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A point mutation in human coilin prevents Cajal body formation
Davide A. Basello'?, A. Gregory Matera® and David Stanék"*

ABSTRACT

Coilin is a conserved protein essential for integrity of nuclear
membrane-less inclusions called Cajal bodies. Here, we report an
amino acid substitution (p.K496E) found in a widely-used human
EGFP—coilin construct that has a dominant-negative effect on Cajal
body formation. We show that this coilin-K496E variant fails to rescue
Cajal bodies in cells lacking endogenous coilin, whereas the wild-type
construct restores Cajal bodies in mouse and human coilin-knockout
cells. In cells containing endogenous coilin, both the wild-type
and K496E variant proteins accumulate in Cajal bodies. However,
high-level overexpression of coilin-K496E causes Cajal body
disintegration. Thus, a mutation in the C-terminal region of human
coilin can disrupt Cajal body assembly. Caution should be used when
interpreting data from coilin plasmids that are derived from this variant
(currently deposited at Addgene).
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INTRODUCTION

Cajal bodies (CBs) are subnuclear domains that were discovered
over a century ago (Cajal, 1903). Numerous short non-coding (nc)
RNAs accumulate in CBs, and there is ongoing debate regarding the
role of CBs in ncRNA and ribonucleoprotein metabolism (reviewed
in Stanek, 2017). A seminal finding in this research area was the
discovery of coilin (Andrade et al., 1991), a protein that has become
the primary marker of CBs. Coilin is also a scaffolding protein
essential for CB integrity in all organisms tested to date (Chen et al.,
2015; Collier et al., 2006; Liu et al., 2009; Stern et al., 2012;
Strzelecka et al., 2010; Tucker et al., 2001). Coilin was first
identified using antibodies present in human autoimmune patient
sera (Raska et al., 1991). Subsequently, Tan and colleagues
generated a partial cDNA clone, encoding the C-terminal 405
amino acids (aa) of coilin (Andrade et al., 1991). Later, Gall and
colleagues created the first plasmid containing all 576 aa of human
coilin and characterized the N-terminal self-association domain
(Wu et al., 1994). At the same time, Roth and his co-workers
identified coilin in frog (Tuma et al., 1993). Hebert and Matera re-
cloned Wu’s original plasmid, tagged coilin with EGFP and also
identified and cloned the mouse and zebrafish coilin genes,
allowing identification of conserved N- and C-terminal regions
(Hebert and Matera, 2000; Shpargel et al., 2003; Tucker et al.,
2000). Thanks to 30 years of community effort, we now know that
coilin can be divided into three functional regions. The N-terminus
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is predicted to fold into a globular domain and provides the platform
for coilin self-interaction. The C-terminal carries an atypical Tudor
domain and interacts with small nuclear ribonucleoprotein
(snRNP)-specific Sm proteins (Hebert and Matera, 2000,
Shanbhag et al., 2010; Toyota et al., 2010; Wu et al., 1994; Xu
et al., 2005). The N- and C-terminal domains are connected by a
long, likely unstructured region (Fig. 1A). This linker domain
features two nuclear localization signal (NLS) sequences, a putative
nucleolar localization signal (NoLS) and an arginine and glycine-
rich region (RG-box), that is recognized by the SMN protein (Chan
etal., 1994; Hebert et al., 2001; Machyna et al., 2015; Tucker et al.,
2000; Tuma et al., 1993).

Both coilin N- and C-termini have been implicated in proper
assembly of CBs. The N-terminus of coilin is necessary and
sufficient for localization to extant CBs (Hebert and Matera, 2000;
Wu et al., 1994). The C-terminus was thought to play a regulatory
role, as human coilin failed to rescue CB formation in coilin-null
mouse embryonic fibroblasts (MEF<°!i"~/~) (Shpargel et al., 2003).
A more detailed analysis of chimeric coilin constructs revealed
that the C-terminal domain of the human protein was the region that
prevented CB assembly in mouse knockout (KO) cells
(Shpargel et al., 2003). It was speculated that post-transcriptional
modifications and sequence differences at the very C-terminus
regulated CB assembly (Shpargel et al., 2003; Tapia et al., 2010;
Toyota et al., 2010).

We noticed that a plasmid containing human coilin ¢cDNA
deposited in Addgene (#36906) contains three point mutations. Two
of these mutations are silent but the third mutation leads to the
replacement of lysine 496 with glutamic acid. In this manuscript, we
analyzed coilin®*°E and showed that this coilin variant is unable to
rescue CB formation in mouse and human cells lacking endogenous
coilin and has a dominant negative effect on CB formation in cells
expressing wild-type (WT) coilin.

RESULTS

We analyzed the sequence of the original tagged version of human
EGFP—coilin annotated in Addgene (#36906) and found that it
differed at three positions from the sequence of human coilin
annotated in GenBank (NCBI reference sequence NM_004645.3).
Specifically, we identified two silent mutations c.784A>G
(p.E251E) and ¢.1642C>T (p.A537A) and more importantly, a
third mutation c.1517A>G that leads to amino acid change in the
C-terminal domain (p.K496E) (a graphical representation is shown
in Fig. 1A). Lysine 496 is conserved in most species from human to
Trichoplax and the 14-aa region around K496 is fully conserved in
vertebrates, which suggests it has functional importance (Machyna
etal., 2015). We sequenced a EGFP—coilin plasmid in our stock and
identified the same mutations, which were most likely carried over
from past re-cloning of the EGFP—coilin plasmid (Stanek and
Neugebauer, 2004). Furthermore, Shanbhag et al. reported two of
these mutations (p.A537A and p.K496E) in a plasmid encoding a
portion of human coilin (320-576 aa) obtained from Hebert’s
laboratory (Shanbhag et al., 2010).
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Fig. 1. A point mutation in coilin prevents Cajal body formation. (A) Schematic representation of coilin. The positions of point mutations in the Addgene
construct #36906 are shown and highlighted by red color in the context of coilin domains. (B) Transfection of MEF®i"~/~ (left), HeLa®*""X® (center) and Hela"V™
(right) with EGFP—coilinV'T or EGFP—coilink4%6&, EGFP fluorescence and DNA staining with DAPI is shown. Images are representative of three experiments; for
quantification of the proportion of cells with CB, see Fig. S1A. (C) Co-transfection of HeLa coilin® cells by EGFP—coilinV'T and mRED—coilin“4°¢E, Three
individual cells are presented; EGFP fluorescence shown in the top row and mRED fluorescence in the bottom row. Fluorescence of both fluorochromes is
pseudocolored (mpl-inferno color map in ImageJ) to indicate the signal intensity. Color bar in the top left image displays fluorescence intensity and apply to both
channels. Each cell expresses a different ratio of WT and K496E coilin, these differences in expression are indicated as the mRED/EGFP ratio underneath
images. Images are representative of one experiment. (D) A structure of the C-terminal domain of coilin based on Shanbhag et al. (2010). The mutated K496 is
marked red. Identified post-translation modifications of the coilin region comprising K496 is shown. Image was adapted from PhosphoSitePlus (www.

phosphosite.org). Scale bars: 5 ym.

These findings suggest that a mutated form of coilin could have
been used in the past, unknowingly reported as WT coilin, in
different laboratories. More importantly, the effect of the K496E
substitution on coilin function had not been determined. In order
to address whether the K496E substitution influences CB formation,
we reverted the mutation to WT condition by site-directed
mutagenesis. We transfected both EGFP—coilin"T and EGFP-
coilin®*?E constructs (EGFP tag at the N-terminus of coilin)
individually into MEF®*! "~ cells, which were originally used to
interrogate this issue (Shpargel et al., 2003). In contrast to the
original findings (Shpargel et al., 2003), we observed that human
EGFP—coilinVT was able to reconstitute CBs when expressed in

mouse knockout cells whereas no CBs formed in cells expressing
EGFP—coilin®**°E (Fig. 1B, left panels; Fig. S1A). To further
examine the properties of this K496E missense mutant and to verify
that our results were not limited to mouse cells, we expressed both
coilin constructs in a human coilin KO cell line (HeLac!inKO),
Once again, CBs were present in cells transfected with human
EGFP—coilin%T, but no CBs were observed in cells expressing
EGFP—coilin®#°°E (Fig. 1B, central panels; Fig. S1A). The same
result was obtained when we expressed coilin®#*°F tagged with the
triple FLAG tag at the N-terminus (Fig. S1B), demonstrating that the
size of the tag did not influence coilin behavior (see also Hebert and
Matera, 2000). We also monitored the distribution of two other
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constituents of CB, spliceosomal snRNPs and fibrillarin. CBs
formed in HeLa!"KO cells after expression of EGFP—coilin™"
contained both snRNPs (as detected by the anti-2,2,7-trimethyl
guanosine antibody) and fibrillarin (Fig. S1C). snRNPs were
distributed diffusely in the nucleoplasm with no obvious
accumulation in CB-like structures in HeLa®®!i"KO cells and this
pattern did not change upon expression of EGFP—coilin4°°F protein
(Fig. S1C,D). Fibrillarin was localized only to nucleoli in
HeLa!i"KO cells with no localization to any residual bodies even
after expression of EGFP—coilin®4°°F (Fig. S1C,D). These data
strongly indicate a loss-of-function for the coilin-K496E variant.
Interestingly, both constructs are able to accumulate in pre-formed
CBs as demonstrated by transfection of parental HeLa cells (Fig. 1B,
right panel). These findings are consistent with previously published
data showing that the coilin N-terminus is necessary and sufficient
for coilin localization to preexisting CBs (Bohmann et al., 1995;
Hebert and Matera, 2000; Wu et al., 1994).

We noticed that CBs are not present in parental HeLa cells with
high expression of EGFP—coilin®4°°E_ Accordingly, we observed a
reduced proportion of cells with CBs when cells were transfected
with EGFP—coilin®*°®E construct compared to the proportion of
cells expressing EGFP—coilin™T (Fig. S1A, right graph). The
expression of WT and mutated coilin was not significantly
different (Fig. S1E), which shows that the effect is not due to a
different amount of expressed coilin protein but rather the presence
of the mutated variant. We decided to further analyze whether the
K496E variant affects CB formation in individual cells. We
transfected different amounts of EGFP—coilin™T together with
mMRED—coilin®4%°E in HeLa®li"KO cells, We observed a negative
correlation between the mRED/EGFP fluorescence ratio and CB
presence (Fig. 1C). These data show that high-level overexpression
of'the K496E variant had a dominant negative effect on assembly of
WT coilin in CBs. Similarly, overexpression of a truncated version
of coilin composed of the N-terminal 92 aa has been previously
shown to disrupt CBs (Hebert and Matera, 2000).

Finally, we monitored dynamics of both coilin variants in CBs
by fluorescence recovery after photobleaching (FRAP). Both EGFP—
coilin variants were expressed in HeLa™T cells and fluorescence
recovery was measured after photobleaching of EGFP in CBs (Fig.
S1F). EGFP—coilin®***°E showed faster recovery, which indicates
that the K496E substitution reduces the residency time of coilin in
CBs. However, we observed relatively large differences in recovery
time between individual cells as indicated by elevated standard
deviations, and the results should be taken with caution.

DISCUSSION

We identified a mutation in the C-terminal domain of coilin that
negatively affects its ability to form CBs and shortens CB residency
time. However, the molecular mechanism of how the K496E
mutation alters coilin behavior is unclear. K496 is located just
outside the Tudor-like domain and bridges this domain with a
conserved loop (Shanbhag et al., 2010). Replacement of a basic
lysine residue with an acidic one might impact the loop flexibility
and/or affect the folding of the Tudor-like domain. However,
replacing the loop with a B-turn motif does not affect the folding of
the central Tudor-like domain (Shanbhag et al., 2010). The C-
terminal domain has been shown to interact with Sm proteins, but
the molecular mechanism is unclear because detailed examination
of Tudor-like domain interaction with methylated amino acids
revealed no binding (Shanbhag et al., 2010; Xu et al., 2005). In
addition to its inability to rescue CB formation, the coilin®4%F
variant has a dominant-negative effect on CB integrity in cells

expressing endogenous coilin (Fig. 1C; Fig. S1A). Coilin forms
oligomers and this ability is crucial for CB formation (Hebert and
Matera, 2000). If the CB-disruptive variant coilin®*°°F prevails in
coilin oligomers, it likely changes behavior of the whole oligomer,
which would then no longer be able to scaffold CBs.

K496 can be sumoylated (Tammsalu et al., 2014) and
ubiquitylated (Akimov et al., 2018; Kim et al., 2011; Lumpkin
et al., 2017), with the latter being the most frequently reported
modification (see Fig. 1D for potential post-translational
modifications). These modifications might significantly affect the
domain structure and function. In particular, ubiquitin-like protein 5
and SUMO-1 can be localized in CBs, and thus ubiquitylation and
sumoylation can play an important role in CB integrity (Navascues
et al., 2008; Sveda et al., 2013). Finally, coilin is strongly
phosphorylated, and coilin phosphorylation modulates coilin
interactions and CB formation (Cantarero et al., 2015; Carmo-
Fonseca et al., 1993; Carrero et al., 2011; Hebert, 2013; Liu et al.,
2000; Lyon et al.,, 1997; Sleeman et al., 1998). The K496E
substitution might mimic phosphorylation and have a negative
impact on CB integrity. Finally, we cannot exclude the possibility
that the C-terminal coilin domain modulates coilin self-interaction,
as suggested previously (Shpargel et al., 2003). Reduced self-
association would be consistent with a lower residence time of
EGFP—coilin®***° in CBs (Fig. SIF).

Taken together, we identified and analyzed the K496E substitution
in human coilin clones, which may well have been circulating in the
scientific community via clones derived from the original plasmid
deposited with the Addgene repository. Caution should be used, as
the mutation might have influenced the ability of the protein to
scaffold CBs especially in the absence of endogenous coilin.

MATERIALS AND METHODS

Cell culture

HeLa cells (ATCC® HeLa-CCL-2), HeLa®!i"KO cells (derived from
parental HeLa cells, see below) and MEF!i"~/= cells (Tucker et al.,
2001) were cultured in high-glucose (4.5 g/1) Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco). MEFe°ilin—/-
were kindly provided by Gregory Matera (University of North Carolina,
Chapel Hill, USA) and previously characterized (Tucker et al., 2001).

CRISPR/Cas9 knockout cell line creation

The coilin knockout HeLa cell line was generated designing the guide RNA
sequence to target the very N-terminus of coilin gene (first exon) using the
online CRISPR Design Tool. Guide RNA was cloned into pX330-U6-
Chimeric BB-CBh-hSpCas9 plasmid (Addgene #42230). To help sorting of
possible positive cells, we cloned the guide target sequences into pARv-
RFP reporter plasmid (Addgene #60021) (Kasparek et al., 2014). All
products of cloning were confirmed by DNA sequencing. HeLa cells were
grown to 90% confluency and co-transfected with pARv-RFP reporter
plasmid and pX330 with guide RNA sequence using the Lipofectamine
LTX transfection reagent (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Cells were sorted 72 h after transfection for RFP
positivity, one cell at a time, into the wells of 96-well plates containing a
mixture of fresh and conditioned medium (1:1). Positive clones were
selected by PCR using a set of primer directly prior and after the region
target by guide RNA. Coilin expression was screened by
immunofluorescence and western blotting.

Plasmid and transfection

EGFP—coilin and mRED—coilin (formally DsRed.M1-coilin) containing the
mutations: ¢.784A>G (p.E251E), ¢.1642C>T (p.A537A) and c.1517A>G
(p.K496E) were retrieved from our plasmid stocks. EGFP—coilin™T was
obtained by reverting the mutation c.1517A>G (p.K496E) by site-directed
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mutagenesis using primers: 5'-AGGAAGGAAGAATATTAAGCCAC-3’
and 5'-TGTAGTCAGAGACATCAGGAGAG-3'. All tags were located at
the N-terminus of coilin sequence. All constructs were verified by DNA
sequencing.

Plasmids were transiently transfected into the cells with Lipofectamine
LTX Transfection Reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions and cells analyzed 24 h post transfection.

Immunofluorescence and microscopy

For Fig. 1B, cells grown on coverslips were washed in PBS and fixed with
4% paraformaldehyde in PIPES for 10 min at 37°C. Coverslips were then
washed in PBS and mounted in Fluoromount-G (Southern Biotech). For
Fig. S1D, cells were permeabilized after fixation with 0.5% Triton X-100 for
S min at room temperature (RT) and blocked in 5% bovine serum albumin.
Subsequentially coverslips were stained with human auto-antibodies against
fibrillarin (a kind gift of Dusan Cmarko, First Medical Faculty, Charles
University in Prague, Czech Republic) diluted 1:1000 in PBS or the mouse
monoclonal antibody against 2,2,7-trimethylguanosine (K121; Santa Cruz
Biotechnology) diluted 1:50 in PBS for 1 h at RT. After a PBS wash, the
coverslips were stained with goat anti-human-IgG secondary antibodies
labeled with Alexa Fluor 594 (Thermo Fisher Scientific) or anti-mouse-IgG
labeled with DyLight-549 (Jackson ImmunoResearch Laboratories) diluted
1:100 in PBS for 1 h RT. Coverslips were then washed in PBS and rinsed in
distilled water. After being dried, they were mounted in Fluoromount-G. For
Fig. 1B, primary antibody against FLAG (M2) mouse monoclonal IgG
(F1804, Sigma) was utilized diluted 1:250 in PBS for 1 h at RT.

Images shown in Fig. 1B and Fig. S1B were acquired using a DMi8
inverted microscope with Leica confocal head TCS SP8 (Leica
microsystems) equipped with a 63x/1.40 NA oil immersion objective and
acquisition software LAS X (Leica microsystems). Stacks of 20-35 z-
sections with 150 nm z-steps and 42 nm pixel size were taken per sample
and maximum intensity projections are presented. Fig. 1C and Fig. S1C,D
images were acquired using DeltaVision microscope system (Applied
Precision Ltd.) coupled to the Olympus IX70 microscope equipped with a
60%/1.42 NA oil immersion objective, a CoolSNAP HQ2 camera
(Photometrics; Princeton Instruments), and the acquisition software
SoftWoRx (Applied Precision Ltd.). Stacks of 15-25 z-sections with
200 nm z-steps were taken per sample and maximum intensity projections
are presented.

Quantification of cells with or without CBs was performed using
DeltaVision microscope system coupled to the Olympus IX70 microscope
equipped with a 60%/1.42 NA oil immersion objective. Cells were counted
directly on the microscope and number of cells assayed is indicated in the
graph (Fig. S1A).

FRAP

The FRAP experiment was performed on the DMi8 inverted microscope
with Leica confocal head TCS SP8 equipped with a 63%/1.3 NA glycerol
immersion objective corrected for use at 37°C and acquisition software LAS
X. Cells were kept at 37°C and 5% CO2 for the whole imaging time. A 488-
nm solid-state laser was used for both acquisition (0.2% laser intensity) and
bleaching (25% laser intensity, single pulse, zoom-in mode). The following
parameters were used for time-lapse acquisition: single focal plane, 62 nm
pixel size, 2 lane accumulation and adaptive acquisition (152 ms interval for
the first 100 frames, 300 ms for 75 frames and 600 ms for the last 80
frames). Owing to the lack of visible CBs in cells expressing a high level of
EGFP—coilin®4°°F FRAP analysis was limited to cells expressing low levels
of EGFP—coilin for both constructs.

Western blotting

Cells cultivated in 10 cm Petri dishes were washed twice with ice-cold PBS,
scraped from the dish, and centrifuged at 1000 g for 10 min at 4°C.
Harvested cells were resuspended in NET-2 buffer (50 mM Tris-HCI pH
7.5, 150 mM NacCl, and 0.05% Nonidet P-40) supplemented with protease
inhibitor cocktail (EMD) and RNase inhibitor (RNasin plus, Promega) then
pulse sonicated on ice (30 pulses; 0.5 s for each pulse at 40% of maximum
energy). The cell lysate was centrifuged at 14,000 g for 10 min at 4°C and
the supernatant collected and diluted in 2x sample buffer. Subsequently,

proteins were separated by SDS-PAGE (10% gels) and transferred to a
nitrocellulose membrane (Protran). Membranes were blocked with 5%
nonfat milk (w/v) in PBS with 0.05% Tween-20 (PBST) and incubated
with polyclonal anti-coilin rabbit IgG primary antibodies (H-300,
Santa Cruz Biotechnology) diluted 1:2000 in 1% nonfat milk in PBST
followed by PBST washes and incubation with anti-rabbit-IgG secondary
antibodies conjugated to horseradish peroxidase (Jackson ImmunoResearch
Laboratories) diluted 1:10,000 in 1% nonfat milk in PBST. Enzymatic
activity was detected using the SuperSignal West Pico/Femto
Chemiluminescent Substrate (Thermo Fisher Scientific).
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