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Abstract: Hypoxia selects the most aggressive and drug-resistant clones in solid malignancies. One of the pivotal
transcription factors induced by hypoxia is Hif-1a. However, in serous ovarian cancer (SEOC), Hif-1a expression
is not a prognostic biomarker. This study aims to assess the hypothesis that the serine-threonine kinase Nek6
functions as a downstream effector cooperating with Hif-1a in driving ovarian cancer aggressiveness. Nek6 was
overexpressed and Hif-1a was silenced in A2780 cells. Nek6 was also stably silenced in Hey cells. The dependence
of Nek6 expression on Hif-1a was assayed as a function of hypoxic growth conditions. Nek6 interaction with the
cytoskeletal gateway of drug resistance was investigated with far western blot. The co-expression of NEK6, HIF1A,
TUBB3 and GBP1 transcripts was quantified with gPCR in two cohorts of SEOC patients (346 locally treated patients
and 344 from the TCGA dataset). Nek6 expression is induced by hypoxia in a Hif-1a dependent fashion. Nek6
directly interacts with GBP-1, thus being a component of the cytoskeletal gateway of drug resistance. Nek6 overex-
pression increases and silencing decreases the anchorage-independent growth of cultured cells. In SEOC patients,
NEK®6 expression is significantly correlated with HIF1A. Co-expression of NEK6, HIF1A, TUBB3 and GBP1 transcripts
identifies a subset of SEOC patients characterized by poor outcome and drug resistance. This study demonstrates
the functional relevance of Nek6 in the context of the adaptive response to hypoxia in SEOC. This finding may help
identify a sub-population of patients at high risk of relapse to standard first-line chemotherapy.
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Introduction months will likely experience rapid fatal pro-

gression; this cohort has a 5-year survival rate

Serous epithelial ovarian cancer (SEOC) is the
most common type of ovarian cancer and the
deadliest gynecologic malignancy. Due to the
clinically indolent nature of the disease in the
early stages, the majority of patients are diag-
nosed when surgery alone is not sufficient to
eradicate the cancer. Combination chemother-
apy with platinum/taxane remains a corner-
stone of treatment for most patients, and dura-
tion of chemotherapy response is a proven pre-
dictor of outcome. Patients relapsing more
than 12 months following chemotherapy are
defined as chemo-sensitive and can expect a
relatively favorable 5-year survival rate of 60%
[1]. By contrast, women relapsing within 3

of less than 5% [1]. Novel strategies aimed at
circumventing the injurious effects of chemore-
sistance in the management of SEOC are des-
perately needed [2]. Elucidating the molecular
mechanism(s) underlying chemoresistance is
mandatory if progress on this front is to be
realized.

It has already been established that the tumor
microenvironment has a profound impact on
cancer biology and response to treatments [3].
Cancers which are exposed to harsh microenvi-
ronments featured by low oxygen and dimin-
ished nutrient supply will activate adaptive,
“survival” pathways that simultaneously pro-
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vide, to patients’ detriment, protection from the
therapeutic effects of chemotherapy. The
expression of class Il B-tubulin (encoded by the
gene TUBB3) is a key event in this cascade [4]
contributing to its power as a prognostic mark-
er in ovarian cancer [5, 6] and other solid malig-
nancies [7]. Of note, class Ill B-tubulin is one of
the genes regulated directly by Hif-1a (Hypoxia-
inducible factor 1-alpha) [8], and it enhances
the incorporation of GBP-1 (Interferon-induced
guanylate-binding protein 1) GTPase into micro-
tubules. GBP-1 facilitates the cytoskeletal
incorporation of prosurvival kinases, protecting
them from proteasome degradation and pro-
longing their pro-survival signaling [9]. The
functional interaction between GBP-1, class llI
B-tubulin and the pro-survival kinases consti-
tutes the so-called cytoskeletal gateway of drug
resistance [9].

Nek6 (NIMA (Never In Mitosis Gene A)-Related
Kinase 6) is a serine-threonine protein kinase
required for progression through the meta-
phase portion of mitosis. Nek6 is elevated in
malignant tumors and human cancer cell lines
as compared with normal tissue and fibroblast
cells and is believed to play a role in tumorigen-
esis [10].

The cytoskeletal gateway of drug resistance
allows incorporation into the cytoskeleton of at
least 19 protein kinases capable to interact
with GBP-1 [9]. One of these 19 proteins is
Nek6. Therefore, we aimed this study at investi-
gating Nek6 expression in ovarian cancer and
its functional connection with the adaptive
response to hypoxia and the cytoskeletal gate-
way of drug resistance. The results support the
hypothesis that Nek6 contributes to the aggres-
sive phenotype of ovarian cancer via the func-
tional circuit comprised of Hif-1a and class Il
B-tubulin induced by hypoxia.

Materials and methods
Cell cultures and growth experiments

A2780, Hey and SKOV-6 ovarian cancer cells
have been previously described [11]. Cell lines
were authenticated through short tandem
repeat analysis and used within 15 passages
from authentication. For normoxia, cells were
grown in a fully humidified atmosphere of 5%
C0,/95% air in RPMI medium complemented
with fetal bovine serum and antibiotics. For
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hypoxia, experiments were performed using a
sealed chamber (Billups-Rotenberg Inc., Del
Mar, CA) filled with 93% nitrogen, 5% COZ, and
2% oxygen. Growth experiments were carried
out as previously described [12]. Cell lines were
routinely screened for mycoplasma infection
using the Universal Mycoplasma Kit (ATCC,
Manassas, VA) according to manufacturer’'s
instructions. All the reagents were purchased
from Sigma-Aldrich (St. Louis, MO) if not other-
wise specified. Growth inhibition experiments
were performed as previously described [8,
13].

Nek6 overexpression

Human NEK6 (NM_014397) was amplified
from a human testis library by PCR with forward
5-ATAAAGCTTATGGCAGGACAGCCCGGCCAC-3’
and reverse 5-AAGAATTCTCAGGTGCTGGAC-
ATCCAGAT-3’ primers. Amplicon was then
cloned in pUSE(+) expression vector (Upstate
Biotechnology, Lake Placid, NY). The empty
vector served as negative control. Stable trans-
fection in A2780 cells was performed as previ-
ously described [14]. Briefly, after electropora-
tion, cells were selected in the presence of
G418 (1.5 pg/mL). When colonies appeared,
individual clones were obtained at limiting dilu-
tion. Twenty-four clones were screened at the
gene and protein level. The two clones with the
highest Nek6 expression were selected for fur-
ther analysis.

Nek6 and Hif-1a silencing

Inserts targeting NEK6 were designed using
GeneScript software with the following oligonu-
cleotides: SINEK6G-F 5-GATCCCGATCGAGCAG-
TGTGACTACTTCAAGAGAGTAGTCACACTGCTC-
GATCTTTTTTCCAAA-3' and sINEK6-R 5-AG
CTTTTGGAAAAAAGATCGAGCAGTGTGACTAC
TCTCTTGAAGTAGTCACACTGCTCGATCGG-3'.

The inserts were subsequently cloned in
BamHI/Hindlll sites of the small interfering RNA
expression vector pRNAT-U6.1/Neo (Gene-
Script, Piscataway, NJ). As a control, the SiC
construct was built which expressed a small
RNA not targeting any region of the human
genome. For SiC, the annealed oligonu-
cleotides were: SiC-F 5-GATCCCGTTAGTC-
TGATATGGGATGGGCTTGATATCCGGCCCATCC
CATATCAGACTAATTTTTTCCAAA-3" and SiC-R
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5-AGCTTTTGGAAAAAATTAGTCTGATATGGGATGG
GCCGGATATCAAGCCCATCCCATATCAGACTAAC
GG-3'. Cells were stably transfected as described
above in Hey cells [12].

A2780 cells were transiently transfected with
Hif-1a siRNA duplex whose sequence has been
already reported [8]. After transfection, cells
were cultured under hypoxic conditions for 48 h.

Real-time quantitative PCR and western blots

Total RNA was obtained from cultured cells
using RNAeasy plus mini kit (Qiagen, Valencia,
CA) according to the manufacturer’s directions.
cDNA was prepared using iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, CA). Real-time quantita-
tive PCR was done using the iCycler iQ System
(Bio-Rad) and the iQ SYBR Green Supermix (Bio-
Rad) in a final volume of 25 pL, starting with a
3-min template denaturation step at 95°C fol-
lowed by 40 cycles of 15 s at 95°C and 1 min at
60°C. Amplifications were carried out using
the following primers: NEK6 forward 5'-
CGCGCCGTTCGTGCCCT-3" and reverse 5-GCC-
AAGCGAGCAGCGAAAAGACA-3’; TUBB3 forward
5-GCGAGATGTACGAAGACGAC-3’ and reverse 5'-
TTTAGACACTGCTGGCTTCG-3". Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used
to normalize the possible variation in sample
concentration, with forward 5-CTGACCTGC-
CGTCTAGAAA-3’ and reverse 5'-CCACCATGGAG-
AAGGGTGG-3’; B-Actin (ACTB) replaced GAPDH
for normalization for analyses in hypoxia, using
the forward 5-GCCGACAGGATGCAGAAGGAG-3’
and reverse 5-CAGGATGGAGCCGCCGATC-3.

The experiments were repeated two or more
times and each time the samples were run in
triplicates. The results were analyzed as
described previously [15] using the Excel
spreadsheet RelQuant (Bio-Rad).

The procedure of western blot has been already
described [9]. The following antibodies were uti-
lized: anti-Nek6 rabbit monoclonal antibody
(1:5000, Abcam, Cambridge, UK); anti-Gapdh
(1:5000, Abcam, Cambridge, UK); anti-B-actin
(1:5000, Sigma-Aldrich), anti-class Il B-tubu-
lin polyclonal antibody (1:10000, Covance,
Berkeley, CA); mouse monoclonal anti-Hif1l-o
(1:250, Novus Biologicals, Littleton, CO). After
incubation with secondary horseradish peroxi-
dase-conjugated antibodies (Bio-Rad), visualiza-
tion was performed with the enhanced chemilu-
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minescence-plus system (Amersham Bioscien-
ces, Buckinghamshire, UK) using a Versadoc
imaging system (Bio-Rad).

Analysis of the GBP-1: Nek6 protein: protein
interaction

Interaction between the two proteins was
assessed with the far western blotting tech-
nique as previously described [16]. Briefly,
recombinant GBP-1 and Nek6 were produced
in E. Coli and freshly purified. Five ug of GBP-1
and carbonic anhydrase (CA) were blotted onto
polyvinylidene difluoride membrane. Proteins
were subjected to a denaturation process in
protein binding buffer (100 mmol/L NaCl, 20
mmol/L Tris (pH 7.6), 0.5 mmol/L EDTA, 10%
glycerol, 0.1% Tween 20, 2% milk powder, and 1
mmol/L DTT) containing decreasing amounts
of guanidine-HCI from 6 to 0.1 mol/L.
Renaturation of proteins was performed over-
night at 4°C in protein binding buffer without
guanidine-HCI. Membranes were blocked with
5% milk in PBST (PBS with 0.05% Tween 20) for
2 h at 22°C. Recombinant Nek6 was added to
protein binding buffer and membranes were
incubated 16 h at 4°C. Membranes were
washed thrice in PBST and incubated with pri-
mary (anti-Nek6) and secondary (horseradish-
conjugated) antibodies in PBST with 3% milk.
Detection was done by Versadoc (Bio-Rad)
after incubation in SuperSignal (Pierce,
Rockford, IL). For coimmunoprecipitation exper-
iments we used the same procedure we
described previously [17], using for detection
the above described anti-Nek6 antibody.

Chromatin immunoprecipitation (ChIP)-PCR
assay

In silico analysis, using the Matlnspector
Professional software (Genomatix, Munich,
Germany), indicated the presence of putative
Hif-la binding sites at 5 flanking region of
NEK6 gene (NM_014397), at 5’ of translational
start site and at 3’ UTR of NEKG gene.

ChIP was performed in A2780 cells, either in
normoxia or hypoxia for 48 and 72 h, as previ-
ously described [8, 18]. Briefly, immunoprecipi-
tation was performed overnight with 10 ug of
anti-Hif-1a« monoclonal antibody (NB100-105,
Novus Biologicals, Littleton CO) and anti-immu-
noglobulin (Ig) antibody as negative control
(goat, Bio-Rad).
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Genomic regions close to the putative Hif-1a
binding sites at 5’ of translational start site
(cagcgecaCGTGgggag -2947 bp to -2931 bp
from ATG on plus strand and cctccccaCGTG-
geget -2946 bp to -2929 bp from ATG on the
minus strand), were PCR amplified using the
following primers: forward: 5'-cttattcccggtcccc-
cttg-3’ and reverse: 5'-gtcactcaccagctagacc-3’;
another site (aaaggggaCGTGgaagg -4121 bp to
-4105 bp from ATG on the minus strand) was
PCR amplified with primers forward: 5-ccggg-
gacgggeagt-3’ and reverse: 5’-ccacaccccaaca-
gaaaccc-3. Two additional putative Hif-1x
binding sites, identified by Matinspector
Professional software in the 3’'UTR of NEK6
gene (tttccacaCGTGgactc +1354 bp to +1362
bp from stop codon on plus strand and cgagtc-
caCGTGtggaa +1355 bp to +1363 bp from stop
codon on the minus strand), were PCR ampli-
fied using the following primers: forward:
5-tgattcctgacacctgetge-3’' and reverse: 5agt-
aactcccagtcaccctgt-3'. In addition, negative
control primers, amplifying a region of genomic
DNA between the GAPDH gene and CNAP1
gene (accession number: BC028182), were
used: forward: 5-atggttgccactggggatct-3’ and
reverse: 5’-tcgcaaagcctaggggaaga-3'.

Soft agar assay

For the soft agar assay in hypoxia vs. normoxia
condition, respectively 8000 cells were layered
in 300pl of culture medium on the bottom agar
(final solution of 0.6% agar in growth media 1X
RPMI 1640, 10% FBS) in six-well culture plates
and top agar (final solution of 0.3% agar in
growth media 1X RPMI 1640, 10% FBS) was
added. To avoid agar drying growth media was
added on 0. 3% top agar. After 24 h from layer-
ing, cells was cultured in normoxia and hypoxia
condition for 72 h, then colony numbers were
counted.

Translational analysis

Formalin fixed paraffin embedded (FFPE) sam-
ples were obtained from ovarian cancer that
had been preserved between 2000 and 2008
following a protocol approved by the Danbury
Hospital IRB (prot. Number DH12/17). Patients
gave explicit informed consent to be included in
the study. All the enrolled patients underwent
standard treatment including platinum/taxane
combination. Samples were collected at the
first surgery before any treatment. The proce-
dure has been already described [13, 19, 20].
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Briefly, FFPE samples were cut to 10 um thick-
ness and two tissue slices were put into a 1.5
ml tube. One milliliter of xylene was added for
deparaffinization followed by mixing twice with
a high speed vortex for 3 min at room tempera-
ture. Total RNA was then automatically extract-
ed with the Qiacube using the Qiagen miRNe-
asy FFPE kit following manufacturers’ proto-
cols. The RNA from the cell line A2780 was
automatically extracted with the QIAcube using
the Qiagen miRNeasy kit following manufactur-
er's protocols. RNA quantity and the quality
were assessed by Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). Analysis
was carried out using the 48.48 dynamic array
(Fluidigm, South San Francisco, CA) and a
Biomark platform following the manufacturer’s
protocol. Data were normalized using the geo-
metric average of three housekeeping genes
(GAPDH, TUBB and ACTB1) and the delta/delta
Ct method [21]. As validation set the level 3
data of normalized RNA-seq coming from 344
patients were downloaded from the TCGA data
portal. RNA-seq instead of microarray data
were used for the absence of a validated probe
for NEK6 [22] in the U133A chips used in the
TCGA analysis. Clinical information was also
downloaded and the two files merged using the
unique 12 number identifier of each individual
patient.

Statistical analysis

Cox and Kaplan-Meier analysis was performed
as described previously [13]. Patients were cat-
egorized as positive or negative according to a
cut off optimized using the R script S1 previ-
ously published [23]. A cumulative score for the
expression of each of the four investigated fac-
tors was created by giving one or zero point if
the factor is positive or negative, respectively.
According a score O and 4 correspond to a
patient not expressing or expressing the 4 fac-
tors, respectively. Correlation test was per-
formed using the Pearson method and t-test or
ANOVA were used to detect significant differ-
ences with a type | error rate of 5%. All the anal-
yses were performed with the JMP9 software
(SAS, Cary, NC).

Results

NEKG6 expression in ovarian cancer and nor-
mal ovarian tissue

NEK6 and HIF1A (encoding for Nek6 and Hif-
1a, respectively) transcript levels were investi-
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gated in 902 SEOC patients and in 51 normal
ovarian controls using the GENT (Gene
Expression across Normal and Tumor tissue)
software. GENT is a database assembling nor-
malized microarray data coming from over
40,000 samples [24]. In cancer tissues, expres-
sion levels of NEK6 were significantly higher
than those identified in normal tissues (Figure
1A). Although this phenomenon was not
observed for HIF1A (Figure 1B), NEK6 and
HIF1A were significantly correlated (P=0.243;
Cl1 0.18-0.31; P<0.001). We also tested the cor-
relation levels between HIF1A and its well-
known targets such as SLC2A1 [25] (P=0.241;
C10.18-0.33; P<0.001) and CA9 [26] (P=0.186;
Cl 0.12-0.25; P<0.001). The obtained p values
were very similar to those obtained for NEK6.
Women expressing higher levels of HIF1A in
cancer tissues concomitantly expressed higher
levels of NEK6 (Figure 1C). This correlation is
consistent with the hypothesis that Nek6 is a
downstream effector of Hif-la in ovarian
cancer.

NEK6 is modulated by hypoxia in Hif-1x direct
way

In order to assess whether Nek6 is modulated
by hypoxia, A2780, Hey and SKOV-6 ovarian
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Figure 1. Dot plot showing expression of NEK6 (A) and
HIF1A (B) in SEOC (n=902) and normal ovarian tissue
(n=51). Expression values have been retrieved with the
software  GENT  (http://medical-genome.kribb.re.kr/
GENT/). Each dot represents a patient and line in the
chart is the mean value. Difference between SEOC and
normal tissue is significant for NEK6 (P<0.0001, t-test),
but not for HIF1A (P=0.36, t-test). Dot plot showing ex-
pression of NEK6 in SEOC according to HIF1A (C). SEOC
patients were categorized as high and low expressors of
HIF1A according to the mean value shown in B. Patients
with high expression of HIF1A exhibited a significant high
expression of NEK6 (P<0.0001, t-test).

cancer cells were exposed to hypoxia for 48
and 72 hours. At the mRNA level, we noted a
significant upregulation in hypoxia compared to
normoxia in all the three cell lines (Figure 2A).
Additionally, we observed a significant induc-
tion of Nek6 protein at both 48 hours and 72
hours of hypoxia in all cell lines examined
(Figure 2B). To investigate the role of Hif-1a in
mediating NEK6 expression, HIF-la was
knocked down using RNA interference (Figure
2C, 2D). A2780 cells were transfected either
with a scrambled sequence (SiC) or with a short
RNA specific for HIF-la (SiHIF-1a). HIF-1x
silencing suppressed the hypoxia-induced
increase of NEK6 at the gene (Figure 2C) and
protein level (Figure 2D), confirming that Hif-1x
is required for this effect.

The presence of a direct binding of Hif-1a was
assessed using ChIP. A bioinformatic analysis
for the presence of HRE (Hypoxia Responsive
Elements) motifs was conducted and seven
putative sites were identified in both 5 (six
sites) and 3’ (1 site) flanking region of the NEK6
gene (Figure 3A). A clear Hif-1a binding was
noticeable in two sites in the 5’ region upstream
the ATG and in the 3’UTR of the NEK6 gene
(Figure 3B) in A2780 cells. This 3’UTR location
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Figure 2. Expression analysis of NEK6 and HIF1A in a panel of ovarian cancer cells exposed to hypoxia for 48h and
72 h. In all the charts single and double asterisks indicate a P<0.05 or P<0.001, respectively. A. Bar charts indicate
that hypoxia increases NEK6 expression in all the cell lines after 48 and 72h of hypoxia. Bar and error bars refer
to mean and standard deviation of two independent experiments performed in triplicate samples. B. Representa-
tive western blot analysis obtained in whole cell lysates from the same cell lines. Under hypoxic condition Nek6 is
induced both 48 h and 72 h in all cell lines examined. B-actin served as a loading control and Hif-1a as a marker
of actual exposure to hypoxia. C. Bar chart reporting the effects of Hif-1a silencing in terms of HIF1A and NEK6
expression assessed through qPCR. Bar and error bars refer to mean and standard deviation of two independent
experiments performed in triplicate samples. D. Western blot analysis for Hif-1a and Nek6 in A2780 cells transiently
transfected with control silencing siC or with siHif-1a. B-actin was used as a loading control. The increase of expres-
sion of both Hif-1a and Nek6 upon 48 h of hypoxia is visible in siC transfected cells but not in those transfected with
siHIF-1a. This figure demonstrates both the efficiency of Hif-1a silencing and dependence of Nek6 on Hif-1a. This
experiment was repeated twice with similar results.

may be functionally very important for NEK6 Nek6 and the cytoskeletal gateway of re-
regulation by Hif-la, as demonstrated with sponse to hypoxia

other Hif-1a targets such as EPO [27, 28] and

TUBB3 [8] regulated by Hif-1a in the 3'UTR We have previously demonstrated that hypoxia
region. A functional relevance of these three induces class Ill TUBB3 expression through Hif-
binding sites is further supported by quantita- la [8], and we have described the role of the
tive analysis through gqPCR (Figure 3C), which GBP-1 GTPase in hypoxia as a functional gate-
demonstrated a significant Hif-1a binding after way to incorporate pro-survival kinases [9]. In
72 h of hypoxia in all the three sites. order to verify if Nek6 is a component of the
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N o r 2 Q cNg tion between Nek6 and GBP-1 by far western
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2 2 e O 2 2 PVDF membrane and recombinant Nek6 was
£ £ o a 8. o . . .
incubated at 4 different concentrations from 1
NEK® » - | to 5 pg. As negative control, carbonic anhy-
GBP1 oy e drase (CA) across the same concentration

range was spotted in parallel lanes and probed
Figure 4. Representative far western blot showing with recombinant Nek6 in the same box. Anti-

the GBP-1: Nek6 interaction. In A GBP-1 was spotted N ; ;

ek6 antibody subsequently applied to the
onto the membrane. Carbonic anhydrase (CA) and hed }t; d | g ppl d
recombinant Nek6 was incubated at 4 concentra- washed memprane revealed a clear, dose-

tions (from 1 to 5 pg). Interaction was revealed with dependent band of the expected 67 kD size
an anti-Nek6 antibody. A clear band at the expected (corresponding to GBP-1) in the Nek6 lanes but
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Figure 5. (A) Representative images of the anchorage independent clonogenic growth of A2780 cells obtained with
Nek6 overexpression. (B-D) Nek6 over-expression in A2780 cells. A2780 cells were stably transfected with a con-
struct carrying the NEK6 coding sequence and with the empty vector (pUSE). Two clones were selected from each
pool population, gPCR analysis (B) and western blot (C) show Nek6 overexpression in A2780-NEK6, compared to
A2780-pUSE control clones. (D) The soft agar assays represented in (A) were quantified by counting the number of
colonies formed. The graph shows the results expressed as % of colony formation. Increase of number of colonies
was significant in both hypoxia and normoxia in all the clones with Nek6 overexpression (double asterisks, P<0.001,

ANOVA).

not the CA lanes, confirming specific binding of
Nek6 to GBP-1 (Figure 4A). To further demon-
strate Nek6: GBP-1 binding specificity, CA rath-
er than recombinant Nek6 was on the mem-
brane, and the experiment was repeated. As
expected and displayed in Figure 4B, no bands
were seen, thus demonstrating that the band
seen in Figure 4A were specific. To further dem-
onstrate the occurrence of the interaction, we
performed a co-immunoprecipitation experi-
ment. A protein lysate was prepared from
scraped A2780 cells in basal conditions and
after 72 h of hypoxia. GBP-1 was pulled down
and detection of Nek6 was then performed. As
negative control an anti-human IgG was used to
pull down proteins. Results show the presence
of the GBP-1: NEK®6 interaction, more evident in
hypoxia when the expression levels of Nek6
increases in A2780 (Figure 4C).

Nek6 expression promotes anchorage-inde-
pendent growth

Anchorage independent growth is another hall-
mark of the activation of the class Ill B-tubulin
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pathway [29]. To investigate whether Nek6 can
influence anchorage independent growth in
ovarian cancer cell lines, we developed a func-
tional “on/off” soft agar assay. There are signifi-
cant risks of off targets effect when a gene is
overexpressed or silenced. We believe that
such risks are minimized when a combined
“on/off” approach is utilized in multiple cellular
models. The “on” state employed A2780 cells
which are characterized by low basal expres-
sion of Nek6. We prepared a construct carrying
the coding sequence, and two clones were
selected after stable overexpression. Two
clones transformed with the empty vector pUSE
served as negative controls. A representative
image of the plates is provided as Figure 5A.
Overexpression of Nek6 was verified with gPCR
(Figure 5B) and western blot (Figure 5C) and at
the mRNA and protein level, respectively. The
test was performed in normoxic and hypoxic
conditions. Analysis was extended to the unse-
lected pools from where the clones were select-
ed. When Nek6 was overexpressed (in the pool
and in the clones), a significant increase in the
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Figure 6. (A) Representative images of the anchorage independent clonogenic growth of Hey cells obtained with
Nek6 stable genetic silencing. (B-D) Nek6 silencing in Hey cells. Hey cells were stably transfected with siNEK6 or
a nonspecific oligonucleotide silencing vectors (SiC). Two clones were selected from each pool population, gPCR
analysis (B) and western blot (C) show Nek6 silencing in Hey-siNEK6 clones, compared to Hey-SiC control clones.
(D) The soft agar assays shown in A were quantified by counting the number of colonies formed. The graph shows
the results expressed as % of colony formation. Decrease of number of colonies was significant in hypoxia whenever
Nek6 was silenced (double asterisks, P<0.001, ANOVA).

colony number was detected in both normoxia Nek6 expression and sensitivity to cisplatin

and hypoxia (Figure 5D). On the other hand, no and paclitaxel

significant differences were observed in the

pool of A2780-pUSE and its clones. In order to assess the effect of the on/off
approach on chemotherapy sensitivity, we per-

The “off” state utilized Hey cells which have formed a growth inhibition assay in the pres-

high basal expression of Nek6. Cells were sta- ence of paclitaxel or cisplatin for 72 h. All the

bly transfected with a DNA silencing construct results are summarized in Table 1. The “on”

(SINEKB) using a sequence not targeting any effects in terms of paclitaxel (Figure 7A) and

cisplatin (Figure 7B) sensitivity were compared
in A2780 cells across cell lines with NEK6 over-
expression vs. cells transformed with the empty
pUSE vector. As average, NEK6G overexpression
was accompanied by a significant but modest
increase in resistance to both paclitaxel (3 nM
NEK6 vs. 2 nM PUSE) and cisplatin (400 nM

region in the human genome (SiC) as a negative
control. A representative image of the plates is
provided in Figure 6A. Efficacy of silencing was
verified at the mRNA (Figure 6B) and protein
level (Figure 6C). Two clones were selected
from SINEK6 and SiC. Soft agar assay was per-

formed as described above in the selected NEKG vs. 250 nM PUSE). Similarly, the “off”
clones and in the pool. As expected, we effects were investigated in Hey cells stably
observed a significant lower number of colo- transformed with SINEK6 or the SiC control. In
nies in the pool of Hey-siNEK6 in both hypoxia this case we noticed that silencing produced a
and normoxia. In the clones we also observed a modest significant increase of paclitaxel (Figure
reduction in the number of colonies, which was 7C) and cisplatin (Figure 7D) sensitivity. In fact
significant only in hypoxia (Figure 6D). as average IC50 of paclitaxel was 7.8 nM in the
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Table 1. Results of the cytotoxicity assay. Each experiment has been repeated twice in triplicate and
results are summarized as mean and standard deviation (SD) of IC50 (nM)

Mean Paclitaxel Mean Paclitaxel SD Paclitaxel Mean Cisplatin Mean Cisplatin SD Cisplatin

A2780wt 1.40 0.14 241.00 22.63
NEKG6_clone10 3.60 0.42 281.00 2.83
NEK6_clonel7 2.95 1.06 374.00 33.94
NEKG_clone24 1.60 0.00 421.50 212
NEK6_clone3 3.50 0.57 431.00 9.90
NEKG_pool 3.50 0.42 502.50 24.75
PUSE_clone_18 1.98 0.18 226.50 0.71
PUSE_clone_19 1.85 0.21 276.00 57.98
PUSE_clone_21 2.63 0.11 219.00 155.56
PUSE_clone_23 2.61 0.55 239.50 38.89
PUSE_pool 1.87 0.16 247.50 45.96
Hey wt 7.65 1.20 3365.00 162.63
SiC_clone_11 8.80 0.14 2591.00 169.71
SiC_clone_15 6.05 3.32 3549.50 579.12
SiC_pool 8.10 0.42 2783.50 94.05
SiNEK6_clone23 2.90 0.28 1304.50 317.49
SiNEK6_clone7 5.30 5.80 1133.50 60.10
SINEK6_pool 6.15 0.35 1737.00 145.66
A 4 <+ p=0.009 B 550 . p<0.0001
35 = 500 .
s : < 450 .
€ 3 » = 400 :
[ bt = -
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Figure 7. A-D. Effect of overexpression and silencing on chemotherapy sensitivity. The “on/off” effects of Nek6 over-
expression/silencing were assessed in a panel of clones and in the pool. In A&B the “on” effects are shown (A2780)
while in C&D the “off” effects (Hey). In A&C and in B&D data are for paclitaxel and cisplatin, respectively. Each dot
corresponds to the IC50 calculated in a triplicate experiment. The green line corresponds to the average of each
group and the p-value of testing the difference across the groups (t-test).
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Table 2. Clinical features of the analyzed setting of ovar-

ian cancer patients

Characteristics CU* clinical setting TCGA
Cases 346 344
Age, yrs

Median (range) 60 (24-84) 58 (30-87)
FIGO Stage (%)

-1 12 (3.5) 19 (5.6)

1 271 (78.3) 276 (80.2)

\Y 63 (18.2) 49 (14.2)
Histotype (%)

Papillary-serous 346 (100) 344 (100)
Ca 125

Median (range) 683 U/mL (6->10,000) N.A
Status (%)

Dead 232 (67.0) 190 (59.6)

Alive 114 (33.0) 156 (40.4)

Median follow up (Alive) 68 months onths

ture indicating that Nek®6 is regulated in
hypoxia in a Hif-la-dependent fashion
in the context of a concerted survival
pathway. We then analyzed each of the
factors as an outcome predictor using
the Kaplan-Meier method (Figure 8)
and Cox hazard ratio model in univari-
ate and multivariate analysis (combined
with age and stage). Endpoint analysis
was overall survival (0S). As shown in
Table 3, both TUBB3 and NEK6 but not
GBP1 and HIF1A were significant pre-
dictors in univariate and multivariate
analysis. To test for a possible coopera-
tive effect on prognosis of the four tran-
scripts, a cumulative diagnostic score
was computed for each patient giving
one point for each of the transcripts
overexpressed. The diagnostic score

was calculated only for those patients

*Catholic University clinical setting.

SiC vs. 4.7 nM of the SINEK6 group, while the
values for cisplatin were 3100 nM in the SiC vs.
1400 nM in the SINEK6 group, respectively.
Altogether these findings suggest that Nek6
modulation is associated with a modest modu-
lation of sensitivity to the first line chemothera-
peutics used in ovarian cancer.

NEK®6 in ovarian cancer patients cooperates
with HIF1A, TUBB3 and GBP1

The findings presented above demonstrate
that Nek6 is a component of the cytoskeletal
gateway of drug resistance in ovarian cancer
induced by hypoxia under the control of Hif-1a.
By facilitating anchorage independent cancer
cell colony growth, Nek6 is implicated as a
potential mediator of ovarian cancer aggres-
siveness. We postulate that the aggressive
phenotype should be most pronounced when
all the components of the related molecular
pathways are expressed together. To test this
hypothesis, we analyzed the expression of
HIF1A, NEK6, TUBB3 and GBP1 using qPCR in
a clinical setting of 346 SEOC patients whose
clinical features are summarized in Table 2.
TUBB3 (P=0.21, P=0.0002), GBP1 (P=0.14,
P=0.0014) and NEK6 (P=0.31, P<0.0001)
were all significantly correlated with HIF1A,
with NEK6 showing the strongest correlation.
Thus, the data from the clinical samples lend
further support to those derived from cell cul-
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in which all the four transcripts were

detectable, thus reducing the sample

size to 271 patients. Diagnostic score
(range O to 4) proved predictive in univariate
and multivariate Cox analysis (Table 3). Of note,
patients with score 4 exhibited aggressive dis-
ease with a median OS time of 29 months
(Figure 9A), a value very close to the 25 months
documented in a large meta-analysis of
patients treated with palliative care only [1].
Additionally, we categorized patients according
to duration of response after first-line chemo-
therapy. Patients relapsing after one year were
categorized as sensitive as suggested by inter-
national guidelines [30]; those relapsing before
one year were categorized as resistant. Among
patients with a total score of 0.71% were sensi-
tive compared to just 50% among those with a
total score of 4 (Figure 9B). This observation
supports the hypothesis that the expression of
NEK®6 and its partners is biologically relevant in
aggressive disease.

To validate our results in a separate patient
cohort, we downloaded the RNA-seq data of
The Cancer Genome Atlas (TCGA) reporting nor-
malized gene expression values for 344
patients (Table 2). We performed the same
analysis described above obtaining a diagnos-
tic score for each patient synthesizing the
expression data of the four transcripts. The
diagnostic scores, as shown in Figure 9C, were
again significant in univariate (HR 2.22; Cl 1.01-
4.75; P=0.05) and multivariate analysis (HR
2.24; Cl 1.03-5.04; P=0.04). When patients
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Figure 8. Analysis of expression of NEK6, HIF1A, GBP1 and TUBBS3 in a first clinical setting of 346 SEOC patients.
Kaplan-Meier survival curve for TUBB3 (A), NEK6 (B), HIF1A (C) and GBP1 (D). Difference was significant for TUBB3
and NEK6 but not for HIF1A and GBP1.

Table 3. Univariate and multivariate Cox’s propor-
tional hazard ratio in 346 ovarian cancer patients

n (%) HR 95% Cl P-value
Overall Survival (Univariate analysis)
Age 346/346 (100) 2.30 1.44-4.58 0.0083
Cal2b 296/346(86) 0.87 0.37-1.82 0.5562
Stage 346/346(100) 2.99 1.38-7.84 0.0038
HIF1IA  341/346(99) 1.03 0.79-1.34 0.781
GBP1  329/346 (95) 0.88 0.67-1.15 0.3568
TUBB3 318/346(92) 1.67 1.26-2.21 0.0004
NEK6  277/346(80) 1.37 1.01-1.82 0.0366
Score  271/346 (78) 2.28 1.29-4.09 0.006
Overall Survival (Multivariate analysis)
Age 346/346 (100) 2.27 1.16-4.52 0.0167
Stage 346/346(100) 2.87 1.32-7.52 0.0121
TUBB3 318/346(92) 1.714 1.29-2.27 0.0003
NEK6 277/346(80) 1.45 1.08-1.94 0.013
Score  271/346 (78) 2.29 1.27-4.10 0.006

were grouped according to the duration of
response after first-line chemotherapy, we
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noted, as in the first cohort, that patients with
score of O were more likely to have sensitive
disease compared to patients with score of 4
(56% vs. 40%, Figure 9D).

Discussion

Ovarian cancer is the most lethal gynecologic
malignancy, and a full understanding of the
mechanisms underlying resistance to first-line
treatment is currently lacking. It has been
reported that hypoxia activates an adaptive
response which renders cancer cells derived
from solid tumors less chemo and radiosensi-
tive [3]. This response is mainly driven by the
transcription factor Hif-1a, and several strate-
gies of Hif-1a inhibition are undergoing active
investigation in clinical trials [31]. By contrast
to most other solid tumors and as demonstrat-
ed in this report and in previous analyses [32],
Hif-1a alone is insufficient to predict outcome
in ovarian cancer. We speculate that in this can-
cer type, only a portion of Hif-1la is active. In
this sense, characterization of downstream
mediators is required to properly classify ovari-

Am J Cancer Res 2015;5(6):1862-1877
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Figure 9. A-D. Analysis of the combined diagnostic score marking the concomitant expression of NEK6, HIF1A,
GBP1 and TUBBS3. For the expression of each transcript, one point was given. Score 0 and 4 are for patients express-
ing none or all the transcripts, respectively. A&B. Analysis in a first clinical cohort of 346 SEOC patients. Transcript
expression was measured with gPCR. A. Kaplan-Meier analysis reporting the survival curve for patients with score
0 (red), score 1 (green), score 2 (yellow), score 3 (blue) and score 4 (black). Difference between score O and score
4 was significant (log-rank test, P=0.001). B. Proportional bar chart showing the number of resistant and sensitive
SEOC patients according to score. Patients with score 4 exhibited a higher rate of resistance. C&D. Analysis in a
second clinical cohort of 344 SEOC patients (TCGA). Transcript expression was measured with RNA-seq. C. Kaplan-
Meier analysis reporting the survival curve for patients with score O (red), score 1 (green), score 2 (yellow), score 3
(blue) and score 4 (black). Difference between score O and score 4 was significant (log-rank test, P=0.03). D. Pro-
portional bar chart showing the number of resistant and sensitive SEOC patients according to score. Patients with
score 4 exhibited a higher rate of resistance.

an cancer patients with respect to Hif-1o func-
tional status. Here we report for the first time a
functional link between Hif-1a and Nek6. Four
lines of evidence support a regulation of Nek6
by Hif-1a: i) the presence of a significant corre-
lation between HIF1A and NEK6 in two inde-
pendent set of patients; ii) concomitant induc-
tion of HIF1A and NEK®6 in three cellular models
upon hypoxia; iii) presence in the 3"UTR of one
HRE motif engaged by Hif-1a upon hypoxia; iv)
Hif-1a silencing inhibits NEK6 upregulation. All
these findings support that Nek6 is a down-
stream target of Hif-1a both in vitro and in ovar-
ian cancer patients. This functional link is par-
ticularly compelling as earlier studies have
reported Nek6 overexpression in liver, breast,
colorectal, lung and laryngeal cancer [33].
Additionally, Takeno et al. reported higher lev-
els of Nek6 protein in advanced gastric cancers
as compared with early-stage samples [34].
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Furthermore, Nek6 has been previously
described as a factor capable of enhancing
cancer aggressiveness in multiple solid tumors
[35] and as a potent inhibitor of the p53-
induced senescence [36]. In this context, the
present investigation adds SEOC to the diseas-
es in which Nek®6 is a direct driver of biological
aggressiveness. Similar to other kinases, we
show also that Nek6 binds to GBP-1, a GTPase
whose incorporation in the microtubules is
facilitated by class Ill B-tubulin in cells subject-
ed to microenvironmental stress [9].

As applicable to chemoresistance, class Il
B-tubulin disrupts microtubule polymerization
and thereby inhibits the effectiveness of drugs
such as paclitaxel which work via this molecu-
lar mechanism [37]. In some circumstances,
however, class lll B-tubulin expression has an
opposite clinical effect; its expression is associ-
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ated with chemosensitivity rather than chemo-
resistance. In breast cancer cells, for example,
TUBB3 gene is regulated by estrogens [38] and
high expression is an indicator of a disease
which will be more sensitive to chemotherapy
and aromatase inhibitors [39]. These facts sug-
gest that, as reported above for Hif-1a, class Il
B-tubulin is a pure prognostic predictor of poor
outcome only in the context of a multi-molecu-
lar concerted pathway [4]. These observations
highlight the importance of the elucidation of
upstream and downstream functional relation-
ships in order to correctly classify patients for
the expression of a given prognosticator. This
phenomenon is particularly relevant for SEOC,
which is a disease featured by extreme clonal
heterogeneity without apparent driving muta-
tions [40]. For these reasons, measurement of
the expression of genes in isolation, without a
clear understanding of functional interactions,
can confound any attempt at predicting ovarian
cancer aggressiveness.

The data presented in our study shows that
expression levels of clinically relevant and func-
tionally related transcripts NEK6, GBP1, HIF1A
and TUBB3 can be combined to provide a diag-
nostic score which is predictive of aggressive
disease. We discovered this phenomenon in a
clinical cohort of 346 women, and we validated
it in a separate cohort of 344 patients (TCGA
study).

Elucidation of the linkages between genes
induced by hypoxia and those involved in
response to treatments may allow a more effec-
tive use of the anticancer strategies available
for ovarian cancer. Recently, bevacizumab has
been approved by EMEA (European Medicine
Agency) for the first-line treatment of ovarian
cancer patients [41]. Hypoxia resulting from
bevacizumab treatment is believed to repre-
sent the most important functional circuit for
resistance to drugs targeting VEGF (Vascular
Endothelial Growth Factor) and angiogenesis
[42]. A diagnostic score comprised of NEK6,
HIF1A, GBP1 and TUBBS3 expression levels
could serve as a predictive marker and identify
patients with high probability of resistance (and
therefore contraindication) to bevacizumab, as
element of the first-line chemotherapy in SEOC.
Conversely, it may facilitate selection of
patients for CRLX101, a nanoparticle assembly
containing cyclodextrin-based polymer and
camptothecin. This uniquely formulated drug
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downregulates VEGF (31) and may counter
resistance to bevacizumab, a concept which is
undergoing clinical trial in SEOC patients
(NCT01652079).

In summary, this study provides evidence that
Nek6 is a factor driven by hypoxia that cooper-
ates with Hif-1a and the cytoskeletal gateway
of drug resistance in mediating an aggressive
phenotype in SEOC patients. The strength of
our investigation comes to the fact that we
were capable to translate the initial observa-
tions found in cell lines into two independent
clinical set of patients, thus minimizing the risk
that our findings are false positive results. A
weakness of the investigation consists in the
fact that we were not able to analyze Nek6
expression at the protein level in our patient
cohort, due to the absence of a suitable anti-
Nek6 antibody working in FFPE tissues.
Nevertheless we believe our findings identify a
novel functional circuit underlying biological
aggressiveness in SEOC and may facilitate the
personalization of the best first line treatment
in this clinical setting.
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