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Abstract. The present study examined the expression of 
mammalian target of rapamycin (mTOR) and mutations in 
the phosphoinositide 3‑kinase (PI3K)/AKT/mTOR pathway in 
54 patients with typical carcinoid tumours (TC) or atypical 
carcinoid tumours (AC). In total, 54 bronchopulmonary 
neuroendocrine tumour (NET) surgical specimens, consisting 
of 17 TC, 8 AC, 17 large‑cell neuroendocrine carcinoma 
(LCNEC), and 12 small‑cell lung carcinoma (SCLC) samples, 
were tested for mTOR by immunohistochemistry, and 104 exon 
sites were tested in the PI3K/AKT/mTOR pathway by nested 
polymerase chain reaction. It was found that the positive rates 
for mTOR expression in TC/AC and LCNEC/SCLC were 
60 (15/25) and 55.2% (16/29), respectively. In total, 4 missense 
mutations were found in 3 patients with TC/AC, including 
mutations in exon 48 of mTOR (c.6667C>T), exon  21 of 
tuberous sclerosis complex (TSC) 1 (c.2765G>A), and exons 12 
(c.1265C>T) and 19 (c.2148C>T) of TSC2. To the best of 
our knowledge, mutations in exon 48 of mTOR and exon 21 
of TSC1 have not been previously reported. Tissues from 
patients with single mutations exhibited strong positive mTOR 
immunohistochemical staining, and tissues from patients with 
double mutations were weakly positive. The same mutations 
were not observed in SCLC or LCNEC. In conclusion, gene 
mutations were observed and an association between the 
gene mutations and mTOR expression were indicated in 
the PI3K/AKT/mTOR pathway in TC/AC tumours. Those 
mutations may be driver genes and treatment targets.

Introduction

Bronchopulmonary neuroendocrine tumours (NETs) repre-
sent a distinct spectrum of tumours and are separated into 

four subgroups according to the grading concept, as follows: 
Typical carcinoid (TC) tumour is low‑grade; atypical carcinoid 
(AC) tumour is intermediate‑grade; and large‑cell neuroen-
docrine carcinoma (LCNEC) and small‑cell lung carcinoma 
(SCLC) are high‑grade. Despite this common classification, 
these neuroendocrine tumours differ regarding their natural 
course of disease and treatment strategies, and the five‑year 
survival rates of TC, AC, LCNEC and SCLC are 87, 44, 23 
and 2‑3%, respectively (1‑3).

Mammalian target of rapamycin (mTOR), a serine/threonine 
kinase, functions as a signal amplifier in the phosphoinositide 
3‑kinase (PI3K)/AKT/mTOR pathway  (4,5). Activation of 
mTOR is initiated by ligand stimulation of several different 
membrane‑bound growth factor receptors (6). Abnormal acti-
vation of mTOR can delay the G1‑S phase transition of the 
cell cycle and affect the state of the cell, which leads to the 
occurrence of a wide variety of tumours. Receptor stimulation 
leads to activation of PI3K, which in turn activates the down-
stream effector Akt. Akt phosphorylates and suppresses the 
activity of the tuberous sclerosis complex (TSC) 1 and 2 (7). 
TSC2 contains a GTPase‑activating domain that forms a 
complex with TSC1 to inhibit the GTPase Ras‑homolog 
enriched in brain (Rheb), and leads to Rheb‑mediated activa-
tion of mTOR (8). However, the active mutant Rheb‑N153T 
exhibits low GDP‑binding activity, and increased levels of the 
GTP‑bound form are present when compared to the wild‑type 
protein. Rheb‑S16 N and Rheb‑S16H mutations promote high 
levels of the GTP‑bound and mTOR activation, even in cells 
that overexpress TSC1/2 (9).

Multiple drugs can be used to inhibit the PI3K/AKT/mTOR 
pathway and are currently being investigated in clinical 
trials. Among these novel drugs, the rapamycin derivatives 
Temsirolimus and Everolimus have been approved by the 
FDA for the treatment of metastatic renal cell carcinoma (10). 
In addition, clinical trials using mTOR inhibitors have been 
performed on several tumour types, including glioblastoma, 
NET, and endometrial, colorectal, gastric, breast and prostate 
carcinomas (11‑14). The PI3K/AKT/mTOR pathway also has a 
close association with the occurrence of benign diseases (15,16). 
For example, mutations in phosphate and tensin homolog 
can lead to Cowden's syndrome (17), and mutations in the 
tumour‑suppressor genes TSC1 and TSC2 can lead to TSC 
defects (18) and pulmonary lymphangioleiomyomatosis (19). 
Pulmonary carcinoid tumours are a type of well‑differentiated 
NET that exhibit Erb‑B2 receptor tyrosine kinase 4, platelet 
derived growth factor receptor β, AKT, and FRAP1 DNA 
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copy numbers that are increased compared with the average 
copy number in tumours included in the Tumourscape data-
base (20). Furthermore, the majority of these genes are located 
in the PI3K/AKT/mTOR pathway. The mTOR inhibitors were 
reportedly effective in selected patients with TC/AC (21,22); 
however, the mechanism is unclear. Therefore, the present 
study aimed to examine the expression of mTOR and muta-
tions in the PI3K/AKT/mTOR pathway genes in patients with 
TC/AC.

Materials and methods

Patients and tissue samples. In total, 54 NET specimens, 
consisting of 17 TC, 8 AC, 17 LCNEC and 12 SCLC were 
obtained from patients who consecutively underwent surgical 
resection at the Peking Union Medical College Hospital 
(PUMCH; Beijing, China) between May 2001 and April 2012. 
All samples were re‑evaluated and reclassified according to 
the 2004 criteria for the WHO classification of tumours (23). 
No patients had received chemotherapy or radiotherapy prior 
to surgery. All tumour materials were obtained from primary 
lung tumours. Clinical information, including patient sex, age, 
smoking history, tumour size and tumour‑node‑metastasis 
(TNM) stages was reviewed for each patient. The present 
study was approved by the Ethical Committee of Peking Union 
Medical College Hospital, and written informed consent was 
obtained from patients.

Immunohistochemistry. Tissue sections (4‑mm slide) were 
deparaffinised and dehydrated in graded xylene and alcohol 
solutions. Endogenous peroxidase activity was blocked by 
incubating samples in 3% H2O2 for 10 min. Antigen retrieval 
was performed in an electric‑heated thermostatic water bath 
in pre‑warmed antigen retrieval buffer (sodium citrate‑hydro-
chloric acid buffer solution; pH 6) at 96˚C for 15 min. Samples 
were subsequently cooled at room temperature for 30 min. 
Samples were incubated overnight at 4˚C with primary 
antibodies against mTOR (no.  2983; dilution, 1:100; Cell 
Signaling Technology, Inc., Danvers, MA, USA) and phospho-
rylated‑mTOR (p‑mTOR; no. 2976; clone no. 49F9; dilution, 
1:100, Cell Signaling Technology, Inc.). Subsequent to incuba-
tion with a secondary antibody (biotinylated anti‑mouse IgG 
antibody; no. BA‑9200; dilution, 1:200; Vector Laboratories, 
Burlingame, CA, USA) for 2 h, 3,3'‑diaminobenzidine was 
used for visualisation. Finally, immunostained sections were 
serially counterstained with hematoxylin, dehydrated in 
ethanol and cleared in xylene. Sections of prostate cancer 
tissue specimens that were known to express mTOR/p‑mTOR 
acted as a positive control. Replacement of the primary anti-
bodies with PBS was used as a negative control.

All paraffin‑embedded sections were stained with 
hematoxylin and eosin for histopathological diagnosis. The 
intensity of staining was scored as follows: 0, negative (no 
brown staining); 1, weak (light brown staining); 2, moderate 
(intermediate brown staining); and 3, strong (dark brown 
staining). The extent of staining was scored as 0 (<5%), 
1 (5‑25%), 2 (26‑50%), 3 (51‑75%) and 4 (>75%) in the cells 
with respective lesions. The final score was determined by 
multiplying the staining intensity and the extent of the staining 
scores, which yielded a range of 0‑12. Scores  9‑12 were 

defined as a strong staining pattern (+++), 5‑8 were defined as 
a moderate staining pattern (++), 1‑4 were defined as a weak 
staining pattern (+) and 0 was defined as negative expression 
(‑). Sections were considered to be mTOR/p‑mTOR‑positive if 
the score was + or higher. Total mTOR and p‑mTOR protein 
expression was independently evaluated by two pathologists, 
and the results were determined by the consensus of the two 
pathologists. Inconsistent results were resolved by consulta-
tion, or the opinion of a third researcher was sought.

DNA isolation and mutation analysis. Total DNA was isolated 
from FFPE tissue using deparaffinisation and the QIAamp® 
DNA FFPE Tissue kit (Qiagen, Dusseldorf, Germany) solu-
tion. The present study used nested polymerase chain reaction 
(PCR) to amplify the extracted genomic DNA. In total, 
104 exon sites in the PI3K/AKT/mTOR pathway were tested 
in NET tissue samples obtained from patients with TC/AC, 
including exons 9 and 20 of PIK3CA, exons 2‑14 of AKT1, 
exons 3‑13 of AKT2, exons 1, 3 and 7 of Rheb, exons 3‑22 of 
TSC1, exons 1‑41 of TSC2, and exons 30, 44, 47‑54 and 56 of 
mTOR. Only mutation sites found in patients with TC/AC were 
further tested in patients with LCNEC or SCLC. The primers 
spanned the entire exon boundaries, and the sequences of 
the primers were designed with the Primer Premier software 
package (version 5.0; Premier Biosoft International, Palo Alto, 
CA, USA).

PCR was performed using an ABI 9700 PCR thermocy-
cler. In a 25 µl reaction mixture, 50‑200 ng of genomic DNA 
was added to 24 µl of supermix, 2.0 µl of 5 µM solutions of 
forward and reverse primer mixtures, 2.5 µl of 10X PCR buffer 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA), 0.5 µl of 
10 mM dNTP mixture (Thermo Fisher Scientific, Inc.), 0.8 µl 
of 50 mM MgCl2, 0.2 µl of Platinum® Taq DNA polymerase 
(Thermo Fisher Scientific, Inc.), and 18 µl of sterilised distilled 
water. In the first cycle, genomic DNA was denatured at 94˚C 
for 5 min. This cycle was followed by 30 cycles at 94˚C for 
30 sec, 55‑58˚C for 30 sec, and 72˚C for 30 sec. The PCR 
products were subjected to a final extension at 72˚C for 5 min. 
In the second cycle, the first cycle PCR products were used as 
the DNA template, and the components of the remaining reac-
tion mixtures were the same. The mixture was first denatured 
at 94˚C for 5 min, followed by 40 cycles at 94˚C for 30 sec, 
57‑58˚C for 30 sec, and 72˚C for 30 sec, with a final extension at 
72˚C for 5 min. For each tissue sample, the PCR reactions were 
performed in duplicate and accompanied by a non‑template 
control. The products were purified on a 1.5% agarose gel, and 
the purified PCR products were sequenced using forward and 
reverse primers. Automated sequencing was performed on an 
ABI 3730XL sequencer.

Statistical analysis. The Pearson χ2 or Fisher's exact test was 
performed to assess statistical significance of differences 
between groups. A 2‑tailed P<0.05 was considered statistically 
significant. All analyses were performed using SPSS statistical 
software (version 11.5; SPSS, Inc., Chicago, IL, USA).

Results

Clinical characteristics. The clinical characteristics of 
54 patients are summarised in Table I. There was no significant 
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difference between these four groups in sex, age and smoking 
history. Patients with LCNEC and SCLC exhibited larger 
tumour sizes and later TNM stages compared with the other 
groups.

Immunohistochemistry (IHC) results. Staining for mTOR 
was considered positive when cytoplasmic or membranous 
staining was observed (Fig. 1). Immunohistochemical results 
for mTOR expression were not significantly different in the 
four NET groups (χ2=3.844, P=0.6977). The positive rates 
for mTOR expression in TC/AC and LCNEC/SCLC were 
60% (15/25) and 55.2% (16/29), respectively. There was no 
association between the clinical characteristics of patients and 
the mTOR IHC results (Table II). No positive staining was 
observed for p‑mTOR.

Sequencing results. In 25 patients with TC/AC, three mutations 
were found in mTOR, five mutations were found in TSC1, 
seven mutations were found in TSC2 and four mutations were 
found in AKT1. No mutations in PIK3CA, AKT2 or Rheb 
were observed. Of these mutations, 5 were missense mutations 
and these mutations included 2 previously reported mutation 
sites (24), 2 unreported mutation sites and 1 SNP site (Table III). 
The previously reported mutation sites were present in exons 12 
and 19 of TSC2, and the unreported mutation sites were present 
in exon 48 of mTOR and exon 21 of TSC1 (Fig. 2). Mutations in 
exon 48 of mTOR and exon 12 of TSC2 were found in the same 
patient. In total, 12 SCLC and 17 LCNEC specimens were 
tested for mutations in mTOR, TSC1, TSC2 and AKT1 genes. 
No mutations were found in these patients.

Association between mTOR expression and gene mutation. 
These four mutations were found in 3 patients, and this group 
included 2 atypical carcinoid patients and 1 typical carcinoid 
patient (Table IV). In total, 2 patients with signalling cascade 
mutations exhibited strong positive mTOR IHC staining, and 
the patient with double mutations was weakly positive for 
mTOR IHC staining.

Survival status. As of December 9, 2015, all patients with 
TC/AC were still alive, with a median follow‑up time of 
70 months. Progression had occurred in 1 patient with TC, 
and the progression free survival (PFS) time was 51 months. 
Liver metastasis occurred in 1  patient with AC, and the 
PFS time was 47 months. However, the mean PFS times of 
patients with LCNEC and SCLC were 10.7 and 5.5 months, 
respectively.

Discussion

In the present study, the positive rates for mTOR staining 
in TC/AC and LCNEC/SCLC were 60% (15/25) and 55.2% 
(16/29), respectively. No significant association between 
mTOR and clinicopathological features was observed. To 
the best of our knowledge, no studies have investigated the 
association between mTOR expression and clinical features 
in bronchopulmonary NETs. However, controversy does 
exist regarding the results in NSCLCs. Anagnostou et al (25) 
found the expression of mTOR had no statistically significant 
correlation with the histological type, sex, age and clinical 
pathological staging. By contrast, Oh  et  al  (26) studied 
574 NSCLC patients and showed that mTOR expression was 

Table II. Correlation between the clinical characteristics of 
patients and mTOR immunohistochemistry results.

	 mTOR expression, n
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	 Positive	 Negative	 χ2	 P‑value

Sex			   3.638	 0.0565
  Male	 27	 14
  Female	   4	   9
Age			   0.8331	 0.3614
  ≥60 years	 11	 11
  <60 years	 20	 12
Smoking history			   0.7128	 0.3985
  Yes	 21	 13
  No	 10	 10
Tumour size, cm			   1.347	 0.2459
  <3	 10	 11
  ≥3	 21	 12
TNM stage			   0.9523	 0.8128
  I/II	 18	 12
  III/IV	 13	 11

mTOR, mammalian target of rapamycin; TNM, tumour‑node‑metas-
tasis.

Table I. Clinical characteristics of 54 patients.

	 Histological subtype, n
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	 TC	 AC	 LCNEC	 SCLC	 χ2	 P‑value

Total	 17	 8	 17	 12
Sex					     3.716	 0.294
  Male	 14	 4	 14	   9
  Female	   3	 4	   3	   3
Age					     1.473	 0.688
  ≥60 years	   5	 4	   8	   5
  <60 years	 12	 4	   9	   7
Smoking history					     6.012	 0.111
  Yes	   9	 4	 15	   7
  No	   8	 4	   2	   5
Tumour size, cm					     20.039	 <0.001
  <3	 14	 1	   4	   2
  ≥3	   3	 7	 13	 10
TNM stage					     21.24	 <0.001
  I/II	 14	 6	 10	   0
  III/IV	   3	 2	   7	 12

TNM, tumour‑node‑metastasis; TC, typical carcinoid tumours; AC, 
atypical carcinoid tumours; LCNEC, large‑cell neuroendocrine carci-
nomas; SCLC, small‑cell lung carcinomas.
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significantly associated with female sex, tumour size ≤3 cm, 
adenocarcinoma, non‑smoker status and low pathological 
stage. Righi et al (27) found decreased expression of active 
forms of mTOR in high‑grade carcinomas (either SCLC or 
LCNEC) compared with low‑to‑intermediate grade (either 
TC or AC). As the p‑mTOR epitope is lost during the formalin 
and paraffin embedding process, no p‑mTOR staining was 
detected in the present experiment.

In traditional cytogenetic studies, comparative genomic 
hybridisation analyses are used frequently (28‑32). Generally, 
TC/AC exhibited none or only a few aberrations and AC 
harboured more chromosomal aberrations than TC. In 
bronchial NETs, Walch et al (28) found DNA gains on chro-
mosomes 1p (4%), 9q (4%), and 16p (13%). Zhao et al (30) 
analysed 11 patients and showed that one patient lost chromo-
some 1p (9%) and two patients gained chromosome 9q (18.2%). 
Ullmann et al (31) found DNA gains on chromosomes 16p 
(8.6%) and 9q34 (5.7%). Warth et al (32) found DNA gains on 

chromosome 9 (17.7%) and 16p (11.8%) and DNA losses on 
chromosome 1p (5.9%). Chromosomal instability is a distinct 
molecular mechanism that causes DNA mutations, and these 
mutations underlie the pathogenesis of numerous epithelial 
tumours. In the present study, four missense mutations were 
distributed throughout the mTOR, TSC1 and TSC2 genes. 
These genes are located on chromosome 1p36.22, 9q34.11 
and 16p13.3, respectively, which had been reported frequently 
in previous studies (33,34). In the present study, two types 
of mutations were reported for the first time, including the 
c.6667C>T mTOR exon 48 mutation and the c.2765G>A 
TSC1 exon 21 mutation. The present study also identified 
associations between gene mutations and mTOR expression, 
and those gene mutations may be important in patients with 
TC/AC.

In the RADIANT‑2 study  (35,36), the mTOR inhibitor 
Everolimus plus Octreotide LAR were studied in advanced 
lung NETs. In total, 429 patients were enrolled in this study, 

Table III. Gene mutations in TC/AC.

Patient number	 Gene location	 Mutation	 Nucleotide change	 Type of mutation

7	 mTOR 48 exon	 c.6667C>T	 p.Gln2222Lys	 Missensea

3	 TSC1 21 exon	 c.2765G>A	 p.Gly922Glu	 Missensea

8/19	 TSC2 10 exon	 c.1100G>G/A	 p.Arg367Gln	 SNPs
7	 TSC2 12 exon	 c.1265C>T	 p.Ser422Phe	 Missense
5	 TSC2 19 exon	 c.2148C>T	 p.Ser716Phe	 Missense

aThese mutations have not reported in previous studies. mTOR, mammalian target of rapamycin; TSC, tuberous sclerosis complex.

Figure 1. Mammalian target of rapamycin expression in neuroendocrine tumours. Representative images of (A) strong positive staining, (B) moderate positive 
staining, (C) weakly positive staining and (D) negative staining.
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including 44 patients with lung carcinoid tumours. Pulmonary 
carcinoid subgroup analysis showed that patients who received 
Everolimus had a longer median PFS time than placebo treated 
patients (13.6 months vs. 5.6 months). Certain studies have 
found that mTOR expression and gene mutation can predict 
the efficacy of mTOR inhibitors. Gagliano et al (22) found that 
mTOR pathway activation is associated with improved response 
to Everolimus in vitro. Zatelli et al (37) used Everolimus and 
SOM230 to address the samples of 24 pulmonary carcinoids. 
The samples with increased levels of mTOR were always 
sensitive to Everolimus. In bladder cancer, Iyer et al (38) found 
unique somatic mutations that were the basis for Everolimus 
sensitivity. The results showed that 8% of the patients had TSC1 
gene mutations (c.1907_1908del, p.Glu636fs), and patients 
with TSC1 mutations remained on Everolimus longer than 
those with wild‑type tumours (7.7 vs. 2.0 months, P=0.004). 
Gene mutations in the PI3K/AKT/mTOR pathway may be a 
treatment target in TC/AC.

The present study has several limitations. First, the number 
of patients was small, and the mutations only occurred in 
3  patients (12%). Since it is a type of tumour with low 
morbidity, TC/AC requires additional investigation in a wider 
population. Secondly, since mTOR inhibitor treatment is not 
allowed for the treatment of TC/AC in China, no patients 
received mTOR inhibitor treatment. In conclusion, there are 
gene mutations in the PI3K/AKT/mTOR pathway in TC/AC, 
and it indicated an association between these mutations and 
mTOR expression.
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Table IV. Summary of three patients with phosphoinositide 3‑kinase/AKT/mTOR pathway gene mutations.

	 Patient number
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Mutation	 7	 3	 5

Location	 mTOR 48 exon and TSC2 12 exon	 TSC1 21 exon	 TSC2 19 exon
mTOR staining intensity	 +	 +++	 +++
Pathological type	 AC	 AC	 TC
Stage	 IIB	 IB	 IB
Diagnosis date 	 Jan 6, 2006	 Jan 6, 2011	 June 24, 2010
Sex	 Male	 Female	 Male
Smoking history	 Yes	 No	 Yes
Maximum diameter, cm	 5	 11	 0.8
Survival time, monthsa	 95.5	 35.4	 42

aSurvival time was measured until December 19, 2013. AC, atypical carcinoid tumours; TC, typical carcinoid tumours; mTOR, mammalian 
target of rapamycin; TSC, tuberous sclerosis complex.

Figure 2. Gene mutation statuses. Mutation sites are indicated by the red arrow. (A) Mammalian target of rapamycin exon 48, c.6667C>T. (B) TSC2 exon 12, 
c.1265C>T. (C) TSC1 exon 21, c.2765G>A. (D) TSC2 exon 19, c.2148C>T. TSC, tuberous sclerosis complex.
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