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Abstract
CDK regulatory subunit 2 (CKS2) has a nuclear function that promotes cell division and is a candidate biomarker of
chemoradioresistance in cervical cancer. The underlying mechanisms are, however, not completely understood.
We investigated whether CKS2 also has a mitochondrial function that augments tumor aggressiveness. Based on
global gene expression data of two cervical cancer cohorts of 150 and 135 patients, we identified a set of genes
correlated with CKS2 expression. Gene set enrichment analysis showed enrichment of mitochondrial cellular
compartments, and the hallmarks oxidative phosphorylation (OXPHOS) and targets of the MYC oncogene in the
gene set. By in situ proximity ligation assay, we showed that CKS2 formed complex with the positively correlated
MYC target, mitochondrial single-stranded DNA binding protein SSBP1, in the mitochondrion of cervix tumor
samples and HeLa and SiHa cervical cancer cell lines, indicating a role in mitochondrial DNA (mtDNA) replication
and thereby OXPHOS. CDK1 was found to be part of the complex. Flow cytometry analyses of HeLa cells showed
cell cycle regulation of the CKS2-SSBP1 complex consistent with mtDNA replication activity. Moreover, repression
of mtDNA replication and OXPHOS by acute hypoxia decreased CKS2-SSBP1 complex abundance and expression
of MYC targets. By immunohistochemistry, cytoplasmic CKS2 expression was found to add to the prognostic
impact of nuclear CKS2 expression in patients, suggesting that the mitochondrial function promotes tumor
aggressiveness. Our study uncovers a novel link between regulation of cell division by nuclear pathways and
OXPHOS in the mitochondrion that involves CKS2 and promotes chemoradioresistance of cervical cancer.
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troduction
DK regulatory subunit 2 (CKS2) is overexpressed and associated
ith aggressiveness of many human malignancies, including cancer of
e uterine cervix, prostate, gastrointestinal tract, bile duct, breast,
d liver [1–9]. In cervical cancer, high CKS2 expression has been
sociated with presence of lymph node metastases at diagnosis and
or survival following chemoradiotherapy [2]. Overexpression of
KS2 in cell lines from a variety of cancer types has been shown to
omote cell proliferation, whereas CKS2 knockdown induced cell
cle arrest and apoptosis and inhibited cell growth, migration, and
morigenesis in mice [1,3,6,9,10]. CKS2 has therefore been
ggested as a new candidate biomarker and therapeutic target;
wever, a better understanding of its role in cancer pathogenesis is
quired before the findings can be fully exploited in the clinic [11].
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Several nuclear functions of CKS2 have been suggested that might
plain its role in cancer progression. The protein binds to CDKs in a
mplex with their activating cyclins and may facilitate transition
om G2- to M-phase of the cell cycle by stimulating activation of the
DK1-cyclin B (CCNB) complex [12,13]. CKS2 has further been
own to be chromatin bound and might be involved in transcription
the CDK1 and CCNB genes [14]. In addition, binding of CKS2
CDK2 may allow cells to override the intra-S-phase checkpoint
d continue DNA replication under conditions of replicative stress
5]. In 2010, Radulovic and coworkers [16] proposed that CKS2
so may have amitochondrial function in complex withCDK1 and the
itochondrial single-stranded DNA-binding protein SSBP1, which
a protein required for stabilization of single-stranded DNA during
itochondrial DNA (mtDNA) replication [17]. The complex was,
wever, detected in a pulldown experiment on lysed lymphoma cells
d in a binding assay using recombinant protein expressed in bacteria,
d not demonstrated in cells in situ [16]. Although of high clinical
levance, the mitochondrial function has not been further pursued.
Global gene expression data of patient cohorts are useful for
edicting cellular compartments and tumor phenotypes associated
ith upregulation of candidate cancer genes. To verify and add
formation to such large scale studies, microscopy-based techniques
r visualization of protein–protein complexes in situ are essential
ols [18]. In the present work, we combined gene expression analysis
two patient cohorts with protein–protein complex studies using the
situ proximity ligation assay (PLA) [19] in cell lines and tumor
mples. The aim was to investigate whether CKS2 has a significant
itochondrial role in cervical cancer and how it may affect tumor
enotype. Our approach reveals a major role of CKS2 in mtDNA
plication in complex with SSBP1 that represents a novel link
tween oxidative phosphorylation (OXPHOS) and rapid cell
vision in chemoradioresistant cervical cancer.

aterials and Methods

atients and Tumor Samples
A total of 294 patients with locally advanced cervical carcinoma
ere included. Tumor samples were collected before the start of
eatment of all patients. Samples of 285 patients (cohorts 1 and 2;
able S1) were snap frozen, stored at −80°C, and used for gene
pression analysis. Samples of 50 patients, including 41 patients
cohort 1, were fixed in 4% buffered formalin and used for
munohistochemistry. All patients received radiotherapy combined
ith adjuvant cisplatin and followed up as described [20]. The clinical
otocol was approved by The Regional Committee for Medical and
ealth Research Ethics in Southeast Norway (S-01129). The study
as performed in accordance with the Declaration of Helsinki, and
ritten informed consent was achieved from all patients.

ell Cultures and Hypoxia Exposure
HeLa and SiHa cervical cancer cell lines were purchased from
e American Type Culture Collection and cultivated in Dulbecco's
odified Eagle medium with GlutaMAX (Life Technologies,
arlsbad, CA), as described [20]. Correct identity of the cell lines
as confirmed by STR/DNA profiling using PowerPlex 21 (Promega,
adison, WI) by Eurofins Genomics (Ebersberg, Germany).
ypoxia treatment was performed in a humidified In Vivo2200
amber (Ruskinn Technology Ltd., Brigend, UK). Exponentially
owing cells were plated and incubated for 24 hours prior to hypoxia
posure (0.2% O2, 5% CO2, 95% N2) for 24 hours at 37°C.
ontrol cells were grown under normoxia (95% air, 5% CO2) in
rallel experiments.

ene Expression Data Sets
The gene expression data of all 285 patients and normoxia- and
poxia-treated cell lines have been published earlier [20]. In brief,
ne expression profiling was performed using two different Illumina
ad array versions (Illumina Inc., San Diego, CA). The patients
ere divided into two cohorts based on array version;: cohort 1 with
0 patients assayed by WG-6 v3 arrays and cohort 2 with 135
tients assayed by HT-12 v4 arrays (Table S1). Quantile normalized,
g2-transformed data were used in the analyses. The gene expression
ta are available in the Gene Expression Omnibus, accession number
SE72723.

munofluorescence
Cells were seeded on sterilized cover slips and fixed in 10% neutral
ffered formalin (Sigma Aldrich, St. Louis, MO) at room
mperature and/or in ice cold methanol (−20°C) for 10 minutes.
ells were then washed with PBS, blocked, and permeabilized for
minutes in PBS containing 1% bovine serum albumin and

5% Triton X-100 (PBS-AT) and incubated for 2 hours at
om temperature with the primary antibodies anti-CKS2 (mouse,
-0300; Life Technologies), anti-CDK1 (mouse, sc-54; Santa Cruz
iotechnology, Santa Cruz, CA), anti-CDK1 (rabbit, LS-C123204;
ifespan Bioscience, Seattle, WA), or anti-SSBP1 (rabbit,
PA002866; Sigma-Aldrich) diluted in PBS-AT. The cover slips
ere washed with PBS and incubated with secondary antibody
yLight 549 donkey anti-mouse or Dylight 488 donkey anti-rabbit
ackson ImmunoResearch, West Grove, PA). DNA was stained with
6 μg/ml Hoechst 33258. The cover slips were washed, air-dried,
d mounted on slides using Prolong Gold antifade mountant
36930; Life Technologies). The specificity of the SSBP1 antibody
r mitochondria was confirmed by showing its colocalization with a
itochondria marker (Figure S1).
Microscopy was performed using an AxioImager Z1 ApoTome
icroscope system (Carl Zeiss, Jena, Germany) equipped with plan
ochromat lenses (100×/NA1.40; 63×/NA1.40) and an AxioCam
Rm camera. Images were presented as maximal projection of z-stacks
ing AxioVision 4.8.2 (Carl Zeiss).

munohistochemistry
Bright-field immunohistochemistry of CKS2, CDK1, and SSBP1
as performed on tumor sections from patients to assess cellular
otein distributions (2 patients) and, for CKS2, relationship to
ne expression (41 patients) and treatment outcome (47 patients;
able S1). Paraffin-embedded sections were deparaffinized and stained
ing the Dako EnVision+ system, as described [2], using the same
tibodies as for immunofluorescence. Immunostaining of CKS2 in the
toplasm and nucleus was scored separately and together on a three-
ered scale for both intensity (absent or weak, 1; moderate, 2; strong,
and extent of staining (percentage of positive tumor cells b10%,
10%-50%, 2; N50%, 3) [2]. The scores of intensity and extent were
ultiplied to give a composite score ranging from 1 to 9 for each cellular
mpartment and tumor.

LA
Duolink in situ PLA kit (Olink Bioscience, Uppsala, Sweden)
as used for detection of protein–protein complexes, according to the
anufacturer's description and our earlier studies [21]. The assay is

ncbi-geo:GSE72723
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sed on simultaneous binding of two antibodies against each of
e proteins under investigation and utilizes a proximity ligation
chnique coupled to an amplification reaction to detect the
tibodies whenever they are less than 30 nm apart ;, i.e., when the
oteins most likely are in the same complex. Because of a powerful
plification technique, each individual complex can be visualized as
distinct spot in histological sections by microscopy and quantified
image analysis or flow cytometry [19,22].
The samples were pretreated with respect to fixation, antigen
trieval, and/or permeabilization according to the immunofluores-
nce protocol. All samples were blocked in Duolink blocking buffer
37°C and incubated for 2 hours in room temperature with two
imary antibodies, diluted in Duolink antibody diluent, using the
me antibodies as for immunofluorescence. CDK1 rabbit antibody
S-C123204; Lifespan Bioscience) and mouse antibody (sc-54;
nta Cruz Biotechnology) were combined with the mouse and rabbit
tibodies of CKS2 and SSBP1, respectively. The samples were
cubated for 1 hour at 37°C with secondary antibody PLA minus
d plus probes for mouse and rabbit, and thereafter with ligation
lution for 30 minutes to hybridize the two PLA probes together.
n amplification solution with fluorophore labeled nucleotides was
gure 1. Characterization of the transcriptional program associated w
llmarks (B) enriched in the transcriptional program based on 150 c
munohistochemistry cohort. (A) Percentage of unique genes anno
mponent ontology terms included in each compartment are defined
ded for 100 minutes at 37°C for fluorescence detection (cell lines).
r bright field microscopy (cell lines, four patient tumors), the
plification solution, containing horseradish peroxidase–labeled
cleotides and horseradish peroxidase substrate (NovaRED), was
ded for 120 minutes at 37°C.
For adherent cells on cover slips, Duolink mounting medium
ith 4′,6-diamidino-2-phenylindole nuclear stain was applied, and
icroscopy was performed as described for immunofluorescence.
umber of PLA foci per cell was quantified in maximal projection
z-stacks images using BlobFinder software v3.2 [23] based on
proximately 100 randomly selected interphase cells for each foci
pe (Figure S2). Suspension cells were stained for DNA with cell
cle 633 and analyzed by use of BD LSRII flow cytometer (BD
ioscience, Mountain View, CA), as described [24]. Median of the
A histogram, as quantified in FlowJo (Tree Star Inc., Ashland,
R), was used as a measure of PLA signal. Histological sections for
ight microscopy were mounted with Duolink Brightfield Mounting
edium (Olink Bioscience). Technical controls omitting primary
tibodies or containing secondary antibody PLA probes combined
ith only one of the primary antibodies exhibited only weak or no
gnals (Figure S3).
ith CKS2 expression in patients. Cellular compartments (A) and
ohort 1 patients, 135 cohort 2 patients, and 41 patients in the
tated to the cellular compartments is presented. The cellular
in Table S2A.
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tatistics
Spearman's rank test with Benjamini-Hochberg correction for
ultiple testing [25] was applied in correlation analyses of patient
ne expression data using R version 3.1.1 [26]. Enrichment of
llular compartments and hallmarks in gene lists was searched for
using the Gene Set Enrichment Analysis (GSEA) tool with the

llular component ontology annotation and 50 hallmark gene sets
om the Molecular Signatures Database [27]. Kaplan-Meier survival
rves were compared with log-rank test using IBM Statistics 21
r Windows (SPSS Inc., Chicago, IL). Mann-Whitney U test or
udent's t test was applied to compare data between two groups
ing SigmaPlot software version 12.5 (Systat software, Erkrath,
ermany).

esults

itochondrial Compartments and Hallmarks are Associated
ith High CKS2 Expression in Patient Tumors
The transcriptional program associated with high CKS2 expression
as determined by correlation analyses based on the global gene
pression data of cohort 1 and cohort 2 patients. GSEA analysis
the 2000 most strongly correlated genes [false discovery rate (FDR)
b 0.01] was performed for the two cohorts separately to identify
llular compartments and hallmarks enriched in the program.
ntology terms representing mitochondrion, including mitochon-
ion, and mitochondrial part, envelope and matrix, were the most
gnificant terms in both cohorts (Figure 1A; Table S2A). Among
e other top 20 terms were nucleus, chromosome, envelope, and
toskeleton. The genes annotated to mitochondrial terms showed
ly minor overlap of 4 (1.7%; cohort 1) and 10 (3.5%; cohort 2)
nes with those annotated to nuclear terms (nucleolus, nucleoplasm
rt, nuclear body).
The most significant hallmarks in both cohorts were cell cycle
2F targets, G2M checkpoint, mitotic spindle), targets of the MYC
cogene, OXPHOS, and DNA repair (Figure 1B; Table S2B).
hese results were consistent with the enriched cellular compartments
nce cell cycle regulation and DNA repair occur to a large extent
the nucleus, OXPHOS occurs in the mitochondrion, and MYC
gulates both mitochondrial and nuclear pathways. In addition,
ble 1. Selected CKS2 Correlating Genes *

ne Probe ID Description

clear and mitochondrial function
K1 ILMN_1747911 Cyclin-dependent kinase 1
NB1 ILMN_1712803 Cyclin B1
YC ILMN_2110908 MYC proto-oncogene

DNA replication and transcription
BP1 ILMN_1809478 Single-stranded DNA binding protein 1, MYC targ
AM ILMN_1715661 Transcription factor A, mitochondrial

ectron transfer chain
DUFB6 ILMN_2369924 NADH:ubiquinone oxidoreductase subunit B6, com
HB ILMN_1667257 Succinate dehydrogenase complex iron sulfur subun
CRC2 ILMN_1718853 Ubiquinol-cytochrome c reductase core protein 2, c
X6A1 ILMN_1783636 Cytochrome C oxidase subunit 6A1, complex IV
P5O ILMN_1791332 ATP synthase peripheral stalk subunit OSCP, comp

icarboxylic acid cycle
CLA2 ILMN_1660787 Succinate-CoA ligase ADP-forming beta subunit

Correlation coefficient rho and FDR-adjusted P value (q) from Spearman's rank correlation analysis of CKS2
her metabolic hallmarks including fatty acid metabolism and
ycolysis were significant (Figure 1B).
GSEA analysis was also performed on 2000 genes correlated with
KS2 protein expression (nominal P b .036) of 41 patients in the
munohistochemistry cohort to ensure that the above associations
ere valid for the protein. The score for cytoplasmic and nuclear
munostaining together was used, and this score was significantly
rrelated to CKS2 gene expression (rho = 0.31; P = .047). Results
milar to those for CKS2 gene expression were achieved, showing
itochondrion as the second most significant cellular compartment
d MYC targets and OXPHOS among the top five hallmarks
igure 1, A and B; Table S2, A and B). All together, these results are
nsistent with the known nuclear functions of CKS2 and support a
w, significant role in the mitochondrion.

SBP1 Is a Strong Candidate for Connecting CKS2 to the
itochondrial Hallmarks OXPHOS and MYC Targets
Among the cell cycle genes positively correlated with CKS2
pression in both cohorts 1 and 2 were CDK1 and CCNB1
able 1). The OXPHOS hallmark included positively correlated
nes encoding subunits of all complexes (I-V) in the electron transfer
ain (Tables 1, S3). Of relevance for OXPHOS was also a strong
sitive correlation of genes in mtDNA replication and transcription,
e SSBP1 and mitochondrial transcription factor TFAM, and in the
icarboxylic acid cycle, like succinate-CoA ligase SUCLA2 (Table 1).
YC and several of its targets encoding mitochondrial proteins
ere also among the positively correlated genes (Tables 1, S3). MYC
s been shown to drive proliferation of tumor cells through a positive
fect on both glycolysis and OXPHOS and regulation of fatty
id metabolism [28]. Increased OXPHOS and MYC activation
as therefore characteristic phenotypes of tumors with high CKS2
pression.
SSBP1 appeared as one of the MYC targets (Table 1) and seemed
be a reliable target, being identified with different techniques
9,30]. Its activity is required for replication of the mitochondrial
nome [17], which consists of 37 genes encoding OXPHOS proteins
1]. SSBP1 and its role in mtDNA replication could therefore
nnect CKS2 to the OXPHOS andMYC targets hallmarks and were
likely partner in a mitochondrial complex with CKS2.
Cohort 1 Cohort 2

FDR q rho FDR q rho

3.5×10−9 0.54 1.1×10−13 0.64
0.0007 0.34 1.3×10−6 0.46
0.043 0.23 1.2×10−6 0.47

et 0.0002 0.37 3.5×10−7 0.50
0.003 0.31 0.0002 0.37

plex I 2.0×10−5 0.42 2.6×10−13 0.63
it B, complex II 0.015 0.26 0.001 0.32
omplex III 0.036 0.24 2.5×10−3 0.41

4.7×10−4 0.35 1.5×10−8 0.52
lex V 0.001 0.34 2.0×10−5 0.41

9.4×10−6 0.43 2.0×10−6 0.45

versus genes in the gene expression data sets of cohorts 1 and 2.
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KS2 Forms PLA Foci with SSBP1 and CDK1 in the
itochondria
CKS2 protein was expressed in both the nucleus and cytoplasm of
eLa cells (Figure S4). CKS2 is known to bind to CDK1 in the nucleus
gure 2. CKS2, CDK1, and SSBP1 protein–protein complexes in HeLa cel
) CKS2-CDK1;, (B) CKS2-SSBP1;, and (C) CDK1-SSBP1PLA foci in interph
ci are present in the nucleus and cytoplasm. In panels B andC, foci are pr
) Frequency distribution showing number of PLA foci per cell for the foci t
an exponentially growing cell culture were counted. For CKS2-CDK1, d
2–14,32], and we first confirmed that this interaction could be
tected with PLA. CDK1 showed a more diffuse expression pattern in
e nucleus than CKS2 but with sparing of the nucleoli. Indeed, nuclear
KS2-CDK1 PLA foci were detected in interphase cells (Figures 2A
ls. Immunofluorescence images (maximal projection of z-stacks) of
ase cells. The PLA foci are shown in red andDNA in blue. In panel A,
esent in the cytoplasmonly, including a few lying above thenucleus.
ypes in panelsA-C.A total of 100 randomly selected interphase cells
ata for nuclear and cytoplasmic foci are shown separately.
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d S5A) that disappeared from the chromatin during mitosis
igure S5B). Quantitative image analysis showed a median number
38 nuclear CKS2-CDK1 foci per interphase cell (Figure 2D).
CKS2 was further found to form PLA foci with SSBP1 in the
itochondria, with a median number of nine per interphase cell
igure 2, B and D). CDK1-SSBP1 foci were also seen and were more
undant than the CKS2-SSBP1 foci (P b .001) with a median of
foci per interphase cell. In addition, CKS2 and CDK1 formed

LA foci in the same cytoplasmic regions, and the cytoplasmic
KS2-CDK1 foci were equally abundant as the CDK1-SSBP1 foci
ith a median of 23 foci per interphase cell (Figures 2, A and D; S5).
KS2 therefore seemed to be in a complex with SSBP1 and CDK1
the mitochondrion. Moreover, these complexes were seen in both
terphase and mitotic cells (Figure S5; data not shown).

ell Cycle Regulation of CKS2-SSBP1 Foci Abundance
In flow cytometric analysis of HeLa cells, CKS2 protein expression
anged in accordance with DNA content, showing a doubling from
1- to G2-phase and therefore no cell cycle regulation (Figure 3A).
tDNA replication, however, is strictly regulated and adapted to cell
cle progression [33,34]. To investigate whether similar regulation
ttern occurred for the abundance of CKS2-SSBP1 foci, we
mpared the PLA signal at different times in cell cycle with total
llular DNA content. Based on the DNA histogram, the PLA signal
as gated into six regions, two of each cell cycle phase, to resolve
gure 3. Cell cycle regulation of CKS2 and CKS2-SSBP1 complex in HeL
the cell cycle. (B) DNA histogram showing the six regions used for g
gnal and DNA content in cells gated as indicated in panel B. (D) Relati
LA signal divided by DNA content is shown. (C, D) Data are shown re
presents mean value of at three (A) and five (C, D) independent
statistically significant difference (P b .05) compared to second regio
tails in the regulation pattern (Figure 3B). During G1-phase
egions 1 and 2), the CKS2-SSBP1 PLA signal increased in
cordance with DNA content (Figure 3C). From G1- to S-phase
egions 2-4), the signal showed only a minor increase but started
increase towards the same rate as the total DNA content in late
phase and early G2-phase (regions 4-6; Figure 3C). Relative to total
NA, the PLA signal was highest in G1-phase, decreased significantly
S-phase, and leveled off in early G2-phase (Figure 3D). The high
lative abundance of CKS2-SSBP1 foci in G1-phase and resumption
early G2 coincided with peaks of mtDNA replication [33]. The
KS2-SSBP1 foci number therefore appeared to be regulated
roughout the cell cycle in a manner consistent with the known
BP1 activity in the mitochondrion.

epression of MtDNA Replication and OXPHOS
Exposure of cells to acute hypoxic stress has been shown to impair
itochondrial processes, including mtDNA replication [35]. Changes
CKS2-SSBP1 PLA signal under acute, severe hypoxia (0.2% O2,
hours) were measured in HeLa and SiHa cells to see whether

pression of mtDNA replication had any effect on protein–protein
mplex abundance. In GSEA analysis of genes downregulated by a
ctor of 1.5 or more by hypoxia in either of the cell lines, we found
gnificant enrichment of ontology terms representing mitochondrion
d hallmarks related to mitochondrial function, including OXPHOS
d MYC targets encoding mitochondrial proteins (Figure 4, A
a cells by flow cytometry. (A) CKS2 signal in G1-, S-, and G2-phase
ating of data presented in panels C and D. (C) CKS2-SSBP1 PLA
ve CKS2-SSBP1 PLA signal in cells gated as indicated in panel B.
lative to the first gate in G1-phase (region 1). (A, C, D) Each point
experiments. The bars represent standard error of the mean.
n in G1-phase (region 2).
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d B; Table S4, A-C), consistent with impaired mtDNA
plication. Moreover, the ontology terms and hallmarks were
milar to those associated with CKS2 expression in the patient
ta sets (Figure 1), suggesting that the same tumor phenotype was
fected in the cell line experiment. A significant reduction in the
KS2-SSBP1 PLA signal by hypoxia was found in both cell lines, as
monstrated for individual cell cycle phases by flow cytometry in
eLa cells (Figure 4C) and visualized in histological sections of SiHa
lls (Figure 4D), in line with a role of this complex in mtDNA
plication.

KS2 in Foci with SSBP1 in Patient Tumors and in Association
ith Clinical Markers
In patients, CKS2 protein was present in the nucleus and/or
toplasm of tumor cells in about half (45%) of the 47 cases tested,
BP1 was seen in the cytoplasm, and CDK1 was seen in the nucleus
d cytoplasm (Figure 5A). Histological sections from four tumors
ere subjected to PLA. CKS2-SSBP1 foci were detected in the
gure 4. Gene expression and CKS2-SSBP1 complex analysis of HeLa a
poxia. Cellular compartments (A) and hallmarks (B) enriched in a lis
nes annotated to the cellular compartments is presented. The cellula
fined in Table S2A. (C) CKS2-SSBP1 PLA signal in G1-, S-, and G2-pha
tometry. The columns represent mean value of three independent e
present standard error of the mean. *, statistically significant differe
d dots) in histological sections of normoxic (left) and hypoxic (right)
toplasm of tumors with high cytoplasmic CKS2 expression but not
tumors with low expression (Figure 5B). CDK1 also formed foci
ith SSBP1 in the cytoplasm (Figure 5B). The CKS2-SSBP1 and
DK1-SSBP1 complexes observed in cell lines therefore appeared to
present in patient tumors as well.
Prognostic value of CKS2 expression was investigated for the
toplasmic and nuclear expression separately in 47 patients. High
toplasmic CKS2 expression was seen in eight patients. There was
clear tendency towards lower progression-free survival probability
these patients (P = .053), with a separation of 40% in survival
obability between the high- and low-expression groups (Figure 5C).
omparison of patient groups based on nuclear CKS2 expression
d to a highly significant (P = .0031) but somewhat smaller
paration of 34% between the groups (Figure 5D). Only two
tients had both high cytoplasmic and nuclear expression. The
sociation of cytoplasmic CKS2 expression to outcome was therefore
t a consequence of a correlation with nuclear expression. The
rongest association to outcome (P = .0029) and a separation of
nd SiHa cells following repression of mtDNA replication by acute
t of genes downregulated by hypoxia. (A) Percentage of unique
r component ontology terms included in each compartment are
se under normoxia and hypoxia in HeLa cells measured by flow
xperiments relative to the value of G1-phase normoxia. The bars
nce (P b .05) compared to normoxia. (D) CKS2-SSBP1 PLA foci
SiHa cells. Arrow points to PLA foci in left panel.
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Figure 5. Tumor protein–protein complexes and survival analysis in patients. (A) Cytoplasmic and nuclear CKS2 expression (left),
cytoplasmic SSBP1 expression (middle), and cytoplasmic and nuclear CDK1 expression (right) by immunohistochemistry in histological
sections. (B) CKS2-SSBP1 PLA foci (brown dots) in two different tumors (left, middle) and CDK1-SSBP1 PLA foci (brown dots; right).
Arrow points to PLA foci in left and right inset panels. (C) Kaplan-Meier curves of progression-free survival for patients with high
(composite score N0) and low (composite score of zero) cytoplasmic CKS2 expression. (D) Kaplan-Meier curves of progression-free
survival for patients with high (composite score N2) and low (composite score ≤2) nuclear CKS2 expression. (E) Kaplan-Meier curves of
progression-free survival for patients with high and low cytoplasmic and/or nuclear CKS2 expression. (F) Box plot of tumor volume for 31
patients with low and 16 patients with high cytoplasmic and/or nuclear CKS2 expression. *, statistically significant difference (P b .05)
between the patient groups. (C-E) P value from log-rank test and number of patients are indicated.
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% between the groups were seen when combining the data for
e cytoplasmic and nuclear compartment (Figure 5E). Moreover,
sed on the combined data, patients in the high-expression group
d a significantly larger tumor size than those in the low-expression
oup (P = .003; Figure 5F). These observations indicate that the
itochondrial function contributes to the prognostic impact of CKS2
d that the mitochondrial and nuclear function combined promotes
mor growth.
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iscussion
e present evidences for a mitochondrial function of CKS2 in
mplex with SSPB1 in cervical cancer that involves regulation of
tDNA replication. The use of gene expression data from patient
mors led to clinically relevant predictions of cellular compartments
d functions that were consistent across two independent cohorts
d in analysis based on CKS2 protein expression. The global,
supervised design enabled broad insight into the transcriptional
ogram associated with high CKS2 expression, depicting mitochon-
ion as a major compartment and increased OXPHOS and MYC
tivation as associated tumor phenotypes. The predictions were
nfirmed in CKS2-SSBP1 PLA studies in cell lines, and the CKS2-
BP1 complex was demonstrated to occur in patient tumors. The
itochondrial function adds to the known nuclear role of CKS2
cell cycle progression. Mitochondrial activity to generate energy is
own to cross talk with the cell division machinery, but the
olecular connections between these processes are poorly elucidated
6]. Our results suggest that CKS2 is part of this connection,
oviding cancer cells with energy for rapid cell division and thereby
presenting a novel mechanism underlying chemoradioresistance.
PLA studies in cell lines showed that the interaction between CKS2
d SSBP1 was consistent with SSBP1 function in mtDNA
plication. MtDNA replication precedes nuclear DNA synthesis in
1-phase and is reactivated towards the end of S-phase, providing
ergy for the G1/S and G2/M transitions [36]. By comparing the
undance of CKS2-SSBP1 foci to total DNA content, we found that
e interaction was regulated throughout the cell cycle in a manner
nsistent with mtDNA replication activity. Moreover, OXPHOS
pression decreased the abundance of CKS2-SSBP1 foci. CKS2
erefore appears to have a role in mtDNA replication in complex
ith SSBP1 and, thus, in regulation of key OXPHOS proteins.
Our gene expression analysis predicted MYC activation to be
volved in the function of CKS2 in mtDNA replication. In
rticular, MYC transcriptional activity may have contributed to
BP1 upregulation in tumors with high CKS2 expression. Moreover,
XPHOS repression in cell lines downregulated MYC targets and
creased the abundance of the CKS2-SSPB1 complex. It is therefore
ssible that MYC-mediated upregulation of SSBP1 promotes the
rmation of this complex. MYC activation has been shown to be
sociated with aggressive cervical cancer in previous work by us and
hers [37,38], and it is tempting to speculate that the CKS2-SSBP1
mplex plays a role in the MYC-related aggressive phenotype.
It is likely that CDK1 is part of the CKS2-SSBP1 complex since
DK1-SSPB1 and CKS2-CDK1 foci occurred in the same
toplasmic regions as the CKS2-SSBP1 foci. The data of PLA foci
mber per cell may suggest a model of a complex consisting of the
ree proteins. Proteins in PLA foci can be up to 30 nm apart [18].
higher number of CDK1-SSBP1 than CKS2-SSBP1 foci therefore
ints to CDK1 as a direct binding partner to SSBP1, whereas
KS2 probably interact indirectly with SSBP1 through a binding to
DK1. This is consistent with the cytoplasmic CKS2-CDK1 foci,
hich were more abundant than the CKS2-SSBP1 foci and equally
undant as the CDK1-SSBP1 foci. In this model, due to mobility of
e proteins, CKS2 and SSBP1 will occasionally, but not always, be
ose enough to form PLA foci. Our model is also in accordance with
e study by Radulovic and coworkers [16] showing that the CKS2-
BP1 interaction depended on CKS2 being bound to CDK1.
egardless of the validity of this model, our data suggest that CDK1
rticipates in the function of CKS2 in mtDNA replication.
The function of CKS2 in mtDNA replication was suggested to be
clinical importance by visualizing CKS2-SSBP1 PLA foci in patient
mors. Moreover, high cytoplasmic CKS2 expression was shown
contribute to the prognostic impact of CKS2 in survival analysis
d the relationship of CKS2 to tumor volume. Although we cannot
clude that cytoplasmic expression may reflect other roles of CKS2,
is indicates that the CKS2-SSBP1 complex is important for tumor
gressiveness. Moreover, whether transient OXPHOS repression
acute hypoxia followed by reoxygenation may influence the

tratumor distribution of CKS2-SSBP1 complexes and possibly the
istence of aggressive subpopulations may be of high clinical
levance and requires further investigation. Our findings support the
e of CKS2 as biomarker of chemoradioresistance in cervical cancer
d encourage development of CKS2 targeted therapy. Mitochon-
ial processes, including mtDNA replication and OXPHOS, have
en proposed as promising therapeutic targets [39]. In this context,
KS2 targeting might be a particularly powerful approach, interfering
th directly with the cell division machinery and indirectly with the
pply of energy for rapid cell proliferation.

ppendix A. Supplementary data
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.01.002.
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