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SUMMARY

Replication-dependent canonical histonemessenger RNAs (mRNAs) do not termi-
nate with a poly(A) tail at the 30 end. We previously demonstrated that exposure
to arsenic, an environmental carcinogen, induces polyadenylation of canonical
histone H3.1 mRNA, causing transformation of human cells in vitro. Here we
report that polyadenylation of H3.1 mRNA increases H3.1 protein, resulting in
displacement of histone variant H3.3 at active promoters, enhancers, and insu-
lator regions, leading to transcriptional deregulation, G2/M cell-cycle arrest,
chromosome aneuploidy, and aberrations. In support of these observations,
knocking down the expression of H3.3 induced cell transformation, whereas
ectopic expression of H3.3 attenuated arsenic-induced cell transformation.
Notably, arsenic exposure also resulted in displacement of H3.3 from active pro-
moters, enhancers, and insulator regions. These data suggest that H3.3 displace-
ment might be central to carcinogenesis caused by polyadenylation of H3.1
mRNA upon arsenic exposure. Our findings illustrate the importance of proper
histone stoichiometry in maintaining genome integrity.

INTRODUCTION

Histone genes are highly conserved through evolution. Although replication-dependent histones, referred

to as canonical, constitute the majority of histone genes, various replication-independent histone variants

have evolved. Each variant retains distinct locus-specific properties and is unique in terms of gene and pro-

tein sequences (Buschbeck and Hake, 2017). Canonical histone genes (e.g., histone H3.1) lack introns and

are the only genes found in multicellular organisms whose messenger RNAs (mRNAs) lack a poly(A) tail at

their 30 end (Marzluff et al., 2008). Instead, canonical histone mRNAs terminate with a stem-loop structure,

which is comprised of a highly conserved 26-nucleotide sequence that binds an important factor, stem-

loop binding protein (SLBP). SLBP is required for canonical histone mRNA processing and translation

(Whitfield et al., 2000).

Canonical histone mRNAs are rapidly degraded at the end of S phase, since they exhibit less stability

because of the absence of a poly(A) tail (Harris et al., 1991; Whitfield et al., 2000). The absence of the poly(A)

tail is vital for maintaining the steady state levels of canonical histone mRNAs during S phase. Disruption of

pre-mRNA processing by the loss of SLBP results in polyadenylation of canonical histone mRNAs,

increasing their stability and elevating the level of H3.1 protein (Lanzotti et al., 2002; Sullivan et al.,

2001). This could disrupt histone stoichiometry and induce genome instability. Deletion and mutation of

SLBP have been found to induce polyadenylation of canonical histone mRNAs in Drosophila, causing fail-

ure of chromosome condensation that blocks normal mitosis process, resulting in zygotic lethality (Henikoff

and Smith, 2015; Lanzotti et al., 2002; Sullivan et al., 2001, 2009).

We previously demonstrated that the 30 end of canonical histone H3.1 mRNA can be polyadenylated

following exposure to arsenic (Brocato et al., 2014). Arsenic causes human lung, bladder, and skin

cancers (Mendez et al., 2017) and is linked to cancers of the kidney, liver, and prostate (Roh et al., 2017;

Smith et al., 2018; Wang et al., 2014). Overexpression of polyadenylated H3.1 mRNA enhanced
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anchorage-independent growth of human bronchial epithelial BEAS-2B cells, demonstrating that polyade-

nylation of H3.1 mRNA induces cell transformation (Brocato et al., 2015).

Polyadenylated canonical histone H3.1 mRNA could induce genomic instability and cell transformation by

disrupting the balance between canonical and variant histones. Deposition of canonical histone H3.1 is

coupled with DNA replication, and its expression is largely limited to the S phase of the cell cycle, whereas

histone variant H3.3 is expressed throughout the cell cycle independent of DNA replication (Brown et al.,

1985; Green et al., 2005; Tagami et al., 2004; Wu et al., 1982; Wunsch and Lough, 1987). Polyadenylated

canonical H3.1 mRNAs following arsenic exposure were increased during S phase and were also presented

outside of S phase (Brocato et al., 2014). It is conceivable that accumulated or mistimed expression of H3.1

during the cell cycle affects H3.3 assembly, causing significant impacts on chromatin landscape and

genome integrity, because H3.3 has unique missions in chromatin that are distinct from canonical H3

(Buschbeck and Hake, 2017; Szenker et al., 2011).

This study investigates the mechanisms that underlie the tumorigenic effects of polyadenylated H3.1

mRNA.We find that polyadenylated H3.1 mRNA displaces the variant H3.3 from important gene regulatory

elements such as active promoters, enhancers, and insulators. Reducing H3.3 expression, which mimics

H3.3 depletion by H3.1 polyadenylation, induces cell transformation, whereas overexpression of H3.3 res-

cues cell transformation induced by arsenic. Arsenic exposure also results in displacement of H3.3 from

active promoters, enhancers, and insulators. H3.3 displacement appears to be central to the tumorigenic

responses caused by polyadenylated H3.1 mRNA following arsenic exposure. Our findings add important

insights not only into genomic instability induced by an imbalance in histone stoichiometry but also into the

oncogenic role of H3.3.

RESULTS

Polyadenylation of Canonical Histone H3.1 mRNA Enhances Tumor Formation in Nude Mice

We previously demonstrated that arsenic induces polyadenylation of canonical histone H3.1 mRNA, by

depletion of SLBP in cell culture (Brocato et al., 2014). To study the impact of arsenic-induced polyadeny-

lation of canonical histone H3.1 mRNA on carcinogenesis, we analyzed the effect of H3.1 mRNA polyade-

nylation on cell proliferation, anchorage-independent growth, and tumor formation in vivo. An

H3.1poly(A)-expressing plasmid was constructed that contained a poly(A) signal immediately downstream

of an H3.1 cDNA fragment to express polyadenylated histone H3.1 mRNA (Figure 1A). Because there were

no antibodies against H3 that distinguish the different types of histone H3, human bronchial epithelial cells

(BEAS-2B) were stably transfected with FLAG-tagged H3.1poly(A) plasmid (FH3.1poly(A)) (Figure 1A). Over-

expression of both total and polyadenylated H3.1 mRNA was confirmed using RT-qPCR (Figure 1B). Total

and polyadenylated mRNA was measured using cDNAs synthesized with random or oligo (dT) primers,

respectively (Figure 1B). Total H3 protein levels were increased by 2.67-fold compared with control (lanes

1 and 2 in Figure 1C left panel; 1.90 + 2.03/1.47 = 2.67 versus 1/1 = 1), which is comparable to about the two-

fold increase induced by arsenic exposure (1.44/0.78 = 1.85 in Figure 1C right panel and Brocato et al.

(2014)). Thus, results using the FH3.1poly(A) plasmid mimic arsenic-induced H3.1 polyadenylation.

The rate of cell proliferation was increased in BEAS-2B cells transfected with FH3.1poly(A) plasmid

compared with empty vector (Figure 1D). Consistent with previous findings (Brocato et al., 2015), BEAS-

2B/FH3.1poly(A) cells displayed enhanced anchorage-independent growth compared with BEAS-2B cells

transfected with or without empty vector (Figure 1E). To evaluate the tumorigenic response of polyadeny-

lated H3.1 mRNA in vivo, soft agar clones formed by control and FH3.1poly(A)-expressing BEAS-2B cells

were collected and injected into nude mice to assess tumor formation. Juxtaposing the two groups,

mice injected with FH3.1poly(A) cells exhibited 50% tumor formation compared with 11% in the control

group (Figure 1F). Moreover, xenograft of FH3.1poly(A) cells in mice displayed significantly higher volume

and weight than the control (Figures 1G and 1H). Taken together, these data suggest that polyadenylation

of H3.1 mRNA promotes tumor cell growth in nude mice.

Insertion of a Stem-Loop Sequence before the Poly(A) Signal Attenuates Cell Transformation

Induced by Polyadenylation of H3.1 mRNA

To examine whether acquisition of a poly(A) tail is the determining factor for cell transformation induced by

transfection of FH3.1poly(A) plasmid, a plasmid H3.1Loop that contained a stem-loop sequence in front of

the poly(A) signal was constructed (Figure 2A). Following binding of SLBP and other 30 pre-mRNA
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Figure 1. Polyadenylation of Canonical Histone H3.1 mRNA Enhances Tumor Formation in Nude Mice

(A) An H3.1 cDNA fragment was inserted into the multiple clone sites (MCSs) of pcDNA-FLAG vector, which contains a

poly(A) signal in the downstream of MCSs and generates polyadenylated mRNAs.

(B) pcDNA-FLAG-Empty (EV) or FH3.1poly(A) vector was stably transfected into BEAS-2B cells. The amount of total and

polyadenylated H3.1 mRNA was measured by RT-qPCR using cDNAs synthesized with random or oligo (dT) primers,

respectively. mRNA levels for H3.1 were normalized to Actin. The data shown are the mean G S.D. (n = 3).

(C) Western blot shows exogenous H3.1 protein generated by transfection of FH3.1poly(A)(left) and the increase in H3

protein following arsenic treatment (right).

(D) Cell growth rate was measured by MTT. The data shown are the mean G S.D. (n = 3). Student’s t test was applied for

statistical significance: **p < 0.01.

(E) Soft agar assays. The data shown are the mean G S.D. (n = 3). Student’s t test was applied for statistical significance:

**p < 0.01.

(F–H) A total of five million transformed or control cell clones were injected into nude mice. After 5 months postinjection,

the mice were sacrificed. Tumor number (F), volume (G), and weight (H) were calculated. Tumor diameters were measured

with calipers, and the tumor volume was calculated. Results represent the mean G S.D. (n = 18). Student’s t test was

applied for statistical significance: *p < 0.05.
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Figure 2. Insertion of a Stem-Loop Sequence before the Poly(A) Signal Attenuates Cell Transformation Induced

by Polyadenylation of H3.1 mRNA

(A) An H3.1 cDNA fragment was inserted into the MCSs of pcDNA vector, which contains a poly(A) signal in the

downstream of MCSs. H3.1Loop plasmid: a stem-loop sequence was inserted before the poly(A) signal, whose

transcription terminates near the stem-loop sequence, generating H3.1 mRNAs mostly without poly(A) tail. pcDNA-

Empty (EV), H3.1poly(A), or H3.1Loop vector was stably transfected into BEAS-2B cells.

(B) RT-qPCR results using oligo (dT) primers for reverse transcription to capture polyadenylated H3.1 mRNAs. The data

shown are the mean G S.D. (n = 3). Student’s t test was applied for statistical significance: *p < 0.01.

(C) Western blot analysis. The band intensities were quantified using ImageJ software. The controls in lane 1 were used as

references (set to 1).

(D) Digital droplet PCR (ddPCR). Total DNA was extracted from BEAS-2B cells stably expressing H3.1poly(A) or H3.1Loop

plasmid. The copy number of exogenous H3.1 cDNA was analyzed by ddPCR with primers designed to amplify a region

spanning T7 and H3.1 cDNA on the vector. The ribonuclease P/MRP 30 kDa subunit (RPP30) was used as an internal

control. The data shown are the mean G S.D. (n = 3).
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processing factors to the stem-loop sequence, a majority of transcriptions were terminated immediately

downstream of the sequence, before the RNA polymerase could transcribe the poly(A) signal. Thus, the

presence of the stem-loop sequence generates mRNAs with less poly(A) tails (Figure 2A). To rule out

the potential effects resulting from FLAG tag (Figure 1), we prepared H3.1poly(A) and H3.1Loop plasmids

lacking FLAG (Figure 2A). RT-qPCR demonstrated that transfection with the plasmid-containing H3.1Loop

sequence significantly reduced the amount of polyadenylated H3.1 mRNA compared with cells transfected

with H3.1poly(A) vector (Figure 2B). Western blot revealed lower levels of H3 protein in cells transfected

with H3.1Loop compared with H3.1poly(A)(Figure 2C). The difference seemed not to have resulted from

the variation of inserted DNA copy numbers, because digital droplet PCR (ddPCR) experiments showed

even more DNA copy numbers of ectopic H3.1Loop DNA in H3.1Loop-transfected cells than the copy

numbers of ectopic H3.1poly(A) DNA in H3.1poly(A)-transfected cells (Figure 2D). RNA stability assays ex-

hibited a dramatic decrease of ectopic H3.1Loop mRNA as compared with ectopic H3.1poly(A) mRNA in

the cells treated with actinomycin D (Figure 2E), supporting the idea that the reduction of H3 protein in

H3.1Loop-transfected cells was due to the instability and degradation of unpolyadenylated histone

mRNAs. Taken together, any differential results obtained from using H3.1poly(A) and H3.1Loop are likely

attributable to the effects of mRNA polyadenylation.

We next examined how transfection of H3.1poly(A) and H3.1Loop differentially affected cell growth,

transformation, and invasion. Although H3.1poly(A)-transfected cells exhibited accelerated growth

compared with controls, transfection with H3.1Loop reduced the rate of cell growth to levels in control

(Figure 2F). Anchorage-independent growth of BEAS-2B cells was enhanced by the transfection of

H3.1poly(A) compared with control (Figure 2G), consistent with the results seen after transfection of

FLAG-tagged H3.1poly(A)(Figure 1E), suggesting that the tag did not cause cell transformation. Insertion

of the Loop sequence upstream of the poly(A) signal attenuated anchorage-independent growth (Fig-

ure 2G). Similar results were obtained with human prostate epithelial PZ-HPV-7 cells and human embry-

onic kidney 293 cells (Figure S1), suggesting that the impact of H3.1 polyadenylation on cell transforma-

tion is not limited to BEAS-2B. Likewise, H3.1poly(A) cells exhibited a much higher rate of cell migration

than H3.1Loop and control cells in Transwell invasion assays (Figure 2H). The above results demonstrate

generality across multiple human cell types of the role of polyadenylation of H3.1 mRNA in cell

transformation.

Overexpression of Polyadenylated H3.1 mRNA Displaces Histone Variant H3.3 from Critical

Gene Regulatory Elements

Polyadenylation of H3.1 mRNA results in the increase of H3.1 protein (Figures 1C and 2C). Moreover,

arsenic exposure induces polyadenylation of canonical histone H3.1 mRNA, resulting in the accumulation

of H3.1 mRNA in mid-to-late S and M phase (Brocato et al., 2014). The expression of canonical histone H3.1

peaks during S phase, whereas variant H3.3 is expressed throughout the cell cycle. Thus, both an increase in

H3.1 protein and the presence of H3.1 protein outside of S phase from polyadenylationmay have an impact

on the assembly of histone H3.3, which differs from H3.1 by only five amino acids. Chromatin immunopre-

cipitation followed by high-throughput sequencing (ChIP-seq) was utilized to assess the potential effects of

polyadenylated H3.1 mRNA on H3.3 assembly. BEAS-2B cells stably expressing FLAG-tagged H3.3 were

transfected with untagged H3.1poly(A) plasmid or empty vector. RT-qPCR results confirmed the overex-

pression of polyadenylated H3.1 mRNA (Figure S2A). Notably, the total cellular level of FLAG-H3.3 was

not changed by ectopic expression of H3.1poly(A) (Figure S2B).

Figure 2. Continued

(E) RNA stability assay for exogenous H3.1poly(A) mRNA and H3.1Loop mRNA. BEAS-2B cells stably expressing

H3.1poly(A) or H3.1Loop were treated with 10 mg/mL actinomycin D for the indicated time. Total RNA was extracted, and

the mRNA level was analyzed by qPCR with primers designed to amplify the exogenous H3.1 mRNA. The relative

expression level was normalized by the reference gene GAPDH. The data shown are the mean G S.D. (n = 3). Student’s t

test was applied for statistical significance: **p < 0.01.

(F) The cell growth rate wasmeasured byMTT. The data shown are themeanG S.D. (n = 3). Student’s t test was applied for

statistical significance: *p < 0.05; **p < 0.01.

(G) Soft agar assays. The data shown are the mean G S.D. (n = 3). Student’s t test was applied for statistical significance:

**p < 0.01. See also Figure S1.

(H) Transwell invasion assays. The migrated cells were fixed, stained, and counted. Cell number was determined and

averaged from three fields randomly selected from each sample. Bars indicate S.D. (n = 3). Student’s t test was applied for

statistical significance: *p < 0.05.
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Figure 3. Overexpression of Polyadenylated H3.1 mRNA Displaces Histone Variant H3.3 from Critical Gene

Regulatory Elements

(A) Profile of FLAG-tagged H3.3-containg nucleosomes in FLAG-tagged cells across the transcription start sites (TSSs) for

the top 2,000 highly expressed genes (active promoters) (left), DNase I hypersensitive sites (enhancers) (middle), and

CTCF-binding sites (insulators) (right). H3.3-containing nucleosomes were isolated followed by ChIP-seq with FLAG

antibody. Relative H3.3 levels were calculated by dividing average ChIP signal by average Input signal per 20 bps bin. See

also Figures S2 and S3.

(B) MA plot showing differential H3.3 level in FH3.3-NT3.1 compared with FH3.3 on all genes.

(C) MA plot showing differential H3.3 level in FH3.3-NT3.1 compared with FH3.3 on the 2,000 highly expressed genes.

(D) Differential H3.3 level in FH3.3-NT3.1 compared with FH3.3 on all genes (light gray) and on the 2,000 most highly

expressed genes (red). p value was calculated by unpaired two-tailed Student’s t test.

(E) Differential H3.3 level in FH3.3-NT3.1 compared with FH3.3 on top (red), middle (light gray), and bottom (blue) 2,000

genes, ranked by H3.3 level in FH3.3 cells. p value was calculated by unpaired two-tailed Student’s t test.
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H3.3-containing nucleosomes (FLAG-tagged) were isolated by anti-FLAG affinity-gel purification followed

by ChIP-seq to examine how genome-wide H3.3 deposition was influenced by ectopic expression of

H3.1poly(A). Results revealed highly enriched H3.3 in the promoter regions of 2,000 of the most highly ex-

pressed genes in control cells (blue line, left panel in Figures 3A and S3). This was consistent with previous

findings in another cell line (Jin et al., 2009). The deposition of H3.3, however, was greatly reduced in cells

transfected with untagged-H3.1poly(A) (green line, left panel in Figures 3A and S3), suggesting that ectopic

expression of polyadenylated H3.1 mRNA compromises the assembly of H3.3 in nucleosomes around

active promoters. Similar results were seen for DNaseI hypersensitive sites (DHSs)—defined as enhancers

(middle panel in Figures 3A and S3)—and CTCF binding sites—defined as insulators (right panel in Figures

3A and S3). The same results were obtained when the ChIP-seqs were repeated (not shown). Collectively,

these results indicate that increased H3.1 protein following polyadenylation of H3.1 mRNA competes with

H3.3 for deposition at promoter regions of active genes and other regulatory regions, thereby disrupting

proper assembly of H3.3.

The ChIP-seq profile for H3.3 at active promoters (left panel in Figure 3A) measures combined read counts

(RPKM) of the top 2,000 highly expressed genes. It does not reflect the changes in each promoter. To

explore howH3.3 level in the promoter of each of the top 2,000 highly expressed genes is changed by trans-

fection of H3.1poly(A), the normalized read count (RPKM) around TSS (ranging from �150 bp to +50 bp) of

every gene, including the top 2,000 highly expressed genes in FLAG-H3.3 (FH3.3) cells transfected either

with untagged H3.1(NTH3.1) or empty vector, was calculated. We then compared the H3.3-binding differ-

ences in FH3.3-NTH3.1 cells versus that of the FH3.3-empty cells for each gene (Figure 3B). Although a

large number of genes among the top 2,000 displayed increased levels of H3.3 after transfection of

H3.1poly(A) (Figure 3C), the overall H3.3 level in the promoters of the top 2,000 genes in FH3.3-NTH3.1 cells

demonstrated significant decreases compared with FH3.3-Empty cells, in the context of all genes (p < 2.43

10�11, Figure 3D). These results indicate that H3.3 assembly in promoters of most active genes is more likely

to be compromised by polyadenylation of H3.1 mRNA.

To further understand the nature of H3.3 reduction in the promoter regions after transfection of

H3.1poly(A), all genes were sorted based on H3.3 enrichment prior to transfection at TSS (from �150 bp

to +50 bp) from strongest to weakest, and then the top 2,000, middle 2,000, and bottom 2,000 genes

were chosen from the list. Next, the extent of H3.3 reduction induced by polyadenylation of H3.1 mRNA

among these three sets of genes were compared. Although average H3.3 levels in the promoter regions

of the middle 2,000 genes were not changed by H3.1poly(A) transfection, the levels for the top 2,000 genes

were significantly decreased (Figure 3E). These data indicate that H3.3 in active promoters and/or in pro-

moters with high level of H3.3 are preferentially displaced by the increased H3.1 protein caused by poly-

adenylation of the mRNA.

Insertion of a Stem-Loop Sequence before the Poly(A) Signal Attenuates H3.3 Displacement

from Gene Regulatory Elements

ChIP-seq analysis of H3.3-containing nucleosomes (FLAG-tagged), purified using affinity-gel from FLAG-

H3.3-expressing cells, demonstrated displacement of H3.3 (FLAG-tagged) by polyadenylated H3.1

mRNA from the active promoters, enhancers, and insulators (Figure 3A). To determine if endogenous

H3.3 is displaced by polyadenylation of H3.1 mRNA, ChIP-seq with the H3.3-specific antibody was em-

ployed with BEAS-2B cells that express empty vector or H3.1poly(A). Endogenous H3.3-containing

Figure 3. Continued

(F) Profile of endogenous H3.3-containg nucleosomes in untagged cells around the transcription start sites (TSSs) on the

2,000 most highly expressed genes (active promoters) (left), DNase I hypersensitive sites (enhancers) (middle), or CTCF-

binding sites (insulators) (right). H3.3-containing nucleosomes were isolated followed by ChIP-seq with the H3.3-specific

antibody.

(G) Profile of H3.3-containg nucleosomes in untagged cells around the transcription start sites (TSSs) on the top 2,000

genes (ChIP top 2k) (left), top 2,000 DNase I hypersensitive sites (Enhancers top 2k) (middle), and top 2,000 CTCF-binding

sites (Insulators top 2k) (right), ranked by H3.3-ChIP signal level in NT-Empty cells. H3.3-containing nucleosomes were

isolated followed by ChIP-seq with the H3.3-specific antibody.

(H) Profile of H3.3-containg nucleosomes in cells treated with or without arsenic (As) around the transcription start sites

(TSSs) on the 2,000 most highly expressed genes (active promoters) (left), DNase I hypersensitive sites (enhancers)

(middle), or CTCF-binding sites (insulators) (right). H3.3-containing nucleosomes were isolated followed by ChIP-seq with

the H3.3-specific antibody.
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nucleosomes were enriched in the promoter regions of the 2,000 most highly expressed genes and in en-

hancers and insulator regions in control cells (blue lines in Figure 3F). The pattern was very similar to that

seen for FLAG-H3.3 nucleosomes (Figure 3A) except that FLAG-H3.3 nucleosomes were depleted at the +1

position, whereas relatively high level of H3.3-ChIP signals (endogenous H3.3) were detected at the same

site (compare left panels in Figures 3A and 3F). Importantly, the endogenous H3.3 was displaced from

immediately upstream of the active TSSs, enhancers, and insulator regions in the cells transfected with

H3.1poly(A) plasmid (green lines in Figure 3F). This was consistent with the results obtained with FLAG-af-

finity gel purification in cells expressing FLAG-H3.3.

To explore whether polyadenylation of the 30 end was the defining factor for H3.3 displacement by H3.1

mRNA, we compared the level of H3.3 in the cells transfected with H3.1poly(A) or H3.1Loop in the top

2,000 promoters, enhancers, and insulators, ranked by H3.3 level in the empty vector-transfected cells.

Whereas overexpression of H3.1poly(A) depleted H3.3 at these sites (green lines in Figure 3G), overex-

pressing H3.1Loop decreased neither the ChIP-seq signal for H3.3 at enhancers and insulators nor the

signal to a lesser extent than H3.1poly(A) in the promoter regions (red lines in Figure 3G). We conclude

that polyadenylation is the determining factor for H3.3 displacement from critical regulatory elements

by ectopic expression of H3.1poly(A).

Arsenic Exposure Leads to Displacement of H3.3 from Gene Regulatory Elements

Arsenic exposure induces polyadenylation of H3.1 mRNA. To correlate H3.1 mRNA polyadenylation with

arsenic effects, we compared the relevance of arsenic exposure and polyadenylation of H3.1 mRNA on

H3.3 nucleosome assembly genome-wide by ChIP-seq with H3.3 antibody in the absence and presence

of arsenic. H3.3 was enriched in active promoters, enhancers, and insulators in control (blue lines in Fig-

ure 3H). Ninety-six hours after the treatment with 1 mM of arsenic, H3.3 was almost entirely abolished

from these sites (green lines in Figure 3H), a pattern that resembled H3.3 profiles following overexpression

of H3.1poly(A). These results demonstrate the overlapping effects of arsenic exposure and H3.1 mRNA pol-

yadenylation on H3.3 deposition. Given the importance of H3.3 in gene regulation, cell memory, and main-

tenance of genome integrity, these data suggest that the displacement of H3.3 at important genomic loci

through polyadenylation of canonical H3.1 mRNA is a potentially significant contributor to arsenic-induced

carcinogenesis.

Ectopic Expression of Polyadenylated H3.1 mRNA Deregulates Cancer-Associated Genes

Reduction of the occupancy of histone variant H3.3 in critical gene regulatory elements such as active pro-

moters, enhancers, and insulator regions by overexpression of polyadenylated H3.1 mRNA (Figure 3) im-

plicates that polyadenylation of H3.1 mRNA might alter gene expression. To investigate global changes

in transcription induced by ectopic expression of polyadenylated H3.1 mRNA, RNA-Seqs using BEAS-2B

cells stably transfected with empty vector, H3.1poly(A), or H3.1Loop were carried out. The heatmap and

volcano plot showed differential expression of hundreds of genes in H3.1poly(A) cells as compared with

H3.1Loop cells (Figures 4A and 4B), indicating that transcription profile of the cells overexpressing

H3.1poly(A) differ from the cells overexpressing H3.1Loop. By comparing transcriptomes among

H3.1poly(A)-transfected cells, H3.1Loop-transfected cells, and the empty vector control, we then identified

380 genes that were upregulated in H3.1poly(A)(log2FC > 0.263; adj. p < 0.1) and were either upregulated

in H3.1Loop with a lower fold change (<0.9 in H3.1poly(A)) or not differentially expressed in H3.1Loop as

compared with the empty vector control. Another 326 genes that were downregulated in H3.1poly(A)(-

log2FC < �0.263; adj. p < 0.1) and were either downregulated in H3.1Loop with a lower fold change

(<0.9 in H3.1poly(A)) or not differentially expressed in H3.1Loop as compared with the empty vector control

were also characterized. We identified a total of 706 genes that were likely regulated by polyadenylation of

H3.1 mRNA as poly(A)-specific differentially expressed genes (DEGs). Next, Ingenuity pathway analysis

(IPA) was performed on 706 poly(A)-specific DEGs to characterize cellular pathways associated with poly-

adenylation of H3.1 mRNA. Among the top five diseases and disorders associated with the DEGs, cancer

was ranked number 1 (Figure 4C). Key cancer pathways that were analogous to arsenic-targeted cancers

were identified (Figure 4D), including non-small-cell lung cancer, small-cell lung cancer, and pancreatic

adenocarcinoma signaling (Kuo et al., 2017; Liu-Mares et al., 2013).

Top upstream regulators of H3.1poly(A)-controlled genes included TP53, ADRB, TGFB1, and RB1 (Fig-

ure 4E). Moreover, top canonical pathway of H3.1poly(A)-regulated genes included G2/M DNA damage

checkpoint regulation, death receptor signaling, ATM signaling, and p53 signaling (Figure 4F). High
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frequency of mutations in TP53 gene is common in lung cancers (Shajani-Yi et al., 2018). About 8% of lung

cancers showed ATM mutations (Ding et al., 2008), suggesting that H3.1poly(A) may play a role in lung

carcinogenesis through similar pathways initiated by TP53 or ATM mutations. In addition, top associated

networks for 380 poly(A)-specific upregulated genes included RNA posttranscriptional modification, cell

growth and proliferation, embryonic development, cell cycle, DNA replication, recombination, and repair

A B

C D

E

F

G

Figure 4. Ectopic Expression of Polyadenylated H3.1 mRNA Deregulates Cancer-Associated Genes

(A) Heatmap showing z-scored gene expression levels (log2 of TPM+1) of differentially expressed genes in two replicates

of H3.1Loop and two replicates of H3.1poly(A). Up- and downregulated genes, 362 and 227, respectively, were identified

by comparing transcriptomes in H3.1poly(A)-transfected cells and in H3.1Loop-transfected cells, with fold-change cutoffs

at 1.2 (log2FC > 0.263 or log2FC < �0.263) and adjusted p value cutoff of 0.1 (adj.p < 0.1).

(B) Volcano plot showing log2 of fold change (x axis) and –log10 of adj.p (y axis) of gene expression changes comparing

H3.1poly(A) versus H3.1 Loop. Differentially expressed genes (|log2FC|>0.263 and adj.p < 0.1) were marked as red dots.

The horizontal black dotted line represents adj.p cutoff of 0.1; the vertical black dotted line represents log2FC = 0.

(C–F) Ingenuity pathway analyses (IPA) using transcriptome data generated from RNA sequencing (RNA-Seq) of BEAS-2B

cells stably transfected with untagged H3.1poly(A), H3.1Loop, or empty vector. See also Figure S4. (C) Illustrations of top

diseases and disorders associated with 706 poly(A)-specific DEGs. (D) Illustration of cancer pathway analysis based on 706

poly(A)-specific DEGs. (E) Illustrations of top upstream regulators associated 706 poly(A)-specific DEGs. (F) Illustration of

top canonical pathways based on 380 poly(A)-specific upregulated genes.

(G) Illustration of top networks associated with 380 poly(A)-specific upregulated genes.
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(Figure 4G). Top associated networks for downregulated genes also included RNA posttranscriptional

modification (Figure S4). Cancer was a top disease, and mitochondrial dysfunction was one of the top ca-

nonical pathways associated with H3.1poly(A) downregulated genes (Figure S4). These data suggest that

ectopic expression of H3.1poly(A) can engender differential expression of cancer-related genes, thereby

activating pathways involved in driving tumorigenic properties of human bronchial epithelial cells.

Polyadenylation of H3.1 mRNA Causes Mitotic Arrest and Genomic Instability

Polyadenylationof H3.1mRNAdisruptsH3.3 assembly at gene regulatory regions such as promoters, enhancers,

and insulators (Figure 3). H3.3 is also localized at other critical genomic loci, including pericentric heterochromat-

in regions and telomeres (Szenker et al., 2011; Udugama et al., 2015). The deposition of H3.3 at these regions

may also be disrupted by polyadenylation of H3.1 mRNA. Moreover, analysis of top networks for differentially

expressed genes by polyadenylated H3.1 mRNA identified cell-cycle progression and DNA repair, among

others, as top associated functions (Figure 4). Thus, polyadenylation of canonical histone H3.1 mRNAs may

trigger the dysregulation of cell cycle control and induce chromosomal instability. To examine this possibility,

flow cytometry was used to compare alterations in cell cycle between control cells transiently transfected with

empty vector and cells transiently transfected with H3.1poly(A) or with H3.1Loop. Significantly less cells were

found in G1 phase when transfected with H3.1poly(A) compared with control and H3.1Loop cells (Figures 5A

and 5C). Furthermore, cells transfected with H3.1poly(A) experienced a greater G2/M arrest than control and

H3.1Loop (Figures 5A and 5C). To further distinguish between G2 and M arrest, flow cytometry was employed

to determine the cellular level of histone H3S10 phosphorylation, a mitosis marker. The phosphorylation of

H3S10 increased two-fold following transfection of H3.1poly(A) plasmid compared with control (Figures 5B

and 5C). H3.1Loop-transfected cells displayed phosphorylation of H3S10 at a level similar to empty vector (Fig-

ures 5B and 5C). These results indicate that ectopic expression of H3.1 poly(A) mRNA causes mitotic arrest and

that polyadenylation of its 3’ end is critical.

Flow cytometry showed that the number of aneuploid cells increased in H3.1poly(A)-overexpressing cells

by 3.4- and 2.8-fold when compared with the control (from 3.19% to 10.85%) and the H3.1Loop (from 3.84%

to 10.85%), respectively (Figure 5C). These results indicate that polyadenylation of H3.1 mRNAs causes

defective chromosome segregation. To study chromosomal aberrations induced by polyadenylated

H3.1 mRNA, cytogenetic analysis with empty vector, H3.1poly(A), or H3.1Loop cells was carried out.

Although empty vector-transfected cells displayed normal metaphase spread (Figures 5D and 5G),

deletions, chromatid breaks, and dicentric and triradial chromosomes were observed in H3.1poly(A)-trans-

fected cells (Figure 5E). Moreover, among 60 chromosome spreads tested, about 90% exhibited some ab-

errations in H3.1poly(A)-transfected cells (Figure 5G). In contrast, only 3% displayed deletion or chromatid

break in H3.1Loop cells (Figure 5G). Collectively, these results show that polyadenylation of H3.1 mRNA

induces mitotic arrest and genomic instability.

Ectopic Expression of H3.3 Attenuates Arsenic-InducedAnchorage-Independent Cell Growth

Polyadenylation of H3.1 mRNA induced by arsenic exposure compromised assembly of H3.3 at important

genomic loci. Numerous previous findings have linked abnormal H3.3 to cancer initiation and development

Figure 5. Polyadenylation of H3.1 mRNA Causes Mitotic Arrest and Genomic Instability

(A) Flow cytometry analysis of the cell cycle. BEAS-2B cells that transiently transfected with empty vector (EV), H3.1Loop,

or H3.1poly(A) were stained with PI.

(B) Flow cytometry analysis of the cells stained with antibodies specially against phosphorylated H3S10 (H3S10p) to

monitor M phase cells.

(C) The experiment shown in (A) and (B) was repeated three times, and statistical analysis on the data was performed. The

plot was represented as the percentage of cells in each cell cycle phase, polyploid/aneuploid cells, or H3S10p positive

cells. The data shown are the mean G S.D. from experiments performed in triplicate. Student’s t test was applied for

statistical significance: **p < 0.01.

(D–G) Giemsa-stained spread chromosomes from BEAS-2B cells transfected with EV, H3.1poly(A), or H3.1Loop plasmid.

(D) Metaphase spread from control cells showing normal chromosome spread (scale bar, 5 mm). (E) Metaphase spread

from H3.1poly(A) cells showing abnormal chromosome spread (scale bar, 5 mm), including chromatid break (a), deletion

(b), dicentric chromosome (c), triradial chromosome (d) etc. (F) Metaphase spread from H3.1Loop cells showing mostly

normal chromosome spread (scale bar, 5 mm). (G) Quantification of frequency of chromosome aberration after BEAS-2B

cells were transfected with EV, H3.1poly(A), or H3.1Loop plasmid. The plot was represented as the rate of aberrations per

60 chromosome spreads for each cell line. The table was represented as the ratio of different types of aberration per 60

chromosomes for each cell line.
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(Buschbeck and Hake, 2017; Jang et al., 2015; Shi et al., 2017; Soria et al., 2012; Szenker et al., 2011; Talbert

and Henikoff, 2010). Moreover, H3.3-knockout mice were embryonically lethal and displayed severe chro-

mosomal aberrations (Bush et al., 2013; Jang et al., 2015), suggesting that disruption of H3.3 assembly

might be a significant contributor to arsenic carcinogenesis. H3.3 was knocked down to assess effects

on anchorage-independent cell growth. Both H3.3 mRNA levels (Figure 6A) as well as protein (Figure 6B)

were reduced by transfection of two different types of H3.3 siRNAs in BEAS-2B cells compared with control

siRNA. Soft agar growth showed that knocking down histone H3.3 enhanced colony formation (Figure 6C).

To address whether the effect of H3.3 knockdown and arsenic treatment was additive or synergistic in

causing cell transformation, we performed soft agar assays with H3.3 siRNA and control siRNA cells in

the presence and absence of arsenic. In the case of H3.3 siRNA 1, the effect of H3.3 knockdown plus arsenic

equaled the individual effects combined, whereas with H3.3 siRNA 2, the effect was obviously greater than

the individual responses combined (Figure S5). Given that H3.3 siRNA 1 alone increased colony formation

in soft agar by more than two-fold versus H3.3 siRNA2 (Figure S5), if the effect of H3.3 knockdown and

arsenic is additive or synergistic appeared to be depending on the extent of the individual effect of

H3.3 knockdown.

A

B

C

D E

Figure 6. Ectopic Expression of H3.3 Attenuates Arsenic-Induced Anchorage-Independent Cell Growth

(A–C) Knockdown of H3.3 facilitates colony formation of BEAS-2B cells on soft agar. (A) RT-qPCR analysis of H3.3 mRNA

levels in BEAS-2B cells after 48-h transfection with control (Ctrl) siRNA or with two distinct siRNAs for H3.3. (B) Western

blot using indicated antibodies. (C) Soft agar assays. The cells were grown in soft agar for 6 weeks. The data shown are the

mean G S.D. (n = 3). Student’s t test was applied for statistical significance: **p < 0.01. See also Figure S5.

(D and E) Overexpression of H3.3 rescues arsenic-induced cell transformation. BEAS-2B cells were transiently transfected

with pcDNA-empty (EV) or with pcDNA-FLAG-H3.3 (FH3.3) in the presence or absence of 1 mM arsenic. (D) Western blot

using indicated antibodies. (E) Soft agar assays. The data shown are the mean G S.D. (n = 3). Student’s t test was applied

for statistical significance: *p < 0.05; **p < 0.01. See also Figure S6.
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To further examine whether inhibition of H3.3 assembly was the underlying defect in arsenic-induced cell

transformation, H3.3 was overexpressed (Figure 6D) to assess if this could have antagonized arsenic-

induced soft agar growth. Anchorage-independent cell growth increased following treatment of BEAS-

2B cells with arsenic for either 3 days at 1 mM or 1 week at 0.5 mM (Figure 6E). Overexpression of H3.3 atten-

uated arsenic-induced colony growth in soft agar (Figure 6E), suggesting that aberrant histone H3.3 assem-

bly is a significant contributor to arsenic transformation.

Polyadenylation of H3.1 mRNA and the inhibition of H3.3 assembly were critical for arsenic-induced cell

transformation. To further assess the importance of this pathway in arsenic carcinogenesis, SLBP was over-

expressed to examine if this could prevent arsenic transformation. BEAS-2B cells were stably transfected

with empty vector or SLBP-expressing plasmid. Western blot and RT-qPCR showed that the protein and

mRNA levels of SLBP were increased by about three-fold in cells expressing SLBP compared with the empty

vector (Figures S6A and S6B). Polyadenylated H3.1 mRNA increased after arsenic treatment in control cells,

but arsenic-induced polyadenylation was significantly reduced in the cells that expressed SLBP (Fig-

ure S6C). Similarly, overexpression of SLBP inhibited arsenic-induced anchorage-independent growth (Fig-

ure S6D), indicating the essential role for SLBP depletion/H3.1 mRNA polyadenylation/disruption of H3.3

assembly in arsenic transformation.

Gain of Polyadenylated H3.1 mRNA by Arsenic Exposure In Vivo

To determine whether arsenic is able to reduce SLBP and alter canonical histone H3.1 mRNA processing

in vivo, SLBP and polyadenylation of H3.1 mRNA were measured in male A/J mice exposed to arsenic

(0, 100, and 200 mg/L) by oropharyngeal aspiration every other day for 1 week. Lung tissues were collected,

and RT-qPCR was first employed to measure H3.1 polyadenylation and SLBPmRNA after arsenic exposure.

RT-qPCR showed that polyadenylated H3.1 mRNA was elevated with increasing arsenic exposure (Fig-

ure 7A). A reduction in SLBP mRNA was observed most significantly in the 200 mg/L treatment group (Fig-

ure 7B). Western blot analysis further demonstrated a downward trend in SLBP protein levels with arsenic

exposure (Figure 7C). SLBP is essential for processing of canonical histone pre-mRNA, thus loss of SLBP

caused polyadenylation of canonical histone mRNAs in vivo. The notion that loss of SLBP and gain of poly-

adenylated H3.1 mRNA were detected in mice exposed to arsenic suggests a potential role for polyade-

nylation of canonical histone H3.1 mRNA in arsenic-induced toxicity and carcinogenesis in vivo.

DISCUSSION

We have demonstrated that arsenic exposure induces polyadenylation of canonical histone H3.1 mRNA

in vivo and that polyadenylated H3.1 mRNA causes chromosome instability and cell transformation by dis-

placing histone H3.3 from critical genomic loci.

The polyadenylation of H3.1 mRNA increased cellular H3.1 protein, resulting in excess H3.1 not only during

S phase but also at other cell cycle phases (Brocato et al., 2014). Although H3.1 was incorporated into the

chromatin exclusively by the replication-dependent chromatin assembly factor 1 (CAF-1) complex, many

histone chaperones such as HIRA, DAXX, and DEK have been identified as H3.3-specific histone

A B C

Figure 7. Gain of Polyadenylated H3.1 mRNA and Loss of SLBP by Arsenic Exposure In Vivo

(A–C) A/J mice were treated with NaAsO2 via oropharyngeal aspiration every other day for one week. Lung tissues were

collected and mRNA or protein levels were analyzed by RT-qPCR (A and B) or Western blot (C). GAPDH and b-actin were

used as a loading control for qPCR andWestern blot, respectively. The data are shown for each individual mouse. Relative

protein levels were calculated based on band intensity. Error bars represent S.D. (n = 8). Student’s t test was applied for

statistical significance: *p < 0.05.
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chaperones for replication-independent H3.3 assembly (Burgess and Zhang, 2013; Buschbeck and Hake,

2017; Szenker et al., 2011). CAF-1 complex is composed of three subunits, i.e., p150, p60, and p48. Whereas

p150 is specific for H3.1, p60 and p48 exist in HIRA complex as well (Tagami et al., 2004). Thus, excess H3.1

protein might increase the association of H3.1 with CAF-1, including histone chaperones p60 and p48,

which may result in shortages of these two chaperones available for HIRA, decreasing the interaction be-

tween H3.3 and HIRA complex, thereby compromising H3.3 assembly. Another scenario would be that

excess H3.1 protein during M phase may directly compete with H3.3 variant for deposition onto genomic

loci with higher H3.3 turnover. This appears to be possible since the overexpression of canonical H3.1

increased replication-independent H3.1 assembly outside of S phase in flies (Sakai et al., 2009). Moreover,

a study showed that altering the ratio of H3.1 to H3.3 by increasing H3.1 protein resulted in replacement of

H3.3 with H3.1 in regulatory regions of skeletal muscle cells (Harada et al., 2015). Inhibition of H3.3 assembly

did not appear to result from downregulation of H3.3-specific chaperones based on RNA-seq data (not

shown). However, we cannot rule out the possibility that posttranslational modifications of H3.3 could

be altered indirectly by H3.1 polyadenylation, contributing to altered assembly of H3.3 into nucleosomes.

The reduction of H3.3 (FLAG-tagged) at these genomic loci was not due to the downregulation of FLAG-

H3.3 expression, because (a) FLAG-tagged H3.3 protein levels were not decreased after transfection of

H3.1poly(A) plasmid (Figure S2), and (b) FLAG-H3.3 levels were not decreased at all the genomic loci

tested, but in fact, were slightly increased in the promoters of silenced genes (Figure 3E). In addition,

although H3.3 displacement was more likely to occur in promoters of highly expressed genes as well as

genes whose promoters were enriched with H3.3 (Figures 3D and 3E), a direct relationship between the

extent of H3.3 loss and gene downregulation was not found (not shown). Therefore, the H3.3 reduction

was not likely a secondary event following transcriptional downregulation by H3.1 polyadenylation.

Displacement of H3.3 from critical genomic loci would have significant impact on carcinogenesis. H3.3 depletion

resulted in cell death and mitotic defects, leading to karyotypical abnormalities such as lagging chromosomes,

aneuploidy, and polyploidy (Jang et al., 2015). H3.3-knockout mice exhibited early embryonic lethality (Bush

et al., 2013; Jang et al., 2015). Moreover, recent studies have directly linked histone variant H3.3 to oncogenesis.

Sequencing studies revealed a high frequency of mutations in H3.3 genes in several cancers including pediatric

high-gradeglioblastoma andbone tumors (Loweet al., 2019; Schwartzentruber et al., 2012;Wuet al., 2012; Yuen

and Knoepfler, 2013). Downregulation of H3.3 expression in adult glioblastoma disrupted chromatin organiza-

tion and promoted cancer stem cell properties (Gallo et al., 2015). Besides mutation and transcriptional down-

regulation, disruption of the H3.3 assembly was also implicated in cancers (Elsasser et al., 2011; Heaphy et al.,

2011; Jiao et al., 2011; Schwartzentruber et al., 2012; Sturm et al., 2012; Wu et al., 2012). For example, somatic

mutations in the DAXX and ATRX, the histone chaperones for H3.3 deposition at telomeric and pericentromeric

regions, were identified in pediatric glioblastoma tumors (Dyer et al., 2017; Mahmud and Liao, 2019; Newhart

et al., 2013; Sarai et al., 2013). Forty-three percent of pancreatic neuroendocrine tumors (PanNETs) had muta-

tions in genes that encode ATRX and DAXX (Heaphy et al., 2011). A DAXX missense mutation was observed

in acute myeloid leukemia (Ding et al., 2012). Mutation of DEK significantly reduced H3.3 loading in human

myeloid leukemia patients (Sawatsubashi et al., 2010; Soekarman et al., 1992). These studies indicated an asso-

ciation between disruption of H3.3 assembly and cancer. Arsenic-induced polyadenylation of canonical H3.1

mRNA led to inhibition of H3.3 assembly at critical genomic loci by disrupting the stoichiometry of replica-

tion-dependent and -independent histones, causing chromosomal instability. Interestingly, incorporation of

H3.1/H3.2 has recently been shown to be reduced by metastasis inducers, triggering deposition of H3.3 into

chromatin, which is essential for tumor progress (Gomes et al., 2019). These data suggest that histone variant

H3.3 participates in different stages of cancer by differential mechanisms.

Appropriate histone stoichiometry is essential for maintaining genomic integrity. Histone stoichiometry

could be altered by either decreased or increased protein levels for a particular histone gene. It has

been relatively well known that decreases in histone protein level can induce genomic instability by facil-

itating chromatin accessibility (Gossett and Lieb, 2012; Han et al., 1987; Kim et al., 1988; Wyrick et al.,

1999). The mechanisms that underlie genomic instability induced by increased amounts of histones have

not been well studied (Meeks-Wagner and Hartwell, 1986; Singh et al., 2010). Our present study demon-

strates that upregulation of canonical histone protein induces chromosome instability by displacing their

specific replacement histones from critical genomic loci in mammals.

In Drosophila, SLBP depletion led to polyadenylation of all core histones (Lanzotti et al., 2002; Sullivan et al.,

2001, 2009), implicating that mRNAs for other canonical histones besides H3.1may also be polyadenylated by
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arsenic. In fact, RT-qPCR results showed that the levels of polyadenylated mRNAs for H2A, H2B, H3.2, and H4

were increased by arsenic (Figures S7A–S7E). The protein levels for H2A, H2B, total H3, and H4 were also up-

regulated by arsenic (Figures S8A–S8E). The increase in canonical histone proteins other than H3.1 may also

affect chromatin assembly and structure. However, the impact of polyadenylation of canonical histone H3

mRNAs is likely to be the most significant. H3.3 seems to be the only histone variant that serves as a ‘‘replace-

ment histone.’’ For example, over a lifespan of the mouse, H3.3 replaces canonical H3 and becomes the pre-

dominant H3 protein in nondividing cells. Although histone H2A has several variants, such as H2A.X, H2A.Z,

and macroH2A, they are not likely serving as ‘‘replacement histones.’’ Based on the work from Marzluff’s

group, a subset of canonical histone genes was expressed independently of DNA replication as polyadeny-

latedmRNAs and likely served as ‘‘replacement histones’’ for the H2A, H2B, andH4 in terminally differentiated

cells (Lyons et al., 2016). The implication of these observations is that althoughmRNAs for all canonical histone

genes were polyadenylated by arsenic treatment and produced more respective proteins, increased canon-

ical H3 proteins, i.e., H3.1 and H3.2, may have a greater impact on chromatin structure because they can

displace the ‘‘replacement histone’’ H3.3, which has distinct roles that differ from canonical H3.1 and H3.2.

A marked increase in polyadenylated mRNA for H3.1 in arsenic-transformed BEAS-2B clones, but not in chro-

mium (VI)-transformed BEAS-2B, has been reported (Brocato et al., 2014). Depletion of SLBP and increase in

polyadenylated H3.1 mRNA was also observed following nickel treatment, whereas polyadenylation of H3.1

mRNA was not evident in cadmium-exposed cells (Jordan et al., 2017). These data suggest that the polyade-

nylation of canonical histone mRNAs is targeted by certain metals. Because both arsenic and chromium (VI)

induce oxidative stress, it is unlikely that oxidative stress caused polyadenylation of canonical histone mRNAs.

SLBP depletion was a key factor for arsenic-induced polyadenylation of canonical histones, because the tran-

scription of other genes involved in canonical histonemRNA processing, including U7 snRNP (LSM10), CPSF2,

3, XRN2, and ZNF473, was not changed by arsenic exposure (Brocato et al., 2014). Arsenic- and nickel-induced

SLBP depletion was epigenetically regulated by its promoter and also by proteasomal degradation. It would

be important to identify which histone-/DNA-modifying enzymes or protein kinases/phosphatases were

involved in regulating arsenic-induced SLBP depletion (Djakbarova et al., 2016; Koseoglu et al., 2008; Zhang

et al., 2014). Arsenic was able to release zinc from proteins that contain 3-cysteine or 4-cysteine zinc finger mo-

tifs, thereby changing protein structures and enzyme activities (Zhou et al., 2011), whereas nickel inhibits enzy-

matic activities of dioxygenases such as histone demethylase JMJD1A by replacing the ferrous iron in the cat-

alytic centers (Chen et al., 2010). Therefore, it would be interesting to examine if the above-characterized

enzymes contain zinc finger motif or require iron for their activity.

In summary, arsenic-induced polyadenylation of canonical histone H3.1 mRNA displaces H3.3 variant from pro-

moters, enhancers, and insulator regions, resulting in transcriptional deregulation, cell-cycle arrest, genomic

instability, and tumor formation in nude mice. Polyadenylation of canonical histone H3.1 and disruption of

H3.3 assembly has been described as an important mechanism for arsenic-induced carcinogenesis. This finding

also sheds light on the oncogenic role for H3.3. In addition, a perspective on genomic instability induced by al-

terations of histone stoichiometry has been uncovered. In the future, studies should address towhat extent poly-

adenylation of canonical histones accounts for the effects of arsenic and by what mechanisms arsenic induces

SLBPdepletion and increasedH3.1 displacesH3.3 at regulatory regions. The findings from these studies will pro-

vide a potential therapeutic and preventive target for arsenic-induced cancers.

Limitations of the Study

Although our study is relatively complete using cell culture models, it would be strengthened by showing

that polyadenylation of H3.1 mRNAs causes cancer in an animal model by making a transgenic mouse that

expresses polyadenylated H3.1 mRNAs.

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Max Costa (max.costa@nyulangone.org).

Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact without restriction.
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Data and Code Availability

All sequencing data created during this study are available at NCBI GEO (https://www.ncbi.nlm.nih.gov/

geo/) under the accession number GSE135637 (gse:GSE135637).

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101518.
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Figure S1, related to Figure 2. Polyadenylation of canonical histone H3.1 mRNA enhances
anchorage-independent growth of HEK 293 and PZ-HPV-7 cells
Soft agar assays were performed with HEK 293 cells (A) and PZ-HPV-7 cells (B) transiently
transfected with the empty vector (EV), H3.1poly(A) or H3.1Loop. Approximately 5,000 cells were
resuspended and seeded in the media with 0.35% agar over a 0.5% agar base layer in each well
of a 6-well plate. After a two- (HEK 293) or four-week (PZ-HPV-7) culture, the colonies were
stained by INT/BCIP solution and quantified by the ImageJ software. The number of colonies were
adjusted with plating efficiency and adjusted number for the EV control was set to 1. The data
shown are the mean ±S.D. (n=3). Student’s t test was applied for statistical significance: * p<0.05;
** p<0.01.
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Figure S2, related to Figure 3. The level of FLAG-tagged H3.3 is not changed by ectopic
expression of H3.1poly(A)
(A and B) pcDNA-Empty (EV), pcDNA-H3.1Loop (H3.1Loop), or pcDNA-H3.1Poly(A) (H3.1poly(A))

vector was stably transfected into BEAS-2B FLAG-H3.3 cells separately. (A) RT-qPCR results. Total

RNA was extracted from each cell lines. mRNA was converted to cDNA using oligo dT primers.

Polyadenylated H3.1 mRNA levels were then measured by quantitative PCR. Relative mRNA levels

were normalized to Actin as an internal control. The data shown are the mean ±S.D. (n=3). Student’s t

test was applied for statistical significance: * p<0.05. (B) Western blot results. Ectopic expression of

polyadenylated H3.1 mRNA did not affect ectopic expression of FLAG-H3.3.
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Figure S3, related to Figure 3. Overexpression of polyadenylated H3.1 mRNA displaces histone
variant H3.3 from critical gene regulatory elements
Profile of FLAG-H3.3-containg nucleosomes across the transcription start sites (TSSs) for 2,000 highly
active genes (activate promoters) (left), DNase I hypersensitive sites (enhancers) (middle), or CTCF-
binding sties (insulators) (right) are shown. ChIP signal (solid line) and Input signal (dot line) are
presented separately. In the control cells (blue), FLAG-H3.3 was enriched at active TSSs, enhancers,
and insulators, respectively. The levels were greatly reduced by the ectopic expression of
polyadenylated H3.1 mRNA (green).
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Figure S4, related to Figure 4. RNA-Seq analysis of H3.1poly(A) down-regulated genes
(A) Illustrations of top diseases and disorders associated with 328 poly(A)-specific down-regulated genes.

(B) Illustrations of top upstream regulators associated with 328 poly(A)-specific down-regulated genes.

(C) Illustration of top canonical pathway on 328 poly(A)-specific down-regulated genes.

(D) Illustration of top networks associated with 328 poly(A)-specific down-regulated genes.
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Figure S5, related to Figure 6. Knockdown of H3.3 promotes arsenic-induced anchorage-
independent cell growth
BEAS-2B cells were transfected with control (Ctrl) siRNA or with two distinct siRNAs for H3.3 in the
presence or absence of 1 µM arsenic. Ninety-six hours after the arsenic treatment, the cells were
plated in 0.35% soft agar and cultured for 4 weeks. The data shown are the mean ±S.D. from
experiments performed in triplicate. Student’s t test was applied for statistical significance: * p<0.05 (+)
arsenic vs. (-) arsenic, ** p<0.01; & p<0.05 H3.3 siRNA vs. Ctrl siRNA without arsenic, && p<0.01; and
## p<0.01 H3.3 siRNA vs. Ctrl siRNA with arsenic.
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Figure S6, related to Figure 6. SLBP overexpression rescues arsenic-induced cell transformation
(A) BEAS-2B cells were stably transfected with pcDNA-empty (EV) or with pcDNA-SLBP (SLBP)
plasmid. Western blot was performed using the indicated antibodies. The bar graph shows relative
quantification of SLBP levels normalized to b-actin. The data shown are the mean ±S.D. (n=3). Student’s
t test was applied for statistical significance: * p<0.05.
(B) mRNA levels of SLBP were analyzed by RT-qPCR and were normalized to b-actin. Data are mean
±S.D. (n=3). Student’s t test was applied for statistical significance: * p<0.05.
(C) RT-qPCR analysis of polyadenylated H3.1 mRNA level. mRNA levels for H3.1 were normalized to b-
actin. The data shown are the mean ±S.D. (n=3). Student’s t test was applied for statistical significance: *
p<0.05.
(D) Soft agar assays. The data shown are the mean ±S.D. (n=3). Student’s t test was applied for
statistical significance: * p<0.05.
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Figure S7, related to Figure 7. Arsenic induces mRNA polyadenylation of all canonical
histones
(A-E) BEAS-2B cells were treated with 1 µM arsenic for 96 hours. Relative polyadenylated mRNA
levels of H2A (A), H2B (B), H3.1 (C), H3.2 (D), and H4 (E) were determined by RT-qPCR with
oligo(dT) primers. Values are presented as mean ±S.D. from the experiments performed in triplicate.
Student’s t test was applied for statistical significance: * p<0.05.
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Figure S8, related to Figure 1C. Arsenic induces canonical histone protein elevation
(A) Arsenic treated BEAS-2B cells were lysed and immunoblotted against β-actin, H2A, H2B, H3, or H4, 

separately.

(B-E) The bar graphs show relative quantification of canonical histone levels normalized to β-actin. The 

data shown are the mean ±S.D. from the experiments performed in triplicate. Student’s t test was 

applied for statistical significance: *p<0.05.
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Transparent Methods 
 
Cell Lines 
Immortalized human bronchial epithelial (BEAS-2B) cells were obtained from the American Type 
Culture Collection (ATCC, Manassas, VA). BEAS-2B cells were adapted to serum growth 
immediately after purchase and have been carefully maintained at below confluent density. The 
cells were recently tested by Genetica DNA Laboratories and found to be 100% authentic against 
a reference BEAS-2B cell line (Burlington, NC). Cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM, Invitrogen, Grand Island, NY) supplemented with 1% 
penicillin/streptomycin (GIBCO, Grand Island, NY) and 10% heat-inactivated fetal bovine serum 
(FBS, Atlanta Biologicals, Lawrenceville, GA). All cells were cultured in a 37°C incubator 
containing 5% CO2. BEAS-2B cells were authenticated by Genetica DNA Laboratories 
(Burlington, NC) on July 22, 2015. Cells were matched 100% to 15 short tandem repeat (STR) 
loci and amelogenin to the reference profile of BEAS-2B (ATCC CRL-9609). For arsenic 
exposure, cells were treated with sodium meta-arsenite (NaAsO2, Sigma, St. Louis, MO) with 
doses ranging from 0 to 2 µM for 0 to 96 hr. 
        Human papillomavirus transformed prostate epithelial cell line PZ-HPV-7 was obtained from 
the ATCC. Cells were cultured in Keratinocyte Serum Free Medium (K-SFM) (GIBCO, Grand 
Island, NY), supplemented with 0.05 mg/ml bovine pituitary extract (BPE) and 5 ng/ml human 
recombinant epidermal growth factor (EGF), as well as 1% penicillin/streptomycin solution 
(GIBCO, Grand Island, NY), in a 37°C incubator containing 5% CO2. Human embryonic kidney 
cell line HEK293 was obtained from the ATCC. Cells were cultured in DMEM (Invitrogen, Grand 
Island, NY) supplemented with 1% penicillin/streptomycin (GIBCO, Grand Island, NY) and 10% 
fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) in a 37°C incubator containing 5% 
CO2. 
 
Animals, arsenic exposure, and sample collection 
7-week-old male A/J mice (SPF grade) were purchased from Jackson Laboratories (Bar Harbor, 
ME) and maintained at the New York University School of Medicine animal facility under 
standard environmental conditions (22 °C, 40-70% humidity, and a 12:12-hour light: dark cycle). 
All mice were handled in accordance with NIH and Institutional Animal Care and Use Committee 
(IACUC) guidelines. A purified rodent diet was provided. The mice were observed for one week 
before the start of the experiment. Sodium arsenite solutions were prepared at 0, 100, and 200 µg/L 
concentrations, and were given to mice (n=8 for each dose) via oropharyngeal aspiration every 
other day for 1 week. In brief, 100 µl of a solution was placed at the back of the tongue of an 
anesthetized mouse for aspiration into the lung in a Biosafety Level II containment facility. 
Aspiration is considered the best way to get uniform distribution of the soluble carcinogens to all 
parts of the lung. Post-treatment, the mice were sacrificed by CO2 and lung tissues were extracted. 
Protein lysates were extracted using boiling buffer and analyzed for SLBP levels using Western 
blotting using β-actin as internal control. RNA was extracted using standard Trizol protocol and 



 2 

analyzed for H3.1 poly(A) and SLBP mRNA using qPCR using GAPDH as loading control. All 
procedures were conducted in compliance with New York University’s guidelines for ethical 
animal research and the Declaration of Helsinki. 
 
Xenograft tumor model 
18 Athymic NCr-nu/nu (5-6-week-old) mice were obtained from the National Cancer Institute 
(NCI, Frederick, MD) and housed in a pathogen-free facility for all experiments. A total of 5 
million control or H3.1poly(A)-transfected cells were suspended in 0.1 mL PBS and 
subcutaneously injected into each side of the femoral area of the same mouse.  Each mouse was 
injected on one side with control and the other with H3.1-transformed cells to ensure the same 
biological environment. Each cell line was subcutaneously injected into three mice, in triplicates. 
Tumor growth and overall health of the mice were monitored once a week. At 5 months post-
injection, the mice were sacrificed by CO2 euthanization and the tumors were extracted by standard 
surgery for determination of tumor weight. Cut-off weight for tumor weight was 0.1g. Tumor size 
was measured using calipers at the indicated times. The tumor volume was calculated according 
to the formula: volume = length*(width2)/2. Graphs illustrating tumor number, weight, and volume 
were generated using Prism 7 7.0e (GraphPad Software). Animal experiments in the present study 
were performed in compliance with the guidelines of The Center for Laboratory Animal Research, 
New York University School of Medicine. 
 
Plasmids and Cell Transfection 
pcDNA3.1-H3.1-poly(A) and pcDNA3.1-FLAG-H3.1-poly(A) plasmids were previously 
constructed in our lab. A 110 bp DNA fragment of H3.1 gene containing the stem loop sequence 
and 5′ and 3′ linker sequences for sub-cloning into the XbaI and ApaI sites were amplified by PCR 
using the human genomic DNA as a template. The fragment was inserted into the pcDNA3.1-
H3.1-poly(A) plasmid to obtain pcDNA3.1-H3.1-Loop plasmids. Transfections were carried out 
using PolyJet (SignaGen, Rockville, MD) according to the manufacturer’s instructions. 
pcDNA3.1-empty vector was used as the control. Primers: forward 5′-
CTAGTCTAGAGTCTGCCCGTTTCTTCCTC-3′; reverse5′-
CCGGGCCCAAACTAACATAGACAACCGA-3′.  
Control short interfering RNA (siRNA) or two distinct siRNAs for H3.3 (H3.3 siRNA1 and H3.3 
siRNA 2) (Sigma, St. Louis, MO) were transfected into BEAS-2B cells to knock down H3.3 
expression. Transfections were carried out using LipoJet (SignaGen, Rockville, MD) according to 
the manufacturer’s instructions. 
pcDNA-FLAG-SLBP plasmids were purified using a Qiagen QIAprep Spin Midiprep kit prior to 
transfection. Overexpression transfections were performed using Lipofectamine® LTX Reagent 
with PLUS reagent (Invitrogen, Grand Island, NY) following the manufacturer’s protocol. Briefly, 
150,000 cells were seeded into 6-well dishes 24 hours prior to transfection. The following day, 1 
µg of purified plasmid was transfected into each well using 10 µL of Lipofectamine LTX and 2.5 
µL of PLUS reagent per transfection. 24 hours post-transfection, the media was removed and 
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replaced with fresh DMEM. After three days, 0.5 µg/ml of G418 selection agent was added to the 
transfected cells. The cells were grown under selection for three weeks and harvested for western 
blot and qPCR analysis. 
 
Antibodies 
Name Source Catalog Number 
Histone H3  Abcam ab1791 
SLBP  Abcam ab 181972 
β-actin Abcam ab8226 
Histone H3.3 Invitrogen MA5-24667 
Histone H4  Millipore 07-108  
Histone H2A Millipore 07-146 
Histone H2B Millipore 07-371 
FLAG  Sigma F3165 
 
Western blotting 
Cells were lysed with boiling buffer (1% SDS, 10 mM Tris (pH 7.4), 1 mM sodium orthovanadate) 
and 50 µg of whole cell lysate were separated by 12% SDS-PAGE and transferred to a PVDF 
membrane. After blocking in 5% skim milk in TBST for 1 h at room temperature, the membrane 
was incubated with primary antibodies overnight at 4 °C, and then probed with HRP labeled 
secondary antibody (1:2000) for 1 h at room temperature before the visualization by the 
chemiluminescence. Quantification of immunodetected proteins was performed using Image J 
software. 

 
RNA Isolation and Quantitative Real-time PCR 
Total RNA was extracted using TRIzol (Invitrogen, Grand Island, NY) and subsequently 
synthesized into single-stranded cDNA using ProtoScript® II First Strand cDNA Synthesis Kit 
(New England BioLabs, Ipswich, MA) in accordance with manufacturer’s instructions. 1µg of 
RNA in a final volume of 20 µl. Quantitative real time PCR analysis was performed using Power 
SYBR Green PCR Master Mix (Qiagen) on the ABI PRISM 7900HT system. All experiments 
were performed in triplicates. Relative gene expression levels were normalized to either Tubulin 
or GAPDH expression. The results were presented as fold change to the level expressed in control 
cells.  
Primers Used 

Gene ID Primer Sequence 

H3.1c 
Forward 5′-AAATCGCCCAGGACTTCAAA-3′ 
Reverse 5′-TCCTGCAGCGCCATCAC-3′ 

H2Aa1 
Forward 5′-CACCATAAAGCCCAAAGCAAGTA-3′ 
Reverse 5′-GACGGTAGGTGGCTCTGAAAAG-3′ 

H2Bd1 Forward 5′-CTCAGAAGAAGGACGGGAAGAA-3′ 
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Reverse 5′-CGGGATGGACCTGCTTCA-3′   

H3.2c 
Forward 5′-GTCCACGGAGCTGCTGAT 
Reverse 5′-GCAGGTCCGTCTTAAAGTC-3′ 

H4D 
Forward 5′-TCCGCGATGCTGTCACCTA 
Reverse 5′-TCCATGGCTGTGACTGTCTTG-3′  

SLBP 
Forward 5′-CAGTCTTGCCACAACTTCAATC-3′ 
Reverse 5′-ATGGAGCCGATTATGAGAACAC-3′ 

Tubulin 
Forward 5′-CGGCTGAATGACAGGTATCCTAAG -3′ 
Reverse 5′-CTCGTCCTGGTTGGGAAACA -3′ 

GAPDH 
Forward 5′-TGCACCACCAACTGCTTAGC-3′ 
Reverse 5′-GGCATGGACTGTGGTCATGA-3′ 

 
RNA stability assay 
Actinomycin D can inhibit transcription in vivo and is a simple method to measure mRNA kinetics. 
1x105 cells were counted for each well of a 6-well plate. After seeding, cells were treated with 
Actinomycin D (Invitrogen, Grand Island, NY) at 10 µg/ml for the indicated time (0, 0.5, 1, 2, 3, 
5 h). The cells were then washed by PBS twice and collected by TRI-reagent and subjected to 
RNA extraction and RT-qPCR analysis of exogenous H3.1 mRNA expression. The primers 
designed for detection of exogenous H3.1 on the vector are as follows: Forward: 5′-
TCCAGTGTGGTGGAATTCTG-3′; Reverse: 5′-GCTCTTACGGGCTGCTTTA-3′. 
 
DNA extraction and ddPCR 
DNeasy Blood & Tissue (Qiagen, Austin TX) kit was used to extract DNA from cells. 5x106 cells 
of each cell type (BEAS-2B cells stably overexpressing H3.1poly(A), H3.1Loop, and the empty 
vector control) were harvested and centrifuged for 5 min at 300 g, and resuspended in 200 µL PBS. 
20 µL proteinase K and 200 µL of Buffer AL were added in and samples were incubated for 10 
min at 50°C. 200 µL ethanol (100%) was added to the samples and passed through a DNeasy mini 
spin column for 1 min at 6000 g. The columns containing sample DNA were washed with AW1 
and AW1 buffer, respectively, and the final product was eluted using AE buffer.  
        Copy number of exogenous H3.1 in the extracted DNA of BEAS-2B cells stably 
overexpressing histone H3.1poly(A) and H3.1Loop was detected using QX200 Droplet Digital 
PCR System (Bio-Rad) in the Genome Technology Center Core at NYU Langone Health. Primer-
probes for exogenous H3.1 (FAM-tagged) were designed spanning the H3.1 start codon site on the 
vector (sequence shown below); for ribonuclease P/MRP 30kDa subunit (RPP30, Hex-tagged) 
were obtained from Bio-Rad (validated; dHSACP1000485). DNA was digested using HindIII 
according to the manufacturer’s instructions (NEB R0104S). For each reaction, 10 ng of restriction 
digested DNA was mixed with 1X ddPCR Supermix for probes (Bio-Rad) and primer probes for 
both H3.1 and RPP30 to a final volume of 20 µL, as recommended by Bio-Rad. Reactions without 
any DNA template were also run as a control on every PCR plate. Following emulsion generation 
on the QX200 Automated Droplet Generator (Bio-Rad), the samples in a 96-well PCR plate were 
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heat-sealed with foil, and amplified in a thermal cycler for 40 cycles with an annealing temperature 
of 58 deg Celsius. Post PCR, the droplets were read using QX200 Droplet reader (Bio-Rad) and 
CNVs were determined using the QuantaSoftTM Software version 1.7 (Bio-Rad). The primers 
designed for exogenous H3.1 on the vector are as follows: Forward-
ACTAGTCCAGTGTGGTGGAA; Reverse-GGTAGACTTGCGAGCTGTTT; and Internal probe: 
TATCCAGCACAGTGGCGGCC. 
 
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 
The total RNA of treated cells was extracted using the Trizol reagent (Invitrogen, Grand Island, 
NY); 1 µg of RNA was reverse transcribed using the SuperScript IV First-Strand Synthesis System 
(Invitrogen, Grand Island, NY) following the manufacturer’s protocol. Amplification cycles were: 
95 °C for 5 min and then 30 cycles at 95 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s, followed by 
72 °C for 10 min. Aliquots of PCR products were checked by electrophoresis on a 2% agarose gel 
and the fragments were visualized by ethidium bromide staining.  
Primers Used 

Gene ID Primer Sequence 

H3.1 c 
Forward 5′-CGAAATCCGTCGCTACCAGA-3′ 
Reverse 5′-GCGCACAGATTGGTGTCTTC-3′ 

T7 Forward 5′-TAATACGACTCACTATAGGG-3′ 
BGH Reverse 5′-TAGAAGGCACAGTCGAGG-3′ 

 
Cell proliferation assay 
Cells were plated in 96-well plates at a density of 5x103 cells per well and incubated at 37°C in 5% 
CO2. At different time points (0, 1, 2, 3, 4, 5, 6, 7 days), the medium was replaced with 100 µl 
fresh medium containing 0.5 mg/ml 3-(4,5-dimethylthiazol-2-ul)-2,5-diphenyl tetrasodium 
bromide (MTT). Four hours after the addition of MTT, 100 µl of isopropanol containing HCL was 
added to each well to dissolve the crystals. Fluorescence was monitored using a microplate reader 
(Spectra Max M2, Molecular Devices) at a wavelength of 570 nm. Each experiment was performed 
eight times and repeated three times. Data was reported as mean ± SD. 
 
Anchorage independent growth assay 
Cells were rinsed with PBS to remove the metal from the media then seeded in low gelling 
temperature Agarose Type VII (Sigma Aldrich, St. Louis, MO). 5,000 cells were seeded in 
triplicate in 6-well plates in a top layer of 0.35% agarose onto a bottom layer of 0.5% agarose. 
BEAS-2B cells and PZ-HPV-7 were allowed to grow for four weeks until individual colonies were 
large enough to be selected from the agar. HEK293 cells were allowed to grow for two weeks. 
Colonies were picked from each treatment and control group. These colonies were grown out into 
monolayers for four weeks. After monolayer growth, cells were collected in Trizol for quantitative 
real-time PCR (RT-qPCR). A second set of plates was stained with INT/BCIP solution (Roche 
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Diagnostics, Indianapolis, IN) overnight for visualization and quantification of colony growth in 
agar, according to the manufacturer’s protocol. 

 
Flow cytometry 
For flow cytometry cell cycle analysis, the cells were fixed with 4% formaldehyde for 10 min at 
RT and permeabilized by adding cell suspension drop-wise into ice-cold 100% methanol with 
gentle vortexing to a final concentration of 90% methanol and incubated on ice for 30 min. 
Permeabilized cells were resuspended in FACS buffer (1xPBS, 1% BSA), stained with Alexa-488-
conjugated phospho-Histone H3 (ser10) (1:50, CST9708, Cell Signaling Technology, Danvers, 
MA) for 1 hr at room temperature in the dark. Then cells were counterstained with propidium 
iodide (Sigma-Aldrich, St. Louis, MO) for 30 min at room temperature in the dark. Stained cells 
were counted and analyzed via FACS Calibur flow cytometer (BD, Bioscience, San Jose, CA) and 
FlowJo (Ashland, OR). 
 
Transwell cell invasion assay 
For cell invasion analysis, Biocoat Matrigel® Invasion Chambers (Corning, Corning, NY) were 
incubated with DMEM containing 0.1% FBS at 37°C for 3 h. BEAS-2B cells were trypsinized, 
centrifuged, and washed to remove excess FBS. 5x104 cells were resuspended with 400 µL of 
DMEM containing 0.1% FBS. The cells containing DMEM with 0.1% FBS were seeded in wells 
containing DMEM with 10% FBS and grown for 24 h in a 37°C incubator containing 5% CO2. 

The migrated cells were fixed with 3.5% formaldehyde for 5 min at room temperature and 
subsequently incubated with methanol for 20 min. The wells were then incubated with 5% Giemsa 
solution overnight at room temperature and washed with water the next day for observation under 
the microscope.  

 
Chromosome spread analysis 
Transfected cells were arrested in metaphase by the addition of 0.1 µg/ml colcemid for 3 hr. The 
cells were trypsinized and collected by centrifugation at 1,000 rpm 5 min. Hypotonic treatment 
was accomplished with 0.075 M KCl at 37°C for 17 min, followed by fixation in 3:1 methanol–
acetic acid (three changes). Prepared cells were dropped on cold, wet slides, stained for 5 min in 
10% Giemsa (Sigma-Aldrich, St. Louis, MO) in pH 7.0 phosphate buffer and observed under the 
light microscope with oil lens. Chromosomes spreads were scored blinded according to the 
following criteria: deletions, breaks, dicentric, ring, trisome and etc. The results were represented 
as aberrations per 60 chromosome spreads. 
 
Nucleosome preparation, ChIP, and ChIP-seq 
Mono- and dinucleosomes were isolated by Micrococcal Nuclease (MNase) digestion and 
sucrose gradient purification as described (Jin and Felsenfeld, 2006). ChIP was performed using 
anti-FLAG M2 Affinity-gel (A2220, Sigma-Aldrich, St. Louis, MO) or anti-H3.3 antibody (MA5-
24667, Invitrogen) (Jin and Felsenfeld, 2007). ChIP-seq libraries were prepared using an Illumina 



 7 

TruSeq ChIP sample preparation kit (IP-202-1024, Illumina, San Diego, CA) according to the 
manufacturer’s protocol. Sequencing was performed either with the IIlumina HiSeq 2500 platform 
to obtain 50-nucleotide single end reads for FLAG ChIP at the NYULMC Genome Technology 
Center or with the Illumina HiSeq 4000 platform to get 2x150 bp paired-end reads for H3.3 ChIP 
by GeneWiz Inc. After sequencing, the Illumina reads were mapped to the human genome. 
Regions of enrichment were identified using MACS peak calling algorithm and GREAT database 
was used to annotate the aberrant enriched regions. 
 
RNA sequencing 
Total RNA from stable untagged H3.1poly(A) cells was converted into complementary DNA 
(cDNA) libraries using a Truseq RNA Sample Preparation V2 Kit (Illumina, San Diego, CA). 
Validation of library preparations was performed on an Agilent Bioanalyzer using the DNA1000 
kit. Library concentrations were adjusted to 4 nM, and libraries were pooled for multiplex 
sequencing. Pooled libraries were denatured and diluted to 15 pM and then clonally clustered onto 
the sequencing flow cell using the Illumina cBOT Cluster Generation Station and a TruSeq Paired-
End Cluster Kit v3-cBot-HS. Sequencing was performed on an Illumina HiSeq2500 Sequencing 
System using a TruSeq SBS Kit v3-HS.  
 
Statistical analysis 
Image J processing software (National Institutes of Health) was used to quantify western blotting 
gel intensities. All statistical significance was calculated and assessed using unpaired, 2 tailed t-
test, where * indicates p<0.05 and ** indicates p<0.01. 
 
DATA PROCESSING 
 
ChIP-seq data analysis 
Trim Galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to trim 
the raw sequence reads ($ trim_galore --phred33 --fastqc --clip_R1 5 --three_prime_clip_R1 3 
R1.fq -o OUTDIR). Reads were aligned to the human reference genome (GRCH38/hg38) using 
BWA (Li and Durbin, 2009) ($bwa mem -t 8 INDEX IN.fq > PRENAME.sam). SAM files were 
then converted into BAM format using samtools (Li et al., 2009) ($ samtools view -bS -q 1 -@ 8 
PRENAME.sam > PRENAME.bam). Bedtools was used to convert BAM files into BED format 
($bedtools bamtobed -i PRENAME.bam > PRENAME.bed). Only 1 copy of the redundant reads 
that were mapped to the exact same location in the genome was retained. All non-redundant reads 
from FLAG-tagged or untagged (FH3.3, FH3.3NT3.1, NTH3.1 etc.). ChIP-seq experiments were 
included for downstream analyses without peak calling. MACS2 (Zhang et al., 2008) was used to 
call peaks under the FDR threshold of 0.01 ($ macs2 callpeak --SPMR -B -q 0.01 --keep-dup 1 -g 
hs -t PRENAME.bam -n PRENAME --outidr OUTDIR) to identify putative insulators from CTCF 
ChIP-seq data. 
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RNA-seq data analysis 
RNA-seq data were processed using Salmon (Patro et al., 2017) ($ salmon quant --gcBias -i 
INDEX -l A -p 8 -r IN.fq -o OUTDIR). Transcriptome index was built on the human reference 
genome (GRCH38/hg38). Transcript-level abundance estimates were summarized to the gene-
level using the R package tximport(Soneson et al., 2015) for differential expression analysis. 
Differentially expressed genes (DEGs) were identified using DESeq2 (Love et al., 2014) by 
comparing transcriptomes in H3.1poly(A)-transfected cells and in empty vector-transfected cells 
as well as in H3.1Loop-transfected cells and in empty vector-transfected cells, with fold-change 
cutoffs at 1.2 (log2FC > 0.263 or log2FC < -0.263) and adjusted P-value cutoff of 0.1. Two groups 
of genes were focused in the analysis: (A) genes that are up-regulated in H3.1poly(A) but are either 
not differentially expressed in H3.1Loop or up-regulated in H3.1Loop with a low fold change 
(<0.9 in H3.1poly(A)), and (B) genes that are down-regulated in H3.1poly(A) but are either not 
differentially expressed in H3.1Loop or down-regulated in H3.1Loop with a low fold change (<0.9 
in H3.1poly(A)). 380 group A genes and 326 group B genes were identified respectively.  
 
DNase-seq data analysis 
DNase-seq data were processed using Chilin (Qin et al., 2016) with default parameters ($ chilin 
simple -p narrow [--pe] -s hg38 --threads 8 -t IN.fq -i PRENAME -o OUTDIR).  
 
Composite plot of ChIP-seq profiles at enhancers and insulators 
Putative enhancers were identified as top 10,000 shared MACS peaks in two A549 DNase-seq 
datasets (GSM736580, GSM736506) and are at least 2 kb away from any TSS. Insulators were 
identified as MACS peaks from CTCF ChIP-seq in BEAS-2B cell line (GSM1354438) and are at 
least 2 kb away from any TSS. Each ChIP-seq composite plot covers a region centered at the peak 
summits (2 kb for DNase-seq peaks, 1 kb for CTCF ChIP-seq peaks), and relative ChIP-seq signals 
(average RPKM in ChIP divided by average RPKM in chromatin input) per 20 bps bin were plotted 
accordingly.  
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