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Abstract: NEK6 is a central kinase in developing castration-resistant prostate cancer (CRPC). How-
ever, the pathways regulated by NEK6 in CRPC are still unclear. Cancer cells have high reactive
oxygen species (ROS) levels and easily adapt to this circumstance and avoid cell death by increasing
antioxidant defenses. We knocked out the NEK6 gene and evaluated the redox state and DNA
damage response in DU-145 cells. The knockout of NEK6 decreases the clonogenic capacity, pro-
liferation, cell viability, and mitochondrial activity. Targeting the NEK6 gene increases the level
of intracellular ROS; decreases the expression of antioxidant defenses (SOD1, SOD2, and PRDX3);
increases JNK phosphorylation, a stress-responsive kinase; and increases DNA damage markers
(p-ATM and γH2AX). The exogenous overexpression of NEK6 also increases the expression of these
same antioxidant defenses and decreases γH2AX. The depletion of NEK6 also induces cell death
by apoptosis and reduces the antiapoptotic Bcl-2 protein. NEK6-lacking cells have more sensitivity
to cisplatin. Additionally, NEK6 regulates the nuclear localization of NF-κB2, suggesting NEK6
may regulate NF-κB2 activity. Therefore, NEK6 alters the redox balance, regulates the expression of
antioxidant proteins and DNA damage, and its absence induces the death of DU-145 cells. NEK6
inhibition may be a new strategy for CRPC therapy.
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1. Introduction

Prostate cancer is the second most frequent cancer diagnosis in men and the fifth
leading cause of death worldwide [1]. Androgen deprivation therapy is the standard
treatment for prostate cancer. Unfortunately, although nearly all patients respond to
treatment, most of these individuals will eventually progress to a fatal stage of the disease
called castration-resistant prostate cancer (CRPC) [2].

NIMA (Never In Mitosis, gene A)-related kinase-6 (NEK6) belongs to a protein kinase
superfamily composed of 11 members of NIMA-related kinases [3]. Although NEK proteins
are poorly studied, they are known to be involved in cell cycle regulation [4], primary
cilium function [5–7], and DNA damage response [8]. Additionally, a few recent studies
have emerged exploring the relationship between NEKs and mitochondrial activity [9,10]
and also emphasized the family of NEKs as biomarkers of several types of cancer [11].

NEK6 is a 313 amino acid serine/threonine kinase encoded in humans by the NEK6
gene located at chromosome 9 [9,10]. Regarding its known functions, NEK6 participates in
mitotic spindle kinetochore fiber formation, metaphase-anaphase transition, cytokinesis,
and the checkpoint [8]. NEK6 is also involved in liver, breast, colorectal, gastric, and
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retinoblastoma [12–19]. NEK6 inhibition does not alter the cell cycle of normal cells, only
cancer cells, indicating that the inhibition of NEK6 may provide therapeutic advantages
in cancer treatment [20]. A recent study emphasized that NEK6 is an executable target in
cancer [21]. A high-throughput genetic screen designed to establish new kinases involved
in CRPC [22] identified the NEK6 protein as a central kinase that mediates androgen-
independent tumor growth and determined that NEK6 is aberrantly expressed in human
prostate cancer and several prostate cancer cell lines. The kinase activity of NEK6 appears
to be directly involved with cell survival in CRPC [22]. However, it is still unclear what
mechanisms and pathways NEK6 may participate in CRPC.

Reactive oxygen species (ROS) are a class of highly reactive, oxygen-containing
molecules involved in survival signaling [23,24]. An excess or deficient level of ROS
improves the chances of cell death or inhibition of cell growth through mediating ROS-
dependent signaling, representing a novel anticancer therapeutic strategy based on ROS
regulation [25]. Usually, cancer cells have higher levels of ROS compared to normal
cells [26]. However, they suffer an adaptation of increased antioxidant capacity to maintain
nonlethal ROS levels, then avoid cancer cell death [27]. Therefore, targeting the ROS signal-
ing pathways and redox mechanisms in cancer progression are new potential approaches
to cancer therapy. Additionally, the association of ROS inductors with conventional ther-
apy (chemotherapy or radiotherapy) elevates the ROS levels above the suitable threshold,
allowing a better efficiency and specificity to kill cancer cells [27–29]. ROS can also induce
DNA damage and activate the DNA damage response (DDR), which culminates in DNA
repair, cell cycle arrest, and cell death [30].

NEK6 roles are poorly studied, except for its well-characterized participation in the
cell cycle [31,32]. However, only recently, the literature has shown its relevance as a
possible potential therapeutic target in CRPC [9,21]. Thus, understanding the mechanisms
that NEK6 regulates in prostate cancer models becomes essential for the design of NEK6
inhibitors. For these reasons, we targeted NEK6 depletion using the CRISPR/Cas9 system
and evaluated the survival pathways NEK6 may regulate in DU-145 cells. We found
that NEK6 regulates the redox balance and DNA damage response, inducing cell death.
Furthermore, we show that NEK6 depletion is sensitive to cisplatin treatment. Therefore,
NEK6 is an attractive target for developing new anticancer drugs.

2. Materials and Methods
2.1. Cell Culture

DU-145 (human prostate cancer cell line) was cultivated in RPMI 1640 (Thermo Sci-
entific, #11875093) medium supplemented with 10% fetal bovine serum (FBS, #12657029)
and 1% penicillin/streptomycin (Gibco, #15140-122). Cells were maintained at 37 ◦C in a
humidified atmosphere containing 5% carbon dioxide. Cells were used for experiments
within 10-25 passages from thawing.

2.2. NEK6 Knockout (NEK6-KO) Generation Using CRISPR-Cas9 System

To generate the NEK6-KO in DU-145 cells, two sgRNA sequences were designed
using CRISPOR [33]. First, we chose guides that have high specificity and efficiency scores,
which criteria were determined by Doench, Hsu, and colleagues [34,35]. One selected
sgRNA targets exon 3 of the NEK6 gene, called 83 forward sgRNA (sg83), sequence: 5′

AGGCCGAGGACAGTTCAGCG 3′. The other sgRNA targets exon 7 of the NEK6 gene,
named sgRNA 56 reverse (sg56), sequence: 5′ TGAAGAAGCGGCCCAGACCA 3′. Oligos
containing the sequence were cloned into the PX459 vector (SpCas9(BB)-2A-Puro V2.0,
Addgene, #62988); transfected in DU-145 cells using 2500 ng DNA, lipofectamine (Thermo
Scientific, #18324012), and plus reagent (Thermo Scientific, #11514015); and cultured with
1 µg/mL puromycin for 72 h for select positive transfected cells. An empty PX459 vector
was used as a mock control of transfection. Positively transfected cells were then isolated into
96-well plates by seeding 0.5 cells in 100 µL of medium per well using serial dilutions. This
protocol was performed as described by Ran and colleagues [36]. The resulting monoclonal
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cultures were screened by Western blot for the loss of NEK6 expression using a NEK6 antibody
(Santa Cruz, sc-50752). Cells transfected with the empty PX459 vector were also isolated in
96-well plates and used as mock control in the following experiments. To evaluate the indels
generated by the CRISPR-Cas9 system, the targeted genomic region for NEK6 was amplified
by PCR from genomic DNA and sequenced. The indels were characterized by cloning the
amplicons in the pGEM-T vector (Promega, #A3600), followed by Sanger-type sequencing
and detection of up to four different chromatograms (Supplementary Materials, Figure S1).

2.3. DNA Genomic Extraction, Conventional PCR and RT-qPCR

Genomic DNA was extracted using the PureLink™ Genomic DNA Mini Kit (Invitro-
gen; Thermo Fisher Scientific, Inc., Waltham, MA,USA, K182001). The PCR reaction was
performed following the manufacturer’s instructions (Invitrogen™, Waltham, MA,USA,
#10966018) using 10 mM dNTP, 10× buffer, a mix of 10 mM primers each, 50 mM MgCl2,
500 ng of genomic DNA, 1.5 U of Platinum Taq DNA Polymerase®, and ultrapure water.
The reaction was carried out under the following conditions: initial denaturation at 94 ◦C
for 2 min, followed by 35 cycles with 3 steps: denaturation at 94 ◦C for 30 s, annealing at
55 ◦C for 30 s, and extension at 72 ◦C (1 min per kB of the gene). The primers used for
genomic screening were:

• NEK6 genomic 83fwdF 5′ CAGCAGAGTCCCTCCTTCACCTTAGAG 3′;
• NEK6 genomic 83fwdR 5′ GATGGGTGGACATGGTATGAACCTCAG 3′;
• NEK6 genomic 56revF 5′ ACGTAGGCTGCTTCATGGAC 3′;
• NEK6 genomic 56revR 5′ GCCACAGCTGATTCCCTTCT 3′.

For real-time PCR, RNA was extracted from DU145 cells (WT and NEK6-KO) using
TRIzol® (Invitrogen™, #15596018). An amount of 2000 ng of RNA was used to synthesize
cDNA using the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific,
Inc., #4368814). SYBR Green PCR Master Mix (Applied Biosystems, Waltham, MA,USA,
#1725121) was used to perform the RT-qPCR. The quantification was measured according
to the comparative threshold (Ct) cycle method using β-actin as a housekeeping gene.
Samples, in triplicate, were arranged in a 96-well plate (MicroAmp, Applied Biosystems,
#4306737) for amplification and were run in the Step One Plus Real-Time PCR System
(Applied Biosystems). The primers used for RT-qPCR were:

• SOD1_Forward: 5′ GTTTCCGTTGCAGTCCTCG 3′;
• SOD1_Reverse: 5′ GGTCCATTACTTTCCTTCTGCTC 3′;
• SOD2_Forward: 5′AAGGAACGGGGACACTTACAAA 3′;
• SOD2_Reverse: 5′AGCAGTGGAATAAGGCCTGTTG 3′;
• PRDX3_Forward: 5′ GCCACATGAACATCGCACTCTTG 3′;
• PRDX3_Reverse: 5′ ACTGGGAGATCGTTGACGCTCA 3′;
• β-actin_Forward: 5′ GCCGCCAGCTCACCAT 3′;
• β-actin_Reverse: 5′ CCACGATGGAGGGGAAGAC 3′.

2.4. Cell Treatment

DU-145 cells (WT and NEK6-KO) were plated at a density of 2 × 105 cells/well in
6-well plates. On the next day, the cells were treated with cisplatin (Calbiochem, CAS
15663-27-1) at 30 µM for 24 h. Western blotting was performed to analyze the expression of
antioxidant proteins, DNA damage, and antiapoptotic proteins.

2.5. Colony Formation Assay

For the colony formation assay, cells were seeded in triplicate in 60 mm dishes
(5 × 102 cells/dishes). Cells were incubated for 8 days at 37 ◦C and stained with vio-
let crystal solution (0.05% violet crystal w/v, 1% formaldehyde, 1% PBS, 1% methanol,
and deionized water) for 20 min at room temperature. The number of colonies was man-
ually quantified. Demonstrative images of the colonies were obtained under an optical
microscope (Optika Italy) and using Optika Proview software.
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2.6. Measurement of Mitochondrial Membrane Potential (∆Ψm)

Tetramethylrhodamine, ethyl ester (TMRE, Invitrogen™, #T669), is a red–orange
fluorescent used to measure ∆Ψm and selectively stain mitochondria. DU-145 cells (WT
and NEK6-KO) were plated at a density of 1 × 104 in a black 96-well microplate and
incubated overnight in an incubator. TMRE treatment at 500 nM was performed for 30 min
at 37 ◦C in a 5% CO2 incubator. The medium was removed, and in each well was added
100 µL of PBS. The fluorescence signal was analyzed at 549/575 nm in a microplate reader
(Epoch, Biotek).

2.7. Proliferation and MTT Assay

DU-145 cells (WT and NEK6-KO) were plated at a density of 8 × 103 cells/well in
96-well plates in triplicate. The proliferation was measured 4, 24, 48, and 72 h after seeding
by the MTT assay. To evaluate cell viability, DU-145 cells (WT and NEK6-KO) were plated
at a density of 8 × 103 cells/well in 96-well plates in triplicate. The cells reached confluence
in 3 days, and only then was the viability measured by adding 10 µL of 12 mM MTT
(Invitrogen™, M6494) to each well and incubating for 2 h at 37 ◦C. The formazan crystals
were solubilized in HCl and isopropanol solution for 15 min at 37 ◦C. The optical density
was measured at 570 nm.

2.8. ROS Detection

The total amount of ROS present in cells was measured using dihydroethidium (DHE,
Invitrogen™, D11347). Cells were trypsinized and centrifugated, and the pellets were
resuspended in 500 µL of medium with DHE (5 µM) and incubated for 20 min at 37 ◦C. The
cells were analyzed in BD Accuri C6TM flow cytometry, with the acquisition of 5000 events.
The fluorescence of DHE was analyzed in the FL2-A channel.

2.9. NEK6 Overexpression

DU-145 cells (WT and NEK6-KO) were plated at a density of 2 × 105 cells/well in
6-well plates, and at 80% confluency, the cells were transfected using Lipofectamine 3000
(Invitrogen™, L3000001), following the manufacturer’s instructions. An amount of 2500 ng
of pFLAG-NEK6 plasmid was used to overexpress NEK6 in cells. The same DNA mass of
pFLAG-Ø, an empty vector, was used as the control of the assay. In the immunofluorescence
assay, an amount of 400 ng of GFP-NEK6 plasmid was used to overexpress NEK6 in NEK6-
KO cells.

2.10. Apoptosis Assay

Cell death was measured using the FITC Annexin V Apoptosis Detection kit (BD
Pharmingen™, #556547). DU-145 cells (WT and NEK6-KO) were plated at a density of
2 × 105 cells/well in 6-well plates and kept for 24 h at 37 ◦C in the incubator. The cells
were washed with PBS, trypsinized, and 1×106 cells were centrifuged for 150× g for 5 min,
rewashed with PBS, centrifuged, and resuspended in 100 µL 1× Binding buffer. A small
amount (3 µL) of FITC-Annexin V and 3 µL of propidium iodide (PI) were added to the
cells, mixed, and incubated for 15 min at room temperature in the dark. An additional
100 µL of 1× Binding buffer was added to each sample and analyzed within 1 h. Controls
were performed by staining with annexin only, another one with PI only, and another one
in the absence of both reagents. The cells were analyzed in BD Accuri C6TM flow cytometry,
with the acquisition of 5000 events.
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2.11. Subcellular Fractionation

Cells were trypsinized, centrifuged 150× g for 5 min, washed with PBS, and centrifuged
again. The cell pellet was resuspended in a cytoplasmic extraction buffer (10 mM HEPES,
60 mM KCl, 1 mM EDTA, 0.075% (v/v) NP-40, 1 mM DTT, and protease inhibitor cocktail);
incubated for 3 min on ice; and centrifuged in 1300× g for 30 min. The supernatant
(cytoplasmic fraction) was transferred to new tubes. The nuclear pellet was washed with
cytoplasmic buffer five times and resuspended in nuclear extraction buffer (20 mM Tris-HCl,
420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% (v/v) glycerol, and protease inhibitor
cocktail); incubated for 10 min on ice; and vortexed every 2–3 min. Cytoplasmic and nuclear
fractions were centrifuged at 12,000× g for 10 min, and the supernatants were collected.

2.12. Western Blotting

The proteins were collected from DU-145 cells using a cell lysis buffer (50 mM Tris-Cl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, protease, and phosphatase inhibitor
cocktail), and samples containing 30 µg of total protein were separated by SDS-PAGE. The
gels were electrotransferred to 0.45 µm nitrocellulose membranes (Bio-Rad Laboratories,
Inc.) and incubated for 1 h at RT with 5% nonfat powdered milk dissolved in TBS-Tween-20
(TBS-T; 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween-20). Membranes were
incubated with primary antibodies overnight at 4 ◦C, washed three times with TBS-Tween-
20, and incubated with secondary antibodies for 1 h at room temperature, followed by
washing three times with TBS-Tween-20. Protein bands were visualized using the Pierce
ECL Western Blotting substrate (Thermo Scientific, #32106) or Clarity Max Western ECL
substrate (Bio-Rad, #1705063) in the ChemiDoc Imaging System (Bio-Rad Laboratories, Inc.),
and densitometry was performed using ImageJ software v1.53. Primary antibodies PRDX3
(Abcam, Ab73349), p-JNK (Cell Signaling, #4668), JNK (Cell Signaling, #3708), SOD1 (Cell
Signaling, #4266), SOD2 (Cell Signaling, #13141), Bcl-xL (Cell Signaling, #2764P), Bcl-2 (Cell
Signaling, #2870P), ATM (Cell Signaling, #2873P), pATM (Cell Signaling, #5883P), γH2AX,
(Cell Signaling, #9718), Lamin A/C (Bethyl, #A303-430A), GAPDH (Santa Cruz, sc-25778),
NEK2 (Santa Cruz, sc-33167), NEK3 (Santa Cruz, sc-100402), NEK4 (Santa Cruz, sc-81332),
NEK5 (Santa Cruz, sc-84527), NEK6 (Santa Cruz, sc-50752), NEK7 (Abcam, ab133514),
NEK8 (Santa Cruz, sc-50760), NEK9 (Santa Cruz, sc-50763), NEK11 (Santa Cruz, sc-100429),
NF-κB2 (Cell Signaling, #4882), vinculin (Abcam, Ab18058), and α-tubulin (Calbiochem,
CP06). All antibodies were used at 1:2000 stoichiometry. Secondary antibodies: HRP-
conjugated goat anti-mouse IgG (Sigma-Aldrich, AP308P, 1:2000), goat anti-rabbit IgG
(Sigma-Aldrich, AP307P, 1:5000), and goat (Sigma-Aldrich, A5420, 1:5000).

2.13. Immunofluorescence Assay

The assay was performed as described by Pavan and colleagues [37]. DU-145 NEK6-
KO cells were transfected with GFP-NEK6, and after 24 h, the cells were fixed in 3.7%
formaldehyde for 20 min, washed three times with PBS, permeabilized with 0.5% Triton
X-100 for 10 min, and blocked with PBS containing 0.2% Triton X-100 and 3% bovine serum
albumin (BSA) for 30 min. The cells were incubated with the NF-κB2 primary antibody
rabbit (Cell Signaling, #4882) overnight at 4 ◦C, washed three times with PBS, and incubated
with the secondary antibody anti-rabbit Alexa Fluor 594 (Invitrogen, A-11012). The cells
were further incubated with Hoechst diluted 1:5000 in PBS for 10 min for nuclei staining.
Coverslips were finally mounted using Prolong (Invitrogen™, P36980).

2.14. Statistical and Biostatistical Analysis

GraphPad Prism 8.01 software (https://www.graphpad.com/, accessed on 8 November
2022) was used to perform a statistical analysis. Data were presented as the means and
SD. The mean difference was tested by the Student’s unpaired t-test or one-way ANOVA,
followed by Tukey’s or Dunnett’s post-test, considering * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001 as statistically significant. The GEPIA platform was used for the
correlation of gene expression in prostate adenocarcinoma (PRAD). Spearman’s correlation

https://www.graphpad.com/
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coefficient was calculated to measure the strength of the correlation between two genes.
The correlation degree was classified according to Schober and colleagues [38].

3. Results
3.1. Generation of NEK6-KO in DU-145 Cells Using the CRISPR-Cas9 Gene-Editing System

We first generated NEK6 gene knockout in DU-145 cells using the CRISPR/Cas9 system
to evaluate the effects of the lack of the NEK6 protein. We designed two sgRNAs against
exons 3 and 7 of the NEK6 gene, named sgRNA 83 and sgRNA 56, respectively (Figure 1A).
We used two sgRNA to avoid the nonspecific effects of the CRISPR/Cas9 system. The
specificity and efficiency scores were important for choosing the most appropriate sgRNA.
Therefore, four NEK6-KO DU-145 cell lines were generated, named 83.7, 83.14, 56.3, and
56.5. Genomic DNA PCR products from each NEK6-KO cell line were demonstrated
(Figure 1B). It is possible to visualize 631 and 754 base pair amplicons for sgRNA 83
and 56, respectively. We also observed an increase of a few base pairs in the 56.5 NEK6-
KO cell line, which generated a second higher band in the gel. The genomic DNA PCR
products of the NEK6-KO cell lines were sequenced, and the chromatogram of each clone
was obtained (Figure 1C). To characterize these indels, we cloned the genomic DNA
PCR products into a pGEM-T vector and sequenced the mutated locus of several clones
(Supplementary Materials, Figure S1). For all NEK6-KO cell lines, we obtained indels that
generated premature stop codons. In the specific case of the 56.5 cell line, we detected an
addition of 91 base pairs that explains the second-highest band shown in Figure 1B. We
also analyzed the protein expression of NEK6 by Western blotting (Figure 1D). As a result,
no detection of the NEK6 protein was observed in the NEK6-KO cell lines. WT cells were
obtained using the same selection and isolation steps as the NEK6-KO cells.

As part of the NEK6 knockout characterization, we evaluated the expression of other
NEKs in NEK6 knockout cells (Supplementary Materials, Figure S2). NEK6 knockout
increased NEK7 and NEK11 and decreased NEK2 and NEK9 expression at the protein level.
NEK7 is a protein that has high structural similarity to NEK6, sharing 86% amino acid
sequence identity at the C-terminal and only 20% identity at the N-terminal regions [39,40].
Thus, an increase in NEK7 expression was expected to partially compensate for the NEK6
lack. Additionally, together, NEK2, NEK6, NEK7, and NEK9 contribute to the establishment
of the microtubule-based mitotic spindle [41], while NEK11 has been implicated in the
DNA damage response [42]. NEK1 and NEK10 were not evaluated due to technical issues
with antibodies. These data suggest new regulations between the NEKs in the cell cycle
and DNA damage response.
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Figure 1. Generation and validation of NEK6-KO in DU-145 cells.
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Figure 1. Generation and validation of NEK6-KO in DU-145 cells. (A) Gene targeting strategy for generating
NEK6-KO in DU-145 cells. (B) PCR amplification of the mutated locus of NEK6-KO cell lines (83.7, 83.14,
56.3, and 56.5). (C) DNA sequence analysis showed the presence of indels adjacent to the PAM sequence in
NEK6-KO cells. (D) Western blot analysis of NEK6 protein expression in WT and NEK6-KO cells.

3.2. Targeted Deletion of NEK6 in DU-145 Cells Reduces Clonogenic Capacity, Cell Proliferation,
and Mitochondrial Membrane Potential

Malignant tumor cells can survive and grow without their neighboring cells and
anchorage to the extracellular matrix (ECM) [43]. Therefore, we evaluated the clonogenic
potential of NEK6-KO cell lines in the colony formation assay (Figure 2A). NEK6-KO cells
exhibited a reduction in clonogenic potential. We also observed a decrease in the cell spread
in NEK6-KO compared to WT colonies (Figure 2B), which may be related to a reduction in
migration capacity. Quantification of the colony numbers was also manually performed,
and the statistical analysis was shown (Figure 2C). We evaluated the proliferation rates
of WT and NEK6-KO cell lines for 4, 24, 48, and 72 h (Figure 2D). All NEK6-KO cell lines,
at 48 and 72 h, showed a significant decrease in proliferation: for 48 h (WT vs. 83.7 **,
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WT vs. 83.14 ***, WT vs. 56.3 **, and WT vs. 56.5 ***) and for 72 h (WT vs. 83.7 ****, WT vs.
83.14 ****, WT vs. 56.3 ****, and WT vs. 56.5 ****), with * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001. The cells were maintained in the culture until reaching 100% cell
confluence, and the MTT assay was performed to evaluate the cell viability (Figure 2E).
We found that NEK6-KO cells presented a lower viability than WT cells, suggesting that
mitochondrial activity may be downregulated in NEK6-KO cells. We stained the cells
with TMRE to measure the mitochondrial membrane potential (Figure 2F) to prove this
hypothesis. NEK6-KO cells demonstrated a diminished mitochondrial membrane potential,
suggesting that NEK6 depletion alters the mitochondrial activity and viability.

Figure 2. NEK6-KO reduces clonogenic capacity, cell proliferation, and mitochondrial 

membrane potential in DU-145 cells.

WT 83.7 83.14 56.3 56.5A)

B)

WT 83.7 83.14 56.3 56.5

0

50

100

150

C
e

ll
 v

ia
b

il
it

y
 (

%
)

****
****

**** ****

Cell viability

WT 83.7 83.14 56.3 56.5

0

50

100

150

Colony formation assay

C
o

lo
n

y
 f

o
rm

a
ti

o
n

 (
%

)

****
**** ****

****

C)

E)

4 24 48 72

0

100

200

300

400

500

Cell proliferation

Time (h)

C
e

ll
 p

ro
li
fe

ra
ti

o
n

 r
a

te
 (

%
)

WT

83.7

83.14

56.3

56.5

D)

F)

WT 83.7 83.14 56.3 56.5

0

50

100

150

Mitochondrial activity

T
M

R
E

 f
lu

o
re

s
c

e
n

c
e

 (
%

)

*
****

** **

Figure 2. NEK6-KO reduces clonogenic capacity, cell proliferation, and mitochondrial membrane
potential in DU-145 cells. (A) Deletion of the NEK6 gene significantly reduces the clonogenic potential
in DU-145 cells. (B) Demonstrative images reveal the visual difference in colony size and its spread.
(C) Quantification of colonies numbers obtained in WT and NEK6-KO cells. (D) Cells were evaluated
for proliferation at 4, 24, 48, and 72 h after seeding, and the results showed all NEK6-KO clones
significantly proliferated less than WT cells at 48 and 72 h. (E) Cells were maintained in an incubator
(3 days) until reaching confluency. The MTT assay was performed to evaluate the viability of these
cells. NEK6-KO showed a reduction in cell viability when compared to WT cells. (F) The target
deletion of NEK6 in DU-145 cells also reduced the mitochondrial membrane potential using TMRE
staining. * p < 0.05, ** p < 0.01 and **** p < 0.0001.



Cells 2023, 12, 256 9 of 20

3.3. Modulation in NEK6 Expression Alters ROS Levels and Antioxidant Defenses in DU-145 Cells

One of the reasons that could lead to a decrease in cell viability and depolarization of
the inner mitochondrial membrane is the production of reactive oxygen species (ROS) [44].
Functionally compromised mitochondria generate even more ROS, mainly superoxide
anion (O2

−) and hydrogen peroxide (H2O2) [44]. Thus, we evaluated the presence of ROS
in WT and NEK6-KO cells by DHE labeling (Figure 3A). NEK6-KO showed increased ROS
levels, which could explain a reduction in the NEK6-KO cell viability and increased mito-
chondrial membrane depolarization observed in Figure 2E,F. Increased ROS levels usually
result from an imbalance between the production of oxidants and default in their elimina-
tion by the antioxidant defense system [45]. Several enzymes, such as superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPX), and peroxiredoxin (PRDX), act in
defense against oxidative stress [46,47]. Superoxide dismutase (SOD) converts superoxide
anion (O2

−) to hydrogen peroxide (H2O2), and PRDXs catalyze the reduction of H2O2,
alkyl hydroperoxides, and peroxynitrite to water, alcohol, and nitrite, respectively [47].
The GEPIA platform was used to measure the correlation between the antioxidant protein
expression: Superoxide Dismutase 1 and 2 (SOD1 and SOD2) and peroxiredoxin 3 (PRDX3)
with the NEK6 gene expression in prostate adenocarcinoma samples. Spearman’s correla-
tion coefficient showed a moderated correlation between the gene expression of SOD2 and
NEK6 and PRDX3 and NEK6 based on coefficients of 0.5 and 0.44, respectively (Figure 3B).

Therefore, we evaluated the SOD1, SOD2, and PRDX3 expression at mRNA levels in
WT and NEK6-KO cells by RT-qPCR (Figure 3C). The expression of SOD2 was significantly
diminished at transcriptional levels in NEK6-KO cells; however, we did not observed any
statistical difference in the SOD1 and PRDX3 mRNA levels. SOD1, SOD2, and PRDX3
protein expression were also evaluated by Western blotting (Figure 3D). A significantly
reduced protein expression of SOD2 and PRDX3 was observed in all NEK6-KO cell lines,
and a reduction of SOD1 expression was noted in 83.14 and 56.5 NEK6-KO cells lines,
suggesting that increased ROS levels may be related to a lack of antioxidant defenses, such
as SOD1, SOD2, and PRXD3. ROS also promotes the activation of c-Jun N-terminal kinase
(JNK), a protein activated by a wide range of cellular stresses [48]. Then, we also evaluated
the phosphorylation levels of JNK (T183/Y185), which revealed a statistically significant
increase in its phosphorylation in NEK6-KO cells (Figure 3D,E). We also overexpressed
FLAG-NEK6 in DU-145 WT cells and evaluated the SOD1, SOD2, and PRDX3 protein
levels (Figure 3F). These antioxidant proteins had a statistically significant higher protein
expression in NEK6 overexpression DU-145 cells, revealing that NEK6 regulates the antiox-
idant system through the SOD1, SOD2, and PRDX3 levels (Figure 3G). Here, we suggest
that NEK6-KO cells showed higher oxidative stress, since a NEK6 lack causes a reduction
in antioxidant defenses, which may be involved with the decrease in cell viability and
mitochondria activity.



Cells 2023, 12, 256 10 of 20
Figure 3. NEK6-KO increases ROS levels and its expression modulates antioxidant defenses in DU-145 cells. 
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Figure 3. NEK6-KO increases ROS levels and its expression modulates antioxidant defenses in DU-145
cells. (A) DU-145 WT and NEK6-KO’s ROS levels were measured by DHE staining in flow cytometry.
NEK6-KO showed an increase in ROS levels when compared with WT cells. (B) Correlation of the gene
expression in prostate adenocarcinoma (PRAD) using the GEPIA platform. Spearman’s coefficient was
used to measure the intensity of the correlation between genes. (C) mRNA levels of SOD1, SOD2, and
PRDX3 were analyzed through RT-qPCR. A significant reduction in mRNA of SOD2 was observed.
(D) The expression of antioxidant proteins (SOD1, SOD2, and PRDX3) was evaluated by Western blotting.
Target deletion of the NEK6 gene reduces the expression of SOD1, SOD2, and PRDX3. Additionally,
high levels of JNK phosphorylation were observed in NEK6-KO cells. (E) Quantification of antioxidant
protein expression in WT and NEK6-KO cells. (F) NEK6 overexpression in DU-145 WT cells upregulated
the SOD1, SOD2, and PRDX3 protein expression. (G) Quantification of antioxidant protein expression in
FLAG-NEK6 expressing cells. * p < 0.05, ** p < 0.01 and *** p < 0.001.
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3.4. Targeted Deletion of NEK6 Increases DNA Damage Markers in DU-145 Cells

ROS are well known as mediators of DNA damage. Ataxia–telangiectasia mutated
(ATM) is a sensor kinase of a double-stranded break (DSB), followed by a signaling cascade
that culminates in the phosphorylation of histone H2AX [30]. ATM is directly activated
by oxidative stress, leading to its autophosphorylation in serine 1981 [49]. Since NEK6
is involved in the cell redox balance, we explored whether NEK6 could be related to the
DNA damage response. We analyzed the phosphorylation levels of ATM and H2AX in
WT and NEK6-KO cells (Figure 4A,B). Western blotting confirmed that the levels of ATM
phosphorylation in serine 1981 and γH2AX were increased in NEK6-KO cells compared to
WT cells, suggesting NEK6 is involved in DDR. We confirmed this result by overexpressing
NEK6 in WT cells, revealing that NEK6-overexpressing cells presented lower levels of
γH2AX (Figure 4C,D). Additionally, we performed the rescue assay by overexpressing
NEK6 in all NEK6-KO cell lines and observed that H2AX recovered its phosphorylation
(Figure 4E,F). These results indicated that NEK6 regulates DDR pathways, which may be
related to the reduction in viability, proliferation, and alteration in the redox balance in
NEK6-KO cells (Figures 2 and 3).

Figure 4. NEK6-KO increases DNA damage response in DU-145 cells.
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Figure 4. NEK6-KO increases DNA damage response in DU-145 cells. (A) NEK6-KO showed an
increase in the phosphorylation of DNA damage markers, such as ATM and H2AX. (B) Quantification
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and statistical analyses of the results of Figure 4A. (C) NEK6 overexpression in DU-145 WT cells
downregulated the phosphorylation of H2AX. (D) Quantification and statistical analyses of the results
of Figure 4C. (E) NEK6 overexpression in NEK6-KO cells partially restores the H2AX phosphorylation
levels. (F) Quantification and statistical analyses of the results of Figure 4E. * p < 0.05, ** p < 0.01 and
*** p < 0.001.

3.5. Targeted Deletion of NEK6 Induces Death in DU-145 Cells

ROS can activate several signaling pathways that can trigger the process of cell
death [25]. One of them is the activation of JNK kinase, leading to apoptosis [50]. We
already demonstrated in Figure 3 that NEK6-KO cells presented higher levels of JNK
phosphorylation. Furthermore, significant alterations in the DNA damage response, redox
balance, and mitochondrial membrane potential were shown in NEK6-KO cells. For this
reason, we hypothesized that the loss of NEK6 expression could lead to cellular apopto-
sis. Therefore, WT and NEK6-KO cells were stained with annexin and propidium iodide
and analyzed in flow cytometry, and the parameters such as early and late apoptosis and
live cells were analyzed (Figure 5). The 83.7, 56.3, and 56.5 NEK6-KO cell lines showed
higher levels of early and late apoptosis and reduced live cells (Figure 5A–D). Bcl-2, which
plays an antiapoptotic role by regulating mitochondrial outer membrane permeabilization,
was drastically reduced in the NEK6-KO cell lines (Figure 5E,F). The results suggest that
elevated ROS levels and subsequent events in NEK6-KO cells may lead to cell death.

Figure 5. NEK6-KO induces cell death. 
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Figure 5. NEK6-KO induces cell death. (A) WT and NEK6-KO cells were stained with annexin V and
propidium iodide to assess cell death by flow cytometry. NEK6 knockout cells (83.7, 56.3, and 56.5)
showed a significant induction of early and (B) late cell death, (C) with the consequent reduction of
live cells. (D) Representation of plots obtained by the flow cytometry analysis. (E) Bcl-2 expression
was analyzed in NEK6-KO cell lines by Western blotting. (F) Statistical analysis of Bcl-2 expression.
Bcl-2 expression was drastically reduced in NEK6-KO cells. ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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3.6. Targeted Deletion of NEK6 Sensitizes DU-145 to Cisplatin through Impairment of Antioxidant
Defenses and Increase of DNA Damage

Cancer cells usually preserve a high basal level of ROS and are vulnerable to further
increased ROS levels, exceeding a certain defensive threshold. Accordingly, ROS modu-
lation has arisen as an anticancer strategy with the synthesis of various ROS-inducing or
-responsive agents that target cancer cells [25,51]. It is known that exposure to cisplatin
increases intracellular ROS and DNA damage, leading to apoptosis [52,53]. Considering
that NEK6-KO cells have elevated basal levels of ROS, we treated these cells with cisplatin,
an agent that induces ROS and DNA damage (Figure 6). We observed that the antioxidant
defenses (SOD1, SOD2, and PRDX3); apoptosis marker (Bcl-xL); and DNA damage response
(γH2AX) were altered in WT and NEK6-KO cisplatin-treated cells. We further identified
that WT cells treated with cisplatin reduce SOD1 and PRDX3 expression. However, the
NEK6-KO cells had a pronounced reduction in SOD1 and PRDX3 expression in the presence
of cisplatin compared to the WT cells. Additionally, WT cells treated with cisplatin increased
the SOD2 expression, while NEK6-KO had the opposite effect, diminishing the SOD2 ex-
pression. Additionally, we also observed that cisplatin treatment in the NEK6-KO cells
strongly reduced Bcl-xL expression and increased γH2AX in comparison to the WT cells.
These results indicate that the lack of NEK6 sensitizes DU-145 cells to cisplatin through a
significant reduction in antioxidant defenses, the induction of DNA damage, and apoptosis.

Figure 6. NEK6 depletion sensitizes DU-145 to cisplatin through impairment of 

antioxidant defenses and increase of DNA damage. 
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Figure 6. NEK6 depletion sensitizes DU-145 to cisplatin through the impairment of antioxidant defenses
and increase of DNA damage. (A) WT and NEK6-KO (56.5) cells were treated with cisplatin 30 µM for 24 h.
SOD1, SOD2, PRDX3, Bcl-xL expression, and γH2AX were evaluated by Western blotting. (B) Western
blotting quantification was performed using ImageJ. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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3.7. NEK6 May Be Involved in the NF-κB2 Translocation to the Nucleus

It is well known that NF-κB promotes cellular survival [54]. One important mechanism
by which NF-κB regulates survival pathways is increasing the expression of antioxidant
proteins in response to the ROS levels. Therefore, NF-κB attenuates the ROS levels, protect-
ing cells from ROS-induced death [55]. SOD2 is a well-known NF-κB transcription target
gene [56–58]. Considering that NEK6-KO cells showed increased ROS, lower levels of SOD2
expression at the mRNA and protein levels and NEK6 overexpression elevated the SOD2
expression, we hypothesized that NF-κB localization and activity could be related to NEK6
expression. To validate this hypothesis, we performed cellular fractionation, isolating the
nucleus and cytosol from WT, 83.14, and 56.5 NEK6-KO cells (Figure 7A). We observed that
the p52 NF-κB2 subunit was more localized to the nucleus of WT cells than NEK6-KO cells,
suggesting that the transcriptional activity of NF-κB2 may be intensified in the presence of
NEK6 expression. These data reinforce the hypothesis that NEK6 knockout cells may have a
deficiency in the activation of NF-κB2, which could be causing lower levels of SOD2. We also
overexpressed NEK6 using GFP-NEK6 plasmid in NEK6-KO (56.5) cells and investigated
whether NEK6 could be involved in NF-κB2 nuclear translocation by immunofluorescence
(Figure 7B). These data suggest that NEK6 mediates the nuclear translocation of NF-κB2.
However, further experiments need to be done to investigate this axis.

Figure 7. NEK6 is involved in the nuclear translocation of NF-κB2. 
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Figure 7. NEK6 is involved in the nuclear translocation of NF-κB2. (A) Nuclear (Nuc) and cytoplasmic
(Cyt) fractions were obtained from WT and NEK6-KO (83.14 and 56.5) cells. GAPDH and Lamin
A/C were used as the cytoplasmic and nuclear control, respectively. (B) NEK6-KO (56.5) cells were
transfected with GFP-NEK6, and an immunofluorescence assay was performed to stain NF-κB2 in
red. Hoechst 33342 was used for staining the nuclei.

4. Discussion

This paper shows that NEK6 is involved in CRPC by regulating the redox balance
and DNA damage response. The NEK6 lack in DU-145 prostate cancer cells reduced the
proliferation, viability, and mitochondrial membrane potential and induced apoptosis. The
literature already emphasizes that the family of NEKs should be explored as interesting
targets in cancer treatment [11,19]. The inhibition of NEK6 has been seen as an executable
target in cancer, and inhibitors of this kinase have already been explored in other types
of cancer [21,59]. For this reason, it is essential to understand the survival pathways that
NEK6 regulates in CRPC, because NEK6 inhibitors may be used as a cancer therapy.
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Oxidative stress may cause aggressiveness in most cancer types, including prostate
cancer. A moderate increase in ROS induces cell proliferation, whereas excessive amounts
of ROS promote cell death [25,60]. Cancer cells react to an increase in the ROS levels
and survive in this oxidative stress ambient by inducing the transcription of antioxidant
enzymes. Then, it is essential to understand these pathways for efficiently elaborate
therapies that modify the ROS levels. ROS inductors seem to have the ability to induce
apoptosis and inhibit tumor growth, cell migration, and invasive properties in several
cancers [60,61]. Here, we showed that a NEK6 lack reduces the expression of SOD2 at the
mRNA level and also SOD1, SOD2, and PRDX3 at the protein level. Additionally, NEK6
overexpression in DU-145 cells increases the same antioxidant proteins. Along with that,
the lack of NEK6 generates more ROS in DU-145 cells. These data suggest that NEK6
regulates the redox balance through the modulation of antioxidant proteins. Additionally,
SOD1, SOD2, and PRDX3 have extensive literature showing their pro-oncogenic roles and
their involvement with chemotherapy resistance through oxidative stress [62–71]. The
modulation of these antioxidant proteins reveals a new way for NEK6 regulating cell
survival in CRPC.

SOD1 is an essential antioxidant enzyme that is widely distributed in the cell. Its
main function is to catalyze the dismutation of O2

− into H2O2, protecting cells from
oxidative stress [64]. A study has shown that a specific SOD1 inhibitor repressed cancer cell
growth and promoted cancer cell cycle arrest and apoptosis by mediating the ROS changes
in several cancers [62]. SOD1 has also been linked to chemotherapy resistance [63,65].
SOD1 was identified as overexpressed in prostate cancer xenograft animals resistant to
mitoxantrone (MTX), an antineoplastic agent used in CRPC [63]. For future studies, we
suggest that an eventual combination of NEK6 inhibitors with MTX may be an interesting
strategy for reducing the resistance of cancer cells to the chemotherapeutic agent.

SOD2 is an enzyme that catalyzes the dismutation of O2
− into H2O2 in the mitochon-

dria, causing a reduction of ROS. The role of SOD2 in cancer is controversial. Initially,
SOD2 was considered a tumor suppressor gene based on its low levels in several types of
cancer [72]. However, more recent studies revealed that low levels of SOD2 are an early
event of tumors, and higher levels of SOD2 are associated with tumor progression and
metastasis [73]. The mRNA and protein levels of SOD2 were found elevated in samples
from patients with middle stage prostate cancer [73]. SOD2 has recently been shown to
increase the GLUT-1 and glucose uptake, which is essential for prostate cancer cell sur-
vival [74]. Several transcription factors are shown to regulate SOD2 expression, such as
Nuclear Factor-Kappa B (NF-κB) and Nuclear factor erythroid 2-related factor 2 (Nrf2),
among others [75,76]. Since the absence of NEK6 has modulated the SOD2 expression at
the mRNA and protein levels, we evaluated the nuclear content of p52 NF-κB2 in NEK6-
overexpressing cells. We observed that NEK6 regulated the nuclear localization of p52
NF-κB2. We suggest NEK6 may also regulate survival pathways and SOD2 expression by
modulating NF-κB signaling.

PRDX3 is a mitochondrial peroxidase, which plays a role in cell protection against
oxidative stress by detoxifying peroxides [77]. PRDX3 is overexpressed in several types of
cancer, including prostate cancer, protecting cells against apoptosis [68–71]. Additionally,
PRDX3 has been found overexpressed in castration-resistant prostate cancer cells, which
culminates in promoting cell survival by protecting them from oxidative stress [71]. For
this reason, PRDX3 is a potential target for CRPC. A study by our group showed that
NEK6 interacts with PRDX3 [40]. NEK6 may regulate the expression of PRDX3 through
this previously established interaction.

ROS promote the phosphorylation and activation of JNK and DNA damage response,
leading to apoptosis [48,78]. The phosphorylation and activation of ATM and JNK mediate
the formation of yH2AX foci [79]. NEK6 knockout induces ROS generation, activates JNK,
a stress-sensing kinase, and induces DNA damage. Considering the cellular effects of a
NEK6 lack on DNA damage and apoptosis, we suggest that future studies can explore
NEK6 inhibitors as potential inducers of synthetic lethality in prostate cancer.
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Bcl-2 is located in the mitochondrial outer membrane (MOM) and plays important
antiapoptotic roles [80]. The permeabilization of MOM releases proapoptotic factors such
as the apoptosis-inducing factor (AIF) and cytochrome C from the mitochondria. AIF enters
the nucleus and generates extensive DNA fragmentation, while cytochrome C in the cytosol
can initiate the activation cascade of caspases. The antiapoptotic Bcl-2 contributes to MOM
integrity and prevents the release of these proapoptotic factors from the mitochondria [81].
Additionally, Bcl-2 is critical for the survival of androgen-independent prostate cancer cells
and also required for the progression of prostate cancer cells from an androgen-dependent
to an androgen-independent growth stage [82]. Thus, we evaluated apoptosis and Bcl-2
expression in the WT and NEK6-KO cell lines. We revealed that NEK6-KO reduces Bcl-2
protein expression and increases apoptosis in DU-145 cells. We also found that NEK6-KO
cells showed an increase in mitochondrial membrane depolarization, which may be related
to a reduction in the Bcl-2 levels and induction of apoptosis. These results revealed novel
cell survival mechanisms regulated by NEK6 in a cellular model of CRPC.

By exploring the modulation of antioxidant defenses in WT and NEK6-KO cells, we
observed that SOD1, SOD2, and PRDX3 expression were significantly reduced in NEK6-
KO cells treated with cisplatin when compared to WT cells, which may explain why
NEK6-KO cells have a higher sensitivity to this drug. The increase in SOD2 expression
may be a mechanism that triggers a resistance to chemotherapy [66,67]. The TNF-α-
mediated upregulation of SOD2 is involved in cisplatin resistance in esophageal cancer. The
upregulation of SOD2 by TNF-α was inhibited by blocking the NF-κB pathway, suggesting
that SOD2 via the NF-κB signaling pathway contributes to the proliferation of esophageal
cancer cells [67]. In our data, SOD2 expression was found elevated in WT cells treated with
cisplatin, suggesting a resistance mechanism in WT cells. A reduction in SOD2 expression
in NEK6-KO cisplatin-treated cells means that this possible resistance mechanism found
in WT was eliminated in NEK6-KO cells. Data showing a lower expression of Bcl-xL in
NEK6-KO cisplatin-treated cells highlight an induction of apoptosis in these cells compared
to WT cells. Cisplatin treatment also increased γH2AX in NEK6-KO cells compared to WT,
showing a NEK6 lack causes genomic instability and may be responsible for increased cell
death in NEK6-KO cells. Thus, we suggest that a NEK6 lack sensitizes cells to cisplatin,
since the treatment with cisplatin in these NEK6-deficient cells greatly diminished the
antioxidant defenses (SOD1, SOD2, and PRDX3), which may culminate in excessive ROS
levels and DNA damage. Targeting NEK6 in combination with other anticancer drugs that
destabilize the redox balance may be an interesting strategy to increase the ROS levels above
the tolerable levels for cells. Another point is that, in Figure 2F, we observed a decrease
in the mitochondrial membrane potential in NEK6-KO cells, indicating a reduction in
mitochondrial activity. Moreover, cisplatin impairs the electron transport chain function,
increases the intracellular ROS levels, and affects the mitochondrial viability [83]. Then,
cisplatin may be acting in synergism with the effects in mitochondria mediated by the
NEK6 lack, sensitizing these cells to cisplatin.

We performed our experiments using only one cell line, which may be considered a
limitation of our study. We believe that the role of NEK6 in other prostate cancer cell lines
should be further investigated, but our present data point out an important role of NEK6
in cisplatin sensitivity and as a co-adjuvant therapy for prostate cancer treatment.

5. Conclusions

This study showed that NEK6 regulates the redox balance and DNA damage response
in a model of a castration-resistant prostate cancer cell line. The regulation of antioxidant
defenses by NEK6 may be interesting in strategies focused on exacerbating the ROS levels
and generating DNA damage. A NEK6 lack reduced proliferation, viability, cell migration,
and the mitochondrial potential membrane, while elevating the ROS levels and DNA
damage-induced cell death. A NEK6 lack sensitizes DU-145 cells to cisplatin. These data
revealed that NEK6 may be an important therapeutic target in CRPC. Exploring the effects
of NEK6 inhibitors on CRPC, alone and together with other chemotherapeutic agents,
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may be relevant for a new treatment approach. Future studies should investigate the
regulation of NF-κB2 by NEK6 and explore whether it is mediated by physical interactions,
for example, phosphorylation, or indirectly by other interactors. The involvement of NEK6
in the mitochondrial dynamics can also be investigated, as we have seen that NEK6 alters
the expression of several mitochondrial proteins.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells12020256/s1: Figure S1. Detection of up to four indels in the
NEK6-KO cell lines by Sanger-type sequencing. Figure S2. Knockout of NEK6 alters NEK2, NEK7,
NEK9, and NEK11 expression.

Author Contributions: I.C.B.P. designed the study, conducted the experiments, and wrote the
manuscript. F.L.B., I.R.e.S. and L.K.I. designed the study. M.B.S., M.C.S.M., M.M.G. and L.G.S.d.S.
assisted in the experiments. R.M.N.B. and F.M.S. revised the manuscript, provided critical infrastruc-
ture, obtained funding, and co-supervised the study. J.K. conceived the study, obtained the main
funding, and supervised the project. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the São Paulo Research Foundation (FAPESP), grant numbers
2017/03489-1 (J.K.), 2018/14818-9 (F.M.S.), and 2016/06457-0 (R.M.N.B.) and fellowships 2018/08391-
2 (I.C.B.P.), 2018/05350-3 (F.L.B.), 2020/16265-7 (I.R e S.), 2020/13660-2 (M.B.S.), 2020/09527-5
(L.G.S.d.S.), 2020/08684-0 (M.M.G.), 2019/25582-9 (M.C.S.M.), and 2018/13775-4 (L.K.I.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Leticia Tamborlin for granting the Biorender license.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rawla, P. Epidemiology of Prostate Cancer. World J. Oncol. 2019, 10, 63–89. [CrossRef]
2. Chandrasekar, T.; Yang, J.C.; Gao, A.C.; Evans, C.P. Mechanisms of resistance in castration-resistant prostate cancer (CRPC).

Transl. Androl. Urol. 2015, 4, 365–380. [CrossRef]
3. O’Connell, M.J.; Krien, M.J.; Hunter, T. Never say never. The NIMA-related protein kinases in mitotic control. Trends Cell Biol.

2003, 13, 221–228. [CrossRef]
4. Fry, A.M.; Bayliss, R.; Roig, J. Mitotic Regulation by NEK Kinase Networks. Front. Cell Dev. Biol. 2017, 5, 102. [CrossRef]
5. Shalom, O.; Shalva, N.; Altschuler, Y.; Motro, B. The mammalian Nek1 kinase is involved in primary cilium formation. FEBS Lett.

2008, 582, 1465–1470. [CrossRef]
6. Mahjoub, M.R.; Trapp, M.L.; Quarmby, L.M. NIMA-Related Kinases Defective in Murine Models of Polycystic Kidney Diseases

Localize to Primary Cilia and Centrosomes. J. Am. Soc. Nephrol. 2005, 16, 3485–3489. [CrossRef] [PubMed]
7. Coene, K.L.; Mans, D.A.; Boldt, K.; Gloeckner, C.J.; van Reeuwijk, J.; Bolat, E.; Roosing, S.; Letteboer, S.J.; Peters, T.A.; Cremers,

F.P.; et al. The ciliopathy-associated protein homologs RPGRIP1 and RPGRIP1L are linked to cilium integrity through interaction
with Nek4 serine/threonine kinase. Hum. Mol. Genet. 2011, 20, 3592–3605. [CrossRef] [PubMed]

8. Pavan, I.; de Oliveira, A.P.; Dias, P.; Basei, F.; Issayama, L.; Ferezin, C.; Silva, F.; de Oliveira, A.R.; dos Reis Moura, A.; Martins,
M.; et al. On Broken Ne(c)ks and Broken DNA: The Role of Human NEKs in the DNA Damage Response. Cells 2021, 10, 507.
[CrossRef] [PubMed]

9. de Oliveira, A.P.; Basei, F.L.; Slepicka, P.F.; Ferezin, C.D.C.; Melo-Hanchuk, T.D.; de Souza, E.E.; Lima, T.I.; dos Santos, V.T.;
Mendes, D.; Silveira, L.R.; et al. NEK10 interactome and depletion reveal new roles in mitochondria. Proteome Sci. 2020, 18, 4.
[CrossRef]

10. Hanchuk, T.D.M.; Papa, P.F.; La Guardia, P.G.; Vercesi, A.E.; Kobarg, J. Nek5 interacts with mitochondrial proteins and interferes
negatively in mitochondrial mediated cell death and respiration. Cell. Signal. 2015, 27, 1168–1177. [CrossRef] [PubMed]

11. Panchal, N.K.; Prince, S.E. The NEK family of serine/threonine kinases as a biomarker for cancer. Clin. Exp. Med. 2022, 1–14.
[CrossRef] [PubMed]

12. Chen, J.; Li, L.; Zhang, Y.; Yang, H.; Wei, Y.; Zhang, L.; Liu, X.; Yu, L. Interaction of Pin1 with Nek6 and characterization of
their expression correlation in Chinese hepatocellular carcinoma patients. Biochem. Biophys. Res. Commun. 2006, 341, 1059–1065.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells12020256/s1
https://www.mdpi.com/article/10.3390/cells12020256/s1
http://doi.org/10.14740/wjon1191
http://doi.org/10.3978/j.issn.2223-4683.2015.05.02
http://doi.org/10.1016/S0962-8924(03)00056-4
http://doi.org/10.3389/fcell.2017.00102
http://doi.org/10.1016/j.febslet.2008.03.036
http://doi.org/10.1681/ASN.2005080824
http://www.ncbi.nlm.nih.gov/pubmed/16267153
http://doi.org/10.1093/hmg/ddr280
http://www.ncbi.nlm.nih.gov/pubmed/21685204
http://doi.org/10.3390/cells10030507
http://www.ncbi.nlm.nih.gov/pubmed/33673578
http://doi.org/10.1186/s12953-020-00160-w
http://doi.org/10.1016/j.cellsig.2015.02.021
http://www.ncbi.nlm.nih.gov/pubmed/25725288
http://doi.org/10.1007/s10238-021-00782-0
http://www.ncbi.nlm.nih.gov/pubmed/35037094
http://doi.org/10.1016/j.bbrc.2005.12.228
http://www.ncbi.nlm.nih.gov/pubmed/16476580


Cells 2023, 12, 256 18 of 20

13. Capra, M.; Nuciforo, P.G.; Confalonieri, S.; Quarto, M.; Bianchi, M.; Nebuloni, M.; Boldorini, R.; Pallotti, F.; Viale, G.; Gishizky,
M.L.; et al. Frequent Alterations in the Expression of Serine/Threonine Kinases in Human Cancers. Cancer Res. 2006, 66,
8147–8154. [CrossRef] [PubMed]

14. De Donato, M.; Fanelli, M.; Mariani, M.; Raspaglio, G.; Pandya, D.; He, S.; Fiedler, P.; Petrillo, M.; Scambia, G.; Ferlini, C. Nek6
and Hif-1α cooperate with the cytoskeletal gateway of drug resistance to drive outcome in serous ovarian cancer. Am. J. Cancer
Res. 2015, 5, 1862–1877.

15. He, Z.; Ni, X.; Xia, L.; Shao, Z. Overexpression of NIMA-related kinase 6 (NEK6) contributes to malignant growth and dismal
prognosis in Human Breast Cancer. Pathol. Res. Pr. 2018, 214, 1648–1654. [CrossRef]

16. Hong, Z.; Chen, Z.; Pan, J.; Shi, Z.; Wang, C.; Qiu, C. MicroRNA-323a-3p Negatively Regulates NEK6 in Colon Adenocarcinoma
Cells. J. Oncol. 2022, 2022, 7007718. [CrossRef]

17. Xu, J.; He, Q.; He, X.; Shao, Q.; Tao, H.; Ye, Z. Expression of NEK-6 in gastric cancer and its clinical significance. Zhonghua Wei
Chang. Wai Ke Za Zhi = Chin. J. Gastrointest. Surg. 2015, 18, 1036–1040. Available online: http://www.ncbi.nlm.nih.gov/pubmed/
26499152 (accessed on 8 November 2022).

18. Wu, L.; Chen, Z.; Xing, Y. Retraction: MiR-506-3p inhibits cell proliferation, induces cell cycle arrest and apoptosis in retinoblas-
toma by directly targeting NEK6 by Lina Wu, Zhen Chen, Yiqiao Xing. Cell Biol. Int. 2018, 43, 1524. [CrossRef]

19. Oliveira, A.P.D.P.D.; Issayama, L.K.K.; Pavan, I.; Silva, F.R.R.; Melo-Hanchuk, T.D.D.; Simabuco, F.M.M.; Kobarg, J. Checking
NEKs: Overcoming a Bottleneck in Human Diseases. Molecules 2020, 25, 1778. [CrossRef]

20. Nassirpour, R.; Shao, L.; Flanagan, P.; Abrams, T.; Jallal, B.; Smeal, T.; Yin, M.-J. Nek6 Mediates Human Cancer Cell Transformation
and Is a Potential Cancer Therapeutic Target. Mol. Cancer Res. 2010, 8, 717–728. [CrossRef]

21. Panchal, N.K.; Mohanty, S.; Prince, S.E. NIMA-related kinase-6 (NEK6) as an executable target in cancer. Clin. Transl. Oncol. 2022,
1–12. [CrossRef]

22. Choudhury, A.D.; Schinzel, A.C.; Cotter, M.B.; Lis, R.T.; Labella, K.; Lock, Y.J.; Izzo, F.; Guney, I.; Bowden, M.; Li, Y.Y.; et al.
Castration Resistance in Prostate Cancer Is Mediated by the Kinase NEK6. Cancer Res. 2016, 77, 753–765. [CrossRef] [PubMed]

23. Sinha, K.; Das, J.; Pal, P.B.; Sil, P.C. Oxidative stress: The mitochondria-dependent and mitochondria-independent pathways of
apoptosis. Arch. Toxicol. 2013, 87, 1157–1180. [CrossRef]

24. Kumari, S.; Badana, A.K.; Murali, M.G.; Shailender, G.; Malla, R. Reactive Oxygen Species: A Key Constituent in Cancer Survival.
Biomark. Insights 2018, 13, 1177271918755391. [CrossRef] [PubMed]

25. Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in cancer therapy:
The bright side of the moon. Exp. Mol. Med. 2020, 52, 192–203. [CrossRef] [PubMed]

26. Reczek, C.R.; Chandel, N.S. The Two Faces of Reactive Oxygen Species in Cancer. Annu. Rev. Cancer Biol. 2017, 1, 79–98.
[CrossRef]

27. Zaidieh, T.; Smith, J.R.; Ball, K.E.; An, Q. ROS as a novel indicator to predict anticancer drug efficacy. BMC Cancer 2019, 19, 1224.
[CrossRef]

28. Sack, M.; Alili, L.; Karaman, E.; Das, S.; Gupta, A.; Seal, S.; Brenneisen, P. Combination of Conventional Chemotherapeutics
with Redox-Active Cerium Oxide Nanoparticles—A Novel Aspect in Cancer Therapy. Mol. Cancer Ther. 2014, 13, 1740–1749.
[CrossRef]

29. Wang, H.; Bouzakoura, S.; de Mey, S.; Jiang, H.; Law, K.; Dufait, I.; Corbet, C.; Verovski, V.; Gevaert, T.; Feron, O.; et al. Auranofin
radiosensitizes tumor cells through targeting thioredoxin reductase and resulting overproduction of reactive oxygen species.
Oncotarget 2017, 8, 35728–35742. [CrossRef]

30. Srinivas, U.S.; Tan, B.W.Q.; Vellayappan, B.A.; Jeyasekharan, A.D. ROS and the DNA damage response in cancer. Redox Biol. 2019,
25, 101084. [CrossRef]

31. Yin, M.-J.; Shao, L.; Voehringer, D.; Smeal, T.; Jallal, B. The Serine/Threonine Kinase Nek6 Is Required for Cell Cycle Progression
through Mitosis. J. Biol. Chem. 2003, 278, 52454–52460. [CrossRef]

32. O’Regan, L.; Fry, A.M. The Nek6 and Nek7 Protein Kinases Are Required for Robust Mitotic Spindle Formation and Cytokinesis.
Mol. Cell. Biol. 2009, 29, 3975–3990. [CrossRef] [PubMed]

33. Concordet, J.-P.; Haeussler, M. CRISPOR: Intuitive guide selection for CRISPR/Cas9 genome editing experiments and screens.
Nucleic Acids Res. 2018, 46, W242–W245. [CrossRef] [PubMed]

34. Doench, J.G.; Fusi, N.; Sullender, M.; Hegde, M.; Vaimberg, E.W.; Donovan, K.F.; Smith, I.; Tothova, Z.; Wilen, C.; Orchard, R.;
et al. Optimized sgRNA design to maximize activity and minimize off-target effects of CRISPR-Cas9. Nat. Biotechnol. 2016, 34,
184–191. [CrossRef] [PubMed]

35. Hsu, P.D.; Scott, D.A.; Weinstein, J.A.; Ran, F.A.; Konermann, S.; Agarwala, V.; Li, Y.; Fine, E.J.; Wu, X.; Shalem, O.; et al. DNA
targeting specificity of RNA-guided Cas9 nucleases. Nat. Biotechnol. 2013, 31, 827–832. [CrossRef]

36. Ran, F.A.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 2013, 8, 2281–2308. [CrossRef]

37. Pavan, I.C.B.; Yokoo, S.; Granato, D.C.; Meneguello, L.; Carnielli, C.M.; Tavares, M.R.; Amaral, C.L.D.; de Freitas, L.B.; Leme,
A.F.P.; Luchessi, A.D.; et al. Different interactomes for p70-S6K1 and p54-S6K2 revealed by proteomic analysis. PROTEOMICS
2016, 16, 2650–2666. [CrossRef] [PubMed]

38. Schober, P.; Boer, C.; Schwarte, L.A. Correlation Coefficients: Appropriate Use and Interpretation. Anesth. Analg. 2018, 126,
1763–1768. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-05-3489
http://www.ncbi.nlm.nih.gov/pubmed/16912193
http://doi.org/10.1016/j.prp.2018.07.030
http://doi.org/10.1155/2022/7007718
http://www.ncbi.nlm.nih.gov/pubmed/26499152
http://www.ncbi.nlm.nih.gov/pubmed/26499152
http://doi.org/10.1002/cbin.11041
http://doi.org/10.3390/molecules25081778
http://doi.org/10.1158/1541-7786.MCR-09-0291
http://doi.org/10.1007/s12094-022-02926-4
http://doi.org/10.1158/0008-5472.CAN-16-0455
http://www.ncbi.nlm.nih.gov/pubmed/27899381
http://doi.org/10.1007/s00204-013-1034-4
http://doi.org/10.1177/1177271918755391
http://www.ncbi.nlm.nih.gov/pubmed/29449774
http://doi.org/10.1038/s12276-020-0384-2
http://www.ncbi.nlm.nih.gov/pubmed/32060354
http://doi.org/10.1146/annurev-cancerbio-041916-065808
http://doi.org/10.1186/s12885-019-6438-y
http://doi.org/10.1158/1535-7163.MCT-13-0950
http://doi.org/10.18632/oncotarget.16113
http://doi.org/10.1016/j.redox.2018.101084
http://doi.org/10.1074/jbc.M308080200
http://doi.org/10.1128/MCB.01867-08
http://www.ncbi.nlm.nih.gov/pubmed/19414596
http://doi.org/10.1093/nar/gky354
http://www.ncbi.nlm.nih.gov/pubmed/29762716
http://doi.org/10.1038/nbt.3437
http://www.ncbi.nlm.nih.gov/pubmed/26780180
http://doi.org/10.1038/nbt.2647
http://doi.org/10.1038/nprot.2013.143
http://doi.org/10.1002/pmic.201500249
http://www.ncbi.nlm.nih.gov/pubmed/27493124
http://doi.org/10.1213/ANE.0000000000002864


Cells 2023, 12, 256 19 of 20

39. Belham, C.; Roig, J.; Caldwell, J.A.; Aoyama, Y.; Kemp, B.; Comb, M.; Avruch, J. A Mitotic Cascade of NIMA Family Kinases. J.
Biol. Chem. 2003, 278, 34897–34909. [CrossRef]

40. Meirelles, G.V.; Lanza, D.C.F.; da Silva, J.C.; Bernachi, J.S.; Leme, A.F.P.; Kobarg, J. Characterization of hNek6 Interactome Reveals
an Important Role for Its Short N-Terminal Domain and Colocalization with Proteins at the Centrosome. J. Proteome Res. 2010, 9,
6298–6316. [CrossRef]

41. Fry, A.M.; O’Regan, L.; Sabir, S.; Bayliss, R. Cell cycle regulation by the NEK family of protein kinases. J. Cell Sci. 2012, 125,
4423–4433. [CrossRef] [PubMed]

42. Melixetian, M.; Klein, D.K.; Sorensen, C.; Helin, K. NEK11 regulates CDC25A degradation and the IR-induced G2/M checkpoint.
Nat. Cell Biol. 2009, 11, 1247–1253. [CrossRef] [PubMed]

43. Schwab, M. Anchorage-Independent Cell Growth In Encyclopedia of Cancer; Springer: Berlin, Heidelberg, 2011; p. 173. [CrossRef]
44. Park, J.; Lee, J.; Choi, C. Mitochondrial Network Determines Intracellular ROS Dynamics and Sensitivity to Oxidative Stress

through Switching Inter-Mitochondrial Messengers. PLoS ONE 2011, 6, e23211. [CrossRef] [PubMed]
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