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High expression of transcription factor POU2F1 confers improved
survival on smokers with lung adenocarcinoma: a retrospective
study of two cohorts
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Background: Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related mortality
worldwide and its most important risk factor is tobacco smoking. While smoking is associated with inferior
outcome in NSCLC patients, smoking also correlates with a higher tumor mutational burden. In contrast
to adenocarcinomas (ADC) of non-smokers, that frequently harbor targetable gain-of-function mutations,
NSCLC smokers largely present with non-targetable loss-of-function mutations of genes associated with
DNA-damage repair. The transcription factor Pit-1, Oct1/2, Unc-86 (POU) domain class 2 transcription
factor 1 (POU2F1) is a widely expressed bipotential stabilizer of repressed and inducible transcriptional
states and frequently deregulated in cancer.

Methods: Via immunohistochemistry, we evaluated POU2F1 protein expression on a tissue micro array
of 217 operable stage I-III NSCLC patients. Findings were reproduced in a gene expression database of
1144 NSCLC patients, filtered for POU2F1 mRNA expression. After retroviral overexpression of POU2F1
in A549 cells, we evaluated for clonogenic growth and proliferation. Additionally, CRISPR-Cas9 mediated
POU2F1 knockdown in A549 cells was likewise analyzed.

Results: High protein expression of POU2F1 in 217 NSCLC patients resulted in improved outcome
of smokers with ADC [hazard ratio (HR) 0.30 (0.09-0.99), P=0.035]. Moreover, gene expression analysis
confirmed favorable outcome of high POU2F1 mRNA expression in smokers with ADC [HR 0.41 (0.24-
0.69), P<0.001]. Other than that, retrovirally induced overexpression of POU2F1 in A549 cells significantly
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reduced both, clonogenic growth as well as proliferation of NSCLC cells, whereas CRISPR-Cas9 mediated

knockdown of the protein did not have any impact.

Conclusions: Our data suggest that high expression of POU2F1 mediates a less aggressive cancer

phenotype in smokers with ADC NSCLC. Pharmacological induction of genes and signaling pathways

controlled by POU2F1 may provide novel avenues for future targeted NSCLC therapies in smokers.
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Introduction

Lung cancer remains the leading cause of cancer-related
mortality, and non-small cell lung cancer (NSCLC)
accounts for approximately 85% of all lung cancer patients
(1,2). Several studies have reported a negative impact of
cigarette-smoking on prognosis of lung cancer patients
(3,4). Overall tumor mutational burden is manifold
higher in NSCLC tumors of smokers compared to never-
smokers (3,5-8), and recently, the genomic landscape of
NSCLC in smokers has been unveiled as so called “tobacco
signature” (5,8,9). In NSCLC of non-smokers, epidermal
growth factor receptor (EGFR) mutations and tumor
protein 53 (TP53) mutations are most common (8) and
in adenocarcinoma (ADC) of the lung targetable genetic
changes are frequently found including EGFR mutations
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(i.e., 71.6% in non-smokers vs. 40.4% in smokers) and
anaplastic lymphoma kinase (ALK) rearrangements (i.e.,
7.0% in non-smokers vs. 3.4% in smokers) (3). Moreover,
non-smoking squamous cell carcinoma (SCC) patients may
harbor an EGFR mutation in up to 8% of the cases, but
in smokers its prevalence is at only 2.5%. While tobacco-
induced genetic damages as predictor for targetable driver
mutations has already been applied to treatment guidelines
for NSCLC (10), the identification of novel biomarkers
for smokers with NSCLC remains challenging. Solely,
activating mutations of Kirsten rat sarcoma virus (KRAS)
are more prominent in smokers with ADC than in non-
smokers (i.e., 14.0% wvs. 3.4%, respectively) (3) and can be
targeted by sotorasib that has been approved for p.G12C-
mutated KRAS-driven pre-treated NSCLC (11). However,
the clinical efficacy of KRAS-inhibitors falls short of
expectations (12). Other than KRAS, most of the smoking-
associated mutations comprise loss-of-function of tumor-
suppressive deoxyribonucleic acid (DNA)-damage repair
genes, such as excision repair complementary complex 5
and 8 (ERCCS, ERCCS), DNA ligase 4 (LIG4), mutY DNA
glycosylase (MUTYH), DNA polymerase beta (POLB),
DNA repair protein REV1 as well as G/T mismatch-
specific thymine DNA glycosylase (TDG) (9). While some
of these genetic aberrations might predict responsiveness to
platinum-based chemotherapies (13-16), none of them have
been translated into targeted NSCLC therapies yet. Thus,
discovery of novel targets for the treatment of smoking-
related lung cancer is of primary importance.

The Pit-1, Octl/2, Unc-86 (POU) domain class 2
transcription factor 1 (POU2F1) is a bipotential transcriptional
regulator of induced and repressed states (9). POU2F1 is
widely expressed in healthy as well as in malignant tissues (17)
and a versatile acting transcription factor in cancer (18,19).
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Whereas in other malignant entities (20-22), including
breast (23,24), gastric (25), cervical (26), and prostate
cancer (27), an oncogenic role of POU2F1 has been
described, its role in patients with NSCLC remains to be
determined.

Here, we evaluated the prognostic role of POU2F1
in NSCLC, retrospectively analyzing protein and gene
expression data of two large patient cohorts as well as its
functional impact on human A549 lung cancer cell line. We
present the following article in accordance with the MDAR
reporting checklist (available at https://tlcr.amegroups.com/
article/view/10.21037/tcr-22-714/rc).

Methods
Study collectives

To generate a hypothesis on POU2F1’s prognostic role
in NSCLC, we retrospectively analyzed 311 patients,
diagnosed, and surgically treated for non-small cell
lung cancer (NSCLC) between December 1998 and
November 2004 at the Thoracic Surgery department
of the St. Georg’s Clinic Ostercappeln. Study approval
by the Ethics Committees of Osnabriick, Minster and
Mainz were obtained for the collection of paraffin-
embedded tissue samples for biomarker testing.
Individuals gave informed consent before participating
in this anonymized retrospective analysis. The study was
conducted in accordance with the Declaration of Helsinki
(as revised in 2013). Patients under 18 years of age, with
an unknown smoking status, with stage IV disease, with
an incomplete resection status (R1- or R2-resection) or
with an indeterminate histological growth pattern (i.e.,
NSCLC not otherwise specified) were excluded from
the primary analysis. Due to possible interaction with
POU2F1 expression, exclusion of 94 neoadjuvant treated
cases resulted in a final cohort size of 217 patients (see
Figure 1A4). Gathered clinical data included age at NSCLC
diagnosis, gender, Eastern Cooperative Oncology Group
(ECOQG) performance status at diagnosis, smoking status
and—if attainable—packyears, neoadjuvant treatment
regimen, adjuvant treatment regimen, date of surgery,
histopathological diagnosis, overall tumor stage, pT-, pN-
and pM-status, tumor grading, resection status (RO, R1, or
R2), date and status of relapse, as well as date and status of
death or last contact.

With regard to histopathology, 75 of 217 patients
presented adenocarcinoma (ADC) growth pattern and
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105 of 217 had squamous cell carcinoma (SCC) histology.
The remaining 37 patients were diagnosed with large cell
carcinoma (LCC). Staging was performed according to the
sixth edition of Tumor Nodule Metastasis (I'NM) system
proposed by the “Union Internationale Contre le Cancer”
(UICC) (28). An update towards later TNM staging system
editions was not possible due to ethical concerns regarding
patient privacy and data protection. Moreover, complete
tissue specimen were paraffinized and no fresh frozen
tissues were available. Hence, mutations in the EGFR- (29),
and BRAF- (30), as well as translocations and fusions in
ALK- (31), and ROSI- (32) gene loci could retrospectively
not be assessed.

We used the online messenger ribonucleic acid meta-
analysis database ‘kmplot.com’ for NSCLC as a validation
cohort to evaluate the prognostic effect of POU2F1 gene
expression (affymetrix Probe ID 227254 _at) on the mRNA
level in 672 ADC patients and 271 SCC patients (see
Figure 1B). Regarding prior history of smoking, subcohort
analyses of the ADC cohort were performed for 140 non-
smokers and 231 smokers (33).

Protein expression analysis

The surgically resected primary tumor tissues were analyzed
via 4 pm-thick formalin-fixed paraffin-embedded (FFPE)
tissue microarrays ('MA). Each patient was represented by
three punch cores from the original tumor specimen (34).
Immunohistochemistry (IHC) was performed via the
peroxidase-conjugated avidin-biotin method, as described
previously (35). In brief, we used the rabbit polyclonal IgG
anti-POU2F1 antibody ab15112 (Abcam, Catalog Number:
ab15112) as primary antibody and immunoreactions were
detected via the biotinylated secondary antibody (Roche/
Ventana OptiView DAB IHC Detection Kit, Catalog
Number: 760-700). Positive controls were performed on
human tonsil tissues, negative controls on human healthy
lung tissue. All IHC results were examined independently
by three observers (ABS, GE, and BH) who were blinded
to the patients’ clinical information. A Leica DM4B and an
Olympus BX51 microscope with an average magnification
of x200 were used. The labeling indices were determined
including all carcinoma cells within the tissue cores. For
each punch core, the percentage of tumoral POU2F1
stain (0-100%) and the staining intensity from 0-3,
following Remmele et al. (36), were assessed. Analyses
were performed using the immunoreactive score (IRS) (37)
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Figure 1 Cohort selection of the protein expression cohort and the gene expression cohort. (A) By immunohistochemistry (IHC) protein

expression cohort was analyzed. Patients treated with neoadjuvant therapy were excluded due to possible interference with POU2F1

expression. Hence, 75 adenocarcinoma (ADC) patients, 105 squamous cell carcinoma (SCC) patients and 37 large cell carcinoma patients

(LCC) were analyzed. Of interest, the ADC subgroup was subdivided into smokers and non-smokers. (B) By selection of the gene expression

cohort’s histologic subtypes, n=201 cases were lost to further analysis. 672 ADC patients were available for survival analysis on POU2F1

mRNA overexpression, and 271 SCC patients could be evaluated. In 301 cases, information on smoking status of ADC patients was not

available. Hence, in the subgroup of ADC patients, 231 smokers as well as 140 non-smokers could be analyzed.

deriving semiquantitative immunohistochemistry analysis.
For the IRS, an ordinal category of the percentage of
nuclear positive tumor cells (i.e., 0: no positive cells, 1:
<10% positive cells, 2: 10-50% positive cells, 3: 51-80%
positive cells, 4: >80% positive cells) is multiplied by the
staining intensity (0, 1, 2, 3) and categorized as negative
(0-1), mildly positive (2-3), moderately positive (4-8) and
strongly positive (9-12). For statistical analysis, negative
and mildly positive specimens (IRS <3) were summarized
as ‘POU2F1 low’ and moderate to strongly positive ones
(IRS 4-12) were summarized as ‘POU2F1 high’. Samples
with discordant assessment results were re-evaluated until a
consensus was reached.

Gene expression analysis

mRNA-based survival analyses were performed using the
plotter on ‘kmplot.com’. Based on lung cancer microarray
mRNA analysis (38), data from the “Cancer Biomedical
Informatics Grid” (caBIG, ‘cabig.cancer.gov’), “Gene
Expression Omnibus” (GEO, ‘ncbi.nlm.nig.gov/geo’) and
“The Cancer Genome Atlas” (TCGA, ‘cancergenome.

nih.gov’) were merged to allow for meta-survival analysis
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on mRNA expression in NSCLC patients (33), available
at URL https://kmplot.com/analysis/ (date last accessed:
10/09/2022). To select for probes regarding POU2F1
mRNA, we chose the affymetrix Probe ID 227254 _at,
resulting in the above-mentioned cohort sizes (Figure 1B).
The Kaplan-Meier plotter tool divides the cohort into patient
groups with high versus low POU2F1 expression by median
mRNA gene expression of the respective gene set (39).

Ectopic expression and CRISPR-Cas9 system-mediated
knockdown of POU2F1 in buman NSCLC cells

We designed two independent single guide RNAs (sgRNAs)
targeting POU2F1 (V2 POU2F1 sgRNA1-2), using the
website http://crispr.mit.edu/. sgRNAs were cloned into the
lentiCRISPR V2 vector (Addgene, Watertown, MA 02472,
USA). Lentiviral transduction of the human NSCLC cell
line A549 was carried out as described previously (40).
Ectopic expression of POU2F1 in A549 cells was performed
via retroviral transduction as described previously (41).
pBABE-POU2F1 was a kind gift from Dean Tantin.
Ectopic expression and knockdown of POU2F1 (compared
to controls) were confirmed via western blot.
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Colony formation and proliferation assays

Colony formation and proliferation assays were performed
as described previously (40). In brief, human NSCLC A549
cells were plated in methylcellulose (MethoCult H4034
Optimum, STEMCELL Technologies Germany, 50933
Cologne, Germany). Colonies were scored after 5-7 days.
"To assess proliferation, we used the CTG-assay (Cell Titer-
Glo® Luminescent Cell Viability Assay, Promega Germany,
69190 Walldorf, Germany) according to the manufacturer’s
instructions. All experiments were performed independently
at least three times.

Statistical analysis

To describe the cohort and cell culture analyses, we used
mean, standard deviation (SD), median, interquartile range
(IQR; Q1-Q3), 95% confidence interval (CI) as well as
raw count and frequencies. Two-fold associations between
categorical variables were analyzed via Fisher’s exact test
or Chi-square test, if applicable. Continuous and ordinal
variables were tested using either unpaired #-test or Mann-
Whitney-U test, depending on the normality of the data. If
applicable, two-tailed P values were recorded.

Opverall survival (OS) included the time [days (protein
expression cohort) or months (gene expression cohort)]
between histopathological diagnosis and death or censoring.
Progression-free survival (PFS) was defined as time [days
(protein expression cohort) or months (gene expression
cohort)] between histopathological diagnosis and first
relapse, progress after initial treatment, death, or censoring
(last visit alive, lost to follow-up), depending on the first
chronological appearance. Univariate survival analyses
compared OS and PFS between groups by using Log
rank tests. Kaplan-Meier plots helped to visualize survival
differences. We performed univariate Cox Regression
analyses using the inclusion variable selection. Hazard ratios
(HR) are presented with 95% CI. Due to a small sample
size, a multivariate survival analysis was not performed
in the protein expression cohort. Due to patient privacy,
‘kmplot.com’ extracted data did likewise not allow for
multivariate survival testing. Data collection as well as
calculations were performed using IBM® SPSS® Statistics
Version 27 (released 2020, IBM Corp., Armonk, NY,
USA). The Kaplan-Meier plotter online tool (‘kmplot.
com’) automatically analyzes data by using the statistical
software R with its underlying ‘survplot’ command of the
survival Bioconductor package (33,42). Data of the Kaplan-
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Meier plotter online tool (‘kmplot.com’) were transferred
to IBM® SPSS® Statistics via text output of the underlying
raw data. Survival analyses in IBM® SPSS® Statistics were
thus performed, as mentioned before. The local significance
level was set to 0.05. Due to the explorative character of the
protein-expression analysis, an adjustment to multiplicity
was not determined.

Results

Baseline characteristics of the protein expression analysis
cobort

Baseline characteristics of the patient cohort analyzed for
nuclear POU2F1 protein expression are shown in Table 1.
Via histopathology, a total of 217 patients were subdivided
into 48.8% SCC, 34.6% ADC, and 17.1% LCC subtype.
Male gender (79.7%) was more frequent than female
gender. Among the selected cases, 76.9% of the patients
were smokers. All patients were primarily treated by surgery
and no neoadjuvant treatment was performed. According to
the 6™ edition TNM staging protocol (28) for lung cancer,
150 patients were classified as stage I NSCLC, 43 patients
as stage II, and 24 patients as stage III. Two thirds of
the tissue specimens showed high-grade tumors (G3/4).
Median progression free survival (PFS) in this cohort was
1,321 days, median overall survival (OS) was 1,592 days and
median follow-up was 2,744 days.

Correlations of clinical and bistological parameters with
POU2F1 protein expression

Immunoreactive score (IRS) (36,37) differentiated between
low POU2F1 (i.e., IRS 0-3 =62.7% of the cohort) and
high POU2F1 expression (i.e., IRS 4-12 =37.3%) (see
Figure 2 for staining intensity). High POU2F1 expression
was significantly associated with male gender (P=0.035),
higher age (68.54 vs. 65.74 years, P=0.013) and high grade
(G3/4) NSCLC tumors (P=0.009) (see Table I). Moreover,
high POU2F1 protein expression was also found more
frequently in LCC and less frequently in ADC (P=0.011).
Of marginal statistical significance, we found high POU2F1
expression more often in R1/2 resected tumors (P=0.046).
Nevertheless, POU2F1 expression was neither associated
with higher pT (P=0.848), pN (P=0.542) nor with pTNM
staging (P=0.245), nor with smoking (P=0.621) or ECOG
performance status (P=0.956). Finally, PFS (P=0.902) as
well as OS (P=0.958) did not differ between patients with
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Table 1 Baseline characteristics of the protein expression immunohistochemistry cohort

Entire cohort POU2F1 low POU2F1 high
Characteristics ltems P value
Total n=217 %* n=136 %* n=81 %*
Age (years) Mean (+ SD) 66.79 (+8.23) 65.74 (£8.41) 68.54 (+7.66) 0.013*
Median (Q1-Q3) 67.26 (62.40-72.16)
Sex Male 173 79.7 102 75.0 71 87.7 0.035°
Female 44 20.3 34 25.0 10 12.3
ECOG 0 26 12.0 18 13.2 8 9.9 0.956°
I 175 80.6 106 77.9 69 80.6
-1 16 7.4 12 8.8 4 4.9
Smoking status Non-smoker 50 23.1 30 22.1 20 25.0 0.621°
(n°=216) Smoker 166 76.9 106 77.9 60 75.0
Histopathology Squamous cell (SCC) 105 48.4 60 441 45 55.6 0.011¢
Adeno (ADC) 75 34.6 57 41.9 18 22.2
Large cell (LCC) 37 17.1 19 14.0 18 22.2
Grade (n*=214) G1 2 0.9 2 1.5 0 0.0 0.009°
G2 63 29.4 45 33.6 18 22,5
G3 119 55.6 74 55.2 45 56.3
G4 30 14.0 13 9.7 17 21.3
Resection RO 212 97.7 135 99.3 77 95.1 0.046°
R1 4 1.8 1 0.7 3 3.7
R2 1 0.5 0 0.0 1 1.2
UICC6 pT pT1 65 30.0 42 30.9 23 28.4 0.848°
pT2 129 59.4 77 56.6 52 64.2
pT3 15 6.9 11 8.1 4 4.9
pT4 8 3.7 6 4.4 2 25
UICC6 pN pNO 164 75.6 101 74.3 63 77.8 0.542°
pN1 40 18.4 26 19.1 14 17.3
pN2 13 6.0 9 6.6 4 4.9
UICC6 cM cMO0 217 100.0 136 100.0 81 100.0
UICC6 pTNM Stage | 150 69.1 91 66.9 59 72.8 0.245°
Stage Il 43 19.8 26 19.1 17 21.0
Stage IlI 24 11.1 19 14.0 5 6.2
PFS (days) Median (95% CI) 1,321 (946.4-1,695.6) 1,322 (980.9-1,663.1) 1,117 (188.6-2,045.3) 0.902°
OS (days) Median (95% Cl) 1,592 (1,119.7-2,064.3) 1,460 (941.6-1,978.4) 1,657 (677.8-2,636.2) 0.958°
Follow-up (days) Median (95% Cl) 2,744 (2,586.2-2,901.8) 2,808 (2,641.7-2,974.3) 2,558 (2,349.8-2,766.2) 0.065°

%*, % of non-missing values; n*, non-missing values; P values calculated by ? Student’s t-test; °, Fisher’s exact test; ¢, Mann-Whitney-U
test; ¢, Chi-square test; °, log-rank test. ECOG, eastern cooperative oncology group performance status; pT, pathological tumor status;
pN, pathological lymph node status; cM, clinical metastasis status; PFS, progression-free survival; OS, overall survival; UICC, Union
Internationale Contre le Cancer.
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Polyclonal IgG anti-OCT1 antibody
ab15112
(Abcam, Catalog Number: ab15112)

Figure 2 Nuclear protein expression of POU2F1 in non-small cell lung cancer (NSCLC) tissue micro array (TMA) cores. Exemplary TMA

photographs split by immunohistochemistry (IHC) staining intensity (A) IHC 3, intensive staining, (B) IHC 2, moderate staining, (C) IHC

1, mild staining, (D) IHC 0, negative staining. For evaluation, these parameters were merged with the percentual number of positive tumor

cells into the Immunoreactivity Score by Remmele (IRS). (E) TMA with normal lung tissue (NLT) as negative control. Bottom right scale

indicates 100 pm.

low versus high POU2F1 protein expression in the overall
cohort (see Table 1).

High expression of POU2F1 confers improved survival in
smokers with NSCLC adenocarcinoma

Regarding the entire patient cohort, expression of POU2F1
did not have any prognostic impact on survival of SCC
patients, neither on protein [median OS: low expression
1,390 days vs. high expression 1,121 days, P=0.889; HR 0.97
(95% CI: 0.60-1.55)] nor on mRNA level [median OS: low
expression 68.0 months vs. high expression 45.0 months,
P=0.484; HR 1.12 (95% CI: 0.82-1.53)] (see Figure 34,3B).
However, ADC patients with high POU2F1 mRNA-
expression levels had a significantly improved OS [median
OS: low expression 79.9 months vs. high expression
136.3 months, P<0.001; HR 0.58 (95% CI: 0.45-0.75)],
but only revealed an insignificant trend towards improved
survival in the protein expression analysis [median OS:
low expression 2,096 days vs. high expression not reached,
P=0.154; HR 0.53 (95% CI: 0.22-1.28)] (see Figure 3C,3D).
ADC patients also showed significantly longer PES in the
mRNA-based analysis (median PFS: low expression, n=222,
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20.1 months vs. high expression, n=221, 42.7 months,
P<0.001) but only a non-significant trend towards improved
PES in the evaluations of IHC-driven protein expression
(median PFS: low expression 1,526 days vs. high expression
not reached, P=0.183; data not shown). The analysis of the
SCC subcohort resulted in equivalent PFS rates for patients
with low vs. high POU2F1 expression in both, the protein-
based (median PFS: low expression 1,322 days vs. high
expression 921 days, P=0.707) as well as the mRNA-based
evaluations (median PFS: low expression, n=70, 12.1 months
vs. high expression, n=71, 12.6 months, P=0.470; data not
shown).

Next, we re-analyzed the ADC cohorts based on the
smoking status of the patients. While for non-smokers,
overexpression of POU2F1 was not associated with
significant survival differences neither in the protein-based
[median OS low 2,727 days wvs. high 1,930 days, P=0.198;
HR 2.50 (95% CI: 0.59-10.53)] nor in the mRNA-based
analyses [median OS low not reached vs. high not reached,
P=0.082; HR 0.48 (95% CI: 0.20-1.12)] (see Figure 3E,3F),
but OS was significantly longer in ADC patients with a
history of smoking in both cohorts [protein expression
cohort: median OS low 1,460 days vs. high not reached,
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Figure 3 Median overall survival (OS) of NSCLC patients with high (green) vs. low (blue) POU2F1 protein expression (A,C,E,G) and gene
expression (B,D,FH). Hazard ratos (HR) derive univariate Cox-Regression using inclusion variable selection. POU2F1 low expression was

used as reference variable and HR are presented with 95% confidence intervals in brackets. OS did not differ in patients with squamous

cell carcinoma (SCC) regarding (A) protein expression level and (B) gene expression level. (C) In the protein expression cohort, n=75

adenocarcinoma (ADC) did not reveal a significant survival benefit in patients with high POU2F1 protein expression (P=0.154), but (D)

gene expression analysis of n=672 revealed beneficial survival (P<0.001). While non-smokers with high POU2F1 expression did not show

improved OS, neither by analysis of (E) protein expression (P=0.198) nor (F) gene expression (P=0.082), smoker subgroup analyses in ADC

demonstrated a significantly longer OS in patients with both (G) high POU2F1 protein (n=56, P=0.035) and (H) gene expression levels

(n=231, P=0.0005).
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P=0.035; HR 0.30 (95% CI: 0.09-0.99); gene expression
cohort: median OS low not reached vs. high not reached,
P<0.001; HR 0.41 (95% CI: 0.24-0.69)] (see Figure 3G,3H).
Thus, high expression of POU2F1 mediates improved
outcome in smokers with ADC of the lung.

Association of PD-L1 protein expression and T-lymphocytic
tumor infiltration with POU2F1 protein expression

PD-L1 is a marker of immune-evasion via the T-cellular
PD-1 and tumoral PD-L1 receptor axis (43) and nowadays,
inhibition of both receptors is common in systemic
treatment of locally advanced (44) as well as metastasized
NSCLC (45,46). Moreover, high tumor infiltration of
CD8" T-cytotoxic (T;) cells is a marker of the patients’
immunoactivity and confers improved survival in PD-L1
low NSCLC tumor tissue (47). A positive correlation of
POU2FI expression with PD-L1 expression in NSCLC
cell lines has been reported previously (48). Hence, we
performed post-hoc correlation analyses of POU2F1 and PD-
L1 protein expression (n=216) (43) as well as correlations
with CD4" T-helper (T}) cell, CD8" T, cell and FOXP3"
T-regulator (T,,,) cell infiltration (n=205) (47) in our protein
expression cohort.

However, regarding protein expression, we did not
detect any association of tumoral PD-L1 positivity with
high POU2F1 protein expression in the overall cohort
(P=0.872). In the subgroup of ADC patients, raw counts
indicated a slightly higher PD-L1 expression in POU2F1
overexpressing tumors, but statistical significance was not
reached (P=0.246), potentially due to the small sample size.
Smoking status did not have influence on tumoral PD-L1
expression intensity (both P=1.000 for smokers and non-
smokers) (see Table S1). With respect to T-cellular
infiltration, neither T}, cell infiltration (all P>0.05, data not
shown) nor T, cell infiltration (all P>0.05, data not shown)
could be correlated to nuclear POU2F1 protein expression.
Yet, a significantly higher proportion of FOXP3" T, cells
in POU2F1 overexpressing tumors was documented in
the entire cohort (P=0.001) as well as in the smoker cohort
(P=0.005), whereas in the ADC subcohort, no significant
correlation between numbers of FOXP3" T, cells and
POU2F1 expression could be detected (P=0.090) (see
Table S2).

Thus, we did not determine a clear association between
expression levels of POU2F1 and immune cell infiltration
or immune escape of NSCLC tumors, respectively.
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CRISPR-Cas9 system-mediated knockdown of POU2F1
does neither affect clonogenic growth nor proliferation of
buman NSCLC cells in vitro

To investigate the functional role of POU2F1 in lung
cancer, we induced a CRISPR-Cas9 system-mediated
knockdown of POU2F1 in human A549 NSCLC cells.
Knockdown of POU2F1 neither had any significant impact
on clonogenic growth of NSCLC cells (see Figure 44) nor
on proliferation after 1, 4 and 7 days of culture as assessed
via CTG-assay and as compared to empty vector controls
(see Figure 4B). POU2F1 protein knockdown was confirmed
via western blot (see Figure 4C).

Overexpression of POU2F1 impairs clonogenic growth and
proliferation of buman NSCLC cells in vitro

Next, we induced overexpression of POU2F1 in human A549
NSCLC cells via retroviral transduction. Overexpression
of POU2F1 resulted in both, significantly reduced
clonogenic growth of NSCLC cells (see Figure 5A) as well
as significantly impaired proliferation as assessed via CTG-
assay after 1, 3 and 5 days of culture and as compared to
empty vector-transduced control cells (see Figure 5B).
Again, successful overexpression of POU2F1 was confirmed
by western blot and compared to controls (see Figure 5C).

Thus, POU2F1 overexpression significantly impairs
cell growth as well as proliferation of human NSCLC cells
in vitro.

Discussion

Educational work on smoking-induced damage sustains
primary prevention (49) and early detection via lung cancer
screening in a prespecified high-risk cohort might help
to reduce lung cancer-specific mortality (7,50). However,
lung cancer is often detected in a locally advanced or even
metastasized situation and hence, individual treatment
options are needed to improve outcome (10). Smoking
accounts for the majority of lung cancer cases, and patients
with smoking-related lung cancer are known to harbor a
higher tumor mutational burden (TMB) and a differential
transcriptome (9), driving a malignant phenotype that differs
from tumors of non-smoking patients (5,8). While in non-
smokers, targetable driver mutations, such as ALK, EGFR,
ROS1 and BRAF are more common (10), targetable genetic
alterations in smokers are rare to date. Aberrant expression
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Figure 4 CRISPR-Cas9 system-mediated knockdown of POU2F1 does not impair clonal growth or proliferation of human A549
NSCLC cells. (A) Knockdown of POU2F1 did not induce significant changes of colony numbers as assessed by colony formation assay
in methylcellulose and (B) proliferation as assessed by CT'G-assay. (C) Efficient CRISPR-Cas9 system-mediated knockdown of POU2F1
compared to empty vector-transduced cells was confirmed by immunoblotting. Error bars represent standard deviations (SD) of at least
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Figure 5 Overexpression of POU2F1 impairs clonal growth and proliferation of human A549 lung cancer cells. (A) Retroviral
overexpression of POU2F1 significantly reduced colony numbers as assessed by colony formation assay in methylcellulose and depicted via
bar chart and (B) proliferation of human A549 NSCLC cells as assessed by CTG-assay compared to empty vector controls. (C) Expression
of POU2F1 in human A549 NSCLC cells compared to control assessed via western blot. Error bars represent standard deviations (SD) of at

least three independent experiments. Total amounts of protein were measured by B-actin.
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of transcription factors (TF) is frequent in NSCLC, and
the differential tumor transcriptomes of smokers vs. non-
smokers with lung cancer include a differential signature of
tobacco exposure for various TF families (6,51).

POU2F1 is a member of the POU family of
transcription factors that is widely expressed in human
tissues and regulates cellular proliferation as well as immune
modulation. Moreover, POU2F1 has been implicated in
various types of epithelial cancers (18,20-27), while in
patients with NSCLC its role had not been defined yet.

Here, we show that high expression of POU2F1 confers
significantly improved outcome to smokers with ADC of
the lung. Correspondingly, overexpression of POU2F1
significantly impaired both, clonogenic growth as well as
proliferation of human A549 cells. Conversely, CRISPR-
Cas9 system-mediated knockdown of POU2F1 did not
affect proliferation or clonogenic growth of NSCLC cells.

The role of POU2F1 in cancer biology remains
controversial since it has been identified as both, an oncogene
as well as a tumor suppressor in different cancer entities
(19,52-56). Results from cell culture and mouse model-
based analyses suggested a POU2F1-induced immune-
evasion via upregulation of tumoral PD-L1 expression
in ADC of the lung (48). However, our study conducted
in primary patient samples did not show any correlation
between POU2F1 and PD-L1 expression, indicating that
promotion of immune escape may not be the key function
of POU2F1 in NSCLC patients. The variation between
results is likely due to the usage of different experimental
models since our analysis derived surgically obtained tissue
whereas the previous work was performed using NSCLC
cell lines.

At the transcriptional level, POU2F1 mediates both
repression as well as activation of gene expression, even at
the same target, by associating with different chromatin-
modifying enzymes in a regulated manner (57). This
may explain at least in part why aberrations of POU2F1
expression and/or actions can result in opposing ways in
cancer. For instance, one of the known targets of POU2F1
is Gadd45a, a gene encoding a small protein belonging to
the family of growth arrest- and DNA damage-inducible
(GADD) proteins with versatile functions in control of cell
cycle, apoptosis, and senescence (58-62). Depending on
the oncogenic stress, Gadd45a can act as both, promoter
or suppressor of cancer (63,64). Gadd45a is required
for early embryonic cells to exit pluripotency and enter
differentiation (65), and POU2F1-mediated transcription
of GADD45 induces cellular growth arrest and apoptosis
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(66,67). Cigarette smoking induces oxidative stress,
and POU2FI is a known stress sensor modulating the
activity of various genes orchestrating the cellular response
to stress (68). Moreover, exposure to cigarette smoke
downregulates the POU2F1 coactivator POU2AF1 (69,70).
Thus, we hypothesize that suppression of POU2F1
activity may promote progression of NSCLC and a more
aggressive phenotype via repression of genes regulating
growth arrest and apoptosis (e.g., Gadd45a) in a subset of
smokers with NSCLC, whereas maintained expression
of POU2F1 associates with improved survival of these
patients. POU2F1 is post-translationally regulated by
phosphorylation, ubiquitination and O-GlcNAcylation
(71-74). While direct pharmacological targeting of
POU2F1 with the intention to increase its expression and/
or activity is out of reach, our data suggest POU2F1-
regulated signaling pathways and genes as promising novel
targets for future therapeutic approaches in NSCLC.

Conclusions

While POU2F1 protein and gene expression did not have
impact on survival in patients with squamous cell growth
pattern, especially POU2F1 high expressing tissue of
smokers with adenocarcinoma of the lung was associated
with improved outcome. In vitro A549 cell analyses stated
the effect of reduced colony formation and proliferation
upon POU2F1 overexpression but knock down of POU2F1
did not alter clonogenic growth or proliferation. While
smokers often harbor loss-of-function mutations that are
hardly targetable, POU2F1 expression might be a potential
pharmaceutical target in this specific subset of NSCLC-
patients. To fully understand its impact on NSCLC,
further studies are needed to explore POU2F1’s cellular
interactional behavior towards its co-players.
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Supplementary

Table S1 Post-hoc correlation of POU2F1 expression with PD-L1 staining intensity in TMA tissue

PD-L1 (IHC 0-1) PD-L1 (IHC 2-3) P value
A-Overall cohort
POU2F1 low (IRS 0-3) 102 (75.0%) 34 (25.0%) 0.872
POU2F1 high (IRS 4-12) 59 (73.8%) 21 (26.3%)
B-SCC subcohort
POU2F1 low (IRS 0-3) 49 (81.7%) 11 (18.3%) 0.631
POU2F1 high (IRS 4-12) 35 (77.8%) 10 (22.2%)
C-ADC subcohort
POU2F1 low (IRS 0-3) 42 (73.7%) 15 (26.3%) 0.246
POU2F1 high (IRS 4-12) 10 (58.8%) 7 (41.2%)
D-Smoker
POU2F1 low (IRS 0-3) 80 (75.5%) 26 (24.5%) 1.000
POU2F1 high (IRS 4-12) 44 (74.6%) 15 (25.4%)
E-Non-smoker
POU2F1 low (IRS 0-3) 22 (73.3%) 8 (26.7%) 1.000
POU2F1 high (IRS 4-12) 14 (70.0%) 6 (30.0%)

P values were calculated with Fisher’s exact test, n=216 patients in the gene expression cohort (1 missing), n=215 patients in the smoking
status cohort (2 missing).

Table S2 Post-hoc correlation of POU2F1 expression with FOXP3" T-cell infiltration in TMA tissue

FOXP3* T-cells (< mean) FOXP3* T-cells (= mean) P value
A-Overall cohort
POU2F1 low (IRS 0-3) 104 (82.5%) 22 (17.5%) 0.001
POU2F1 high (IRS 4-12) 48 (60.8%) 31 (39.2%)
B-SCC subcohort
POU2F1 low (IRS 0-3) 43 (82.7%) 9 (17.3%) 0.012
POU2F1 high (IRS 4-12) 25 (58.1%) 18 (41.9%)
C-ADC subcohort
POU2F1 low (IRS 0-3) 48 (85.7%) 8 (14.3%) 0.090
POU2F1 high (IRS 4-12) 12 (66.7%) 6 (33.3%)
D-Smoker
POU2F1 low (IRS 0-3) 80 (81.6%) 18 (18.4%) 0.005
POU2F1 high (IRS 4-12) 35 (60.3%) 23 (39.7%)
E-Non-smoker
POU2F1 low (IRS 0-3) 24 (85.7%) 4 (14.3%) 0.162
POU2F1 high (IRS 4-12) 13 (65.0%) 7 (35.0%)

P values were calculated with Fisher’s exact test, n=205 patients in the overall cohort (12 missing), n=204 patients in the smoking status
cohort (13 missing).
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