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SUMMARY

Innate immunity is highly conserved and relies on
pattern recognition receptors (PRRs) such as Toll-
like receptors (identified through their homology to
Drosophila Toll) for pathogen recognition. Although
Drosophila Toll is vital for immune recognition and
defense, roles for the other eight Drosophila Tolls in
immunity have remained elusive. Here we have
shown that Toll-7 is a PRR both in vitro and in adult
flies; loss of Toll-7 led to increased vesicular stoma-
titis virus (VSV) replication andmortality. Toll-7, along
with additional uncharacterized Drosophila Tolls,
was transcriptionally induced by VSV infection.
Furthermore, Toll-7 interacted with VSV at the
plasma membrane and induced antiviral autophagy
independently of the canonical Toll signaling path-
way. These data uncover an evolutionarily conserved
role for a second Drosophila Toll receptor that links
viral recognition to autophagy and defense and
suggest that other Drosophila Tolls may restrict
specific as yet untested pathogens, perhaps via non-
canonical signaling pathways.

INTRODUCTION

Detection and clearance of viruses by the innate immune system

involves several distinct and essential pathways that are evolu-

tionarily conserved (Janeway andMedzhitov, 2002). These path-

ways rely on pattern recognition receptors (PRRs) to recognize

pathogen-associated molecular patterns (PAMPs), molecular

signatures shared by wide classes of invading organisms, and

induce an appropriate effector response to clear the infection.

One important class of PRRs are the Toll-like receptors (TLRs),

which were first identified in Drosophila through their homology

to Toll, and are now recognized as the canonical pathogen

recognition system in all metazoans (Uematsu and Akira, 2006).

Drosophila encodes nine Toll receptors (Bilak et al., 2003). The

first to be identified, Toll, is the upstream receptor for the Toll

pathway, which is the main defense against Gram-positive

bacterial and fungal infections and is conserved in many insects

(Cerenius et al., 2010; Lemaitre and Hoffmann, 2007; Lemaitre

et al., 1996). These microbes are sensed by a variety of recogni-
658 Immunity 36, 658–667, April 20, 2012 ª2012 Elsevier Inc.
tion molecules that activate a proteolytic cascade converging on

the activation of spätzle, a cytokine that binds to Toll thereby

inducing an NF-kB-dependent transcriptional program for anti-

microbial defense. Surprisingly, a role for the additional eight

Drosophila Toll homologs in innate immune defense has yet to

be established. Toll-2 (18-wheeler) may have a minor role in

the antibacterial response (Ligoxygakis et al., 2002; Williams

et al., 1997), and Toll-5 (Tehao) and Toll-9 can activate the

expression of the antifungal gene Drosomycin (Bilak et al.,

2003; Luo et al., 2001; Ooi et al., 2002; Tauszig et al., 2000).

However, these receptors have not been implicated as essential

components of the immune response or in the recognition of any

pathogen (Narbonne-Reveau et al., 2011; Yagi et al., 2010).

In contrast to Drosophila, studies have quickly identified a role

for the ten human TLRs in immunity. Mutants in the TLRs are

more susceptible to infection, and the PAMPs recognized by

TLRs have been well characterized. Viral nucleic acids are

recognized via endolysosomal TLRs (TLRs 3, 7, 8, 9) and viral

glycoproteins can be recognized by TLRs present on the cell

surface (e.g., TLR4) (Akira et al., 2006; Kawai and Akira, 2006).

Unlike the indirect recognition of microbes by Toll, the mamma-

lian TLRs generally bind microbial PAMPs directly to activate

innate immune effectors (Jin and Lee, 2008).

One such effector pathway is autophagy, which can be

induced by TLR signaling, although its in vivo significance is

unknown (Delgado et al., 2009; Xu and Eissa, 2010). Autophagy

is an ancient and conserved pathway that degrades intracellular

components and can restrict a variety of intracellular pathogens,

including viruses (Deretic and Levine, 2009; Lee et al., 2007; Lev-

ine et al., 2011; McPhee and Baehrecke, 2009). In Drosophila,

autophagy is triggered upon recognition of the vesicular stoma-

titis virus (VSV) glycoprotein VSV-G, and this pathway is essen-

tial for antiviral defense in adult flies (Shelly et al., 2009). The

response can be activated by viral recognition independently

of viral replication, and therefore we hypothesized that VSV

might be recognized by aDrosophilaPRR controlling antiviral au-

tophagy. Because the TLRs are known PRRs and VSV-G was

previously shown to induce TLR4 signaling in mammalian cells

(Georgel et al., 2007), we reasoned that one of the nine

Drosophila Tolls could be the PRR linking viral recognition to

this innate immune response. By screening mutants in the nine

Drosophila Tolls in both cells and adult flies, we found that VSV

was recognized by Toll-7, which restricted viral replication and

thereby protected flies from an otherwise lethal infection. Toll-7

interacted with VSV virions at the plasma membrane, and this

recognition was required for the induction of antiviral autophagy.
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Figure 1. Drosophila Toll-7 and Toll-2 Are Antiviral in Cells

(A) Drosophila cells pretreated with dsRNAs against the indicated genes were

infected with VSV (MOI = 0.1) for 20 hr and processed for immunofluores-

cence. Infected cells express GFP, and the percent infection is calculated with

automated image analysis (MetaXpress) from three wells, with three sites per

well (virus, green; nuclei, blue).

(B) Percent infection for three experiments is shown; mean ± SE, *p < 0.01,

Student’s t test.

(C) Cells pretreated with the indicated dsRNAs were infected (MOI = 0.1) and

processed for immunoblot 20 hr p.i.; a representative experiment of three is

depicted.
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Together, these data demonstrate that pathogen recognition by

Drosophila Tolls may bemore similar than previously assumed to

the mammalian systems and that there may be unknown roles

for the additional Tolls in antiviral defense.

RESULTS

Toll-7 Restricts VSV Infection in Cultured Cells
To determine whether any of the Drosophila Tolls are involved in

antiviral defense against VSV, we generated double-stranded

RNA (dsRNA) against each of the nine Toll receptors and

depleted them in Drosophila S2 cells via RNA interference

(RNAi). Efficient silencing for each Toll receptor was confirmed

by reverse transcriptase-polymerase chain reaction (RT-PCR)

(Figure S1 available online). Next, we challenged RNAi-treated

cells with VSV-GFP and subsequently analyzed the infection

by fluorescence microscopy and automated image analysis.

We observed an increase in the percentage of infected cells

upon silencing of Toll-7 and Toll-2 but not other Tolls (Figures

1A and 1B). This increase was similar to that observed upon

silencing of Atg8, an essential autophagy protein. Immunoblot

analysis further confirmed that there was an elevation in the

amount of GFP production in cells depleted of Toll-7 or Toll-2

but not other Toll receptors (Figure 1C, not shown). Interestingly,

Toll-7 and Toll-2 are highly similar, showing 61% identity and

74% similarity, and are located in close chromosomal proximity

(250 kb apart). Taken together, our data suggest that Toll-7 and

Toll-2 might represent a gene duplication and play a similar anti-

viral role in vivo (Yagi et al., 2010).

Toll-7 Is Essential for Antiviral Defense in Adult Flies
Because Drosophila Toll-7 and Toll-2 were antiviral in vitro, we

next investigated whether these receptors or any of the other

Tolls play similar innate antiviral roles in the adult organism.

With in vivo RNAi, we screened these genes to determine

whether loss of any of these factors had an effect on VSV repli-

cation. Toll receptor-depleted flies were generated by driving

expression of transgenes bearing long hairpin double-stranded

RNA constructs targeting each Toll gene (Dietzl et al., 2007).

For Toll (Tl) and Toll-4 through Toll-9, we crossed control and

transgenic flies to a strong ubiquitous driver, Actin-GAL4, to

constitutively express the transgene. Because the Toll-2 (18w)

and Toll-3 (Mstprox) transgenes were lethal when driven ubiqui-

tously during development, we crossed them to heat-shock-

GAL4 to allow for inducible transgene expression. Once again,

silencing of each Toll was confirmed, although we were unable

to detect Toll-3 and Toll-4 expression (Figure S2A). Silenced flies

along with their sibling controls were challenged with VSV and

monitored for changes in viral infection at day 6 postinfection.

Only the loss of Toll-7 had a significant effect on VSV infection

and led to an increase in viral RNA production (Figure 2A).

Furthermore, increased viral replication upon Toll-7 depletion

was also observed at day 9 postinfection (Figure 2B). To validate

the Toll-7 phenotype, we challenged a second independent

transgenic RNAi line and similarly found that silencing of Toll-7

resulted in increased VSV replication as measured by RNA blot

at day 6, as well as at later time points (Figures S2B and S2C).

Finally, adult flies expressing heat shock-driven Toll-7 dsRNA

exhibited increased viral replication, suggesting that the suscep-
tibility of Toll-7-depleted flies to VSV infection is not due to devel-

opmental defects (Figure S2D).

Because RNAi-mediated silencing is incomplete and Toll-2

was antiviral in cell culture (Figure 1), we tested whether previ-

ously characterized Toll-2 mutant flies (18wD7-35/Df(2R)017) were

more susceptible to VSV infection (Ligoxygakis et al., 2002). In

contrast to our in vitro results, Toll-2 was dispensable for

defense against VSV in adult flies (Figure S2E). Taken together,

these data suggest that Toll-7 but not Toll-2 is an essential

component of the antiviral arsenal in both cells and adult flies.

Next, we evaluatedwhether Toll-7 depletion alters the suscep-

tibility of flies to VSV infection. Depletion of Toll-7 had no effect
Immunity 36, 658–667, April 20, 2012 ª2012 Elsevier Inc. 659
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Figure 2. Toll-7 Is Antiviral in Adult Flies

(A) Adult flies expressing dsRNA against the indicated Toll receptors and their sibling controls were challenged with VSV and monitored for viral replication at

6 days p.i. by RNA blot and quantified relative to a cellular control mRNA (Actin). Fold change of themean ± SD compared to sibling controls for three experiments

is shown; *p < 0.05, Student’s t test.

(B) Toll-7-depleted flies (Actin-Gal4 > UAS-Toll-7 IR) or sibling controls (+ > UAS-Toll-7 IR) were challenged with VSV and viral RNA wasmonitored by RNA blot at

the indicated time points p.i. A representative blot is depicted; results were repeated in at least three experiments.

(C) Adult flies expressing dsRNA against Toll-7 (Actin-Gal4 > UAS-Toll-7 IR) or sibling controls (+ > UAS-Toll-7 IR) were challenged with vehicle (PBS) or VSV, and

morbidity was monitored as a function of time after infection. Mean ± SE is shown for three experiments (Log-rank test, p < 0.02).

(D) Toll-7 mutant (Df(2R)BSC22/Toll-7g1-5) or control (+/Toll-7g1-5) flies were infected with VSV and viral replication was monitored by RNA blot.

(E) Average fold change of viral RNA in Toll-7mutants compared to controls normalized to RpS6 expression at 6 days p.i.; mean ± SD; *p < 0.05, Student’s t test.

(F) Survival of VSV-challenged Toll-7mutant (Df(2R)BSC22/Toll-7g1-5) or sibling control (Df(2R)BSC22/+ and +/Toll-7g1-5) flies for three experiments (mean ± SE;

Log-rank test, p < 0.001).
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on the lifespan of adult flies (Figure 2C). We challenged control

(+ > UAS-Toll-7 IR) or Toll-7-depleted (Actin-GAL4 > UAS-

Toll-7 IR) flies with VSV and found that whereas the control flies

were viable, the Toll-7-depleted flies succumbed to infection

(Figure 2C). Thus, Toll-7 depletion in adult flies promotes
660 Immunity 36, 658–667, April 20, 2012 ª2012 Elsevier Inc.
increased viral replication, leading to mortality from an otherwise

nonlethal infection.

Although silenced flies exhibited decreased Toll-7 mRNA

expression, RNAi carries potential caveats such as driver over-

expression and off-target silencing. To address these concerns,
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B Figure 3. Toll-7, but Not the Canonical Innate

Immune Signaling Pathways, Is Transcrip-

tionally Induced by VSV Infection

(A) Drosophila cells were either uninfected or infected

with VSV for 4 hr and processed for RT-qPCR of the Toll

pathway AMP Drosomycin, the Imd pathway AMP

Diptericin, and the Jak-Stat pathway readout vir-1.

These were normalized to a control gene (Rp49) and

fold change of mean ± SD for three experiments is

shown; *p < 0.01, Student’s t test.

(B) Adult flies either heterozygous or homozygous

mutant for the Toll pathway components MyD88 and

the NF-kB transcription factor Dif were challenged with

VSV and viral replication was monitored by RNA blot at

6 days p.i. and quantified relative to a cellular control

(Actin). Fold change compared to heterozygous control

of the mean ± SD for three experiments is shown.

(C) Expression of the Drosophila Tolls from VSV-

infected cells 4 hr p.i. compared to uninfected cells was

analyzed by RT-qPCR; mean ± SD, *p < 0.01, Student’s

t test.
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we obtained a recently reported Toll-7 mutant fly line harboring

a deletion in the Toll-7 coding region (Toll-7g1-5) (Yagi et al.,

2010). These flies were crossed to a deficiency strain to generate

flies lacking Toll-7 expression, and we confirmed the deletion at

the DNA level by genotyping and at the RNA level by RT-PCR

(Figures S2F–S2H). Toll-7mutants and control flies were infected

with VSV, and consistent with the in vivo RNAi results, the Toll-7

mutants demonstrated significantly elevated viral replication

(Figures 2D, 2E, and S2I). This increased viral RNA load corre-

lated with decreased survival of the Toll-7mutants after infection

(Figure 2F). Collectively, these data further verify Toll-7 as

a critical antiviral factor against VSV in vivo.

VSV Infection Induces Toll-7 Expression but Not Other
Canonical Signaling Pathways
Drosophila has evolved multiple pathways to defend against

invading pathogens, among which are the Toll, IMD, and Jak-

Stat pathways (Lemaitre and Hoffmann, 2007; Sabin et al.,

2010). Each of these pathways responds to different invading

pathogens and ultimately leads to the induction of specific anti-

microbial peptides (AMPs) (Lemaitre and Hoffmann, 2007).

Because all the Drosophila Tolls have a conserved Toll and

Interleukin-1 receptor (TIR) domain (Imler and Zheng, 2004),

we explored whether Toll-7 signals via the canonical Toll

signaling pathway. The Toll-dependent AMP gene Drosomycin

is potently activated after fungal infection, but it was only

modestly induced by VSV infection in cultured cells (�2-fold; Fig-

ure 3A). To examinewhether this induction reflects a requirement

for the Toll signaling pathway in restricting VSV infection in vivo,

we challenged flies mutant for canonical pathway components
Immunity 36, 6
including the TIR adaptor MyD88 and NF-kB

member Dif, both of which are essential for

fungal and Gram-positive bacterial immunity

in adult flies (Bilak et al., 2003; Ip et al.,

1993; Tauszig-Delamasure et al., 2002).

Loss of these critical Toll pathway compo-

nents had no impact on VSV replication
in vivo, suggesting that Toll-7 signals through a distinct pathway

(Figure 3B).

The IMD pathway is also activated by a PRR and converges on

alternative NF-kB transcription factors that induce a different

spectrum of AMPs including Diptericin (Lemaitre and Hoffmann,

2007). We also explored this pathway to see whether Toll-7

might be signaling through downstream members and found

that VSV infection did not affect Diptericin expression in cell

culture (Figure 3A).

Lastly, we examined the Jak-Stat signaling pathway, which

has been shown to play antiviral roles in both flies and mammals

(Dostert et al., 2005; Garcı́a-Sastre and Biron, 2006). Upon VSV

infection of cells, we found that expression of vir-1, a virus-

specific Stat-dependent gene in Drosophila, was unperturbed

(Figure 3B). These data suggest that Toll-7 mediates its antiviral

effects through a signaling cascade distinct from the canonical

Toll, IMD, or Jak-Stat pathways.

Many genes with roles in immunity are regulated by infection,

so we examined the expression of Toll-7 (and the other Toll

receptors) after VSV infection. Cells were challenged with VSV,

and Toll-7 along with Toll, Toll-2, Toll-4, and Toll-8 were tran-

scriptionally induced, indicating a potential role for these genes

in immunity (Figure 3C).

Toll-7 Is a Surface Receptor that Interacts with VSV
TLRs can reside either at the plasma membrane or within endo-

somal compartments where they interact directly or indirectly

with pathogens. Therefore, we characterized the subcellular

localization of Toll-7. For these studies we generated an anti-

body that recognizes endogenous Toll-7 and found that RNAi
58–667, April 20, 2012 ª2012 Elsevier Inc. 661
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Figure 4. Toll-7 Is a Membrane-Bound Receptor that Interacts with VSV

(A) Immunoblot of Drosophila cells treated with control or Toll-7 dsRNA (left), adult flies expressing dsRNA against Toll-7 (Actin-Gal4 > UAS-Toll-7 IR), or sibling

controls (+ > UAS-Toll-7 IR) (center) and Toll-7 mutant (Df(2R)BSC22/Toll-7g1-5) or control (+/Toll-7g1-5) flies (right) probed for Toll-7 and control (tubulin).

A representative experiment is shown; similar findings were made in at least three experiments.

(B) Cells at 4�C were left untreated or biotinylated for 1 hr, and lysates were probed with the indicated antibodies (input, left; precipitate, right). A representative

experiment is shown; similar findings were made in at least three experiments.

(C) Drosophila cells treated with the indicated dsRNA were left untreated or incubated with biotinylated IgG or biotinylated VSV for 1 hr at 4�C. Lysates were

precipitated with streptavidin beads and immunoblotted for Toll-7 or VSV-G. Coomassie staining is shown as a loading control. A representative experiment is

shown; similar findings were made in at least three experiments.

(D) Cells were left untreated or incubated with biotinylated VSV for 1 hr at 4�C. Lysates were precipitated with streptavidin beads and immunoblotted with the

indicated antibodies. A representative experiment is shown; similar findings were made in at least three experiments.
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against Toll-7 efficiently depleted the protein in both cells

and flies (Figure 4A). Toll-7 protein was also undetectable in

the Toll-7 mutant flies (Figure 4A), and transgenic flies express-

ing Toll-7 under control of heat-shock-GAL4 exhibited increased

Toll-7 protein, further validating the antibody’s activity (Fig-

ure S3). To test whether Toll-7 is a plasma membrane-resident

protein, we surface biotinylated Drosophila cells with a cell-

impermeable form of biotin and precipitated the biotinylated

proteins with avidin. Similar to the known surface-resident

protein Toll, Toll-7 was precipitated by avidin whereas tubulin,

an intracellular protein, was not found in the precipitate

(Figure 4B).

In general, mammalian TLRs bind directly to their PAMPs,

whereas recognition by Drosophila Toll is indirect. Toll is instead

activated by the cytokine spätzle, which is the product of

a proteolytic cascade induced upon upstream recognition of

bacterial and fungal PAMPs (Akira et al., 2006; Ferrandon

et al., 2004; Lemaitre et al., 1996). Therefore, we tested whether

VSV interacted with Toll-7 at the cell surface. Cells were pre-

bound with purified biotinylated infectious VSV at 4�C to allow

for surface binding. After 1 hr, unbound virus was removed and

cell lysates were applied to avidin beads. Precipitation of

proteins bound to VSV revealed that VSV-G was efficiently

precipitated, as indicated by the fact that we were unable to

detect the low amount in the input (Figure 4C). We found that

VSV interacted with endogenous Toll-7 at the plasmamembrane
662 Immunity 36, 658–667, April 20, 2012 ª2012 Elsevier Inc.
and that this interaction was lost upon RNAi depletion of Toll-7

(Figure 4C). Moreover, the interaction between Toll-7 and VSV

was specific, as indicated by the fact that Toll-7 did not bind

biotinylated IgG (Figures 4C and 4D). Lastly, whereas Toll-7

precipitated with VSV, the plasma membrane protein Toll and

the intracellular protein tubulin did not precipitate, suggesting

that Toll-7 is a specific and bona fide PRR for VSV (Figure 4D).

VSV-Induced Autophagy Is Dependent on Toll-7
in Cultured Cells
Because both Toll-7 and autophagy show similar antiviral activity

against VSV, we tested whether Toll-7 is the PRR upstream of

autophagy. In order to examine autophagy, we implemented

a commonly used assay dependent upon the change in localiza-

tion of an expressed GFP-tagged Light Chain 3 (GFP-LC3) in

Drosophila cells (Juhasz and Neufeld, 2008; McPhee et al.,

2010; Rusten et al., 2004; Shelly et al., 2009). Under normal

conditions, LC3 shows diffuse cytoplasmic staining; however,

it is translocated to autophagosomes when autophagy is

induced, appearing as bright puncta within the cell (Klionsky

et al., 2008; Mizushima et al., 2010). Upon VSV infection or star-

vation, we observed a significant increase in the number of LC3

puncta per cell compared to control cells (Figures 5A–5C; quan-

tified in Figures 5D and S4). This induction was dependent on

canonical autophagy proteins, as shown by the fact that deple-

tion of Atg5, a core component of this pathway, blocked the
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Figure 5. Toll-7 Is Required for Antiviral Autophagy in Cell Culture

Cells transfected with a GFP-LC3 reporter (green) were treated with dsRNA against a negative control (Betagal) (A, B, C), canonical autophagy component

Atg5 (E, F, G), or Toll-7 (I, J, K). Cells were left uninfected (A, E, I), starved (B, F, J), or infected with VSV for 22 hr (MOI = 10) (C, G, K). Representative images

are shown (nuclei, blue; GFP-LC3, green; VSV-G, red). Open arrows indicate GFP-LC3+ puncta and closed arrows indicate VSV+ cells devoid of GFP-LC3

puncta. Scale bar represents 10 mm. Quantification of the fold change (D, H, L) in puncta per cell for triplicate experiments; mean ± SD is shown; *p < 0.02,

Student’s t test.
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puncta formation induced by either VSV infection or starvation

(Figures 5E–5G; quantified in Figures 5H and S4). In contrast,

upon silencing of Toll-7, VSV-induced puncta were lost whereas

starvation-induced puncta were unaffected (Figures 5I–5K;

quantified in Figures 5L and S4). Taken together, these results

indicate that Toll-7 is specifically required for antiviral autophagy

but is dispensable for starvation-induced autophagy.

Toll-7 Mediates the Antiviral Autophagy Response
in Adult Flies
Next, we evaluated whether Toll-7 is required for VSV-induced

autophagy in vivo. To examine autophagy in adult flies, we

used a well-characterized assay that takes advantage of

Lysotracker, a marker of acidified compartments, to observe

the induction of late-stage autophagosomes in the fat body,

which lacks an acidic pH under normal conditions (Arsham and

Neufeld, 2009; Bilen and Bonini, 2007; Chen et al., 2008;

McPhee et al., 2010; Rusten et al., 2004; Shelly et al., 2009).

Toll-7-silenced flies or sibling controls were infected with VSV-

GFP and dissected 3 days after infection, at which time the fat

body was removed and stained with Lysotracker. Although

control flies showed significant Lysotracker staining in VSV-

infected fat body cells, Toll-7-depleted flies exhibited minimal

Lysotracker staining despite extensive viral infection, as moni-

tored by GFP expression (Figure 6A, quantified in Figure 6B).

Uninfected Toll-7-silenced flies or sibling controls had little

Lysotracker staining of fat body cells (data not shown).

To further verify that Toll-7 is required for the induction of au-

tophagy downstream of VSV infection in adult flies, we imple-
mented an immunoblot assay. During autophagy, cytosolic

LC3 (LC3-I or Atg8-I) is conjugated with phosphatidylethanol-

amine, forming a lipidated form of LC3 (LC3-II or Atg8-II) that

decorates the autophagic membrane and results in a size shift

by immunoblot (Shelly et al., 2009). Control flies exhibited

a strong induction of autophagy after VSV infection as monitored

by increased Atg-II amounts; however, VSV-activated autoph-

agy was severely abrogated in Toll-7-depleted flies (Figure 6C).

Consistent with these results, Toll-7 mutant flies demonstrated

a reduction in Atg8-II production after VSV challenge compared

to the controls (Figure 6D). Autophagy was induced indepen-

dently of canonical Toll signaling as shown by the fact that

Myd88 mutant flies showed substantial Atg8-II accumulation

after VSV infection (Figure S5). Together, our results confirm

that Toll-7 is required for VSV-induced antiviral autophagy both

in vitro and in vivo.

DISCUSSION

The essential role for Drosophila Toll in antimicrobial defense is

firmly established; however, whether other Toll receptors serve

important immune functions has been poorly understood. We

have identified a role for a second Drosophila Toll receptor,

Toll-7, in antiviral defense both in cells and animals. Toll-7-

depleted cells exhibited increased VSV infectivity, and Toll-7-

deficient flies demonstrated significantly elevated viral replica-

tion and mortality after VSV challenge. Furthermore, Toll-7 acted

as a PRR by interacting with VSV at the plasma membrane

to induce an effector program that converged on antiviral
Immunity 36, 658–667, April 20, 2012 ª2012 Elsevier Inc. 663
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Figure 6. Toll-7 Is Required for Antiviral Autophagy in Adult Flies

(A) Control flies (+ > UAS-Toll-7 IR) or Toll-7-depleted flies (Actin-Gal4 > UAS-Toll-7 IR) were challenged with VSV-GFP for 3 days. The flies were monitored for

infection (GFP+) and autophagy (Lysotracker+). Representative images of fat body demonstrate that autophagy is induced in infected wild-type cells but not in the

infected Toll-7-depleted cells. Scale bar represents 100 mm.

(B) The percentage of virally infected cells (GFP+) with puncta (Lysotracker+) was quantified. Mean ± SD shown for three experiments; *p < 0.0001, Student’s

t test.

(C) Immunoblot of control flies (+ > UAS-Toll-7IR) or Toll-7-depleted flies (Actin-Gal4 > UAS-Toll-7 IR) challenged with VSV for 2 days. Autophagy was monitored

by size shift of Atg8 (Atg8-II accumulation) and samples were normalized to the control protein tubulin. These data show representative experiments; similar

findings were made in at least three experiments.

(D) Immunoblot of Atg8 expression from VSV-challenged Toll-7mutant (Df(2R)BSC22/Toll-7g1-5) or control (+/Toll-7g1-5) flies day 3 postinfection. A representative

image of three experiments is presented.
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autophagy. The function of Toll-7 appears to be specific to anti-

viral immunity, as shown by the fact that Toll-7-deficient flies

mount appropriate AMP responses to septic injury (Yagi et al.,

2010).

Multiple innate immune pathways in Drosophila rely on the

activation of the transcription factor NF-kB; however, the Toll-

7-dependent autophagy response is probably elicited via an

NF-kB-independent mechanism. Unlike Toll-7-deficient flies,

flies lacking core Toll pathway components did not demonstrate

increased susceptibility to VSV. Moreover, the IMD pathway was

not activated by viral infection. In agreement with these data,

MyD88 was also not required for the induction of antiviral au-

tophagy. This NF-kB independence is consistent with previous

studies that found that the NF-kB-dependent AMPs Diptericin

and Drosomycin are not induced in Drosophila cells when stim-

ulated with a hyperactive form of Toll-7 (Tauszig et al., 2000)

and that Toll-7 is dispensable for immunity to NF-kB-dependent

bacterial challenges (Yagi et al., 2010). Hence, although Toll-7

probably activates noncanonical signaling pathways, the exact

pathways downstream of Toll-7 remain to be determined.

Recent studies inmammals found that TLR activation can lead

to the induction of autophagy in a variety of cultured cells

(Delgado et al., 2008; Sanjuan et al., 2007; Shin et al., 2010; Xu

et al., 2007). However, the mechanism by which TLR stimulation

converges on autophagy is unclear. Moreover, the dependence

on specific signaling molecules is controversial and whether

TLR-induced autophagy is important in restricting infection
664 Immunity 36, 658–667, April 20, 2012 ª2012 Elsevier Inc.
in vivo is unknown (Delgado et al., 2009; Xu and Eissa, 2010).

Our data, together with the findings that Listeria recognition via

a peptidoglycan recognition protein induces autophagy (Yano

et al., 2008), suggest that multiple classes of PRRs are involved

in the induction of antimicrobial autophagy, which plays an

important role in the control of a diverse set of pathogens.

Whereas the discovery of Toll as an innate immune receptor

led to the identification of TLRs as a large family of PRRs, studies

demonstrating a role for the additional eight Toll receptors in

immunity have lagged behind. This discrepancy may be in part

due to the lack of studies probing the role of the additional eight

Toll receptors in antiviral defense. Perhaps the lack of classical

cytoplasmic sensors (RIG-I and MDA5) has required Drosophila

to be more heavily dependent on the Tolls for viral recognition,

opening up the possibility that additional Drosophila Toll recep-

tors play roles in antiviral immunity. This hypothesis is further

supported by our finding that a number of uncharacterized Tolls

are induced by viral infection similar to the two major antiviral

TLRs, TLR3 and TLR7, which are transcriptionally induced by

viral infection in mammalian systems (Sirén et al., 2005; Takeda

et al., 2003). Importantly, Toll-7 is conserved in vector mosqui-

toes, suggesting that Toll-7 and other Toll receptors may be

involved in the recognition and restriction of human arboviruses

(Waterhouse et al., 2007).

TLRs are generally thought to directly bind their PAMPs,

whereas Drosophila Toll functions indirectly by recognizing

a host cytokine. Our findings that Toll-7 interacts with VSV virions
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suggest that Toll-7 might act directly as a pattern recognition

receptormore similar tomammalian TLRs, a previously unknown

mechanism for an insect Toll receptor. Although VSV is an arbo-

virus, the natural vectors have been proposed to be biting

insects such as sand flies and blackflies (Comer et al., 1990;

Mead et al., 2004); nevertheless, for several reasons we believe

that VSV is a bona fide ligand for Drosophila Toll-7. First, Toll-7

is highly conserved between insect species that have been

sequenced (66% identity and 77% homology to Aedes aegypti

Toll-7), indeed, more so than many other Toll receptors. Second,

although nucleic acids have been well characterized as viral

PAMPs, emerging evidence suggests that viral proteins in-

cluding glycoproteins can also activate TLRs (Barbalat et al.,

2009; Barton, 2007). Importantly, there are several examples of

murine TLRs that recognize PAMPs from viruses that naturally

do not infect mice. Humans are the natural host of measles virus,

yet the viral hemagglutinin still activates mouse TLR2 (Bieback

et al., 2002). Likewise, Tlr2�/� murine macrophages have

reduced cytokine responses to hepatitis C virus core and NS3,

as well as to human cytomegalovirus, despite the fact that

both viruses are human viruses (Chang et al., 2007; Compton

et al., 2003). Moreover, in mouse macrophages and myeloid

dendritic cells, VSV-G activates an antiviral response dependent

on TLR4, even though VSV does not normally infect mice in the

wild (Georgel et al., 2007). These results are consistent with

the idea that PAMPs are molecular signatures often conserved

across wide groups of pathogens and not necessarily restricted

to a single microbe. It is therefore not unexpected that TLRs (as

well as Tolls) can recognize these structures even if they have not

yet encountered that particular pathogen. Third, although the

Rhabdovirus VSV does not normally infect fruit flies, the

closely related Rhabdovirus sigma virus is a natural Drosophila

pathogen (Fleuriet, 1988). The Drosophila sigma viruses phylo-

genetically cluster more closely to the vesiculoviruses than other

groups of Rhabdoviruses (Longdon et al., 2010). Furthermore,

although autophagy has not formally been shown to restrict

sigma virus, flies deficient in Drosophila p62 (ref(2)p), which

serves as an autophagy cargo receptor implicated in the clear-

ance of Sindbis virus capsids and other pathogens, are more

susceptible to infection (Contamine et al., 1989; Dru et al.,

1993; Orvedahl et al., 2010). Given the relatedness of sigma virus

to VSV, we posit that the Toll-7 ligand on VSV may be similar to

that of a natural Drosophila pathogen.

Intriguingly, the interaction between Toll-7 and VSV suggests

that other Toll receptors may recognize presently undefined

ligands, including pathogen-derived molecules. Taken together

with studies on Toll in microbial defense, our data suggest that

Toll receptors probably evolved to recognize foreign microbes

and elicit antimicrobial effector mechanisms, therefore un-

covering an evolutionarily conserved intrinsic antiviral program

that links pathogen recognition to autophagy, which may be

amenable to therapeutic intervention.
EXPERIMENTAL PROCEDURES

Cells and Viruses

Drosophila S2 cells and BHK cells were grown and maintained as described

(Shelly et al., 2009). VSV or VSV-eGFP was grown as described (Ramsburg

et al., 2005).
RNAi and Infections

dsRNAs for RNAi were generated and used for RNAi as described (Cherry

et al., 2005). Amplicons used are described at http://www.flyrnai.org. Three

days after dsRNA bathing, cells were infected with the indicated viral

innoculum and assayed at the indicated time point postinfection.

Immunofluorescence

Cells were processed for immunofluorescence as previously described (Shelly

et al., 2009) and imaged with an automated microscope (ImageXpress Micro).

Three wells per treatment with three sites per well were collected and quanti-

fied (MetaXpress). S2* cells were transfected with pMT-Gal4 and UAS-GFP-

LC3 and infected with VSV as previously described (Shelly et al., 2009).

More than 150 cells per treatment were counted for three independent

experiments.

Immunoblotting, RNA Blots, qPCR, and Titers

Cells or flies were collected at the indicated time points and lysed in radioim-

munoprecipitation assay (RIPA) buffer supplemented with a protease inhibitor

cocktail (Boehringer) and blotted as previously described for immunoblots

(Shelly et al., 2009). Cells or purified virus were biotinylated with Sulfo-NHS-

LC-Biotin according to the manufacturer’s protocol at 4�C (Thermo). For

immunoprecipitations, samples were lysed in lysis buffer (20 mM Tris at pH

7.6, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM DTT,

and protease inhibitors) (Aggarwal et al., 2008). Protein lysates were precipi-

tated with streptavidin-agarose and immunoblotted. For RNA blot, total RNA

was purified by Trizol and analyzed as previously described (Shelly et al.,

2009). qPCR was performed on DNase-treated total RNA that had been

reverse transcribed with random primers.

Adult Infections

4- to 7-day-old adults of the stated genotypes were inoculated with vehicle or

VSV-GFP as previously described (Shelly et al., 2009). Flies were processed at

the indicated time point postinfection. For autophagy studies, flies were

dissected in complete Schneider’s media with Lysotracker red (Invitrogen),

incubated for 10 min, rinsed in media, and mounted live for imaging (Leica)

(Shelly et al., 2009).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and five figures and can be found with this article online at doi:10.1016/

j.immuni.2012.03.003.
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Identification of a Primary Target of
Thalidomide Teratogenicity
Takumi Ito,1* Hideki Ando,2* Takayuki Suzuki,3,4 Toshihiko Ogura,3 Kentaro Hotta,2
Yoshimasa Imamura,5 Yuki Yamaguchi,2 Hiroshi Handa1,2†

Half a century ago, thalidomide was widely prescribed to pregnant women as a sedative but was found
to be teratogenic, causing multiple birth defects. Today, thalidomide is still used in the treatment of
leprosy and multiple myeloma, although how it causes limb malformation and other developmental
defects is unknown. Here, we identified cereblon (CRBN) as a thalidomide-binding protein. CRBN forms
an E3 ubiquitin ligase complex with damaged DNA binding protein 1 (DDB1) and Cul4A that is
important for limb outgrowth and expression of the fibroblast growth factor Fgf8 in zebrafish and chicks.
Thalidomide initiates its teratogenic effects by binding to CRBN and inhibiting the associated ubiquitin
ligase activity. This study reveals a basis for thalidomide teratogenicity and may contribute to the
development of new thalidomide derivatives without teratogenic activity.

During the late 1950s and early 1960s,
thalidomide was sold as a sedative in
over 40 countries and was often pre-

scribed to pregnant women as a treatment for
morning sickness. Before its teratogenic activity
came to light and its use was discontinued,
~10,000 affected children were born from
women taking thalidomide during pregnancy
(1–3). Use of thalidomide during weeks 3 to 8
of gestation causes multiple birth defects such as
limb, ear, cardiac, and gastrointestinal malfor-
mations (1–3). The limb malformations, known
as phocomelia and amelia, are characterized,
respectively, by severe shortening or complete
absence of legs and/or arms, whereas the ear
malformations lead to anotia, microtia, and
hearing loss. Despite considerable effort, little
is known about how these developmental
defects are caused. Previous studies have
suggested thalidomide-induced oxidative stress
and its antiangiogenic action as a possible cause
of teratogenicity (4, 5). However, several impor-
tant questions remain unanswered, such as what
are direct targets of thalidomide and how the
target molecules mediate its teratogenic effects.

Recently, thalidomide use has increased for
the treatment of multiple myeloma and erythe-
ma nodosum leprosum, a painful complication
of leprosy (2, 3, 6, 7). Owing to its teratoge-
nicity, however, thalidomide is used under
strict control (8), and removal of its side ef-

fects is desirable for wider applications of this
potentially useful drug. It is important to
elucidate the molecular mechanism of thalid-
omide teratogenicity, especially to identify its
molecular target(s), because such knowledge
might allow rapid screening for potentially
useful related compounds devoid of teratogenic
activity. In this regard, we have been developing
high-performance affinity beads that allow
single-step affinity purification of drug target
proteins from crude cell extracts (9). Here we
show that cereblon (CRBN), a protein en-
coded by a candidate gene for mild mental
retardation, is a primary target of thalidomide
teratogenicity.

Binding of thalidomide to CRBN and DDB1.
To purify thalidomide-binding proteins, we
performed affinity purification using ferrite-
glycidyl methacrylate (FG) beads (9). The
carboxylic thalidomide derivative FR259625
was covalently conjugated to the beads (fig.
S1) and incubated with human HeLa cell
extracts (10). After extensive washing, bound
proteins were eluted with free thalidomide, and
the eluate fractions were subjected to SDS gel
electrophoresis and silver staining. Two poly-
peptides were specifically eluted (Fig. 1A, lane
3). When free thalidomide was added to extracts
before incubation with the beads, the yields of
these proteins were reduced (Fig. 1A, lane 4),
which suggested that these proteins specifically
interact with thalidomide. The 127- and 55-kD
proteins were therefore subjected to proteolytic
digestion and tandem mass spectrometry and
were identified as CRBN and damaged DNA
binding protein 1 (DDB1), respectively (table
S1). Identities of these proteins were confirmed
by immunoblotting (Fig. 1A). CRBN and
DDB1 were isolated similarly as thalidomide-
binding proteins from various cell types (fig. S2).
To determine whether this interaction is direct, we
used purified recombinant proteins. FLAG-tagged
CRBN, but not V5 (GKPIPNPLLGLDST) (11)
epitope- and histidine (His)–tagged DDB1,
bound to thalidomide beads (Fig. 1B). We
therefore asked whether DDB1 binds to thalid-
omide beads through its interaction with CRBN.
As expected, DDB1 was coprecipitated with
FLAG- and hemagglutinin (HA) epitope–tagged
(FH-) CRBN (Fig. 1C) and was not affinity-
purified from CRBN-depleted 293T cells (fig.
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Fig. 1. Thalidomide
binds to CRBN and
DDB1. (A) Thalidomide
(Thal)-binding proteins
were purified from HeLa
cell extracts by using
thalidomide-immobilized
(+) or control (–) beads.
Where indicated, bound
proteins were eluted
with free thalidomide.
As indicated, 0.3 mM
thalidomide was added
to extracts before incu-
bation with the beads.
Eluted proteins were
analyzed by silver stain-
ing (top) or immuno-
blotting (IB) (bottom).
Asterisk indicates non-
specific signal. (B) Purified
recombinant CRBN-FLAG
and DDB1-V5-His were,
respectively, incubated
with thalidomide beads. Input materials used for affinity purification
(AP) and bound materials were immunoblotted. (C) FH-CRBN was
immunoprecipitated (IP) from 293T cells stably expressing FH-CRBN or from control cells, followed by
SDS gel electrophoresis and silver staining.
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S3A), which led us to conclude that thalidomide
interacts directly with CRBN and indirectly with
DDB1 through its interaction with CRBN. The
equilibrium dissociation constant of the CRBN-
thalidomide interaction was calculated to be 8.5
nM (10). Moreover, CRBN did not bind to
phthalimide, a nonteratogenic analog of thalid-
omide (12), which substantiated the high affinity
and specificity of the CRBN-thalidomide inter-
action (fig. S3B).

Formation of an E3 complex by CRBN, DDB1,
and Cul4A. Human CRBN was originally iden-
tified as a candidate gene for autosomal
recessive mild mental retardation and encodes
a 442–amino acid protein that is highly con-
served from plants to humans (13). Although
CRBN was reported to interact with DDB1 in a
recent proteomic analysis (14), the functional
relevance of this interaction remains unclear.
Consistent with the apparently stoichiometric
interaction of CRBN and DDB1 (Fig. 1C), these
proteins are colocalized mainly in the nucleus,
but also in the cytoplasm (Fig. 2A). DDB1 is a
component of E3 ubiquitin ligase complexes
containing Cullin 4 (Cul4A or Cul4B), regulator
of cullins 1 (Roc1), and a substrate receptor (15, 16).
In principle, the function of E3 ubiquitin ligases
is to direct the polyubiquitination of substrate
proteins by a specifically interacting ubiquitin-
conjugating enzyme (E2) (17, 18). Cul4 is
thought to play a scaffold function, whereas
Roc1 has a RING finger domain that associates
with the E2 ubiquitin-conjugating enzyme.
Substrate receptors, such as DDB2, CSA, and

CDT2, directly bind to specific substrates and
mediate their ubiquitination (15, 19, 20). We
examined whether CRBN interacts with other
components of the E3 complex and found that
Cul4A and Roc1 were indeed coprecipitated with
FH-CRBN (Fig. 2B). If CRBN functions as a
substrate receptor of a Cul4-DDB1 E3 complex,
it would be expected to compete for binding to
DDB1 with other substrate receptor subunits, such
as DDB2. Consistent with this, the amount of
DDB1 coprecipitated with FH-CRBN was re-
duced in the presence of increasing amounts of
coexpressed DDB2 (Fig. 2C). Although thalid-
omide can induce oxidative DNA damage (4),
CRBN is likely to function independently of the
DDB2-mediated DNA damage response path-
way [see supporting online material (SOM) text].

We then examined whether the CRBN com-
plex actually has E3 ubiquitin ligase activity.
Because substrate receptors and Cul4 are known
to undergo autoubiquitination in vitro in the
absence of their specific substrates (15, 16), in
vitro ubiquitination assays were performed using
purified protein components. Indeed, intrinsic
ubiquitination activity was observed in the pres-
ence of the CRBN complex (fig. S4). We then
examined whether CRBN is autoubiquitinated in
cells. For this, CRBN was affinity-purified from
293T cells expressing FH-CRBN in the presence
or absence of the proteasome inhibitor MG132.
Autoubiquitination of FH-CRBN was detected
in the presence of MG132, and its ubiquitina-
tion was abrogated by small interfering RNA
(siRNA)–mediated depletion (knockdown) of

Cul4A (Fig. 2D, fig. S5A, and table S2). Knock-
down of DDB1 led to a substantial reduction of
the CRBN protein level (fig. S5B), and it was
not possible to determine the effect of DDB1
knockdown on CRBN ubiquitination. Neverthe-
less, this finding suggests that DDB1 and CRBN
are functionally linked.

To further investigate the role of DDB1 in
CRBN function, we obtained a CRBN mutant
deficient in DDB1 binding. Mutational analysis
revealed that deletion of amino acids 187 to 260
of CRBN (DMid) abolishes its interaction with
DDB1 (fig. S6). DMid was therefore stably
expressed in 293T cells and examined for its
ubiquitination after MG132 treatment. Ubiquiti-
nation of DMid was reduced compared with
wild-type CRBN (Fig. 2E). Collectively, these
findings suggest that CRBN is a subunit of a
functional E3 ubiquitin ligase complex and
undergoes autoubiquitination in a Cul4A- and
DDB1-dependent manner.

Inhibition of CRBN function by thalidomide.
To investigate the structural basis of the CRBN-
thalidomide interaction and its functional signif-
icance, we wished to obtain a CRBN point mutant
that does not bind to thalidomide but is assem-
bled into a functional E3 complex. Using a series
of deletion mutants, we mapped its thalidomide-
binding region to the C-terminal 104 amino acids,
which corresponds to the most highly conserved
region of the protein (figs. S7 and S8). Assum-
ing that evolutionarily conserved residues may
be important for thalidomide binding, we con-
structed a series of point mutants, and two point

Fig. 2. CRBN forms an E3 complex with DDB1 and Cul4A. (A)
FH-CRBN and DDB1-V5-His were coexpressed in HeLa cells and
immunostained. DAPI, 4′,6′-diamidino-2-phenylindole. (B)
CRBN-containing complexes were immunoprecipitated (IP) from
293T cells stably expressing FH-CRBN or from control cells
(mock) by using FLAG-specific antibody. Lysates (input) and
immunoprecipitates were immunoblotted (IB). (C) 293T cells
were cotransfected with the indicated amounts of FH-CRBN and
DDB2 expression vectors. Lysates and FLAG-specific immuno-
precipitates were immunoblotted. (D) 293T cells stably ex-
pressing FH-CRBN were transfected with Cul4A or control siRNA
and treated with vehicle or MG132. FH-CRBN was immunopre-
cipitated under stringent conditions and immunoblotted. (E)
293T cells stably expressing wild-type FH-CRBN or DMid were
incubated with vehicle or MG132 and processed as in (D).
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mutants, Y384A and W386A, were found to be
defective for thalidomide binding (Fig. 3A) (11).
Moreover, the double point mutant Y384A/
W386A (CRBNYW/AA) had extremely low
thalidomide-binding activity. We then asked
whether CRBNYW/AA is functionally active in
cells. The subcellular localization of the mutant
was indistinguishable from wild-type CRBN
(fig. S7C). Moreover, CRBNYW/AA was copre-
cipitated with DDB1, Cul4A, and Roc1 (Fig.
3B) and was autoubiquitinated after MG132
treatment (Fig. 3C), which demonstrated that
CRBNYW/AA is assembled into a complete E3
ubiquitin ligase complex.

We examined possible effects of thalidomide
on ubiquitination by treating 293T cells stably
expressing FH-CRBN or FH-CRBNYW/AA with
MG132 and thalidomide at similar or higher
concentrations relative to the therapeutic doses
used in humans (21). Autoubiquitination of
wild-type CRBN was inhibited by thalidomide
in a concentration-dependent manner, whereas
autoubiquitination of CRBNYW/AA was not
affected by thalidomide even at the highest
concentration used (Fig. 3D). Together, these
results suggest that thalidomide inhibits E3
function of the CRBN-containing complex by
directly binding to CRBN.

CRBN as an in vivo target of thalidomide.
Next, we investigated a possible role of CRBN
in thalidomide teratogenicity in animal models.
Thalidomide is teratogenic in rabbits and chicks,
but not in mice and rats (1–3). We first used
zebrafish as a model system because (i) the
rapid progress of development of zebrafish can
be monitored in real time because of the
transparency of the embryo, (ii) knockdown of
genes of interest can be carried out easily (22),
and (iii) zebrafish are suitable for pharmaco-
toxicological studies (23). Given that thalido-
mide was recently shown to inhibit angiogenesis
in zebrafish embryos (24), we reasoned that
zebrafish might be susceptible to other activities
of thalidomide.

To examine the effects of thalidomide on
zebrafish development, we transferred dechorio-

nated embryos to media containing different
concentrations of thalidomide at 2 hours post
fertilization (hpf) and allowed them to develop
for 3 days. It was immediately apparent that in
thalidomide-treated embryos, development of
pectoral fins and otic vesicles was disturbed,
whereas other aspects of development were not
generally affected (Fig. 4, A and B, and fig. S9).
More specifically, formation of the proximal
endoskeletal disc of the pectoral fin was
severely inhibited at 75 hpf (Fig. 4A), and otic
vesicle size was significantly reduced at 30 hpf
(Fig. 4B and fig. S11). Pectoral fin malforma-
tions were already apparent at 48 hpf (Fig. 5, C
and D). More detailed phenotypes induced by

thalidomide are described in the SOM text.
Recent studies have suggested that development
of pectoral fins and otic vesicles in teleosts share
common molecular pathways with that of
tetrapod limbs and ears (25–27).

Zebrafish have a CRBN orthologous gene
which we call zcrbn, whose product has ~70%
identity to human CRBN (fig. S8). We first
examined the expression pattern of zcrbn
mRNA and found that the gene is highly ex-
pressed in the brain, head vasculature, otic
vesicles, and developing pectoral fins at 30 and
48 hpf (fig. S12). zCrbn interacts with DDB1
and is affinity-purified from zebrafish embryos
as a major interactor with thalidomide (fig.

Fig. 4. Thalidomide
treatment or down-
regulation of the CRBN
complex causes similar
developmental defects
in zebrafish. (A and B)
Zebrafish embryos were
allowed to develop in
media containing the
indicated concentrations
of thalidomide. (A) Em-
bryos at 75 hpf were
fixed and stained with
Alcian blue. Pectoral fins
are indicated by arrow-
heads. (B) Close-up view
of otic vesicles of 30-hpf
live embryos. (C and D)
Where indicated, zcrbn
AMO was injected with
(rescued) or without
zcrbn mRNA into one-
cell stage embryos. (E
and F) Where indicated,
zcul4a AMO was injected
with or without zcul4a
mRNA into one-cell stage
embryos. (C and E) Dorsal
views of pectoral fins of 72-hpf embryos. Pectoral fins are indicated by arrowheads.
(D and F) Otic vesicle size of 30-hpf embryos relative to the size of the embryo.
Representative raw data are shown in fig. S14. *P < 0.001. uninj, uninjected.

Fig. 3. Thalidomide inhibits
E3 ubiquitin ligase activity of
the CRBN-containing complex
in vitro. (A) Extracts prepared
from 293T cells overexpressing FH-CRBN or one of its mutants were
incubated with thalidomide-immobilized beads, and lysates (input) and
affinity-purified (AP) materials were immunoblotted (IB). (B) 293T cells
stably expressing FH-CRBNYW/AA were subjected to FLAG-specific antibody

immunoprecipitation (IP) and immunoblotting. (C and D) 293T cells
stably expressing FH-CRBN or FH-CRBNYW/AA were processed as in Fig.
2E. In (D), cells were treated with the indicated concentrations of
thalidomide for 4 hours before harvest.
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S13), which suggests that the findings of our
cell culture studies are valid in zebrafish. Hence,
the function of zCrbn during early development
was examined. Embryos injected with an anti-
sense morpholino oligonucleotide (AMO) for
zcrbn exhibited specific defects in fin and otic
vesicle development (Fig. 4, C and D, and figs.
S9 to S11 and S14), phenotypes similar to those
of thalidomide-treated embryos. For example, the
size of otic vesicles was reduced by half in the
knockdown embryos (Fig. 4D). These defects
were rescued by coinjection of zcrbn mRNA
(Fig. 4, C and D, and figs. S9 to S11 and S14).

The above findings suggested an interesting
possibility that thalidomide exerts teratogenic
effects by inhibiting zCrbn function. If so, its
teratogenic effects might be reversed by over-
expression of a functionally active, thalidomide
binding–defective form of zCrbn. To test this
idea, we used zCrbn carrying Y374A and
W376A mutations, which correspond to Y384A
and W386A mutations in human CRBN.
zCrbnYW/AA had extremely low thalidomide-
binding activity (fig. S13C). In the absence of tha-
lidomide, overexpression of zCrbn or zCrbnYW/AA

had no discernible effect on fin and otic vesicle
development (Fig. 5 and figs. S9 to S11). As we
have already seen in Fig. 4, thalidomide treat-
ment significantly reduced otic vesicle size (P <
0.001, Mann-Whitney U test) (Fig. 5B and fig.
S11). Thalidomide treatment of embryos over-
expressing wild-type zCrbn similarly reduced
otic vesicle size (P < 0.001). However, thalido-
mide treatment of embryos overexpressing
zCrbnYW/AA did not affect otic vesicle size
significantly (P = 0.59). Thalidomide-induced
pectoral fin malformations were also rescued by
overexpression of zCrbnYW/AA (Fig. 5A and fig.
S10), which demonstrated that thalidomide
exerts teratogenic effects by binding to CRBN
and inhibiting its function.

Molecular mechanism of thalidomide terato-
genicity. As the connection between thalidomide
and CRBN was established, we then examined
whether the CRBN-containing E3 complex is
involved in thalidomide teratogenicity, by down-
regulating the zebrafishhomologofCul4A (zCul4a).
zcul4amRNA is abundantly expressed in the brain
and pectoral fins (fig. S12). As expected, micro-
injection of AMO for zcul4a caused similar de-
fects in otic vesicles and pectoral fins, and these
phenotypes were rescued by coinjection of zcul4a
mRNA (Fig. 4, E and F, and figs. S9 to S11 and
S14). Nevertheless, phenotypic similarities be-
tween zCrbn and zCul4A knockdown embryos
may be just coincidental. To rule out this pos-
sibility, we examined the importance of the phys-
ical interaction betweenCRBNandDDB1 in vivo,
by using zCrbn∆Mid YW/AA.As expected, DDB1 and
thalidomide did not bind to this mutant, and
thalidomide-induced developmental defects were
not rescued by its overexpression (fig. S15). These
results suggest that the CRBN-containing E3 ubiq-
uitin ligase complex plays a crucial role in fin andotic
vesicle development and is a target of thalidomide.

To obtain a clue to the pathway(s) downstream
of thalidomide and CRBN, we examined expres-
sion of key signaling molecules during pectoral
fin development. Sonic hedgehog (Shh) is ex-
pressed in the zone of polarizing activity (ZPA)
and is responsible for anteroposterior patterning
of limbs (28), whereas fibroblast growth factor
(fgf) 8 is expressed in the apical ectodermal
ridge (AER) of limbs and is responsible for limb
outgrowth along the proximodistal axis (29, 30).
In thalidomide-treated 48-hpf embryos, fg f8a
expression in the AER was severely reduced or
absent (Fig. 5C), whereas shh expression in the
ZPA was affected negligibly (Fig. 5D). In ad-
dition, fg f8a expression was restored by injec-
tion of zcrbnYW/AAmRNA (Fig. 5C). Knockdown
of zCrbn or zCul4a also resulted in a reduction of

fg f8a expression in theAER, whereas it had little
effect on shh expression in the ZPA (fig. S14).
Thus, an inhibitor of fgf8 production is a possible
downstream target of thalidomide and the
CRBN-containing E3 complex.

Conserved role for CRBN in zebrafish and
chicks. Finally, in order to validate our findings,
we used chicks, well-establishedmodel organisms
for studying thalidomide teratogenicity. As re-
ported previously (12,31), exposure to thalidomide
resulted in the complete absence of a forelimb at a
high incidence (Fig. 6A and fig. S16). Overexpres-
sion of human CRBNYW/AA, but not wild-type
CRBN, in the forelimb field remarkably reduced
thalidomide sensitivity (Fig. 6A and fig. S16).
Expression of fg f8 and fg f10was then examined.
Fgf10 is also an important regulator of proximo-
distal limb patterning and is normally expressed
in the mesoderm beneath the AER (Fig. 6B).
Thalidomide down-regulated fg f10 expression
in the mesoderm and, perhaps to a lesser extent,
fg f8 expression in the AER, and their expression
was restored by overexpression of CRBNYW/AA

(Fig. 6B). These results, together with the find-
ing that chick CRBN binds to thalidomide and
DDB1 (fig. S17), suggest that the developmental
role of CRBN is conserved in fins and limbs.

Discussion. The mechanism of action of tha-
lidomide appears to be multifaceted, but is not
fully understood. The immunomodulatory and
antiangiogenic activities of thalidomide have been
proposed to be partly responsible for its terato-
genic activity, as well as its therapeutic value in
the treatment of leprosy and multiple myeloma
(2, 3, 6, 7). In this respect, thalidomide is known
to inhibit the production of some cytokines such
as tumor necrosis factor–a and vascular endo-
thelial growth factor (32, 33). Thalidomide is
also capable of inducing apoptosis and produc-
ing reactive oxygen species (3, 4). Despite such
accumulating data, little is known about direct

Fig. 5. Expression of a drug binding–deficient form of CRBN suppresses thalidomide-induced
teratogenicity in zebrafish. After injection of zcrbn or zcrbnYW/AA mRNA, embryos were
allowed to develop in the presence or absence of thalidomide. (A) Dorsal views of pectoral
fins of 72-hpf embryos. Fins are indicated by arrowheads. (B) Otic vesicle size of 30-hpf embryos relative to the size of the embryo. *P < 0.001. (C and
D) Embryos at 48 hpf were subjected to hybridization with antisense probes for fgf8a or shh. Close-up views of fin buds are shown. uninj, uninjected.
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molecular targets of thalidomide. Here we pro-
vided several lines of evidence that CRBN is a
primary target of thalidomide teratogenicity. Be-
cause overexpression of the thalidomide-insensitive
form of CRBN rescued the effects of thalidomide
largely, if not entirely, in zebrafish and chicks,
CRBN is thought to play an important role as an
upstreammediator of thalidomide action at least in
these species. Whereas CRBN is ubiquitously ex-
pressed in humans, thalidomide exerts tissue-
specific effects. Evidently, CRBN is necessary,
but not sufficient, for thalidomide teratogenicity,
and downstream components are likely to con-
tribute to the tissue-specific effects of thalidomide
(see SOM text).

The finding that fgf8 is a downstream target of
thalidomide and CRBN fits well with a previous
report, in which a similar effect of thalidomide on
fg f8 expression was described in rabbits, another
sensitive species (34). In developing chick limb
buds, thalidomidewas shown to up-regulate expres-
sion of a subset of bone morphogenetic protein
(BMP) family genes and to induce apoptosis
(12). Coincidentally, mouse BMPs were shown
to inhibit fg f 8 expression and to induce
apoptosis in the AER (35). Thus, CRBN appears
to be a missing link between thalidomide and
these key developmental regulators.

However, this study does not rule out other
mechanisms of thalidomide action, particularly in
mammals. Thalidomide-induced oxidative stress
is thought to occur through the direct formation
of reactive oxygen species (4) and is therefore
clearly a CRBN-independent process. Second, a
recent study suggested antiangiogenic activity of
thalidomide as a primary cause of chick limb
malformations, demonstrating that thalidomide-
induced inhibition of vasculogenesis precedes
inhibition of fg f8 expression and cell death in
limb buds (31). By contrast, our data suggest that,
in zebrafish, inhibition of vasculogenesis follows
thalidomide-induced morphological and transcrip-

tional changes in pectoral fin buds (fig. S18 and
SOM text), which implies that the sequence of
events induced by thalidomide is different in these
organisms. These observations are concordantwith
the common view of species differences in tha-
lidomide action (see SOM for further discussion on
the species differences). Another point to consider
is the fact that thalidomide is rapidly hydrolyzed or
metabolized to more than a dozen products in vitro
and in vivo (2,21,36). Thalidomide and its products
may have the same or different molecular target(s)
(see SOM text).

Our findings suggest that thalidomide exerts
teratogenic effects, at least in part, by binding to
CRBN and inhibiting the associated ubiquitin lig-
ase activity (fig. S19).We speculate that control of
ubiquitin-dependent proteolysis by thalidomide
and CRBN leads to abnormal regulation of the
BMP and fgf8 signaling pathways and of devel-
opmental programs that require their normal func-
tions. Incidentally, many E3 ubiquitin ligases are
known to target developmental and/or transcrip-
tional regulators and to control developmental pro-
grams (37, 38). There are, however, a number of
unanswered questions, such as: What are the sub-
strates of CRBN E3 ubiquitin ligase? How does
thalidomide inhibit the ubiquitination of CRBN in
the ligase complex? How might this pathway be
interconnected to the other pathways targeted by
thalidomide? These issues need to be addressed to
fully appreciate the model. Last, but not least,
because thalidomide is now used for the treatment
of multiple myeloma and leprosy, identification of
its direct target may allow rational design of more
effective thalidomide derivatives without terato-
genic activity (see SOM text).
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Variations in the Sun’s Meridional
Flow over a Solar Cycle
David H. Hathaway1* and Lisa Rightmire2

The Sun’s meridional flow is an axisymmetric flow that is generally directed from its equator toward
its poles at the surface. The structure and strength of the meridional flow determine both the
strength of the Sun’s polar magnetic field and the intensity of sunspot cycles. We determine the
meridional flow speed of magnetic features on the Sun using data from the Solar and Heliospheric
Observatory. The average flow is poleward at all latitudes up to 75°, which suggests that it extends
to the poles. It was faster at sunspot cycle minimum than at maximum and substantially faster on
the approach to the current minimum than it was at the last solar minimum. This result may help to
explain why this solar activity minimum is so peculiar.

The Sun’s meridional flow has been dif-
ficult to measure (1). Its amplitude (10 to
20 m s−1) is more than an order of mag-

nitude weaker than that of the other major
flows on the surface of the Sun (granulation
~3000 m s−1, supergranulation ~300 m s−1, and
differential rotation ~170 m s−1). In the past, this
has led to reports of vastly different flow speeds
and directions (2–5). Despite its weakness, the
meridional flow plays a key role in the magnetic
evolution of the Sun’s surface. It transports mag-
netic elements that, when carried to the poles,
reverse the magnetic polarity of the poles and
build up polar fields of opposite polarity after
each sunspot cycle maximum. Models of this
magnetic flux transport process (6–8) have em-
ployed a variety of substantially different flow
profiles. The fidelity of these flux transport mod-
els is important because they are used in climate
change studies (9, 10) to estimate the total ir-
radiance of the Sun over the past century. The
meridional flow is also key to flux transport dy-
namo models that have been used to predict the
amplitude of Solar Cycle 24 (11, 12). An obvious
conflict between the surface flux transport mod-
els (6–10) and the flux transport dynamo models
(11, 12) is found in their sensitivity to the strength

of the meridional flow. A stronger meridional
flow produces weaker polar fields in the surface
flux transport models, whereas the same flow
produces stronger polar fields (and shorter sunspot
cycles) in the flux transport dynamos. Solar
Cycle 23 (1996 to 2008) provides an interesting
problem for all of these models. The strength of
the polar fields produced after cycle maximum in
2000–2001 was only about half that seen in the
previous three solar cycles (13). Furthermore,
cycle 24 started much later than average. The late
start for cycle 24 has left behind a long quiet
minimum unlike any in the past 100 years.

We measured the Sun’s meridional flow to
determine its variability over Solar Cycle 23 by
following the motions of the small magnetic
elements that populate the entire surface of the

Sun. These are precisely the elements whose
motions are modeled in both the surface flux
transport models and the flux transport dynamo
models. Motions of sunspots, and even the plas-
ma at the surface, are known to differ from those
of the small magnetic elements (1–5). The data
we used have been acquired by the Michelson
Doppler Imager (MDI) on the European Space
Agency (ESA)/National Aeronautics and Space
Administration (NASA) Solar and Heliospheric
Observatory (SOHO). MDI produces images of
the line-of-sight magnetic field across the visible
solar disc every 96 min. This is done by measur-
ing differences in circular polarization on either
side of a spectral absorption line caused by traces
of nickel in the Sun’s atmosphere (14). We
measured the displacement of the magnetic
elements by comparing their positions at 8-hour
(5-image) intervals fromMay 1996 to June 2009.
The 1024-by-1024 pixel magnetic images were
mapped onto a 1024-by-1024 grid in heliographic
latitude and longitude from the central meridian.
This mapping accounts for changes in the position
angle of the Sun’s rotation axis relative to the
spacecraft’s vertical axis, changes in the tilt angle
of the Sun’s rotation axis toward or away from the
spacecraft, and changes in perspective at different
distances from the Sun. Because sunspots have
very different proper motions (4) and produce
localized outflows (15), we removed sunspots and
their immediate surroundings by masking all
pixels with measured absolute field strengths
greater than 500 Gauss and all contiguous pixels
of the same polarity with absolute field strengths
above 100 Gauss. Displacements in longitude and

1NASA Marshall Space Flight Center, Huntsville, AL 35812,
USA. 2University of Memphis, Memphis, TN 38152, USA.

*To whom correspondence should be addressed. E-mail:
david.hathaway@nasa.gov

Fig. 1. Magnetic elementmotion. A
pair of masked magnetic maps from
5 June 2001 that were obtained 8
hours apart are shown here with blue
representing negative magnetic po-
larity and yellow representing posi-
tive magnetic polarity. The tick
marks around the borders are at
15° intervals in latitude and in
longitude from the central meridian.
The masked-out sunspot areas are
evident as white patches. The stron-
gest correlation for the outlined strip
of pixels in the earlier map (left) is calculated to occur for a shift of 23.7 pixels in longitude and 0.4 pixels in
latitude for a similar strip in the later map (right).

-100 Gauss +100
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