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Abstract

The mechanisms that regulate H2A.Z and its requirement for transcription in differentiated 

mammalian cells remains ambiguous. In this study, we identified the interaction between the C-

terminus of ANP32e and N-terminus of H2A.Z in a yeast two-hybrid screen. Knockdown of 

ANP32e resulted in proteasomal degradation and nuclear depletion of H2A.Z or of a chimeric 

green florescence protein fused to its N-terminus. This effect was reversed by inhibition of protein 

phosphatase 2A (PP2A) and, conversely, reproduced by overexpression of its catalytic subunit. 

Accordingly, knockdown of ANP32e inhibited phosphorylation of H2A.Z, whereas a mutation of 

serine-9 proved its requirement for both the protein’s stability and nuclear localization, as did 

knockdown of the nuclear mitogen and stress-induced kinase 1. Moreover, ANP32e’s knockdown 

also revealed its differential requirement for cell signaling and gene expression, whereas, genome-

wide binding analysis confirmed its co-localization with H2A.Z at transcription start sites, as well 

as, gene bodies of inducible and tissue-specific genes. The data also suggest that H2A.Z restricts 

transcription, which is moderated by ANP32e at the promoter and gene bodies of expressed genes. 

Thus, ANP32e, through inhibition of PP2A, is required for nucleosomal inclusion of H2A.Z and 

the regulation of gene expression.
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INTRODUCTION

The answer to the question of whether H2A.Z is involved in transcriptional activation or 

inhibition is not absolute, and depends on the species, cell type, gene, interacting proteins, 

and conditions. While in the protozoan Tetrahymena thermophila, Hv1 (the H2A.Z 

orthologue) is strictly localized to the transcriptionally active macronucleus [1], H2A.Z’s 

relation with transcriptionally active genes in other eukaryotes is more complex. In yeast, 

Htz1 regulates the expression of active genes near the telomeres by suppressing Sir2- and 

Sir3-mediated spread of heterochromatin into those regions [2]. Conversely, Li et al show 

that Htz1 density is higher in intergenic compared to intragenic regions of genes, where it 

negatively correlates with transcriptional rates [3]. Furthermore, changes in growth 

conditions induces translocation of Htz1 from transcriptionally active to inactive genes [4]. 

More precisely, Htz1 is found at the TSS of nearly all genes in euchromatin, in the −1 and 

+1 nucleosomes flanking a nucleosome free region in the active genes, while present mainly 

in the −1 nucleosome in inactive genes [5]. The consensus from these studies is that Htz1 

facilitates transcription via destabilizing the +1 nucleosome and/or preventing silencing 

factors such as Sirtuins from binding. The replacement of H2A for Htz1 is regulated by the 

SWR1 complex [6, 7], whereas, it removal requires INO80 [8]. On the other hand, in 

Drosophila, H2Av is present at thousands of both transcriptionally active and inactive genes 

in euchromatin, as well as, in heterochromatic chromocenter of polytene chromosomes [9]. 

Additionally, H2Av’s density negatively correlates with that of pol II. Although this suggests 

transcriptional repression, more recently, it was shown that H2A.Z vs. H2A at the +1 

nucleosome facilitates pol II progression [10].

In the mouse fibroblasts, chromobox 5 cooperates with H2A.Z to induce unique 

heterochromatin conformations, supporting a pro-inhibitory role of H2A.Z in gene 

transcription [11]. On the other hand, in murine embryonic stem cells, we see a dual 

functionality of H2A.Z, where in the undifferentiated state, H2A.Z, in conjunction with the 

polycomb subunit Suz12, is present at silenced homeodomain genes that are involved in cell 

differentiation. In contrast, in the committed neuronal progenitor cells, H2A.Z associates 

with highly expressed genes [12]. Similar to findings in yeast, it appears that the preferential 

loss of H2A.Z-containing nucleosomes is required for transcriptional activation during ES 

cell differentiation [13]. Also, H2A.Z requires SRCAP (SNF-2-related CREB-binding 

protein activator protein) and p400 [14], the human orthologues of Swr1, for its inclusion 

into nucleosomes [15]; and ANP32e [16, 17] or Ino80 for its exclusion [18]. In particular, it 

was previously shown that Anp32e directly interacts with the αC-helix of H2A.Z and 

induces its nucleosomal eviction, whereas, its knockdown promoted new H2A.Z binding 

sites at enhancers and insulators [16, 17].

The highly conserved, H2A.Z, has been also extensively studied in Arabidopsis thaliana, 
which provides further unique insight on its role in transcription. Interestingly, in this 

species, H2A.Z is present in the gene bodies of inducible genes, where it is responsible for 

their repression when unstimulated [19]. However, this pattern of distribution correlated with 

higher responsiveness of those genes to activating stimuli [20]. Additionally, this negatively 

correlated with gene body DNA methylation, suggesting that this modification plays a role 
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in excluding H2A.Z from gene bodies of constitutively expressed genes [20, 21]. However, 

this finding has yet to be verified in other species.

H2A.Z’s stability is also subject to preferential regulation. In cardiac myocytes, we had 

previously shown that Sirt1 specifically induces proteasomal degradation of H2A.Z [22]. In 

this report, we show that ANP32e interacts with H2A.Z and is required for its stability 

through a PP2A and phosphorylation-dependent mechanism. Genome-wide distribution 

shows co-localization of the two molecules at the TSS of active genes, as well as, gene 

bodies of inducible and tissue-restricted genes, whereupon induction of growth results in 

differential changes in ANP32e levels and distribution, but minimal or no changes in H2A.Z, 

depending on the gene type.

MATERIAL AND METHODS

Animal care

All animal procedures used in this study are in accordance with US National Institute of 

Health Guidelines for the Care and Use of Laboratory Animals (No. 85-23). All protocols 

were approved by the Institutional Animal Care and Use Committee at the Rutgers-New 

Jersey Medical School.

Culturing rat cardiac myocyte

Cardiac myocytes were cultured as described in our previous reports [23]. Briefly, hearts 

were isolated from 1 day old of Sprague-Dawley rats. After dissociation with collagenase, 

cells were subjected to Percoll gradient centrifugation followed by differential pre-plating 

for 30 min to enrich for cardiac myocytes and deplete non-myocyte cells. Myocytes were 

cultured in DMEM/F12 medium supplemented with 10% fetal bovine serum (FBS). All 

experiments were initiated after a 24 h culturing period.

Transverse aortic constriction (TAC) in mice

This was performed as described in our previous reports [24, 25]. Briefly, a 7-0 braided 

polyester suture was tied around the transverse thoracic aorta, against a 27-gauge needle, 

between the innominate artery and the left common carotid artery. Control mice were 

subjected to a sham operation involving the same procedure, minus the aortic constriction.

Echocardiography and Doppler

This was performed as described in our previous reports [24, 25]. Briefly, transthoracic 

echocardiography was performed using the Vevo 770 imaging system (Visual Sonics, Inc.) 

with a 707B-30MHz scanhead, encapsulated, transducer. Electrocardiographic electrodes 

were taped to the four paws, then one dimensional (1D) M-mode and 2D B-mode tracings 

were recorded from the parasternal short-axis view at the mid papillary muscle level. In 

addition, pulse-wave Doppler was used to measure blood flow velocity and peak gradient 

pressure in the aorta. For analysis, we used the Vevo 770 Software (Vevo 770, Version 23), 

which includes: analytic software package for B-Mode (2D) image capture and analysis; 

cine loop image capture, display, and review; software analytics for advanced measurements 

and annotations; and physiological data on-screen trace.
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cDNA Library Construction and Screening Using the Yeast Two-hybrid System

The cDNA library was constructed and screened as described in our previous reports [26, 

27]. Briefly, cDNA from 1–2-day-old neonatal rat hearts was subcloned into the pGAD10 

vector upstream of the Gal4 activation domain, resulting in a library of ~2 × 106 independent 

clones with cDNA inserts that ranged in size from 0.5–4 kb. The bait consisted of the full-

length H2A.Z downstream and in-frame with the GAL4 DNA binding domain in the pAS2.1 

vector. Both the bait and the library were transfected into the yeast strain Y190 (MATa, 
ura3-52, his3-200, lys2-801, ade2-101, trp1-901, leu2-3, 112, gal4Δ, gal80Δ, cyhr2, 
LYS2::GAL1UAS-HISTATA-HIS3, URA3::GAL1UAS-GAL1TATA-LacZ), using the BD 

Biosciences plasmid transfection kit. Positive interactions were selected for by tryptophan-, 

leucine-, and histidine-deficient plus 3-aminotriazol (-Trp, -Leu, -His+3AT) plating agar, and 

confirmed by lacZ expression. The library cDNA plasmid was isolated and then 

reintroduced into the yeast with the bait or control constructs to reconfirm the interaction 

before sequencing the insert.

Construction and delivery of recombinant adenovirus (Ad) vector

Recombinant adenoviral vectors were constructed, propagated, purified, and tittered as 

described in our previous reports [22, 26, 28]. Briefly, cDNA or shRNA were cloned into 

pDC315/316 or pDC311 shuttle (Microbix Biosystems Inc.), downstream of a CMV or a U6 

promoter, respectively. These were transfected with the Ad5 virus backbone into 293HEK 

cells, in which the shuttle vector and the viral DNA recombined, introducing the DNA insert 

into the virus DNA. Single virus plaques were amplified in 293HEK cells, purified on a 

CsCl2 gradient, dialyzed, and tittered on 293HEK cells with agarose overlay. Ad vectors 

were constructed with the following inserts, GFP, zGFP, GFPz, zGFPz, xGFPz, with the n-

terminus, c-terminus, or both termini of H2A.Z, or the n-terminus of H2A.X and the c-

terminus of H2A.Z, respectively, full-length H2A.Z, PP2Ac, ANP32e, ANP32e-GST, and 

short hairpin constructs targeting the Rattus norvegicus ANP32e (hairpin including a 6xT 

stop signal 

GACGGGGAGGAAGACGATGATTTCAAGAGAATCATCGTCTTCCTCCCCGTC and 

GATGAAGAAGACGATGATGATTTCAAGAGAATCATCATCGTCTTCTTCATC) and 

MSK1 

(GAAGGGTTCTGCCTTCAGAATTTCAAGAGAATTCTGAAGGCAGAACCCTTC and 

ATCCTGTATACAATGCTGTCATTCAAGAGATGACAGCATTGTATACAGGAT), shaded 

area is the loop sequence. Cardiac myocytes were infected with 10–30 moi of the viruses for 

24 h, as indicated in the figure legends.

Western blotting and antibodies

Proteins were extracted, 5–10 μg of the extract was analyzed on a 4 to 20% gradient SDS-

PAGE (Criterion gels; Bio-Rad). The antibodies used for Western blot analysis included 

anti-H2A.Z (custom-made in-house, Rutgers University, see below), anti-ANP32e 

(Genway), anti-GFP (UC Davis, NIH neuroMab facility), anti-H2A.X (UpState Cell 

Signaling Solutions), anti-Cdk7, -MSK1, -ubiquitin, -H2A, -H2A.X, -pH2B, -Ac-H3, -pH3 

(Santa Cruz Biotechnology), anti-phospho-p42/p44, -phospho-S6, -p42/p44, -S6, -pSer/pThr 

(Cell Signaling), and anti-Gapdh (Millipore).
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Development of H2A.Z Monoclonal Antibody

The H2A.Z was developed in-house, as described in our previous report, using the H2A.Z C-

terminal KLH-conjugated peptide (VIPHIHKSLIGKKGQQKTVC) as the immunogen [22]. 

After immunization of Balb/C mice, the mouse with highest antibody titer was used for 

fusion of the spleen cells with mouse myeloma cells Sp2/0 using standard hybridoma 

technique. The CELLine device CL-1000 (BD Biosciences) was used for producing high 

titer monoclonal antibody, which was purified using an Immunopure IgG purification kit 

(Pierce Biotechnology). The specificity of the antibody was verified using recombinant H2A 

(synthetic, ActiveMotif cat #31293) and H2A.Z proteins (expressed in E.Coli, ActiveMotif 

cat #31490), in addition, its reactivity was compared to ActiveMotif’s anti-H2A.Z (anti C-

terminus, cat #39943) (supplementary Fig. 1S).

Subcellular fractionation

Proteins were extracted and fractionated using the Subcellular ProteoExtract Kit 

(Calbiochem), per manufacturer’s protocol. Ten μg of the extract was analyzed on a 4 to 

20% gradient SDS-PAGE (Criterion gels; Bio-Rad).

ChIP-Seq and data analysis

Mice were subjected to TAC or a sham operation. After 7 days, cardiac function and 

structure were assessed by echocardiography, before isolation of the hearts. The hearts were 

then analyzed by anti-pol II (Abcam ab5095), anti-H2A.Z (ActiveMotif 39113), anti-Cdk9 

(Santa Cruz sc-8338), and anti-ANP32e (Abcam ab5993) chromatin immunoprecipitation 

followed by next generation sequencing (ActiveMotif). Analysis of pol II ChIP-Seq is as 

described in our previous report [29]. The following applies to Cdk9, H2A.Z, and ANP32e 

ChIP-Seq (ActiveMotif). ChIP libraries were sequenced using NextSeq 500, generating 75-

nt sequence reads that are mapped to the genome using BWA algorithms. The reads/tags 

were extended in silico by 150–250 bp at their 3′end (fragments), the density of which is 

determined along the genome, divided in 32 nt bins, and the results saved in bigWig and 

BAM (Binary Alignment/Map) files. Fragment peaks were identified using SICER, for 

which the term “interval” is used to define a genomic region with at least 3 consecutive 

peaks, while overlapping intervals are grouped into “active regions”. The locations and 

proximities to gene annotations of intervals and active regions are defined and compiled in 

Excel spreadsheets, which include average and peak fragment densities. Regarding tag 

normalization and input control, the sample with the lowest number of tags is used for 

normalization of all samples, while the input is used to identify false positive peaks.

In addition, we separately analyzed the fragment densities by gene region, where the average 

value (Avg Val) of fragment densities at the TSS (−1000 to +1000) and in-gene/gene body 

(+1000 to 3′ end) regions for all genes were calculated separately. Subsequently, for sorting 

the genes by TAC/sham Avg Val of fragment densities for pol II, Cdk9, H2A.Z, and ANP32e 

at TSS and in-gene, the data from all samples were combined in a single excel file.
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ChIP-Seq analysis software

The heatmaps, curves, and histograms shown in figure 8a–c, were generated using EaSeq 

[30]. Images of sequence alignments of fragments across chromosomal coordinates were 

generated using the Integrated Genome Browser (Fig. 8d–f, h–j) [31].

Statistical analysis

The significance of differences between 2 experimental groups was calculated using T-test 

(equal variance, 2-tailed), where p <0.05 was considered significant.

RESULTS

ANP32e interacts with H2A.Z

We have previously shown that H2A.Z is involved in regulating cardiac myocyte growth 

[22]. To understand the mechanisms involved and the proteins that potentially interact with 

H2A.Z to mediate its function, we used it as a bait to screen a rat heart cDNA library using 

the yeast-two-hybrid system. This resulted in the identification of ANP32e as an interacting 

partner, through its C-terminal region (nt 680–1070 of NM_023210). This association has 

also been previously identified by Obri et al through a co-immunoprecipitation procedure 

[16]. To confirm the interaction, its specificity, and its site on H2A.Z, we generated Gal4-DB 

(DNA-binding domain) hybrid proteins with full-length H2A.Z, with it lacking the first 6 or 

16 amino acids from its N-terminus domain (ΔN6 and ΔN16), with the first 16 N-terminus 

amino acids (NT) or the C-terminus of H2A.Z (CT), or full-length H2A.X. These constructs 

were transfected into yeast with the identified prey [Gal4-AD (activation domain)-ANP32e 

nt 680–1070]. Figure 1a shows that only yeast transfected with H2A.Z, delta N6, and NT 

grew on selective medium (-Leu-Trp-His) and expressed the Laz gene, both selection 

markers for detection of an interaction between bait and prey (Fig. 1a). This suggested that 

the interaction between H2A.Z and ANP32e occurs through the N-terminus of the former 

and the C-terminus of the latter, and is specific to H2A.Z.

To confirm the interaction in mammalian cells, we introduced ANP32e-GST (glutathione s-

transferase) fusion protein or GST into cardiac myocytes. A pulldown with anti-H2A.Z co-

immunoprecipitated ANP32e-GST, and conversely, a pulldown with anti-GST co-

immunoprecipitation H2A.Z with the latter fusion protein (Fig. 1b). In addition, to confirm 

the interacting domain of H2A.Z, we generated green florescence protein (GFP) fusion 

proteins with either the N-terminus domain of H2A.Z (zGFP), its C-terminal domain (GFP-

z), or both (zGFPz), or the N-terminal domain of H2A.X and the C-terminal of H2A.Z 

(xGFPz). Pulldown with anti-GFP shows that only the proteins with the N-terminal domain 

of H2A.Z co-immunoprecipitated ANP32e (Fig. 1c), confirming the N-terminal domain as 

the site of the interaction.

Knockdown of ANP32e induces nuclear exclusion and degradation of H2A.Z

To determine the effect of ANP32e on H2A.Z, we overexpressed or knocked down the 

protein in cardiac myocytes. Whereas the overexpression showed a dose-dependent increase 

in the protein in the cytosol, membrane, and nuclear fractions, it had no significant effect on 

the nuclear levels of H2A.Z (Fig. 2a). On the other hand, ~90% knockdown of ANP32e with 
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short hairpin RNA (shRNA, iANP32e) induced ~87% reduction in nuclear H2A.Z protein 

but not H2A.X (Fig. 2b–c), confirmed by a commercial anti-H2A.Z antibody (Fig. 2S) and a 

second independent shRNA (supplementary Fig. 3S). Also, see supplementary figure 7S, in 

which the H2A.Z protein signals on the Western blots, which are used for quantitation, have 

been demarcated. Knockdown of Anp32e did not reduce H2A.Z’s mRNA levels 

(supplementary Fig. 4S), suggesting that it affects protein stability. In agreement, when 

epoxomicin was applied to inhibit proteasomal degradation of protein, we observed a full 

rescue of iANP32e-induced H2A.Z downregulation, however, it was not localized to the 

nucleus, but to the cytoskeletal fraction (Fig. 2b, 2d). Since ANP32e has been reported to 

inhibit protein phosphatase 2A [32], we used a general anti-pSerine/pThreonine (pSer/pThr) 

antibody to determine the effectiveness of its knockdown on phospho-protein modification. 

The figure shows a dramatic reduction in total cellular pSer/pThr content when ANP32e was 

reduced, and was not restored in the presence of epoxomicin. These results suggest that 

ANP32e is an inhibitor of pSer/pThr protein phosphatase, and is necessary for stability and 

nuclear localization of H2A.Z.

The N-terminus of H2A.Z confers ANP32e-dependent downregulation of proteins

To determine whether ANP32e knockdown-induced downregulation of H2A.Z was 

consistent with an interaction with its N-terminal domain, we tested the effect of ANP32e 

knockdown on the stability of the GFP fusion proteins described in figure 1c, including 

zGFP, GFPz, zGFPz, or GFP. In agreement, only constructs that harbor the N-terminus of 

H2A.Z (zGFP or zGFPz) were sensitive to ANP32e knockdown, exhibiting significant 

reduction of these proteins (Fig. 3a–b), but not mRNA levels (supplementary Fig. 4S). 

Particularly, the fusion H2A.Z-GFP proteins were found in all cell fractions including the 

nucleus, which exhibited the highest extent of reduction after ANP32e knockdown (Fig. 3b–

c). Note that the GFPz and zGFPz fusion proteins were also detected by the anti-H2A.Z 

antibody specific for its C-terminus (Fig. 3b, third panel), which interestingly appears to 

have a higher affinity for the GFPz than anti-GFP. We also observed that the wild type GFP 

runs slower that the (z)GFP(z)-modified protein, which is plausibly due to an alternative 

upstream start site. These results confirm the role of N-terminal domain of H2A.Z in 

mediating ANP32e-induced stabilization of the protein.

Inhibition of PP2A by ANP32e prevents nuclear exclusion and degradation of H2A.Z

ANP32e belongs to a family of proteins that inhibit PP2A [33], and itself has been shown to 

inhibit PP2A during synaptogenesis [32]. Otherwise, we have little knowledge of the scope 

of its PP2A-dependent functions. To determine whether ANP32e knockdown-induced 

downregulation of H2A.Z is a PP2A-dependent activity, we delivered iANP32e to cardiac 

myocytes in the presence or absence of 10 nM of the protein phosphatase inhibitor, okadiac 

acid (OA, ID50 for PP2A is 1.6 nM and for PP1 is 315 nM [34]). Protein was extracted, 

fractionated, and analyzed by PAGE and Western blots. As seen in figures 4a and 4c, 

treatment with OA completely restored the iANP32e-induced reduction in the pSer/pThr 

content and nuclear H2A.Z. Conversely, overexpression of the catalytic subunit of PP2A 

(PP2Ac), reproduced the effects of ANP32e knockdown (Fig. 4b, 4c). In this experiment, we 

also added exogenous H2A.Z, as the excess protein is distributed to the cytosolic and 

cytoskeletal fraction, which allows us to correlate its stability with the presence of excess 
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PP2A in the different compartments. Similarly, the effects of PP2A on H2A.Z were reversed 

via inhibition of proteasomal degradation by epoxomicin, although, H2A.Z accumulated 

extra-nuclear. As with iAnp32e, PP2A did not have a significant effect on the mRNA levels 

of H2A.Z (supplementary Fig. 4S). These results suggest that ANP32e inhibits PP2A, 

protecting H2A.Z from direct or indirect dephosphorylation, nuclear exclusion, and 

proteasomal degradation.

ANP32e inhibits dephosphorylation of H2A.Z

H2A.Z is known to be modified via acetylation of lysine 4, 7, and 11 in the N-terminus tail. 

However, phosphorylation has not been identified as a modifier of H2A.Z. We detect 

posttranslational modification of the histone as an acidic shift on a 2-dimensional (2D) 

PAGE, which was eliminated by knockdown of ANP32e (Fig. 5a). To determine whether 

H2A.Z is a direct target of phosphorylation, we immunoprecipitated nuclear proteins from 

control- or iANP32e-treated cells with anti-pSer/pThr, followed by a 2D PAGE and anti-

H2A.Z Western blot analysis. The results reveal that H2A.Z and H2A precipitated with anti-

pSer/pThr, but only the former was abolished by iANP32e (Fig. 5a), suggesting that H2A.Z 

is phosphorylated and that ANP32e inhibits its dephosphorylation.

H2A.Z harbors a conserved serine-9 (Ser-9), positioned in the N-terminus tail between the 

acetylated lysine, and, thus, has the potential to modulate acetylation. To examine its role, 

we mutated the site into an alanine (A9) or aspartate (D9). Myocytes were treated with a 

control or adenoviral vectors harboring wild type, A9, or D9 H2A.Z for 24 h. Protein was 

extracted, fractionated, and analyzed by Western blots. The results revealed that the wild 

type H2A.Z construct increased nuclear and extra-nuclear protein levels, whereas, neither 

mutant increased nuclear H2A.Z levels, in spite of the fact that the mRNA levels were 

similar to wild type (supplementary Fig. 4S). When epoxomicin was added to the cells along 

with the viral constructs, we observed the accumulation of H2A.Z mutant proteins in the 

cytoskeletal fraction, but none in the nuclei. Although, we had anticipated that the D9 

mutation may confer a phospho-mimic phenotype that would potentially have superior 

nuclear inclusion, however, this was not the case, instead the mutant functioned as a 

phospho-deficient protein. These data show that Ser-9 is required for the nuclear inclusion 

and stability of H2A.Z.

Knockdown of MSK1 induces nuclear exclusion of H2A.Z

Two known nuclear kinases include, the functionally redundant, mitogen and stress-induced 

kinases 1 and 2 (Msk1/2), which phosphorylate H3 [35]. Because of its known nuclear 

kinase function, we tested the idea that MSK1 regulates H2A.Z’s nuclear inclusion and 

stability, via knockdown of the kinase. Short hairpin RNA targeting MSK1 (iMSK1) was 

delivered to the myocytes in a dose-dependent fashion for 24 h, in the presence or absence of 

epoxomicin. Protein was extracted, fractionated, and analyzed by PAGE and Western blots. 

MSK1 was found in the nuclear and the cytoskeletal fractions, with lower levels in the 

cytosol. Its knockdown significantly reduced nuclear H2A.Z, which was completely rescued 

by epoxomicin (Fig. 6a, red arrow pointing to second lane of the cytoskeletal fraction), but 

failed to localize to the nucleus, similar to what we see with the knockdown of ANP32e 

(Fig. 6). This effect was only seen with the lowest dose of iMSK1, whereas, the higher doses 
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appear to induce cell death, as evidenced by an increase in p-H2B. Thus, MSK1 plays a role 

in regulating H2A.Z’s nuclear inclusion, however, we have no evidence that it directly 

phosphorylates H2A.Z.

ANP32e is required for the phosphorylation of signaling molecules and regulation of gene 
expression

ANP32e protein levels are highest in both the cytosol and nucleus, as seen in figures 2 and 4. 

Therefore, we anticipated that it would influence phosphorylation-dependent signaling 

through inhibition of PP2A, a function that has not been tested yet. Short hairpin RNA 

targeting ANP32e (iANP32e) was delivered to cardiac myocytes for 24 h, in serum starved 

conditions, after which they were stimulated with 10% fetal bovine serum (FBS) for 5 min. 

Protein was extracted, fractionated, and analyzed by PAGE and Western blots. ANP32e 

knockdown, near completely inhibited FBS-induced phosphorylation of erk1/2 and 

ribosomal S6 proteins in the cytosol and membrane fractions (Fig. 7a–b). Noteworthy, while 

total erk1/2 protein levels were unaffected, we observed >90% reduction in total S6 protein, 

specifically in the nucleus, following Anp32e knockdown. Also, note that several higher 

molecular weight bands were detected by the H2A.Z antibody that were eliminated by the 

shRNA. We speculate that these might be post-translationally modified variants of the 

histone. Thus, the data prove that ANP32e is required for FBS-induced phosphorylation of 

erk1/2 and S6. Furthermore, it suggests that ANP32e may play a role in selectively 

regulating gene expression/protein stability, including that of nuclear S6.

The presence of ANP32e in the nucleus, and its association with H2A.Z and promoting its 

phosphorylation and stability, would strongly suggest a role in regulating gene expression 

directly via regulating H2A.Z, or indirectly through regulating other nuclear factors’ 

phosphorylation and stability. Cardiac myocytes respond to growth factor stimulation via an 

increase in mass and size, which is dependent on transcriptional remodeling. After delivery 

of iANP32e to the cells for 24 h, in serum free conditions, they were stimulated for an 

additional 24 h period with 10% FBS. In parallel, cells were treated with the PP2Ac 

overexpressing viral vector. Protein was extracted, fractionated, and analyzed by PAGE and 

Western blots. The results reveal selective ANP32e-induced modulation of gene expression 

(Fig. 7c–d). Specifically, neither iANP32e nor PP2Ac, affected the expression of 

endogenous H2A, Akt, nor acetylated-H3 content, but specifically reduced the basal and 

FBS-induced expression of Cdk7, a kinase required for transcription initiation, in addition to 

S6 observed in figure 7a. This suggests that ANP32e has selective direct or indirect effects 

of gene expression or protein stability.

ANP32e co-localizes with H2A.Z and is differentially regulated during growth

While we have established a physical and functional interaction between ANP32e and 

H2A.Z, we have yet to establish their relative spatial distribution across the genome, and 

how it may change during growth. To examine this, we performed chromatin 

immunoprecipitation (ChIP)-sequencing with anti-ANP32e and anti-H2A.Z, using the same 

chromatin, from a normal adult mouse heart, or that undergoing hypertrophic growth after 

transverse aortic constriction (TAC). The heatmaps of the sequencing tags aligned across the 

transcriptional start site (TSS), show that the two proteins co-localize at this position (Fig. 
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8a), while the graphs of the average peak values reveal subtle variations in the pattern of 

association during growth in the form of a forward movement of ANP32e, accompanied by 

an incremental increase in the 3′ versus 5′ H2A.Z peak encompassing the TSS (Fig. 8b). 

Furthermore, the 2D matrices of observed/expected distribution of H2A.Z and ANP32e at 

the TSS or in the gene body, show that the majority of both molecules co-localize at a 

frequency higher than expected by chance (red regions, Fig. 8c). This is further 

demonstrated by their binding patterns to individual genes, which also reveals that the levels 

of ANP32e at the TSS is differentially regulated after growth induction (Fig. 8d–g). Shown, 

are images of the distributions of the binding sites and densities of ANP32e and H2A.Z 

across H2A (Hist3h2a), Cdk7, and ribosomal S6 (Rps6) mouse housekeeping genes 

(ubiquitously expressed, essential genes). Pol II binding is included, to demarcate the TSS of 

genes and confirm active transcription. The images show that ANP32e is reduced at the TSS 

of H2A, as it is increases at that of Cdk7 (Fig. 8d–e, 8g). This could explain why, upon the 

knockdown of ANP32e during myocyte growth, H2A protein remained unchanged, while 

Cdk7 was reduced (Fig. 8c). Another pattern of change in ANP32e binding is observed at 

the TSS of ribosomal S6 protein, where there is a 5′ shift of its binding peak, to coincide 

with that of pol II and the +1 H2A.Z peaks (Fig. 8f). This would be consistent with the 

requirement of ANP32e for S6 transcription (Fig. 7b). On the other hand, the levels of 

H2A.Z remained relatively unchanged (Fig. 8g). The median and quartiles for the sequence 

Tags of pol II, H2A.Z, and ANP32e at the TSS (−1000 to + 1000) and gene bodies (+1000 to 

gene end) of the collective housekeeping (72.3%, with 0.75–1.3-fold change in pol II during 

growth, Fig. 8h), inducible (9.4%, with >1.3-fold increase in pol II during growth, Fig. 8i–j), 

tissue-specific (2.7%, Fig. 8k), and downregulated (15.5%, with <0.75-fold reduction in pol 

II during growth, Fig. 8l) genes, show that pol II, H2A.Z and ANP32e levels are highest at 

the housekeeping TSS, where pol II exhibits pause-release during growth (incremental 

reduction of pol II at the TSS with an equivalent increase in gene body), whereas, tissue-

specific genes have the highest levels of pol II, H2A.Z, and Anp32e within their gene body, 

and the lowest at their TSS. In general, H2A.Z exhibits little changes during growth in any 

of the gene categories, while, Anp32e increases in a subset of inducible genes, decrease 

among other and on tissue-specific genes, but remains unchanged in downregulated genes, 

with no correlation to changes in pol II. These results demonstrate the co-localization of 

ANP32e and H2A.Z, for the most part, as particularly clear in their overlapping patterns of 

binding observed in the individual gene examples (Fig. 8d.–f., 8i–l.). Since chromatin-bound 

H2A.Z, for the most part, does not parallel changes in pol II binding, we predict the H2A.Z 

influences transcription through recruitment of Anp32e and plausibly other proteins that 

remain to be identified, while Anp32e influences proteins’ activity/stability via inhibiting 

PP2A.

DISCUSSION

H2A.Z is known to positively regulate gene expression through destabilizing the +1 

nucleosome and facilitating the progression of pol II across genes, a function that is largely 

consistent across various species. Additionally, it prevents DNA methylation across the gene 

bodies of inducible genes in Arabidopsis, thus, augmenting their responsiveness to stimuli. 

However, in spite of the emerging role of H2A.Z in disease development, including cancer 
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[36–38], HIV [39] and cardiac hypertrophy [22], we have limited knowledge regarding the 

mechanisms regulating its expression, under physiological or pathological conditions.

Posttranslational modifications are involved in modulating H2A.Z’s function. This H2A 

variant is modified by acetylation at K4, K7, K11 [40], methylation at K4, K7 [41], and 

ubquitination at K120, K121, K125 in mammalian cells [42], and sumoylation at K126, 

K133 of Htz1 in yeast [43]. Whereas, acetylated H2A.Z is associated with euchromatin and 

actively transcribed genes [44], the ubiquitinated form is found at the transcriptionally silent 

heterochromatin [42]. On the other hand, sumoylation plays a role in double-stranded-breaks 

in yeast. However, in contrast to other histones (H2A, H2A.X, H3, H2B..etc), 

phosphorylation of H2A.Z has not been reported.

Others [16] and we show that ANP32e interacts with H2A.Z. Since ANP32e and other 

Anp32 family members are known to inhibit PP2A [32, 33, 45], it was pertinent to 

investigated whether H2A.Z is a target of phosphorylation. Our data show that H2A.Z is 

indeed phosphorylated and that this modification is dependent on ANP32e availability, 

which we also show is required for H2A.Z’s stability. Since ANP32e interacts with the N-

terminus of H2A.Z, we predicted that the site of phosphorylation is serine-9, the only 

putative phosphorylation site in the N-terminus. In support, mutations of this site resulted in 

an unstable protein that failed to localize to the nucleus, an effect similar to what we observe 

with knockdown of ANP32e. Ultimately, inhibition of PP2A in ANP32e depleted cells 

proved that the effects of ANP32e on H2A.Z’s stability are mediated through inhibition of 

the phosphatase. Moreover, knockdown of MSK1, a nuclear kinase that has been shown to 

phosphorylate H3-S10 [35], mimicked the effects of ANP32e knockdown, suggesting that it 

maybe the kinase involved in phosphorylating H2A.Z.

In contrast to the stabilizing effect of ANP32e on H2A.Z that we demonstrate in this study, 

we have previously reported that the deacetylase, Sirt1, is involved in destabilizing H2A.Z 

and reducing its expression levels, which is dependent on both the N- and C-termini 

including lysine 15, 115, and 121 [22]. Thus, acetylation and phosphorylation are both 

required for stabilization of H2A.Z under different conditions that may involve nutrient 

availability, which regulates Sirt1 abundance, and growth factor stimulation, which regulates 

the phosphorylation status and activity of cellular proteins. Notably, neither ANP32e nor 

PP2A are restricted to the nucleus, but are equally or more abundantly present in the 

cytoplasm. As we show, knockdown of ANP32e almost completely inhibited FBS-induced 

phosphorylation of Erk1/2 and ribosomal S6 (Fig. 7). Therefore, it is plausible that their 

cytosolic functions may also indirectly impact nuclear H2A.Z stability and inclusion, and 

gene expression. This could also explain the differences in the functional effect of ANP32e 

knockdown on H2A.Z that we observed in cardiac myocytes vs. those observed by Obri et al 

[16] or Mao et al [17] in mouse embryonic fibroblasts (MEFs) and Hela cells, respectively. 

The difference being that the former are terminally differentiated primary cell types, while 

the latter are proliferating cell lines, with plausible differences in Anp32e distribution, 

H2A.Z:Anp32e stoichiometry, as well as, the presence of other unique interacting proteins 

and/or modifiers. The latter studies show that knockdown of ANP32e results in nucleosomal 

incorporation of H2A.Z at unique intergenic and enhancer sites [16], as well as, an increase 

H2A.z at the +1 nucleosome position, while the opposite is observed with its overexpression 
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[17], which suggests that ANP32e induces nucleosomal eviction of H2A.Z. In contrast, we 

show that knockdown of ANP32e in cardiac myocytes induces proteasomal degradation of 

H2A.Z, and reduces its nuclear content, while its overexpression had no apparent effect. 

Moreover, we find that the “new” H2A.Z-binding sites that are detected in ANP32e 

knockout MEFs (e.g. within the Ttc21a and Slc26a9 introns), are present in the normal heart 

genome, and are associated with endogenous ANP32e, or none in the case of Sox30 (Fig. 

5S). This supports our conclusion that in the heart genome, the presence of Anp32e does not 

necessarily cause eviction of H2A.Z. One limitation of Obri et al’s study [16], is the lack of 

ChIP-Seq data for Anp32e that would allow us to contrast it with the appearance of the new 

H2A.Z binding sites. Although, one could argue that since our ChIP-Seq results are from 

whole organ chromatin, that the H2A.Z and ANP32e binding sites exist in different cell 

types, this would contradict the fact that ANP32e specifically binds H2A.Z. Another major 

difference between our study and that of Obri et al’s, is the interaction site of Anp32e. 

While, both studies show that the acidic C-terminal domain of Anp32e interacts with 

H2A.Z, we report the interaction to occur with the N-terminal tail of H2A.Z, as confirmed 

by the yeast-two-hybrid system, co-immunoprecipitation, and functional effects on 

recombinant fusion GFP proteins, and Obri et al report it to be with the αC-helix (a.a. 89–

100), as confirmed by co-immunoprecipitation and x-ray crystallography. We have no good 

explanation for this discrepancy, except that maybe Anp32e can interact with both the N-

terminal and αC-helix of H2A.Z, depending on the cell type and conditions. Moreover, x-

ray crystallography may lack any necessary posttranslational modifications and/or other 

factors necessary for its interaction with the N-terminus.

As expected from the interaction of the two proteins, ChIP-Seq of chromatin from the heart 

tissue revealed the co-localization of H2A.Z and ANP32e across the genome, mainly at the 

TSSs of actively transcribed genes, but also in the gene bodies of a subset of inducible genes 

(Myc, Cyr61, Egr1..etc, Fig. 8i). Interestingly, ANP32e increased significantly at those sites 

after growth induction, while H2A.Z’s density, remaining relatively high, exhibited a 

minimal increase at peaks immediately downstream of the TSS (the +1 nucleosome 

position). One of the advantages of ChIP-Seq in whole organ, is capturing the binding of 

these factors in the native 3D environment, which can be substantially different from the 

dissociated monolayers of a homogenous cell type, especially as this is known to result in 

dedifferentiation of cardiac myocyte. On the other hand, this approach would represent the 

sum of changes in all constituent cell types. Notably, the heart is composed of ~40% cardiac 

myocytes by number, and >90% by volume. Thus, the product of expressed genes in the 

heart, including the ubiquitous, constitutive, housekeeping genes (72.3% of expressed genes 

in the heart), is expected to be proportional to the volume of constituent cells. Moreover, 

growth-inducible genes respond similarly in all the resident cell types (myocytes, 

endothelial, fibroblasts, and smooth muscle cells). Housekeeping gene in the heart, are 

regulated by a pause-release mechanism [29], may exhibit an a slight increase or decrease in 

ANP32e, but virtually no change in the relatively high levels of H2A.Z localized at the TSS. 

In contrast to housekeeping and inducible genes, most tissue-specific genes, which are 

constitutively expressed, have the highest levels of bound pol II, H2A.Z, and Anp32e within 

gene bodies, and the lowest levels at the TSS (Fig. 8k). Thus, what the data show, is that in 

any of the expressed genes, while H2A.Z exhibits none or minimal changes, changes in 
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Anp32e do not necessarily positively correlate with changes in pol II, which indicates that it 

that it may be exerting regulatory effects through, as of yet, unidentified factors, for 

example, such as those that regulate transcriptional elongation rates. It should also be noted, 

that we found that H2A.Z is also bound to ~14% of all genes that have no pol II 

(unexpressed), and this is associated with none to low levels ANP32e (Fig. 6S), suggesting 

that H2A.Z is also associated with restricted transcription, which is moderated by ANP32e, 

required for its stability, among other regulatory effects, not discounting its cytosolic effects 

on the phosphorylation of signaling proteins (Fig. 7).

In summary, 1) Anp32e knockdown induces downregulation of nuclear H2A.Z, this effect is 

rescued by epoxomicin, suggesting that it is a proteasomal-dependent degradation event. 

Since the rescued protein fails to localize to the nucleus, it suggests that Anp32e is also 

necessary for its nuclear inclusion, plausibly, through maintaining a post-translational 

modification. 2) The N-terminus of H2A.Z, is sufficient for conferring sensitivity to 

ANP32e, as knockdown of Anp32e significantly reduces recombinant zGFP in the cytosolic, 

as well as, the nuclear compartment. 3) Overexpression of PP2A, expressed mainly in the 

cytosol, with a minor component in the nucleus, induces gradation of endogenous nuclear 

H2A.Z and exogenously-delivered, as it coexists with PP2A in the cytosol and other cellular 

compartments. 4) Mutation of a unique Ser-9 in the N-terminus of H2A.Z, destabilizes the 

protein that can be rescued by epoxomicin, although it still fails to localize to the nucleus, 

while Anp32e knockdown inhibits H2A.Z phosphorylation. 5) Knockdown of Anp32e 

completely inhibits serum-stimulated phosphorylation of Erk and S6, supporting the fact that 

it is a PP2A inhibitor in the cytosol. 6) H2A.Z and Anp32e co-localize genome-wide on all 

expressed genes. However, with little changes in the abundance of H2A.Z during growth 

induction in the heart, changes in Anp32e are likely to exert its effect on transcriptional 

regulation through preventing H2A.Z dephosphorylation via PP2A, among other, as of yet, 

unidentified targets.
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Highlights

• The N-terminus of H2A.Z interacts with the acidic domain of Anp32e in 

cardiac myocytes

• Anp32e reduces proteasomal degradation of H2A.Z though its N-terminus

• Anp32e prevents dephosphorylation of H2A.Z

• Anp32e inhibits PP2A-induced degradation of H2A.Z

• The binding sites of H2A.Z and Anp32e overlap in the heart’s genome
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Figure 1. ANP32e interacts with H2A.Z
a. The bait plasmid vectors harboring fusion proteins of Gal4-DB with H2A.Z, H2A.X, the 

C-terminus of H2A.Z (CT), H2A.Z with a deletion of the N-terminal 16 aa (ΔN16), the N-

terminal 16 aa (NT), or H2A.Z with a deletion of the N-terminal 6 aa (ΔN6), were 

transfected into the Y190 yeast strain along with the prey plasmid vector with the Gal4AD-

ANP32e (nt 680–1070) fusion protein. The transfected yeast strain was streaked on medium 

deficient in leucine and tryptophan (-Leu-Trp), left plate, for selection of the cells that 

received both the bait and prey plasmids, or deficient in leucine, tryptophan, and histidine (-

Leu-Trp-His), middle plate, for selection of cells that contain the bait and prey plasmids 

expressing fusion proteins that physically interact with one another. The colonies from the -

Leu-Trp plate were also subjected to a filter-lift Lacz assay for confirming those interactions 

(right). b. Cardiac myocytes were transfected with plasmids harboring either GST or the 

GST-ANP32e fusing protein. After 24 h, cell lysates were subjected to immunoprecipitation 

with a rabbit polyclonal anti-GST, a mouse monoclonal anti-H2A.Z, or mouse IgG, as 

indicated. The immunoprecipitate was then analyzed by Western blotting using anti-H2A.Z, 

rabbit polyclonal anti-ANP32e, or anti-H2A, as indicated. The input is 1/20 the protein 

concentration that was used for immunoprecipitation. c. GFP fusion proteins with either the 

N-terminus domain of H2A.Z (zGFP), its C-terminal domain (GFPz), both domains 

Shin et al. Page 18

Biochim Biophys Acta. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(zGFPz), or the N-terminal domain of H2A.X and the C-terminal domain of H2A.Z (xGFPz) 

were constructed and delivered to cardiac myocytes via adenoviral vectors. After 24 h, cell 

lysates were subjected to immunoprecipitation with anti-GFP and the immunoprecipitate 

analyzed by Western blotting using anti-GFP and anti-ANP32e, as indicated. In b. and c., the 

input is 1/20 the protein concentration used for immunoprecipitation (200 μg).
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Figure 2. ANP32e is necessary for H2A.Z stabilization and nuclear localization
a. Increasing doses (moi 10, 20, 30) of ANP32e or Lacz (control) were delivered to cardiac 

myocytes via adenoviral vectors. After 24 h, the cells were lysed, fractionated into cytosol 

(cyto), membrane (mem), nuclear (nuc), and cytoskeletal (cytoSk) fractions, and analyzed by 

Western blotting using anti-ANP32e, -H2A.Z, -H2A.X, -AKT, and –β1AR, as indicated. b. 

Short-hairpin RNA targeting ANP32e (iANP32e, moi 10), or a control construct, was 

delivered to cardiac myocytes via adenoviral vectors, in the presence or absence of 0.1 μM 

epoxomicin (Epox). After 24 h, the cells were lysed, fractionated into cytosol, membrane, 

nuclear, and cytoskeletal fractions, and analyzed by Western blotting using anti-ANP32e, -

H2A.Z, -H2A, -pSer/pThr, and –actin, as indicated. c. The ANP32e Western blot signals in 

the nuclear fraction in (b.), and d. H2A.Z signals in the nuclear (black bars) and cytoskeletal 

fractions (orange bars) in (b.), were quantitated, normalized to H2A or actin, respectively, 
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averaged, and plotted as relative levels (n=3). Error bars represent S.E.M., *p<0.05 v. 

nuclear control, # p<0.05 v. cytoSk control, $ p<0.05 v. Epox CytoSk.
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Figure 3. ANP32e-induced stabilization of H2A.Z is mediated through its N-terminal tail
a.–b. Short-hairpin RNA targeting ANP32e (iANP32e, where indicated by plus a + signs), or 

a control construct (unmarked lanes), was delivered to cardiac myocytes via an adenoviral 

vector. After 24 h, GFP or GFP fusion proteins with either the N-terminus domain of H2A.Z 

(zGFP), its C-terminal domain (GFPz), or both domains (zGFPz), were delivered to cardiac 

myocytes via adenoviral vectors, as indicated by plus a + signs. After 24 h, the cells were 

lysed, fractionated into cytosol (cyto), membrane (mem), nuclear (nuc), and cytoskeletal 

(cytoSk) fractions, and analyzed by Western blotting using anti-Anp32e, -GFP, -H2A.Z, -

H2A, -beta1 adrenergic receptor (β1AR), and -actin, as indicated. c. Western blot signals for 

GFP, GFPz, zGFP, and zGFPz, in the absence (black bars) or presence (orange bars) of 

iANP32e, shown in a. and b., in the cytosol, membrane, and nuclear fractions, were 

quantitated, normalized to actin, β1AR, or H2A, respectively, averaged, and plotted as 

relative values (n=3), error bars represent S.E.M, *p<0.01 v. control.
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Figure 4. PP2A mediates the effects of ANP32e
a. Short-hairpin RNA targeting ANP32e (iANP32e, moi 10), or a control construct, was 

delivered to cardiac myocytes via adenoviral vectors, in the presence or absence of 10 nM 

okadiac acid (OA). After 24 h, the cells were lysed, fractionated into cytosol, membrane, 

nuclear, and cytoskeletal fractions, and analyzed by Western blotting using anti-ANP32e, -

pSer/pThr, -H2A.Z, -H2A, and -AKT, as indicated. b. PP2A, with or without H2A.Z, or a 

control construct, were delivered to cardiac myocytes via adenoviral vectors (moi 10), in the 

presence or absence of 0.1 μM epoxomicin (Epox). After 24 h, the cells were lysed, 

fractionated into cytosol (cyto), membrane (mem), nuclear (nuc), and cytoskeletal (cytoSk) 

fractions, and analyzed by Western blotting using anti-H2A.Z, -PP2A, -pH3, and -actin, as 
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indicated. c. Left graph, the H2A.Z and pSer/pThr signals in the nuclear fractions of the 

images in (a.) were quantitated, normalized to H2A, and graphed as relative values (n=3). c. 
Right graph, the H2A.Z signal in the nuclear and cytoskeletal fraction of the images in (b.) 

were quantitated, normalized to pH3 or actin, respectively, and graphed as relative values 

(n=3). Error bars represent S.E.M., *p<0.05 v. control.
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Figure 5. Knockdown of ANP32e destabilized H2A.Z and inhibits its phosphorylation
a. Short-hairpin RNA targeting ANP32e (iANP32e, moi 10), or a control construct, was 

delivered to cardiac myocytes via adenoviral vectors. After 24 h, histones were acid 

extracted. Total histones (top 2 panels), or those immunoprecipitated with a pSer/pThr 

antibody (lower 2 panels), were separated by 2D gel electrophoresis followed by blotting 

with anti-H2A.Z or anti-H2A (n=2). b. Wild type H2A.Z, or Ser9 mutants, H2A.Z (A9 or 

D9, moi 10), in the presence or absence of 0.1 μM epoxomicin (EPOX). After 24 h, the cells 

were lysed, fractionated into cytosol (cyto), membrane (mem), nuclear (nuc), and 

cytoskeletal (cytoSk) fractions, and analyzed by Western blotting using anti-H2A.Z, -

H2A.X, and -actin, as indicated. c. The H2A.Z signal in the nuclear and cytoskeletal fraction 

of the images in (b.) were quantitated, normalized to H2A.X or actin, respectively, and 

graphed as relative values (n=3). Error bars represent S.E.M., *p<0.05 v. control of 

equivalent fraction, #p<0.05 v. nuclear control.
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Figure 6. Knockdown of MSK1 induces degradation of H2A.Z
a. Short-hairpin targeting MSK1 (iMSK1), or a control construct, was delivered to cardiac 

myocytes (moi 10, 15, 20, 30), in the presence or absence of 0.1 μM epoxomicin (EPOX). 

After 24 h, the cells were lysed, fractionated into cytosol (cyto), membrane (mem), nuclear 

(nuc), and cytoskeletal (cytoSk) fractions, and analyzed by Western blotting using anti-

H2A.Z, -ubiquitin, -MSK1, -pH2B, -H2A.X, and actin, as indicated. b. The H2A.Z signal in 

the nuclear and cytoskeletal fraction of the images in (a.) were quantitated, normalized to 

H2A.X or actin, respectively, and graphed as relative values (n=3). Error bars represent 

S.E.M., *p<0.05 v. nuclear control.
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Figure 7. ANP32e is required for FBS-induced phosphorylation of Erk1/2 and S6, and selective 
gene expression
a. Short-hairpin RNA targeting ANP32e (iANP32e, moi 10), or a control construct, was 

delivered to cardiac myocytes via adenoviral vectors. After 24 h, the cells were either 

stimulated or not with 10%FBS for 5 minutes, before they were lysed, and fractionated into 

cytosol (cyto), membrane (mem), nuclear (nuc), and cytoskeletal (cytoSk) fractions, and 

analyzed by Western blotting using anti-H2A.Z, -phospho-p42/p44 (p-p42/p44), -phospho-

S6 (p-S6), and -H2A.X, as indicated. b. The p-p42/p44 and pS6 signals in the cytosolic 

fraction were quantitated, normalized to total p42/p44 and S6, respectively, and graphed as 

relative values (n=3). Error bars represent S.E.M., *p<0.05 v. control, #p<0.05 v. FBS-

stimulated. c. Short-hairpin RNA targeting ANP32e (iANP32e, moi 10), PP2A catalytic 

subunit (PP2Ac), or a control construct, were delivered to cardiac myocytes via adenoviral 

vectors. After 24 h, the cells were either stimulated, or not, with 10%FBS for 24 h, before 

they were lysed, and fractionated into cytosol (cyto), membrane (mem), nuclear (nuc), and 

cytoskeletal (cytoSk) fractions, and analyzed by Western blotting using anti-H2A.Z, -

ANP32e, -PP2Ac, -Cdk7, -Ac-H3, -H2A, -Akt, and -actin, as indicated. d. The H2A.Z, 

ANP32e, PP2Ac, Cdk7, and Ac-H3 in the nuclear fraction were quantitated, normalized to 

H2A, and graphed as relative values (n=3). Error bars represent S.E.M., *p<0.05 v. control, 

#p<0.05 v. FBS-stimulated.

Shin et al. Page 27

Biochim Biophys Acta. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Shin et al. Page 28

Biochim Biophys Acta. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Shin et al. Page 29

Biochim Biophys Acta. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Co-localization of H2A.Z and ANP32e at the TSS of transcriptional active and inactive 
genes
Mice were subjected to a sham or transverse aortic constriction surgical (TAC) operation. 

One week post-TAC, the hearts were isolated and subjected to pol II, H2A.Z, and ANP32e 

ChIP-Seq. a. Heat maps of the H2A.Z and ANP32e ChIP-Seq sequence fragments from 

sham, TAC, and input at the TSS. The Y-axis represents individual positions of bins, and the 

X-axis represents a region from −2000 to +2000 bp relative to the TSS. b. Graphs 

representing average peak values of H2A.Z and ANP32e ChIP-Seq fragments from sham, 

TAC, and input from −2000 to +2000 bp relative to the TSS. c. Histograms showing the 

distribution of fragments calculated from their overall frequencies in the ‘tac-h2az’ (on X-

axis) v. ‘tac-ANP32e’ (on Y-axis) within the TSS (upper) and gene body (lower) regions. 

The X and Y-axes were segmented into 75 bins, and the number of fragments within each 

bin was counted, color coded, and plotted. The bar to the right of the plot illustrates the 

relationship between count and coloring. The plots represent pseudo-colored 2D matrices 

showing observed/expected distribution calculated from the overall frequencies of fragments 

on each of the axes. This plot shows the relation between H2A.Z and ANP32e levels relative 

to what is expected if they occurred by chance. The pseudo-color corresponds to the 

Obs/Exp ratio, and the color intensity is proportional to the log2 of the number of observed 

fragments within each bin. These plots suggest that there is a positive correlation between 

the levels of H2A.Z and ANP32e, where the red indicates that this occurs more frequently 

than expected by chance. This plot also shows that regions that have the lowest levels of 

ANP32e and highest levels of H2A.Z, or conversely, those with the lowest levels of H2A.Z 

and highest ANP32e, occur less frequently than expected by chance (blue). d.–f. The plots 

represent ChIP-Seq results for Cdk7, Hist3h2a, and Rps6, for which the sequence fragments 

of pol II, H2A.Z, and ANP32e are aligned across the gene coordinates in Integrated Gene 

Browser (IGB). g. A graph representing total H2A.Z and ANP32e sequence tags at the TSS 

of Cdk7, Hist3h2a, and Rps6. Genes were sorted in h. housekeeping, i. inducible-higher 

Anp32e, j. inducible-lower Anp32e, k. tissue-specific, and l. downregulated gene groups, 

sorted according to the changes in pol II densities during TAC vs. sham, both at the TSS and 

gene bodies. Sequence Tags are represented as box plots for the median, quartiles, 

minimum, and maximum number of Tags. The images represent the densities of pol II, 

H2A.Z, and ANP32e sequence tags for Cyr61, Myc, Eef1g, Ptrh2, Myl2, and Pln, Klf9, 

Foxo3, aligned across the gene coordinates, using integrated genome browser (IGB).
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