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Abstract

Purpose DLG7 (disc large homolog 7) is a microtubule-associated protein encoded by DLGAPS5 (DLG associated protein 5)
gene and has an important role during spindle assembly. Spindle assembly deregulation is a well-known cause of genomic
instability. The aim of this study was to investigate the influence of DLGAPS expression on survival and to evaluate its potential
use as a biomarker in colorectal cancer (CRC).

Methods DLGAPS expression was measured in the primary tumor and corresponding normal mucosa samples from 109 patients
with CRC and correlated to clinical and pathological data. The results were validated in a second, publically available patient
cohort. Molecular effects of DLG7/DLGAPS in CRC were analyzed via functional assays in knockdown cell lines.

Results DLGAPS5 downregulation led to a significant reduction of the invasion and migration potential in CRC. In addition,
DLGAPS expression correlates with nodal status and advanced UICC stage (III-1V).Subgroup analyses revealed a correlation
between DLGAPS overexpression and poor survival in patients with non-metastatic disease (M0). Furthermore, overexpression
of DLGAPS is associated with worse overall survival in distinct molecular CRC subtypes.

Conclusions The results of this study suggest the importance of DLGAPS in defining a more aggressive CRC phenotype.
DLG7/DLGAPS represents a potential biomarker for CRC in molecular subgroups of CRC.
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Introduction

Colorectal cancer (CRC) is one of the three most frequent
malignant diseases and represents a molecularly heteroge-
neous group characterized by a large number of genomic
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and epigenomic alterations [1, 2]. Despite advances in under-
standing CRC tumorigenesis, there is still an urgent need for
potential molecular biomarkers and therapeutic targets.
DLG7 (disc large homolog 7) is a microtubule-associated
protein (MAP) encoded by the DLGAPS5 (DLG associated
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protein 5) gene and has a crucial role during spindle assembly,
kinetochore fibers (K-fibers) stabilization, and chromosomal
segregation during mitosis [3—6]. DLG7 is stabilized via phos-
phorylation by Aurora A kinase and plays a key role in cen-
trosome formation and chromosome segregation, thus regu-
lating the formation of the spindle apparatus [7, 8].

DLGAPS overexpression has been found in CRC, breast
cancer, hepatocellular carcinoma, urinary bladder cancer,
meningioma, and adrenocortical cancer [3, 9-13].
Previous studies have already described an association
between DLGAPS5 deregulation and abnormal chromo-
somal rearrangement [5, 14]. Rearrangement errors due
to spindle assembly deregulation are well-known causes
of genomic instability [15, 16]. Thus, DLGAPS overex-
pression may contribute to carcinogenesis.

Our study is the first to describe the expression of
DLGAPS in a large cohort of CRC patients and its relation
to survival. In order to investigate the influence of
DLGAPS expression in CRC biology, we performed func-
tional assays in knockdown CRC cell lines and demon-
strated the influence of DLGAPS overexpression on can-
cer aggressiveness in vitro. To unveil the potential use of
CRC as a biomarker, we performed a subgroup survival
analysis in an external CRC cohort and found a correla-
tion between DLGAPS5 expression and survival in non-
metastatic CRC.

Material and methods
Patients and tissue samples

Primary tumor and corresponding normal tissue (i.e., co-
lonic mucosa) samples were collected from 109 patients
with CRC who underwent tumor resection at the
Department of General, Visceral and Transplantation
Surgery at the University Hospital in Heidelberg between
2009 and 2012. Informed consent was obtained prior to
surgery. The study was approved by the independent ethics
committee of the University of Heidelberg (Ethics commit-
tee number 323/2004).

Affymetrix CRC cohort

A database of publicly available colorectal cancer patient
samples with corresponding microarray expression data by
Affymetrix gene chips was set up as previously described
[17]. The Affymetrix CRC cohort consists of 550 CRC
patients of all stages. Detailed clinical characteristics of
all patients including gender, stage, grade, MSI, and loca-
tion are displayed in Supplemental Table S1. The probe
203764 at was utilized for DLGAPS. Survival analysis
was performed by Cox proportional hazard regression in
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the R statistical environment (www.r-project.org) using the
best cutoff as previously described [18, 19]. To visualize
differences, Kaplan—Meier survival plots, HR (hazard ra-
tio) with 95% CI (confidence intervals), and logrank p
value were plotted using the library “survival.” We also
analyzed the Affymetrix cohort according to UICC stages
and different molecular subtypes. The following molecular
subtypes were included in the analysis:

Colon cancer hypoxia score

Dekervel et al. [20] identified a prognostic score
(Colon Cancer Hypoxia Score (CCHS)) in patients with
stages II and III colon cancer. Patients with a high expres-
sion of hypoxia-related genes (CCHS-high) have a worse
overall survival (OS), whereas patients in the CCHS-low
group (low expression of hypoxia-related genes) have a
better prognosis.

Meta 163 Dukes stages B and C cancer

Jorissen et al. [21] identified a panel of 128 genes capable
to classify Dukes stages B and C cancer in patients with a
good prognosis (stage A like) and patients with poor progno-
sis (Stage D like). Although the Dukes classification is no
longer used in the clinical practice, it is still of historical value.

Budinska subgroups

Budinska et al. [22] identified five CRC subtypes (surface
crypt-like, lower crypt like, CIMP-H like, mesenchymal, and
mixed type) according to genome-wide expression patterns.

Oncotype DX assay

The Oncotype DX assay is a RT-PCR (real-time polymer-
ase chain reaction)-based test that can estimate the risk of
recurrence in stage II or III colon cancer [23].

OncoDefender subgroups

OncoDefender is a RT-PCR-based test optimized for FFPE
(formalin-fixed paraffin-embedded) samples to predict recur-
rence in UICC stage I rectal cancer and in UICC stages [ and II
colon cancer [24]

Merlos-Suarez subgroups

Merlos-Suarez et al. [25] identified an intestinal stem
cells (ISCs) gene signature which predicts cancer relapse.
ISCs cells are characterized by a high expression of the
EphB2 receptor, which become progressively silenced
along with cell differentiation. The authors used ISC gene
expression levels to stratify CRC patients into three
groups (high, medium, and low ISC signature). CRC pa-
tients with high expression of ISC genes had a 10-fold
higher relative risk of relapse compared with CRC pa-
tients with low ISC genes levels (p <0.0001). The
EphB2-ISC medium expression group displayed an inter-
mediate risk.

CIN25

Carter and colleagues [26] developed a chromosome insta-
bility gene signature (CIN25), based on 25 genes that are most
overexpressed in CIN tumors. Patients with a negative CIN
signature have a better prognosis.
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Cell culture

Colorectal cancer cell lines DLD1, HT29, HCT116, SW480,
SW620, and Colo205 were obtained from ATCC. As a con-
trol, the commercial cell line NHDF (Normal Human Dermal
Fibroblast; PromoCell, Germany) was used. The cells were
incubated at 37 °C with 5% CO, and 95% humidity.
DMEM and RPMI (PAA, Germany) or fibroblast growth me-
dia (PromoCell, Germany) were supplemented with 10% fetal
bovine serum (FBS; PromoCell, Germany), 1% penicillin/
streptomycin, and 1% L-glutamine (Life Technologies,
USA). Cell lines were regularly screened for mycoplasma
contamination with a PCR-based test. Cells were maintained
in T75 flasks (Corning Glass, USA). Cultures were split (1:5)
when they reached 75-90% confluence using Accutase (PAA,
USA).

RNA isolation

The RNeasy Kit (Qiagen) was used for RNA isolation follow-
ing the manufacturer’s instructions. Briefly, tissue fragments
were inserted into microcentrifuge tubes containing 700-pL
buffer RA1 and one 5-mm stainless steel bead (Qiagen,
Germany). Samples were shaken twice at 30 Hz for 2 min
(TissueLyser II, Qiagen, Germany). Cell line pellets were
lysed with 350-pL buffer RA1. RNA was eluted with 40 pL
RNase-free water, and the concentration was measured using
a NanoDrop 2000 spectrophotometer (ThermoFisher
Scientific, USA). The same kit was used for the RNA isolation
from cultured cells.

cDNA synthesis

The High-Capacity cDNA Reverse Transcription Kit
(Promega, USA) was used for cDNA synthesis. The probes
were incubated in a thermocycler (Eppendorf, Germany) at
25 °C for 10 min, at 45 °C for 60 min, and at 70 °C for
15 min. Tissue samples were diluted with nuclease-free water
(Qiagen, Germany) in a 1:5 ratio and cell lines in a 1:10 ratio.

Quantitative PCR

Quantitative PCR was performed using the LightCycler®480
Real-Time PCR System (Roche, Switzerland). One reaction
consisted of 2.5 puLL. cDNA, 5 uL SYBR® Green PCR Master
Mix, 0.5 uL from each 5 uM primer (forward and reverse),
and 1.5 uL RNAase-free water (Qiagen, Germany). The fol-
lowing primers were used (5’ to 3'): DLGPAS5 fwd
CGACCTGGTCCAAGACAAAC,
DLGAPS revGCTGCTTGAGTAGCTGATCG,
GAPDH fwd GACCCCTTCATTGACCTCAAC,
GAPDH rev TTGATTTTGGAGGGATCTCG, SDHA_fwd
TGATCTTCGCTGGCGTGGAC, SDHA rev

CCGGGCACAATCTGATCCTG, CYC! _fwd TGTTCATG
CGGCCAGGGAAG, CYCI rev TGAGCAGGGAGAAG
ACGTAG.

Holding stage was set at 50 °C for 2 min and at 95 °C for
5 min. Cycling stage was set at 95 °C, 60 °C, and 72 °C, and
the reaction was repeated 45 times. Melting curve stage was
set at 95 °C for 5 min and ramped up with a 0.2 °C increase
from 65 °C to 97 °C. All samples were measured in triplicate,
and the mean of the Ct values was calculated. All values were
normalized to three widely used and robust housekeeping
genes (GAPDH, CYCI, SDHA) with the formula: ACt =
Ctorcars) — Clinousekeeping genes) 1he AACt method was used
to determine the relative expression of DLGAPS in the tumor
samples. DLGAPS expression in tumor tissue was normalized
to the corresponding mucosa, and results were displayed as
AACt values: AACt = ACtymor — ACtuormal tissues Where
ACtumor = Ctprars tumor — Clreference genes tumor and

ACtnormal tissue = CtDLGAP5 normal tissue Ctreference genes normal
tissue- Ct values from all cell lines were normalized to the

reference genes. The gene fold change was calculated using
the 2°“" equation. DLGAPS transcript level fold in cell lines
was calculated using the formula 2*[Ctprcaps) —

Ct(housekeeping genes)]~

Protein extraction and western blot

Protein extraction was carried out using SDS Buffer (Sigma-
Aldrich, USA) with the addition of protease inhibitor (Roche,
Switzerland). For 1x 10 cells, 400 ul of SDS buffer was
used. The cell lysis products were sonicated and centrifuged
at 4 °C for 15 min. Sample concentrations were determined
using a BCA kit (Thermo Scientific, USA), the absorbance
was measured with a multi-well spectrophotometer (Infinite
Reader F200 Pro with Magellan Software, Tecan,
Switzerland). Western blots were performed using 60 pg of
protein per sample. Transfer was performed for 1 h at room
temperature. The nitrocellulose membrane was then incubated
at 4 °C overnight, with the primary antibodies at a dilution of
1:10000 (DLG7 Rabbit Antibody, Bethyl Laboratories, USA)
and 1:1000 (f3-tubulin rabbit antibody, Cell Signaling
Technology, USA). The secondary antibody (HRP IgG rabbit
antibody, Cell Signaling Technology, USA) was then incubat-
ed at4 °C for 2 h ata 1:1000 dilution. A chemoluminescence
detection was performed using Pierce ECL Western Blotting-
Substrate (Thermo Fisher Scientific, USA).

Cell proliferation assay

A total of 1 x 10° cells were seeded in each well of a 96-well
plate and incubated at 37 °C in 100 pl of appropriate medium
for 24 h. After 24 h, 48 h, 96 h, and 120 h of incubation, a
100-ul solution of 90-pl medium and 10-pl cell proliferation
reagent WST-1 (ScienCell, USA) were added. After 30 min of
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incubation at 37 °C, the absorbance was measured using a
multi-well spectrophotometer (Infinite Reader F200 PRO with
Magellan Software, Tecan). Each experiment was repeated
three times.

DLGAP5 knockdown

Three colon cancer cell lines (DLD1, HCT116, and SW480)
were arbitrarily chosen for transfection. Cells were transfected
with pGFP-V-RS vectors (OriGene Technologies Inc., USA)
using Lipofectamine 2000 (Invitrogen/Life technologies,
USA) allowing stable delivery of the sShRNA expression cas-
sette against DLGAPS. After 24 h, transfected cells were se-
lected with puromycin (final concentration, 10 pg/ml).
Control cell lines were created using a control pGF-V-RS
which is a vector lacking the sShRNA expression cassette for
DLGAPS5. A limiting dilution cloning protocol was used to
select cell clones.

Plasmid amplification

One Shot TOP10 Chemically Competent E. coli cells
(Invitrogen/Life Technologies, USA) were transformed fol-
lowing the manufacturer’s instructions using 2 puL from the
corresponding plasmids. Plasmid DNA was isolated with the
Qiagen Maxi Kit following the manufacturer’s protocol. DNA
was eluted with nuclease-free water at a final concentration of

1 pg/ul.
Invasion and migration assays

Matrigel invasion chambers (BD Biosciences, USA) were
used for the invasion assay. Matrigel invasion chambers con-
sist of an insert containing an 8-pm pore size membrane coat-
ed with Matrigel. The matrigel layer occludes the pores and
simulates a basement membrane. Only invasive cells are able
to pass through the Matrigel layer.

Migration chambers (Greiner Bio-One, Germany) consist
of a membrane with 8-um pores and used to assess cell mi-
gration response to a chemoattractant.

In every chamber, 50,000 knockdown or control cells were
seeded in serum-free medium. For each cell line, three cham-
bers were used. Each chamber was put in a suitable well filled
with medium and 10% FCS as a chemoattractant for the inva-
sion assay (HCT116: medium with 20% FCS). DMEM medi-
um with the addition of 20% FCS (5% for DLD1) was used
for the migration assays as a chemoattractant.

After 24 h of incubation, the medium was removed; the
cells were fixed with methanol, stained with a 2.3% crystal
violet solution (Sigma-Aldrich, USA), and counted under a
microscope (DM IL LED, Leica, Germany). The experiment
was repeated three times for each cell line.

@ Springer

Statistical analysis

Statistical analysis and graphics were performed with SPSS
Statistic 22 (IBM, USA) and Prism 6 (GraphPad Software,
USA). Kaplan—Meier curves were used to illustrate survival
rates. The logrank test was used to compare survival curves.
Subgroup survival analyses were made for UICC (Union for
International Cancer Control) stages and nodal status (positive
and negative nodal status, Fisher’s exact test). Results from
in vitro experiments were analyzed using the Student’s 7 test
and Fisher’s exact test. p <0.05 was considered statistically
significant.

Results
DLGAPS5 is overexpressed in colorectal cell lines

A significant DLGAPS overexpression was found in CRC cell
lines DLD1 (1.1 +£0.9 vs. 0.4 +0.1; p < 0.001), SW480 (1.4 +
0.2vs.04+0.1; p< 0.00]) and HCT116 (0.8 +0.1 vs. 0.4 +
0.1; p< 0.05) in comparison with the non-malignant control
cell line NHDF. An expression of DLG7 at the protein level
was also found in almost every cell line. Results for gene
expression analysis and western blot are displayed in Fig. 1
a and b, respectively.

Changes in DLGAP expression modulates
proliferation, migration, and invasion behaviors
of colorectal cancer cell lines

To study the effects of DLG7/DLGAPS5 on tumor biology,
stable knockdown transfections in three representative
CRC cell lines (DLDI1, HCT116, and SW480) were ob-
tained. DLGAPS knockdown leads to a statistically signif-
icant reduction in the proliferation of DLD1 (OD mean +
SEM, 0.46 £0.03 vs. 0.24£0.01; p< 0.001) and HCT116
(OD mean = SEM, 0.5+0.03 vs. 0.33+0.04; p< 0.01,
Fig. 1c). Surprisingly, knockdown of DLGAPS resulted
in an increase in proliferation in SW480 cells (OD mean
+ SEM, 1.11£0.03 vs. 1.46 +0.02; p< 0.0001). The cell
cycle analysis showed no difference between knockdown
cell lines and controls (Supplemental Fig. S1). In the CRC
cell lines, a diminished migratory (Fig. 1d) and invasive
potential (Fig. le) was observed after DLGAPS5 knock-
down. The most striking decrease in migration (93.1%)
was seen in DLD1 cells (1254 +136 cells vs. 86 £32
cells; p<0.05); in HCT116, migration decreased by
47.9% (315424 vs. 164+4; p<0.01) and in SW480 by
81.8% (154+9 vs. 28+3; p<0.001). A 70.2% decrease
in invasion ability was observed in DLD1 cells (990 +203
vs. 295+£58; p<0.05) and a 71.3% decrease in invasion
ability in SW480 cells (94 + 15 vs. 27+ 8; p < 0.05) after
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Fig. 1 Normalized DLGAPS expression (fold change) in CRC cell lines
compared with the non-malignant cell line NHDF (a). Western blot for
DLGT7 protein (117 kDa) and 3-Tubulin (55 kDa) (b). Proliferation (c),

DLGAPS5 knockdown. No differences on invasion behav-
ior were detected in HCT116 upon DLGAPS5 knockdown.
The results discussed in these two sections are summa-
rized in Fig. 1.

DLGAPS5 is a negative prognostic factor in CRC

DLGAPS transcripts were measured in the primary tumor
and normal tissue samples from 109 CRC patients.
DLGAPS5 expression in tumor tissue was normalized to
the corresponding mucosa and results were displayed as
AACt values (Fig. 2a). Clinical and pathological data are
summarized in Table 1. Patients were separated into two
cohorts according to a high or low expression of
DLGAPS. A AACt value >1 was chosen as cutoff for
high DLGAPS expression. In most of the tissue samples
from CRC patients, overexpression of DLGAPS was ob-
served, resulting in a cohort of 82 patients with high
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migration (d), and invasion assays (e) of CRC cell lines after DLGAPS
downregulation. Means and + SEM (standard error of the mean) are
displayed. *p < 0.05, **p < 0.01, ***p < 0.001

DLGAPS5 expression and a cohort including 27 patients
with low DLGAPS expression. In our cohort, DLGAPS
overexpression led to worse overall survival (OS) as
shown in the Kaplan—-Meyers curves (Fig. 2b), especially
in patients with UICC stage IV CRC and in patients with
negative nodal status. However, this difference was not
statistically significant.

DLGAP5 expression correlates with nodal status
in patients with CRC

A correlation between lymph node status and DLGAPS
expression was found. In 48.8% (40/82) of patients with
intratumoral DLGAPS5 overexpression, a positive nodal
status was observed, as opposed to 25.9% (7/27) of
the patients with low DLGAPS expression. This correla-
tion between nodal status (N status) and DLGAPS ex-
pression was statistically significant (OR 2.72; 95% CI

@ Springer
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Fig. 2 Relative DLGAPS expression in tissue from 109 CRC patients.
Every column represents a patient. a Comparison of overall survival (OS)
in patients with (green line) or without (blue line) DLGAP5 overexpres-
sion, according to N status, UICC stage (Union for International Cancer
Control) (b). C, threshold cycle; NO, negative nodal status; N+, positive

1.04-7.13; p<0.05). A significant association between
advanced UICC stage (III-IV) and DLGAPS5 overexpres-
sion (OR 2.62; 95% CI 1.03-6.66; p<0.05) was also
found. In 52.4% (43/82) of patients with an advanced
UICC stage, a DLGAPS5 overexpression was observed
(Fig. 2c¢).
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nodal status. In the UICC stage I group, no event of interest (death) was
recorded; therefore, a statistical analysis within this subgroup was not
possible and Kaplan—Meyer curves are not displayed. Patients with ad-
vanced disease or positive N status (percentage). Patients are divided into
DLGAPS high or DLGAPS low, depending on DLGAPS5 expression (c)

DLGAP5 expression is a negative prognostic factor
predominantly in non-metastatic disease with a high
risk of recurrence

Upon subgroup analysis, an effect of DLGAP5 on survival
was found in patients with non-metastatic disease (MO).
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Table 1  Patient characteristics
Total DLGAPS5 low DLGAPS high
N % N % N %
Patients 109 100 27 248 82 75.2
Age Median 65 63 65
Range 35-88 35-79 35-88
Gender F 48 44 12 25 36 75
M 61 56 15 24.6 46 75.4

Localization Colon 46 422 12 26.1 34 73.9
Rectum 62 569 15 242 47 75.8

Unknown 1 09 0 0 1 100
N NO 62 56.9 20 322 42 67.7
N+ 47 431 7 149 40 85.1
[8)(¢/@ 1 23 21.1 4 17.4 19 82.6
I 35 32.1 15 429 20 57.1
11 31 284 6 193 25 80.7
v 20 183 2 10 18 90
Grade Unknown 12 11 6 50 6 50
2 81 743 19 235 62 76.5
3 16 147 2 125 14 87.5

High DLGAPS expression (upper quartile of expression was
used as a cutoff) was associated with poor survival (HR 2.45;
interquartile range (IQR) 1.17-5.12; logrank p =0.014)
(Fig. 3a, b).

In the low-risk CCHS group, DLGAPS overexpression is
associated with poor OS (HR 2.23; IQR 1.1-4.54; logrank p =
0.023) (Fig. 3c¢).

DLGAPS overexpression is associated with poor prognosis
in stage A—like group (HR 2.58; IQR 1.12-5.98; logrank p =
0.021) (Fig. 3d).

The Budinska subtypes A (surface crypt like) (Fig. 3e) and
B (low crypt like) (Fig. 3f) were found to have the best prog-
nosis compared with the other subgroups. In the subtype B,
DLGAPS5 overexpression is strongly associated with poor
prognosis (HR 2.81; IQR 1.42-5.55; logrank p =0.002),
whereas in subtype A, DLGAPS overexpression is associated
with a better prognosis (HR =0.38; IQR 0.15-0.92; logrank
p=0.027). In the Oncotype DX subgroup with high recur-
rence risk, a DLAGAPS overexpression is related to poor
prognosis (HR 1.73; IQR 1-3; logrank p =0.049) (Fig. 3g).
Contrarily, in the OncoDefender high-risk group, DLGAPS
correlated with better prognosis (HR 0.59; IQR 0.38-0.92;
logrank p =0.02) (Fig. 3h).

DLGAP5-related survival strongly depends
on intestinal stem cell signature in CRC

In our analysis of the Affymetrix cohort, we noticed that a
DLGAPS overexpression correlates with poor prognosis in

the subgroup of CRC patients with no ISCs signature (HR =
3.09; IQR 1.38-6.91; logrank p =0.0038) (Fig. 3i). On the
other hand, in the subgroup with high ISCs signature,
DLGAPS overexpression is associated with a better prognosis
(HR=0.4; IQR 0.18-0.92; logrank p =0.026) (Fig. 3j).

Patients without chromosome instability
and overexpression of DLGAP5 have a better survival

Patients with a negative CIN signature have a better prognosis.
In this group of patients, we found that DLGAPS overexpres-
sion is related to a better prognosis (HR =0.56; IQR 0.34—
0.92; logrank p = 0.021) (Fig. 3k).

Discussion

We here demonstrate that DLGAPS is overexpressed in colo-
rectal cancer and, despite opposite effects in some subgroups,
a negative prognostic factor for most CRC patients. Previous
data demonstrated that DLGAPS5 is downregulated during the
stem cell differentiation process; it is highly expressed in bone
marrow precursor cells but not expressed in peripheral blood
monocytes [27]. CRC progression is also believed to be a
process originating from multipotent cancer stem cells [28].
We therefore hypothesized that DLGAPS5 may play a role in
the pathogenesis of CRC.

The DLGAPS expression profile in CRC has not been sys-
tematically investigated yet. Bassal et al. reported DLGAPS
overexpression in a few colon and breast cancer samples [9].
DLGAPS overexpression has also been demonstrated in hepa-
tocellular carcinoma, urinary bladder transitional cell carcino-
ma, prostate cancer, meningioma, and adrenocortical carcino-
ma [3, 10-13, 29]. In the present study, we demonstrate that
DLGAPS is overexpressed in both colorectal cell lines and
tissue samples of CRC at mRNA and protein levels.

Tsou and colleagues demonstrated that DLGAPS overex-
pression increases the proliferation potential of human cells.
We were also able to show that DLGAPS5 downregulation has
anegative impact on the proliferation of CRC, which is well in
line with previous studies in other tumor entities [3, 30].
DLG7/DLGAPS is involved in the stabilization of the
oncoprotein Gankyrin, which has a role in the ubiquitination
and degradation of p53 [31]. DLGAPS overexpression leads to
Gankyrin accumulation and therefore to ubiquitin-mediated
pS53 degradation [30], which may explain the effects of
DLG7/DLGAPS5 on proliferation. To further define the role
of DLGAPS in the carcinogenesis of CRC, we investigated
the effects of DLGAP5 downregulation on invasion and mi-
gration. DLGAPS knockdown leads to a significant reduction
of the invasion and migration potential in CRC in most cell
lines. The discordant results observed in SW480 cells suggest
a multifactorial influence between DLGAPS5 and cell
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migration and invasiveness. However, 48.8% (40/82) of the
patients with a high DLGAPS expression had lymph node
metastases. In addition, a significant association between
DLGAPS overexpression and advanced UICC stage was ob-
served. This clinical observation is well in line with the in-
creased DLGAP5-related invasiveness we demonstrated
in vitro.

Relation between high DLGAPS expression and impaired
survival has been demonstrated in several tumor entities [10,
12, 32]. Despite a clear tendency towards impaired OS upon
DLGAPS overexpression, this relationship failed to reach sta-
tistical significance in our patient cohort.

In order to externally validate our findings, we analyzed a
large, publicly available cohort of CRC patients of all stages
with associated microarray expression profiles. Again, we
were unable to demonstrate a statistically significant associa-
tion between DLGAPS expression and OS. We thus hypothe-
sized that DLGAPS overexpression has differential effects in
different subgroups of CRC, which is also in line with our
discordant findings in vitro, and performed numerous sub-
group analyses.

DLGAPS overexpression was a negative prognostic factor
for OS in non-metastatic (M0) patients, but not M1 patients.
As DLGAPS increases invasiveness and metastasis, its effects
are larger in non-metastatic patients, who may ultimately de-
velop distant metastases due to DLGAPS overexpression, than
in patients who are already suffering from systemic disease.
The same effect, albeit weaker, was observed concerning the
nodal status.

In several molecular CRC subtypes such as the low
EphB2-ISC subgroup, the low crypt-like subtype, and stage
A-like subtype, overexpression of DLGAPS is also associated
with worse overall survival. Furthermore, DLGAPS5 overex-
pression correlates with worse prognosis in stage I or Il CRC
with high recurrence risk defined by the Oncotype DX assay.
These results taken together suggest the importance of
DLGAPS in defining a more aggressive cancer phenotype.

Interestingly, we noticed that DLGAPS5 overexpression corre-
lates with poor prognosis in well-differentiated CRC. On the
other hand, in CRC with a stem cell gene signature, a
DLGAPS overexpression correlates with better prognosis. This
could be related to the multiple regulatory pathways involved in
cell spindle assembly and chromosome segregation. In addition,
other molecular mechanisms may predominate in high grade or
stem cell-like tumors, whereas in less deregulated tumors
DLGAPS overexpression leads to measurable prognostic effects.

We observed that an overexpression of DLGAPS has an
opposite effect on survival in the Budinska subtypes A (surface
crypt-like, DLGAPS is a positive prognostic factor) and B (low
crypt like, DLGAPS is a negative prognostic factor). Subtype B
highly expresses canonical Wnt signaling target signatures.
Subtypes A and normal samples showed instead a low expres-
sion of these signatures [22]. Recently, the interplay between

Aurora A kinase, Wnt, and RAS-MAPK signaling in various
cancers has been described [33]. Interestingly, Aurora A kinase
has been shown to enhance Wnt and Ras-MAPK signaling.
Aurora A kinase is encoded by AURKA, which is frequently
amplified in colorectal cancer [34]. The interconnected regula-
tion of Aurora A and DLG7 has been previously described
[35-37]. All this could explain the opposite effects of
DLGAPS expression in subtype A and subtype B CRC. In
particular, in subtype B (high expression of canonical Wnt
signaling target signatures), DLGAPS5 may play a role in the
interaction between the Aurora A and the Wnt pathways, thus
leading to a more aggressive tumor phenotype.

In conclusion, our results corroborate the hypothesis that
DLG7/DLGAPS represents a potential biomarker in CRC with
differential effects on molecular subtypes of CRC. Although
there is sufficient evidence pointing towards DLG7/DLGAPS
as a negative prognostic marker for most patients, its differential
effects in some molecular subtypes require more experiments in
order to fully understand the role of DLG7/DLGAPS in CRC.

Acknowledgments This study was initially supervised by our friend and
mentor Prof. Moritz Koch, who passed away in 2015. This paper is
dedicated to his memory.

The authors thank Melanie Bernhard, Maria Thomalla-Starzl, and
Marzena Knyssok-Sypniewski for outstanding technical assistance.

Author contribution list

1. Vittorio Branchi: study design and supervision, data collection, sta-
tistical analysis, data interpretation, drafting of the manuscript

2. Sebastian Garcia: data collection, statistical analysis, data interpreta-
tion, critical revision of the manuscript

3. Praveen Radhakrishnan: data interpretation, critical revision of the
manuscript

4. Baldzs Gy6rffy: statistical analysis, critical revision of the
manuscript

5. Barbara Hissa: data interpretation, critical revision of the manuscript

6. Martin Schneider: data interpretation, critical revision of the
manuscript

7. Christoph Reissfelder: data interpretation, critical revision of the
manuscript

8. Sebastian Schélch: study design and supervision, statistical analysis,
data interpretation, drafting of the manuscript

Funding This work was funded by the KFO 227 program (Clinical
Research Group 227: Colorectal cancer: from primary tumor progression
towards metastases (WE 3548/4-1/2) of Deutsche
Forschungsgemeinschaft (DFG).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the

@ Springer



1464

Int J Colorectal Dis (2019) 34:1455-1465

institutional and/or national research committee (ethics committee of the
University of Heidelberg, ethics committee number 323/2004) and with
the 1964 Helsinki declaration and its later amendments or comparable
ethical standards. This article does not contain any studies with animals
performed by any of the authors.

Informed consent was obtained from all individual participants in-
cluded in the study.

References

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A
(2015) Global cancer statistics, 2012. CA Cancer J Clin 65:87-108.
https://doi.org/10.3322/caac.21262

2. Atlas CG (2012) Comprehensive molecular characterization of hu-
man colon and rectal cancer. Nature 487:330-337. https://doi.org/
10.1038/nature11252

3. Tsou A-P, Yang C-W, Huang C-YF, Yu RC-T, Lee Y-CG, Chang C-
W, Chen B-R, Chung Y-F, Fann M-J, Chi C-W, Chiu J-H, Chou C-
K (2003) Identification of a novel cell cycle regulated gene, HURP,
overexpressed in human hepatocellular carcinoma. Oncogene 22:
298-307. https://doi.org/10.1038/sj.onc.1206129

4. Wong J, Fang G (2006) HURP controls spindle dynamics to pro-
mote proper interkinetochore tension and efficient kinetochore cap-
ture. J Cell Biol 173:879-891. https://doi.org/10.1083/jcb.
200511132

5. YeF, Tan L, Yang Q, Xia Y, Deng L-W, Murata-Hori M, Liou Y-C
(2011) HURP regulates chromosome congression by modulating
kinesin Kifl 8A function. Curr Biol 21:1584—1591. https://doi.org/
10.1016/j.cub.2011.08.024

6. HsulM, Lee YC, Yu CT, Huang CY (2004) Fbx7 functions in the
SCF complex regulating Cdk1-cyclin B-phosphorylated hepatoma
up-regulated protein (HURP) proteolysis by a proline-rich region. J
Biol Chem 279:32592-32602. https://doi.org/10.1074/jbc.
M404950200

7. Marumoto T, Zhang D, Saya H (2005) Aurora-A - a guardian of
poles. Nat Rev Cancer 5:42-50. https://doi.org/10.1038/nrc1526

8. Wong J, Lerrigo R, Jang C-Y, Fang G (2008) Aurora A regulates
the activity of HURP by controlling the accessibility of its
microtubule-binding domain. Mol Biol Cell 19:2083-2091.
https://doi.org/10.1091/mbc.e07-10-1088

9. Bassal S, Nomura N, Venter D, Brand K, McKay MJ, van der Spek
PJ (2001) Characterization of a novel human cell-cycle-regulated
homologue of Drosophila dlgl. Genomics 77:5-7. https://doi.org/
10.1006/geno.2001.6570

10. Gomez CR, Kosari F, Munz J-M, Schreiber CA, Knutson GJ, Ida
CM, El Khattouti A, Karnes RJ, Cheville JC, Vasmatzis G, Vuk-
Pavlovi¢ S (2013) Prognostic value of discs large homolog 7 tran-
script levels in prostate cancer. PLoS One 8:¢82833. https://doi.org/
10.1371/journal.pone.0082833

11.  Stuart JE, Lusis EA, Scheck AC, Coons SW, Lal A, Perry A,
Gutmann DH (2011) Identification of gene markers associated with
aggressive meningioma by filtering across multiple sets of gene
expression arrays. J Neuropathol Exp Neurol 70:1-12. https:/doi.
org/10.1097/NEN.0b013e3182018f1c

12.  de Reyniés A, Assié G, Rickman DS, Tissier F, Groussin L, René-
Corail F, Dousset B, Bertagna X, Clauser E, Bertherat J (2009)
Gene expression profiling reveals a new classification of adreno-
cortical tumors and identifies molecular predictors of malignancy
and survival. J Clin Oncol 27:1108-1115. https://doi.org/10.1200/
JCO.2008.18.5678

13.  Fragoso MCBYV, Almeida MQ, Mazzuco TL, Mariani BMP, Brito
LP, Gongalves TC, Alencar GA, Lima L de O, Faria AM, Bourdeau
I, Lucon AM, Freire DS, Latronico AC, Mendonca BB, Lacroix A,
Lerario AM (2012) Combined expression of BUB1B, DLGAPS,

@ Springer

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

and PINK1 as predictors of poor outcome in adrenocortical tumors:
validation in a Brazilian cohort of adult and pediatric patients. Eur J
Endocrinol 166:61-67. https://doi.org/10.1530/EJE-11-0806

Ooi WF, Re A, Sidarovich V, Canella V, Arseni N, Adami V,
Guarguaglini G, Giubettini M, Scaruffi P, Stigliani S, Patrizia L,
Tonini GP, Quattrone A (2012) Segmental chromosome aberrations
converge on overexpression of mitotic spindle regulatory genes in
high-risk neuroblastoma. Genes Chromosom Cancer 51:545-546.
https://doi.org/10.1002/gcc.21940

Wassmann K, Benezra R (2001) Mitotic checkpoints: from yeast to
cancer. Curr Opin Genet Dev 11:83-90

Weaver BAA, Cleveland DW (2005) Decoding the links between
mitosis, cancer, and chemotherapy: the mitotic checkpoint, adapta-
tion, and cell death. Cancer Cell 8:7-12. https://doi.org/10.1016/].
¢cr.2005.06.011

Szasz AM, Lanczky A, Nagy A, Forster S, Hark K, Green JE,
Boussioutas A, Busuttil R, Szabo A, Gy6rffy B (2016) Cross-
validation of survival associated biomarkers in gastric cancer using
transcriptomic data of 1,065 patients. Oncotarget 7:49322-49333.
https://doi.org/10.18632/oncotarget.10337

Garcia SA, Swiersy A, Radhakrishnan P, Branchi V, Nanduri LK,
Gyorfty B, Betzler AM, Bork U, Kahlert C, Reif3felder C, Rahbari
NN, Weitz J, Scholch S (2016) LDB1 overexpression is a negative
prognostic factor in colorectal cancer. Oncotarget 7:84258-84270.
https://doi.org/10.18632/oncotarget.12481

Mihaly Z, Kormos M, Lanczky A, Dank M, Budczies J, Szasz MA,
Gyorfty B (2013) A meta-analysis of gene expression-based bio-
markers predicting outcome after tamoxifen treatment in breast
cancer. Breast Cancer Res Treat 140:219-232. https://doi.org/10.
1007/s10549-013-2622-y

Dekervel J, Hompes D, Van Malenstein H, Popovic D, Sagaert X,
De Moor B, Van Cutsem E, D’Hoore A, Verslype C, Van Pelt J
(2014) Hypoxia-driven gene expression is an independent prognos-
tic factor in stage II and III colon cancer patients. Clin Cancer Res
20:2159-2168. https://doi.org/10.1158/1078-0432.CCR-13-2958
Jorissen RN, Gibbs P, Christie M, Prakash S, Lipton L, Desai J,
Kerr D, L a A, Arango D, Kruheffer M, @mtoft TF, Andersen CL,
Gruidl M, Kamath VP, Yeatman TJ, Sieber OM (2010) Metastasis-
associated gene expression changes predict poor outcomes in pa-
tients with Dukes’ stage B and C colorectal cancer. Cancer 15:
7642-7651. https://doi.org/10.1158/1078-0432.CCR-09-1431
Budinska E, Popovici V, Tejpar S, D’Ario G, Lapique N, Sikora
KO, Di Narzo AF, Yan P, Graeme Hodgson J, Weinrich S, Bosman
F, Roth A, Delorenzi M (2013) Gene expression patterns unveil a
new level of molecular heterogeneity in colorectal cancer. J Pathol
231:63-76. https://doi.org/10.1002/path.4212

Clark-Langone KM, Sangli C, Krishnakumar J, Watson D (2010)
Translating tumor biology into personalized treatment planning:
analytical performance characteristics of the Oncotype
DX®Colon Cancer Assay. BMC Cancer 10:691. https://doi.org/
10.1186/1471-2407-10-691

Gyorffy B, Benke Z, Lanczky A, Balazs B, Szallasi Z, Timar J,
Schéfer R (2012) RecurrenceOnline: an online analysis tool to de-
termine breast cancer recurrence and hormone receptor status using
microarray data. Breast Cancer Res Treat 132:1025-1034. https://
doi.org/10.1007/s10549-011-1676-y

Merlos-Suarez A, Barriga FM, Jung P, Iglesias M, Céspedes MV,
Rossell D, Sevillano M, Hernando-Momblona X, Da Silva-Diz V,
Muiioz P, Clevers H, Sancho E, Mangues R, Batlle E (2011) The
intestinal stem cell signature identifies colorectal cancer stem cells
and predicts disease relapse. Cell Stem Cell 8:511-524. https://doi.
org/10.1016/j.stem.2011.02.020

Carter SL, Eklund AC, Kohane IS, Harris LN, Szallasi Z (2006) A
signature of chromosomal instability inferred from gene expression
profiles predicts clinical outcome in multiple human cancers. Nat
Genet 38:1043—-1048. https://doi.org/10.1038/ng1861


https://doi.org/10.3322/caac.21262
https://doi.org/10.1038/nature11252
https://doi.org/10.1038/nature11252
https://doi.org/10.1038/sj.onc.1206129
https://doi.org/10.1083/jcb.200511132
https://doi.org/10.1083/jcb.200511132
https://doi.org/10.1016/j.cub.2011.08.024
https://doi.org/10.1016/j.cub.2011.08.024
https://doi.org/10.1074/jbc.M404950200
https://doi.org/10.1074/jbc.M404950200
https://doi.org/10.1038/nrc1526
https://doi.org/10.1091/mbc.e07-10-1088
https://doi.org/10.1006/geno.2001.6570
https://doi.org/10.1006/geno.2001.6570
https://doi.org/10.1371/journal.pone.0082833
https://doi.org/10.1371/journal.pone.0082833
https://doi.org/10.1097/NEN.0b013e3182018f1c
https://doi.org/10.1097/NEN.0b013e3182018f1c
https://doi.org/10.1200/JCO.2008.18.5678
https://doi.org/10.1200/JCO.2008.18.5678
https://doi.org/10.1530/EJE-11-0806
https://doi.org/10.1002/gcc.21940
https://doi.org/10.1016/j.ccr.2005.06.011
https://doi.org/10.1016/j.ccr.2005.06.011
https://doi.org/10.18632/oncotarget.10337
https://doi.org/10.18632/oncotarget.12481
https://doi.org/10.1007/s10549-013-2622-y
https://doi.org/10.1007/s10549-013-2622-y
https://doi.org/10.1158/1078-0432.CCR-13-2958
https://doi.org/10.1158/1078-0432.CCR-09-1431
https://doi.org/10.1002/path.4212
https://doi.org/10.1186/1471-2407-10-691
https://doi.org/10.1186/1471-2407-10-691
https://doi.org/10.1007/s10549-011-1676-y
https://doi.org/10.1007/s10549-011-1676-y
https://doi.org/10.1016/j.stem.2011.02.020
https://doi.org/10.1016/j.stem.2011.02.020
https://doi.org/10.1038/ng1861

Int J Colorectal Dis (2019) 34:1455-1465

1465

27.

28.

29.

30.

31.

32.

33.

Gudmundsson KO, Thorsteinsson L, Sigurjonsson OE, Keller JR,
Olafsson K, Egeland T, Gudmundsson S, Rafnar T (2007) Gene
expression analysis of hematopoietic progenitor cells identifies
Dlg7 as a potential stem cell gene. Stem Cells 25:1498-1506.
https://doi.org/10.1634/stemcells.2005-0479

Abdul Khalek FJ, Gallicano GI, Mishra L (2010) Colon cancer
stem cells. Gastrointest Cancer Res:S16-S23.

Huang Y-L, Chiu AW, Huan SK, Wang Y-C, Ju J-P, Lu C-L (2003)
Prognostic significance of hepatoma-up-regulated protein expres-
sion in patients with urinary bladder transitional cell carcinoma.
Anticancer Res 23

Kuo T-C, Chang P-Y, Huang S-F, Chou C-K, Chao CC-K (2012)
Knockdown of HURP inhibits the proliferation of hepacellular car-
cinoma cells via downregulation of gankyrin and accumulation of
p53. Biochem Pharmacol 83:758-768. https://doi.org/10.1016/].
bep.2011.12.034

Higashitsuji H, Higashitsuji H, Itoh K, Sakurai T, Nagao T,
Sumitomo Y, Sumitomo H, Masuda T, Dawson S, Shimada Y,
Mayer RJ, Fujita J (2005) The oncoprotein gankyrin binds to
MDM2/HDM2, enhancing ubiquitylation and degradation of p53.
Cancer Cell 8:75-87. https://doi.org/10.1016/j.ccr.2005.06.006
Chang M-L, Lin S-M, Yeh C-T (2011) HURP expression-assisted
risk scores identify prognosis distinguishable subgroups in early
stage liver cancer. PLoS One 6:€26323. https://doi.org/10.1371/
journal.pone.0026323

Jacobsen A, Bosch LJW, Martens-de Kemp SR, Carvalho B,
Sillars-Hardebol AH, Dobson RJ, de Rinaldis E, Meijer GA,

Abeln S, Heringa J, Fijneman RJA, Feenstra KA (2018) Aurora
kinase A (AURKA) interaction with Wnt and Ras-MAPK signal-
ling pathways in colorectal cancer. Sci Rep 8:7522. https://doi.org/
10.1038/s41598-018-24982-z

34. Hilton JF, Shapiro GI (2014) Aurora kinase inhibition as an anti-
cancer strategy. J Clin Oncol 32:57-59. https://doi.org/10.1200/
JCO.2013.50.7988

35. Gruss OJ, Carazo-Salas RE, Schatz CA, Guarguaglini G, Kast J,
Wilm M, Le Bot N, Vernos I, Karsenti E, Mattaj IW (2001) Ran
induces spindle assembly by reversing the inhibitory effect of
importin o« on TPX2 activity. Cell 104:83-93

36. YuC-TR, HsuJ-M, Lee Y-CG, Tsou A-P, Chou C-K, Huang C-YF
(2005) Phosphorylation and stabilization of HURP by Aurora-A:
implication of HURP as a transforming target of Aurora-A. Mol
Cell Biol 25:5789-5800. https://doi.org/10.1128/MCB.25.14.
5789-5800.2005

37. Sillj¢ HHW, Nagel S, Korner R, Nigg EA (2006) HURP is a Ran-
importin beta-regulated protein that stabilizes kinetochore microtu-
bules in the vicinity of chromosomes. Curr Biol 16:731-742.
https://doi.org/10.1016/j.cub.2006.02.070

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1634/stemcells.2005-0479
https://doi.org/10.1016/j.bcp.2011.12.034
https://doi.org/10.1016/j.bcp.2011.12.034
https://doi.org/10.1016/j.ccr.2005.06.006
https://doi.org/10.1371/journal.pone.0026323
https://doi.org/10.1371/journal.pone.0026323
https://doi.org/10.1038/s41598-018-24982-z
https://doi.org/10.1038/s41598-018-24982-z
https://doi.org/10.1200/JCO.2013.50.7988
https://doi.org/10.1200/JCO.2013.50.7988
https://doi.org/10.1128/MCB.25.14.5789-5800.2005
https://doi.org/10.1128/MCB.25.14.5789-5800.2005
https://doi.org/10.1016/j.cub.2006.02.070

	Prognostic value of DLGAP5 in colorectal cancer
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Patients and tissue samples
	Affymetrix CRC cohort
	Cell culture
	RNA isolation
	cDNA synthesis
	Quantitative PCR
	Protein extraction and western blot
	Cell proliferation assay
	DLGAP5 knockdown
	Plasmid amplification
	Invasion and migration assays
	Statistical analysis

	Results
	DLGAP5 is overexpressed in colorectal cell lines
	Changes in DLGAP expression modulates proliferation, migration, and invasion behaviors of colorectal cancer cell lines
	DLGAP5 is a negative prognostic factor in CRC
	DLGAP5 expression correlates with nodal status in patients with CRC
	DLGAP5 expression is a negative prognostic factor predominantly in non-metastatic disease with a high risk of recurrence
	DLGAP5-related survival strongly depends on intestinal stem cell signature in CRC
	Patients without chromosome instability and overexpression of DLGAP5 have a better survival

	Discussion
	References


