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Abstract Nonesmall cell lung cancer (NSCLC) is the leading cause of cancer-related death

worldwide. Dysregulation of protein synthesis plays a major role in carcinogenesis, a process

regulated at multiple levels, including translation of mRNA into proteins. Ribosome assembly

requires correct association of ribosome subunits, which is ensured by eukaryotic translation

initiation factors (eIFs). eIFs have become targets in cancer therapy studies, and promising

data on eIF6 in various cancer entities have been reported. Therefore, we hypothesised that

eIF6 represents a crossroad for pulmonary carcinogenesis. High levels of eIF6 are associated

with shorter patient overall survival in adenocarcinoma (ADC), but not in squamous cell car-

cinoma (SQC) of the lung. We demonstrate significantly higher protein expression of eIF6 in

ADC and SQC than in healthy lung tissue based on immunohistochemical data from tissue

microarrays (TMAs) and on fresh frozen lung tissue. Depletion of eIF6 in ADC and SQC lung

cancer cell lines inhibited cell proliferation and induced apoptosis. Knockdown of eIF6 led to

pre-rRNA processing and ribosomal 60S maturation defects. Our data indicate that eIF6 is

upregulated in NSCLC, suggesting an important contribution of eIF6 to the development

and progression of NSCLC and a potential for new treatment strategies against NSCLC.

ª 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nonesmall cell lung cancer (NSCLC), accounting for

more than 85% of newly diagnosed lung cancer, is the

leading cause of cancer-related death worldwide [1,2].

Despite a large arsenal of treatment options, the future

perspective for patients suffering from NSCLC is

dismal, with a combined 5-year overall survival (OS)

rate of w15e18% [1,2].
This study investigates the role of eukaryotic trans-

lation initiation factor 6 (eIF6) in the two major sub-

types of NSCLC, adenocarcinoma (ADC) with w50%

and squamous cell carcinoma (SQC) with w40%

occurrence [3,4]. ADCs occur primarily in the distal

airways, whereas SQCs arise mainly in the proximal

airways [3], indicating that the two entities differ

morphologically and on the molecular level.
One of the major activities of a eukaryotic cell is ribo-

somal biosynthesis to ensure continuous protein trans-

lation. Thus, dysregulation of translation initiation has

received considerable attention, and a number of studies

revealed aberrant eukaryotic translation initiation factors

(eIFs) expression in various cancer entities [5e13].

eIFs facilitate the formation of a translation-compe-

tent 80S ribosome, a rate-limiting step during carcino-
genesis [14,15]. Translation initiation can be divided

briefly into four steps: (1) formation of 43S pre-

initiation complex by recruiting the ternary complex

eIF2-GTP-tRNAi(met) to the small 40S ribosomal

subunit, (2) assembly of the 48S initiation complex by 50

cap recognition by eIF4F joining the 43S complex, (3)

scanning of the mRNA starting from the 50UTR region

to the start codon and (4) formation of the mature 80S
ribosome by joining the 60S subunit, which is
accomplished by eIF5B and eIF6 [15,16]. The mamma-

lian ribosome consists of a 60S (large) and a 40S (small)

subunit. Its biogenesis starts in the nucleus where the
precursor ribosomal RNAs (rRNA) 5S and 35S as well

as ribosomal proteins and assembly factors (including

eIF6) bind to either the pre-40S or pre-60S ribosomal

subunit [17,18]. During the assembly process, the two

subunits are transported into the cytoplasm, where eIF6

dissociates to facilitate binding of the 40S and 60S

subunits [19,20]. The 40S subunit contains the 18S

rRNA, whereas the 60S subunit comprises three rRNAs,
25S, 5.8S and 5S [17,21,22].

Recent studies suggest that eIF6, a 27-kDa protein,

has a dual function [9,19]. It was first described as an

anti-association factor that prevents assembly of the

40S and 60S ribosomal subunit [23,24]. On the other

hand, eIF6 is necessary for ribosome biogenesis in the

nucleus [25]. Previous studies report that eIF6 is an

important factor in tumorigenesis, cell cycle progres-
sion and invasiveness of cancer cells [19,26,27]. In

addition, the important cellular role of eIF6 was

emphasised by a study in which mice with a total

depletion of eIF6 had a lethal phenotype [28]. Dysre-

gulation of eIF6 was shown in various cancer entities,

such as colorectal carcinoma (CRC) [13], malignant

pleural mesothelioma (MPM) [9] and breast cancer [29].

In CRC and MPM, eIF6 was overexpressed compared
to non-neoplastic tissue, suggesting a key contribution

to carcinogenesis and highlighting eIF6 as a potential

new biomarker [9,13]. In this study, we correlated eIF6

expression with patients’ survival in pulmonary ADC

and SQC and investigated how eIF6 expression affects

tumorigenic properties of representative cell lines of

these two NSCLC entities.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. eIF6 expression is enhanced in ADC patients and associated with shorter OS. KaplaneMeier plots comparing OS in NSCLC, ADC

and SQC patients with different expression levels of eukaryotic translation initiation factors are shown. High expression is highlighted in red

and low expression in black. eIF expressionwas analyzed inAffymetrix data set comprised of 1926NSCLCpatients. (A) Significant worseOS

is found for patients with high eIF2S1 (p Z 0.00081), with a median hazard ratio (HR) of 1.26 (1.1e1.44), than for those with low eIF2S1

expression. (B) eIF4H shows no significant impact inNSCLConOS (pZ 0.45)with amedianHRof 1.05 (0.93e1.19) compared to low eIF4H

expression. (C) High expression of eIF3B affects NSCLC OS (p Z 0.013) with a median HR of 1.19 (1.04e1.36) compared to low eIF4H

expression. (D)High expression levels of eIF6 significantly correlate with shorter OS (pZ 1.5e� 13), with a median HR of 1.7 (1.48e1.97),

than low eIF6 expression. (E) Significantly shorter survival is observed for ADC (nZ 720) patients with high eIF6 expression (pZ 3.8e� 13)

with median HR of 2.4 (1.88e3.06). (F) Patients with squamous cell carcinoma (nZ 524) show no correlation between eIF6 expression level

(pZ 0.14) and survival, and themedianHR is 1.2 (0.98e1.51).ADC, adenocarcinoma;NSCLC, nonesmall cell lung cancer; SQC, squamous

cell carcinoma; OS, overall survival.
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2. Material and methods (see extended version in

Appendix)

2.1. Ethics statement

The Ethics Committee of the Medical University of

Graz, Austria, approved the collection and use of

human lung specimens, according to the ethical guide-
lines of the 1975 Declaration of Helsinki (EK 27-240 ex

14/15). All samples and medical data used in this study

were irreversibly anonymised.

2.2. Statistical analysis

For all statistical analyses and graph generation,

GraphPad PRISM 5.0 edition software (GraphPad

software Inc., La Jolla, CA, USA) was used. Except for
tissue microarray (TMA) data, all data were analysed by

the statistical software program SPSS (SPSS, Inc. Chi-

cago, IL). All presented data were analysed by descrip-

tive statistics and displayed as means � standard error

of means (SEM). Statistical tests according to each data

set are mentioned in the figure legends. Each data set

was analysed for Gaussian distribution. Normally

distributed data were analysed by student t-test or one-
way analysis of variance. ManneWhitney U or

KruskaleWallis test were used when data were not

normally distributed. For all analyses, the alpha was set

to 0.05.

2.3. Data availability

Original data are stored at the ‘Mendeley Data’ and

available in [https://doi.org/10.17632/7r34pvvdvc.1].

https://doi.org/10.17632/7r34pvvdvc.1


Table 1
Clinicopathological characteristics of patients assessed by TMA tissue

specimens.

Adenocarcinoma n Z 306 %

Gender

Female 120 39.2

Male 186 60.7

Grade

G1 67 21.8

G2 124 40.5

G3 114 37.3

Tissue intensity score

0 26 8.5

1 24 78.4

2 182 59.5

3 74 24.1

Non-neoplastic tissue n Z 152 %

Gender

Female 67 44.1

Male 85 55.9

Tissue intensity score

0 152 100.0

1 0 00.0

2 0 00.0

3 0 00.0

Squamous cell carcinoma n Z 62 %

Gender

Female 10 16.1

Male 52 83.9

Grade

N. Gantenbein et al. / European Journal of Cancer 101 (2018) 165e180168
3. Results

3.1. eIF6 expression is enhanced in ADC patients with

shorter OS

To investigate the significance of eukaryotic translation

initiation factors inOS,we explored two large independent

cohorts of NSCLC patients. The screening cohort (Affy-

metrix data set, cohort 1) comprised expression data of
1,926 NSCLC patients with a follow-up time up to 15

years. High expression levels of eIF2alpha (eIF2S1,

p Z 8.1e � 4) and eIF3B (p Z 1.3e � 2) were negatively

associated with patient OS, whereas eIF4H expression

analysis showed no significant impact onOS (Fig. 1AeC).

Higher expression of eIF6 in NSCLC showed significantly

shorter OS compared with low levels of eIF6 (hazard ratio

[HR] Z 1.7, 95% confidence interval Z 1.48e1.97,
p Z 1.5e � 13) (Fig. 1D). Therefore, we refined our

analysis to investigate eIF6 expression and its association

with survival in the two main subtypes of NSCLC, ADC

and SQC. eIF6 expression significantly correlated withOS

in ADC patients (p Z 3.8e � 13) with a HR of 2.4

(Fig. 1E), whereas there was no apparent correlation in

SQC patients (Fig. 1F). Using a second independent

validation cohort (The Cancer Genome Atlas [TCGA]
data set, cohort 2), we could confirm these findings for

both the NSCLC subtypes (Fig. S1A and B).

G1 3 4.8

G2 37 59.7

G3 22 35.5

Tissue intensity score

0 7 11.3

1 4 6.4

2 35 56.5

3 16 25.8

Smoking status

Smoker 13 20.9

Non-smoker 2 3.2

Unknown status 47 75.8

Non-neoplastic tissue n Z 31 %

Gender

Female 6 19.4

Male 25 80.6

Tissue intensity score

0 31 100.0

1 0 00.0

2 0 00.0

3 0 00.0
3.2. eIF6 is overexpressed in NSCLC patients

To further support the clinical relevance of our results.

We studied eIF6 expression in ADC and SQC by

immunohistochemistry (IHC) on TMA sections

(Table 1). In ADC, 306 patient samples were analysed,

and 152 non-neoplastic lung tissues (NNT) served as

controls. eIF6 staining was mainly observed in the
cytoplasm, and the tissue intensity score was signifi-

cantly higher (p < 0.0001) in ADC tissue than in NNT

(Fig. 2A). Analysis of staining intensity in ADC G1-G3

tumours revealed significant differences in eIF6 expres-

sion within these groups (p Z 0.0400) in which staining

increased significantly with higher grade for G1

versus G2 (p Z 0.0140) and G1 versus G3 (p Z 0.0470).

When comparing G2 versus G3, no significant changes
were observed (Fig. 2B). For SQC, 61 samples were

stained for eIF6, which was also mainly located in the

cytoplasm (Fig. 2C). Although eIF6 intensity was

significantly higher in tumour samples than in 31 NNT

samples (p < 0.0001), no significant differences were

observed among the different grades in SQC (Fig. 2D).

To examine if eIF6 protein levels were also upregulated

in freshly frozen lung tumour tissue compared with NNT,
protein lysates of 14 ADC and 14 SQC tissue samples and

the respective adjacentNNTwere analysed,which revealed

overexpression of eIF6 in most of the ADC and SQC tu-

mours when compared with NNT (Fig. 2EeG). Within
this patient subset, we analysed eIF6mRNAexpression by

quantitative real time PCR (qRT-PCR) and observed a

significant upregulation of eIF6 in ADC (pZ 0.0080) and

SQC (p Z 0.0168) as compared with NNT (Fig. 2H).

Clinicopathological characteristics see Table 2.

3.3. Knockdown of eIF6 reduces proliferation in A549 and

H520 cells

To evaluate the consequences of reduced eIF6 levels on

cell proliferation, A549 (representing ADC) and H520
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(representing SQC) cell lines were transfected with eIF6-

targeting siRNA. To ensure comparable transfection

efficacy, A549 and H520 cell lines were transfected with

Alexa-488elabelled non-targeting siRNA. Fluorescence

intensity was analysed by flow cytometry at 6 and 24 h

after transfection. In both the cell lines, �90% of cells

were Alexa-488 positive, indicating comparable trans-

fection efficacy (Fig. S2A).
Knockdown efficacy of eIF6 was evaluated by

Western blot (WB) analysis 3 and 5 days after trans-

fection. eIF6 knockdown was efficient (approx. 80% at

both time points analysed) in of if A549 cells regardless

of the siRNA constructs were used individually or in

combination (Fig. 3A and B). In H520 cells, silencing

efficacy was lower (Fig. 3D). In this cell model, single

siRNA constructs and the siRNA pool reduced eIF6
levels between 40 and 60% (Fig. 3E).

Analysis of eIF6 mRNA levels in A549 3 d after

silencing revealed a significant reduction by 80e90%

after 3 d and by 50% after 5 d (Fig. 3C) compared with

non-targeting scrambled siRNA (siScr). In contrast,

mRNA levels in H520 cells were reduced by approxi-

mately 50% compared with siScr control cells 3 d after

transfection, whereas no significant eIF6 mRNA
reduction was observed after 5 d (Fig. 3F).

The effect of eIF6 reduction on A549 and H520

proliferation was analysed by flow cytometrical cell

counting. In A549 cells, transfection of eIF6 siRNA,

either individually or in combination, significantly

reduced cell numbers up to w80% compared with un-

treated cells (Fig. 3G, left panel ). Mock transfection and

transfection with non-targeting siRNA inhibited prolif-
eration up to 20%.

Similarly, mock and siScr transfection affected pro-

liferation in H520 cells (Fig. 3G, right panel ). A sig-

nificant decrease in proliferation in response to eIF6

silencing was observed on day 5 after transfection, with

a reduction of 30e50%, for all constructs compared to

siScr.

In addition, colony formation of A549 and H520 cells
was investigated after eIF6 knockdown (Fig. 3H).

Compared to control cells, both the transfected cell lines

developed evidently fewer colonies after 4 weeks of

cultivation.

3.4. Reduced eIF6 levels trigger apoptosis

To study whether reduced cell proliferation due to eIF6

silencing is accompanied by apoptosis, annexin V-FITC

(A)/propidium iodide staining was performed in A549

and H520 cells (Fig. 4AeD). For flow cytometric

analysis (FACS), cells were either transfected with single

siRNA constructs or in combination, and untreated,
mock and siScr transfected cells were used as controls.

Representative scatter blots of FACS analyses of

A549 cells on day 5 after silencing demonstrated a sig-

nificant increase in late apoptotic cells from 6% (siScr) to
27% (Fig. 4A; gated in the upper right quadrant) in

response to eIF6 silencing (Fig. 4A). In H520, eIF6

silencing did not affect the apoptotic cell populations

(early and late; Fig. 4B).

On day 3 after transfection, A549 viability was

significantly reduced as compared to cells transfected

with non-targeting siRNA. eIF6 knockdown revealed

no significant effects on day 3, whereas the fraction of
early and late apoptotic cells significantly increased at

day 5 with both siRNA constructs (Fig. 4C, Table S4).

In contrast, in H520 cells, eIF6 depletion did not induce

apoptosis (Fig. 4D).

To define the activation of apoptotic pathways,

cleavage of Caspase 3 (Casp 3) and PARP was assessed

by WB analyses. In A549 both, PARP and Casp 3

cleavage was observed on day 3 and day 5 after silencing
independently of whether individual or pooled siRNA

constructs were used (Fig. 4E, G). In H520 cells, weak

Casp 3 processing was observed on day 5 in response to

eIF6 knockdown, whereas PARP cleavage was unaf-

fected by eIF6 silencing (Fig. 4F, H).

To test whether eIF6 silencing induces senescence in

these cell lines, senescence-associated b-galactosidase
staining (day 4 after transfection) was performed.
Indeed, b-galactosidase staining was observed after

transfection in A549 (Fig. S3A) but not in H520 cells

(Fig. S3A). To further confirm these findings, WB ana-

lyses of transfected cells were performed using an anti-

body against p21, a protein that inhibits CDK-1 and

serves as an indicator for senescence. In A549, an in-

crease in p21 immunoreactivity on day 5 was observed

for eIF6-depleted cells compared with control cells
(Fig. S3C). In H520 cells, p21 levels were unaffected by

eIF6 silencing (Fig. S3D).

3.5. rRNA processing in pre-60S subunits is disturbed by

knockdown of eIF6

Owing to the role of eIF6 in pre-60S subunit matura-

tion, we investigated the impact of reduced eIF6 levels

on ribosome biogenesis by ribosomal profiling on day 3

after eIF6 siRNA transfection. Density gradient centri-

fugation of ribosomes and subsequent immunoblotting

of the fractions revealed a pronounced reduction of free

60S particles in eIF6-silenced A549 cells as compared to
mock transfection, suggesting a defect in 60S subunit

synthesis defect (Fig. 5A; original, non-overlayed profiles

are shown in Fig. S4A). In contrast, H520 cells showed

no reduction in free 60S subunits in silenced and mock-

treated cells (Fig. 5B, Fig. S3A).

Furthermore, the distribution of 40S, 60S and 80S

particles in the collected fractions was analysed by

immunoblotting. The small ribosomal subunit protein 3
(Rps3) served as a marker protein for the 40S and the

large ribosomal subunit protein 35 (Rpl35) for the 60S

subunit. WB analysis demonstrated that the majority of

eIF6 sedimented in the fraction of the 60S subunit in



Fig. 2. eIF6 is overexpressed in NSCLC patients. (A) Representative IHC micrographs of eIF6-stained TMA-sections of non-neoplastic

tissue (NNT) and ADC tissue. eIF6 is evident in both the nuclei and the cytoplasm of tumour cells. (B) Tissue intensity score analysed by

ManneWhitney U test reveals significantly stronger staining intensity of eIF6 in ADC patients as compared to NNT (p < 0.0001).

KruskaleWallis test confirmed significant differences between different grades. For analysing G1 versus G2 (p Z 0.0140) and G1

versus G3 (p Z 0.0470) in ADC, ManneWhitney U test was performed. (C) Representative IHC micrographs of eIF6-stained NNT and

N. Gantenbein et al. / European Journal of Cancer 101 (2018) 165e180170



SQC tissues. eIF6 is evident in both the nuclei and the cytoplasm of

cytoplasmic expression of eIF6 than NNT samples (P < 0.0001, Mann

differences within different grades. Representative Western blots of eIF

to NNT. (G) Densitometric analyses of eIF6 protein expression in ADC

the bands was normalised to b-actin, which served as loading control. (H

7 NNT samples. Fold change values of eIF6 normalised to the mean

housekeeping genes are depicted. eIF6 mRNA is significantly upregulat

data, and Student t-test was performed after ensuring Gaussian distr

(*p < 0.05; **p < 0.001; ***p < 0.0001). ADC, adenocarcinoma; IH

SQC, squamous cell carcinoma; SEM, standard error of means; TMA

Table 2
Clinicopathological characteristics of 28 patients’ cryo samples.

Adenocarcinoma n Z 14 %

Gender

Female 11 78.6

Male 3 21.4

Median age 69

Grade

G1 1 7.1

G2 5 35.7

G3 10 71.4

Stagea

I A2 3 21.4

I B 4 28.6

II B 5 35.7

III A 2 14.3

Smoking status

Smoker 6 42.9

Non-smoker 9 64.3

Mutation status

EGFR 5 35.7

KRAS 5 35.7

BRAF 0 0.0

TP53 8 57.1

Squamous cell carcinoma n Z 14 %

Gender

Female 2 14.3

Male 12 85.7

Median age 71

Grade

G1 2 14.3

G2 4 28.6

G3 8 57.1

Stagea

I A 1 7.1

I B 4 28.6

II A 2 14.3

II B 6 42.9

III A 1 7.1

Smoking status

Smoker 13 92.9

Non-smoker 1 7.1

Mutation status

EGFR 0 0.0

KRAS 0 0.0

BRAF 0 0.0

TP53 11 78.6

‘Italic’ font is used for gene symbols.
a IASLC (International Association for the Study of Lung Cancer)

8th Edition of TNM Classification for Lung Cancer.
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mock-transfected cells are associated with the 60S sub-

unit. In the profiles of the silenced samples, eIF6 was

strongly reduced, with the knockdown in the A549 cells

being more efficient (Fig. 5B).

To investigate the effect of eIF6 knockdown on 60S

subunit synthesis in more detail, we examined ribosomal

RNA (rRNA) processing via Northern blot analysis of

total RNA extracts from mock controls compared to
eIF6 silenced A549 and H520 RNA extracts. We used

complementary probes to the 50-internal transcribed

spacer 1 (ITS1) and internal transcribed spacer 2 (ITS2),

hybridising to a range of precursor rRNA (pre-rRNA)

intermediates of both ribosomal subunits. This enabled

us to detect most of the major processing intermediates

from both pathways. For more clarity, all known rRNA

precursors are depicted in Fig. 5C, whereas the entire
rRNA processing pathway is displayed in Fig. S5A. In

both the cell lines, eIF6 knockdown reduced the levels of

several different rRNA precursors (Fig. 5D), indicating

that knockdown of eIF6 inhibits rRNA processing. The

strongest effect was observed for 12S pre-rRNA, which

is the precursor of the mature 5.8S rRNA component of

60S subunits. This indicates that processing of its direct

precursor 32S pre-rRNA into 12S pre-rRNA and 28S
pre-rRNA (not detected) is inhibited. The upstream 32S

pre-rRNA was also reduced in both silenced cell lines

compared to mock control. Finally, a significant

decrease in 21S, 30S and 41S pre-rRNAs was observed

in A549 cells after eIF6 knockdown. Considering the

results of the polysome profiles, we propose that aber-

rant processing of the 32S pre-rRNA into its 12S

downstream intermediate represents the primary defect
caused by eIF6 depletion, whereas the decrease of other

intermediates reflects the known feedback regulation in

rRNA processing. To conclude, eIF6 knockdown leads

to defective rRNA processing, resulting in reduced levels

of mature 60S subunits.
4. Discussion

We present evidence that eIF6 is overexpressed in ADC

and SQC compared to normal lung tissue and is a pre-

dictor for OS in ADC. Genetic interference with eIF6 by

RNAi reduced cell proliferation and induced Casp

3emediated apoptosis. In A549 cells, knockdown of
tumour cells. (D) SQC tissue samples show a significantly higher

eWhitney U test). KruskaleWallis test did not reveal significant

6 protein expression in ADC (E) and SQC (F) samples compared

(n Z 14) and SQC (n Z 14) compared to NNT. The intensity of

) qRT-PCR of eIF6mRNA was performed in 9 ADC, 9 SQC and

of ACTB and IPO8 for ADC and for SQC SDHA and IPO8 as

ed in ADC and in SQC. ManneWhitney U test was used for ADC

ibution on SQC data. All results shown represent mean � SEM.

C, immunohistochemistry; NSCLC, nonesmall cell lung cancer;

, tissue microarray.



Fig. 3. Knockdown of eIF6 reduces proliferation in A549 and H520 cells. (A) Representative Western blots of eIF6 knockdown after 3 and

5 d in A549 cells. (B)Densitometric analyses of eIF6 bands normalised to b-actin, which served as loading control (one-way ANOVA). (C)

mRNA levels of eIF6 in transfected A549 measured by qRT-PCR and normalised to SDHA (one-way ANOVA). (D) Representative

Western blots of eIF6 knockdown after 3 and 5 d in H520 cells. E) Densitometric analyses of eIF6 bands normalised to b-actin, which

served as loading control (one-way ANOVA). (F) mRNA levels of eIF6 of transfected H520 measured by qRT-PCR and normalised to

SDHA (one-way ANOVA). (G) Cell numbers were counted 3 and 5 d after transfection. Data were normalised to siScr (one-way

ANOVA). (H) Representative micrographs of colony formation of silenced A549 and H520 cells 5 d after transfection. All results shown

represent mean � SEM of three independent experiments. (*p < 0.05; **p < 0.001; ***p < 0.0001). ANOVA, analysis of variance; SEM,

standard error of means.
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eIF6 induces defects in rRNA processing, resulting in

the reduction of 60S particles.

Dysregulation of eIF6 in various cancer entities, such

as MPM, colorectal carcinoma (CRC), ovarian serous
adenocarcinoma and head and neck cancer, was re-

ported earlier [9,13,25,30,31]. In CRC, eIF6 is overex-

pressed in tumour tissue (as compared to normal

mucosa) and represents a potential new therapeutic

target, as well as a novel tool in surgical pathology

[13,25]. Affymetrix expression data analysis performed

during the present study revealed clearly that over-

expression of eIF6 in lung ADC, but not in SQC, is
negatively associated with patient OS. These findings

were also confirmed by analysis of a second, indepen-

dent TCGA data set and indicate that eIF6 has a greater

selective role on OS than eIF2alpha or eIF3B. The

reason for the different impact of eIF6 on OS in ADC

and SQC is currently unclear but could, however, be

associated with different mutational signatures reported

for the two entities. ADCs occur primarily in the distal
airways with mutations in KRAS, BRAF, ALK, ROS1

and EGFR, whereas SQCs have mutations in TP53 and

genes of the phosphoinositide 3-kinase pathway and

arise mainly in the proximal airways, presumably lead-
ing to different cellular phenotypes [3,32]. Therefore,

eIF6 could fulfil different tasks in ADC and SQC.

IHC staining of ADC and SQC for eIF6 revealed

overexpression in the cytoplasm of lung tumour cells but

not in healthy lung tissue. For the ADC cohort analysed

by TMA, we even found significant differences within

increasing tumour grades. The overexpression of cyto-

plasmic eIF6 levels were also found in CRC, ovarian
serous adenocarcinoma and MPM formalin-fixed

paraffin-embedded tissue (FFPE) material [9,13,31].

Although experimentally not addressed during the pre-

sent study, gene amplification could be a potential

explanation for eIF6 overexpression in cancer tissue, as

also discussed previously for ovarian serous carcinoma

[31]. eIF6 is located at chromosome 20 (20q12), and

previous studies revealed a gain of chromosome 20



Fig. 4. Reduced eIF6 levels trigger apoptosis. Five days after transfection, (A) A549 and (B) H520 cells (siScr and siIF6 transfected) were

stained with FITC Annexin V and PI and analysed by FACS. The percentage of A�/PI� (viable), Aþ/PI� (early apoptotic), A�/PIþ (late

apoptotic) and Aþ/PI� (necrotic) cells is shown in (C) and (D) for A549 and H520 cells, respectively. Mean values from triplicates of two

independent experiments are presented. Representative immunoblots of PARP and Casp 3 processing in response to eIF6 silencing in (E)

A549 and (F) H520 cells. b-Actin served as loading control. (G, H) Densitometric evaluation of cleaved Casp 3 (17 kDa and 19 kDa) and

cleaved PARP in (G) A549 and (H) H520 cells. Data represent mean � SEM in three independent experiments (*p < 0.05; **p < 0.001;

***p < 0.0001). FACS, flow cytometric analysis; SEM, standard error of means.
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Fig. 5. rRNA processing in pre-60S subunits is disturbed by knockdown of eIF6. Sucrose density gradient profiles of transfected (A) A549

and (B)H520 cells are shown. Rpl35 antibody was used as marker for the 60S subunit and Rps3 for the 40S subunit. (C) Scheme of human

ribosomal RNA processing, with the binding sites of the ITS1 probe, which detects 40S precursors, indicated in green, and the binding

sites of the ITS2 probe detecting 60S precursors, highlighted in orange. (D) Representative Northern blot of eIF6-silenced A549 and

H520 cells. The methylene blueestained membrane serves as loading control and shows mature 28S and 18S ribosomal RNAs. ITS1,

internal transcribed spacer 1; ITS2, internal transcribed spacer 2.
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Fig. 6. Model describing the role of eIF6 in NSCLC. The eukaryotic translation initiation starts with the assembly of the 43S-initiation

complex (1), in which the 40S ribosomal subunit binds to eIFs (eIF1, eIF1A, eIF3 and eIF2-met-tRNA). Subsequently, the eIF4F complex

(eIF4A, eIF4G and eIF4E) accompanies the mRNA to the 43S complex and builds the pre-48S initiation complex (2). After scanning for

the start codon AUG, the large ribosomal subunit 60S accompanied by eIF6 and eIF5B binds to the 48S-initiation complex (3). After the

formation of a translational competent 80S ribosome, translation is initiated (4), followed by elongation (5), termination (6) and ribosomal

recycling. eIF6 is overexpressed in NSCLC and is associated with patient OS in ADC. After eIF6 knockdown in the ADC cell line

decreased proliferation, increased apoptosis and ribosomal processing defects were observed. For SQC, no influence of eIF6 on patient OS

was found. The phenotype of the eIF6 knockdown in SQC cell line showed decreased proliferation. NSCLC, nonesmall cell lung cancer;

ADC, adenocarcinoma; OS, overall survival; SQC, squamous cell carcinoma.
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above ploidy level in NSCLC [33]. To unveil mechanistic

details on the pathways contributing to of eIF6 over-

expression in cancer tissue further experimental work is

needed.

Total knockout of eIF6 was described to be lethal in a

mouse model of myc-induced lymphomagenesis in which

eIF6�/� littermate mice were not viable. In eIF6þ/�

heterozygous knockout mice, prolonged tumour-free
survival was observed, suggesting a rate-limiting role of

eIF6 in tumour progression [28]. In Saccharomyces

cerevisiae, depletion of TIF6, the yeast homologue of

eIF6, resulted in reduced cell proliferation and viability

[34].

Earlier eIF6 knockdown studies showed that

apoptosis levels were unaffected 72 h after eIF6 deple-

tion in MPM cell line (REN cells) [9]. In the colonic
carcinoma HCT116 cell line, a tendency for increased

apoptosis was demonstrated after 24 h, but apoptosis

was significantly reduced after 72 h [13]. In eIF6þ/�

mice, reduced eIF6 levels impaired G1/S progression in

hepatic and adipose cells [35]. In contrast, proliferation

in H520 cells was inhibited in response to eIF6 depletion

without affecting Casp 3 or PARP processing. In the

present study, we observed a clear induction of Casp
3edependent apoptosis in A549 cells 5 d after eIF6

silencing. In A549 cells, SA-b-Gal activity and p21 levels

were elevated in response to eIF6 silencing, and both

parameters are indicative for the induction of cellular

senescence pathways [36]. In H520 cells, no evidence for

senescence could be found, and the mechanism for

reduced cell growth and colony formation in this cell

line is still unknown. However, it has to be considered
that knockdown efficacy of eIF6 was lower in SQC cells,

possibly explaining the less pronounced phenotypes.

Nevertheless, the different function of eIF6 in ADC and

SQC needs to be further investigated.

Ribosomal profiling revealed major 60S ribosomal

subunit synthesis defects in A549 but not in H520 cells.

This might be a result of lower eIF6 knockdown efficacy

in SQC cells, not only for ribosomal profiles but also for
pre-rRNA processing. eIF6-dependent reduction of free

60S particles was demonstrated in different experimental

models (e.g. yeast, Caenorhabditis elegans, MPM, HeLa,

ovarian carcinoma cells and mouse liver extracts)

[9,24,37e39]. Pulse chase studies in yeast demonstrated

that depletion of TIF6 leads to accumulation of 27S (the

analogue of human 32S) and a rapid decrease in the 7S

pre-rRNA which corresponds to the human 12S pre-
cursor [34]. Northern blot analyses suggested that

reduction of the 7S pre-rRNA triggers aberrant pro-

cessing of downstream pre-rRNAs [34]. Data from our

Northern blot analysis are reminiscent of results in the

yeast system at later time points when secondary effects

also evolve [34]. These data make it reasonable to as-

sume that in the human system, eIF6 acts at a similar

stage of ribosome biogenesis as Tif6 in yeast, i.e. at the
conversion of the human 32S pre-rRNA (27S in yeast)

into the corresponding downstream products.
5. Conclusion

We report eIF6 overexpression in NSCLC and its as-

sociation with shorter patient OS in ADC. Depletion of

eIF6 in lung cancer cells has an anti-tumour effect, re-

duces proliferation and induces apoptosis. This study
provides mechanistic insights into the consequences of

eIF6 depletion, revealing defects in rRNA processing.

We propose eIF6 as a potential prognostic biomarker

for OS in ADC. We summarised our results graphically

in Fig. 6.
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Appendix B. Extended methods
Patients’ clinical outcome analyses

For analysing the influence of eukaryotic translation

initiation factor expression on nonesmall cell lung cancer

(NSCLC) patient clinical outcome, we used a publicly

available data set generated on Affymetrix platforms as
previously described (screening cohort Z cohort 1) [40].

This data set contains whole transcriptome data of 1929

NSCLC patients. For data analysis, we made use of

publicly available visualisation software [http://kmplot.

com/analysis/index.php?pZservice&cancerZlung].

Differences in OS between groups of high and low

expression were tested by using a cut-off point deter-

mined automatically by the software. Survival was illus-
trated by KaplaneMeier curve, and differences in

survival between dichotomised groups were assessed

using the log-rank test. As a second cohort (validation

cohort), we analysed squamous and adenocarcinoma

NSCLC cases of the Cancer Genome Atlas (TCGA) by

same criteria described for cohort 1.

Tissue microarray (TMA) generation and evaluation

TMAs were constructed at the Diagnostic and Research

Institute of Pathology, Medical University of Graz,
Austria. Formalin-fixed paraffin-embedded samples of

lung carcinoma from a total of 414 patients were

collected and used for the generation of 5 TMAs (4

ADCs and 1 SQC). Haematoxylin-eosinestained slides

of specimens were reviewed by three experienced, board-

certified pathologists (H.P., L.B. and J.H.). The use of

patient samples for the TMAs was approved by the local

Ethics Committee (No. 24-135 ex 11/12). The pattern of
IHC staining was evaluated by four independent ex-

aminers (J.H., I.A., L.B. and NG) by light microscopy.

Each core was semi-quantitatively scored, and an in-

tensity score was assessed as follows: 0 Z no staining,

1 Z weak staining, 2 Z moderate staining and

3 Z strong staining. In addition, a percentage of stained

tumour cells was recorded (0e100%) and grouped into

five groups: 0 Z 0%, 1 Z 1e�10%, 2 Z 11e49%,
3 Z 50e79% and 4 Z �80%. Intensity score (0e3) was

then multiplied by percentage score (0e4), and obtained

values were grouped as follows: 0 Z no staining,

1e4 Z weak staining, 4e8 Z moderate staining and

8e12 Z strong staining and displayed in stacked plots.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on 3-mm-

thick sections of each TMA. Primary eIF6 antibody

(clone A303-030A, Bethyl, Montgomery, USA) was

stained on a Ventana Immunostainer XT with Ultra
View DAB detection Kit and CC1 as epitope retrieval.

Counterstaining with Haematoxylin followed.

Human lung cancer patient samples

Human lung cancer samples and non-neoplastic lung

tissues (NNT) were obtained at the Diagnostic and

Research Institute of Pathology, Medical University of

Graz, Graz, Austria. Informed consent forms from the

patients were obtained. Samples were collected during

frozen section and immediately flash frozen in liquid

nitrogen and stored until protein or RNA was extracted.

Protein extraction and WB analysis

For generation of protein lysates, frozen lung ADC and
SQC tissue samples were homogenised using a MagNa

Lyser homogeniser (Roche Diagnostics, Risch-Rotkreuz,

Switzerland) in lysis buffer (0.05 M Tris-HCl, 0.15 M

NaCl, 0.5% NP-40, 0.1 M Pefabloc, 1 mM dithiothreitol

[DTT], complete Mini, PhosSTOP). Phosphate-buffered

saline (PBS)ewashedA549 andH520 cellswere scraped in

lysis buffer. Protein concentrations were determined using

Bradford protein assay (Biorad Protein Assay Dye Re-
agent, 500-0006; Biorad Protein Laboratories Inc. Ger-

many). Twenty micrograms of protein lysates was loaded

on 12.5% sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE). Western blotting was

https://doi.org/10.1016/j.ejca.2018.07.001
http://kmplot.com/analysis/index.php?p=service&amp;cancer=lung
http://kmplot.com/analysis/index.php?p=service&amp;cancer=lung
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performed as previously described [13]. Membranes were

probed with primary antibodies listed in Table S1 in Tris-

buffered saline with Tween20 (TBST), 5% bovine serum

albumin overnight at 4 �C, followed by incubation with

the secondary antibody. ImageQuant LAS 500 (GE

Health Care, Little Chalfont, UK) was used as the detec-

tion system.

RNA isolation for real-time-PCR and Northern blots

Total RNA was isolated from human snap frozen ADC,

SQC and NNT lung tissue, as well as from A549 and

H520 cells. RNA was extracted via phenolechloroform

extraction. Cells were lysed in Trizol� Reagent (Thermo

Fischer Scientific Inc., Massachusetts, USA) before the

addition of chloroform. After centrifugation, the

aqueous phase was precipitated with isopropanol. The
pellet was washed twice with 80% alcohol and dissolved

in RNase-free water. RNA concentration in the super-

natant was determined via Nanodrop1000 (Thermo

Fischer scientific, Massachusetts, USA).

Quantitative real-time-PCR

100nanogramsRNAwas reversely transcribedwithHigh-

Capacity cDNA Reverse Transcription Kit (Applied

Biosystems, Foster City, USA) according to the manu-

facturer’s instructions using the GeneAmp 9700 Ther-

mocycler (Applied Biosystems; Foster City, USA). qRT-

PCRwas performed using SYBRGreen PCRMasterMix

Kit (Applied Biosystems, Foster City, USA) and Quant
Studio 7 Flex (Applied Biosystems; Foster City, USA).

The most stable housekeeping genes (HKG) were deter-

mined based on the algorithm implemented in Norm-

Finder Software [41]. For ADC tissue samples, succinate

dehydrogenase complex, subunitA (SDHA) and Importin

8 (IPO8) and for SQC tissue samples, b-actin and SDHA

were calculated to be most stable HKGs. Fold change

values of eIF6 were normalised to the mean ct-values of
HKGs. For cell culture (A549,H520) experiments, b-actin

served as internal control. Primer sequences are shown in

Suppl. Table S2. Fold change levels were analysed using

the 2�DDCT method [42].

Cell cultures

The human lung adenocarcinoma cell line A549 (cat. no.

300114) was purchased from CLS Cell Lines Service

GmbH (Eppelheim, Germany) and cultured inDulbecco’s

ModifiedEagleMedium (DMEM):Hams-F12 (no. 11330-

57, Life Technologies, California, USA) supplemented

with 10% fetal bovine serum (FBS) (no. 10270-106, Gibco,
Life Technologies, California, USA) and 1% penicillin/

streptomycin (Gibco, Life Technologies, California,

USA). The human squamous cell carcinoma cell line H520

was obtained from ATCC (NCI-H520) and cultured in

DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. For cell detachment, either Trypsin plus

ethylene diamine tetra-acetic acid (EDTA) 0.05% (Life

Technologies, California, USA) for A549 cells or

Accutase� solution (Sigma Aldrich, Missouri, USA) for

H520 cells was used. Both the cell lines were incubated at

37 �C in a humidified atmosphere containing 5% CO2. All

cells were tested every 3e6 months for mycoplasma

contamination using PromoKine PCR Mycoplasma
(Biomedica Medizinprodukte GmbH & Co KG, Vienna,

Austria).

siRNA transfection

Cell cycle was synchronised by serum starvation for 16 h

before seeding of 2 � 104 cells/well of A549 and
8 � 104 cells/well of H520 on 12 well plates. Transfection

was performed with Oligofectamine� Transfection Re-

agent (Life Technologies, California, USA) according to

the manufacturer’s instructions. The siRNA oligonucle-

otides are listed in Table S3.

Proliferation assay

Cells were seeded into 12-well culture plates and trans-

fected with specific siRNA (20 nM) after 24 h. At day 3

and 5 after transfection, cells were trypsinised, and the

cell number was determined by Guava ViaCount Assay

(Millipore, Massachusetts, USA) on Guava EasyCyte 8

(Millipore, Massachusetts, USA).

Annexin V/propidium iodide staining

For annexin V/propidium iodide (PI) staining, A549 and

H520 cells were transfected with 20 nM of eIF6-specific

or non-targeting siRNAs. Three and 5 d after trans-

fection cells, supernatants were harvested and stained

using the FITC Annexin V Apoptosis Detection Kit
(#640932, Biolegend, San Diego, CA, USA) according

to the manufacturer’s suggestion. Supernatants were

collected before detachment of adherent cells by either

trypsin or accutase for A549 and H520, respectively.

Subsequently, cells were washed with cold PBS and

incubated with 100 ml of 1� binding buffer (containing

5 ml of Annexin V FITC and 5 ml of PI) for 15 min

(25 �C) in the dark [43,44]. FACS was performed using
Guava EasyCyte 8 (Millipore, Billerica, MA, USA) and

analysed with InCyte 3.1 (Millipore). To set up fluo-

rescence compensation and gating for detection of ne-

crosis and early/late apoptosis, unstained and single-

stained cells were treated with staurosporine (1 mM, 4 h,

Sigma Aldrich, Missouri, USA).

Senescence analysis

For detection of senescence-associated b-galactosidase
(SA-b-Gal) activity, we followed the protocol described
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by Dimri et al. [45]. The assay was performed on day 4

after transfection. Untreated, mock and siScr-trans-

fected cells were used as controls. Experiments were

performed in triplicate.

Colony formation assay

After inducible knockdown of eIF6 in A549 or H520,

400 cells were collected after 3 d and seeded in 6-well

plates. After 4 weeks, cells were fixed with 4% para-

formaldehyde (SigmaeAldrich, Missouri, USA), stained

with Giemsa solution (SigmaeAldrich, Missouri, USA)
for 20 min and rinsed with distilled water.

Sucrose gradient fractionation and ribosome-associated

protein analysis

Sucrose density gradient centrifugation separates poly-

somes, 80S ribosomes and free 40S and 60S ribosomal

subunits. A549 and H520 cells were cultured for 3 d in

100-mm dishes and transfected with siRNA

(eIF6_1 þ 2), with mock as a control. Fifteen minutes

before lysis, cells were incubated with 100 mg/ml cyclo-

heximide (CHX) (SigmaeAldrich, Missouri, USA) to
inhibit translation. Before scraping in lysis buffer

(20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) pH 7.4, 15 mM MgCl2, 200 mM KCl, 1%

Triton X-100, 2 mMDTT and 100 mg/ml cycloheximide),

cells where washed with ice-cold PBS containing 100 mg/
ml CHX. After centrifugation (14,000g, 10 min, 4 �C),
RNA concentration in the supernatant was determined

via Nanodrop1000 (Thermo Fischer Scientific Inc.,
Massachusetts, USA). Three OD260 units were layered

onto 15e40% sucrose gradients (50 mM NH4Cl, 50 mM

Tris-acetate pH 7.0, 12 mM MgCl2, freshly added

100 mg/ml cycloheximide and 1 mM DTT) and centri-

fuged in a SW41Ti rotor (Beckman, Villepinte, France)

for 150 min at 160,000g, 4 �C without breaking. Ribo-

somal profiles were recorded via an ISCO (Teledyne

ISCO, Nebraska, USA) density gradienteanalysing unit,
which includes a UA-6 detector that measures the ab-

sorption at 254 nm, allowing for detection of RNA. As

the majority of cellular RNAs are contained in ribo-

somes, this analysis records the ribosomal distribution.

Fractions were collected along the gradients and

precipitated with trichloroacetic acid overnight at

�20 �C to concentrate proteins for gel electrophoresis

and subsequent WB analysis.

Northern blotting

Five micrograms of RNA per sample was separated on
1.5% 3-(N-morpholino)propanesulfonic acid (MOPS)-

agarose gels as described in the manual of the RNeasy

minikit (QIAGEN, Hilden, Germany). The RNA was

transferred overnight onto a Hybond N nylon membrane
(GE Health Care, Little Chalfont, UK) and then cross-

linked to the membrane by UV light. Membranes were

stained with 0.02% methylene blue and 3% acetic acid to

visualise the mature 28S and 18S rRNAs. Hybridisation

was performed overnight at 37 �C in 500 mM NaH2PO4

buffer, pH adjusted to 7.2 with H3PO4, 7% SDS, 1 mM

EDTA using 50-32P-labelled oligonucleotides with the

following sequences: ITS1, 50-CCTCGCCCTCCGG
GCTCCGTTAATGATC-30; ITS2, 50-CTGCGAGG-

GAACCCCCAGCCGCGCA-30. The membranes were

washed three times for 20 min at 37 �C in 40 mM

NaH2PO4 buffer, pH was adjusted to 7.2 with H3PO4, 1%

SDS, and radioactivity was detected by exposing to X-ray

films. Membranes were regenerated by washing in 1%

SDS.
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