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Our data reveal a highly concerted and specific
activation mechanism based on cofactor-dependent
and substrate-induced proteolysis, which provides
an important “double-safety” catch to restrict complement amplification to C3b-tagged target cells.
These detailed mechanistic insights into the central
and transient, and therefore low-abundance, C3bBD
complex of complement activation offer opportunities for the development of new therapeutics
to fight complement-mediated diseases (39) such
as age-related macular degeneration, atypical hemolytic uremic syndrome, membranoproliferative glomerulonephritis, and chronic inflammations
that are associated with excessive or poorly controlled activation of complement.
References and Notes

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

1. D. Ricklin, G. Hajishengallis, K. Yang, J. D. Lambris,
Nat. Immunol. 11, 785 (2010).
2. M. J. Walport, N. Engl. J. Med. 344, 1058 (2001).
3. M. K. Pangburn, H. J. Müller-Eberhard, Biochem. J. 235,
723 (1986).
4. P. Gros, F. J. Milder, B. J. Janssen, Nat. Rev. Immunol. 8, 48
(2008).
5. Y. Xu, S. V. Narayana, J. E. Volanakis, Immunol. Rev.
180, 123 (2001).
6. J. R. Dunkelberger, W. C. Song, Cell Res. 20, 34 (2010).
7. S. K. Law, A. W. Dodds, Protein Sci. 6, 263 (1997).
8. P. J. Haas, J. van Strijp, Immunol. Res. 37, 161 (2007).
9. M. C. Carroll, Mol. Immunol. 41, 141 (2004).
10. H. J. Müller-Eberhard, Annu. Rev. Immunol. 4, 503
(1986).
11. M. van Lookeren Campagne, C. Wiesmann, E. J. Brown,
Cell. Microbiol. 9, 2095 (2007).
12. A. P. Sjöberg, L. A. Trouw, A. M. Blom, Trends Immunol.
30, 83 (2009).
13. S. H. Rooijakkers et al., Nat. Immunol. 10, 721 (2009).

29.
30.
31.
32.
33.
34.
35.

36.
37.

J. Wu et al., Nat. Immunol. 10, 728 (2009).
F. J. Milder et al., Nat. Struct. Mol. Biol. 14, 224 (2007).
B. J. Janssen et al., EMBO J. 28, 2469 (2009).
E. Torreira, A. Tortajada, T. Montes, S. Rodríguez de Córdoba,
O. Llorca, J. Immunol. 183, 7347 (2009).
T. A. Springer, Structure 14, 1611 (2006).
T. Xiao, J. Takagi, B. S. Coller, J. H. Wang, T. A. Springer,
Nature 432, 59 (2004).
A. A. Bhattacharya, M. L. Lupher Jr., D. E. Staunton,
R. C. Liddington, Structure 12, 371 (2004).
J. Hinshelwood, S. J. Perkins, J. Mol. Biol. 298, 135 (2000).
S. V. Narayana et al., J. Mol. Biol. 235, 695 (1994).
H. Jing et al., J. Mol. Biol. 282, 1061 (1998).
C. M. Kam et al., J. Biol. Chem. 262, 3444 (1987).
S. Kim, S. V. Narayana, J. E. Volanakis, J. Biol. Chem.
270, 24399 (1995).
F. R. Taylor et al., Biochemistry 38, 2849 (1999).
Z. Fishelson, H. J. Müller-Eberhard, J. Immunol. 129,
2603 (1982).
Single-letter abbreviations for the amino acid residues
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
Materials and methods are available as supporting
material on Science Online.
B. J. Janssen, A. Christodoulidou, A. McCarthy,
J. D. Lambris, P. Gros, Nature 444, 213 (2006).
C. Wiesmann et al., Nature 444, 217 (2006).
E. Torreira, A. Tortajada, T. Montes, S. Rodríguez de Córdoba,
O. Llorca, Proc. Natl. Acad. Sci. U.S.A. 106, 882 (2009).
M. Shimaoka et al., Cell 112, 99 (2003).
P. E. Bock, P. Panizzi, I. M. Verhamme, J. Thromb.
Haemost. 5 (suppl. 1), 81 (2007).
B. C. Lechtenberg, D. J. Johnson, S. M. Freund,
J. A. Huntington, Proc. Natl. Acad. Sci. U.S.A. 107,
14087 (2010).
S. Kim, S. V. Narayana, J. E. Volanakis, J. Immunol. 154,
6073 (1995).
S. Kim, S. V. Narayana, J. E. Volanakis, Biochemistry 33,
14393 (1994).

Hsp90 and Environmental Stress
Transform the Adaptive Value
of Natural Genetic Variation
Daniel F. Jarosz1 and Susan Lindquist1,2*
How can species remain unaltered for long periods yet also undergo rapid diversification? By linking
genetic variation to phenotypic variation via environmental stress, the Hsp90 protein-folding
reservoir might promote both stasis and change. However, the nature and adaptive value of
Hsp90-contingent traits remain uncertain. In ecologically and genetically diverse yeasts, we find such
traits to be both common and frequently adaptive. Most are based on preexisting variation, with
causative polymorphisms occurring in coding and regulatory sequences alike. A common temperature
stress alters phenotypes similarly. Both selective inhibition of Hsp90 and temperature stress increase
correlations between genotype and phenotype. This system broadly determines the adaptive value of
standing genetic variation and, in so doing, has influenced the evolution of current genomes.
any vital proteins have difficulty reaching their final folds or are inherently
unstable when they do. To contend
with such problems, organisms employ proteinremodeling factors and chaperones, including a
subset known as heat-shock proteins (Hsps) (1).
Unlike more general chaperones, Hsp90 specializes in folding metastable signal transducers (2)
and key components of multiprotein complexes.
These are hubs in interaction networks (3), and
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Hsp90 is thereby a “hub of hubs” in regulatory
circuits. Also unlike most chaperones, Hsp90 is
constitutively expressed at much higher levels
than required to fulfill its normal functions. The
Hsp90 chaperone system, then, constitutes a large
but highly specific protein-folding reservoir (4).
Environmental stresses can destabilize Hsp90
clients and produce additional unfolded substrates,
straining the capacity of this buffer. We have suggested that these unusual features of the Hsp90
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chaperone system alter relationships between
genotypes and phenotypes under conditions of
environmental stress (5–8) and, in so doing, provide at least two routes to the rapid evolution of
new traits: (i) Acting as a potentiator, Hsp90’s
folding reservoir allows individual genetic variants to immediately create new phenotypes; when
the reservoir is compromised, the traits previously created by potentiated variants disappear. (ii)
Acting as a capacitor, Hsp90’s excess chaperone
capacity buffers the effects of other variants,
storing them in a phenotypically silent form; when
the Hsp90 reservoir is compromised, the effects
of these variants are released, allowing them to
create new traits (5). To date, however, only two
types of potentiated variants have been defined
(2, 6), and the nature of buffered variants remains
completely enigmatic. Some buffered traits map
to specific chromosomal regions, suggesting a dependence on preexisting genetic variation. But similar phenotypes can be produced by epigenetic
variation (9, 10) and transposon activation (11),
providing alternative explanations for their ap1
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pearance. Further, the adaptive value of buffered
traits remains untested.
To broadly determine the adaptive value of
Hsp90’s effects on the relationship between genotype and phenotype, we examined 102 genetically
diverse strains of Saccharomyces cerevisiae, from
soil, fruit, wine, sake, beer, infected human patients, etc. (table S1). We measured growth in 100
conditions, including alternative carbon sources,
oxidative stressors, antifungals, DNA-damaging
agents, osmotic stressors, and small molecules
that perturb varied cellular processes (fig. S1 and
table S2). Using two chemically unrelated Hsp90
inhibitors, radicicol (Rad) and geldanamycin A
(GdA) (12, 13), we then determined the effects
of reducing the Hsp90 reservoir. We used concentrations that did not induce a general stress
response (fig. S2) or inhibit the growth of any
strain in standard medium. However, every strain
exhibited substantial changes in growth under
specific conditions. These varied widely and were
sometimes positive, sometimes negative (Fig. 1A).

Rad and GdA produced very similar changes
(table S3), confirming that they derived from
Hsp90 inhibition, not off-target drug effects.
The reproducible character of the traits
suggests that they arose from preexisting variation rather than de novo mutation. To investigate
quantitative trait loci (QTLs) that might underlie
such traits, we analyzed 104 densely mapped
haploid progeny from a cross between BY4716
(BY), a common laboratory strain originally obtained from a rotten fig, and RM11-1a (RM), a
vineyard isolate (14). The coding sequences of
these strains diverge by approximately 0.5%. Most
genes were polymorphic in this cross but, importantly, Hsp90 was not. Our results agreed well
with earlier studies under 23 overlapping conditions
(15), demonstrating the robust consequences of
the variation segregating in this cross.
Again, we reduced the Hsp90 reservoir, and
again, this strongly affected growth in specific strains
in different conditions [Fig. 1B, fig. S3, and supporting online material (SOM)]. With the genetic diver-
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Fig. 1. Reducing the Hsp90 reservoir creates diverse phenotypes. Representative growth changes elicited by
Hsp90 inhibition. The scale bar indicates log2 of the ratio of growth, with and without 5 mM Rad, in each
condition for (A) wild strains and (B) BY × RM progeny. (C to F) Examples of rank-ordered growth distributions
after 64 hours of growth of BY × RM progeny with (orange bars) and without (gray bars) 5 mM Rad.
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sity present in just these two parents, the patterns
of growth changes in their progeny were highly
diverse (Fig. 1C-F), establishing the independent
heritable segregation of many Hsp90-contingent
alleles. No QTLs influenced growth in 5 mM Rad
or GdA alone: Variations in drug pumps or detoxification pathways did not confound the analysis.
In three conditions (trichostatin A, iodoacetate, and chlorhexidine), we could not map
Hsp90-contingent QTLs. This might reflect epigenetic effects or the segregation of too many
underlying variants (SOM). The vast majority of
Hsp90-contingent phenotypes, however, could
be mapped (table S5 and fig. S4). The QTLs responsible derived equally from BY and RM: Relaxed pressures of laboratory cultivation did not
skew the nature of the accumulated variation.
Hsp90 acted as a potentiator of variation almost as frequently as a capacitor: 44 previously
apparent QTLs disappeared when the reservoir
was reduced, and 63 previously silent QTLs became apparent (tables S4 and S5). With a false
discovery rate of 0.05, at most three would have
been expected by chance. As previously suggested (7, 8), reducing the Hsp90 reservoir produced genetically complex traits in a single step:
Fully one-third of the traits involved two QTLs,
and 15% involved three or more.
As expected in such analyses, the QTLs encompassed many polymorphic alleles. To identify
causative variants, we dissected four. In each case,
we used three otherwise diverse progeny that
carried BY sequence in the relevant region and
three that carried RM sequence. In these four sets
of six strains, we substituted every candidate gene,
one by one, with the allele of the opposite parent.
For the first QTL, Hsp90 acted as a capacitor
for rapamycin resistance latent in the RM genome. Segregants with both RM and BY sequence were sensitive to the compound. When
the Hsp90 reservoir was reduced, those with RM
sequence gained the ability to grow. The QTL
spanned eight genes, but all Hsp90-dependent
growth effects were conferred by the open reading frame (ORF) of NFS1 (Fig. 2A).
Nfs1 is a cysteine desulfurase that acts as a
sulfur donor in tRNA thiolation (16). Rapamycin
targets the highly conserved TOR proteins, which
regulate growth in all eukaryotes, primarily via
the protein synthesis machinery (17). Other mutations in this same tRNA modification pathway
confer rapamycin sensitivity. Furthermore, Nfs1
function is known to depend on Hsp90 (18). Thus,
changes in the Hsp90 reservoir are logically linked
to polymorphisms in this region.
For the second QTL, Hsp90 acted as a potentiator for deoxycholate (DOC) resistance conferred by standing variation in the RM genome.
Segregants carrying RM sequence were DOCresistant, whereas those carrying BY sequence
were sensitive. When the Hsp90 reservoir was
reduced, strains carrying RM sequence lost resistance. Allele replacements demonstrated that
this resistance arose entirely from the RM PDR8
ORF (Fig. 2B).
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Fig. 2. Genetic dissection of Hsp90-contingent alleles. The growth of allelereplacement strains with (solid bars) and without (open bars) 5 mM Rad is
normalized to that of the BY allele–replacement strain in each condition
without Rad. (A) QTLs conferring Hsp90-buffered rapamycin resistance, due to
the RM NFS1 allele (44 hours). (B) QTLs conferring Hsp90-potentiated DOC
resistance, due to the RM PDR8 allele. (C). QTLs conferring Hsp90-buffered

HU resistance, due to the BY MEC1 allele (25 hours). Hsp90-potentiated
resistance to UV irradiation was due to the same allele (20 J/m2; 25 hours after
irradiation). (D) QTLs conferring CDNB resistance, due to polymorphisms in
the 3′ untranslated region (UTR) of RM NDI1 (44 hours). Overexpression of BY
NDI1 rescues CDNB toxicity. Error bars in the entire figure represent the
standard deviation of three biological replicates.

Fig. 3. Environmental stress recapitulates phenotypic effects of Hsp90
inhibition. Calculations and symbols are as in Fig. 2. Growth of allelereplacement strains at 23°C, 39°C, or after a deletion of one of the Hsp90
genes, HSP82, at 23°C, is shown. (A) NFS1 (0.5 mM rapamycin; 44 hours). (B)

PDR8 (1 mM DOC; 80 hours). (C) MEC1 (25 mM HU; 25 hours) (D) RM
intergenic region between NDI1 and GTR1 (5 mM CDNB; 44 hours). Because
the HSP82 deletion reduces Hsp90 function more than does 5 mM Rad, it often
creates stronger phenotypes.

DOC facilitates fat emulsification in the intestine and acts as an antimicrobial agent (19).
PDR8 encodes a transcription factor not known
to depend on Hsp90. To determine whether RM
polymorphisms caused Pdr8 to become an Hsp90
client, we examined other Pdr8-dependent phenotypes: growth in NaCl, hygromycin B, and LiCl
(20). Reducing Hsp90 did not affect any of these
(fig. S6), suggesting that RM Prd8 does not require
Hsp90 for function. More likely, RM polymorphisms exert their effects via Hsp90’s interaction
with another, DOC-specific element of Pdr8’s
circuitry.
For the third QTL (Fig. 2C), Hsp90 acted as a
capacitor for hydroxyurea (HU) resistance latent

1822

in the BY genome. Segregants carrying BY sequence were initially more sensitive than those
carrying RM sequence. Reducing the Hsp90 reservoir increased the resistance of segregants
carrying BY sequence but not RM sequence. This
trait proved to be conferred by MEC1.
HU reduces intracellular deoxynucleotide triphosphate concentrations, eliciting replication stress
(21). Mec1 coordinates multicomponent repair
and checkpoint pathways that differ for different
damage responses (22). A major QTL that conferred resistance to ultraviolet (UV) radiation also
proved to map to MEC1. In this case, however,
Hsp90 acted as a potentiator. The UV resistance
of strains carrying the BY allele was lost when
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the Hsp90 reservoir was reduced. Because Hsp90
inhibition affected two Mec1 functions in different ways, these results suggest that Mec1 is an
Hsp90 client, whose partitioning between diverse complexes is affected by Hsp90-contingent
polymorphisms.
For the fourth QTL, Hsp90 acted as a capacitor for CDNB (1-chloro-2,4-nitrobenzene)
resistance latent in the RM genome. Segregants with either RM or BY sequence were sensitive to this oxidative stressor. When the Hsp90
reservoir was compromised, those with RM sequence gained the ability to grow. Allele replacements established RM NDI1 as the causative
variant, but here, the polymorphisms resided in
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the 3′ untranslated region (Fig. 2D) rather than
in the ORF.
NDI1 encodes an oxidoreductase that defends
against oxidative stresses (23). We found that
CDNB normally had little effect on NDI1 mRNA
levels. But when the Hsp90 reservoir was reduced, transcripts produced by NDI1 in response
to CDNB stress increased by ~100-fold in segregants with RM relative to those with BY sequence. Increased NDI1 transcripts fully explained
the phenotype: Forced overexpression of the normally ineffective BY allele (using a Gal1 promoter) was sufficient to confer CDNB resistance
(Fig. 2D).
How might changes in Hsp90 affect the expression of genetic variation in nature? Hsp90 is
induced by environmental stress (4). We have
postulated that this increase is sometimes insufficient to maintain the folding reservoir, changing
the manifestation of genetic variation (24). Indeed, all four alleles analyzed above were affected
by a simple temperature stress (growth at 39°C) in
the same manner as by Hsp90 inhibition (Fig. 3AD). Moreover, the same phenotypes were elicited
by genetic deletion of one of two Hsp90 alleles,
confirming that they are due to changes in Hsp90
function. Far more broadly, we find that even with
the abundant genetic diversity present in the wild
strains, the effects of temperature on phenotypic
transitions were similar to those of Rad and GdA
(Pearson correlation ~0.61 and ~0.56, respectively,
and see SOM).
We took advantage of the fact that 48 of these
strains have been sequenced to ask whether their
genomes carry an impress of Hsp90’s selective
forces. As previously reported in other strains and
circumstances (25), across the ~100,000 polymorphisms present here with the 100 growth con-

ditions we used, the correlation between genoptye
and phenotype was relatively weak (Spearman correlation ~0.35) in the absence of Hsp90 inhibition.
Similar strains often had divergent phenotypes,
and divergent genotypes often produced similar
phenotypes.
The correlation between genotype and phenotype became much stronger when the Hsp90
reservoir was reduced (Spearman correlation
~0.54; Fig. 4). Ten million random data permutations did not produce a single increase of such
magnitude (P < 10−7). This transition was evident
across diverse ecological niches. A simple increase in growth temperature had a similar effect
(Spearman correlation ~0.48). It is difficult to
imagine how environmental stress in general, and
Hsp90 in particular, could have such a strong
impact on genotype-phenotype correlations unless it had acted though the evolutionary history
of these strains to influence the retention of a
broad swath of genetic variation.
Our hypothesis that Hsp90 plays a role in
evolutionary processes remains controversial
because of a paucity of hard evidence (26). Here
we establish that Hsp90 operates on roughly 20%
of the preexisting genetic variation in S. cerevisiae
to both preserve phenotypic robustness and provide a broad conduit to diversification. Further,
environmental stress creates a dynamic interface
for transitioning between these effects in a manner
that has left an impress on current genomes. Half
of the traits buffered by Hsp90 and half potentiated by it had beneficial effects on growth; the
other half were detrimental. What might maintain
such contrasting adaptive effects? Many proteins
in regulatory hubs are metastable, essential for life,
and constitutively dependent on Hsp90. The need
to preserve these functions during environmental
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stress might provide all the selective pressure
needed to maintain this protein-folding reservoir.
The accumulation of new Hsp90-contingent alleles might simply be an inevitable consequence
of its existence. Once established, however, the
capacity of the reservoir to facilitate the appearance of new traits—evolvability—might have provided an additional selective advantage. Theory
holds that natural selection is unable to sustain
mechanisms for evolvability because genetic recombination would inevitably separate evolvability genes from the alleles on which they act (5, 24).
Negating this objection, Hsp90-contingent polymorphisms are dispersed throughout the genome;
loss of some through genetic reassortment would
be balanced by the gain of others.
A particular advantage of the Hsp90 system is
that it provides a route to genetically complex
traits in a single step, via combinatorial gain and
loss of phenotypic variation in response to environmental stress. Under selective pressure, multiple mechanisms could lead to the fixation of
such traits (5, 24). In Drosophila, at least, Hsp90
can also create new traits by affecting epigenetic
variation (10) and transposon-mediated mutagenesis (11), and it probably affects genome stability
by other mechanisms as well (5). The strength of
the Hsp90 buffer and the wealth of mechanisms
by which it creates heritable new traits in response to environmental change may help to explain two long-puzzling features of evolution: the
stability of phenotypes over long periods despite
the accumulation of genetic variation and their
rapid appearance of heritable new phenotypes in
response to changing environments.

Downloaded from www.sciencemag.org on June 17, 2013

Fig. 4. Hsp90 inhibition and environmental stress improve the
corrrelations between genotype and phenotype. Phylogenetic clustering is derived from (27) and (25). Phenotypic clustering is described in
the SOM.
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Ectopic Expression of Germline
Genes Drives Malignant Brain
Tumor Growth in Drosophila
Ana Janic,1 Leire Mendizabal,1* Salud Llamazares,1 David Rossell,2 Cayetano Gonzalez1,3†
Model organisms such as the fruit fly Drosophila melanogaster can help to elucidate the molecular
basis of complex diseases such as cancer. Mutations in the Drosophila gene lethal (3) malignant
brain tumor cause malignant growth in the larval brain. Here we show that l(3)mbt tumors
exhibited a soma-to-germline transformation through the ectopic expression of genes normally
required for germline stemness, fitness, or longevity. Orthologs of some of these genes were also
expressed in human somatic tumors. In addition, inactivation of any of the germline genes nanos,
vasa, piwi, or aubergine suppressed l(3)mbt malignant growth. Our results demonstrate that
germline traits are necessary for tumor growth in this Drosophila model and suggest that
inactivation of germline genes might have tumor-suppressing effects in other species.
he Drosophila tumor-suppressor gene lethal (3) malignant brain tumor [l(3)mbt]
was identified as a temperature-sensitive
mutation that caused malignant growth in the
larval brain (1). Other l(3)mbt mutant alleles obtained later show the same temperature-sensitive
phenotype (2). L(3)mbt’s closest homologs, Drosophila Scm (Sex comb on midleg) and Sfmbt
(Scm-related gene containing four mbt domains),
encode Polycomb Group proteins (3). L3MBTL1,
the human homolog of Drosophila L(3)MBT (3),
is a transcriptional repressor (4) that is found in
a complex with core histones, heterochromatin
protein 1g (HP1g), and RB (Retinoblastoma protein) and can compact nucleosomes (5). Drosophila L(3)MBT is a substoichiometric component
of the dREAM-MMB complex, which includes
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the two Drosophila Retinoblastoma-family proteins and the Myb-MuvB (MMB) complex (6).
Depletion of components of the dREAM/MMB
complex in Drosophila Kc cells by RNA interference results in genome-wide changes in gene
expression (7). These data strongly suggest that
l(3)mbt function might contribute to establishing
and maintaining certain differentiated states through
the stable silencing of specific genes (3, 7).
To identify the genes whose misexpression
might account for the growth of l(3)mbt tumors
(henceforth referred to as mbt tumors), we carried
out genome-wide gene expression profiling of
l(3)mbt E2 and l(3)mbt ts1 homozygous and transheterozygous larval brains raised at restrictive
temperature (29°C). We also analyzed l(3)mbt ts1
tumors at the 1st, 5th, and 10th rounds of allograft
culture in adult flies (T1, T5, and T10, respectively). Brains from homozygous white1118 (w1118),
l(3)mbt E2, or l(3)mbt ts1 larvae raised at permissive temperature (17°C) were used as controls.
For comparison, we also profiled larval brain malignant neoplasms caused by mutation in brain
tumor (brat) as well as allograft cultures at T1,T5,
and T10 of tumors caused by mutants in brat,
lethal giant larvae (lgl), miranda (mira), prospero
(pros), and partner of inscuteable (pins) (8).
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Hierarchical clustering plots of these data (table
S1) reveal three distinct clusters that include control
larval brains, mbt larval brain tumors, and cultured
l(3)mbt ts1 tumors, respectively (fig. S1). From these
data, we identified 151 genes that were either overexpressed (n = 125) or underexpressed (n = 26) in
all three larval mbt tumor types compared to all
three controls (table S2). From this list, we removed
those genes that were also up- (n = 23) or downregulated (n = 14) in larval brat neoplasms and,
hence, likely to encode functions generally required
for larval brain tumor growth. We refer to the expression levels of the remaining 102 up-regulated
genes as the mbt signature (MBTS) (table S3).
MBTS is notably enhanced in cultured mbt tumors
and can be used unequivocally to distinguish mbt
tumors from other cultured malignant brain neoplasms like lgl, mira, pros, pins, or brat (Fig. 1A
and table S3). Individual MBTS genes, however,
are also up-regulated in some of these tumors.
The function of most MBTS genes remains
unknown. However, a quarter of them (26 of 102)
are genes required in the germ line (Fig. 1B and
table S4A). For instance, nanos (nos), female
sterile(1)Yb ( fs(1)Yb), and zero population growth
(zpg) function in the establishment of the pole
plasm in the egg and cystoblasts differentiation
(9). The gonad-specific thioredoxins ThioredoxinT
(TrxT) and deadhead (dhd), giant nuclei (gnu),
corona (cona), hold'em (hdm), matotopetli (topi),
and the female germline-specific gTUB37C isoform function during oocyte differentiation, meiosis, and syncytial embryo development (10–15).
Also piwi, aubergine (aub), krimper (krimp), and
tejas (tej) are involved in the biogenesis of Piwiinteracting RNAs (piRNAs) that protect germline
cells against transposable elements and viruses
(16, 17). Some of these genes also have functions
that are not germline related. For instance, some piwi
alleles display synthetic lethality (18), and nos is
required during nervous system development (19).
Driven by the high percentage of MBTS genes
that have germline functions, we looked for other
germline-related genes that do not meet the stringent
criteria applied to select the 102 MBTS genes,
but are overexpressed in mbt tumors (table S4B).
Among these we found the genes that encode the

www.sciencemag.org

Downloaded from www.sciencemag.org on June 17, 2013

3. Y. Gong et al., Mol. Syst. Biol. 5, 275 (2009).
4. K. A. Borkovich, F. W. Farrelly, D. B. Finkelstein,
J. Taulien, S. Lindquist, Mol. Cell. Biol. 9, 3919 (1989).
5. D. F. Jarosz, M. Taipale, S. Lindquist, Annu. Rev. Genet.
44, 189 (2010).
6. L. E. Cowen, S. L. Lindquist, Science 309, 2185 (2005).
7. C. Queitsch, T. A. Sangster, S. Lindquist, Nature 417, 618
(2002).
8. S. L. Rutherford, S. Lindquist, Nature 396, 336 (1998).
9. M. Tariq, U. Nussbaumer, Y. Chen, C. Beisel, R. Paro,
Proc. Natl. Acad. Sci. U.S.A. 106, 1157 (2009).
10. V. Sollars et al., Nat. Genet. 33, 70 (2002).
11. V. Specchia et al., Nature 463, 662 (2010).
12. S. V. Sharma, T. Agatsuma, H. Nakano, Oncogene 16,
2639 (1998).
13. L. Whitesell, E. G. Mimnaugh, B. De Costa, C. E. Myers,
L. M. Neckers, Proc. Natl. Acad. Sci. U.S.A. 91, 8324 (1994).
14. R. B. Brem, G. Yvert, R. Clinton, L. Kruglyak, Science 296,
752 (2002).

