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Highlights
e Polyadenylation of canonical histone H3.1 mMRNA promotes anchorage-independent cell
growth and tumor formation in nude mice
e Histone variant H3.3 is displaced from critical gene regulatory el ements by
overexpression of polyadenylated H3.1 mRNA
e Increased polyadenylated H3.1 mRNA causes abnormal transcription, cell cycle arrest,
and chromosomal instability

e Arsenic induces polyadenylation of H3.1 mRNA in vivo
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Summary

Replication-dependent canonical histone messenger RNAs (mMRNAS) do not terminate with a
poly(A) tail at the 3’ end. We previously demonstrated that arsenic exposure induces
polyadenylation of canonical histone H3.1 mRNA in vitro. Here we report that ectopic
expression of polyadenylated H3.1 mRNA enhances anchorage-independent cell growth and
tumor formation in nude mice. Notably, polyadenylated H3.1 mRNA increases H3.1 protein
level, resulting in depletion of histone variant H3.3 at active promoters, enhancers, and insulator
regions. Moreover, polyadenylation of H3.1 mRNA causes transcriptional deregulation, G2/M
cdl cycle arrest, chromosome aneuploidy and aberrations. Importantly, arsenic is capable of
inducing high levels of H3.1 mRNA polyadenylation in vivo. We propose polyadenylation of
H3.1 mRNA and resulting displacement of H3.3 as a potential mechanism for arsenic-induced
carcinogenesis. Our study adds new insight into the importance of proper histone stoichiometry

in maintaining genome integrity.
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Introduction

Arsenic (As) is classified by the International Agency for Research on Cancer (IARC) as a group
1 human carcinogen. Inorganic arsenic is the number one global carcinogenic contaminant,
affecting more than 150 million people worldwide. Arsenic causes human lung, bladder, and skin
cancers (Mendez et a., 2017). Current evidence has also linked arsenic to cancers of the kidney,
liver, and prostate (Roh et al., 2017; Smith et al., 2018; Wang et al., 2014). Inorganic arsenicisa
weak mutagen whaose carcinogenicity has been attributed in part to epigenetic changes in post-
trandational modifications of histones. While remarkable progress has been made on the
interplay between histone modifications and cancer, understanding the role and mechanisms of
altered histone gene expression in cancer remains understudied.

Histone genes are highly conserved through evolution and vertebrates have retained
multiple copies. Humans and mice have 10-15 copies of each of the canonical histone genes that
code for histones H2A, H2B, H3, and H4, and six linker histone H1 in replication-dependent
histone gene clusters (Dominski and Marzluff, 1999). While replication-dependent histones,
referred to as canonical, constitute the majority of histone genes, various replication-independent
histone genes which encode variants have evolved. In human somatic cells, for example, at least
six variants of histone H3 (H3.3, CENP-A, H3.1T, H3.5, H3.X, and H3.Y) have been identified,
each of which retains distinct locus-specific properties and is unique in terms of gene and protein
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) do not terminate with apoly (A) tail at their 3' end (Marzluff et a., 2008). Instead,

canonical histone mRNAs terminate with a stem-loop structure, which is comprised of ahighly
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conserved 26-nucleotide sequence. This stem-loop structure is the binding site for Stem-loop
binding protein (SLBP), a critically important component for canonical histone pre-mRNA
processing and trandlation (Whitfield et al., 2000).

Presumably dueto the lack of apoly (A) tail at the 3' end, canonical histone mRNAs are
rapidly degraded at the end of S phase (Harris et al., 1991; Whitfield et al., 2000). However, in
the event that pre-mRNA processing is disrupted, for instance through loss of cellular SLBP,
canonical histone MRNAS are greatly stabilized by gaining apoly (A) tail, resulting in excess
canonical histone mRNA and protein. Thiswill likely disrupt the balance between canonical and
variant histones resulting in changes in chromatin landscape and function. Indeed, in Drosophila,
deletion and mutation of SLBP have been found to affect all five canonical histones (H1, H2A,
H2B, H3, and H4) mRNA processing and induce the expression of polyadenylated histone
MRNAs (Henikoff and Smith, 2015; Lanzotti et al., 2002; Sullivan et a., 2001; Sullivan et al.,
2009), resulting in genome ingtability. Our previous study revealed that exposure to arsenic
reduces cellular levels of SLBP through transcriptional silencing and enhanced proteasomal
degradation, resulting in the generation of polyadenylated H3.1 mRNA and an increasein H3.1
protein levels (Brocato et al., 2014). Overexpression of polyadenylated H3.1 mRNA enhanced
anchorage-independent cell growth (Brocato et al., 2015). However, the underlying mechanisms
remain not understood.

Deposition of canonical histone H3.1 is coupled with DNA replication and its expression
islargely limited to S phase of the cell cycle, while histone variant H3.3 is expressed throughout
the cell cyclein a DNA replication-independent manner and maintained during cell
differentiation (Brown et al., 1985; Green et al., 2005; Tagami et al., 2004; Wu et a., 1982;

Wunsch and Lough, 1987). Arsenic-induced addition of a polyadenylated tail stabilizes
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canonical histone H3.1 mRNA, allowing expression of H3.1 outside of S phase (Brocato et al.,
2014). H3.1 amino acid sequence differs by only 5 amino acids from H3.3 (Weber and Henikoff,
2014). It is conceivable that accumulated H3.1 during late S phase and other cell cycle phases
may directly or indirectly compete with and displace H3.3 from important genomic loci such as
promoters, enhancers, insulators aswell as telomeres and pericentric heterochromatin (Elsasser
et a., 2015; Goldberg et a., 2010; Jin and Felsenfeld, 2006; Jin et al., 2009; Mito et al., 2005;
Voon and Wong, 2016; Zink and Hake, 2016).

H3.3 has unique properties and functions, distinct from canonical histone H3 (Buschbeck
and Hake, 2017; Szenker et al., 2011). 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 a., 2015). Moreover, recent studies have directly linked histone variant H3.3 to
oncogenesis. Sequencing studies revealed a high frequency of mutationsin H3.3 genesin severd
cancer types including pediatric high-grade glioblastoma and bone tumors (Lowe et al., 2019;
Schwartzentruber et al., 2012a; Wu et al., 2012; Y uen and Knoepfler, 2013). Downregulation of
H3.3 expression in adult glioblastoma has been found to disrupt chromatin organization and
promote cancer stem cell properties (Gallo et al., 2015). Hence, displacement of H3.3 from
critical genomic loci could have significant impact on carcinogenesis.

This study investigates the role of arsenic-induced H3.1 mRNA polyadenylation in
carcinogenesis and the underlying mechanisms. In dissecting these effects, we have identified
polyadenylation of H3.1 mRNA and resulting displacement of H3.3 from critical genomic loci as

a potential novel mechanism for arsenic-induced carcinogenesis.
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Results
Polyadenylation of canonical histone H3.1 mRNA enhances anchor age-independent cell
growth and tumor formation in nude mice
Our previous study has demonstrated that arsenic induces polyadenylation of canonical histone
H3.1 mRNA, through depletion of SLBP in tissue culture models (Brocato et al., 2014). To study
the impact of arsenic-induced polyadenylation of canonical histone H3.1 mRNA on
carcinogenesis, we anayzed the effect of H3.1 mRNA polyadenylation on cell proliferation,
anchorage-independent growth, and tumor formation in nude mice. We first constructed the
H3.1poly(A) plasmid, containing a poly(A) signal immediately downstream of a H3.1 cDNA
fragment to express polyadenylated histone H3.1 mRNA (Figure 1A). Since antibodies against
H3 are not able to distinguish 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). Overexpression of both total and polyadenylated H3.1 mRNA was confirmed using
RT-gPCR (Figure 1B). The amount of 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 as compared with the control (compare lanes 1 and 2
in Figure 1C; 1.90+2.03/1.47=2.67 vs. 1/1=1), which is comparable to the two-fold increase
induced by arsenic exposure (Brocato et al., 2014). Thus, results obtained with the FH3.1poly(A)
plasmid are representative of arsenic-induced H3.1 polyadenylation.

Therate of cell proliferation was increased in BEAS-2B cells transfected with
FH3.1poly(A) plasmid compared to cells transfected with empty vector (Figure 1D). To assess

the degree of cell transformation, we tested the ability of BEAS-2B/FH3.1poly(A) cdlsto
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exhibit anchorage-independent growth in soft-agar. Consistent with previous results (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
corroborate the above in vitro findings, we collected soft agar clones formed by control and
FH3.1poly(A)-expressing BEAS-2B cells, respectively, and injected them into nude mice to
assess tumor formation. Juxtaposing the two groups, mice injected with FH3.1poly(A) cells
exhibited 50% tumor formation compared to 11% in the control group (Figure 1F). Moreover,
xenograft of FH3.1poly(A) celsin mice displayed significantly higher volume and weight than
the control (Figure 1G and H). Taken together, these data suggest that polyadenylation of H3.1

MRNA is able to promote tumor cell growth in nude mice.

I nsertion of a stem-loop sequence before the poly(A) signal attenuates cell transfor mation
induced by polyadenylation of H3.1 mMRNA

To examine whether acquisition of apoly(A) tail isthe determining factor for cell transformation
induced by transfection of FH3.1poly(A) plasmid, we constructed a plasmid H3.1Loop
containing a stem-loop sequence residing in front of the poly(A) signal (Figure 2A). Following
binding of SLBP and other 3' pre-mRNA processing factors to the stem-loop sequence, a
majority of transcriptions are terminated immediately downstream of the sequence, before the
RNA polymerase can reach the poly(A) signal. Thus, the presence of the stem-loop sequenceis
expected to generate MRNAs with less poly(A) tails (Figure 2A). To rule out potential effects
resulting from FLAG tag (Figure 1), we prepared H3.1poly(A) and H3.1Loop plasmids without
any tag (Figure 2A). RT-gPCR results demonstrated that transfection with the plasmid

containing H3.1Loop sequence significantly reduced the amount of polyadenylated H3.1 mRNA
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compared with cells transfected with H3.1poly(A) vector (Figure 2B). Moreover, western blot
analyses revealed lower levels of H3 protein in cells transfected with H3.1Loop compared with
H3.1poly(A) (Figure 2C). The reduction of H3 protein in H3.1Loop-transfected cells was likely
dueto the instability and degradation of un-polyadenylated histone mRNAS. The difference
seemed not to have resulted from the variation of inserted DNA copy numbers, since PCR results
showed that the level of H3.1Loop DNA in H3.1Loop-transfected cells was comparable to the
level of H3.1polyA DNA in H3.1poly(A)-transfected cells (Figure 2D). Taken together, any
differential results obtained from using H3.1poly(A) and H3.1Loop will likely be 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. While H3.1poly(A)-transfected cells demonstrated
accelerated growth compared with controls, transfection with H3.1Loop reduced the rate of cell
growth to the same level as the control (Figure 2E). Anchorage-independent cell growth was
enhanced by the transfection of H3.1poly(A) as compared with control, an observation cons stent
with the result seen with transfection of FLAG-tagged H3.1poly(A) (Figure 1E), suggesting that
FLAG tag was not the cause of the observed cell transformation. Notably, insertion of the Loop
sequence upstream of the poly(A) signal greatly attenuated anchorage-independent cell growth
(Figure 2F). Likewise, H3.1poly(A) cells exhibited much higher rate of cell migration than
H3.1Loop and control cellsin Transwell invasion assays (Figure 2G). The above results indicate
the critical function of polyadenylation of mRNA in cell transformation and invasion induced by

ectopic expression of canonical histone H3.1 mMRNA.
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Overexpression of polyadenylated H3.1 mRNA displaces histone variant H3.3 from critical
generegulatory elements

Polyadenylation of H3.1 mRNA resultsin the increasein H3.1 protein level (Figure 1C and
Figure 2C). Moreover, we have previously demonstrated that arsenic exposure induces
polyadenylation of canonical histone H3.1 mRNA, resulting in the accumulation of H3.1 mMRNA
in Mid-to late S phase and M phase (Brocato et al., 2014). The expression of canonical histone
H3.1 peaks during S phase, while variant H3.3 is expressed throughout the cell cycle. Thus, both
theincrease in H3.1 protein and the presence of H3.1 protein outside of S phase resulting from
polyadenylation of H3.1 mMRNA may have an impact on the assembly of variant histone H3.3,
which differs from H3.1 by only five amino acids. We used chromatin immunopreci pitation
followed by high-throughput sequencing (ChlP-seq) to examine 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-gPCR results
confirmed the overexpression of polyadenylated H3.1 mRNA (Figure S1A). Notably, the total
cellular level of FLAG-H3.3 was not changed by ectopic expression of H3.1poly(A) as shown in
Figure S1B.

H3.3-containing nucleosomes 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 expressed genesin control cells (blue line, Figure 3A). Thisis
consistent with our previous results seen in another cell line (Jin et al., 2009). The deposition of
H3.3, however, was greatly reduced in the cells transfected with untagged-H3.1poly(A) (green

line, Figure 3A), suggesting that ectopic expression of polyadenylated H3.1 mRNA compromises
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the assembly of H3.3 nucleosomes around active promoters. Similar results were observed for
DNasel hypersensitive site (DHS)-defined enhancers (Figure 3B) and CTCF binding site-defined
insulator regions (Figure 3C). The same results were obtained when the ChlP-segs were repesated
(Figure S2). Collectively, these results indicate that increased H3.1 due to polyadenylation of
H3.1 mRNA competes directly or indirectly with H3.3 for deposition in the 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 (Figure 3A) measures combined read
count (RPKM) of the top 2,000 most highly expressed genes. It does not reflect the changesin
each promoter. To explore how H3.3 level in the promoter of each of the top 2,000 highly
expressed genes changes by transfection of H3.1poly(A), we calculated the normalized read
count (RPKM) around TSS (ranging from -150 bp to +50 bp) of every gene, including the top
2,000 highly expressed genesin FLAG-H3.3 (FH3.3) cdlls transfected either with untagged
H3.1(NTH3.1) or empty vector. We then compared the H3.3 binding difference in FH3.3-
NTHS3.1 cellsvs. that of the FH3.3-Empty cells for each gene (Figure 3D). Although we found
unexpectedly, that alarge number of genes among the top 2,000 genes displayed increased level
of H3.3 after transfection of H3.1poly(A) (Figure 3E), the overall H3.3 level in the promoters of
the top 2,000 genesin FH3.3-NTH3.1 cells demonstrated significant decrease compared with
FH3.3-Empty cells, in the context of all genes (p < 2.4e-11, Figure 3F). These results indicate
that H3.3 assembly into the promoters of most highly active genesis 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), we sorted all genes based on the level of H3.3 enrichment, before

the transfection, around TSS (from -150 bp to +50 bp) from strongest to weakest, and then chose
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the top 2,000, middle 2,000, and bottom 2,000 genes from the list. Next, we compared the extent
of H3.3 reduction induced by polyadenylation of H3.1 mRNA among these three sets of genes.
While average H3.3 levels in the promoter regions of the middle 2,000 genes were not changed
by H3.1poly(A) transfection, the levels were significantly decreased for the top 2,000 genes
(Figure 3G). Altogether, these data suggest that genes with high level of H3.3 in their promoters
and/or with high expression levels are likely the preferred targets of polyadenylated H3.1 mRNA
and susceptible to the resulting increased H3.1 protein and subsequent displacement of H3.3.
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 at several genomic loci by ChiP-
gPCR. Among 11 locations we tested, H3.3 incorporation decreased at 6 genomic loci by
polyadenylated H3.1 mRNA (Figure 3H). H3.3 reduction was also seen after arsenic treatment at
4 out of 6 loci, including IAP (inhibitor of apoptosis) promoter, GAPDH gene body, Chr4 region
(o-satellite)(Jiang et al., 2004), and H3.3 promoter (Figure 3l), highlighting the overlapping
effects of arsenic exposure and H3.1 mRNA polyadenylation on H3.3 deposition. Given the
importance of H3.3 in gene regulation, cell memory, and maintenance of genome integrity, these
dataindicate that the displacement of H3.3 at important genomic loci through polyadenylation of

canonical H3.1 mRNA may be a significant mechanism for arsenic-induced carcinogenesis.

Ectopic expression of polyadenylated H3.1 mRNA der egulates cancer -associated genes
Reduction of the occupancy of histone variant H3.3 in the critical gene regulatory elements
including active promoters, enhancers, and insulator regions by overexpression of

polyadenylated H3.1 mRNA (Figure 3), implicates that polyadenylation of H3.1 mRNA might
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change gene expression. To investigate global changes in transcription induced by ectopic
expression of polyadenylated H3.1 mRNA, we carried out RNA-Segs usng BEAS-2B cdlls
stably transfected with untagged-H3.1poly(A) or empty vector. With cutoffs at <0.5 (logFC<-1)
and >2 (log,FC>1) fold-change (FC) (p<0.01), we identified total 2,597 differentially expressed
genes (DEGs) by comparing transcriptomes in H3.1poly(A)-transfected cells and in empty
vector-transfected cells. 1,160 and 1,437 genes were found significantly up- or down-regulated,
respectively. Next, we performed ingenuity pathway analyses (IPA) on differentially expressed
2,597 genes to characterize cellular pathways associated with the polyadenylation of H3.1
MRNA. Among top 5 diseases and disorders associated with the DEGs, cancer was ranked
number 1 (Figure 4A). 467 out of 2,597 H3.1 poly(A)-regulated genes are associated with lung
cancer (not shown). We further conducted cancer pathway analysis based on a combined list of
DEGs. As shown in Figure 4B, identified key cancer pathways included pancreatic
adenocarcinoma, bladder cancer signaling, aswell as non-small cell and small-cell lung cancer
signaling, analogous to arsenic-targeted cancers (Baris et a., 2016; Kuo et a., 2017; Liu-Mares
et a., 2013).

Interestingly, top upstream regulators of H3.1 poly(A) up-regulated genes included TP53,
E2F4, ESR1, KRAS, and Myc (Figure 4C). High frequency of mutationsin TP53 and KRAS
genes are common in lung cancers (Shajani-Yi et al., 2018), suggesting that H3.1 poly(A) may
play rolesin lung carcinogenesis through similar pathways initiated by TP53 and KRAS
mutations. In addition, analysis of top regulator effect networks of 1,160 up-regulated genes
predicted alteration of key cancer-related processes including aneuploidy, angiogenesis, cell
cycle progress, cell transformation, and growth of tumor etc. (Figure 4D and Figure S3). Top

associated networks for up-regulated genes included RNA post-transcriptional modification, cell
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cycle, DNA replication, recombination, and repair (Figure 4E). However, top associated
networks for down-regulated genes did not include RNA post-transcriptional modification,
although cancer was the top disease and one of top networks associated with H3.1 poly(A)
down-regulated genes (Figure $4). Together, these transcriptomic analyses suggest that ectopic
expression of H3.1 poly(A) can engender extensive differential expression of cancer-related
genes, thereby eliciting pathways involved in driving tumorigenic characteristics of human

bronchial epithelial cells.

Polyadenylation of H3.1 mRNA causes mitotic arrest and genomic instability
Polyadenylation of H3.1 mRNA induces disruption of H3.3 assembly at gene regulatory regions
such as promoters, enhancers, and insulators (Figure 3A-C). H3.3 isalso localized at other
critical genomic loci, including pericentric heterochromatin regions and telomeres (Szenker et al.,
2011; Udugamaet al., 2015). The deposition of H3.3 at these regions may also be disrupted by
polyadenylation of H3.1 mRNA. Moreover, analysis of upstream regulator effects for the
differentially expressed genes by polyadenylated H3.1 mRNA identified cell-cycle progression
and aneuploidy, among others, as top affected 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, we used flow cytometry to compare
aterationsin cell cycle between control cells transently 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 to the control and H3.1Loop cells
(Figure 5A). Furthermore, cells transfected with H3.1poly(A) experienced a greater G2/M arrest

than control and H3.1Loop-expressing cells (Figure 5A). To further distinguish between G2 and
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M arrest, we used flow cytometry to determine the cellular level of histone H3S10
phosphorylation, a mitosis specific modification. The phosphorylation of H3S10 increased 2-fold
upon transfection of H3.1poly(A) plasmid compared with the control cells (Figure 5B).
Remarkably, the H3.1Loop-transfected cells (Figure 2A) displayed phosphorylation of H3S10 to
the level found with the empty vector cells (Figure 5B). These results suggest that ectopic
expression of H3.1 poly(A) mMRNA causes mitotic arrest and polyadenylation of its 3" end is
critical for this effect.

We next examined the possible effects of H3.1 mRNA polyadenylation on chromosome
instability. Flow cytometry analysis showed that the number of aneuploid cellsincreased in
H3.1poly(A)-overexpressing cells by almost four- and three-folds when compared with the
control cells (from 2.83% to 11.2%) and the H3.1Loop-expressing cells (from 3.74% to 11.2%),
respectively (Figure 5A), indicating that polyadenylation of H3.1 mMRNAS causes defective
chromosome segregation. To identify chromosomal aberrations induced by polyadenylated H3.1
MRNA, we performed cytogenetic analysis using BEAS-2B cells transfected with either empty
vector or H3.1poly(A) plasmid. While empty vector-transfected cells displayed normal
metaphase spread (Figure 5C), abnormal chromosomes such as deletions, chromatid breaks,
dicentric and triradial chromosomes were observed from H3.1poly(A)-transfected cells (Figure
5D). Collectively, these results suggest that polyadenylation of H3.1 mRNA can induce mitotic

arrest and genomic instability.

Ectopic expression of H3.3 attenuates ar senic-induced anchor age-independent cell growth

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

important genomic loci. Numerous findings linked abnormal H3.3 to cancer initiation and
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development (Buschbeck and Hake, 2017; Jang et al., 2015; Shi et al., 2017; Soriaet a., 2012,
Szenker et al., 2011; Tabert and Henikoff, 2010). Moreover, H3.3-knockout mice were
embryonically lethal and displayed severe chromosomal aberrations (Bush et al., 2013; Jang et
al., 2015), suggesting that disruption of H3.3 assembly might be a significant contributor to
arsenic-induced carcinogenesis. To test this hypothesis, we first examined the effect of H3.3
knockdown on anchorage-independent cell growth. Both H3.3 mRNA levels (Figure 6A) as well
as protein levels (Figure 6B) were reduced by transfection of two different types of H3.3 SSIRNAs
in BEAS-2B cells as compared with transfection of the control SSRNA. Soft agar assays showed
that knocking down histone H3.3 expression enhanced soft agar colony formation of BEAS-2B
cells (Figure 6C). To further examine whether inhibition of H3.3 assembly was the underlying
defect in arsenic-induced cell transformation, we overexpressed H3.3 (Figure 6D), which could
antagoni ze arsenic-induced disruption of H3.3 assembly by increasing histone H3.3 supply,
followed by soft agar assays. Anchorage-independent cell growth was facilitated by treatment of
BEAS-2B cellswith arsenic either for 3daysat 1 uM or 1 week at 0.5 uM (Figure 6E).
Overexpression of H3.3 attenuated arsenic-induced colony formation on soft agar (Figure 6E),
suggesting that aberrant histone H3.3 assembly was a significant contribution to arsenic-induced
cell transformation.

Polyadenylation of H3.1 mRNA/inhibition of H3.3 assembly appeared critical for
arsenic-induced cell transformation. To further assess the importance of this pathway in arsenic
carcinogenesis, we tested whether overexpression of SLBP, which should compensate for the
arsenic-mediated depletion of SLBP thereby inhibiting generation of polyadenylated H3.1
MRNA, rescues arsenic-induced cell transformation. BEAS-2B cells were stably transfected

either with empty vector or SLBP-expressing plasmid. Western blot and RT-qPCR results
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showed that the protein and mRNA levels of SLBP were increased by about 3-fold in the SLBP
overexpressing clone as compared with the empty vector control (Figure S7A and B). Whereas
the level of polyadenylated H3.1 mRNA increased after arsenic treatment in control cells,
arsenic-induced polyadenylation of H3.1 mRNA was significantly attenuated in the cells that
stably express SLBP (Figure S7C). Similarly, overexpression of SLBP apparently inhibited
arsenic-induced anchorage-independent growth of BEAS-2B cells (Figure S7D), indicating an
essential role for SLBP depletion/H3.1 mRNA polyadenylation/disruption of H3.3 assembly in

arsenic-induced cdll transformation.

Gain of polyadenylated H3.1 mRNA by ar senic exposurein vivo

To determine whether arsenic is also able to reduce SLBP and alter canonical histone H3.1
MRNA processing in vivo, we measured levels of SLBP and polyadenylation of H3.1 mRNA in
male A/J mice exposed to arsenic (0, 100, and 200 ug/L) by inhalation for one week. Lung
tissues were collected from the mice and RT-gqPCR was first employed to study H3.1
polyadenylation and levels of SLBP mRNA after arsenic exposure. RT-gPCR results showed
that polyadenylated H3.1 mRNA levels were elevated with increasing arsenic exposure (Figure
7A). A reductionin SLBP mRNA was observed most significantly in the 200 ug/L treatment
group (Figure 7B). Western blot analysis further demonstrated a downward trend in SLBP
protein levels upon arsenic exposure (Figure 7C). SLBP is essentia for the processing of
canonical histone pre-mRNA, thus aloss of SLBP would cause polyadenylation of canonical
histone mMRNAs in vivo. The notion that loss of SLBP and gain of polyadenylated H3.1 mRNA
occur in vivo suggests that polyadenylation of canonical histone H3.1 mRNA may play rolesin

arsenic-induced toxicity and carcinogenesis.
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Discussion
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. Decreases in histone protein level can induce genomic instability by facilitating
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 the histone increase are
poorly understood (M eeks-Wagner and Hartwell, 1986; Singh et al., 2010). Our present study
demonstrates that upregulation of canonical histone protein may induce chromosome instability
by displacing their specific replacement histones from critical genomic loci in mammals.
ChlIP-seq assays show that H3.1 polyadenylation significantly reduces FLAG-H3.3
deposition in the promoters of 2,000 most active genes as well as tissue-specific enhancers and
insulator regions (Figure 2). The reduction of H3.3 at these genomic loci was not due to the
downregulation of FLAG-H3.3 expression, since (a) FLAG-tagged H3.3 protein levels were not
decreased after transfection of H3.1poly(A) plasmid (Figure S1), and (b) FLAG-H3.3 levels
were not decreased at all the genomic loci we tested, but in fact, were slightly increased in the
promoters of most silenced genes (Figure 3G). In addition, while H3.3 displacement was more
likely to occur in the promoters of highly expressed genes as well as genes whose promoters are
enriched with H3.3 (Figure 3F and G), we did not observe a direct relationship between the
extent of H3.3 loss and gene downregulation (not shown). Therefore, the H3.3 reduction was not
likely a secondary event following transcriptional downregulation by H3.1 polyadenylation.
What is the mechanism(s) by which overproduced H3.1 protein by polyadenylated H3.1

disrupts H3.3 assembly? The polyadenylation of H3.1 mRNA elevates cellular H3.1 protein,
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resulting in excess H3.1 not only during S phase but also outside of S phase (Brocato et al.,
2014). While H3.1 isincorporated 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 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 aswell (Tagami et d., 2004). Thus,
excess H3.1 protein might increase the association of H3.1 with CAF-1, including histone
chaperones p60 and p48, which will result in a shortage of these two chaperones available for
HIRA and in turn decrease the interaction between H3.3 and the 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 appearsto be possible since the overexpression of canonical H3.1 increased
replication-independent H3.1 assembly outside of S phasein 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 our RNA-seq data (not shown). However, we cannot rule out the
possibility that post-translational modifications of H3.3 could be altered indirectly by H3.1
polyadenylation, contributing to altered assembly of H3.3 nucleosomes.

H3.3 has recently received much attention because a high frequency of mutationsin H3.3
genes have been identified in pediatric brain and bone cancers (Behjati et al., 2013; Lan and Shi,

2015; Lowe et al., 2019; Schwartzentruber et a., 2012a; Wan et a., 2018; Wu et al., 2012).
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However, in adult glioblastoma, H3.3 expression itself was downregulated by mixed lineage
leukemia 5 (MLL5) thereby maintaining glioblastoma cell self-renewing and preventing their
differentiation (Gallo et al., 2015). Besides mutation and transcriptional downregulation,
disruption of the H3.3 assembly has aso been directly linked to cancers (Elsasser et a., 2011,
Heaphy et al., 2011; Jiao et a., 2011; Schwartzentruber et al., 2012b; 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
glioblastomatumors (Dyer et al., 2017; Mahmud and Liao, 2019; Newhart et al., 2013; Sarai et
al., 2013). 43% of pancreatic neuroendocrine tumors (PanNETS) had mutations in genes that
encode ATRX and DAXX (Heaphy et al., 2011). A DAXX missense mutation was also found in
acute myeloid leukemia (Ding et al., 2012). Mutation of DEK significantly reduced H3.3 loading
in some human myeloid leukemia patients (Sawatsubashi et al., 2010; Soekarman et al., 1992).
These studies indicate an association between disruption of H3.3 assembly with cancer causation.
In the present study, we demonstrate that arsenic-induced polyadenylation of canonical H3.1
MRNA lead to inhibition of H3.3 assembly at critical genomic loci by disrupting the
stoichiometry of replication-dependent and -independent histones. Our findings thus add new
insight into mechanisms by which histone variant H3.3 exerts arole in tumorigenesis.

In Drosophila, SLBP depletion led to polyadenylation of all core histones (Lanzotti et al.,
2002; Sullivan et al., 2001; Sullivan et al., 2009), implicating that mMRNAs for other canonical
histones besides H3.1 may also be polyadenylated by arsenic exposure. In fact, RT-qPCR results
show that the levels of polyadenylated mRNAs for H2A, H2B, H3.2, and H4 were increased
after arsenic exposure (Figure S5A-E). The protein levelsfor H2A, H2B, total H3, and H4 were

also upregulated by arsenic treatment (Figure S6A-E). The increase in canonical histone proteins
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other than H3.1 may also affect chromatin assembly and structure. However, we anticipate that
the impact of polyadenylation of canonical histone H3 mRNAs might be the greatest. H3.3
seems to be the only histone variant that serves as a “ replacement histone”. For example, over
the lifespan of the mouse, H3.3 replaces canonical H3 and becomes the predominant H3 protein
in non-dividing cells (Zweidler et al., 1984). Although histone H2A has several variants, such as
H2A.X, H2A.Z, and macroH2A, they are not likely serving as “replacement histones’. Based on
elegant work from Marzluff’s group, a subset of canonical histone genes are expressed
independently of DNA replication as polyadenylated mRNAS, and likely serve as “replacement
histones’ for the H2A, H2B, and H4 in terminally differentiated cells (Lyons et al., 2016). The
implication of these observationsisthat while mRNAs for all canonical histone genes are
polyadenylated after arsenic treatment and produce more respective proteins, increased canonical
H3 proteins, i.e., H3.1 and H3.2, may have a greater impact on chromatin structure since they
can displace the “replacement histone” H3.3, which has distinct features from canonical H3.

We previously reported a marked increase in polyadenylated mRNA for H3.1 in arsenic-
transformed BEAS-2B clones, but not in chromium (VI)-transformed BEAS-2B (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 polyadenylation of
canonical histone mRNAs is specific to certain metals. Since both arsenic and chromium (V1)
induce oxidative stress, it seems unlikely that oxidative stress per se is the cause of
polyadenylation of canonical histone mMRNAS. SLBP depletion appears to be a key factor for
arsenic-induced polyadenylation of canonical histones, since the transcription of other genes

involved in canonical histone MRNA processing, including U7 snRNP (LSM10), CPSF2, 3,
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XRN2, and ZNF473, was not changed by arsenic exposure (Brocato et al., 2014). Arsenic and
nickel-induced SLBP depletion is 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 are involved in regulating arsenic-induced SLBP
depletion (Djakbarova et al., 2016; Koseoglu et al., 2008; Zhang et al., 2014). Arsenic is able to
release zinc from proteins that contain 3-cysteine or 4-cysteine zinc finger motif thereby
changing protein structures and enzyme activities (Zhou et a., 2011), whereas nickel inhibits
enzymatic activities of dioxygenases such as histone demethylase IMJD1A by replacing the
ferrousiron in the catalytic centers (Chen et al., 2010). Therefore, it would be interesting to
examine if the above-characterized enzymes contain zinc finger motif or requireiron for their
activity.

In summary, we demonstrated that arsenic-induced polyadenylation of canonical histone
H3.1 mRNA is ableto displace H3.3 variant from promoters, enhancers, and insulator regions,
resulting in transcriptional deregulation, cell cycle arrest, genomic instability, and tumor
formation in nude mice. We uncovered polyadenylation of canonical histone H3.1 and disruption
of H3.3 assembly as a potential new mechanism for arsenic-induced carcinogenesis. This sheds
new light on the oncogenic role for H3.3. Our findings also provided a new perspective on
genomic instability induced by alterations of histone stoichiometry. In the future, we will address
to what extent polyadenylation of canonical histones accounts for the effects of arsenic, and by
what mechanisms arsenic induces SLBP depletion and increased H3.1 displaces H3.3 at
regulatory regions. The findings from these studies will provide us potential therapeutic and

preventive targets for arsenic-induced cancers.
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Figure L egends

Figure 1. Polyadenylation of canonical histone H3.1 mRNA enhances anchorage-
independent cell growth and tumor formation in nude mice

(A) A 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.
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(B) pcDNA-FLAG-Empty (EV) or FH3.1poly(A) vector were stably transfected into BEAS-2B
cells. The amount of total and polyadenylated H3.1 mRNA was measured by RT-gPCR using
cDNAs synthesized with random or oligo(dT) primers, respectively.

(C) Western blot shows exogenous H3.1 protein generated by transfection of FH3.1poly(A).
(D) Céll growth rate was measured by MTT. The data shown are the mean £S.D. (n=3). **
p<0.01

(E) Soft agar assays. The data shown are the mean £S.D. (n=3). ** p<0.01.

(F-H) A total of 5 million transformed or control cell clones were injected into nude mice. After
5 months post-injection, 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 £S.D. (n=18). * p<0.05.

Figure 2. Insertion of a stem-loop sequence befor e the poly(A) signal attenuates cell
transfor mation induced by polyadenylation of H3.1 mRNA

(A) A 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
H3.1L oop vector was stably transfected into BEAS-2B cells.

(B) RT-gPCR resultsusing oligo(dT) primers for reverse transcription.

(C) Western blot analysis.

(D) Total DNA was extracted and exogenous H3.1 was then amplified by PCR with primers for

H3.1c and pcDNA vector, while endogenous H3.1 was amplified with primers specific for H3.1c.
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(E) The cell growth rate was measured by MTT. The data shown are the mean £S.D. (n=3).
*p<0.05; ** p<0.01.

(F) Soft agar assays. The data shown are the mean +S.D. (n=3). ** p<0.01.

(G) Transwell invasion assays. The migrated cells were fixed, stained, and counted. Bars

indicate S.D. (n=3). * p<0.05.

Figure 3. Overexpression of polyadenylated H3.1 mRNA displaces histone variant H3.3
from critical gene regulatory elements

(A-C) Profile of H3.3-containg nucleosomes across the transcription start sites (TSSs) for 2,000
highly active genes (activate promoters) (A), DNase | hypersensitive sites (enhancers) (B), or
CTCF-binding sites (insulators) (C) are shown. H3.3-containing nucleosomes were isolated
followed by ChiP-seq.

(D) MA plot showing H3.3 level differencesin FH3.3NT3.1 compared with FH3.3 on all genes.
(E) MA plot showing H3.3 leve differencesin FH3.3NT3.1 compared with FH3.3 on the top
2,000 most highly expressed genes with highest TPM in H3.3 wide type.

(F) H3.3 leve differences of all genes (left) and of the top 2,000 most highly expressed genes
(right) in FH3.3NT3.1 compared with FH3.3. P-value was calculated by t-test.

(G) H3.3 level differencesin FH3.3NT3.1 compared with FH3.3 at top (left), middle (middie)
and bottom (right) 2,000 genes, ranked by H3.3 level in FH3.3. P-value was calculated by t-test.
(H and 1) The enrichment of H3.3 was measured by ChIP-gPCR at 11 genomic loci in the cells
transfected with empty vector (EV) or H3.1poly(A), or treated without (Ctrl) or with arsenic
(AS). The data shown are presented as mean £S.D. from qPCRs performed in triplicate. Relative-

fold changes were calculated after normalization to input. * p<0.05; ** p<0.01.
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Figure 4. Ectopic expression of polyadenylated H3.1 mRNA der egulates cancer -associated
genes

(A-E) Ingenuity pathway analyses (IPA) using transcriptome data generated from RNA
sequencing (RNA-Seq) of BEAS-2B cells stably transfected with untagged H3.1poly(A) or
empty vector.

(A) Hlustrations of top diseases and disorders associated with 2,597 DEGs.

(B) Hlustration of cancer pathway analysis based on 2,597 DEGs.

(C) Nlustrations of top upstream regulators associated with 1,160 up-regulated genes.

(D) ustration of top regulator effect network based on combined up-regulated genes.

(E) Hlustration of top networks associated with up-regulated genes.

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-D) Giemsa-stained spread chromosomes from BEAS-2B cells transfected with EV or
H3.1poly(A) plasmid. (C) Metaphase spread from control cells showing normal chromosome
spread. (D) Metaphase spread from H3.1poly(A) cells showing abnormal chromosome spread,
including chromatid break (a), deletion (b), dicentric chromosome (c), triradial chromosome (d)

etc.
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Figure 6. Ectopic expression of H3.3 attenuates ar senic-induced anchor age-independent

cell growth

(A-C) Knockdown of H3.3 facilitates colony formation of BEAS-2B cells on soft agar. (A) RT-
gPCR analysis of H3.3 mRNA levelsin BEAS-2B cdlls after 48-h transfection with control (Ctrl)
siRNA or with two distinct SRNAs for H3.3. (B) Western blot using indicated antibodies. (C)
Soft agar assays. The data shown are the mean £S.D.(n=3). ** p<0.01.

(D-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 uM arsenic. (D) Western blot using indicated antibodies. (E) Soft agar

assays. The data shown are the mean +S.D. (n=3). * p<0.05; ** p<0.01.

Figure 7. Gain of polyadenylated H3.1 mRNA and loss of SLBP by ar senic exposurein vivo
(A-C) A/J mice were treated with NaAsO, for 1 week. Lung tissues were extracted and mRNA
or protein levels were analyzed by RT-gqPCR (A,B) or Western blot (C). The data shown for each
individual mouse. Relative protein levels were calculated based on band intensity. Error bars

represent S.D. * p<0.05.
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STAR 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 their purchase and have been carefully maintained at below confluent cell
density. The cells were recently tested through Genetica DNA Laboratories and proved to be 100%
authentic against a reference BEAS-2B cdll line (Burlington, NC). Cells are 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 a37°C
incubator containing 5% CO,. 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 (NaAsO,, Sigma, St. Louis, MO) with

doses ranging from 0 to 2 uM for 0 to 96 hr.

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 Y ork 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 exposure treatment was
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prepared at 0, 100, and 200 pg/L concentrations, and the mice were given access to the exposure
viaintratracheal ingtillation every other day for 1 week. Post-treatment, the mice were sacrificed
by CO, and lung tissues were extracted. Protein lysates were extracted using boiling buffer and
analyzed for SLBP levels using Western blotting using p-actin asinternal control. RNA was
extracted using standard Trizol protocol and analyzed for H3.1 poly(A) and SLBP mRNA using
gPCR 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 mouseis
injected on one side with control and the other with H3.1-transformed cells to ensure the same
biologica environment. Each cell line was subcutaneously injected into three mice, in triplicates.
Tumor growth and overall health of the mice were monitored once aweek. At 5 months post-
injection, the mice were sacrificed by CO, 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* (width?)/2. Graphsillustrating 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 Y ork University School of Medicine.
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Plasmids and Cell Transfection

pcDNAS3.1-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 Xbal and Apal sites were amplified by
PCR using the human genomic DNA as atemplate. 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
ingtructions. pcDNA3.1-empty vector was used as the control. Primers. forward 5'-
CTAGTCTAGAGTCTGCCCGTTTCTTCCTC-3'; reverses'-
CCGGGCCCAAACTAACATAGACAACCGA-3.

Control short interfering RNA (ssSRNA) or two distinct sSRNAs for H3.3 (H3.3 SsSRNA1 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 usng 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 ug of purified plasmid was transfected into each well using 10 pL of
Lipofectamine LTX and 2.5 puL of PLUS reagent per transfection. 24 hours post-transfection, the
media was removed and replaced with fresh DMEM. After three days, 0.5 ng/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 gPCR analysis.
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Antibodies

Name Source Catalog Number

Histone H3 Abcam abl791

SLBP Abcam ab 181972

B-actin Abcam ab8226

Histone H4 Millipore |07-108

Histone H2A Millipore |07-146

Histone H2B Millipore |07-371

FLAG Sigma F3165

Western blotting

Cdls were lysed with boiling buffer (1% SDS, 10 mM Tris (pH 7.4), 1 mM sodium
orthovanadate) and 50 pg of whole cell lysate were separated by 12% SDS- PAGE and
transferred to a PV DF 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® Il First Strand cDNA Synthesis Kit

(New England BioLabs, Ipswich, MA) in accordance with manufacturer’ sinstructions. 1ug of
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RNA in afinal volume of 20 pl. Quantitative real time PCR analysis was performed using Power
SYBR Green PCR Magter 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 cdls.
Primers Used
GeneID | Primer Sequence
Forward 5-AAATCGCCCAGGACTTCAAA-3
H3.1c
Reverse 5-TCCTGCAGCGCCATCAC-3
Forward 5-CACCATAAAGCCCAAAGCAAGTA-3
H2Aal
Reverse 5-GACGGTAGGTGGCTCTGAAAAG-3'
Forward 5-CTCAGAAGAAGGACGGGAAGAA-3
H2Bd1
Reverse 5-CGGGATGGACCTGCTTCA-3'
Forward 5-GTCCACGGAGCTGCTGAT
H3.2c
Reverse 5-GCAGGTCCGTCTTAAAGTC-3'
Forward 5-TCCGCGATGCTGTCACCTA
H4D
Reverse 5-TCCATGGCTGTGACTGTCTTG-3'
Forward 5-CAGTCTTGCCACAACTTCAATC-3
S BP
Reverse 5-ATGGAGCCGATTATGAGAACAC-3
Forward 5-CGGCTGAATGACAGGTATCCTAAG -3
Tubulin
Reverse 5-CTCGTCCTGGTTGGGAAACA -3
GAPDH | Forward 5-TGCACCACCAACTGCTTAGC-3
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‘ ‘ Reverse 5-GGCATGGACTGTGGTCATGA-3'

Rever se Transcriptase-Polymerase Chain Reaction (RT-PCR)

Thetotal RNA of treated cells was extracted using the Trizol reagent (Invitrogen, Grand Island,
NY); 1 ug of RNA was reverse transcribed using the SuperScript IV First-Strand Synthesis
System (Invitrogen, Grand Island, NYY) following the manufacturer’s protocol. Amplification
cycleswere: 95 °C for 5 min and then 30 cyclesat 95 °C for 305,58 °Cfor 30s, 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 with the fragments visualized by ethidium bromide staining.

Primers Used

Gene ID | Primer Sequence

Forward 5-CGAAATCCGTCGCTACCAGA-3
H3.1c

Reverse 5-GCGCACAGATTGGTGTCTTC-3

T7 Forward S-TAATACGACTCACTATAGGG-3'

BGH Reverse S-TAGAAGGCACAGTCGAGG-3

Cell proliferation assay

Cells were plated in 96-well plates at a density of 5*10° cells per well and incubated at 37 °C in
5% CO,. At different time points (0, 1, 2, 3, 4, 5, 6, 7 days), the medium was replaced with 100
ul 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 ul of isopropanol containing HCL

was added to each well to dissolve the crystals. Fluorescence was monitored using a microplate
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reader (SpectraMax M2, Molecular Devices) at awavelength of 570 nm. Each experiment was

performed in eight times and repeated three times. Data was reported as mean + SD.

Anchorage independent growth assay

Cdls wererinsed with PBS to remove the metal from the media then seeded in low gelling
temperature Agarose Type VII (SigmaAldrich, St. Louis, MO). 5,000 cells were seeded in
triplicate in 6-well platesin atop layer of 0.35% agarose onto a bottom layer of 0.5% agarose.
Cdls were allowed to grow for four weeks until individual colonies were large enough to be
select from the agar. 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-gPCR). A second set of plates was stained
with INT/BCIP solution (Roche Diagnostics, Indianapolis, IN) for visualization and

guantification 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-wiseinto ice-cold 100% methanol while
gentle vortexing to afinal concentration of 90% methanol and incubate 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 dark. Then cells were counterstained with

propidium iodide (Sigma-Aldrich, St. Louis, MO) 30 min at room temperature in dark. Stained
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cells were counted and analyzed via FACS Calibur flow cytometer (BD, Bioscience, San Jose,

CA).

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. 5x10” cells were resuspended with 400 pL 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% CO,,
The migrated cells were fixed with 3.5% formaldehyde for 5 minutes at room temperature and
subsequently incubated with methanol for 20 minutes. 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 Soread

Transfected cells were arrested in metaphase by the addition of 0.1 ug/ml colcemid for 3 hr. The
cells were trypsinized and collected by centrifuge at 1,000 rpm 5 min. Hypotonic treatment was
accomplished with 0.075 M KCI 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 ail lens.

Nucleosome Preparation, ChlP and gPCR Analysis
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Mono- and dinucleosomes were isolated by Micrococcal Nuclease (MNase) digestion and
sucrose gradient purification from arsenic-treated and untreated BEAS-2B cells as described (Jin
and Felsenfeld 2006). ChIP was performed using anti- FLAG M2 Affinity-gel (A2220, Sigma-
Aldrich, St. Louis, MO). DNA fragments were purified by phenol/chloroform extraction and
amplified by real-time quantitative PCR in 7900 Fast Sequence Detection System (Applied
Biosystems, Foster City, CA). The used primers represent different regions of genome, including

pericentric, telomere, heterochromatin regions and transcription starting sites, see below.

Primers Used
GeneID | Primer Sequence
Forward 5-GGGATGGTGCGGATCTACAG-3
S.BP
Reverse 5-GTTGACTGGGTTTGTATCCTGAAGA-3
Forward 5-TCTACCCATGGACCCAGAGGT-3'
y-globin
Reverse 5-CCACATGCAGCTTGTCACAGT-3
Forward 5-CAGCGACGTCACGGGTATT-3'
EGR2
Reverse 5-CGCCGAGCTATTAATCAATTGC-3
Forward 5-CCGCTGGAGTTCCCCTAAG-3
|AP
Reverse 5-CGCACTCCTCCCAGTGGTT-3'
Forward 5-GCAGGGTCATCCAGCAAGTAA-3
S100A10
Reverse 5-GCGCAGAACCAGAGAAGCGAAGAA-3
Forward 5-TCCCACAGCAGTTGGTGTTA -3
NBL2
Reverse 5-TTGGCAGAAACCTCTTTGCT -3
SAT2 Forward 5-TGAATGGAATCGTCATCGAA-3
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Reverse 5-CCATTCGATAATTCCGCTTG-3

Forward 5-CTCAGCGAGGAAGAATACCG -3
D4z4

Reverse 5-ACCGGGCCTAGACCTAGAAG -3
GAPDH | Forward 5-AGGCTGTGGGCAAGGTCAT-3
body Reverse 5-CAGGTCCACCACTGACACGTT-3

Forward 5-GAGCAAGGAGACCCGAGATG -3
TPS3TG

Reverse 5-CACCAGGCGAACACTTACACC -3

Forward 5-TCATTCCCACAAACTGCGTTG -3
CHR1

Reverse 5-TCCAACGAAGGCCACAAGA -3

Forward 5-CTGCACTACCTGAAGAGGAC -3
CHR4

Reverse 5-GATGGTTCAACACTCTTACA -3

Forward 5-ACGAAAGCCGCCAGGAA-3
H3.3B

Reverse 5-CTGTAGCGATGAGGCTTCTTCA-3'
ChiP-Sq

ChlP-seq libraries were prepared using an [llumina TruSeq ChlP sample preparation kit (1P-202-
1024, lllumina, San Diego, CA) according to the manufacturer’ s protocol. Sequencing was
performed with the I1lumina HiSeq 2500 platform to obtain 50-nucleotide single- or paired end
reads. After sequencing, the Illuminareads 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
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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 1nM, and libraries were pooled for multiplex
sequencing. Pooled libraries were denatured and diluted to 1501pM and then clonally clustered
onto the sequencing flow cell using the IlluminacBOT Cluster Generation Station and a TruSeq
Paired-End Cluster Kit v3-cBot-HS. Sequencing was performed on an Illumina Hi Seq2500
Sequencing System using a TruSeq SBS Kit v3-HS. Quality control of FASTQ data was
performed using FastQC (version 0.10.1; Babraham Bioinformatics group), and RNA reads were
mapped to the human genome (UCSC hgl9; February 2009 release; Genome Reference
Consortium GRCh37) using STAR (version 2.5.2; Alexander Dobin) (Dobin et al. 2013) with the
human reference GTF annotation file (GRCh37). Transcript counts were calculated and
normalized using Gfold (version 1.0.8; Jianxing Feng) and DESeq (version 1.6.1; Simon Anders)
(Anders and Huber 2010; Feng et al. 2012). The DESeq negative binomial distribution was used
to call differentially expressed genes. A total of 2,597 genes were identified as differentially
expressed genes (p < 0.01). Differentially expressed genes were further investigated for
biological function and pathway enrichment using Ingenuity Pathway Analysis (IPA, Qiagen).
RNA-seq data have been deposited in the Gene Expression Omnibus database (accession number

GSE87541).

Satistical analysis
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Image Jimage processing software (National Institute of Health) was used to quantify western
blotting gel intensities. All statistical significance was calculated and assessed using unpaired, 2

tailed unpaired t-test, where * indicates p<0.05 and ** indicates p<0.01.

DATA PROCESSING

ChIP-seq Data Analysis

Trim Galore (http://www.bioi nformatics.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 -0 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 > PRENAM E.bam). Bedtools was used to convert BAM filesinto BED format
($bedtools bamtobed -i PRENAME.bam > PRENAME.bed). Only 1 copy of the redundant reads
that were mapped to the exact same location in the genome was retained. All non-redundant
reads from flag-tagged (FH3.3, FH3.3NT3.1, etc.) ChlP-seq experiments were included for
downstream analyses without peak calling. MACS2 (Zhang et al., 2008) was used to call peaks
under the FDR threshold of 0.01 ($ 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

ChlP-seq data

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.fg -0 OUTDIR). Transcriptome index was built on the human reference
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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.

DESeg2 (Love et al., 2014) was used to identify differentially expressed genes.

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 -0 OUTDIR).

Composite plot of ChlP-seq profiles at enhancers and insulators

Putative enhancers were identified as top 10,000 shared MACS peaks in two A549 DNase-seq
datasets (GSM 736580, GSM 736506) and are at least 2kb away from any TSS. Insulators were
identified as MACS peaks from CTCF ChiP-seq in BEAS-2B céll line (GSM 1354438) and are at
least 2kb away from any TSS. Each ChlP-seq composite plot covers aregion centered at the
peak summits (2kb for DNase-seq peaks, 1kb for CTCF ChlP-seq peaks), and average ChiP-seq

signals (RPKM) per 20 bps bin were plotted accordingly.

Data Availability

All sequencing data created within this study are available at NCBI GEO

(https://www.nchi.nlm.nih.gov/geo/) under the accession number GSE135637.
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Supplemental Infor mation

Supplementary Figure 1. Theleve of FL AG-tagged H3.3 isnot 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-gPCR results. Total RNA was extracted from each cell lines. mMRNA was converted to cDNA
using oligo dT primers. Polyadenylated H3.1 mRNA levels were then measured by quantitative
PCR, respectively. Relative mRNA levels were normalized to Actin as internal control. * p<0.05.
(B) Western blot results. Western blot shows ectopic expression of polyadenylated H3.1 mRNA

did not affect ectopic expression of H3.3.

Supplementary Figure 2. Repeat of ChlP-seq results shown in Figure 3

(A-C) Profile of H3.3-containg nucleosomes across the transcription start sites (TSSs) for 2,000
highly active genes (activate promoters) (A), DNase | hypersensitive sites (enhancers) (B), or
CTCF-binding sties (insulators) (C) are shown. In the control cells (blue), 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).

Supplementary Figure 3. Cdlular functions associated with thetop regulator effect
networ k of H3.1poly(A) up-regulated genesidentified by | PA
[llustration of regulator effect networks, such as the aneuploidy, angiogenesis, cell

transformation, and cell cycle, associated with up-regulated genes.
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Supplementary Figure 4. RNA-Seq analysis of H3.1poly(A) down-regulated genes
(A) Hlustrations of top diseases and disorders associated with 1,437 down-regulated genes.
(B) llustrations of top upstream regulators associated with down-regulated genes.

(C) llustration of top regulator effect network based on down-regulated genes.

(D) lustration of top networks associated with down-regulated genes.

Supplementary Figure 5. Arsenic induces mRNA polyadenylation of all canonical histones
(A-E) BEAS-2B cells weretreated with 1 uM 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-
gPCR with oligo(dT) primers. Values are presented as mean £S.D. from the experiments

performed in triplicate. * p<0.05.

Supplementary Figure 6. Arsenic induces canonical histone protein eevation

(A) Arsenic treated BEAS-2B cells were lysed and immunoblotted against f-actin, H2A, H2B,
H3, or H4, separately.

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

actin. The data shown are the mean £S.D. from the experiments performed in triplicate. * p<0.05.

Supplementary Figure 7. SL BP over expression rescues ar senic-induced cell transfor mation
(A) BEAS-2B cellswere stably transfected with pcDNA-empty (EV) or with pcDNA-SLBP
(SLBP) plasmid. Western blot was performed using indicated antibodies.

(B) mRNA levels of SLBP were analyzed by RT-qPCR. Data are mean £S.D. (n=3).

(C) RT-gPCR analysis of polyadenylated H3.1 mRNA level.
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(D) Soft agar assays. The data shown are the mean £S.D. (n=3). * p<0.05.
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