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close to the Eocene-Oligocene boundary (22, 23),
the time of the actual establishment of the ACC is
still a matter of debate (24, 25), and thus no firm
conclusion can be drawn. However, our results
imply that, if the onset of the ACC indeed trig-
gered the evolution and diversification of neo-
cetes, it likely must have done so through a great
increase in diatom-based productivity, possibly by
increasing the bioavailability of silica and other
nutrients in the Southern Ocean and coastal up-
welling zones around the world through deep-
mixing occurring around Antarctica (/).
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Regulation of Alternative Splicing
by Histone Modifications
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Olivia M. Pereira-Smith,> Tom Misteli'*

Alternative splicing of pre-mRNA is a prominent mechanism to generate protein diversity,

yet its regulation is poorly understood. We demonstrated a direct role for histone modifications in
alternative splicing. We found distinctive histone modification signatures that correlate with the
splicing outcome in a set of human genes, and modulation of histone modifications causes splice
site switching. Histone marks affect splicing outcome by influencing the recruitment of splicing
regulators via a chromatin-binding protein. These results outline an adaptor system for the reading
of histone marks by the pre-mRNA splicing machinery.

ost human genes are alternatively
Mspliced in a cell type— and tissue-specific

manner, and defects in alternative splic-
ing (AS) contribute to disease (/—4). Pre-mRNA
splicing occurs largely cotranscriptionally, and
alternative splice site choice is influenced by
RNA polymerase II elongation rate, chromatin
remodelers, and histone deacetylase inhibitors
(5—14). Genome-wide mapping of histone mod-
ifications has revealed nonrandom distributions
of nucleosomes and several histone modifica-
tions across exons (/5—19). Given these observa-
tions, we probed the role of histone modifications
in AS.
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The human fibroblast growth factor receptor
2 (FGFR?2) gene is an established AS model, in
which exons IlIb and Illc undergo mutually ex-
clusive and tissue-specific AS (Fig. 1A) (20, 21).
In human prostate normal epithelium cells (PNT2s),
exon IIIb is predominantly included, whereas in
human mesenchymal stem cells (hMSCs), it is re-
pressed and exon Illc is exclusively used (Fig. 1, A
and B). The differential inclusion of these two exons
is regulated by the polypyrimidine tract-binding
protein (PTB) which binds to silencing elements
around exon IIIb, resulting in its repression (20, 22).
We comparatively mapped by quantitative chro-
matin immunoprecipitation a set of histone mod-
ifications across the alternatively spliced region in
PNT2 cells and hMSCs (Fig. 1, C to H, and fig. S1,
A to F). No differences in the levels of H3-K4me2,
H3-K9ac, H3-K27ac, and pan-H4ac histone mod-
ifications were detected (Fig. 1H and fig. S1, D to
F). In contrast, H3-K36me3 and H3-K4mel were
enriched over the FGFR2 gene in hMSCs, where
exon IIIb is repressed, whereas H3-K27me3, H3-
K4me3, and H3-K9mel were reduced as com-
pared to PNT2 cells, where the exon is included

(Fig. 1, C to G, and fig. S1, A to C). Histone mark
enrichments were not limited to the alternatively
spliced exons but extended along the locus with
the highest differences around the alternatively
spliced region (Fig. 1 and fig. S1).

Several other PTB-dependent alternatively
spliced exons (23), including tropomyosin 2
(TPM2) exon 7 and TPM1 exon 3 in hMSCs and
pyruvate kinase type M2 (PKM2) exon 9 in PNT2
cells, exhibited similar splicing-specific histone
modification patterns (fig. S2), whereas PTB-
independent alternative exons or constitutively
spliced genes did not (figs. S3 and S4). Chro-
matin signatures correlated with the inclusion
pattern of the PTB-dependent exon regardless of
cell type or steady-state transcription levels of the
alternatively spliced genes (Fig. 1 and figs. S2 and
S3). These observations reveal a correlation be-
tween histone mark signatures and PTB-dependent
repression of alternatively spliced exons.

To investigate whether histone modifications
have a causal role in alternative splice site selec-
tion, we modulated the levels of H3-K36me3,
which is the most prominently enriched modifi-
cation on FGFR2. Overexpression of the H3-K36
methyltransferase SET2 led to a significant in-
crease in H3-K36me3 globally and along FGFR2
in both PNT2 and hMSC cells (Fig. 2A and fig.
S5, A and B) and, consistent with a role of H3-
K36me3 in alternative splice site selection, re-
duced the inclusion of PTB-dependent exons in
FGFR2, TPM2, TPM1, and PKM2 mRNA (Fig.
2B and figs. S6, A to D, and S7, A to C). Usage
of PTB-independent alternatively spliced exons
and constitutive splicing were unaffected (Fig. 2,
C and D, and fig. S8, A and B). Overexpression
of SET2 also significantly reduced the inclusion
of FGFR2 IIIb in HEK 293 cells, where both
isoforms are included to a similar extent, demon-
strating that H3-K36me3—mediated modulation of
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Fig. 3. MRG15 modulates alternative splicing. (A and B) Chro-
matin immunoprecipitation of MRG15 along FGFR2 (A) and CD44
(B) in PNT2 (red) and hMSC (black) cells. Input was normalized to
unmodified H3. The RPL13a promoter was a positive control. Values
represent means + SEM from three to six independent
experiments. (C to F) Quantitative RT-PCR analysis of exon ratios
after overexpression of EGFP-MRG15 [(C) and (D), MRG15] or
down-regulation of both MRG15 and MRGX [(E) and (F), siMRG] in
PNT2 (red) or hMSC (black) cells. Ratios are as follows: exon IlIb/llic
for FGFR2 and exon vé/e2 for CD44. Values represent means + SEM
of percentages relative to EGFP or siCyclophilin B used as controls
from five independent experiments. *P<0.05, **P<0.01, Student’s t
test compared to control.

Fig. 4. H3-K36me3 recruits PTB to exon lllb via MRG15. (A)
Immunoblot detection of PTB and MRG15 after immuno-
precipitation of PTB. (B) Reciprocal coimmunoprecipitation of over-
expressed MRG15-V5/His and PTB-HA in Hela cells. (C to E) RNA
immunoprecipitation of PTB, MRG15, or Sm proteins in FGFR2
exons llIb and llic in PNT2 (red) or hMSC (black) cells. Values
represent means + SEM from three independent experiments. (F
and G) Overexpression of MRG15 (F) or SET2 (G) in PNT2 (red) or
hMSC (black) cells for 48 hours before RNA immunoprecipitation of
PTB. Values represent means + SEM from three independent
experiments. (H and 1) Quantitative RT-PCR analysis of exon ratios
in PNT2 cells depleted of MRG15 and MRGX (siMRG, yellow) or
cyclophilin B (siCycB, red) after overexpression of SET2 or EGFP.
Ratios are as follows: exon IlIb/llic for FGFR2 (H) and exon vé/e2 for
(D44 (1). Values represent means = SEM from five independent
experiments. *P < 0.05, **P < 0.01, Student’s ¢ test compared to
control.
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Fig. 5. Genome-wide identification of SETD2, MRG15, and PTB alternative splicing events in hMSC cells.
(A) Scatterplot of AS events in MRG15- (siMRG) or PTB-depleted cells (siPTB) as compared to small
interfering RNA control (siCtrl) transfected cells. The cutoff is >15% change in exon usage. Red indicates
codependent splicing events. (B) Venn diagram of PTB- and MRG15-dependent events with >15% change
in exon usage. (C) Percentage of MRG15/PTB codependent events that are also sensitive to SETD2 down-
regulation. (D) An adaptor system for reading histone marks by the splicing machinery, consisting of a
histone mark signature, a chromatin-binding protein (WRG15), and a splicing regulator (PTB).

PTB-dependent splicing is not cell type—specific
(fig. S9, A to E). Conversely, down-regulation of
the H3-K36 methyltransferase SETD2 by RNA
interference (RNAi) promoted inclusion of the
normally repressed PTB-dependent exons (Fig. 2F
and figs. S6, M to P, and S7, D to F) but did not
affect the PTB-independent exons and constitu-
tively spliced exons (Fig. 2, G and H, and fig. S8,
E and F). The changes in splicing patterns were
not an effect of changes in total FGFR2 or PTB
transcription levels (fig. S8, C and D and G and
H), nor were they due to epithelial-to-mesenchymal
transition forced by overexpression or knockdown
of SET2 (fig. S10). We similarly tested the effect of
H3-K4 methylation, because H3-K4me3 is enriched
over the FGFR2 gene in PNT2 cells as compared to
hMSCs. Overexpression of the H3-K4 methyltrans-
ferase ASH2 led to increased usage of the normally
repressed PTB-dependent exons (Fig. 2J and fig.
S7, G to I) but not of PTB-independent alterna-
tively spliced exons or a constitutively spliced exon
(Fig. 2, K and L). These results demonstrate that
histone modifications can modulate AS outcome.

To define the molecular mechanism by which
histone marks influence splice site choice, we fo-
cused on the histone tail-binding protein MORF-
related gene 15 (MRG15), a component of the
retinoblastoma binding protein 2 (RBP2)/H3-K4
demethylase complex (24). MRG15 specifically
binds to H3-K36me3 and recruits RBP2, which
depletes H3-K4me3 (24, 25), reminiscent of the
chromatin signature found in the PTB-repressed

www.sciencemag.org SCIENCE VOL 327

alternatively spliced regions of FGFR2. MRG15
distribution along the PTB-dependent alterna-
tively spliced genes FGFR2, TPM?2, TPM]1, and
PKM?2, but not along the control gene CD44,
mimicked H3-K36me3 distribution (Fig. 3, A and
B, and fig. S11, A to C). Overexpression of MRG15
was sufficient to force exclusion of the PTB-
dependent exons but did not significantly alter
the inclusion levels of CD44 exon v6 (Fig. 3, C
and D, and S11D-F). Conversely, knockdown of
MRG1S5, and its functionally redundant paralog
MRGX, led to increased use of the PTB-
dependent exons but did not affect CD44 AS
(Fig. 3, Eand F, and fig. S11, G to I). We conclude
that the chromatin-binding protein MRG15 is a
modulator of PTB-dependent alternative splice
site selection.

To delineate the mechanism of the chromatin-
associated protein MRGI15 in PTB-dependent
AS, we tested the possibility that MRG15 may act
by recruiting PTB to its target exons via physical
interaction. Endogenous PTB coimmunoprecipi-
tated endogenous MRG15 in both PNT2 and
hMSC cells, and reciprocally overexpressed tagged
MRG15 interacted with PTB (Fig. 4, A and B).
Consistent with a role for MRG15 in the recruit-
ment of PTB, MRG15 associated with FGFR2 pre-
mRNA, and its distribution mirrored that of PTB
on the repressed exon IIIb in hMSCs, suggesting
simultaneous association of the two proteins with
FGFR?2 pre-mRNA (Fig. 4, C and D). As a control,
the general splicing small nuclear ribonucleoprotein

REPORTS I

Sm proteins associated uniformly with the FGFR2
exon IlIb/lllc region (Fig. 4E).

To directly test whether MRGIS is respon-
sible for the accumulation of PTB on FGFR2
pre-mRNA, MRG15 was overexpressed in PNT2
cells. MRG15 expression forced the recruitment
of PTB to its target FGFR2 exon IlIb, inducing
its repression (Figs. 4F and 3C). Consistent with
a role for H3-K36me3 in PTB-mediated splice
site selection, SET2 overexpression also induced
PTB binding to FGFR2 exon IlIb pre-mRNA in
PNT?2 cells (Fig. 4G), concomitant with increased
binding of MRG15 to FGFR2 chromatin (fig.
S12) and exon IIIb repression (Fig. 2B). The effect
of SET2 on FGFR2 AS was MRG15-dependent,
because down-regulation of MRGI15 by RNAi
blocked the SET2-dependent splice site shift in
PNT2 cells (Fig. 4, H and I), demonstrating that
the SET2 effect on AS is mediated via MRG15.

To obtain an estimate of how many PTB-
dependent AS events are regulated by H3-K36me3/
MRG15-mediated recruitment of PTB, we car-
ried out a genome-wide comparative analysis of
AS using high-throughput cDNA sequencing in
hMSCs depleted of either SETD2, MRG15, or
PTB (26, 27). Depletion of PTB, together with
its functional paralog neuronal PTB (nPTB), by
RNAI led to changes (>15% exon usage) in 447 AS
events among 12,235 detected alternative exons
(Fig. 5, A and B). Knockdown of MRG1S5, to-
gether with its paralog MRGX, resulted in changes
in 186 AS events, and down-regulation of the
H3-K36 methyltransferase SETD2 affected 186
AS events. Sixty-five AS events were sensitive to
both PTB and MRG15 depletion, representing
~15% of PTB-dependent and 35% of MRG15-
dependent events (Fig. 5, A and B). The majority
(61 out of 65) of codependent splicing events
changed in the same direction, further supporting
a functional relationship between these two
factors. In line with a role for H3-K36me3 in the
regulation of AS, 41% of MRGI15- and PTB-
dependent splicing events were also sensitive to
SETD2 down-regulation, with 96% of these co-
dependent events changing in the same direction
(Fig. 5C). The overlap between SETD2-dependent
and MRG15/PTB codependent exons was statisti-
cally significant (P < 1.0 x 102, hypergeometric
test), and exons codependent on these factors were
independently validated by RT-PCR assays (fig.
S13, B to I). MRGI15/PTB codependence was
more pronounced for exons that display relative-
ly moderate changes upon PTB depletion as com-
pared to strongly PTB-dependent exons (Fig. SA
and fig. S13A). Furthermore, MRG15/PTB code-
pendent exons contained, on average, weaker PTB-
binding sites than did strongly PTB-dependent
exons (fig. SI3A) (28). These results suggest that
histone modifications preferentially modulate
the splicing of alternative exons that are weakly
regulated by PTB.

Our results demonstrate a role for histone mod-
ifications in AS control. We propose the existence
of adaptor systems consisting of histone modifi-
cations, a chromatin-binding protein that reads the
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histone marks, and an interacting splicing reg-
ulator (Fig. 5D). Such complexes are a means for
epigenetic information to be transmitted to the pre-
mRNA processing machinery and probably act
by favoring the recruitment of specific splicing reg-
ulators to the pre-mRNA, thus defining splicing
outcome. We show here that for a subset of PTB-
dependent genes, this adaptor system consists
of H3-K36me3, its binding protein MRG15, and
the splicing regulator PTB. It is tempting to spec-
ulate that other combinations of adaptor sys-
tems exist that act on other types of alternatively
spliced exons. Physical interaction between sev-
eral chromatin-associated proteins and splicing
components has been reported (9, 74). Our results
are in line with recent indirect evidence based on
genome-wide mapping of histone modifications
for a role for chromatin structure and histone
modifications in exon definition and alternative
splice site selection (5, 13, 15-19).

Although our observations argue for a direct
link between histone modifications and the splicing
machinery, histone marks may also affect splice
site choice indirectly. Extensive evidence dem-
onstrates a role for RNA polymerase I elonga-
tion rate or higher-order chromatin structure in
splicing outcome, and it is likely that histone
modifications act in concert with these mecha-
nisms (6-8, 10—12). Based on our findings, we
propose that the epigenetic memory contained in
histone modification patterns is not only used to
determine the level of activity of a gene but also

transmits information to establish, propagate, and
regulate AS patterns during physiological pro-
cesses such as development and differentiation.
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Regulation of Cellular Metabolism by
Protein Lysine Acetylation
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Protein lysine acetylation has emerged as a key posttranslational modification in cellular regulation,

in particular through the modification of histones and nuclear transcription regulators. We show that
lysine acetylation is a prevalent modification in enzymes that catalyze intermediate metabolism. Virtually
every enzyme in glycolysis, gluconeogenesis, the tricarboxylic acid (TCA) cycle, the urea cycle, fatty

acid metabolism, and glycogen metabolism was found to be acetylated in human liver tissue. The
concentration of metabolic fuels, such as glucose, amino acids, and fatty acids, influenced the acetylation
status of metabolic enzymes. Acetylation activated enoyl—coenzyme A hydratase/3-hydroxyacyl—coenzyme
A dehydrogenase in fatty acid oxidation and malate dehydrogenase in the TCA cycle, inhibited
argininosuccinate lyase in the urea cycle, and destabilized phosphoenolpyruvate carboxykinase in
gluconeogenesis. Our study reveals that acetylation plays a major role in metabolic regulation.

regulation of transcription in the nucleus

(1), but much less is known about non-
nuclear protein acetylation and its role in cellu-
lar regulation. To investigate non-nuclear protein
acetylation, we separated human liver tissues into
nuclear, mitochondrial, and cytosolic fractions.
Proteins in cytosolic and mitochondrial fractions
were digested with trypsin and acetylated peptides
were purified with an antibody to acetyllysine

Protein acetylation has a key role in the

(fig. S1). The purified peptides were analyzed
by tandem liquid chromatography—tandem mass
spectrometry (LC/LC-MS/MS). From three in-
dependent experiments, we identified more than
1300 acetylated peptides, which matched to 1047
distinct human proteins (table S1), including 703
proteins not previously reported to be acetylated.
A previous report identified 195 acetylated pro-
teins from mouse liver (2), and 135 (70%) of
these were also present in our data set (Fig. 1A),

indicating that our proteomic analysis reached a
high degree of coverage. Choudhary et al. very
recently reported the identification of 1750 acet-
ylated proteins from a human leukemia cell line
(3), but only 240 of these were present in our data
set (Fig. 1A). Comparison of these three acet-
ylome data sets indicates that the spectrum of
acetylated proteins is highly conserved in the
liver between mouse and human, but is very dif-
ferent between liver and leukemia cells.

We compared the acetylated proteins with the
total liver proteome and discovered that enzymes
that participate in intermediate metabolism were
preferentially acetylated (Fig. 1B). Indeed, almost
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