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MAP2K6 remodels chromatin and facilitates reprogramming

by activating Gatad2b-phosphorylation dependent
heterochromatin loosening
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Somatic cell reprogramming is an ideal model for studying epigenetic regulation as it undergoes dramatic chromatin remodeling.
However, a role for phosphorylation signaling in chromatin protein modifications for reprogramming remains unclear. Here, we

identified mitogen-activated protein kinase kinase 6 (Mkk6) as a chromatin relaxer and found that it could significantly enhance
reprogramming. The function of Mkké in heterochromatin loosening and reprogramming requires its kinase activity but does not
depend on its best-known target, P38. We identified Gatad2b as a novel target of Mkké6 phosphorylation that acts downstream to
elevate histone acetylation levels and loosen heterochromatin. As a result, Mkké over-expression facilitates binding of Sox2 and KiIf4

to their targets and promotes pluripotency gene expression during reprogramming. Our studies not only reveal an Mkk
phosphorylation mediated modulation of chromatin status in reprogramming, but also provide new rationales to further

investigate and improve the cell fate determination processes.

Cell Death & Differentiation (2022) 29:1042-1054; https://doi.org/10.1038/s41418-021-00902-z

INTRODUCTION

Induced pluripotent stem cells (iPSCs) can be obtained by
introducing three or four transcriptional factors into mouse
embryonic fibroblasts, and the somatic cell reprogramming
process is accompanied by dramatic changes in epigenetics and
chromatin structure [1]. Histone acetylation and methylation in
reprogramming have been extensively studied. The acetylation
levels of histones are elevated during reprogramming and many
histone deacetylase inhibitors, such as VPA and sodium butyrate
are used to promote reprogramming [2-4]. Changes of histone
methylation during reprogramming are more complex. The
methylation levels of H3K4 are increased in the promoter regions
of most active genes while the methylation levels of H3K27 are
decreased at the same sites [4]. Wdr5, an effector of H3K4
methylation, was reported to enhance reprogramming [5], while
H3K27 demethylases Utx and Jmjd3 have divergent effects,
improving and blocking reprogramming, respectively [6, 7.
H3K36 demethylases Jhdm1a/1b not only enhance reprogram-
ming, but also enable efficient generation of iPSCs by Oct4 alone
[8, 91. Finally, high levels of H3K9 methylation block reprogram-
ming and demethylation of H3K9 can convert pre-iPSCs to fully
reprogrammed iPSCs [10].

Chromatin remodeling complexes also play important roles in
reprogramming [11]. Components of swith/sucrose nonfermentable
(SWI/SNF) complex, Brg1 and BAF155, are directly recruited by Oct4
to relax chromatin structure and enhance reprogramming [12].
Similarly, the chromodomain helicase DNA-binding (CHD) remodel-
ing factor Chd1 and subunit of inositol-requiring (INO) complex
Ino80 both were reported to maintain open chromatin that strongly
increases the reprogramming efficiency [13, 14]. In contrast,
components of the repressive MeCP1-Mi-2/nucleosome remodeling
and deacetylase (NuRD) complex including HDAC1 and Mbd2/3,
impair iPSC formation [15]. The studies of Mbd3 in reprogramming
are conflicting. It's reported that Mbd3 is a deterministic factor in
reprogramming, as 100% of the cells depletion of Mbd3 become
iPSCs [16]. Another study agreed with the enhancement of
Mbd3 silencing in reprogramming, but not to a deterministic level
[15]. However, it has recently been shown that Mbd3 is required in
reprogramming to naive pluripotent state [17].

Previously, we showed significant heterochromatin relaxation
mediated by Oct4 at the initial stage of reprogramming and
identified Gadd45a as a chromatin relaxer which also enhances
iPSCs induction [18]. Beside of Gadd45a, we have screened out
Mkk6, a kinase belongs to the mitogen-activated protein kinases
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relaxer and show that it can significantly improve Sox2, Kif4, Oct4

(MAPK) pathways, which not only relaxes heterochromatin, but also
improves the 7 F (Jdp1, Jhdm1b, Mkké, Glis1, Nanog, Esrrb and Sall4)
reprogramming [19]. However, the mechanism by which Mkk6
regulates heterochromatin relaxation and pluripotency acquisition is
still unclear. In this work, we validate Mkk6 as a heterochromatin
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(SKO) and Sox2, Kif4, Oct4, c-Myc (SKOM) induced reprogramming,
dependent on its kinase activity but not via its classical downstream
target, P38. We identified Gatad2b, a subunit of the NuRD complex,
as a novel target of Mkké. Phosphorylation of Gatad2b by Mkké
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Fig. 1

Mkk6 is a heterochromatin relaxer. A Fluorescence recovery kinetics of heterochromatin in MEFs infected with Flag, Mkké and its

mutants. More than 20 cells were analyzed for each group. Data were shown as mean + SEM. ***p < 0.001. B Immunofluorescence detection of
HP1« foci in MEFs transfected with Mkké or its mutants. Mkké, but not 207 A, 211 A or AA mutants, significantly decreased the relative HP1a
amount. More than 72 cells were analyzed for each group. Data were shown as mean + SD. ***p < 0.001. Scale bar: 5 pm. C Metagene plot of
ATAC-seq signal in MEFs infected with SKO + Flag, SKO + Mkké and SKO + AA. D Number of genes with more accessible chromatin in MEFs
infected with SKO + Mkké and SKO + AA, compared with SKO + Flag control. Venn diagram depicting overlap between them was shown. E
Gene Ontology (GO) analysis for the genes with more accessible chromatin in MEFs infected with SKO + Mkk6 compared with SKO + AA. F
Transcription factor motif analysis of genes with more accessible chromatin in MEFs infected with SKO + Mkk6, compared with SKO + AA. The
motifs for transcription factors are indicated on the right of the heatmap.

leads to elevated histone acetylation levels and heterochromatin
loosening. Our studies reveal the relationship between Mkk6 kinase
activity, chromatin status and reprogramming, shedding light on the
control of cell fate determination by phosphorylation signaling.

RESULTS

Mkk6 is a heterochromatin relaxer

Mitogen-activated protein kinase signaling pathways have been
shown to play important roles in cell fate transition [20-22]. As we
previously demonstrated that Mkk6 is required in the 7F induced
reprogramming through chromatin remodeling [19], we hypothe-
sized that Mkk6 might be a heterochromatin relaxer and also
important in SKO and SKOM induced reprogramming. We first
employed a fluorescence recovery after photobleaching (FRAP)
method to assess the effects of Mkké on heterochromatin dynamics
[18, 23]. We labeled HP1a with mCherry to distinguish hetero-
chromatin and euchromatin and histone H1 with GFP to perform
FRAP assay (Supplementary Fig. S1A). By selecting region of interest
within HP1a foci, we found Mkk6 increased the heterochromatin
dynamics significantly as assayed by FRAP (Fig. 1A and Supple-
mentary Fig. S1B). We then quantified heterochromatin with HP1a
stain and observed a decrease in HP1a foci in MEFs infected with
Mkké6 (Fig. 1B). To verify and extend the FRAP experiments to
endogenous proteins, we tested the association of structural
proteins with chromatin (histones) by biochemical extraction [24].
Upon salt extraction of isolated nuclei, fractions of H3 were released
at lower salt concentrations in MEFs infected with Mkké6 than
controls (Supplementary Fig. S1C). These results suggest Mkké6 is a
heterochromatin relaxer.

To test whether Mkk6 relaxes heterochromatin through its
kinase activity, we mutated its activating phosphorylation sites to
generate dominant negative, phospho-deficient mutants of Mkk6
(207 A, 211 A, double mutant AA) (Supplementary Fig. S1D) [25].
Mkk6 dominant negative mutants showed no increase in dynamic
heterochromatin indicated by FRAP and HP1a staining, indicating
Mkké opens heterochromatin through its kinase activity (Fig. 1A-D
and Supplementary Fig. S1B).

To understand the details of heterochromatin relaxation by
Mkké in reprogramming, we performed transposase-accessible
chromatin sequencing (ATAC-seq) on MEFs infected with Flag
control, Mkk6 and double mutant AA (AA) undergoing SKO
induced reprogramming. Quantification of the ATAC-seq signal
showed that the normalized signal intensity in Mkk6 was much
higher than in Flag and AA, indicating heterochromatin under-
went significant relaxation in the presence of Mkk6 during
reprogramming (Fig. 1C). There were 3691 gene loci with more
accessible chromatin identified in Mkk6 compared with Flag in
reprogramming, and most gene loci opened in Mkk6 were closed
in AA mutant (2565 out of 3691) (Fig. 1D). Gene Ontology (GO)
analysis of these genes showed that genes opened by Mkké in
reprogramming were associated with ion transport, cell adhesion,
cell development, etc (Fig. 1E). We next analyzed the transcription
factor motifs associated with the genes and found they were
enriched for pluripotency-related motifs such as KIf, Nanog and
Sox (Fig. 1F).

SPRINGER NATURE

Mkk6 enhances somatic cell reprogramming

We then asked whether Mkk6 enhances SKO and SKOM induced
reprogramming and found that Mkk6 over-expression not only
improved but also accelerated the SKO or SKOM induced
reprogramming kinetics, such that the first GFP + colony appears
earlier than control (Fig. 2A). The resulting iPSC clones have been
characterized for several pluripotency markers, and shown to give
rise to chimeric mice capable of undergoing germline transmis-
sion (Supplementary Fig. S2A-C). Furthermore, Mkk6 over-
expression can prevents the formation of partially reprogrammed
cells, so called pre-iPSCs in SKOM induced reprogramming
(Fig. 2B), and Mkk6 could also promote the transition from pre-
iPSCs to iPSCs (Fig. 2C). In addition, Mkk6 can rescue Oct4-L80A
mutant, which is incapable of inducing reprogramming [26], to
generate iPSCs efficiently, confirming its role in relaxing hetero-
chromatin (Fig. 2D).

There are seven members in the Mkk family, and we overexpressed
each of them during both SKO and SKOM induced reprogramming.
Over-expression of either Mkk3 or Mkké significantly increased the
reprogramming efficiency (Fig. 2E). Mkk3 and Mkk6 have similar
structures and functions [27, 28]. There is no additive effect on
reprogramming when over-expressing Mkk3 and Mkké together,
indicating that they likely function through the same downstream
target (Fig. 2F and Supplementary Fig. S2D). To further analyze the
role of Mkk3 and Mkké in reprogramming, we also knocked them
down using shRNA vectors (Supplementary Fig. S2E). The reprogram-
ming efficiency was reduced by the shRNAs, indicating Mkk3 and
Mkké are required for effective reprogramming (Fig. 2G and
Supplementary Fig. S2F). Moreover, Mkk3 could also promote the
transition from pre-iPSCs to iPSCs (Supplementary Fig. S2G).

We then used the dominant negative, phospho-deficient
mutants of Mkk6 (207 A, 211 A, double mutant AA) and its
constitutively active, phospho-mimetic mutants (207E, 211E,
double mutant EE) to test whether Mkké enhances reprogram-
ming through its kinase activity [25]. Over-expression of the three
dominant negative mutants of Mkké had no effects on either SKO
or SKOM induced reprogramming while the three dominant active
mutants had similar augmenting effects as wild-type Mkké (Fig. 2H
and Supplementary Fig. 2H). Further, Mkk6é dominant negative
mutants couldn’t promote the transition from pre-iPSCs to iPSCs
or rescue Oct4 L80A deficiency in reprogramming (Fig. 2C, D).
These results indicate that Mkk6 enhances reprogramming
depending on its kinase activity.

Mkk6 enhances reprograming through phosphorylation of
Gatad2b, not P38

P38 MAPKs are well-characterized targets of Mkk6 [29], however the
role of P38 in reprogramming is controversial [30, 31]. We found that
during reprogramming the total protein level of P38 was not
affected by expression of wild-type (WT) Mkk6 or its mutants, while
the level of phosphorylated P38 was elevated by WT Mkk6, but not
207 A and AA Mkk6 (Supplementary Fig. S3A-C). These results
indicate that P38 is activated by over-expressing WT Mkk6 in
reprogramming. However, over-expression of each of the four P38
MAPKs was unable to improve the reprogramming as Mkké did,
while silencing P38 by shRNA couldn't inhibit reprogramming with
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or without Mkké (Supplementary Fig. S3D-F). Together, these results To identify the potential target proteins of Mkk6 in

indicate that Mkk6-mediated activation of P38 is not important for reprogramming, we performed phospho-ITRAQ experiments
efficient reprogramming. Exploring the new targets of Mkk6 is (Supplementary Fig. S3G) [32-34]. We identified several proteins
necessary for better understanding its roles in cell fate transition. that were upregulated in Mkk6 reprogramming but not in 207 A
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Fig. 2 Mkk6 enhances reprogramming. A Mkk6 greatly accelerates the kinetics of SKOM or SKO induced reprogramming. Data were from
three independent experiments and were shown as mean + SD. **p <0.01; ***p <0.001. B Mkk6 over-expression prevents the formation of
partially reprogrammed cells. OG2 MEFs were reprogrammed by SKOM + Flag or SKOM + Mkk6 in mES medium. The iPS colonies were
stained with alkaline phosphatase (AP); the numbers of AP + GFP + colonies and AP + GFP- colonies were counted. Data were from three
independent experiments and were shown as mean + SD. ***p < 0.001. C Mkk6 over-expression converts pre-iPSCs into iPSCs. Data were from
three independent experiments and were shown as mean * SD. ***p < 0.001. Scale bar, 100 pm. D Reprogramming efficiency with SKO-L80A
plus Mkké or its mutants. Data were from three independent experiments and were shown as mean + SD. ***p <0.001. E Effects of over-
expression of Mkk family members on SKO or SKOM induced MEF reprogramming; the numbers of GFP + colonies were counted. Data were
from three independent experiments and were shown as mean + SD. ***p < 0.001. F Mkk3 and Mkké6 were overexpressed individually and
together in a separate reprogramming experiment. Data were from three independent experiments and were shown as mean + SD. ***p <
0.001. G Reprogramming efficiency was inhibited by shRNA silencing of Mkk3 or Mkké. Data were from three independent experiments and
were shown as mean + SD. **p < 0.01; ***p <0.001. H Effects of over-expression of Mkk6 dominant negative (207 A, 211 A, double mutation
AA) and constitutively active (207E, 211E, double mutation EE) mutants on SKO and SKOM induced reprogramming; the number of GFP +

colonies were counted. Data were from three independent experiments and were shown as mean * SD. ***p < 0.001.

or AA mutant (Supplementary Fig. S3H, Supplementary Table S1
and S2). By analyzing the biological process annotations of
these proteins, we found Gatad2b, a member of the NuRD
complex that is involved in histone acetylation (Fig. 3A, B).
Co-Immunoprecipitation showed that Mkk6 interacted with
Gatad2b (Fig. 3A). Then we tested whether phospho-Gatad2b is
related to Mkk6 in reprogramming. We purified Gatad2b
proteins by immunoprecipitation (IP) using anti-Gatad2b in
SKO + Flag, SKO + Mkk6, SKO + 207 A and SKO + AA cell lysate,
and then detected phospho-Gatad2b in the resulting fractions
using anti-p-Ser/Thr while the total Gatad2b was used as
reference. These experiments showed that phospho-Gatad2b
was upregulated in reprogramming with Mkk6, but not with
207 A or AA mutant (Fig. 3B). Further, we showed Mkk3 but not
its dominant negative mutants (218 A and 3AA) could increase
the phosphorylation of Gatad2b (Fig. 3C).

To verify whether Mkké relaxes heterochromatin through
Gatad2b, we designed shRNAs of Gatad2b to knock down its
expression in reprogramming and performed ATAC-seq (Fig. 3D
and supplementary Fig. S3E). The normalized signal intensity in
SKO with Gatad2b silencing is much lower than that of SKO with
and without Mkké (Fig. 3D). Most of the gene loci that opened by
Mkké were closed by Gatad2b silencing in reprogramming (3567
out of 3691) (Fig. 3E). Similar to AA mutant, GO analysis showed
that genes closed by Gatad2b in reprogramming were associated
with cell development, ion transport, cell adhesion, etc (Fig. 3F),
and the transcription factor motifs analysis showed the genes
were enriched for KIf, Nanog and Sox, too (Fig. 3G).

Next, we found Gatad2b over-expression did not have effects
on reprogramming under normal conditions (Fig. 3H). However,
Gatad2b silencing by shRNAs not only decreased the efficiency of
SKO induced reprograming, but also impaired the increase of
reprograming efficiency by Mkké over-expression (Fig. 31 and
Supplementary Fig. S3I). Similarly, Gatad2b silencing blocked the
increase of reprograming efficiency by Mkk3 over-expression
(Supplementary Fig. S3J). These results suggested that Mkk6
relaxes heterochromatin and enhances reprogramming through
phosphorylation of Gatad2b.

Mkk6 phosphorylates Gatad2b at S487 and T490

To explore the details of Mkk3/6-dependent Gatad2b phosphor-
ylation, we conducted an in vitro kinase assay using IP-purified
Mkk6-HA, AA-HA, Mkk3-HA and Gatad2b-3Flag (Supplementary
Fig. S4A). The results showed that Mkk3 and Mkk6, but not AA
directly phosphorylated Gatad2b (Fig. 4A). Given that Mkk3/6
phosphorylates Gatad2b, we mapped the phosphorylation sites
within Gatad2b by mass spectrometry after the in vitro kinase
assay. We observed the phosphorylation at Ser487 and Thr490
was specifically promoted by Mkk3/6 (Fig. 4B and Supplementary
Fig. S4B). To further verify these identified phosphorylation sites,
we mutated the S487 and T490 to alanine (STAA) to generate
dominant negative, phospho-deficient mutants of Gatad2b. We

SPRINGER NATURE

overexpressed Gatad2b and STAA in reprogramming with and
without Mkk3/6 and showed that Mkk3/6 could phosphorylate
Gatad2b but not STAA (Fig. 4C and Supplementary Fig. S4C). We
also performed in vitro kinase assay by using IP-purified Mkk6-HA,
Mkk3-HA and Gatad2b-3Flag, STAA-3Flag, and confirmed that
Mkk3/6 phosphorylates Gatad2b at S487 and T490 (Fig. 4D and
Supplementary Fig. S4D).

Mkk6 elevates histone acetylation levels through Gatad2b
Gatad2b is a member of the NURD complex that is involved in
histone acetylation, and we tested whether Gatad2b directly
interacts with histone acetylation sites. Co-lmmunoprecipitation
showed that H3k9ac, H3K27ac and H4K16ac interacted with
Gatad2b (Supplementary Fig. S5A). We also showed that in the
presence of VPA, a broad-spectrum HDAC inhibitor, there was
no additive effect of Mkké on reprogramming, implicating
Mkk6 in the regulation of histone acetylation (Supplementary
Fig. S5B).

To test this hypothesis, we analyzed the acetylation of histones
by western blot. We found WT Mkk6 but not its dominant negative
mutants increased the acetylation levels of H3K9, H3K27 and
H4K16 (Fig. 5A). These histone acetylation levels were all
decreased when endogenous Gatad2b was knocked down by
shRNA (Fig. 5B). Gatad2b silencing also blocked the increase of
histone acetylation by Mkké over-expression (Fig. 5B). To further
investigate the Mkk6-induced histone modifications, we per-
formed H3K9ac ChlIP-seq in reprogramming on day 8 (Fig. 5C). We
found that the H3K9ac signal around the TSSs increased markedly
in the presence of Mkk6, but not AA (Fig. 5C). When endogenous
Gatad2b was knocked down, the H3K9ac signal around the TSSs
significantly decreased (Fig. 5C). Gatad2b silencing also blocked
the increase of the H3K9ac signal around the TSSs by Mkk6 over-
expression (Fig. 5C), consistent with western blot results. We then
measured the level of H3K9ac around all TSSs and collected all
those showing 1.5-fold upregulated (Fig. 5D, E). Most of the genes
hyperacetylated by Mkké were deacetylated by AA mutant (5454
out of 6767) or Gatad2b silencing (4980 out of 6767) (Fig. 5D, E).
GO analysis showed these genes were associated with cell cycle,
chromosome organization, histone modification, etc (Supplemen-
tary Fig. S5C, D). In addition, we confirmed that Mkk6 increased
the H3K9%ac, H3K27ac and H4K16ac levels in the promoter regions
of pluripotency genes such as Oct4, Sox2 and Nanog by ChIP-gPCR
(Fig. 5F). The acetylation levels of H3K9, H3K27 and H4K16 in these
promoter regions were all decreased by shGatad2b alone or in the
presence of Mkké (Fig. 5G). Altogether, these data demonstrate
that Mkk6 increases histone acetylation by phosphorylating and
consequently activating Gatad2b.

Mkk6 facilitates the binding ability of Sox2 and Kif4 and
promotes the expression of pluripotency genes

To establish a causal relationship between the Mkk6-induced
open chromatin structure and reprogramming, we analyzed the
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chromatin status of pluripotency genes such as Oct4, Nanog, Sox2,
etc. We found the promoter regions of these genes are more
accessible and hyperacetylated in SKO reprogramming with Mkk6é
overexpression (Supplementary Fig. S6A). A nuclease accessibility
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assay was used to confirm the chromatin status of pluripotency
gene [18, 35]. We showed that MEFs infected with Mkk6 displayed
open structure that are susceptible to nuclease digestion in the
promoter region of Oct4 (Fig. 6A). Considering the transcription
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Fig. 3 Mkk6 relaxes heterochromatin and enhances reprogramming through phosphorylation of Gatad2b. A Co-immunoprecipitation of
Mkk6 and Gatad2b indicated interaction between them. B The levels of total and phosphorylated Gatad2b (p-Gatad2b) were detected by
western blot in MEFs infected with SKO plus Flag, Mkké or its mutants. Quantitative analysis of phosphorylated Gatad2b to total Gatad2b was
shown. Data were from three independent experiments and were shown as mean + SD. ***p < 0.001. C The levels of total and phosphorylated
Gatad2b (p-Gatad2b) were detected by western blot in MEFs infected with SKO plus Flag, Mkk3 or its mutants. Quantitative analysis of
phosphorylated Gatad2b to total Gatad2b was shown. Data were from three independent experiments and were shown as mean + SD. ***p <
0.01. D Metagene plot of ATAC-seq signal in MEFs infected with SKO + shLuc, SKO + shGatad2b, SKO + Mkk6 and SKO + Mkké + shGatad2b. E
Number of genes with more accessible chromatin in MEFs infected with SKO + Mkk6 and SKO + Mkké + shGatad2b, compared with SKO +
Flag or SKO + shLuc control separately. Venn diagram depicting overlap between them was shown. F GO analysis for the genes with more
accessible chromatin in MEFs infected with SKO + Mkk6, compared with SKO + Mkk6 + shGatad2b. G Transcription factor motif analysis of
genes with more accessible chromatin in MEFs infected with SKO 4 Mkk6, compared with SKO + Mkk6 + shGatad2b. The motifs for
transcription factors are indicated on the right of the heatmap. H Effects of overexpression of Gatad2b on SKO induced reprogramming; the
number of GFP + colonies were counted. Data were from three independent experiments and were shown as mean +SD. | Effects of
shGatad2b on reprogramming in the presence or absence of Mkk6; the number of GFP + colonies were counted. Data were from three

independent experiments and were shown as mean £ SD. **p < 0.01; ***p < 0.001.

factor motifs such as KIf, Sox and Oct were opened by Mkk6 in
reprogramming, we then carried on ChIP-qPCR to assess the
binding of the three Yamanaka factors (Oct4, Sox2 and Kif4) to
their targets in reprogramming (Figs. 1F and 3G). We showed that,
on day 8 Sox2 and KIf4 bound to their targets more readily when
co-expressed with WT Mkké, but not the 207 A or AA mutants
(Fig. 6B). The binding properties of Oct4 were not affected by
Mkk6 (Supplementary Fig. S6B). As a result, RNA-seq analysis
showed that the expression of the pluripotency genes, such as
Cdh1, Nanog, Oct4, Sox2, etc was enhanced by Mkké6 but not AA
(Fig. 6C). RT-gqPCR analysis confirmed that the expression levels of
pluripotency genes such as endogenous Oct4, Nanog, Rex1 and
Sox2 increased significantly after Mkké induction during repro-
gramming (Fig. 6D).

DISCUSSION

MAPK pathways receive a variety of extracellular stimuli and play
critical roles in many biological responses such as cell growth and
apoptosis [22, 36]. The central core of each MAPK pathway is a
conserved cascade of three kinases: MAPK, Mkk and MTK [37].
Though MAPK proteins such as Erk1/2, Jnk1/2/3, P38 are well studied,
there is few reports about the function of Mkk proteins. Here we
revealed a new function of Mkké as a chromatin relaxer that can open
heterochromatin dependent on its kinase activity (Fig. 6E). Since
histones and many epigenetic enzymes can be phosphorylated
[38-40], we sought to explore the relationship between Mkké and
histone modification and found that Mkk6 interacts with and
phosphorylates Gatad2b, leading to increased H3K9, H3K27 and
H4K16 acetylation levels during reprogramming, in turn, leading to
upregulated expression of pluripotency genes (Fig. 6E). Our work
indicates that Mkk6 may regulate gene expression through histone
modification and elucidates a new signaling pathway between
extracellular stimuli and intracellular gene expression.

P38 MAPK is the classic target of Mkk6 in MAPK signaling pathway
and was reported to enhance mouse somatic cell reprogramming
[31], but the role of P38 MAPK in reprogramming remains
controversial [30]. Recently, we found that Mkk6 was involved in
the 7F induced reprogramming [19], but the mechanism remains
unclear. In the present work, we tested the effects of Mkks on
reprogramming and found that Mkk3 and Mkk6 can improve
reprogramming in a manner that depends on their kinase activities,
but not on P38. These results implied that Mkk6 have other targets
awaiting identification. Mkké are not only P38 activators, but also of
importance in other pathways. It was reported that Mkké could
interact with and phosphorylate p66shc in 3-Amyloid-mediated cell
toxicity [41]. In our study, we identified Gatad2b, a novel target of
Mkk6, by phospho-ITRAQ. Gatad2b, also called p66b, belongs to
NuRD complex [42]. Gatad2b recruits Mbd2, another component of
NuRD complex, to DNA and histones and affects the deacetylation of
histones and repression of transcription [43, 44]. Gatad2b was recently
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reported to be sumoylated to enhance the formation of NuRD
complex [45], whereas, in our work, we found an opposing regulation
of Gatad2b by Mkké phosphorylation that elevates histone acetylation
levels and enhances pluripotency gene expression. The underlying
molecular mechanisms need further investigation.

NuRD complex is composed of six core subunits with Hdac1/2,
Mta1/2/3, RoAP46/48, Chd3/4 and Gatad2a/2b [17, 46]. The roles
of these subunits in reprogramming have been studied, but
remain controversial. Some reports suggested that Mbd3
inhibits reprogramming [15, 16, 46, 47]. Hanna and colleagues
argued that Mbd3 deletion leads to rapid deterministic
reprogramming with 100% efficiency and identified Gatad2a-
Chd4-Mbd3 as a functional axis underlying inhibition of naive
pluripotency [16, 46]. However, others showed that Mbd3/NuRD
enhances reprogramming in a context-dependent manner
[17, 48, 49]. Mbd3 was reported to be required in reprogram-
ming from neural stem cells, epiblast stem cells and primary
human fibroblasts, but not in reprogramming of MEFs [17, 49].
Another report showed that Sox2 recruited the NURD complex
to mTOR promoter and repressed its transcription, leading to
initiation of autophagy which is required for reprogramming
[48]. In this study, we showed the phosphorylation of Gatad2b
facilitates reprogramming of MEFs. Further examination of these
practical differences among different studies may help to define
the exact role of NuRD in reprogramming.

There are several reports regarding a role for phosphorylation in
reprogramming. A screen of kinase inhibitors identified three
kinases that inhibited reprogramming: P38, inositol trisphosphate
3-kinase and Aurora A kinase [30]. Another kinome-wide
functional analysis identified some kinases as barriers to iPSC
generation and highlighted the role of cytoskeletal remodeling in
somatic cell reprogramming [50]. Other reports have found that
AMP-activated protein kinase, JNK1/2, Jak/Stat3 and IKK are
involved in reprogramming [51-54], however the role of
phosphorylation of chromatin proteins in reprogramming has
not previously been described. To our knowledge, this is the first
indication that Mkké plays a role in epigenetic regulation and
reprogramming. The activities of many kinases can be regulated
by small compounds, potentially providing a new and simple way
to further investigation into cell fate transition.

MATERIALS AND METHODS

DNA constructs, cell lines, and cell culture

All constructs for in vitro expression were cloned to pMXs plasmids, and
shRNAs were cloned to pSuper plasmids [18]. Point mutation constructs were
generated with pMXs-Mkk6 as the template. Primers for 207 A were forward
(5- GGAATCAGTGGCTACCTGGTCGACGCTGTTGCTAAAACGATCGATGCCGGTT
GC-3') and reverse (5- GCAACCGGCATCGATCGTTTTAGCAACAGCGTCGACC
AGGTAGCCACTGATTCC-3/). Primers for 211 A were: forward (5- GGCTA
CCTGGTCGACTCTGTTGCTAAAGCGATCGATGCCGGTTGCAAACCATACATGG-3')
and reverse (5'- CCATGTATGGTTTGCAACCGGCATCGATCGCTTTAGCAACAGA
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Fig. 4 Mkké6 phosphorylates Gatad2b at S487 and T490. A In vitro kinase assay showing that Mkké and Mkk3 phosphorylate Gatad2b. B
Mass spectrometric analysis of Gatad2b phosphorylation at S487 and T490. C S487 and T490 mutation of Gatad2b (STAA) abolishes its
phosphorylation by Mkké. Quantitative analysis of phosphorylated Gatad2b to total Gatad2b was shown. Data were from three independent
experiments and were shown as mean £ SD. ***p < 0.001. D In vitro kinase assay showing that Mkk6 phosphorylates Gatad2b, but not STAA.

GTCGACCAGGTAGCC-3’); Primers for AA were: forward (5’- CAGTGGCTA
CCTGGTCGACGCTGTTGCTAAAGCGATCGATGCCGGTTGCAAACCATAC-3) and
reverse (5'- GTATGGTTTGCAACCGGCATCGATCGCTTTAGCAACAGCGTCGACCA
GGTAGCCACTG-3'). Primers for 207E were forward (5'- GGAATCAGTGGCTAC
CTGGTCGACGAAGTTGCTAAAACGATCGATGCCGGTTGC-3') and reverse (5- G
CAACCGGCATCGATCGTTTTAGCAACTTCGTCGACCAGGTAGCCACTGATTCC-3').
Primers for 211E were: forward (5- GGCTACCTGGTCGACTCTGTTGCTAAA
GAGATCGATGCCGGTTGCAAACCATACATGG-3') and reverse (5'- CCATGTATG
GTTTGCAACCGGCATCGATCTCTTTAGCAACAGAGTCGACCAGGTAGCC-3'); Pri-
mers for EE were: forward (5'- CAGTGGCTACCTGGTCGACGAAGTTGCTAAAGA
GATCGATGCCGGTTGCAAACCATAC-3') and reverse (5'- GTATGGTTTGCAACCG
GCATCGATCTCTTTAGCAACTTCGTCGACCAGGTAGCCACTG-3/).  Primers  for
STAA Gatad2b were: forward (5- ACTCGCCCCAACGGCAGCTCCAGCTGTATC-
CAGTGTCAGT-3') and reverse (5- GAGCTGCCGTTGGGGCGAGTGCTGCCTG
CTGCTGTAATCG-3'). The shMkk3 target sequences were 5-GCATGTGAA-
GATGTGCGACTT-3’ and 5'-CCCATTCTTCACCTTGCACAA-3'. The shMKkk6 target
sequences were 5-GCCACAGTTAATAGCCAGGAA-3’ and 5-GCCCACATATC-
CAGAGCTTAT-3'. The shP38 target sequences were 5-CCTCTTGTTGAAA-
GATTCCTT-3' and 5'-CCAACAATTCTGCTCTGGTTA-3". The shGatad2b target
sequences were 5-CGGATGGAAGAGAGACTCAAA-3' and 5-ACAGGAAATT-
GAACAGCGATT-3'.

MEFs carrying the Oct4-GFP transgene (OG2-MEFs) were used for
reprogramming as described [55]. MEFs and plat-E cells were cultured in
DMEM/High Glucose (HyClone) supplemented with 10% fetal bovine
serum (FBS) (Gibco). Mouse ESCs and iPSCs were maintained in KSR
medium (DMEM/Knock out (Gibco) + 15% KSR (Gibco) + NEAA (Gibco) +
GlutaMax (Gibco) + Sodium Pyruvate (Gibco) + f-Mercaptoethanol (Invi-
trogen) + lif) with feeder cells.

Virus infection

Retroviral vectors (pMXs or pSuper) were transfected into plat-E cells using PEI
(PolyScience) transfection. After transfection for 48 h, the viral supernatants
were collected and filtered prior to infecting MEFs with polybrene (Sigma) as
described [55]. The infection would be repeated after 24 h.
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iPSCs generation

Oct4, Sox2, KIf4, c-Myc and other plasmids were transfected to plat-E cells
using PEI (Polyscience). OG2-MEFs were infected and then cultured in mESC
medium (DMEM/High Glucose (HyClone) + 15% FBS (Gibco) + NEAA (Gibco)
+ GlutaMax (Gibco) 4+ Sodium Pyruvate (Gibco) 4 B-Mercaptoethanol (Invitro-
gen) + lif) as described before [55, 56]. The iPSC colonies (GFP positive
colonies) were picked out and identified. Chimeric mice and germline
transmission mice were generated as described [55]. VPA was purchased
from Sigma.

ITRAQ

Total proteins (100 pug) from each sample were denatured, cysteine
blocked, and digested with trypsin as described in the standard protocol
of iTRAQ (AB SCIEX, USA). Phospho-peptides were enriched by TiO2 beads
(5020-75000 shimadzu), and separated with HPLC system (Easy nLC1000).
Q-Exactive LC-MS (Thermo Finnigan) was used for protein identification
and quantification.

Co-immunoprecipitation and western blot

Cells were lysed with RIPA (Beyotime Biotechnology, P0013B) and
diluted in PBS. Total proteins and phosphor-proteins were analyzed by
SDS-PAGE and then transferred to PVDF membrane (Millipore). After
incubated with indicated antibodies, the membrane was exposed to X
film. Anti-ACTIN (Sigma-Aldrich, A2228), anti-Mkk3 (Abcam, ab195037),
anti-Mkké (Cell Signaling, 8550), anti-P38 (Cell Signaling, 8690), anti-p-
P38 (Cell Signaling, 4511), anti-Gatad2b (Abcam, ab76924), anti-HA (Cell
Signaling, 3724), anti-Flag (Sigma-Aldrich, F1804) and anti-p-Ser/Thr
(Abcam, ab117253) were used.

To perform co-immunoprecipitation, Protein G beads (Invitrogen, 10004D)
were incubated with Anti-Mkké and H3K9ac, H3K27ac, H4K16ac, H3 antibodies
(Cell Signaling, 9649, 8173, 13534, 4499). Normal Rabbit IgG (Cell Signaling,
2729) was used as control. Western blot was used to test proteins. Protein
signals were detected using SuperSignal West Pico kit (Thermo Scientific).
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In vitro kinase assay

HEK293T cells were transfected with Mkk6-HA, AA-HA, Mkk3-HA, Gatad2b-
3Flag and STAA-3Flag plasmids, respectively, and then the NP-40 buffer
(Beyotime, PO013F) was used to lyse HEK293T cells. Gatad2b-3Flag and
STAA-3Flag proteins were immunoprecipitated using anti-Flag beads
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Oct4

Sox2  Nanog Sox2  Nanog

(Sigma-Aldrich, A2220) from cells lysates and were kept on the beads
which were washed by CK1 buffer (NEB, B6030S). Similarly, Mkk6-HA,
Mkk3-HA and AA-HA proteins were immunoprecipitated using anti-HA
beads (Sigma-Aldrich, A2095) from cell lysates. After three washes with
CK1 buffer, the Mkk6-HA, Mkk3-HA and AA-HA proteins were eluted by
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Fig. 5 MKkk6 increases histone acetylation through phosphorylation of Gatad2b. A Western blot analysis of H3K9ac, H3K27ac and H4K16ac
in MEFs infected with SKO plus Flag, Mkké or its mutants. B Western blot analysis of H3K9ac, H3K27ac and H4K16ac in MEFs infected with SKO
plus shLuc or shGatad2b in the presence or absence of Mkké6. C Tag density pileups of H3K9ac peaks at the indicated time points in MEFs
transduced with SKO + Flag, SKO + Mkk6, SKO + AA, SKO + shLuc, SKO + shGatad2b and SKO + shGatad2b + Mkk6. D Number of genes with
hyperacetylated promoter in MEFs infected with SKO -+ Mkk6 and SKO + AA, compared with SKO + Flag control. Venn diagram depicting
overlap between them was shown. E Number of genes with hyperacetylated promoter in MEFs infected with SKO + Mkk6 and SKO + Mkké +
shGatad2b, compared with SKO + Flag or SKO + shLuc control separately. Venn diagram depicting overlap between them was shown. F ChIP-
gPCR analysis of H3K9ac, H3K27ac and H4K16ac in promoter regions of Oct4, Sox2 and Nanog in MEFs infected with SKO plus Flag, Mkk6 or its
mutants. Data were from three independent experiments and were shown as mean + SD. **p < 0.01. G ChIP-gPCR analysis of H3K9ac, H3K27ac
and H4K16ac in promoter regions of Oct4, Sox2 and Nanog in MEFs infected with SKO plus shLuc or shGatad2b in the presence or absence of
Mkké6. Data were from three independent experiments and were shown as mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001.

CK1 buffer containing 0.5 mg/ml HA peptide (Beyotime, P9808) for 4 h at
4 °C. The elution was incubated with Gatad2b-3Flag or STAA-3Flag binding
anti-Flag beads, then 6 mM ATP (Sigma-Aldrich, A2383) and phosphatase
inhibitor cocktails (100x, Bimake, B15002) were added. The reaction was at
30°C for 2 h and samples were further analyzed by western bolt.

Identification of Gatad2b Ser487 and T490 phosphorylation
Gatad2b-3Flag and Mkk3/6-HA were incubated in the presence of ATP in vitro.
Then Gatad2b was resolved by SDS-PAGE, and the Gatad2b band was
subjected to digestion using trypsin (ThermoFisher, 90057). Tryptic peptides
were purified via MCX columns. Purified peptides were dried by speed vacuum
and then resuspended in solvent (98:2:0.01, water: acetonitrile: formic acid) and
analyzed by an Orbitrap XL mass spectrometer (ThermoFisher Scientific).
Tandem MS data for the phosphorylated Gatad2b peptide was acquired using
the ion trap mass analyzer in the ion trap (CID) mode. Peptide spectra were
analyzed by MS/MS using Sequest (ThermoFisher Scientific, Inc,, version 27)
and the PEAKS software (Bioinformatics Solution Inc.).

RNA-seq and data analysis

Total RNA was isolated with TRIzol (Invitrogen). Libraries were prepared
using the VAHTS mRNA-seq v2 Library Prep Kit for lllumina (NR601-01/
02, Vazyme) following the manufacturer’s instruction. Sequencing was
performed using a MiSeq instrument at Annoroad Gene Technology
(Beijing, China). Data were analyzed with RSEM (v.1.2.22) software and
differentially expressed genes were obtained using DESeq2 (v.1.10.1).
The P values represent the modified Fisher’s exact corrected Expression
Analysis Systematic Explorer (EASE) score.

ChIP-qPCR

ChIP assay was performed on day 8 during SKO reprogramming as described
[18, 57]. Cells were incubated with 1% formaldehyde for crosslink. Then, the
cells were harvested in PBS and lysed by lysis buffer and sonicated. Sheared
chromatin was diluted with ChIP IP buffer. After antibodies coupled to
Dynabeads with protein A and G (Invitrogen), the diluted chromatin was
incubated with antibodies overnight at 4 °C. After immunoprecipitation, beads
were washed with low-salt wash buffer, high-salt wash buffer, LiCl wash buffer
and TE buffer. DNA was extracted with Chelex 100 and used for analysis. All the
buffers were prepared as described [18]. ChIP-grade anti-KIf4, anti-Sox2, anti-
Oct4 and control IgG were purchased from Millipore. H3K9, H3K27 and H4K16
acetylation antibodies and control IgG were purchased from Cell Signaling.
Primers for GAPDH were: forward (5-CCTTCATTGACCTCAACTACA-3') and
reverse (5’-TAGACTCCACGACATACTCA-3') [10]. Primers for Oct4 were: forward
(5'-ATACTTGAACTGTGGTGGAG-3) and reverse (5-GCTATCATGCACCTTTGT-
TAT-3/). Primers for Nanog were: forward (5-CAGGTGGGAAGTATCTATGG-3)
and reverse (5-ACGGCTATTCTATTCAGTGG-3'). Primers for Sox2 were: forward
(5'-TTTATTCAGTTCCCAGTCCAA-3") and reverse (5-TTATTCCTATGTGTGAG-
CAAGA-3'). Primers for Lefty were: forward (5-GTCCAGACAGGCTTTTGTGT-3')
and reverse (5'-AGTCTGCGGAGGAATGGTA-3'). Primers for Chd1 were: forward
(5'-CCATGTTAAAATGTCATTTA-3') and reverse (5-TGGAGTTACAAAGGACTTTA-
3/). Primers for negative control (NC) were: forward (5-AGCATGTGTTCTTCT-
TACCA-3') and reverse (5-GTTAGTTCATATTATTGTTCCACCTATA-3/).

ChlIP-seq and data analysis

ChIP-seq was performed as previously described [58]. SimpleChIP
Enzymatic Chromatin IP Kit (Magnetic Beads) (Cell Signalling Technology,
9003 S) was used to purify ChlP DNA and then the DNA was used for library
construction and sequenced on a HiSeq 2000 instrument by Annoroad
Gene Technology (Beijing, China). The antibodies for immunoprecipitation
were acetyl-histone H3 (Lys9) (Cell Signalling Technology, no. 8173, 1:50).
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The sequencing reads were mapped to the mouse reference sequence
for the mouse genome (mm10) using Bowtie2 (v.2.2.5) with default
parameters. Peaks were called using SICER (v.1.1.2) with ‘W200 G200’
parameters for H3K9ac modification on histone ChIP-seq data. Tracks of
signal were computed using MACS2 bdgcmp module.pl module in HOMER
(v.4.10.3) with the parameters "-len 8,10,12 -size 200". The signal BigWig
files were visualized using computeMatrix, plotHeatmap and plotProfile
modules in DeepTools (v.2.4.2). Identification of nearby genes from the
peaks obtained from MACS and SICER using ChIPpeakAnno (v.3.16.1). The
BigWig tracks were visualized in the IGV browser (v.2.4.16).

ATAC-seq and data analysis

ATAC-seq was performed as previously described [26, 58]. Around 100,000
living cells were collected for each sample and the library construction and
sequencing were carried out by Annoroad Gene Technology (Beijing,
China). The ATAC library was sequenced on a NextSeq 500 using a NextSeq
500 High Output Kit v2 (150 cycles; FC-404-2002, lllumina).

The sequencing reads were filtered using Trimmomatic (v.0.35) and
Cutadapt (v.1.13) and mapped to mouse reference sequence for mm10 using
Bowtie2 (2.2.5) with parameters “-X2000 -local”. Mapped reads were then
sorted and deduplicated using Samtools (1.3.1) with parameters “-F 1804 -f 2 -q
30", and Picard tools MarkDuplicates (1.90). We performed peak calling using
the MACS2 (2.1.0) callpeak module with parameters “-p 0.01 -nomodel-extsize
150 -B -SPMR -keep-dup all —call-summits” on pooled replicates, and then,
only peaks with g value <1 x 107> were kept. Tracks of signal were computed
using MACS2 bdgcmp module with parameter “-m ppois”. Known and de
novo motif analysis were conducted using findMotifsGenome.pl module in
HOMER (4.10.3) with parameters “-len 8,10,12 -size 200". The signal BigWig files
were visualized using computeMatrix, plotHeatmap, plotProfile, multiBigwig-
Summary, plotCorrelation, and plotPCA module in DeepTools (2.4.2). Signal
density was computed using computeMatrix and Bedtools (2.25.0). ChIPpea-
kAnno (3.16.1) was used for identifying nearby genes from the peaks obtained
from MACS. Differential binding genes were computed according to signal
density using DESeq2 (1.22.2).

FRAP

MEFs infected with virus coding GFP-Histone1.4 and mCherry-HP1a were
cultured in 35 mm dishes with glass bottom (WPI), and then infected
with viruses coding the genes we tested. FRAP tests were taken 3 days
post infection of the test genes with 100% power of 488 nm laser for
bleaching, and micrographs were taken at 1fps with Zeiss LSM 710
confocal microscopy with 512x512 resolution using a 100x oil
objective. Bleach was confined to a series of oval areas of 25x25
pixels. FRAP curves were measured by ImageJ after stack-regulation and
analyzed by Graphpad [59].

Nuclease accessibility assay

Nuclease accessibility assay was performed with EpiQ chromatin analysis
kit (Bio-Rad). MEFs were infected with Flag, SKO, SKO plus Mkké, 207 A or
AA mutant. MEFs at each condition were divided into two groups: one was
digested with the EpiQ nuclease, while the other not. The genomic DNA
was purified and subjected to qPCR. The primers were designed from five
different regions of Oct4 promoter. Nuclease accessibility index was
calculated after normalization to an internal control. Primers for P1 were:
forward (5’-CTCTCGTCCTAGCCCTTCCT-3/) and reverse (5-CCTCCACTCTGT
CATGCTCA-3/). Primers for P2 were: forward (5-CTGACCCTAGCCAAC
AGCTC-3’) and reverse (5-TGCTCCTACACCATGCTCTG-3/). Primers for P3
were: forward (5/-CTTAGTGTCTTTCCGCCAGC-3/) and reverse (5’-TCCCCTCA
CACAAGACTTCC-3/). Primers for P4 were: forward (5'-GCACTTCTCTGG
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GGTCTCTG-3’) and reverse (5-TGAACCCAGTATTTCAGCCC-3'). Primers for
P5 were: forward (5/-CTGTAAGGACAGGCCGAGAG-3') and reverse (5’-CAGG
AGGCCTTCATTTTCAA-3'). Primers for GAPDH were: forward (5-TGCGACTT
CAACAGCAACTC-3') and reverse (5'-CTTGCTCAGTGTCCTTGCTG-3'). Primers
for HBB were: forward (5-GAGTGGCACAGCATCCAGGGAGAAA-3’) and
reverse (5-'CCACAGGCCAGAGACAGCAGCCTTC-3).
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Realtime PCR

Cells were cultured on 6 well dishes. Total RNA was isolated with TRIzol
(invitrogen). RNA (5pg) was used for reverse transcription with RNAce
reagent (Toyobo). PCR reaction was performed with QPCR kits (Takara).
Primers for Mkk3 were: forward (5’- GCCTCAGACCAAAGGAAAATCC-3') and
reverse (5/- GGTGTGGGGTTGGACACAG-3). Primers for Mkk6 were: forward
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Fig. 6 Mkk6 facilitates the binding ability of Sox2 and KIf4 and promotes the expression of pluripotency genes. A The chromatin
compaction of different regions of the Oct4 promoter was detected by nuclease accessibility assay. Genomic DNA was purified from MEFs
infected with SKO plus Flag, Mkké or its mutants. Data were from three independent experiments and were shown as mean + SD. *p < 0.05;
**p < 0.01; ***p < 0.001. B ChIP-gPCR analysis of the binding of Sox2 and KIf4 to their respective targets in MEFs infected with SKO plus Flag,
Mkké or its mutants. Data were from three independent experiments and were shown as mean + SD. *p < 0.05; **p < 0.01; ***p <0.001. C
Heatmap of pluripotency genes according to RNA-seq in MEFs infected with SKO + Flag, SKO + Mkk6 and SKO + AA. D qPCR analysis of
endogenous Oct4, Rex1, Nanog and Sox2 expression levels during reprogramming with SKO plus Flag, Mkké or its mutants. Data were from
three independent experiments and were shown as meanz=SD. *p<0.05; **p<0.01; ***p<0.001. E Scheme of Mkk6 loosening

heterochromatin and enhancing reprogramming.

(5’- GCAAACCATACATGGCTCCT-3/) and reverse (5- GCGTTCCCCAAGAAT-
CATAA-3'). Primers for Gatad2b were: forward (5’- GGAAATTGAACAGC-
GATTACAGC-3’) and reverse (5- GAAAGCATGGATCGGGCAGAT-3). Primers
for endo Oct4 were: forward (5’-TAGGTGAGCCGTCTTTCCAC-3/) and reverse
(5’-GCTTAGCCAGGTTCGAGGAT-3'). Primers for endo Sox2 were: forward
(5’-AGGGCTGGGAGAAAGAAGAG-3’) and reverse (5'-CCGCGATTGTTGTGAT-
TAGT-3'). Primers for Nanog were: forward (5'-CTCAAGTCCTGAGGCTGACA-
3’) and reverse (5-TGAAACCTGTCCTTGAGTGC-3'). Primers for Rex1 were:
forward (5/-CCCTCGACAGACTGACCCTAA-3’) and reverse (5-TCGG
GGCTAATCTCACTTTCAT-3'). Primers for Actin were: forward (5-TGCTAG-
GAGCCAGAGCAGTA-3') and reverse (5'-AGTGTGACGTTGACATCCGT-3).

Immunofluorescence

MEFs were infected with virus coding the genes of interest and then
stained with antibody for HP1a (Cell Signaling, 2616) (n = 8). A Zeiss LSM
710 confocal microscopy was used for detection. The area of HP1a positive
foci or DAPI foci was measured by Image-J using particles analysis.

Salt extraction assay

Cells were lysed in buffer A (0.32 M sucrose, 15 mM HEPES (pH 7.9), 60
mM KCl, 2mM EDTA, 0.5 mM EGTA, 0.5% BSA, and 0.5 mM DTT), and
centrifuged (15 min, 3000 g). Pelleted nuclei were resuspended in buffer
B (15 mM HEPES (pH 7.9), 60 mM KCI, 15 mM NacCl, 0,34 mM sucrose, 10%
glycerol), incubated with different NaCl concentrations (200-1000 mM)
at 4 °C for 30 min, and centrifuged (15 min, 3000 g). The pellet remaining
after salt treatment was extracted with 0.2M H2SO4. Acid-soluble
material was precipitated with 33% TCA (Fisher Scientific) and analyzed
by western blot using anti-H3 antibody (Cell Signaling, 4499).

Statistical analysis

ATAC-seq, ChiIP-seq and RNA-seq were performed twice and analyzed by
one-way ANOVA with Dunnett's test or two-way ANOVA with Sidak
correction. FRAP was performed three times and the data are expressed as
mean = SEM using two-tailed Student's t test. Other experiments were
performed three times and are expressed as mean + SD using two-tailed
Student’s t test. P < 0.05 was considered statistically significant.
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