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NEK10 interactome and depletion reveal
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Abstract

Background: Members of the family of NEK protein kinases (NIMA-related kinases) were described to have crucial
roles in regulating different aspects of the cell cycle. NEK10 was reported to take part in the maintenance of the
G2/M checkpoint after exposure to ultraviolet light. NEK1, NEK5, NEK2 and NEK4 proteins on the other hand have
been linked to mitochondrial functions.

Methods: HEK293T cells were transfected with FLAG empty vector or FLAG-NEK10 and treated or not with Zeocin.
For proteomic analysis, proteins co-precipitated with the FLAG constructs were digested by trypsin, and then
analyzed via LC-MS/MS. Proteomic data retrieved were next submitted to Integrated Interactome System analysis
and differentially expressed proteins were attributed to Gene Ontology biological processes and assembled in
protein networks by Cytoscape. For functional, cellular and molecular analyses two stable Nek10 silenced HeLa cell
clones were established.

Results: Here, we discovered the following possible new NEK10 protein interactors, related to mitochondrial
functions: SIRT3, ATAD3A, ATAD3B, and OAT. After zeocin treatment, the spectrum of mitochondrial interactors
increased by the proteins: FKBP4, TXN, PFDN2, ATAD3B, MRPL12, ATP5J, DUT, YWHAE, CS, SIRT3, HSPA9, PDHB,
GLUD1, DDX3X, and APEX1. We confirmed the interaction of NEK10 and GLUD1 by proximity ligation assay and
confocal microscopy. Furthermore, we demonstrated that NEK10-depleted cells showed more fragmented
mitochondria compared to the control cells. The knock down of NEK10 resulted further in changes in mitochondrial
reactive oxygen species (ROS) levels, decreased citrate synthase activity, and culminated in inhibition of
mitochondrial respiration, affecting particularly ATP-linked oxygen consumption rate and spare capacity. NEK10
depletion also decreased the ratio of mtDNA amplification, possibly due to DNA damage. However, the total
mtDNA content increased, suggesting that NEK10 may be involved in the control of mtDNA content.
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Conclusions: Taken together these data place NEK10 as a novel regulatory player in mitochondrial homeostasis
and energy metabolism.
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Background
Protein kinases comprise 1.7% of all genes in the human
genome and participate in biological processes that are
crucial and evolutionary conserved in eukaryotes [1]. Ini-
tially, the protein NIMA (Never in mitosis gene A) was
identified in the fungus Aspergillus nidulans as a serine/
threonine kinase (79 kDa), crucial for the mitotic entry.
However, studies indicated that NIMA has roles in all
phases of cell division [2–4].
In mammals, eleven protein kinases share 40–50%

amino acid sequence identity in their catalytic domain
with that of NIMA, and were hence denominated as
NEKs: NIMA related kinases.
NEK10 structure is unique in that it has a central cata-

lytic kinase domain, flanked by two large regulatory do-
mains. Like NIMA and NEKs 1, 2, 5, 9, and 11, the NEK10
protein has a coiled-coil region, located near the kinase
domain. In the amino-terminal regulatory domain there are
four armadillo motifs, which also act as key regions for
protein-protein interactions [5].
Mutations in NEK10 have been reported in lung can-

cer [6] and breast cancer, in which polymorphisms in
BRCA1/2 (breast cancer type 1/2 susceptibility protein)
were found [1, 7]. Moniz and Stambolic [8] reported a
role of NEK10 protein in the maintenance of the G2/M
checkpoint, followed by ultraviolet (UV) irradiation. The
NEK10 protein acts as a positive regulator of ERK1/2
(Extracellular signal-regulated protein kinases 1 and 2),
after UV irradiation and forms a complex with RAF1
and MEK1.
Recently, a report showed that NEK10 is important for

ciliogenesis. NEK10 interacts with PKA and PCM1 and
participates in a cAMP dependent pathway, contributing
to cilium formation [9]. Mitochondria are cytosolic organ-
elles, with double membranes and their own genomes
[10]. They are involved in energy production, Ca2+

homeostasis, cell death, chronic inflammation and the
aging process [11]. Changes in mitochondrial homeostasis
contribute to metabolic disorders, cardiomyopathies, neu-
rodegeneration and cancer [11].
Recently, some NEK proteins have been linked to

mitochondrial functions. NEK1 regulates cells death
through phosphorylation of voltage dependent anion
channel 1 (VDAC1) on serine 193 [12, 13]. Cells silenced
for NEK5 showed increased levels of reactive oxygen
species (ROS) formation and cell death, probably medi-
ated through deficient regulation in the complex IV of

the respiratory chain [14]. Also, NEK2 has an important
role in aerobic glycolysis by regulating the splicing of
PKM and increasing the PKM2/PKM1 ratio in myeloma
cells [15]. NEK4 also interacted with several mitochon-
drial proteins and ongoing functional assays promise to
provide interesting new insights [16].
Through Mass Spectrometry (MS) analyses of immu-

noprecipitated (IP) samples, we identified mitochondrial
proteins as NEK10 interactors. Among them were Glu-
tamate dehydrogenase (GLUD1) and Citrate Synthase
(CS). This prompted us to investigate the role of NEK10
in mitochondrial morphology, respiration, ROS produc-
tion, citrate synthase activity, mtDNA integrity and
mtDNA copy numbers. Together, our data add NEK10
as another protein of the NEK family to be involved in
mitochondrial functions and thereby seem to point to
the NEKs as kinases that regulate the functional cross-
talk of cell cycle checkpoints with mitochondria [17, 18].

Methods
Cell culture
HEK293T, HeLa and MRC5 human cell lines were ob-
tained from ATCC. Cells were maintained in a humid incu-
bator with 5% CO2 at 37 °C and cultivated in high glucose
Dulbecco’s modified Eagle’s medium (Gibco Thermo Fisher
Scientific, Waltham, MA, USA) enriched with 10% certified
fetal bovine serum (Gibco) and penicillin/streptomycin
(100 units/mL, Gibco). The Zeocin antibiotic (Invitrogen,
Thermo Fisher Scientific) was purchased ready to use.

Knock down of NEK10 in HeLa cells using short hairpin RNA
We used a lentiviral short-interfering RNAs (shRNAs)
system to target NEK10 (shNEK89: 5′-CATTGC
CAGAACACATTATAT-3′; shNEK90: 5′-GCTCGT
CCAGATATTGTAGAA-3′). pLKO.1 empty vector
was used as control (pLKO.1) and the shRNAs were
obtained from The RNAi Consortium (TRC, IRB-
Barcelona, Spain). Lentiviruses carrying shRNAs were
produced and harvested at The Viral Vector Labora-
tory (LVV, LNBio/CNPEM-Campinas, SP, Brazil).
Lentiviruses were transduced in HeLa cells in the
presence of 1 μg/mL polybrene and complete medium
for 24 h. Stable HeLa NEK10-depleted cell lines. For
selection we used puromycin (Sigma-Aldrich, St Louis,
MO, USA) at 3 μg/mL and regularly tested for myco-
plasma contamination.
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Antibodies and fluorescent dyes
Primary antibodies used: rabbit anti-NEK10 (Atlas Anti-
bodies® HPA, Cat# 038941 1/250); mouse anti-OXPHOS
(Abcam Rodent WB Antibody Cocktail, Cat# ab110413–
1/500); mouse anti-GAPDH (Millipore, Cat# MAB374–1:
500); mouse anti-Lamin A/C (Santa Cruz Biotechnology,
Cat# sc-7292 - 1:200); goat anti-TFAM (Santa Cruz Bio-
technology E-16, Cat# sc-30963 - 1:100); rabbit anti-
VDAC (Cell Signaling Technology, Cat# 4866, 1:1000);
rabbit anti-Tubulin B (Abcam, Cat# ab15568 1:1000).
The specificity of mouse anti-NEK10 antibody was

performed using immunofluorescence assays. HeLa cells
transfected with FLAG-NEK10 presented an increase in
fluorescence after staining with mouse NEK10 antibody.
The plasmid pcDNA6-FLAG-Ki-1/57 [19] was used as a
negative control (Supporting Figure S4). The goat anti-
NEK10 antibody was used as previously described [9].
The rabbit anti-NEK10 datasheet shows the specificity
for the 80 kDa NEK10 isoform (Atlas Antibodies).
For immunoprecipitation: mouse anti-NEK10 (Santa

Cruz Biotechnology, Cat# sc-100434 -1/100); normal
mouse IgG (Santa Cruz Biotechnology, Cat# sc-2025, 1:
1000); mouse anti-FLAG M2 (Sigma-Aldrich, Cat#
A2220).
For immunofluorescence: goat anti-GLUD1 (US Bio-

logical, Cat# G4000-51C - 1:100); goat anti-NEK10 (Santa
Cruz Biotechnology, Cat# sc-103067 and sc-103067 - 1:
100), mouse anti-NEK10 (Santa Cruz Biotechnology, Cat#
sc-100434, 1:25 or 1:100 for validation experiments);
Alexa Fluor conjugated secondary antibodies were used at
1:300 dilution: Anti-Goat Alexa Fluor 647; Anti-mouse
Alexa Fluor 488; Anti-Goat Alexa Fluor 488.
Mitotracker™ Deep Red FM (Invitrogen, Cat# M22426)

MitoSOX™ (Invitrogen, Cat# M36008).
For proximity ligation assay: goat anti-GLUD1 (US

Biological, Cat# G4000-51C - 1:50); goat anti-NEK10
(Santa Cruz Biotechnology, Cat# sc-103067 - 1:50),
mouse anti-NEK10 (Santa Cruz Biotechnology, Cat# sc-
100434 1:25) and mouse anti-citrate synthase (Santa
Cruz Biotechnology G-3, Cat# sc-390693 -1:25).

Immunoprecipitation followed by mass spectrometry (IP-
LC-MS/MS)
HEK293T cells were transfected with FLAG empty vec-
tor or FLAG-NEK10 for 48 h and a subset of both pools
of cells was treated with 300 μg/mL Zeocin for 3 h. Cells
were lysed with lysis buffer (50 mM Tris 7,4, 100 mM
NaCl, 1 mM DTT, 1 mM EDTA, 30 μg/mL DNase I, 1%
Triton X- 100) supplemented with protease inhibitor
cocktail (Roche Applied Science, Mannheim, Germany).
FLAG and FLAG-NEK10 lysates were incubated with
anti-FLAG M2 Agarose Affinity Gel (Sigma- Aldrich)
during 16 h at 4 °C. Immunoprecipitated (IP) complexes
using anti-FLAG were eluted with 3x FLAG peptide and

lysates and IP samples were resolved on SDS-PAGE gels.
For visualization of FLAG-NEK10 expression and immu-
noprecipitation quality, SDS-PAGE gels were immuno-
blotted using anti-FLAG antibody and silver stained, as
described [20].
For proteomic analysis, the immune-complexes were

reduced in 5 mM dithiothreitol for 30 min at 56 °C, alky-
lated with 14mM iodoacetamide for 30 min at room
temperature, protected from the light, and digested with
20 ng/μl trypsin (Promega, Madison, WI, USA). The
digested peptides were dried in a vacuum concentrator,
reconstituted in 30 μl of 0.1% formic acid. An aliquot of
4.5 μL was analyzed on an ETD enabled Orbitrap Velos
mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) connected to the EASY-nano Liquid Chro-
matography (LC-MS/MS system (Proxeon Biosystem,
West Palm Beach, FL, USA) through a Proxeon nano-
electrospray ion source as previously described [21].
Peptides were separated by a 2–30% acetonitrile gradient
in 0.1% formic acid using an analytical column PicoFrit
Column (20 cm x ID75 μm, 5 μm particle size, New Ob-
jective) at a flow rate of 300 nL·min− 1 over 30 min. The
nano-electrospray voltage was set to 2.2 kV and the
source temperature was 275 °C. All instrument methods
were set up to the data dependent acquisition mode.
The full scan MS spectra (m/z 300–1600) were acquired
on the Orbitrap analyzer after accumulation to a target
value of 1 × 106. The resolution in the Orbitrap was set
to r = 60,000 and the 20 most intense peptide ions with
charge states ≥2 were sequentially isolated to a target
value of 5000 and fragmented in the linear ion trap
using low-energy CID (normalized collision energy of
35%). The signal threshold for triggering an MS/MS
event was set to 1000 counts. Dynamic exclusion was
enabled with an exclusion size list of 500, exclusion dur-
ation of 60 s, and a repeat count of 1. An activation q =
0.25 and an activation time of 10 ms were used.
Peak lists (msf) were generated from the raw data files

using Proteome Discoverer version 1.4 (Thermo Fisher
Scientific) with Sequest search engine and searched
against UniProt Human Protein Database (released on
January 22nd; 2014; 88,429 sequences, 35,079,223 resi-
dues) with carbamidomethylation (+ 57.021 Da) as fixed
modification, oxidation of methionine (+ 15.995 Da), as
variable modification, one trypsin missed cleavage and a
tolerance of 10 ppm for precursor and 1 Da for fragment
ions, using the FDR less than 1%.
The peptides identified in the mass spectrometry were

considered only if: (1) immunoprecipitated in at least 2
replicates of FLAG-NEK10 samples and (2) detected in
none or only one replicate of control-FLAG immunopre-
cipitates. The LC-MS/MS analyses were performed at the
Mass Spectrometry Facility in the Brazilian Bioscience Na-
tional Laboratory (LNBio-CNPEM, Campinas-SP-Brazil).
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In silico protein-protein interaction network analysis
The proteomic data retrieved from IP-LC-MS/MS was
submitted to the Integrated Interactome System [22].
The Gene Ontology (GO) biological processes were ob-
tained by using hypergeometric distribution, as described
previously [23] and the sub-cellular localization (cellular
component –CC) was defined according to the selected
CC obtained from the annotation and interactome mod-
ule. Cytoscape 3.7.0 [24] was used to assemble the pro-
tein networks.

Isolation of crude mitochondria
HeLa pLKO, HeLa pLKO-sh89, HeLa pLKO-sh90, MRC5
and HEK293T cells were rinsed with 5ml of PBS (Phos-
phate buffered saline), trypsinized and centrifuged at 250
x g for 5min. Cell pellets were resuspended in 4.5mL of
1x IB-1 buffer (225mM mannitol, 75mM sucrose, 0.1
mM EGTA, 30mM TRIS-HCl pH 7.4) and homogenized
by approximately 100 strokes in a glass-homogenizer,
manually. The homogenate (whole cell extract) was cen-
trifuged for 10min at 800×g and the pellet discarded,
twice. Approximately 100 μl of the postnuclear super-
natant (PNS) were harvested for immunoblot analyses.
The remaining PNS was centrifuged at 10.000 x g for 20
min, and the resulting pellet (MITO) and cytosolic frac-
tion (CYT) were separated for two different procedures.
The MITO fraction was washed with ice-cold IB-1 buffer
and centrifuged at 8.500 x g for 10min. The pellet was re-
suspended in 1x IB-2 buffer (225mM mannitol, 75mM
sucrose, 30mM TRIS-HCl pH 7.4), followed by centrifu-
gation at 10.000×g for 10min, twice. After centrifugation,
the pellet was resuspended in 800 μl of MRB (Mitochon-
drial resuspending buffer = 250mM mannitol, 5 mM
HEPES pH 7.2, 0.5 mM EGTA). The 1ml of cytosolic frac-
tion (CYT) was ultra-centrifuged at 34.000 rpm for 1 h at
4 °C (Optima L-90 K Beckman-Coulter Rotor: sw -41Ti
speed: 28.500 rpm). This protocol was adapted from a pro-
cedure previously described [25].

Immunofluorescence and confocal assays
For NEK10 co-localization experiments, HeLa cells were
dyed (MitoTracker Deep Red,200 nM)) during 20min.
After fixation with methanol, blocking occurred in PBS,
containing 0,1% Triton X-100 and 3% of BSA. Then, incu-
bation with primary and secondary antibodies occurred
and both antibodies were diluted in the same buffer and
incubated for 1 h and 20min, respectively. Next, the cov-
erslips were rinsed with PBS and prepared with ProLong
(ThermoFisher) antifade reagent. The confocal acquisi-
tions were carried out with confocal LSM 510 microscope
and treated using FIJI software [26], at the INFABIC/UNI-
CAMP (see Acknowledgments).
For colocalization analyses, images were processed

with background correction using 50.0 pixels in ball

rolling radius and applying median filtering. Fiji Coloc2
plugin was used for Pearsons’s correlation coefficient
calculation [26]. Pearson’s correlation coefficient was
calculated from the mean of at least 15 cells. For mito-
chondrial morphology analyses, HeLa pLKO-empty and
HeLa Nek10 depleted (pLKO-sh89 and pLKO-sh90)
cells were grown in culture dishes with glass bottom.
Cells were stained with MitoTracker Deep Red (200 nM)
during 20min and then cell culture media was changed
to medium without phenol red and immediately visual-
ized under confocal LSM 510 microscope. Images were
acquired using 63× oil objective, 1 air unit pinhole,
1024 × 1024 pixels. Scale bars: 10 μm. For morphology
analyses, cells were classified on the basis of their fila-
ments size and format: oval/spheres, short (< 6 μm) or
long (> 6 μm) mitochondrial filaments as described be-
fore [27]. At least 30 cells per sample were counted.

Proximity ligation assay
HeLa pLKO cells were plated in a 384 well cell carrier
plate (PerkinElmer Inc) and the analyses were performed
in triplicated. After 24 h, the cells were fixed with
methanol and incubated in blocking solution (1X PBS,
0.1% Triton X-100, and 3% BSA). Cells were incubated
with primary antibodies followed by anti-mouse plus
and anti-goat minus probes and submitted to the further
steps of the proximity ligation assay (PLA) kit’s protocol
according to the manufacturer’s instructions. Nuclei
were counter-stained with Hoechst 33342 dye. Red spots
corresponding to NEK10 and GLUD1 or NEK10 and
Citrate Synthase co-localizations per cell were visualized
at ImageXpress Micro Imaging System and counted in
MetaXpress software (Molecular Devices, San Jose, CA),
as described previously [28]. The negative control samples
were performed with the rolling-circle amplification reac-
tion but without the primary antibodies or the probes.

Immunoblot
Whole-cell lysates, quantified by Bradford’s Method [29],
and immunoprecipitates were resolved by SDS-PAGE and
blotted onto nitrocellulose membranes (Amersham, GE
Healthcare Life Sciences, Pittsburgh, PA, USA). Then, the
membranes were incubated with primary antibodies diluted
in T-TBS buffer (Tris-buffered Saline containing 0,02% of
Sodium Azide, 2% of bovine serum albumin and 0,5% of
Tween 20) overnight at 4 °C. The secondary antibodies were
left for 1 h at room temperature and after that the protein
detection was performed using the enhanced chemilumines-
cence ECL Western Blotting System (Amersham).

Relative mitochondrial DNA copy number
Total cellular DNA was isolated using the DNAeasy
Mini Kit (Qiagen, Hilden, Germany), and DNA concen-
trations were determined spectrophotometrically with
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Nanodrop. Equal amounts of total DNA were assayed by
quantitative PCR (qPCR) with SYBR Green mix (Applied
Biosystems, Thermo Fisher Scientific). Samples were an-
alyzed at least in triplicates, using two different DNA
isolates, independently, in a 7300 Fast Real Time PCR
System (Applied Biosystems, Thermo Fisher Scientific).
The comparative Ct method was applied for quantifica-
tion of mitochondria DNA copy number, comparing the
amplification of ND1 (mitochondrial gene) to that of
HPRT (nuclear gene). Primer pair sequences are as fol-
lows: ND1-F 5’ACT ACG CAA AGG CCC CAA CG 3`;
ND1-R 5’GAG CTA AGG TCG GGG CGG TG 3`;
HPRT1-F 5’TGA CAT GTG CCG CCT GCG AG 3`;
HPRT1-R 5’GTG GGTC GCT TTC CGT GCC GA 3`.

Oxygen consumption
HeLa pLKO, HeLa shNEK10–89 and HeLa shNEK10–90
cells were kept in Petri dishes, trypsinized, centrifuged at
1.500 rpm for 5 min and resuspended in DMEM
medium. Cellular oxygen consumption (for 4 × 106 cells)
was employed in the high-resolution oxygraph chamber
(Oroboros Oxygraph-2 K). Cells were incubated in a
closed chamber containing 2 mL of DMEM medium (25
mM glucose, 20 mM Hepes, pH 7.4). After the initial
reading, the Oroboros chamber was closed and baseline
oxygen consumption (oxygen flow) was monitored,
followed by addition of oligomycin (1 μg/mL) to obtain
the consumption coupled to oxidative phosphorylation.
In order to induce maximum mitochondrial respiration
and to obtain mitochondrial reserve capacity (=spare
capacity), 0.5 μM of Carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) titration was used. Then, 1 μM of
Rotenone was added for mitochondrial complex I inhib-
ition and to obtain non-mitochondrial oxygen consump-
tion. Spare capacity was measured, subtracting basal
respiration from maximal respiration capacity. The data
were obtained through software DatLab 4 (Oroborus In-
struments, Innsbruck, Austria).

Flow cytometry
For mitochondrial ROS detection, MitoSOX™ Red (Ther-
moFisher scientific, Cat# M36008), specific for mitochon-
drial ROS was utilized. One day prior to the treatment,
HeLa control or NEK10 depleted cells were plated in a 24
well plate. To visualize ROS, cells were incubated with
MitoSOX (5 μM) for 30min. Next, cells were resuspended
in 500 μl of PBS containing 2% fetal bovine serum. The
analysis was performed immediately in the BD FACS
Verse. MFI (median fluorescence intensity) from non
stained samples was used to normalize for each cell. MFI
normalized from control (pLKO-empty) cells was set as
100%. The graph represents the relative fluorescence of
the NEK10 depleted cells to control.

Citrate synthase assay
Citrate synthase activity of HeLa pLKO, HeLa pLKO-
sh89, HeLa pLKO-sh90 was measured and analyzed in a
96-well microplate according to Oroboros Instruments
[30] with some modification. For each reaction, 6 μg of
whole-cell extracts were incubated with 0.1M Tris-HCl
buffer (pH 7.1), 250 mM oxaloacetate, 100 mM DNTB,
and 50 mM acetyl-coenzyme A. Absorbance at 412 nm
was monitored for 5 min at 30 °C. The plate was read on
a Eon™ Microplate Spectrophotometer - BioTek. Enzyme
activity, in international units (IU, mU/mL), was calcu-
lated using the molar absorptivity coefficient of TNB
(13.6 mM− 1 cm− 1) and an optical path length for the
total volume of the reaction (0.527 for 0.2 mL). The data
were normalized for protein concentration, and the re-
sults are presented in nmol/min/μg of protein.

Long extension PCR
The total DNA of HeLa pLKO, HeLa pLKO-sh89, HeLa
pLKO-sh90 was extracted using DNeasy Blood and Tis-
sue kit (Qiagen), following the specifications of the
manufacturer. The amplification of the short nuclear
fragment, was performed following the reaction for Taq
DNA Polymerase (Invitrogen, Cat# 10342–053). The nu-
clear gene (177 bp) amplified was HPRT1 (Hypoxanthine
Phosphoribosyltransferase 1), using the oligos: Forward:
5′-TGACATGTGCCGCCTGCGAG-`3 and Reverse:
GTGGTCGCTTTCCGTGCCGA. Long mitochondrial
fragment amplification was achieved with the AccuPrime
Taq kit (Invitrogen, Cat# 12346086). The mitochondrial
fragment (16,540 bp) was amplified using the oligos: 5′-
TGAGGCCAAATATCATTCTGAGGGGC-`3 and 5′-
TTTCATCATGCGGAGATGTTGGATGG-`3. Intensity
of band areas was measured using the ImageJ software.
The measured intensity of the long fragment was divided
by that of the short fragment.

Statistical analysis
One-Way ANOVA with post-hoc Bonferroni, Tukey’s
Multiple Comparison Test or with Student t-test un-
paired two-tailed analysis was applied, to perform statis-
tical analysis. The software used was GraphPad Prism
version 7 (Graph Pad Software, San Diego, CA, USA).
Graphs are shown as the mean ± S.E.M. and values of
p < 0.05 were considered statistical significant and repre-
sented by *.

Results
NEK10 interactome
The interaction between proteins can be modulated by
post-translation modifications, such as phosphorylation, and
depends critically on the cellular compartmentalization [31].
Other members of the NEK family, including NEK4, NEK6
and NEK7 are considered Hub proteins (i.e. proteins with a
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large number of interactors) [5, 16, 32, 33]. To extend our
knowledge about NEK10 interactors, we performed an
interaction screen, based on immunoprecipitation followed
by a mass spectrometry analysis (IP-LC-MS/MS). For that,
HEK293T cells were transfected with p3XFLAG-CMV-7.1-
(FLAG control) or p3XFLAG-CMV-7.1 (FLAG-NEK10).
After 48 h of transfection, cells were treated or not (control)
with Zeocin for 3 h. As a member of the Bleomycin family
of antibiotics, Zeocin binds to and intercalates into
DNA, leading to DNA double strand breaks (DSBs),
predominantly via ROS formation [34]. Trypsin-digested
peptides from NEK10-protein co-immunoprecipitated
complexes and controls were identified through liquid
chromatography mass spectrometry. Interactions were
considered positive if protein identification occurred in
two or more samples and if it occurred in one or less
FLAG-control immunoprecipitates.
IP-LC-MS/MS retrieved 59 interaction partners from dif-

ferent cellular compartments in untreated cells (Supporting
Table 1). The localization of the detected proteins enriched
for the cytoplasm (20), membrane (17), nucleus (9), endo-
plasmic reticulum (5), golgi apparatus (1) and extracellular
(3) (Supporting Figure S1 A). Interestingly, after zeocin
treatment, the number of interactors increased considerably
to 118 proteins, among which partners from the mitochon-
drial compartment scaled up to three times (Supporting
Figure S1 B). Specifically, mitochondrial proteins detected
in the FLAG-NEK10-control were: SIRT3, ATAD3A,
ATAD3B, OAT (Fig. 1a and c) and partners identified after
genotoxic treatment included: FKBP4, TXN, PFDN2,
ATAD3B, MRPL12, ATP5J, DUT, YWHAE, CS, SIRT3,
HSPA9, PDHB, GLUD1, DDX3X, APEX1 (Fig. 1b – red
cluster, and 1c). This result indicates that NEK10 is poten-
tially involved in a mitochondria related response after
zeocin-induced cellular stress.
We decided to further investigate Glutamate dehydro-

genase 1 (GLUD1), a NEK10 interactor candidate, de-
tected from the MS analysis. For that, we employed two
different approaches: proximity ligation assay (Fig. 2a
and b), and confocal immunofluorescence microscopy
(Fig. 2c). The proximity ligation assay showed a inter-
action index that suggests a NEK10/GLUD1 complex
(Fig. 2a) by the number of interactions (number of red
spots) per cell.
Moreover, we tested citrate synthase (CS) protein, also

detected as a NEK10 candidate partner in MS analyses.
Comparing both data, we observed a higher quantity of
spots for NEK10/GLUD1 compared to NEK10/CS. The
negative control samples were performed with the
rolling-circle amplification reaction but without primary
antibodies or without the probes.
The confocal immunofluorescence microscopy also

shows the co-localization between NEK10 and GLUD1
with a Pearson’s correlation coefficient of 0.8 (±0,008)

(Fig. 2c). Both approaches suggest that NEK10 and
GLUD1 could be interaction partners. Future experi-
ment will address further details of these interactions.

NEK10 localizes in mitochondria
Based on the finding that NEK10 interacts with multiple
proteins with mitochondrial localization we next investi-
gated, whether NEK10 localizes to the mitochondria. First,
we performed a mitochondrial fractionation assay in HeLa
pLKO, HeLa pLKO-sh89 and HeLa pLKO-sh90 cells
(Fig. 3a). The data showed that NEK10 is present in both
the cytosol (CYT) and mitochondrial (MITO) fractions
for all three cell lines. The CYT and MITO fractions show
detection of NEK10 bands of several molecular weights,
suggesting different isoforms. For better visualization, the
133 kDa isoform of NEK10 is assigned with the letter A
and red arrows (present in the PNS and CYTO extracts)
while the 80 kDa isoform is represented with the letter B
and blue arrows (MITO fraction). For NEK10-depleted
cells (HeLa pLKO-sh89 and HeLa pLKO-sh90), compar-
ing with HeLa pLKO, the MITO fractions show a reduc-
tion of the NEK10 expression (Fig. 3a). The corresponding
band has a molecular weight of approximately 80 kDa.
Marker proteins for cytoplasm (Tubulin B) and mitochon-
dria fraction (OXPHOS, VDAC) were used to control the
fractions.
We performed the same assay also for MRC5 and

HEK293T cells (Supporting Figure S2 A and B, respect-
ively), and again NEK10 was detected in the mitochondrial
fractions. In these analyses, we used specific antibodies to
confirm the purity of Postnuclear supernatant (PNS),
cytosol (CYT) and mitochondrial (MITO) fractions. Inter-
estingly, analyses by Western blotting (Supporting Figure
S3) of the efficiency of depletion by shRNA, resulted in a
clear decrease of the 80 kDa NEK10 band. This indicates
that the mitochondrial NEK10 is around 40–60% de-
pleted, whereas the cytoplasmic NEK10 is about 60–80%
depleted (Fig. S2A-C). We believe that the bands visual-
ized in the Western blot, correspond to NEK10 isoforms
as described on the NCBI and UniProt websites: Uni-
ProtKB - Q6ZWH5 (NEK10_HUMAN) [35, 36].
The specificity of mouse anti-NEK10 antibody was

tested by using immunofluorescence assays (Supporting
Figure S4). HeLa cells transfected with FLAG-NEK10
presented an increase in fluorescence with mouse
NEK10 antibody staining. The plasmid pcDNA6-FLAG-
Ki-1/57 [19] was used as a negative control. The goat
anti-NEK10 antibody was used as previously described
[9]. The rabbit anti-NEK10 datasheet further shows the
specificity for the 80 kDa NEK10 isoform.
Confocal immunofluorescence microscopy was employed

as a second approach to confirm whether NEK10 is located
to the mitochondria. HeLa pLKO-empty cells were stained
with anti-NEK10 antibody (in green) and the mitochondria
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with MitoTracker DeepRed (in red) (Fig. 3b). The co-
localization of NEK10 with the mitochondrial marker
(with a Pearson’s correlation coefficient of 0,54 ± 0,01)
provides additional support for NEK10’s localization
to the mitochondria.

The essential role of NEK10 for mitochondrial
morphology
To examine the role of NEK10 in mitochondria, we per-
formed confocal immunofluorescence of HeLa pLKO,

HeLa pLKO-sh89 and HeLa pLKO-sh90 cells. All cell
lines were stained with MitoTracker DeepRed for 20 min
(Fig. 4a). The graph (Fig. 4b) shows the quantification of
mitochondrial length detected in confocal microscopy:
Fragmented oval/spheres, fragmented short (< 6 μm)
mitochondrial filaments or Tubular [elongated (> 6 μm)
mitochondrial filaments]. NEK10-depleted cells (spe-
cially HeLa pLKO-sh89) showed more fragmented than
tubular mitochondrial filaments comparing to the con-
trol cells (HeLa-pLKO).

Fig. 1 NEK10 interacts with mitochondrial protein partners. Interaction network of human NEK10 with partners identified by IP-LC-MS/MS reveals
mitochondrial proteins enrichment after zeocin treatment. The proteomic data retrieved from IP-LC-MS/MS was submitted to the Integrated
Interactome System (IIS) platform (National Laboratory of Biosciences, Campinas, Brazil) [22]. The protein-protein interaction network (PPI) was
generated using Cytoscape software [24]. a The fold change in the number of the proteins found after zeocin treatment, relative to before
treatment, for the main cellular compartments enriched in the network is shown in the graph. ER = endoplasmic reticulum, b Protein network
showing mitochondrial proteins found in samples without treatment (purple nodes) and with zeocin treatment (red nodes). Clusters were made
according to the Selected Cellular Component. SIRT3 is a protein interactor retrieved from the databank by IIS platform [22]. c Table showing
mitochondrial proteins found in untreated and zeocin treated samples
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To complement the mitochondrial morphology study,
we quantified some mitochondrial proteins in HeLa
pLKO, HeLa pLKO-sh89 and HeLa pLKO-sh90 cells
total lysates (Fig. 5a-d). Four proteins were investigated:
TOM20, TFAM, VDAC and OXPHOS Complex II. All
of these proteins showed decreased bands intensity in
depleted NEK10 cells (HeLa pLKO-sh89 and HeLa
pLKO-sh90), indicating a reduction in mitochondrial
mass that may or may not be related to the mitochon-
drial morphology features of Fig. 4.

NEK10 knock down compromises mitochondrial
respiration
Next, we investigated the effects of NEK10 knock down
on oxygen consumption/respiration, as this is one of the

mitochondria’s main function. For that, we employed
OROBOROS Oxygraph-2 k to analyze the respiration
rates of HeLa pLKO, HeLa pLKO-sh89 and HeLa
pLKO-sh90 cell lines in the presence of inhibitors of the
mitochondrial respiratory chain.
Figure 6a and Supporting Figure S5 show the typical

measurements of oxygen consumption. The basal mito-
chondrial respiration was similar between control and
NEK10-depleted cells. However, after CCCP addition (a
chemical mitochondrial protonophore) the maximal res-
piration capacity of pLKO was almost two times higher
than that of the NEK10-depleted cells. This finding,
therefore, is clearly indicating a lower mitochondrial
electron transfer capacity in NEK10-depleted cells. The
levels of oxygen consumption for NEK10-depleted cells

Fig. 2 NEK10 interacts with GLUD1. a Proximity ligation assay of NEK10 vs. GLUD1/CS. HeLa pLKO cells were incubated with NEK10 (mouse or
goat), GLUD1 (goat) and CS (mouse), and incubated with anti-mouse plus and anti-goat minus PLA reagents, followed by ligation, amplification
and far-red staining reagents; nuclei were stained with Hoechst 33342 reagent. b Quantitative analysis of the average number of NEK10 and
GLUD1 (or CS) interaction, indicated as PLA spots per cell, is represented in the bar graph. The images were collected with the ImageXpress,
Micro Confocal High Content Image System (Molecular Devices) and the data were obtained with the MetaXpress software by using the
transfluor module. One way ANOVA was used followed by the Bonferroni post hoc test. *** = P < 0.001. c Colocalization of NEK10 and Glutamate
Dehydrogenase- 1 (GLUD1). Confocal images of HeLa cells stained with ant-NEK10 (in green) and anti-GLUD1 (in red) showing colocalization
(merge, yellow) in the perinuclear region (arrows). Cells were visualized using a confocal Zeiss LSM 510, with a 63x oil objective, 1 air unit pinhole,
1024 × 1024 pixels. Scale bars: 10 μm. Images were analyzed using FIJI software [26]
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were also significantly reduced in response to rotenone,
a mitochondrial inhibitor of complex I.
To evaluate in more details the effects of NEK10 deple-

tion, the ATP-linked oxygen consumption rate (OCR),
spare capacity and proton leak (as illustrated in Fig. 6b)
were analyzed. OCR measured by the difference in basal
respiration rate after oligomycin addition indicate that
ATP-linked OCR is reduced in NEK10 depleted cells
compared to the control (Fig. 6c).
In Fig. 6d, we observed that control cells have a higher

spare capacity compared with NEK10-depleted cells.
These results indicate that NEK10 depleted cells are
prone to exhaustion of the respiratory reserve capacity.
Proton leak effectively is measured by the respiratory

chain activity in the presence of oligomycin [37]. The

mitochondrion has a basal proton leak but agents that
provoke the permeability of the mitochondrial inner
membrane can also induce it. The basal proton leak may
have a role in cell protection [38]. NEK10-depleted cells
have a more pronounced proton leak (Fig. 6e) than con-
trol cells. When the non-mitochondrial oxygen consump-
tion (non mito OCR) was analyzed, control cells clearly
consumed more oxygen than depleted cells (Fig. 6f).
In summary, these results indicate that NEK10 can regu-

late OXPHOS, as NEK10 depletion affects ATP-linked
OCR, spare capacity, proton leak and non-mitochondrial
OCR. The data further suggest that NEK10 depletion may
alter negatively the mitochondria respiration, which may
occur directly or indirectly through its interactors, either
via protein interaction or phosphorylation mechanisms.

Fig. 3 NEK10 is localized in the mitochondria. a Mitochondrial fractionation assay. Mitochondria from HeLa pLKO, HeLa pLKO-sh89 and HeLa
pLKO-sh90 cells were isolated and NEK10 was analyzed by Western blot using anti-NEK10 antibody. Postnuclear supernatant (PNS), cytosol (CYT)
and mitochondrial (MITO) fractions were analyzed with anti-Tubulin B, anti-OXPHOS and anti-VDAC antibodies, for fraction purity. The letter A and
the red arrows indicate the 133 kDa isoform, present in PNS and CYTO. The letter B and the blue arrows indicate the 80 kDa isoform, present in
the mitochondrial fraction (MITO). b Confocal images of NEK10 in mitochondria. HeLa pLKO-empty cells were stained using anti-NEK10 antibody
(green) and the mitochondria were visualized with MitoTracker DeepRed for 20 min (red). Cells were analyzed in a confocal Zeiss LMS 510
microscope, using 63x oil objective, 1 air unit pinhole, 2048 × 2048 pixels. Scale bars: 10 μm. Images were analyzed using FIJI software [26]. Insets
are enlargements of the outlined areas
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NEK10 knock down changes mitochondrial reactive
oxygen species (ROS) levels and decreases citrate
synthase activity
Since NEK10 knock down affected mitochondrial morph-
ology and respiration metabolism we performed further
assays related to mitochondrial functions. Using flow cy-
tometry, mitochondrial ROS from HeLa pLKO, HeLa
pLKO-sh89 and HeLa pLKO-sh90 cells was measured
using MitoSOX (Fig. 7a). The data show that HeLa
pLKO-sh89 has lower ROS levels compared with the con-
trol cells. That could be related to the high mitochondria
fragmentation found in these cells maybe due to possible
mitophagy. However, HeLa pLKO-sh90 cells presented

increased ROS levels (Fig. 7a) and a less pronounced mito-
chondria fragmentation.
As observed in Fig. 7b, the Citrate Synthase activity was

measured for HeLa pLKO, HeLa pLKO-sh89 and HeLa
pLKO-sh90 cell lines. Mitochondrial Citrate Synthase plays
a central role in aerobic energy production; also, it is the
first enzyme of the Tricarboxylic Acid Cycle (TCA) [39].
The data show a significant decrease of Citrate Synthase ac-
tivity in the NEK10 depleted cells (HeLA pLKO-sh89 and
HeLA pLKO-sh90). This suggests a role of NEK10 in aer-
obic energy production that may impact mitochondrial
mass in these cells, since mitochondrial mass is regulated
by the energy production levels in the cell.

Fig. 4 The essential role of NEK10 for mitochondria morphology. a Representative confocal images of mitochondrial morphology in HeLa cells
shRNA for Nek10 (pLKO-sh89 and pLKO-sh90) or control (pLKO-empty) stained with MitoTracker DeepRed for 20 min. Micrographs were acquired
from live cells, using 63× oil objective, 1 air unit pinhole, 1024 × 1024 pixels. Scale bars: 10 μm. b Quantitative analysis of mitochondrial
morphology is shown. Cells were classified on the basis of their mitochondrial morphology: oval/spheres, short (< 6 μm) or long (> 6 μm)
mitochondrial filaments. At least 30 cells/sample were counted. One way ANOVA was used followed by the Bonferroni post hoc test.
* = p < 0.05; *** = P < 0.001
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NEK10 silencing increases mtDNA damage and mtDNA
copy number
The effect of NEK10 depletion on mitochondrial DNA
integrity (mtDNA) and relative mtDNA copy number
was also investigated. For mtDNA damage assays, we
employed Long-extension PCR. The NEK10 depletion in
HeLa pLKO-sh89 and HeLa pLKO-sh90 cells, decreased

the ratio of amplification of mtDNA, which suggests that
their mtDNA has more damage than that of the control
cells (HeLa pLKO) (Fig. 8a). Also, we tested the mtDNA
integrity in the presence of 300 μg/ml zeocin treatment
for 3 h (Fig. 8b). We observed that compared to wild
type cells the silencing of NEK10 results in a higher
mtDNA damage, in the presence of zeocin. Finally, we

Fig. 5 NEK10 depleted cells show a decrease in mitochondrial mass. Expression of four different mitochondrial marker proteins (a TOM20, b
TFAM, c VDAC and d OXPHOS) was analyzed from HeLa pLKO, HeLa pLKO-sh89 and HeLa pLKO-sh90 total lysates. For immunoblotting, the
following antibodies were used: anti-TOMM20, anti-mtTFAM, anti-VDAC1 and anti-OXPHOS. The quantification graphs on the right show averages
from 4 independent experiments. The statistical analyses were performed using One-Way ANOVA followed by Tukey’s Multiple Comparison Test.
(* = P < 0.05; ** = P < 0.01; *** = P < 0.001)
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also analyzed the mtDNA copy number, using Real-Time
PCR with ND1 and HPRT primers, as the respective
markers (Fig. 8c). Interestingly, NEK10 depletion increased
1.7 fold the levels of mtDNA, suggesting that NEK10 is in-
volved in the controling mtDNA content, either by control-
ling DNA replication or mitochondria numbers. These
results suggest, that the lack of NEK10 may result in mito-
chondrial homeostasis impairment, resulting in mtDNA
damage and unbalance mtDNA levels.

Discussion
Among the NEK10 protein partners localized in mito-
chondria, we identified Citrate Synthase (CS), glutamate
dehydrogenase (GLUD1), pyruvate dehydrogenase and
others (Figs. 1 and 2 and Supporting Tables S1). That
could be an insight that indicates that NEK10 has roles
in mitochondria.
Interestingly, an increase in the number of mitochon-

drial protein partners for NEK10 was observed after

Fig. 6 The mitochondrial respiratory chain is negatively affected by the depletion of NEK10. a The graphic shows O2 Flow per cells by basal
respiration and after treatments (Olygomycin, CCCP and Rotenone) for HeLa pLKO-empty, HeLa pLKO-sh89 and HeLa pLKO-sh90. b Visualization
of experimental oxygen consumption rate (OCR) data type nomenclature, adapted from Rose and coworkers [56]. c Measurement of ATP-Linked
to Oxygen Consumption Rate (OCR). d Measurement of spare capacity. e Measurement of proton leak. f Measurement of non-mitochondrial
oxygen consumption (non mito OCR). The analyses were performed in quadruplicate. The statistical analyses were performed using One-Way
ANOVA followed by Tukey’s Multiple Comparison Test. (* = P < 0.05)
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zeocin treatment (Fig. 1). Data from the literature
showed that zeocin treatment in HeLa cells induces
apoptosis in a caspase pathway dependent way [40]. To
confirm one of those interactors, we performed proxim-
ity ligation assay (Fig. 2a and b). Furthermore, employing
confocal immunofluorescence analyses, we detected the
co-localization of NEK10 and GLUD1 (Fig. 2c). GLUD1 is
a mitochondrial matrix enzyme that catalyzes the conver-
sion of glutamate to α-ketoglutarate and ammonia, while
reducing NAD(P)+ to NAD(P)H. This contributes to both
Krebs cycle anaplerosis and energy production. Further-
more, GLUD1 has a role in the redox homeostasis [41].
When we performed cell fractionation, we found

NEK10 in the mitochondria fraction of HeLa (Fig. 3a),
MRC5 (Supporting Figure S2A), and HEK293T cells
(Supporting Figure S2B). Interestingly, the NEK10 levels
in the mitochondria fractions from depleted HeLa
shNEK10–89 and shNEK10–90 were decreased. Also,
the NEK10 mitochondrial localization was confirmed
employing confocal immunofluorescence analyses from
HeLa pLKO-empty cells (Fig. 3b); thereby supporting
the idea that NEK10 is present in the mitochondria.
Our data in Fig. 4 show that NEK10-depleted cells

(HeLa pLKO-sh89) have more fragmented than tubular

mitochondrial filaments, compared to the control cells
(HeLa-pLKO). The mitochondrial fragmentation is re-
lated to pre-mitosis events, a nutrient-rich environment
(associated with an increase in membrane potential and
proton leak), or can be associated with mitochondrial
impairment, elevated stress levels and cell death. On the
other hand, tubular mitochondrial filaments confer pro-
tection against phagophore engulfment when autophagy
is triggered [42].
Mitochondrial proteins in HeLa pLKO, HeLa pLKO-

sh89 and HeLa pLKO-sh90 cells from total lysates were
quantified (Fig. 5). Mitochondrial outer membrane trans-
locase complex, TOM20 is part of the TOM complex and
is a major import receptor that recognizes the mitochon-
drial sequence [42]. TFAM is involved in many functions:
mtDNA transcription, mtDNA maintenance and replica-
tion and mtDNA repair [43, 44]. The voltage-dependent
anion channel (VDAC) is present in the outer mitochon-
drial membrane (OMM) and it participates in mitochon-
drial permeabilization [45]. Mitochondrial complex II
(CII) is also known as succinate:ubiquinone oxidoreduc-
tase (SQR) or succinate dehydrogenase (SDH). The four
subunits of CII are encoded by the nuclear genome and
have roles in energy production [46]. To evaluate the role

Fig. 7 The knock down of NEK10 changes mitochondrial reactive oxygen species (ROS) levels, and decreases citrate synthase activity. a
Mitochondrial superoxide from HeLa pLKO, HeLa pLKO-sh89 and HeLa pLKO-sh90 cells was measured, using MitoSOX probe, through flow
cytometry. Results represent the percentage of median fluorescence from at least three independent experiments relative to control (pLKO-
empty). The statistical analyses were performed using GraphPad Prism software using Student t-test unpaired two-tailed analysis: (*) p < 0.05. b
Total protein extract of HeLa pLKO, HeLa pLKO-sh89 and HeLa pLKO-sh90 cells was used to measure the citrate synthase activity with acetyl-CoA.
The colorimetric assay was performed using a spectrophotometer. The graph shows analyses from n = 5 independent experiments. One-Way
ANOVA followed by Tukey’s Multiple Comparison Test was used for statistical analyses (* = P < 0.05; ** = P < 0.01; *** = P < 0.001)

Peres de Oliveira et al. Proteome Science            (2020) 18:4 Page 13 of 17



of NEK10 in cellular bioenergetics, we analyzed mitochon-
drial oxygen consumption in intact cells. Our results show
that the depletion of NEK10 compromised mitochondrial
respiration (Fig. 6).
In Fig. 6d, we observed that control cells have a larger

spare capacity compared with NEK10-depleted cells. A
decrease in spare capacity has been related to patholo-
gies that affect tissues that require a large amount of en-
ergy, such as the brain, heart, and skeletal muscle [47].
These results indicate that NEK10 depleted cells are
prone to exhaustion of the respiratory reserve capacity.
Upon depletion of NEK10, cells presented reduced non-

mitochondrial oxygen consumption compared to control
cells. Although mitochondria are responsible for the major
part of cellular respiration, cells like neutrophils can activate

non-mitochondrial oxygenases. Also in macrophages, the
activity of non-mitochondrial NADPH oxidases may be the
major source for cellular oxygen consumption. It is possible
to measure non-mitochondrial oxygen consumption using
a mitochondrial electron transport chain inhibitor such as
rotenone. In other cells, desaturation and detoxification en-
zymes are responsible for 10% of the non-mitochondrial
oxygen consumption [48].
Our flow cytometry data (Fig. 7a) showed a possible

relationship between mitochondrial fragmentation and
mitochondrial ROS production. The decrease of ROS
levels in NEK10-depleted cells (HeLa sh89) compared to
the control cells (HeLa pLKO empty), may be related to
the high degree of mitochondrial fragmentation ob-
served in the HeLa sh89 cells (Fig. 4a and b).

Fig. 8 Mitochondrial DNA (mtDNA) analysis of HeLa pLKO-empty, HeLa pLKO-sh89 and HeLa pLKO-sh90 cells. a The mtDNA integrity of NEK10
depleted and control cells was analyzed by Long-Extension PCR and the ratio of the amplification is shown in the graph in basal conditions. b
The mtDNA integrity of cells treated with 300 μg/ml zeocin treatment for 3 h was evaluated by long-extension PCR. Results show the difference
in mtDNA damage of cells with zeocin treatment from the mtDNA damage under basal conditions. The statistical analysis is a comparison to the
control wild type cells. c The number of mitochondrial DNA copy number by the different cells analyzed by Real-Time quantitative polymerase
chain reaction (qPCR). Both graphs show analyses from n = 3 independent experiments. Statistical analyses were made by One-Way ANOVA and
the Tukey’s Multiple Comparison Test. * = P < 0.05; ** = P < 0.01
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Furthermore, we observed a decrease of CS activity in
NEK10-depleted cells (HeLa sh89 and sh90) compared
to control cells (HeLa pLKO) (Fig. 7b). It is known, that
the lack of CS activity can lead to respiratory defects
[39]. Lin and coworkers reported, that cells with CS
knock down exhibited defects in respiratory activity and
a considerable decreases in ATP production [49]. Our
results also showed a decrease in the respiratory activity
(Fig. 6) in parallel with the decrease in CS activity. Inter-
estingly, CS was identified as a possible NEK10 partner
in our MS proteomics analysis and the decrease in CS
activity in NEK10 depleted cells might indicate a regula-
tory connection between these two proteins, either dir-
ectly or indirectly.
The mammalian cell contains several hundreds to

thousands of mitochondria and each mitochondrion has
2–10 copies of mtDNA, a circular, double stranded
DNA that encodes 37 genes essential for mitochondrial
functions. This variation of mitochondrial numbers is
tissue and age dependent [50]. Also, there is evidence
that suggests that mtDNA copy number increases after
exposure to DNA damaging agents [51]. We identified
an increase in mtDNA copy number (Fig. 8c), along with
a reduction of mtDNA integrity in NEK10-depleted cells
(HeLa sh89 and HeLa sh90), in both the abscence and
presence of zeocin (Fig. 8a, b).
We observed a 1.7-fold increase in mtDNA index after

silencing of NEK10 (Fig. 8b, c). Studies suggest that al-
terations in mtDNA copy number (increase or decrease)
are potentially involved with tumorigenesis [52–55].
There is an increase of mtDNA copy number in patients
with glioma [52], patients with an elevated risk of breast
cancer [53], and in endometrial adenocarcinoma cells
[54]. Mitochondrial genome mutations are correlated
with mitochondrial disorders (mitochondrial cytopa-
thies), affecting both nervous and muscular tissue [55].

Conclusion
In summary, we reported here the NEK10 protein
interactome and demonstrated its new roles in mito-
chondrial homeostasis. Silencing NEK10 expression
changed mitochondrial morphology, increased the
mtDNA damage and mtDNA content, potentiated
cell death, led to increased ROS levels, and inhibited
the mitochondrial respiration and citrate synthase
activity. Our research opens new avenues for the
study of NEK10 functions in the context of the
underlying mechanisms in mitochondrial homeostasis
such as respiration and related pathologies, including
tumorigenesis.
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Supplementary information accompanies this paper at https://doi.org/10.
1186/s12953-020-00160-w.

Additional file 1: Figure S1. NEK10 interacts with
mitochondrial partners. Interaction network of human NEK10 with
proteins partners, identified by IP-LC-MS/MS. Tryptic-digested peptides
from FLAG or FLAG-NEK10 immunoprecipitates were analyzed by mass
spectrometry and protein partners were identified. The samples were un-
treated (A) or treated with zeocin (B). The proteomic data retrieved from
IP-LC-MS/MS was submitted to the Integrated Interactome System (IIS)
platform (National Laboratory of Biosciences, Campinas, Brazil) [Carazzolle
et al., 2014] [22]. The protein-protein interaction network (PPI) was gener-
ated using Cytoscape software [Shannon et al., 2003] [24]. Figure S2.
Mitochondrial fractionation. Mitochondria from A- MRC5 cells and B-
HEK293T cells were isolated and the localization of NEK10 was analyzed
by Western blot using anti-NEK10 antibody. Postnuclear supernatant
(PNS), cytosol (CYT) and mitochondrial (MITO) fractions were analysed
with anti-Lamin A/C, anti- GAPDH, anti-Tubulin A, anti-OXPHOS and anti-
VDAC, to access fractionation purity. The letter A and the red arrows indi-
cate the 133 kDa isoform present in PNS and CYTO. The letter B and the
blue arrows indicate the 80 kDa isoform present in the mitochondrial
fraction (MITO). Figure S3. Validation of NEK10 depletion in HeLa cells
by shRNA. Two different pLKO-shRNAs were designed to target NEK10
(shNEK10–89 and shNEK10–90, named here as sh89 and sh90, respect-
ively). A- Immunoblotting of HeLa pLKO, HeLa pLKO-sh89 and HeLa
pLKO-sh90 cells lysates with anti-NEK10 antibody and anti-GAPDH anti-
body. B and C- The graphs B and C show the percentage of 133 kDa and
80 kDa NEK10 depletion, respectively. The quantification is shown from
n = 5 independent experiments. The letter A and red arrows indicate 133
kDa NEK10 isoform. The letter B and blue arrows indicate 80 kDa NEK10
isoform. Figure S4. NEK10 antibody presented specificity. HeLa cells
transfected with FLAG-Nek10 presented increased fluorescence intensity
in the mouse anti-NEK10 antibody staining, demonstrating the antibody
specify. pcDNA6-FLAG-Ki-1/57 was used as a negative control of increase
in fluorescence intensity after staining with NEK10 antibody. Figure S5.
Trace of oxygen consumption rate (OCR) for control and NEK10 depleted
cells. OROBOROS Oxygraph-2 k was used to evaluate the respiration rate
of HeLa pLKO-empty, HeLa pLKO-sh89 and HeLa pLKO-sh90 cells in the
presence of substrates as well as inhibitor of the mitochondrial respiratory
chain (rotenone) or ATP synthase (oligomycin). The mitochondrial un-
coupling was induced by CCCP.

Additional file 2: Table S1. NEK10 protein interactors identified in
HEK293T cells treated or not with zeocin by IP-MS/MS. Proteins marked
with an asterisk: *: Retrieved from the databank by IIS platform [Carazzolle
et al., 2014]. The mass spectrometry data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD018294.
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