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ABSTRACT In mammals, histone H3.3 is a critical regulator of transcription state change and
heritability at both euchromatin and heterochromatin. The H3.3-specific chaperone, DAXX,
together with the chromatin-remodeling factor, ATRX, regulates H3.3 deposition and tran-
scriptional silencing at repetitive DNA, including pericentromeres and telomeres. However,
the events that precede H3.3 nucleosome incorporation have not been fully elucidated. We
previously showed that the DAXX-ATRX-H3.3 pathway regulates a multi-copy array of an in-
ducible transgene that can be visualized in single living cells. When this pathway is impaired,
the array can be robustly activated. H3.3 is strongly recruited to the site during activation
where it accumulates in a complex with transcribed sense and antisense RNA, which is distinct
from the DNA/chromatin. This suggests that transcriptional events regulate H3.3 recruited to
its incorporation sites. Here we report that the nucleolar RNA proteins Rpp29, fibrillarin, and
RPL23a are also components of this H3.3/RNA complex. Rpp29 is a protein subunit of RNase
P. Of the other subunits, POP1 and Rpp21 are similarly recruited suggesting that a variant of
RNase P regulates H3.3 chromatin assembly. Rpp29 knockdown increases H3.3 chromatin
incorporation, which suggests that Rpp29 represses H3.3 nucleosome deposition, a finding
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with implications for epigenetic regulation.

INTRODUCTION

Unlike the canonical histones, which are incorporated into nucleo-
somes coincident with DNA replication, the histone H3 variant H3.3
is synthesized throughout the cell cycle and used for replication-in-
dependent (RI) chromatin assembly (Talbert and Henikoff, 2010).
The Rl incorporation of H3.3 into nucleosomes occurs at both eu-
chromatin and heterochromatin and is regulated by at least two in-
dependent chaperoning systems. The HIRA/Cabin1/Ubinuclein-1/
Asfla complex mainly regulates genic deposition (Filipescu et al.,
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2013). The H3.3 chaperone death-domain-associated protein
(DAXX), together with the chromatin-remodeling factor -
thalassemia/mental retardation syndrome X-linked (ATRX), regu-
lates H3.3 chromatin assembly and transcriptional silencing at re-
petitive regions, including pericentromeres (Drane et al., 2010),
telomeres (Goldberg et al., 2010; Wong et al., 2010), endogenous
retroviruses (Elsasser et al., 2015; He et al., 2015; Sadic et al., 2015),
differentially methylated regions, and intragenic methylated CpG
islands (Voon et al., 2015). Although Rl H3.3 chromatin assembly is
highly conserved, its essential function is incompletely understood,
and events upstream of nucleosome deposition remain largely
undefined.

In mammals, Rl H3.3 chromatin assembly regulates genome
plasticity and transcription state heritability. In embryonic stem cells
(ESCs), the promoters of developmentally regulated genes are typi-
cally enriched with both H3 K4 trimethylation (H3K4me3) and H3
K27 trimethylation (H3K27me3), histone posttranslational modifica-
tions (PTMs) associated with gene activation and silencing, respec-
tively (Bernstein et al., 2006). However, in the absence of HIRA-me-
diated H3.3 incorporation, H3K27me3 fails to become established
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at these "bivalent” promoters, and gene expression is dysregulated
during differentiation (Delbarre et al., 2010; Goldberg et al., 2010;
Yang et al., 2011; Banaszynski et al., 2013). H3.3 is also required for
H3K9me3 at DAXX-ATRX-mediated sites (Elsasser et al., 2015; He
et al., 2015; Jang et al., 2015; Udugama et al., 2015; Voon et al.,
2015). Its enrichment at ESC telomeres and the decrease in its incor-
poration that follows differentiation suggest that H3.3 functions
to maintain transcriptional silencing before telomeres are con-
verted into constitutive heterochromatin (Wong et al., 2009, 2010;
Goldberg et al., 2010).

H3.3 is also required for the de novo establishment of chromatin
domains. In zygotes, H3.3 regulates the changeover of the male
genome from protamines to nucleosomal histones and the assem-
bly of centric and pericentric DNA into constitutive heterochromatin
(Loppin et al., 2005; Torres-Padilla et al., 2006; Santenard et al.,
2010). During the latter process, the maternal and paternal pericen-
tric DNA, as well as DAXX, ATRX, and H3.3, localize in rings around
nucleoli, suggesting that their nucleolar association is functionally
important (Martin et al., 2006; Probst et al., 2007). Indeed, when
oocytes are enucleolated, DAXX is mislocalized, centric and peri-
centric DNA is depleted, and embryos arrest at the two-cell stage
(Fulka and Langerova, 2014). This suggests that nucleolar proteins
are required for the DAXX-ATRX-H3.3—-mediated assembly of peri-
centric DNA into heterochromatin that follows fertilization. How-
ever, their identity and functions are unknown.

Because the majority of the histone proteins in the cell are nu-
cleosomal, one of the biggest challenges to deciphering upstream
regulatory events is identifying the factors that H3.3 interacts with
before chromatin incorporation. We reported that DAXX and ATRX
regulate both H3.3 deposition and transcriptional silencing at a mul-
ticopy array of an inducible reporter construct that can be visualized
in single-living cells (Newhart et al., 2012). When the DAXX-ATRX-
H3.3 pathway is impaired, the array can be rapidly and robustly ac-
tivated. Of interest, H3.3 is still recruited to the site, where it associ-
ates with sense and antisense RNA transcribed from the transgene
in a complex that is distinct from the DNA/chromatin (Newhart
et al., 2013b). Therefore we identified an experimental system in
which H3.3 can be visualized in association with its incorporation
site at a step upstream of nucleosome deposition. Using this sys-
tem, we identified the nucleolar RNA proteins Rpp29, fibrillarin, and
RPL23a as components of this H3.3/RNA complex. Rpp29 knock-
down increases H3.3 chromatin incorporation, which suggests that
it functions to repress H3.3 chromatin assembly. A comprehensive
understanding of the mechanisms that regulate H3.3 chromatin as-
sembly could provide new insight into how H3.3 regulates the es-
tablishment of heritable transcription states.

RESULTS

Single-cell imaging system for evaluating transcriptional
dynamics at a DAXX-ATRX-H3.3-regulated chromatin site

To create a system for studying transcriptional dynamics in single
living cells, we engineered an inducible reporter construct to in-
clude arrays of the lac operator and MS2 RNA stem-loop sequences,
which allow simultaneous visualization of DNA and RNA at a tran-
scription site (Janicki et al., 2004; Figure 1A). Transcription is in-
duced by binding of a tetracycline-responsive activator to the tetra-
cycline response elements (TREs) and driven from the minimal
cytomegalovirus (CMV) promoter. The mRNA encodes cyan fluores-
cent protein (CFP) fused to a peroxisomal targeting signal (SKL), the
MS2 repeats, and the rabbit 3-globin intron 2 splicing module and
3" untranslated region. The transgene was stably integrated into
cells, and clonal lines with multicopy integrations (several hundred
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copies) in single genomic locations were isolated and used for these
studies (Tsukamoto et al., 2000; Janicki et al., 2004; Newhart et al.,
2012).

The transcription unit in the transgene is activated using an engi-
neered version of the tetracycline transcriptional activator (tTA) that
is composed of the VP16 transcriptional activation domain fused to
the TRE-binding domain, which associates with the TREs in the ab-
sence of tetracycline (Newhart and Janicki, 2014). We fused tTA to
both Cherry and the estrogen-receptor hormone-binding domain
(ER) to create Cherry-tTA-ER, which is retained in the cytoplasm until
4-hydroxytamoxifen (4-OHT) triggers it to enter the nucleus, where
it accumulates at the array and activates transcription. Cherry-tTA-
ER binds directly to the TRE repeats, which permits direct visualiza-
tion of the active array. The reverse tet transcriptional activator
(rtTA), which binds in the presence of doxycycline (Dox), can also be
used to activate transcription. The MS2 protein binds to the MS2
RNA stem-loops and is used to visualize the transcribed RNA. The
appearance of the CFP-SKL protein in the cytoplasm confirms that
the steps required for gene expression have been completed.

The DAXX-ATRX pathway regulates H3.3 chromatin
assembly and transcriptional silencing at the transgene array
It was previously shown that the presence of multiple homologous
copies of a transgene within a concatameric array can have repres-
sive effects on gene expression in mammalian systems (Garrick
et al., 1998; McBurney et al., 2002). However, the mechanisms
through which transgene arrays are transcriptionally silenced in
mammalian cells have not been fully elucidated. We previously
showed that the DAXX/ATRX/H3.3 pathway regulates silencing at
the transgene array in our experimental system (Supplemental
Figure S1). In Hela cells, which express both DAXX and ATRX, the
array is refractory to activation, and H3.3 is enriched in the chroma-
tin (Newhart et al., 2012). In contrast, arrays integrated into ATRX-
null U20S cells can be robustly activated (Rafalska-Metcalf et al.,
2010). During activation, H3.3 is strongly recruited to the site, where
it accumulates with transcribed sense (S) and antisense (AS) RNA in
a complex that is distinct from the DNA/chromatin. This suggests
that the H3.3 at the activated array in the U20S cell line is arrested
at a step before nucleosome deposition (Newhart et al., 2013b).
Therefore the U20S cell line can be used to identify factors that in-
teract with H3.3 upstream of nucleosome incorporation and the
Hela cell line to evaluate their functions in H3.3 chromatin assembly
and transcriptional silencing. The regulatory characteristics of the
transgene arrays in the HelLa and U20S cell and the figures in which
each cell line is used are summarized in Supplemental Figure S1.

H3.3 N-terminal sequences target it to nucleoli

To identify events that occur upstream of H3.3 nucleosome deposi-
tion, we first characterized the localization dynamics of newly syn-
thesized H3.3 in the U20S cell line. To do this, we transfected the
activator Cherry-tTA-ER in combination with yellow fluorescent pro-
tein (YFP)-tagged full-length H3.3 and the deletion construct, H3.3-
N-tail-aN (Figure 1B), and evaluated their localization patterns 18
and 48 h later. We previously showed that sequence elements in this
H3.3 N-terminal construct are sufficient for H3.3 recruitment to the
activated array (Newhart et al., 2013b). It was also previously re-
ported that newly synthesized H3.3 accumulates in nucleoli
(Delbarre et al., 2012). Here we show that 18 h posttransfection,
H3.3 is enriched in nucleoli, as well as at the activated array, in the
majority of cells (Figure 1, C, a—c [arrowheads in a indicate nucleoli],
and D). We also reported that the recruited H3.3 does not com-
pletely colocalize with the activator Cherry-tTA-ER but is instead in a
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Histone H3.3 is enriched in nucleoli before being incorporated into chromatin.
(A) Diagram of the inducible transgene drawn to scale. Cherry-lac repressor allows the
transgene integration site to be visualized. Transcription is induced from the minimal CMV
promoter by the activators Cherry-tTA-ER (+)4-OHT and rtTA (+)Dox. The transcribed RNA
encodes CFP fused to a peroxisomal targeting signal (SKL). The RNA is visualized by YFP-MS2,
which binds to the stem-loops in the transcript. The 3’ end of the transcription unit is composed
of the intron 2 splicing unit from the rabbit -globin gene. The recruitment of YFP-tagged
factors to the array can be monitored by coexpression with the DNA- and RNA-binding
proteins. (B) Diagram of the H3.3 constructs expressed as YFP- or GST-fusion proteins in the
recruitment and in vitro binding assays (Figure 3D). The amino acid differences between H3.3
and H3.2/H3.21 are shown in red. The red asterisks in the 4-PTM construct represent K37A,
R42A, R49A, and R52A. (C) Localization of H3.3-YFP, expressed in U20S 2-6-3 cells for 18 (a—d)
and 48 h (e-h), in relation to the activated transgene array, marked by Cherry-tTA-ER.
Localization of H3.3 N-tail-aN-YFP expressed for 18 (i-I) and 48 h (m—-p). Arrows indicate the
transgene array, and arrowheads indicate nucleoli. Yellow lines in enlarged merge insets (c, g, k,
and o) show the path through which the red and green signals were measured in the intensity
profiles (d, h, |, and p). Asterisks mark the start of the measured line. Scale bar, 5 ym, 1 ym
(enlarged inset). (D) Percentage of transcriptionally activated cells with enrichment of H3.3-YFP
and H3.3 N-tail-aN-YFP at the active transcription site and in nucleoli 18 and 48 h
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complex with transcribed S and AS RNA
that is distinct from the DNA/chromatin,
(Newhart et al., 2012, 2013b). This can also
be seen in the signal intensities in the line
drawn through the merged image (Figure
1C, enlarged inset in ¢); the red and green
signals do not completely overlap.

By 48 h, H3.3 is incorporated into chro-
matin in the majority of cells, as determined
by the change in its localization pattern; it is
distributed evenly throughout the nucleus
and excluded from nucleoli (Figure 1C, e-g).
Consequently the number of cells with H3.3
enriched in nucleoli decreases by 48 h
(Figure 1D). At this later time point, most
cells have passed through S phase at least
once. Therefore the replication-coupled
(RC) and RI H3.3 chromatin assembly ma-
chines have likely incorporated the majority
of the transiently expressed H3.3-YFP into
chromatin by this time. The number of cells
with accumulation of H3.3-YFP at the acti-
vated array is also reduced by 48 h, suggest-
ing that it is recruited to the transcription
site from a nucleosome-free pool.

In contrast to full-length H3.3, H3.3-N-
tail-aN is enriched in nucleoli in 100% of
cells and recruited to the activated array in
~80% of cells at both time points (Figure 1,
C, i-p, and D). This indicates that the H3.3
N-terminus mediates its recruitment to both
nucleoli and the transcription site. The in-
corporation of H3 histones into nucleo-
somes depends on the interaction of the H4
and H3 histone fold domains (i.e., helixes
o1-02-03; Luger et al., 1997). Therefore the
H3.3-N-tail-aN construct cannot be assem-
bled into nucleosomes and is likely a transi-
tion-state mutant that remains in association
with upstream regulatory factors.

Screen identifies nucleolar RNA
proteins recruited to the activated
transgene array

Because nucleolar factors are predicted to
regulate  DAXX-ATRX-mediated de novo
heterochromatin assembly in zygotes (Fulka
and Langerova, 2014), we screened YFP-
tagged nucleolar proteins for recruitment to
the activated array in U20S cells (Figure 2)
with the goal of identifying novel regulators
of this pathway. Owing to lower expression,
a longer exposure of YFP-NOP56 and
NOP58 on the same immunoblot is shown
(Figure 2A, boxed region). Using this

posttransfection. For each time point,

100 cells were counted from three
independent transfections. SDs are shown in
the form of error bars; p values were
calculated using the unpaired t test.
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Nucleolar proteins are recruited to the activated transgene array. (A) Western blot of
the YFP-tagged nucleolar proteins screened for recruitment to the activated transgene array
U20S 2-6-3 cells detected with o-GFP antibody; y-tubulin is used as a loading control. Owing to
the weaker signals of YFP-NOP56 and YFP-NOP58, a longer exposure of the same gel is shown
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localize with H3.3-CFP, as confirmed by
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(Figure 3C), which measures the strength of
the linear relationship between two vari-
ables. A value of +1 indicates a positive cor-
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(outlined region). (B) Merged images of the YFP-tagged nucleolar proteins and Cherry-tTA-ER,

which marks the activated transgene array (a, ¢, e, g, i, k, m, and o). Arrows indicate the location
of the transgene array. Yellow lines in enlarged insets show the path through which the red and
green intensities were measured in the intensity profiles (b, d, f, h, j, |, n, and p). Asterisks mark
the start of the measured line. Scale bar, 5 um, 1 pm (enlarged inset). (C) Percentage of cells with
recruitment of the YFP-tagged nucleolar proteins to the activated transgene array. One hundred
cells were counted from three independent transfections. SDs are shown in the form of error bars.

approach, we detected recruitment of RPL23a, fibrillarin, and Rpp29
(Figure 2B, g, m, and o, and C). The intensity profiles to the right of
the images indicate that, similarly to H3.3, they accumulate in a
complex that is distinct from Cherry-tTA-ER, which marks the DNA/
chromatin (Figure 2B, h, n, and p). Separate images of the nucleolar
proteins and Cherry-tTA-ER are shown in Supplemental Figure S2.
Accumulation of Rpp29, fibrillarin, and RPL23a is not seen at the
inactive array, marked by Cherry-lac repressor, suggesting that their
recruitment is mediated by transcription (Figure 3A).

Fibrillarin is a 2’-O-methyltransferase; as a component of Box
C/D small nucleolar ribonucleoproteins (snoRNPs), which also in-
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H3.3 forms a biochemical complex

with Rpp29, fibrillarin, and RPL23a

To determine whether H3.3 interacts bio-
chemically with the nucleolar proteins, we
incubated lysates from cells expressing YFP-
tagged Rpp29, fibrillarin, and RPL23a with
bacterially expressed glutathione S-transfer-
ase (GST)-H3.3-N-tail-aN constructs (Figures 1B and 3D). We used
both WT H3.3 and a construct containing four point mutations (4-
PTMs) in and around the aN helix, which we previously reported
reduce both recruitment to the activated array and affinity for dou-
ble-strand RNA in vitro (Newhart et al., 2013b). Rpp29, fibrillarin,
and RPL23a all interact with GST-H3.3 WT but not GST, supporting
the hypothesis that associations with nucleolar factors mediate H3.3
recruitment to both nucleoli and the activated array. The interaction
between Rpp29 and H3.3 was reduced by the 4-PTMs, indicating
that these residues are important for the association. As a positive
control, we show that DAXX interacts with WT H3.3 but not the
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Histone H3.3 forms a complex with Rpp29, fibrillarin, and RPL23a. (A) Localization of YFP-Rpp29, YFP-
fibrillarin, and YFP-RPL23a in relation to the inactive transgene array in U20S 2-6-3 cells marked by Cherry-lac repressor
(arrows). Scale bar, 5 um, 1 um (enlarged inset). (B) Localization of YFP-Rpp29 (a—d), YFP-Fibrillarin (e—h) and YFP-RPL23a
(i-1) in relation to H3.3-CFP and the activator, Cherry-tTA-ER, which is shown in the top enlarged insets in ¢, g, and k.
Yellow lines in enlarged merge insets (bottom inset, ¢, g, and k) show the path through which the red, green, and blue
intensities were measured in the intensity profiles (d, h, and I). Asterisks mark the start of the measured line.

(C) Pearson's r analysis of the overlap between YFP-tagged proteins and Cherry-tTA-ER (white bars) and H3.3-CFP (gray
bars) at the activated transgene array. The correlation between Cherry-tTA-ER and YFP-tTA-ER (n = 10) was analyzed as
a positive control. Cherry-tTA-ER and H3.3-YFP (n = 11) were analyzed as a negative control. Rpp29 (n = 11), fibrillarin
(n=10), and RPL23a (n = 13) were compared with both Cherry-tTA-ER and H3.3-CFP. (D) Analyses of interactions
between YFP-tagged proteins, detected with 0-GFP antibody, and the bacterially expressed GST proteins, GST,
GST-H3.3 (N-tail-aN) wild type (WT), and the 4-PTM construct (diagram in Figure 1B), detected by colloidal blue
staining. Right, analysis of the effects of RNase A, RNase Ill, and DNase | treatments on binding.
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The RNase P subunits POP1 and Rpp21 are recruited to the activated transgene array. (A) Western blot of
the YFP-tagged RNase P and RNase MRP protein subunits, screened for recruitment to the activated transgene array in
U20S 2-6-3 cells, using 0-GFP antibody; y-tubulin is used as a loading control. Arrow indicates YFP-POP1. Owing to the
weak signal of YFP-POP1 on the blot, a longer exposure of the same gel is shown in the outlined region. (B) Localization
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Arrows indicate the location of the transgene array. Yellow lines in enlarged merge insets show the path through which
the red and green intensities were measured in the intensity profiles (d, h). Asterisks mark the start of the measured
line. Scale bar, 5 um, 1 pm (enlarged inset). (C) Percentage of cells in which the YFP-tagged RNase P/MRP subunits are
recruited to the activated transgene array. One hundred cells were counted from three independent transfections. SDs
are shown in the form of error bars. (D) Localization of YFP-POP1 and YFP-Rpp21 in relation to the inactive transgene

array marked by Cherry-lac repressor.

4-PTM construct (Elsasser et al., 2012) and, as a negative control,
that the nonrecruited nucleolar protein NOP56 does not interact
with either.

The H3.3-Rpp29 interaction is not nucleic acid dependent
Because Rpp29, fibrillarin, and RPL23a are present in the H3.3/RNA
complex at the activated transgene array (Newhart et al., 2013b), we
wanted to determine whether nucleic acids are required for their
interaction with the GST-H3.3 WT construct. Therefore we pre-
treated the cell lysates with enzymes to degrade single-stranded
RNA (RNase A), double-stranded RNA (RNase lll), and DNA (DNase
1) before incubation. None of these treatments eliminated the inter-
actions between H3.3 and Rpp29, fibrillarin, or DAXX, indicating
that they are not RNA or DNA dependent (Figure 3D). The decrease
in YFP-Rpp29 levels in both the RNase Il input and pull-down sam-
ples is presumably a result of its destabilization in the reaction buf-
fer. Of interest, RNase A eliminates the H3.3-RPL23a interaction,
indicating dependence on single-stranded RNA.

The RNase P protein subunits POP1 and Rpp21 are
recruited to the activated transgene array

Because H3.3 accumulates with S and AS RNA transcribed from the
transgene array (Newhart et al., 2013b) and RNase P degrades AS
RNA in yeast (Marvin et al., 2011), we focused on investigating the
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function of Rpp29 in transcription and H3.3 chromatin assembly. In
bacteria, RNase P is composed of a catalytic RNA and a single pro-
tein subunit that structurally resembles eukaryotic POP5 (Wilson
et al., 2006). In addition to a catalytic RNA, archaeal RNase P in-
cludes four proteins homologous to eukaryotic Rpp21, POPS,
Rpp29, and Rpp30. Eukaryotic RNase P contains ~10 proteins, most
of which are shared with RNase MRP (Marvin and Engelke, 2009). To
determine whether any of the other RNase P and RNase MRP pro-
teins are recruited to the activated array, we evaluated YFP-tagged
versions (Figure 4A). Only POP1 and Rpp21 accumulated and, simi-
larly to Rpp29, did not colocalize with Cherry-tTA-ER, which suggests
that they also reside in the H3.3/RNA complex (Figure 4, B and C,
and Supplemental Figure S3). POP1 and Rpp21 were not detected
at the inactive array, marked by Cherry-lac repressor (Figure 4D),
indicating that their accumulation is also linked to transcription.

The RNase P and MRP catalytic RNAs do not accumulate

at the activated transgene array

To investigate whether the RNase P and/or MRP catalytic RNAs are
recruited to the activated array, we used RNA fluorescence in situ
hybridization (RNA FISH) to evaluate their localization. It was previ-
ously shown that RPPH1, the human RNase P catalytic RNA, local-
izes in a diffuse pattern throughout the nucleus and that the RNase
MRP RNA, RMRP, is enriched in nucleoli (Jacobson et al., 1997).
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The RNase P and RNase MRP catalytic RNAs are not recruited to the activated transgene array.
(A) Strand-specific RNA FISH probes were used to visualize the RNase P (RPPH1; a—-d) and RNase MRP (RMRP; e-h)
catalytic RNAs at the activated transgene array in U20S 2-6-3 stably expressing YFP-MS2 and rtTA. YFP-MS2 was used
to mark the active site (arrows). Yellow lines in enlarged merge insets show the path through which the red and green
intensities were measured in the intensity profiles (d, h). Asterisks mark the start of the measured line. Scale bar, 5 pm,
1 pm (enlarged inset). (B) Localization of the RNase P (RPPH1; a-d) and RNase MRP (RMRP; e—h) catalytic RNAs at the
activated transgene array in U20S 2-6-3 cells expressing YFP-Rpp29. Transcription was induced with the activator rtTA
(+) Dox. (C) Localization of the RNase P (RPPH1; a—d) and RNase MRP (RMRP; e-h) catalytic RNAs at the activated

transgene array in U20S 2-6-3 cells expressing H3.3-YFP.

Although we detected RPPH1 and RMRP in their previously re-
ported patterns, neither accumulated at the activated array, marked
by YFP-MS2 (Figure 5A). To determine whether we could detect
accumulation when either H3.3 or Rpp29, which interacts directly
with RPPH1 and RMRP (Marvin and Engelke, 2009), is enriched at
the site, we performed RNA FISH in YFP-Rpp29- and H3.3-YFP-ex-
pressing cells. The fact that neither RPPH1 nor RMRP accumulated
under these conditions (Figure 5, B and C) suggests either that they
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do not function at the array or that their functions are dysregulated
in U20S cells.

Rpp29 recruitment dynamics suggests that

it suppresses transcription

The recruitment of Rpp29 to the activated transgene array sug-
gested that it might regulate transcription. To investigate the effect
of Rpp29 on transcription, we imaged the transgene array in single
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FIGURE 6: Single-cell analysis of Rpp29 recruitment dynamics suggests that it suppresses transcription at the activated
transgene array. (A) Quantification of the changes in the area of the transgene array in U20S 2-6-3 cells, as detected by
Cherry-tTA-ER (red) intensity, during transcriptional activation in YFP-expressing control cells. 4-OHT was added to the
medium immediately after the second image in the time series was acquired. Images were collected every 7.5 min for 4 h.
Measured areas were normalized to the high and low plateau values and fitted to a model (solid lines). Peak values are
indicated in the graphs. Error bars represent SD. Data and fit are shown with 95% prediction bands for the fitted curve
(dotted lines, right). (B) Quantification of the areas occupied by Cherry-tTA-ER (red) and YFP-Rpp29 (green) at the transgene
array during the course of transcriptional activation. Cherry-tTA-ER values from individual control and YFP-Rpp29-
expressing cells are depicted in Supplemental Figure S4. (C) Table of phase 1 and phase 2 peaks and phase 2 slope values.
(D) Table of fitting parameters. No overlap is seen in the confidence intervals on the fits of the slopes after peak times.

cells over the course of ~4 h of activation (Figure 6, Supplemental
Movie S1, and Supplemental Figure S4). For these analyses, the
pixel intensities of Cherry-tTA-ER and YFP-Rpp29 at the transgene
array were thresholded and measured. We previously reported that
the area of the array, marked by Cherry-tTA-ER, increases after in-
duction due to chromatin decondensation driven by RNA pol Il ac-
tivity (Rafalska-Metcalf et al., 2010). Therefore this analysis can be
used to gain insight into transcriptional dynamics.

Using this approach, we determined that during activation, the
initial increase in the area of the transgene array, marked by Cherry-
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tTA-ER, is approximately exponential in both YFP- and YFP-Rpp29-
expressing cells (Figure 6, A and B). Over time, growth slows, even-
tually stops, and decreases, which suggests the transcription
decreases after the peak. By fitting the curve to a function that com-
bines a growth model dominating in phase 1 (before the peak) and
a linear model dominating in phase 2 (after the peak), we were able
to measure and compare temporal profiles and parameters between
YFP- and YFP-Rpp29-expressing cells (Figure 6, C and D). Cherry-
tTA-ER peaked earlier (75 vs. 95 min) and decreased more rapidly
after its peak in cells expressing YFP-Rpp29 than in those expressing
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Active (+ 4-OHT 3hrs)

FIGURE 7: Rpp29 and POP1 repress transcription from the transgene array. (A) gRT-PCR
analysis of Rpp29 and POP1 mRNA levels in U20S 2-6-3 cells stably expressing YFP-MS2 and
rtTA cells after shRNA knockdown. SDs are shown in the form of error bars; p values were
calculated using an unpaired t test (n = 3). (B) Strand-specific qRT-PCR analysis of total RNA
isolated 0 and 3 h after activation in U20S 263 cells stably expressing YFP-MS2 and rtTA after
shRNA knockdown. A primer pair in rabbit B-globin exon 3 was used for PCR. (C) Measurement
of the intensity of H3.3-YFP recruited to the activated transgene array in U20S 2-6-3 cells after

control (pLKO.1; n = 30) and Rpp29 (n = 31) knockdown.

YFP (slope —0.31 vs. —0.07; p < 0.0001), suggesting that Rpp29 ac-
celerates chromatin recondensation. The finding that YFP-Rpp29
both accumulated and peaked later than Cherry-tTA-ER (84 vs. 75
min; Figure 6C) supports the conclusion that Rpp29 recruitment de-
pends on transcription. The rapid decrease in YFP-Rpp29 levels at
the array after their peak (phase 2 slope, —0.86) also suggests that
Rpp29 functions in the processing/degradation of an RNA substrate
that, as it is consumed, results in reduced association of Rpp29 with
the site. Taken together, these results suggest that Rpp29 represses
transcription from the transgene array.

Rpp29 and POP1 repress transgene RNA levels in U20S cells
To test the hypothesis that Rpp29 represses transcription, we
knocked down Rpp29, as well as POP1, in the U20S cell line and
measured S and AS RNA levels. Figure 7A shows the depletion of
Rpp29 and POPT mRNA in short hairpin RNA (shRNA)-expressing
cells. Knockdown of Rpp29 significantly increased levels of both S
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S 200000 pressing H3.3-YFP (Figure 8A) and evalu-
2 ] ated H3.3 incorporation into the inactive
pLKO.1 shRpp29 transgene array using chromatin immuno-

precipitation (ChIP; Figure 8B is a diagram
of the procedure). We previously reported
that, in the Hela cell line, H3.3 is signifi-
cantly enriched in the inactive transgene ar-
ray (Figure 8D is a diagram of the primer
pairs) compared with the RC variant, H3.2
(Newhart et al., 2012). Here we show that
Rpp29 knockdown significantly increases
H3.3 incorporation into the array (Figure 8E,
brown bars). Taken together, these results
suggest that Rpp29 represses H3.3 chromatin assembly by down-
regulating a transcriptional recruitment signal.

We also analyzed the effects of ATRX knockdown (Figure 8C)
on H3.3 incorporation into the transgene array because of its re-
ported requirement for H3.3 deposition into repetitive regions,
including telomeres and pericentromeres (Drane et al., 2010;
Goldberg et al., 2010; Lewis et al., 2010) and reports that ATRX
regulates RNA-mediated chromatin events (Sarma et al., 2014,
Flynn et al., 2015). Surprisingly, ATRX knockdown did not detect-
ably affect H3.3 incorporation into the Hela cell transgene array
(Figure 8E, orange bars). Loss of ATRX is a hallmark of cells, includ-
ing U208, that use the alternative lengthening of telomere (ALT)
pathway to maintain telomere length (Heaphy et al., 2011; Bower
et al., 2012; Lovejoy et al., 2012). However, ATRX knockdown is
insufficient to induce ALT (Clynes et al., 2014; Episkopou et al.,
2014; O'Sullivan et al., 2014). Taken together, these results
suggest that additional mechanisms must be dysregulated in

Molecular Biology of the Cell



B C
Hela HI 1-1 . . h . HeLa HI 1-1
WOa 12 High Salt Extraction romatin BRpP29 oo
Da Immunoprecipitation Ll
50 =] - - H33-YFP p=0.0009 Hela HI 1-1
HI1-1 Cells (HeLa) § £ 0.06 — —
36— (+) H3.3-YFP 3 g( 0.05 - x QQ%‘E
= S =
Nudle 5§00 kDa
22— e =S 002 250 -ATRX
MNase h e H33YFP S E
16— - - H33 . e _’(FlcghéPE) x £ 50 —Eaﬂﬂubulin
= 0
SO—El a—yTubulin Detergent NUC@&OmES pLKO.1  shRpp29 shRpp29+
Extragt shATRX
Vortex|
; 7 p 1 RS G F HeLa HI 1-1/H3.3-YFP
Input v ,‘M}’ﬁ;{?’—) Chip shRpp29+
Unincorporated R > (Fig 8G) pLKO.1 shATRX
Histones Nucléotomes 3 3
© ©
NaCl S S
Extraction é’___ g___
ON IN 2N = =
D oy | w £582% ES5z=%
50 =g -
®. oo - o9
Ufm | / / TREl IECFPl ms2 | I | % w6 (@D
=7/ =// - = =
1 2 3 4 5 50— X
cmv B-globin 3 region - em o o@ @
promoter intron/exon 36 =
E -4 a-H33
5 *
Hela HI 1-1/H3.3-YFP * 2
4 1614 W o --.<-H3.3@
o
23 Q@) H3.3-YFP (a-GFP)
£ ) 147 @pLKO.1 MshRpp29+shATRX ***
X 1.2
51
1 Zos
X o6
0 0.4 *
0.2
0 Unincorp- 1IN NaCl 2N Nacl
orated H3.3
@ H3.3-YFP (0-H3.3)
pLKO.1 @EshATRX D@ shRpp29 OshRpp29 +shATRX }2 HpLKO.1 W shRpp29+shATRX™**
G s 1.4
8 * £
Hela HI 1-1/H3.3-YFP * ® o8
6 1 * 0.4
. 0.2
5 (Detergent Extraction ol=
Q . Unincorp- 1N NaCl 2N Nacl
£4 4 &Vortexing) orated H3.3
d
X 2 Endogenous H3.3 (a.-H3.3)**
i"; O pLKO.1 m shRpp29+shATRX
o4 .
o
. + Unincorp- 1N NaCl 2N Nacl
@pLKO.1 OshRpp29 + shATRX et g

Rpp29 represses histone H3.3 chromatin assembly. (A) Western blot shows levels of endogenous H3.3 and
H3.3-YFP in the HelLa HI 1-1/H3.3-YFP (lane 1) and HeLa HI 1-1 (lane 2) cell lines. (B) Diagram of the steps undertaken in
the high-salt extraction and chromatin immunoprecipitation protocols. (C) gRT-PCR and Western blot analysis of Rpp29
mRNA and ATRX protein levels, respectively, in HelLa HI 1-1 cells after shRNA knockdown. For qRT-PCR, results are the
average of three independent experiments. SDs are shown in the form of error bars; p values were calculated using
unpaired t test. (D) The transgene diagram shows the location of the primer pairs used for qPCR analysis of the ChIP
results in HelLa HI 1-1/H3.3-YFP cells. (E) ChIP analysis of H3.3-YFP incorporation into the transgene array after
knockdowns in Hela HI 1-1/H3.3-YFP cells. Results are the average of at least three independent experiments, and
p values were calculated by comparing pLKO.1 (blue bar) to the shRNA data sets using unpaired t test: *p < 0.05 and
**p < 0.01. (F) Representative Western blot of high-salt extraction assay showing H3.3-YFP and H3.3 levels detected
using anti-GFP and anti-H3.3 antibodies. Graphs show measurements of (1) H3.3-YFP with anti-GFP antibody,
(1) H3.3-YFP with anti-H3.3 antibody, and (lll) H3.3 with anti-H3.3 antibody. Results are the average of at least three
independent experiments, and p values were calculated using unpaired t test: *p < 0.05, **p < 0.01, and ***p < 0.001.
(G) ChIP analysis of H3.3-YFP incorporation into the transgene array in HeLa HI 1-1/H3.3-YFP cells after first detergent
extracting and vortexing isolated nuclei.
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FIGURE 9: Rpp29 is not required for maintenance of transcriptional silencing. (A) Strand-specific qRT-PCR analysis of
sense and antisense transgene RNA levels in inactive and activated HelLa HI 1-1 and U20S 2-6-3 cells after shRNA
knockdown of Rpp29 and ATRX and ICPO expression. The pLKO.1 vector was used as a control. A primer pair in rabbit
B-globin exon 3 was used for PCR. Results are the average of at least three independent experiments. SDs are shown in
the form of error bars; p values were calculated using unpaired t test. (B) Graphs of the average FRAP of H3.3-YFP in
HeLa HI 1-1/H3.3-YFP cells over the course of 10 min of imaging. ShRNA constructs were expressed for 72 h before
photobleaching: control pLKO.1 (n = 14) and Rpp29+ATRX double knockdown (n = 14). (C) Model of Rpp29 function in
histone H3.3 chromatin assembly at a DAXX-ATRX-regulated site, showing two steps: 1) H3.3 recruitment through a
transcriptional signal that Rpp29 functions to down-regulate, and 2) nucleosomal deposition of H3.3 by DAXX and

ATRX.

order for ALT to be activated and H3.3 incorporation into the
transgene array to be disrupted.

Of interest, Rpp29+ATRX double knockdown increased H3.3
incorporation into the Hela cell array slightly more than knock-
down of Rpp29 alone, which suggests that they functionally inter-
act. Although many studies indicate that ATRX is required for H3.3
chromatin incorporation (Drane et al., 2010; Goldberg et al., 2010;
Wong et al., 2010), increased H3.3 deposition has also been de-
tected after ATRX knockout in mouse forebrain (Levy et al., 2015).
These results suggest that the mechanistic basis of ATRX function
has yet to be fully elucidated.

Rpp29 represses genome-wide H3.3 chromatin
incorporation

To determine the effect of Rpp29+ATRX double knockdown on ge-
nome-wide H3.3 chromatin incorporation, we used a high-salt ex-
traction assay (Figure 8, B and F). Histones, especially H3 and H4,
are tightly associated with nucleosomes but can be solubilized by 2
M NaCl (Shechter et al., 2007). Compared to the control, signifi-
cantly higher levels of H3.3-YFP and endogenous H3.3 were ex-
tracted from Rpp29+ATRX-knockdown cells (Figure 8F) suggesting
that their depletion increases H3.3 chromatin incorporation genome
wide. Due to the significant increase in unincorporated H3.3 in
Rpp29+ATRX-knockdown cells (Figure 8F), we also performed ChiP
at the transgene array after first detergent extracting and vortexing
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isolated nuclei (Figure 8B), which confirmed that unincorporated
H3.3 does not contribute to the increase in array deposition (Figure
8, Eand G).

Rpp29 is not required to maintain transcriptional silencing
To decipher the link between H3.3 chromatin incorporation and
transcriptional silencing, we knocked Rpp29 down in the Hela cell
line and measured S and AS transgene RNA levels 3 h after activa-
tion (Figure 9A). Compared to control cells (pLKO.1), Rpp29 knock-
down did not significantly increase S and AS RNA expression, which
suggests that Rpp29 is not required to maintain silencing. In fact,
the increase in H3.3 deposition that accompanies Rpp29 knock-
down (Figure 8E) may suppress array activation, because H3.3 chro-
matin assembly is required for the establishment of heterochromatic
histone PTMs, including H3K27me3 at HIRA-regulated bivalent
genes (Banaszynski et al., 2013) and H3K9me3 at DAXX-ATRX-reg-
ulated sites (Elsasser et al., 2015; He et al., 2015; Jang et al., 2015;
Udugama et al., 2015; Voon et al., 2015).

In contrast to Rpp29, ATRX knockdown significantly increased S
and AS RNA levels (Figure 9A), which suggests that ATRX contrib-
utes to maintenance of silencing. Although we did not detect a
decrease in H3.3 incorporation after ATRX knockdown (Figure 8E),
it is possible that even a small reduction promotes transcription. Of
interest, S and AS RNA levels increased less after Rpp29+ATRX
knockdown than after knockdown of ATRX alone, suggesting that
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codepletion with Rpp29 counteracts the positive effects of ATRX
reduction.

To provide a reference point for S and AS RNA expression from
derepressed arrays, we included analyses of U20S and ICPO-ex-
pressing Hela cells (Figure 9A). ICPO is a herpes simplex 1 E3 ubig-
uitin ligase required to reverse latency, which we previously showed
derepresses the Hela cell array (Newhart et al., 2012). Compared to
Hela cells expressing shATRX, S and AS RNA levels are dramatically
higher in U20S and ICPO-expressing Hela cells, indicating that
ATRX knockdown is insufficient to derepress the array. ICPO also
enhances transcription of S RNA from the U20S cell array, suggest-
ing that its expression is constrained by factors that ICPO
eliminates.

Rpp29+ATRX knockdown does not affect H3.3 nucleosome
stability

To investigate the effect of Rpp29+ATRX knockdown on H3.3
nucleosome stability, we used fluorescence recovery after photo-
bleaching (FRAP) in Hela cells stably expressing H3.3-YFP. Previ-
ous reports indicate that H3 histones are stably incorporated into
nucleosomes (Kimura and Cook, 2001; Meshorer et al., 2006). To
examine the long-term recovery kinetics of H3.3, we imaged cells
every 10 s for 10 min after bleaching (Figure 9B). Minimal recovery
of H3.3-YFP was detected in both control and shRpp29+shATRX
cells, indicating that their knockdown does not affect nucleosome
stability.

Rpp29 down-regulates H3.3 chromatin assembly by
repressing a transcriptional signal that recruits H3.3 to its
incorporation sites

On the basis of our identification of Rpp29 as a factor that interacts
with H3.3 upstream of nucleosome deposition and the finding that
Rpp29 knockdown increases H3.3 recruitment to and incorporation
into chromatin, we propose a two-step model for H3.3 nucleosome
deposition (Figure 9C). First, H3.3 is recruited to its incorporation
sites by a transcriptional signal that Rpp29 functions to repress. In
the second step, chromatin assembly factors, such as DAXX and
ATRX, regulate H3.3 incorporation into nucleosomes. Because
H3.3 deposition is linked to the establishment of histone PTMs
(Banaszynski et al., 2013; Elsasser et al., 2015; He et al., 2015; Jang
et al., 2015; Udugama et al., 2015; Voon et al., 2015), the finding
that Rpp29 regulates H3.3 chromatin assembly by repressing depo-
sition could have important implications for understanding how
transcription states are established and maintained.

DISCUSSION

Histone H3.3 is an important regulator of transcription-state change
and epigenetic inheritance, but apart from the chaperoning com-
plexes that regulate nucleosome incorporation, few other pathway
components have been identified. In this study, we show that the
newly expressed H3.3, which is enriched in nucleoli (Delbarre et al.,
2012), is recruited to these nuclear structures through N-terminal
sequence elements. Recently it was reported that nucleolar factors
of unknown identity are required for DAXX-ATRX-mediated de
novo assembly of pericentric DNA into heterochromatin in zygotes
(Fulka and Langerova, 2014). This suggests that the nucleolar asso-
ciation of H3.3 is functionally significant.

We previously reported that a transgene array, which can be di-
rectly visualized in single cells, is requlated by the DAXX-ATRX-H3.3
pathway (Newhart et al., 2012). When integrated into ATRX-null
U20S cells, the array can be robustly activated, and H3.3 accumu-
lates at the site in a complex with transcribed S and AS RNA that is
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distinct from the DNA/chromatin (Newhart et al., 2013b). This sug-
gested that transcriptional mechanisms regulate the recruitment of
H3.3 to its deposition sites. Here we extend this analysis to show
that the nucleolar RNA proteins Rpp29, fibrillarin, and RPL23a are
also components of this H3.3/RNA complex. Rpp29 knockdown in-
creases both the accumulation of H3.3 at the activated array and its
incorporation into chromatin, which supports the model that Rpp29
represses H3.3 chromatin assembly by down-regulating a transcrip-
tional recruitment signal (Figure 9C).

Rpp29 is a component of the multisubunit endoribonucleases
RNase P and RNase MRP, for which noncoding RNAs function as the
catalytic subunits. The colocalization of Rpp29 with H3.3 at the acti-
vated array suggested that other subunits of these enzymes would
also be recruited. Indeed, POP1 and Rpp21 are similarly recruited,
suggesting that H3.3 chromatin assembly is regulated by a variant
of RNase P. Because Rpp29 and Rpp21 form an RNA-independent
heterodimer in Archaea (Xu et al., 2012), their corecruitment with
H3.3 suggests that this ancient interaction is conserved in the pre-
dicted variant.

Surprisingly, we did not detect either the RNase P or the RNase
MRP catalytic RNA (i.e., RPPH1 and RMRP) at the activated array in
U20S cells, making it possible that neither is a component of this
enzyme subcomplex or that RPPH1 or RMRP recruitment to the ar-
ray is dysregulated in U20S cells. Alternatively, this variant complex
could contain a novel catalytic RNA. We favor the hypothesis that
RNA is a component of this variant because in canonical RNase P,
Rpp29, POP1, and Rpp21 all interact with RPPH1 (Reiner et al.,
2011; Khanova et al., 2012), which suggests that RNA scaffolds en-
zyme assembly. We do not know the mechanism by which Rpp29
and POP1 repress transcription from the U20S cell transgene array
or why Rpp29, but not POP1, knockdown significantly increases AS
RNA levels. If both Rpp29 and POP1 are components of an enzyme
complex with activity toward AS RNA, it is possible that its function
is more sensitive to Rpp29 depletion.

In contrast to U20S cells, high levels of S and AS RNA are not
expressed from the activated Hela cell transgene array, consistent
with it being transcriptionally silenced (Newhart et al., 2012). Be-
cause Rpp29 depletion does not result in a detectable increase in
Hela cell transgene S and AS RNA expression, it suggests that
Rpp29 is not required to maintain silencing. However, the ability to
analyze the effects of Rpp29 on transcription from the derepressed
array in the U20S cell array allowed us to formulate the hypothesis
that Rpp29 regulates H3.3 chromatin assembly by repressing a tran-
scriptional recruitment signal. It is possible that Rpp29 is required to
establish silencing at DAXX-ATRX-regulated sites, after which
mechanisms, including histone PTMs, function to maintain it through
cell division. Of interest, RNase P was recently linked to transcrip-
tional silencing by the finding that Rpp30 is required to repress
transposable elements and establish H3K9me3 marks in germ cells
(Molla-Herman et al., 2015). In the future, it will be important to de-
termine whether Rpp29 is one of the nucleolar proteins required for
the de novo assembly of pericentric heterochromatin in zygotes
(Fulka and Langerova, 2014), as well as whether it regulates H3.3
deposition at HIRA-regulated sites.

Copy-number variations in Rpp29 have been detected in breast
and ovarian cancer (Wrzeszczynski et al., 2011; Natrajan et al., 2012).
In addition, Rpp29, located at 19912, is in a region commonly code-
leted with chromosome 1p in oligodendrogliomas and astrocyto-
mas (Reuss et al., 2014). At this time, it is unknown how Rpp29 copy-
number changes contribute to carcinogenesis. Our demonstration
that Rpp29 down-regulates H3.3 chromatin incorporation suggests
that they could alter gene expression programs by changing the
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kinetics of H3.3 chromatin assembly, which is required for deposi-
tion of heterochromatic histone PTMs, including H3K27me3 at
HIRA-regulated genes (Banaszynski et al., 2013) and H3K9me3 at
DAXX-ATRX-regulated sites (Elsasser et al., 2015; He et al., 2015;
Jang et al., 2015; Udugama et al., 2015; Voon et al., 2015).

In this study, we concentrated on investigating the function of
Rpp29 in DAXX-ATRX-mediated H3.3 chromatin assembly. How-
ever, the association of RPL23a and fibrillarin with H3.3 at the acti-
vated transgene array suggests that they may also be components
of this pathway. Of interest, noncanonical functions for RPL23a and
fibrillarin have been reported. Fibrillarin and RPL23a are both en-
riched in mitotic chromatin (Hayashihara et al., 2010). RPL23a was a
top hit in an shRNA screen for factors required for Hras®'?V-depen-
dent oncogenic growth (Beronja et al., 2013). The yeast fibrillarin
orthologue Nop1 methylates histone H2A in ribosomal DNA, and
its disruption dysregulates rDNA transcription (Tessarz et al., 2013).
Future analyses of the effect of RPL23a and fibrillarin on H3.3 chro-
matin assembly will expand our understanding of H3.3 function in
genome regulation.

A better understanding of H3.3 chromatin assembly could also
provide insight into how the gain-of-function point mutations, con-
centrated in the H3.3 N-terminal tail, drive pediatric brain and skeletal
cancers (Lindroth and Plass, 2013). In pediatric glioma, lysine 27 is
converted to methionine (K27M), which inhibits the H3 K27 trimethyl-
transferase EZH2, resulting in a global decrease in H3K27me3
(Bender et al., 2013; Chan et al., 2013; Lewis et al., 2013; Venneti
et al., 2013). However, when and where H3.3(K27M) interacts with
EZH2 are unknown. Glycine 34 is also mutated to either arginine or
valine in pediatric glioma and to tryptophan or leucine in giant cell
tumor of the bone; their mechanisms of pathogenesis are unknown.
The selective association of the H3.3 point mutations with pediatric
tumors suggests that they dysregulate normal development. It will be
important to determine whether RNA factors are required for the on-
cohistone H3.3s to drive tumorigenesis. Therefore an expanded un-
derstanding of how transcription and RNA mechanisms regulate H3.3
chromatin assembly could provide new insight into cancer etiology.

MATERIALS AND METHODS

Plasmids

Cherry-lac repressor, Cherry-tTA-ER, H3.3-CFP, H3.3-YFP, H3.3-N-
tail-aN-YFP, GST-H3.3-N-tail-aN wild type, GST-H3.3-N-tail-aN
4-PTM, and pLU-YFP-ICPO were previously described (Janicki et al.,
2004; Rafalska-Metcalf et al., 2010; Newhart et al., 2012, 2013a,b).
GFP-UBF1-C1, GFP-nucleophosmin/B23-C1, GFP-RPS5-C1, GFP-
RPL23a-C1, and GFP-fibrillarin-C1 (gifts of Sui Huang, Northwestern
University, Chicago, IL; Chen and Huang, 2001) were converted into
YFP-C1 constructs by either replacing GFP with YFP or recloning the
insert. YFP-NOP56-C3 and YFP-NOP58-C1 were constructed by
PCRing cloning the respective cDNAs (Xhol/EcoRI and Xhol/BamHI).
GFP-Rpp14-C1, GFP-Rpp20-C1, GFP-Rpp21-C1, GFP-Pop5-C1,
GFP-Rpp29-C1, GFP-Rpp30, GFP-Rpp38-C1, and GFP-Pop1-C1
(gifts of Sidney Altman, Yale University, New Haven, CT; Jarrous
et al.,, 1999, 2001) were converted into YFP-C1 constructs by either
replacing GFP with YFP or recloning the insert. YFP-Rpp40-C1
was made by PCR cloning the cDNA (LIFESEQ5687201; Open
Biosystems, GE Dharmacon, Huntsville, AL) as an Xhol/BamH]I
fragment.

Cell culture, transfections, and imaging

The U20S cell lines 2-6-3 and 2-6-3/YFP-MS2/rtTA were previously
described (Janicki et al., 2004; Rafalska-Metcalf et al., 2010; Newhart
et al., 2012). The Hela cell lines HI 1-1 and HI 1-1/H3.3-YFP were
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previously described (Newhart et al., 2012). The cell line 2-6-3/rtTA,
used for RNA FISH, was developed as previously described (Rafal-
ska-Metcalf and Janicki, 2013). Transcriptional activation is induced
in the 2-6-3/YFP-MS2/rtTA cells by Dox (1 ug/ml) and in 2-6-3 cells
expressing tTA-ER activator with 4-OHT (1 pM). Transient transfec-
tions were performed using FUGENE (Promega, Madison, WI) as
previously described (Newhart et al., 2012).

Imaging

Confocal imaging and time-course imaging were done as previously
described (Rafalska-Metcalf et al., 2010; Newhart et al., 2013b).
Pearson’s r was calculated using SimplePCl software (Hamamatsu,
Middlesex, NJ) by manually selecting the transgene array site with
the region of interest (ROI) function. Intensity profiles for merged
pictures were also generated using SimplePCl software.

Image segmentation, tracking, and analysis

The program used to track the changes in factor accumulation at
the transgene array (locus) over time segments the locus in each
image frame and tracks frame-to-frame segmentation results. To
minimize the effects of photobleaching on the analysis, the size of
the accumulations rather than their intensity was measured, as it
does not require absolute measurements of fluorescence intensity
but instead a single decision of relative signal intensity of pixels in
the ROI compared with background levels. Delineation of the locus
from background begins using a preprocessing detection program
previously described (Michel et al., 2007), using a Gaussian filter to
eliminate larger structures in the background, followed by a me-
dian filter to remove shot noise (Gonzalez et al., 2003). Remaining
interfering bright regions at early time points (e.g., nucleoli, cyto-
plasmic Cherry-tTA-ER) are cropped from each frame. After these
preprocessing steps, a scaled Otsu threshold is applied to each
image to identify foreground regions. After loci are segmented in
all images, an automated tracking technique is applied to deter-
mine temporal associations among segmentation results and
define connectivity between successive frames. In the identified
region, both red (Cherry) and green (YFP) intensities were recon-
structed to individually define Cherry-tTA-ER and YFP-Rpp29 accu-
mulations. Results represent normalized averages of independent
data sets. In the first phase, with rapid accumulation, the data were
found to fit best to a logistical equation until peak accumulation
(Tpeald. followed by a second phase, in which accumulation remains
steady or decreases linearly, quantified by the slope (m) from the
fit, as follows:

Al-A2
p
1+(L)
X0
The 95% confidence intervals for the parameter estimates were
determined using nlparci MATLAB (Mathworks, Natick, MA). Statis-

tical analysis was done using GraphPad (GraphPad Software,
La Jolla, CA) and MATLAB.

F= +mx+b (n

Knockdown analyses

Knockdowns were done using shPop4 (Rpp29) (TRCNO000049878;
Sigma-Aldrich, St. Louis, MO), shPop1 (TRCN0000049890;
Sigma-Aldrich), pLKO.1, and pLKO.1 and shATRX90 (gifts from
Roger Everett [University of Glasgow, Glasgow, UK]; Lukashchuk
and Everett, 2010; Newhart et al. 2012). Lentiviruses were
prepared in 293-T cells as previously described (Everett et al.,
2008). Briefly, 1 x 10° cells were plated in a 10-cm dish and in-
fected the next day with virus. At 24 h postinfection, cells were
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split into 10-cm dishes (1:3). At 48 h, puromycin was added (0.5
pg/ml). At 72 h, cells were harvested for RNA analysis or ChlP.

GST-binding assay

GST-fusion proteins were expressed as previously described
(Newhart et al., 2013b). Protein extracts were incubated with Gluta-
thione Superflow beads (Clontech, Mountain View, CA; 1.5-2 h, 4°C
with rotation), followed by two washes with resuspension buffer
(25 mM Tris, pH 7.5, 0.5 M KCI, 10% glycerol, 5 mM f-
mercaptoethanol [B-Me], phenylmethylsulfonyl fluoride). A portion
of GST-bound protein beads was saved for SDS-PAGE analysis. Cell
lysates were prepared by trypsinizing cells, washing pellets in 1 ml
of 1x phosphate-buffered saline (PBS), and resuspending them in
500 pl of nondenaturing lysis buffer (NDLB; 20 mM Tris-HCI, pH 7.4,
2 mM EDTA, 300 mM NaCl, 10% glycerol, 1% NP-40, protease in-
hibitor cocktail [Sigma-Aldrich]; 30 min, 4°C with rotation). Cell ly-
sates were spun down (14,000 rpm, 10 min, 4°C), and supernatants
were collected. Pellets were resuspended in 300 pl of NDLB and
sonicated on high for 20 s. Supernatant and sonicated pellet for
each individual sample were combined and precleared with 20 pl of
prewashed GST beads (1 h, 4°C with rotation). The precleared ly-
sates were spun down, input samples were removed, and the re-
maining supernatants were incubated with GST-protein bound
beads (overnight, 4°C with rotation). Beads were washed three
times with resuspension buffer, and then SDS lysis buffer (1% SDS,
10 mM EDTA, 50 mM Tris, pH 8.1) and 3x SDS loading dye (150 mM
Tris-HCI, pH 6.8, 6% SDS, 30% glycerol, bromophenol blue, 3%
B-Me) were added. Samples were boiled at 95-100°C for 3 min and
Western blotted.

To study the effect of RNA and DNA on protein interaction, we
treated the cell lysates with different nucleases. For single-stranded
RNAs, the cells were lysed in NDLB-A (20 mM Tris-HCI, pH 7.4,
2 mM EDTA, 300 mM NaCl, 10% glycerol, 1% NP-40, protease
inhibitor cocktail; 30 min, 4°C with rotation) and treated with
0.01 U/pl RNase A (7.5 U total, 10 min, 37°C). For double-stranded
RNA, the cells were lysed in NDLB-B (20 mM Tris-HCI, pH 7.4,
50 mM NaCl, 10% glycerol, 1% NP-40, 1x MnCl,, protease inhibi-
tor cocktail) and treated with 0.01 U/pl shortcut-RNase Il (New
England Biolabs, Ipswich, MA; 7.5 U total, 10 min, 37°C). The
digestion was stopped by adding 1x EDTA to the reaction mixture.
Similarly, for DNA, the cells were lysed in NDLB-C (20 mM Tris-HCl,
pH 7.4, 100 mM NaCl, 10% glycerol, 1% NP-40, 60 mM MgCl,,
10 mM CaCly, protease inhibitor cocktail) and treated with
0.01 U/pl RNase-free DNase (Roche Diagnostics, Indianapolis, IN;
7.5 U total, 10 min, 37°C). The reaction was stopped by adding
5 mM EDTA. The cell lysates were then precleared with 20 pl of
prewashed GST beads (1 h, 4°C with rotation) and the remaining
steps were followed as described.

Immunoblotting

The following antibodies were used: GFP (1:1000; Roche), Flag
(1:10,000; M2; Sigma-Aldrich), y-tubulin (1:500; Sigma-Aldrich),
ATRX (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), and his-
tone H3.3 (1:1000; EMD Millipore, Billerica, MA).

Reverse transcription PCR and quantitative PCR analyses

To collect RNA, cells were trypsinized, pelleted, and lysed in TRIzol
(Thermo Fisher Scientific, Waltham, MA); RNA was purified using
Direct-zol RNA mini prep kit (Zymo Research, Irvine, CA). Strand-
specific quantitative reverse transcription PCR (QRT-PCR) was done
as previously described using primers in exon 3 of rabbit $-globin
(Newhart et al., 2013b).
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The following primer pairs were used to measure Rpp29
and POP1 mRNA levels after knockdown: hRpp29, 5’GGAGCT-
GCGGCTCTTTGA3’ and 5"GGAGAGGGAGGAAAAGGCTGTAZ,
hPOP1, 5TCGGCAGGGCCTGAGA3’ and 5"GGCAGCAACATG-
GTTTTCACT3; and hGAPDH, 5ATGGAAATCCCATCACCAT-
CTT3" and 5’CGCCCCACTTGATTTTGG3".

RNA FISH

RPPH1 and RMRP localization was done using Stellaris RNA FISH
probes (LGC Biosearch Technologies, Petaluma, CA) using their
standard protocols.

For RPPH1, the probe was composed of the following se-
quences: 5’ATGAGCTTCCCTCCGCCCTA3’, 5 CACTCAGCTC-
GTGGCCCCAC3’, 5’ACATGGGAGTGGAGTGACAG3’, 5TAGT-
CTCAGACCTTCCCAAG3, 5GCTCAGGGAGAGCCCTGTTAZ,
5'GTTCTCTGGGAACTCACCTC3’, 5 TGTTCCAAGCTCCGGCA-
AAG3’, 5GAACTCACTTCGCTGGCCGT3!, 5STTGGGTTATGAG-
GTCCCCTG 3, and 5’GGGCGGAGGAGAGTAGTCTG3".

For RMRP, the probe was composed of the following sequences:
5’CTAGGATACAGGCCTTCAGC3’, 5’AACAGAGTCCTCAGTGT-
GTA3, 5’'GACTTTCCCCTAGGCGGAAA3’, 5'CACTCTCTGCCC-
GAGGTCCG3, 5’GGAATGTCTACGTGCGTATG3’, 5’CGGACTTT-
GGAGTGGGAAGC3’, 5’CTCAGCGGGATACGCTTCTT3, 5’AGA-
GGGAGCTGACGGATGACS’, 5’GACACGCACTGCCTGCGTAAZ,
and STTTTTTACAGCCGCGCTGAG3'.

Native chromatin immunoprecipitation

Native chromatin immunoprecipitation was done in Hela HI 1-1/
H3.3-YFP cells as previously described (Newhart et al., 2012) using
2 pg of anti-GFP antibody (Roche) and protein A+G agarose/salmon
sperm DNA (Millipore, Temecula, CA).

High-salt histone extraction

High-salt histone extraction was done as previously described
(Shechter et al., 2007). To isolate nuclei, control and shRNA
Rpp29+ATRX cells were typsinized from culture dishes, and ~(1.5-2)
x 106 cells were washed with 1x PBS, resuspended in 500 pl of ex-
traction buffer (EB; 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, pH 7.9, 10 mM KCI, 1.5 mM MgCly, 0.34 M sucrose,
and 10% glycerol) plus 0.2% NP-40, incubated on ice for 10 min with
occasional rotating, and centrifuged to pellet nuclei (5 min, 6500 x
g at 4°C). Nuclei were washed with EB and resuspended in 200 pl of
no-salt buffer (3 mM EDTA, 0.2 mM ethylene glycol tetraacetic acid),
and inputs were collected. To extract unincorporated histones, nu-
clei were vortexed intermittently for 1 min and incubated with rota-
tion (30 min, 4°C). Nuclei were divided into three equal fractions
and pelleted (5 min, 6500 x g, 4°C), and supernatants were col-
lected and combined (i.e., unincorporated histones). The pellets
were then resuspended in 80 pl of salt solubilization buffer (50 mM
Tris-Cl, pH 8.0, 0.05% NP-40) containing 0, 1, or 2 N NaCl, vortexed
for 2 min, and incubated with rotation (30 min, 4°C). The samples
were centrifuged (10 min, 16,000 x g, 4°C), and supernatants were
collected. Immunoblot band intensity was quantified by densitom-
etry using ImageJ software (version 1.48; National Institutes of
Health, Bethesda, MD).

Fluorescence recovery after photobleaching

Hela HI 1-1 cells stably expressing H3.3-YFP and infected with con-
trol (pLKO.1) and/or Rpp29+ATRX shRNAs for 72 h were grown in
35-mm glass-bottom dishes (CELLview; Greiner Bio-One, Monroe,
NC). Photobleaching was done with a Leica SP5Il confocal laser-
scanning microscope (Leica Microsystems, Buffalo Grove, IL) with a
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heated and humidified environmental chamber (37°C, 5% CO,) and
a 63x oil objective lens (numerical aperture 1.4) with 6x zoom. The
514-nm argon laser line (50% power) was used for imaging, with
bleaching done at 100% and measurements at 3% of available laser
power. Airy unit was set at 2, and bidirectional scanning was done at
1400 Hz. Long, 10-min time-course experiments were conducted
with 20 prebleach frames set to minimum intervals to get an inten-
sity baseline, followed by six bleach frames at a 0.189-s read rate,
followed by 120 frames at 5-s intervals. The photomultiplier tube
detector was set at 524-600 nm and gain at 670. Images were cap-
tured with three nuclei/field; two were bleached, and one was used
as a control for system bleaching. Data were collected using the
FRAP Wizard macro in LAS software using a 3-pm circle and ex-
ported to ImagePro Plus (MediaCybernetics, Rockville, MD) to set a
track accounting for movement of the bleached area over time. The
measured ROl was standardized to a 1-um circle. Four ROls were
measured per field: two cells with one bleach spot, a spot in an un-
bleached nucleus, and the adjacent region of black background
(McNally, 2008).
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