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Background: The disease outcome in colorectal cancer (CRC) can vary in a wide range within the same tumour stage. The aim of
this study was to clarify the prognostic value and the determinants of tumour necrosis in CRC.

Methods: The areal proportion (%) of tumour tissue showing coagulative necrosis was evaluated in a cohort of 147 CRC patients
and correlated with basic clinicopathological characteristics, microvascular density (MVD), cell proliferation rate, KRAS and BRAF
mutations, and survival. To validate the prognostic significance of tumour necrosis, an independent cohort of 418 CRC patients
was analysed.

Results: Tumour necrosis positively correlated with tumour stage (P=8.5E — 4)—especially with T class (4.0E — 6)—and inversely
correlated with serrated histology (P=0.014), but did not significantly associate with cell proliferation rate, MVD, and KRAS or
BRAF mutation. Abundant (10% or more) tumour necrosis associated with worse disease-free survival independent of stage and
other biological or clinicopathological characteristics in both cohorts, and the adverse effect was directly related to its extent. High
CD105 MVD was also a stage independent marker for worse disease-free survival.

Conclusions: Tumour necrosis percentage is a relevant histomorphological prognostic indicator in CRC. More studies are needed
to disclose the mechanisms of tumour necrosis.

Colorectal cancer (CRC) is one of the most common cancers and
causes of cancer deaths worldwide (Center et al, 2009). Currently,
the prognostic classification of CRC is mostly based on the TNM
staging (Hamilton et al, 2010). However, the behaviour of the
tumour can vary widely within the same tumour stage (Puppa et al,
2010), and new tools for the evaluation of prognosis are needed.
Tumour necrosis is a feature often presented in human solid
tumours. Extensive necrosis has been reported to associate with
worse survival in CRC (Mulcahy et al, 1997; Gao et al, 2005;
Pollheimer et al, 2010; Richards et al, 2012), as well as in other
solid tumours including lung cancer (Swinson et al, 2002) and
renal cancer (Frank et al, 2002). However, predetermined cutoff

scores or categorisations in necrosis evaluation may have affected
the results of the previous studies (Mulcahy et al, 1997; Gao et al,
2005; Pollheimer et al, 2010; Richards et al, 2012), while the
evaluation of necrosis percentage as a continuous variable would
enable more sophisticated statistical methods such as ROC analysis
and linear regression (Zlobec et al, 2007).

It is not clear why some tumours contain abundant necrosis. An
obvious explanation would be that tumour necrosis reflects
intratumoral hypoxia and results from rapid tumour cell growth,
exceeding the vascular supply of oxygen. This hypothesis is
supported by the finding that high proliferation rate is associated
with tumour necrosis in renal cell carcinoma (Pichler et al, 2012)
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and nodular melanoma (Bachmann et al, 2008). However, also
controversial results exists (Tollefson et al, 2007; Dutta et al, 2012).
In CRC, the association between tumour necrosis and proliferation
is unclear. Moreover, it has not been established, whether tumour
necrosis in CRC associates with low tumour microvascular density
(MVD), possibly reflecting the insufficient vascular supply of the
tumour.

Mitogen-activated protein kinase-extracellular signal-regulated
kinase (MAPK-ERK) pathway mediates fundamental cellular
processes such as cell proliferation, differentiation, growth and
apoptosis as a response to extracellular signals (Makinen, 2007),
and oncogenic mutations in KRAS and BRAF, participants of the
MAPK-ERK pathway, occur in about 50% of CRC (Stefanius et al,
2011). Especially, colorectal serrated adenocarcinomas (SACs)—
CRCs originating from the serrated polyps and representing at
least one of tenth of all CRCs (Mikinen, 2007)—frequently
(>75%) possess BRAF or KRAS mutation (Stefanius et al, 2011).
A few studies have indicated tumour necrosis being less frequent
and less extensive in SAC as compared with conventional
carcinoma (CC) (Tuppurainen et al, 2005), leading us to
hypothesise that the activation of MAPK-ERK pathway, through
oncogenic mutations of KRAS or BRAF, may induce mechanisms
that prevent tumour necrosis in CRC.

The aim of this study was to clarify the determinants and the
clinical impact of tumour necrosis in CRC. We evaluated the areal
percentage of microscopic coagulative necrosis within tumours in a
cohort of 147 CRC patients and analysed its association with
clinicopathological characteristics, including MVD, proliferation
rate, KRAS and BRAF mutations, and survival. To validate the
prognostic significance of tumour necrosis, an independent cohort
of 418 CRC patients was analysed.

MATERIALS AND METHODS

Patients. This study was based on 147 (99.3%) of an earlier
described prospectively recruited group of 148 CRC patients
operated in Oulu University Hospital in 2006-2010
(Supplementary Table S1; Kantola et al, 2012). One (0.7%) case
was excluded due to insufficiency of sample material. A total of 31
(21.1%) patients in the study cohort received preoperative
radiotherapy or chemoradiotherapy (RT/CRT), which was given
to rectal cancer patients with a T3 or T4 tumour. The follow-up
data were collected from the case records and from Statistics
Finland (Kantola et al, 2014; Véyrynen et al, 2016). Study end
points were disease-free survival (DFS), cancer-specific survival
(CSS) and overall survival (OS). For validation of the prognostic
significance of tumour necrosis, an earlier described group of 418
patients (Validation cohort; reviewed by two experienced gastro-
intestinal pathologists, MJM and TJK) was included, who under-
went an operation for CRC in Oulu University hospital between
the years 1986-1996 (Supplementary Table S1; Vdyrynen et al,
2014). The 60-month survival data for 352 patients (84.2%) was
provided by Finnish Cancer Registry. The study design was
approved by the Ethical Committee of Oulu University Hospital
(58/2005, 184/2009). The reporting recommendations for tumour
marker prognostic studies (REMARK) were taken into account in
the study design (McShane et al, 2005).

Histopathological analysis. TNM6 (Sobin and Wittekind, 2002)
was used in staging and World Health Organization (WHO)
criteria in grading the differentiation (Hamilton et al, 2010). The
SACs were detected by the WHO 2010 criteria as described earlier
(Hamilton et al, 2010; Sajanti et al, 2014), including saw-toothed
epithelial serrations, clear or eosinophilic cytoplasm, vesicular
nuclei with distinct nucleoli, well-preserved polarity, and abundant
mucin production. Tumour growth pattern at the advancing

tumour border was classified using the earlier described criteria
(Jass et al, 1996), briefly diffuse, irregular clusters or small glands
or cords of cells infiltrating to surrounding tissue vs expanding,
well-circumscribed margins. Lymphatic invasion was defined as
tumour cells present in vessels with an endothelial lining but
lacking a muscular wall, and blood vessel invasion was evaluated
positive if there were tumour cells in vessels with a thick muscular
wall or in vessels containing red blood cells. The areal percentage
of tumour necrosis was visually estimated by inspecting manually
all available tumour slides. The method was otherwise analogous
with two previous studies (Pollheimer et al, 2010; Richards et al,
2012), but no predetermined cutoft scores were utilised in this
study. Tumour necrosis in haematoxylin and eosin (H&E)-stained
sections was specified as an area with increased eosinophilia and
nuclear shrinkage, fragmentation and disappearance, with shadows
of tumour cells visible to variable extent (Figure 1). Neutrophilic
inflammatory infiltrate at the boundaries of an area was considered
to support the classification of that area as necrotic but was not
required by definition. Intraluminal necrosis fulfilled the criteria
and was included in the evaluation of tumour necrosis percentage.
All the histological analyses were performed blinded to the
clinical data.

Computer-assisted measurement of tumour necrosis percentage.
To evaluate the accuracy of the visual assessment of tumour
necrosis, one H&E stained section per case of 50 randomly selected
CRC cases was scanned using the Aperio AT2 image-capturing
device (Leica Biosystems, Wetzlar, Germany). Imagescope software
11.2 (Aperio Technologies, Vista, CA, USA) was used to view the
scanned images, and one image was captured per each case at x 8
magnification. Two researchers independently performed visual
necrosis percentage estimations for each image and after this,
tumour necrosis area was demarcated by hand and its proportion
was calculated with Image] (US National Institutes of Health,
Bethesda, MD, USA), utilising the analyse particles tool.

Tissue microarray. Tissue microarray (TMA) was used in
immunohistochemical analyses. The array had been constructed
as earlier described (Vdyrynen et al, 2013). Briefly, depending on
the size of the tumour, 1-4 (median 3) cores of 3.0 mm diameter
were manually sampled from each tumour yielding an overall
tumour area of 7.1-28.3 mm?. Of these cores, 1-3 (median 2) were
taken from the invasive front of the tumour containing the point of
deepest invasion and the rest from intratumoural locations.

Immunohistochemistry. Immunohistochemistry was conducted
on 3.5 um sections cut from the TMA blocks. The antibodies and
the protocols used are summarised in Supplementary Table S2.
Mismatch repair (MMR) enzyme screening status for MLH1 and
MSH2 was evaluated as described earlier (Vdyrynen et al, 2012).

BRAF and KRAS mutation analysis. BRAF and KRAS mutation
analyses for CRC cases have been described earlier (Sajanti et al,
2014).

Estimation of microvascular density and proliferation rate. The
immunohistochemically stained sections were scanned using
Aperio AT2 image-capturing device (Leica Biosystems) at a x 20
magnification. Imagescope software 11.2 (Aperio Technologies)
was used to view the scanned images, and one to four images for
each case were captured at a x 10 magnification from the areas
representing the highest number of CD31, CD105 and von
Willebrand factor (VWF, factor-VIII-related antigen) microvessels
per area. The numbers of microvessels, recognised by the criteria
established earlier (Weidner et al, 1991) were counted from each
picture, and the final MVD for each case was defined as the mean
value among the individual hot spots. The proliferation rate for
each case was assessed with Ki-67 immunohistochemistry and was
determined as the mean proportion of positive tumour cell nuclei
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Figure 1. Tumour necrosis in colorectal cancer. (A) Low-power haematoxylin and eosin stained section showing abundant tumour necrosis

(arrows). (B) Close-up view from the same case displaying fragments of tumour cells and inflammatory infiltrate that are frequently found in the
edges of the necrotic areas. (C) Haematoxylin and eosin stained section of another case showing abundant tumour necrosis (arrows). Intraluminal
necrosis such as in this example was also included in the analysis. (D) Haematoxylin and eosin stained section showing scarce tumour necrosis.

in the TMA sections. For Ki-67 and CD31, different tumour areas
(invasive front and tumour center) were analysed separately in 30
cases. The values at the invasive front and tumour center had high
correlations with each other (Ki-67: Pearson’s r=10.886; CD31:
r=0.879). Therefore, and to adhere to previously described criteria
(Des Guetz et al, 2006; Roxburgh et al, 2013), one mean value was
recorded for each case. All the immunohistochemical analyses were
performed blinded to the clinical data.

Statistical analyses. Normally distributed continuous variables are
presented as mean (s.d.) while other continuous variables are
presented as median (IQR). The statistical analyses were carried
out using IBM SPSS Statistics 22.0 (IBM, Chicago, IL, USA). To
test the statistical significance between two categorical variables, 3
or Fisher’s exact test was used. The statistical significance of the
associations of tumour necrosis percentage with clinicopathological
characteristics was analysed by Mann-Whitney U-test (two classes)
or Kruskal-Wallis test (three or more classes). Pearson’s
coefficients (r) were applied in examining correlations between
continuous variables, and logarithmic transformation was applied
to the variables with positive skewness to accomplish a more
normal distribution. Cytoscape, an open source software platform
for visualising complex networks, was used in creating a 2D
visualisation of the relationships between tumour necrosis and
clinicopathological variables with the Prefuse force directed
algorithm weighted by the statistical significances of the associa-
tions between individual variables (Shannon et al, 2003). Receiver
operating characteristics (ROC) analysis was used to define an
optimal cutoff scores, with the shortest distance to the coordinate

(0,1), for tumour necrosis and immunohistochemical markers
(CD31, vWF, CD105 and Ki-67) in discriminating survivors from
nonsurvivors (Zlobec et al, 2007). DFS, CSS and OS were measured
and univariate survival analysis was performed according to the
Kaplan-Meier method. Cox’s proportional hazards regression
model was conducted to analyse the independent prognostic
significance of tumour necrosis. Pearson’s r and « coefficients were
used to evaluate intra- and interobserver agreement. A two-tailed
P-value <0.05 was considered statistically significant.

RESULTS

Reproducibility and accuracy of the evaluation of tumour
necrosis. Two researchers evaluated the tumour necrosis percen-
tage visually and with a computer-assisted method in images of a
randomly selected group of 50 CRC patients to estimate the
accuracy of the visual assessments of tumour necrosis. The
agreement was measured for necrosis as a continuous variable
(Pearson’s r) and as a categorical variable with a cutoff point of
10% (x score). The correlations between the visual and computer-
assisted evaluations were excellent (Observer 1: r=0.930,
Kk =0.776; Observer 2: r=0.879, k =0.776), indicating that visual
estimation of tumour necrosis percentage was accurate. Visual
estimations of different observers were also highly correlated
(r=0.823, k=0.745), indicating an excellent interobserver
agreement.
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Figure 2. A graphical presentation of the interrelationships between tumour necrosis, biological properties of the tumour and
clinicopathological variables. Individual variables are represented by nodes and their associations are represented by the connecting lines (edges).
Only the associations with P<0.05 are shown, and the edge length illustrates the significance of the association. Green edges indicate a positive
correlation and red edges indicate a negative correlation. The visualisation was created with Cytoscape software platform (Shannon et al, 2003)
utilising the Prefuse force directed algorithm weighted by the statistical significances of the correlations between individual variables.

MVD = microvascular density; TNM = tumour, node and metastasis.

Table 1. Correlations between tumour necrosis percentage, microvascular density and proliferation rate

CD31 MVD vWF MVD CD105 MVD Ki-67
Tumour necrosis 0.020 (P=0.818) 0.004 (P=0.961) —0.039 (P=0.654) —0.131 (P=0.126)
CD31 MVD 1 0.623 (P=6.18E—17) 0.383 (P=2.32E—6) 0.076 (P=0.370)
vWF MVD 0.623 (P=6.18E—-17) 1 0.351 (P=1.74E-5) —0.051 (P=0.546)
CD105 MVD 0.383 (P=2.32E—6) 0.351 (P=1.74E-5) 1 0.047 (P=0.582)
Abbreviations: MVD = microvascular density; VWF =von Willebrand factor. Numbers indicate Pearson’s correlation coefficients for logarithmically transformed variables.

Determinants of tumour necrosis. Tumour necrosis (Figure 1)
was present in 141 of 147 (95.9%) cases. The median of tumour
necrosis percentage was 10.0% (range 0-90.0%; Supplementary
Table S1). We first evaluated the network of determinants of
tumour necrosis in CRC (Figure 2), and the associations between
tumour necrosis percentage and clinicopathological characteristics
are presented in Supplementary Table S3 and the associations
between tumour necrosis, MVD and proliferation in Table 1.
Tumour necrosis was more extensive in higher stage tumours
(P=8.5E — 4; Supplementary Table S3) and especially in those
with higher T class (P=4.0E—6). In SACs, tumour necrosis
percentage was lower than in CCs (median 5.0% vs 11.0%;
P=0.014). Patient age, sex, tumour location, WHO grade,
infiltrative tumour growth pattern or MMR screening status did
not show significant associations with tumour necrosis. The
patients who received preoperative RT/CRT did not have
significantly different tumour necrosis percentage relative to those
who did not receive preoperative RT/CRT. Tumours with
oncogenic mutations in KRAS or BRAF genes had some tendency
towards lesser amount of tumour necrosis (CRC with KRAS or
BRAF mutation vs wt KRAS and BRAF, P=0.172). The different
markers for MVD showed notable high intercorrelations but did
not associate with tumour necrosis. Tumours with extensive
necrosis showed a tendency towards lower proliferation rate (Ki-

67; P=0.126). Preoperative RT/CRT associated with increased
CD105 MVD (P=0.021) but did not associate with other MVD
markers or the proliferation rate (Supplementary Table S4).

Finally, to address, whether proliferation and MVD would be
different in areas around necrosis relative to non-necrotic
areas in the same tumours, CD31 and Ki-67 immunohistochem-
istry was conducted on whole-tissue specimens of 30 patients
with >10% necrosis. The results indicated that there were high
correlations between Ki-67 percentage (r=0.941), as well as CD31
MVD (r=0.893) in areas around and distant from necrosis
(Supplementary Figure S1), suggesting that the proliferation
rate and MVD in perinecrotic areas correspond with those of the
non-necrotic parts of the same tumour.

Survival analysis. To enlighten the prognostic significance of
tumour necrosis, a 60-month survival (DFS, CSS and OS) analysis
was carried out. The follow-up and event data is presented in
Supplementary Table S5.

First, the discriminatory capacity of tumour necrosis was
studied with ROC analysis, which indicated that tumour necrosis
associated with worse DFS, with an optimal cutoff point of 7-10%
for tumour necrosis percentage in discriminating the survivors
from nonsurvivors (Figure 3A). We decided to apply 10% because
it was considered to be more easily reproducible. For CD31 MVD,
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Figure 3. Survival analyses. (A—H) Study cohort. (A) Receiver operating characteristics (ROC) analysis for tumour necrosis in discriminating survivors
from nonsurvivors. (B) Tumour necrosis and DFS. (C) Tumour necrosis and CSS. (D) Tumour necrosis and OS. (E) Tumour necrosis as a four-tiered
variable and DFS. (F) Tumour necrosis, infiltrative growth pattern and DFS. (G) CD105 microvascular density (MVD) and DFS. (H) Proliferation rate
and DFS. (I-L) Validation cohort. (I) Tumour necrosis and DFS. (J) Tumour necrosis and CSS. (K) Tumour necrosis and OS. (L) Tumour necrosis,

infiltrative growth pattern and CSS.

vWF MVD, CD105 MVD and Ki-67 similarly defined cutoff
points were 45, 20, 10 mm ~ > and 30% respectively (Supplementary
Table S6).

The two-tiered classification of tumour necrosis percentage
(<10% vs >10%) had a strong association with DFS (Figure 3B,
Supplementary Table S7), CSS (Figure 3C), and OS (Figure 3D).
The adverse effect of tumour necrosis on survival was directly
related to its extent (Figure 3E). Infiltrative tumours, regardless of
the amount of necrosis, had worse prognosis comparing with
expanding tumours (Figure 3F). The prognostic effect of tumour
necrosis appeared to be parallel in SACs and CCs (data not
shown). Of the studied immunohistochemical markers for MVD,
high CD105 MVD associated with a tendency towards worse DFS
(P=0.054, Figure 3G). High proliferation rate showed a tendency
towards better DFS (P=0.170, Figure 3H).

Cox regression model indicated that high tumour necrosis
percentage, infiltrative growth pattern and high CD105 MVD were
indicators of worse DFS independent of tumour stage and other

clinicopathological variables (Table 2). However, the associations
between extensive tumour necrosis and worse CSS and OS were
not independent of tumour stage (Table 2).

Validation cohort. To validate the prognostic significance of
tumour necrosis, tumour necrosis percentage was evaluated in an
independent cohort of 418 CRC patients. Patients’ characteristics
and correlations between tumour necrosis and clinicopathological
features are summarised in Supplementary Data (Supplementary
Tables S1 and S8). The follow-up and event data are presented in
Supplementary Table S5.

Kaplan-Meier curves visualised that patients with extensive
tumour necrosis (=>10%) had significantly worse DFS (Figure 3I),
CSS (Figure 3]) and OS (Figure 3K) than those with lesser amounts
(<10%) of necrosis. As in the study cohort, infiltrative tumours,
regardless of the amount of necrosis, had worse prognosis
comparing with expanding tumours (Figure 3L). Cox regression
model indicated that the associations between high tumour
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Table 2. Cox regression model for the independent prognostic significance of necrosis in the study cohort

' DFS i css ! os !
HR 95% ClI P-value HR 95% ClI P-value HR 95% Cl | P-value

Age (<65 vs =65 years) 3.69 1.25-10.9 | 0.018 2.34 1.00-5.45 0.049 2.39 1.18-4.81 0.015
Tumour invasion (T1-T2 vs T3-T4) 0.61 0.16-2.30 | 0.470 0.77 0.19-3.12 0.711 1.01 0.38-2.72 0.978
Nodal metastases (NO vs N1-N2) 14.3 4.09-49.9 | 3.10E-5 3.97 1.45-10.9 73E-3 2.96 1.51-5.81| 1.64E-3
Distant metastases (MO vs M1) — — — 5.65 2.18-14.7 39E-4 3.33 1.55-7.16 | 2.1E-3
WHO Grade (1-2 vs 3) — —_ — — — — — — —
Tumour location (Colon vs Rectum) 1.00 0.34-2.89 0.992 1.84 0.73-4.61 0.193 1.14 0.56-2.34 0.714
Preoperative RT/CRT (No vs Yes) 0.66 0.19-2.34 | 0.525 0.25 0.05-1.16 0.077 0.49 0.17-1.40 0.185
Serrated histology (No vs Yes) — — — — — — — — —
Infiltrative tumour border (No vs Yes) 4.35 1.56-12.2 51E-3 —_ — —_ —_ —_ —
Lymphatic or blood vessel invasion — — — 3.03 1.06-8.70 0.039 — — —
(No vs Yes)
Tumour necrosis (<10% vs >10%) 2.80 1.03-7.63 | 0.045 1.57 0.59-4.17 0.364 1.45 0.71-2.96 0.312
CD105 MVD (<10mm 2 vs =10mm 2 3.13 1.14-8.59 | 0.027 — — — — — —
Abbreviations: Cl=confidence interval; CSS = cancer-specific survival, DFS=disease-free survival; HR=hazard ratio; MVD =microvascular density; OS=overall survival; RT/CRT =
radiotherapy/chemoradiotherapy; TNM=tumour, node and metastasis. All the models included TNM stage variables, tumour location, preoperative RT/CRT, and tumour necrosis. Other
variables were selected utilising the stepwise forward selection method based on their significance in the model.

Table 3. Cox regression model for the independent prognostic significance of necrosis in the validation cohort

' DFS i css ! os !
HR 95% ClI P-value HR 95% ClI P-value HR 95% Cl | P-value

Age (<65 vs =65) — — — —_ — — 1.87 1.34-2.61 2.6E—-4
Tumour invasion (T1-T2 vs T3-T4) 1.19 0.66-2.15 0.559 1.30 0.71-2.38 0.396 0.74 0.47-1.15 0.181
Nodal metastases (NO vs N1-N2) 1.25 0.77-2.02 0.367 1.88 1.22-2.88 41E-3 1.44 1.00-2.06 0.050
Distant metastases (MO vs M1) — — — 4.95 3.16-7.73 | 2.7E-12 3.36 2.20-5.14 | 21E-8
WHO Grade (1-2 vs 3) — — — 1.82 1.20-2.76 52E-3 1.51 1.04-2.19 0.031
Tumour location (Colon vs Rectum) 1.84 1.21-2.79 4.4E -3 1.78 1.22-2.59 25E-3 1.49 1.09-2.04 0.013
Serrated growth pattern (No vs Yes) 0.97 0.44-2.14 0.941 1.27 0.69-2.31 0.442 1.32 0.81-2.14 0.263
Lymphatic or blood vessel invasion (No vs 1.76 1.07-2.90 0.025 1.80 1.18-2.74 | 6.2E-3 1.83 1.28-2.62 | 9.8E—-4
Yes)
Infiltrative tumour border (No vs Yes) 3.50 2.08-5.91 2.6E—-6 2.57 1.73-3.84 3.6E—6 2.44 1.70-3.51 15E-6
Tumour necrosis (<10% vs >10%) 1.60 1.05-2.46 0.031 1.84 1.27-2.67 1.3E-3 1.51 1.10-2.06 0.010
Abbreviations: Cl=confidence interval; CSS = cancer-specific survival; DFS=disease-free survival; HR=hazard ratio; OS=overall survival; RT/CRT =radiotherapy/chemoradiotherapy;
TNM =tumour, node and metastasis. All the models included TNM stage variables, serrated histology, and tumour necrosis. Other variables were selected utilising the stepwise forward
selection method based on their significance in the model.

necrosis percentage and worse DFS, CSS and OS were independent
of tumour stage and other clinicopathological variables (Table 3).
Tumour necrosis was also independent marker of worse DFS, CSS
and OS in the subgroup of stage II patients (Supplementary
Table S9). The inclusion of infiltrative growth pattern in the
regression models was observed to emphasise the prognostic
significance of tumour necrosis (data not shown), indicating that
combined analysis of these variables improves the discriminatory
capacity relative to individual variables.

DISCUSSION

In this study, we evaluated the biological mechanisms underlying
tumour necrosis in CRC and the correlation of tumour necrosis with
disease outcome. A graphical presentation of the interrelationships
between different variables was created to facilitate the conceptualisa-
tion of the network of factors involved (Figure 2). The results
indicated that the extent of tumour necrosis associates with high
tumour stage—especially with high T class—and inversely correlates

with serrated histology, but does not significantly associate with
proliferation rate, MVD, and KRAS or BRAF mutation. Tumour
necrosis associated with adverse DFS, CSS and OS in two independent
CRC cohorts (n=147 and n=418) and the association between
tumour necrosis and adverse DFS was independent of other
clinicopathological factors in both cohorts.

Tumour necrosis is a common feature of solid tumours, thought
to reflect intratumoural hypoxic environment due to rapid increase
of tumour cell numbers outstripping the vascular supply (Swinson
et al, 2002). A few studies have indicated high proliferation rate to
associate with extensive tumour necrosis in some tumour types
such as in nodular melanoma and renal cell carcinoma (Bachmann
et al, 2008; Pichler et al, 2012), while also conflicting results exist
in, for example, oesophageal carcinoma (Dutta et al, 2012) and
renal cell carcinoma (Tollefson et al, 2007). Our observations
indicate that tumour necrosis is not associated with the rate of
tumour cell proliferation in CRC. In our data, tumours with high
proliferation rate showed a weak tendency towards better survival
(DFS: P=0.162), and also earlier reports support the association
between high proliferation and better survival in CRC (Allegra,
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2003; Roxburgh et al, 2013), while in, for example, breast cancer
(Luporsi et al, 2012) and renal cell carcinoma (Tollefson et al,
2007), high proliferation rate has been associated with worse
prognosis. The reasons underlying this inconsistency between
different cancers are not clear. However, current results suggest
that for the prognosis of CRC patients, other factors such as
tumour immunogenicity (Roxburgh et al, 2013) or tumour growth
pattern (Koelzer and Lugli, 2014) are more important than
proliferation rate.

Angiogenesis is known to be crucial requirement for the tumour
growth, enabling the tumour cells capable of rapid proliferation to
rapidly expand their population (Folkman, 1990). The assessment
of MVD utilising different endothelial cell markers is the standard
method for evaluating the tumour vasculature (Nico et al, 2008).
We hypothesised that tumour necrosis could result from the
inadequate blood vessel supply of oxygen into the tumours, which
could be seen as low MVD in highly necrotic CRCs. However, our
results do not support this hypothesis, since there were no
association between tumour necrosis percentage and CD31, CD105
and vWF MVD.

Neovascularisation contributes to the invasion and metastasis
formation (Folkman, 1990) and high MVD has been shown to
correlate with aggressiveness and poor outcomes in many cancers
(Takagi et al, 2005), including CRC (Des Guetz et al, 2006). Our
results indicate that, specifically, high CD105 MVD is a stage
independent marker for worse prognosis (DFS: P=0.027), which
is in accordance with the finding of Li et al (2003). CD105 is a
hypoxia-inducible protein, primarily expressed in the actively
proliferating endothelial cells participating in neoangiogenesis in
tumours (Minhajat et al, 2006; Nico et al, 2008). In the vessels of
normal tissues, its expression is generally undetectable or weak
(Minhajat et al, 2006; Nico et al, 2008), while CD31 and vWF are
present in the vast majority of the blood vessels of normal and
cancer tissue (Minhajat et al, 2006; Pusztaszeri et al, 2006).

A few studies have reported tumour necrosis to be less common
in SACs comparing with CCs (Tuppurainen et al, 2005). SACs
frequently harbour oncogenic mutations in either BRAF or KRAS
(Mékinen, 2007; Stefanius et al, 2011), the participants of MAPK-
ERK pathway controlling, for example, cell proliferation, differ-
entiation and growth. In our study, BRAF and KRAS mutations
associated with a tendency towards higher proliferation rate
(P=0.091) and with a tendency towards lower tumour necrosis
percentage (P=0.172), while SACs had similar proliferation rate
(P=0.354) but significantly lower tumour necrosis percentage
relative to CCs (P=10.014). This suggests that KRAS and BRAF
mutations may contribute to the proliferation rate of the tumours but
other factors account for the scarcity of tumour necrosis in SAC.

Neoadjuvant CRT is known for its ability to modify the
histological appearance of rectal cancer, while the short course
preoperative RT induces only little or no visible effects. Usually, the
tumour tissue is replaced by fibrous/fibroinflammatory reaction or
mucin collections, and decreased frequency of tumour necrosis has
been reported (Shia et al, 2004; O’Neil and Damjanov, 2009). In
this study, there was no statistical significant association between
preoperative RT/CRT and tumour necrosis percentage. In addition,
the limited number of the patients with preoperative RT/CRT
(n=31) did not allow for sensible survival analyses for this
subgroup in this study. Subsequently, it would be important to
establish, whether tumour necrosis has prognostic value also in this
patient subgroup.

We conducted survival analyses for two independent CRC
cohorts (n=147 and n=418) and established that tumour
necrosis has prognostic value (Study cohort: DFS; Validation
cohort: DFS, CSS and OS) independent of tumour stage and other
biological or clinicopathological characteristics. This finding is in
agreement with previous studies (Mulcahy et al, 1997; Gao et al,
2005; Pollheimer et al, 2010; Richards et al, 2012). Interestingly, the

T classification was not significant in any of the Cox regression
models, which could be related to the close association between
tumour necrosis and T classification. The advantage of our study is
the validation of the clinical impact of tumour necrosis in an
independent cohort, the range of study end points (DFS, CSS and
0S), as well as the evaluation of the tumour necrosis percentage as
a continuous variable, expanding the available statistical metho-
dology (Zlobec et al, 2007). The ROC analysis indicated 7-10% as
an optimal cutoff value for necrosis percentage for discriminating
survivors from nonsurvivors (DFS presented in Figure 3A; CSS and
OS vyielded parallel results although data not shown), and this
serves as a reference for further studies. It was also established that
the adverse effect of necrosis on survival was directly related to its
extent, highlighting the relevance of quantitative necrosis percen-
tage evaluation.

The greatest limitation of the study was the retrospective nature
of analysis in the validation cohort. Imaging technologies have
improved and may have allowed for earlier detection of
recurrences in the study cohort relative to the validation cohort.
Moreover, the lymph node sampling was not, at the time of the
operation of patients in the validation cohort, as accurate as
required in current standards, likely underestimating the effect of
the N classification in the Cox regression models. Indeed, the N
classification did not show a statistically significant independent
association with DFS in the validation cohort. However, both
cohorts were reviewed and reclassified using TNM6, and several
additional histological prognostic factors were evaluated, which
strengthens the quality of the cohort. Of these markers, the
limitation in the analysis of lymphatic and blood vessel invasion
was that vascular capillary invasion and lymphatic invasion cannot
always be reliably distinguished. Therefore, Cox regression models
included the combination variable lymphatic or blood vessel
invasion. All the material used in this study was from a single
pathology unit, and all surgery had been performed at Oulu
University Hospital. The fixation times for surgical samples had
remained constant during the years, so that fixation time is unlikely
to affect the histological or immunohistochemical analyses.

TNM staging is the main prognostic factor in CRC, but additional
prognostic factors are needed to further classify, especially, stage II-
III patients (Puppa et al, 2010). Infiltrative tumour growth represents
one of the highest-rated additional histological prognostic factors
(Koelzer and Lugli, 2014), associated with a worse prognosis in CRC
independent of tumour stage in a number of studies (Jass et al, 1996;
Morikawa et al, 2012). Our results indicate that tumours with
infiltrative and pushing border configuration harbour similar
amounts of tumour necrosis, regardless of the aggressive tumour
behaviour associated with the infiltrative tumour growth. Accord-
ingly, it was established that tumour necrosis would, especially,
facilitate the prognostic classification of the patients with a pushing
tumour border and the prognostic significance of tumour necrosis
was emphasised in the Cox regression models, when also infiltrative
growth was included. Taken together, the results suggest that
infiltrative tumour growth and extensive tumour necrosis represent
relevant histomorphological prognostic indicators that complement
each other.

In conclusion, tumour necrosis associates with high tumour
stage—especially with T class—in CRC and inversely correlates
with serrated histology, but does not significantly associate with
proliferation rate, MVD and KRAS or BRAF mutation. Evaluation
of the tumour necrosis percentage provides additional prognostic
information in CRC.
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