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Chromatin kinases act on transcription factors and histone tails
in regulation of inducible transcription
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Summary

The inflammatory response requires coordinated activation of both transcription factors and
chromatin to induce transcription for defense against pathogens and environmental insults. We
sought to elucidate connections between inflammatory signaling pathways and chromatin through
genomic foot-printing of kinase activity and unbiased identification of prominent histone
phosphorylation events. We identified H3 serine 28 phosphorylation (H3S28ph) as the principal
stimulation-dependent histone modification and observed its enrichment at induced genes in
mouse macrophages stimulated with bacterial lipopolysaccharide. Using pharmacological and
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genetic approaches, we identified mitogen- and stress-activated protein kinases (MSKSs) as primary
mediators of H3S28ph in macrophages. Cell-free transcription assays demonstrated that H3S28ph
directly promotes p300/CBP-dependent transcription. Further, MSKSs can activate both signal-
responsive transcription factors and the chromatin template with additive effects on transcription.
Specific inhibition of MSKSs in macrophages selectively reduced transcription of stimulation-
induced genes. Our results suggest that MSKs incorporate upstream signaling inputs and control
multiple downstream regulators of inducible transcription.

eTOC blurb

Josefowicz et al. demonstrate that MSK1/2 coordinately activate both transcription factors and the
chromatin template via histone phosphorylation. MSKs thereby regulate rapid transcription of
inflammatory genes in response to pathogen sensing. In general, chromatin kinases may represent
a nexus of signaling inputs controlling multiple regulators of inducible transcription.
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Introduction

Cells responding to environmental signals rapidly and selectively alter gene expression.
These changes require the coordinated activity of DNA-binding transcription factors,
chromatin regulatory factors, and the general transcription machinery. Innate immune cell
recognition of pathogen components represents an archetypal rapid cellular response, in
which speed and scope of selective transcription are critical for host organism survival.
Induced activation and binding of signal-responsive transcription factors and changes in
chromatin features are characteristic of inflammatory gene induction. For example,
preexisting chromatin accessibility and histone acetylation and collaboration between signal-
responsive transcription factors and chromatin remodelers can determine the level and
kinetics of gene induction (Bhatt et al., 2012; Hargreaves et al., 2009; Ostuni et al., 2013;
Ramirez-Carrozzi et al., 2009). Beyond the activation of transcription factors, signaling
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pathways have potential to directly regulate chromatin characteristics, such as histone
modifications and chromatin accessibility, thereby altering transcription.

Cellular stimulation commonly leads to the activation of downstream nuclear and chromatin-
associated kinases. While the classical view of transcription regulation by signaling inputs is
through the phosphorylation of DNA-binding transcription factors, select kinase pathways
signal to chromatin through histone phosphorylation, which serves as a rapid and reversible
mechanism by which environmental inputs can affect chromatin processes (Baek, 2011;
Cheung et al., 2000). Relationships between these two categories of phosphorylation events
remain unclear. Initial studies described histone phosphorylation as a feature of cellular
stimulation and linked growth factor signaling to rapid and transient phosphorylation of
serine residues in the N-terminal tail of histone H3 (Mahadevan et al., 1991). Further studies
revealed the relevance of histone phosphorylation in cell cycle control and mitosis, repair of
DNA damage, apoptosis, and transcription (Cheung et al., 2000; Lo et al., 2000). Kinases
MSK1/2 were highlighted as integrators of both p38 and ERK signaling with the ability to
phosphorylate histone H3 (Thomson, 1999). More recently, MSK1/2 activity and
phosphorylation of either H3S10 or H3S28 has been linked to the transcription of
immediate-early genes during the fibroblast stress-response (Drobic et al., 2010; Sawicka et
al., 2014). Despite involvement in several biological processes, the functions and direct
activity of histone phosphorylation are poorly understood.

H3 tail phosphorylation occurs prominently within a repeated amino acid sequence, Ala-
Arg-Lys-Ser (ARKS). These motifs contain the lysine residues K9 and K27, which have
important regulatory function, with their acetylation or methylation instructing chromatin
activation or repression, respectively. Given the similar sequence context of H3S10 and
H3S28, it has been unclear whether these phosphorylation events have distinct roles in
chromatin regulation. Overall, as a histone madification class, phosphorylation has
considerable potential to alter the biophysical character of chromatin and the recruitment of
regulatory factors. Here, we sought to identify the major histone phosphorylation events
during an archetypal cellular stimulation to inform focused studies on histone
phosphorylation pathways, function, and mechanism of action. Our results highlight the dual
role of the chromatin-associated kinases (MSK1/2) in the activation of both transcription
factors and the chromatin template and reveal a direct, positive activity of H3S28ph on p300/
CBP-dependent transcription. Use of pharmacologic approaches to study the function of
MSK1/2 during the macrophage response to pathogen sensing demonstrates a selective role
for these chromatin-associated kinases in inducible transcription and highlights their
potential as drug targets.

Results

Dynamic regulation of histone phosphorylation during macrophage stimulation

To identify potential mechanisms controlling inducible transcription, we focused on the
intersection of kinase pathways and chromatin regulation during cellular stimulation. To
avoid complications due to mitotic histone phosphorylation, we took advantage of primary
macrophages as being post-mitotic. We hypothesized that unbiased identification and foot-
printing of principal histone phosphorylation events would indicate relevant kinase activity
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and biologically important mechanisms controlling rapid and robust gene expression in cells
responding to stimulation.

With the goal of characterizing kinase activity on chromatin during the mouse bone marrow
derived macrophage (BMDM) inflammatory response to lipopolysaccharide (LPS) we
assessed the scope and kinetics of specific histone phosphorylation events using several
complementary approaches. For unbiased determination of histone phosphorylation events,
we biochemically purified histone proteins from macrophages throughout the stimulation
time course and quantified residue-specific phosphorylation by mass spectrometry (MS). We
focused attention on dynamic phosphorylation of serine residues within two regulatory
cassettes in the N-terminal tail of H3, H3S10ph and H3S28ph. Histone tail acetylation at
these repeated ARKS motifs is mediated by the transcription co-activators GCN5 (H3K9/
K14) and p300/CBP (H3K18/K23/K27) (Jin et al., 2011). High-sensitivity quantification
was achieved through parallel analysis of TiO,-bead enriched phospho-peptides and input
histone peptides (Figure 1B). Our MS approach identified H3S10 and H3S28 as the most
abundant histone phosphorylation events detected in stimulated samples. Interestingly, we
observed preexisting levels of H3S10ph and only a moderate increase after stimulation
(Figure 1C). Due to the proximity of the S28 residue to the H3.3 histone variant-specific S31
residue, we were able to quantify the enrichment of H3S28ph on both H3.1/2 and H3.3, the
latter variant being associated with dynamic chromatin. In contrast to H3S10ph, we
observed substantial increases in H3S28ph upon stimulation on H3.1/2 and an increase from
undetectable levels to 0.8% of total, on the H3.3 variant (Figure 1C). Phosphorylation of
H3T3 or H3T6 was below or near the detection limit under all conditions (Figure 1C).
Global levels of histone post-translational modifications other than phosphorylation events
were not observed to change noticeably between resting and stimulated conditions (data not
shown and Figure 1D).

Western blot analysis also demonstrated dynamic stimulation-responsive regulation of both
H3S10ph and H3S28ph, but minimal to no change in global levels of other histone post-
translational modifications including H3K27ac (Figure 1D, S1A). While H3S10ph and
H3S28ph are abundant in mitotic cells, flow cytometry approaches assured that BMDM
were post-mitotic (Figure S1B). Further, these techniques allowed for quantitative, single-
cell analysis of histone phosphorylation during the LPS response and revealed a population-
level increase in H3S28ph (Figure 1E, Figure S1C). Confocal immunofluorescence
microscopy similarly established H3S28ph as a dominant stimulation-dependent histone
phosphorylation event, and highlighted its euchromatic localization (Figure S1D). Thus,
H3S28ph is a prominent, dynamically regulated histone phosphorylation event during the
macrophage response to LPS.

Given the stimulation-dependent induction of H3S28ph, we hypothesized that it might
function in rapid transcription of early inflammatory genes. Consistent with this hypothesis,
we found through ChiP-sequencing (ChlPseq) approaches that H3S28ph rapidly
accumulates at the 5”-end of the most highly induced inflammatory genes (336 genes,
Supplementary table 1), but not at non-expressed genes (Figure 1F-G). Consistent with
observation of minimal stimulation-dependent induction of H3S10ph by MS/MS (Figure
1C), western blot (Figure 1D), flow cytometry (Figure S1C), and confocal
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immunofluorescence microscopy (Figure S1D), we did not observe enrichment of H3S10ph
comparable to H3S28ph at LPS-induced genes (Figure S1E).

Stimulation-dependent enrichment of H3S28ph at LPS-activated gene transcription start
sites (TSS) and enhancers were correlated (Figure S1IF-G) and reached peak levels at 30
before gradually declining through 240" post-stimulation (Figure 1H-1, Figure S1TH-I). We
next sought to more thoroughly characterize the association of H3S28ph with diverse
categories of LPS-activated chromatin based on enhancer type (Ostuni et al., 2013) and
transcription Kinetics (Bhatt et al., 2012). Notably, we found that rapidly activated enhancers
and rapidly transcribed genes are associated with early elevated levels of H3S28ph, while
genes with peak transcription at two hours or later have either delayed or absent H3S28ph
enrichment (Figure S11-J). Latent enhancers characterized by de novo, stimulation-
dependent acquisition of H3K4mel, Pu.1, and H3K27ac, as well as delayed kinetics in
stimulus-induced transcription factors (Ostuni et al., 2013) also demonstrated delayed and
reduced H3S28ph (Figure S1lI), likely due to delays in chromatin accessibility and
transcription factor and kinase recruitment. Interestingly, while H3S28ph levels decline at
specific genomic loci and globally after one hour, quantification by ChIP-seq and flow
cytometry indicates that above-baseline H3S28ph levels are maintained beyond four hours
(Figure S1H-I, K). Together, these data indicate that LPS-stimulation of macrophages
results in parallel signaling directly to H3S28 in chromatin, specifically targeting genomic
loci critical for the rapid response to stimulus.

Phosphorylation of H3S28 at lineage-specific and stimulation-responsive chromatin

We next sought to further characterize the genes and chromatin regions associated with
H3S28ph. H3S28ph was positively correlated with LPS-dependent fold-increase in
transcription (p<0.0001) but not overall expression level transcriptome-wide (p=0.063),
indicating a specificity for environmental-response genes rather than constitutively
expressed genes (Figure S2A-B). Consistent with this, H3S28ph was not induced at
constitutively expressed housekeeping genes, including those encoding p-Tubulin and RPS2
(Figure 2A), while it increased following LPS-stimulation at a number of inflammatory
genes, including /fnb1, 1127, Cxcl10, Tnf, and //12 (Figure 2B). We further established the
association of H3S28ph with LPS-response genes through unbiased gene ontology analysis
of gene-annotated H3S28ph enriched regions; the most enriched gene ontology category was
“regulation of cytokine production” (p-value=1x107180) Further, we empirically identified a
threshold for high-level H3S28ph around TSS regions (Figure 2C) and find that these top
391 H3S28ph genes are induced on average 11.8-fold one hour after LPS stimulation
(Figure 2D).

To better understand the biological context, cofactors, and selectivity of H3S28ph during the
macrophage response to LPS, we queried H3S28ph chromatin regions for enrichment of
transcription factor motifs. We identified highly significant motif enrichment for
macrophage lineage-determining transcription factors (PU.1, CEBPa) and environmental
response factors (NF-xB, ELK1, RELA, NFKB1, CREB1, AP1) in regulatory DNA
elements with high levels of H3S28ph, as compared to regulatory DNA lacking H3S28ph.
Motifs for general factors not specifically engaged in the macrophage response to LPS (TBP,
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CTCF, REST) were equally represented in regulatory elements with and without H3S28ph
enrichment (Figure 2E. Figure S2C-D). Therefore, H3S28ph is induced at both macrophage
lineage-specific and stimulation-responsive regulatory elements during LPS-stimulation.
Consistent with a role for NF-xB in the targeting of H3S28ph, and suggestive of a role for
MAPK signaling, we found that RelA and MAPK-dependent genes (Tong et al., 2016) were
further enriched for H3S28ph when compared to other LPS-induced genes (Figure 2F).

Levels of H3528ph peaked early (30°—60") at the promoters and enhancers of LPS-induced
genes, while global levels of H3S28ph remained elevated four hours after LPS stimulation
(Figure S1). To explain this we characterized the genomic distribution of H3S28ph at early
and late time points. This analysis revealed that while H3S28ph levels decreased at discrete
regions around promoters and enhancers, large chromosome loop boundaries (Dowen et al.,
2014) and intervening domains maintained high levels of H3S28ph four hours after
stimulation. We found that H3S28ph was enriched within looped chromatin domains defined
by conserved CTCF and Cohesin binding sites that contained LPS-induced genes, such as
Tnfajp3and EhdI, but not in neighboring domains devoid of stimulation responsive
chromatin (Figure S2E-F). It is also possible that some changes in histone phosphorylation
could occur within repetitive elements or other difficult to analyze sequence. Regardless, this
rapid delineation of chromatin domains by H3S28ph is a unique feature of stimulation-
responsive chromatin and may feature to alter the biophysical characteristics and
accessibility of these domains, enabling their dynamic regulation.

MSKs signal to chromatin at inflammatory response genes

To identify and study the kinase(s) responsible for H3S28ph during the LPS-stimulation, we
chose two complementary approaches, siRNA and small-molecule inhibitors. Multiple
kinases have been reported to phosphorylate H3S28 in various cell types, most prominently
MSK and RSK paralogs (Baek, 2011). siRNA treatment resulted in kinase-specific reduction
in mRNA and protein levels and a commensurate decrease in H3S28ph in the case of MSK1
and MSK2 (alone and in combination), but not RSK2 (Figure S3A-B). These kinase
knockdown experiments indicate that MSK kinases are predominantly responsible for LPS-
induced phosphorylation of H3S28.

To evaluate the effects of more complete kinase loss-of-function with precise temporal
control, we utilized small-molecule MSK inhibitors. To control for potential off-target
effects, we used two structurally unrelated inhibitors targeting the MSK N- and C-terminal
kinase domains (NTD and CTD), respectively (Figure 3A). SB747651A is a potent inhibitor
of the AGC-family MSK NTD, but interpretation of its cellular effects may be confounded
by inhibition of a number of other AGC kinases in the same pathway, including RSK1/2,
PKA, PKB/Akt and PKC (Nagvi et al., 2012). Thus, we developed RMM-64, a reversible
covalent inhibitor that inhibits the MSK CTD by targeting a cysteine residue that is absent in
all off-target AGC kinases (Figure 3B, Figure S3C-E). RMM-64 retains the potency and
selectivity of our previously developed cysteine-targeted MSK/RSK inhibitors
(Supplemental Table 2), but has increased solubility and stability relative to these
compounds (Krishnan et al., 2014; Miller et al., 2013). RMM-64 potently inhibited LPS-
induced H3S28ph in primary mouse macrophages, with an 1C5q <1.0 uM (Figure 3C).
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Because RMM-64 also inhibits RSK CTDs, which contain a homologous cysteine, we
employed the selective RSK CTD inhibitor FMK to assess the contribution of RSK kinases
to LPS-stimulated H3S28 phosphorylation.

Pharmacological inhibition of MSK NTD or CTD but not RSK CTD abolished H3S28ph
induction during macrophage stimulation (Figure 3D). RSK inhibition by FMK was
confirmed by loss of CTD-dependent internal phosphorylation at S386, and phosphorylation
of upstream ERK was unaffected by all agents (Figure 3E-G). Importantly, cell viability and
stimulation-dependent phosphorylation of p38, p65 (IKK site), and TBK1 were unaffected
or minimally affected by all chemical agents (Figure S3F-G). Our results implicate MSK1/2
as the H3S28 kinases and demonstrate pharmacological inhibition of either the NTD or CTD
as an effective strategy for blocking stimulation-dependent H3S28ph.

We favored the temporally incisive use of small molecule inhibitors to study the function of
MSK in gene induction during cellular stimulation because this excluded potential effects on
roles of MSK1/2 during cellular differentiation and homeostasis. Aware of the potential for
off-target effects with chemical agents, we sought rigorous evidence for the role of MSK in
H3S28ph while preserving benefits of small-molecule inhibitors. RMM-64 owes its
selectivity and affinity to cooperative covalent and non-covalent interactions. The reversible
covalent interaction targets a non-catalytic cysteine residue in MSK (MSK1C440,
MSK2C425) (Figure 3H). We find that mutation of these cysteines to valines reduces the
potency of RMM-64 by approximately 1000-fold and rescues histone H3S28
phosphorylation during LPS stimulation of RAW264.7 macrophages ectopically expressing
drug resistant but not wild-type (wt) MSK1/2 (Figure 3H-I, S4).

We next sought to determine the effect of MSK inhibition on H3S28ph induction at specific
genomic loci in response to LPS in BMDM. ChlPseq demonstrated abrogation of H3S28ph
at the TSS of LPS-induced genes (Figure 3J-K) and at enhancers (Figure 3L) by MSKi but
not by RSKi. Together, these results provide evidence that inhibition of H3S28ph by
RMM-64 is mediated through its effects on MSK kinases and that MSK is targeted to
lineage specific and stimulation responsive chromatin.

MSKs coordinately activate transcription factors and the chromatin template

Identification of MSKSs as the principal kinases for H3S28ph at genomic locations enriched
for lineage-specific and signal-activated transcription factors led us to consider its previously
reported role as an activator of DNA-binding transcription factors. Validating the biological
relevance of the transcription factor motif analysis within H3S28ph+ enhancers, with NF-
xB/RelA, Creb, and AP-1 among the most enriched (Figure 2E), MSK has been reported to
bind to and activate Creb (Deak et al., 1998; Frddin et al., 2002), RelA (Vermeulen et al.,
2003) and AP-1 factor, Atfl (Arthur and Cohen, 2000). Further, these factors have
established roles in the inflammatory process (Ananieva et al., 2008; Tong et al., 2016).
Consistent with these reports, we found evidence for MSK-dependent activation of
transcription factors in stimulated macrophages, with induced phosphorylation of CREB
S133 that was reduced following inhibition of MSK with either RMM-64 or SB747651A
(Figure 4A-B). Lacking high quality antibodies for p65 S276 phosphorylation, we used an
MS-based approach to confirm that MSK1 selectively phosphorylates p65 at S276, a critical
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regulatory modification of p65 (Okazaki et al., 2003; Vermeulen et al., 2003) in an /n vitro
kinase assay (Figure 4C-D). This dual role for MSK in the phosphorylation of prominent
DNA-binding transcription factors and H3S28 during the stimulation response raised the
possibility that MSK kinases could activate transcription factor targets as well as the
chromatin template on which they operate, via H3S28ph.

To address the potential for cooperative activation of both chromatin and transcription
factors, we developed an /n vitro transcription assay allowing for assessment of relative
contributions of MSK, transcription factor phosphorylation, and histone H3S28
phosphorylation in transcription (Figure 4E). We selected NF-xB (p65/p50; Rela/Nfkbl) as
a model transcription factor due to its enrichment at H3S28ph chromatin, its role in
inflammation, and its potential regulation by MSK (Figure 4C-D). With control over the
introduction of MSKZ1, p300, and NF-xB in the assay and assembly of chromatin with either
wt H3 or an H3 mutant (H3S28A) that cannot be phosphorylated at residue 28, we were able
to test the function of MSK-mediated phosphorylation of both transcription factor and
chromatin template. Using this system, we observed a striking dependence of p65/p50
transcription activity on MSK-mediated phosphorylation and the coordinated activity of
MSK targets, H3S28 and NF-xB, on transcription output, with a 2-fold decrease in transcript
in the absence of H3S28ph (Figure 4F-G). Therefore, MSK can license both p65/NF-xB
and its chromatin template to coordinately augment transcription.

While phosphorylation of p65 and H3S28 were discretely controlled in the NF-xB assays
and determined to independently increase transcription, we further sought to evaluate the
role of histone phosphorylation in transcription by using an activator that is not regulated by
kinase activity. Utilizing a chromatinized template and Gal4-VP16-regulated promoter
sequence instead of NF-xB, we found similar increases in p300-dependent transcription on
MSK1-phosphorylated chromatin templates (Figure 4H-I). Controlling for the presence of
activator (Gal4-VP16), p300, and H3S28ph we again observed a two-fold increase in p300-
dependent transcription output in the presence of H3S28ph, but not H3S10ph (Figure 4J-K).

Production of RNA transcript in the /n vitro chromatin assembly and transcription assay
relies on the recruitment and activity of a histone acetyltransferase/coactivator. H3S28ph
similarly activated transcription by both p300 and related CBP (Figure 4L). We utilized
synthetic H3S28ph or unmodified H3 to establish a role for H3S28ph in p300/CBP-
dependent transcription in the absence of MSK (Figure 4L). Consistent with a link between
histone phosphorylation and histone acetylation-dependent transcription, we found that the
augmented transcription associated with MSK activity was abolished by inhibition of
histone acetyl-lysine binding of Brd4 using the inhibitor JQ1 (Figure S5J). Therefore, MSK
acts to increase transcription through two distinct downstream mechanisms: 1) through
phosphorylation of H3S28 and activation of the chromatin template, and 2) through
phosphorylation and increased activity of transcription factors, such as p65. In lieu of
methodologies to study the role of H3S28ph directly in cells (due to complexity of
mammalian histone genetics), our controlled /n vitro experiments are suggestive of a
cooperative role for transcription factor and chromatin template phosphorylation in cellular
responses to stimulation.
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H3S28 phosphorylation augments p300 activity

In searching for a potential mechanistic link between H3S28ph and transcriptional
activation, we considered previous findings whereby H3S10ph resulted in both recruitment
and activation of the HAT GCNS5 (Cheung et al., 2000; Clements et al., 2003; Lo et al.,
2000). Importantly, H3S10ph occurs within an ARKS motif on the H3 N-terminal tail
(Figure 1A), and directs acetylation of regional lysine residues (H3K9 and K14) by GCN5.
Given that H3S28 also lies within an ARKS motif, we hypothesized that H3S28ph might
similarly augment the recruitment and activity of HAT factors, especially since HS28ph
increased p300/CBP-dependent transcription /n vitro.

Therefore, we investigated the MSK-dependent activity of p300/CBP. H3K27ac can be used
as a surrogate of direct p300/CBP recruitment and HAT activity since ~95% of H3K27ac is
dependent on p300/CBP (Jin et al., 2011). Supporting H3S28ph-p300/CBP crosstalk, we
observed a correlation between sites of rapid H3S28ph accumulation and de novo
stimulation-dependent H3K27ac increases at promoter and enhancer regions (Figure 5A-B).
Stimulation-dependent p300 enrichment was observed at H3S28ph-enriched TSSs,
especially among those LPS-response genes characterized by the most prominent increases
in H3K27ac (Figure S5A-B). Notably, 88.4% of new or increased H3K27ac “peaks”
occurred within regions with significantly enriched levels of H3S28ph (Figure S5C).
Further, both H3K27ac and H3S28ph were similarly enriched on nucleosomes flanking
transcription factor binding sites that recruit p300 in response to LPS stimulation (Figure
5A).

Given their correlation and kinetic relationship (Figure SSD-E) we investigated the
possibility of a more direct role for MSK in acetylation of H3K27 at LPS-response genes.
Consistent with a function for MSK and H3S28ph at sites of newly induced H3K27ac, MSK
inhibition resulted in a selective decrease in H3K27ac levels at LPS-response genes that
were characterized by stimulation-dependent increases in H3K27ac (Figure 5B-C, S5F-G).
The effect of MSK inhibition on the overall level of H3K27ac at “pre-activated” LPS-
response genes was insignificant (Figure 5C, Figure S5F). Consistent with the observed
kinetics of H3S28ph and induced H3K27ac and the positive effect of MSK kinase activity
on subsequent H3K27ac, inhibition of p300/CBP had no effect on “upstream” stimulation-
dependent H3S28ph (Figure S5H).

We also used established algorithms designed to identify super-enhancers (Whyte et al.,
2013) to rank order all macrophage enhancers as well as LPS-induced enhancers. As
expected, we found that induced enhancers with the highest H3K27ac signals are associated
with prominent macrophage LPS-response genes including Cc/5, 1127, Nfkbia, and I112a
(Figure S5I1). Overall, MSK inhibition resulted in reduction of H3K27ac levels at LPS-
induced enhancers (including induced super enhancers) with little effect on H3K27ac levels
at non-induced enhancers (Figure S5H).

Next, we sought to directly test our hypothesis that the phosphorylated ARKS motif at
H3S28 might act to recruit and/or activate p300 on the chromatin template, much like
phosphorylation of the ARKS motif at H3S10 activates GCN5. Using GST-histone tail pull-
down assays (wt-H3, S10A, S28A, S10A/S28A, +/- MSK), we confirmed GCN5
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recruitment to H3S10ph. We failed to observe GCN5 binding to H3S28ph (Figure 5D). By
contrast, we discovered that recombinant p300 was recruited specifically to H3 tails
containing H3S28ph, but not H3S10ph (Figure 5D). We also found that p300 bound
preferentially to synthetic H3 peptides bearing H3S28ph but not H3S10ph or unmodified
peptides (Figure 5E). Therefore, the specificity of GCN5-H3S10ph and p300-H3S28ph
interactions is consistent with a positive effect of ARKS motif phosphorylation on HAT
activity at nearby Lys residues (GCN5 at H3K9/14ac, p300 at H3K18/23/27ac).
Additionally, p300 recruitment to a chromatinized transcription template was augmented by
phosphorylation of H3 by MSK1 (Figure 5F). Importantly, this increased binding was lost
under conditions where chromatin was assembled with the H3S28A mutant H3 but not with
the H3S10A mutant (Figure 5F). We confirmed that p300 efficiently acetylated MSK1-
phosphorylated H3 on chromatinized templates, creating the dual H3K27ac/S28ph
modification, using an antibody specific for the H3K27ac/S28ph dual modification
(Rothbart et al., 2015) (Figure 5G). LPS stimulation-dependent increases in the dual
H3K27ac/S28ph modifications were also observed in BMDM (Figure S1A), further
establishing H3 with S28ph as a physiological substrate for p300/CBP.

To better understand the nature of the p300 interaction with H3S28ph, we performed H3
peptide binding assays with p300 domain mutants. These experiments revealed that PHD
and Bromo domains are both required for this interaction while the KIX and TAZ domains
(the predominant transcription factor interacting domains) appear dispensable (Figure 5H),
consistent with a report that PHD, Bromo, and HAT domains form a core domain
(Delvecchio et al., 2013). Our data suggest that a feature of this domain facilitates
stabilization of p300 on chromatin via H3S28ph. While p300 recruitment to chromatin is
mediated predominantly by DNA sequence-specific transcription factors, we propose that
H3S28ph also acts directly to stabilize and retain p300 on chromatin.

Chemical inhibition of MSK selectively targets inducible transcription

We considered that MSK kinases integrate upstream signals from p38/MAPK pathways to
influence inducible transcription. Thus, we sought to test the effects of inhibiting MSK on
induced transcription in stimulated macrophages. To this end, we assessed transcript levels
of the most robustly induced LPS-response genes at 60" and 120" following LPS
stimulation in the presence of MSK inhibitors or a p300/CBP inhibitor (Bowers et al., 2010).
Both MSK and p300/CBP inhibition reduced the extent of LPS-stimulated gene induction by
an average of ~3-fold at both 60" and 120" (Figure 6A, S6A-E). To broadly visualize and
assess the selective effects of MSK and p300/CBP inhibition on gene induction, we plotted
fold-change and p-value of all genes, comparing control and drug-treated macrophages
stimulated with LPS for 60" (Figure 6B-D). Both MSK inhibitors and the p300 inhibitor
selectively reduced the expression of LPS-induced genes compared to all genes (p<0.0001)
(Figure 6B-D). The marked intersection of genes reduced by 50% or more by the two
structurally and mechanistically unrelated MSK inhibitors provides increased confidence in
the pharmacological specificity of each inhibitor and indicates that their effects are on-target
in the context of LPS-stimulated macrophages (Figure 6E). RNAseq and RT-PCR
demonstrated extensive and similar repression of LPS-induced genes by both MSK and
p300/CBP inhibition, suggesting linked function in the cellular response (Figure 6F-H).
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Consistent with the observed transcriptional changes, secretion of inflammatory factors was
markedly reduced by both MSK and p300/CBP inhibition (Figure 61). Importantly, MSK
inhibition resulted in changes in LPS-dependent gene expression that paralleled effects on
H3K27ac status (Figure 5B—C): genes with the greatest extent of LPS-induced p300
recruitment and H3K27 acetylation (Figure S5F-G) were also characterized by higher
expression levels and greatest sensitivity to MSKi (Figure S6F-G), and p300i (Figure S6H).
Increased H3K27ac levels has been causally linked to transcription output (Hilton et al.,
2015) thus highlighting the rate-limiting nature of p300 activity and histone acetylation and
supporting the importance of an MSK/H3S28ph/p300 pathway for augmented transcription
in the rapid cellular response to stimulation.

Discussion

We identified H3S28 phosphorylation as the prominent dynamic histone modification during
macrophage stimulation through an unbiased analytical approach. Using pharmacological
agents and genetic rescue, we identified MSK1/2 as the primary kinases for this histone
modification in macrophages, which marks lineage-specific and stimulation-responsive
chromatin, highlighting the role of these kinases in the rapid cellular response to
environmental perturbations. From our cellular studies, we conclude that MSKs have an
important function in the rapid transcription of inflammatory genes following stimulation of
macrophages and that inhibition of MSKs results in selective inhibition of induced
transcription. Our mechanistic studies demonstrate, 1) MSK-dependent histone
phosphorylation has a direct and positive function in p300/CBP-dependent transcription and
that this is a specific feature of phosphorylation at H3S28; and 2) MSKs act coordinately on
transcription factors and the chromatin template with additive effects on transcription.

While histone phosphorylation has previously been correlated with gene expression, our
study provides evidence for its direct and positive effect on transcription and underscores the
fact that H3S10 and H3S28 phosphorylation are not functionally equivalent. Given the
conserved role of MSKs in phosphorylation of H3S28 in other cell types (Drobic et al.,
2010; Sawicka et al., 2014) and their broad expression profile, there is potential for the
mechanisms and function that we describe here in macrophages to feature generally in p38/
MAPK-dependent gene regulation.

Dynamic histone acetylation and transcription factor regulation and binding are critical for
inflammatory gene induction. p300/CBP recruitment and its HAT activity (at H3K18/K27
and H4) represent critical rate limiting steps in induced transcription as these events precede
transcription elongation and are required for nuclear receptor mediated gene induction (Jin
et al., 2011). Our study highlights how signaling events can coordinate and precipitate
changes in chromatin states and transcription factor activity. We suggest that H3S28ph
makes chromatin more permissive to these rate-limiting steps in p300/CBP-dependent
transcription. The positive effects of H3S28ph on transcription that we describe here likely
cooperate with other known activities of H3S28ph. For example, phosphorylation of H3S28
at repressed chromatin bearing H3K27 methylation could interrupt PRC2-mediated
maintenance of heterochromatin (Gehani et al., 2010; Lau and Cheung, 2011) and thereby
facilitate derepression and activation of H3K27 methylated genes. We observed an increased
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frequency of H3S28ph on the H3 variant H3.3 compared with H3.1/2, perhaps consistent
with co-localization of H3S28ph and the H3.3 variant at promoters, enhancers and genic
regions. Additional mechanisms for activation of transcription by H3S28ph could include
recruitment of 14-3-3 isoforms, SWI/SNF chromatin remodeler, MOF, and PTEF-b (Drobic
et al., 2010; Zippo et al., 2009), and also “ejection” of the H3 tail-binding SIN3 corepressor
complex (Sawicka et al., 2014).

It will be interesting to determine if H3S28ph has the potential to directly alter the
biophysical properties of the chromatin fiber through disruption of electrostatic interactions
between the basic H3 tails and negatively charged DNA, as has been reported for some
histone acetylations (Muller and Muir, 2015). In support of this possibility, a recent study
demonstrated that H3 tail acetylation and phosphorylation, including H3S28ph, increases the
accessibility and dynamics of the region surrounding modifications (Stiitzer et al., 2016).
Therefore, H3S28ph may make this region of the H3 tail more permissive to enzyme activity
and “reader” binding. It is possible that local H3 tail accessibility plays a role in increased
p300/CBP-dependent activity on H3S28 phosphorylated chromatin. We show that H3S28ph
delineates stimulation-responsive chromatin neighborhoods containing LPS-induced genes
(Figure S2E-F). If induced H3S28ph results in biophysical changes in the chromatin fiber
and increased accessibility this may have implications for soluble factor search kinetics,
probabilities of regulatory DNA element interactions, and other features occurring within
insulated chromatin domains.

In macrophages, the rapid, MSK-dependent accumulation of H3S28ph and subsequent
increase in H3K27ac at genomic locations associated with rapidly induced genes is
consistent with our biochemical studies linking MSK-dependent transcription factor and
histone phosphorylation to p300/CBP-dependent transcription. We suggest that MSKs
regulate transcription through dual activation of transcription factors and the chromatin
template and that this efficient and coordinated activity is especially critical during rapid
cellular responses such as inflammation. Indeed, two-fold differences in transcription are
frequently biologically relevant, especially in the context of rapid, de novo production of
inflammatory mediators (such as 111, 116, 1fnb1), chemokines (such as Ccl5, Cxcl1, Cxcl10),
and negative regulators of inflammation (such as Nfkbia, 1110, Socs2, Mir155)—all putative
MSK regulated genes—and differences within this range of expression are strongly
associated with mortality in patients with sepsis and acute respiratory distress syndrome
(Carlyn et al., 2015; Meduri et al., 1995). Previous studies have indicated a role for MSKs in
induction of anti-inflammatory 1110 in macrophages responding to LPS (Ananieva et al.,
2008). Our study indicates a broader activity of MSKs in the expression of both pro- and
anti-inflammatory LPS-induced genes. Thus, it will be important to assess how
pharmacological inhibition of MSK alters the inflammatory response /n vivo and the balance
between pro- and anti-inflammatory factors that can influence pathology.

A role for MSK in the regulation of inducible transcription prompts consideration of it as a
molecular target in the context of dysregulation of inducible transcription in disease. Viable
strategies for treatment of both inflammation and cancer include the targeting of disease-
associated kinases, including MAPKSs and also the inhibition of generic cellular processes,
such as acetyl-histone binding and transcription relying on asymmetric effects on pathogenic
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processes. MSK1/2, as integrators of ERK and p38 pathway activity, and controllers of
multiple downstream transcription mechanisms, represent links between signaling and
transcription and appear to selectively control transcription of LPS-induced genes in
macrophages. While histone acetyl-lysine binding BET-family members are extensively
involved in homeostatic transcription, their targeting with small molecule inhibitors has
surprisingly selective effects on inflammatory gene expression (Nicodeme et al., 2010) and
oncogenic Myc and its transcriptional program (Delmore et al., 2011). These effects are
attributed to the asymmetric dependency on Brd4 of highly expressed genes bearing super
enhancers compared with other transcribed genes (Loveén et al., 2013), and their therapeutic
use relies critically on these preferential effects over the toxicities associated with reduced
Brd4 function in healthy tissues (Bolden et al., 2014). The potential of previous and newly
described CDK7/9 inhibitors (Franco and Kraus, 2015) which act through inhibition of
transcription, likely rely on similar preferential effects on pathogenic gene product
transcription. In contrast, our results point to MSK1/2 as key activators of dual features of
inducedtranscription: prominent signal activated transcription factors (including p65 and
Creb), and the chromatin template, via H3S28ph. Consistent with this mechanistic
understanding of MSK activity, its inhibition, by small molecules that target either the C- or
N-terminal kinase domain, appears to selectively reduce the transcription of stimulation-
induced genes. Future work that evaluates inhibition of MSK-dependent induced
transcription in relevant disease contexts will determine if this selectivity corresponds to
improved efficacy and reduced toxicities.

Experimental Procedures

Cell Culture

BMDM were generated from the /n vitro culture of bone marrow precursor cells isolated
from the femurs of C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) with IL-3 and
CSF-1 (5 ng/mL).

Antibody-based methods (flow cytometry and western blotting)

For flow cytometry analysis, BMDM cells were fixed on plates with Foxp3 Fix/Perm
staining buffer before staining. For western blotting, cells were first washed with cold PBS
before on-plate lysis.

Chromatin Immunoprecipitation

Crosslinking ChIP was performed as described in (Lee et al. 2006) with slight modifications
(see Supplemental Experimental Procedures).

Transcription Factor Motif Analysis

Pscan-ChlIP was used to determine transcription factor motif enrichment within p300 bound
coordinates within and outside-of H3S28ph domains (see Supplemental Experimental
Procedures).
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RNA-sequencing (RNA-seq) Sample Preparation

RNA was isolated from 1x108 or more BMDM cells using the RNeasy Mini Kit (Qiagen,
Gaithersburg, MD) and then samples were prepared as instructed using the TruSeq RNA
Sample Preparation Kit v2 (Illumina, San Diego, CA).

Genomic Datasets

Genomics data available online, GSE63792: http://www.ncbi.nlm.nih.gov/geo.

Mass Spectrometry Analysis of Histone Post-Translational Modifications

For enrichment of histone phosphorylation TiO, columns were used together with synthetic
phosphopeptide spike-in for normalization (see Supplemental Experimental Procedures).

Chemical genetics

RAW?264.7 macrophages were infected with the PMT2 retroviral vector expressing human
MSK1, MSK2, MSK1C440V, or MSK2C425V. Cells were then selected with blasticidin
(2.5 ug/mL) and analyzed for H3S28ph by flow cytometry following LPS-stimulation.
Uniformly high transgene expressing cells were gated following fixation and
permeabilization of cells using anti-HA antibody staining.

Kinase assay

GST-fusion histone and H3/H4 tetramer (500ng) were incubated at 30°C for 1lhr with
recombinant kinases (100ng of MSK1 and 10ng of active formed pp38) in kinase buffer (10
mM Hepes-KOH, pH 7.9, 100 mM KCI, 10 mM MgCl,, 5% glycerol) containing 10 uM
ATP.

In vitro Chromatin assembly

Chromatin was assembled with wt, mutant, and phosphorylated histones (see Supplemental
Experimental Procedures).

In vitro transcription assay

Chromatin-based transcription assays were performed as described in (An and Roeder,
2004) (see Supplemental Experimental Procedures).

Cytokine and Chemokine Secretion Assays

BMDM supernatants were analyzed using the Legendplex assay (BioLegend, San Diego,
CA) (see Supplemental Experimental Procedures).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

H3S28 phosphorylation (H3S28ph) is a dominant stimulation-
dependent modification

MSKs phosphorylate both H3S28 and transcription factors with
additive effects

MSKs and H3S28ph selectively increase p300-dependent transcription

Chemical inhibition of MSKs selectively targets inducible transcription
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Figure 1. Dynamic H3S28 phosphorylation foot-prints chromatin-associated kinase activity in
stimulated mouse macrophages
(A) N-terminal tail of histone H3 with ARKS motifs highlighted in green and key serine

residues in red.

(B) Experimental design for quantification of histone phosphorylation events during BMDM
stimulation by MS/MS.

(C) MS/MS quantification of H3S10ph (upper left), H3T3 or H3T6p (upper right) on all H3
variants; H3S28ph on H3.1/2 variants (lower left), and H3S28ph on H3.3 variant (lower
right), at 0, 30, and 60 minutes from BMDM following LPS stimulation. Fold increase
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compared to unstimulated condition (0") is shown above bar graphs where 0” was
detectible. N.D., not detected. Representative of two separate experiments.

(D) Western blot analysis of histone modifications throughout the BMDM response to LPS.
Numbers above lanes represent minutes following LPS addition.

(E) Flow cytometric analysis of population-level H3S28ph at 0 and 60 minutes following
LPS stimulation of BMDM.

(F) Representative ChlPseq data for stimulation-dependent increase in H3S28ph at induced
inflammatory genes. From top to bottom: H3S28ph ChlIPseq 0”; H3S28ph ChlPseq 30”;
RNAseq 0”; RNAseq 60"; refseq gene track information for il6. y-axis scale (tag density) is
indicated on each track.

(G) Average H3S28ph ChiIPseq gene profiles for LPS-induced genes (by RNAseq, 336
isoforms, RPKM>1, induced >5-fold at 60" LPS exposure, heat maps below) and not
expressed genes (RPKM 0) at 0" and 30" following LPS stimulation.

(H-1) Median and distribution (box, quartiles; whiskers, 90™-percentile) of H3S28ph RPM/
RPKM values for (H) transcription start sites (TSS) +/- 2000bp at not-expressed genes
(down-arrow, mRNA), and LPS-induced genes or () poised, LPS-activated enhancers
throughout the stimulation response of BMDM to LPS.

Results are representative of two or more experiments.

See also Figure S1.

Mol Cell. Author manuscript; available in PMC 2017 October 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Josefowicz et al.

Page 21

A 5kb 10 kb
2§ , 098 0.98
g TN s o I e e SRS S
8% o
To b o b e, i I i, At et 2| bt R i e
o 9
fov . s
<
Y i
& ® M| ]
———— -
-— —
constitutive: Tubb5 (f-Tubulin} Rps2
B 6 kb 10 kb
£F o 129 1.03
o w
&4 e e e
25 ¥ ekl N R [P PR
o 151 6.27 '
o U Lilin sk
ﬁ 60"
= i AN L ILi s s =
120 ﬂ
N1 Illll.-J_Li
L 1] bt b
Apobr
LPS-induced: Ifnky1 Cin3 27
10 kb 20 kb 10 kb
o 0.89 141 1.45

T Ak, Py "

80 a..,AMhMl...uu. PRIV | PR | " -

o 15 238 0.65
g
é 60 | |
o 0
L t Bt
LPS-induced: Cxcl10 Tnf 2
=6
g g 15
E ]
0 4 £5
4 Ei 10
g <5
o 2 Erlie
@ o
T E
0
H3528ph TSS rank
P & q?,q“
=1
%)
E F e
environmental macrophage 15 - e
general factors  response TFs lineage TFs —i,
p300: + + p300:. + + p300; + + wn
H3s28ph: - + S28ph: - + S28ph: - + E 10
TBP RELA SPI z
CTCF NFKB1 CEBPA %
REST CREB1 & 547
AP1 8 &
Lt} ]
p-value =

(=]
I

1 108 >1012

oot @
oQQ-“y‘{;.

Figure 2. H3S28 phosphorylation is targeted to lineage-specific and stimulation-responsive
chromatin

(A-B) H3S28ph ChlPseq (0", 30" - peak of signal) and RNAseq (0", 60") profiles in LPS-
stimulated bone marrow derived macrophages for (A) constitutively expressed genes, Tubb5
and Rps2, and (B) LPS-induced Ifnb1, 1127, Cxcl10, Tnf, 1112a (also with 120" RNAseq)
with y-axis scale (tag density) indicated.

(C) All genes were ranked by H3S28ph signal density (RPM) at their TSS+/- 2kb. A
threshold for the top H3S28ph genes, purple, was empirically determined based on ChlPseq
signal over background (RPM>1.83).
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(D) Fold change in mRNA following LPS treatment for all genes (gray) or top H3S28ph
genes (purple, RPM>1.83). p<0.0001, Student’s t-test.

(E) Heat map displaying p-values of highly enriched transcription factor (TF) motifs from
three categories: general (control) TFs (left), environmental response TFs (middle),
macrophage lineage specifying TFs (right), for H3S28ph-positive (overlap of p300 and
H3S28ph enriched regions) and —negative (p300 enriched sites lacking H3S28ph
enrichment) enhancers. Enhancer coordinates were analyzed with Pscan-ChlP (see
methods).

(F) H3S28ph ChlPseq signal (RPM) around the TSS (+/- 2kb) of genes that are not
expressed (n.e.), primary response genes (PRG), MAPK-dependent genes, and NF-xB-
dependent genes (NF-xB). Gene lists derived from Tong et al., 2016. Mean, std dev., 95%
Cl, with p<0.01 (**) and p<0.05 (*), Student’s t-test.

See also Figure S2.
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Figure 3. Mitogen- and stress-activated kinases signal to inflammatory genes in chromatin
(A) Schematic of MSK kinase domain organization, phosphorylation sites, and activities of

CTD and NTD inhibitors, RMM-64 and SB747651A, respectively.

(B) RMM-64; systematic (IUPAC) name: 3-(3-(4-(4-methylpiperazin-1-yl)phenyl)-1H-
indazol-5-yl)-2-(1H-1,2,4-triazol-1-yl)acrylonitrile.

(C) H3S28ph antagonist dose-response curve for determination of half maximal inhibitory
concentration (ICsp) of RMM-64 in BMDM. 1C5,=0.98 uM. H3S28ph levels (mean
fluorescence intensity, MFI) were determined by quantitative flow cytometry.
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(D) Effects of pharmacological inhibition of MSK-CTD, MSK-NTD (MSK-CTDi—
RMM-64, 5 uM and MSK-NTDi—SB747651A, 5 uM), and RSK (RSK-CTDi—FMK, 5
uM) on pERK1/2 and H3S28ph during stimulation of BMDM with LPS by quantitative flow
cytometry.

(E-G) Western blot characterization of effects of RMM-64 (5 uM), FMK (5 uM),
SB747651A (5 uM) on (E) pERK (control), (F) internal C-term. RSK S380p and (G)
H3S28ph in BMDM. Loading controls: ERK1/2, histone H3, RSK. Blue dots indicate
expected inhibitory effects on putative targets of chemical agents.

(H) Model for mechanism of reversible covalent inhibitor (RMM-64) targeting of non-
catalytic cysteine residues and the experimental approach to MSK1/2 chemical genetics
experiments.

(1) Fold change (LPS-dependent increase) in H3S28ph in RAW?264.7 macrophages
expressing wt or RMM-64 resistant MSK mutants (MSK1-C440V, MSK2-C425V), as
measured by quantitative flow cytometry.

(J) H3S28ph ChIPseq average profiles at LPS-induced gene TSS +/- 2000 bp at 0" and 30”
following LPS stimulation under the indicated drug treatment conditions in BMDM (as in
D-G).

(K-L) H3S28ph RPM median and distribution (quartiles and 90t percentile) at (K) TSS of
LPS-induced genes +/- 2000bp and (L) p300 peaks in BMDM. Fold increase compared to
unstimulated condition (0") is shown above whisker plots; stimulation resulted in significant
increases in RPM values for all conditions, p<0.0001, paired t-test. Data are representative
of three or more experiments (C-I), with the exception of H3S28ph ChlPseq with
pharmacological agents (J-L, single experiment).

See also Figure S3 and S4.
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Figure 4. MSK coordinately activates NF-xB and the chromatin template via H3S28
phosphorylation, with additive effects on p300/CBP-dependent transcription

(A-B) Effects of pharmacological inhibition of MSK on Creb S133p during stimulation of
BMDM with LPS for 30" by (A) quantitative flow cytometry and (B) western blot analysis.
(C) Extracted ion chromatograms (XI1C) from mass spectrometry data for p65 peptide
RRPS276DRELSEPMEF, with or without S276 phosphorylation, summing signals for
doubly and triply charged ions. The XIC demonstrates no signal for the phosphorylated
peptide in the untreated sample and enrichment of the phosphorylated peptide in the +MSK1

condition.
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(D) Quantitation of p65 S276p stoichiometry in control and MSK treated p65 based on MS
signals of summed doubly and triply charged ions. Representative of two separate
experiments.

(E) Schematic of the template DNA construction (pHIVVC2AT) and procedure for NF-xB-
mediated /7 vitrotranscription assay.

(F-G) In vitrotranscription assay with NF-xB p65/p50 as activator and p300 as coactivator
and using chromatin templates assembled with either wt H3 or H3S28A mutants. (G) Band
density (RNA) was measured with densitometry and the ratio in signal between wt and
H3S28A mutant for two experiments is shown, with error bars indicated standard deviation.
rMSK1 was used to phosphorylate histones (+MSK) assembled into chromatin.

(H) Schematic of the experimental procedure for the Gal4-Vpl6 in vitro transcription assay.
(1) /n vitro transcription assay on chromatinized template using the Gal4-VVP16 activator and
p300 as co-activator. IMSK1 was used to phosphorylate histones (+P) assembled into
chromatin. Left, chromatin integrity as assessed by MNase digestion of control (-P) and
MSK treated (+P) chromatin templates. Right, autoradiograph of the RNA transcript is
shown.

(J) /n vitrotranscription assay, as in (1), with wt and H3 serine-to-alanine mutants: H3S10A/
S28A; H3S10A; H3S28A.

(K) Autoradiograph RNA signal from (J) was quantified by densitometry. Error bars indicate
standard deviation of 2 replicates.

(L) Synthetic H3, either unmodified or containing S28ph, was used in place of recombinant
H3 for chromatin assembly and transcription assays, as in (1-J) using either p300 or CBP as
coactivator.

Autoradiograph RNA signals were quantified by densitometry. Arrows indicate fold change
with MSK1 kinase activity or synthetic histone phosphorylation. All results are
representative of two or more experiments.
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Figure 5. H3S28 phosphorylation augments p300 activity

(A) H3S28ph and H3K27ac ChIP average profile around p300-binding sites in LPS-

stimulated (H3S28ph- 30, H3K27ac- 120") BMDM.

(B) H3528ph and H3K27ac ChlPseq results at representative preactivated (LPS-response
genes with <2-fold increase in H3K27ac at TSS +/- 2kb at 120") or induced genes (>2-fold
increase in H3K27ac) in untreated, RMM-64, or DMSO treated BMDM, unstimulated (0")
and LPS-stimulated (30"- H3S28ph; 120" -H3K27ac; at the peak of their respective signals),
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demonstrating de novo H3K27ac peaks within H3S28ph regions and effects of MSK
inhibition on H3S28ph and H3K27ac.

(C) Ratio of LPS-induced fold increase of H3K27ac between RMM-64 and DMSO treated
BMDM at all preactivated (little to no change in H3K27ac) or induced (>2-fold increase in
H3K27ac) genes. Error bars indicate standard deviation, *, p-value<0.05.

(D) p300 and GCN5L pull-down assays using recombinant GST-H3 (residues 1-40) proteins
bearing either wt or mutated (S10A alone, S28A alone, or S10A/S28A together) H3
sequences and either untreated (-) or phosphorylated with rMSK1 (+). (E) synthetic
biotinylated histone tail peptide pull-downs for p300 with the indicated histone
modifications.

(F) “in vitro ChIP” assay, wherein recruitment of chromatinized template to p300-bound
beads was determined by qPCR under various conditions (activator, Gal4-VP16; chromatin
template pre-treated with rMSK1; wt or H3 serine mutants, H3S10A or H3S28A).

(G) Western blot analysis of p300 histone acetyltransferase assays on chromatinized
template substrate, using an antibody that selectively recognizes the combinatorial K-ac/S-
ph motif (K27ac/S28ph). *, a nonspecific band.

(H) Synthetic biotinylated histone peptide pull-downs (histone H3 N-terminal tail, residues
15-35) with recombinant full length or domain mutant p300 protein. 5% input is shown. *
high expression/background for Taz mutant construct.

See also Figure Sb.
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Figure 6. MSK inhibition selectively targets inducible transcription
(A) RNAseq fold-induction of LPS-induced genes from 0" to 60" following BMDM

stimulation in the presence of DMSO (control), MSK-CTDi (RMM-64, 5 uM), MSK-NTDi
(SB747651A, 5 uM), or p300i (C646, 37.5 uM). Median and distribution (box, quartiles;
whiskers, 90-percentile) are shown. ****  p-value<0.0001.

(B-D) Scatter plot of log2 fold change of 60" LPS stimulated BMDM under three treatment
conditions: (B) MSK inhibitor RMM-64, 5 uM; (C) MSK inhibitor SB747651A, 5 uM; (D)
p300 inhibitor, C646, 37.5 uM. LPS-induced genes, independently assessed, are visualized
in red, with all other genes in grey. Shown for each condition (B-D) are median fold change
of LPS-induced genes and p-value, student t-test comparing change in LPS-induced genes to
all genes.

(E) Convergence of genes reduced by 50% or more by both MSK inhibitors (RMM-64 and
SB747651A), among LPS-induced genes (>5-fold increase, FPKM>1, 60" stimulation).

(F) Convergence of genes repressed by 50% or more by both MSKi conditions (141 genes
from (E)) and C646 (p300i), among LPS-induced genes.

(G-H) RT-gPCR validation is shown for two representative LPS-response genes affected by
both MSK and p300 inhibition; (G) I11a and (H) Ptgs2.
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() Secreted inflammatory mediator protein abundance in BMDM cell supernatants from
control (DMSQ), RMM-64 (MSKi), and C646 (p300i) treatment conditions following
stimulation with LPS for 3 hours.
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