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Retraction 
SCIENCE HAS RECEIVED the results  of 

the University of California, Riverside 

Committee on Privilege and Tenure’s 

investigation of the papers published in 

Science by Professor Frank Sauer and col-

leagues, “TAF1 activates transcription by 

phosphorylation of serine 33 in histone 

H2B” (1) and “Noncoding RNAs of trithorax 

response elements recruit Drosophila Ash1 

to Ultrabithorax” (2). 

For the 2004 Report (1), the Committee’s 

findings can be summarized as follows: 

Lanes 3 and 4 in Fig. 1B were replicated 

from a figure in another paper (3). There 

was manipulation of gel images that con-

stituted data falsification and fabrication in 

Fig. 2C; Fig. 3, B and C; Fig. 4, B and D; and 

panel A in fig. S5C. For the 2006 Research 

Article (2), the Committee’s findings can be 

summarized as follows: In Fig 6C, there was 

replication of the same image in two panels 

that constitutes data falsification. There was 

manipulation of gel images that constituted 

data falsification and fabrication in Fig. 4D; 

Fig. 6, A and B; and fig. S5A.

The Committee concluded that the image 

manipulations described above constituted 

a significant departure from the accepted 

practices of Dr. Sauer’s research community. 

Therefore, the data, results, and conclusions 

in the papers are clearly not reliable. Science 

is hereby retracting the papers, at the 

request of University of California, Riverside 

and Dr. Sauer. The Committee determined 

that Dr. Sauer was the sole individual 

responsible for producing the figures.

Marcia McNutt
Editor-in-Chief

REFERENCES

 1. T. Maile et al., Science 304, 1010 (2004).
 2. T. Sanchez-Elsner et al., Science 311, 1118 (2006).
 3. C. Beisel et al., Nature 419, 857 (2002). 

CKDu in Sri Lanka
CHRONIC KIDNEY DISEASE of unknown 

cause (CKDu), seen in Central America 

(“Mesoamerica’s mystery killer,” J. Cohen, 

News Focus, 11 April, p. 143), has also been 

prevalent in Sri Lanka since the 1990s. As in 

Central America, those affected are predomi-

nantly male rice farmers toiling under dry, 

dehydrating conditions. 

A recent cross-sectional study concluded 

that the likely culprit is chronic exposure 

to low levels of Cd and As through the food 

chain and to pesticides, along with other 

predisposing factors (e.g., selenium defi-

ciency) (1). An unequivocal cause-and-effect 

explanation has remained elusive and, as 

in the Americas, many contributing factors 

have been studied, including heavy metals, 

pesticides, hard water, cyanotoxins, and 

water fluoride content (2, 3). 

CKDu is a recent phenomenon, whereas 

rice farming has taken place since ancient 

times in these regions without apparent 

health concerns. Recent changes include 

climate, food habits, and social lifestyle. 

Perhaps we should discard the conventional 

search for mechanistic explanations  and 

instead take a holistic approach focusing 

on the environmental changes and social 

lifestyle of the affected communities.

M. C. M. Iqbal* and C. B. Dissanayake

Institute of Fundamental Studies, Hantana Road, 
Kandy, Sri Lanka.

*Corresponding author. E-mail: 
mcmif2003@yahoo.com
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Fear beyond predators 
IN THEIR PERSPECTIVE,  “Tolerance for 

predatory wildlife” (2 May, p. 476), A. Treves 

and J. Bruskotter argue that when examin-

ing reasons for intolerance of and intention 

to kill predators, social factors (such as peer 

group norms and government-sanctioned 

predator killings) are more important than 

conventionally held views (such as mea-

sured or perceived threats to livelihoods). 

The authors use case studies on jaguars, 

wolves, lions, and bears to convincingly 

support their argument. 

With increased anthropogenic distur-

bance, species not traditionally viewed 

as predatory may respond increasingly 

aggressively toward people. Although 

attacks are rare, concerns about shar-

ing landscapes with great apes may be 

motivated more by fear of physical aggres-

sion than other more common causes of 

provocation such as threats to livelihoods 

(i.e., crop damage). As with carnivores, 

tolerance by local people toward these 

large-bodied mammals is affected by deep-

rooted social beliefs that can influence 

outcomes, including retaliatory killings.

People’s tolerance of wildlife can change 

quickly in response to shifting economic, 

demographic, and political conditions. To 

understand the potential for sustainable 

human-wildlife coexistence, human social 

change must be considered alongside 

changing wildlife behavior in response to 

human activities and across contexts (such 

as crop feeding, livestock depredation, and 

attacks on people) and species. To disentan-

gle such complexities, conservation science 

must encourage collaborations between 

social and biological scientists.

Kimberley J. Hockings,1,2* 
Matthew R. McLennan,1 Catherine Hill1 

1Social Sciences, Oxford Brookes University, Oxford, 
OX3 0BP, UK. 2Centre for Research in Anthropology 

(CRIA), Lisbon, 1069-061, Portugal.
*Corresponding author. 

E-mail: khockings@brookes.ac.uk

Edited by Jennifer Sills

LETTERS

Perceived threat. Fear complicates conservation.

TECHNICAL COMMENT 

ABSTRACTS

Comment on “High-resolution global 

maps of 21st-century forest cover 

change”

Robert Tropek, Ondřej Sedláček, Jan Beck, 
Petr Keil, Zuzana Musilová, Irena Šímová,  
David Storch
■ Hansen et al. (Reports, 15 November 2013, 

p. 850) published a high-resolution global 

forest map with detailed information on 

local forest loss and gain. We show that 

their product does not distinguish tropical 

forests from plantations and even herba-

ceous crops, which leads to a substantial 

underestimate of forest loss and compro-

mises its value for local policy decisions.

Full text at http://dx.doi.org/10.1126/

science.1248753

Response to Comment on “High-

resolution global maps of 21st-century 

forest cover change”

M. Hansen, P. Potapov, B. Margono, S. 
Stehman, S. Turubanova, A. Tyukavina
■ Tropek et al. critique the Hansen et al. 

global forest loss paper in terms of its utility 

and accuracy. Both criticisms suffer from a 

miscomprehension of the definition of for-

est employed as well as the requirements of 

product validation. Utility of the product is 

enhanced through its integration with for-

est type, carbon stock, protected area status, 

and other ancillary data.

Full text at http://dx.doi.org/10.1126/

science.1248817

Published by AAAS
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For northern blotting, 7 mg of RNA prepared by a standard method was loaded in each
lane. Hybridizations were performed under high stringency conditions, and exposure
times varied between overnight and 3 d at 280 8C with intensifying screens.
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The establishment and maintenance of mitotic and meiotic stable
(epigenetic) transcription patterns is fundamental for cell deter-
mination and function1. Epigenetic regulation of transcription is
mediated by epigenetic activators and repressors, and may
require the establishment, ‘spreading’ and maintenance of epi-
genetic signals2. Although these signals remain unclear, it has
been proposed that chromatin structure and consequently post-
translational modification of histones may have an important
role in epigenetic gene expression3,4. Here we show that the
epigenetic activator Ash1 (ref. 5) is a multi-catalytic histone
methyl-transferase (HMTase) that methylates lysine residues 4
and 9 in H3 and 20 in H4. Transcriptional activation by Ash1
coincides with methylation of these three lysine residues at the
promoter of Ash1 target genes. The methylation pattern placed
by Ash1 may serve as a binding surface for a chromatin remodel-
ling complex containing the epigenetic activator Brahma (Brm)6,
an ATPase, and inhibits the interaction of epigenetic repressors
with chromatin. Chromatin immunoprecipitation indicates
that epigenetic activation of Ultrabithorax transcription in
Drosophila coincides with trivalent methylation by Ash1 and
recruitment of Brm. Thus, histone methylation by Ash1 may
provide a specific signal for the establishment of epigenetic,
active transcription patterns.

Acetylation/de-acetylation, ubiquitination and methylation of
histones (H1, H2A, H2B, H3, H4) have been correlated with the
activation and silencing of transcription7–10. Histone methylation
occurs predominantly at arginine and lysine residues in the amino-
terminal tails of H3 and H4 (ref. 10). Arginine methylation mediates
transcriptional activation by hormone receptors and probably other
chromatin-dependent processes11. By contrast, methylation of K9
and K4 in H3 and K20 in H4 has been linked to transcriptionally
inactive chromatin, and corresponding HMTases have been ident-
ified10–14. Methylation of H3 K4 has also been detected in transcrip-
tion-competent chromatin15,16, but the functional link between
histone methylation and activation has not been dissected.

To identify HMTases that establish activation-specific methyl-
ation patterns, we used a biochemical screen that identified Ash1, a
member of the trithorax group of epigenetic activators1,5, as an
HMTase. Ash1 contains a SET domain—the ‘signature motif ’ of
lysine-specific HMTases—flanked by cysteine-rich regions (pre-SET
and post-SET domains)5,10. To confirm that Ash1 has HMTase
activity, we tested the ability of recombinant Ash1 derivatives
Ash1DN (deleted N terminus) and Ash1(SET) (containing the
pre-SET, post-SET and SET domains only) to methylate histones
(Fig. 1a). The Ash1 derivatives methylated H3 and, to a lesser extent,
H4 in polynucleosomes and histone core octamers (Fig. 1a, b). By
contrast ‘free’ H3 and H4 were methylated to a lesser extent
compared with nucleosomes, even though free histones were present
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at a fivefold excess over polynucleosomal histones or when sup-
plemented with DNA (Fig. 1d). These results suggest that Ash1
methylates H3 and H4. As Ash1 used in the described HMTase
assays was purified from eukaryotic cells, the HMTase activity
of Ash1 could result from an associated rather than intrinsic
activity. To test this, we subjected Ash1DN to protein transfer
membrane assays that detect intrinsic enzymatic activities in pro-
teins8. Ash1(SET) was separated by SDS–polyacrylamide gel
electrophoresis (PAGE), transferred electrophoretically onto poly-
vinylidene fluoride (PVDF) membrane, and denatured/re-natured.
Reconstituted Ash1(SET) methylated H3 and H4 (Fig. 1e),
suggesting that Ash1 has intrinsic HMTase activity.

To identify the target amino acid residue(s) of Ash1, radiolabelled
H3 was subjected to Edman-degradation. Scintillation counting of
the released amino acid fractions detected radiolabelling of H3 K4
and K9 (Fig. 2a). To support this, we tested the ability of Ash1DN to
methylate peptides consisting of amino acids 1–20 of H3 (H3(1–
20)). Ash1DN methylated the peptides H3(1–20), H3(1–20)K4
(which contains H3 K4 but leucine residues instead of lysine
residues at positions 9, 14 and 18) and H3(1–20)K9 (which contains
H3 K9 but leucine residues instead of lysine residues at positions 4,
14 and 18) (Fig. 2b). By contrast, H3(1–20)L4/L9 peptides, which

contain leucine residues at position 4 and 9 of H3, were not
significantly methylated (Fig. 2b), indicating further that Ash1
methylates H3 K4 and K9. Owing to the weak radiolabelling, the
target(s) of Ash1 in H4 could not be identified by Edman-degra-
dation (data not shown). As H4 K20 is the only H4 residue being
methylated in vivo, we generated a monoclonal antibody against
dimethylated H4 K20 (anti-dim(H4-K20)) to investigate whether
Ash1 methylates H4 K20 (refs 10, 14). H4 that was free, in histone
core octamers or polynucleosomes, was methylated by Ash1 and
analysed by western blot analysis. Anti-dim(H4-K20) antibody
recognized Ash1-methylated H4, but not un-methylated H4, indi-
cating that Ash1 methylates H4 K20 (Fig. 2c, d).

Single amino acid point mutations ash1 10 and ash121 abolish
Ash1 activator function in Drosophila (ref. 5). The mutation in
ash1 10 (N1458I) resides within the SET domain, and in ash1 21

(E1357K) in the pre-SET domain (ref. 5). To assess whether these
mutations affect HMTase activity, we expressed and purified
recombinant proteins containing one of these mutations
(Ash1DN10, Ash1DN21) and a third mutant (Ash1DN1142) whose
mutation (H1459K) resides in the SET domain and abolishes
HMTase activity of SUV39H1 (ref. 12). HMTase assays revealed
that the mutants did not significantly methylate H3 and H4,
indicating that the mutations abolish HMTase activity (Fig. 2e)
and that both the pre-SET and SET domains of Ash1 contribute to
HMTase activity and transcriptional activation by Ash1.

To assess whether the mutations in Ash1 specifically inactivate
HMTase activity or cause a general functional inactivation, we
investigated the ability of mutant Ash1DN to bind the known
interaction partner Trx. Ash1DN and the three mutants interacted
with Trx in vitro (see Supplementary Information), suggesting that
the inability of mutant Ash1 proteins to methylate histones is based
on a specific inactivation of HMTase activity.

To investigate the effect of ash1 10 and ash1 21 on transcriptional
activation by Ash1 in Drosophila, we used transgenic flies carrying
the Ash1-dependent reporter gene N18/15, which contains a 4-
kilobase (kb) regulatory element of the bxd region from the Ash1
target gene Ubx fused to the mini-white gene (Fig. 2f)17. Ash1
supports activation of N18/15 transcription in the Drosophila eye
(Fig. 2f). By contrast, N18/15 expression is significantly reduced in
ash1 10/ þ or ash1 21/ þ heterozygous flies (Fig. 2f). As Ash121 and
Ash110 lack HMTase activity in vitro, these results imply that
HMTase activity contributes to transcriptional activation by Ash1
in vivo.

To dissect the functional relationship between transcriptional
activation and histone methylation by Ash1, we reconstituted
transcriptional activation by Ash1 in Drosophila S2 cells. To monitor
transcription in chromatin, we generated S2 (BCAT5) cells that
carry the stable integrated reporter gene BCAT5, which contains five
DNA-binding sites for the yeast activator Gal4, a core promoter and
the bacterial cat gene18,19. To recruit Ash1 to chromatin, Ash1
derivatives were fused to the Gal4 DNA-binding domain (amino
acids 1–147) (Gal4(DBD))20. BCAT5 cells were transfected with
plasmids expressing fusion proteins comprising Gal4(DBD) and
either wild type or mutant Ash1DN. Gal4(DBD)–Ash1DN activates
BCAT5 expression 20-fold (Fig. 3a)20, whereas HMTase-inactive
Ash1DN derivatives did not (Fig. 3a). These results support the
hypothesis that HMTase activity of Ash1 mediates activation of
transcription.

To link transcriptional activation by Ash1 to histone methylation,
we used crosslinked chromatin immunoprecipitation (XChIP)21,
which detects protein–DNA interactions in vivo. Crosslinked chro-
matin was isolated from BCAT5 cells expressing Gal4(DBD)–
Ash1DN, Gal4(DBD)–Ash1DN10 or Gal4(DBD)–Ash1DN21, and
immunoprecipitated by antibodies recognizing dimethylated H3
K4, H3 K9 or H4 K20. Precipitated DNA was purified and the
enhancer/promoter of target genes was detected by polymerase
chain reaction (ref. 21). All three antibodies precipitated chromatin

Figure 1 Ash1 methylates histone H3 and H4. a, Schematic representation of Ash1

derivatives (top panel). Numbers refer to amino acids in Ash1 (see GI17737643;

http://www.ncbi.nlm.nih.gov). The SET domain (SET) and the cysteine-rich pre-SET and

post-SET domains (C) are indicated. The bottom panel shows Coomassie-blue-stained

SDS–PAGE gels of immunopurified Ash1(SET) and Ash1DN, whose position is indicated.

The asterisk marks the position of the anti-Flag antibody light chain. b, Coomassie-blue-

stained SDS–PAGE gel (lanes 1, 2) and fluorograms (lanes 3, 4) of HMTase assays

programmed with polynucleosomes and Ash1DN (lanes 1, 3) or Ash1(SET) (lanes 2, 4).

c, Coomassie-blue-stained SDS gel (C) and corresponding fluorogram (F) of an HMTase

assay as in b, except that reactions contained histone core octamers and Ash1DN.

d, Fluorogram of HMTase assays programmed with Ash1(SET) and either H3 or H4 in the

absence or presence of DNA. e, Fluorogram of an HMTase assay programmed with

polynucleosomes and protein transfer membrane-bound, denatured/re-natured

Ash1(SET). An asterisk marks the position of auto-methylated Ash1(SET). The position of

histones (b–e) and the position and relative molecular mass (M r, K) of protein standards is

indicated (a, d).
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containing the BCAT5 enhancer/promoter from cells in which
Gal4(DBD)–Ash1DN activates transcription (Fig. 3b). Methylation
of these lysine residues was detectable 500 bp upstream of the
enhancer/promoter and at the 3 0-end of the cat gene (data not
shown). In cells expressing Gal4(DBD)–Ash1DN10, methylation of
H3 K4 was undetectable, but weak methylation of H3 K9 and H4
K20 could be observed. This finding supports current models
proposing that transcriptional repression correlates with methyl-
ation of H3 K9 and H4 K20 (refs 10–14). As, however, H3 K9 and
H4 K20 methylation is enhanced at the transcriptionally active
(active) reporter, transcriptional activation by Ash1 correlates
with de novo methylation of not only H3 K4 but also H3 K9 and
H4 K20.

Methylation of H3 K9 at the transcriptionally silent (silent)
enhancer/promoter implied that BCAT5 might be associated with
HP1, which binds methylated H3 K9. We tested this by XChIP using
anti-HP1 polyclonal antibody. The antibody precipitated the
BCAT5 enhancer/promoter from cells expressing HMTase-inactive
Gal4(DBD)–Ash1DN10. By contrast, the enhancer/promoter was
only weakly precipitated from cells in which Gal4(DBD)–Ash1DN
activates reporter expression (Fig. 3b). These results suggest that
HP1 binds the silent enhancer/promoter and is removed/relocated
from the reporter by Ash1-mediated histone methylation.

To investigate whether Ash1 methylates histones to activate

transcription of a natural target gene, we monitored methylation
of Ubx in BCAT5 cells. Ubx is not expressed in S2-cells24 but PCR
with reverse transcription (RT–PCR) indicates that transiently
expressed Gal4(DBD)–Ash1DN activates expression of this gene
in BCAT5 cells (Fig. 3c). XChIP experiments indicate that H3 K4 is
not methylated and that H3 K9 and H4 K20 are only weakly
methylated at the silent Ubx promoter (Fig. 3b). By contrast,
methylation of all three lysine residues is significantly enhanced
when Ash1 activates BCAT5 expression (Fig. 3b), indicating that
transcriptional activation of Ubx by Ash1 coincides with methyl-
ation of H3 K4, K9 and H4 K20.

Genetic data indicate that Ash1 activates Ubx expression in
imaginal discs of the third leg25. Therefore, to investigate histone
methylation by Ash1 in the natural context of the activator, we
examined the methylation pattern of Ubx in third leg discs by
XChIP. We prepared crosslinked chromatin from third leg discs
dissected from third instar larvae. Chromatin immunoprecipita-
tions indicated methylation of H3 K4, K9 and H4 K20 at the Ubx
promoter (Fig. 3d), suggesting that Ash1-mediated methylation of
all three lysine residues coincides with epigenetic activation of Ubx
transcription in Drosophila.

On the basis of the result that methylated lysine residues facilitate
or inhibit the binding of proteins, we investigated whether the
trivalent (H3 K4, K9 and H4 K20) methylation pattern placed by

Figure 2 Ash1 methylates K4 and K9 in H3 and K20 in H4. a, Microsequencing of

radiolabelled polynucleosomal H3. Radiolabelled H3 was subjected to Edman-

degradation and the resulting amino acid fractions were analysed by scintillation counting.

The x axis shows amino acids 1–20 of H3, the y axis indicates the [3H]-incorporation of

individual amino acids in decays per minute (d.p.m.). b, HMTase assays using Ash1(SET)

and wild-type or mutant H3 peptides (amino acids 1–20). H3(1–20)K4, peptide containing

H3 K4 only; H3(1–20)K9, peptide containing H3 K9 only; H3(1–20)L4/L9, peptide

containing leucine instead of lysine at positions 4 and 9. The arrow indicates the position

of radiolabelled peptide; the asterisk marks auto-methylated Ash1(SET). c, Western blot

analyses using anti-dimethylated H4 K20 monoclonal antibody (dim(H4-K20)) of HMTase

assays containing recombinant H4 and the control protein TAFII110 or Ash1(SET). The

asterisk indicates the position of anti-Flag antibody light chain. d, Western blot analyses

as in c, except that reactions were programmed with polynucleosomes or histone core

octamers, as indicated. The position and relative molecular mass of protein standards is

indicated. Note the low basal level of H4 K20 methylation of histone core octamers.

e, Schematic representation of mutant ASH1DN proteins (top). The position and the single

amino acid exchange caused by the mutations are indicated. The bottom panel shows a

Coomassie-blue-stained SDS gel (top) and fluorogram (bottom) of HMTase assays

programmed with the indicated Ash1 derivatives and polynucleosomes. The arrow marks

the position of Ash1 derivatives. The asterisk marks auto-methylated Ash1. f, Schematic

representation of the N18/15 reporter gene containing the 4-kb regulatory element of the

bxd region, which contains three Trx response elements (TRE), fused to the Drosophila

mini-white gene (top). The bottom panel shows photographs of eyes from N18/15/ þ

(top), N18/15/ash1 10 (middle) and N18/15/ash1 21 heterozygotes (bottom).

Magnification, tenfold.
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Ash1 attracts or repels proteins to establish epigenetic activation.
The XChIP experiments in Fig. 3b, d indicate that the trivalent
methylation pattern removes/relocates HP1 from chromatin. To
support this finding, we investigated the interaction of HP1 with
methylated H3 peptides and histone core octamers that had been
methylated by Ash1 or Drosophila SU(VAR)3-9, which methylates
H3 K9. HP1 bound H3 K9-methylated peptides and histone core
octamers, as well as H3 K4/K9-methylated peptides (Fig. 4a, c). By
contrast, HP1 did not bind Ash1-methylated core octamers,
suggesting that the trivalent methylation pattern inhibits the inter-
action of HP1 with chromatin (Fig. 4b).

Protein–protein interaction assays using H3(1–20) peptides
methylated at H3 K4, K9 or H3 K4 and K9 (H3 K4/K9), and
Drosophila embryonic nuclear extract or recombinant proteins,
resulted in the identification of three proteins that exhibit differ-
ential binding to methylated peptides. Two of these proteins—the
epigenetic repressor Polycomb (Pc) and Caf-1 p55, a subunit of
different protein complexes involved in, for example, epigenetic
repression26,27—bind H3 K9-methylated peptides and histone core
octamers, but show significantly reduced binding to H3 K4- or H3
K4/K9-methylated peptides and trivalently methylated histone core
octamers (Fig. 4a, b, d–f). Furthermore, protein-binding assays
indicate that Brm and Moira (Mor) interact with H3 K4/K9-
methylated peptides (Fig. 4g, h). In contrast, both proteins were
not recruited to peptides methylated at H3 K4 or H3 K9 (Fig. 4g, h).
Brm and Mor are subunits of a SWI/SNF-like chromatin remodel-
ling complex1, suggesting that this complex, rather than individual
proteins, is recruited to K4/K9-methylated H3. These results imply
that the trivalent methylation pattern established by Ash1 facilitates
or prevents the interaction of proteins with methylated H3 during
epigenetic activation. To support this finding, we used XChIP to

investigate the interaction of Brm and repressors with Ash1 target
genes. These analyses indicate that Brm and Mor are present at the
active but not at silent promoters of Ash1 target genes in cells or
third leg imaginal discs (Fig. 3b, d). By contrast, the repressors were
only detected at silent promoters (Fig. 3b, d). Thus, transcriptional
activation by Ash1 may coincide with the recruitment of Brm and
Mor and the extinction of repressor binding at the promoter of Ash1
target genes.

Collectively, our data indicate that the epigenetic activator Ash1
activates transcription by methylation of H3 K4, K9 and H4 K20 at
the promoter of target genes. This suggests that epigenetic acti-
vation and silencing, which has been linked to methylated H3 K9,
may correlate with different histone methylation patterns. Each of
the three lysine residues targeted by Ash1 can be individually
methylated by specific HMTases, resulting in transcriptional repres-
sion and probably activation (H3 K4). Combining these three
modifications results in a novel biological readout: epigenetic
activation. Why does the trivalent modification pattern generated
by Ash1 mediate epigenetic activation? Our results indicate that
each modification of the pattern fulfils a specific function. Methyl-
ation of H3 K4 prevents the interaction of repressors (Pc, p55) with
Ash1 target genes. Methylation of H4 K20 in addition to H3 K4 and
H3 K9 prevents the interaction of HP1 with chromatin. Inhibition
of repressor binding is an important mechanism, as epigenetic
activators and repressors are expressed together during Drosophila
development. Finally, methylation of H3 K4 and H3 K9 generates an
interaction surface for a chromatin-remodelling complex. Our
results imply that a specific functional interplay between the
epigenetic activators Ash1 and Brm mediates epigenetic activation
of transcription. Ash1 initially binds target genes and generates the
trivalent histone methylation pattern, which subsequently recruits a

Figure 3 Methylation of K4 and K9 in H3 and K20 in H4 coincides with epigenetic

activation of transcription by Ash1. a, Autoradiogram of CAT assays using whole-cell

extract prepared from BCAT5 cells transfected with plasmids expressing the co-activator

TAFII110 (ref. 28) (control, lane 1), Gal4(DBD)–Ash1DN (lane 2), Gal4(DBD)–Ash1DN10

(lane 3) or Gal4(DBD)–Ash1DN21 (lane 4). The arrowheads indicate the position of

acetylated [14C]chloramphenicol. b, Photograph of ethidium-bromide-stained agarose

gels containing PCR-amplified DNA obtained from XChIP experiments. In vivo crosslinked

chromatin was isolated from BCAT5 cells that express TAFII110 (control) or the indicated

Ash1 derivatives. Crosslinked chromatin was immunoprecipitated using the indicated

antibodies. PCR was used to detect a 270-bp fragment of the BCAT5 enhancer.

c, Ethidium-bromide-stained agarose gel of RT–PCR reactions containing PCR primers

generating a 330-bp fragment of the Ubx coding region and DNA that was isolated from

BCAT5 cells expressing TAFII110 (control) or the indicated Ash1 derivatives. d, The top

panel shows XChIP experiments as in b, but using in vivo crosslinked chromatin prepared

from imaginal discs of the third leg of Drosophila. Shown is the photograph of PCR

reactions detecting a Ubx promoter fragment in chromatin that had been

immunoprecipitated using the indicated antibodies. The bottom panel is a photograph of

PCR reactions that detect the presence of the actin 5C promoter in in vivo crosslinked

chromatin using anti-dim(H3-K4) antibodies (Upstate). Precipitation of the actin 5C

promoter was used to standardize PCR reactions shown in the top panel.
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Brm-containing chromatin-remodelling complex. The activity of
this complex may contribute to the establishment of epigenetic
active chromatin structures. A

Methods
Plasmids
Expression plasmids were constructed as described in Supplementary Information.
Proteins were expressed and purified as described28.

Crosslinked chromatin immunoprecipitation
XChIP was performed essentially as described21 with the following modifications. We used
either 750 third leg imaginal discs or 4 £ 107 BCAT5 cells that were transfected with
plasmids expressing wild-type or mutant Gal4(DBD)–Ash1 fusion proteins. At 60 h after
transfection, cells were collected and crosslinked with 1.8% formaldehyde. Crosslinked

chromatin was purified as described21. Chromatin was immunoprecipitated using anti-
dimethylated H3 K4 (dim(H3-K4)), anti-dimethylated H3 K9 (dim(H3-K9)) (both
Upstate Biotechnology), and anti-dimethylated H4 K20 (dim(H4-K20)), as well as anti-
HP1 anti-Pc, anti-Brm and anti-Mor antibodies. After immunoprecipitation, crosslinked
chromatin was incubated with proteinase K (0.5 mg ml21) at 37 8C for 16 h. Next,
crosslink was reversed by incubation of the probe at 65 8C for 6 h. DNA was purified by
phenol/chloroform extraction, precipitated with ethanol, and resuspended in 100 ml TE
(10 mM Tris (pH 8.0), 1 mM EDTA). For quantitative PCR we used 1/500–1/20 of the
precipitated DNA. The presence of a 720-bp fragment from the constitutive active actin 5C
promoter, which is methylated at H3 K4, K9 and H4 K20, was detected by PCR to
normalize the precipitates obtained from XChIP (C.B. and F.S., unpublished results).

Fly strains
The following fly strains were used: OregonR (Bloomington stock centre), ash1 10, ash1 21

(ref. 5) and N18/15/N18/15 that contains the N18/15 transgene (ref. 17). Flies were
maintained under standard conditions. To assess the effect of ash110 and ash1 21 on the
N18/15 transgene, N18/15/N18/15 females were crossed with w 1118; ash1 10/ þ , w 1118;
ash1 21/ þ or w 1118; þ/þmales and the eye colour of progenies was analysed. To exclude
variations of eye colour resulting from age differences of the flies, we compared the eye
colour of 3-day-old progenies expressing wild-type or mutant Ash1. Eyes are shown
at a 100-fold magnification and were photographed using a standard dissection
binocular.

In vitro histone methyltransferase assay
Methyltransferase assays were performed as described (ref. 16). Ash derivatives were
incubated in methyltransferase buffer (25 mM Tris, pH 8.0, 100 mM NaCl, 1 mM
phenylmethylsulphonyl fluoride) in the presence of 2 mCi S-adenosyl-L[methyl-3H]-
methionine (50–62 mCi mmol21) for 1 h at 30 8C. Reactions contained approximately
0.1–0.5 mg wild-type and mutant Ash1 derivatives and 1–3 mg polynucleosomal histones,
5–10 mg recombinant histones or 10 mg histone peptides.

Protein microsequencing
To determine the target amino acids of Ash1 in H3, Ash1-labelled nucleosomal H3 was
subjected to microsequencing and fractions containing individual amino acid residues
were analysed by scintillation counting as described16.

In vitro protein-binding assays
Ash1 derivatives, labelled with 35S-labelled methionine, Pc and p55 were generated by
in vitro expression28. Glutathione S-transferase (GST)–HP1, GST–p55, GST–Pc and GST–
Trx(SET) were expressed and purified by affinity chromatography using glutathione-
sepharose (Amersham/Pharmacia) according to the manufacturer’s instructions28.
Protein–protein interaction assays involving Trx were performed as described17. Binding
assays involving H3 peptides were performed as described22,23 using in vitro expressed
proteins or fractionated embryonic Drosophila nuclear extract, prepared as described28, as
protein source. The identity of bound proteins was detected by western blot analyses as
described6.

Drosophila tissue culture
Drosophila S2 Schneider cells were maintained and transfected with DNA as described20,
and cells containing a stable BCAT5 reporter gene were generated19. CAT assays were
performed as described20.

Preparation of polynucleosomes
Polynucleosomes were prepared from nuclei essentially as described28 with the following
modifications: after nuclease digestion, the chromatin-containing supernatant was
dialysed against TE-600 (10 mM Tris, pH 8.0, 0.1 mM EDTA, 600 mM NaCl) and further
purified by gel filtration using a Superdex-200 column. Polynucleosomes used in
methyltransferase assays contained on average 2–20 nucleosomes.
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line (19) of 0.1 ng/m3 by as much as 27-fold
on 81% of the mouse exposure days. If PAHs
contribute to mutation induction, then the
PAH-removal efficiency of our HEPA unit
may be an important consideration. Based on
chemical analysis of HEPA filters compared
to TSP samples from the same location,
HEPA filtration blocked 7.1 to 8.0 ng/m3 (55
to 61%) of total PAHs in ambient air at the
urban-industrial site. This is likely to be an
underestimate (supporting online text), and
HEPA filtration probably removed 55 to
100% of particulate-bound PAHs, substan-
tially reducing exposure for the sentinel mice.
PAHs may contribute to germline mutation
induction, but we cannot yet make specific
conclusions regarding their importance.

Human epidemiological studies have as-
sociated air pollution exposure with negative
health consequences, including cardiovascu-
lar (20), respiratory (21), and developmental
impairments (22, 23) and lung cancer (1).
Identification of the most dangerous air pol-
lutants and their mode of action in producing
specific health effects remains uncertain (24 ).
Our study identifies airborne particulate mat-
ter as a contributor to heritable mutation in-
duction in mice; however, a direct link be-
tween ESTR mutations and health effects has
not yet been established. In addition, al-
though elevated germline mutation rates have
been documented in both birds (25, 26 ) and
mice (6) near industrial areas, it is not clear
whether our results can be extrapolated to
humans. Nonetheless, structural changes in
DNA have been detected in human sperm
after air pollution exposure (27 ). Data from
mouse studies (15, 16 ) suggest that a rela-
tionship may exist between mutation rates at
ESTR loci and those in coding regions of the
genome that affect phenotype. To reduce the
potential risk of harmful heritable mutations
for humans and wildlife, along with a suite of
other health problems, we suggest that steps
be taken to reduce levels of airborne partic-
ulate matter in urban environments.
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TAF1 Activates Transcription by
Phosphorylation of Serine 33 in

Histone H2B
Tobias Maile,1* Simona Kwoczynski,2*† Rebeccah J. Katzenberger,3

David A. Wassarman,3‡ Frank Sauer1,2‡

Dynamic changes in chromatin structure, induced by posttranslational modi-
fication of histones, play a fundamental role in regulating eukaryotic tran-
scription. Here we report that histone H2B is phosphorylated at evolutionarily
conserved Ser33 (H2B-S33) by the carboxyl-terminal kinase domain (CTK) of the
Drosophila TFIID subunit TAF1. Phosphorylation of H2B-S33 at the promoter of
the cell cycle regulatory gene string and the segmentation gene giant coincides
with transcriptional activation. Elimination of TAF1 CTK activity in Drosophila
cells and embryos reduces transcriptional activation and phosphorylation of
H2B-S33. These data reveal that H2B-S33 is a physiological substrate for the
TAF1 CTK and that H2B-S33 phosphorylation is essential for transcriptional
activation events that promote cell cycle progression and development.

Transcription initiation in eukaryotes involves
dynamic changes in chromatin structure that
permit assembly of the transcription machinery
at a gene promoter (1, 2). The fundamental
structural unit of chromatin is the nucleosome,
which contains 146 base pairs of DNA wrapped
around a histone octamer composed of two
copies each of histones H2A, H2B, H3, and H4
(3). Distinct patterns of histone modifications
(e.g., acetylation, phosphorylation, and methyl-

ation) may act as “modification cassettes” that
facilitate DNA-dependent events (4, 5). For
example, in vertebrates phosphorylation of
H2B Ser14 is associated with apoptotic chroma-
tin, and in all eukaryotes phosphorylation of H3
Ser10 is associated with transcriptionally active
and mitotic chromatin (4–6). Although all his-
tones are phosphorylated in vivo, the function
of many of these modifications and the kinases
that carry them out are not known (7).

With the use of an in vitro kinase assay, we
found that the Drosophila general transcription
factor (GTF) TFIID phosphorylates histone
H2B but not H1, H2A, H3, or H4 (Fig. 1, A and
B) (8). TFIID is a multiprotein complex com-
posed of the TATA box–binding protein (TBP)
and numerous TBP-associated factors (TAFs)
(9). TFIID functions during transcription initi-
ation by nucleating assembly of GTFs and
RNA polymerase II at the promoter. TAF1
(formerly TAFII250) is the only TFIID subunit
that possesses kinase activity, suggesting that it
phosphorylates H2B (10–12). In fact, recombi-
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nant TAF1 and denatured and renatured recombi-
nant TAF1 phosphorylated H2B in vitro, demon-
strating that TAF1 has intrinsic, H2B-specific ki-
nase activity (Fig. 1, B and C) (8). Collectively,
these results indicate that TAF1 alone and in the
context of TFIID phosphorylates H2B.

TAF1 contains two kinase domains, an N-
terminal (NTK, amino acids 1 to 496) and a
C-terminal (CTK, amino acids 1496 to 2132)
domain (10) (Fig. 1D). In vitro, the NTK and
the CTK autophosphorylate and the NTK
transphosphorylates the RAP74 subunit of the
GTF TFIIF. To determine which domain phos-
phorylates H2B, we assayed NTK and CTK
separately in vitro. In contrast to the NTK, the
CTK did not phosphorylate RAP74 but strongly
phosphorylated H2B, indicating that the CTK
possesses H2B-specific kinase activity (Fig. 1E).

Protein kinases contain two essential
functional motifs, an adenosine triphosphate
(ATP) binding motif and an amino acid–
specific kinase motif. Computational se-
quence comparison analyses identified a pu-
tative serine and threonine (S/T) kinase motif
(amino acids 1534 to 1546) and two tandem
ATP binding domains (amino acids 1747 to
1780) in the CTK (Fig. 2A and fig. S1) (8,
13). To test whether the identified motifs
mediate H2B phosphorylation, we performed
in vitro kinase assays with the use of CTK
polypeptides lacking the S/T kinase motif
(CTK�1600) or the ATP binding motifs
(CTK�ATP). Relative to the wild-type CTK,
CTK�1600 and CTK�ATP weakly phosphor-
ylated H2B (Fig. 2B and fig. S2A). To con-
firm the role of the S/T kinase motif, we
mutated a catalytically important aspartic
acid to an alanine (D1538A) in the motif (Fig.
2A and fig. S1) (13). Like CTK�1600,
CTK(D1538A) exhibited weak autophos-
phorylation and H2B transphosphorylation
activities (Fig. 2B). Interestingly, the S/T ki-
nase motif is located in the first bromodo-
main of the double bromodomain module
(DBD), which binds acetylated lysines (Fig.
2A) (14). However, CTK(D1538A) retains
the ability to bind acetylated H4 in vitro,
indicating that the introduced mutation dis-
rupts kinase activity rather than acetylated
lysine-based substrate recognition (fig. S2B).
Thus, the identified S/T kinase and ATP
binding motifs of the TAF1 CTK are essen-
tial for H2B phosphorylation.

To identify H2B residue(s) phosphoryl-
ated by the CTK, we first examined whether
the CTK phosphorylates the N-terminal tail
of Drosophila H2B (amino acids 1 to 39,
H2BT) or the tailless H2B core domain (ami-
no acids 40 to 123) and found that the CTK
phosphorylated H2BT but not the H2B core
domain (Fig. 2C). Next, to pinpoint which
residue(s) in H2BT is phosphorylated, we
generated mutant H2BT peptides in which
alanines replaced all or individual serines or
threonines. The CTK did not phosphorylate

peptides lacking all serines, suggesting that it
phosphorylates either Ser5 (H2B-S5) or Ser33

(H2B-S33) (fig. S2C). To test this, we used
H2BT peptides as substrates that contained
alanines in place of H2B-S5, H2B-S33, or
both (H2BT-S5A, H2BT-S33A, and H2BT-
S5/33A, respectively). The CTK phosphoryl-
ated H2BT-S5A but not H2BT-S33A or
H2BT-S5/33A, indicating that H2B-S33 is
the target of the CTK (Fig. 2D).

To investigate whether H2B-S33 is phos-
phorylated in vivo, we raised a polyclonal
antibody recognizing phosphorylated H2B-
S33 (H2B-S33P) (8). On Western blots, the
antibody recognized H2BT containing H2B-
S33P but not recombinant, unphosphorylated
H2B or an H3 peptide (amino acids 1 to 32)
containing phosphorylated Ser10 and Ser28

(Fig. 3A). In addition, the H2B-S33P anti-
body recognized H2BT and recombinant
H2B that was phosphorylated in vitro by the
CTK or TFIID, indicating that the antibody
specifically recognizes phosphorylated H2B-
S33 (Fig. 3B). The H2B-S33 antibody also
recognized a protein with a molecular weight
similar to that of H2B from histone preparations

from Drosophila embryos or S2 cells, provid-
ing evidence that H2B-S33 is a target for phos-
phorylation in vivo (Fig. 3, C and D) (15, 16).
To determine whether TAF1 mediates H2B-
S33 phosphorylation in vivo, we used RNA
interference (RNAi) to eliminate TAF1 expres-
sion in S2 cells (8). As shown by Western blot
analysis, both TAF1 expression and H2B-S33
phosphorylation were reduced in TAF1 RNAi
cells compared with mock RNAi cells, suggest-
ing that TAF1 is a major H2B-S33 kinase in
vivo (Fig. 3, D and E).

Flow cytometry analysis of TAF1 RNAi
cells revealed that loss of TAF1 results in G2-M
phase cell cycle arrest (fig. S3). To test the
hypothesis that TAF1 controls the transcription
of genes whose activities contribute to G2-M
progression, we used microarray expression
profiling and reverse transcription polymerase
chain reaction (RT-PCR) to monitor transcrip-
tion in mock and TAF1 RNAi cells. Both meth-
ods showed that transcription of string (stg),
which encodes a Drosophila homolog of yeast
Cdc25, was reduced (Fig. 4A) (8). The Stg
protein phosphatase is predominantly expressed
during G2 and activates the cell cycle by dephos-
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phorylating Cdc2 (17). Because loss of stg
from S2 cells by RNAi causes G2-M arrest,
TAF1 may regulate G2-M progression by acti-
vating stg transcription (18).

Chromatin immunoprecipitation (XChIP)
was used to establish whether there is a direct
correlation between transcriptional activation of
stg and TAF1-mediated phosphorylation of
H2B-S33 at the stg promoter (15). Cross-linked
chromatin was isolated from mock and TAF1
RNAi S2 cells and immunoprecipitated with
TAF1 or H2B-S33P antibodies. Immunopre-
cipitated DNA was purified and used as a tem-
plate for PCR to detect the stg promoter or coding
region and actin5C promoter (Fig. 4B and fig.
S4). In contrast, TAF1 is not essential for actin5C
transcription, and H2B-S33P antibodies do not
precipitate the actin5C promoter (Fig. 4A and fig.
S5A). Thus, the transcriptional dependence of a
gene for TAF1 is correlated with H2B-S33 phos-
phorylation, not with TAF1 association.

To distinguish whether loss of H2B-S33
phosphorylation at the stg promoter is due
directly to loss of TAF1 or indirectly to
G2-M arrest, we performed XChIP analysis
on S2 cells arrested in G2-M by RNAi of the
SIN3 transcriptional corepressor. Stg tran-
scription is repressed in SIN3 RNAi cells, yet
the stg promoter remains associated with
H2B-S33P and TAF1, indicating that loss of
H2B-S33 phosphorylation in TAF1 RNAi
cells is because of elimination of TAF1 rather
than G2-M arrest (fig. S5B) (18).

In addition to kinase domains, TAF1 has a
histone acetyltransferase (HAT) domain that
acetylates H3 Lys14 (H3-K14) and unidentified
lysines in H4 in vitro (19). XChIP analysis
detected acetylated H3-K14 and H4 at the tran-
scriptionally active stg promoter in mock RNAi
cells but not at the inactive stg promoter in
TAF1 RNAi cells (Fig. 4B and fig. S5C). In
contrast, TAF1-independent histone modifica-
tions did not correlate with activation of stg in
mock and TAF1 RNAi cells (fig. S5C). Taken
together, these results indicate that TAF1-
mediated phosphorylation of H2B-S33 and
acetylation of H3 and H4 potentiate transcrip-
tional activation in Drosophila cells.

To investigate the role of TAF1-mediated
phophorylation of H2B-S33 during fly devel-
opment, we used a recessive lethal TAF1
allele, TAF1CTK, which contains a nonsense
mutation at amino acid 1728 that truncates
the CTK downstream of the DBD (Fig. 2A
and fig. S6A) (8). The corresponding protein
(TAF1�CTK) is expressed in Drosophila but
presumably does not have CTK activity, be-
cause it does not phosphorylate H2B in vitro
(Fig. 2B and fig. S6, B and C). In situ hy-
bridization was used to monitor transcription
in embryos homozygous mutant for TAF1CTK

and heterozygous mutant for the maternal
activator Caudal (Cad) (20). In this genetic
background, transcription of the gap gene
giant (gt) was reduced (Fig. 4C). Gt is tran-

scribed in two domains along the anterior-
posterior axis of blastoderm-stage embryos.
Transcription of the posterior gt domain (pgt)
is Cad-dependent, whereas transcription of
the anterior gt domain (agt) is Cad-
independent. Relative to controls (cad/� or
TAF1CTK), pgt transcription was reduced in
cad/�;TAF1CTK embryos (Fig. 4C).

XChIP analysis was used to examine
whether TAF1-mediated phosphorylation of
H2B-S33 contributes to pgt transcription.
Cross-linked chromatin was isolated from the
posterior halves of cad/�;TAF1CTK and con-
trol embryos and immunoprecipitated with
antibodies to H2B-S33P, acetylated histones,
or TAF1. PCR analysis detected H2B-S33P
at the transcriptionally active gt promoter in
control embryos, but not at the transcription-
ally repressed promoter in cad/�;TAF1CTK

embryos (Fig. 4D and fig. S4). To monitor
TAF1 binding, we used two antibodies,
TAF1-M and TAF1-C, which recognize the
middle domain and the CTK of TAF1, re-

spectively (fig. S6A). Both antibodies precip-
itated the gt promoter from control embryos,
indicating that TAF1�CTK and maternally
contributed, wild-type TAF1 are present at
the gt promoter in the pgt (Fig. 4D and fig.
S4). In contrast, although the TAF1-M
antibody precipitated the gt promoter from
cad/�;TAF1CTK embryos, TAF1-C did not.
Because TAF1�CTK is present at a higher
concentration in cad/�;TAF1CTK embryos
than maternal TAF1, this result indicates that
TAF1�CTK is preferentially recruited to the
gt promoter in the pgt (Fig. 4D and fig. S6C).
This result is supported by the presence of
TAF1-mediated histone acetylation at the
transcriptionally silent gt promoter. Thus,
TAF1-mediated phosphorylation of H2B-S33
contributes to transcriptional activation dur-
ing Drosophila embryogenesis.

Ser33 is the only evolutionarily conserved
serine or threonine in the N-terminus of meta-
zoan H2Bs (fig. S7). In the crystal structure
of the Xenopus laevis nucleosome, the equiv-
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alent serine links the H2B DNA-binding N-
terminal tail to the histone fold domain (3,
21). Thus, replacing the hydroxyl group on
Ser33 with a bulkier, negatively charged

phosphate group may drastically affect H2B
tail interactions with DNA. This is important
because the H2B tail regulates nucleosome
mobility. Deletion of the tail bypasses the

requirement for the SWI/SNF nucleosome-
remodeling complex in yeast, and the tail is
critical for maintaining the position of histone
octamers in in vitro sliding assays (22, 23).
These findings support a model in which
TAF1-mediated phosphorylation of H2B-S33
disrupts DNA-histone interactions, resulting
in local decondensation of chromatin. Decon-
densation may trigger chromatin remodeling
and formation of a chromatin structure that
facilitates assembly of other GTFs at a pro-
moter, a function that is primarily attributed
to TFIID (1, 2, 10).

Our data indicates that the S/T kinase motif
of the CTK is located in the DBD. In the crystal
structure of the DBD, the position of the S/T
kinase motif does not overlap with the acety-
lated lysine-binding surface of the DBD, sug-
gesting that it is an independent functional unit
of the DBD (14). Members of the fsh/RING3
(BET) family of DBD proteins have kinase
activity, suggesting that TAF1 is a member of a
kinase family whose catalytic motif resides
within the DBD (24, 25).

Phosphorylation of H2B-S33 by TAF1 is
essential for transcriptional activation of stg/
cdc25 and, consequently, cell cycle progres-
sion. Similarly, depletion of yeast TAF5, hu-
man TAF2, or a twofold reduction in chicken
TBP results in G2-M arrest (26–28). Like
TAF1, TBP regulates stg/cdc25 expression,
providing support for the finding that the
H2B-S33 kinase activity of TAF1 occurs in
the context of TFIID (28). Interestingly, de-
pletion of yeast TAF1, which does not pos-
sess a CTK, and inactivation of TAF1 HAT
activity induce G1 arrest because of reduced
transcription of B- and D-type cyclins, re-
spectively (26, 29). Thus, loss of all TAF1
activities causes G2-M arrest whereas loss of
TAF1 HAT activity causes G1 arrest, sug-
gesting gene-specific requirements for TAF1
CTK and HAT activities. In contrast, the
presence of phosphorylated H2B-S33 and
acetylated H3 and H4 at the stg and gt pro-
moters implies that TAF1 CTK and HAT
activities can cooperate in transcriptional ac-
tivation of some genes. This proposal is sup-
ported by the finding that loss of H2B-S33P
from the gt promoter results in reduced tran-
scription, despite the presence of TAF1-
mediated histone acetylation. Thus, TAF1-
mediated phosphorylation of H2B-S33 may
work in concert with other TAF1-mediated
histone modifications, H1 ubiquitination, and
H3 and H4 acetylation to contribute to the
chromatin-based mechanisms underlying
transcription activation of eukaryotic genes.
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Regulation of Phagosome
Maturation by Signals from

Toll-Like Receptors
J. Magarian Blander and Ruslan Medzhitov*

In higher metazoans, phagocytosis is essential in host defense against
microbial pathogens and in clearance of apoptotic cells. Both microbial and
apoptotic cells are delivered on a common route from phagosomes to
lysosomes for degradation. Here, we found that activation of the Toll-like
receptor (TLR) signaling pathway by bacteria, but not apoptotic cells, reg-
ulated phagocytosis at multiple steps including internalization and phago-
some maturation. Phagocytosis of bacteria was impaired in the absence of
TLR signaling. Two modes of phagosome maturation were observed, con-
stitutive and inducible; their differential engagement depended on the
ability of the cargo to trigger TLR signaling.

Phagocytosis is an ancient form of host de-
fense (1) performed by specialized phago-
cytes, such as macrophages (2–6). Although
the phagocytosis of bacteria and apoptotic

cells relies on the same cellular machinery
(7), the immunological response differs (4–
6), as determined primarily by the engage-
ment of TLRs (6, 8).

To examine whether TLR signaling regu-
lates phagocytosis, we compared macro-
phages from wild-type (WT), MyD88�/�,
and TLR2x4�/� mice (generated from
TLR2–/– � TLR4–/– mice crossed to homozy-
gosity). Phagocytosis was performed in se-
rum-free media to eliminate contributions of
Fc and/or complement receptors (6, 9).
MyD88�/� and TLR2x4�/� macrophages
were unresponsive to inactivated Escherichia
coli (fig. S1). Fluorescent bacteria were used
to monitor phagocytosis in a time- and dose-
dependent manner by a fluorescence activat-
ed cell sorter (FACS) assay (10) (fig. S2).
MyD88�/� and TLR2x4�/� macrophages
internalized recombinant green fluorescent
protein (GFP)–expressing E. coli at reduced

Howard Hughes Medical Institute, Section of Immu-
nobiology, Yale University School of Medicine, New
Haven, Connecticut 06520, USA.

*To whom correspondence should be addressed. E-
mail: ruslan.medzhitov@yale.edu

Fig. 1. Impaired phagocytosis in the absence of
a TLR-MyD88 signal. Bone marrow (BM)–
derived macrophages given E. coli–GFP at a
ratio of 1:100. (A) (a) FACS histograms repre-
sentative of at least 10 experiments and show-
ing phagocytosis in serum-free conditions by
WT (red), MyD88�/� (tinted, top panels), or
TLR2x4�/� BM-derived macrophages (tinted,
bottom panels) at 37°C. GFP fluorescence is
plotted on the x axis, on a logarithmic scale
ranging from 100 to 104, and cell number is
plotted on the y axis. (b) Mean fluorescence
intensities (MFIs) of GFP from (a). (B) MFIs
showing phagocytosis of serum-opsonized E.
coli–GFP by WT or MyD88�/� macrophages at
various times in the presence of serum [similar
results in TLR4�/� macrophages (11)]. Plot leg-
end is as in (C). (C) MFIs at 2 hours after
phagocytosis of FluoSpheres under serum-free
conditions by WT or MyD88�/� macrophages,
as indicated in the legend.
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RETRACTION
Science has received the results of the University of California, Riverside Committee on 
Privilege and Tenure’s investigation of the papers published in Science by Professor Frank 
Sauer and colleagues, “TAF1 activates transcription by phosphorylation of serine 33 in 
histone H2B” (1) and “Noncoding RNAs of trithorax response elements recruit Drosophila 
Ash1 to Ultrabithorax” (2). 

For the 2004 Report (1), the Committee’s findings can be summarized as follows: Lanes 
3 and 4 in Fig. 1B were replicated from a figure in another paper (3). There was manipula-
tion of gel images that constituted data falsification and fabrication in Fig. 2C; Fig. 3, B 
and C; Fig. 4, B and D; and panel A in fig. S5C. 

For the 2006 Research Article (2), the Committee’s findings can be summarized as fol-
lows: In Fig 6C, there was replication of the same image in two panels that constitutes data 
falsification. There was manipulation of gel images that constituted data falsification and 
fabrication in Fig. 4D; Fig. 6, A and B; and fig. S5A.

The Committee concluded that the image manipulations described above constituted 
a significant departure from the accepted practices of Dr. Sauer’s research community. 
Therefore, the data, results, and conclusions in the papers are clearly not reliable. Science 
is hereby retracting the papers, at the request of University of California, Riverside and Dr. 
Sauer. The Committee determined that Dr. Sauer was the sole individual responsible for 
producing the figures.

– MARCIA MCNUTT
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Noncoding RNAs of Trithorax
Response Elements Recruit
Drosophila Ash1 to Ultrabithorax
Tilman Sanchez-Elsner,1 Dawei Gou,1 Elisabeth Kremmer,2 Frank Sauer1*

Homeotic genes contain cis-regulatory trithorax response elements (TREs) that are targeted by
epigenetic activators and transcribed in a tissue-specific manner. We show that the transcripts of
three TREs located in the Drosophila homeotic gene Ultrabithorax (Ubx) mediate transcription
activation by recruiting the epigenetic regulator Ash1 to the template TREs. TRE transcription
coincides with Ubx transcription and recruitment of Ash1 to TREs in Drosophila. The SET domain of
Ash1 binds all three TRE transcripts, with each TRE transcript hybridizing with and recruiting Ash1
only to the corresponding TRE in chromatin. Transgenic transcription of TRE transcripts restores
recruitment of Ash1 to Ubx TREs and restores Ubx expression in Drosophila cells and tissues that
lack endogenous TRE transcripts. Small interfering RNA–induced degradation of TRE transcripts
attenuates Ash1 recruitment to TREs and Ubx expression, which suggests that noncoding TRE
transcripts play an important role in epigenetic activation of gene expression.

T
he identity of cells in metazoan orga-

nisms is established during devel-

opment and mitotically propagated

throughout the entire life cycle. Phylogenet-

ically highly conserved protein families of

epigenetic regulators determine the fate of

developing cells by establishing and main-

taining mitotically stable gene expression

programs (1–4). In Drosophila, members of

the trithorax group (trxG) of epigenetic regu-

lators maintain active transcription states,

whereas members of the Polycomb group

(PcG) maintain repressed transcription states

(2–4). Many epigenetic regulators control gene

expression by establishing transcriptional com-

petent or silent chromatin structures (5, 6).

Several epigenetic activators ETrx, trithorax-

related (Trr)^ and repressors (Enhancer of zeste)

are lysine-specific histone methyltransferases

(HMTs) and contain a SET domain, the catalytic

hallmark motif of HMTs. Methylation of

lysine residues in histones H3 and H4 has been

correlated with epigenetic activation ELys4 in

H3 (H3-K4)^ and repression ELys9 and Lys27 in

H3 (H3-K9)^ (6–8).
We previously showed that the epigenetic

activator Babsent small and homeotic discs[
(Ash1) promotes transcriptional activation by

trimethylating H3-K4, H3-K9, and Lys20 in

H4 (H4-K20) (9). Ash1 maintains activated

transcription states in larval imaginal discs

that give rise to the appendages in the adult

fly (10, 11). For example, Ash1 is essential

for the expression of the homeotic gene

Ultrabithorax (Ubx) in third-leg and haltere

imaginal discs, and Ubx expression coincides

with Ash1-mediated histone methylation

(9–11).

PcG and trxG regulators are recruited to

specific chromosomal elements that are present

in the cis-regulatory region of target genes (2–4).

The same element can act as an activating or a

silencing module (4). In the repressed state, the

elements represent Polycomb response elements

(PREs) and facilitate the recruitment of PcG

proteins (2–4). In the activated state, the DNA-

elements function as trithorax response ele-

ments (TREs) and recruit trxG proteins (3, 4).

Transcription of noncoding RNAs (ncRNAs)

from TRE/PRE elements switches silent PREs

into TREs, which indicates that TRE/PRE

transcription plays an important role in epige-

netic activation (12–15). How transcription of

TREs culminates in the recruitment of trxG

regulators is unknown. Here, we address the

question of how epigenetic regulators without

known DNA binding capabilities, such as Ash1

(16), recognize and bind target genes in

chromatin.

Ubx TREs are transcribed in Drosophila
imaginal discs. The coincidence of the tissue-
specific transcription and trans-regulatory ac-

tivity patterns of TREs and trxG proteins,

respectively, suggests that not only TRE/PRE

transcription but also the resulting ncRNAsmight

play a role in epigenetic activation (12–15).

Here, we analyze the role of ncRNAs tran-

scribed from three Ubx TRE/PREs. The Ubx

locus contains a cluster of three characterized

TRE/PREs (TRE1 to TRE3) within the bound-

aries of the chromosomal memory element

(CME) bxd that is located 22 kb upstream of

the Ubx promoter (Fig. 1A) (17, 18).

To correlate the transcriptional activity of

Ubx with bxd transcription in Drosophila, we

used rapid amplification of cDNA ends (RACE)

to detect bxd transcripts in third-leg discs. Three

capped, polyadenylated bxd transcripts tran-

scribed by RNA polymerase II were detected

in third-leg and haltere discs (tre1, tre2, tre3)

(Fig. 1A) (19).

We next used the reverse transcription poly-

merase chain reaction (RT-PCR) to determine

RESEARCHARTICLES

1Department of Biochemistry, University of California,
Riverside, CA 92521, USA. 2Institut für Molekulare
Immunologie, GSF-Forschungszentrum für Umwelt und
Gesundheit, Marchioninistr. 25, 81377 München, Germany.

*To whom correspondence should be addressed: E-mail:
frank.sauer@ucr.edu

Fig. 1. Cell type–
specific transcription of
Ubx TREs. (A) Schematic
representation of the
Ubx locus (top) and the
bxd DNA element (bot-
tom). The positions of
bxd, Ubx promoter (P),
TREs, spacer DNA (S-1,
S-2, N, and S-3) are
indicated. The orienta-
tion and position (22)
of TRE transcripts in bxd
are indicated. (B) RT-
PCR assays were used
to detect the transcripts
of the indicated bxd
elements and control
transcripts (actin5C, Ubx)
in imaginal discs (third-
leg, haltere, and wing),
Schneider S2 cells, and
genomic DNA. (C) PCR
analysis of XChIP immu-

noprecipitates detecting the association of Ash1 with Ubx TREs in imaginal discs and S2 cells. Input
represents the amount of transcripts or TREs detected in 0.5% of the starting material.
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whether the presence of the three TRE tran-

scripts coincides with Ubx transcription.

RNA was isolated from third-leg discs and

haltere imaginal discs (haltere discs), which

both transcribe Ubx, and from wing imaginal

discs (wing discs) and embryonic Drosophila

Schneider 2 (S2) cells that do not transcribe

Ubx (9–11). Transcripts from Ubx and all three

TREs were detected in third-leg and haltere

discs, whereas Ubx and TRE transcripts were

not detected in S2 cells and wing discs (Fig.

1B) (figs. S1 and S2).

Recruitment of Ash1 to Ubx TREs. To in-

vestigate whether Ash1 is recruited to transcrip-

tionally active Ubx TREs, we used in vivo

cross-linked chromatin immunoprecipitation

(XChIP) to detect Ash1 at the Ubx TREs in

third-leg, haltere, and wing discs and in S2

cells, all of which express ash1 (9, 10). Ash1

was detected at all three TREs in third-leg and

haltere discs (Fig. 1C). In addition, the charac-

teristic Ash1 histone methylation pattern was

detectable in all three TREs and the transcrip-

tionally active Ubx promoter in third-leg discs

(Fig. 1C and Fig. 2A). Ash1 was not detected at

the TREs of the transcriptionally inactive Ubx

locus in wing discs and S2 cells, which do not

transcribe TREs (Fig. 1C).

We also compared the recruitment of Ash1 to

Ubx in wild-type and homozygous mutant

ash122 third-leg discs by XChIP. The ash122

mutant is recessive lethal and expresses a trun-

cated protein that lacks the SET domain and

trans-activation activity (10). Ash1 and the char-

acteristic Ash1 histone methylation pattern

were detected at the transcriptionally active

Ubx locus in wild-type discs but not in ash122

mutant discs (Fig. 2, A and B) (fig. S3); this

finding indicates that recruitment of Ash1 and

Ash1-mediated histone methylation coincides

with activation of Ubx expression in third-leg

discs. We monitored TRE transcription in the

wild-type and ash122 mutant third-leg discs by

RT-PCR. TRE transcripts were detected at

comparable levels in wild-type and mutant

discs, which indicates that Ash1 is not a major

regulator of TRE transcription in imaginal discs

(Fig. 2C) (fig. S3).

Ash1 SET domain interacts with TRE tran-
scripts in vitro. The association of Ash1 with

TREs in cells producing TRE transcripts sug-

gests that TRE transcription or TRE transcripts

nucleate recruitment of Ash1 to Ubx TREs.

SET-domain proteins can bind single-stranded

RNA and DNA in vitro, and ncRNA has been

implicated in protein recruitment in gene dos-

age compensation (20–24). We used in vitro

protein-RNA binding assays to assess wheth-

er Ash1 associates with TRE transcripts.

Ash1SET, which consists of amino acids 1001

to 1619, retained TRE1(þ), TRE2(þ), and

TRE3(þ) but not the H3-K9–specific HMT

Medusa (Mdu) (Fig. 3A) (fig. S4). In contrast,

Ash1, Ash1DN, and Mdu did not bind the

antisense RNA of the Ubx TREs (Fig. 3A)

(fig. S4). Ash1DN did not interact with the

N-element in tre2 (Fig. 3A), which corre-

sponds to the DNA spacer separating TRE-2

and TRE-3 (Fig. 1A).

In competition experiments, unlabeled TRE

transcripts could outcompete the interaction of

Ash1 with the corresponding TRE transcript

(fig. S5). In contrast, double-stranded TRE tran-

scripts, double-stranded DNA TRE sequences,

and DNA-RNA hybrids consisting of TRE

transcripts and TREs failed to disrupt the in-

teraction; these findings suggest that Ash1 as-

sociates with single-stranded TRE transcripts

(fig. S5).

To delineate the RNA-binding motif of

Ash1, we investigated the interaction of trun-

cated ash1 proteins with TRE transcripts. In

addition to Ash1SET, we tested Ash1DN
(amino acids 1001 to 2218), which contains

the Ash1 SET module, and Ash1N (amino

acids 1 to 1001) and Ash1C (amino acids 1619

to 2218), which both lack the SET domain and

cysteine-rich regions (Fig. 3B). Ash1DN and

Ash1SET, but not Ash1N and Ash1C, retained

TRE transcripts, indicating that the SET

domain of Ash1 binds TRE transcripts in vitro

(Fig. 3C).

RNA-dependent recruitment of Ash1 to
Ubx TREs in Drosophila. We next used XChIP

to investigate whether Ash1 associates with

TRE transcripts in vivo. Ash1 coprecipitated

with TRE transcripts but not control tran-

scripts from mock-treated chromatin (Fig. 3D)

(fig. S6). Ash1 bound TRE transcripts in

ribonuclease (RNase) III–treated chromatin,

indicating that double-stranded RNA (dsRNA)

motifs within TRE transcripts do not mediate

the association of TRE transcripts with Ash1

in vivo (Fig. 3D) (fig. S7). In contrast, Ash1

did not interact with TRE transcripts from

RNase A– and RNase H–treated chromatin,

indicating that single-stranded RNA (ssRNA)

is important for the association of Ash1 with

TRE transcripts (Fig. 3D) (fig. S7). The

disruption of the association between Ash1

and TRE transcripts by RNase H (which

degrades DNA-RNA hybrids) in chromatin

suggests that TRE transcripts hybridize with

DNA in chromatin.

Is the association of Ash1 with TREs

dependent on RNA? We used XChIP to com-

pare the interaction of Ash1 and TRE in

mock- and RNase-treated chromatin. Anti-

bodies to Ash1 precipitated all three TREs,

but not the spacer DNAs (S-2), from mock-

treated and RNase III–treated chromatin,

indicating that dsRNA does not contribute to

the interaction of Ash1 with TREs (Fig. 3E)

(fig. S7). In contrast, treating chromatin with

RNase H or RNase A attenuated the associ-

ation of Ash1 with TREs, indicating that the

association of Ash1 with the Ubx TREs is

RNA-dependent (Fig. 3E) (fig. S7). The

disruption of the interaction of Ash1 with TREs

in chromatin by RNase H and RNase A raises

the possibility that ssRNA motifs in RNA-DNA

hybrids play a role in the recruitment of Ash1

to TREs.

To verify that the observed attenuation of

Ash1-TRE interactions is based on specific

rather than general disruption of protein-DNA

interactions in RNase-treated chromatin, we

investigated the recruitment of the general

transcription factor TFIID to target genes inmock-

and RNase-treated chromatin (25). The TATA-

binding protein (TBP) subunit of TFIID

Fig. 2. Recruitment of Ash1 to
Ubx TREs in third-leg imaginal
discs. (A) PCR analysis of XChIP
immunoprecipitates detecting
the association of Ash1 and the
Ash1 histone methylation pattern
at the TREs and promoter of Ubx
in wild-type (WT) and ash122

mutant third-leg imaginal discs.
In vivo cross-linked chromatin
was immunoprecipitated with
the indicated antibodies and rat/
rabbit antiserum (control). Input
represents the amount of TRE-1
detected in 0.5% of the starting
material. (B) XChIP analysis as
described in (A), except that
chromatin was immunoprecipi-
tated with an antibody to di-
methylated H3-K9. (C) RT-PCR
analysis detecting bxd transcripts
in RNA pools isolated from wild-
type (WT) and ash122 mutant
third-leg discs or in genomic
DNA (G).

RESEARCH ARTICLES

1119www.sciencemag.org SCIENCE VOL 311 24 FEBRUARY 2006



interacts with the TATA box in eukaryotic

promoters (25). PCR detected the interaction

of TBP with the promoter of Ubx and string,

whose transcription requires TFIID activity

(26). TBP interacted with both promoters in

mock-treated and RNase A–, RNase H–, and

RNase III–treated chromatin, indicating that

RNase treatment did not attenuate TBP-

promoter interactions and protein-gene inter-

actions in general (Fig. 3F) (fig. S7).

To test whether the detected association of

Ash1 with TREs and TRE transcripts occurs in

chromatin or is the result of fortuitous inter-

actions generated in chemically cross-linked

chromatin, we investigated the association of

Ash1 with TRE transcripts and TREs in native

chromatin with the use of native chromatin

immunoprecipitation (NChIP). Ash1 bound all

three TREs and TRE transcripts in mock- and

RNase III–treated chromatin but not in RNase

H– or RNase A–treated chromatin, indicating

that Ash1 coimmunoprecipitates with TREs and

TRE transcripts in native chromatin (Fig. 4, A

and B) (fig. S8). An association of Ash1 with

the N portion of the TRE2(þ) transcript, as

observed in cross-linked chromatin, was not

detectable in native chromatin; this result indi-

cates that, as in vitro, Ash1 binds the RNA

corresponding to TRE-2 but not the N region of

the TRE2(þ) transcript.

Collectively, our data indicate that the re-

cruitment of Ash1 to the TREs of Ubx is

mediated by RNA and suggests the existence

of a trimeric protein–nucleic acid complex in

chromatin, consisting of Ash1, TREs, and TRE

transcripts.

Ash1 is detectable at about 150 loci on

Drosophila polytene chromosomes (10). To

assess whether RNA facilitates Ash1 recruit-

ment to target loci other than Ubx, we com-

pared the interaction of Ash1 with target loci on

Fig. 3. The SET domain of
Ash1 binds TRE transcripts
in vitro and in chromatin.
(A) Autoradiograms of in
vitro protein-RNA binding
assays (19). Radiolabeled
sense (þ) and antisense (–)
transcripts of TRE-1, TRE-2,
N, and TRE-3 were incu-
bated with anti-Flag M2
antibody agarose (Flag) or
Flag beads loaded with
recombinant Ash1SET or
Medusa (Mdu). (B) Sche-
matic representation of
Ash1 and truncated Ash1
derivatives. The position of
the SET domain (SET) and
pre- and post-SET domains
(P) are indicated. (C) In
vitro protein-RNA binding
assays as in (A), except that
Flag beads were loaded
with Ash1SET, Ash1DN,
Ash1C, or Ash1N (amino
acids 1 to 1001). In (A)
and (C), input represents
10% of the input RNA.
(D) PCR analysis of XChIP
immunoprecipitates detect-
ing the association of Ash1
with bxd transcripts in mock
and RNase-treated and sub-
sequently cross-linked chro-
matin isolated from third-
leg discs. (E) XChIP assays
were used to detect the
association of Ash1 with
TREs in chromatin. (F) XChIP assays were used to detect the association of TBP to the Ubx promoter
(Ubx-P) and string/cdc25 promoter (string-P) in precipitated DNA pools. In (D) to (F), input represents
DNA and RNA detected in 0.5% of the input material.

Fig. 4. TRE transcripts mediate the recruitment of Ash1 to
Ubx TREs in third-leg imaginal discs. (A) PCR analysis of
NChIP assays detecting the association of Ash1 with bxd
DNA elements in mock- and RNase-treated chromatin
isolated from third-leg imaginal discs. (B) RT-PCR analyses
of NChIP immunoprecipitates detecting the association of
Ash1 with TRE transcripts in native chromatin. (C) RT-PCR
analyses of NChIP assays detecting the association of Ash1
with TRE transcripts in chromatin and the soluble, histone-
free nuclear extract. (D) RT-PCR analysis of XChIP RNA
immunoprecipitates detecting chromatin-associated bxd
transcripts (top) and the corresponding bxd DNA templates
(bottom) in chromatin isolated from wild-type (WT) and
ash122 mutant third-leg discs. Chromatin was immunopre-
cipitated with antibodies to dimethylated H3-K9 or rat
serum (C). In all panels, input represents the amount of TREs
and TRE transcripts detected in 0.5% of the starting
material.
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mock- and RNase-treated chromosome squashes.

Compared to mock-treated chromosomes, RNase

treatment attenuated the association of Ash1 with

the majority of the target loci (fig. S9). This

result suggests that RNA plays an important role

in the recruitment of Ash1 to target genes in

chromatin.

Ash1 associates with chromatin-bound
TRE transcripts. To assess whether TRE tran-

scripts associate with chromatin, we inves-

tigated whether Ash1 coprecipitates TRE

transcripts from chromatin-free nuclear ex-

tract. Ash1 bound TRE transcripts in chroma-

tin but not chromatin-free nuclear extract (Fig.

4C) (fig. S8), indicating that TRE transcripts

are preferentially associated with chromatin

in the cell.

We used XChIP to determine whether the

association of Ash1 with TRE transcripts

precedes the recruitment of Ash1 to TREs in

chromatin, or vice versa. In vivo cross-linked

chromatin was isolated from wild-type and

ash122 mutant third-leg discs, sheared, and

immunoprecipitated with antibodies to dimeth-

ylated H3-K9 present at the TREs of the

transcriptionally active and inactive Ubx locus

in third-leg discs (Fig. 2, A and B). The anti-

body to dimethylated H3-K9 coprecipitated

with TREs and TRE transcripts from the

chromatin of wild-type and ash122 third-leg

discs (Fig. 4D) (fig. S10), indicating that TRE

transcripts are retained at Ubx TREs before

recruitment of Ash1.

TRE transcripts recruit Ash1 in trans. To
dissect the role of TRE transcripts in Ubx

transcription, we asked whether transiently

transcribed TRE transcripts could restore the

recruitment of Ash1 to Ubx TREs and Ubx

expression in S2 cells, which express Ash1 but

lack endogenous TRE transcripts. S2 cells were

transiently transfected with plasmids transcrib-

ing sense or antisense TRE transcripts (19)

(Fig. 5A) (fig. S11). In PCR assays, Ubx tran-

scription was undetectable in S2 cells transient-

ly transcribing antisense TRE transcripts or

mdu (Fig. 5, A and B). In contrast, Ubx tran-

scription was activated by one TRE transcript

(Fig. 5B) (fig. S11) and cooperatively activated

by multiple TRE transcripts (fig. S12).

We next used XChIP to determine whether

activation ofUbx transcription by transient TRE

transcripts coincides with the recruitment of

Ash1 to TREs. In vivo cross-linked chromatin

was isolated from wild-type S2 cells and cells

transiently transcribing one or multiple TRE

transcripts and control RNAs, and it was then

immunoprecipitated with antibodies to Ash1

and the Ash1 histone methylation pattern (Fig.

5C). Ash1 was not detected at the TREs of

transcriptionally silent Ubx in cells transcribing

mdu or antisense TRE RNAs (Fig. 5C). In

contrast, Ash1 and the Ash1 histone methyla-

tion pattern were detected at the Ubx TREs in

cells transcribing TRE1(þ), TRE2(þ), and/or

TRE3(þ) (Fig. 5C) (fig. S13). Each of the three

TRE transcripts facilitated the association of

Ash1 only with the corresponding template

TRE but not with other TREs.

To verify the specificity of the described

recruitment, we investigated whether TRE tran-

scripts facilitate recruitment of Ash1 to CMEs

containing TREs/PREs and genes other than

Ubx. In XChIP assays, Ash1 was not detected

at Drosophila genes and the CMEs MCP and

Fab7 in S2 cells transcribing TRE1(þ),

TRE2(þ), or TRE3(þ) (fig. S14) (12, 13). Thus,

TRE transcripts facilitate Ash1 recruitment

specifically to the corresponding TRE template

DNA.

We used NChIP and XChIP to assess

whether transiently transcribed TRE transcripts

associate with TREs and Ash1 in chromatin.

Native chromatin was isolated from wild-type

S2 cells and S2 cells transiently cotranscribing

all three sense or antisense TRE transcripts.

Ash1 did not associate with TRE transcripts

(Fig. 5, D and F) and TREs (Fig. 5, E and G) in

cross-linked (Fig. 5, D and E) and native chro-

matin (Fig. 5, F and G) from S2 cells tran-

scribing mdu. In contrast, Ash1 interacted with

TREs and TRE transcripts in S2 cells cotran-

scribing TRE1(þ), TRE2(þ), and TRE3(þ)

(Fig. 5, D to G) (fig. S11).

The association of Ash1 with TREs and TRE

transcripts was attenuated by RNase A and

RNase H but not RNase III (Fig. 5, D to G)

(fig. S11). RNase treatment did not abolish the

association of TBP with the Ubx promoter (Fig.

5, E and G). These results indicate that Ash1

associates with TRE transcripts and TREs in

vivo and that TRE transcripts mediate the asso-

ciation of Ash1 with TREs in trans.

To test this hypothesis, we used RNA

interference (RNAi) to assess whether degrada-

tion of TRE transcripts attenuates recruitment of

Ash1 toUbx TREs and Ubx expression in third-

leg discs (27). In vitro cultivated third-leg discs

were incubated with small interfering RNAs

(siRNAs) targeting all three TRE transcripts or

with control siRNA. RT-PCR and XChIP

assays indicated that siRNA-mediated degrada-

tion of TRE transcripts attenuates Ubx tran-

scription and the interaction of Ash1 with TREs

(Fig. 6, A and B) (fig. S15).

Next, we used the binary Gal4/UAS system

to determine whether ectopic transcription of

TRE transcripts restores recruitment of Ash1

to Ubx TREs and Ubx transcription (28). Ef-

fector flies carrying a heat-inducible driver

(hsp70Gal4) were crossed with reporter flies

carrying Gal4-dependent reporter genes (UAS-

TRE) consisting of Gal4-responsive UAS DNA

sites and a promoter driving the transcription of

Fig. 5. TRE transcripts reconstitute the interaction of Ash1 with Ubx TREs and Ubx transcription in
S2 cells. (A) PCR analysis detecting TRE transcripts and actin5C transcription in wild-type S2 cells
(–) and S2 cells transfected with plasmids transcribing mdu (mock), TRE transcripts [TRE1(þ),
TRE2(þ), TRE3(þ)], or antisense TRE transcripts [TRE1(–), TRE2(–), TRE3(–)]. (B) PCR assays as in (A)
but detecting Ubx transcription in wild-type and transfected S2 cells. (C) PCR analysis of
immunoprecipitates detecting the association of Ash1 with Ubx TREs in S2 cells transcribing mdu
(mock) or sense and antisense TRE transcripts. (D and E) RT-PCR and PCR analyses of
immunoprecipitates detecting the association of Ash1 with Ubx TRE transcripts (D) and TREs (E)
and TBP with the Ubx promoter (Ubx-P) (E) in chromatin from S2 cells transiently cotranscribing
TRE1(þ), TRE2(þ), and TRE3(þ). (F and G) RT-PCR (F) and XChIP assays (G) as in (D) and (E),
except that native chromatin was used. Transcripts and DNA elements detected in Drosophila
genomic DNA are also shown.
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sense and antisense TRE transcripts. Heat

treatment of second-instar larvae resulted in

ectopic transcription of TRE transcripts in all

imaginal discs of third-instar larvae. Ectopic

transcription of each TRE transcript nucleated

ectopic transcription of Ubx in wing imaginal

discs (Fig. 6, C and D) (figs. S15 and S16) and

facilitated the recruitment of Ash1 to the cor-

responding Ubx TREs (Fig. 6E). It is note-

worthy that ectopic TRE transcription in

second-instar larvae caused lethality in pupae.

In contrast, ectopic Ubx expression was not

observed in discs prepared from heat-treated

parental strains and discs transcribing antisense

TRE transcripts (Fig. 6C).

Transcription of antisense TRE transcripts

attenuated endogenous transcription of Ubx in

wing discs isolated from young third-instar

larvae, which suggests that ectopic transcrip-

tion of antisense RNA interferes with the

TRE transcript–mediated recruitment of

Ash1 to Ubx TREs. In summary, our data

provide evidence that noncoding TRE tran-

scripts facilitate activation of Ubx expression

by recruiting Ash1 to the Ubx TREs in the

fly.

Discussion. Noncoding RNAs play an im-

portant role in the recruitment of proteins in

several epigenetic phenomena. Recent studies

have linked siRNAs to heterochromatin forma-

tion and transcriptional silencing of transgenes

and transposons (29, 30). SiRNAs facilitate the

recruitment of HMTs and DNA methyltrans-

ferases to chromatin (31, 32). In Schizosac-

charomyces pombe, heterochromatic silencing

involves the RNA-induced initiator of tran-

scriptional gene silencing complex (RITS),

which contains an siRNA component that is

essential for the recruitment of RITS to hetero-

chromatic loci (31). The inability of RNase III,

the key enzyme of the RNAi machinery, to

degrade TRE transcripts into siRNAs and

the interaction of Ash1 with full-length TRE

transcripts in chromatin strongly argues

against the involvement of siRNAs in the de-

scribed RNA-dependent recruitment of Ash1

to chromatin.

Long ncRNAs are key players in imprinting

and gene dosage compensation (22, 27, 33). In

Drosophila, gene dosage compensation is

achieved by a global twofold up-regulation of

transcription from the male X chromosome and

depends on the activity of the dosage compen-

sation complex (DCC) that contains male-

specific proteins and two ncRNAs, RNA on X

1 (rox1) and RNA on X 2 (rox2) (20). Both

RNAs are transcribed by single-copy genes

that, as well as several other X chromosome

regions, serve as chromatin entry sites for the

DCC on paternal X chromosomes (20, 27). Rox1

and Rox2 facilitate the assembly and recruitment

of the DCC to chromatin entry sites (20). In

mammals, spreading of Xist RNA culminates in

X chromosome inactivation (22). Current mod-

els propose that the association between

ncRNAs and chromatin involves their interac-

tion with proteins, nascent transcripts at template

DNA, or the template DNA (27, 34). The ob-

served attenuation of the association between

TRE transcripts and TREs by RNase H suggests

that TRE transcripts are retained at TREs through

hybridization with the corresponding template

DNA. Because none of the known DNA repair

systems targets DNA-RNA hybrids, RNA-DNA

hybrids represent stable molecular entities that, in

general, may anchor ncRNAs at corresponding

DNA templates in chromatin (35).

The three TRE transcripts of Ubx do not

share common sequence motifs. This is not

surprising, because the functionally redundant

rox RNAs and functionally identical regions in

Xist, which are required for chromatin localiza-

tion and protein recruitment, lack identifiable

sequence motifs (27). Because many RNA-

protein interactions are facilitated by RNA

secondary structures, the interaction of Ash1

with TRE transcripts might be mediated by

secondary RNA structures rather than sequence

motifs. In addition, the specificity of RNA-

protein interactions is often generated by

induced-fit mechanisms that involve complex,

extensive conformational changes in both pro-

teins and the target RNA generating a specific

interaction surface (36, 37).

Rox1 and rox2 RNAs transcribed from

autosomes can localize to and mediate gene

dosage compensation on the male X chromo-

some, indicating that the chromatin entry of

rox RNAs does not depend on transcription of

chromatin entry sites in cis (38). Thus, the

association of transiently transcribed TRE

transcripts with TREs in S2 cells suggests

that TREs function as chromatin entry sites

for the corresponding TRE transcripts in trans

and cis, and that the transcription and
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Fig. 6. Ubx TRE transcripts maintain Ubx
expression in Drosophila. (A) RT-PCR analy-
ses detecting Ubx, TRE, and actin5C tran-
scription in cultivated third-leg imaginal
discs incubated with siRNA targeting all
three Ubx TRE transcripts (TRE siRNA) or
control mRNA (control siRNA). (B) PCR
analyses of XChIP immunoprecipitates de-
tecting the association of Ash1 with Ubx
TREs in third-leg imaginal discs incubated
with TRE siRNA or control siRNA. (C) In situ
hybridization detecting Ubx transcription in
wing imaginal discs prepared from heat-
shocked (at second-instar larval stage) third-
instar larvae containing the inducible Gal4

driver (hsp70Gal4) and/or Gal4-dependent reporter plasmids (UAS-TRE) transcribing sense (þ) or antisense (–) Ubx TRE transcripts. (D) RT-PCR
analyses detecting Ubx transcription in wing imaginal discs described in (C). (E) PCR analyses of XChIP immunoprecipitates detecting the association of
Ash1 with Ubx TREs in wing imaginal discs described in (C).
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chromatin entry site activities of TREs are

functionally separated. Cumulatively, our

results support a model in which RNAs

transcribed from the TREs of Ubx are retained

at TREs through DNA-RNA interactions and

provide a RNA scaffold that is bound by

Ash1.
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A Swimming Mammaliaform from the
Middle Jurassic and Ecomorphological
Diversification of Early Mammals
Qiang Ji,1,3 Zhe-Xi Luo,2,1* Chong-Xi Yuan,3 Alan R. Tabrum2

A docodontan mammaliaform from the Middle Jurassic of China possesses swimming
and burrowing skeletal adaptations and some dental features for aquatic feeding. It is
the most primitive taxon in the mammalian lineage known to have fur and has a broad,
flattened, partly scaly tail analogous to that of modern beavers. We infer that docodontans
were semiaquatic, convergent to the modern platypus and many Cenozoic placentals.
This fossil demonstrates that some mammaliaforms, or proximal relatives to modern mammals,
developed diverse locomotory and feeding adaptations and were ecomorphologically different
from the majority of generalized small terrestrial Mesozoic mammalian insectivores.

T
he Middle Jurassic mammalian diver-

sification gave rise to several emergent

clades: basal eutriconodontans, amphi-

theriid cladotherians, the basal mammalian

lineage of shuotheriids, and basal australos-

phenidans (1–5). These new clades of crown

Mammalia coexisted with several mamma-

liaform lineages (the proximal relatives to

modern mammals) (1, 6–8). Docodontans are

a Mesozoic mammaliaform lineage that have

specialized molars for omnivorous feeding;

several taxa are known from the Middle

Jurassic (1, 9–13). Here, we report on a large

docodontan mammaliaform that has some

dental features for feeding on aquatic inverte-

brates and small vertebrates, plus specialized

skeletal and soft-tissue features for swimming

and burrowing.

Description and comparison. Castorocauda
lutrasimilis, gen. et sp. nov. (14), is from the

Middle Jurassic Jiulongshan Formation, dated

to be approximately 164 million years ago

(15–17). The fauna includes pterosaurs (17, 18),

a coelurosaurian dinosaur (19), lissamphibians

(20), abundant fossil insects (21), and the

conchostracan Euestheria (22). The holotype

of C. lutrasimilis (Fig. 1) is represented by a

partial skeleton (preserved rostrum-tail length

Q425 mm) with incomplete cranium (pre-

served length Q60 mm) but well-preserved

mandibles and lower dentition (incisors 4,

canine 1, premolars 5, molars 6). Lower molars

3 to 6 have the diagnostic characteristics of

docodontans (Fig. 2): anteriorly placed and

enlarged lingual cusp g, triangulated crests

formed by cusps a-c and a-g, and two partially

enclosed basins formed respectively by cusps a,

b, and g, and by cusps a, c, and d (9–12). As in

all docodontans, the molars were capable of

both shearing by the triangulated crests and

grinding between the anterior (‘‘pseudotalonid’’)

basin and the transversely widened upper molars

(9–12). Castorocauda is distinctive from other

docodontans in having mediolaterally com-

pressed crowns of molars 1 and 2, each with

five cusps in straight alignment (23, 24); pri-

mary cusp a and posterior cusps c and d are

slightly recurved (Fig. 2). These ‘‘triconodont-

like’’ anterior molars are plesiomorphic for

mammaliaforms (6–8) but nonetheless distinc-

tive among docodontans. They are convergent to

those of placental mesonychians and Eocene

whales (25). This type of molar with recurved

cusps in alignment is hypothesized to be a spe-

cialization for feeding on fish and aquatic

invertebrates by functional analogy to the teeth

of modern pinniped carnivores such as seals.

Castorocauda is preserved with intact middle

ear bones (Fig. 2) on the mandible, including the

articular (malleus), the surangular, and the

angular (ectotympanic). The middle ear bones

in anatomical association with the mandible

corroborate a previous interpretation of the mid-

dle ear in docodontans (26). A concavity on the
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RETRACTION
Science has received the results of the University of California, Riverside Committee on 
Privilege and Tenure’s investigation of the papers published in Science by Professor Frank 
Sauer and colleagues, “TAF1 activates transcription by phosphorylation of serine 33 in 
histone H2B” (1) and “Noncoding RNAs of trithorax response elements recruit Drosophila 
Ash1 to Ultrabithorax” (2). 

For the 2004 Report (1), the Committee’s findings can be summarized as follows: Lanes 
3 and 4 in Fig. 1B were replicated from a figure in another paper (3). There was manipula-
tion of gel images that constituted data falsification and fabrication in Fig. 2C; Fig. 3, B 
and C; Fig. 4, B and D; and panel A in fig. S5C. 

For the 2006 Research Article (2), the Committee’s findings can be summarized as fol-
lows: In Fig 6C, there was replication of the same image in two panels that constitutes data 
falsification. There was manipulation of gel images that constituted data falsification and 
fabrication in Fig. 4D; Fig. 6, A and B; and fig. S5A.

The Committee concluded that the image manipulations described above constituted 
a significant departure from the accepted practices of Dr. Sauer’s research community. 
Therefore, the data, results, and conclusions in the papers are clearly not reliable. Science 
is hereby retracting the papers, at the request of University of California, Riverside and Dr. 
Sauer. The Committee determined that Dr. Sauer was the sole individual responsible for 
producing the figures.

– MARCIA MCNUTT
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