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Expression and prognostic value of the WEE] kinase in gliomas
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Abstract High-grade gliomas have an aggressive clinical
course and new clinical biomarkers and therapeutic targets
are highly needed. WEEI is a regulator of the G2 check-
point in glioblastoma (GBM) cells. Inhibition of this kinase
has, in experimental glioma studies, been suggested to
enhance sensitivity to irradiation and temozolomide.
However, expression level and prognostic potential of
WEEI1 protein in gliomas remain uninvestigated. In this
study, glioma samples from 235 patients across all four
WHO grades were analyzed by immunohistochemistry.
Using image analysis, we calculated the area fraction of
WEE! positive nuclei. We found that WEEI protein was
localized in tumor cell nuclei and expressed in all glioma
types and grades. Although WEEI protein levels are higher
in GBMs (mean 24.5 %) relative to grade III (mean
14,0 %, p < 0.05) and grade II (mean 6.8 %, p < 0.001)
gliomas, high WEE1 protein was associated with better
survival in GBMs (p = 0.002). This was confirmed in
multivariate analysis (HR 0.60, p = 0.003) even when
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adjusted for MGMT status (HR 0.60, p = 0.005). In con-
clusion, we report a nuclear expression of WEE1 protein in
all glioma grades and types. The WEEI positive nuclear
area was correlated with malignancy grade but it was
inversely associated with prognosis in GBM. Although
WEEL! is a frequently occurring protein and has been
proposed as a novel target in GBM, the role of WEEI1 in
glioma patient survival appears to be connected to the
MGMT status and is more complex than previously
anticipated.
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Introduction

Gliomas of astrocytic and oligodendroglial origin account
for more than 70 % of all brain tumors, and are graded by
histopathologic evaluation into four tumor grades (I-1V)
according to current World Health Organization (WHO)
grading criteria [1]. Glioblastoma multiforme (GBM), WHO
grade IV, is the most common and most malignant primary
brain tumor in adults with a median survival of 15 months
[2]. GBMs are particularly difficult to treat due to their
infiltrative nature and high level of resistance towards radio-
and chemotherapy [3]. Even though attempts are being made
in understanding and targeting the underlying molecular
mechanisms, there has been little improvement in clinical
outcome [4] and an increasing need of useful biomarkers to
support treatment decisions exists.

Kinases are a group of proteins that execute key cellular
functions such as proliferation, apoptosis, cell metabolism,
migration, DNA damage repair, responses to the
microenvironment, and targeting of oncogenic kinase
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activity. Therefore kinases are widely investigated as
potential targets in anticancer treatment [5]. WEEI has
recently been discovered as a nuclear regulator of the G2
checkpoint [6-8], where it serves as a mitotic inhibitor
through its inhibitory phosphorylation of CDKI.

Gene expression analyses have shown that WEEI is one
of the most frequently overexpressed kinases in glioblas-
tomas [7]. WEEI1 protein has been reported to be overex-
pressed in 35 % of breast cancers [9], and the activity of
WEEI1 was found to be increased in patients with advanced
hepatocellular carcinoma when compared to noncancerous
liver tissue [10]. Furthermore, expression level of WEE1
was associated with prognosis in mantle cell lymphoma
[11]. A recent publication suggested an association of low
WEEl mRNA expression with better patient survival in
glioblastoma but no systematic studies on the association
between WEE1 mRNA and protein levels or between
WEEI protein levels and survival were performed [7].

The aim of the present study was therefore to investigate
WEEIL histological pattern and expression level in different
gliomas as well as the association between WEEI and
survival by obtaining reliable quantitative estimates of
WEEIL protein in the investigated glioma cells. We used an
automated image acquisition and processing approach,
replacing subjective manual scoring, and enabling contin-
uous and precise measurements of the tumor cell area
expressing WEEI. Furthermore, the tissue material used
for the purpose originates from a population-based cohort
circumventing selection biases [12, 13].

Materials and methods
Patients

The tissue material is from 235 patients who underwent
initial surgery between 01.01.2005 and 31.12.2009 in the
Region of Southern Denmark. The material includes
glioblastoma (GBM) [grade IV (n = 186)]; anaplastic
astrocytoma (AA, n = 15), anaplastic oligodendroglioma
(AOD, n = 6), and anaplastic oligoastrocytoma (AOA,
n = 4) [all grade III (n = 25)]; diffuse astrocytoma (DA,
n = 12), oligodendroglioma (OD, n = 4), and oligoastro-
cytoma (OA, n = 5) [all grade II (n = 21)]; and pilocytic
astrocytoma (PA) [grade I (n = 3)]. No treatment was
received prior to surgical resection and patients had no
prior history of brain tumors. The material is epidemio-
logically well-defined and has been histopathologically
classified by two neuropathologists according to the WHO
2007 guidelines [1]. Information about clinical data, post-
surgical treatment and other biomarkers has previously
been reported [12—-17]. Patients were followed until death
or censored on November 2014. The Regional Scientific

@ Springer

Ethical Committee and the Data Protection Authority
approved the study. The Danish Tissue Application
Register allowed use of all the tumors included in this
study.

Tissue preparation and immunohistochemical
staining

Fresh tissue biopsies were fixed in 10 % neutral buffered
formalin and subsequently paraffin-embedded. Three
micrometer sections were dewaxed with xylene and rehy-
drated with ethanol. Endogenous peroxidase activity was
blocked by 1.5 % hydrogen peroxide in TBS (Tris-buffered
Saline) for 10 min. Heat induced epitope retrieval was
carried out in 3 steps using a microwave oven: (1) heating
9 min at 900 W in Tris-EGTA buffer, (2) boiling 15 min at
440 W, followed by (3) cooling 15 min at room tempera-
ture. Sections were incubated for 60 min with WEEI pri-
mary antibody (Wee 1 (B-11): sc-5285, Santa Cruz
Biotechnology) at a 1 + 100 concentration. Visualization
of WEE1 was carried out using PowerVision (Dako,
Denmark) with diaminobenzidine (DAB) as the chro-
mogenic substrate. Sections were counterstained with
Mayer’s haematoxylin. Staining and blocking protocol was
carried out using a Dako Autostainer Universal Staining
System (Dako, Denmark). Human placenta was used as
positive control [18]. Omission of primary antibody served
as negative control. Positive and negative controls were
included in all staining runs. Two patients were excluded
due to problems during the IHC staining process.

MGMT status

In 156 patients O6-methylguanine-DNA methyltransferase
(MGMT) status was retrospectively obtained using
pyrosequencing (QIAampDNA FFPE Tissue kit, Qiagen).
DNA was purified from 10 pm paraffin slides using
QIAamp DNA FFPE Tissue kit (Qiagen) and MGMT
pyrosequencing was performed according to the kit
instructions. Methylation percentages at four CpG sites
were measured. If 10 % methylation or higher levels at one
or more sites were measured, the patient was considered as
having a methylated MGMT status.

Image acquisition and analysis

Slides were scanned on a digital slide scanner (Hamamatsu,
Japan). Image analysis and quantification was carried out
using TissuemorphDP (Visiopharm, Hgrsholm, Denmark).
The tumor tissue was manually delineated in order to
exclude normal brain tissue, infiltration zone, necrosis and
tissue artifacts. Thereafter sample images were collected
using a 10 % systematic uniform random sampling
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Fig. 1 WEEI immunohistochemically stained paraffin sections of
normal brain tissue and low-grade gliomas showing WEEI staining
patterns. a Normal brain tissue showed no positive staining neither in

(meander) at x20 magnification. Prior to this, a sampling
fraction study was performed with sampling values ranging
from 5 to 20 %. Based on this, 10 % was found to be the
lowest optimal sampling fraction giving reproducible
results. Included images were required to have more than
50 % viable tumor tissue after exclusion of normal brain
tissue, infiltration zone, necrosis and tissue artifacts. The
WEEI! signal was measured using a trained software-based
pixel classifier based on Bayesian classification. To quan-
tify WEEI, the software classifier was trained to recognize
strongly positive (yellow), weakly positive (red), and
negative (green) nuclei. Identifying the nuclei in this way
was found to be necessary for detecting all of the WEEI1
positive (WEE14) nuclei during training of the software.
WEEL area fraction estimates were defined as the area of
strong and weak WEE1+4 nuclei relative to the area of all
nuclei in the tumor (area WEEI strong + area WEEI1
weak)/(area  WEE1 strong 4+ area WEEI weak + area
negative) x 100 %.
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cortex nor in white matter (control), whereas b pilocytic astrocytoma,
c diffuse astrocytoma and d oligodendroglioma showed distinct
WEE] positive tumor cells. Scale bar 100 pm

Statistical analysis

The univariate relationship between prognostic variables
and death was illustrated by Kaplan—-Meier plots and
assessed by log-rank statistics. Overall survival (OS) was
defined as time from primary surgery until death or date of
censoring (November 2014). The WEEI estimates were
investigated as binary variables with the median used as a
pre-specified cutoff value and as continuous variables.
Patients with WHO grade I tumors were not included in the
statistical analysis. Only variables that were previously
reported to be significant in the univariate analysis [12, 13]
were included in the multivariate analysis. 1p/19q co-
deletion was not available in all patients grade II and III
patients. Combined with the limited number of patients
with WHO grade II and III tumors 1p/19g-codeletion was
therefore not included in multivariate analysis. Multivari-
ate analyses for WHO grade II and III gliomas included
age, performance status and IDHI status. Age,
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«Fig. 2 WEEI immunohistochemically stained paraffin sections of
glioblastomas showing WEEI staining patterns. a Pleomorphic cells
with strong positive staining. b WEEI positive staining was present in
GBMs with sarcomatous components consisting of spindle-shaped
cells. ¢ All blood vessels showed negative staining. d Strong WEE1
positive cells were present in invasion zones. e-f A strong WEEI
staining was present in pseudopalisading cells around necroses. g—
h Quantitation of WEE1 + staining was carried out using a trained
pixel classifier based on Bayesian classification. The -classifier
successfully identified strongly positive (yellow) and weakly positive
(red) nuclei as well as negative (green) nuclei. The insert in
(g) represents a magnification of a distinct area illustrating software-
based classification of nuclei. Scale bars 100 pm (a, b, ¢, and f) and
300 pm (d and e)

performance status, tumor crossing midline and post-sur-
gical treatment (reported as intention to treat) as well as
MGMT status was included in the multivariate analysis for
grade IV gliomas. Only 4 GBM patients had a mutated
IDHI1 status, and therefore IDH1 status was not included.
Analysis was carried out using STATA version 11 with an
overall significance level of p < 0.05.

Results
Expression of WEE1 protein in gliomas

In normal brain tissue no significant positive WEEI staining
was observed (Fig. 1a) neither in cortex nor in white matter.
Pilocytic astrocytomas (grade I), diffuse astrocytomas and
oligodendrogliomas (grade II) showed distinct WEE1 posi-
tive tumor cell nuclei (Fig. 1b—d). Similarly, distinct WEE1
positive tumor nuclei were also evident for grade III gliomas
(images not shown). Pleomorphic cells with a strong positive
staining were generally present in GBMs (Fig. 2a). WEE1
positive staining was also present in GBMs with sarcomatous
components consisting of spindle-shaped cells (Fig. 2b). All
tumor and normal blood vessels were WEEI negative
(Fig. 2c) but WEEI1 positive cells were present in areas
where tumor cells infiltrated the brain parenchyma (Fig. 2d).
Strong WEEI staining was present in pseudopalisading cells
around necroses (Fig. 2e—f). Grade III and IV gliomas dis-
played similar WEE1 tumor cell staining patterns (images
not shown).

The software classifier successfully identified positive
(yellow/red) as well as negative (green) nuclear WEEI1
staining (Fig. 2g-h). To identify all positive nuclear staining
it was necessary to train the classifier separately to identify
both strongly positive (yellow) and weakly positive (red)
nuclear staining. No additional information was obtained
when separate analyses were performed compared with
analyses of total staining area. The WEE results reported in
the following are therefore results obtained by analysis of
total WEE] area fraction only. The total WEE1 area fraction

increased with increasing WHO grade, and patients with
grade IV had significantly higher levels of WEE1 protein
(mean 24.5 %) compared to patients with grade III (mean
14 %, p < 0.05) and grade II (mean 6.8 %, p < 0.001)
gliomas, respectively (Fig. 3a—b). Mean expression was
higher in grade III gliomas as compared to grade II gliomas,
although not significant (p = 0.9). A significantly higher
WEEI area fraction was present in GBM compared to AA
(» < 0.01) and DA (p < 0.001), however this was not the
case when compared to OD, OA, AOD nor AOA (p > 0.5).

WEE]1 expression level and survival

WEEI! area fraction was not associated with survival in
grade II gliomas, neither in univariate analyses (HR 1.4,
95 % CI 0.5-4.0, p = 0.5) (Fig. 3c) nor in multivariate
analyses (HR 1.9, 95 % CI 0.6-6.2, p = 0.3).

Patients with high WEEI area fraction had poorer sur-
vival than did patients with low WEEI area fraction (HR
2.6, 95 % CI 1.03-6.7, p = 0.04) in grade III gliomas
(Fig. 3d). In multivariate analyses high expression of
WEE!1 was associated with poor OS (HR 4.9, 95 % CI
1.5-16.1, p = 0.009) in grade III gliomas.

Patients with WHO grade IV tumors and high WEEI1
area fraction had a better survival than did patients with
low WEE1 area fraction (HR 0.6, 95 % CI 0.5-0.8,
p = 0.002) (Fig.3e). In multivariate analyses high
expression of WEEI was associated with an improved OS
(HR 0.6, 95 % CI 0.4-0.8, p = 0.003) in grade IV gliomas
(Table 1). No additional prognostic information was
obtained when the WEEI estimates were investigated as a
continuous variable (data not shown), and we did not dis-
cover a more optimal cutoff value than the median when
dichotomizing the WEEI area fraction.

WEE]1 expression level, MGMT status and survival

MGMT status was identified in 156 patients. In these
patients median WEE1 was 22.5 (0.0-79.6). Median WEE1
expression in patients with methylated and un-methylated
MGMT status was 23.6 and 21.5, respectively. In patients
with methylated MGMT status high levels of WEE1 was
associated with improved OS (HR 0.44, p = 0.003),
whereas the effect was less pronounced in patients with un-
methylated MGMT status (HR 0.77, p = 0.23).

When MGMT status was included in multivariate
analysis high levels of WEEl was associated with
improved survival (HR 0.60, 95 % CI 0.42-0.86,
p = 0.005) (Table 2). No interaction between WEEI and
MGMT status was identified (p = 0.78). However, in
univariate analysis patients with high level of WEEI and
methylated MGMT promotor had a better OS than patients
with low WEEl and un-methylated MGMT status
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Fig. 3 WEEI protein levels increase with grade, vary in glioma
subtypes, and are associated with survival. a Scatter plot showing
WEEI] protein levels relative to WHO grade. b Scatter plot showing
WEEI protein levels relative to subtype. c—e Overall survival is
shown for WHO grade 1II (c), grade III (d), and IV (e), respectively.
Each WHO grade was dichotomized at the median. Overall survival
when MGMT promotor methylation status is included (f). Asterisks

(p = 0.007) (Fig. 3f). This was also significant in multi-
variate analyses (HR 0.59, 95 % CI 0.36-0.97, p = 0.04).
The better survival effect having high WEE1 was more
pronounced in the methylated than in the un-methylated
MGMT patients.
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are defined as follows: * < 0.05, ** <0.01 and *** < (0.001.
Abbreviations: PA pilocytic astrocytoma, DA diffuse astrocytoma,
OD oligodendroglioma, OA oligoastrocytoma, AA anaplastic astro-
cytoma, AOD anaplastic oligodendroglioma, AOA anaplastic oligoas-
trocytoma, GBM glioblastoma. Un-MGMT un-methylated MGMT
promotor, m-MGMT methylated MGMT promotor

Discussion
We show, for the first time, that WEE]1 protein is expressed

in different types of gliomas and that WEEl protein
expression increases with malignancy grade. Moreover we
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Eeag?éisfon“iigi;z‘f;aff Sfé‘El Variables No (%) MVA without WEEL MVA WEEI median
protein levels in GBM including HR (95 % CI) pvalue  HR (95 % CI) p value
clinical parameters (n = 186)
Age 186 1.01 (0.99-1.02) 0.450 1.00 (0.99-1.02) 0.581
Performance status
0-1 117 63 1.00 1.00
24 69 37 2.98 (1.96-4.53) <0.001 2.56 (1.67-3.90) <0.001
Tumor crossing midline
No 163 88 1.00 1.00
Yes 23 12 2.43 (1.33-4.31) 0.004 2.34 (1.28-4.25) 0.006
Post-surgical treatment
Yes (stupp)® 105 56 1.00 1.00
Yes (palliative)® 50 27 1.78 (1.24-2.58) 0.002 1.84 (1.27-2.65) 0.001
No 31 17 14.07 (7.54-26.25) <0.001 18.09 (9.35-34.98) <0.001
WEEI1¢
Low 93 1.00
High 93 0.60 (0.44-0.84) 0.003

HR hazard ratio, CI confidence interval, MVA multivariate analysis

# Treatment according to the publication by Stupp et al. from 2005 [31]

> Ppalliative treatment is radiotherapy alone (47 patients) or TMZ alone (3 patients)

¢ WEEI area fraction

found that WEE1 protein levels are associated with prog-
nosis in glioma patients.

Expression of WEE1 protein in gliomas

WEEL protein levels correlate with tumor malignancy
grade, and patients with GBMs have significantly higher
levels of WEE1 protein compared to patients with grade III
and grade II gliomas. This is similar to results obtained for
mRNA expression data [7]. Additionally another study
found WEEI protein to be overexpressed in pediatric high-
grade gliomas, with increasing expression positively cor-
related with grade [19].

When dividing into subtypes in order to estimate WEE1
protein level relative to histology, a significantly lower
level of WEEI protein was present in anaplastic astrocy-
toma (p <0.01) and diffuse astrocytoma (p < 0.001)
compared to GBM. However, no significant differences
were observed between GBM and the other subtypes or
among the other subtypes. A thorough analysis revealing
possible significance of differential expression levels
between subtypes would require inclusion of more grade II
and III glioma patients in the study cohort. In a recent
study, the WEE1 mRNA expression was investigated in 90
medulloblastoma patient samples and the authors showed a
significant increase in WEEI expression compared to
normal adult cerebellum. However, they found no signifi-
cant difference in WEEI expression between four sub-
groups of medulloblastoma [20]. Together the high

expression in GBMs and medulloblastomas, which both are
highly malignant tumors, suggest that WEEI is closely
associated with aggressive tumor biology. This is sup-
ported by the high protein expression found in the invasion
zones in the present study.

The high WEEI protein expression level found in many
GBMs but also some of the other types of gliomas suggest
that WEE1 is a frequently occurring target in these tumors.
Future clinical studies are required to identify whether a
certain level of WEEI protein expression is necessary to
obtain effect of WEEI1 inhibitors.

WEEI1 and tumor necrosis

Strong WEEI staining was consistently found in pseu-
dopalisading cells around necrotic areas in GBMs, thereby
suggesting an association of mechanisms to hypoxia with
high WEEI expression. Although no endothelial expres-
sion of WEE1 was found in neither tumor vessels nor brain
vessels in our study, induction of WEE1 by hypoxia was
found in a pancreatic endothelial cell line, MS-1 [21],
thereby suggesting a potential association of hypoxia with
high WEEI expression also in GBMs.

WEE]1 protein levels and survival
The present study highlights the potential of WEEI as a

prognostic biomarker in GBMs. However, our results are in
contradiction to the study by Mir et al. who found high
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Table 2 Multivariate Cox regression analysis of WEEI protein
levels in GBM including clinical parameters and MGMT methylation
status (n = 156)

Variables No (%) MVA WEEI median
HR (95 % CI) p value

Age 156 1.01 (0.99-1.03) 0.4
Performance status

0-1 9% 62 1.00

2-4 60 38 2.40 (1.5-3.7) <0.001
Tumor crossing midline

No 140 90 1.00

Yes 16 10  2.13(1.2-3.8) 0.009
Post-surgical treatment

Yes (stupp)* 91 58 1.00

Yes (palliative)” 38 24 1.48 (0.95-2.3) 0.08

No 27 17 21.3 (9.9-45.9) <0.001
MGMT*

Un-methylated MGMT 87 56 1.00

Methylated MGMT 69 44  0.87 (0.6-1.3) 0.49
WEE1!

Low 78 50 1.00

High 78 50  0.60 (0.4-0.86) 0.005

HR hazard ratio, CI confidence interval, MVA multivariate analysis

4 Treatment according to the publication by Stupp et al. from 2009
(31]

° Ppalliative treatment is radiotherapy alone (47 patients) or TMZ
alone (3 patients)

¢ MGMT promotor status
4 'WEE] area fraction

tumor WEE1 mRNA expression to be associated with
worse patient survival in GBM [7]. Surprisingly, our results
clearly show that high WEEI protein levels correlated with
better patient survival in GBM (p = 0.002). Yoshida et al.
show a similar correlation in non-small cell lung cancer
(NSCLCQ), as patients with high WEE1 (more than 30 %)
had a lower recurrence rate and a better survival. Fur-
thermore, a multivariate analysis suggested that both cyclin
Bl and WEE1 were significant prognostic factors in
NSCLC [22]. In GBMs, further analysis including MGMT
methylation status showed that WEEI protein levels were
correlated with better survival in MGMT methylated
patients being sensitive to chemotherapy, while in MGMT
un-methylated patients the survival benefit in patients with
high levels of WEEI was less pronounced. This suggests
that high WEE1 may enhance the effect of chemotherapy.
Although WEEI inhibitors have been suggested as poten-
tial anti-cancer candidates [6, 8, 23-25], the obtained
results suggest that combinations of WEE1 inhibitors and
temozolomide should be avoided in patients with MGMT
methylated GBMs.

@ Springer

Surprisingly, prognostic results obtained in grade III
gliomas and GBMs were opposite. A high WEEI1 protein
level was associated with worse patient survival in grade III
gliomas (p = 0.04). There is no obvious explanation to this
but it may be speculated that GBM therapy as well as therapy
given to grade III tumor may influence the results. Neither
age nor the presence of oligodendrogliomas can explain the
results. One might have hypothesized that the poor survival
for patients with high WEE1 protein was associated with a
higher age, as it is known that incidence rates increases with
age for most cancers including gliomas [26-28]. However,
age was equally distributed in both groups. Moreover, it is
known that oligodendrogliomas are slowly growing with
prolonged survival compared to astrocytomas [29] but since
80 % of the oligodendrogliomas were present in the group
with high WEE], this could not explain the tendency. In line
with this, co-deletion of 1p/19q in oligodendrogliomas and
presence of mutated IDHI most likely do not affect the
results, since the frequency of these molecular changes were
equally distributed in the groups. A drawback of our study is
the retrospective nature. Recent publications have thus
shown that TERT mutational status is important for survival
in GBM patients but due to the lack of sufficient tissue, it was
not possible to achieve this status in the present study.
However, the prognostic impact of TERT mutational status
has recently been shown to be absent in patients receiving
temozolomide chemotherapy [30] suggesting that our find-
ings are independent of TERT mutational status. One might
also speculate that tumor location and whether the tumor was
completely or partly removed, could explain this opposite
relationship compared to GBMs. In order to obtain more
reliable results for low-grade gliomas more patients must be
included.

Software-based classification of WEE1 staining

The WEEI1 expression estimates were obtained by replac-
ing subjective manual scoring with advanced image anal-
ysis. We used an automated image acquisition and
processing approach, enabling continuous measurements of
the WEE1 staining area. Previous studies investigating
protein expression have primarily used conventional semi-
quantitative and pathologist-based scoring. Calculating
WEE1 area fractions using an observer independent
approach, avoids biases due to e.g. increases in cellularity.
The association between tumor grade and WEE1 protein
levels is therefore not explained by a simple increase in
cellularity but is instead explained by a higher fraction of
positive cells being WEEI positive. Moreover tumor
diagnosis-induced bias is avoided, since the software-
classifier make estimates without knowing the diagnosis.
This is in contrast to a human observer easily identifying
e.g. oligo and GBM histological patterns.
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Conclusion

In conclusion, we found WEEI protein to be expressed in
different types of gliomas having an increased expression
with increasing malignancy grade. Moreover high WEEI
protein expression in GBMs was found to be associated
with longer survival especially in patients with methylated
MGMT status. Although, the high WEE1 protein expres-
sion in GBMs and other types of gliomas suggest that
WEEI! is a frequently occurring target, the role of WEEI in
glioma patient survival appears to be more complex than
previously anticipated.
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