current issues in

é molecular biology

Article

Interactome Analysis of KIN (Kin17) Shows New Functions of

This Protein

Vanessa Pinatto Gaspar 12

Francisco Ferreira Duarte Junior

, Anelise Cardoso Ramos

1 3

, Philippe Cloutier 2, José Renato Pattaro Junior 30,
1@, Annie Bouchard ?, Flavio Augusto Vicente Seixas 3(”, Benoit Coulombe 2

and Maria Aparecida Fernandez /*

check for

updates
Citation: Gaspar, V.P.; Ramos, A.C.;
Cloutier, P; Pattaro Junior, J.R.;
Duarte Junior, EF.; Bouchard, A.;
Seixas, F.A.V.; Coulombe, B.;
Fernandez, M. A. Interactome
Analysis of KIN (Kin17) Shows New
Functions of This Protein. Curr. Issues
Mol. Biol. 2021, 43,767-781. https://
doi.org/10.3390/cimb43020056

Academic Editor: Hany A. EI-Shemy

Received: 30 April 2021
Accepted: 24 June 2021
Published: 22 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Departamento de Biotecnologia, Genética e Biologia Celular, Universidade Estadual de

Maringd, Av. Colombo, 5790, Maringa 87020-900, Brazil; vapigas@gmail.com (V.P.G.);
anelise.andre@gmail.com (A.C.R.); junior.fduarte@gmail.com (FED.].)

2 Institut de Recherches Cliniques de Montréal, 110 Avenue des Pins Ouest, Montreal, QC H2W 1R7, Canada;
phil.clou@gmail.com (P.C.); anniebouchard78@gmail.com (A.B.); benoit.coulombe@ircm.qc.ca (B.C.)
Departamento de Tecnologia, Campus Umuarama, Universidade Estadual de Maringa, Av. Angelo Moreira
da Fonseca, 1800, Umuarama 87506-370, Brazil; pattoze@gmail.com (J.R.P].); favseixas@gmail.com (F.A.V.S.)
*  Correspondence: mafernandez@uem.br; Tel.: +55-4430115398

Abstract: KIN (Kin17) protein is overexpressed in a number of cancerous cell lines, and is therefore
considered a possible cancer biomarker. It is a well-conserved protein across eukaryotes and is ubiq-
uitously expressed in all cell types studied, suggesting an important role in the maintenance of basic
cellular function which is yet to be well determined. Early studies on KIN suggested that this nuclear
protein plays a role in cellular mechanisms such as DNA replication and/or repair; however, its asso-
ciation with chromatin depends on its methylation state. In order to provide a better understanding
of the cellular role of this protein, we investigated its interactome by proximity-dependent biotin
identification coupled to mass spectrometry (BiolD-MS), used for identification of protein—protein
interactions. Our analyses detected interaction with a novel set of proteins and reinforced previous
observations linking KIN to factors involved in RNA processing, notably pre-mRNA splicing and
ribosome biogenesis. However, little evidence supports that this protein is directly coupled to DNA
replication and/or repair processes, as previously suggested. Furthermore, a novel interaction was
observed with PRMT7 (protein arginine methyltransferase 7) and we demonstrated that KIN is
modified by this enzyme. This interactome analysis indicates that KIN is associated with several
cell metabolism functions, and shows for the first time an association with ribosome biogenesis,
suggesting that KIN is likely a moonlight protein.

Keywords: KIN (Kin17); cancer biomarker; protein—protein interactions; BioID-MS; splicing process;
ribosome biogenesis

1. Introduction

KIN is described as a potential diagnostic biomarker and a potential target for breast
cancer therapy [1,2], as well as a suitable marker for predicting chemotherapy response
in colorectal carcinoma [3]. A study recently performed and published by our group
demonstrated that KIN is differently expressed in subpopulations of melanoma from
murine cell lines, according to its aggressiveness [4]. Studies of KIN in human colorectal
cancer cells, using siRNA to silence its expression, indicated reduced cell proliferation
and an accumulation of cells in the beginning or middle of cell cycle S phase [5]. KIN is
overexpressed in most cancer cells studied so far [1,6,7], except for the cell line derived
from MeWo melanoma [8].

The DNA- and RNA-binding protein KIN, also known as Kin17, is well conserved
among species from lower to higher eukaryotes, suggesting an important role in the main-
tenance of basic cellular function which remains to be defined [9]. It was identified by
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antibodies raised against bacterial Escherichia coli repair protein RecA, in an effort to identify
mammalian orthologs [10]. KIN was first described as having an important function in
DNA repair [11,12] and also in the initiation of DNA replication [13,14]. However, purifica-
tions of the spliceosome instead indicated an association of KIN with the ribonucleoprotein
complex [15]. Immunofluorescence techniques and electronic microscopy demonstrated
that KIN is associated with chromatin, but is also present in the nucleoplasm; these results
are consistent with either function described [16,17].

KIN domain architecture (Figure 1) consists of a C2H2-type zinc finger in the N-
terminal portion which has dual affinity for DNA and RNA, a winged helix domain,
believed to be involved in protein—protein interactions [16] from residues 51 to 160, a pur-
ported RecA homology domain spanning residues 163-201, and a dual SH3-like domain
containing a KOW motif, which is an RNA-binding module at its C-terminus [18-20]. The
apparent multitude of identified RNA-binding domains is consistent with a role in RNA
metabolism [21,22]. A recent biophysical evaluation revealed new insights into the recom-
binant human KIN protein, (gsaKIN), where the secondary structure is composed of more
than 50% unfolded elements such as random coils and f-turns [9], suggesting a protein
with high flexibility. Additionally, phylogenetic studies of the conserved sequences show
that the KOW motif present in the KIN protein is conserved only in higher eukaryotes [9].

R36ME
2 5 51 160 163 201 236 266268 393
Zinc Winged RecA NLS Dual SH3
Finger Helix Homology KOwW

Figure 1. KIN protein architecture domain. Numbers indicate residues and bars indicate KIN protein domains. The up

arrow indicates the arginine residue that is methylated by the PRMT7 enzyme.

In the current manuscript, we present interactors of KIN identified by BiolD, a
proximity-dependent biotin identification methodology [23], in which a mutated biotin
ligase (BirA*) is fused to our protein of interest, allowing for the local activation of biotin
and subsequent biotinylation of proteins in its vicinity. We identified interactors that are
components of the SSU processome and the spliceosome, implying a function for KIN
in the processes of ribosome biogenesis and/or splicing. In an effort to promote condi-
tions where interactions with proteins that are related to the processes of DNA replication
and/or repair might occur, we also performed BiolD at different stages of the cell cycle, as
well as following irradiation; however, we found little evidence to substantiate the direct
implication of KIN in DNA replication and/or repair, as previously reported. Of note, we
observed that KIN interacts with the methyltransferase PRMT7 and demonstrated that it is
monomethylated at arginine 36, consistent with PRMT7’s arginine methyltransferase type
II activity [24]. This is the first report of such association, which was moreover confirmed
by an in vitro methylation assay.

2. Materials and Methods
2.1. Cell Culture for BiolD

Flp-In T-Rex 293 (Invitrogen) and Flp-In T-Rex HeLa [25] cell lines were cultured in
DMEM medium (Gibco) containing 10% fetal bovine serum (Wisent), penicillin/streptomycin
(100 U/mL) (Gibco), and glutamine (2mM) (Gibco). Cells were grown at 37 °C in a humidi-
fied cabinet under 5% CO, to a confluence of 70-80% for transfection.

2.2. Generation of BirA* Fusion Protein Expression Cell Lines

Coding sequences for KIN, BUD13, and the control GFP-NLS were obtained from
the National Centre for Biotechnology Information (www.ncbi.nlm.nih.gov, accessed on 2
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March 2015) and primers with the recombination sites were designed (Gateway Technology,
Invitrogen). PCR reactions were performed using the Q5 High Fidelity DNA Polymerase
(NEB), according to the manufacturer’s recommendations. BirA*-fusion protein expression
plasmids were then constructed using the Gateway Cloning System (Gateway Technology,
Invitrogen) and, as final vectors, plasmids V8164 and V8449 [25]—graciously provided
by A.C. Gingras (Toronto, Canada)—were used. After the sequences were confirmed
by DNA sequencing, Flp-In T-Rex 293 cells (Invitrogen), or Flp-In T-Rex HeLa cells [26]
were co-transfected with our final vectors and pOG44 (FLP-recombinase expression vector,
Invitrogen), using the Jet Prime Transfection Kit (Polyplus, France), according to the manu-
facturer’s recommendations. The medium was changed 24 h after the transfection, and
after an additional 24 h it was supplemented with hygromicin B (200 ng/mL) (Calbiochem).
Selected cells were expanded to a 150 mm plate.

2.3. Induction and Harvest

Once cells were subconfluent (60-70%), they were induced with tetracycline 1 pg/mL
(Bioshop) and Biotin 75 pM (BioBasic) was added for biotinylation. Cells were harvested
24 h after being induced.

2.4. Synchronization

Stable Flp-In T-Rex HeLa cells were synchronized according to methods previously
described in [26,27]. Briefly, cells were treated with a double thymidine block procedure,
which involves 2 mM thymidine in complete medium for 16 h, release into the cell cycle for
eight hours by washing out thymidine, and then 2 mM thymidine in complete medium for
16 h again. The block was released and cells were harvested at 0, 6, and 12 h; one replicate
was analyzed by FACS to confirm the cell cycle stage, while the other was induced for
BiolD purification. For FACS analysis, DNA staining was performed using propidium
iodide according to the modified Krishan procedure [28]. Cells were sorted using FACScan
(BD Bioscience) and the data analyzed with Modfit LT (Figure S1).

2.5. Irradiation

Stable cell lines, expressing KIN or GFP-NLS, were irradiated using gamma rays at
10 grays and harvested 2 or 24 h later for BiolD purification; non-irradiated cells were
used as control. For DNA damage identification, cells were cultivated on coverslips at
the bottom of the plate, and underwent the same irradiation treatment. Cells were fixed
in freshly prepared 4% paraformaldehyde in PBS, permeabilized in 0.5% Triton X-100 in
PBS, blocked in 2.5% goat serum, 1% BSA. Cells were incubated in anti-H2AX (monoclonal
#05-636, Millipore) 1:5000, and goat-anti-mouse Alexa Fluor 546 (Thermo Fisher Scientific,
Waltham, MA, USA) 1:500. Nuclear staining was performed using DAPI (Sigma, Burlington,
VT, USA), and coverslips were mounted on slides using one drop of mounting medium
(Aqua-Mount #13800, Thermo Fisher Scientific). Images were acquired using the DM4000
fluorescent microscope (Leica, Wetzlar, Germany). One replicate of KIN and one replicate
of GFP-NLS were used for each point, non-irradiated, irradiated and harvested after two
hours, and irradiated and harvested 24 h later (Figure S2).

2.6. BiolD Purification

BiolD purification was performed according to Coyaud et al. [29] with modifications.
Briefly, 0.1 g of cells were harvested and washed in cold PBS 1X, then lysed in 2 mL modified
RIPA lysis buffer (50 mM Tris-HCL, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 0.1% SDS, 1X protease inhibitor cocktail—Sigma Fast 10X) before 1 uL of
Benzonase 250 U (Novagen) was added prior to sonication (30 sec at 30% amplitude). The
lysate was centrifuged for 30 min at 12,000 rpm and the clarified supernatant was incubated
with 35 puL of pre-equilibrated streptavidin-agarose beads (GE) at 4 °C for 3 h with rotation.
An aliquot of the clarified supernatant was saved for western blotting analysis. Beads were
collected by centrifugation (2 min at 2000 rpm), washed twice in modified RIPA lysis buffer,
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three times in 50 mM ammonium bicarbonate pH 8.5 (ABC), and resuspended in 100 pL of
ABC for trypsin digestion.

2.7. Digestion and LC-MS/MS

Trypsin digestion and LC-MS/MS were performed according to the method previously
described in [30]. For BiolD, it was recommended to release the peptides for analysis by
MS using on-bead tryptic digestion, which also prevents removal of the streptavidin
itself from the beads that might interfere with MS analysis [31], therefore, the on-bead
proteins were digested with 0.5 pug sequencing grade modified trypsin (Promega, Madison,
WI, USA) overnight at 37 °C with agitation. The supernatants were collected and the
beads were washed two times with 100 uL water. The supernatants of each wash were
pooled and then reduced and alkylated. The reduction step was performed with 9 mM
dithiothreitol at 37 °C and, after cooling for 10 min, the alkylation step was performed with
17 mM iodoacetamide at room temperature for 20 min in the dark. The supernatants were
acidified with trifluoroacetic acid for desalting and removal of residual detergents by MCX
(Waters Oasis MCX 96-well Elution Plate) following the manufacturer’s instructions. After
elution in 10% ammonium hydroxide/90% methanol (v/v), samples were concentrated
with a speed-vac and reconstituted in 2% acetonitrile, 1% formic acid. Desalted tryptic
peptides were loaded onto a 75 pm i.d. x 150 mm Self-Pack C18 column installed in
the Easy-nLC II system (Proxeon Biosystems, Roskilde, Denmark). The buffers used for
chromatography were 0.2% formic acid (buffer A) and 100% acetonitrile/0.2% formic acid
(buffer B). Peptides were eluted with a two-slope gradient at a flowrate of 250 nL.min .
Solvent B first increased from 2 to 40% in 82 min and then from 40 to 80% B in 28 min. The
HPLC system was coupled to a LTQ Orbitrap Velos mass spectrometer (Thermo Scientific)
through a nano-ESI source (Proxeon Biosystems, Roskilde, Denmark). Nanospray and
S-lens voltages were set to 1.3-1.8 kV and 50V, respectively. Capillary temperature was set
to 225 °C. Full scan MS survey spectra (m/z 1360-2000) in profile mode were acquired in the
Orbitrap with a resolution of 60,000 with a target value at 1e6. The ten most intense peptide
ions were fragmented by collision induced dissociation in the LTQ with a target value at
le4 (normalized collision energy 35V, activation Q 0.25, and activation time 10 ms). Target
ions selected for fragmentation were dynamically excluded for 25s. The peak list files
were generated with Proteome Discoverer (version 2.1) using the following parameters:
minimum mass set to 500 Da, maximum mass set to 6 kDa, no grouping of MS/MS spectra,
precursor charge set to auto, and minimum number of fragment ions set to 5.

2.8. Computational Analyses

Data analysis was performed as described by Cloutier and collaborators [32]. Protein
database searching was performed with Mascot 2.3 (Matrix Science, Columbia, CA, USA)
against the human NCBInr protein database (version 18 July 2012). The mass tolerances for
precursor and fragment ions were set to 10 ppm and 0.6 Da, respectively. Trypsin was used
as the enzyme allowing for up to one missed cleavage. Cysteine carbamidomethylation
was specified as a fixed modification, and methionine oxidation as variable modifications.
In cases where multiple gene products were identified from the same peptide set, all were
unambiguously removed from the data set. When multiple isoforms were identified for
a unique gene, only the isoform with the best sequence coverage was reported. Proteins
identified on the basis of a single spectrum were also discarded. Reliability of the data
obtained was assessed using SAINTexpress version 3.6.1 [33,34], which assigns a false
discovery rate (FDR) to each protein—protein interactions. The threshold FDR score was set
at 0.1 (Table S1).

2.9. Interactome Design

For KIN, we worked with three processual and two biological replicates, and true
interactors were determined when the protein was detected in all of the four replicates and
either not present or 50 percent more spectrum counts, compared to the control. For BUD13,
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we worked with two biological replicates, and true interactors were defined the same way:.
For each replicate we used a GFP-NLS replicate as control. The interactome was designed
using the program Cytoscape (version 3.0, downloaded from http:/ /www.cytoscape.org,
accessed on 10 February 2016) [35] (Table S2).

2.10. Immunolocalization

HeLa cells were grown on coverslips to a 30-40% confluency in RPMI medium sup-
plemented with FBS 10%, glutamine 1%, and streptomycin/penicillin 1:100, at 37 °C in 5%
COs,. Cells were fixed with 4% paraformaldehyde for 10 min, permeabilized by 0.5% Triton
X-100 for 10 min, and blocked with PBS containing 3% BSA and 20% goat serum (Sigma) for
one hour. The primary antibody anti-kin17 K58 (sc-32769; Santa Cruz Biotechnology) was
diluted 1:500 in blocking solution and then added to the cells for 60 min. Alexa Fluor 350-
conjugated goat anti-mouse secondary antibody (A11045; Molecular Probes) was diluted
1:4000 and incubated for 60 min. As a nucleolar marker, Anti-Fibrillarin antibody (Abcam
AB5821) was used 1:500, incubated for 60 min, and detected by Alexa Fluor 488-conjugated
donkey anti-rabbit secondary antibody (A21206; Molecular Probes), which was diluted
1:4000, incubated for one hour. Nuclear chromatin was stained with propidium iodide
(4 mg/mL) for 5 min. All staining reactions took place at 37 °C. Images were obtained
using an Olympus FSX-100 microscope.

2.11. In Vitro Methylation Assay

The in vitro methylation assay was performed according to methods previously de-
scribed in [36]. The coding sequence of KIN was cloned in pET-23a(+) vector (EMD
Chemicals, Burlington, VT, USA), and methyltransferases were cloned in to pGEX-4-T1
vector (GE Healthcare, Chicago, IL, USA). Vectors were transformed in One Shot BL21 Star
(DE3) (Life Technologies) and protein synthesis was induced with IPTG. Bacteria were
harvested by centrifugation and pellets were lysed with the use of an IEC French Press
(Thermo Scientific). The resulting proteins were purified using Ni-NTA Agarose beads
(QIAGEN, Hilden, Germany), and Glutathione Sepharose 4B (GE Healthcare, Chicago,
IL, USA), according to the manufacture’s recommendations. For each reaction, 1 ug of
GST-tagged methyltransferase was incubated with 2.5 ug His-tagged KIN and 5 uCi of
S—(methyl—3H)—Adenosyl—L—methionine (81.7 Ci/mmol; PerkinElmer, Norwalk, CT, USA),
according to the manufacture’s specifications. The samples were resolved in a 10% acry-
lamide gel which was then treated with ENPHANCE (PerkinElmer), according to the
manufacturer’s recommendations. Tritium-based methylation signals were detected by
radiography after 24 h of exposure on Amersham Hyperfilm MP (GE Healthcare, Chicago,
IL, USA) at —80 °C.

3. Results
3.1. KIN Mostly Associates with Proteins Involved in Ribosome Biogenesis and Splicing

Cellular processes depend on protein interactions, and in order to better understand
KIN function, we defined its interaction network (Figure 2) based on the BioID experiments
where recombinant KIN proteins were expressed with BirA* at either its N- or C-terminus,
thereby allowing the identification of interactors whose binding might have been lost due
to interference by the positioning of the modified biotin ligase. Most of its interactors
are associated with the processes of ribosome biogenesis and splicing. We also identified
topoisomerases TOP2A and TOP2B and enolases ENO2 and ENO3—members of the
PAF complex, which is known to interact with RNA polymerase Il and may have a post-
transcriptional role in mRNA processing and maturation [37]. Methyltransferase PRMT? is
reported and confimed, as an interactor for the first time in the present article; moreover,
we confirmed the interaction with methyltransferase METTL22, which was previously
reported by Cloutier and collaborators [36,38].
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Figure 2. Protein—protein interaction network of KIN and BUD13. Proteins purified by BioID/MS. Interaction map designed

using Cytoscape 3.0. Thickness of arrows are according to number of spectral counts. Full lines indicate a FDR of zero and

broken lines indicate FDR greater than zero. Proteins were grouped according to their functions.

The small-subunit (SSU) processome is a large macromolecular complex, also termed
90S pre-ribosome, that is formed in the nucleolus by assembly factors and small nucleolar
RNA U3 during the early stages of ribosomal biogenesis [39,40]. KIN interacts with many
proteins of the SSU processome, notably components of the NOC, UTP-A /tUTP, and BMSI-
RCL1 subcomplexes, as well as proteins that are involved in subsequent maturation of the
60S ribosomal subunit.

BiolD of KIN also identified a number of splicing factors and components of the
spliceosome, a highly complex and dynamic ribonucleoparticle comprising five non-coding
small nuclear RNAs (U1, U2, U4, U5, and U6 snRNAs) and more than 200 proteins
associated at one or more stages of the splicing cycle [41]. In essence, 5’ and 3’ intron
boundaries are first recognized by Ul snRNP splicing factor 1 (SF1) and U2 auxiliary
factor (U2AF). This state is known as complex E and is followed by the arrival of U2
snRNP, bringing about the complex A form of the pre-spliceosome. At this point, the
rest of the snRNPs (U4/U6, U5 tri-snRNP) are integrated into the growing complex to
form a pre-catalytic spliceosome known as complex B. Extensive snRNA interaction and
protein composition rearrangements then take place, resulting in the intermediary complex
B* followed by the catalytic complex C, the latter of which is poised to perform the two
sequential transesterification reactions that will remove the intron from the pre-mRNA
and ligate the two flanking exons together. The remaining spliceosomal components still
present on the mRNA are known as the post-spliceosome or complex C*. Interestingly,
identified spliceosome subunits in the KIN BioID experiment mostly belong to the complex
B stage, in particular the B complex-specific proteins PRPF38A, PRPF4B, MFAP1, THRAP3,
and IK (Figure 2). KIN, likewise, showed significant affinity toward lesser known retention
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and splicing complex (RES), a heterotrimeric complex studied primarily in Saccharomyces
cerevisize and composed of BUD13, RBMX2/Snul7, and SNIP1/Pml1 [42,43]. Association
of KIN with BUD13 has already been noted in multiple studies [36,44], and represents its
highest confidence interactor. For this reason, we elected to perform BioID on BUD13 as
well (Figure 2). Strikingly, the SNIP1 subunit of the RES complex was never observed in
either KIN or BUD13 BiolD experiments. KIN and BUD13 did show similarity in their
affinity towards both the ribosomal biogenesis machinery and spliceosome, although the
identified components only showed partial overlap.

3.2. DNA Replication and/or Repair Proteins Were Not Obuvious Interactors in Synchronized
and/or Irradiated Cells

Despite the published data reporting KIN as a protein involved in DNA repair and
replication, our results could not substantiate these functions as there were few proteins
involved in either of these processes in any of our purifications. However, replication and
DNA repair are transient cellular states that were likely underrepresented in the normal
growing conditions used to build our KIN interactome. In order to promote identification
of KIN interactors involved in replication, we synchronized cells at different stages of
the cell cycle (Figure S1). We compared the interactors found in non-synchronized cells
against interactors in cells in different phases of the cell cycle (S, G2/M, and G1), and the
results demonstrated that no major variation was detected amongst the S and G2/M stages
(Figure 3). We did not observe a significant enrichment in any of the previously reported
interactions, such as RPA1, RPA2, PCNA, or DNA polymerase « [13,14]. Although we were
able to identify interactors that are known to participate in the DNA replication and/or
transcription processes, such as topoisomerases (TOP2A and TOP2B), as well as ATRX,
CEBZ, and NOC3L [18,45], we did not observe any significant changes in affinity in any of
the stages of the cell cycle studied in this experiment. Next, to promote identification of
KIN interactors involved in DNA repair, we subjected cells to gamma irradiation, which
causes DNA breakage and induces DNA repair. BiolD was performed as before, and
interactors present 2 h after irradiation as well as 24 h later were examined. Again, we
could not detect significant variation amongst these proteins (Figure 4), nor could we
identify additional ones.
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Figure 3. Protein-protein interaction in synchronized cells. The results show the lack of variation of interactors in the S and

G2/M phases of the synchronized cells.

3.3. KIN Is Present in the Nucleolus as Well as Other Parts of the Nucleus

Our identification of numerous ribosome biogenesis factors associated with KIN is
somewhat at odds with a previous report of the nuclear localization of the protein, which
noted its absence from the nucleolus, where ribosome maturation takes place [11]. We
therefore performed our own immunolocalization experiments which showed uniform
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nuclear localization, including within nucleoli (Figure 5A). This result is strengthened
by previous identification of KIN as a component of the nucleolus [46], and observation
of its accumulation in nucleoli of tobacco leaf epidermal cells [47]. Localization of KIN
in the nucleoli, as well as in other parts of the nucleus, supports the results proposed
here, where proteins related to pre-mRNA splicing and ribosomal biogenesis processes
represent the majority of proteins detected in this analysis. However, no nucleolar signal
has been identified in KIN to date. Using NoD (Nucleolar Localization Signal Detector,
(http:/ /www.compbio.dundee.ac.uk/www-nod/index.jsp, accessed on 20 May 2016) [48],
we were able to discern two putative NoLS (Figure 5B). The first one, between positions 12
and 41, falls within a highly structured domain corresponding to the zinc finger and is, in
all likelihood, not a functional NoLS. The second site, however, between positions 244 and
266 (SSQSSTQSKEKKKKKSALDEIME), overlaps with the previously identified nuclear
localization signal (NLS). Both features are typically similar due to their acidic residue
content, thus overlap or dual function is often observed in many nucleolar proteins.
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Figure 4. Protein-protein interaction in irradiated cells. The results show the lack of variation between interactors at 2 and

24 h after the irradiation experiment.

3.4. Methyltransferase PRMT7 Methylates KIN at Arginine 36

Methylation is a common post-translational modification, where the addition of one
or more methyl groups to a protein can ultimately impact its cellular localization, turnover,
activity, or molecular interactions. Methyltransferases are a group of proteins that transfer
a methyl group from a donor molecule, usually an S-adenosylmethionine, to the target pro-
tein. Side chains of arginine and lysine residues are the most commonly methylated residue
substrates [38]. It was previously reported that methyltransferase METTL22 trimethylates
KIN at residue K135, affecting its cellular localization and association with chromatin [36].
In hopes of identifying additional regulatory post-translational modifications, we queried
the data from our experiments for a number of possible PTMs and observed monomethyla-
tion of KIN at arginine 36 (Figure 6A). Interestingly, PRMT?7, the novel methyltransferase
identified in our BioID experiments as a novel interactor of KIN, belongs to a family of
arginine methyltransferases. However, while most members enact symmetric or asymmet-
ric dimethylation (type II and type I activity, respectively), PRMT7 is the only one among
them that can specifically perform monomethylation (type III activity) [24,49]. An in vitro
methylation assay was performed to confirm methylation of KIN by PRMT7. Methylation
of wild-type KIN by PRMT7 was indeed observed with a robust intensity that almost rivals
that of previously reported methylation by METTL22. However, when arginine 36 is sub-
stituted by a lysine, the signal is lost, confirming that PRMT7 indeed performs methylation
at this site (Figure 6B). Methyltransferase domains of PRMTs are highly homologous and
partial overlap in specificity is often noted. In light of this, various PRMT family members
were tested for their ability to methylate KIN. Although PRMT1, PRMT3, and PRMT6 were
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able to weakly modify the protein, the signal was significantly stronger in the presence of
PRMTY (Figure 6C).
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Figure 5. KIN protein immunolocalization. (A) Immunofluorescence of HeLa cells shows KIN
present at the nucleolus, as well as in other parts of the nucleus. Scale bar: 32 pym. (B) Predicted
nucleolar localization signal by NOD.
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Figure 6. KIN protein methylation assay. (A) Monomethylation at arginine on position 36; (B) In vitro
methylation assay with tritium-labeled S-(methyl->H)-Adenosyl-L-methionine, PRMT7 enzyme, and
KIN-His wild type and KIN-His mutated R36K. (C). In vitro methylation assay with tritium-labeled
S-(methyl->H)-Adenosyl-L-methionine, GST-PRMT family of proteins, and KIN-His. The protein
KIN demonstrated strongest affinity with PRMT?7.

4. Discussion

Understanding the interaction network of a protein is an important tool in character-
izing its function within a cell’s metabolism. Transient interactions are quite difficult to
detect by traditional affinity purification methodologies as they are performed with cell
lysate. The presented results, acquired by biotinylation performed in live cells, allows for
the advantageous identification of proteins that do not necessarily form stable complexes
and thus the detection of transient interactors. Kim and collaborators [50] showed that not
only intra-complexes but also inter-complexes proteins can be identified by this technique
in a radius of approximately 10-20 nm; moreover, it also identified interactors that might be
less abundant [51]. Our purification detected a greater number of proteins which, however,
belong to the same processes of ribosome biogenesis and /or splicing as previously reported
by tandem affinity purification (TAP) [36]. The additional information that we present
with our results is as follows: whereas TAP mostly identified ribosomal proteins of the 60S
ribosomal subunit, BiolD revealed complexes associated with earlier steps in ribogenesis,
notably the SSU processome and 60S-specific maturation factors, all of which act prior
to the inclusion of ribosomal proteins to form the final RNP complex. In this case, the
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different affinity purification techniques proved to be complementary in identifying the
pathway where KIN may play a role.

Association with the spliceosome was also observed by TAP purification [36], although
the identified proteins were limited to some of the largest subunits of the U5 snRNP. This
is likely due to the low abundance of co-purified spliceosome. Indeed, large proteins are
more readily detected by mass spectrometry as they generate more tryptic peptides. The
spliceosome is by no means a low-abundance complex, but by virtue of its dynamic nature,
a protein could be transiently associated with a single step of the splicing cycle only to be
released afterwards, making co-purification by traditional AP-MS techniques challenging.
This seems to be the case as BiolD of KIN identified a number of factors specific to the
pre-catalytic B complex form of the spliceosome, consistent with what was observed by
Hegele et al. [41]. Interestingly, BioID of KIN interactor BUD13 also demonstrated asso-
ciation with both the spliceosome and ribosomal maturation complexes. BiolD of Bud13
identified a number of factors specific to the activated B* complex form of the spliceosome
(CWC22) (Figure 2), as well as factors associated with the first transesterification reaction
of splicing (GPKOW and DHX16). It should be noted that GPKOW is yet another KOW
motif-containing protein, raising the possibility that BUD13 may play a role in substituting
one KOW protein for another, sitting either on the pre-mRNA or an snRNA, to promote
progression of the splicing cycle. BUD13 was likewise associated with a few ribosomal
biogenesis factors distinct to the ones observed in BioID of KIN. While both proteins
showed affinity towards components of the 90S pre-ribosome, KIN interacted with earlier
components of the SSU processome, notably the UTP-A (also known as transcriptional UTP
or tUTP), while BioID of BUD13 recovered significant amounts of WDR3, a subunit of the
UTP-B subcomplex. It remains to be determined whether BUD13 can promote progression
of ribogenesis by substituting KIN for another KOW protein on pre-rRNA (or U3 snoRNA),
but it should be noted that a number of protein components of the mature ribosome contain
this moiety (RPL6, RPL14, RPL26, RPL27, and RPS4), as well exosome cofactor MTR4,
involved in rRNA processing [52].

Ribosome biogenesis is a well-coordinated, central process in cellular metabolism,
crucial to cell proliferation. Mutations in genes encoding ribosomal proteins (RPs) or
ribosome assembly factors are associated with cancers derived from ribosomopathies;
drugs that inhibit ribosome biogenesis could thus be a viable therapeutic approach to
cancer treatment [53]. This process takes place in the nucleolus, which has a well-conserved
eukaryotic ultra-structure; however, the size and number of nucleoli vary according to
cell type and metabolic state [52]. The nucleolus is considered to be a target for cancer
intervention [54].

Analysis of the KIN architectural structure favors RNA interaction, being favorable
for mRNA processing given the domains for RNA binding, namely the zinc finger in the
N-terminus portion and the dual SH3-like domain at the C-terminus portion (Figure 1),
confirming that KIN plays a role in mRNA processing as previously reported [15,36,38].
The most singular feature of KIN that links it to the spliceosome, ribosome, and PAF
complex is its KOW motif, an RNA-binding structural element shared by splicing factor
GPKOW; ribosomal proteins RPL6, RPL14, RPL26, RPL27, and RPS4; SUPT5H (DSIF
subunit and interactor of the PAF complex); and TRAMP subunit MTR4, which has a
connection between RNA decay and the spliceosome [55].

Unlike the RAD51 family of proteins, a well-characterized family of proteins involved
in DNA repair, KIN shares very little homology with RecA; moreover, we did not purify
many interactors that are part of DNA repair mechanisms, even following irradiation of
the cells, causing DNA breakage, and analysis of the interactors of KIN 2 or 24 h later. We
also did not purify a sufficient amount of interactors that are part of the replication process
in order to confirm that KIN could be directly involved in either the replication and/or
repair process. However, a link between DNA damage, response, and splicing has been
widely demonstrated, as reviewed by Shkreta and Chabot [56], and there is evidence of
proteins that act in both ribosome biogenesis and DNA damage such as NPM1/NCL, as
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reviewed by Scott and Oeffinger [57]. The interactor NCL is a multifunction protein with
roles in chromatin structure and ribosome biogenesis and is one of the most abundant
non-ribosomal proteins of the nucleolus. It is also found in the nucleus, cytoplasm, and cell
membrane [58].

Other proteins such as PPAN, RPS3, GNL3, and NOL12 also play roles in DNA
damage repair and other aspects of RNA metabolism. NOL12, for example, is an RNA-
binding protein (RBP) that is involved in DNA damage response (DDR) [57]. There is
increasing evidence of cross-talk between DNA repair enzymes and proteins involved in
RNA metabolism that seems reasonable given that the nucleolus is emerging as a dynamic
functional hub that coordinates cell growth arrest and DNA repair mechanisms [59]. KIN
was recently identified as being involved in class switch recombination (CSR) for the repair
of DNA double strand breaks (DSBs) [12], therefore we believe that it is indirectly involved
in such a process. Several proteins were reported to play roles in ribosome biogenesis as
well as splicing, with SNU13, PRP43P, and CD8 (p32) representing a few examples [60-64].
Multidomain proteins can interact with proteins as well as nucleic acids, and can act as
adaptors to directly or indirectly participate in the interaction of proteins and/or nucleic
acids, making it possible that they are present in multicompartment processes that are not
related, such as replication, DNA repair, ribosomal biogenesis, and splicing.

Protein methylation is not as prevalent as in other PTMs such as phosphorylation,
acetylation, or ubiquitination, and is usually limited to functionally related proteins in-
cluding splicing factors and ribosomal proteins. KIN is methylated on lysine 135 by
METL22 [36], and this modification was shown to affect its localization. We demonstrate
that KIN is methylated by PRMT?7 in arginine 36, which is within the zinc-finger domain,
a nucleic acid-binding domain with diverse functions [65]. Arginine methylation, by the
PRMT family, generates modifications that play roles in a multitude of regulatory path-
ways, with RNA-binding proteins representing a major target for such proteins [66,67],
giving even more weight to the hypothesis that KIN is a multifunction protein with roles
in ribosome biogenesis and/or splicing.

Regardless of our efforts to promote conditions where interactions with proteins that
are related to the processes of DNA replication and/or repair would occur, we found
little evidence to substantiate the direct implication of KIN in DNA replication and/or
repair, as had been previously reported in earlier studies with this protein [5,11-14]. A
deeper understanding of the roles of KIN through functional studies will prove helpful for
upcoming research in this area.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cimb43020056/s1. Figure S1: Cell synchronization, Figure S2: Gamma-irradiated cells, Table S1:
Proteins identified on the basis of a single spectrum (SAINTexpress version 3.6.1), Table S2: Protein
interactome (AgileProteinInteractomesDataServer—APID).

Author Contributions: Conceptualization and design of experiments, VP.G., P.C., B.C. and M.A.F;
interaction design and biochemical assays, V.P.G., P.C. and A.B.; immunolocalization experiments,
VPPG. and A.C.R;; figure discussion and formatting, EE.D.]. and J.R.PJ.; discussion and interpretation
of assay data, V.P.G., P.C, B.C. and FA.V.S,; writing—original draft preparation, V.P.G. and P.C,;
writing—review and editing, VP.G., P.C, B.C,, EA.V.S. and M.A.F; supervision, P.C., B.C. and M.A.E;
project administration, B.C. and M.A.F,; funding acquisition, B.C. and M.A.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by Fundagao Araucaria (40/16 and 53/19), Coordination for the
Improvement of Higher Education Personnel, Brazil (CAPES), and the National Council for Scientific
and Technological Development, Brazil, CNPq (grant number 305960/2015-6). VPG received doctoral
fellowship from Capes/Fundagao Araucaria and Science without Borders Program-CNPq/Brasil
(204994 /2014-4) and the Institut de Recherches Cliniques de Montréal, Montréal, Québec, Canada.
ACR and JRPJr receive fellowship from CNPq and Capes, respectively.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/cimb43020056/s1
https://www.mdpi.com/article/10.3390/cimb43020056/s1

Curr. Issues Mol. Biol. 2021, 43 779

Data Availability Statement: The raw mass spectrometric data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE [35] partner repository with the dataset identifier PXD010487
and 10.6019/PXD010487.

Acknowledgments: The authors would like to thank the equipment facilities from FINEP/COMCAP/
UEM. We greatly appreciate Marlene Oeffinger and Daniel Scott for their valuable discussion on our
results. We also thank Christian Poiltras and the Proteomics team at the IRCM, coordinated by Denis
Faubert, for their constant help and assistance.

Conflicts of Interest: The authors declare that there are no competing interests associated with
the manuscript.

References

1. Zeng, T,; Gao, H; Yu, P; He, H,; Ouyang, X.; Deng, L.; Zhang, Y. Up-regulation of kin17 is essential for proliferation of breast
cancer. PLoS ONE 2011, 6, €25343. [CrossRef]

2. Gao, X,; Liu, Z;; Zhong, M.; Wu, K.; Zhang, Y.; Wang, H.; Zeng, T. Knockdown of DNA /RNA-binding protein KIN17 promotes
apoptosis of triple-negative breast cancer cells. Oncol. Lett. 2019, 17, 288-293. [CrossRef] [PubMed]

3. Yu,M,; Zhang, Z.; Yu, H; Xue, C.; Yuan, K.; Miao, M.; Shi, H. KIN enhances stem cell-like properties to promote chemoresistance
in colorectal carcinoma. Biochem. Biophys. Res. Commun. 2014, 448, 63—69. [CrossRef] [PubMed]

4. Ramos, A.C; Gaspar, V.P,; Kelmer, S.M.; Sellani, T.A.; Batista, A.G.; De Lima Neto, Q.A.; Rodrigues, E.G.; Fernandez, M.A. The
kin17 Protein in Murine Melanoma Cells. Int. J. Mol. Sci. 2015, 16, 27912-27920. [CrossRef] [PubMed]

5. Biard, D.S.; Miccoli, L.; Despras, E.; Frobert, Y.; Creminon, C.; Angulo, J.F. Ionizing radiation triggers chromatin-bound kin17
complex formation in human cells. J. Biol. Chem. 2002, 277, 19156-19165. [CrossRef]

6. Kou, W.Z,; Xu, S.L.; Wang, Y.; Wang, L.W.; Wang, L.; Chai, X.Y.; Hua, Q.L. Expression of Kin17 promotes the proliferation of
hepatocellular carcinoma cells in vitro and in vivo. Oncol. Lett. 2014, 8, 1190-1194. [CrossRef] [PubMed]

7. Zhang, Y.; Huang, S.; Gao, H.; Wu, K,; Ouyang, X.; Zhu, Z.; Yu, X; Zeng, T. Upregulation of KIN17 is associated with non-small
cell lung cancer invasiveness. Oncol. Lett. 2017, 13, 2274-2280. [CrossRef] [PubMed]

8. Despras, E.; Miccoli, L.; Creminon, C.; Rouillard, D.; Angulo, J.E,; Biard, D.S. Depletion of KIN17, a human DNA replication
protein, increases the radiosensitivity of RKO cells. Radiat. Res. 2003, 159, 748-758. [CrossRef]

9.  Pattaro Junior, ].R.; Caruso, I.P; de Lima Neto, Q.A.; Duarte Junior, EE; dos Santos Rando, E; Gerhardt, E.C.M.; Fernandez, M.A;
Seixas, F.A.V. Biophysical characterization and molecular phylogeny of human KIN protein. Eur. Biophys. J. 2019, 48, 645-657.
[CrossRef] [PubMed]

10. Angulo, J.F; Moreau, P.L.; Maunoury, R.; Laporte, J.; Hill, A.M.; Bertolotti, R.; Devoret, R. KIN, a mammalian nuclear protein
immunologically related to E. coli RecA protein. Mutat. Res. 1989, 217, 123-134. [CrossRef]

11.  Kannouche, P.; Mauffrey, P; Pinon-Lataillade, G.; Mattei, M.G.; Sarasin, A.; Daya-Grosjean, L.; Angulo, ].F. Molecular cloning and
characterization of the human KIN17 cDNA encoding a component of the UVC response that is conserved among metazoans.
Carcinogenesis 2000, 21, 1701-1710. [CrossRef] [PubMed]

12. Le,M.X,;Haddad, D,; Ling, AK,; Li, C; So, C.C.; Chopra, A.; Hu, R.; Angulo, ].E; Moffat, J.; Martin, A. Kin17 facilitates multiple
double-strand break repair pathways that govern B cell class switching. Sci. Rep. 2016, 6, 37215. [CrossRef] [PubMed]

13.  Miccoli, L.; Biard, D.S.; Creminon, C.; Angulo, ].F. Human kin17 protein directly interacts with the simian virus 40 large T antigen
and inhibits DNA replication. Cancer Res. 2002, 62, 5425-5435. [PubMed]

14.  Miccoli, L.; Frouin, I.; Novac, O.; Di Paola, D.; Harper, E; Zannis-Hadjopoulos, M.; Maga, G.; Biard, D.S.; Angulo, ].F. The human
stress-activated protein kin17 belongs to the multiprotein DNA replication complex and associates in vivo with mammalian
replication origins. Mol. Cell Biol. 2005, 25, 3814-3830. [CrossRef] [PubMed]

15. Rappsilber, J.; Ryder, U.; Lamond, A.L; Mann, M. Large-scale proteomic analysis of the human spliceosome. Genome Res. 2002, 12,
1231-1245. [CrossRef]

16. Angulo, ].E; Rouer, E.; Mazin, A.; Mattei, M.G; Tissier, A.; Horellou, P; Benarous, R.; Devoret, R. Identification and expression of
the cDNA of KIN17, a zinc-finger gene located on mouse chromosome 2, encoding a new DNA-binding protein. Nucleic Acids
Res. 1991, 19, 5117-5123. [CrossRef]

17. Carlier, L.; Couprie, J.; le Maire, A.; Guilhaudis, L.; Milazzo-Segalas, I.; Courcon, M.; Moutiez, M.; Gondry, M.; Davoust, D.;
Gilquin, B.; et al. Solution structure of the region 51-160 of human KIN17 reveals an atypical winged helix domain. Protein Sci.
2007, 16, 2750-2755. [CrossRef]

18. Le Maire, A.; Schiltz, M.; Stura, E.A.; Pinon-Lataillade, G.; Couprie, J.; Moutiez, M.; Gondry, M.; Angulo, ].E; Zinn-Justin, S. A
tandem of SH3-like domains participates in RNA binding in KIN17, a human protein activated in response to genotoxics. J. Mol.
Biol. 2006, 364, 764-776. [CrossRef]

19. Kyrpides, N.C.; Woese, C.R.; Ouzounis, C.A. KOW: A novel motif linking a bacterial transcription factor with ribosomal proteins.
Trends Biochem. Sci. 1996, 21, 425-426. [CrossRef]

20. Le Maire, A.; Schiltz, M.; Braud, S.; Gondry, M.; Charbonnier, J.B.; Zinn-Justin, S.; Stura, E. Crystallization and halide phasing of

the C-terminal domain of human KIN17. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 2006, 62 Pt 3, 245-248. [CrossRef]


http://doi.org/10.1371/journal.pone.0025343
http://doi.org/10.3892/ol.2018.9597
http://www.ncbi.nlm.nih.gov/pubmed/30655766
http://doi.org/10.1016/j.bbrc.2014.04.057
http://www.ncbi.nlm.nih.gov/pubmed/24755081
http://doi.org/10.3390/ijms161126072
http://www.ncbi.nlm.nih.gov/pubmed/26610484
http://doi.org/10.1074/jbc.M200321200
http://doi.org/10.3892/ol.2014.2244
http://www.ncbi.nlm.nih.gov/pubmed/25120685
http://doi.org/10.3892/ol.2017.5707
http://www.ncbi.nlm.nih.gov/pubmed/28454391
http://doi.org/10.1667/0033-7587(2003)159[0748:DOKAHD]2.0.CO;2
http://doi.org/10.1007/s00249-019-01390-3
http://www.ncbi.nlm.nih.gov/pubmed/31309277
http://doi.org/10.1016/0921-8777(89)90064-5
http://doi.org/10.1093/carcin/21.9.1701
http://www.ncbi.nlm.nih.gov/pubmed/10964102
http://doi.org/10.1038/srep37215
http://www.ncbi.nlm.nih.gov/pubmed/27853268
http://www.ncbi.nlm.nih.gov/pubmed/12359749
http://doi.org/10.1128/MCB.25.9.3814-3830.2005
http://www.ncbi.nlm.nih.gov/pubmed/15831485
http://doi.org/10.1101/gr.473902
http://doi.org/10.1093/nar/19.19.5117
http://doi.org/10.1110/ps.073079107
http://doi.org/10.1016/j.jmb.2006.09.033
http://doi.org/10.1016/S0968-0004(96)30036-4
http://doi.org/10.1107/S174430910600409X

Curr. Issues Mol. Biol. 2021, 43 780

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Pinon-Lataillade, G.; Masson, C.; Bernardino-Sgherri, J.; Henriot, V.; Mauffrey, P.; Frobert, Y.; Araneda, S.; Angulo, J.F. KIN17
encodes an RNA-binding protein and is expressed during mouse spermatogenesis. J. Cell Sci. 2004, 117 Pt 16, 3691-3702.
[CrossRef]

Treiber, T.; Treiber, N.; Plessmann, U.; Harlander, S.; Daifs, ]J.L.; Eichner, N.; Lehmann, G.; Schall, K.; Urlaub, H.; Meister, G. A
Compendium of RNA-Binding Proteins that Regulate MicroRNA Biogenesis. Mol. Cell 2017, 66, 270.e13-284.e13. [CrossRef]
[PubMed]

Roux, K.J.; Kim, D.L; Burke, B. BioID: A screen for protein-protein interactions. Curr. Protoc. Protein Sci. 2013, 74, 19-23. [CrossRef]
Miranda, T.B.; Miranda, M.; Frankel, A.; Clarke, S. PRMT7 is a member of the protein arginine methyltransferase family with a
distinct substrate specificity. J. Biol. Chem. 2004, 279, 22902-22907. [CrossRef]

Couzens, A.L.,; Knight, ].D.; Kean, M.].; Teo, G.; Weiss, A.; Dunham, W.H,; Lin, Z.Y.; Bagshaw, R.D.; Sicheri, F; Pawson, T.; et al.
Protein interaction network of the mammalian Hippo pathway reveals mechanisms of kinase-phosphatase interactions. Sci.
Signal. 2013, 6, rs15. [CrossRef]

Rodier, G.; Coulombe, P,; Tanguay, P.L.; Boutonnet, C.; Meloche, S. Phosphorylation of Skp2 regulated by CDK2 and Cdc14B
protects it from degradation by APC(Cdh1) in G1 phase. EMBO ]. 2008, 27, 679-691. [CrossRef]

Tanguay, PL.; Rodier, G.; Meloche, S. C-terminal domain phosphorylation of ERK3 controlled by Cdk1 and Cdc14 regulates its
stability in mitosis. Biochem. ]. 2010, 428, 103-111. [CrossRef]

Dressler, L.G.; Seamer, L.C.; Owens, M.A; Clark, G.M.; McGuire, W.L. DNA flow cytometry and prognostic factors in 1331 frozen
breast cancer specimens. Cancer 1988, 61, 420-427. [CrossRef]

Coyaud, E.; Mis, M,; Laurent, E.M.; Dunham, W.H.; Couzens, A.L.; Robitaille, M.; Gingras, A.C.; Angers, S.; Raught, B. BiolD-
based Identification of Skp Cullin F-box (SCF)beta-TrCP1/2 E3 Ligase Substrates. Mol. Cell Proteom. 2015, 14, 1781-1795.
[CrossRef] [PubMed]

Lavallee-Adam, M.; Rousseau, J.; Domecq, C.; Bouchard, A.; Forget, D.; Faubert, D.; Blanchette, M.; Coulombe, B. Discovery of
cell compartment specific protein-protein interactions using affinity purification combined with tandem mass spectrometry. J.
Proteome Res. 2013, 12, 272-281. [CrossRef] [PubMed]

Firat-Karalar, E.N.; Rauniyar, N.; Yates, ].R., 3rd; Stearns, T. Proximity interactions among centrosome components identify
regulators of centriole duplication. Curr. Biol. 2014, 24, 664—-670. [CrossRef]

Cloutier, P; Poitras, C.; Durand, M.; Hekmat, O.; Fiola-Masson, E.; Bouchard, A.; Faubert, D.; Chabot, B.; Coulombe, B.
R2TP/Prefoldin-like component RUVBL1/RUVBL2 directly interacts with ZNHIT?2 to regulate assembly of U5 small nuclear
ribonucleoprotein. Nat. Commun. 2017, 8, 15615. [CrossRef]

Teo, G.; Liu, G.; Zhang, J.; Nesvizhskii, A.L; Gingras, A.C.; Choi, H. SAINTexpress: Improvements and additional features in
Significance Analysis of INTeractome software. J. Proteom. 2014, 100, 37-43. [CrossRef] [PubMed]

Choi, H.; Larsen, B.; Lin, Z.Y.; Breitkreutz, A.; Mellacheruvu, D.; Fermin, D.; Qin, Z.S.; Tyers, M.; Gingras, A.C.; Nesvizhskii, A.L
SAINT: Probabilistic scoring of affinity purification-mass spectrometry data. Nat. Methods 2011, 8, 70-73. [CrossRef]

Prieto, C.; De Las Rivas, ]. APID: Agile Protein Interaction DataAnalyzer. Nucleic Acids Res. 2006, 34, W298-W302. [CrossRef]
[PubMed]

Cloutier, P; Lavallee-Adam, M.; Faubert, D.; Blanchette, M.; Coulombe, B. Methylation of the DNA /RNA-binding protein Kin17
by METTL?22 affects its association with chromatin. J. Proteomics 2014, 100, 115-124. [CrossRef]

Zhu, B.; Mandal, S.S.; Pham, A.D.; Zheng, Y.; Erdjument-Bromage, H.; Batra, S.K.; Tempst, P.; Reinberg, D. The human PAF
complex coordinates transcription with events downstream of RNA synthesis. Genes Dev. 2005, 19, 1668-1673. [CrossRef]
[PubMed]

Cloutier, P; Lavallee-Adam, M.; Faubert, D.; Blanchette, M.; Coulombe, B. A newly uncovered group of distantly related lysine
methyltransferases preferentially interact with molecular chaperones to regulate their activity. PLoS Genet. 2013, 9, e1003210.
[CrossRef]

Phipps, K.R.; Charette, J.; Baserga, S.J. The small subunit processome in ribosome biogenesis-progress and prospects. Wiley
Interdiscip Rev. RNA 2011, 2, 1-21. [CrossRef]

Kornprobst, M.; Turk, M.; Kellner, N.; Cheng, J.; Flemming, D.; Ko$-Braun, I.; Kos, M.; Thoms, M.; Berninghausen, O.; Beckmann,
R.; et al. Architecture of the 90S Pre-ribosome: A Structural View on the Birth of the Eukaryotic Ribosome. Cell 2016, 166, 380-393.
[CrossRef]

Hegele, A.; Kamburov, A.; Grossmann, A.; Sourlis, C.; Wowro, S.; Weimann, M.; Will, C.L.; Pena, V.; Luhrmann, R.; Stelzl, U.
Dynamic protein-protein interaction wiring of the human spliceosome. Mol. Cell 2012, 45, 567-580. [CrossRef] [PubMed]
Trowitzsch, S.; Weber, G.; Luhrmann, R.; Wahl, M.C. An unusual RNA recognition motif acts as a scaffold for multiple proteins in
the pre-mRNA retention and splicing complex. J. Biol. Chem. 2008, 283, 32317-32327. [CrossRef] [PubMed]

Wysoczanski, P.; Zweckstetter, M. Retention and splicing complex (RES)—The importance of cooperativity. RNA Biol. 2016, 13,
128-133. [CrossRef]

Hutchins, J.R.; Toyoda, Y.; Hegemann, B.; Poser, I.; Heriche, ] K.; Sykora, M.M.; Augsburg, M.; Hudecz, O.; Buschhorn, B.A.;
Bulkescher, J.; et al. Systematic analysis of human protein complexes identifies chromosome segregation proteins. Science 2010,
328, 593-599. [CrossRef]

Deaconescu, A.M.; Chambers, A.L.; Smith, A.J.; Nickels, B.E.; Hochschild, A.; Savery, N.J.; Darst, S.A. Structural basis for bacterial
transcription-coupled DNA repair. Cell 2006, 124, 507-520. [CrossRef] [PubMed]


http://doi.org/10.1242/jcs.01226
http://doi.org/10.1016/j.molcel.2017.03.014
http://www.ncbi.nlm.nih.gov/pubmed/28431233
http://doi.org/10.1002/0471140864.ps1923s74
http://doi.org/10.1074/jbc.M312904200
http://doi.org/10.1126/scisignal.2004712
http://doi.org/10.1038/emboj.2008.6
http://doi.org/10.1042/BJ20091604
http://doi.org/10.1002/1097-0142(19880201)61:3&lt;420::AID-CNCR2820610303&gt;3.0.CO;2-0
http://doi.org/10.1074/mcp.M114.045658
http://www.ncbi.nlm.nih.gov/pubmed/25900982
http://doi.org/10.1021/pr300778b
http://www.ncbi.nlm.nih.gov/pubmed/23157168
http://doi.org/10.1016/j.cub.2014.01.067
http://doi.org/10.1038/ncomms15615
http://doi.org/10.1016/j.jprot.2013.10.023
http://www.ncbi.nlm.nih.gov/pubmed/24513533
http://doi.org/10.1038/nmeth.1541
http://doi.org/10.1093/nar/gkl128
http://www.ncbi.nlm.nih.gov/pubmed/16845013
http://doi.org/10.1016/j.jprot.2013.10.008
http://doi.org/10.1101/gad.1292105
http://www.ncbi.nlm.nih.gov/pubmed/16024656
http://doi.org/10.1371/journal.pgen.1003210
http://doi.org/10.1002/wrna.57
http://doi.org/10.1016/j.cell.2016.06.014
http://doi.org/10.1016/j.molcel.2011.12.034
http://www.ncbi.nlm.nih.gov/pubmed/22365833
http://doi.org/10.1074/jbc.M804977200
http://www.ncbi.nlm.nih.gov/pubmed/18809678
http://doi.org/10.1080/15476286.2015.1096484
http://doi.org/10.1126/science.1181348
http://doi.org/10.1016/j.cell.2005.11.045
http://www.ncbi.nlm.nih.gov/pubmed/16469698

Curr. Issues Mol. Biol. 2021, 43 781

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Andersen, ].S.; Lam, YYW.; Leung, A K.; Ong, S.E.; Lyon, C.E.; Lamond, A.IL,; Mann, M. Nucleolar proteome dynamics. Nature
2005, 433, 77-83. [CrossRef]

Garcia-Molina, A.; Xing, S.; Huijser, P. Functional characterisation of Arabidopsis SPL7 conserved protein domains suggests
novel regulatory mechanisms in the Cu deficiency response. BMC Plant. Biol. 2014, 14, 231. [CrossRef]

Scott, M.S.; Troshin, P.V.; Barton, G.J. NoD: A Nucleolar localization sequence detector for eukaryotic and viral proteins. BMC
Bioinform. 2011, 12, 317. [CrossRef]

Zurita-Lopez, C.I.; Sandberg, T.; Kelly, R.; Clarke, S.G. Human protein arginine methyltransferase 7 (PRMT7) is a type III enzyme
forming omega-NG-monomethylated arginine residues. J. Biol. Chem. 2012, 287, 7859-7870. [CrossRef]

Kim, M.S,; Pinto, S.M.; Getnet, D.; Nirujogi, R.S.; Manda, S.S.; Chaerkady, R.; Madugundu, A K,; Kelkar, D.S.; Isserlin, R.;
Jain, S.; et al. A draft map of the human proteome. Nature 2014, 509, 575-581. [CrossRef]

Lambert, M.].; Cochran, W.O.; Wilde, B.M.; Olsen, K.G.; Cooper, C.D. Evidence for widespread subfunctionalization of splice
forms in vertebrate genomes. Genome Res. 2015, 25, 624-632. [CrossRef]

Thoms, M.; Thomson, E.; Bassler, J.; Gnadig, M.; Griesel, S.; Hurt, E. The Exosome Is Recruited to RNA Substrates through
Specific Adaptor Proteins. Cell 2015, 162, 1029-1038. [CrossRef] [PubMed]

Pelletier, J.; Thomas, G.; Volarevic, S. Ribosome biogenesis in cancer: New players and therapeutic avenues. Nat. Rev. Cancer 2018,
18, 51-63. [CrossRef] [PubMed]

Quin, J.E,; Devlin, J.R.; Cameron, D.; Hannan, K.M.; Pearson, R.B.; Hannan, R.D. Targeting the nucleolus for cancer intervention.
Biochim. Biophys. Acta 2014, 1842, 802-816. [CrossRef]

Nag, A.; Steitz, J.A. Tri-snRNP-associated proteins interact with subunits of the TRAMP and nuclear exosome complexes, linking
RNA decay and pre-mRNA splicing. RNA Biol. 2012, 9, 334-342. [CrossRef]

Shkreta, L.; Chabot, B. The RNA Splicing Response to DNA Damage. Biomolecules 2015, 5, 2935-2977. [CrossRef]

Scott, D.D.; Trahan, C.; Zindy, PJ.; Aguilar, L.C.; Delubac, M.Y.; Van Nostrand, E.L.; Adivarahan, S.; Wei, K.E.; Yeo, G.W.;
Zenklusen, D.; et al. Nol12 is a multifunctional RNA binding protein at the nexus of RNA and DNA metabolism. Nucleic Acids
Res. 2017, 45, 12509-12528. [CrossRef] [PubMed]

Berger, C.M.; Gaume, X.; Bouvet, P. The roles of nucleolin subcellular localization in cancer. Biochimie 2015, 113, 78-85. [CrossRef]
[PubMed]

Antoniali, G.; Lirussi, L.; Poletto, M.; Tell, G. Emerging roles of the nucleolus in regulating the DNA damage response: The
noncanonical DNA repair enzyme APE1/Ref-1 as a paradigmatical example. Antioxid. Redox Signal. 2014, 20, 621-639. [CrossRef]
Black, C.S.; Garside, E.L.; MacMillan, A.M.; Rader, S.D. Conserved structure of Snul3 from the highly reduced spliceosome of
Cyanidioschyzon merolae. Protein Sci. 2016, 25, 911-916. [CrossRef] [PubMed]

Rothe, B.; Manival, X.; Rolland, N.; Charron, C.; Senty-Segault, V.; Branlant, C.; Charpentier, B. Implication of the box C/D
snoRNP assembly factor Rsalp in U3 snoRNP assembly. Nucleic Acids Res. 2017, 45, 7455-7473. [CrossRef]

Yoshikawa, H.; Komatsu, W.; Hayano, T.; Miura, Y.; Homma, K.; Izumikawa, K ; Ishikawa, H.; Miyazawa, N.; Tachikawa, H.;
Yamauchi, Y.; et al. Splicing factor 2-associated protein p32 participates in ribosome biogenesis by regulating the binding of
Nop52 and fibrillarin to preribosome particles. Mol. Cell Proteom. 2011, 10, M110.006148. [CrossRef] [PubMed]

Lebaron, S.; Froment, C.; Fromont-Racine, M.; Rain, J.C.; Monsarrat, B.; Caizergues-Ferrer, M.; Henry, Y. The splicing ATPase
prp43p is a component of multiple preribosomal particles. Mol. Cell Biol. 2005, 25, 9269-9282. [CrossRef]

Combs, D.J.; Nagel, R.J.; Ares, M., Jr.; Stevens, S.W. Prp43p is a DEAH-box spliceosome disassembly factor essential for ribosome
biogenesis. Mol. Cell Biol. 2006, 26, 523-534. [CrossRef]

Laity, ].H.; Lee, B.M.; Wright, P.E. Zinc finger proteins: New insights into structural and functional diversity. Curr. Opin Struct.
Biol. 2001, 11, 39-46. [CrossRef]

Bedford, M.T.; Clarke, S.G. Protein arginine methylation in mammals: Who, what, and why. Mol. Cell 2009, 33, 1-13. [CrossRef]
[PubMed]

Bedford, M.T.; Richard, S. Arginine methylation an emerging regulator of protein function. Mol. Cell 2005, 18, 263-272. [CrossRef]
[PubMed]


http://doi.org/10.1038/nature03207
http://doi.org/10.1186/s12870-014-0231-5
http://doi.org/10.1186/1471-2105-12-317
http://doi.org/10.1074/jbc.M111.336271
http://doi.org/10.1038/nature13302
http://doi.org/10.1101/gr.184473.114
http://doi.org/10.1016/j.cell.2015.07.060
http://www.ncbi.nlm.nih.gov/pubmed/26317469
http://doi.org/10.1038/nrc.2017.104
http://www.ncbi.nlm.nih.gov/pubmed/29192214
http://doi.org/10.1016/j.bbadis.2013.12.009
http://doi.org/10.4161/rna.19431
http://doi.org/10.3390/biom5042935
http://doi.org/10.1093/nar/gkx963
http://www.ncbi.nlm.nih.gov/pubmed/29069457
http://doi.org/10.1016/j.biochi.2015.03.023
http://www.ncbi.nlm.nih.gov/pubmed/25866190
http://doi.org/10.1089/ars.2013.5491
http://doi.org/10.1002/pro.2894
http://www.ncbi.nlm.nih.gov/pubmed/26833716
http://doi.org/10.1093/nar/gkx424
http://doi.org/10.1074/mcp.M110.006148
http://www.ncbi.nlm.nih.gov/pubmed/21536856
http://doi.org/10.1128/MCB.25.21.9269-9282.2005
http://doi.org/10.1128/MCB.26.2.523-534.2006
http://doi.org/10.1016/S0959-440X(00)00167-6
http://doi.org/10.1016/j.molcel.2008.12.013
http://www.ncbi.nlm.nih.gov/pubmed/19150423
http://doi.org/10.1016/j.molcel.2005.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15866169

	Introduction 
	Materials and Methods 
	Cell Culture for BioID 
	Generation of BirA* Fusion Protein Expression Cell Lines 
	Induction and Harvest 
	Synchronization 
	Irradiation 
	BioID Purification 
	Digestion and LC-MS/MS 
	Computational Analyses 
	Interactome Design 
	Immunolocalization 
	In Vitro Methylation Assay 

	Results 
	KIN Mostly Associates with Proteins Involved in Ribosome Biogenesis and Splicing 
	DNA Replication and/or Repair Proteins Were Not Obvious Interactors in Synchronized and/or Irradiated Cells 
	KIN Is Present in the Nucleolus as Well as Other Parts of the Nucleus 
	Methyltransferase PRMT7 Methylates KIN at Arginine 36 

	Discussion 
	References

