screens targeting known EGFR binding partners and CD81-associated
proteins were applied in Huh7.5.1 cells as described (Lupberger et al., 2011)
with ON-TARGETplus smart pools (pools of four individual siRNAs; Dharma-
con). For each target, 5.25 pmol siRNA was reverse transfected in 5,000
Huh7.5.1 cells per well of a 96-well microplate with INTERFERin (Polyplus).

Rescue of EGFR Inhibition with a HRas Transcomplementation
Assay

Huh7.5.1 cells (0.66 x 10% or PHHs were seeded as described (Lupberger
et al., 2011) 1 day prior to transduction with lentiviruses expressing the trans-
dominant active HRas V12 mutant or control (Beauséjour et al., 2003).
Seventy-two hours later, cells were infected with HCVpp in the presence of
10 uM erlotinib or DMSO control.

Proteomic Analyses of Tetraspanin Complexes and Microdomains

SILAC was performed as described (Ong et al., 2002). HepG2-CD81 cells and
control HepG2 were incubated with either light or heavy isotope labeled
amino acids and then lysed with brij97. The two lysates were pooled, and
CD81-associated proteins were coimmunoprecipitated as described (André

et al., 2006). The proteins were separated by SDS-PAGE and identified by
liquid chromatography-mass spectrometry. A peak volume ratio heavy/light
>2 was defined as threshold for potential CD81-associated proteins. More
details are given in the Supplemental Experimental Procedures.

Imaging Studies

FRAP was performed as described (Harris et al., 2012). Huh7.5.1 cells were
transduced with GFP-labeled CD81 (AcGFP-CD81), and CD81 motility was
assessed at the membrane of live cells with TIRF microscopy after photo-
bleaching. FRET analyses of homotypic and heterotypic interactions of
CD81 and CLDN1 were analyzed in Huh7.5.1 cells as described (Harris
et al., 2010). The data from ten cells were normalized, and the localized ex-
pression was calculated. Confocal microscopy and staining was performed
as described (Chambrion and Le Naour, 2010). Colocalization was calculated
according to Pearson and Manders (Bolte and Cordelieres, 2006; Manders
et al, 1992). More details are given in the Supplemental Experimental
Procedures.

Statistical Analysis
All experiments were performed at least three times in triplicate in an inde-
pendent manner, and results were analyzed with the nonparametric Mann-
Whitney test if not indicated otherwise. An F test was performed for analysis
of variance (one-way ANOVA) of colocalization studies to compare means of
two groups (n = 3) of Pearson’s correlation coefficient (Rr) or ICQ. Significant
p values are indicated by an asterisk in the individual figure legends.
Additional information on experimental procedures is provided in the
Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.chom.2013.02.006.
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Circular RNAs are a large class of animal
RNAs with regulatory potency
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Circular RNAs (circRNAs) in animals are an enigmatic class of RNA with unknown function. To explore circRNAs
systematically, we sequenced and computationally analysed human, mouse and nematode RNA. We detected
thousands of well-expressed, stable circRNAs, often showing tissue/developmental-stage-specific expression.
Sequence analysis indicated important regulatory functions for circRNAs. We found that a human circRNA, antisense
to the cerebellar degeneration-related protein 1 transcript (CDRlas), is densely bound by microRNA (miRNA) effector
complexes and harbours 63 conserved binding sites for the ancient miRNA miR-7. Further analyses indicated that
CDRlas functions to bind miR-7 in neuronal tissues. Human CDRlas expression in zebrafish impaired midbrain
development, similar to knocking down miR-7, suggesting that CDR1as is a miRNA antagonist with a miRNA-binding
capacity ten times higher than any other known transcript. Together, our data provide evidence that circRNAs form a
large class of post-transcriptional regulators. Numerous circRNAs form by head-to-tail splicing of exons, suggesting

previously unrecognized regulatory potential of coding sequences.

Mature messenger RNAs are linear molecules with 5" and 3’ termini
that reflect start and stop of the RNA polymerase on the DNA tem-
plate. In cells, different RNA molecules are sometimes joined together
by splicing reactions (trans-splicing), but covalent linkage of the ends
of a single RNA molecule to form a circular RNA (circRNA) is usually
considered a rare event. circRNAs were discovered in plants and shown
to encode subviral agents'. In unicellular organisms, circRNAs mostly
stem from self-splicing introns of pre-ribosomal RNA?, but can also
arise from protein-coding genes in archaea’. In the few unambiguously
validated circRNAs in animals, the spliceosome seems to link the 5’
and downstream 3’ ends of exons within the same transcript*°.
Perhaps the best known circRNA is antisense to the mRNA transcribed
from the SRY (sex-determining region Y) locus and is highly expressed
in testes’. Evidence from computational analyses of expression data in
Archaea and Mammalia suggests that circRNAs are more prevalent
than previously thought>'%; however, it is unknown whether animal
circRNAs have any biological function.

In comparison to circRNAs, miRNAs are extremely well studied.
miRNAs are ~21-nucleotide-long non-coding RNAs that guide the
effector protein Argonaute (AGO) to mRNAs of coding genes to
repress their protein production'™** In humans, miRNAs directly
regulate expression of most mRNAs"*® in a diverse range of bio-
logical functions. However, surprisingly little is known about how
and if mRNAs can escape regulation by a miRNA. A recently discov-
ered mechanism for miRNA removal in a sequence-specific manner is
based on target sites acting as decoys or miRNA sponges'**’. RNA with
miRNA binding sites should, if expressed highly enough, sequester
away the miRNA from its target sites. However, all reported mam-
malian miRNA sponges have only one or two binding sites for the same
miRNA and are not highly expressed, limiting their potency*'~**.

To identify circRNAs across animal cells systematically, we screened
RNA-seq data for circRNAs. Compared to previous approaches'® our

computational pipeline can find circRNAs in any genomic region,
takes advantage of long (~100 nucleotides) reads, and predicts the
acceptor and donor splice sites used to link the ends of the RNAs.
We do not rely on paired-end sequencing data or known splice sites.
Using published'®*?® and our own sequencing data, our method
reported thousands of circRNAs in human and mouse tissues as well
as in different developmental stages of Caenorhabditis elegans.
Numerous circRNAs appear to be specifically expressed across tissues
or developmental stages. We validated these data and showed that
most tested circRNAs are well expressed, stable and circularized
using the predicted splice sites. circRNA sequences were significantly
enriched in conserved nucleotides, indicating that circRNAs compete
with other RNAs for binding by RNA binding proteins (RBPs) or
miRNAs. We combined biochemical, functional and computational
analyses to show that indeed a known human circRNA, CDRI anti-
sense (CDRlas)’, can function as a negative regulator of miR-7, a
miRNA with perfect sequence conservation from annelids to human.
Together, our data provide evidence that circRNAs form an important
class of post-transcriptional regulators.

circRNAs have complex expression patterns

To comprehensively identify stably expressed circRNAs in animals we
screened RNA sequencing reads for splice junctions formed by an
acceptor splice site at the 5" end of an exon and a donor site at a
downstream 3’ end (head-to-tail) (Fig. 1a). As standard RNA expres-
sion profiling enriches for polyadenylated RNAs, we used data gene-
rated after ribosomal RNA depletion (ribominus) and random
priming. Such data were used before to detect scrambled exons in
mammals'® (see Methods for comparison). However, this approach
was not specifically designed to detect circRNAs and (1) only used
existing exon-intron annotations, thus missing RNAs transcribed
from introns or unannotated transcripts; (2) did not explicitly identify
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Figure 1 | Detection, classification and evolutionary conservation of
circRNAs. a, The termini of junction-spanning reads (anchors) align
sequentially to the genome for linear (top) but in reversed orientation for head-
to-tail spliced reads (bottom). Spliced reads must distribute completely to
anchors, flanked by AG/GU (Methods). b, ¢, circRNAs in human cell types
(b) and nematode stages (c). d, Genomic origin of human circRNAs. A total of
96% of circRNAs overlap known transcripts. e, Examples of human circRNAs.
The AFFI intron is spliced out (Supplementary Fig. 2e). Sequence conservation:
placental mammals phyloP score (Methods), scale bar, 200 nucleotides.

f, A total of 223 human coding sequence circRNAs with mouse orthologues
(green) and controls (black) with matched conservation level (inset: mean
conservation for each codon position (grey), controls (black); x axis, codon
positions; y axis, placental mammals phyloP score; see also Methods and
Supplementary Fig. 1j, k). Third codon positions are significantly more
conserved (P <4 X 10~ '°, Mann-Whitney U-test, n = 223).

the splice sites used for circularization; and (3) assumed that each pair
of mates in paired-end sequencing derives from the same RNA mole-
cule. To search in a more unbiased way for circRNAs, we designed
an algorithm (Methods) that identifies linear and circular splicing
events in ribominus data. First, we filtered out reads that aligned con-
tiguously to the genome, retaining the spliced reads. Next, we mapped
the terminal parts of each candidate read independently to the genome
to find unique anchor positions. Finally, we demanded that (1) anchor
alignments can be extended such that the original read sequence
aligns completely, and (2) the inferred breakpoint is flanked by GU/
AG splice signals. Non-unique mappings and ambiguous breakpoints
were discarded. We detected circularization splicing from the reversed
(head-to-tail) orientation of the anchor alignments (Fig. la). Our
method also recovered tens of thousands of known linear splicing
events (Methods and Supplementary Fig. 1a, b). We estimated sen-
sitivity (>75%) and false-discovery rate (FDR <0.2%) using simulated
reads and various permutations of real sequencing data (Methods and
Supplementary Fig. 1c). However, the efficiency of ribominus pro-
tocols to extract and sequence circRNAs is limited, reducing overall
sensitivity.

We generated ribominus data for HEK293 cells and, combined
with human leukocyte data'®, detected 1,950 circRNAs with support
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from at least two independent junction-spanning reads (Fig. 1b). The
expression of genes predicted to give rise to circRNAs was only slightly
shifted towards higher expression values (Supplementary Fig. 1d),
indicating that circRNAs are not just rare mistakes of the spliceo-
some. We also identified 1,903 circRNAs in mouse (brains, fetal
head, differentiation-induced embryonic stem cells; Supplementary
Fig. 1e)>?% 81 of these mapped to human circRNAs (Supplemen-
tary Fig. 1f). To explore whether circRNAs exist in other animal clades,
we used sequencing data that we produced from various C. elegans
developmental stages (Stoeckius, M. et al., manuscript in preparation)
(Methods) and detected 724 circRNAs, with at least two independent
reads (Fig. 1¢).

Numerous circRNAs seem to be specifically expressed in a cell type
or developmental stage (Fig. 1b, ¢ and Supplementary Fig. le). For
example, hsa-circRNA 2149 is supported by 13 unique, head-to-tail
spanning reads in CD19™ leukocytes but is not detected in CD34™
leukocytes (which were sequenced at comparable depth; Supplemen-
tary Table 1), neutrophils or HEK293 cells. Analogously, a number of
nematode circRNAs seem to be expressed in oocytes but absent in
1- or 2-cell embryos.

We annotated human circRNAs using the RefSeq database and a
catalogue of non-coding RNAs*"*°. 85% of human circRNAs align
sense to known genes. Their splice sites typically span one to five
exons (Supplementary Fig. 1g) and overlap coding exons (84%), but
only in 65% of these cases are both splice sites that participate in the
circularization known splice sites (Supplementary Table 2), demon-
strating the advantage of our strategy. 10% of all circRNAs align
antisense to known transcripts, smaller fractions align to UTRs,
introns, unannotated regions of the genome (Fig. 1d). Examples of
human circRNAs are shown in Fig. le.

We analysed sequence conservation within circRNAs. As genomic
sequence is subject to different degrees of evolutionary selection,
depending on function, we studied three subtypes of circRNAs.
Intergenic and a few intronic circRNAs display a mild but significant
enrichment of conserved nucleotides (Supplementary Fig. 1h, i).
To analyse circRNAs composed of coding sequence and thus high
overall conservation, we selected 223 human circRNAs with circular
orthologues in mouse (Methods) and entirely composed of coding
sequence. Control (linear) exons were randomly selected to match the
level of conservation observed in first and second codon positions
(Methods, Fig. 1f inset and Supplementary Fig. 1k for conservation
of the remaining coding sequence (CDS)). circRNAs with conserved
circularization were significantly more conserved in the third codon
position than controls, indicating evolutionary constraints at the nuc-
leotide level, in addition to selection at the protein level (Fig. 1f and
Supplementary Fig. 1j, k). In summary, we have confidently identified
alarge number of circRNAs with complex expression patterns, which
derive often but not always from coding exons. Sequence conservation
suggests that at least a subset contains functional sequence elements.

Characterization of 50 predicted circRNAs

We experimentally tested our circRNA predictions in HEK293 cells.
Head-to-tail splicing was assayed by quantitative polymerase chain
reaction (QPCR) after reverse transcription, with divergent primers
and Sanger sequencing (Fig. 2a, b). Predicted head-to-tail junctions
of 19 out of 23 randomly chosen circRNAs (83%) could be validated,
demonstrating high accuracy of our predictions (Table 1). In contrast,
5 out of 7 (71%) candidates exclusively predicted in leukocytes could not
be detected in HEK293 cells, validating cell-type-specific expression.
Head-to-tail splicing could be produced by trans-splicing or geno-
mic rearrangements. To rule out these possibilities as well as potential
PCR artefacts, we successfully validated the insensitivity of human
circRNA candidates to digestion with RNase R—an exonuclease that
degrades linear RNA molecules®—by northern blotting with probes
which span the head-to-tail junctions (Fig. 2c). We quantified RNase
R resistance for 21 candidates with confirmed head-to-tail splicing by

©2013 Macmillan Publishers Limited. All rights reserved
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Figure 2 | CircRNAs are stable transcripts with robust expression.

a, Human (hsa) ZRANBI circRNA exemplifies the validation strategy.
Convergent (divergent) primers detect total (circular) RNAs. Sanger
sequencing confirms head-to-tail splicing. b, Divergent primers amplify
circRNAs in cDNA but not genomic DNA (gDNA). GAPDH, linear control,
size marker in base pairs. ¢, Northern blots of mock (—) and RNase R (+)
treated HEK293 total RNA with head-to-tail specific probes for circRNAs.
GAPDH, linear control. d, e, circRNAs are at least 10-fold more RNase R
resistant than GAPDH mRNA (d) and stable after 24 h transcription block
(e) (gPCR; error bars indicate standard deviation).

qPCR. All of these were at least 10-fold more resistant than GAPDH
(Fig. 2d and Supplementary Fig. 2a). We reasoned that circRNAs
should generally turn over more slowly than mRNAs. Indeed, we
found that 24 h after blocking transcription circRNAs were highly
stable, exceeding the stability of the housekeeping gene GAPDH™'
(Fig. 2e and Supplementary Fig. 2b). We also validated 3 out of 3
tested mouse circRNAs with human orthologues in mouse brains
(Supplementary Fig. 2¢). In C. elegans 15 out of 20 (75%) of the pre-
dictions from gametes and early embryos were validated in a mixed
stage sample (Supplementary Fig. 2d and Supplementary Table 3).

circRNA CDRlas is densely bound by AGO

Stable transcripts with many miRNA-binding sites could function as
miRNA sponges. We intersected our catalogue of circRNAs with
transcript annotations, assuming that introns would not occur in
mature circRNAs (as observed for 3 out of 3 tested circRNAs,
Supplementary Fig. 2e). We screened for occurrences of conserved
miRNA family seed matches (Methods). When counting repetitions
of conserved matches to the same miRNA family, circRNAs were

Table 1 | Summary of the validation experiments

Sample

Validation experiment Validation success

Human (HEK293) Head-to-tail splicing 19 of 23
Circularity 21 0f21
Expression >3% vinculin 12 of 21
Expression specificity 50f7
(leukocyte specific)

Mouse (adult brain) Head-to-tail splicing 30f3
Circularity 30f3
Expression >1% B-actin 20f3

C. elegans Head-to-tail splicing 15 of 20
Circularity 13 0f 13
Expression >1% eif-3.d 12 of 15

Most experimentally tested circRNAs are validated.
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significantly enriched compared to coding sequences (P << 2.96 X 10~ %,
Mann-Whitney U-test, n = 3,873) or 3’ UTR sequences (P <2.76
X 1072, Mann-Whitney U-test, n = 3,182) (Supplementary Fig. 3a, b).

As an extreme case, we discovered that the known human circRNA
CDRIas (ref. 9) harboured dozens of conserved miR-7 seed matches.
To test whether CDR1as is bound by miRNAs, we analysed bio-
chemical, transcriptome-wide binding-site data for the miRNA
effector AGO proteins. We performed four independent PAR-CLIP
(photoactivatable-ribonucleoside-enhanced crosslinking and immu-
noprecipitation) experiments for human AGO (Methods) and ana-
lysed them together with published, lower-depth data®. PAR-CLIP****
is based on ultraviolet crosslinking of RNA to protein and subsequent
sequencing of RNA bound to a RBP of interest. The ~1.5-kilobase (kb)
CDRIas locus stood out in density and number of AGO PAR-CLIP
reads (Fig. 3a), whereas nine combined PAR-CLIP libraries for other
RBPs gave virtually no signal. Of note, there is no PAR-CLIP read
mapping to the sense coding transcript of the CDRI gene, which was
originally identified as a target of autoantibodies from patients with
paraneoplastic cerebellar degeneration™.

Sequence analysis across 32 vertebrate species revealed that miR-7
is the only animal miRNA with conserved seed matches that can
explain the AGO binding along the CDR1as transcript (Methods).
Human CDRIlas harbours 74 miR-7 seed matches of which 63 are
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Figure 3 | The circRNA CDRl1as is bound by the miRNA effector protein
AGO, and is cytoplasmic. a, CDRlas is densely bound by AGO (red) but not
by unrelated proteins (black). Blue boxes indicate miR-7 seed matches. nt,
nucleotides. b, ¢, miR-7 sites display reduced nucleotide variability across 32
vertebrate genomes (b) and high base-pairing probability within seed matches
(c). d, CDR1as RNA is cytoplasmic and disperse (white spots; single-molecule
RNA FISH; maximum intensity merges of Z-stacks). siSCR, positive; siRNA1,
negative control. Blue, nuclei (DAPI); scale bar, 5 um (see also Supplementary
Fig. 10 for uncropped images). e, Northern blotting detects circular but not
linear CDR1as in HEK293 RNA. Total, HEK293 RNA; circular, head-to-tail
probe; circ+lin, probe within splice sites; IVT lin., in vitro transcribed, linear
CDRI1as RNA. f, Circular CDR1as is highly expressed (qPCR, error bars
indicate standard deviation). g, CDR1as. Blue, seed matches; dark red, AGO
PAR-CLIP reads; bright red, crosslinked nucleotide conversions.
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conserved in at least one other species (Supplementary Fig. 4).
Interspaced sequences were less conserved, indicating that miR-7
binding sites are probably functional (Fig. 3b). Secondary structure
analysis of predicted circRNA-miRNA duplexes (Methods) showed
reduced base-pairing of miR-7 beyond the seed (Fig. 3¢). None of the
~1,500 miR-7 complementary sites across 32 vertebrate sequences
was complementary beyond position 12 of miR-7 (only three could
form an 11-nucleotide duplex) (Supplementary Table 4). Slicing by
mammalian Argonaute requires complementarity of positions 10 and
11 and depends on extended complementarity beyond position 12
(ref. 36). Thus, CDR1as seems optimized to be densely bound but not
sliced by miR-7.

Single-molecule imaging (Methods) revealed disperse and mostly
cytoplasmic CDRlas expression (HEK293 cells), consistent with
miRNA sponge function (Fig. 3d and Supplementary Table 5).
CDRlas circularization was assayed by northern blotting (Fig. 3e).
Nicking experiments confirmed that CDR1as circRNA can be linea-
rized and degraded (Supplementary Fig. 5a). In RNA from HEK293
cells, circularized but no additional linear CDRlas was detected
(Supplementary Fig. 5b). Circular expression levels were quantified
by qPCR with divergent primers calibrated by standard curves
(Supplementary Table 6). CDR1as was highly expressed (~15% to
~20% of GAPDH expression, Fig. 3f). Estimating GAPDH mRNA
copy number from HEK293 RNA-seq data (~1,400 molecules per
cell, data not shown) suggests that CDR1as may bind up to ~20,000
miR-7 molecules per cell (Fig. 3g).

If CDR1as functions as a miR-7 sponge, its destruction could trigger
downregulation of miR-7 targets. We knocked down CDRlas in
HEK293 cells and monitored expression of published miR-7 targets
by qPCR with externally spiked-in standards (Methods and Supplemen-
tary Fig. 5¢, d). All eight miR-7 targets assayed, but also housekeeping
genes, were downregulated. Nanostring technology”” additionally indi-
cated downregulation of many genes (data not shown). Furthermore,
stable loss of CDRlas expression by virally delivered small hairpin
RNAs led to significantly reduced migration in an in vitro wound clo-
sure assay (Methods, Supplementary Fig. 5e, f and Supplementary
Table 7). Thus, knockdown of CDRI1as affects HEK293 cells, but we
could not delineate miR-7-specific effects, potentially because of indirect
or miR-7-independent CDR1as function (see below).

Co-expression of miR-7 and CDR1as in brain

If CDR1as indeed interacts with miR-7, both must be co-expressed.
miR-7 is highly expressed in neuronal tissues, pancreas and pituitary
gland®. Apart from HEK293 cells, a cell line probably derived from
neuronal precursors in embryonic kidney*, we quantified miR-7 and
CDRlas expression across mouse tissues and pancreatic-island-
derived MING6 cells (Methods and Fig. 4a). CDR1as and miR-7 were
both highly expressed in brain tissues, but CDR1as was expressed at
low levels or absent in non-neuronal tissues, including tissues with
very high miR-7 expression. qPCR suggested that CDR1as is exclu-
sively circular in adult and embryonic mouse brain (Supplementary
Fig. 5g, h). Thus, CDRlas and miR-7 seem to interact specifically
in neuronal tissues. Indeed, when assaying CDRlas and miR-7 in
mouse brains by in situ hybridizations (Methods), we observed spe-
cific, similar, but not identical, expression patterns in the brain of
mid-gestation (embryonic day 13.5 (E13.5)) embryos (Fig. 4b). Speci-
fically, CDR1as and miR-7 were highly co-expressed in areas of the
developing midbrain (mesencephalon)***'. Thus, CDR1as is highly
expressed, stable, cytoplasmic, not detectable as a linear RNA and
shares expression domains with miR-7. Together with extensive
miR-7 binding within CDR1as, CDR1as has hallmarks of a potent
circular miR-7 sponge in neuronal tissues.

Effects of miR-7 and CDRI1as in zebrafish

It would be informative to knock out CDRIlas in an animal model
system. However, a knockout would also affect CDR1 protein, with
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Figure 4 | CDR1as and miR-7 have overlapping and specific expression in
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cerebral cortex expression; error bars indicate standard deviations; see
Supplementary Fig. 9a for miR-122 control) neuronal tissues co-express miR-7
and CDR1as. b, In situ staining of CDR1as and miR-7 in mouse embryo brain
E13.5 (U6 and miR-124, positive control; scrambled probe, negative control).
Scale bar, 1 mm.

unknown consequences. This problem is circumvented when using zeb-
rafish (Danio rerio) as an animal model. According to our bioinformatic
analyses (not shown) zebrafish has lost the cdr1 locus, whereas miR-7 is
conserved and highly expressed in the embryonic brain*’. Thus, we can
test whether miR-7 has a loss-of-function phenotype and if this pheno-
type can be induced by introduction of mammalian CDR1as RNA. We
injected morpholinos to knock down mature miR-7 expression in zebra-
fish embryos (Methods). At a dose of 9 ng of miR-7 morpholino, the
embryos did not show overall morphological defects but reproducibly,
and in two independent genetic backgrounds (Supplementary Fig. 6a—c),
developed brain defects (Fig. 5a, b). In particular, ~70% showed a con-
sistent and clear reduction in midbrain size, and an additional ~5% of
animals had almost completely lost their midbrains. Of note, the tel-
encephalon at the anterior tip of the brain was not affected in size. Brain
volumes were also measured based on confocal three-dimensional stacks
(Fig. 5¢c and Supplementary Fig. 7). Reduction of the midbrain size
correlated with miR-7 inhibition in the respective animals (Supplemen-
tary Fig. 6d). These data provide evidence that miR-7 loss-of-function
causes a specific reduction of midbrain size.

To test whether CDR1as can function as a miR-7 sponge in vivo, we
injected embryos with plasmid DNA that expressed a linear version of
the full-length human CDR1as sequence (Supplementary Fig. 6e, f) or
a plasmid provided by the Kjems laboratory that can produce circular
CDRlas in human cells (Fig. 5d, e). qPCR analysis detected circular
RNA in zebrafish embryos injected with the latter plasmid (Sup-
plementary Fig. 8), which reproducibly and in independent genetic
backgrounds lead to reduced midbrain sizes (Fig. 5g, h). Similarly,
animals injected with in vitro-transcribed partial mouse CDRlas
RNA, but not with RNA from the other strand, showed significant
midbrain reduction (Supplementary Fig. 6g-i). Thus, the phenotype
is probably caused by CDR1as RNA and not by an unspecific effect of
RNA or DNA injection. These results provide evidence that human/
mouse CDR1as transcripts are biologically active in vivo and impair
brain development similarly to miR-7 inhibition. The midbrain
reduction could be partially rescued by injecting miR-7 precursor
(Fig. 5f, g), arguing that the biological effect of CDR1as expression
is caused at least in part by interaction of CDR1as with miR-7.

Discussion

We have shown that animal genomes express thousands of circRNAs
from diverse genomic locations (for example, from coding and non-
coding exons, intergenic regions or transcripts antisense to 5’ and
3" UTRs) in a complex tissue-, cell-type- or developmental-stage-
specific manner. We provided evidence that CDRlas can act as a
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Figure 5 | In zebrafish, knockdown of miR-7 or expression of CDR1as
causes midbrain defects. a, b, Neuronal reporter (Tg(huC:egfp)) embryos (top,
light microscopy) 48 h post fertilization (bottom, representative confocal
z-stack projections; blue dashed line, telencephalon (TC) (control); yellow
dashed line, midbrain (MB)). Embryos after injection of 9 ng miR-7
morpholino (MO) (b) display a reduction in midbrain size. Panel a shows a
representative embryo injected with 15 ng control morpholino. ¢, Three-
dimensional volumetric reconstructions. d, Empty vector control. e, Expression
vector encoding human circular CDR1as. f, Rescue experiment with miR-7
precursor. g, Phenotype penetrance (% of embryos, miR-7 MO, n = 135;
uninjected, n = 83; empty vector, n = 91; linear CDR1as, n = 258; circular
CDR1as, n = 153; circular CDR1as plus miR-7 precursor, #n = 217). Phenotype
distribution derived from at least three independent experiments. Scale bar,
0.1 mm. **P < 0.01; ***P < 0.001 in Students ¢-test for normal midbrain,
reduced midbrain (see also Supplementary Fig. 6). h, Phenotype quantification
(Methods). Error bars indicate standard deviation # = 3 per group.

post-transcriptional regulator by binding miR-7 in brain tissues: (1)
CDRlas is densely bound by miRNA effector molecules; (2) CDR1as
harbours 74 miR-7 seed matches, often deeply conserved; (3) CDR1as
is expressed highly, stably and mostly cytoplasmic; (4) CDR1as and
miR-7 share specific expression domains in mouse embryonic brain;
(5) human/mouse CDRI1as is circularized in vivo and is not detectable
as a linear molecule; (6) human/mouse CDRlas sequences, when
injected into zebrafish, and miR-7 knock down have similar pheno-
types in brain. While zebrafish circularization of human CDR1as may
be incomplete, the midbrain phenotype was stronger compared to
expressing linear CDR1as RNA that lacks circularization splice sites.
Although the two DNA plasmids used carry identical promoters and
were injected in equal concentrations, we cannot rule out the possibility
that the difference in midbrain phenotype strength may be explained
by other factors. However, because of the observed extreme stability
of CDR1as and circRNAs in general, our data argue that circRNAs
can be used as potent inhibitors of miRNAs or RBPs. Future studies
should elucidate how CDRI1as can be converted into a linear mole-
cule and targeted for degradation. miR-671 can trigger destruction of
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CDRI1as’. Thus, CDR1as may function to transport miR-7 to subcel-
lular locations, where miR-671 could trigger release of its cargo. Known
functions of miR-7 targets such as PAK1 and FAK1 support these
speculations**,

The phenotype induced by CDRI1as expression in zebrafish was
only partially rescued by expressing miR-7, indicating that CDR1as
could have functions beyond sequestering miR-7. This idea is sup-
ported by in situ hybridization in mouse adult hippocampus (Sup-
plementary Fig. 9b) where areas staining for CDR1as but not miR-7
were observed. What could be additional functions of circRNAs
beyond acting as sponges? As a single-stranded RNA, CDR1as could,
for example, bind in trans 3’ UTRs of target mRNAs to regulate their
expression. It is even possible that miR-7 binds CDRlas to silence
these trans-acting activities. Alternatively, CDR1as could be involved
in the assembly of larger complexes of RNA or protein, perhaps
similar to other low-complexity molecules*.

How many other circRNAs exist? In this study, we identified appro-
ximately 2,000 human, 1,900 mouse and 700 nematode circRNAs
from sequencing data, and our validation experiments confirmed
most of the 50 tested circRNAs. However, we analysed only a few
tissues/developmental stages with stringent cutoffs. Thus, the true
number of circRNAs is almost certainly much larger. Although
CDRlas is an extreme case, many circRNAs have conserved seed
matches. For example, circRNA from the SRY locus® has seed sites
for murine miRNAs. Therefore, circRNAs probably compete with
other RNAs for miRNA binding. Sequence analyses indicated that
coding exons serve additional, presumably regulatory functions when
expressed within circRNAs, whereas intergenic or intronic circRNAs
generally showed only weak conservation. Because we detected thou-
sands of circRNAs, it is appealing to speculate that occasional circu-
larization of exons is easy to evolve and may provide a mechanism
for rapid evolution of stably and well expressed regulatory RNAs. Of
note, we detected multiple seed matches for viral miRNAs within
human circRNAs (not shown). However, there is no reason to think
that circRNAs function predominantly to bind miRNAs. As known
in bacteria, the decoy mechanism underlying miRNA sponges could
be important also for RBPs***. Similarly, circRNAs could function
to store, sort, or localize RBPs. In summary, our data suggest that
circRNAs form a class of post-transcriptional regulators which com-
pete with other RNAs for binding by miRNAs and RBPs and may
generally function in modulating the local free concentration of RBPs,
RNAs, or their binding sites.

Note added in proof: While this paper was under review, circular
RNAs in fibroblasts were described™".

METHODS SUMMARY

Computational pipeline for predicting circRNAs from ribominus sequencing
data. A detailed description of the computational methods is given in the
Methods.

Cell culture and treatments. HEK293, HEK293TN and HEK293 Flp-In 293
T-REx (Life Technologies) were cultured following standard protocols. Tran-
scription was blocked by adding 2 pgml ™" actinomycin D (Sigma). RNase R
(Epicentre Biotechnologies) treatment (3 U pg™") was performed on total RNA
(5 pg) at 37 °C for 15 min. qPCR primers are listed in Supplementary Table 8.
Single-molecule RNA fluorescence in situ hybridization (smRNA FISH).
Stellaris Oligonucleotide probes complementary to CDR1as were designed using
the Stellaris Probe Designer (Biosearch Technologies). Probe pools were obtained
from BioCat GmbH as conjugates coupled to Quasar 670. Probes were hybridized
at 125 nM at 37 °C. Images were acquired on an inverted Nikon Ti microscope.
Mouse strains and in situ hybridization. In situ hybridization (ISH) was per-
formed on paraffin tissue sections from B6129SF1/J wild-type mice as described*®
using locked nucleic acid (LNA) probes or RNAs obtained by in vitro transcrip-
tion on PCR products.

Zebrafish methods. Tg(huC:egfp) and Tg(Xia. Tubb:dsRED) transgenic zebrafish
lines were used*>*. Morpholino antisense oligomers were injected into the yolk of
single-cell-stage embryos. Furthermore, two pCS2+ plasmids coding for full-
length linear CDR1as or CDR1as plus upstream and downstream sequence that
can express circular CDR1as in human cells (courtesy of the Kjems laboratory)
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were injected. Confocal imaging was performed using Carl Zeiss Microlmaging.
Reduced midbrain development was defined as >50% smaller than the mean size
of controls. Each experimental group was evaluated in at least three independent
experiments; a minimum of 80 individual embryos per group was examined.

Full Methods and any associated references are available in the online version of
the paper.

Received 11 September 2012; accepted 24 January 2013.
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METHODS

Computational pipeline for predicting circRNAs from ribominus sequencing
data. Reference genomes (human hgl9 (February 2009, GRCh37), mouse mm9
(July 2007, NB137/mm9), C. elegans ce6 (May 2008, WormBase v. WS190)) were
downloaded from the UCSC genome browser (http://genome.ucsc.edu/)”. In a
first step, reads that aligned contiguously and full length to the genomes were
discarded. From the remaining reads we extracted 20mers from both ends and
aligned them independently to find unique anchor positions within spliced exons.
Anchors that aligned in the reversed orientation (head-to-tail) indicated circRNA
splicing (compare main Fig. 1a). We extended the anchor alignments such that
the complete read aligns and the breakpoints were flanked by GU/AG splice sites.
Ambiguous breakpoints were discarded. We used the short-read mapper Bowtie
2 (ref. 52). Initially, ribominus reads were aligned in end-to-end mode to the
genome:

$ bowtie2 -p16 --very-sensitive --phred64 --mm -M20 --score-min=C, -15,0 -q -x
<index> -U reads.qfa 2> bowtie2.log | samtools view -hbusS - | samtools sort -
sample_vs_genome

The unmapped reads were separated and run through a custom script to split the
reads as indicated in Fig. 1a to obtain 20-nucleotide anchors from both ends of the
read:

$ samtools view -hf4 sample_vs_genome.bam | samtools view -Sb - > unmapped_
sample.bam

$ ./Junmapped2anchors.py unmapped_sample.bam | gzip > sample_anchors.qfa.
gz

Here is an example of two anchor pairs in the FASTQ format; the original
read was kept as part of the first anchors identifier to simplify downstream
analysis:

@s_8_1_0001_gseq 14_A_NCCCGCCTCACCGGGTCAGTGAAAAAACGA
TCAGAGTAGTGGTCTTCTTCCGGCGGCCCCGCGCGCGCCGCGCTGC

NCCCGCCTCACCGGGTCAGT
+

#BBQ@?CABR; = @B;BEE58 (
@s_8_1_0001_gseqg_14_B

CCCCGCGCGCGCCGCGLTGL
+
Per ((3)>0;  BH#HH#HHHH

Next the anchors were aligned individually to the reference, keeping their paired
ordering. The resulting alignments were read by another custom script that
jointly evaluates consecutive anchor alignments belonging to the same original
read, performs extensions of the anchor alignments, and collects statistics on
splice sites. After the run completes, the script outputs all detected splice junctions
(linear and circular) in a UCSC BED-like format with extra columns holding
quality statistics, read counts etc. The original full-length reads that support each
junction are written to stderr:

$ bowtie2 -p16 —reorder --mm -M20 --score-min=C, -15, 0 -q -x genome -U
sample_anchors.qfa.gz | ./find_circ.py -S hgl9 -p sample_ -s sample/sites.log >

sample/sites.bed 2> sample/sites.reads

The resulting BED-like file is readily filtered for minimal quality cutoffs to pro-
duce the reported circRNA candidates. In particular, we demanded the following:
(1) GU/AG flanking the splice sites (built in); (2) unambiguous breakpoint detec-
tion; (3) a maximum of two mismatches in the extension procedure; (4) the
breakpoint cannot reside more than 2 nucleotides inside an anchor; (5) at least
two independent reads (each distinct sequence only counted once per sample)
support the junction; (6) unique anchor alignments with a safety margin to the
next-best alignment of at least one anchor above 35 points (~more than two extra
mismatches in high-quality bases); and (7) a genomic distance between the two
splice sites of no more than 100 kb (only a small percentage of the data). As the
ribosomal DNA cluster is part of the C. elegans genome assembly (ce6) and ribo-
somal pre-RNAs could give rise to circular RNAs by mechanisms independent
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of the spliceosome, we discarded 130 candidates that mapped to the rDNA cluster
on chrl:15,060,286-15,071,020.

Permutation testing. To test the robustness of the circRNA detection pipeline we
altered the sequence of real sequencing reads in different ways at the step of
anchor generation. We (1) reversed either anchor; (2) reversed the complete read;
(3) randomly reassigned anchors between reads; or (4) reverse complemented the
read (as a positive control). Although the reverse complement recovered the same
output as expected, the various permutations led to only very few candidate
predictions, well below 0.2% of the output with unpermuted reads and in excel-
lent agreement with the results from simulated reads (Supplementary Fig. 1c).
HEK293 RNA-seq after rRNA depletion (RibominusSeq). Total HEK293 RNA
was isolated using Trizol as recommended by the manufacturer. Ribosomal RNA
was depleted from total RNA using the Ribominus kit (Invitrogen). A cDNA
library was generated from rRNA-depleted RNA according to the Illumina
RNA-seq protocol. The cDNA library was sequenced on an Illumina GAIIx by
a2 X 76bp run.

C. elegans oocyte isolation. Oocytes were isolated from worms carrying a tem-
perature-sensitive (TS) allele for fem-1 (unovulated oocytes BA17(fem-1(hcl7ts)]
strain) and spe-9 (partially ovulated oocytes BA671[spe-9(hc88ts)]) as described
previously™. Oocytes were washed at least four times in PBS containing protease
inhibitors (Sigma-Aldrich) to separate from worm debris. Oocyte purity was
observed under the dissection scope (Zeiss). Oocytes were extracted from young
adults to enrich for non-endomitotic oocytes, which was also checked by fluo-
rescence microscopy (Zeiss) with a nuclear dye. Oocytes isolated from fem-1 or
spe-9 mutant background worms are hereafter referred to as fem-1 oocytes and
spe-9 oocytes, respectively.

C. elegans sperm isolation. Sperm was isolated in principle as described prev-
iously® from male worms obtained from a fog-2(q71) mutant background. Males
were cut in cold PBS containing protease inhibitors (Sigma-Aldrich). Sperm was
subsequently purified by filtration (3 X 40 um nylon mesh, 2 X 10 um nylon
mesh) and a series of differential centrifugations (30 min 300g, 10 min 450g)
and washed twice in cold PBS. Sperm was subsequently activated by incubation
in PBS containing 200 pgml ™" Pronase (Sigma-Aldrich) for 30 min at 25°C.
Sperm purity is around 70% spermatids and spermatozoa contaminated with
around 30% primary and secondary spermatocytes, as observed under oil immer-
sion microscope.

C. elegans isolation of 1-cell- and 2-cell-stage embryos. 1-cell and 2-cell-stage
embryos were obtained by fluorescence-activated cell sorting as described previ-
ously®. Microscopic examination of the sorted embryos indicated that the 1-cell-
stage sample was virtually pure (>98% one-cell stage embryos), whereas the
2-cell-stage embryo sample was a mixture of 1-cell-stage (40%), 2-cell-stage
(55%) and older (<5%) embryos. Moreover, purity of the stages was further
validated by checking for marker gene expression.

Ribominus RNA preparation from C. elegans samples. We used a kit that was
developed for human and mouse samples, but still performs sufficiently to enrich
mRNAs up to 30% in C. elegans. Most of the remaining reads mapped to ribo-
somal RNAs. 1 ug of total RNA per sample was depleted from rRNAs with the
Ribominus Transcriptome kit (Invitrogen) according to the manufacturer’s
instructions with the modification that annealing of LNA probes to total RNA
was performed in a thermocycler (Eppendorf) with a temperature decrease from
70 to 37 “Catarate of 1 °C per min. Depletion of rRNAs was validated by capillary
gel electrophoresis on a Bioanalyzer (Agilent). The ribominus RNA was then
processed for sequencing library preparation according to the Illumina protocol.
Cluster generation and sequencing of C. eleganslibraries. Cluster generation as
well as sequencing of the prepared libraries was performed on the Illumina cluster
station (Illumina) and sequenced on the HiSeq2000 according to the manufac-
turer’s protocols (Illumina).

Human gene models. We obtained gene models for RefSeq transcripts (12
December 2011), non-coding RNAs***® and the rnaGene and tRNA tracks from
the UCSC table browser (23 April 2012)*.

Intersection of circRNAs with known transcripts. Our computational screen
identifies only the splice sites thatlead to circularization but not the internal exon/
intron structure of circular RNAs. To perform analyses of the sequence content of
circRNAs we therefore inferred as much as possible from annotated transcripts.
The conservative assumption was that as little as possible should be spliced out.
On the other hand, coincidence of circRNA splice sites with exonic boundaries
inside a transcript were considered as an indicator for relevant agreement and
internal introns appear to be spliced out (Supplementary Fig. 2e). We therefore
sorted all overlapping transcripts hierarchically by (1) splice-site coincidence
(2, 1, or 0); (2) total amount of exonic sequence between the splice sites; (3) total
amount of coding sequence. The latter was used to break ties only and helped the
annotation process. If one or both splice sites fell into an exon of the best match-
ing transcript, the corresponding exon boundary was trimmed. Likewise, if it fell
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into an intron or beyond transcript bounds, the closest exon was extended to
match the circRNA boundaries. circRNA start/end coordinates were never
altered. If no annotated exons overlapped the circRNA we assumed a single-exon
circRNA. The resulting annotation of circRNAs is based on the best matching
transcript and may in some cases not represent the ideal choice. Changing the
annotation rules, however, did not substantially change the numbers in Fig. 1d.
Finding circRNAs conserved between human and mouse. We reasoned that
when comparing two species, the cutoff of two independent reads in each of them
could be dropped, as orthologous circRNAs would automatically be supported by
two independently produced reads via the intersection. We therefore mapped all
mouse circRNA candidates with less stringent filtering to human genome coor-
dinates using the UCSC liftOver tool*’. The mapped mouse circRNAs were com-
pared with independently identified human circRNAs, yielding 229 circRNAs
with precisely orthologous splice sites between human and mouse. Of these, 223
were composed exclusively of coding exons and were subsequently used for our
conservation analysis (Fig. 1f). When intersecting the reported sets of circRNAs
supported by two independent reads in each species, we found 81 conserved
circRNAs (supported by at least 4 reads in total).

Conserved element counting. We downloaded genome-wide human (hgl9)
phyloP conservation score™ tracks derived from genome alignments of placental
mammals from UCSCY”. We interrogated the genome-wide profile inside
circRNAs in two different ways. (1) Intergenic and intronic circRNAs. We read
out the conservation scores along the complete circRNA and searched for blocks
of at least 6-nucleotide length that exceeded a conservation score of 0.3 for
intergenic and 0.5 for intronic circRNAs. The different cutoffs empirically adjust
for the different background levels of conservation and were also used on the
respective controls. For each circRNA, we computed the cumulative length of all
such blocks and normalized it by the genomic length of the circRNA. Artefacts of
constant positive conservation scores in the phyloP profile, apparently caused by
missing alignment data, were removed with an entropy filter (this did not qua-
litatively affect the results). circRNAs annotated as intronic by the best-match
procedure explained above that had any overlap with exons in alternative tran-
scripts on either strand (five cases) were removed from the analysis. The resulting
distributions are shown in Supplementary Fig. 1h, i. (2) Coding exon circRNAs.
We used the best-match strategy outlined above to construct an estimated ‘exon-
chain’ for the circRNAs that overlapped exclusively coding sequence. Using this
chain we in silico ‘spliced’ out the corresponding blocks of the conservation score
profile. We kept track of the frame and sorted the conservation scores into
separate bins for each codon position. In addition to this, we also recorded
conservation scores in the remaining pieces of coding sequence (‘outside’ the
circRNA) as a control. However, we observed that the level of conservation is
systematically different between internal parts of the coding sequence and the
amino- or carboxy-terminal parts (not shown). We therefore randomly generated
chains of internal exons, mimicking the exon-number distribution of real
circRNAs, as a control. When analysing the circRNAs conserved between human
and mouse, it became furthermore apparent that we also needed to adjust for the
higher level of overall conservation. High expression generally correlates with
conservation and thus, an expression cutoff was enforced on the transcripts used
to generate random controls. This resulted in a good to conservative match with
the actual circRNAs (Supplementary Fig. 1j, k).

Overlap of identified circRNAs with published circular RNAs. A number of
studies in human have reported evidence for circRNAs which derive from exons
of DCC*, ETSI” and a non-coding RNA from the human INK4/ARF locus® and
the CDR1as locus’. Additionally, circRNAs from exons of the genes CAMSAPI,
FBXW4, MAN1A2, REXO4, RNF220 and ZKSCANI have been recently experi-
mentally validated". For the four genes from the latter study, where we had
ribominus data from the tissues in which these circRNAs were predicted (leuko-
cytes), we recovered validated circRNAs from all of them (ZKSCAN1, CAMSAPI,
FBXW4, MANIA2).

Cell culture and treatments. HEK293 (Fig. 3f), HEK293TN (for virus production)
and HEK293 Flp-In T-REx 293 (Life Technologies, all other experiments) were
cultured in Dulbecco’s modified Eagle medium GlutaMax (Gibco) 4.5 g1 ™! glucose,
supplemented with 10% FCS, 20 U ml™" penicillin and streptomycin (Gibco) at
37°C, 5% CO,. Whereas CDR1as/GAPDH ratios were within the given range, we
observed two- to fivefold variation of CDRIas/vinculin ratios between different
HEK lines. Transcription was blocked by adding 2 pgml ™" actinomycin D or
DMSO as a control (Sigma-Aldrich) to the cell culture medium. For in vitro wound
healing assays, cells were grown to confluency, the cell layer was disrupted using a
300 pl pipette tip and cells were washed once with medium. Bright-field images of
cells were taken using a Axio Observer.Z1 (Zeiss) right after setting the scratch and
24 h later. The relative scratch areas were measured using Image] software.
Quantitative PCR. Total RNA from cell lines was isolated using Trizol (Invi-
trogen) extraction following the manufacturer’s protocol. Adult B6129SF1/J] mice

were dissected and tissue samples were collected directly into ice-cold Trizol for
RNA preparation. Caenorhabditis elegans RNA was isolated from about 7,000
mixed stage worms by two rounds of freeze-thaw lysis in Trizol LS reagent
(Invitrogen) according to the manufacturer’s protocol. RNA was extracted from
aqueous phase with phenol:chloroform (Ambion). RNA was precipitated with
isopropanol and Glycoblue (Ambion) overnight at —20 °C or for 30 min at —80 °C,
respectively. Reverse transcription was performed using M-MLV (Promega) or
Superscript III with oligo(dT) primer (all Invitrogen) or random primer (Meta-
bion). For assaying mRNA expression level, QRT-PCR was performed using SYBR-
Green Fluorescein (Thermo Scientific, Fermentas) and a StepOnePlus PCR System
(Applied Biosystems). Expression data in CDR1as knockdown experiments, tran-
scriptional block and RNase R assays were normalized to C. elegans spike-in RNA.
To this end 5-10% C. elegans total RNA was added to the respective Trizol sample
and qPCR primer for ama-1 or eif-3.d were used. Mouse expression data were
normalized to Actb. miRNA expression levels were assayed using TagMan
microRNA assays (Applied Biosystems) and normalized to sno-234. Expression
levels of circRNAs described in this study were measured by qPCR using divergent
primers. A list of primer sequences is available in Supplementary Table 8.

PCR amplification and Sanger sequencing. DNA templates were PCR amplified
using BioRad Mastercyclers and ThermoScientific DreamTaq Green PCR Master
Mix according to the manufacturer’s protocol. We performed 35 cycles of PCR.
PCR products were visualized after electrophoresis in 2% ethidium bromide-
stained agarose gel. To confirm the PCR results, the PCR products were purified
through Agencourt AMPure XP PCR purification kit. Direct PCR product Sanger
sequencing was performed by LGC Genomics Ready2 Run services. Primer P1
was provided for sequencing the product for each candidate.

Primer design. Divergent primers were designed for each candidate (P1, P2) to
anneal at the distal ends of its sequence. As negative controls we used divergent
primers for GAPDH and ACTB linear transcript in HEK293 cells, and eIF-3.D in
C. elegans. As a further negative control for divergent primers, we used genomic
DNA extracted through Qiagen DNeasy Blood & Tissue kit. As positive controls,
we used convergent primers for the corresponding linear transcripts or for house-
keeping genes (eIF-3.D for C. elegans).

RNase R treatment. HEK293 DNase-treated total RNA (5 pig) was incubated
15min at 37°C with or without 3Upug™' of RNase R (Epicentre Bio-
technologies). RNA was subsequently purified by phenol-chloroform extraction,
retro-transcribed through Superscript SSIII (Invitrogen) according to the man-
ufacturer’s protocol, and used in qPCR.

RNA nicking assay. For partial alkaline hydrolysis (nicking) 1pgul™"' of
HEK?293 total RNA was incubated in 50 mM NaHCOj; for 2.5 or 5 min at 90 °C
or 5min on ice for controls. After incubation the samples were immediately re-
suspended in denaturing RNA sample buffer and analysed on northern blots.
Northern blotting. Total RNA (10-20 pig) was loaded on a 1.2% agarose gel
containing 1% formaldehyde and run for 2-2.5h in MOPS buffer.

The gel was soaked in 1XTBE for 20 min and transferred to a Hybond-N*

membrane (GE Healthcare) for 1 h (15 V) using a semi-dry blotting system (Bio-
Rad). Membranes were dried and ultraviolet-crosslinked (at 265nm) 1X at
200,000 pJ cm 2. Pre-hybridization was done at 42 °C for 1h and **P-labelled
oligonucleotide DNA probes were hybridized overnight. The membranes were
washed briefly in 2X SSC, 0.1% SDS at room temperature and two additional
times at 55 °C for 30 min, followed by two 30-min washes in 0.2 SSC, 0.1% SDS
at 50-55 °C. For data collection, the membrane was exposed to a phosphoimager
screen.
Genome alignments for detecting miRNA seed complementary sites. Multiple
species alignments for the genomic intervals, corresponding to circRNAs pre-
dicted in C. elegans (ce6), human (hgl9) and mouse (mm9), were generated via
the Galaxy server at UCSC*°". In case that a circle was overlapping with an
annotated transcript, the inferred spliced sequence was used for retrieving the
alignments.

The alignments included C. elegans, C. briggsae and C. remanei in the first case
and Homo sapiens, Mus musculus, Rattus norvegicus, Bos taurus and Canis famili-
aris in the latter two.

C. elegans human and mouse miRNAs. Fasta files with C. elegans, human and
mouse miRNAs were obtained from miRBase release 16 (ref. 62). Only mature
miRNAs were considered for the seed analysis. According to miRBase 16 a
mature miRNA is the predominant miRNA between the two species arising from
the two arms of the precursor hairpin (information that is not included in more
recent versions).The miRNAs were grouped into families that share a common
seed (nucleotides 2-7). There are 117,751 and 723 miRNA families for C. elegans,
human and mouse, respectively.

Detecting putative miRNA seed matches. The C. elegans, human and mouse
multiple species alignments were scanned for putative conserved miRNA target
sites for each of the mature miRNA families. A putative target site of a miRNA is a
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6-nucleotide-long sequence in the genome that is the reverse complement of
nucleotides 2-7 of the mature miRNA sequence. A putative target site is called
conserved if it is found in C. elegans, C. briggsae and C. remanei in the first case or
in human, mouse, rat, cow and dog in the latter.

AGO PAR-CLIP. Generation and growth conditions of human embryonic kid-
ney (HEK) 293 cells and HEK293 stably expressing Flag/HA-AGO1 and Flag/
HA-AGO?2 were reported previously®. Stably transfected and parental HEK293
cells were labelled with 100 uM 4-thiouridine for 16 h. After labelling, procedure
followed the PAR-CLIP protocol as described®. Briefly, ultraviolet-irradiated
cells were lysed in NP-40 lysis buffer. Immunoprecipitation was carried out with
protein G magnetic beads (Invitrogen) coupled to anti-Flag antibody (Sigma) and
to anti-AGO2 antibody** from extracts of stably transfected and parental
HEK293 cells, respectively, for 1 h at 4 °C. Beads were treated with calf intestinal
phosphatase (NEB) and radioactively end-labelled by T4 polynucleotide kinase
(Fermentas). The crosslinked protein-RNA complexes were resolved on 4-12%
NuPAGE gel (Invitrogen), and a labelled protein-RNA complex of close to
100 kDa was excised. The protein-RNA was isolated by electroelution. RNA
was isolated by proteinase K treatment and phenol-chloroform extraction,
reverse transcribed and PCR-amplified. The amplified cDNA was sequenced
on a GAIIx (Illumina) with 36 cycles.

Human Argonaute PAR-CLIP analysis. We obtained Argonaute PAR-CLIP
reads from ref. 32. We additionally produced 4 PAR-CLIP libraries. In total,
we analysed the following PAR-CLIP data sets: AGO1_4su_1 (SRR048973),
AGO3_4su_1 (SRR048976) from ref. 32; AGO1_4su_ML_MM_6, AGO2_
4su_ ML_MM_7, AGO2_4su_ML_MM_8, and AGO2_4su_3_ML_LG (our
own data, published under GEO accession GSE43574).

Redundant reads were collapsed (such that each distinct read sequence appears
only once), aligned to the human genome (assembly hg19) using bwa 0.6.1-r104
(ref. 65), and analysed by our in-house PAR-CLIP analysis pipeline (Jens, M.
et al., unpublished), essentially as described in ref. 33. Briefly, reads uniquely
aligning to the genome are grouped into clusters contiguously covering the ref-
erence, assigning each cluster a number of quality scores (T conversions, number
of independent reads, etc). Clusters with less than 3 reads from 3 of 6 independent
AGO PAR-CLIP libraries or lacking T conversions were discarded. Remaining
clusters are annotated against a comprehensive list of transcript models (see
below) and collected into ‘only sense’, ‘only antisense’ and ‘intergenic/overlapping
transcription’ categories based on their annotation. As PAR-CLIP sequencing
preserves the directionality of RNA fragments we assume ‘only antisense’ clusters
to predominantly represent false positives due to mapping artefacts (PAR-CLIP
RNA is mutated and fragments are often short), and choose quality cutoffs for all
clusters such that the fraction of kept ‘only antisense’ clusters is reduced to below
5%. Remaining ‘only antisense’ clusters were discarded. For Fig. 3a, uniquely
aligning, collapsed reads are shown.

AGO binding sites in C. elegans. Sequencing reads from the Zisoulis Alg-1
HITS-Clip data were obtained from http://yeolab.ucsd.edu/yeolab/Papers_files/
ALGI_MT-WT_raw.tar.gz (ref. 66). The raw sequencing data of the wild-type
Alg-1 HITS-CLIP was pre-processed and mapped with the mapper module from
miRDeep2 (ref. 74). The pre-processed reads were mapped with bowtie version
0.12.7 (ref. 67) to the C. elegans genome (ce6). All reads that overlapped when
mapped to the genome were merged into bigger regions (islands). Read counts
were averaged. This resulted in 24,910 islands in the C. elegans genome.
Analysis of sequence conservation in CDR1as. Genome alignments of 32 verte-
brates were downloaded from the UCSC database (hg19)*” and analysed for the
CDRI1as locus. Primate species other than human were discarded to not bias the
analyses. The one species (cow) with more than 50% gaps in the CDRIas locus
was also discarded. The alignments for the seed regions were then corrected.
Specifically, bases that would clearly align with the seed but had been separated
in the alignment by runs of gaps were re-aligned. These corrections were neces-
sary in less than 1% of all seed sites.

For an in-depth analysis we BLATed* the human CDR1as sequence with 20-
nucleotide flanking region against all vertebrate genomes in the UCSC genome
browser and kept only hits that in turn aligned best to the human locus. The
resulting sequences were used to build a multiple species alignment with
MUSCLE®. The same corrections were applied as described above. This align-
ment was also used for Supplementary Fig. 4. Entropy was calculated in log, units
and averaged across all alignment columns bracketing each human seed site by
maximally 8 nucleotides.

Analysis of miR-7 base-pairing within CDR1as. RN Acofold”® was used to co-
fold miR-7 with each of the 74 binding regions within CDR1as defined as the
miR-7 seed match TCTTCC and the next 16 bases upstream.

Single-molecule RNA fluorescence in situ hybridization (smRNA FISH). 48
oligonucleotide probes (20 nucleotides length; spacing 2 nucleotides) comple-
mentary to the CDRlas transcript were designed using the Stellaris Probe
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Designer version 2.0 (Biosearch Technologies) with a masking level of 4 on the
human genome to achieve high probe specificity (Supplementary Table 8).
Stellaris probe pools were obtained from BioCat GmbH as conjugates coupled
to Quasar 670 (a Cy 5 replacement). Flp-In T-REx 293 cells (Life Technologies)
were grown exponentially and seeded into LabTek 4-well chambered coverslips
(1 to 2% 10° cells per well). Hybridizations were performed according to the
manufacturer’s instructions with 50 ngml™" DAPI as nuclear counterstain;
Stellaris probes were hybridized at 125nM concentration with a stringency of
10% formamide in overnight hybridizations at 37 °C. Images were acquired on an
inverted Nikon Ti microscope with a Hamatsu ORCA R2 CCD camera, a 60X
NA 1.4 oil objective and Nikon NIS-Elements Ar software (version 4), using an
exposure time of 50 ms for DAPI and 1-1.5 s for Quasar 670. Groups of cells for
imaging were chosen in the DAPI channel; Z-stacks were acquired in the Quasar
670 channel using 0.3 pm spacing and comprised a total depth of 6.5 um (5 pm
below and 1.5 pm above the middle of the nucleus) and merged using maximum
intensity.

Mouse strains and in situ hybridizations. All mice were bred and maintained in
the animal facility of the Max Delbriick Centrum under specific pathogen-free
conditions, in plastic cages with regular chow and water ad libitum. All aspects of
animal care and experimental protocols were approved by the Berlin Animal
Review Board (REG 0441/09). B6129SF1/] wild-type adult, newborns (postnatal
day 1) or pregnant females (plug detection at day 0.5; embryo collection at day
13.5) were used, as indicated for each experiment, to obtain the tissues needed for
RNA analysis and in situ hybridizations (ISH). After death, embryos or tissues
were immediately frozen in liquid nitrogen and stored at —70 °C, or fixed for ISH.

Mouse brain structures were collected and named according to the anatomical
guidelines of the Gene Expression Nervous System Atlas of the Rockefeller
University (http://www.gensat.org) and the Mouse Brain Atlas (http://www.
mbl.org/mbl_main/atlas.html).

For the RNA analysis and to clone CDR1as-specific RNA probes, two adult
1-year-old mice of both sexes were dissected, total RNA prepared and analysed. If
embryos or newborns were sectioned, a minimum of two specimens were eval-
uated; in some instances up to 5 specimens were used.

For ISH, samples were fixed in formalin (1 XPBS; 4% formaldehyde) for 12h
and post-fixed (70% ethanol, 18 h) before dehydrating and paraffin-embedding.
Next, the organs were perfused with a standard protocol using a Shandon XP
Hypercentre. For ISH mouse embryos or organs were cut in RNase-free condi-
tions at 6 um and ISH was performed as described*® with digoxigenin (DIG)-
labelled RNA probes. All DIG-RNA probes were hybridized at 58 °C overnight. A
total of 600 ng of the labelled probes was used per slide.

To amplify Cdrl sense and antisense sequences for ISH probe preparation a
standard PCR-amplification was performed using mouse cerebellum cDNA.
Three Cdrlas amplicons were generated, two of which probes are meant for
the detection of both linear and circular forms using mmuCdrl_1f 5'-
TGCCAGTACCAAGGTCTTCC-3" and mmuCdrl_Ir 5'-TTTTCTGCTGGA
AGATGTCAA-3', as well as mmuCdrl_2f 5-CCAGACAATCGTGATCT
TCC-3" and mmuCdrl_2r 5'-ATCTTGGCTGGAAGACTTGG-3'. In addition
a probe was generated, specific to the circular probe, using the divergent primers
mmuCdrl_as_7f 5'-CCACATCTTCCAGCATCTTT-3" and mmuCdrl_as_
7r 5'-TGGATCCCTTGGAAGACAAA-3" (CDR1_as head to tail probe). All
ensuing fragments were subcloned into pCR-BluntII-TOPO (Invitrogen) and
verified by sequencing. Linearized plasmids were amenable for in vitro transcrip-
tion using the T7 (antisense) or SP6 (sense) polymerase and a DIG-label nucleo-
tide mixture according to manufacturer’s instruction (Roche Applied Science).

LNA ISHs were performed according to a protocol suggested by the manufac-
turer (Exiqon) with minor modifications. For individual LNAs, specific protocols
were run at 51 °C (miR-7; 38485-15) or 58 °C (miR-124; 88066-15) on an
InsituPro VS robot (Intavis). A pre-hybridization step was added, which con-
sisted of an incubation of the slides at 15 °C lower than the hybridization tem-
perature for 30 min using hybridization buffer. The antibody-blocking step
was performed in the presence of 1% mouse blocking reagent (Roche
11096176001) and 10% sheep serum. The LNA probes were used at the following
concentrations: miR-7 40 nM; miR-124 20nM; U6 snRNA 1nM; scrambled
40nM, as suggested by miRCURY LNA microRNA ISH Optimization kit
(Exiqon; 90004). Before detection all slides were washed 4X in NTMT including
1 mM Levamisole. The doubly DIG-labelled LNAs were detected by the alkaline
phosphatase using the substrate BM-purple (Roche; 11442074001) at 37 °C.
siRNA- and shRNA-mediated knock down. CDR1as was knocked down using
custom designed siRNA oligonucleotides (Sigma) and Lipofectamine RNAiMax
(Invitrogen). 2 X 10° HEK293 cells were transfected with 10 nM siRNA duplex
following the manufacturer’s protocol. After 12-16h cells were harvested and
subjected to RNA analysis. For stable knock down of CDR1as, 293TN cells were
co-transfected with the packaging plasmids pLP1, pLP2 and the VSV-G plasmid
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(Invitrogen) and pSicoR constructs” (sequences available in the Supplementary
Table 8) by calcium phosphate transfections. Viral supernatants were harvested
after 24 h and 48 h post transfection and filtered through a 0.44 um filter. For
infection the viral supernatants supplemented with fresh medium and 6 pgml ™"
polybrene was added to target cells. After overnight infection cells were allowed to
recover for 12 h and subjected to a second round of infection. Cells were collected
48-72h after the first infection. The list of siRNA oligonucleotides is provided in
Supplementary Table 8.

Zebrafish methods. Zebrafish and their embryos were handled according to
standard protocols” and in accordance with Max Delbriick Centrum insti-
tutional ethical guidelines. The Tg(huC:egfp) and the Tg(Xia. Tubb:dsRED) trans-
genic zebrafish lines have been described elsewhere**. Morpholino antisense
oligomers (Gene Tools) were prepared at a stock concentration of 1 mM accord-
ing to the manufacturer’s protocol. Sequences: control morpholino, 5'-CTC
TTACCTCAGTTACAATTTATA-3' (control morpholino) and morpholino tar-
geting miR-7, 5'-ACAACAAAATCACAAGTCTTCCACA-3'" (miR-7 morpho-
lino). For titration experiments we used 15 ng of control morpholino and 9 and
15 ng of miR-7 morpholino; for all other experiments we used 9 ng miR-7 mor-
pholino. 3 nl of morpholinos were injected into the yolk of single-cell-stage
embryos.

A 673-nucleotide mouse Cdrlas fragment was amplified from mouse cerebel-
lar cDNA and the amplicon was subcloned into a pCR-Blunt II Topo vector
(Invitrogen). The vector was linearized with Kpnl or Apal (Fermentas) in vitro
transcribed (IVT) using T7 and SP6 RNA polymerases (Promega) and the result-
ing Cdrlas and reverse complement Cdrlas_control products were used for
injections (1.5nl of 100ngnl™") into the cell of single-cell-stage embryos. In a
repetition of these experiments the Cdrlas fragment amplicon was directly used
as a template for IVT by exploiting T7-promoter extended forward and reverse
primer.

Approximately 1.5nl of a 50 ng ul~" construct (backbone pCS2+) expressing
the human linear or the human circular CDR1as was injected into the cell of
single-cell-stage embryos (provided by the Kjems laboratory). For rescue experi-
ments the construct containing the circular CDR1as was injected together with
1.5 nl pre-miR-7 precursor (7 pM, pre-miR miRNA precursor ID PM10047 from
Applied Biosystems). The negative control was the vector pCS2+ without insert
(empty vector, 50 ng pl ™).

Confocal imaging was performed using a Zeiss LSM 510 microscope (Carl
Zeiss Microlmaging) equipped with a 25X objective (NA = 0.8). Embryos were
anaesthetized using 0.1% tricaine and mounted in 1% agarose as described”.
Confocal stacks were acquired of the brain region and processed using Zeiss
ZEN software. Midbrain and telencephalon volumes were calculated using
Imaris 64X7.6.1 software based on high-resolution three-dimensional stacks
obtained from Tg(Xia.Tubb:dsRED) embryos. Reduced midbrain development
was defined as >50% smaller than the mean size of controls.

Each experimental group was evaluated in at least three independent experi-
ments; a minimum of 80 individual embryos per group were examined. Data are
expressed as mean = standard deviation. Statistical analysis was performed using
Students’t-test, and a P < 0.05 was considered statistically significant.

Expression of miR-7 in zebrafish embryos at 48 hours post fertilization was
normalized to expression of P-actin. In the miR-7 morpholino group, only
embryos with a midbrain phenotype were used for the RNA expression analysis.

dre B-actin forward primer, 5'-TGCTGTTTTCCCCTCCATTG-3'; reverse pri-
mer, 5 -TTCTGTCCCATGCCAACCA-3'; probe sequence FAM-5'-TGGAC
GACCCAGACATCAGGGAGTG-3'-TAMRA.

For measuring the expression of dre-miR-7a/b we used Applied Biosystems
TagMan miR assays (ID000268, ID001088).
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