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The histone H3 variant H3.3 is a highly conserved and
dynamic regulator of chromatin organization. Therefore, fully
elucidating its nucleosome incorporation mechanisms is essen-
tial to understanding its functions in epigenetic inheritance. We
previously identified the RNase P protein subunit, Rpp29, as a
repressor of H3.3 chromatin assembly. Here, we use a biochem-
ical assay to show that Rpp29 interacts with H3.3 through a
sequence element in its own N terminus, and we identify a novel
interaction with histone H2B at an adjacent site. The fact that
archaeal Rpp29 does not include this N-terminal region sug-
gests that it evolved to regulate eukaryote-specific functions.
Oncogenic H3.3 mutations alter the H3.3–Rpp29 interaction,
which suggests that they could dysregulate Rpp29 function in
chromatin assembly. We also used KNS42 cells, an H3.3(G34V)
pediatric high-grade glioma cell line, to show that Rpp29 1)
represses H3.3 incorporation into transcriptionally active pro-
tein-coding, rRNA, and tRNA genes; 2) represses mRNA, pro-
tein expression, and antisense RNA; and 3) represses euchro-
matic post-translational modifications (PTMs) and promotes
heterochromatic PTM deposition (i.e. histone H3 Lys-9 trimeth-
ylation (H3K9me3) and H3.1/2/3K27me3). Notably, we also
found that K27me2 is increased and K36me1 decreased on
H3.3(G34V), which suggests that Gly-34 mutations dysregulate
Lys-27 and Lys-36 methylation in cis. The fact that Rpp29
represses H3.3 chromatin assembly and sense and antisense
RNA and promotes H3K9me3 and H3K27me3 suggests that
Rpp29 regulates H3.3-mediated epigenetic mechanisms by pro-
cessing a transcribed signal that recruits H3.3 to its incorpora-
tion sites.

The nucleosome, composed of �147 bp of DNA wrapped
around an octamer of histone proteins (H3, H4, H2A, and
H2B), is the fundamental unit of chromatin (1). The N-terminal
tails of the histones protrude from the nucleosome core and
are the targets of numerous post-translational modifications

(PTMs),4 which modulate nucleosome structure and recruit
chromatin-regulatory factors (2). The bulk of the histones are
expressed during S phase to package newly replicated DNA.
However, histone variants are expressed throughout the cell
cycle and incorporated into chromatin through replication-
independent (RI) mechanisms. Histone H3.3 is a variant of the
H3 histones that differs from canonical H3.1 and H3.2 by 5 and
4 and amino acids, respectively. H3.3 has emerged as a dynamic
and integral regulator of transcriptional activation (3–6) and
silencing (7–9), DNA replication and repair (10, 11), and differ-
entiation and nuclear reprogramming (12–14). Therefore, fully
elucidating H3.3-regulatory mechanisms will provide essential
insight into how chromatin organization regulates cellular
identity and genome integrity.

Distinct chromatin assembly factors regulate H3.3 incorpo-
ration and histone PTM deposition at different genomic sites
(1, 15). The H3.3-specific chaperone, DAXX, together with the
chromatin-remodeling factor, ATRX, are required for H3.3
deposition and H3 lysine 9 trimethylation (H3K9me3) at het-
erochromatin (7, 9, 16, 17). In the absence of ATRX-DAXX–
mediated H3.3 chromatin assembly, heterochromatin organi-
zation is impaired, and endogenous retroviruses and imprinted
genes are derepressed (15, 18, 19). HIRA, which is a component
of the HUCA complex that also includes CABIN1, UBN1, and
Asf1a, is required for H3.3 incorporation at genic sites (7, 20).
Although the promoters and enhancers of the most highly tran-
scribed genes have the highest H3.3 turnover rates (21, 22),
H3.3 incorporation is better correlated with RNA pol II
engagement and/or sequence-specific transcription factor
binding at these sites than transcription (23). Transcription
is, however, required for H3.3 incorporation into gene bod-
ies (21). HIRA is also required for Polycomb repressive com-
plex 2 (PRC2)-mediated deposition of H3 lysine 27 trimeth-
ylation (H3K27me3) at bivalent genes in embryonic stem
cells (24). Although HIRA deletion does not impact basal
transcription, it dysregulates differentiation, which suggests
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that H3.3 incorporation is required for developmental sig-
nals to be converted into epigenetically inherited gene
expression programs (24).

H3.3’s essential role in development is also highlighted by the
finding that point mutations drive pediatric high-grade gliomas
(HGGs) and skeletal cancers (2, 25–27). These mutations are
located at or near PTM sites in the H3.3 N-terminal tail. In
�80% of diffuse intrinsic pontine gliomas, lysine 27, in either
H3.3 or the canonical H3.1, is converted to methionine (K27M).
H3(K27M) inhibits EZH2, the H3 Lys-27 methyltransferase in
PRC2, through a direct interaction with its active site, which
globally decreases H3K27me3 (28 –31). Similarly, Lys-36 is
mutated to K36M in chondroblastoma (32) and blocks Lys-36
methyltransferases through a similar mechanism (33, 34). H3.3
glycine 34 is also mutated to either arginine or valine in
hemispheric pediatric HGGs and to tryptophan or leucine in
giant cell tumor of the bone (GCTB). Less is known about
how the Gly-34 mutations promote tumorigenesis, but alter-
ations in H3 Lys-36 methylation have been reported (30,
35–37). These results suggest that oncohistone H3.3s drive
tumorigenesis by dysregulating the chromatin landscape
during differentiation.

Although the identification of H3.3-specific chaperones has
provided enormous insight into chromatin assembly and his-
tone PTM deposition, H3.3 functions remain incompletely
understood due in part to the difficulty of elucidating events
that initiate nucleosome incorporation. To address this, we
investigated H3.3 recruitment dynamics at an activated trans-
gene array and determined that H3.3 accumulates with RNA
and RNA-regulatory factors (38, 39). Specifically, we showed
that H3.3 co-localizes with AS RNA (39) and the following RNA
factors: RNase P protein subunits (Rpp29, Rpp21, and POP1);
fibrillarin, an RNA methyltransferase; and RPL23a (ribosomal
protein–like) (38). We also reported that Rpp29 depletion
increases H3.3 chromatin deposition and sense (S) and AS RNA
levels, which suggests that an RNase P variant represses H3.3
chromatin assembly and transcription. Consistent with our
results, a recent study identified RNA proteins, including RPLs
and splicing factors, as H3.3-interacting factors (40). This study
also showed that H3.3(G34W) increases chromatin compac-
tion and causes aberrant RNA processing. Taken together,
these results support the hypothesis that H3.3 chromatin
assembly is functionally integrated with RNA processing and
suggest that dysregulation of these events contributes to
tumorigenesis.

Here, we continue our investigation of Rpp29 function in
H3.3 chromatin assembly. RNase P is an endoribonuclease
found in all three domains of life as either a ribozyme-centered
ribonucleoprotein (RNP) or a protein-only enzyme, which is
essential for cleaving the 5� leader sequence from precursor
tRNAs (41, 42). In its RNP form, RNase P is composed of a
single catalytic RNA and up to nine protein subunits. The bac-
terial RNP includes one protein. Archaea have up to five pro-
teins, two of which are homologous to Rpp29 and Rpp21.
Eukaryotes also have an RNase P variant, RNase MRP, which
shares many of the same protein subunits but has a distinct
catalytic RNA (i.e. RMRP). It is thought that the catalytic RNA
and subunit complexity of RNase P have been preserved

through evolution because they have essential roles in pro-
cesses other than tRNA cleavage (41). In support of this hypoth-
esis, RNase P variants and subunits have been shown to reg-
ulate RNA pol I and III transcription sites (43–45); to
degrade noncoding RNA, including AS transcripts, in yeast
(46); to regulate piRNA and tRNA gene chromatin (47); and
to promote homology-directed DNA double-strand break
repair (i.e. catalytic RNA, Rpp21, and Rpp29) (48). It is not
known whether H3.3 is involved in any of these noncanoni-
cal RNase P functions. However, the findings that Rpp29 and
H3.3 regulate DNA repair (10, 11, 49 –51) suggest the possi-
bility of functional overlap.

Here, we report that Rpp29 interacts with H3.3 through its
eukaryote-specific N terminus. We also identify a novel inter-
action between Rpp29 and histone H2B and show that the
oncogenic H3.3 mutations alter the H3.3–Rpp29 interaction,
which suggests that they could dysregulate Rpp29 function in
chromatin assembly. We also use shRNA knockdowns to show
that Rpp29 represses H3.3 deposition and AS RNA expression
from RNA pol I, pol II, and pol III genes. Using quantitative MS
(qMS), we show that Rpp29 impacts histone PTMs. Specifically,
Rpp29 represses euchromatic PTMs and promotes heterochro-
matic PTMs (i.e. H3K9me3 and H3.1/2/3K27me3). Taken
together, these results suggest that Rpp29 regulates H3.3-
mediated epigenetic mechanisms by processing a tran-
scribed signal that recruits H3.3 to its incorporation sites.

Results

H3.3 interacts with the eukaryote-specific N terminus of Rpp29

We previously reported that Rpp29 co-localizes with histone
H3.3 at an activated transgene array (38). We also showed that
Rpp29 interacts with the 63 N-terminal amino acids of H3.3
(H3.3-N-tail-�N, Fig. 1B). In this assay, we incubate bacterially
expressed and purified GST-tagged H3.3 constructs with
lysates from cells expressing YFP-Rpp29 (Fig. 1A). Rpp29 asso-
ciates with WT H3.3 (H3.3-WT) but not GST (Fig. 1C), as
detected by immunoblotting with a GFP antibody (Fig. 1C).
Additionally, the H3.3–Rpp29 interaction is diminished by the
conversion of one lysine and three arginine residues, in and
around the �N helix, to alanine (H3.3– 4PTM; Fig. 1B, red
asterisks indicate the locations of the point mutations). This
result suggests that the H3.3 �N helix plays an important role in
mediating the Rpp29 interaction.

Here, we used this assay to identify the region of Rpp29 that
interacts with H3.3-N-tail-�N (Fig. 1). Human Rpp29 is com-
posed of 220 amino acids (Fig. 1A). The C terminus (green) is
conserved in both archaea and eukaryotes, and the N terminus
(red) is specific to eukaryotes. Deletion of the 58 C-terminal
amino acids (Rpp29(1–162)) did not eliminate the interaction
with H3.3, which indicates that this region is not required (Fig.
1C). Deletion of the 50 N-terminal amino acids of Rpp29
(Rpp29(50 –220)) also did not eliminate the interaction. Dele-
tion of 74 and 98 N-terminal amino acids (Rpp29(76 –220)) did,
however, prevent the association, which indicates that the
H3.3-binding region (H3.3-BR) is between amino acids 51 and
73 (Fig. 1A). The location of the H3.3-BR in the eukaryote-
specific N terminus of Rpp29 suggests that this region may have
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evolved to regulate functions other than pre-tRNA processing.
We also note that Rpp29(50 –220) interacts better with H3.3–
4PTM, compared with full-length Rpp29 (Fig. 1C). It is possible
that deleting the 50 amino acids N-terminally adjacent to the
H3.3-BR alters its conformation in a way that increases its affin-
ity for H3.3– 4PTM.

Rpp29 interacts with histone H2B

We also used this binding assay to determine whether Rpp29
interacts with any of the other core histones. To do this, we
expressed and purified the N-terminal tail �1-helices of H2A
(40 aa), H2B (53 aa), and H4 (47 aa) as GST proteins (Fig. 1D)

Figure 1. H3.3- and H2B-binding regions are located in the eukaryote-specific N terminus of Rpp29. A, diagram of the human Rpp29 constructs expressed as YFP
fusion proteins and evaluated for their ability to interact with the GST-histone constructs. The C terminus (green) is conserved in both archaea and eukaryotes, and the
N terminus (red) is eukaryote-specific. Locations of H3.3-BR and H2B-BR are shown at the top of the diagram as gray bars. B, diagram of the H3.3-N-tail-�N (63 amino
acids) expressed as GST fusion proteins. The �N helix and the H3.3-specific serine 31 (S31) are marked. Red asterisks, point mutations (K37A, R42A, R49A, and R52A) in
the H3.3 four-point mutant (H3.3–4PTM) construct. C, in the binding assay, GST, GST-H3.3-WT, and GST-H3.3–4PTM (stained with colloidal blue, bottom panel) were
incubated with protein lysates from cells expressing YFP-tagged Rpp29 constructs. Bound YFP-Rpp29 proteins were detected by immunoblotting with a GFP
antibody. D, diagram of the N-terminal regions of H2A (40 amino acids), H2B (53 amino acids), and H4 (47 amino acids) expressed as GST fusion proteins. The �1 helices
are marked. E, in the binding assay, GST and GST-H3.3, -H2A, -H2B, and -H4 (stained with colloidal blue; bottom) were incubated with full-length YFP-Rpp29. Bound
YFP-Rpp29 was detected by immunoblotting with a GFP antibody. F, in the binding assay, GST and GST-H2B (stained with colloidal blue; bottom) were incubated with
protein lysates from cells expressing YFP-tagged Rpp29 constructs. Bound YFP-Rpp29 proteins were detected by immunoblotting with a GFP antibody. G, diagram of
H3.3-N-tail-�N showing the location of the �N helix, H3.3-specific Ser-31, and the oncogenic point mutations, K27M, G34R, G34V, G34L, and G34W. H, levels of
YFP-Rpp29 pulled down by GST-H3.3-N-tail-�N proteins in three independent binding assays. Graphs represent mean � S.D. (error bars). p values were calculated
using an unpaired t test (n � 3 independent experiments). *, p � 0.05; **, p � 0.01; ***, p � 0.001; ns, not significant.
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and incubated them with lysates from cells expressing YFP-
Rpp29. This analysis revealed that Rpp29 also interacts with
H2B but not H2A and H4 (Fig. 1E). To identify the H2B-binding
region (H2B-BR) in Rpp29, we incubated GST-H2B with the
Rpp29 deletion constructs (Fig. 1F). Deletion of the first 98 but
not the first 75 acids of Rpp29 eliminated their interaction. This
result indicates that the H2B-BR is within amino acids 76 –98.
The location of the H2B-BR region C-terminally adjacent to the
H3.3-BR suggests that H3.3 and H2B do not compete for bind-
ing to Rpp29 (Fig. 1A). Although we do not know the signifi-
cance of the Rpp29 –H2B interaction, it further supports a
functional connection between Rpp29 and chromatin.

The oncogenic H3.3 mutations impact the Rpp29 interaction

Because the oncogenic H3.3 mutations are within the region
that interacts with Rpp29 (Fig. 1G), we also wanted to evaluate
their impact on the association. Therefore, we introduced them
into the GST-H3.3-N-tail-�N construct and used the binding
assay to evaluate their effects on the interaction with YFP-
Rpp29 (Fig. 1H). Compared with WT H3.3, the K27M, G34W,
and G34L mutations significantly increased the association,
whereas G34R decreased it. Although G34V did not have a sig-
nificant effect, valine is smaller and has different chemical
properties compared with arginine, phenylalanine, and leucine.
Therefore, its effect on the Rpp29 interaction may not be
detectable in this assay. Taken together, these results suggest
that the oncogenic mutations significantly impact the H3.3–
Rpp29 interaction, which could affect Rpp29 function in H3.3
chromatin assembly.

Rpp29 represses H3.3 incorporation into transcriptionally
active genes

We also previously reported that Rpp29 represses H3.3
incorporation into chromatin using both ChIP, at a DAXX-
ATRX–regulated transgene array, and a high-salt extraction
assay (38). To evaluate the effects of Rpp29 depletion on H3.3
deposition at endogenous genes, we knocked Rpp29 down in
KNS42 cells, a pediatric HGG cell line that harbors the
H3.3(G34V) mutation, and used ChIP to measure H3.3 incor-
poration into several genes previously reported to be highly
up-regulated (i.e. DLX-5, DLX-6, and MYCN) (Fig. 2D) and
down-regulated (i.e. MYT1 and DLK1) (Fig. S1G) (27, 35). As a
negative control, we knocked down Rpp20, which is one of the
RNase P subunits that did not co-localize with H3.3 at the acti-
vated transgene array (38). As a positive control, we knocked
down HIRA, which is required for H3.3 incorporation into sin-
gle-copy genes (7). Fig. 2A shows that all of the shRNAs signif-
icantly decreased their respective mRNAs compared with the
nonsilencing control (pLKO). We also measured H3.3 (i.e.
hH3F3A and hH3F3B) mRNA (Fig. 2B) and evaluated H3.3 and
H3 (i.e. H3.1, H3.2, and H3.3) protein levels using immunoblot-
ting (Fig. 2C) to confirm that they are not affected by the knock-
downs. The H3.3 antibody specifically recognizes H3.3 but not
H3.1 and H3.2 (Fig. S1A). It also recognizes H3.3(G34V) (Fig.
S1B), which indicates that H3.3(G34V) will also be measured in
the ChIP analyses in KNS42 cells.

Rpp29 depletion significantly increased H3.3 incorporation
at the promoters and gene bodies of DLX-5, DLX-6, and MYCN

(Fig. 2E), which indicates that it represses H3.3 deposition at
transcriptionally active genes. In contrast, Rpp20 depletion did
not significantly alter H3.3 incorporation, with the exception of
an increase at exon 3 of DLX-6 (Fig. 2E). Because Rpp20 is a
component of canonical RNase P, its depletion could indirectly
increase H3.3 incorporation by decreasing the stability of the
subunits that regulate H3.3 chromatin assembly. In contrast,
HIRA depletion significantly decreased H3.3 levels at five of
the six promoter and exon sites (Fig. 2E), which is consistent
with reports that HIRA is required for H3.3 deposition at
single-copy genes (7). Additionally, Rpp29 depletion did not
alter HIRA levels (Fig. 2C), which indicates that the increase
in H3.3 deposition (Fig. 2E) is not due to an increase in
HIRA.

Rpp29 depletion in the ovarian cancer cell line OVCAR-3
(Fig. S1C) also increases H3.3 incorporation into active genes
(i.e. DLX-5 and PAX-8) (Fig. S1, D and E), which further sup-
ports the conclusion that Rpp29 represses H3.3 chromatin
assembly at endogenous genes. Notably, Rpp29 depletion did
not affect H3.3 deposition at down-regulated and inactive
genes in both KNS42 (i.e. MYT1 and DLK1) (27, 35) (Fig. S1, G
and H) and OVCAR-3 cells (i.e. MYO-D) (Fig. S1, D and E).
These results suggest that Rpp29 represses H3.3 chromatin
assembly at active genes.

Because H3.3 is also incorporated into tRNA and rRNA
genes (21, 52–54) and RNase P variants bind to RNA pol I and
pol III transcription sites (43–45), we also evaluated the effects
of Rpp29 depletion on H3.3 incorporation at rDNA repeats and
a tRNA-leucine gene (Fig. S1, J and K). Indeed, Rpp29 knock-
down significantly increased H3.3 incorporation at these sits
(Fig. S1K). Taken together, these results suggest that a subcom-
plex of RNase P, which includes Rpp29, regulates H3.3 chroma-
tin assembly at transcriptionally active RNA pol I, pol II, and pol
III genes.

Rpp29 represses mRNA and protein expression

To determine whether the increases in H3.3 incorporation
induced by Rpp29 depletion correlate with changes in gene
expression, we measured DLX-5, DLX-6, and MYCN mRNA in
Rpp29-knockdown cells (Fig. 2F). Compared with the non-
silencing control (pLKO), Rpp29 depletion increased mRNA
levels �2-fold. In contrast, Rpp20 and HIRA depletion did
not significantly affect them (Fig. 2F). This suggests that
Rpp29 represses transcription, which is consistent with our
previous report that Rpp29 depletion increases expression of
the S RNA from the transgene and that Rpp29 overexpres-
sion accelerates transgene chromatin compaction (38). The
finding that HIRA depletion did not significantly alter
mRNA levels is consistent with previous reports that HIRA
and H3.3 are not essential for basal transcription in mouse
ES cells (7, 19).

To determine whether the increase in mRNA induced by
Rpp29 depletion correlates with an increase in protein expres-
sion, we immunoblotted lysates for MYCN (Fig. 2G). Indeed,
compared with the controls, MYCN is increased in Rpp29-
knockdown cells. Although it is possible that Rpp29 depletion
indirectly increases H3.3 chromatin assembly and transcription
by disrupting the canonical functions of RNase P and RNase
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MRP in tRNA and rRNA processing, respectively, the increase
in MYCN suggests that translation is not significantly impaired
in Rpp29-knockdown cells.

Rpp29 represses antisense RNA

Our finding that Rpp29 depletion increases H3.3 incorpora-
tion at transcriptionally active genes suggests that Rpp29

Rpp29 regulates H3.3 through transcriptional mechanisms
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represses H3.3 chromatin assembly by regulating a transcrip-
tional event. It was previously reported that noncoding RNA,
including AS transcripts, accumulate in yeast with a mutation
in the catalytic RNA subunit of RNase P (46). Additionally, we
previously showed that H3.3 co-localizes with Rpp29 and AS
RNA at an activated transgene array and that Rpp29 depletion
increases both H3.3 accumulation and transgene AS RNA lev-
els (38, 39). To determine the impact of Rpp29 depletion on AS
RNA expressed from endogenous genes, we measured it using
strand-specific qRT-PCR. Rpp29 knockdown elevated AS RNA
levels at the transcriptionally active but not the down-regulated
genes in both KNS42 and OVCAR-3 cells (Fig. 2H and Fig. S1, F,
I, and L). Therefore, the increase in H3.3 incorporation induced
by Rpp29 depletion correlates with increases in both S and AS
RNA.

Rpp20 depletion did not affect AS RNA (Fig. 2H), consistent
with the finding that it does not impact H3.3 chromatin incor-
poration (Fig. 2E) or mRNA levels (Fig. 2F). Notably, however,
HIRA depletion increased AS RNA levels (Fig. 2H), which is
consistent with reports that when components of the HIR com-
plex are deleted in yeast, cryptic transcription increases (55, 56).
Although we have not shown a direct interaction between AS
RNA and Rpp29 in this study, our previous report that Rpp29
and H3.3 colocalize with AS RNA at the activated transgene
array (38, 39) and our current finding that H3.3 deposition
correlates with increased S and AS RNA expression in
Rpp29-knockdown cells suggest that 1) H3.3 is recruited to
its incorporation sites by RNA, and 2) Rpp29 represses H3.3
chromatin assembly through a currently unknown RNA-pro-
cessing mechanism.

Rpp29 represses H3K36me3 and H3K4me3 at active genes

We also used ChIP to evaluate the effect of Rpp29 depletion
on the deposition of H3K36me3, which is enriched in gene bod-
ies, because a previous analysis in KNS42 cells indicated that it
is elevated at DLX-5, DLX-6, and MYCN (35) (Fig. 3A). We also
included H3K4me3 in this analysis because it is enriched at the
promoters of active genes (57). Rpp29 depletion significantly
increased both H3K36me3 (Fig. 3B) and H3K4me3 (Fig. 3C)
levels. These results suggest that, in Rpp29-knockdown cells,
the increases in H3.3 incorporation (Fig. 2E) and transcription
(Fig. 2F) are accompanied by increased deposition of euchro-
matic PTMs.

Rpp29, but not Rpp29(75–220), restores repression of H3.3
chromatin assembly in Rpp29-knockdown cells

To confirm that the increase in H3.3 deposition in Rpp29-
knockdown cells is due, directly, to Rpp29 depletion and that it
is not an off-target effect of the shRNA, we measured H3.3

incorporation at the MYCN promoter and gene body after
expressing shRNA-resistant FLAG-tagged Rpp29 constructs
(Fig. 3, D and E). Immunoblots using �-FLAG and �-Rpp29
antibodies show expression of Rpp29 and Rpp29(75–220),
which is deleted of the H3.3-BR (Fig. 1A), in knockdown cells
(Fig. 3D). FLAG-Rpp29 significantly reduced H3.3 incorpora-
tion at both the promoter and gene body of MYCN (Fig. 3E).
Similar trends were seen for H3K36me3. These results confirm
that the increases in H3.3 and H3K36me3 deposition in Rpp29-
knockdown cells are caused by Rpp29 depletion. The finding
that Rpp29(75–220) cannot repress H3.3 and H3K36me3 dep-
osition to the same extent as full-length Rpp29 (Fig. 3E) sug-
gests that the N terminus, which includes the H3.3-BR, is essen-
tial for this function.

Rpp29 depletion alters global histone PTM levels

Evaluating histone PTM levels at specific genes by ChIP
requires selection of a limited number of antibodies. Therefore,
to determine the effects of Rpp29 depletion on all histone PTMs
and variants (about 250 uniquely modified peptides from
canonical and variant histones) in KNS42 cells, we used “one-
pot shotgun” qMS, which identifies changes in both single and
combinatorial PTMs with high sensitivity (58) (Fig. 4). The vol-
cano plot shows the histone peptides with PTMs that are sig-
nificantly decreased (left of y axis) and increased (right of y axis)
in Rpp29-knockdown cells (Fig. 4A). Strikingly, Rpp29 deple-
tion significantly increased the levels of unmodified peptides
from several histones (i.e. H3, H4, and H2A) (Fig. 4B), which
suggests that Rpp29 promotes PTM deposition and/or prevents
PTM removal.

Rpp29 depletion changes histone H3 PTMs

Of interest, Rpp29 depletion significantly increased the levels
of unmodified H3 peptides that include PTM sites regulated by
H3.3-chromatin assembly (i.e. H3 Lys-9 and H3 Lys-27) (7, 15)
(Fig. 4B). Therefore, we focused on analyzing the H3 histones.
For these qMS studies, histones are digested with trypsin after
first being propionylated, which restricts cleavage to sites
C-terminal of arginine and produces the following H3 N-termi-
nal tail peptides: 3– 8 aa, 9 –17 aa, 18 –26 aa, and 27– 40 aa. For
the first three, it is not possible to distinguish H3.3 from H3.1
and H3.2 because their amino acid sequences are exactly the
same. However, amino acid differences in the 27– 40 aa pep-
tides make it possible to evaluate the variants. We did not detect
significant changes in the PTMs on the 3– 8 aa peptide, includ-
ing H3K4me3 (Fig. S2A), despite the increases detected by ChIP
at selected genes (Fig. 3C). Because H3K4me3 is mainly
enriched in the 5� regions of active genes (57), it may not be
possible to detect Rpp29-induced changes when analyzing the

Figure 2. Rpp29 represses H3.3 chromatin incorporation and mRNA and antisense RNA at single-copy genes. A, qRT-PCR analysis of Rpp29, Rpp20, and
HIRA mRNA levels in KNS42 cells 144 h after knockdowns compared with the nonsilencing control, pLKO. p values were calculated using unpaired t test (n �
3 independent experiments with two technical replicates each). *, p � 0.05; **, p � 0.01; ***, p � 0.001; ns, not significant. B, qRT-PCR analysis of H3F3A and
H3F3B mRNA levels in KNS42 cells 144 h after knockdowns (n � 3 independent experiments). C, immunoblot of H3.3, H3, and HIRA levels in knockdown cells.
GAPDH is used as a loading control. D, diagrams of DLX-5, DLX-6, and MYCN genes showing the location of the transcription start sites (arrows) and exons (thick
bars). Red bars show the location of the primer pairs used for ChIP analysis. E, ChIP qRT-PCR analysis of H3.3 incorporation into DLX-5, DLX-6, and MYCN in KNS42
cells following knockdowns (n � 3 independent experiments). F, qRT-PCR analysis of DLX-5, DLX-6, and MYCN mRNA levels in KNS42 cells following knock-
downs (n � 3 independent experiments). G, immunoblot analysis of MYCN levels in knockdown cells detected using a MYCN-specific antibody. GAPDH is used
as a loading control. H, strand-specific qRT-PCR analysis of DLX-5, DLX-6, and MYCN antisense RNA levels in KNS42 cells following knockdowns (n � 3
independent experiments). Error bars, S.D.
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entire histone pool. A significant increase in H3K18me1 was
detected on the 18 –26 aa peptide in Rpp29-knockdown cells
(Fig. S2B). However, the function of H3K18 methylation is not
well-understood, making it difficult to speculate about its
impact.

Rpp29 depletion decreases H3K9me3

Coincident with the increase in unmodified H3 9 –17 aa (Fig.
4B), Rpp29 depletion induced a significant increase in H3K14ac
and decrease in H3K9me3 (Fig. 4C). The H3K14ac increase is
consistent with our finding that Rpp29 depletion increases
PTMs associated with active chromatin (i.e. H3K4me3 and
H3K36me3; Fig. 3). The decrease in H3K9me3 suggests that
Rpp29 promotes heterochromatic histone PTM deposition
and/or maintenance.

Rpp29 depletion alters H3 Lys-27 and Lys-36 methylation

Because serine is substituted at amino acid 31 in H3.3 in place
of alanine in H3.1/H3.2 (Fig. 5A), it is possible to differentiate
the 27– 40 aa peptides of these variants using MS (Fig. 5). Sim-
ilarly, H3.3(G34V) can be distinguished from WT H3.3. Fig. 5B
shows that H3.1/H3.2 are �10 times more abundant than H3.3
and H3.3(G34V). Of note, Rpp29 depletion decreased H3.1/
H3.2 K27me3, a PTM enriched at the promoters of inactive
genes (59) (Fig. 5C). It also increased K27me1 and K27ac, which
are associated with active chromatin (60). These results are con-
sistent with our finding that Rpp29 depletion decreases the het-
erochromatic PTM, H3K9me3, and increases euchromatic
PTMs (Figs. 3 and 4C). Because PRC2 is responsible for depos-
iting all H3K27 methylation states (60), these results suggest
that Rpp29 regulates PRC2 activity.

Rpp29 depletion also significantly increased K36me1 and
K36me2 on H3.1/H3.2 (Fig. 5D). The fact that H3K36me2 and
H3K36me3 antagonize PRC2-mediated H3K27me3 but still
permit K27me1 (61, 62) suggests that Rpp29 promotes
H3K27me3 by repressing H3K36me2 (Fig. 5C). The increase in
K36me2 also suggests that the activity of the H3K36-specific
dimethylase, Ash1 (61) (Fig. 5D), which is a Trithorax group
protein that antagonizes Polycomb silencing (63), is up-reg-
ulated in Rpp29-knockdown cells. Although significant
changes in H3.1/H3.2 K36me3 were not detected (Fig. 5D),
the increase in K27me1 (Fig. 5C) suggests that the activity of
the H3 Lys-36 trimethylase, SETD2, is also up-regulated
because it is known to promote H3K27me1 by inhibiting its
conversion to H3K27me2 (60).

Although similar trends in Lys-27 and Lys-36 methylation
were seen for H3.3 (Fig. 5, E and F), all of these changes were
not significant, due, perhaps, to its lower levels in KNS42
cells (Fig. 5B). However, similar to H3.1/2, Rpp29 depletion
significantly decreased H3.3K27me3 (Fig. 5E) and increased
H3.3K36me1 (Fig. 5F). It also decreased the combinatorial

PTMs, H3.3K27me3/K36me1 and H3.3K27me1/K36me3 (Fig.
S2C). It was previously reported that K27me1 and K36me3 only
coexist on H3.3 (60). Therefore, the decrease in H3.3K27me3
induced by Rpp29 depletion further supports the hypothesis that
Rpp29 regulates H3.3-PRC2–mediated epigenetic mechanisms.

H3.3(G34V) dysregulates Lys-27 and Lys-36 methylation in cis

Rpp29 depletion did not induce significant changes in PTM
deposition on the H3.3(G34V) 27– 40 aa peptide (Fig. 6A) (data
not shown). However, notably, H3.3(G34V) has significantly
higher K27me1 and K27me2 and lower K36me1 compared with
H3.3 (Fig. 6, B and C). This suggests that G34V directly impacts
the modification of the adjacent Lys-27 and Lys-36 residues.
This is consistent with a recent report that used immunoblot-
ting to show that G34L and G34W increase K27me3 and
decrease K36me2 and K36me3 in cis (37). G34V could increase
K27me2 in cis by inhibiting its removal or preventing its
conversion to K27me3. The decrease in K36me1 on the G34V
peptide suggests that the mutation inhibits Lys-36 monometh-
ylation.BecauseLys-36methylationantagonizesLys-27meth-
ylation (61, 62), G34V could also promote K27me2 by inhibit-
ing Lys-36 methylation. This result is consistent with reports
that the Gly-34 mutations impair Lys-36 methylation (30, 35,
36). Taken together, these results suggest that the H3.3 Gly-34
mutations dysregulate the post-translational modification of
their adjacent Lys-27 and Lys-36 residues.

Discussion

The presence of RNase P in all three domains of life and the
preservation of its RNP form attest to both its ancient origins
and the theory that RNA served as both enzyme and genome in
the “RNA world” (41, 64). Due to its presence throughout cel-
lular evolution, it is possible that RNase P played a foundational
role in genome evolution. As such, our finding that the RNase P
protein subunit, Rpp29, regulates H3.3 chromatin assembly
provides an important opportunity to gain insight into the
genomic functions of RNase P.

To investigate Rpp29 function in H3.3-mediated chromatin
regulation, we first determined that Rpp29 interacts with the
H3.3 N terminus through a sequence element in its own N
terminus. The fact that this N-terminal region is not present in
archaeal Rpp29 suggests that it evolved to regulate a eukaryote-
specific function. Of interest, most archaeal histones are only
composed of the histone fold region; they lack the N-terminal
extensions of the eukaryotic histones, where almost all of the
PTMs are deposited (65). Therefore, it is possible that the N
termini of Rpp29 and H3.3 co-evolved during the development
of more complex gene-regulatory mechanisms. Our finding
that Rpp29 depletion impacts histone PTM deposition sup-
ports this hypothesis. It will be interesting to determine
whether the Rpp29 C terminus interacts with the H3.3 histone

Figure 3. Rpp29 represses H3K36me3 and H3K4me3 at active genes. A, diagrams of DLX-5, DLX-6, and MYCN genes showing the location of the transcrip-
tion start sites (arrows) and exons (thick bars). Red bars show the location of the primer pairs used for ChIP analysis. B, ChIP qRT-PCR analysis of H3K36me3 levels
at DLX-5, DLX-6, and MYCN in KNS42 cells following knockdowns. p values were calculated using unpaired t test (n � 3 independent experiments with two
technical replicates each) (*, p � 0.05; **, p � 0.01; ***, p � 0.001; ns, not significant). C, ChIP qRT-PCR analysis of H3K4me3 levels at DLX-5, DLX-6, and MYCN in
KNS42 cells following knockdowns. D, immunoblot analysis of shRNA-resistant FLAG-tagged Rpp29 and Rpp29(75–220) expressed in knockdown cells using
FLAG- and Rpp29-specific antibodies. Arrows, FLAG-tagged constructs and endogenous Rpp29. GAPDH is used as a loading control. E, ChIP qRT-PCR analysis
of H3.3 and H3K36me3 levels at MYCN in KNS42 cells expressing shRNA-resistant FLAG-tagged constructs following knockdowns. Error bars, S.D.
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Figure 4. Rpp29 depletion alters global histone PTM levels. A, volcano plot showing histone PTMs significantly altered following Rpp29 depletion as
detected by quantitative MS. B, comparison of changes in unmodified histone peptide levels in Rpp29 knockdown (shRpp29) and nonsilencing control (pLKO)
cells. Error bars, S.D. p values were calculated using two-tailed unpaired t test: n � 5 experimental replicates using the means of triplicate measurements for
each replicate (*, p � 0.05; **, p � 0.01; ***, p � 0.001). C, comparison of changes in PTM levels on 9 –17 aa peptides of H3 histones (i.e. H3.1, H3.2, and H3.3) in
Rpp29 knockdown (shRpp29) and nonsilencing control (pLKO) cells.
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fold region because it would suggest that RNase P regulated
genomic mechanisms before the evolution of the eukaryotic
nucleosome.

Additional studies are also needed to define the mechanism
through which the H3.3 and Rpp29 N termini interact. Because
we incubated bacterially expressed H3.3 with lysates from cells

expressing YFP-Rpp29, we do not know whether their interac-
tion is direct. As both proteins are basic, we hypothesize that a
negatively charged factor, such as the RNase P or RNase MRP
catalytic RNA (RPPH1 and RMRP, respectively), mediates their
association. Previously, we were unable to co-localize either of
these RNAs with Rpp29 and H3.3 at the transgene array using

Figure 5. Rpp29 depletion alters PTM levels on H3 27– 40 aa peptides. A, sequence diagrams of the histone H3.1/H3.2, H3.3, and H3.3(G34V) 27– 40 aa
peptides. B, comparison of relative amounts of H3.1, H3.2, and H3.3 27– 40 aa peptides in KNS42 cells calculated using chromatographic peak areas of peptides
detected by qMS. Error bars, S.D. p values were calculated using two-tailed unpaired t test: n � 5 experimental replicates using the means of triplicate
measurements for each replicate. *, p � 0.05; **, p � 0.01; ***, p � 0.001. C, comparison of changes in PTM levels at Lys-27 on the 27– 40 aa peptide of H3.1/H3.2
in Rpp29 knockdown (shRpp29) and nonsilencing control (pLKO) cells. D, comparison of changes in PTM levels at Lys-36 on the 27– 40 aa peptide of H3.1/H3.2
in Rpp29 knockdown (shRpp29) and nonsilencing control (pLKO) cells. E, comparison of changes in PTM levels at Lys-27 on the 27– 40 aa peptide of H3.3 in
Rpp29 knockdown (shRpp29) and nonsilencing control (pLKO) cells. F, comparison of changes in PTM levels at Lys-36 on the 27– 40 aa peptide of H3.3 in Rpp29
knockdown (shRpp29) and nonsilencing control (pLKO) cells.

Figure 6. G34V increases K27me2 and decreases K36me1 in cis. A, sequence diagrams of the histone H3.3 and H3.3(G34V) 27– 40 aa peptides. B, comparison
of changes in PTM levels at Lys-27 on the 27– 40 aa peptides of H3.3 and H3.3(G34V). Error bars, S.D. p values were calculated using two-tailed unpaired t test:
n � 5 experimental replicates using the means of triplicate measurements for each replicate. *, p � 0.05; **, p � 0.01; ***, p � 0.001. C, comparison of PTM level
differences at Lys-36 on the 27– 40 aa peptides of H3.3 and H3.3(G34V). D, proposed model of the Rpp29 function in H3.3 chromatin assembly and epigenetic
regulation.
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RNA FISH or to disrupt the H3.3–Rpp29 interaction using
RNases that degrade single and dsRNA (38). However, these
negative results do not rule out the possibility that RPPH1 or
RMRP is a component of the Rpp29 –H3.3 complex, as their
conformations could make them inaccessible to RNA FISH
probes and RNases. In the future, it will be necessary to evaluate
these interactions using purified components.

Our finding that Rpp29 interacts with the N terminus of his-
tone H2B through a region that is C-terminally adjacent to the
H3.3-BR also supports our conclusion that an RNase P variant
regulates chromatin. Future studies will be needed to deter-
mine the functional significance of their association and
whether the H2B–Rpp29 interaction is direct or mediated by
RNA. It will also be important to determine whether Rpp29
interacts with H3.3 and H2B in the context of the nucleosome
or during the process of chromatin assembly. Our previous
finding that the H3.3 N terminus (H3.3-N-tail-�N) co-localizes
with Rpp29, RNA, and RNA proteins at the activated transgene
array suggests that they interact upstream of H3.3 nucleosome
deposition (38). This idea is also supported by our finding that
the �N helix, which contacts DNA in the nucleosome (66), is
important for the H3.3–Rpp29 interaction (38). Understanding
the timing of the Rpp29 –H3.3 and –H2B interactions could
also provide insight into whether Rpp29 regulates the establish-
ment or maintenance of histone PTM patterns.

We also determined that Rpp29 represses H3.3 incorpora-
tion into the promoters and gene bodies of endogenous tran-
scriptionally active genes, specifically single-copy protein–
coding as well as rRNA and tRNA genes, but not inactive genes.
The finding that the increase in H3.3 incorporation at active
genes correlates with an increase in AS RNA suggests a regula-
tory relationship between noncoding RNA and H3.3 chromatin
assembly. It was previously reported that in yeast, cryptic tran-
scription increases when RI chromatin assembly factors,
including HIRA homologs, are deleted (55, 56). It is thought
that loss of chromatin structure grants the transcription
machinery access to cryptic promoters (67, 68). Our finding
that HIRA depletion both decreases H3.3 incorporation and
increases AS RNA supports this idea. However, our finding that
Rpp29 depletion increases both H3.3 incorporation and AS
RNA suggests that RNA-processing events are also required to
repress cryptic transcripts. This idea is supported by reports
that RNA exosome factors repress cryptic transcription (69).
Based on our findings that H3.3 interacts with Rpp29 (38) and
that H3.3 depletion increases AS RNA (39), it is also possible
that H3.3, itself, functions as an RNA-processing factor before
nucleosome deposition. Indeed, there may be a regulatory de-
pendence between RNA processing and H3.3 nucleosome
assembly. Therefore, it is possible that chromatin assembly fac-
tor deletion up-regulates cryptic transcription by dysregulating
both chromatin structure and RNA processing.

Genomic analyses indicate that most genes are overlapped by
long noncoding RNAs that are expressed from either an
upstream or an antisense promoter (70). These noncoding
RNAs are thought to be alternative genetic information that
regulates cellular responses to environmental and developmen-
tal stimuli (56, 68). This suggests that the signaling events that
activate genes also make the cryptic promoters, contained

within them, accessible to the transcription machinery. If non-
coding RNA recruits H3.3 to these transcription units for dep-
osition, it suggests a mechanism through which the informa-
tion that they encode could be converted into epigenetically
heritable chromatin structures. The finding that histone PTM
enzymes, including the H3K36me3 methyltransferase Set2 (71,
72), also regulate cryptic transcription supports this hypothesis
(70). This idea also suggests that the recruitment of H3.3 and
Rpp29 to genes is a consequence of transcriptional activation
and not an initiating event, which is consistent with our previ-
ous reports that H3.3 and Rpp29 begin to accumulate with RNA
at the transgene array �50 min after activation (38, 39). Impor-
tantly, noncoding RNAs also regulate PRC2 recruitment to its
target genes (73). Therefore, elucidating the mechanisms
through which noncoding RNA regulates H3.3 chromatin
assembly could also provide new insight into PRC2 regulation
and H3(K27M)-driven tumorigenesis (28 –31).

Overall, our ChIP and qMS data suggest that Rpp29 represses
euchromatic PTMs and promotes heterochromatic PTM dep-
osition. Specifically, by ChIP, we detected increases in the
euchromatic PTMs, H3K36me3 and H3K4me3, and by qMS,
we detected increases in the following H3 PTMs: K14ac, K27ac,
K27me1, K36me2. The fact that Hira deletion does not affect
H3K4me3 and H3K36me3 levels in mouse ESCs suggests that
RI H3.3 chromatin assembly is not required for their deposition
(7). Therefore, Rpp29 may indirectly repress euchromatic
PTMs by repressing transcription. The finding that Rpp29
depletion decreases both H3K9me3 and H3K27me3 suggests
that Rpp29 may also repress euchromatic PTMs by promoting
heterochromatic PTM deposition.

Currently, we do not know the mechanism through which
Rpp29 promotes H3K9me3 and H3K27me3. Because Rpp29
depletion increases K36me2, which is known to antagonize
K27me3 (61, 62), Rpp29 could promote K27me3 by repressing
H3 Lys-36 methylation. It has also been reported that RNA
prevents PRC2 from binding to chromatin (74, 75). Therefore,
as a component of an RNase P variant that regulates H3.3 dep-
osition, Rpp29 could promote H3K27me3 by degrading RNAs
that inhibit PRC2 targeting. This idea is consistent with our
finding that the expression of exogenous Rpp29 accelerates
RNA degradation and chromatin compaction at the activated
transgene array (38). Alternatively, Rpp29 could process the
noncoding RNAs that recruit PRC2 to its target sites through an
unknown mechanism (73). At this time, we also do not know
whether the effects of Rpp29 depletion on histone PTMs pre-
cede or follow changes in transcription.

The finding that Rpp29 levels impact histone PTM regula-
tion and gene expression has important implications for disease
processes. Rpp29 (i.e. POP4) is overexpressed in ovarian and
breast tumors with 19q12 amplifications (76, 77) and depleted
in oligodendrogliomas with 1p/19q co-deletions (78). There-
fore, Rpp29 copy number changes could promote tumorigene-
sis by altering the epigenetic inheritance of transcriptional pro-
grams. Of interest, the RNase MRP catalytic RNA, RMRP, is
required for differentiation of T helper 17 (T17) lymphocytes,
which indicates that it plays a role in tissue-specific transcrip-
tional regulation (79). Like Rpp29, RMRP is also amplified in
cancers, including glioma (80), breast (81), lung (82), prostate
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(83), and gastric tumors (84). If RMRP is a component of an
RNase P variant that regulates H3.3 deposition, its overexpres-
sion could drive tumorigenesis by dysregulating epigenetic
mechanisms.

We also found that the oncogenic H3.3 mutations impact the
Rpp29 –H3.3 interaction. Several, including the GCTB muta-
tion, G34W, increase the affinity for Rpp29. Of interest,
H3.3(G34W) has been reported to down-regulate transcription
and increase chromatin compaction (40). Because we show that
Rpp29 promotes heterochromatic PTM deposition, it is possi-
ble that H3.3(G34W) promotes tumorigenesis by enhancing
the gene-silencing function of Rpp29. It is also interesting to
note that RNase P and RNase MRP subunits, as well as H3.3 in
GCTB, are mutated in diseases that originate in the metaphy-
seal region of bones (85). The recessive inheritance of muta-
tions in RMRP causes cartilage hair hypoplasia, which is char-
acterized by short stature due to impaired bone growth (86).
The protein subunit, POP1, is also mutated in skeletal dyspla-
sias (87–89). Therefore, it will be interesting to determine
whether H3.3 and these RNase P factors regulate the same sig-
naling events during bone development.

Finally, our analysis of PTM deposition on H3.3(G34V)
revealed that this point mutation dysregulates the intramolec-
ular modification of the Lys-27 and Lys-36 residues, consistent
with a recent report examining the impact of G34L and G34W
on these sites in cis (37). Specifically, we show that K27me1
and K27me2 are increased and K36me1 is decreased on
H3.3(G34V) compared with WT. The requirement of PRC2 for
all forms of H3K27 methylation (73) suggests that G34V, like
K27M, may drive tumorigenesis by dysregulating PRC2 func-
tion (28 –31). Importantly, H3K27me2 prevents the accumula-
tion of H3K27me1 and H3K27ac, which are required for
enhancer firing (90). Because enhancer activity is important for
differentiation, it is possible that the persistence of K27me2 on
H3.3(G34V) promotes tumorigenesis by preventing enhancer
activation. Therefore, genome-wide analyses of K27me2 in
tumor lines harboring the oncogenic Gly-34 mutations could
identify dysregulated enhancers and genic elements that cause
differentiation to be blocked.

Taken together, our current and previous investigations of
Rpp29- and H3.3-regulatory dynamics (38, 91) suggest that 1)
H3.3 is recruited to its incorporation sites at transcriptionally
active genes by noncoding RNA, and 2) Rpp29 represses tran-
scription and H3.3 deposition and promotes H3.3-meditated
epigenetic mechanisms by processing RNA transcribed from
these sites through a currently unknown mechanism (Fig. 6D).
Importantly, our results indicate that Rpp29 impacts the depo-
sition of PTMs on the region of the H3.3 N-terminal tail that is
a hot spot for oncogenic mutations (i.e. Lys-27, G34L/R/V/W,
and Lys-36) (25). Although Rpp29 depletion did not alter
Lys-27 and Lys-36 methylation on H3.3(G34V) in KNS42 cells,
our finding that Rpp29 affects PTM deposition at Lys-27 and
Lys-36, which surround it, suggests that G34V could impact
Rpp29 function through a currently unknown mechanism. The
requirement of H3.3 deposition for differentiation but not for
basal transcription in mouse ESCs (7, 19, 24) suggests that the
essential function of H3.3 in differentiation could be to convert
the alternate genetic information encoded in the noncoding

transcriptome into heritable gene expression programs
through histone PTM deposition in partnership with a variant
of RNase P that includes Rpp29.

Experimental procedures

Plasmids

H3.3-YFP, GST-H3.3-N-tail-�N-WT, GST-H3.3-N-tail-�N
4-PTM, YFP-Rpp29-C3, and pLKO were described previously
(39, 92). The K27M, G34R, G34V, G34W, and G34L mutations
were introduced into GST-H3.3-N-tail-�N and H3.3-YFP
using the QuikChange site-directed mutagenesis kit (Agilent
Technologies). The GST-H4 (1– 48 aa), H2A (1– 41 aa), and
H2B (1–53 aa) constructs were created by cloning PCR prod-
ucts into pGEX-4T3 vector (SalI/NotI). YFP-Rpp29 deletion
constructs (1–162, 50 –220, 75–220, and 99 –220 aa) were
made by cloning PCR products into YFP-C3 (XhoI/EcoRI).
Rpp29 was made shRNA-resistant using the QuikChange site-
directed mutagenesis kit (Agilent Technologies), and full-
length and Rpp29(75–220) were subjected to PCR and cloned
into pCMV-FLAG vector (HindIII/BamHI).

Cell culture and transfections

KNS42 cells (35) (gift of Lynn Bjerke and Chris Jones, Insti-
tute of Cancer Research, Sutton, Surrey, UK) were grown in
Dulbecco’s modified Eagle’s medium/F-12 medium supple-
mented with 10% FBS (Atlanta Biologics Ltd.). U2OS cells were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS and 1 mM penicillin/streptomycin
(Thermo Fisher Scientific). Transfections for binding assays in
U2OS cells were carried out by electroporation or lentiviral
infection. OVCAR-3 cells were grown in RPMI 1640 medium
supplemented with 10% FBS and 1 mM penicillin/streptomycin.

Knockdown analyses

Knockdowns were done using the following shRNAs (Sigma):
shPop4(Rpp29) (TRCN0000049878), shRpp20(TRCN0000049859),
and shHIRA (TRCN0000020518). Lentiviruses were prepared
in 293-T cells as described previously (93). Briefly, 1 � 106 cells
were plated in 10-cm dishes, and cells were infected the next
day with virus. At 24 h postinfection, cells were split into 10-cm
dishes (1:3). At 48 h, puromycin was added (0.5 �g/ml). At
120 h, cells were harvested for RNA analysis or ChIP.

GST-binding assay

The assay was performed as described previously (38).
Briefly, bacterially expressed GST-tagged histones were bound
to GSH-Superflow Resin (Clontech), equilibrated with resus-
pension buffer (25 mM Tris, pH 7.5, 0.5 M KCl, 10% glycerol, 5
mM �-mercaptoethanol, phenylmethylsulfonyl fluoride), and
incubated with precleared lysates of U2OS cells expressing
YFP-Rpp29 constructs overnight (4 °C) with rotation. The next
day, beads were washed three times with resuspension buffer,
heated (95 °C) for 3 min in SDS lysis buffer (1% SDS, 10 mM

EDTA, 50 mM Tris, pH 8.1) and 3� loading dye (150 mM Tris-
HCl, pH 6.8, 6% SDS, 30% glycerol, bromphenol blue, 3%
�-mercaptoethanol), and immunoblotted.
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Immunoblotting and densitometry analysis

The following antibodies were used: GFP (which also recog-
nizes YFP) (1:1000; catalog no. 11814460001, Roche Applied
Science); histone H3.3 (1:1000; catalog no. 09-838, EMD Milli-
pore); histone H3 (1:3000; catalog no. ab1791, Abcam); MYCN
(1:1000; catalog no. 9405S, Cell Signaling Technology, Danvers,
MA); HIRA antibody (1:1000; catalog no. 12463, Cell Signaling
Technology); Rpp29 antibody (1:500; catalog no. NBP1-92281,
Novus Biologicals); FLAG antibody (1:10,000; M2; Sigma-Al-
drich); GAPDH (1:5000; catalog no. 2118S, Cell Signaling Tech-
nology). Measurements of band intensities from scanned
images of immunoblots and colloidal blue (Thermo Fisher Sci-
entific) stained gels were done using ImageJ software (version
1.48, National Institutes of Health, Bethesda, MD).

RT-PCR and quantitative PCR (qPCR) analyses

To collect RNA, cells were trypsinized, pelleted, and lysed in
TRIzol (Life Technologies, Inc.). RNA was purified using the
Direct-zol RNA mini prep kit (Zymo Research, Irvine CA). For
qRT-PCR analysis of mRNA, reverse transcription of total RNA
was done with random hexamer primer (50 �M; IDT DNA
Technologies) using Omniscript (Qiagen) followed by qPCR
with SYBR Green (Sigma) using a 7500 Fast real-time PCR
machine (Applied Biosystems, Invitrogen). Antisense RNA was
measured using strand-specific RT-PCR as described previ-
ously (39). qPCR data were analyzed using the 2(��Ct) method
according to Applied Biosystems guidance, using GAPDH for
normalization.

The following primer pairs were used to measure mRNA
levels: Rpp29/POP4, 5�-GGAGCTGCGGCTCTTTGA-3� and
5�-GGAGAGGGAGGAAAAGGCTGTA-3�; Rpp20, 5�-ACC-
GTGGAGCTTGTTGATGAG-3� and 5�-GTCAGTGGCTCC-
CGTGTGT-3�; HIRA, 5�-CAGGAGGATGACGAGAAGGA-
3� and 5�-ACTGTTTGACCACCGCACAC-3�; GAPDH, 5�-
ATGGAAATCCCATCACCATCTT-3� and 5�-CGCCCCACT-
TGATTTTGG-3�; MYCN, 5�-GGCGTTCCTCCTCCAACA-
3� and 5�-TCTTGGGACGCACAGTGATG-3�; DLX-5, 5�-
CCGGCGACTTCCAAGCT-3� and 5�-TGAGACGGATGGT-
GCATAGC-3�; DLX-6, 5�-TGGCTGACGGCTTGGAA-3�
and 5�-GCTGCCCGAACTCCATGA-3�; PAX-8, 5�-TTTGC-
TTGGCTCTTTCTACACCTC-3� and 5�-GAATGTCTGT-
TTTAAGCTCCCTGG-3�; MYO-D, 5�-CCGCCTGAGCA-
AAGTAAATGA-3� and 5�-GGCAACCGCTGGTTTGG-3�;
DLK1, 5�-TGCAACCCCCAAAATGGAT-3� and 5�-GGAGC-
CACTCTATTACCTGCAAA-3�; MYT1, 5�-GGCAAGGAG-
GGCTATGCA-3� and 5�-AAAACACAAGCACCCCCAAA-
3�; rDNA, 5�-ACCTGGCGCTAAACCATTCGT-3� and 5�-
GGACAAACCCTTGTGTCGAGG-3�; tRNA Leu, 5�-GAGG-
ACAACGGGGACAGTAA-3� and 5�-TCCACCAGAAA-
AACTCCAGC-3�.

ChIP

Cross-linked ChIP was done using the following antibodies:
histone H3.3 (5 �g/reaction; catalog no. 09-838, EMD Milli-
pore); H3K36me3 (2.5 �g/reaction; catalog no. ab9050,
Abcam); H3K4me3 (2.5 �g/reaction; catalog no. ab8580,
Abcam). Cells were incubated with 1% formaldehyde at room
temperature for 20 min, followed by treatment with 0.125 M

glycine for 5 min. Cells were washed with 1� PBS, pelleted,
snap-frozen in liquid nitrogen, and stored (�80 °C). The cell
pellets were lysed in Buffer 1 (50 mM HEPES-KOH, pH 7.5, 140
mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, and
0.25% Triton X-100) for 10 min (4 °C) and pelleted at 1350 � g
for 5 min. Cells were next incubated in Buffer 2 (10 mM Tris-
HCl, pH 8, 200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA) for
10 min at 4 °C. The pellet was resuspended in Buffer 3 (10 mM

Tris-HCl, pH 8, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1%
sodium deoxycholate, and 0.5% sodium laurylsarcosine),
sonicated, checked for fragmentation efficiency, and spun at
20,000 � g for 10 min (4 °C). The supernatants were precleared
for 2 h in protein A	G-agarose (Invitrogen) and bacterial
DNA. Inputs were collected, and the remaining supernatant
was incubated with antibodies overnight (4 °C) with rotation.
The next day, the samples were incubated with protein A	G-
agarose and bacterial DNA for 2 h (4 °C) with rotation. The
beads were pelleted at 2000 rpm for 2 min (4 °C) and washed
four times with radioimmune precipitation assay wash
buffer (50 mM HEPES-KOH, pH 7.5, 500 mM lithium chlo-
ride, 1 mM EDTA, 1% Nonidet P-40, and 0.7% sodium deoxy-
cholate). DNA was eluted in 150 �l of elution buffer (50 mM

Tris-HCl, pH 8.0, 1% SDS, and 10 mM EDTA), decross-linked
overnight, and purified using the Qiaquick PCR purification
kit (Qiagen).

The following primer pairs were used: MYCN promoter, 5�-
CATCCAGAGGTCTTGTTCCTAAGG-3� and 5�-GAGGTT-
GCTCCTGTGTAATTACGA-3�; MYCN exon 4, 5�-GGAAA-
AATTGCAGGCAAGACA-3� and 5�-AATGTGCAAAGTG-
GCAGTGACT-3�; DLX-5 promoter, 5�-GCGTCCGGGAGA-
TACTCATC-3�; 5�-TGGAGTGTTGGGAAGCAAGTT-3�;
DLX-5 exon 1, 5�-GAGCGATGACAGGAGTGTTTGA-3� and
5�-TGAGACGGATGGTGCATAGC-3�; DLX-6 promoter, 5�-
GCAACCTACAAGGGTGCAAAG3� and 5�-GGAGCCCCA-
GTTGCCAATAT-3�; DLX-6 exon 3, 5�-AGTATGCCCCCC-
AACAGCTA-3� and 5�-CTTGGGCAACTCACATCATCTG-
3�; rRNA promoter, 5�-CTGCGATGGTGGCGTTTTTG-3�
and 5�-ACAGCGTGTCAGCAATAACC-3� (94, 95); 28S
rRNA, 5�-ACCTGGCGCTAAACCATTCGT-3� and 5�-GGA-
CAAACCCTTGTGTCGAGG-3�; tRNA Leu, 5�-GAGGACA-
ACGGGGACAGTAA-3� and 5�-TCCACCAGAAAAACTCC-
AGC-3� (96); PAX-8 exon 4, 5�-CCTGGGAACAGGCCAG-
ACT-3� and 5�-TCACAAACCCATGTGTAGACTGAGT-3�;
MYO-D exon 1, 5�-CCGCCTGAGCAAAGTAAATGA-3� and
5�-GGCAACCGCTGGTTTGG-3�; DLK1 exon 4, 5�-TGCAA-
CCCCCAAAATGGAT-3� and 5�-GGAGCCACTCTATTAC-
CTGCAAA-3�; MYT1 exon 4, 5�-GGCAAGGAGGGCTATG-
CA-3� and 5�-AAAACACAAGCACCCCCAAA-3�.

Histone sample preparation for qMS

Histone samples for qMS were prepared as described previ-
ously with minor modifications (97). Cells were resuspended
in nuclear isolation buffer (15 mM Tris, pH 7.5, 15 mM NaCl,
60 mM KCl, 5 mM MgCl2, 1 mM CaCl2, 250 mM sucrose, sup-
plemented with 1 mM DTT, 500 �M 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride, 5 nM microcystin, and
10 mM sodium butyrate immediately before use) with 0.2%
Nonidet P-40 and incubated on ice for 10 min. Nuclei were
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pelleted at 3400 � g for 5 min at 4 °C and washed twice in
nuclear isolation buffer without detergent. Histones were
extracted with 0.4 N H2SO4 for 2– 4 h at 4 °C, separated from
insoluble debris by centrifugation as above, and precipitated
overnight at 4 °C by the addition of tricholoracetic acid to a final
concentration of 25%. Histones were pelleted by centrifugation
as above, washed sequentially in acetone plus 0.1% HCl and
acetone, air-dried, and resuspended in 0.1 M ammonium bicar-
bonate for derivatization with propionic anhydride. To propi-
onylate free lysine residues, 1 volume of propionic anhydride
reagent (25% propionic anhydride in 2-propanol) was added to
2 volumes of histone sample (generally containing 5–20 �g of
protein) and incubated at 37 °C for 15 min. The sample was
then dried in a SpeedVac and derivatized once more before
overnight digestion with trypsin (1:20 ratio by mass) at room
temperature in 0.1 M ammonium bicarbonate. After digestion,
histones were derivatized twice more to propionylate free N
termini and then desalted with C18 Stage Tips before analysis
by LC-MS/MS.

Mass spectrometry and data analysis

Histone peptides were analyzed by LC-MS/MS as follows.
Peptides were separated on fused silica capillary columns
(75-�m inner diameter � 15 cm), packed with C18 resin (3 �m
ReproSil-Pur 120 C18-AQ, Dr. Maisch GmbH), via an EasyLC
1000 nano-LC system (Thermo Fisher Scientific). Solvents A
and B were composed of 0.1% formic acid in water and 0.1%
formic acid in acetonitrile, respectively. The chromatography
gradient consisted of 2–28% solvent B over 45 min, 28 – 85%
solvent B over 5 min, and 85% solvent B for 10 min at a flow rate
of 300 nl/min. Peptides eluted directly into an Orbitrap Elite
mass spectrometer (Thermo Fisher Scientific) running in data-
independent acquisition (DIA) mode. Each instrument cycle
began with a full MS precursor scan in the Orbitrap from 300 to
1100 m/z in positive profile mode at a resolution of 120,000,
followed by eight DIA MS/MS scans in the ion trap (positive
centroid mode with collision-induced dissociation fragmenta-
tion at 35% normalized collision energy) with isolation win-
dows of 50 m/z increasing from 325 m/z to 675 m/z, a second
full MS scan, and eight more DIA MS/MS scans centered on
725–1075 m/z. The mass range of the DIA scans varied slightly,
beginning with 120 –1500 m/z for the first DIA scan and ending
with 295–1500 m/z for the final DIA scan. EpiProfile, a custom
software algorithm written in Matlab, was used to extract chro-
matographic peak areas of the masses corresponding to the
uniquely modified peptide species (98). For each peptide
sequence, the relative abundance of a uniquely modified form
was obtained by calculating its peak area as a proportion of the
sum of the peak areas for all modified and unmodified forms of
that peptide sequence.
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9. Drané, P., Ouararhni, K., Depaux, A., Shuaib, M., and Hamiche, A. (2010)
The death-associated protein DAXX is a novel histone chaperone in-
volved in the replication-independent deposition of H3.3. Genes Dev. 24,
1253–1265 CrossRef Medline

10. Luijsterburg, M. S., de Krijger, I., Wiegant, W. W., Shah, R. G., Smeenk, G.,
de Groot, A. J. L., Pines, A., Vertegaal, A. C. O., Jacobs, J. J. L., Shah, G. M.,
and van Attikum, H. (2016) PARP1 links CHD2-mediated chromatin ex-
pansion and H3.3 deposition to DNA repair by non-homologous end-
joining. Mol. Cell 61, 547–562 CrossRef Medline

11. Frey, A., Listovsky, T., Guilbaud, G., Sarkies, P., and Sale, J. E. (2014)
Histone H3.3 is required to maintain replication fork progression after UV
damage. Curr. Biol. 24, 2195–2201 CrossRef Medline

12. van der Heijden, G. W., Derijck, A. A., Pósfai, E., Giele, M., Pelczar, P.,
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