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We demonstrate that the Y3/Y3** noncoding RNAs
(ncRNAs) bind to the CPSF (cleavage and polyadenylation
specificity factor) and that Y3** associates with the 3’ un-
translated region (UTR) of histone pre-mRNAs. The deple-
tion of Y3** impairs the 3’ end processing of histone pre-
mRNAs as well as the formation and protein dynamics
of histone locus bodies (HLBs), the site of histone
mRNA synthesis and processing. HLB morphology is
also disturbed by knockdown of the CPSF but not the
U7-snRNP components. In conclusion, we propose that
the Y3** ncRNA promotes the 3’ end processing of histone
pre-mRNAs by enhancing the recruitment of the CPSF to
histone pre-mRNAs at HLBs.
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Received May 26, 2015; revised version accepted
September 11, 2015.

Y RNAs are noncoding RNAs (ncRNAs) synthesized by
RNA polymerase III in eukaryotes (Hall et al. 2013;
Kohn et al. 2013; Wolin et al. 2013). Although their se-
quence is diversified, their structure and association
with Ro60 are conserved (Sim and Wolin 2011). In mam-
mals, four Y RNAs (Y1, Y3, Y4, and Y5) and isoforms
(e.g., the Y3-derived Y3**) have been identified (Hendrick
etal. 1981; Lerner et al. 1981; Wolin and Steitz 1983). No-
tably, Muroidea (mouse-like rodents) express only Y1 and
Y3 but not Y3** (Wolin and Steitz 1983; Pruijn et al. 1993).

Y RNAs were suggested to modulate DNA replication
and RNA quality control in association with RNA-bind-
ing proteins, in particular Ro60 (Christov et al. 2006;
Sim and Wolin 2011; Kohn et al. 2013). Here, we identify
the association of pre-mRNA processing factors such as
the CPSF (cleavage and polyadenylation specificity factor)
with Y1 and Y3/Y3**. The CPSF is essential for the 3’ end
cleavage of pre-mRNAs (Shi et al. 2009; Chan et al. 2011).
The 3’ end processing of most mRNAs relies on the poly-
adenylation signal (PAS) located 5’ to the cleavage site in
mRNAs’ 3’ untranslated regions (UTRs) (Chan et al.
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2011; Proudfoot 2011). Whereas the CPSF component
WDR33 associates via the PAS, FIP1L1 binds flanking
U-rich sequences (Kaufmann et al. 2004; Chan et al.
2014; Schonemann et al. 2014).

In contrast to the majority of mRNAs, replication-de-
pendent histone mRNAs lack introns, and their 3’ end
processing is PAS-independent. In their 3" UTRs, the
stem-loop (SL)-binding protein (SLBP) associates with a
SL located 5’ to the histone downstream element (HDE).
The latter binds to the U7-snRNP by an imperfect hybrid-
ization to the U7 ncRNA and is required for the 3’ end pro-
cessing of histone mRNAs (Mowry and Steitz 1987). In
addition, cleavage 3’ to the SL essentially relies on the
CPSF CstF-64 (Yang et al. 2013) and is catalyzed by
CPSE3 (Dominski et al. 2005). Correctly processed repli-
cation-dependent histone mRNAs lack a poly(A] tail,
but aberrant polyadenylation occurs upon misprocessing
(Dominski and Marzluff 2007; Marzluff et al. 2008; Pirn-
gruber et al. 2009).

Histone genes are arranged in genomic clusters, forming
discrete nuclear foci termed histone locus bodies (HLBs)
(Shopland et al. 2001; Liu et al. 2006). NPAT (the key ac-
tivator of histone mRNA synthesis) as well as 3’ end pro-
cessing factors like Flash accumulate in HLBs (Bongiorno-
Borbone et al. 2008; Ghule et al. 2008). How the CPSF is
recruited to nascent histone pre-mRNAs in HLBs re-
mained elusive.

Here, we demonstrate that the Y3** ncRNA promotes
the processing of replication-dependent histone pre-
mRNAs and modulates the morphology and protein dy-
namics at HLBs. Together with Y3**’s association with
the CPSF and 3’ UTR of histone pre-mRNAs, this suggests
that Y3** promotes the recruitment of the CPSF to na-
scent histone transcripts at HLBs.

Results and Discussion

Y RNAs associate with mRNA processing factors and
promote the 3 end processing of histone mRNA

To characterize the cellular role of human Y RNAs (Y1,
Y3, Y4, and Y5), proteins associating with biotinylated Y
RNAs in HEK293 cells were identified by mass spectrom-
etry (Supplemental Fig. SIA-C; Supplemental Table S1).
This revealed a partially Y RNA-specific enrichment of
RNA-binding proteins (RBPs) and confirmed the associa-
tion of Ro60 and La with all four human Y RNAs (Fig.
1A; Supplemental Fig. S1C). Although the previously re-
ported association of the origin recognition complex
(ORC) (Zhang et al. 2011) could not be confirmed (data
not shown), the studies suggested that novel RBPs and, in-
triguingly, 3’ end processing factors associate with Y
RNAs (Supplemental Fig. S1C). Western blotting con-
firmed the selective association of tested RBPs and bind-
ing of 3’ end processing factors to Y1 and Y3 (Fig. 1A). In
Y3, these processing factors associated with a pyrimi-
dine-rich (PR) stretch in the Y3 loop, as shown by truncat-
ed and chimeric ncRNAs (Fig. 1B; Supplemental Fig.
S1D-F). IGF2BP1 served as the positive control for binding
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Figure 1. Y RNAs associate with processing factors and promote his-
tone pre-mRNA processing. (A,B) RNA affinity purification with the
indicated Y RNAs was performed in HEK293 cell lysates. Copurifica-
tion of proteins (RBPs and processing factors) was determined by
Western blotting with the indicated antibodies. (C) Bead control; (I) in-
put fraction (5% of total); (*) cross-reactivity of anti-SYMPK. (C)
HEK293 cells were transfected with control (C) or the indicated
ncRNA-directed antisense oligonucleotides (ASOs) for 48 h. The
depletion of ncRNAs was determined by infrared Northern blotting
of total RNA with the indicated probes. 5S and Y5 ncRNAs served
as loading controls. (D) Schematic of nonhistone and histone mRNAs,
including the coding sequence (CDS) and the cleavage site (arrow), fol-
lowing the cleavage signals (PAS: AAUAAA or SL structure). Colored
double arrows indicate the PCR products used for the quantification of
(1) total nonhistone mRNAs (T; yellow), (2) misprocessed nonhistone
mRNAs (MP; red), (3) total histone mRNAs (T; green), and (4) mispro-
cessed histone mRNAs (MP; blue). (E) HEK293 cells were transfected
with the indicated ASOs as in C as well as CPSF1-directed siRNAs.
The levels of total (T) and misprocessed (MP) mRNAs (ACTB, EEF2,
H2AC: HIST1H2AC; and H3A: HIST2H3A| were analyzed by quanti-
tative RT-PCR (QRT-PCR) using R6 priming as depicted in D. The
fold change of transcript levels was determined by the AACt method
relative to cells transfected with control ASOs/siRNAs using the
PPIA-encoding mRNA for normalization. (F) HEK293 cells were
transfected with control ASO (ASOC) or three distinct Y3-directed
ASOs. The fold change of misprocessed H2ZAC and H3A mRNAs
was determined as in E. The depletion of Y3 was monitored by North-
ern blotting as in C. Error bars indicate the SD of at least three inde-
pendent analyses. Statistical significance was determined by
Student’s t-test, (*) P < 0.05; (**) P <0.01; (***) P <0.001.

to the loop, and we could confirm a selective binding of
R060 to the bulged Y RNA stem.

This copurification of processing factors suggested that
Y1 and/or Y3 might modulate the 3’ end processing of
mRNAs. This was analyzed by the RNase H-dependent
knockdown of ncRNAs by chimeric antisense oligonucle-
otides (ASOs) as previously described (Ideue et al. 2009;
Liang et al. 2011). Although we failed to deplete Y5,
Northern blotting confirmed the efficient knockdown of
Y1, Y3, Y4, and U7 ncRNAs (Fig. 1C). How Y RNA deple-
tion affects the processing of nonhistone as well as histone
mRNAs was initially analyzed by RT-qPCR by the indi-
cated strategies (Fig. 1D). The knockdown of U7 and
CPSF1 (depleted by siRNAs) served as controls for the
misprocessing of selected histone (HISTIH2AC: H2AG;
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HIST2H3A: H3A) and nonhistone (ACTB and EEF2)
mRNAs, respectively. As expected, the 3’ end processing
of histone (H2AC and H3A) as well as nonhistone (ACTB
and EEF2) mRNAs was significantly disturbed by the
depletion of CPSF1 (Fig. 1E; Supplemental Fig. S1H). The
knockdown of U7 resulted in a selective and severe up-reg-
ulation of misprocessed H2AC and H3A levels. Although
the misprocessing of nonhistone mRNAs appeared mod-
estly increased (not significant), the depletion of Y1 and
Y3 but not Y4 significantly impaired the 3’ end processing
of histone pre-mRNAs without affecting their total abun-
dance (Fig. 1E). To test this in further detail, aberrant poly-
adenylation of the histone mRNAs H2AC and H3A was
monitored by RT-qPCR (Supplemental Fig. S1G). As ex-
pected, aberrant polyadenylation was observed upon the
depletion of U7 and CPSF1. Among analyzed Y RNAs,
only the knockdown of Y1 and Y3 enhanced polyadenyla-
tion, providing further evidence for their role in the 3’ end
processing of histone mRNAs. Since attempts to address
Y RNA function by knockdown recovery studies failed, al-
ternative Y3-directed ASOs were analyzed to reduce bias
by off-target effects. Consistent with only moderate
knockdown efficiencies, the additional ASOs only mod-
estly but still significantly disturbed the processing of test-
ed histone pre-mRNAs (Fig. 1F).

Whether Y3 selectively and comprehensively modu-
lates the 3’ end processing of replication-dependent his-
tone mRNAs was analyzed by RNA sequencing. The
sharp reduction of the sum coverage 3’ of the canonical
cleavage sites of 46 replication-dependent histone
mRNAs confirmed efficient processing in cells transfect-
ed with control ASOs (Fig. 2A, black). The depletion of
U7 (Fig. 2A, blue) or Y3 (Fig. 2A, red) significantly elevated
the sum coverage 3’ of cleavage sites, whereas the sum
coverage in the 5'-flanking regions remained essentially
unchanged. This indicated impaired 3'-cleavage without
altered total abundance of replication-dependent histone
pre-mRNAs. Transcript-dependent variations were ana-
lyzed by the RPKM (reads per kilobase per million)-nor-
malized coverage in the coding sequence (CDS) and
3’ downstream region (DS) of all 46 histone transcripts (Fig.
2B). Despite some outliers, the depletion of Y3 or U7 sig-
nificantly increased the DS reads, indicating deregulation
of the vast majority of replication-dependent histone
mRNAs. The quantitative assessment of misprocessing
confirmed that processing is highly efficient, with only
~0.4% of misprocessed transcripts in control cells (Sup-
plemental Fig. S2A). Presumably due to incomplete deple-
tion and pre-existing correctly processed transcripts
included in the analyses, the knockdown of Y3 or U7
only led to moderately enhanced misprocessing (Y3:
~2.3%; U7: ~2.5%). Pearson as well as Spearman correla-
tion analyses of fold changes in DS reads observed upon
the depletion of Y3 or U7 confirmed that both ncRNAs
modulate the 3’ end processing of histone pre-mRNAs in
a comparable manner (Fig. 2C). Finally, the impact of Y3
and U7 depletion on the processing of eight nonhistone
mRNAs (ACTB, ACTG1, EEF2, GAPDH, RPLS, RPL29,
RPS2, and PPIB) was analyzed. Irrespective of ncRNA
depletion, the sum coverage 3’ of the PAS dropped to
zero (Fig. 2D). This indicated that the depletion of both
ncRNAs did not affect the abundance or the 3’ end pro-
cessing of the eight tested mRNAs. In conclusion, our
studies revealed that Y1 and Y3 associate with 3’ end
mRNA processing factors and selectively modulate the
processing of replication-dependent histone mRNAs.
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Figure2. The depletion of the Y3 ncRNA impairs the 3’ end process-
ing of replication-dependent histone pre-mRNAs. (A) Total RNA iso-
lated from HEK293 cells transfected (48 h) with control (black), Y3-
directed (red), or U7-directed (blue) ASOs was analyzed by RNA se-
quencing. The sum coverage of 46 histone transcripts observed in
three independent analyses was determined 200 nucleotides up-
stream of and downstream from the cleavage sites. The inserted sche-
matic indicates (5’ to 3') (1) the SL, including the region 5’ of the
cleavage site (dark gray); (2) the cleavage site (red arrow); and (3) the
region 3’ of the cleavage site (light gray). (B) The fold change (to con-
trols [ASOC]) of RPKM observed upon the depletion of Y3 or U7 in the
CDS or 3’ of the cleavage site (DS) for each of the 46 histone tran-
scripts is depicted in box plots. Statistical significance was deter-
mined by Student’s t-test, (***) P <0.001. (C) The fold change in DS
abundance of U7-depleted samples was plotted over the respective
change determined in Y3-depleted samples for each histone mRNA
analyzed in B. Pearson and Spearman correlation parameters are indi-
cated in the graph. (D) The sum coverage for 3’ ends of eight nonhis-
tone mRNAs (ACTB, ACTG1, EEF2, GAPDH, RPLS, RPL29, RPS2,
and PPIB) was analyzed as in A. The position of the PAS serving as
the anchor is indicated by dashed lines.

The Y3** ncRNA promotes the 3' end processing
of histone pre-mRNAs

To test whether Y3’s role in promoting the 3’ end process-
ing of histone mRNAs is conserved in mammals, Y1 and
Y3 were depleted in cells derived from mouse-like rodents
(Muroidea). The 3’ end processing of two histone pre-
mRNAs was monitored by RT-PCR. U7 served as a con-
trol due to its conserved role in the processing of histone
pre-mRNAs (Fig. 3A; Supplemental Fig. S3A-C). As ex-
pected, the processing of histone pre-mRNAs was im-
paired by the knockdown of U7 in all analyzed cell
lines. However, processing was unchanged by the deple-
tion of Y1 or Y3 in all tested Muroidea-derived cell lines.
For Y3, this was further analyzed in cells derived from
non-Muroidea mammals (Supplemental Fig. S3C). In hu-
man-derived, monkey-derived, or guinea pig-derived cells,
the depletion of Y3 and U7 led to an increased misprocess-
ing of histone pre-mRNAs. This indicated that Y3’s role is
conserved in non-Muroidea cells and suggested that
Y RNA-dependent regulation of DNA replication, previ-
ously reported in mouse-derived cells (Christov et al.
2006), was unlikely to involve their role in the processing
of histone pre-mRNA. To test this further, the viability of
human HEK293 and mouse B16-F10 cells was analyzed
upon ASO-directed Y RNA and U7 depletion (Supplemen-
tal Fig. S3D,E). Although viability was significantly im-
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paired by the depletion of Y1 or Y3 in both cell lines, it
was barely reduced by the knockdown of Y4 or U7. In
summary, these findings indicated that Y1/3’s role in
modulating cell viability is conserved, whereas they mod-
ulate the 3’ end processing of histone pre-mRNAs exclu-
sively in non-Muroidea mammals. Northern blotting
confirmed the expression of Y1 and Y3 and the lack of
Y4 and Y5 in Muroidea-derived cells (Fig. 3B). We also not-
ed that the Y3-dependent processing of histone pre-
mRNAs was associated with the expression of Y3** in
non-Muroidea (Wolin and Steitz 1983). As Y3** was de-
pleted only by ASOs, whereas Y3 was depleted by se-
quence-identical ASOs and siRNAs in HEK293 cells
(Fig. 3C), we analyzed whether these two depletion meth-
ods had different effects on histone RNA processing. RT-
PCR analyses indeed confirmed that the ASO-directed
knockdown of Y3/Y3**, but not the depletion of Y3 by
siRNAs, impaired the processing of histone mRNAs
(Fig. 3D). These findings indicated that Y3** rather than
Y3 modulates the 3’ end processing of histone mRNAs
in non-Muroidea and suggested that yet to be identified
ncRNAs substitute for Y3** in Muroidea.

To characterize the role of Y3** in further detail, its exact
sequence had to be determined by 3’-RACE. This revealed
termination at U60/61 of its precursor, Y3 (Supplemental
Fig. S4A). Secondary structure predictions suggested that
Y3** folds into a SL containing the U-rich stretch (PR) es-
sential for CPSF binding in Y3 (Supplemental Fig. S4B).
Consistently, RNA affinity purification confirmed the as-
sociation of processing factors and La for Y3 and Y3**,
whereas PTBP1 associated with only Y3, and Y4 bound
only La (Fig. 4A). The deletion of the PR in Y3** (Y3**dU)
abolished the association of processing factors. Notably,

A B 2 3 -
MesTG g Poo Fe paos
ANl ¥ 85 o9 G o w W o5 2 T S0

[$) b=} 2 3 § o 2
85958 Pr:8883Y8882¢0¢23
a @

< < < < » o= e i & 'Y1

- — — | 5S !-..-. - - =’. Y8

= | A L L LK | Y5

- e YT L v4

- Y3 ..____;___ £Y3“

- — —

= u7 - - o o o @55

s | H2AC MP non-muroidea cell lines
——— | H3G MP D
——— | ACTB —~ 25

muroidea cell lines

mASOY3
=siY3

C Aso  sRNA
C Y3 C _v3

— T —

- —

55
Y3
o

Fold change
(normalized to ASOC/siC
&

o

ai

B

H2AC
MP

H3A
MP

Figure 3. The Y3-derived Y3** ncRNA modulates the processing of
human histone mRNAs. (A) Murine MC57G cells were transfected
with the indicated ASOs for 48 h. (Top panel) RNA depletion was
monitored by Northern blotting as in Figure 1C. (Bottom panel) Mis-
processing of the indicated histone mRNAs and ACTB mRNA levels
were determined by RT-PCR essentially as in Figure 1E. (B) Y RNA
expression was analyzed in the indicated cell lines by Northern blot-
ting as in Figure 1C. (C,D) HEK293 cells were transfected with se-
quence-identical control (C) or Y3-directed siRNAs or ASOs. (C)
The depletion of Y3 and Y3** was monitored by Northern blotting
as in Figure 1C. The 3’ end processing of the indicated histone
mRNAs was analyzed by RT-qPCR as in Figure 1E. Error bars indicate
the SD of at least three independent analyses. Statistical significance
was determined by Student’s t-test, (**) P<0.01.
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Figure 4. Y3** associates with the 3’ UTR of histone pre-mRNAs. (A)
The copurification of proteins with the indicated Y RNAs, as in Figure
1C, was analyzed by Western blotting with the indicated antibodies.
(C) Bead control; (I) input fraction (5% of total). (B) HEK293 cells
were transfected with FIPIL1 and/or CPSF4 for 48 h as indicated.
The pull-down (PD) of proteins with Y3**, as in Figure 1C, was ana-
lyzed by Western blotting. (C) Bead control; (I) input fractions (5% of
total). (C) The copurification of the indicated mRNAs with biotiny-
lated Y3 or Y3** was analyzed by RT-qPCR. The ratios of mRNA levels
(pull-down/input) were determined by the ACt method. Streptavidin
resin served as a negative control (C). Error bars indicate the SD of at
least three independent analyses. (D, top panel) Biotinylated H3A-de-
rived transcripts used as bait for the copurification of Atto680-labeled
Y3** in pull-down studies are depicted relative to the full-length H3A
histone pre-mRNA using color coding. Copurification of Atto680-la-
beled Y3** and pull-down of biotinylated histone transcripts were
monitored by infrared scanning (Y3**) or Syto60 staining (histone
RNAs) of TBE-urea gels, respectively. Streptavidin resin (C) served
as negative control. (I) Input (2% of total). (E) Subcellular localization
of the indicated ncRNAs was analyzed by cell fractionation and
Northern blotting of total (T), nuclear (N), or cytoplasmic (C) RNA iso-
lated from human HEK293 or murine MC57G cells. U1l and 7SL
served as controls for the enrichment of nuclear or cytoplasmic
RNAs, respectively. (F) Chromatin immunoprecipitation (ChIP) anal-
yses were performed in HEK293 stably expressing GFP-tagged human
Mini-Flash (GFP-hMF). Beads only (C) served as a negative control, and
Histone H3 served as a positive control. (Top panel) Eluted DN As were
PCR-amplified (HIST2H3A, HISTIH2AC, and intergenic DNA) and
analyzed together with the input (I) on agarose gels. (Bottom panel)
Coprecipitated RNAs were subjected to 3'-RACE, PCR-amplified,
and analyzed by Southern blotting using the indicated probes.

no association was observed for CSTF subunits, in particu-
lar CstF-64 (CSTF2), previously implicated in the process-
ing of histone mRNAs (Supplemental Fig. S4C; Yang et al.
2013). Hence, despite partially distinct protein-binding
properties, the CSTF-independent association of mRNA
processing factors with Y3 was conserved in Y3**.

FIP1L1 and CPSF4 associate with U-rich sequences in
pre-mRNAs (Barabino et al. 1997; Kaufmann et al. 2004),
suggesting both factors as prime candidates for Y3/Y3**
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association. RNA affinity purification revealed that Y3**
associated with both (Fig. 4B). Copurification was signifi-
cantly enhanced when both factors were co-overex-
pressed, suggesting cooperative binding. Whether FIP1L1
directly associated with Y3** was analyzed by UV cross-
linking of Atto680-labeled ncRNA and SBP-fused FIP1L1
in HEK293 cells (Supplemental Fig. S4D). Affinity purifi-
cation of SBP-FIPIL1 confirmed direct binding to
Atto680-Y3**, whereas no binding was observed for co-
purified CPSF4. Together, this suggested that Y3** associ-
ates with processing factors via the direct binding of
FIP1L1 (Supplemental Fig. S4E).

An obvious way that Y3/Y3** could direct the CPSF
complex to histone pre-mRNAs is an association with na-
scent histone transcripts. To test this, the association of
two nonhistone mRNAs (RPS6 and HSPA5) and three his-
tone transcripts (H2B, H3A, and H4A) with Y3 or Y3** was
probed by RNA affinity purification (Fig. 4C). Strikingly,
only the histone mRNAs significantly associated with
Y3**, whereas no binding was observed for Y3. Consis-
tently, Atto680-labeled Y3** was copurified with biotiny-
lated H3A-derived transcripts comprising the HDE in
RNA pull-down analyses (Fig. 4D). Notably, all attempts
to detect an association of Y3** with histone transcripts
in the absence of cell lysates (EMSA or upon psoralen
cross-linking) failed (data not shown). Hence, although
these findings cannot rule out that Y3** directly hybridiz-
es to the HDE in histone pre-mRNAs, as proposed for U7,
our findings rather support an indirect and protein-depen-
dent association of Y3** with the HDE.

The proposed Y3**-directed recruitment of processing
factors to nascent histone pre-mRNAs has to occur in
the nucleus. Consistently, Northern blotting of fractionat-
ed (nucleus vs. cytoplasm) total RNA confirmed signifi-
cant levels of Y3** in the nucleus of HEK293 cells (Fig.
4E). Y1, Y3, and Y4 were mainly cytoplasmic, whereas
Y5 was enriched in the nucleus, supporting previous stud-
ies (Gendron et al. 2001). In murine MC57G lacking Y3**,
subcellular sorting was confirmed for Y1 and Y3. Presum-
ably due to their small size (limiting probe design), high se-
quence identity, and substantially higher levels of Y3
(~100-fold) (Supplemental Fig. S4F), FISH analyses failed
in confirming nuclear localization of Y3/Y3**. Therefore,
we analyzed the recruitment of Y3** to HLBs, the proposed
site of histone mRNA synthesis and processing. To this
end, chromatin immunoprecipitation (CHIP) analyses
were performed in HEK293 cells stably transduced with
a GFP-tagged Mini-Flash (GFP-hMF), which localized to
HLBs (Supplemental Fig. S5D), as previously reported
(Burch et al. 2011). Consistent with its localization to
HLBs, histone genes were readily copurified with GFP-
hMF and histone H3, which served as a positive control
(Fig. 4F, top panel). RNA association of GFP-hMF or his-
tone H3 was analyzed by a3'-RACE. U7 served as a positive
control in these analyses. After PCR amplification of
RACE products, Southern blotting confirmed the copurifi-
cation of both Y3** and U7 ncRNAs, with GFP-hMF pro-
viding further evidence for a role of Y3** in the 3’ end
processing of histone pre-mRNAs (Fig. 4F, bottom panel).

Y3** modulates the morphology and protein
dynamics of HLBs

The association of Y3** with HLB-localized GFP-hMF,
mRNA processing factors, and histone pre-mRNAs
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suggested that the ncRNAs promote the recruitment of
processing factors to HLBs and thus modulate HLB mor-
phology and protein dynamics. The coimmunostaining
of Flash and NPAT, two HLB-localized factors, revealed
that the ASO-directed depletion of Y3/Y3** significantly
reduced the apparent diameter of HLBs (Fig. 5A,B; Supple-
mental S5A,B). Surprisingly, this was not observed upon
the knockdown of U7, suggesting that only the recruit-
ment of Y3**-associated processing factors modulated
HLB morphology. In agreement with this, the apparent
diameter of HLBs was reduced by the siRNA-directed
knockdown of CPSF-associated factors but remained
unchanged by the depletion of U7-snRNP-associated
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Figure 5. Y3** and the CPSF modulate HLB morphology and protein
dynamics. (A,B) The morphology of HLBs was analyzed in human
MV3 cells transfected with the indicated ASOs or siRNAs for 48 h
by coimmunostaining of Flash and NPAT (see Supplemental Fig.
S5A). (A) Representative Flash immunostaining and merged images
(DAPI, Flash, and NPAT) are shown. Bar, 5 pm. (B) The apparent di-
ameters of HLBs as determined by Flash staining and laser scanning
microscopy is depicted by box plots for the indicated knockdowns.
n>35. (C) HLB morphology was analyzed in CHO-K1 cotransfected
with GFP-hMF and empty vector (C) or vectors encoding human
wild-type (Y3-WT) or T60A mutated (Y3-T60A) Y3 RNAs. (Top panel)
The apparent HLB diameter was determined as in B. nn > 35. Statistical
significance was determined by Student’s t-test, (***) P < 0.001. Repre-
sentative images of GFP-hMF-positive HLBs are shown in the bottom
panel. Bar, 3 um. (D) HLB dynamics of GFP-hMF were analyzed by
FRAP in HEK293 cells transfected with the indicated ASOs for
48 h. Representative images of HLBs before (prebleach) and at the in-
dicated time points after photobleaching (post-bleach) are shown in
the top panel. Averaged fluorescence recovery, including analyses of
at least 17 HLBs per condition, were fitted and plotted in the bottom
panel. Calculated half-time (T),) and immobile fraction (F,,) are
indicated.
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LSM10/11 or CSTFI that is not involved in the processing
of histone pre-mRNAs (Fig. 5A,B; Supplemental Fig. S5A,
B). The depletion of all analyzed processing factors was
monitored by RT-qPCR (Supplemental Fig. S5C). Togeth-
er, these findings suggested that the recruitment of Y3**-
associated processing factors precedes the localization of
the U7 snRNP at HLBs, a finding supporting the view
that the recruitment of the U7-snRNP is a late event in
HLB assembly (White et al. 2011). Since the knockdown
of Y3** by ASOs also depletes Y3, we analyzed HLB mor-
phology in cells lacking Y3**. To this end, CHO-K1 cells
(hamster) were cotransfected with GFP-hMF to trace
HLBs and wild-type (Y3-WT) or T60A-mutated (Y3-
T60A) human Y3 minigenes. The apparent diameters of
HLBs were only increased in cells cotransfected with
Y3-WT, which led to elevated expression of both Y3 and
Y3** (Fig. 5C; Supplemental Fig. S5E). In contrast, HLB di-
ameters remained largely unaffected by the cotransfection
of Y3-T60A, which enhanced the expression of Y3 but not
Y3**. This suggested that Y3** promotes the assembly of
HLBs by recruiting processing factors to nascent histone
transcripts, whereas Y3 is irrelevant for HLB assembly.
We tested whether Y3** indeed modulates protein dynam-
ics at HLBs using FRAP analyses in HEK293 cells stably
expressing HLB-localized GFP-hMF (Fig. 5D). The ASO-
directed depletion of Y3** severely prolonged the half-
time and enhanced the immobile fraction of GFP-hMF
in HLBs, providing further evidence that Y3** controls
HLB assembly by promoting the recruitment of CPSF-as-
sociated processing factors.

In conclusion, we propose that the Y3** ncRNA pro-
motes the recruitment of CPSF components to nascent
replication-dependent histone pre-mRNAs at HLBs.
These findings are largely consistent with previous stud-
ies showing that the Flash-dependent recruitment of pro-
cessing factors guides the 3" end processing of histone pre-
mRNAs (Yang et al. 2013). However, our analyses suggest
that the HLB recruitment of the CPSF by Y3** is indepen-
dent of the U7-snRNP or the CstF64-containing histone
pre-mRNA cleavage complex (HCC). Future studies will
reveal the mechanisms of Y3** biogenesis, identify
ncRNAs potentially substituting for Y3** in Muroidea,
and address signaling events involved in these processes.

Materials and methods

Western and Northern blotting

Western and Northern blotting were essentially performed as previously
described (Kohn et al. 2010, 2013). For antibodies and probes, see Supple-
mental Table S2. For ChIP analyses, see the Supplemental Material.

RNA affinity purification

RNA affinity purification (60 pmol of RNA bait per sample) was performed
as previously described (Wachter et al. 2013). For oligonucleotides used for
the cloning of templates, see Supplemental Table S2.

Cell culture and transfection

Cells were cultured in DMEM or RPMI 1640 supplemented with 1% Glu-
taMax and 10% FBS (Life Technologies). ASOs and siRNAs were transfect-
ed using RNAiMAX (Life Technologies). For each six-well plate (1.5 x 10°
to 5 x 10° cells), 250 pmol of ASOs or siRNA was transfected for 48 or 72 h,
respectively. For ASO/siRNA sequences, see Supplemental Table S2.



Imaging

Indirect immunostaining was conducted as previously described (Stohr
et al. 2006). Images were acquired using a Leica SP5x confocal microscope.
Quantification of HLB sizes as well as FRAP analyses were performed us-
ing the Leica SP5 software. The apparent diameters of HLBs were deter-
mined by the Leica size quantification tool. FRAP analyses were
performed with the Leica FRAP wizard.

RNA sequencing, mass spectrometry, and RT-PCR

For RNA sequencing, mass spectrometry and RT-PCR analyses, see the
Supplemental Material.

Acknowledgments

We thank M. Lederer (Universititsklinikum Halle) for assistance in clon-
ing, and M. Lederer and E. Wahle for critical reading of the manuscript.
This work was supported by Deutsche Forschungsgemeinschaft funding
(SFB610 and GRK1591) to S.H.

References

Barabino SM, Hubner W, Jenny A, Minvielle-Sebastia L, Keller W. 1997.
The 30-kD subunit of mammalian cleavage and polyadenylation spe-
cificity factor and its yeast homolog are RNA-binding zinc finger pro-
teins. Genes Dev 11: 1703-1716.

Bongiorno-Borbone L, De Cola A, Vernole P, Finos L, Barcaroli D, Knight
RA, Melino G, De Laurenzi V. 2008. FLASH and NPAT positive but
not Coilin positive Cajal bodies correlate with cell ploidy. Cell Cycle
7:2357-2367.

Burch BD, Godfrey AC, Gasdaska PY, Salzler HR, Duronio RJ, Marzluff
WEF, Dominski Z. 2011. Interaction between FLASH and Lsm11 is es-
sential for histone pre-mRNA processing in vivo in Drosophila. RNA
17:1132-1147.

Chan S, Choi EA, Shi Y. 2011. Pre-mRNA 3'-end processing complex as-
sembly and function. Wiley Interdiscip Rev RNA 2: 321-335.

Chan SL, Huppertz I, Yao C, Weng L, Moresco JJ, Yates JRIII, Ule ], Manley
JL, ShiY.2014. CPSF30 and Wdr33 directly bind to AAUAAA in mam-
malian mRNA 3’ processing. Genes Dev 28: 2370-2380.

Christov CP, Gardiner TJ, Szuts D, Krude T. 2006. Functional requirement
of noncoding Y RNAs for human chromosomal DNA replication. Mol
Cell Biol 26: 6993-7004.

Dominski Z, Marzluff WF. 2007. Formation of the 3’ end of histone
mRNA: getting closer to the end. Gene 396: 373-390.

Dominski Z, Yang XC, Marzluff WF. 2005. The polyadenylation factor
CPSF-73 is involved in histone-pre-mRNA processing. Cell 123: 37-48.

Gendron M, Roberge D, Boire G. 2001. Heterogeneity of human Ro ribonu-
cleoproteins (RNPS): nuclear retention of Ro RNPS containing the hu-
man hY5 RNA in human and mouse cells. Clin Exp Immunol 125:
162-168.

Ghule PN, Dominski Z, Yang XC, Marzluff WF, Becker KA, Harper JW,
Lian JB, Stein JL, van Wijnen AJ, Stein GS. 2008. Staged assembly of
histone gene expression machinery at subnuclear foci in the abbreviat-
ed cell cycle of human embryonic stem cells. Proc Natl Acad Sci 105:
16964-16969.

Hall AE, Turnbull C, Dalmay T. 2013. Y RNAs: recent developments. Bio-
mol Concepts 4: 103-110.

Hendrick JP, Wolin SL, Rinke J, Lerner MR, Steitz JA. 1981. Ro small cyto-
plasmic ribonucleoproteins are a subclass of La ribonucleoproteins:
further characterization of the Ro and La small ribonucleoproteins
from uninfected mammalian cells. Mol Cell Biol 1: 1138-1149.

Ideue T, Hino K, Kitao S, Yokoi T, Hirose T. 2009. Efficient oligonucleo-
tide-mediated degradation of nuclear noncoding RNAs in mammalian
cultured cells. RNA 15: 1578-1587.

Y3** directs the processing of histone mRNAs

Kaufmann I, Martin G, Friedlein A, Langen H, Keller W. 2004. Human Fip1
is a subunit of CPSF that binds to U-rich RNA elements and stimulates
poly(A) polymerase. EMBO ] 23: 616-626.

Kohn M, Lederer M, Wachter K, Huttelmaier S. 2010. Near-infrared (NIR)
dye-labeled RNAs identify binding of ZBP1 to the noncoding Y3-RNA.
RNA 16: 1420-1428.

Kohn M, Pazaitis N, Huttelmaier S. 2013. Why YRNAs? About versatile
RNAs and their functions. Biomolecules 3: 143-156.

Lerner MR, Boyle JA, Hardin JA, Steitz JA. 1981. Two novel classes of small
ribonucleoproteins detected by antibodies associated with lupus ery-
thematosus. Science 211: 400-402.

Liang XH, Vickers TA, Guo S, Crooke ST. 2011. Efficient and specific
knockdown of small non-coding RNAs in mammalian cells and in
mice. Nucleic Acids Res 39: el3.

LiuJL, Murphy C, Buszczak M, Clatterbuck S, Goodman R, Gall JG. 2006.
The Drosophila melanogaster Cajal body. ] Cell Biol 172: 875-884.

Marzluff WF, Wagner EJ, Duronio RJ. 2008. Metabolism and regulation of
canonical histone mRNAs: life without a poly(A) tail. Nat Rev Genet
9: 843-854.

Mowry KL, Steitz JA. 1987. Identification of the human U7 snRNP as one
of several factors involved in the 3’ end maturation of histone premes-
senger RNA’s. Science 238: 1682-1687.

Pirngruber J, Shchebet A, Schreiber L, Shema E, Minsky N, Chapman RD,
Eick D, Aylon Y, Oren M, Johnsen SA. 2009. CDK9 directs H2B mono-
ubiquitination and controls replication-dependent histone mRNA 3'-
end processing. EMBO Rep 10: 894-900.

Proudfoot NJ. 2011. Ending the message: poly(A) signals then and now.
Genes Dev 25: 1770-1782.

Pruijn GJ, Wingens PA, Peters SL, Thijssen JP, van Venrooij WJ. 1993. Ro
RNP associated Y RNAs are highly conserved among mammals. Bio-
chim Biophys Acta 1216: 395-401.

Schonemann L, Kuhn U, Martin G, Schafer P, Gruber AR, Keller W, Zavo-
lan M, Wahle E. 2014. Reconstitution of CPSF active in polyadenyla-
tion: recognition of the polyadenylation signal by WDR33. Genes
Dev 28:2381-2393.

Shi Y, Di Giammartino DC, Taylor D, Sarkeshik A, Rice W], Yates JR III,
Frank J, Manley JL. 2009. Molecular architecture of the human pre-
mRNA 3’ processing complex. Mol Cell 33: 365-376.

Shopland LS, Byron M, Stein JL, Lian JB, Stein GS, Lawrence JB. 2001. Rep-
lication-dependent histone gene expression is related to Cajal body
(CB) association but does not require sustained CB contact. Mol Biol
Cell 12: 565-576.

Sim S, Wolin SL. 2011. Emerging roles for the Ro 60-kDa autoantigen in
noncoding RNA metabolism. Wiley Interdiscip Rev RNA 2: 686-699.

Stohr N, Lederer M, Reinke C, Meyer S, Hatzfeld M, Singer RH, Huttelma-
ier S. 2006. ZBP1 regulates mRNA stability during cellular stress. ] Cell
Biol 175: 527-534.

Wachter K, Kohn M, Stohr N, Huttelmaier S. 2013. Subcellular localiza-
tion and RNP formation of IGF2BPs (IGF2 mRNA-binding proteins)
is modulated by distinct RNA-binding domains. Biol Chem 394:
1077-1090.

White AE, Burch BD, Yang XC, Gasdaska PY, Dominski Z, Marzluff WEF,
Duronio RJ. 2011. Drosophila histone locus bodies form by hierarchi-
cal recruitment of components. ] Cell Biol 193: 677-694.

Wolin SL, Steitz JA. 1983. Genes for two small cytoplasmic Ro RNAs are
adjacent and appear to be single-copy in the human genome. Cell 32:
735-744.

Wolin SL, Belair C, Boccitto M, Chen X, Sim S, Taylor DW, Wang HW.
2013. Non-coding Y RNAs as tethers and gates: insights from bacteria.
RNA Biol 10: 1602-1608.

Yang XC, Sabath I, Debski J, Kaus-Drobek M, Dadlez M, Marzluff WF,
Dominski Z. 2013. A complex containing the CPSF73 endonuclease
and other polyadenylation factors associates with U7 snRNP and is re-
cruited to histone pre-mRNA for 3'-end processing. Mol Cell Biol 33:
28-37.

Zhang AT, Langley AR, Christov CP, Kheir E, Shafee T, Gardiner TJ,
Krude T. 2011. Dynamic interaction of Y RNAs with chromatin and
initiation proteins during human DNA replication. | Cell Sci 124:
2058-2069.

GENES & DEVELOPMENT 2003



