
de Oliveira et al. Proteome Science            (2024) 22:8  
https://doi.org/10.1186/s12953-024-00234-z

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Proteome Science

NEK10 kinase ablation affects mitochondrial 
morphology, function and protein 
phosphorylation status
Andressa Peres de Oliveira1,2, Claudia D. C. Navarro3, Pedro Rafael F. Dias1, Tania Arguello2, Brittni R. Walker2, 
Sandra R. Bacman2, Lizandra Maia Sousa4, Roger F. Castilho3, Sílvio R. Consonni4, Carlos T. Moraes2* and 
Jörg Kobarg1* 

Abstract 

Background  NEK10, a serine/threonine/tyrosine kinase belonging to the NEK (NIMA-related kinases) family, has been 
associated with diverse cellular processes. However, no specific target pathways have been identified. Our previous 
work knocking down NEK10 in HeLa cells suggested a functional association with mitochondria, as we observed 
altered mitochondrial morphology, mitochondrial oxygen consumption, mtDNA integrity, and reactive oxygen spe-
cies levels.

Methods  To better understand this association, we studied human HAP1 cells fully knockout for NEK10 and con-
firmed that NEK10 has an important role in mitochondrial homeostasis.

We performed the study of mitochondrial respiration, mitochondrial morphology, mitochondrial mass, and mtDNA 
analysis. Additionally, we showed proteome and phosphoproteome data of crude mitochondrial fraction of Parental 
and NEK10 KO cells using liquid chromatography-mass spectrometry (LC–MS/MS).

Results  In the absence of NEK10 several mitochondrial functions were disturbed. Moreover, proteome and phos-
phoproteome analyses of mitochondrial fractions showed that NEK10 alters the threonine phosphorylation sta-
tus of several mitochondrial/endoplasmic reticulum components, including HSP60, NDUFB4, and TOM20. These 
changes impacted the steady-state levels of a larger group of proteins, preferentially involving respiratory complexes 
and autophagy pathways.

Conclusion  We concluded that NEK10 plays a key role in mitochondrial function, possibly by modulating the phos-
phorylation status of mitochondrial proteins.
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Introduction
By screening genetic factors that influence cell divi-
sion in Aspergillus nidulans, Oakley and Moris identi-
fied the NIMA protein (encoded by never-in-mitosis 
gene A), which is the founding kinase of the NEK fam-
ily (NIMA-related kinases). Human cells express eleven 
genes that encode NEK1 to NEK11 proteins [1, 2]. These 
NEK kinases were found to have important roles in mito-
sis and meiosis, primary ciliary, DNA damage response, 
centrosome organization, and splicing, among other 
functions. Additionally, NEKs are associated with several 
diseases [1, 2].

Mitochondrial homeostasis is modulated by several 
members of the NEK family, including NEK1 [3–5], 
NEK2 [6], NEK4 [7], NEK5 [8, 9], and NEK10 [10]. 
Besides energy production, mitochondria are involved 
in several cellular pathways, including Ca2+ homeosta-
sis, cell death, aging, metabolic signaling, and chronic 
inflammation. Disruptions in mitochondrial homeostasis 
have been shown to contribute to metabolic disorders, 
neurodegeneration, and cancer [11].

Notably, the mammalian NEK10 is a serine/threonine/
tyrosine kinase with a molecular weight of 133 kDa [1, 2], 
however, a shorter isoform (80  kDa) enriched in mito-
chondria has been reported [10]. NEK10 has a kinase 
domain in the center of the protein. It also contains a 
coiled-coil region, located near the kinase domain, and 
four armadillo motifs at the amino-terminal regulatory 
domain, which probably act in protein–protein interac-
tions [1, 2]. Previous studies of NEK10 showed a role in 
ciliogenesis and ciliopathy and maintenance of the G2/M 
checkpoint following ultraviolet (UV) irradiation [12]. In 
addition, NEK10 kinase was reported to phosphorylate 
p53 [13] and the ryanodine receptor (RYR1) in the endo-
plasmic reticulum of muscle cells [14].

We have previously shown that the knockdown of 
NEK10 using siRNA in HeLa cells was associated with 
mitochondrial abnormalities [10]. In this study, we inves-
tigated a human haploid HAP1 cell line with a complete 
knockout of the Nek10 gene. We confirmed defects in 
mitochondrial structure and function but also found that 
NEK10 phosphorylation regulates several mitochon-
drial proteins, which affects mitochondrial homeostasis 
and the levels of respiratory complexes and autophagy 
factors.

Material and Methods
Cell lines
The HAP1 cells are a near-haploid human cell line 
derived from the KBM-7 chronic myelogenous leukemia 
(CML) cell line (Horizon Cat #C631). The HAP1 Paren-
tal (Control) and NEK10 KO (Knockout) haploid cells 
were produced by CRISPR/Cas9 and obtained from New 

Horizon/Perkin (line HZGHC002995c011). The NEK10 
gene was edited by CRISPR/Cas9 by New Horizon/
Perkin Elmer. This specific region is a highly conserved 
nucleotide sequence among the NEK10 isoforms. The 
target transcript is NM_199347.

The Guide RNA Sequence are: TGC​TTG​ATT​GGA​
CGT​TCA​AA;

PCR Forward: CAG​AGA​AAC​AGC​CAG​ATG​AAG​
AAA​G;

PCR Reverse: GTG​CTT​ACT​GAA​ACA​TCT​GGT​CAT​
T.

The NEK10 KO cells have a 35 bp (base pair) removal 
in the NEK10 KO gene compared with control cells 
(Parental) (see Supplemental Fig.S1).

For cell maintenance, Dulbecco’s modified IMDM 
medium was used in the presence of 10% fetal bovine 
serum and antibiotics [1  ml fungizone (ampho-
tericin, cat#15,290–018) and 300  µl Gibco gentamicin 
(cat#15,750–060) per 500 ml of media]. For HAP1 cells, 
in our experiments, we considered early cell passages less 
or equal to 25 cell passages and late cell passages more 
than 25 cell passages.

The human HeLa cell line was obtained from the ATCC 
and maintained as recommended. For cells maintenance, 
was used Dulbecco’s modified DMEM medium in the 
presence of 10% fetal bovine serum and antibiotics [1 ml 
fungizone and 300 µl gentamicin per 500 ml of media].

For NEK10 knockdown we used a lentiviral system of 
short interfering RNAs (shRNAs): (shNEK89: 5’-CAT​
TGC​CAG​AAC​ACA​TTA​TAT-3’; shNEK90: 5’GCC​TCG​
TCC​AGA​TAT​TGT​AGAA-3’). The pLKO.1 empty vec-
tor was used as a control (pLKO.1) and the shRNAs 
were obtained from the RNAi Consortium (TRC, IRB-
Barcelona, Spain). Lentiviruses carrying shRNAs were 
produced and collected at the Laboratory of Viral Vec-
tors (LVV, LNBio / CNPEM-Campinas, SP, Brazil). Len-
tiviruses were transduced in HeLa cells in the presence 
of 1 μg/ml of polybrene and a complete medium for 24 h. 
For selection, was used puromycin (Sigma-Aldrich, St. 
Louis, MO, USA) at 3 µg/ml.

Oligonucleotides and Probes
For NEK10 knockout test—NEK10 F2 5’- TGT​TAT​TCT​
CTC​TCC​TAG​GG—3’; NEK10 F1 5’-CAT​TGT​GTT​ATT​
CTC​TCT​CC -3’; NEK10 B2 5’- AGA-TAT​GTT​AAA​TGG​
AGCCC-3’; NEK10 B1 5’- GAG​CCC​TTT​GGA​AAC​ATA​
T—3’.

For Mycoplasma test – MycoFoward 5’-GTA​ATA​CAT​
AGG​TCG​CAA​GCG​TTA​TC-3’; MycoReverse5’-CAC​
CAT​CTG​TCA​CTC​TGT​TAA​CCT​C-3’.

For TaqMan-real time PCR of mtDNA quantifica-
tion- ND1 Forward 5’-GAA​GTC​ACC​CTA​GCC​ATC​
ATTC-3’; ND1 Reverse 5′-GCA​GGA​GTA​ATC​AGA​GGT​
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GTTC -3′; Probe ND15′-/5TET/AAG​GGT​GGA/ZEN/
GAG​GTT​AAA​GGA​GCC/3IABkFQ/-3. COI Forward 
5′-TTC​TGA​CTC​TTA​CCT​CCC​TCTC-3′; COI Reverse 
5′-TGG​GAG​TAG​TTC​CCT​GCT​AA-3′; Probe COI 
5′-/56FAM/TCC​TAC​TCC/ZEN/TGC​TCG​CAT​CTG​
CTA/3IABkFQ/-3′. Actin Forward 5′-GTC​ACC​GGA​
GTC​CAT​CAC​-3′; Actin Reverse 5′-GCC​ATG​TAC​GTT​
GCT​ATC​CA-3′, Probe Actin 5′-/5Cy5/TGC​CAG​TGG​
TAC​GGC​CAG​AG/3IAbRQSp/-3 [15].

Antibodies
Western blotting: Anti-NEK10 goat polyclonal (D-17; 
Santa Cruz Biotechnology cat#sc-103067); rabbit anti-
ATAD3B (1:1000 Proteintech 16,610–1-A); mouse anti-
total phosphothreonine (1:1000 Cell Signaling (42H4) 
8954); mouse anti-total phospho serine Arg-X-Tyr/Phe-
X-pSer (1:1000 Cell Signaling 2981); rabbit anti-total 
phospho Tyrosine (1:1000 Cell Signaling P-Tyr-1000 
8954S); rabbit anti-HSP60 (1:1000 Cell signaling D6F1); 
mouse anti-TOM20 (1:1000) Santa Cruz SC17764; mouse 
anti-tubulin A (1:1000 Protein Tech 66,031–1); rabbit 
Anti-AIF (1:1000 Cell Signaling D39D2); mouse anti-
complex III UQCRC2 (1:1000 Abcam ab14745); mouse 
anti-complex I NDUFA9 (1:1000 Abcam ab14713); 
mouse anti-SDHA (1:1000 Abcam ab 14,715); mouse 
anti-ATP5A (1:1000 Abcam abI5H4C4).

Immunoprecipitation: rabbit anti-TOM20 (1:2000 Cell 
Signaling D39D2); rabbit anti-HSP60 (1:2000 Cell sign-
aling D6F1); rabbit anti-ATAD3B (1:2000 Proteintech 
16,610–1-A).

Immunocytochemistry: rabbit anti-TOM20 (1:200 Cell 
Signaling D39D2); rabbit Anti-AIF (1:200 D39D2 Cell 
Signaling); Alexa Fluor anti-rabbit 488 (1:250 Invitrogen).

OXPHOS Reagents
Oligomycin, FCCP, antimycin A, and rotenone were 
supplied by the Seahorse OCR assay kit. Sodium pyru-
vate, glutamine, and glucose were obtained from Sigma/
Aldrich.

Fluorescent Dyes
MitoBright Deep Red- MitoBright LT dyes MT10 
(Dojindo Bio) are designed to be retained in the mito-
chondria for long-term visualization and it is not 
dependent on a strong membrane potential. TMRM—
The MitoProbe TMRM Assay Kit M20036 contains 
tetramethylrhodamine methyl ester for detecting the 
mitochondrial membrane potential state (Thermofisher 
Scientific Inc.). MitoSox—MitoSOX Red super-oxide 
indicator M36008 (Thermofisher Scientific Inc.)

Zeocin Treatment
Cells were treated with 300 µg/ml zeocin for 3 h in cul-
ture medium, followed by 3 h recovery.

Genotyping the HAP1 NEK10 knockout cells by PCR
For each reaction, was added 5 μl of 10 × reaction buffer 
(Green Reaction Buffer Thermo Scientific); 20  ng of 
plasmid DNA; 1  µl of each oligonucleotide (10  µM); 
1  µl dNTP (10  mM); 0.5  μl of Dream Taq polymer-
ase (Thermo Scientific) and volume adjusted to 50  μl 
with MilliQ water. For the PCR reaction, the follow-
ing parameters were used: 1 cycle of 95ºC for 1  min, 
33 cycles of 95ºC for 30  s; 55  °C for 30  s; and 72ºC 
for 1  min/ plasmid kb, and finally, 1 cycle of 72ºC for 
15  min. PCR products were analyzed is a 12% poly-
acrylamide DNA gel, electrophoresed in TBE buffer 
(Tris/Borate/EDTA, pH 8.0).

Mitochondrial respiration analysis
For HAP1 cells (Parental and NEK10 KO), we used the 
Seahorse XFp Analyzer (Agilent, CA), which measures 
extracellular O2 through fluorescence sensors. Cells were 
plated in XFp Seahorse-specific plates. The phenol-free 
Seahorse XF medium was supplemented with 10  mM 
glucose, 2  mM glutamine, and 1  mM sodium pyruvate. 
Inhibitors were used at the following concentration: 
1 µM oligomycin; 1.5 µM FCCP; 0.5 µM antimycin/rote-
none. The results were analyzed on Seahorse Wave Desk-
top Software 2.6.1.

For HeLa cells (pLKO, sh89, and sh90), was used the 
Seahorse XF24 Analyzer (Agilent, CA). Cells were plated 
in XF24 Seahorse-specific plates. DMEM medium with-
out phenol was supplemented with 25 mM glucose and 
4  mM glutamine. Inhibitors were used at the following 
concentration: 1  µM oligomycin; 500  nM FCCP; and 
1  µM antimycin/rotenone for mitochondrial respiratory 
analyses. The results were analyzed on Seahorse Wave 
Desktop Software 2.6.1. Quantification of OCR values 
subtracted non-mitochondrial oxygen consumption 
values.

Transmission Electron Microscopy (TEM)
The HAP1 cells (Parental and NEK10 KO) or HeLa cells 
(pLKO, sh89, and sh90) cells were plated in 6-well plates. 
On the next day, cells were fixed with 2.5% glutaralde-
hyde in 0.1 M sodium cacodylate and 3 mM CaCl2 buffer 
for 5 min at room temperature, followed by a 1 h incu-
bation on ice. After fixation, the samples were washed 
three times in 0.1 M sodium cacodylate and 3 mM CaCl2 
buffer and post-fixed with 1% osmium tetroxide with 
0.8% potassium ferrocyanide in 0.1 M sodium cacodylate 
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buffer (pH 7.4), for 30 min, and then block stained with 
2% uranyl acetate on ice-cold overnight.

The cells were dehydrated with ethanol at 4ºC and infil-
trated in Epon resin. After four changes of resin solution, 
a fifth change of resin was performed and immediately 
placed in a vacuum oven at 60 ◦C to be polymerized for 
72 h.

Ultrathin sections were cut with a Leica Ultracut 
microtome, stained with 2% uranyl acetate and Reyn-
olds lead citrate, and examined in a Tecnai G2 Spirit 
BioTWIN (FEI Company, Hillsboro, OR, USA). Supple-
mental figures were obtained with a LEO 906-Zeiss trans-
mission electron microscope at an accelerating voltage of 
60 kV. TEM was performed at the Electron Microscopy 
Laboratory of the Institute of Biology at the University 
of Campinas. Mitochondrial morphology analysis was 
performed using Image J2 software. Cristae number was 
quantified as the number cristae segments spanning the 
matrix. The statistical analyses were performed with 
GraphPad Prism, and t-test or one-way ANOVA depend-
ing on the number of groups. Tukey’s test was employed 
for post hoc analysis.

Immunocytochemistry
Parental and NEK10 KO cells were plated in 24-well 
plates with coverslips previously sterilized with UVC. 
When the cells reached 70% confluence, immunocyto-
chemistry was performed. The cells were fixed with 4% 
paraformaldehyde for 20 min at room temperature. Cells 
were washed with PBS 2 × rapidly. After that, the cells 
were permeabilized with 0.1% Triton X-100 and again, 
washed with PBS for 2 × quickly. Cells were blocked with 
2% BSA for 10 min at room temperature. The coverslips 
with cells were incubated with a primary antibody (anti-
AIF or anti TOM20) diluted in 0.2% BSA for 45  min at 
room temperature in a humid chamber. The cells were 
washed twice with PBS for 5  min, each wash. The cells 
were incubated with a specific secondary antibody for 
immunofluorescence diluted in 0.2% BSA for 45  min 
at room temperature in a humid chamber. Cells were 
washed twice with PBS for 5 min each. Coverslips were 
overlaid on slides with EverBriteTM Mounting Media 
with DAPI (Biotium Cat#23,004). The AIF immunofluo-
rescence intensity was obtained by the Image J2 Software.

Flow Cytometry
For flow cytometry analysis, Parental and NEK10 KO 
cells were plated in 6-well plates one day before. On the 
day of the procedure, cells were treated or untreated 
(assay negative control). For mitochondrial membrane 
potential analysis was used 20  nM MitoProbe TMRM. 
For mitochondrial mass analysis was used 0.1  µmol/l 
MitoBright Deep Red. For mitochondrial superoxide, 

analysis was used 5 µM MitoSox and 20 µM Antimycin 
A. Cells were washed 1 × with PBS, trypsinized, and the 
cell pellets were washed 2 × with PBS. Cells were resus-
pended in 400  µl PBS with 2% fetal bovine serum and 
analyzed on the BD FACSAria TM Ilu Special Order 
System. For each analysis, were collected 50.000 events. 
The data were analyzed with the software FCS Express 7 
at the Flow Cytometry Core at the University of Miami, 
Miller School of Medicine.

Real‑Time qPCR
To determine the total levels of mtDNA present in the 
samples, we performed qPCR using TaqMan reagents 
(PrimeTime Std qPCR Assay, Integrated DNA Technol-
ogies). Samples were analyzed on the BioRad CFX96/
C1000 qPCR instrument. The comparative cycle thresh-
old (Ct) method was used to determine relative values, 
and total mtDNA levels were determined by comparing 
mtDNA ND1 (TET) or COX1 (FAM) with genomic DNA 
actin (Cy5). For the real-time cycle, the following proto-
col was used: 95º. C for 3 min at 95°. C for 0.15 min and 
60°. C for 1 min for 39 cycles [15].

Crude Mitochondrial Fractionation
Parental and NEK10 KO cells in different passages were 
plated in six 175 cm2 flasks four days before the crude 
mitochondrial fractionation assay. On the day of the pro-
cedure, the cells were washed twice with PBS (1 × Phos-
phate Buffered Saline—pH 7.4) and trypsinized. The 
pellet was washed twice with 1 × chilled PBS, and the 
cells were kept at 4  °C. The pellet was resuspended in 
T-K-Mg solution [10 mM Tris–HCl pH 7.0; 10 mM KCl; 
0.15  mM ice-cold MgCl2] containing protease inhibi-
tors (cOmplete™ Protease Inhibitor Cocktail Sigma/
Roche®) and phosphatase inhibitors (PhosStop Sigma/
Roche®) and left on ice for 5  min. Cells were homog-
enized with 60 strokes in a mechanical homogenizer for 
cell lysis. Sucrose and Tris–HCl pH 7.0 were added to 
the homogenate for a final concentration of 0.25 M and 
10 mM, respectively. Cells were centrifuged at 1500 g for 
3 min at 4  °C to obtain the nucleic fraction. The super-
natant was centrifuged at 8000  g for 10  min at 4ºC to 
obtain the cytoplasmic fraction (supernatant) and the 
mitochondrial fraction (pellet). Depending on the pro-
cedure, the mitochondrial fraction was resuspended 
in solution A [20  mM Tris HCl p7.2; 0.25  M sucrose; 
40 mM KCl; 2 mM EDTA] to be kept at -80º C or lysed 
with RIPA buffer [30 mM HEPES, pH 7.4,150 mM NaCl, 
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate, 5 mM EDTA, (cOmplete™ Pro-
tease Inhibitor Cocktail Sigma/Roche®) and phosphatase 
inhibitors (PhosStop Sigma/Roche®)] for LC–MS/MS 
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experiments, or lysed with Cell Signaling Lysis Buffer for 
immunoprecipitation assays.

DNA Extraction
Parental and NEK10 KO cells were grown in T-25 flasks 
for two days, washed 2 × with PBS, trypsinized, and cen-
trifuged at 1000 × g for 10  min, and the pellet was used 
for DNA extraction. The NucleoSpin Tissue XS kit from 
Macharey-Nagel Ref # 740,901.250 was used. The DNA 
extraction protocol was followed according to the manu-
facturer’s specifications.

Mycoplasma test
Parental and NEK10 KO cells were grown in T-25 flasks 
for 5  days with antibiotic-free IMDM medium, washed 
2 × with PBS, trypsinized, and centrifuged at 1000 × g 
for 10 min and the pellet was used for DNA extraction. 
After DNA extraction, the PCR reaction described below. 
For each reaction was added 1 μl of 10 × reaction buffer 
(Green Reaction Buffer Thermo Scientific); 0.5 μl of each 
oligonucleotide (Myco F and R 10  μM); 1.6  µl of dNTP 
(10 mM); 0.1 μl of Dream Taq polymerase (Thermo Sci-
entific) and the volume adjusted to 10  μl with MilliQ 
water. The following parameters were used: 1 cycle of 
95ºC for 5 min, 32 cycles of 95ºC for 30 s; 65 °C for 1 min; 
and 72  °C for 1  min/ plasmid kb, and finally, 1 cycle of 
72 °C for 5 min.

Analysis of Liquid Chromatography—Mass Spectrometry 
(LC‑M/MS)
The protocol below was used at the Proteomics Core of 
the University of Florida in Jupiter, FL, USA. The statisti-
cal analysis and graphs were performed at the University 
of Miami.

Quantitative analysis of the TMT pro-6plex experi-
ment was performed simultaneously with protein iden-
tification using Proteome Discoverer 2.5 (PD) software. 
The precursor and fragment ion mass tolerances were 
set to 10  ppm, and 0.6  Da, respectively); the enzyme 
was Trypsin with a maximum of 2 missed cleavages and 
FASTA files for Uniprot Human (UP000005640, down-
loaded on 9/14/2020) proteome, and common contami-
nants were used in SEQUEST searches. The impurity 
correction factors obtained from Thermo Fisher Scien-
tific for the TMT 6plex kit were included in the search 
and quantification. The following settings were used to 
search the non-enriched sample data; dynamic modi-
fications; Oxidation / + 15.995  Da (M), Deamidated 
/ + 0.984  Da (N, Q), N-Terminal modification of Acetyl 
/ + 42.011 Da (N-Terminus), Met-loss / -131.040 Da (M), 
Met-loss + Acetyl / -89.030  Da (M) and static modifica-
tions of TMTpro / + 304.207 Da (Any N-Terminus, K) and 
MMTS + 45.988  Da (C). Only unique + Razor peptides 

were considered for quantification purposes. The per-
colator feature of PD was used to set a false discovery 
rate (FDR) of 0.01. The samples were normalized using 
the “Total Peptide Amount” option at PD2.5. The pro-
tein Abundance Based method was used to calculate the 
protein level ratios. Co-isolation threshold and SPS Mass 
Matches threshold were set to 50 and 65, respectively.

The following settings were used to search the phos-
pho-enriched data; dynamic modifications; Oxida-
tion / + 15.995 Da (M), Deamidated / + 0.984 Da (N, Q), 
Phospho / + 79.966  Da (S, T, Y), N-Terminal modifica-
tion of Acetyl / + 42.011  Da (N-Terminus), Met-loss / 
-131.040 Da (M), Met-loss + Acetyl / -89.030 Da (M) and 
static modifications of TMT6plex / + 229.163 Da (N-Ter-
minus, K), MMTS / + 45.988 Da (C). Only unique + Razor 
peptides were considered for quantification purposes. 
The percolator feature of Proteome Discoverer 2.5 was 
used to set a false discovery rate (FDR) of 0.01. IMP-
ptmRS node (Taus et  al. 2011) was used to calculate 
probability values for each putative phosphorylation site. 
The “Total Peptide Amount” normalization method was 
used to adjust for loading bias, and non-phosphorylated 
peptides were excluded from normalization and ratio 
calculation. The protein Abundance Based method was 
used to calculate the protein level ratios. Co-isolation 
and SPS Mass Matches thresholds were set to 50 and 0, 
respectively.

At the peptide level, peptide isoforms were defined 
by the Peptide Isoform Grouper node that summarized 
PSMs that share the same sequence and modifications. 
Phosphopeptide isoforms (PI) were further evaluated by 
removing not quantified or not phosphorylated PIs. At 
the peptide and protein levels, phospho-enriched and 
non-enriched samples were analyzed using the following 
statistical method. Contaminant proteins/peptides were 
excluded from the data set, and signal/noise values were 
normalized using log2 transformation. Statistical analysis 
was performed using paired T-Test with GraphPad Prism 
version 9.5 (Graph Pad Software, San Diego, CA, USA). 
Proteins changes with p-value < 0.05 were considered 
significant.

Immunoprecipitation
To perform immunoprecipitation, the mitochondrial 
pellet was lysed with cell lysis buffer (Cell Signaling®) 
containing protease inhibitors (cOmplete™ Protease 
Inhibitor Cocktail Sigma/Roche®) and phosphatase 
inhibitors (PhosStop Sigma/Roche®). The mitochondrial 
pellet was incubated with a specific primary antibody at 
a dilution of 1:2000. After 1  h on the shaking platform 
at 4  °C, G-Sepharose was added, followed by 1 h on the 
shaking platform at 4  °C. The G-Sepharose-Ac-protein 
complexes were obtained by centrifugation, washed with 
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lysis buffer for 5x, and the proteins extracted with Lae-
mmli buffer and analyzed by Western Blotting.

Western Blotting
Protein concentrations were measured with Bio Rad’s 
DC Protein Assay reagent. Proteins were added to 10% 
Mini-PROTEAN® TGX™ Precast Protein Gels, 10-well, 
50 µl #456,103, and transferred to Trans-Blot Turbo Mini 
0.2  µm PVDF Transfer Packs #1,704,156, the transfer 
was carried out in Trans-Blot Turbo Transfer System. 
Immunoblot analysis was performed with primary anti-
bodies diluted in a blocking solution (2% bovine serum 
albumin and 0.02% sodium azide in PBS-buffered saline). 
Protein bands were detected with peroxidase-conjugated 
antibodies and visualized by ECL chemiluminescence 
(Amersham). The images were acquired with ChemiDoc 
MP Imaging System. The intensity of the bands were 
obtained by the Image J2 Software [16].

Pathway analyses
The pathway analyses (Reactome and GO [Gene Ontol-
ogy] Biological Processes) of phosphoproteins and non-
phosphoproteins were performed using the online tool 
Enrichr 27 [17] available at https://​maaya​nlab.​cloud/​
Enric​hr. Enrichr analyses gene sets in several ontology 
databases.

Statistical analysis
Statistical analysis was performed using One-Way 
ANOVA, followed by Tukey’s or Dunnett’s Multiple Com-
parison Test, or the paired or unpaired T-Test. GraphPad 
Prism version 9.5 (Graph Pad Software, San Diego, CA, 
USA) was used for statistical analysis and graph design. 
The statistical analysis is shown in Mean with SD or 
with SEM and represented by * when it is considered 
significant, where p-value < 0.05 = *, p-value < 0.01 = **, 
p-value < 0.001 ***, and p-value < 0.0001 = ****.

Results
Genetic characterization of NEK10 Knockout cells
To confirm the Nek10 gene knockout in a HAP1 haploid 
human line, specific oligonucleotide primers (Forward: 
F1, F2, and Reverse: B1, B2) were designed to amplify 
approximately 150 bp of the NEK10 exon 4 that includes 
the 35 bp deleted region. We expected to amplify approx-
imately 150  bp fragments from the Parental cell’s DNA 
and fragments that were 35 bp shorter than the NEK10 
KO cell’s DNA. The amplification and analyses confirmed 
the expected gene deletion in the NEK10 KO cells (Sup-
plemental Figures S1B-C).

Finally, we performed a western blot using a NEK10-
specific antibody. As expected, NEK10 was only observed 
in the parental Hap1 line (Supplemental Figures S1D).

Mitochondrial respiration is decreased in NEK10 KO cells
To study the mitochondrial respiration of Parental and 
NEK10 KO cells we measured oxygen consumption rate 
(OCR) using a Seahorse XFp Analyzer (Fig. 1). The data 
were obtained after three independent experiments each 
one in triplicate. As we have only one NEK10 KO line, we 
used different cell passages as surrogates for biological 
replicates. Our results indicate that the NEK10 knockout 
in HAP1 cells strongly impairs mitochondrial respiration 
(Fig. 1A). Both basal and maximal OCR were decreased 
in the NEK10 KO cells (Figs. 1B-C). The fraction of OCR 
that was inhibited by oligomycin inhibition, which is 
an indirect estimation of ATP synthesis capacity (ATP-
linked OCR), was also decreased in the NEK10 KO cells 
(Fig. 1E). OCR related to proton leak and spare respira-
tory capacity were not significantly different (Figs. 1D, F).

To complement this data, we also measured mitochon-
drial OCR in HeLa NEK10-knockdown cells (with the 
previously described stable shRNAs:sh89 and sh90) [10], 
and respective control.

The data presented in Supplemental Figure S2 were 
obtained for four biological replicates (n = 4) in quadru-
plicate. We used each replicate from a different cell pas-
sage. Supplemental Figures S2A-C show that the NEK10 
depletion in HeLa cells compromised mitochondrial res-
piration. Basal and maximal OCR were lower for both 
NEK10 shRNA lines, but reached significance only for 
sh90 cells (Suppl. Fig S2D), which has a stronger knock-
down [10]. OCR related to proton leak (Supp Fig S2E), 
ATP-linked OCR (Suppl. Fig S2F), and respiratory spare 
capacity (Suppl. Fig S2G) were also decreased in the sh90 
NEK10 knockdown line. The magnitude of the changes 
in the two systems was similar, and intrinsic differences 
between HeLa and HAP1 could explain small variations.

HAP1 NEK10 KO cells have morphologically abnormal 
mitochondria
The decreased mitochondrial respiration of NEK10 
knockout cells led us to investigate their mitochondrial 
morphology. Transmission electron microscopy (TEM) 
revealed changes in mitochondrial morphology in the 
HAP1 NEK10 KO cells (Fig. 2). The criteria used to clas-
sify the morphology were the mitochondrial shapes: 
spherical/fragmented (< 0.6  μm), or elongated/regular 
(≥ 0.6  μm) [10, 18]. Representative images for each cell 
(Parental and NEK10 KO) are shown in Fig. 2A and B.

We observed an increase in the number of spheri-
cal/fragmented mitochondria (red arrows) in NEK10 
KO cells compared to the control cells, which showed 
more elongated mitochondria (green arrows) (Fig. 2A, 
B, G, and H). Figures 2C-D summarize the morphologi-
cal analysis. The data indicate a prevalence of elongated 
mitochondria in Parental cells, as 86% are elongated/

https://maayanlab.cloud/Enrichr
https://maayanlab.cloud/Enrichr
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regular and only 14% are spherical/fragmented mito-
chondria. On the other hand, the NEK10 KO cells show 
60% elongated and 40% spherical mitochondria (Fig. 2C 
and D). The mitochondrial length (Fig. 2E), mitochon-
drial width (Fig.  2F), the surface of the mitochondrial 
area (Fig.  2G), and the number of mitochondrial cris-
tae per mitochondrion (Fig. 2H) were also analyzed. We 
observed bigger mitochondria in Parental cells with an 
area, length, width, and cristae numbers higher than 
the mitochondria of NEK10 KO cells. Also, we found 
an increase in mitochondria number per cell area 
(Figs. 2A-C: 291 in KO vs. 161 in WT).

In addition to HAP1 cells, we also performed a simi-
lar analysis with the shRNA-depleted HeLa lines. Sup-
plemental Figures  S3A-C, illustrate images taken in 
TEM. In agreement with the NEK10 KO results, we 
observed elongated mitochondria in control cells with 
an area, length, width, and cristae number higher than 
the mitochondria of NEK10-knockdown cells. NEK10-
knockdown cells have a larger number of spherical 
mitochondria compared to the control cells.

Supplemental Figure S3D-G shows that mitochondrial 
length (Suppl. Fig S3D), mitochondrial width (Suppl. Fig 
S3E), the surface of the mitochondrial area (Suppl. Fig 
S3F), and the number of mitochondrial cristae per mito-
chondrion (Suppl. Fig S3G) were consistently reduced in 
the NEK10 knockdown cells. The table in Suppl. Fig S3H 
summarizes the data. The results are similar to those 
observed for the HAP1 NEK10 KO cells, indicating a 
prevalence of elongated mitochondria in control cells, 
87% are elongated in control cells (pLKO) whereas only 
46–54% are elongated in the NEK10 depleted cells (Supp 
Fig S3H). The combined data of HeLa NEK10 knock-
down and HAP1 KO cells strongly indicate that NEK10 
kinase influences mitochondrial morphology in at least 
these two different cell types.

We also analyzed mitochondrial morphology by con-
focal microscopy using two different markers. Com-
paring Parental cells (Fig.  3A) with NEK10 KO cells 
(Fig.  3B), we found an increased Apoptosis-inducing 
factor (AIF) intensity signal in NEK10 KO cells, which 
agrees with the higher mass found in the NEK10 KO 

Fig. 1  Mitochondrial respiration of Parental and NEK10 KO cells. In A) The graph shows the OCR (Oxygen Consumption Rate) of Parental cells (in 
the blue line) and NEK10 KO cells (in the red line) by times in minutes. The black arrows show the time when the inhibitors were added with their 
respective concentration. B The graph shows the basal respiration of Parental and NEK10 KO cells. In C) Maximal OCR. D OCR related to proton leak. 
E ATP-linked OCR. F Spare Respiratory Capacity. Values were normalized by total proteins in µg/µl. The graphs show the results of 3 independent 
experiments (n = 3) in triplicate (3 different cell passages). The data was obtained with Seahorse XFp Analyzer – Agilent equipment and analyzed 
at Seahorse Wave desktop software. The statistical analyses were performed with GraphPad Prism and used the paired T-test * = p < 0.05. The graphs 
are shown in mean ± SD
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cells. The higher intensity signal in NEK10 KO cells was 
confirmed by quantification in ImageJ2 [16] (Fig.  3E). 
In addition to AIF, the expression of the TOM20 pro-
tein was also analyzed. As shown in Figs.  3C-D) there 
was a difference in the mitochondrial morphology 
between both cells. The NEK10 KO cells (Fig. 3D) show 
more distinct bright punctate signals (white arrows). 

Although there was a small apparent increase in the 
fluorescent signal of TOM20, proteome and western 
blot analysis (described below) showed that TOM20 
was actually reduced in the Nek10 KO. We believe that 
this discrepancy is due to the fact that the TOM20 ICC 
signal is more condensed in the Nek10 KO, producing 
brighter spots. On the other hand, the signal is more 
diffuse in the control.

Fig. 2  Morphological analysis of mitochondria in HAP1 Parental and NEK10 KO cells by Transmission Electron Microscopy (TEM). Panel A shows four 
representative micrographs of the mitochondria of the Parental cells; and panel B shows four representative pictures of the mitochondria of NEK10 
KO cells. The green arrows mark examples of normal/elongated mitochondria, whereas the red arrows mark examples of fragmented/spherical 
mitochondria. In total, 14 micrographs were analyzed for Parental cells and 15 images for NEK10 KO cells. A total of 161 mitochondria from Parental 
cells and 291 mitochondria from NEK10 KO cells were analyzed. C graph showing the mitochondrial length (size in µm); D) mitochondrial width 
(width in µm); E) mitochondrial area (area in µm2); F) number of mitochondrial cristae per mitochondrion. The mitochondrion was classified 
based on their mitochondrial morphology: spherical (< 6 μm), or elongated (> = 6 μm) (panels G and H). p-value < 0.05 = *, p-value < 0.01 = **, 
p-value < 0.001 ***, and p-value < 0.0001 = ****. The graphs are shown in Mean ± SEM
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Higher signals of membrane potential‑dependent dyes 
suggest increased mitochondrial mass in HAP‑1 cells 
lacking NEK10
Mitochondrial mass was accessed by flow cytometry 
using MitoBright Deep Red, which is not dependent on 
membrane potential for retention [19, 20]. Figure  4A 
shows that NEK10 KO cells (red line) have a higher 
median fluorescence intensity than Parental Cells (blue 
line), suggesting an increase in mitochondrial mass in 
NEK10 KO cells.

A second analysis, using a mitochondrial membrane 
potential-dependent dye (TMRE) was also performed 
by FACS. Figure  4B shows that NEK10 KO cells have 
a higher median fluorescence intensity than Paren-
tal cells, which could be explained by the increased 
mitochondrial mass. This class of dye was used in 
“non-quenching mode” [21], as fluorescence inten-
sity is reduced after FCCP treatment, an uncoupler 
that dissipates the mitochondrial membrane poten-
tial [22] (Suppl. Figure S4). Mitochondrial superox-
ide was measured (with MitoSOX) at baseline and 
after treatment with antimycin A, which stimulates 
superoxide production [23]. Figure  4C shows that the 
NEK10 KO cells have a higher median fluorescence 
intensity than Parental cells both at baseline and after 
AA treatment (Fig.  4D), which could be the result of 
increased mitochondrial mass as respiration was found 
to be decreased. However, we cannot rule out that the 
increased uptake of these dyes is the result of other 
inner membrane abnormalities.

Mitochondrial DNA levels are reduced in NEK10 KO 
after a DNA‑damaging treatment.
As described above, our data suggested increased mito-
chondrial mass in NEK10 KO, but this was not reflected 
by increased mtDNA (Fig.  4E-F). Next, we investigated 
the influence of NEK10 on the mtDNA integrity after 
genotoxic stress promoted by zeocin treatment. The 
mtDNA of Parental and NEK10 KO cells (zeocin treated 
or not) was quantified by qPCR.

Zeocin is an antibiotic of the bleomycin class that 
causes double breaks in DNA [24, 25]. For this experi-
ment, early and late passages were used for both cells 
(Parental and NEK10 KO cells). We quantified the mito-
chondrial gene COX1 (Fig.  4E) and the mitochondrial 
gene ND1 (Fig.  4F). MtDNA levels were determined by 
qPCR comparing mtDNA ND1 (TET) or COX1 (FAM) 
to the nuclear gene actin (Cy5) (see methods). The data 
showed a decrease in mtDNA levels in NEK10 KO cells 
compared to Parental cells upon zeocin treatment. This 
is in agreement with our previous work with HeLa cells, 
in which we found that the NEK10 knockdown decreased 
mtDNA integrity and increased the mtDNA damage 
after treatment with zeocin [10].

Phosphoproteome and Proteome analyses support a direct 
effect of NEK10 in mitochondria
The phosphoproteome and the proteome of crude mito-
chondrial fractions of Parental and NEK10 KO cells were 
analyzed by liquid chromatography-mass spectrometry 
(LC–MS/MS). The objective was to verify if the NEK10 

Fig. 3  Analysis of AIF and TOM20 protein expression of Parental and NEK10 KO cells by confocal microscopy. In panels, A and C show the Parental 
cells. Panels, B and D show the NEK10 KO cells. Panels A-B show AIF in green and the nuclear dye DAPI in blue. Panels C-D show TOM20 in green 
and the nuclear dye DAPI in blue In E and F, the graphs show the immunofluorescence intensity signal obtained by the Image J2 software [16]. 
Statistical analyses were performed with GraphPad Prism employing the unpaired t-test, where p-value < 0.05 = *, and p-value < 0.001 ***. The 
graphs show Mean ± SD. The images were obtained with the same intensity and brightness settings using a Leica Stellaris 5 confocal microscope
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knockout would interfere with the phosphorylation and 
overall expression of mitochondria and the endoplasmic 
reticulum (ER) proteins. ER is closely associated with 
mitochondria at contact sites known as mitochondria-
associated membranes (MAMs) [26].

The procedure to isolate crude mitochondrial prepara-
tions consisted of mechanical homogenization and differ-
ential centrifugation [27]. Crude mitochondrial fractions 
of early and late passages of Parental and NEK10 KO cells 
were prepared for LC–MS/MS. For Parental cells, we 
used passages p9, p10, and p40, and for NEK10 KO cells 
we used passages p7, p8, and p38. We consider passages 
p7, p8, p9, and p10 as early passages and p38 and p40 as 
late passages.

The relative purity of the sub-cellular fractions was 
analyzed by western blotting with anti-ATAD3B (a mito-
chondrial protein present mostly in the inner membrane) 
and anti-Tubulin A (a cytosolic marker, Supplemental 
Figure S5A-F). In addition, the knockout of NEK10 in 
these samples was confirmed by PCR (Supplemental 
Figure S5 G-H). We also made sure the cells were free of 
mycoplasma contamination (Supplemental Figure S5 I 
and J).

The mitochondrial fractions of each cell were ana-
lyzed by Liquid Chromatography-Mass Spectrometry 
(LC–MS/MS). The LC–MS/MS results were filtered for 
proteins related to mitochondria and the endoplasmic 
reticulum (Cellular Component filter available in the out-
put table) to avoid analyzing contaminants from other 
cellular organelles, which could be present at variable 
levels. We analyzed the samples by comparing the cor-
responding passages of each cell line. For example, the 
variance of the NEK10 KO p7 was compared with Paren-
tal p9. Likewise, NEK10 KO p38 was compared to the 
Parental p40. These pairwise comparisons are appropri-
ate because the respective samples spent similar times in 

Fig. 4  Mitochondrial mass and superoxide analysis of Parental 
and NEK10 KO cells. A Histograms of flow cytometry analysis 
of cells treated or not with 0.1 µmol/l MitoBright Deep Red. 
B Histograms of flow cytometry analysis of cells treated 
or not with 20 nM MitoProbe TMRM. C Histograms of analysis 
of cells treated or not with MitoSox. In panel D cells were treated 
or not with 5 µM MitoSox + 20 µM Antimycin A (AA). The analysis 
was carried out on the BD FACSAria TM Ilu Special Order System 
and the histograms were analyzed on FCS Express 7 software. 
E The graphs show the quantification of mtDNA levels of Parental 
and NEK10 KO cells treated with 300 µg/ml zeocin or untreated. 
Total mtDNA levels were determined by comparing mtDNA ND1 
(TET) or COX1 (FAM) with genomic DNA, actin (Cy5). The graphs 
show the result of four different passages. Statistical analyses were 
performed with GraphPad Prism, employing one-way ANOVA tests 
followed by Tukey’s test, where p-value < 0.05 = *, p-value < 0.01 = **, 
and p-value < 0.001 ***. The graphs are shown in Mean with SD

◂
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culture. In addition, the crude mitochondrial fractiona-
tion for these “similar passage samples” was performed at 
the same time.

Initially, we attempted to identify direct targets of 
NEK10 kinase responsible for the mitochondrial phe-
notypes observed by analyzing phosphoproteins that 
could be hypophosphorylated in the KO mitochondrial/
ER samples. We found that among the altered phospho-
proteins (p-value < 0.05, 65 proteins), 68% (44 phospho-
proteins) had lower relative levels of phosphorylation in 
the NEK10 KO samples (Fig. 5A). These 44 proteins are 
shown in Fig. 5C and as heatmaps in Supplemental Figure 
S6. Although altered phosphorylation in factors such as 
TOM20 (translocase of the outer membrane), NDUFB4 
(subunit of OXPHOS complex I), or HSP60 (mitochon-
drial quality control) could cause major mitochondrial 
phenotypic changes, additional proteins affecting Golgi/
ER trafficking (ARHGAP21) or apoptosis (MCL1), could 
contribute as well.

Next, we analyzed the total proteome of the crude 
mitochondrial samples. Total proteins significant changes 
are shown in the volcano plot (Fig. 5B). We observed that 
58% (100 proteins) had a higher abundance in Parental 
cells than in NEK10 KO cells. In total, there were 171 
proteins with statistically significant differences (p < 0.05) 
between Parental and NEK10 KO. Figure  5D shows the 
relative abundance of a subset of these proteins (p < 0.01) 
to the parental samples. All significantly changed pro-
teins (p < 0.05) are shown in Supplemental Fig.S7 Heat-
maps are shown in Supplemental Figure S8.

We analyzed whether the significantly changed phos-
phoproteins and total proteins grouped into specific 
functional pathways. We used Enrichr, a web-based tool 
that allows access to several pathway databases [28]. 
The Reactome database showed autophagy, including 
mitophagy as a significantly altered pathway (Fig.  6A). 
Metabolism and response to stress were also significantly 
altered pathways. Go Biological Process database showed 
organelle organization, including Golgi/ER (Fig.  6A). 
Analysis of total altered proteome pathways showed that 
changes in components of oxidative phosphorylation, 
particularly complex I, were highly significant (Fig. 6B).

Analysis of the threonine, serine, and tyrosine 
phosphorylation of candidate mitochondrial proteins
The kinase NEK10 is a threonine, serine, and tyros-
ine kinase [13], for this reason, we investigated whether 
the total threonine, serine, or tyrosine phosphorylation 
of mitochondrial proteins was differentially modified. 
When the total crude mitochondria preparations were 
analyzed, there was a decrease in both phospho-Thr and 
in phosphor-Tyr from the NEK10KO samples. (Supple-
mental Figure S9).

Next, we immunoprecipitated specific candidate pro-
teins, which were found to be affected by the LC–MS/
MS analyses. These include HSP60 and TOM20. We 
also analyzed ATAD3 because our previous LC–MS/MS 
data on HeLa cells with NEK10 knockdown suggested 
that ATAD3 could be a NEK10 interactor [10]. Although 
we did not find significant changes in ATAD3 phospho-
rylation or levels in the present LC–MS/MS analysis, 
there was a clear trend for a decrease in protein levels in 
NEK10 KO samples (192/178/203 for NEK10 KO sam-
ples and 205/228/245 for Parental cells, p = 0.06; Supple-
mental Table 1).

Mitochondrial samples of early passages of Paren-
tal (p11) and NEK10 KO cells (p10), had these proteins 
immunoprecipitated. Western blots confirmed the 
immunoprecipitation of ATAD3, HSP60, and TOM20 
(Fig.  7A-C). Next, immunoblotting of these immuno-
precipitated with phosphor-specific antibodies was 
performed. Figures 7D and F  show a decrease in threo-
nine phosphorylation in ATAD3, HSP60, and TOM20 
in NEK10 KO cells. The immunoprecipitated levels of 
HSP60 were slightly reduced (Fig. 7B), which could affect 
the decrease in phosphorylation observed by the west-
ern blot. However, a decrease in HSP60 phosphorylation 
was also observed by the phosphoproteome/proteome 
analyses.

As for serine (not shown) and tyrosine (Fig.  7E) 
phosphorylation, there were no significant differences 
between Parental and NEK10 KO cells in immunopre-
cipitated ATAD3, HSP60, or TOM20. Moreover, we did 
not detect changes in steady-state levels of any of these 
proteins in mitochondrial homogenates (Supplemental 
Fig.S10).

Discussion
NEK kinases and Mitochondrial function
Among the eleven human NEKs, the NEK1 [3–5], NEK2 
[6], NEK4 [7], NEK5 [8, 9], and NEK10 [10] have been 
shown to influence mitochondrial homeostasis. The 
kinase NEK1 has been reported to phosphorylate the 
voltage-dependent anion channel 1 (VDAC1) [3, 4]. The 
knockout of NEK1 in HAP1 cells showed alterations 
in mitochondria homeostasis, such as a reduction in 
mitophagy. Also, the authors observed an increase in the 
total number of mitochondria, ROS levels, and mtDNA 
damage. In addition, NEK1 knockout impairs complex 
I activity [5]. NEK2 appears to regulate the splicing of 
pyruvate kinase M2 [6]. NEK4 depletion impairs mito-
chondrial respiration, decreases mtDNA integrity, and 
causes mitochondrial elongation [7]. In addition, cells 
overexpressing NEK4 increase mitochondrial respira-
tion, mitochondrial membrane potential, and resistance 
to mitochondrial DNA damage. NEK5 kinase also has a 
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role in mitochondrial homeostasis. Cox11, MTX-2, and 
BCLAF1 were found to interact with NEK5 by yeast 
two-hybrid screens. NEK5 was reported to have a role in 
mitochondrial mass maintenance and mtDNA integrity 
after oxidative damage [8, 9].

Taken together, it is clear that a large branch of the 
NEK family has evolved to control key aspects of mito-
chondrial function, and NEK10 is part of this post-
translational regulatory network.

Fig. 5  Putative signal of phosphorylated mitochondrial and ER proteins altered in NEK10 KO cells. A-B Volcano plots show the p-value as log10 
for Phospho- and Total proteome changes. C Proteins with significantly (p < 0.05) reduced phosphorylation in NEK10 KO (relative to control) crude 
mitochondria. D Subset of proteins with significantly altered levels (p < 0.01) in NEK10 KO (relative to control) crude mitochondria. Each NEK10 KO 
passage was normalized to its respective Parental control signal. All significantly changed (p < 0.05) proteins are shown in Supplemental Fig.S7
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Fig. 6  Pathway analyses of the phosphoproteome and proteome alterations in NEK10 KO crude mitochondria. We used Enrichr to investigate 
pathways significantly altered by the deletion of NEK10. A Phosphoproteome alterations (with p < 0.05) were analyzed in Reactome and GO 
(Gene Ontology) Biological Processes. B Total proteome alterations (with p < 0.05) were analyzed in Reactome and GO (Gene Ontology) Molecular 
Function. The bar graphs on the left shows the most significant pathways, with the altered genes indicated on the right. The normalized p value (q 
value) is shown on the left of both panels
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Nek10 deletion produces overt mitochondrial 
abnormalities
Both in the Hap1 Nek10 KO and in NEK10 knockdown 
in HeLa cells we found defective mitochondrial pheno-
types, including decreased respiration, and increased 
mitochondrial fragmentation [10]. The magnitude of 
the changes in respiration in these two independent 
systems were very similar. The intrinsic differences 
between HeLa and HAP1 could explain their small var-
iations. In the present work, we used a human HAP1 
knockout cell line to completely eliminate NEK10, 
thereby avoiding any NEK10-related residual activity. 
Overexpression and even complementation of the KO 
with a transgene would be inappropriate controls, as 
the lack of endogenous regulation of kinases can have 
pleiotropic effects. The fact that two independent sys-
tems downregulating NEK10 gave similar phenotypes 
assures us that the observations made with the KO are 
due to the deletion of the Nek10 gene.

Mitochondria morphology of HAP1 NEK10 KO as 
well as HeLa cells knockdown for NEK10 had marked 
increases in fragmented mitochondria. Although 
defects in a number of proteins related to mitochon-
drial fusion and fission could cause mitochondrial 
fragmentation, functional metabolic defects can also 
lead to morphological changes [29–31]. Along with the 
fragmentation we found evidence of increased mito-
chondrial mass in the NEK10 KO cells, which likely 
explains the increased membrane potential (mΔΨ) 
and mitochondrial superoxide in NEK10 KO cells. It 
has been shown that FACS determinations of mΔΨ are 
influenced by the mitochondrial mass [32]. Likewise, 
the increased MitoSOX staining could be due to both 
increased mitochondrial mass and impaired OXPHOS. 
Although mtDNA copy number usually correlates with 
mitochondrial mass [29], it may not do so in abnormal 
conditions.

The most extreme case is observed in mtDNA deple-
tion syndromes, where mitochondria proliferate, but 
mtDNA is markedly reduced or even absent [33]. The 
lack of correlation between mtDNA and mitochondria 
observed in NEK10 KO may be related to mtDNA repli-
cation factors [34] that directly or indirectly are affected 
by NEK10.

Phosphorylation defects in NEK10 KO cells
Our analyses of the phosphoproteome and the proteome 
of crude mitochondrial fractions of Parental and NEK10 
KO cells suggested that the elimination of NEK10 affects 
the phosphorylation and expression of several mitochon-
dria and endoplasmic reticulum (ER) proteins. Several 
proteins identified in the LC–MS/MS analyses showed 
differences in the putative signal of phosphorylated and 
total proteins. The phosphorylated putative signals of the 
mitochondrial 60  kDa heat shock protein and TOM20 
showed reduced phosphorylation signal. Another exam-
ple is the Complex I subunit NDUFB4, with a lower puta-
tive phosphorylated signal in NEK10 KO cells. Given the 
fact our data indicates the role of NEK10 in mitochon-
drial respiration, NEK10 could be contributing to com-
plex I phosphorylation, and NDUFB4 would be a target 
candidate.

Our LC–MS/MS data indicate that the protein RER1 
(Retention in Endoplasmic Reticulum Sorting Recep-
tor 1) was hypophosphorylated in the NEK10 KO cells. 
The Golgi/ER pathway was a main pathway affected by 
the deletion of NEK10. Other affected pathways include: 
Autophagy/Mitophagy and Organelle Organization. 
Mitochondria function is greatly influenced by the ER 
and vice-versa, mostly through the mitochondrial-associ-
ated membrane (MAM) contact sites [35]. Interestingly, a 
recent publication showed that the NEK10 promotes the 
phosphorylation of the RYR1 receptor of the endoplas-
mic reticulum of muscle cells [14]. Therefore, the mito-
chondrial phenotypes observed in the Nek10 KO cells 
may be due to a combination of intra-mitochondrial and 
extra-mitochondrial phosphorylation alterations.

We also identified changes in the steady-state levels 
of several proteins related to the mitochondrial respira-
tory chain. The putative abundance signals of proteins 
related to Complex I, Complex III, and Complex V were 
decreased in NEK10 KO cells. Also, the levels of proteins 
related to the tricarboxylic acid cycle (TCA), such as Suc-
cinyl-CoA ligase, and PDK1 pyruvate dehydrogenase [36] 
were also decreased in the NEK10 KO. Accordingly, oxi-
dative phosphorylation, and specifically complex I were 
significantly altered in the pathway analysis. All these 
data suggest a deficiency in mitochondrial OXPHOS in 
NEK10 KO cells.

Fig. 7  Analysis of total phosphorylation of threonine, serine, and tyrosine amino acids of candidate proteins. Immunoprecipitation of ATAD3, HSP60, 
and TOM20 from the crude mitochondrial fractionation of Parental and NEK10 KO cells (panels A-C). The lower part of the panels shows the total 
protein loading detected by the Bio-Rad Stain-Free Blot. The anti-rabbit antibody or anti-mouse IGG was used as the immunoprecipitation control. 
Anti-total threonine (D), and anti-total tyrosine (E) antibodies were used to detect phosphorylation by the western blotting of immunoprecipitates 
of ATAD3 (blue arrow), HSP60 (red arrow), and TOM20 (green arrow). Panel F shows the loading-normalized quantification of the blot from panel D. 
Panel G graphs the putative phosphorylation signals for these proteins from the LC–MS/MS analyses

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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Although we did not focus on the “top hits”, as any 
significantly altered protein could be relevant, we note 
that SLC7A11, an antiporter that mediates the uptake of 
extracellular cystine in exchange for glutamate, was one 
of the top hits in both in the hypophosphorylated and 
steady-state levels groups. Cystine is reduced to cysteine, 
which is a rate-limiting precursor in glutathione syn-
thesis, which is an important antioxidant. Even though 
SLC7A11 is localized mostly at the plasma membrane, 
it is intrinsically linked to mitochondrial function [37]. 
It has been shown to play important functional roles by 
regulating the processes of redox homeostasis, metabolic 
flexibility, immune system function, and ferroptosis [38]. 
In sperm, SLC7A11 was shown to regulate both glu-
tathione and glutamate metabolism [37].

Possibly related, another interesting protein found to 
be increased in NEK10 KO by LC–MS/MS is ornithine 
aminotransferase (OAT). OAT is a glutamate-metab-
olizing enzyme and we have previously found it to be a 
potential NEK10 interactor [10]. Therefore, glutamate 
metabolism, which is important for OXPHOS function 
and redox control could be one of the key pathways regu-
lated by NEK10.

Concerning proteins directly involved in mitochondrial 
morphology, the mitochondrial fission factor (MFF) was 
among the significantly changed proteins (Supplemen-
tal Fig.S7). MFF is an essential factor in the mitochon-
drial recruitment of Drp1. Drp1 mediates mitochondrial 
fission [39]. Interestingly, the MFF overall signal was 
increased in NEK10 KO cells, suggesting that it could 
increase Drp1 recruitment.

The levels of proteins involved in mitochondrial DNA 
repair, such as Poly [ADP-ribose] polymerase 1 [40], 
DNA ligase 3 [41], and DNA mismatch repair protein 
Msh6 [42] were also increased in NEK10 KO cells. This 
suggests more mtDNA damage (or less effective repair) 
in the absence of NEK10 protein, which agrees with what 
we observed upon zeocin treatment. 

Given the fact, that NEK10 is a threonine, serine, and 
tyrosine kinase [13], we investigated the total threonine, 
serine, and tyrosine phosphorylation of mitochondrial 
proteins ATAD3, HSP60, and TOM20. The analysis of the 
phosphoproteins data obtained by LC–MS/MS revealed 
that HSP60 and TOM20 proteins were hypophosphoryl-
ated in NEK10 KO cells. The mitochondrial chaperone 
Heat Shock Protein 60 (HSP60) has an essential role in 
protein folding and mitochondrial homeostasis. Muta-
tions in the Hsp60 gene are related to neuropathies and 
paraplegias [43]. In addition, HSP60 participates in the 
cross-talk between mitochondria and endoplasmic retic-
ulum during stress conditions [44]. HSP60 has many 
potential phosphorylation sites, which seem to affect its 
function [45]. TOM20 has a critical role in the import 

of mitochondrial proteins [46]. Its phosphorylation has 
been studied in yeast, where CK2 is the main kinase 
involved [47]. According to our previous LC–MS/MS 
data published in 2020 [10], the protein ATAD3 could be 
an NEK10 interactor. ATAD3 has a major role in regulat-
ing mitochondrial morphology [48].

Although our data showed a decrease in both phospho-
Thr and phopho-Tyr when the NEK10 total KO crude 
prep was subjected to western blots using phosphor-AA 
specific antibodies, we could identify only a reduction in 
threonine phosphorylation in the three candidate mito-
chondrial proteins: ATAD3, HSP60, and TOM20. The 
western blot data was supported by the LC–MS/MS data 
for HSP60 and TOM20. Phosphorylation of ATAD3 was 
also reduced in the LC–MS/MS, but the difference was 
short of significance (p = 0.06). Taken together, these 
results suggest that NEK10 acts in a pleiotropic manner 
controlling mitochondrial function, directly or indirectly. 
The morphological changes observed in the NEK10 KO 
cells could be explained by the effect in these proteins. 
HSP60 and TOM20 would affect a large number of mito-
chondrial proteins, including the ones associated with 
OXPHOS or mitochondrial dynamics. ATAD3 has a 
direct role in mitochondrial morphology.

Concluding remarks: Nek10 deletion and mitochondrial 
function
The data obtained from this work suggest the role of 
NEK10 in mitochondrial homeostasis. Targets of phos-
phorylation are likely multiple, and in different cel-
lular compartments, including endosomes, ER, and 
mitochondria. Previous work has shown that NEK10 
has alternative isoforms, some of which are enriched in 
mitochondria [10]. The present results showed that mito-
chondrial targets include HSP60, TOM20, NDUFB4, and 
likely ATAD3, but other mitochondrial- and ER-related 
proteins also seem to have their phosphorylation status 
altered by NEK10 ablation. Our data suggest that threo-
nine and tyrosine phosphorylation are the prominent 
modifications associated with NEK10 in mitochondria.

Interestingly, missense mutations in NEK10 have been 
associated with bronchial ciliopathy in humans [49]. 
Although it is not clear why phenotypes in other tissues 
were not described in patients, mitochondrial function is 
critical for cilia movement [50]. The modulatory role of 
NEK10 in mitochondrial function may compound with 
other of its pleiotropic functions (e.g. regulating cilia size) 
in defining clinical phenotypes associated with hypomor-
phic missense mutations.

In conclusion, deletion of Nek10 had a major impact 
on the levels of numerous mitochondrial proteins, par-
ticularly those associated with respiratory complexes and 
autophagy pathways. Thus, it can be inferred that NEK10 
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plays a crucial role in maintaining mitochondrial func-
tion, potentially through the regulation of phosphoryla-
tion of mitochondrial proteins.
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