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DYRK1A phoshorylates histone H3 to differentially
regulate the binding of HP1 isoforms
and antagonize HP1-mediated

transcriptional repression

Suk Min Jang™*?, Saliha Azebi**? Guillaume Soubigou® & Christian Muchardt™*"

Abstract

Heterochromatin protein 1 (HP1) proteins are chromatin-bound
transcriptional regulators. While their chromodomain binds
histone H3 methylated on lysine 9, their chromoshadow domain
associates with the H3 histone fold in a region involved in chroma-
tin remodeling. Here, we show that phosphorylation at histone H3
threonine 45 and serine 57 within this latter region differentially
affects binding of the three mammalian HP1 isoforms HP1a, HP1p
and HP1y. Both phosphorylation events are dependent on the
activity of the DYRK1A kinase that antagonizes HP1l-mediated
transcriptional repression and participates in abnormal activation
of cytokine genes in Downs syndrome-associated megakaryoblas-
tic leukemia.
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Introduction

HP1 proteins (HP1e, HP1f, and HP1y in mammals) are archetypal
examples of transcriptional regulators functioning in both stable
‘silencing’ and short-term repression of inducible genes involved in
development, cell differentiation, cell cycle, and immune response
(see for example [1-4]).

Each HP1 isoform contains two structured regions—the chromo
and chromoshadow domains (CD and CSD, respectively). The CD
associates with the tail of histone H3 methylated on lysine 9
(H3K9), and with the tail of histone H1.4 methylated on lysine 26.

The CSD is a dimerization domain and an interaction surface for
numerous molecular partners of HP1, most of which contain a
PXVXL motif (for a recent review, see [5]).

The CSD of HPla also interact with histone H3 within the first
helix of its histone fold, a region we refer to as the ShaDock [6-8].
This region contains a variant of the PXVXL motif (PXXVXL)
required for the HP1a binding [6]. In our hands, the ShaDock also
associates with the more euchromatic HP1y isoform and with the
SWI/SNF catalytic subunit Brgl, via overlapping but non-identical
sequences [6].

The binding of proteins to the ShaDock is a regulated mecha-
nism. In particular, the ATPase activity of Brgl facilitates HP1 bind-
ing, and HP1 proteins use this property to detect and arrest
chromatin remodeling [6]. Inversely, binding of HPla to the
ShaDock is disrupted by phosphorylation at H3Y41 by the kinase
JAK2 [8].

In the present study, we have investigated whether further phos-
phorylation events within the ShaDock would differentially affect
the binding of the three HP1 isoforms and Brgl. We find that phos-
phorylation at H3T45 and at H3S57 by the chromosome 21-encoded
kinase DYRK1A (for a review, see [9]) antagonizes HP1 chromatin
binding and its subsequent transcriptional repression at a series of
genes involved in stress response.

Results and Discussion

H3 ShaDock phosphorylation differentially affects binding of
HP1 proteins

We first reexamined the affinity for the H3 ShaDock of HP1a,, HP1§3,
HP1y, and a region of Brgl located between the helicase-like domain
and the bromodomain of this SWI/SNF catalytic subunit (ABrgl —
aa 1223-1420) [6]. When expressed as GST fusions, these proteins
associated with full-length recombinant histone H3, confirming the
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interaction of Brgl with the histone and indicating that all three HP1
isoforms bind H3 independently of the H3K9me3 modification
(Fig 1A,B).

Binding of HP1a, HP1f, and ABrgl to a histone H3 fragment
spanning from aa 25 to 66 (rH3(25-66)) was sensitive to a V46A
mutation within the PXXVXL motif of the H3 ShaDock, while bind-
ing of HP1y was unaffected (Fig 1A,C, lanes 1 and 2). The effect of
this mutation on the interaction of Brgl illustrates the overlap of its
binding site with that of the HP1 proteins and explains in part why
SWI/SNF and HP1 proteins cannot be recruited simultaneously to
histone H3 [6]. We also note that earlier studies used H3 fragments
shorter than the rH3(25-66) in their interaction experiments, possi-
bly explaining why only interaction of H3 with HP1a was detected
then [8].

We next used the rH3(25-66) fragment to test the impact of
phospho-mimic mutations on the binding of the HP1 isoforms and
ABrgl. A H3T45E mutation inside the PXXVXL motif (PXT(45)VXL)
abolished binding of HP1a and HP1, while binding of HP1y and
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ABrgl was moderately decreased (Fig 1A,C, lane 5). Under the same
conditions, a H3T45A mutation had no effect on the binding of the
HP1 proteins, while it seemed to strengthen that of ABrgl (Fig 1A,
C, lane 4).

We also examine H3S57 within a KS(57)T sequence identical to
that present downstream of H3K9 (K(9)ST). A H3S57E phospho-
mimic mutation reduced HP1y binding to an intermediate level,
while a combined H3S57E/H3T45SE mutation had a much stronger
affect and also reduced binding of ABrgl (Fig 1A,C, lanes 7 and 8).

These data suggested that H3T45 phosphorylation controls bind-
ing of the HP1a: and HP1p isoforms, while dual H3T45/H3S57 phos-
phorylation might be required to efficiently interfere with the
binding of the more euchromatic HP1y and Brgl.

H3T45 and H3S57 are phosphorylated by DYRK1A

In an earlier study, the kinase DYRK1A was shown to phosphory-
late H3T45 in vitro [10]. Forced expression of an EGFP-DYRKIA
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Figure 1. Phospho-mimic mutations in the histone H3 ShaDock modifies binding of HP1 isoforms.

A Diagram of the B10-tagged recombinant histone H3 (rH3) and the rH3(25-66) peptide.
B Indicated GST fusions bound to agarose beads were incubated with rH3 then washed. Western blotting with anti-B10 antibody revealed retained proteins. The

bottom panel shows the GST fusion proteins stained with Ponceau S.

C GST fusions bound to agarose beads were incubated with the indicated rH3(25-66) peptides and washed. As in (B), retained peptides were revealed with anti-B10

antibody.

Source data are available online for this figure.
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fusion protein in NIH3T3 mouse fibroblasts similarly caused
H3T45 phosphorylation, indicating that DYRK1A can also phos-
phorylate H3 at this position in vivo. The nuclear signal was wide-
spread and co-distributed with EGFP-DYRK1A (Fig 2A). No
H3T45p signal was observed when using EGFP-H1 or a mutant
DYRKIA with reduced catalytic activity (EGFP-DYRK1A(K188R)).
An increased level of H3T45p was also observed when extracts
from wild-type DYRK1A-expressing cells were analyzed by Western
blots (Fig 2B).

Interestingly, EGFP-DYRK1A labeling, in addition to being
excluded from nucleoli, was absent from foci of dense pericentro-
meric heterochromatin. In that sense, it showed a distribution simi-
lar to that of Brgl, while it was excluded from regions enriched in
HPlo (Fig 2C,D — Note also that a diffuse HP1a signal is present
outside the foci of dense pericentromeric heterochromatin). The
sub-nuclear localization of DYRKIA was independent of its kinase
activity.

To investigate whether DYRK1A was also involved in phosphor-
ylation of H3S57, we generated an anti-H3S57p antibody (Supple-
mentary Fig S1A). Using this reagent and the commercially
available anti-H3T45p, we observed that recombinant GST-
DYRKI1A phosphorylated both H3T45 and H3S57 in vitro (Fig 2E,
lane 4). The respective signals were abolished by H3T45E or
H3S57E mutations, confirming the specificity of the antibodies
(Fig 2E, lanes 5 and 6). The sequence surrounding H3S57 is very
divergent from the R-P-X-S/T-P consensus DYRK1A phosphoryla-
tion sites, but variant phosphorylation sites have been described in
other proteins [11,12]. In this context, it is interesting that the
MSK1 kinase down-stream of the MAP kinase pathway can simi-
larly phosphorylate both H3T45 and H3S57 in vitro [13]. Global
increase in levels of H3S57p was observed in mitotic cells (identi-
fied by H3S10p labeling) but not upon EGFP-DYRKIA overexpres-
sion (Supplementary Fig S1B-C). We here speculate that the intra-
nucleosomal position of H3S57 may limit its accessibility for
DYRKI1A in interphase.

DYRK1A shares target genes with HP1 proteins

The exclusion of DYRK1A from silent pericentromeric heterochro-
matin and the negative effect H3T45 and H3S57 phospho-mimics on
HP1 binding to histone H3 in vitro prompted us to explore the global
impact of DYRKIA on gene expression. We created DYRK1A-
depleted HeLa cells using siRNAs and analyzed the effect on the
transcriptome with exon arrays. On these arrays, a total of 1068
genes were down-regulated more than 1.5-fold (P < 0.05), while
only 28 genes were up-regulated (Supplementary Fig S2A). These
data that were validated by RT-qPCR on a large series of genes with
two different DYRKIA siRNAs (Supplementary Table S1) strongly
suggested that DYRK1A predominantly functions as a transcriptional
activator or an anti-repressor.

Several genes up-regulated by DYRK1A depletion were targets
of transcription factors negatively regulated by DYRK1A-mediated
phosphorylation [14-16], including the nuclear factor of activated
T cells (NFAT) targets EGR2 [17] and ID2 [18], and the p53
target BTG2 [19]. Genes down-regulated by DYRK1A depletion
were largely inducible genes involved in cellular responses to
stimuli and immune system processes (Supplementary Fig S2B).
In particular, DYRKIA affected the expression of several
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components of the MAPK signaling pathway (Supplementary Fig
S2C). Another important series of genes was directly regulated by
the transcription factor NF-xB (Supplementary Table S2). Along
the same lines, DYRK1A appeared to be a positive regulator of
genes involved in ubiquitination, a process essential for degrada-
tion of I-xB and the subsequent activation of NF-xB (Supple-
mentary Fig S2D). Altogether, these observations suggested that
DYRKIA might have a major function in the response to extra-
cellular stressors.

To investigate a potential antagonism between DYRKIA and
HP1 proteins in transcriptional regulation, we focused on a series
of NF-kB-regulated genes including IL8, TNFa, IL6, ILla, IFI44,
TNFAIP6, and IL7R. These genes were either previously described
as recruiting HP1 proteins to their promoters [1,4,6,20,21] or
appeared in an earlier array analysis as regulated by HP1y [22].
RT-gPCR data revealed negative regulation of these genes upon
DYRK1A depletion, confirming the array data. In these experi-
ments, TGF( gene expression remained unchanged and was
chosen as a negative control gene for the rest of our study
(Fig 3A,B).

We also conducted the reverse experiment using a HEK293-
derived cell line harboring inducible expression constructs for either
WT DYRKIA or the DYRKIA(K188R) mutant with reduced kinase
activity. Consistent with the depletion experiments, overexpression
of WT DYRK1A but not DYRK1A(K188R) resulted in activation of
these NF-kB-dependent genes (Fig 3C,D). This experiment also
established that DYRK1A-mediated transcriptional activation is
dependent on its kinase activity.

Finally, transcription of each investigated gene was induced
upon depletion of at least one HP1 family member (Fig 3E,F). TGFf
expression remained unchanged under these conditions.

These observations show that DYRKIA and HP1 proteins share
several target genes involved in the NF-kB response and have oppo-
site effects on their expression.

DYRK1A phosphorylates histone H3 at inducible gene promoters
and interferes with HP1 recruitment

We investigated whether the impact of DYRKIA on the expression
of the NF-kB-regulated genes was directly linked to histone H3 phos-
phorylation and decreased HP1 recruitment. Chromatin immunopre-
cipitation (ChIP) experiments with anti-DYRK1A antibodies
established the presence of this protein at the promoters of ILS,
TNFa, IL6, IL1a, IFI44, and TNFAIP6, but not TGFf (Supplementary
Fig S3A). At these promoters, DYRKIA recruitment was reduced
upon its depletion with siRNAs, verifying the specificity of the ChIP
assay. Reduced DYRKI1A levels also resulted in decreased levels of
H3T45p, confirming that this kinase phosphorylates histone H3 at
this position in vivo (Fig 4A). Levels of H3S57p were also reduced,
while levels of phospho-H3S10 (H3S10p) used as a control remained
essentially unaffected (Fig 4B,C). Together with the in vitro data,
these observations strongly suggest that H3S57 is a substrate of
DYRKIA.

Importantly, upon DYRK1A depletion, we detected a systematic
increase in recruitment of the three HP1 proteins to the investigated
promoters (Fig 4D-F). These observations corroborated the in vitro
HP1-H3 interaction data and provided further evidence for the nega-
tive effect of DYRK1A kinase activity on HP1 chromatin binding.

© 2014 The Authors
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Figure 2. DYRK1A phosphorylates histone H3.

NIH3T3 cells were transfected with expression vectors for either EGFP-histone H1, EGFP-DYRK1A, or mutant EGFP-DYRK1A(K188R) fusion proteins. After 48h, cells
were fixed and indirectly labeled with anti-H3T45p antibody. DNA was stained with DAPI.

Total protein extracts from NIH3T3 cells transfected with the indicated expression vectors were immunoblotted with indicated antibodies.

NIH3T3 cells were transfected with expression vectors for either EGFP-DYRK1A or mutant EGFP-DYRK1A(K188R) fusion proteins as in (A). After 48 h, cells were fixed
and indirectly labeled with anti-Brgl (C) or anti-HP1a (D) antibody. DNA was stained with DAPI. In each panel, inset shows an EGFP-positive nucleus magnified 2-

fold.
WT or indicated mutant rH3(25-66) peptides were incubated with either purified GST or GST-DYRK1A fusion proteins and detected with the indicated antibodies.

Source data are available online for this figure.
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Figure 3. Antagonistic effects of DYRK1A and HP1 proteins on inducible genes.

A Hela cells were transfected with the indicatedsiRNAs. After 48 h, levels of mMRNA for the indicated genes were measured by RT-qPCR.

B Total protein extracts from a representative experimentwere immunoblotted with indicated antibodies.

C Expression of WT DYRK1A or mutant DYRK1A(K188R) was induced by ponasterone in engineered HEK293 cells. After 48 h, levels of mMRNA for the indicated genes were

measured by RT-qPCR.
D Total protein extracts from a representative experimentwere immunoblotted with indicated antibodies.

E Hela cells were transfected with the indicatedsiRNAs. After 48 h, levels of mRNA for the indicated genes were measured by RT-qPCR.
F Total protein extracts from a representative experimentwere immunoblotted with indicated antibodies. Data in histograms are presented relative to levels of

Ribosomal Protein, Large, PO (RPLPO) mRNA considered as invariant in the experimental conditions.

Data information: Data are means + s.e.m. from three independent experiments. Significance of the differences was estimated using Student’s t-test. ***P < 0.001,

0.001 < **P < 0.01, 0.01 < *P < 0.05.
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Figure 4. Depletion of DYRK1A antagonizes open chromatin marks at inducible genes.

A-l Hela cells were transfected with indicated siRNAs. Accumulation of the indicated proteins or histone modifications at the promoter of the listed genes were
evaluated by ChIP analysis followed by qPCR. Data are normalized to the values obtained with either non-immune IgGs or anti-histone H3 antibodies as indicated.
Data shown are means + s.e.m. from three independent experiments. In each panel, significance of the differences was estimated using Student’s t-test.

***p < 0,001, 0.001 < **P < 0.01, 0.01 < *P < 0.05.

They also bring the first link between phosphorylation at H3T45
and H3S57 and transcriptional activity.

To further characterize the impact of DYRK1A on the local chro-
matin structure, we examined several additional histone modifications
after depletion of this kinase. At all promoters except that of TGFp,
we observed decreased levels of histone acetylation as ascertained
by ChIP with a pan anti-acetyl histone antibody (Supplementary

© 2014 The Authors

Fig S3B). Decreased acetylation was more specifically detected at
H3K14 and H3K56 (Fig 4G,H). Acetylation at this latter position is
associated with transcriptional activation in both yeast [23-25] and
mammalian cells [26-28] and possibly linked to H3S57 phosphory-
lation during transcriptional elongation [29].

Levels of H3K4 trimethylation, another marker of active chroma-
tin, were also reduced (Fig. 41). In contrast, levels of the repressive
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H3K9 tri-methylation (H3K9me3) mark were mostly unchanged
and, in one case, up-regulated (Supplementary Fig S3C). This was
interesting because it suggested the hypothesis that neutralization of
the ShaDock binding activity of the HP1 proteins impacts their
H3K9me-binding activity. This is consistent with a recent study
showing that the CSD of HP1a participate in recognition of H3K9me
[30]. Finally, we observed that depletion of DYRKI1A resulted in
reduced levels of Brgl at the examined promoters, further illustrat-
ing a closing of the chromatin structure in the absence of the kinase
(Supplementary Fig S3D). This observation also suggests that the
binding of Brgl to the ShaDock is only accessory for its recruitment
to promoters.
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Figure 5. DYRK1A in leukemia cells.

A Total RNA from 22 human tissues and the indicated cell lines were
assayed by RT-qPCR for levels of DYRKLA mRNA. Values were normalized
to levels 18S RNA in each sample. Data shown are means + s.e.m. from
two independent experiments. The level of mRNA detected in prostate
was similar to the mean of all levels and was chosen as a reference
(set to 1).

B CMK cells were cultured in the presence of 0, 1, or 10 pM DYRK1A inhibitor
L41. After 72 h, levels of mRNA for the indicated genes were measured by
RT-gPCR. Data shown are means + s.e.m. from three independent
experiments. Significance of the differences was estimated using Student’s
t-test (***P < 0.001, 0.001 < **P < 0.01, 0.01 < *P < 0.05).

C HL-60 cells were transfected with indicated siRNAs. After 48 h, levels of
mRNA for the indicated genes were measured by RT-qPCR. Data shown are
means + s.e.m. from two independent experiments. Significance was
estimated as in (B).

Anti-inflammatory effect of DYRK1A inhibition in leukemia cells

Our expression data strongly suggested a role for DYRKIA in the
regulation of immune genes. Consistent with this, we found
DYRK1A mRNA to be abundant in thymus, peripheral blood mono-
nuclear cells (PBMCs), T-cell-derived Jurkat cells, and promyelo-
cytic leukemia HL60 cells (Fig SA). Online resources (Gene
Enrichment Profiler) further substantiated this enrichment of
DYRKI1A in the immune system [31].

Children with Down’s syndrome (DS) are at increased risk of
developing acute megakaryoblastic leukemia, a hematological dis-
order frequently associated with pro-inflammatory cytokinemia [32].
An earlier study showed that DYRK1A modulates megakaryoblastic
expansion via phosphorylation of NFAT [33]. To investigate
whether DYRK1A also plays a role in the cytokinemia, we tested
the effect of the specific DYRKIA inhibitor L41 [34] on the mega-
karyoblastic cell line CMK. These experiments revealed a dose-
dependent decrease of IL8 and IL1a expression in the presence of
the inhibitor (Fig 5B). Other cytokines regulated by DYRKIA in
HeLa cells (see above) were not expressed at detectable levels in
the CMK cells. Treatment with L41 also reduced expression of
cyclin E, a regulator of the G1-S transition during the cell cycle. In
contrast, L41 had no clear effect on TGFf and interferon-inducible
genes, while it caused activation of two genes negatively regulated
by DYRK1A (BTG2 and ID2). The CMK cells were refractory to
siRNA-mediated knockdown of DYRK1A. We therefore verified the
impact of DYRK1A activity on IL8 and IL1a in HL60 cells. In these
experiments, IL8 and IL1a, and also TNFa, IL6, IL7R, and CXCL1
showed reduced expression upon depletion of DYRK1A, while, as
in CMK cells, interferon-inducible genes and TGFp were unchanged
or moderately induced (Fig 5C). These observations suggest that
targeting DYRKIA may allow reducing autocrine inflammatory
signaling in myeloid leukemias.

Conclusions

In the present study, we show that phosphorylation at H3T45 and
H3S57 is linked to reduced binding of HP1 proteins to chromatin
and we suggest that phosphorylation of these residues has influence
on the competition between HP1 proteins and Brgl for association
with the H3 ShaDock. This domain seems to function as a hub for

© 2014 The Authors
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protein interactions regulated by a very sophisticated code of
histone modifications independently of H3K9 methylation.

While phosphorylation of the ShaDock may involve several
kinases, including PKCS [35] or MSK1 [13], we showed that
DYRKI1A, mostly studied for its role in DS, positively regulates a
number of immune gene promoters subject to HP1-mediated tran-
scriptional repression. In fact, we found that DYRK1A positively
regulates a very large number of inducible genes at which it may be
required for maintenance of basal-level transcription. Thus, a major
role of DYRK1A may be to counteract HP1-mediated repression and
prevent silencing (see Model in Supplementary Fig S3E). Very
generally, we suggest that DYRK1A is part of the machinery sustain-
ing permanently open chromatin on rapidly induced genes.

Materials and Methods
Antibodies and chemicals

Anti-H3S57p antibody was produced in rabbits using a KLH-coupled
peptide with the following sequence: AcNH-YQKpSTELLIRKLC-
CONH2. Anti-DYRKIA (Sigma ref: WH0001859M1), anti-H3T45p
(ab26127), anti-H3 (ab1791), anti-H3Y41p (ab26310), anti-
H3K9me3 (ab8898), anti-HPla. (ChIP: 1HS; immunoblots: 2G9),
anti-HP1B (ChIP: ab40828; immunoblots: 1G9), HP1y (ChIP: 42s2;
immunoblots: 1G6), and anti-Brgl (2E12) were used for Western
blotting and ChIP experiments. Cellular phosphatases were inhibited
by treatment with 20 nM Calyculin A (Calbiochem 208851).

Real-time PCR

Levels of mRNA were quantified by real-time PCR (qPCR) after
reverse transcription with 200 U of M-MLV reverse transcriptase
according to the manufacturer’s recommendations (Invitrogen).
Reactions were carried out with SYBR Green Kit Brilliant II reagents
(Agilent) on an Mx3000 qPCR machine (Stratagene) according to
manufacturer recommendations. Primers are listed in Supplemen-
tary Table S3. The fold change was estimated by an average of three
independents experiments. Significance of the differences was
estimated using Student’s t-test with a threshold at 5%.

Human exon array analysis

Labeled ¢cDNA was synthesized from 200 ng total RNAs using
NuGEN Applause WT-Amp Plus ST systems then hybridized to
Affymetrix HuExon 1.0 ST GeneChips. Chips were scanned with an
Affymetrix GeneChip Scanner 3000.

Accession codes

Exon array data can be accessed on GEO (code: GSE 43259).

Supplementary information for this article is available online:
http://embor.embopress.org
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