
tuberculosis. Both clavulanate and meropenem
are FDA-approved drugs, and both clavulanate
and meropenem are sufficiently free of side ef-
fects to be approved for pediatric use in children
over 3 months old.
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Analysis of Drosophila Segmentation
Network Identifies a JNK Pathway
Factor Overexpressed in Kidney Cancer
Jiang Liu,1,2* Murad Ghanim,1,2*† Lei Xue,3* Christopher D. Brown,1,2 Ivan Iossifov,1,4‡
Cesar Angeletti,5 Sujun Hua,1,2 Nicolas Nègre,1,2 Michael Ludwig,1,2,6 Thomas Stricker,1,2,7
Hikmat A. Al-Ahmadie,7 Maria Tretiakova,7 Robert L. Camp,5 Montse Perera-Alberto,8
David L. Rimm,5 Tian Xu,3 Andrey Rzhetsky,1,4 Kevin P. White1,2,6§
We constructed a large-scale functional network model in Drosophila melanogaster built around
two key transcription factors involved in the process of embryonic segmentation. Analysis of the
model allowed the identification of a new role for the ubiquitin E3 ligase complex factor SPOP.
In Drosophila, the gene encoding SPOP is a target of segmentation transcription factors.
Drosophila SPOP mediates degradation of the Jun kinase phosphatase Puckered, thereby inducing
tumor necrosis factor (TNF)/Eiger–dependent apoptosis. In humans, we found that SPOP plays a
conserved role in TNF-mediated JNK signaling and was highly expressed in 99% of clear cell
renal cell carcinomas (RCCs), the most prevalent form of kidney cancer. SPOP expression
distinguished histological subtypes of RCC and facilitated identification of clear cell RCC as the
primary tumor for metastatic lesions.

Over the last three decades, extensive mo-
lecular and genetic analyses have char-
acterized the identity of and interactions

between components of the Drosophila segmen-
tation process (1). Maternal factors distributed in

gradients along the anterior-posterior (A-P) axis
activate zygotic transcription of gap genes, which
encode transcription factors that activate sets of
pair-rule genes including the homeobox tran-
scription factors Even-skipped (Eve) and Fushi

tarazu (Ftz). These pair-rule proteins then directly
regulate segment polarity genes that determine
the internal A-P orientation of each segment.
Many of the human homologs of these genes and
their downstream targets play critical roles in
human diseases, especially cancers (2, 3). In an
effort to extract new information from the
Drosophila segmentation network, as well as
to mine this network for previously unknown
disease-related genes, we built a large-scale pre-
dictive network model around Ftz and Eve.

We analyzed gene expression changes be-
tween individual wild-type embryos and embryos
with null mutations in ftz and eve (1) collected
during a developmental time course from 2 hours
until 7 hours after egg laying (AEL). By focusing
on the effects of Ftz and Eve 2 to 3 hours AEL
(early zygotic expression), we found 1310 genes
differentially expressed between the ftz mutant
and wild type, and 1074 genes differentially
expressed between the eve mutant and wild type
(false discovery rate < 0.001; tables S1 and S2).

Using antibodies specific for Ftz or Eve,
we performed chromatin immunoprecipitation
(ChIP) and mapped genome-wide transcription
factor binding in cellular blastoderm embryos 2
hours AEL on custom-designed high-density
DNA microarrays (4). We found 1286 Ftz- and

Table 1. MIC values for b-lactams in the presence of 2.5 mg ml–1 clavulanic acid. The XDR strains
were a subset of those previously reported (18).

Strain b-lactam MIC value (mg ml–1)
Erdman Meropenem 0.5
H37Rv Amoxicillin >10
H37Rv Ampicillin 5.0
H37Rv Cefotaxime 1.25
H37Rv Cephalothin 0.94
H37Rv Imipenem 0.16
H37Rv Meropenem 0.32
XDR-1 Meropenem 0.94
XDR-2 Meropenem 0.625
XDR-3 Meropenem 0.625
XDR-4 Meropenem 0.625
XDR-5 Meropenem 0.625
XDR-6 Meropenem 0.625
XDR-7 Meropenem 0.625
XDR-8 Meropenem 0.94
XDR-9 Meropenem 1.25
XDR-10 Meropenem 0.47
XDR-11 Meropenem 0.23
XDR-12 Meropenem 0.625
XDR-13 Meropenem 0.32
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1499 Eve-bound probes (intensity P < 0.0001
and Z score > 1.96, see supplemental methods;
21 probes on both lists map within 500 base
pairs). We analyzed several methods for probe-
to-target gene mapping to maximize the overlap
between the differentially expressed and ChIP
target gene sets (see supplemental methods and
fig. S1). The greatest such enrichment was ob-
tained by designating genes within 1 kb of a
binding site as targets. At this threshold, we
identified 969 Ftz ChIP-chip target genes and
932 Eve ChIP-chip target genes (overlap 175
genes; tables S3 and S4).

Genes both differentially expressed and tar-
geted by ChIP-chip binding site mapping were
considered as putative direct target genes.We thus

identified 137 Ftz direct target genes (Fig. 1A)
and 98 Eve direct target genes (fig. S2; overlap
9 genes). Figure 1A (right) shows the locations of
binding sites at Ftz or Eve direct target genes.
Analysis of direct target gene annotations in-
dicates that 39 genes (21%) regulate transcription
and 74 genes (40%) are involved in developmen-
tal processes (Fig. 1A, center); both annotation
classes were significantly enriched compared to
the 9.6% and 18% ofDrosophila genes annotated
as transcriptional or developmental regulators, re-
spectively (P= 1.05 × 10−6 and P= 1.81 × 10−12;
hypergeometric test). A complete target list can
be found in tables S5 and S6.

To extend our Ftz-Eve network model be-
yond direct transcriptional regulation, we in-
cluded automated literature-mining methods to
capture published interactions of target genes (5).
We then integrated yeast two-hybrid–based
protein-protein interaction data (6) into our mod-
el by connecting protein interactions between
existing components in the network. To limit the
size of the network, we extended the protein-
protein interaction only one degree from the
direct targets of Ftz or Eve. The resulting Ftz-Eve
regulatory network model included 4084 genes/
proteins and 6648 interactions between them
(fig. S3).

To confirm parts of the network model
topology, we examined several genes that are
expressed in segmental patterns (7) and validated
a limited set of interactions by genetic and
biochemical testing of simple predictions from
our networkmodel (fig. S4). Analysis of the Eve-
Ftz network identified 150 different genes as

direct targets of Eve or Ftz that also have un-
ambiguous human homologs. From this gene set,
we identified a top candidate,CG9924 or roadkill
(rdx), which ranks first in network betweenness-
centrality and thus constitutes a major network
hub (8) (see supplemental methods and table
S8). The rdx gene encodes a BTB domain protein
that has been shown to regulate Cubitus inter-
ruptus (Ci) degradation in theHedgehog pathway
(9, 10). This product of the rdx gene is 79%
identical to the human protein SPOP, and these
proteins appear to be orthologs (fig. S5) (9, 10);
we refer to the rdx gene product(s) asDrosophila
SPOP (D-SPOP).

Our network model indicates that theD-SPOP
gene is a direct target of Ftz at 2 to 3 hours AEL
and that the D-SPOP protein interacts with the
Jun kinase phosphatase Puckered (Puc) (Fig. 1B).
RNA in situ hybridizations for D-SPOP mRNA
in ftzmutant embryos confirmed that ftz is indeed
required forD-SPOP expression in parasegments
that normally express Ftz (Fig. 1C). We did not
observe significant misexpression of D-SPOP
mRNA in eve mutant embryos at 2 to 3 hours
AEL (fig. S6), suggesting that the Ftz effects on
D-SPOPmRNA expression occur before the Eve
effect. We found that the D-SPOP protein seg-
mental expression pattern was completely lost in
evemutant embryos at 6 to 7 hours AEL (Fig. 1D),
similar to the expression pattern observed for the
well-characterized Ftz and Eve target gene
engrailed (11, 12). Previous studies also indicate
that D-SPOP is regulated byHedgehog (Hh) later
in development, indicating another layer of D-
SPOP regulation by the segment polarity system
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Fig. 1. Drosophila segmentation
network. (A) Identification of direct
targets of Ftz. (Left) Heat map
depicts log2-fold change in gene
expression of mutant versus wild
type. Columns represent time points
in hours after egg laying (AEL). Rows
depict individual genes, sorted by
hierarchical clustering. (Center)
Genes involved in regulation of
development (left tick marks) or
transcriptional regulation (right tick
marks) from gene ontology (GO)
annotations. (Right) Locations of
binding sites relative to the tran-
scription start site of each gene. (B)
Detailed D-SPOP subnetwork show-
ing that D-SPOP is regulated by FTZ
and EVE and interacts with puc. (C)
RNA in situ hybridization of D-SPOP
in wild-type and ftz mutant back-
grounds. Fourteen and 7 stripes of
expression were observed in wild-
type and ftz embryos, respectively.
(D) Staining with antibodies specific
for D-SPOP and EVE in wild-type
and eve mutant backgrounds. D-
SPOP [BCIP-NBT (bromochloroin-
dolyl phosphate–nitro blue tetrazolium), blue] was stained in segmental grooves in wild type, but all expression was lost in eve mutant embryos. Eve
(diaminobenzidine, brown) was stained in neurons.
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(9). Together, these data strongly indicate thatD-
SPOP expression is downstream of the pair-rule
genes in the segmentation hierarchy.

Knockdown of D-SPOP mRNA expression
by RNA interference (RNAi) and P-element in-
sertion mutagenesis of the D-SPOP gene resulted
in severe and consistent disruption of both the
peripheral and the central nervous system (CNS)
(fig. S7). Such phenotypes are recapitulated by
mutating ftz or eve and are likely due to mid-
embryonic functions of D-SPOP when Ftz and
Eve become active in the CNS (13, 14). Fur-
thermore, it was recently demonstrated that the
Drosophila Eiger/TNF (tumor necrosis factor)
pathway regulates embryonic neuroblast division
(15). Thus, we hypothesized that the function of
D-SPOP in nervous tissue development may re-
sult from its interaction with Puc, which mediates
a feedback loop by negatively regulating basket
(Drosophila JNK) in the Drosophila Eiger/TNF
pathway (16) (Fig. 1B).

In Drosophila, ectopic expression of Eiger in
neuronal cells in the developing eye induces
apoptosis through the JNK pathway, resulting in
a reduced adult eye size (Fig. 2, A and B) (17).
Deletion of one wild-type copy of D-SPOP or
RNAi knockdown of D-SPOP mRNA partially
suppresses the eye phenotype of Eiger expression
(Fig. 2, C and D). Additionally, ectopic expres-
sion of D-SPOP in the developing eyes produces
a small and rough eye phenotype (Fig. 2E).
Analysis of genetic interactions between the
genes encoding D-SPOP and other members of
the Eiger-JNK pathway (fig. S8) indicates that
D-SPOP is acting downstreamof dTAK1 (JNKKK)
and Hep (JNKK) and upstream of Bsk (JNK) and
Puc. Our experiments therefore indicate that
D-SPOP functions as an essential positive regu-
lator for Eiger-triggered apoptosis, consistent with
the interaction between D-SPOP and Puc pre-
dicted in the Ftz-Eve network model.

A physical interaction between D-SPOP and
Puc was confirmed by both in vitro pull-down
and in vivo immunoprecipitation assays (Fig. 2, F
and G). D-SPOP contains two conserved do-
mains, aMATH domain and a BTB/POZ domain
(18). MEL-26, the Caenorhabditis elegans
ortholog of human SPOP, was first identified as
a BTB protein that serves as an adaptor of Cul3-
based ubiquitin ligase (18). Recently, human
SPOP has been shown to mediate ubiquitination
of death domain–associated protein (Daxx) (19),
the Polycomb group protein BMI-1, the histone
variant MacroH2A (20), and the transcription
factor Gli (10). We found that Puc protein abun-
dance was reduced when coexpressed with D-
SPOP in S2 cells (Fig. 2H). Furthermore, D-SPOP
promoted Puc ubiquitination in S2 cells treated
with the proteasome inhibitor MG132 (Fig. 2I).
Together, these results indicate that D-SPOP
induces apoptosis in the Eiger/TNF pathway by
mediating Puc ubiquitination and degradation
(Fig. 2J).

Homologs of several Ftz and Eve targets have
been shown to be involved in human cancers

(21); a large body of experimental and clinical
data indicates that defects in ubiquitin signaling
pathways have roles in the genesis of different
tumor types (22); and JNK activation is required
for cellular transformation induced by RAS, an
oncogene mutated in 30% of human cancers
(23). To determine whether human SPOP’s role
in modulating TNF-stimulated JNK signaling is
conserved, we treated human embryonic kidney
293 (HEK293) cells overexpressing SPOP with
TNF-a, then analyzed the abudance of phos-
phorylated JNK (P-JNK) and phosphorylated
c-Jun (P-c-Jun). Consistent with its role in Dro-

sophila as an activator of the pathway, over-
expression of SPOP increases the amount of
P-JNK and P-c-Jun, indicating conservation
of its function in modulating the JNK path-
way (Fig. 3A).

To test whether SPOP is associated with hu-
man cancers, we screened SPOP protein abun-
dance with tissue microarrays that contained 20
tumors from each of 18 different organs. We
found that 85% of renal cell carcinomas (RCCs)
showed high expression of SPOP, whereas nor-
mal kidney tissuewas uniformly negative (Fig. 3B
and Table 1). To further investigate the potential

Fig. 2. D-SPOP promotes puc ubiquitination and degradation. (A) Light micrographs of Drosophila
adult eyes for wild-type (GMR-Gal4/+). (B) Egr triggered cell death and produced a small eye phenotype
(GMR-Gal4; UAS-Egr/+). (C) Deleting one copy of D-SPOP (GMR-Gal4; UAS-Egr/+; D-SPOPD6/+)
suppressed the phenotype of (GMR-Gal4; UAS-Egr/+). (D) Coexpression of D-SPOP-RNAi (GMR-Gal4;
UAS-Egr/+; UAS-D-SPOP-RNAi) suppressed the phenotype of (GMR-Gal4; UAS-Egr/+). (E) Expression of D-
SPOP (GMR-Gal4; UAS-D-SPOP/+) produced rough eyes with slightly reduced size. (F) D-SPOP interacts
with Puc in an in vitro affinity assay. Proteins were translated in vitro, purified on a nickel-ion (Ni2+)
column, and detected by Western blot (see supplementary methods). Lane 1, His-Puc; lane 2, His-D-SPOP;
lane 3, untagged D-SPOP copurifies with His-Puc; lane 4, untagged Puc copurifies with His-D-SPOP. (G)
D-SPOP interacts with Puc in an in vivo immunopreciptation (IP) assay. IPs were carried out with an
antibody to hemagglutin (anti-HA) using cell lysates from S2 cells expressing the indicated fusion
proteins, followed by immunoblot with anti-Myc epitope. Lane 1, IP of HA-D-SPOP control transfection
shows only the immunoglobulin G (IgG) band; lane 2, IP of HA-D-SPOP in cells cotransfected with Myc-Puc,
which is detected as two bands. (H) Puc degradation is promoted by SPOP. Western blots were performed
with anti-Myc to detect Myc-Puc fusion protein. Lane 1, HA-ubiquitin (HA-Ub) transfection negative control;
lane 2, Myc-Puc transfection positive control; lane 3, Myc-Puc and D-SPOP cotransfection shows reduced
Myc-Puc abundance relative to lane 2. Tubulin is detected as a loading control. (I) In vivo ubiquitination of
Puc is promoted by D-SPOP. Myc-Puc was detected by immunoblot with anti-Myc epitope. Lane 1, HA-Ub
expression and MG132 treatment as a negative control; lane 2, HA-Ub and Myc-Puc coexpression with
MG132 treatment but without D-SPOP; lane 3, Myc-Puc abundance decreased with coexpression of HA-Ub
and D-SPOP but without addition of MG132; lane 4, Myc-Puc polyubiquitination in the presence of HA-Ub,
D-SPOP, and MG132. (J) TNF/Eiger-induced apoptosis pathway. D-SPOP (pink) is downstream of dTAK1
(JNKKK, yellow) and Hep (JNKK, yellow), and upstream of Bsk (DJNK, green) and Puc (MKP, green).
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of SPOP as a marker, we designed a large tissue
array containingmore than 300RCC samples. Of
the tumor samples, 77% were positive for SPOP
staining; normal kidney samples were all nega-
tive (Table 2).

RCC is a heterogeneous group of tumors with
distinct histological subtypes, including clear cell,
papillary, chromophobe, and other rare subtypes in
addition to oncocytoma, which is a benign solid
renal tumor (24).Most RCCs (up to 75%) are of the
clear cell type and can be subtyped by hematoxylin
and eosin staining morphology, but diagnostic
difficulties arise when clear cell RCCs display
morphologic features that overlap with those of
other RCC subtypes and nonrenal tumors (25–27).
At present, a panel of immunohistochemical

markers is used to differentiate the major subtypes
of RCC in difficult cases (26, 27). Unfortunately,
these panels lack a specific and sensitive marker
that is positive in clear cell RCC (26, 27). Recently,
carbonic anhydrase IX has been proposed as a
positive marker for clear cell RCC, but it is positive
in otherRCCs and several other tumor types aswell
(28–30). Patient tumor samples in our studies were
classified into different types according to the recent
World Health Organization classification system.
We found that 99%of the clear cell RCCs and 86%
of the chromophobe RCCs showed positive
staining for SPOP, but only 22% of papillary-type
RCCswere SPOP positive. Four out of 31 papillary
RCCs from the general pathology reports were
shown to bemisdiagnosed as clear cell RCCswhen

the tumor biopsies were reanalyzed by urological
pathologists. All four of these misdiagnosed RCCs
have papillary architecture and were subsequently
shown to stain positive for SPOP. Our tissue array
also included benign oncocytomas, which can
mimic RCC both clinically and pathologically, in
turn potentially subjecting patients to unnecessary
surgeries and additional morbidities. Only 6% of
oncocytomas showedweak positive staining. These
results indicate that SPOP is a highly sensitive and
specific diagnostic biomarker for clear cell RCC
and can help distinguish histological subtypes of
RCC.

Up to 30% of RCC patients present with
metastases; half of the rest will developmetastases
later in their course, 90% of which are clear cell
RCCs. Accordingly, we further screened for SPOP
staining in confirmed metastases from RCC and
found that 97% of them were positive (Table 3),
indicating that SPOP may be a useful biomarker to
identify clear cell RCC as the site of the primary
tumors in cases of metastases of unknown origin.
Together, our results demonstrate that novel func-
tions for conserved molecules can readily be
extracted from data mining of large-scale networks
inDrosophila and provide a strategy for rapid iden-
tification of factors that may have clinical relevance
as biomarkers or drug targets for human diseases.
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In Bad Taste: Evidence for the Oral
Origins of Moral Disgust
H. A. Chapman,1* D. A. Kim,1 J. M. Susskind,1 A. K. Anderson1,2*

In common parlance, moral transgressions “leave a bad taste in the mouth.” This metaphor implies
a link between moral disgust and more primitive forms of disgust related to toxicity and disease,
yet convincing evidence for this relationship is still lacking. We tested directly the primitive oral
origins of moral disgust by searching for similarity in the facial motor activity evoked by gustatory
distaste (elicited by unpleasant tastes), basic disgust (elicited by photographs of contaminants),
and moral disgust (elicited by unfair treatment in an economic game). We found that all three
states evoked activation of the levator labii muscle region of the face, characteristic of an oral-
nasal rejection response. These results suggest that immorality elicits the same disgust as disease
vectors and bad tastes.

Although rationalist theories of moral psy-
chology have long emphasized the role of
conscious reasoning in morality (1, 2),

recent empirical (3–5) and theoretical (6, 7) work
suggests that emotion may also play a key role in
moral judgment. These newer theories make the
claim that moral cognition relies primarily on phy-
logenetically older affective systems, rather than on
more recently evolved higher cognitive functions
(6, 7). For example, it has been proposed that the
violation of moral norms might evoke a kind of
moral revulsion or disgust in victims or onlookers
(8–10). Disgust is a somewhat surprising candidate
for a moral emotion, given its hypothesized origins
in the very concrete, nonsocial, and straightfor-
wardly adaptive functions of rejecting toxic or
contaminated food and avoiding disease (8). In the
moral domain, this rejection impulse might have
been co-opted to promote withdrawal from trans-
gressors, or even from the thought of committing a
transgression. If the primitive motivational system
of disgust is indeed activated by abstract moral

transgressions, it would provide strong support for
the idea that the human moral sense is built from
evolutionarily ancient precursors.

The notion that moral transgressions might
evoke the same disgust as potential toxins and
disease agents has not gone unchallenged, however.
Some have argued that just as a “thirst” for
knowledge does not denote a desire to drink, moral
“disgust” may reflect not the engagement of more
primitive forms of disgust but merely the use of a
compellingmetaphor for socially offensive behavior
(11, 12). Aswell, prominent theories of disgust have
proposed that althoughmoral disgustmay be related
to contamination-based disgust (typically evoked by
potential disease vectors), it is distinct from themost
primitive forms of disgust related to the ingestion of
potential toxins, having differentiated from the an-
cient oral distaste response rooted in chemical
sensory rejection (13). Thus, the “bad taste” of
moral disgust may serve as an abstract metaphor
rather than reflect a concrete origin in oral distaste.

The evidence that does exist for the specific
involvement of disgust in morality is also prob-
lematic. Moral transgressions elicit negative emo-
tions (9), and induction of negative emotions such
as disgust heightens sensitivity to moral transgres-
sions (5). However, these studies do not specifically
implicate disgust versus other negative emotions
such as anger, nor do they demonstrate that moral

“disgust” arises from oral disgust. As well, verbal
reports of “disgust” in response to moral transgres-
sions are suspect, because the word “disgusting” is
used in colloquial English to describe angering or
irritating situations (14). Thus, verbal self-report
measures of subjective experience alone are not
diagnostic of disgust. With respect to neural data,
moral transgressions sometimes activate the insula
(10, 15), which has also been associated with oral
disgust (16, 17). However, many affective and
cognitive functions besides disgust are associated
with activation of the insula, including anger (18),
anxiety (19), general viscerosensory awareness
(19), and uncertainty (20).

The aim of the current series of studies was to
provide a more powerful and direct test of the
alleged involvement of disgust in morality, and
hence of the notion that moral cognition calls on a
phylogenetically older motivational system orig-
inating in the rejection of hazardous food.We tested
the relationship among simple chemosensory
distaste, basic forms of contamination-related
disgust, and moral disgust by examining subjective
experiential reports and objective facial motor
activity associated with these states. Recent work
supports Darwin’s thesis (21) that the configuration
of emotional facial expressions has evolved from a
functional role in regulating sensory intake (22).
These ancestral configurations may later have
proven useful as social signals, assuming a new
functionwithout needing to change their basic form
(21, 22). Consequently, if moral disgust really is
born from the same emotion involved in rejection
of hazardous foods, then there should be continuity
in facial actions between moral and oral disgust,
despite the former being far removed from its
purported origin in food rejection. Because moral
disgust might result in subtle overt facial move-
ments reflecting the residual engagement of a
primitive oral disgust motor program, we recorded
facial motor activity with electromyography
(EMG), which enables greater sensitivity in
detection relative to visual scoring techniques (23).

Our first goal was to collect objective measure-
ments of the basic disgust expression with which to
compare the moral disgust expression. The most
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