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SUMMARY

Cajal bodies (CBs) are evolutionarily conserved nu-

clear structures involved in the metabolism of spli-

ceosomal small nuclear ribonucleoprotein particles

(snRNPs). CBs are not present in all cell types, and

the trigger for their formation is not yet known.

Here, we depleted cells of factors required for the

final steps of snRNP assembly and assayed for the

presence of stalled intermediates in CBs. We show

that depletion induces formation of CBs in cells

that normally lack these nuclear compartments, sug-

gesting that CB nucleation is triggered by an imbal-

ance in snRNP assembly. Accumulation of stalled

intermediates in CBs depends on the di-snRNP as-

sembly factor SART3. SART3 is required for both

the induction of CB formation as well as the tethering

of incomplete snRNPs to coilin, the CB scaffolding

protein. We propose a model wherein SART3 moni-

tors tri-snRNP assembly and sequesters incomplete

particles in CBs, thereby allowing cells to maintain

a homeostatic balance of mature snRNPs in the

nucleoplasm.

INTRODUCTION

Spliceosomal small nuclear ribonucleoprotein particles

(snRNPs) are key components of the splicing machinery. Five

major snRNPs have been identified and named according to

the RNA subunit they contain: U1, U2, U4, U5, and U6. All of

these small nuclear RNAs (snRNAs) (except U6) are transcribed

by RNA polymerase II and leave the cell nucleus shortly after

synthesis. Once in the cytoplasm, the 50 end is hypermethylated

to produce a trimethylguanosine cap and the SMN complex as-

sembles a ring of seven Sm proteins on the snRNA to form a

core snRNP. The core snRNP is then reimported to the nucleus,

where it first appears in the nuclear structure named the Cajal

body (CB) (Sleeman and Lamond, 1999). In the CB, snRNAs

are modified by small Cajal body-specific RNA-targeted ribose

methylation and pseudouridinylation (Darzacq et al., 2002; Jády

et al., 2003) and proteins specific for each snRNP are added to

produce a mature snRNP (reviewed in Matera and Shpargel,

2006; Matera and Wang, 2014; Stanek and Neugebauer, 2006).

Initial steps of snRNP formation are under strict quality control.

First, newly synthesized snRNAs are retained in CBs until the

export complex containing the RNA export protein PHAX is

properly formed (Suzuki et al., 2010). In the cytoplasm, the

SMN complex ensures that Sm proteins assemble on the correct

snRNA substrate (Battle et al., 2006; Chari et al., 2009). Nuclear

import also serves as a quality control checkpoint in that only

snRNAs with both the trimethylguanosine cap and the Sm ring

are transported back to the nucleus (Marshallsay and Lührmann,

1994; Narayanan et al., 2004; Patel and Bellini, 2008). Once

snRNPs are reimported to the nucleus, our understanding of

their assembly and quality control becomes less clear. In fact,

virtually nothing is known about surveillance of the final stages

of snRNP assembly. In addition, snRNPs enter the splicing reac-

tion repeatedly, but a molecular mechanism that controls the

quality of snRNPs joining the spliceosome is elusive.

A classical example of how snRNPs form and recycle is

demonstrated by the U4/U6,U5 tri-snRNP, which is (re)assem-

bled in a stepwise process (see Figure 1A). In the first step,

U4 and U6 snRNAs anneal and the U4/U6 snRNP (di-snRNP)

is formed. In yeast, this step is catalyzed by Prp24p; in

humans, U4/U6 snRNP assembly is promoted by the joint action

of SART3 (also named p110, p110nrb, Tip110, or hPrp24)

and LSm2-8 proteins (Achsel et al., 1999; Bell et al., 2002;

Medenbach et al., 2004; Rader and Guthrie, 2002). Next, the

di-snRNP associates with the U5 snRNP, mediated through

hPrp31-hPrp6 interactions (Makarov et al., 2000; Makarova

et al., 2002), and the mature U4/U6,U5 tri-snRNP is formed. Hu-

man SART3 and SART3,U4/U6 snRNP complexes accumulate

in CBs, indicating the U4/U6 di-snRNP assembles in this nuclear

structure (Stanĕk and Neugebauer, 2004; Stanĕk et al., 2003).

Addition of the U5 snRNP and tri-snRNP formation has also

been localized to CBs (Schaffert et al., 2004). Once the mature

tri-snRNP is fully assembled, it leaves the CB to participate in

mRNA splicing. The act of splicing breaks the tri-snRNP into in-

dividual snRNPs, which are then recycled back to the CB for as-

sembly before another round of splicing can occur (Stanek et al.,

2008).

The role of CBs in snRNP metabolism is still not fully under-

stood. In zebrafish embryos, depletion of the CB scaffolding pro-

tein coilin is lethal and can be complemented with fully
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assembled snRNPs (Strzelecka et al., 2010b), thus showing that

CBs in fish embryos are essential for RNP assembly. Similarly,

coilin deficiency in mice is semilethal, leading to reduced fertility

and viability (Tucker et al., 2001; Walker et al., 2009). Cultured

cancer cell lines depleted of coilin exhibit reduced proliferation

(Lemm et al., 2006; Whittom et al., 2008), and the lack of CBs

in cells derived from patients with spinal muscular atrophy corre-

lated with reduced formation of bothmajor andminor tri-snRNPs

(Boulisfane et al., 2011). These observations are likely explained

by an increase in the rate of snRNP assembly, estimated at 10-

fold, due to a higher concentration of snRNP components in

CBs (Klingauf et al., 2006; Novotný et al., 2011). The presence

of coilin-positive CBs in a given nucleus is dependent on ongoing

snRNP biogenesis, active transcription, and splicing (Ferreira

et al., 1994; Lemm et al., 2006; Shpargel and Matera, 2005;

Stanĕk et al., 2003; Strzelecka et al., 2010a). However, not all so-

matic cells have visible CBs, even though coilin is expressed.

Thus, the endogenous trigger for CB assembly is currently

unknown.

Here, we tested the importance of CBs in snRNP assembly. In

cells lacking CBs, we assayed for snRNP localization after

knocking down several proteins important for the final stages

of tri-snRNP formation. Interestingly, these knockdowns

induced formation of visible CBs that accumulated incomplete

snRNPs. Similar results were observed in CB-containing cells

where inhibition of tri-snRNP assembly induced accumulation

Figure 1. Inhibition of Tri-snRNP Assembly

Induces New Cajal Bodies in Primary Fibro-

blasts

(A) A model of tri-snRNP assembly and the pro-

teins important for individual steps.

(B) Induction of CBs by knockdown of hPrp8,

hPrp6, and LSm8. CBs were visualized by im-

munodetection of coilin (yellow) and nuclei by DAPI

staining (blue). Scale bar represents 10 mm.

(C) CBs counted by high-content microscopy. The

average of three experiments is shown together

with the SEM. The significance was assayed by t

test against noncoding siRNA; *p% 0.05.

of stalled snRNP assembly intermediates

in CBs. Finally, we identified the di-snRNP

assembly factor SART3 as the protein

that tethers incomplete snRNPs to the

CB scaffold protein coilin.

RESULTS

Inhibition of the Tri-snRNP

Assembly Pathway Induces Cajal

Body Formation in Primary

Fibroblasts

Despite the well-characterized role of

CBs in snRNP biogenesis, it is not clear

why only some cell types contain these

nuclear structures. Several lines of evi-

dence suggest that final snRNP matura-

tion and formation/recycling of U4/U6

and U4/U6,U5 snRNPs occur in CBs. In addition, accumulation

of U4/U6 and U4/U6,U5 snRNPs in CBs increases the efficiency

of their assembly (Klingauf et al., 2006; Novotný et al., 2011). We

therefore tested how cells lacking CBs react to the perturbation

of snRNP assembly. Utilizing human primary fibroblasts WI-38,

which normally lack CBs, we knocked down several snRNP-spe-

cific proteins that were previously shown to be important for

distinct steps of snRNP assembly: Prp8, which is important for

U5 snRNP maturation in yeast (Boon et al., 2007); SART3 and

LSm8, which are involved in U4/U6 snRNA annealing (Achsel

et al., 1999; Bell et al., 2002); and hPrp6, which is essential for

tri-snRNP formation (Makarov et al., 2000; Makarova et al.,

2002; Schaffert et al., 2004). Depletion of three (hPrp8, LSm8,

and hPrp6) out of the four tested proteins led to the formation

of visible CBs (Figure 1B). To quantify the number of cells con-

taining CBs, we utilized high-content microscopy, which

allowed us to automatically collect and analyze images. CBs

were detected in !20% of the cells (Figure 1C).

To further characterize these newly formed CBs, we depleted

hPrp8, LSm8, and hPrp6 and analyzed the localization of individ-

ual snRNPs and two CB proteins, SMN and fibrillarin, to CBs.

While di-snRNP components accumulated in newly formed

CBs in all three knockdowns (Figures 2A and 2B), we did not

detect U2 snRNP components in CBs (Figure S1A). U5 snRNA

accumulated in new CBs after hPrp8 and LSm8 depletion, but

hSnu114, a U5-specific protein, only localized to CBs after the
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downregulation of LSm8 (Figure 2C). This suggested the U5

snRNA was not associated with hSnu114 in CBs after depletion

of hPrp8. In addition, we detected fibrillarin (Figure S1B), but not

SMN (Figure S1C), in newly formed CBs. Instead, SMN localized

to nuclear gem structures under all conditions (Figure S1C).

Stalled Tri-snRNP Assembly Intermediates Accumulate

in Cajal Bodies

Next, we compared WI-38 fibroblasts with cells already contain-

ing CBs. Using human cervix carcinoma cells (HeLa), we down-

regulated hPrp8 and analyzed both the number of CBs and the

localization of snRNAs in CBs. In contrast to primary fibroblasts,

we observed no induction of new CBs (data not shown), but

instead U4, U5, and U6 snRNAs accumulated in CBs (Figures

3A–3C). To test the specificity of the knockdown, we used a

stable cell line expressing hPrp8-GFP from bacterial artificial

chromosome (Huranová et al., 2010). The anti-hPrp8 small inter-

fering RNA (siRNA) is designed against the sequence around the

stop codon of endogenous hPrp8 and hPrp8-GFP is not targeted

(Figure S6A). Expression of siRNA resistant hPrp8-GFP fully

rescued the knockdown phenotype and reduced accumulation

of U4, U5, andU6 snRNAs in CBs (Figures 3A–3C, bottompanel).

An increase in CB fluorescent signal could either be due to an

increase in accumulated snRNAs in the CBs or to specific degra-

dation of snRNAs in the nucleoplasm. To distinguish between

these two possibilities, we measured the total nuclear signal

for U4 and U6 snRNAs by high-content microscopy after

hPrp8 knockdown (Figure 3D). We observed no significant

decrease in the total fluorescence signal in the nucleus, indi-

cating the apparent decrease of in situ hybridization signal in

the nucleoplasm after hPrp8 knockdown was caused by redistri-

bution of snRNAs between the nucleoplasm and CBs rather than

snRNA degradation specifically in the nucleoplasm.

To obtain unbiased quantitative data about snRNP accumula-

tion in CBs, we analyzed the nuclear distribution of snRNP com-

ponents using automated high-content microscopy. By coupling

microscopy with the automatic, object-based detection of CBs,

we were able to calculate the fluorescence ratio between CBs

and the nucleoplasm. Three independent biological experiments

were performed, each containing several hundreds of cells. The

high-content microscopy approach confirmed classical micro-

scopy observations and showed that hPrp8 depletion increased

accumulation of U4, U5, and U6 snRNAs in CBs. This accumula-

tion was reversed by the expression of siRNA-resistant hPrp8-

GFP (Figure 3E).

Next, we knocked down hPrp8, hPrp6, or LSm8 and moni-

tored the accumulation of individual snRNP components in

CBs by high-content microscopy (Figure 4). hPrp8 downregula-

tion induced CB accumulation of the U4/U6-specific proteins

hPrp4, hPrp31, and LSm4 (Figures 4A and 4C; see also Figures

S2 and S4), while the U5-specific protein hSnu114 dropped

below the level found in control cell CBs (Figures 4B and S3).

Similar U4/U6 snRNP accumulation in CBs was observed after

depletion of the hPrp6 protein (Figures 4A and 4C), which was

previously reported by Schaffert et al. (2004). We observed iden-

tical U4/U6 snRNP accumulation in CBs using two additional

siRNAs against hPrp6 (data not shown). LSm8 depletion had a

pronounced effect on U4 snRNA localization and induced its

Figure 2. Newly Induced Cajal Bodies Contain U4, U5, and U6

snRNPs

(A and B) Accumulation of U4 snRNPs (A) and U6 snRNPs (B) in newly formed

CBs after knockdown of hPrp8, hPrp6, or LSm8 in primary fibroblasts.

(C) U5 snRNA accumulated in CBs after LSm8 and hPrp8 knockdown.

CBs are visualized by immunodetection of coilin (red), snRNAs by in situ hy-

bridization (green), and snRNP-specific proteins by indirect immunofluores-

cence (blue). CBs (marked by arrowheads) aremagnified four times and shown

in insets. Scale bar represents 10 mm. See also Figure S1.
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accumulation in CBs together with the U4-specific protein

hPrp31, but not the U4/U6-specific protein hPrp4 (Figure 4A).

The same result was observed using two additional siRNAs

against LSm8 (data not shown). As a control, we analyzed distri-

bution of the U2 snRNP (Figure S5). Neither of the knockdowns

affected CB accumulation of U2 snRNP components. In order

to rule out the possibility that higher snRNP signal in CBs was

due to increased accessibility of snRNP components, we utilized

a cell line stably expressing the U4/U6-specific protein hPrp31

tagged with GFP (Huranová et al., 2010). hPrp31-GFP is ex-

pressed from bacterial artificial chromosome, which preserves

the endogenous promoter and exon-intron structure. CB locali-

zation of hPrp31-GFP, determined directly by measuring GFP

fluorescence, increased after the knockdown of all three proteins

involved in snRNP assembly (Figure S6B).

These data strongly suggest that inhibition of di- and tri-

snRNP assembly results in accumulation of incomplete assem-

bly intermediates in CBs. To further test this hypothesis, we

microinjected fluorescently labeled U4 snRNAs, either full-length

or lacking the U6 base-pairing domain (Klingauf et al., 2006), into

the cytoplasm and analyzed their accumulation in CBs over time.

After the initial 30 min incubation, both snRNAs localized to CBs

Figure 3. Depletion of hPrp8 Induces Accumulation of U4, U5, and U6 snRNAs in Cajal Bodies

(A–C) Depletion of hPrp8 induces accumulation of U4, U5, and U6 snRNAs. See also Figures S2–S4 for snRNP-specific protein localization. The normal dis-

tribution of all snRNAs was restored after expression of siRNA-resistant hPrp8-GFP. CBs were visualized by immunodetection of coilin (green) and snRNAs by

in situ hybridization (red). DNA stained by DAPI (blue). Scale bar represents 10 mm.

(D) Nuclear intensities of U4 andU6 snRNAs determined by high-contentmicroscopy followed by automated nuclear detection andmeasurement of fluorescence

intensities inside nuclei. U4 and U6 snRNAs were detected by in situ hybridization and nuclei visualized by DAPI staining. A total of 2,300–5,300 cells were

measured per experiment and the average with SD is shown.

(E) CB accumulation of snRNAs was measured by high-content microscopy. Localization of all three snRNAs in CBs was increased 2- to 3-fold upon hPrp8

knockdown andwas reduced to normal levels after expression of siRNA-resistant hPrp8-GFP. The average of three experiments is shown together with the SEM.

The significance was assayed by t test; *p% 0.05 and **p% 0.01.
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to the same extent. However, after longer incubation periods, CB

accumulation of mutant snRNA was significantly higher than

wild-type snRNA (Figures 4D and S4C). These data are in agree-

ment with our knockdown experiments and together suggest

that incomplete snRNPs are sequestered in CBs.

Because hPrp4 specifically interacts with annealed U4/U6

snRNAs (Nottrott et al., 2002), lower accumulation of hPrp4 in

CBs after LSm8 knockdown suggested that U4 and U6 snRNAs

were not associated. This observation is consistent with previ-

ous results, which showed that LSm8 is important for the integ-

rity of the LSm2-8 ring (Novotny et al., 2012) and that the LSm2-8

ring promotes U4/U6 snRNA annealing (Achsel et al., 1999).

Reduced levels of U4/U6 snRNPs were confirmed by immuno-

precipitation with U4/U6-specific proteins hPrp4 and LSm4. In

both cases, we observed lower amounts of U4 and U6 snRNAs

coprecipitated with these proteins after LSm8 knockdown (Fig-

ure S6C). In addition, we observed decreased amounts of the to-

tal U6 snRNA using quantitative RT-PCR, which is consistent

with the role of LSm2-8 proteins in the stabilization of U6 snRNA

(Figure S6D).

Downregulation of hPrp6 and hPrp8 showed a similar level of

U4/U6 snRNP accumulation in CBs. hPrp6 inhibits tri-snRNP

formation, and therefore this result indicates that hPrp8 knock-

down prevents tri-snRNP assembly as well. To confirm this

finding, we knocked down hPrp8 and analyzed formation of

the mature U5 snRNP and the tri-snRNP. While hPrp8 depletion

prevented association of the U5-specific proteins hSnu114,

hBrr2, and hPrp6 with the core U5 snRNP (Figure 5A), it did

not inhibit assembly of the Sm ring on the U5 snRNA (Figure 5B).

Knockdown of hPrp8 specifically inhibited maturation of the U5

snRNP while the integrity of U4/U6 and U2 snRNPs was not

affected, as indicated by coprecipitation of U2B0 0 and hPrp4

proteins with the Sm proteins (Figure 5A). The incomplete U5

snRNP was unable to form the tri-snRNP, as indicated by

reduced coprecipitation of the U5 snRNA with U4/U6-specific

hPrp4 after hPrp8 knockdown (Figure 5C). hPrp8 downregula-

tion thus affected both the final maturation of the U5 snRNP

and formation of a complete tri-snRNP.

Incomplete snRNPs Accumulate in Cajal Bodies in a

SART3-Dependent Manner

Our results show that inhibition of tri-snRNPassembly at different

stages results in CB accumulation of specific snRNP assembly

intermediates. Our next aim was to address how incomplete

snRNPs are anchored in CBs. We focused on SART3, a protein

that interacts with snRNP assembly intermediates and is abun-

dantly present in CBswhere it is found in close proximity to coilin,

as documented by FRET (Bell et al., 2002; Novotný et al., 2011;

Stanĕk et al., 2003). To test whether SART3 interacts with coilin,

we expressed two SART3 deletion constructs tagged with GFP

and analyzed any coprecipitated snRNAs and coilin by pulling

downwith anti-GFP antibodies (Figure 6B). As previously shown,

WT-SART3 precipitated approximately two times more U6

than U4 snRNA (Stanĕk and Neugebauer, 2004). The N-terminal

half (DRRMDCT), containing the E and tetratricopeptide repeat

(TPR) domains, precipitated less overall snRNAs yet the ratio of

U6:U4 shifted in favor of U4 snRNAs. This construct also precip-

itated a large amount of U2 snRNA.We also observed aweak co-

precipitation of the U2 snRNA with WT-SART3. The amount of

coprecipitated U2 snRNA correlated with the interaction of

Figure 4. snRNPs Accumulate in Cajal Bodies after Inhibition of Tri-snRNP Assembly

(A–C) CB accumulation of (A) U4 snRNPs, (B) U5 snRNPs, and (C) U6 snRNPs after depletion of hPrp8, hPrp6, or LSm8 was measured by high-content mi-

croscopy. In all cases, the average of three experiments is shown together with the SEM. The significance was assayed by t test against noncoding siRNA; *p%

0.05 and **p% 0.01. See also Figures S2–S4 and S6B.

(D) Deletion of the U6-base-pairing domain from the U4 snRNA leads to higher accumulation of microinjected U4 snRNAs in CBs. Fluorescently labeled snRNAs

weremicroinjected into the cytoplasm and incubated for the given time period and accumulation of snRNAs in CBs over nucleoplasm determined. The average of

40–80 CBs (15–25 cells) is shown together with the SEM. The significance was assayed by t test against wild-type (WT) U4 snRNA; **p% 0.01 and ***p% 0.001.

See also Figure S4C.
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SART3 constructs with coilin (Figure 6B, bottom). The C-terminal

half of SART3 (DEDTPR), containing two RRMs and the C-termi-

nal domain CT-10, mainly copurified U6 snRNA, which is consis-

tent with previous observations (Medenbach et al., 2004; Rader

and Guthrie, 2002). These results show that distinct SART3 do-

mains interact with specific snRNPs.

Immunoprecipitation results indicated that coilin coprecipi-

tatedwith SART3 and this interactionwasdependent on the pres-

ence of the N-terminal domains of SART3 (Figure 6B, bottom).

Coilin-SART3 interaction was confirmed by yeast two-hybrid

assay, which revealed that the N-terminal E-domain of SART3

is important for this interaction (Figure 6C). We further separated

the coilin sequence and showed that the N-terminal domain of

SART3 interacts in a yeast two-hybrid assay with both N- and

C-terminal halves of coilin, indicating two independent interaction

sites within coilin (Figure S6E). Finally, we utilized structured-

illumination microscopy and showed that coilin and SART3 occu-

pied similar CB domains. In contrast, the SMN protein, which

often localizes to CBs, did not colocalize with SART3 in the CB.

Instead, SMN-positive structures were often found inside coilin/

SART3-labeled domains and, more specifically, coilin/SART3

formed a ring-like structure around SMN (Figure 6D). Together,

these data show that SART3 interacts with both snRNPs and

coilin and suggest that SART3 bridges snRNP assembly interme-

diates and the CB scaffolding protein coilin.

To directly test whether SART3 is important for accumulation

of stalled snRNP assembly intermediates in CBs, we performed

several double knockdowns to deplete SART3 with hPrp6,

LSm8, or hPrp8. In all cases, we observed reduced accumula-

tion of snRNPs in CBs with respect to individual depletion of

hPrp6, LSm8, or hPrp8 (Figures 7A and S2–S4). The same

phenotype was observed after concomitant depletion of hPrp6

and SART3 using two different siRNAs against SART3 (data

not shown). Taken together with previous results, these data

showed that SART3 is an important factor in anchoring tri-snRNP

assembly intermediates into CBs. Consistent with this role,

SART3 pulled down more di-snRNP-specific snRNAs after inhi-

bition of tri-snRNP assembly by hPrp6 knockdown (Figure 7B;

Schaffert et al., 2004) and reduced cell proliferation when code-

pleted with hPrp6 (Figure 7C). Finally, we examined whether

SART3 bridging between snRNPs and coilin is important for

induction of CBs in primary fibroblasts. We simultaneously

knocked down hPrp8 and SART3 and observed a reduced num-

ber of CBs (Figure 7D).

DISCUSSION

The CB is a multicomponent structure, which is involved in many

nuclear processes. Here, we focused on the connection be-

tween CBs and snRNP biogenesis, which has been well

described (reviewed in Machyna et al., 2013; Matera and Shpar-

gel, 2006; Matera and Wang, 2014; Morris, 2008; Nizami et al.,

2010; Patel and Bellini, 2008; Stanek and Neugebauer, 2006).

However, it is still unclear why only some cell types contain these

nuclear compartments. Here, we provide evidence that CBs are

inducible structures and appear as a response to the inhibition of

the snRNP assembly pathway (Figure 1). Moreover, snRNP

assembly intermediates accumulate in CBs when di- and tri-

snRNP formation is blocked (Figures 2, 3, and 4). We propose

a model whereby the CB plays a central role in quality control

of the final steps in assembly of snRNP complexes and seques-

ters incomplete assembly intermediates. The model is based on

the following observations: (1) in cells normally lacking CBs, inhi-

bition of tri-snRNP assembly triggers formation of CBs, which

specifically accumulate incomplete snRNPs (Figures 1 and 2);

(2) inhibiting different stages of tri-snRNP assembly results

in the accumulation of tri-snRNP and di-snRNP assembly

Figure 5. Downregulation of hPrp8 Inhibits U5 snRNP and Tri-snRNP

Assembly

(A) hPrp8 knockdown prevents U5 snRNP formation. snRNPs were precipi-

tated by the anti-Sm antibody, and coprecipitated snRNP-specific proteins

were detected by western blotting. The amount of U5-specific proteins

(hSnu114, hBrr2, and hPrp6) was significantly decreased while the amount of

U4/U6 (hPrp4) and U2 snRNP-specific (U2B0 0 ) proteins coprecipitated with Sm

proteins did not change after hPrp8 knockdown.

(B) hPrp8 downregulation does not affect Sm ring formation. Sm proteins were

immunoprecipitated with the anti-Sm antibody and coprecipitated snRNAs

resolved on polyacrylamide gel and visualized by silver staining. Positions of

individual snRNAs and rRNAs are indicated. A similar amount of U5 snRNA

was coprecipitated with Sm proteins in the control and hPrp8-depleted cells.

(C) hPrp8 knockdown inhibits tri-snRNP formation. Cells stably expressing U4/

U6-specific proteins hPrp4-GFP were depleted of hPrp8 and hPrp4-GFP

precipitated by anti-GFP antibodies. Coprecipitated snRNAswere resolved on

a polyacrylamide gel and silver stained. Positions of individual snRNAs and

rRNAs are indicated. Reduced amount of the U5 snRNA was coprecipitated

with hPrp4 after hPrp8 knockdown.

See also Figure S6C.
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intermediates in CBs (Figures 2, 3, and 4; Schaffert et al., 2004);

(3) truncated U4 snRNA, which is unable to base pair with U6

snRNA, concentrates in CBs to a higher extent than wild-type

U4 snRNA (Figure 4) and (Klingauf et al., 2006); and (4) immature

U5 (Figures 3 and 4) and U2 snRNPs (Nesic et al., 2004; Ospina

et al., 2005) accumulate in CBs.

Though themolecularmechanismof incomplete snRNPdetec-

tion is unknown, here we identified SART3 as an important player

in this process. SART3 interacts with the CB scaffolding protein

coilin and U4, U6, and U4/U6 snRNPs and is important in the

sequestration of incomplete snRNPs in CBs (Figures 6 and 7).

SART3 is perfectly positioned for tri-snRNP assembly surveil-

lance due to its interactions with the U6, U4, and U4/U6 snRNPs

and its detachment as the complete U4/U6,U5 tri-snRNP is

formed (Bell et al., 2002), removing the anchor and allowing the

mature tri-snRNP to leave the CB. SART3 is also essential for

de novo formation of CBs in primary fibroblasts triggered by

stalled assembly intermediates, which is consistent with the cen-

tral role of SART3 in connecting coilin and snRNPs (Figure 7D).

It was previously suggested that accumulation of U4, U5, and

U6 snRNPs in CBs increased di- and tri-snRNP assembly rates

ten times (Klingauf et al., 2006; Novotný et al., 2011). Therefore,

concentrating assembly intermediates in CBs enhances the

assembly kinetics and could compensate for low levels of tri-

snRNPs. Simultaneously, the localizing of immature snRNPs in

an area of inactive splicing protects the cell against aberrant

snRNPs, which could potentially interfere with mRNA process-

ing. This hypothesis would also explain why most snRNP matu-

ration steps are localized in the cytoplasm, nucleolus, and CBs

where no splicing occurs, to ensure only fully mature snRNPs

could join the splicing reaction. Consistently, codepletion of

SART3 with hPrp6 reduced cell proliferation (Figure 7C). While

coilin and CBs are crucial for zebrafish development (Strzelecka

et al., 2010b), coilin is not essential in Drosophila melanogaster

and Arabidopsis thaliana (Collier et al., 2006; Liu et al., 2009).

With respect to our findings, it would be interesting to test

whether coilin and CBs become essential when snRNP assem-

bly is perturbed in these model organisms.

Themolecular mechanism that governs CB formation is poorly

understood. CBs often associate with genes encoding U

snRNAs (Frey et al., 1999; Frey and Matera, 1995; Jacobs

et al., 1999; Smith et al., 1995) and artificial immobilization of

CB components to chromatin nucleated CBs (Kaiser et al.,

2008). However, live-cell imaging showed that CBs are highly

mobile (Platani et al., 2000, 2002) and preformed CBs are re-

cruited to active snRNA genes, suggesting that CBs do not

Figure 6. SART3 Interacts with Coilin

(A) A schematic representation of SART3 domain organization.

(B) Cells were transfected with different SART3 deletion constructs tagged with GFP. The SART3 constructs were immunoprecipitated by anti-GFP antibodies,

and coprecipitated snRNAs were resolved on a polyacrylamide gel and silver stained. Positions of individual snRNAs and rRNAs are indicated (upper panel).

Coprecipitated coilin was detected by western blotting (bottom panel).

(C) Two-hybrid assay shows interaction of the N-terminal E domain of SART3 with coilin (left panel, permissive medium; right panel, selection medium). See also

Figure S6E.

(D) Structured-illumination microscopy image of SART3 with coilin or SMN in CBs. Scale bars represent 0.5 mm (insets) and 5 mm (whole nucleus). Blue line marks

the nuclear edge.
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primarily form around a specific gene locus (Dundr et al., 2007).

CBs are induced upon overexpression of snRNP-specific Sm

proteins (Sleeman et al., 2001), which indicates that CB forma-

tion depends on the concentration of snRNP components.

Here, we suggest if snRNP disassembly and recycling are in bal-

ance, the amount of snRNP assembly intermediates is low and

CBs do not form. Our data are consistent with this hypothesis

and show that inhibition of tri-snRNP assembly triggers CB for-

mation in primary fibroblasts, which normally lack visible CBs.

We propose that a higher concentration of incomplete snRNPs

together with SART3 can, directly or indirectly, induce coilin olig-

omerization, which leads to nucleation of microscopically visible

CBs. Recently, an RNA-dependent aggregation of plant coilin

was observed in vitro (Makarov et al., 2013). Human and frog

Figure 7. SART3 Bridges Tri-snRNP Components to Cajal Bodies

(A) Cells were treated with siRNA against SART3 alone or in combination with siRNAs against hPrp8, hPrp6, or LSm8 and CB localization of individual snRNPs

measured by high-content microscopy. The average of three experiments is shown together with the SEM. *p% 0.05, **p% 0.01 of t test against noncoding. See

also Figures S2–S4 for microscopy images.

(B) Increased interaction of SART3 with U4 and U6 snRNAs after inhibition of tri-snRNP assembly by hPrp6 knockdown. SART3-GFP was immunoprecipitated

and coprecipitated snRNAs detected on gel by silver staining.

(C) Depletion of SART3 enhances proliferation defects caused by hPrp6 depletion while single SART3 knockdown does not influence cell division. The average of

three experiments is shown together with the SEM. *p% 0.05, **p% 0.01 of t test.

(D) Formation of newCBs in primary fibroblastsWI-38 induced by hPrp8 downregulation is reduced after SART3 knockdown. The average of three experiments is

shown together with the SEM. *p% 0.05 of t test.
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coilin also interact with nucleic acids (Bellini and Gall, 1998;

Broome and Hebert, 2013; Machyna et al., 2014), but the effect

of RNA on animal coilin multimerization is unknown.

The presented model for CB nucleation implies that there are

at least two essential components—coilin and incomplete

snRNPs. Only when the concentration of both components rea-

ches a critical value they nucleate large structures—CBs. The

concentration of coilin in primary fibroblast is apparently high

enough to support CB formation, and thus increasing concentra-

tion of the second component—incomplete snRNPs—induces

CBs. The depletion of the bridging factor SART3, which reduced

formation of CBs in fibroblasts, further shows the importance of

the snRNP—coilin association for CB formation (Figure 7D). This

two-component hypothesis also explains why overexpression of

just one component—coilin—does not trigger CB assembly

(Sleeman et al., 2001). These findings suggest that CB appear-

ance is caused by an imbalance in the snRNP assembly/recy-

cling pathway, which can occur in highly metabolically active

cells where CBs are often present. Increasing the transcription/

splicing level (e.g., in embryonic cells or cancer cells) leads to

higher rates of mono-snRNP production and creates an imbal-

ance in snRNP recycling, triggering the formation of CBs to

buffer incomplete intermediates. Indeed, normal CBs found in

HeLa cells contain a high concentration of SART3-U4/U6 snRNP

complexes, suggesting that this assembly intermediate is pre-

sent in HeLa cells under normal conditions and is preferentially

localized in CBs (Stanĕk and Neugebauer, 2004).

Taken together, our data point to a surveillance pathway that

controls the final steps of snRNP formation and sequesters

incomplete snRNPs in CBs. Segregation of stalled assembly in-

termediates in CBs provides cells with a buffering system that

helps to maintain snRNP homeostasis in the nucleoplasm.

EXPERIMENTAL PROCEDURES

Cells and Antibodies

HeLa cells, stable cell lines derived from HeLa cells, and human

primary fibroblasts WI38 were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal calf serum (FCS), penicillin,

and streptomycin (Invitrogen). HeLa cells stably expressing SART3-GFP,

hPrp4-GFP, hPrp8-GFP, hPrp31-GFP, and LSm4-GFP from bacterial artifi-

cial chromosome were prepared as described previously (Poser et al.,

2008) and kindly provided by Ina Poser and Tony Hyman (MPI-CBG, Dres-

den, Germany). SART3-GFP constructs were described previously (Stanĕk

et al., 2003).

For western blotting, we used primary antibodies: rabbit anti-hPrp8 (H-300,

Santa Cruz Biotechnology), anti-hPrp6 (H-300; Santa Cruz Biotechnology),

rabbit anti-SART3 (Stanĕk et al., 2003), rabbit anti-hBrr2 (Sigma-Aldrich),

mouse anti-LSm8 (sc-81315; Santa Cruz Biotechnology), mouse anti-tubulin

(provided by P. Dráber, IMG AS CR, Prague, Czech Republic) (Dráber et al.,

1989), and mouse anti-GAPDH (9484, Abcam). Secondary goat antibodies

anti-mouse or anti-rabbit conjugated with horseradish peroxidase (Jackson

ImmunoResearch Laboratories) were utilized. For indirect immunostaining,

we used the primary rabbit antibodies anti-SART3/p110 (Stanĕk et al.,

2003), anti-LSm4 (Achsel et al., 1999), anti-hPrp31 (Makarova et al., 2002),

anti-hPrp4 (Lauber et al., 1997), and anti-hSnu114 (Fabrizio et al., 1997). Anti-

bodies against LSm4, hPrp4, hPrp31, and hSnu114 were kindly provided by R.

Lührmann (Max Planck Institute). The monoclonal antibody against U2B0 0 was

purchased from Progen. The anti-coilin (5P10) mouse antibody, provided by

M. Carmo-Fonseca (Institute of Molecular Medicine, Lisbon, Portugal) (Al-

meida et al., 1998), or anti-coilin (H-300, Santa Cruz Biotechnology) were

used to mark CBs. Secondary anti-mouse or anti-rabbit goat antibodies

were conjugated with DyLight488, DyLight549, or Cy5 (Jackson ImmunoRe-

search Laboratories). For immunoprecipitation, we used mouse anti-Sm

(Y12) produced by the facility of IMG ASCR or goat anti-GFP obtained from

David Drechsel, MPI-CBG, Dresden, Germany.

RNAi

The siRNA used in this study was SART3 (50-ACUGCUACGUGGAGUUUAAtt-

30; the sequence was kindly provided by Konstantin Licht (Institute of

Biochemistry, Justus-Liebig-University of Giessen, Germany). Additional

anti-SART3 siRNAs tested were SART3-2 (50-GCUGUUUCUGAGAAAGUG

Att-30) and SART3-3 (50-AAGUGUCAUACAAAAAGGGtt-30 ). hPrp8 (50-CCUGU

AUGCCUGACCGUUUtt-30) is designed against the sequence around the

STOP codon and does not target hPrp8-GFP used for rescue experiments.

siRNA against LSm8 was published in (Novotny et al., 2012) and against

hPrp6 in (Schaffert et al., 2004). Two additional siRNAs tested against LSm8

were 50-AAGUGGUACUAGGAUUAUAtt-30 and 50-CAUCAGAUGGGAGAAU

GAUtt-30 and against hPrp6 50-CCCUCGAGCAUGUUCCAAAtt-3 and 50-

GAUAAAAGGAUGGAUGAAAtt-30.

Preannealed siRNA duplexes were obtained from Ambion (Applied Bio-

systems). The ‘‘negative control 1’’ siRNA from Ambionwas used as a negative

control. All siRNAs were transfected using Oligofectamine (Invitrogen) accord-

ing to the manufacturer’s protocol, and cells were cultured for additional 48 hr

(HeLa) or 72 hr (WI38). See Figure S6A for knockdown efficiencies.

RT-PCR

Total RNA was isolated 48 hr after siRNA transfection by using TRIzol reagent

(Invitrogen) according to the manufacturer’s protocol, and cDNA was synthe-

sized using random hexamers (Eastport) by SuperScript III (Invitrogen). Quan-

titative PCR was done as previously described (Listerman et al., 2006). snRNA

levels were calculated according to R= 2
DCðCNCsiRNA#Cspec:siRNA Þ and normalized to

18S rRNA.

Immunofluorescence and Image Acquisition

Cells were fixed and labeled as previously described (Novotný et al., 2011).

snRNAs were visualized by fluorescent in situ hybridization as previously

described (Stanek et al., 2008). Images were acquired using the DeltaVision

microscopic system (Applied Precision) coupled to the Olympus IX70 micro-

scope equipped with an oil-immersion objective (603/1.4 numerical aperture

[NA]) and restored using a measured point spread function (SoftWorx; Applied

Precision) as previously described (Novotný et al., 2011).

For high-content microscopy, samples were scanned using automated

acquisition driven by the Acquisition Scan̂ R program using Scan̂ R system

(Olympus) equipped with an oil-immersion objective (603/1.35 NA). A total

of 225 images were taken per sample. Several hundreds of cells were

collected per sample. Each image was reconstructed from stacks of ten opti-

cal sections with 300 nm z step and automatically restored using a measured

point spread function implemented in the Analysis Scan̂ R software (Olympus).

Cellular compartments were automatically identified based on fluorescence

intensity combined with compartment edge detection. Cell nuclei were visual-

ized using 40,6-diamidino-2-phenylindole (DAPI) staining, and anti-coilin

antibody was used to visualize CBs. Total intensities, areas, and counts for

each cellular object were obtained using the Analysis Scan̂ R software.

The ratio of fluorescence in CBs versus the nucleoplasm was calculated ac-

cording to

R=

P
total IFCB per nucleusP
AreaCB per nucleus

total IFnucleus#
P

total IFCB per nucleus

Areanucleus#
P

AreaCB per nucleus

;

where the mean of CB intensities per nucleus was calculated and then divided

by the mean fluorescence of the rest of the nucleus. The mean and SEM of

three biological experiments were calculated and plotted.

For structured-illumination microscopy, acquisition was performed on the

Delta Vision OMX (Applied Precision) imaging system equipped with 3D struc-

tured illumination (3D-SIM) and a 603/1.42 NA objective, and 0.125 mmoptical

sections were acquired. For the image reconstruction, we used the SoftWorx
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(Applied Precision) software implemented with the 3D SI Reconstruction

function.

RNA Synthesis and Microinjection

U4 snRNA (full-length or mutant lacking U6-base-pairing domain) was pre-

pared as described previously (Klingauf et al., 2006) by in vitro transcription

kit (MEGAshortScript kit, Ambion) in the presence of UTP-Alexa 488 and the

cap analog (m7G(50)ppp(50)G) (Life Technologies). RNAwas diluted in nuclease

free water with dextran-TRITC 70 kDa (Sigma-Aldrich) to a final concentration

of 150 ng/ml. snRNAs were microinjected into HeLa cells using micromanipu-

lator (Narishige) coupled with Eppendorf Microjet using Femtotips II (Eppen-

dorf). Cells were incubated for a given time period and fixed, and coilin was

detected by indirect immunofluorescence. The average of 40–80 CBs (15–25

cells) is shown together with SEM.

snRNP Immunoprecipitation and Western Blot Analysis

Cells were grown on a 15 cmPetri dish for 28 hr. Immunoprecipitation was per-

formed as previously described (Huranová et al., 2009) using mouse anti-Sm

or goat anti–GFP antibodies. RNA was extracted using phenol/chloroform,

resolved on a 7 M urea denaturing polyacrylamide gel and silver stained. For

protein analysis, cells were directly lysed in SDS-sample buffer. Proteins

were resolved on an SDS-PAGE gel and detected by western blotting.

Yeast Two-Hybrid Assay

Coilin cDNA was obtained from HeLa cell total RNA by RT-PCR and inserted

into pGADT7 (Clontech) using the restriction sites SfiI and SmaI. DRRMDCT

and DEDRRMDCT were cloned into pGBKT7 using the restriction sites EcoRI

and SalI. Two-hybrid experiments were performed with the S. cerevisiae strain

AH109 (Matchmaker, Clontech), which was cotransformed by the lithium ace-

tate procedure using pGADT7 and pGBKT7-derived vectors. Transformed

cells were selected on minimal medium containing adenine and essential

amino acids except tryptophan and leucine. For interaction tests, five colonies

from each cotransformant were transferred to selection minimal medium lack-

ing both adenine and histidine.

Proliferation Assay

HeLa cells were trypsinized, collected at 5003 g, and resuspended to a con-

centration of 2 3 107 cells/ml in PBS buffer. Carboxyfluorescein diacetate

succinimidyl ester (CFSE) was added to 1.5 mM final concentration. Cells

were incubated for 10 min at 37%C and residual extracellular staining was

quenched by adding 10 ml of ice-cold DMEM plus 10% FSC and incubated

on ice for 5 min. Cells were washed 3x in the medium (DMEM + 10% FCS),

collected at 500 3 g and resuspended in DMEM + 10% FCS. The fluores-

cence of cells was measured by BD LSR II flow cytometer (BD Biosciences)

using a 488 nm laser and results were calculated using the flow cytometry

analysis software FlowJo 7.6 (Tree Star). The siRNA transfection was per-

formed 24 hr after CFSE staining and cells measured every 24 hr for the

next 3 days.
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