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ABSTRACT
The classification of bronchopulmonary neuroendocrine neoplasms (BP-NEN) 

into four tumor entities (typical carcinoids (TC), atypical carcinoids (AC), small cell 
lung cancers (SCLC), large cell neuroendocrine lung carcinomas (LCNEC)) is difficult 
to perform accurately, but important for prognostic statements and therapeutic 
management decisions. In this regard, we compared the expression of three 
proliferation markers, Ki-67, Topoisomerase II alpha (TOP2A), and RacGAP1, in a 
series of tumor samples from 104 BP-NEN patients (24 TC, 21 AC, 52 SCLC, 7 LCNEC) 
using different evaluation methods (immunohistochemistry (IHC): Average evaluation, 
Hotspot evaluation, digital image analysis; RT-qPCR).

The results indicated that all three markers had increased protein and mRNA 
expression with poorer differentiation and correlated well with each other, as 
well as with grading, staging, and poor survival. Compared with Ki-67 and TOP2A, 
RacGAP1 allowed for a clearer prognostic statement. The cut-off limits obtained for 
Ki-67-Average (IHC) were TC-AC 1.5, AC-SCLC 19, and AC-LCNEC 23.5. The Hotspot 
evaluation generated equal to higher, the digital image analysis generally lower 
between-entity cut-off limits. 

All three markers enabled a clear-cut differentiation between the BP-NEN entities, 
and all methods evaluated were suitable for marker assessment. However, to define 
optimal cut-off limits, the Ki-67 evaluation methods should be standardized. RacGAP1 
appeared to be a new marker with great potential.

INTRODUCTION

According to the National Cancer Institute and the 
World Health Organization (WHO), lung cancer is the 
most common death-causing cancer. This relationship 
is particularly true in the well-industrialized northern 
hemisphere, where lung cancer comprises 20–25% of the 
malignancies of neuroendocrine origin. The 2015 WHO 
classification system (first proposed in 1998 by Travis et al.  
[1]) classifies these bronchopulmonary neuroendocrine 
neoplasms (BP-NEN) into the less aggressive, well-
differentiated, and low-grade typical carcinoids (TC), 

the intermediate-grade atypical carcinoids (AC), and 
the poorly-differentiated and aggressive large cell 
neuroendocrine lung carcinomas (LCNEC) and small 
cell lung cancers (SCLC) [1–5]. Correct diagnostic 
classification of these four tumor entities is of major 
clinical importance because the prognostic, diagnostic, and 
therapeutic consequences differ greatly between them. The 
current grading system for NEN of the lung and thymus is 
based on WHO and International Association for the Study 
of Lung Cancer (IASLC) criteria: The grade is mainly 
determined by counting the number of mitotic figures 
in 10 high-power fields (HPFs) in combination with the 
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presence or absence of necrosis [5, 6]. Counting mitoses is 
a very time-consuming process with a high inter-observer 
variability and cytomorphological overlap among the  
BP-NEN entities is not uncommon. An additional and 
reliable cut-off-marker is still needed to distinguish TC 
from AC and, more importantly, AC from SCLC/LCNEC, 
during development of a pathologic diagnosis [4, 7–9]. The 
Ki-67 labeling index was proposed for this purpose. The 
index was recently added to the 2010 WHO classification 
for tumor grading (Ki-67: G1: ≤ 2%; G2: 3–20%; G3:  
> 20%) of gastroenteropancreatic neuroendocrine 
neoplasms (GEP-NEN). It has emerged as a gold 
standard and a predictor of prognosis. Index results are 
also used for patient management decisions, particularly 
when advanced disease is present [10, 11]. The clinical 
acceptance of Ki-67, when used for BP-NEN, is still 
increasing, and clinical use of Ki-67 is being discussed 
extensively in the literature. More comprehensive studies 
are needed for a complete integration of Ki-67 into the 
grading system of this tumor group [12]. A uniform 
evaluation system (manual counting, eyeballing, digital 
image analysis), inter-observer variability of manual 
immunohistochemical evaluation, and the correct cut-off 
values to distinguish the BP-NEN entities are issues for 
further study [8, 9, 12–14]. The 2015 WHO classification 
for pulmonary neuroendocrine tumors recommends only 
very rough Ki-67 limits (TC ≤ 5%, AC ≤ 20%, SCLC 
50–100%, and LCNEC 40–80%) and calls for additional 
studies to generate more data [5].

We propose that Topoisomerase II alpha (TOP2A) 
is another proliferation marker that has potential to 
be used to distinguish BP-NEN entities. It is used to 
determine the proliferative tumor cell fraction in other 
tumor entities (e.g., breast cancer). The advantage of 
TOP2A compared with Ki-67 is related to its additional 
function as a predictive marker for subsequent therapies 
with topoisomerase inhibitors or anthracyclines [15, 16]. 
TOP2A used as a histopathologic marker for NEN entities 
has not been tested so far.

The Rac GTPase activating protein 1 (RacGAP1) 
is a previously unknown but very interesting proliferation 
marker; it is upregulated in many malignant tumors and 
is associated with a poor patient outcome [17–21]. This 
protein binds to the activated forms of RhoGTPases and 
induces GTP hydrolysis. It, thus, negatively regulates 
many Rho-mediated signals [21, 22]. Little is known about 
RacGAP1, except that it is involved in the cytokinesis, 
migration, cell motility, and transformation of tumor 
cells, and subsequent increased metastasis [21, 23–26]. 
The role of RacGAP1 in NEN and its clinical functions 
remain to be elucidated, but first study results suggest that 
it is correlated with Ki-67 expression [19]. In addition to 
allowing us to differentiate between the BP-NEN entities, 
TOP2A and RacGAP1 may provide new insights into the 
biological and molecular behavior of NEN. 

The first aim of our study was to compare the current 
Ki-67 detemination methods when used for BP-NEN  

diagnosis. Two manual Ki-67 immunohistochemistry 
(IHC) evaluation methods were compared with a fully 
automated digital image analysis of the same slides and a 
real time RT-PCR of adjacent paraffin sections. The IHC 
inter-observer variability for the manual counting method 
was also evaluated. The second aim was to define Ki-67 
cut-off values for the BP-NEN entities for each evaluation 
method. The Ki-67 protein and mRNA expression levels 
were then compared with those of TOP2A and RacGAP1. 
The suitability of the three proliferation markers for 
differentiation of the BP-NEN entities was then evaluated, 
and correlations with the patients’ clinical data were 
calculated (overview over patient population see Figure 1).

RESULTS

Ki-67 expression in BP-NEN entities

Immunohistochemistry – Ki-67-Average vs. Ki-
67-Hotspots vs. digital image analysis

As can be seen from the boxplots of Figure 2 and 
as confirmed by the Mann-Whitney-Test, Ki-67 protein 
levels increased highly significantly from TC to AC (Ki-67-
Average: U = −4.337, p < 0.001, Ki-67-Hotspots: U = −5.041,  
p < 0.001; Ki-67-FADIA: U = −2.639, p = 0.008) and 
from AC to SCLC/LCNEC (Ki-67-Average: U = −6.592,  
p < 0.001/U = −3.913, p < 0.001, Ki-67-Hotspots: U = −6.277,  
p < 0.001/U = −3.921, p < 0.001; Ki-67-FADIA: U = −5.903, 
p < 0.001/U = −3.900, p < 0.001) in all three evaluation 
systems. The TC displayed very low data variability, whereas 
AC and especially SCLC and LCNEC showed a high spread 
of the proliferation marker protein levels. 

It was found, that the evaluation of the Ki-67-
Hotspots resulted in higher levels as compared to the use 
of the Ki-67-Average. A Wilcoxon-Test confirmed that 
these differences are significant in case of AC, SCLC and 
LCNEC, but not of TC. The Ki-67-FADIA generally led 
to lower Ki-67 expression levels compared with the two 
manual counting evaluation methods. According to the 
Wilcoxon-Test these differences are highly significant for 
TC, AC and SCLC (see Table 1). A similar tendency can 
be seen for LCNEC.

Inter-observer comparability

Because the SCLC showed the highest spread of 
Ki-67 expression levels and the Ki-67-Average evaluation 
system is subjectively influenced at most, two different 
observers evaluated a series of 22 randomly selected SCLC 
samples for the Ki-67-Average in the IHC. In general, 
observer 1 (L.S.) obtained higher values (median = 72%, 
arithmetic mean = 65.7%) than observer 2 (E.N.) (median 
= 56, arithmetic mean = 56, 1%), as can be seen from the 
boxplots of Figure S1 in the Supplemental Data. Moreover, 
observer 1 obtained values with a higher spread and more 
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Figure 1: Consort diagram. Overview of the patient population in terms of the investigated markers in the different evaluation 
methods. BP-NEN – bronchopulmonary neuroendocrine neoplasms; TC – typical carcinoids; AC – atypical carcinoids; SCLC – small cell 
lung cancer; LCNEC – large cell neuroendocrine lung carcinoma; FFPE – formalin-fixed, paraffin-embedded; TOP2A – Topoisomerase 2 
alpha; RacGAP1 – Rac GTPase activating protein 1; IHC – immunohistochemistry.

Table 1: Wilcoxon-test for Ki-67-Average vs. Ki-67-Hotspots vs. Ki-67-FADIA evaluation in  
BP-NEN entities

Tumor entity BP-NEN total
(n = 102)

TC
(n = 24)

AC
(n = 21)

SCLC
(n = 50)

LCNEC
(n = 7)

Ki-67-Hotspot < Ki-67-Average 8 1 0 7 0
Ki-67-Hotspots > Ki-67-Average 69 7 14 41 7
Ki-67-Hotspots = Ki-67-Average 25 16 7 2 0
U-value (Wilcoxon) −5.662 −1.508 −3.310 −3.973 −2.371
p-value < 0.001 0.132 0.001 < 0.001 0.018
Ki-67-FADIA < Ki-67-Hotspots 93 18 21 48 6
Ki-67- FADIA > Ki-67- Hotspots 8 5 0 2 1
Ki-67- FADIA = Ki-67- Hotspots 1 1 0 0 0
U-value (Wilcoxon) −8.183 −3.224 −4.015 −6.115 −2.028
p-value < 0.001 0.001 < 0.001 < 0.001 0.043
Ki-67-Average < Ki-67- FADIA 12 9 0 2 1
Ki-67- Average > Ki-67- FADIA 89 14 21 48 6
Ki-67- Average = Ki-67- FADIA 1 1 0 0 0
U-value (Wilcoxon) −8.149 −2.829 −4.015 −6.125 −1.859
p-value < 0.001 0.005 < 0.001 < 0.001 0.063
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outliers. However, these differences were not statistically 
significant (Wilcoxon-Test: U = −1.721, p = 0.085).

RT-qPCR

Similar to the IHC, also the Ki-67 mRNA levels were 
highly significantly increased in AC compared to TC (U = 
−3.199, p = 0.001) and in SCLC/LCNEC compared to AC 
(U = −5.062, p < 0.001/U = −3.446, p < 0.001) (see Figure 2).

Ki-67 cut-off values for grading

To detect the optimal Ki-67 cut-off points between 
TC and AC, AC and SCLC and AC and LCNEC, ROC 
analyses were performed. In our Ki-67-Average evaluation 
the optimal cut-off value to distinguish TC from AC is 
1.5% (AUC = 0.870, p < 0.001, sensitivity = 0.810, 
1-specificity = 0.167), AC from SCLC 19.0% (AUC =  
0.998, p < 0.001, sensitivity = 0.960, 1-specificity = 

0.000) and AC from LCENC 23.5% (AUC = 1.000,  
p < 0.001, sensitivity = 1.000, 1-specificity = 0.000). 
When evaluating the Ki-67-Hotspots the analysed cut-
off value between TC and AC amounted to 1.5% (AUC =  
0.930, p < 0.001, sensitivity = 0.952, 1-specificity = 
0.167), between AC and SCLC to 22.0% (AUC = 0.974, 
p < 0.001, sensitivity = 0.900, 1-specificity = 0.095) 
and between AC and LCNEC to 35.00% (AUC = 1.000,  
p < 0.001, sensitivity = 1.000, 1-specificity = 0.000). In case 
of the Ki-67-FAIDA the cut-off values were much lower 
as compared to the manual Ki-67 evaluation methods: TC-
AC: 0.14% (AUC = 0.730, p = 0.008, sensitivity = 0.762, 
1-specificity = 0.208), AC-SCLC: 3.23% (AUC = 0.946, 
p < 0.001, sensitivity = 0.900, 1-specificity = 0.048),  
AC-LCNEC: 8.32% (AUC = 1.000, p < 0.001, sensitivity =  
1.000, 1-specificity = 0.000). When analysing the RT-
qPCR data, the following limits were obtained: TC-AC: 
26.39 (AUC = 0.737, p = 0.021, sensitivity = 0.733, 
1-specificity = 0.278), AC-SCLC: 32.19 (AUC = 0.977, 

Figure 2: Ki-67 expression in BP-NEN. The boxplots are depicting the Ki-67 protein (left) and mRNA (right) levels in the different 
BP-NEN entities as evaluated by immunohistochemistry and by RT-qPCR. The different Ki-67-IHC evlauation methods are represented by 
different shades of grey: The Ki-67-Average is depicted by the first box in light grey, the Ki-67-Hotspots are illustrated in slightly darker 
grey and the last dark grey box stands for the IHC Ki-67 levels as determined by the fully automated digital image analysis. Beneath the 
respective Kaplan-Meier-Analyses are shown. Blue indicates low, green moderate and red high Ki-67 expression levels in each evaluation 
method, according to the cut-off limits of the ROC analysis between TC – AC and AC – SCLC. High Ki-67 expression levels correlate with 
a poor survival of the patients.
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p < 0.001, sensitivity = 0.907, 1-specificity = 0.067), AC-
LCNEC: 34.61 (AUC = 1.000, p < 0.001, sensitivity = 
1.000, 1-specificity = 0.000).

TOP2A expression in BP-NEN entities

Immunohistochemistry

In accordance with the Ki-67 expression levels, 
the TOP2A-Average protein expression significantly 
increased from TC to AC (Mann-Whitney-Test: U = 
−4.165, p < 0.001) and from AC to SCLC and LCNEC 
(Mann-Whitney-Test: U = −6.376, p < 0.001/U = −3.811,  
p < 0.001) (see Figure 3). TOP2A protein expression 
highly significantly correlated with the Ki-67-Average 
protein expression (ρsp = 0.896, p < 0.001, n = 99). 
According to the ROC analysis, the cut-off values between 
the respective tumor entities for the TOP2A expression 
as determined by IHC were as follows: TC-AC: 1.25%  

(AUC = 0.896, p < 0.001, sensitivity = 0.810, 1-specificity =  
0.042), AC-SCLC: 15.0% (AUC = 0.981, p < 0.001, 
sensitivity = 0.980, 1-specificity = 0.000), AC-LCNEC: 
19.5% (AUC = 1.000, p < 0.001, sensitivity = 1.000, 
1-specificity = 0.000).

RT-qPCR

The TOP2A mRNA expression showed a highly 
significant correlation with the Ki-67 mRNA levels 
(Spearman’s rank correlation: ρsp = 0.907, p < 0.001,  
n = 83). There were higher TOP2A expression levels in 
AC compared to TC (Mann-Whitney-Test: U = −3.359,  
p = 0.001) and in SCLC/LCNEC compared to AC 
(U = −4.537, p < 0.001/U = −3.266, p < 0.001)  
(see Figure 3). In the RT-qPCR the following limits were 
determined according to the ROC analysis: TC-AC: 31.21 
(AUC = 0.780, p = 0.006, sensitivity = 0.733, 1-specificity =  
0.278), AC-SCLC: 34.96 (AUC = 0.955, p < 0.001, 

Figure 3: TOP2A and RacGAP1 expression in BP-NEN. The boxplots are depicting the TOP2A and RacGAP1 protein (left) and 
mRNA (right) levels in the different BP-NEN entities as evaluated by immunohistochemistry and RT-qPCR. To the right the respective 
Kaplan-Meier-Analyses of each marker in the IHC investigation are shown. Blue indicates low, green moderate and red high TOP2A/
RacGAP1 expression levels, according to the cut-off limits of the ROC analysis between TC – AC and AC – SCLC. With both markers, 
high expression levels imply poor patient survival.
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sensitivity = 0.907, 1-specificity = 0.067), AC-LCNEC: 
36.17 (AUC = 1.000, p < 0.001, sensitivity = 1.000, 
1-specificity = 0.000).

RacGAP1 expression in BP-NEN entities

Immunohistochemistry – RacGAP1-Average

The RacGAP1 protein levels also increased from 
TC to AC (Mann-Whitney-Test: U = −2.495, p = 0.013) 
and from AC to SCLC/LCNEC (Mann-Whitney-Test: U = 
−5.705, p < 0.001/U = −3.404, p < 0.001) (see Figure 3).  
RacGAP1 protein expression highly significantly 
correlated with the Ki-67 (ρsp = 0.733, p < 0.001, n = 98)  
and with the TOP2A protein expression (ρsp = 0.739,  
p < 0.001, n = 98). The cut-off limits for RacGAP1-
Average according to the ROC curve were determined 
as follows: TC-AC: 1.5% (AUC = 0.705, p = 0.019, 
sensitivity = 0.857, 1-specificity = 0.583), AC-SCLC: 
13.5% (AUC = 0.897, p < 0.001, sensitivity = 0.875, 
1-specificity = 0.238), AC-LCNEC: 17.5% (AUC = 0.918, 
p = 0.001, sensitivity = 1.000, 1-specificity = 0.143). 

RT-qPCR

In the RT-qPCR, RacGAP1 expression was highly 
significantly increased in AC as compared to TC (Mann-
Whitney-Test: U = −4.119, p < 0.001) and in SCLC/
LCNEC as compared to AC (Mann-Whitney-Test: U = 
−4.116, p < 0.001 / U = −3.535, p < 0.001) (see Figure 3).  
In case of RacGAP1 mRNA levels, there was a highly 
significant increase in LCNEC in comparison to SCLC 
(Mann-Whitney-Test: U = −3.374, p < 0.001). RacGAP1 
mRNA expression levels showed a highly significant 
correlation with the respective levels of Ki-67 and TOP2A 
in a Spearman’s rank correlation (RacGAP1 vs. Ki-67: 
ρsp = 0.894, p < 0.001, n = 83; RacGAP1 vs. TOP2A:  
ρsp = 0.898, p < 0.001, n = 83). In the RT-qPCR the 
following limits were obtained according to the ROC 
analysis: TC-AC: 29.62 (AUC = 0.863, p < 0.001, 
sensitivity = 0.800, 1-specificity = 0.167), AC-SCLC: 
31.52 (AUC = 0.933, p < 0.001, sensitivity = 0.837, 
1-specificity = 0.067), AC-LCNEC: 32.58 (AUC = 1.000, 
p < 0.001, sensitivity = 1.000, 1-specificity = 0.000).

Correlation of Ki-67, TOP2A and RacGAP1 with 
the mitotic rate

All markers (Ki-67-Hotspots, Ki-67-Average, 
TOP2A-Average, RacGAP1-Average, Ki-67 mRNA 
TOP2A mRNA, RacGAP1 mRNA) displayed a highly 
significant correlation with the mitotic rate as evaluated 
by two independent pathologists (ρsp = 0.667–0.889, 
p < 0.001–0.009). According to the Spearman’s rank 
correlation only the Ki-67-FADIA showed no significant 
association with the mitotic count (ρsp = 0.399, p = 0.101).

Correlation of Ki-67, TOP2A and RacGAP1 with 
clinical data and extent of necrosis

Grading, staging and prognosis 

Strong positive correlations with the grading and the 
T and N stage of the BP-NEN patients investigated could 
be observed for all three proliferation markers both in IHC 
and in RT-qPCR (see Table 2). When comparing SCLC 
patients with good and poor prognosis, solely RacGAP1 
protein levels were significantly elevated in patients with 
poor prognosis.

Extent of necrosis

All samples were evaluated for the extent of necrosis 
as a percentage of the tumor fraction. Here, the expression 
levels of all three markers in all methods used showed a 
highly significant correlation to the amount of necrosis, as 
can be seen from Table 2.

Survival

Based on the cut-off limits for TC vs. AC and AC vs. 
SCLC obtained by means of the ROC analysis, all three 
proliferation markers were subdivided into low, moderate 
and high expression levels and Kaplan-Meier-Analyses 
were performed. All three proliferation markers displayed 
a strong prognostic value in all methods used (see Figures 2  
and 3): high Ki-67, TOP2A and RacGAP1 protein and 
mRNA levels correlated with poor patient survival. These 
data were highly significant according to the Log-Rank 
and Breslow Test.

Proliferation marker expression in regard to 
chemotherapy and radiotherapy

Prior to tumor resection or biopsy, 17 patients (1 TC, 4  
AC and 12 SCLC patients) had received a chemotherapy 
and 12 patients (1 TC, 2 AC and 9 SCLC) a radiotherapy. 
The tumor samples of these patients were compared with 
the samples from non-treated patients for their respective 
Ki-67, TOP2A and RacGAP1 mRNA and protein levels 
as determined by means of the different evaluation 
methods. According to the Mann-Whitney-Test for all 
three proliferation markers no marked difference was 
seen between the two subgroups, regardless of the method 
of determination. An exception was found in regard to 
the investigated SCLC patients: Here, the Ki-67-FADIA 
lead to significantly lower Ki-67 levels in patients with 
both previous radiotherapy and chemotherapy compared 
to the untreated SCLC patients (Mann-Whitney-Test: 
previous chemotherapy vs. untreated group: U = −2.680, 
p = 0.007; previous radiotherapy vs. untreated group:  
U = −1.957, p = 0.050) (see Figure S2 – Supplements). 
There was neither a difference to be seen between the 
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two groups of patients for the Ki-67-Average nor for the  
Ki-67-Hotspot evaluation. 

Metastases vs. primary tumors

In the IHC investigations, samples of 87 patients 
with primary tumors and of 17 patients with metastases 
were included. Here, regardless of the method of 
determination, no differences in the protein expression 
levels of Ki-67, TOP2A or RacGAP1 were found between 
primary tumors and metastases. With regard to the mRNA 
levels, which were determined in 72 patients with primary 
tumors and in 11 patients with metastases, in contrast, 
the expression levels of Ki-67 were distinctly higher in 
metastases compared to primary tumors (Mann-Whitney-
Test: U = −1.969, p = 0.049) and there was also a trend 
towards an increased expression of RacGAP1 (Mann-
Whitney-Test: U = −1.847, p = 0.065) and TOP2A (Mann-
Whitney-Test: U = −1.793, p = 0.073) in metastases  
(see Figure S3 – Supplements).

Comparison between SCLC with good and with 
poor prognosis

In a cohort of 49 out of the 52 SCLC patients, 
comprising subjects with good prognosis (n = 28, survival 
≥ 30 months) and with poor prognosis (n = 21, survival < 
30 months) the three markers were investigated for their 
respective expression levels (see Figure S4 – Supplements). 
Here, RacGAP1 protein levels were significantly higher 
in patients with poor prognosis compared to those with 
good prognosis (Mann-Whitney-Test: U = −2.323,  

p = 0.020), but there was no difference on the mRNA 
levels (Mann-Whitney-Test: U = −0.855, p = 0.392). Ki-67 
and TOP2A, in contrast, displayed no differences between 
the two subgroups of patients both on the protein and on 
the mRNA level (Mann-Whitney-Test: Ki-67: U = −0.434,  
p = 0.664/U = −0.548, p = 0.584; TOP2A: U = −1.819,  
p = 0.069/U = −1.109, p = 0.267). 

RacGAP1 as strong predictor of prognosis – 
expression at the invasive front

A high RacGAP1 expression at the invasive front 
of the selected tumor samples with resection margin 
significantly correlated with a high grading (ρsp = 0.494, 
p < 0.001, n = 59), with metastatic disease (ρsp = 0.337,  
p = 0.022, n = 46) and with early death by the tumor (ρsp = 
0.279, p = 0.027, n = 63). According to the Kaplan-Meier-
Analysis, patients with high RacGAP1 expression levels at 
the invasive front displayed lower survival as compared to 
those with low expression levels (see Figure 4).

DISCUSSION 

The distinction between the four BP-NEN entities 
is clinically very important because the subsequent 
classification-based diagnostic and therapeutic approaches 
differ due to their differential aggressiveness [3, 5, 6, 
29, 30]. Mitosis counting is part of the classification 
procedure (based on the WHO and IASLC criteria); it is 
a very time-consuming process, and has a relatively high 
inter-observer variability [6, 8, 9]. The usefulness and 
limitations of Ki-67 as a marker for BP-NEN grading and 

Table 2: Spearman’s rank correlations of Ki-67, TOP2A and RacGAP1 protein and mRNA levels 
with clinical data and extent of necrosis

Grading T stage N stage Prognosis Necrosis
Ki-67-Average 
(IHC)

ρsp = 0.861
p < 0.001

n = 96

ρsp = 0.498  
p < 0.001

n = 78

ρsp = 0.581  
p < 0.001

n = 79

ρsp = 0.064  
p = 0.669

n = 47

ρsp = 0.595
p < 0.001
n = 102

Ki-67 RT-qPCR ρsp = 0.826
p < 0.001

n = 79

ρsp = 0.508  
p < 0.001

n = 65

ρsp = 0.619  
p < 0.001

n = 66

ρsp = 0.087  
p = 0.590

n = 41

ρsp = 0.483
p < 0.001

n = 83
TOP2A-Average 
(IHC)

ρsp = 0.836
p < 0.001

n = 95

ρsp = 0.446 
 p < 0.001

n = 78

ρsp = 0.589
p < 0.001

n = 79

ρsp = 0.271  
p = 0.068

n = 46

ρsp = 0.599
p < 0.001
n = 101

TOP2A RT-qPCR ρsp = 0.809
p < 0.001

n = 79

ρsp = 0.524  
p < 0.001

n = 65

ρsp = 0.605  
p < 0.001

n = 66

ρsp = 0.175  
p = 0.273

n = 41

ρsp = 0.525
p < 0.001

n = 83
RacGAP1-Average 
(IHC)

ρsp = 0.721
p < 0.001

n = 94

ρsp = 0.364  
p = 0.001

n = 78

ρsp = 0.384  
p = 0.001

n = 79

ρsp = −0.346  
p = 0.018

n = 46

ρsp = 0.479
p < 0.001
n = 100

RacGAP1 RT-qPCR ρsp = 0.800
p < 0.001

n = 79

ρsp = 0.498  
p < 0.001

n = 65

ρsp = 0.519  
p < 0.001

n = 66

ρsp = 0.135  
p = 0.399

n = 41

ρsp = 0.574
p < 0.001

n = 83
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differentiation are still being discussed. The 2015 WHO 
classification for pulmonary neuroendocrine tumors only 
suggests broad ranges for the Ki-67 labeling index in each 
entity. Therefore, one aim of our study was to reevaluate 
Ki-67 expression in the tumor samples of a large cohort of 
BP-NEN patients. The different methods routinely used in 
clinical practice for the determination of Ki-67 expression 
levels were compared in this context [5, 12].

The 2014 review by Pelosi et al. describes the 
many different immunohistochemical evaluation systems 
used for Ki-67 measurement [8, 9, 12–14, 31, 32]. In the 
present study, we compared two widely used manual 
counting methods, the Ki-67-Average (magnification 
400×, per 10 representative HPFs) and the Ki-67-Hotspot 
evaluation (magnification 400×, per 2000 cells), with 
each other and with a fully automated digital image 
analysis of Ki-67 IHC. With all three methods, the Ki-67 
expression significantly increased from TC to AC similar 
to previously published results [33]; the greatest increase 
occurred using Ki-67-Hotspot evaluation and the smallest 
increase occurred when the Ki-67-FADIA was used. There 

were also high and comparable expansions in the Ki-67 
expression rates from AC to SCLC/LCNEC for each of the 
three methods. In the literature it is often described that Ki-
67 mainly helps to distinguish low-grade from high-grade 
BP-NEN [12, 30], but our results also revealed that there 
was an increase in AC compared with TC. As expected, 
compared with the Ki-67-Average evaluation, the Ki-67 
levels were higher in the Hotspot evaluation in cases of 
AC, SCLC, and LCNEC, but not TC. AC and, especially, 
SCLC have broader proliferation intensity ranges, and 
these more aggressive tumor entities often have one or 
more highly proliferative areas [8, 34, 35]. The three IHC 
evaluation methods were highly significantly correlated, 
but in general, lower proliferation rates were obtained 
for all tumor entities for Ki-67-FADIA. Here, between 
the tumor entities, a similar constellation was found as in 
both manual counting methods. The data are in accordance 
with many other studies comparing automated digital 
image analysis with the manual methods, but in some 
investigations also higher or equal limits were observed 
[31, 33, 36–38]. The discrepancies between published 

Figure 4: RacGAP1 expression at the invasive front. Below two examples for a strong positivity of RacGAP1 protein expression 
at the invasive front are shown (magnification 10 × 10). The graph above depicts a Kaplan-Meier-Analysis with a high RacGAP1 protein 
expression (red line) and a weak/no RacGAP1 expression (blue line) at the invasive front. According to the Log-Rank Test the curves differ 
highly significantly: High RacGAP1 expression at the invasive front indicates poor patient prognosis.
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results may result from differences in the programs 
used for digital image analysis. Lower values may result 
from observer bias (i.e., a greater emphasis on positive 
compared with negative cells), whereas the FADIA allows 
for an objective evaluation. Furthermore, in our study 
either 2000 cells or 10 HPFs of a tumor sample were 
evaluated using the manual counting methods, whereas 
the FADIA included the whole tumor section. Besides, 
in the Ki-67-FADIA SCLC patients who underwent prior 
radiotherapy or chemotherapy had significantly lower 
Ki-67 index values compared with the untreated SCLC 
patients. The manual counting methods did not distinguish 
between these groups. To the best of our knowledge, we 
are the first group of investigators to perform a digital 
image analysis of Ki-67 expression in SCLC samples. We 
performed this sophisticated analysis even though nuclear 
shape was undefined and crushing artifacts were frequent. 
Our results appear to be valid, however, because they were 
consistent with the results using the other Ki-67 evaluation 
methods. 

As often described, the eyeballing methods are 
subjectively influenced [8, 9, 12, 35]. Therefore, we also 
included an inter-observer comparison for the Ki-67 
Average in 22 randomly selected SCLC patients using 
two independent observers. For this purpose we chose 
the SCLC patients because they had the widest range 
in proliferation rate and the Ki-67 Average evaluation 
because it displayed the largest relative error. Our study 
revealed that differences were present, but were not 
significant. Most authors report that compared with Ki-67 
IHC evaluation, inter-observer variability is higher using 
mitotic counts [8, 9].

All manual counting methods revealed equal cut-
off-limits between TC and AC and had good concordance 
with published results (approximately 2%). Compared 
with the Ki-67-Hotspot method, the cut-off values that 
discriminated between AC and SCLC/LCNEC were 
lower using Ki-67-Average. These limits are frequently 
discussed and debated in the literature [12, 33], but it 
is important to recognize that they are methodology-
dependent. Our limits using Ki-67-Average were 
approximately 20% and our limits using Ki-67-Hotspot 
evaluation were approximately 25%. Nevertheless, our 
cut-off values were similar to previously established 
values for GEP-NEN grading [10, 39–43].

RT-qPCR is an emerging objective and reproducible 
method. Ki-67 mRNA has good clinical value when used 
for breast cancers, but comprehensive data are needed 
to determine the clinical value when used for NEN [16]. 
There were very significant correlations between protein 
and mRNA levels within adjacent paraffin sections for 
each of the three markers. We strongly recommend this 
method to distinguish between BP-NEN entities in routine 
pathology. However, more studies are needed to further 
strengthen our suggested limits and to define the correct 
cut-off values. 

The third objective of our study was to investigate 
other markers that are clinically useful also for 
discrimination of NEN entities. We chose TOP2A because 
it is used for breast cancer diagnostics and because, as a 
target for anthracyclines and topoisomerase II inhibitors, 
it also has a direct predictive therapeutic value in many 
cancers [16, 44–47]. Our study revealed that TOP2A 
was significantly correlated with Ki-67 in our BP-NEN 
samples. This result occurred for protein and mRNA 
levels. TOP2A also increased with loss of differentiation, 
T stage, and grading. Therefore, we propose that TOP2A 
has clinical value for BP-NEN diagnosis.

RacGAP1 is an as of yet largely unknown but very 
interesting marker. RacGAP1 also increased from the 
well- to the poorly-differentiated BP-NEN entities and 
was strongly correlated with the results for the TOP2A and  
Ki-67 protein and mRNA levels. These results indicate that 
RacGAP1 can also be used as a proliferation marker [19].  
The Kaplan-Meier-Analysis revealed that similar to 
the results for Ki-67 and TOP2A, high RacGAP1 
levels correlated with poor patient outcome. RacGAP1 
expression levels were, in general, lower than those of the 
other two markers, but a high expression rate was present 
at the invasive front of some tumor samples. Similarly, a 
study by Saigusa et al. revealed that the presence of high 
RacGAP1 levels at the invasive front of gastric cancer is 
associated with poor patient prognosis [21]. RacGAP1 also 
has a significantly higher protein expression rate in SCLC 
patients with a poor prognosis, compared with those with 
a good prognosis. This difference allows for a prognostic 
statement with more clarity, compared with the other two 
markers. The differences between the protein and mRNA 
levels are likely due to regulation by microRNAs [48, 49]. 
RacGAP1 is involved in cytokinesis, cell transformation, 
invasion, migration, and differentiation; it is also involved 
in tumorigenesis, and tumor progression, metastasis, 
and recurrence [19, 50–54]. It acts via mechanisms that 
are very complex and largely unknown. RacGAP1 is 
overexpressed in many very aggressive cancer phenotypes 
(e.g., meningiomas, hepatocellular carcinomas, epithelial 
ovarian cancer, invasive cervical cancer, high-grade breast 
cancer, colorectal cancer, non-small cell lung cancer, and 
gastric cancer [16, 18–21, 54–59]), which suggests that it 
is a new marker with great potential.

All in all, the expression levels of the three markers 
increase with indicators of tumor aggressiveness, 
including the T stage, the N stage and the extent of 
necrosis. A higher proliferation rate increases the risk for 
a higher extent of tumor growth, lymphatic invasion and 
the formation of necrosis. Thus, proliferation remains a 
key role in tumorigenesis and tumor progress.

In conclusion, we propose that Ki-67 should be 
used as an additional tool for BP-NEN grading and 
discrimination, with the Ki-67-FADIA as an objective 
IHC evaluation method. The Ki-67 IHC manual counting 
methods are also equally useful. They can be performed 
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quickly and without the need for additional equipment. 
Here, standardization is needed to establish valid cut-off 
limits. The cut-off values we obtained for the manual Ki-67  
counting method are similar to the limits used for GEP-
NEN grading [43].

mRNA quantification using real time RT-PCR 
appears to be a very valid and objective alternative Ki-67 
evaluation method. This approach should be investigated 
using a larger cohort of BP-NEN patients. Both on protein 
and on mRNA levels, TOP2A and RacGAP1 can also be 
used for histopathological differentiation of BP-NEN. 
RacGAP1 appears to have a strong prognostic value and 
is an interesting marker that should be examined in detail 
in future studies.

MATERIALS AND METHODS

Patients

Formalin-fixed, paraffin-embedded samples (FFPE) 
of primary tumors or metastases from a total of 104 patients, 
24 of which diagnosed with a TC, 21 with an AC, 52 with a 
SCLC and 7 with a LCNEC, were provided by the Laboratory 
of Cytology and Pathology, Zentralklinik Bad Berka 
(Germany). The SCLC patients were further subdivided 
into patients with a good prognosis (n = 28, survival ≥ 
30 months) and those with a poor prognosis (n = 21,  
survival < 30 months) (see Figure 1). All tumors were 
histologically verified by two independent pathologists 
according to the WHO and UICC criteria. The samples 
consisted mainly of tumor resections, but also some 
biopsy samples were included. They comprised mainly 
primary tumors, but some metastases were evaluated, too. 
17 patients had received a previous chemotherapy and 12 
patients a previous radiotherapy. A positive vote from the 
Ethics Committee of the state of Thuringia was gained for 
this retrospective analysis. Clinical data were collected from 
the patients records (Zentralklinik Bad Berka, Germany) and 
from the tumor registry data base (Tumorzentrum Helios-
Klinik Erfurt, Germany). 

Immunohistochemistry

From each FFPE (104 samples from 104 BP-NEN 
patients) 4 µm thick sections were cut and floated onto 
positively charged slides. The immunohistochemistry 
was performed by an indirect peroxidase labeling 
method as described previously [27]. After dewaxing 
and microwaving of the sections in 10 mM citrate buffer 
(pH = 6.0) for 16 minutes at 600 W, the slices were 
incubated overnight at 4°C with the primary antibodies 
(Ki-67 (mouse monoclonal, 1:50, Dako Germany GmbH, 
Hamburg, GER), TOP2A (rabbit monoclonal, 1:100, 
Abcam, Cambridge, UK), RacGAP1 (rabbit polyclonal, 
1:350, Atlas Antibodies, Stockholm, SWE)).

The detection was conducted with a biotinylated 
secondary antibody, followed by the addition of peroxidase-
coupled avidin (VECTASTAIN® Elite ABC kit, Vector 
Laboratories, Burlingame, CA, USA). The chromogen used 
was 3-amino-9-ethylcarbazole (AEC) (AEC substrate Pack, 
BioGenex, Fremont, CA, USA). Finally, cell nuclei were 
counterstained with Mayer’s hematoxylin. Representative 
immunohistochemical stainings for each marker and tumor 
entity are shown in Figure 5.

Manual evaluation methods of the 
immunohistochemistry

The IHC evaluation was performed by light 
microscopy. With all three markers, a nuclear staining of 
tumor cells was defined as a positive expression. Some 
markers were evaluated by different methods, as follows: 

Ki-67-Average, TOP2A-Average, RacGAP1-
Average

At a magnification of 10 × 40 the total number of 
cell nuclei and the number of Ki-67, TOP2A or RacGAP1 
positive nuclei, respectively, in 10 HPFs were counted 
manually and then the percentage of positive nuclei was 
calculated. Here, 10 representative HPFs were selected 
to determine the average proliferation rate of one tumor 
sample. In samples smaller than 10 HPFs, all cells were 
counted. In case of Ki-67, in a series of 22 tumor samples 
two different observers (E.N. and L.S.) independently 
evaluated the Ki-67-Average to assess the inter-observer 
variability.

Ki-67-Hotspots

In each sample, the tumor region with the highest 
density of Ki-67 positive nuclei was selected and, here, the 
number of Ki-67 positive nuclei in a total of 2000 cells was 
counted manually at a magnification of 10 × 40. Finally, 
the percentage of Ki-67 positive nuclei was calculated. 

RacGAP1-invasive front

In samples with resection margin (n = 66) the front 
edge between the tumor and the surrounding tissues was 
defined as the invasive front, where tumor cells migrate into 
the neighboring tissue. Here, in comparison to the whole 
tumor and to the surrounding normal tissue, the RacGAP1 
expression intensity was evaluated in four gradations: 0 – 
no RacGAP1 expression, 1 – weak RacGAP1 expression, 
2 – moderate RacGAP1 expression, 3 – strong RacGAP1 
expression at the invasive front. For further statistical 
analysis these data were classified into no/weak (0 and 1) and 
high (2 and 3) RacGAP1 expression at the invasive front. 
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Fully automated digital image analysis (FADIA) 
of Ki-67 immunohistochemistry

All Ki-67 stainings were scanned at a magnification 
of 20× by means of a Hamamatsu digital slide scanner 
(NanoZoomer 2.0-HT, Hamamatsu Photonics, Japan). 
In cooperation with Definiens AG, Munich, Germany, 
the whole tumor areas of the tumor samples were fully 
automated analyzed by digital image analysis (Definiens 
Tissue Studio®) for the total number of tumor cell nuclei 

and for the Ki-67 positive tumor cell nuclei as previously 
described [28]. From these data, the percentage of Ki-67 
positive nuclei was calculated. 

Real time RT-PCR

The adjacent 4-µm-paraffin sections of the 
immunohistochemical investigations of randomly selected 
17 TC, 19 AC, 41 SCLC (13 with poor prognosis and 24 
with good prognosis) and 7 LCNEC were analyzed for 

Figure 5: Immunohistochemical stainings of Ki-67, TOP2A and RacGAP1. Immunohistochemical staining of Ki-67, TOP2A 
and RacGAP1 at the same location of each one TC, AC, SCLC and LCNEC sample (magnification 40 × 10).
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mRNA expression by a fully automated procedure in 
cooperation with STRATIFYER Molecular Pathology 
GmbH, Cologne. The mRNA was measured to draw 
conclusions on the proliferation marker expression at 
the transcriptional level. All FFPE were dewaxed and 
incubated with lysis buffer for 30 minutes. Here, the 
enzyme Proteinase K, which is contained in the buffer, 
leads to an enzymatic digestion of cellular components 
and proteins. After addition of MagiX® RNA buffer, the 
extracted nucleic acids were bound to paramagnetic beads 
and the supernatant was pipetted off. Three washing steps 
followed. Ultimately, an elution buffer was added to 
release the nucleic acids from the beads. Finally, in the 
received eluate of nucleic acids the DNA was digested by 
the enzyme DNase I. All buffers used for the extraction 
are contained in the Extraction kit-XL (96)® RNA 2.0 
(STRATIFYER Molecular Pathology, Cologne, Germany).

Also fully automated, a multiplex TaqMan™-real-
time PCR was performed after the extraction step. Here, 
the SuperScript® III Platinum® One-Step qRT-PCR kit 
and the Platinum Taq DNA polymerase (Invitrogen, 
Carlsbad, CA, USA) were used. All primers and probes 
were designed by STRATIFYER Molecular Pathology 
(Cologne, Germany) and manufactured by Eurogentec 
(Seraing, Belgium). CALM2 (calmodulin 2) served as a 
housekeeping gene and, in addition, a NTC (No Template 
Control) and a human reference RNA (QRef, Agilent 
Technologies, Mark Roeder, Germany) were determined. 
All samples were measured on a Mx3005P with the 
software “MxPro version 4.10d”. After 40 cycles (50 min 
30°C, 2 min 95°C, (15 sec 95°C, 45 sec 60°C) × 40)), a 
logarithmic analysis at a threshold of 200 was conducted. 

Evaluation of the real time RT-PCR

The values measured were normalized by taking the 
difference between the Ct-value of the respective marker 
and the Ct-value of the housekeeping gene (CALM2), 
subtracted from the maximum number of PCR cycles 
(dCt(norm) = 40 − ΔCt (Ct(marker) - Ct(CALM2))). Thus, 
dCt-values ≥ 26.00 were obtained, which were used for 
further calculations. DCt-values ≥ 26.01 were classified 
as positive. 

Statistics

For statistical analysis the program IBM® SPSS® 
Statistics version 22.0.0 was used. According to the 
Kolmogorov-Smirnov test, the parameters were not normally 
distributed. Therefore, as statistical tests the Spearman’s 
rank correlation, the Mann-Whitney-Test, the Wilcoxon-Test 
and the Kaplan-Meier-Analysis were performed. To evaluate 
the optimal cut-off values ROC analyses were performed. 
P-values < 0.05 were considered statistically significant and 
p-values < 0.01 highly significant.
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