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Requirement of Rsk-2 for

Epidermal Growth Factor-

Activated Phosphorylation
of Histone H3

Paolo Sassone-Corsi,’*1 Craig A. Mizzen,?} Peter Cheung,?
Claudia Crosio, Lucia Monaco," Sylvie Jacquot,’
André Hanauer,! C. David Allis?*

During the immediate-early response of mammalian cells to mitogens, histone
H3 is rapidly and transiently phosphorylated by one or more unidentified
kinases. Rsk-2, a member of the pp90™* family of kinases implicated in growth
control, was required for epidermal growth factor (EGF)~stimulated phospho-
rylation of H3. RSK-2 mutations in humans are linked to Coffin-Lowry syndrome
(CLS). Fibroblasts derived from a CLS patient failed to exhibit EGF-stimulated
phosphorylation of H3, although H3 was phosphorylated during mitosis. In-
troduction of the wild-type RSK-2 gene restored EGF-stimulated phosphoryl-
ation of H3 in CLS cells. In addition, disruption of the RSK-2 gene by homologous
recombination in murine embryonic stem cells abolished EGF-stimulated phos-
phorylation of H3. H3 appears to be a direct or indirect target of Rsk-2, sug-
gesting that chromatin remodeling might contribute to mitogen-activated
protein kinase—regulated gene expression.

In mammalian cells, various environmental
stimuli induce a Ras-dependent MAP (mito-
gen-activated protein) kinase cascade that re-
sults in the transcriptional activation of im-
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mediate-early—responsive genes (/, 2). These
transcriptional responses are thought to de-
pend on modulation of the nuclear localiza-
tion, DNA binding, and activation properties
of transcription factors, but the roles of
MAPK phosphorylation in this process re-
main poorly defined (/).

Remodeling of chromatin structure ap-
pears to have a primary role in transcriptional
regulation (3), and posttranslational modifi-
cations of histones are thought to contribute
to this remodeling. Widespread phosphoryl-
ation of histones, particularly histones H1
and H3, correlates with mitosis in many cells
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(4). Additionally, rapid and transient phos-
phorylation of a subset of histone H3 mole-
cules correlates with the activated expression
of immediate-early genes such as c-fos and
c-jun in mammalian cells after mitogen stim-
ulation (5). These observations suggest that
H3 phosphorylation may contribute to chro-
matin remodeling during mitosis and tran-
scriptional activation.

We have described a polyclonal antiserum
(pS10) to a synthetic peptide mimic of his-
tone H3 monophosphorylated at serine-10
that recognizes H3 phosphorylated during
mitosis (6). To determine whether the pS10
antiserum detects mitogen-stimulated phos-
phorylation of H3, we isolated histones from
mouse fibroblasts deprived of serum and then
treated with a buffer control or EGF. The pro-
teins were resolved by SDS—polyacrylamide
gel electrophoresis (PAGE), transferred to a
polyvinylidene difluoride (PVDF) membrane,
and probed with pS10 antiserum. A rapid and
transient increase in phosphorylation of H3
was detected in EGF-treated cells but not in
unstimulated cells (Fig. 1A). Similar results
were obtained when tetradecanoyl phorbol
acetate was used in place of EGF (7, 8).

To identify kinases that mediate EGF-
dependent phosphorylation of histone H3, we
used kinase activity gel assays with purified
histone H3 or H3 NH,-terminal peptide sub-
strates to detect H3-specific kinases. We con-
sistently detected H3 phosphorylation by a
polypeptide with an apparent molecular size
of ~90 kD in nuclear extracts from EGF-
stimulated cells that was not detected in ex-
tracts from quiescent cells (Fig. 1B). This
activity did not appear to be due to kinase
autophosphorylation because phosphoryla-
tion was not detected when identical samples
were analyzed on gels containing bovine se-
rum albumin instead of H3 (9).

The molecular size and activation by EGF
stimulation suggested that the catalytically
active species might be a member of the
pp907k (ribosomal S6 kinase) family of mi-
togen-activated serine-threonine kinases im-
plicated in cell proliferation and differentia-
tion (10). To test this hypothesis, nuclear
extracts were run on an H3 kinase activity
gel, and a portion of each gel lane encom-
passing the 90-kD region was excised imme-
diately after electrophoresis. Proteins in these
gel strips were subjected to electrophoresis
on a second SDS gel and analyzed by immu-
noblotting with antiserum to pp907k. Consis-
tent with the known nuclear localization of
pp90™* isoforms after mitogenic stimulation
(11), an immunoreactive band with electro-
phoretic mobility similar to that of the kinase
apparent in the activity gel was detected in
nuclear extracts from EGF-stimulated, but
not unstimulated, cells (Fig. 1C).

The pp90~k proteins phosphorylate sever-
al different protein substrates in vitro (10). In
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mammals, the pp907s* family comprises three
functionally nonredundant isoforms: Rsk-1,
Rsk-2, and Rsk-3 (12) [also referred to as
MAPKAP-K1a, b, and c, respectively (2)].
We found that biochemically purified rabbit
Rsk-2 [containing little or no Rsk-1 and
Rsk-3 (13)] phosphorylated only histone H3
in both free histone and nucleosomal sub-
strates (Fig. 2A). H3 phosphorylated by Rsk-2
in vitro was recognized by the pS10 antiser-
um (Fig. 2A), and microsequence analysis
confirmed that Ser-10 is the only site in the
NH,-terminus of H3 phosphorylated by Rsk-2
in vitro (Fig. 2B).

Because mutations in Rsk-2, but not
Rsk-1 or Rsk-3, are associated with CLS
(14), we compared pS10 staining of Epstein-
Barr virus (EBV)—transformed fibroblasts de-
rived from a CLS patient with that of simi-
larly transformed control fibroblasts from an
unaffected sibling. After stimulation with

Fig. 1. Correlation of EGF- A
activated histone H3 phos-

serum
starved

EGF, phosphorylated H3 was distributed in
nuclei of normal (control) cells in a speckled
pattern (Fig. 3) similar to that reported for
mitogen-stimulated mouse fibroblasts (8). In
contrast, nuclear staining was not detected in
interphase CLS cells even though mitotic
chromosomes were stained in CLS cells un-
dergoing mitosis (Fig. 3). These data indicate
that H3 is a target of (at least) two distinct
signaling pathways: one that is dependent on
Rsk-2 and linked to activation by EGF, and
another that is Rsk-2-independent and asso-
ciated with mitosis.

Immunoblot analyses confirmed that H3
phosphorylation was not readily detected in
serum-starved or EGF-treated CLS fibro-
blasts (Fig. 4A), nor was it detected after
stimulation of these cells with serum or ul-
traviolet (UV) irradiation (9). A weak signal,
equivalent in serum-starved and EGF-stimu-
lated CLS cells, which we attribute to mitotic
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(B) Equivalent amounts of nuclear extract from NIH 3T3 cells after serum-starvation (—EGF) and after
EGF treatment for 30 min (+EGF) were resolved by SDS-PAGE in an 8% gel containing histone H3 and
processed to detect kinase activity (25, 26). The arrow denotes a band in the autoradiogram with an
apparent molecular mass similar to that of pp90™, as shown in (C). The identity of the band at 50 kD
is not known. (C) Parallel in-gel H3 kinase assays were performed as in (B) except that after
electrophoresis, the 90-kD region for each sample was excised and again subjected to electrophoresis
on a second SDS gel. The arrow denotes the position of pp90™ detected when this second gel was
analyzed by immunoblotting with ppS0™* antiserum.
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H3 phosphorylation in these slowly growing
cultures, was detected only after lengthy ex-
posures (9). Because the amounts of Rsk-1
and Rsk-3 expressed in these fibroblasts and
several CLS lymphoblast lines are equivalent
to those in normal cells (14, 15), these results

Fig. 3. Effects of Rsk-2
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suggest that the Rsk-1 and Rsk-3 isoforms are
unable to compensate for the loss of Rsk-2
function.

Phosphorylation of histone H3 was ob-
served in both serum-starved and EGF-stim-
ulated cultures of the EBV-transformed con-

DAPI Phos. H3

deficiency on mitogen-
stimulated but not mi-
totic phosphorylation of
histone H3 in CLS cells.
Representative fields
from indirect immuno-
fluorescence microsco-
py of transformed nor-
mal (upper) and CLS
(middle) human fibro-
blasts, stimulated for
30 min with EGF and
costained with DAPI and
pS10 antiserum (23,
24), are shown in the
left and right panels,
respectively. The punc-
tate nuclear localiza-
tion of phosphorylated
H3 in the normal cells
(open arrowheads) is
indicated. The lower pair
of panels shows a sec-
ond field of CLS fibro-
blasts in which a cell in
mitosis (arrowheads) is
visible.

normal
fibroblasts
+ EGF

CLS
fibroblasts
+ EGF

CLS
fibroblasts
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Fig. 4. Deficiency in EGF-stimulated phosphoryl-
ation of histone H3 and Rsk-2-associated H3 kinase
activity in CLS cells. (A} Transformed normal and
CLS human fibroblasts were dissolved in sample
buffer containing SDS, resolved by SDS-PAGE (12%
gel), and analyzed by immunoblotting with the pS10
antiserum and anti-tubulin (22). Phosphorylated H3
was detected in normal cells after serum starvation
(=) and after the addition of EGF. The high level of
phosphorylated H3 detected in these cells after
serum deprivation appears to be associated with
transformation-induced proliferation [see (B) and
text]. Phosphorylated H3 was not detected in Rsk-
2—deficient CLS cells regardless of the presence or
absence of EGF. Tubulin levels demonstrate equiv-
alent loading. (B) Transformed normal human fibro-
blasts [as in (A)] were synchronized by using coupled
aphidicolin and nocodazole treatments (29). Met-
aphase-arrested cells were released into serum-free
media and harvested 6 or 24 hours later with or
without exposure to EGF for 30 min. Cells were
dissolved in sample buffer containing SDS, resolved
by SDS-PAGE (10% gel), and analyzed by immuno-
blotting with the pS10 antiserum and anti-CREB.
The strong induction of H3 phosphorylation by EGF
treatment 24 hours after release of the cells from
mitotic arrest is apparent. CREB levels demonstrate
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equivalent loading. (C) Anti-Rsk-2 immunoprecipitates were prepared from whole-cell extracts of
randomly growing transformed normal human and CLS fibroblasts as described (74). immunopre-
cipitates were solubilized by boiling in SDS-PAGE sample buffer, and a portion (90%) of the
material released was analyzed on a kinase activity gel containing purified H3 (left) (26). The
remaining 10% of the released material was resolved on an SDS-PAGE gel and analyzed by protein
immunoblotting with Rsk-2-specific antiserum (right). Rabbit skeletal muscle Rsk-2 (0.05 U) was
used as a positive control (std). H3 kinase activity is markedly diminished in the CLS Rsk-2

immunoprecipitate.

trol fibroblasts (Fig. 4A). This might reflect
increased proliferation of these cells upon
transformation. To test this hypothesis, we
treated cultures with aphidicolin and nocoda-
zole to arrest these cells in mitosis and mon-
itored EGF-stimulated phosphorylation of H3
after releasing cultures from this cell cycle
block. Augmented phosphorylation of H3
was observed in nocodazole-arrested cells
(Fig. 4B). Six hours after releasing cells into
serum-free medium, phosphorylation of H3
was not observed, regardless of whether cells
were stimulated with EGF or not. How-
ever, by 24 hours, EGF treatment induced
phosphorylation of H3 (Fig. 4B). Stimulation
with serum or UV irradiation induced similar
amounts of H3 phosphorylation in parallel
cultures at this point (9). The low amount of
phosphorylated H3 detected in unstimulated
cells at 24 hours (Fig. 4B) may represent
mitotic phosphorylation of H3 as the syn-
chrony of cultures declined over time. Mito-
genic induction of c-fos expression and
MAPK signaling are conserved in these cells
(15); thus, the H3 phosphorylation observed
in asynchronous cultures of these cells may
mask the mitogenic H3 phosphorylation re-
sponse but appears not to be associated with
alterations in mitogen response pathways
per se.

Rsk-2 immunoprecipitates from serum-
supplemented control cells contained more
H3 kinase activity than immunoprecipitates
prepared in parallel from CLS cells (9). When
immunoprecipitates from control cells were
analyzed, bands migrating just ahead of a
rabbit Rsk-2 standard were detected on an H3
kinase activity gel and on a parallel Rsk-2
immunoblot (Fig. 4C). The heterogeneity re-
solved on the activity gel may reflect MAPK
phosphorylation of Rsk-2. In contrast, Rsk-2
was not detected in the immunoprecipitate
from CLS cells by immunoblotting, and a
weak H3 kinase activity was barely detected
in activity gels (Fig. 4C). Although the ab-
sence of Rsk-2 in immunoblots is consistent
with the expectation that Rsk-2 protein ex-
pressed in these cells lacks the COOH-termi-
nal epitopes recognized by the antiserum to
Rsk-2 (14, 15), attempts to detect Rsk-2 ex-
pression in these cells with antiserum to an
NH,-terminal epitope of pp90™ were also
unsuccessful (/5). Thus, the weak signal in
the activity gel associated with the Rsk-2
immunoprecipitate from CLS cells may be
attributable to contaminating kinases, possi-
bly Rsk-1 or Rsk-3. Other bands were not
apparent in any of the samples, and the ac-
tivity observed was not due to kinase autophos-
phorylation because activity was not detected
when immunoprecipitates were assayed in
activity gels prepared without protein sub-
strate (7). We conclude that the H3 kinase
activity in immunoprecipitates from normal
cells was intrinsic to Rsk-2, and that H3
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kinase activity in immunoprecipitates from
CLS cells was diminished due to the lesion in
the RSK-2 locus in this patient.

We assayed whether ectopic expression of
Rsk-2 could restore mitogen-stimulated phos-
phorylation of histone H3 in CLS cells. Phos-
phorylation of H3 in response to EGF was
detected in CLS fibroblasts transfected with
RSK-2 DNA but not in cells transfected with
vector DNA alone, even though MAPK was
activated by phosphorylation upon EGF stim-
ulation in both cell cultures (Fig. 5A). Chang-
es in the amounts of Rsk-1 and Rsk-3 were
not observed upon Rsk-2 expression (Fig.
5A). Furthermore, CLS fibroblasts transfect-
ed with RSK-2 DNA, but not those transfect-
ed with vector DNA alone, displayed punc-
tate nuclear pS10 staining after EGF treat-
ment (Fig. 5B). These results argue strongly
that Rsk-2 can directly or indirectly mediate
EGF-stimulated phosphorylation of H3 in
vivo.

RSK-2 mutations are closely associated, if
not causally linked, to CLS (16). However,
because mutations at additional loci may con-
tribute to defects in mitogen-responsiveness
in CLS cells, we specifically disrupted the
RSK-2 gene in murine embryonic stem (ES)
cells by homologous recombination (17) and
assayed these cells for EGF-stimulated phos-
phorylation of histone H3. The absence of
Rsk-2 expression in these cells was con-
firmed by protein immunoblotting (Fig. 6A),
and disruption of the endogenous RSK-2 gene
was confirmed by Southern (DNA) blot anal-
yses (/7). Augmented phosphorylation of H3
was detected by immunoblotting after EGF
stimulation of serum-deprived wild-type (wt)
ES cells (Fig. 6B). In contrast, no stimulation
of H3 phosphorylation in response to EGF
was detected in Rsk-27 ES cells even though

Fig. 5. Restoration of mito-
gen-stimulated phosphoryl-

vector only
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MAPK was activated in these cells after EGF
treatment (Fig. 6B). The amount of phospho-
rylated H3 in serum-deprived and EGF-stim-

Fig. 6. Rsk-2 is required for
EGF-stimulated phospho-
rylation of histone H3 in
mouse cells. (A) Confluent
wild-type (wt ES) and Rsk-
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Rsk-2~

ulated Rsk-2~ ES cells was similar to that in
serum-deprived wt ES cells. Thus, EGF-stim-
ulated phosphorylation of H3 requires Rsk-2.
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Rsk-1, Rsk-2, and Rsk-3
was then analyzed by im-
munoblotting with iso-
form-specific antisera (73).
(B) Samples prepared as in
(A) from serum-deprived
(—EGF) and EGF-stimulat-
ed (+EGF) wild-type and
Rsk-2~ ES cells were re-
solved on a 10% SDS-
PAGE gel, and the levels of
MAPK (ERK1/ERK2), phos-
phorylated MAPK, H3, and
phosphorylated H3 were
assessed by immunoblot-
ting with the ive an-
tisera (73). EGF stimulated
MAPK phosphorylation in
both wt and Rsk-2™ cells,
but H3 phosphorylation was
deficient in Rsk-2~ cells. The
levels of (nonphosphoryl-
ated) H3 and MAPK confirm
equivalent loading. (C) Ran-
domly growing wild-type
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(upper) and Rsk-2~ (lower) ES cells were costained with DAPI and pS10 antiserum (left and right panels,
respectively). Solid arrowheads indicate cells in mitosis. Phosphorylated H3 was localized in mitotic
chromosomes of both wild-type and Rsk-2~ cells, but punctate nuclear localization was apparent only
in interphase wild-type ES cells (open arrowheads).
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tive antisera (73). Although MAPK phosphorylation is induced by EGF in both
types of transfected cells, H3 phosphorylation was induced by EGF only in
cells transfected with Rsk-2 DNA. The levels of Rsk-1, Rsk-3, and MAPK
demonstrate equivalent loading. (B) Representative fields from indirect
immunofluorescence microscopy of CLS fibroblasts that were serum-starved
and stimulated with EGF for 30 min after transfection with a human Rsk-2
expression vector (lower) or the empty vector (upper) as in (A). Cells

Phos. H3

costained with DAPI and pS10 antiserum are shown on the left and right,
respectively. The punctate nuclear localization of phosphorylated H3 in the
Rsk-2-transfected cells (open arrowheads) is indicated.
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These observations were confirmed by pS10
staining in randomly growing wt and Rsk-2~
ES cells. Punctate nuclear staining resem-
bling that described above for normal human
fibroblasts was observed in cultures of wt ES
cells, but not in cultures of Rsk-2~ ES cells
(Fig. 6C). Mitotic phosphorylation of H3 in
murine cells appears to be independent of
Rsk-2 because it was readily detected in both
wt and Rsk-27 ES cells (Fig. 6C), in agree-
ment with our data for human fibroblasts
(Fig. 3).

Our results indicate that Rsk-2 is required
for EGF-stimulated phosphorylation of his-
tone H3 in vivo. However, the role of H3
phosphorylation in cellular responses to mi-
togens remains to be defined. Although acti-
vation of cAMP response element—binding
protein (CREB) phosphorylation and c-fos
transcription (whose promoter contains a
CREB recognition site) by EGF are defective
in CLS cells (/5), these same cells resemble
normal cells in other responses to mitogenic
and other stimuli (/5). Thus, it appears that
Rsk-2 ablation does not lead to global chang-
es in the activity of other signaling pathways.
Furthermore, our finding that EGF-activated
phosphorylation of H3 is Rsk-2—dependent
whereas EGF-induced phosphorylation of
Elk-1 and serum response factor in CLS cells
is not (/5), indicates that not all MAPK-
regulated nuclear responses require Rsk-2.

Evidence for the direct involvement of H3
phosphorylation in gene activation is limited
(8). However, a growing body of evidence
indicates that conserved regulatory pathways
have evolved in eukaryotes wherein chro-
matin-modifying activities, notably histone
acetylases and deacetylases, are recruited to
specific promoters through selective interac-
tions with activator and coactivator proteins
(18). The growth factor—dependent interac-
tion of pp90rs*< with the transcriptional coac-
tivator CBP (/9), a histone acetyltransferase
(20), raises the possibility that histone acety-
lation and phosphorylation may act together
to facilitate gene expression at mitogen-
responsive promoters such as c-fos and c-jun
s, 20).
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The Selective Advantage of Low
Relatedness

Blaine ]. Cole and Diane C. Wiernasz

Relatedness within colonies of social Hymenoptera is often significantly lower
than the outbred population maximum of 0.75. Several hypotheses address the
widespread occurrence of low relatedness, but none have measured the co-
variation of colony fitness and relatedness. In a polyandrous harvester ant,
Pogonomyrmex occidentalis, average within-colony relatedness in the popu-
lation is low but highly variable among colonies, and relatedness is negatively
correlated with colony growth rate. Differences in growth rate strongly influ-
ence survival and the onset of reproduction, leading to a 35-fold increase in
fitness of fast-growing colonies. Benefits of a genetically diverse worker pop-
ulation may favor polyandry in this species.

The relation between genetic relatedness and
altruism has dominated modern studies of
social behavior, especially in the social Hy-
menoptera where asymmetries in relatedness
among male and female offspring and among
queens and workers shape interactions (/).
Technical advances in the estimation of re-
latedness have allowed social insect biolo-
gists to study the relation between relatedness
and many aspects of reproductive allocation
and behavior (2—4).

Although high within-colony relatedness
promotes the spread of altruistic traits and
may favor many types of social behavior, the
diversity of social systems among social in-
sects (from singly mated, single queens to
multiply mated, multiple queens) produces a
corresponding diversity of relatedness values.
To explain such diversity, a number of hy-
potheses have been proposed that identify
potential advantages to low relatedness (J5).
Low relatedness that arises from polyandry
(multiple mating by queens) is of particular
interest, because polyandry is taxonomically
widespread. Data from natural populations
comparing relatedness to aspects of fitness
are virtually absent (6, 7).

We have studied the western harvester ant
Pogonomyrmex occidentalis. Colonies of this
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Houston, Houston, TX 77204-5513, USA. E-mail:
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species are founded by a single queen (8);
variation in the mating frequency of queens
produces variation in colony relatedness. We
genotyped six workers from each of 1492
colonies (9) over a 4-year period at two vari-
able loci, phosphoglucose isomerase (PGI)
and amylase (AMY) (/0). Within-colony re-
latedness was estimated individually from the
combined electrophoretic data (/7). The av-
erage relatedness in the population is 0.324 =+
0.017 (mean = SE, n = 1128 colonies col-
lected in 1993). We censused colonies annu-
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0.0

Cumulative growth, 1993-1998

0.2 | 1 1 1 |
' <-0.045 -0.045-0.31 0.31-0.67 >0.67

Colony relatedness

Fig. 1. The relation between colony growth and
colony relatedness. Colony growth is the resid-
ual growth over the 5-year period 1993 to
1998. Colonies are categorized by their within-
colony relatedness as being more than 1 SD
(SD = 0.356) below the mean individual relat-
edness (0.315), within 1 SD below the mean,
within 1 SD above the mean, and more than 1
SD above the mean.
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ally between 1993 and 1998 and measured
colony size (/2) in 1993, 1994, 1997, and
1998 to determine survival and growth. Col-
ony growth rate was correlated in all years
with colony size: Small colonies grew more
rapidly than large colonies (1993-1994: r =
—0.33; 1994-1997: r = —0.59; 1997-1998:
r = —0.34). We used the residuals of the
regression of growth on size in a given time
interval to estimate colony growth corrected
for current size for that interval (/3).
Relatedness and residual colony growth
are negatively correlated for every time inter-
val (1993-1994: Spearman rank correlation
r, = —0.0908, n = 927, P = 0.0057; 1994—
1997: r, = —0.0789, n = 809, P = 0.025;
1997-1998: r, = —0.0243, n = 791, P =
0.495). Overall, the relation is strongly neg-
ative [combining these probabilities by using
Fisher’'s method (14), x* = 19.12, df = 6,
P < 0.005]. Total growth over the 5-year
period 1993 to 1998 is also negatively corre-
lated with colony relatedness (r, = —0.102,
n = 646, P = 0.0095) (Fig. 1). Although
significant, the correlation between growth and
relatedness is not very large. Our estimate of
average colony relatedness for the entire popu-
lation is accurate, but the estimates for individ-
ual colonies have large standard errors (2, 3).
On the assumption that the correlation between
colony relatedness and growth is due to a cor-
relation between the actual growth and actual

Actual 0.792 Measured
growth growth
-0.543 0.102
(estimated)
Actual Estimated
relatedness .47 relatedness

Fig. 2. The path analysis estimate of the rela-
tion between colony growth and colony relat-
edness. The correlation between actual growth
and measured growth is based on the correla-
tion between colony size and our measure of
colony size (8), and the correlation between
estimated and actual relatedness for individual
colonies is estimated from simulations (74).
The correlation between measured growth and
estimated relatedness is the correlation with
growth over a 5-year period.
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