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Background: Pulmonary carcinoids (PCs) are rare tumors that account for <2% of all lung cancer cases. 
Patients who undergo resection for PC tumors generally have a favorable prognosis, but there is a risk for 
late recurrence and distant metastasis. The objective of this study was to identify biomarkers for PC tumors 
using RNA sequencing and immunohistochemistry.
Methods: A total of 128 formalin-fixed, paraffin-embedded PC tumor samples from patients surgically 
treated at Helsinki University Hospital between 1990 and 2013 were analyzed in the study. RNA sequencing 
was first used to detect genes with higher expression in specific histological subtypes and metastatic and 
nonmetastatic tumors than in adjacent lung tissue. The diagnostic potential of the biomarkers was assessed 
using immunohistochemistry.
Results: Through gene expression analysis, HSP90AB1 expression was found to be significantly elevated 
in metastatic PC tumors (P<0.0001). The paralog of the gene, HSP90AA1, was also overexpressed, but the 
finding was not statistically significant. Through immunohistochemical analysis, HSP90 protein expression 
was found to be associated with shorter disease-specific survival (DSS) (P=0.009) and increased risk of 
disease-specific death [hazard ratio (HR) 6.4, 95% confidence interval (CI): 1.3–31.8].
Conclusions: This study confirms that HSP90 has a prognostic role in PC tumors and that inhibition of 
HSP90 may possess therapeutic potential in the management of PC tumor patients in the future.
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Introduction

Pulmonary neuroendocrine tumors (NETs) account for 
approximately 20% of all cases of lung malignancy. They 
are a heterogeneous group of neoplasms ranging from low- 

and intermediate-grade carcinoid tumors to high-grade 

large-cell neuroendocrine carcinoma (LCNEC) and small-

cell carcinoma (1). Pulmonary carcinoid (PC) tumors are 

rare tumors with an incidence of 0.2–2 persons per 100,000 

https://crossmark.crossref.org/dialog/?doi=10.21037/tlcr-23-304
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population per year, but both the incidence and prevalence 
of PCs have markedly increased in recent years (1,2).

PCs are divided into typical carcinoids (TCs) and 
atypical carcinoids (ACs) based on histological criteria (1).  
Currently, the only curative treatment is complete surgical 
excision; however, there is no curative treatment for 
metastatic disease (2). Despite this, PC tumor patients 
generally have an indolent clinical course and favorable 
prognosis, especially when they undergo resection, and 
exhibit a 5-year survival rate of 90% (3,4). However, both 
TC and AC are malignant tumors with the potential to 
metastasize. The main limitation of the current tools 
is the inability to distinguish between indolent and 
aggressive tumors to better tailor the follow-up of patients. 
Additionally, new treatment options for inoperable disease 
are needed.

Heat shock proteins (HSPs) consist of several families 
of cytoplasmic proteins. Most of them belong to the group 
of molecular chaperones, and the main function of these 
proteins is to inhibit the aggregation and to facilitate the 
proper folding of the polypeptide chain of newly synthesized 
and stress-denatured proteins (5). The HSP90 family of 
proteins includes five main members, of which the two most 
abundant are cytosolic protein isoforms HSPC1 (also called 
HSP90AA1 or HSP90-alpha) and HSPC3 (HSP90AB1 or 
HSP90-beta). Stress-inducible HSCP1 and constitutively 
expressed HSPC3 are paralogs of the HSP90A gene, 

sharing 86% identity and approximately 93% sequence  
similarity (6).

HSP90 proteins have a role in chaperone-specific 
functions but also facilitate signaling through several 
pathways that are also essential for tumor growth and 
contribute to RNA synthesis and processing (7). They 
promote tumor progression since several cancer proteins 
need HSP90 machinery and chaperones for their folding 
and maturation (7,8). Indeed, HSP90 proteins are involved 
in the genesis and progression of cancer in several ways, 
due to which they can be linked with various hallmarks of  
cancer (9-11).

Increased expression of HSP90 is associated with tumor 
progression and poor prognosis in breast, thyroid and lung 
cancers (12-14). NETs are less studied, but there is evidence 
that high cytoplasmic expression of HSP90 is linked to early 
disease recurrence in patients with gastroenteropancreatic 
neuroendocrine tumors (GEP-NETs) (15). Since the 
inhibition of HSP90 has more significant effects on cancer 
cells than on normal cells, this approach has high potential 
in the treatment of cancers (8,15,16). Thus, the utility of 
HSP90 as a drug target in NETs is a more studied subject, 
and reports investigating PCs, GEP-NETs and small-
intestinal NETs (SI-NETs) are available (16-19).

The objective of this study was to identify biomarkers for 
PC tumors using RNA sequencing and immunohistochemistry. 
RNA sequencing was first used to detect genes with 
higher expression in (I) PC tumors than in adjacent lung 
tissue, (II) AC than in TC, and (III) metastasized than in 
nonmetastasized tumors. The diagnostic potential of the 
biomarkers was assessed using immunohistochemistry. 
We present this article in accordance with the REMARK 
reporting checklist (available at https://tlcr.amegroups.com/
article/view/10.21037/tlcr-23-304/rc).

Methods

Patient cohort and tumor samples

This retrospective study included the majority of previously 
described patients who were treated surgically between 
January 1990 and August 2013 in the Helsinki University 
Hospital (HUH, Helsinki, Finland) (20). Of the 128 patients  
with sufficient amounts of formalin-fixed paraffin-embedded 
(FFPE) primary tumor tissue sample left for either RNA 
sequencing, immunohistochemistry or both, 95 had a TC 
tumor, and 33 had an AC tumor (Table 1). Twelve metastasis 
samples were also included in RNA sequencing, and 10 
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Table 1 Clinicopathological features of the patients

Variables TC (n=95) AC (n=33) All (n=128)

Sex, n [%]

Male 29 [31] 17 [52] 46 [36]

Female 66 [69] 16 [48] 82 [64]

Age (years)

Mean 52 55 53

Median 53 55 55

Range 19–84 23–77 19–84

Tumor size (cm), n [%]

≤1 29 [31] 10 [30] 39 [31]

1.1–2.9 56 [59] 15 [46] 71 [55]

≥3 10 [10] 8 [24] 18 [14]

Nodal involvement at diagnosis, n [%]

Yes 3 [3] 6 [18] 9 [7]

No 67 [71] 24 [73] 91 [71]

Not examined 25 [26] 3 [9] 28 [22]

Distant metastasis, n [%]

At diagnosis 0 [0] 2 [6] 2 [2]

During follow-up 6 [6] 5 [15] 11 [9]

Surgical procedure, n [%]

Lobectomy 40 [49] 17 [55] 57 [51]

Sleeve resection 14 [17] 8 [26] 22 [19]

Segmentectomy 14 [17] 1 [3] 15 [13]

Wedge resection 9 [11] 1 [3] 10 [9]

Bilobectomy 1 [1] 2 [6] 3 [3]

Enucleation 3 [4] 0 [0] 3 [3]

Pneumoectomy 0 [0] 2 [6] 2 [2]

Not available 14 2 16

Neoadjuvant treatment, n

Chemotherapy 0 0 0

Radiotherapy 0 1 1

Both 0 1 1

Table 1 (continued)

tumor-adjacent lung tissue samples served as reference. This 
study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
the Ethics Committee IV of HUH (HUS/1258/2020) and 
individual consent for this retrospective analysis was waived.

RNA extraction

Total RNA was extracted from FFPE tissue samples  
(4×1 mm cores in diameter) by using a QIAsymphony 
method (Qiagen Gmbh, Hilden, Germany). Paraffin 
was removed by pretreating the cores with Qiagen 
deparaffinization solution (Qiagen, ref. 939018), after which 
the cores were lysed in buffer PKD (Qiagen, ref. 1034963) 
with protease K (Qiagen, ref. 19133). RNA extraction was 
performed in a QIAsymphony SP instrument (Qiagen) with 
a QIAsymphony RNA kit (Qiagen, ref. 931636) according 
to the manufacturer’s protocol. DNAse and DNase booster 
buffer (Qiagen, ref. 1064143) were used.

Table 1 (continued)

Variables TC (n=95) AC (n=33) All (n=128)

Adjuvant treatment†, n

Chemo/radio 
therapy only

1 3 4

SSAs only 1 1 2

SSAs + 
chemotherapy

0 1 1

SSAs + PRRT 1 1 2

SSAs + PRRT + 
chemo/radiotherapy

1 1 2

Ki-67 labeling index, n [%]

<1% 43 [46] 10 [30] 53 [42]

1–2% 43 [46] 18 [54] 61 [48]

>2% 7 [8] 5 [16] 12 [10]

Not available 2 2
†, adjuvant treatments were given only for metastatic disease. 
TC, typical carcinoid tumor; AC, atypical carcinoid tumor; SSA, 
somatostatin analog; PRRT, peptide receptor radionuclide 
therapy.
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Sequencing library preparation and 3' RNA sequencing

Strand-specific NGS libraries were prepared with a 
QuantSeq 3' mRNA-Seq Library kit (Lexogen, Vienna, 
Austria, cat. No. 015.96), of which sequences close to the 
3' end of polyadenylated RNAs were targeted. Sequencing 
was performed as single-end runs with a NovaSeq 6000 
instrument (Illumina Inc., San Diego, CA, USA) using the 
NovaSeq S1 XP NS1-200 protocol (Illumina Inc.). RNA 
sequencing runs were further processed using BlueBee® 
(Illumina Inc.) software.

Bioinformatics analysis

Bioinformatics services were purchased from MediSapiens 
Ltd. (Helsinki, Finland). The RNA sequencing data were 
analyzed using cluster and differentially expressed genes 
(DEG) analyses. Analyses were performed on variance 
stabilizing transformation (vst) data using the default 
settings of the DESeq() function in the R package DESeq2 
version 1.28.1 (21). The scale of the vst data was roughly 
equivalent to the log2 scale. Using a standard threshold, 
samples were plotted in dendrograms and heatmaps 
with the top 50, 100, 150, 200, 250, and 500 genes that 
exhibited the highest standard deviation in expression. The 
categorization of high or low expression was made based on 
the median expression of the gene across all samples.

Immunohistochemical assessment of HSP90 protein 
expression

Immunohistochemistry was performed on tissue microarray 
slides that were generated as previously described (20). The 
anti-HSP90 (AC88) (cat. No. ab13492, Abcam, Cambridge, 
UK, dilution 1:200) mouse monoclonal primary antibody 
was used. Clone AC88 targets amino acid residues 604–697  
of the human HSP90 sequence, covering both HSPC1 
and HSPC3 proteins. Heat-induced antigen retrieval was 
performed using Thermo Scientific™ Lab Vision™ PT 
Module™ (Cheshire, UK) with Tris/EDTA (pH 9) buffer. 
The Dako REAL EnVision Detection System (ref. K5007, 
Agilent, Santa Clara, CA, USA) was used for visualization. 
Appropriate positive and negative controls were applied.

Stained slides were digitized with a Pannoramic 
250 Flash III (3DHISTECH, Budapest, Hungary) 
microscope slide scanner using a calibrated linear color 
model, brightfield scanning mode, and a 20× objective. 
Digitized slides were manually scored in CaseViewer 2.4 

(3DHISTECH) slide viewing software by two independent 
researchers blinded to the patients’ clinical data. Based on 
the intensity of cytoplasmic staining, a value from 0 to 3 
was determined for each sample (0= negative, 1= weak, 2= 
moderate, and 3= strong) with a threshold of 5% positivity 
of malignant cells.

Statistical analyses

Statistical analyses involved cross-tabulation, Mann-
Whitney U test, Kaplan-Meier method in addition to the 
log-rank test and Cox regression analysis. During cross-
tabulation, Fisher’s exact test was used for dichotomous 
variables, and the chi-square test was used for other 
variables. The Mann-Whitney U test was utilized to 
compare protein expression with continuous variables. 
The Kaplan-Meier method and log-rank test were used to 
estimate survival probabilities and compare differences in 
disease-specific survival (DSS). The association of HSP90 
expression with DSS was determined using the time elapsed 
between the day of the primary tumor surgery and the time 
of death from PC tumor. A univariable Cox regression 
model was used to calculate hazard ratios (HRs) and 95% 
confidence intervals (CIs) for HSP90 status and other 
factors associated with the risk of disease-specific death. 
Both Kaplan-Meier and Cox regression analyses were 
performed using dichotomous variables by which staining 
results were classified as either negative (score 0–1) or 
positive (score 2–3). The results were considered statistically 
significant when the P value was less than 0.05. Two-tailed 
tests were used. Calculations were performed using IBM 
SPSS Statistics for Windows, Version 25.0. (IBM Corp., 
Armonk, NY, USA).

Results

Gene expression analyses

Gene expression analysis included 118 PC tumor samples. 
Of these, 87 were TCs and 31 ACs. Fifteen tumors 
presented lymph node or distant metastasis (MET), while 
the remaining 103 tumors did not (non-MET). In addition, 
12 metastasis samples and 10 adjacent lung tissue samples 
were included in the analysis.

In hierarchical unsupervised clustering analysis of the 
top 50, 100, 150, 200, 250 and 500 genes that showed the 
highest standard deviation in expression, nonneoplastic lung 
tissue samples were segregated together. Similar clustering 
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was also observed between some AC tumors and metastatic 
tumors, and the majority of metastatic AC tumors 
segregated into the same main cluster (Figure 1). However, 
no major differences were observed between the sample 
categories (AC vs. TC vs. adjacent lung tissue or MET vs. 
non-MET vs. adjacent lung tissue). Thus, the results were 
examined using median-based high–low categorized vst data 
from the top 500 genes yielded from the analyses.

In this analysis, we observed that the median-based high 
expression of HSP90AB1 differed between MET, non-
MET, and adjacent lung tissue samples (87%, 45%, and 
0%, respectively, P<0.0001). In addition, the expression 
of HSP90AA1 was categorized as high in 73% of the 
METs, while only 46% of non-METs and 30% of adjacent 
lung tissue samples showed high expression (P=0.069). 
Therefore, the levels of the proteins HSPC1 and HSPC3, 
encoded by these two genes, were selected to be tested 
as prognostic markers, even though the difference in 
HSP90AA1 expression was not statistically significant.

Immunohistochemical expression of HSP90 and association 
with clinicopathological variables

Immunohistochemistry was performed for 128 PC tumors, 
of which 95 were TC tumors and 33 were AC tumors. 
Seventeen of these primary PC tumors had metastasized 
and twelve of these metastasis samples were included in 
the analysis. Tumor samples were scored from 0 to 3 based 
on their staining intensity (Figure 2). The staining patterns 
were highly homogeneous in the cytoplasm of the tumor 
cells. Most of the tumors (71%) showed weak HSP90 
expression (Figure 3), and there was no difference in HSP90 
expression between TC and AC (P=0.835) or between 
metastatic and nonmetastatic tumors (P=0.344). Moreover, 
HSP90 expression was not associated with tumor size, the 
Ki-67 proliferation index [previously analyzed from the 
same TMA cores with the QuPath software (20)] or patient 
sex or age.

Association of HSP90 expression with patient outcome

Of the 128 patients, six died due to PC. Five of these had an 
AC tumor with metastatic disease, and one had a TC tumor. 
The average DSS time was 3.6 years (range, 1.1–8.7 years;  
median 3.0 years). The average follow-up time for all patients 
was 12.3 years (range, 1.1–27.8 years; median 10.2 years).

HSP90 expression was associated with shorter DSS in 
Kaplan-Meier analysis (Figure 4A). In addition, Kaplan-

Meier survival analysis was performed between PC 
subtypes, metastasized and nonmetastasized disease, and 
high and low Ki-67 labeling index to demonstrate the effect 
of well-known indicators of poor prognosis on the outcome 
of patients with PC disease (Figure 4B-4D).

Based on univariable Cox survival regression analysis, 
high HSP90 expression was associated with an increased 
risk of shorter survival (HR 6.4, 95% CI: 1.3–31.8, P=0.023; 
Table 2). In addition, AC subtype, metastatic disease and 
high Ki-67 labeling index were associated with an increased 
risk of disease-specific death (all P values <0.05). Other 
potential risk factors, such as sex, age, or tumor size, were 
not associated with DSS.

Discussion

Using gene expression analysis, we observed that the 
expression of HSP90A was higher in primary tumors that 
had metastasized than in nonmetastatic primary tumors or 
adjacent lung tissue. However, this difference could not 
be seen at the protein level with immunohistochemistry. 
Nevertheless, HSP90 immunohistochemical expression 
was associated with DSS. To our knowledge, this is 
the first study to evaluate the association between 
immunohistochemical HSP90 expression and clinical 
parameters in PC tumor patients.

The clinical course of PC is typically indolent, but the 
prognosis for individual patients is difficult to predict. The 
occurrence of PC tumor recurrence or metastasis cannot 
be predicted with the currently used clinical or molecular 
markers, e.g., those in the current WHO classification (1).  
Combined with the knowledge that PC recurrence is 
possible even after decades, this limitation leads to clinical 
and radiological surveillance serving as a constant reminder 
of the disease for the patient, unnecessary exposure to 
radiation and additional health care costs. Thus, new 
biomarkers that distinguish cases of PC with favorable 
outcomes from cases that are more prone to recur or 
metastasize are needed. Moreover, clinical management 
of PC tumors relies on surgical resection, and no curative 
treatment strategy is available for metastatic disease (22). 
Novel drug candidates are thus urgently needed.

HSP90 is an interesting targetable protein for the 
management of cancer due to its abundant expression and 
crucial role in apoptosis, cell cycle control and stabilization 
of overexpressed oncogenic proteins (7,23). Overexpression 
of HSP90 has been observed in numerous tumors, including 
breast, lung, colorectal, ovarian, endometrial, and prostate 
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Figure 1 Hierarchical unsupervised clustering analysis of samples with the 100 most differentially expressed genes. The color scale varies 
from dark blue (low expression) to light blue (high expression). AC, atypical carcinoid; TC, typical carcinoid.
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Figure 2 Scoring criteria for immunohistochemical HSP90 staining in the cytoplasm presented at (A) 10× and (B) 40× magnification (scale 
bar 50 µm). Images were obtained with CaseViewer 2.4 (3DHISTECH, Budapest, Hungary) software. 0= negative, 1= weak, 2= moderate, 
3= strong. HSP90, heat-shock protein 90.

Figure 3 Immunohistochemical expression of HSP90 in all PCs, TCs, ACs, metastasis samples and MET and non-MET tumors. Staining 
intensity levels: 0= negative, 1= weak, 2= moderate, 3= strong. PCs, pulmonary carcinoids; TCs, typical carcinoids; ACs, atypical carcinoids; 
MET, metastatic; HSP90, heat-shock protein 90. 
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Figure 4 Survival probabilities displayed in disease-specific survival curves for all patients with a resected pulmonary carcinoid tumor based 
on (A) HSP90 expression, (B) TCs vs. ACs, (C) non-MET vs. MET disease, and (D) Ki-67 PI. In (A), the blue line indicates negative or 
weak protein expression, and the green line represents moderate or strong protein expression. In (B-D), green lines represent AC, metastatic 
disease and Ki-67 PI >2% while blue lines represent TC, nonmetastatic disease and Ki-67 PI ≤2%. The log-rank test was utilized to obtain 
P values. TC, typical carcinoid; AC, atypical carcinoid; HSP90, heat-shock protein 90; MET, metastatic; PI, proliferation index.

Table 2 Analysis of potential risk factors for disease-specific death using univariable cox survival regression model

Variables HR 95% CI P value

HSP90 (positive vs. negative) 6.4 1.3–31.8 0.023

Histologic subtype (AC vs. TC) 15.2 1.8–130.0 0.013

Metastatic disease (yes vs. no) 34.9 4.1–298.7 0.001

Ki-67 labeling index† (>2% vs. ≤2%) 9.9 2.0–49.5 0.005

Sex (female vs. male) 0.6 0.1–2.8 0.485

Age (years) 1.0 1.0–1.1 0.481

Tumor size (cm) 1.1 1.0–1.1 0.092
†, information missing from 2 patients. HR, hazard ratio; CI, confidence interval; HSP90, heat-shock protein 90; AC, atypical carcinoid; TC, 
typical carcinoid.
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cancer, and high expression has been linked with poor 
prognosis (23). Previous studies have also reported HSP90 
overexpression in SI-NETs and GEP-NETs (15,18).

Hofving et al.  studied the expression of HSP90 
in a cohort of 767 SI-NETs from 379 patients with 
immunohistochemistry (18). They observed that HSP90 
expression was higher in SI-NET cells than in the tumor 
stroma, but they did not find any relationship between 
HSP90 expression and overall survival. Gamboa et al. 
studied a large series (n=263) of gastroenteropancreatic 
NETs and found that immunohistochemical expression 
of HSP90 was associated with advanced T-stage and early 
disease recurrence (15).

In our study, HSP90A expression was increased in 
metastatic PC tumors, but we could not find a difference 
in the protein level with the monoclonal antibody we 
used. This may have been due to the altered affinity 
of the primary antibody to the epitope as a result of 
translational and posttranslational modifications. HSP90 
immunohistochemical expression was associated with DSS. 
However, there were only a limited number of disease-
specific deaths, which may affect the results.

HSP90 inhibitors have demonstrated antiproliferative 
efficacy in vitro. Andersson et al. noticed a significant 
inhibition of tumor cell growth in a NET cell line after 
treatment with HSP90 inhibitors (24). Gilbert et al. and 
Gloesenkamp et al. studied several NET cell lines and 
reported anticancer drugs targeting HSP90 to inhibit cell 
proliferation either alone or in combination with other 
therapies (16,17). Recently, several studies have shown with 
neuroendocrine cell lines, xenograft models and patient-
derived SI-NET tumor cells that inhibitors of HSP90 can 
potentiate the tumor cell killing effect of radiotherapy 
(18,19,25,26). Indeed, several HSP90-targeted drugs have 
been reported and studied in preclinical and clinical models 
(23,27). However, none of these HSP90 inhibitors are in 
clinical use for the treatment of any cancer type due to dose-
limited toxicity, drug resistance and poor bioavailability. 
Currently, the development of HSP90 inhibitors has 
shifted from paninhibitors to more specific isoform-specific 
inhibitors that can achieve antitumor effects with reduced 
toxicity (23).

Our study can be considered representative since it 
comprised a large number of well-characterized PC tumor 
patients with up-to-date clinical follow-up and survival 
data. All tumors were re-evaluated by an expert pathologist 
according to the latest WHO classification. With our TMA 
method, adequate amount of tumor tissue was stained 

using a monoclonal antibody and the staining pattern was 
highly homogeneous. Scoring was carefully performed 
by two independent, experienced researchers. Automated 
image analysis tools were not utilized in this series, but we 
acknowledge their value in analyzing series of hundreds of 
tumors. A drawback of our study was the limited number 
of disease-specific deaths despite a relatively long follow-
up. Based on this low number of disease-specific deaths, a 
reliable multivariable analysis could not be performed, and 
a larger study is required to obtain more detailed results.

Conclusions

This study confirms that HSP90 plays a role in PC tumors 
and emphasizes ideas indicated by recent literature that the 
inhibition of HSP90 may have therapeutic potential in the 
management of PC tumor patients in the future. Future 
translational research is required to further improve the 
understanding of the role of HSP90 in NET biology and 
clinical treatment strategies.
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