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INTRODUCTION

Despite the progress in the field of cancer research and clinical management, the 5-year
survival in lung cancer remains dramatically poor. Annually, lung cancer kills more people
worldwide than breast cancer, colorectal cancer and prostate cancer combined !. Nevertheless,
lung cancer research receives less funding than either of the aforementioned cancer types,
both globally and nationally?-.

Early diagnostics and treatment have improved lung cancer survival, however the majority of
patients will relapse and die within few years after initial diagnosis. Poor and diverse
treatment response in and between patients represents a major challenge, and the need for an
improved and more personalized treatment strategy is crucial.

Tobacco smoking is the major contributor to this disease, yet a number of never-smokers,
especially women, are developing lung cancer today. This emphasizes the need to explore
additional risk factors and causes of lung cancer.

Our group previously revealed a gender related significance of human epidermal growth
factor receptor 2 (HER-2) in NSCLC, confirming reports indicating gender-related
differences in NSCLC*>. To further elucidate the potential of a gender-related subtyping of
NSCLC patients, we herein investigated the prevalence and prognostic role of sex steroid
hormone receptors (SHRs) in NSCLC. By constructing tissue microarrays from cohorts of
surgically resected NSCLC patients, we analyzed the expression and prognostic impact of the
SHRs progesterone receptor (PR), estrogen receptor o (ERa) and B (ERP), and the aromatase
enzyme (AR). Further, we analyzed the prevalence and the prognostic role of the microRNA
cluster miR-143/miR-145, reported to be associated with the estrogenic pathway in malignant
growth. Our results confirm gender-related molecular discrepancies in NSCLC, indicating a

potential role of endocrinology-related biomarkers in NSCLC patients.
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1.1

BACKGROUND

Lung cancer

1.1.1 Epidemiology

Today, lung cancer has become the deadliest cancer type worldwide, and accounts for 1.6

million lung cancer deaths, each year'. Geographical variations exists, and the age-adjusted

incidence rates are highest in Central and Eastern Europe for males (43.5 in 100.000) and

Northern America (33.8 in 100.000) for females®. Mortality rates follow the incidence rates

with regards to geographical patterns!. In Norway, 1615 males and 1465 females were

diagnosed with lung cancer in 2016. This represents a 6% decrease for male incidence, but a

fearsome 9% increase in female incidence in the most recent five-year period, compared to

the previous five-year period (Figure 1)’. Historically speaking, the large majority of lung

cancer patients used to be male. In Norway, the gender difference has evened out during the

last decades with a male:female ratio of 1.3 today compared to 4.0 in 19827,
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Figure 1 Lung cancer incidence (top line) and mortality (middle line) rates from 1965-2016
in Norway. 5-year survival (bottom line) is presented on the right side of the curve. Figure

adapted from “Cancer incidence, mortality, survival and prevalence in Norway, Cancer in
Norway 2016



Globally, however, gender rates vary greatly with some countries reporting an increasing
male and female incidence (Brazil, Japan), while others are reporting a declining incidence in
both genders (Hong Kong, the U.S.). Observations from Canada and Denmark show a
decrease in male incidence accompanied by an increase in female incidence, as is observed in

Norway (Figure 1)°.

1.1.2 Etiology and risk factors

Cigarette smoking remains the predominant risk factor for developing lung cancer and
accounts for 80-90% of lung cancer cases in the Nordic region®. Prior to the smoking
epidemic reaching its peak in the 1950’s, lung cancer was a rare disease’. There is a steep
increase in relative risk of developing lung cancer according to smoking duration and number
of cigarettes smoked per day!®. The risk seems to be similar for both men and women, given
the same level of tobacco consumption!!"!?. Additionally, genomic mapping has revealed a
10-fold higher gene mutation prevalence in smokers, compared to non-smokers, further

increasing the chance of neoplastic development!'*

. Other risk factors include passive
smoking, previous lung disease, radon exposure, air pollution, genetic susceptibility and
occupational pollutions including asbestos, arsenic and silica!*!6. There has been a significant
reduction in every-day smokers in the last 20 years, with only 15% of the Norwegian
population reporting daily tobacco smoking in 20148, Lung cancer deaths are declining today,
reflecting the decrease primarily in the number of male smokers. For females, there has been
an increase in the annual lung cancer incidence, most likely due to the fact that historically,
women started smoking later than men, but the lung cancer death rate seems to have reached a
plateau!”. The majority of never-smokers with lung cancer are women and an increase in lung
cancer incidence among never-smoking females is observed, rendering the possibility of

another important risk factor contributing to the disease, besides smoking!®. Female NSCLC

patients live longer than males suffering from the same disease, and older women (>60 years)
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show improved survival compared to younger women with the same disease®!®!°. This may
suggest gender-related differences in the pathogenesis of lung cancer, and a possible role for
sex steroid hormones as pre-menopausal women are subjected to higher levels of circulating
sex hormones than post-menopausal women. Several large, randomized studies have reported
associations between estrogen plus progestin therapy and increased lung cancer incidence and
mortality in females, further proposing sex steroids as contributors to this disease?’-23.

Age is a risk factor for developing lung cancer in both smokers and non-smokers with a

median age at diagnosis close to 70 years, and represents a negative prognosticator for lung

cancer survival (Figure 2)724%,
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Figure 2 Trends in survival according to age at diagnosis. Figure adapted from ~Cancer
incidence, mortality, survival and prevalence in Norway, Cancer in Norway 2016,

The risk of developing lung cancer increases in patients with chronic disease and dysregulated

immune response (e.g. HIV), which both are described as contributors to the development of

neoplastic disease?S.
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1.1.3 Histopathology

1.1.3.1 Premalignant lesions of the lung

The histological components constituting the respiratory tree may be divided into central and
peripheral compartments, serving different physiological roles in respiration?’. Chronic
irritation of central airways (e.g. tobacco smoking, air pollution) may cause aberrant
maturation and differentiation of normal bronchial epithelium into squamous cell
metaplasia®’. Subsequently, squamous dysplasia may occur in various degrees. A severe
degree of dysplasia, designated as carcinoma in situ, may progress to an infiltrating malignant
tumor?®. Atypical adenomatous hyperplasia (AAH) and adenocarcinoma in sifu (AIS) may
arise in pneumocytes or bronchiolar secretory cells, and is often localized more peripherally®.
The accumulation of molecular alterations causing the development of premalignant lesions
have been intensively explored in order to reveal biomarkers that may aid early detection of

lung cancer?3-3°,

1.1.3.2 Histopathology of lung cancer

As previously mentioned, a further progression of premalignant lesions of the lung will
eventually lead to the development of invasive lung carcinoma, where non-small cell lung
cancer (NSCLC) is the predominant type of primary carcinoma of the lung (85% of cases)
and small cell lung carcinoma (SCLC) comprises the remaining 15 %2*. NSCLC is further
classified based on morphology into histopathological subtypes and in a subset of cases by
additional immunohistochemical (IHC) analysis, as recommended in the 2015 World Health
Organization (WHO) Classification?!. This is in contrast with previous WHO
recommendations where light microscopy of hematoxylin and eosin stained tissue samples
mainly based on morphology, was recommended in the classification routine. The importance
of sub-classifying the major pathological groups in NSCLC in squamous cell carcinoma

(SCC) and adenocarcinoma (ADC), has gained new attention parallel with the development of
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personalized medicine in lung cancer treatment®2. There is an increasing need for specific
mapping of histologic and genetic characteristics of tumors in order to tailor treatment, as
targeted treatment are becoming widely available in the management of NSCLC?3.
Historically, SCC has been the most common subtype of NSCLC, but due to changes in
smoking behavior ADC now represents the predominant NSCLC subtype?®. During the late
50’s, filtered cigarettes were introduced allowing deeper inhalation of carcinogens. Further,
the diagnostic advancements facilitating biopsies of the small, peripheral tumors often
comprised of ADC, increased the ADC frequency**3. ADC comprises the dominant subtype
in non-smokers, women and Asian patients. Smoking is however, the most common cause of
ADC, as with SCC?%%, Histologically, ADCs are characterized by cells forming glandular
structures and occasional mucus production, while SCC may be keratinizing, non-keratinizing
or showing a lower differentiated basaloid morphology?®.

To accurately sub-classify the histological groups, specific IHC markers are utilized: the
thyroid transcription factor (TTF1) is expressed by pneumocytes and in most ADCs. The
transformation-related protein 63 (p63) and more specifically its isoform p40 are expressed in
bronchial epithelium and in most SCCs?. Despite challenges including cross-reaction with
normal pulmonary and bronchial cells, IHC staining for these markers is of acceptable
sensitivity and specificity*°. The previously more common subtype undifferentiated large-cell
carcinoma (LCC) constitutes now only an exclusion diagnosis (3% of cases), if no IHC
markers characterizing SCC or ADC are observed in tumor cells?®. Targeted therapy is
becoming widely available in NSCLC treatment, thus all resected NSCLC tumors are
immunohistochemically tested for the expression of programmed cell death protein ligand 1
(PD-L1). Additionally, all non-SCC lung tumors are tested for the presence of driver
mutations in epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase

(ALK).
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Due to tremendous advances in genomic mapping during the last decades, several driver
mutations have been described to be associated with NSCLC, the most important being EGFR
and ALK, as described in chapter 1.1.3.2 and 1.1.6.2. Other gene mutations often occurring in
NSCLC include: KRAS, ROS1, PIK3CA, HER-2, BRAF and AKT?. These driver mutations
may represent potential therapeutic targets in subgroups of patients, but remain to be further
evaluated in long term of clinical practice.

Regardless of histological subtype, the most frequent sites of lung cancer metastasis include
bone, brain, adrenal glands and liver and are single handedly responsible for the majority

(70%) of lung cancer related deaths®’.

1.1.4 Diagnosis and staging

Symptoms and signs of lung cancer may be vague and unspecific, causing a delay in
diagnostics. Cough, shortness of breath, and chest/shoulder pain are common symptoms in
non-malignant diseases affecting the lung (e.g. pneumonia), but may also indicate an
underlying lung malignancy®. Other symptoms include hemoptysis, vena cava superior
syndrome and stridor, which all indicate the need of rapid medical attention. A study of 2293
consecutive NSCLC patients reported that at the time of diagnosis, 62.1% and 62.0% of the
patients had cardiovascular disease and chronic obstructive pulmonary disease (COPD),
respectively®®. The high degree of co-morbidity may further obscure lung cancer symptoms.
Early diagnostics are pivotal in order to treat the patient with a curative intent. Unfortunately,
the majority of patients present with an advanced disease at the time of diagnosis, severely
limiting the possibility of a curative treatment®.

The diagnostic procedure of lung cancer includes the determination of histological subtype,
tumor stage according to the 8" edition of the TNM (tumor, node, metastasis) classification of
malignant tumors, published by the Union for International Cancer Control (UICC), and

clinical stage (I-IV)®*. The diagnostics are usually initiated with a chest X-ray upon clinical
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suspicion, and a follow-up computer tomography (CT) of the chest and upper abdomen

(Figure 3).

Chest x-ray indicated due to symptoms and/or findings suspicious of lung cancer

Chest x-ray H Normal F Low suspicion of —|Yes Observe
lung cancer Treat
)\
Pathologic ————|CT chest and upper abdomen No

&
/ Bronchoscopy (if indicated) |
{ J \

No metastases, N 0-1 + N2 + Pleural effusion +s ted metast

Potentially curable + N3 + Pleural pathology pepeciedmetastases
[ 1] | )

| —— ——| l

PET-CT N + N2 . FNA/EBUS/EUS Cytology - toracoscentesis || Cytology
MR caput (St III) + N3 Mediastinoscopy Histology - toracoscopy Histology

I I ] I |
l v l
+ Pleural effusion malignancy

No metastases, no N2-3 + Malignant pleural biopsy
and no MPE ‘ + N2 ‘ ‘ + N3 + Metastase (by cytology/histology)

Stl-ll ‘ St IlIA - local- reglonaldlsease StIIIB St Iﬂ

‘ Thorax meetlng

‘CUWRABLE‘ | POTENTIALIYCURABLE < - \PALLIATIVE

Figure 3 Adapted from “Nasjonalt handlingsprogram med retningslinjer for diagnostikk,
behandling og oppfolging av lungekreft, mesoteliom og thymom” ¢, modified by Kaja
Skjefstad.

Abbreviations: PET-CT; positron emission tomography-computed tomography, FNA; fine
needle aspiration, EBUS; endobronchial ultrasound, EUS, esophageal ultrasound, MPE;
malignant pleural effusion.

Depending on the radiologic results, further diagnostics aim to collect tissue samples for
histopathologic evaluation using the method that provides most tumor tissue at the lowest risk
for the patient. Further diagnostics are performed according to Figure 3. The final decision
regarding treatment strategy and whether treatment is according to a curative or palliative

aim, is based on multidisciplinary team meetings (radiologist, oncologist, thoracic surgeon,
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pulmonary physician and pathologist) and final TNM status®. The implementation of the 8%
UICC TNM edition started in January 2017 and was based on a database containing 94 708
NSCLC patients from 16 different countries, collected by the International Association for the
Study of Lung Cancer (IASCLC) Staging and Prognostic Factors Committee*’. In the
transition from the 7% to the 8™ edition, no changes were made in the N descriptors. The 7%
UICC TNM edition introduced an enhanced focus on tumor size which was maintained, and
further emphasized, in the 8" edition by implementing additional T size cutoff points (Table
1)*#4 TINOMO was sub-divided into Tla, T1b and Tlc, according to tumor size. This
subsequently caused the implementation of new staging groups: clinical stage IA was further
divided into IA1, IA2 or [A3, according to the T descriptor. Further changes included 1) A
new stage IIIC: including T3-T4N3MO cases. This addition was implemented due to a
significantly worse prognosis compared to patients with tumors remaining in stage I11B. 2)
Stage IV was subdivided into IVA including any T, any N and M1a or M1b vs. IVB including
any T, any N and M1c, 3) Tis (in situ) was introduced with recommendations of
distinguishing between histologic Tis type (Tis AIS for adenocarcinoma in situ and Tis SCIS
for squamous cell carcinoma in sifu)***2. M1c represents a new M descriptor, classifying
tumors with multiple metastasis in one or several organs, while M1b represents tumors with a

single extra thoracic metastasis*?.
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Table 1 The 8" edition of TNM classification and staging of lung cancer. Adapted from “The
IASLC Lung Cancer Staging Project: Proposals for Revision of the TNM Stage Groupings in
the Forthcoming (Eighth) Edition of the TNM Classification for Lung Cancer”#.

Disease Substage | T descriptor N descriptor | M descriptor
Stage
Occult X NO No MO No distant
carcinoma regional metastases
Stage 0 Tis Carcinoma in situ? lymph node
Stage I 1Al T1mi (minimally invasive)® metastases
Tla Tumor <1 cm
1A2 Tlb Tumor>1cm <2cm
IA3 Tlc Tumor>2 cm <3 cm
IB T2a Tumor >3 cm <5 cm®
Stage II A T2b Tumor >4 cm < 5 cm®
1B Tla-c N1t
T2a-b N1
T3 Tumor >5cm <7 cm! NO
Stage 111 1A Tla-c N2&
T2a-b N2
T3 N1
T4 Tumor > 7 cm® NO, N1
111B Tla-c N3h
T2a-b N3
T3 N2
T4 N2
IIC T3 N3
T4 N3
Stage IV | IVA Any T Any N Mla!
Any T Any N Mib*
IVB Any T Any N Mic!
*Tis includes squamous carcinoma in situ and adenocarcinoma in situ
® Solitary adenocarcinoma < 3 ¢cm, with a predominantly lepidic pattern, < 5 mm invasion
¢T2: tumor < 3 cm, but < 5 cm, or tumor with any of the following characteristics: involves main bronchus,
not carina. Invades visceral pleura. Associated with atelectasis or obstructive pneumonitis that extends to the
hilar region either involving part of or the entire lung
dor any that directly invades: parietal pleura, chest wall (including superior sulcus tumors), phrenic nerve,
parietal pericardium; or separate tumor nodule(s) in the same lobe as the primary
¢or of any size that invades: diaphragm, mediastinum, heart, great vessels, trachea, recurrent laryngeal nerve,
oesophagus, vertebral body, carina; separate tumor nodule(s) in a different ipsilateral lobe to that of the
primary
"metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and intrapulmonary nodes,
including involvement by direct extension
¢ metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s)
" metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or contralateral scalene, or
supraclavicular lymph node(s)
Jseparate tumor nodule(s) in a contralateral lobe; tumor with pleural or pericardial nodules or malignant
pleural or pericardial effusion
¥ single extrathoracic metastasis in a single organ, including a single non-regional node
'multiple extrathoracic metastasis in a single or multiple organs
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1.1.5 Lung cancer screening

“The principles and practice of screening for disease” was published by the WHO in 1968 to
aid the decision process of whether or not to implement a screening program or test for a
given disease*>**. Herein, 10 key principles are listed including “There should be an agreed
upon policy on whom to treat as patients” and “The cost of case-finding should be
economically balanced in relation to possible expenditure on medical care as a whole”. In
addition, documented survival benefit of the screening method is required®. The National
Lung Screening Trial (NLST), a randomized controlled trial including 53 000 former or
current American smokers, reported a 20% reduction in lung cancer mortality rate by the use
of low-dose CT for the detection of lung cancer in a high-risk population®. Due to these
results, several organizations including the National Comprehensive Cancer Network
(NCCN) and European Society for Medical Oncology (ESMO) now recommend screening for
lung cancer with low-dose CT in selected high-risk populations®®. Nevertheless, the majority
of health institutions internationally await further results and validation prior to implementing
lung cancer screening, including Norwegian health authorities. As of today, several of the
aforementioned principles listed by the WHO are challenged when evaluating lung cancer
screening. A recent publication addresses these challenges upon implementation of lung
cancer screening in the Nordic countries, and propose performing CT screening pilot studies
prior to implementation*®. An optimal method confirmed for selection of screening population
and a compiled plan for screening organization based on socioeconomic considerations are
needed®. The cost effectiveness of a lung cancer screening program has only been evaluated
in the UK, Canada and the U.S. Detailed calculations should be performed for every
screening country prior to implementation of a lung cancer screening trial*. The Dutch-
Belgian Lung Cancer Screening trial (NELSON), is the second largest trial examining

whether low-dose CT screening reduces lung cancer mortality. Results are expected shortly,
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and will have great importance in validating, or refuting, the mortality reduction reported

from the NLST trial*+7,

1.1.6 Prognosis and treatment

Established positive prognostic factors in NSCLC patients include early-stage disease at time
of diagnosis, female gender, no significant weight loss (< 5% for 3 months or < 10% for 6
months), and a good performance status assessed by the Eastern Cooperative Oncology Group
(ECOQG) status®.

For all stages combined the relative 5-year survival in the time span 2012-2016 was 18% in
Norway. This represented 22 % for female patients and 16 % for male patients. If surgically
treated, the percentages increase to 56% and 41%, respectively®. This demonstrates the
importance of early disease detection, enabling curative surgical treatment.

Regardless of curative or palliative treatment strategy, smoking cessation is of pivotal
importance for all NSCLC patients, as smoking interacts with cancer therapy and is
associated with an increased risk of death®***. Current smokers diagnosed with NSCLC

should therefore be offered smoking cessation support and counseling.

1.1.6.1 Curative treatment

Stage I and II disease (T1-T2, NO-1) are considered surgically resectable, in addition to a
minority of cases with stage IITA disease (T3, N1)*. However, surgery is only performed in
patients considered medically and technically suitable for the surgical procedure. Patients
considered inoperable or patients not willing to undergo surgical procedures, may be
candidates for radical radiation therapy (RT)%. The main principles in curative treatment of

NSCLC are presented in Figure 4.
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St I Surger Inoperable: curative
ag e e radiation therapy

Inoperable: curative
radiation therapy

Surgery + adjuvant
chemotherapy

NO-N1 disease: Inoperable or N2
surgery + adjuvant disease: concurrent
chemotherapy chemoradiotherapy

Figure 4 Curative treatment strategy according to disease stage (Kaja Skjefstad)

For stage I-1I disease video-assisted thoracoscopic surgery (VATS) is the preferred surgical
method due to fewer intra-operative complications and less post-operative pain®. Lobectomy
is the most frequent surgical procedure performed in NSCLC resection and involves
removing the tumor affected lobe. Other surgical options include sublobar resection,
including segmentectomy and wedge resection, and pneumonectomy>’. To ensure a thorough
pTNM, essential for deciding adjuvant treatment, sampling or dissection of mediastinal lymph
nodes is always performed?. If positive surgical margins are detected, re-resection or post-
operative radiotherapy (PORT) is applied to obtain complete tumor remission. PORT is,
however, only indicated after non-pneumonectomy procedures®. Stereotactic ablative
radiation therapy (SABR) has emerged as a potential curative treatment alternative for early
stage NSCLC patients. Studies have demonstrated significant local tumor control, and the
treatment involves minimal side-effects®'2. Results from the Nordic SPACE (Stereotactic
Precision and Conventional radiotherapy Evaluation) study, randomizing between SABR and

conventional RT, indicated SABR as the primary treatment for inoperable stage I NSCLC?3.
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Adjuvant therapy includes radiation and/or chemotherapy. PORT is administered when
indicated (above section), and has in scheduled doses (< 54 gray, Gy) also shown a survival
benefit in patients with N2 disease®*. Adjuvant chemotherapy is recommended for surgically
resected stage I and IIIA patients, but not for stage I disease or following curative
radiotherapy. Surgery is an option for selected IIIA patients™.

According to the Norwegian national guidelines, adjuvant chemotherapy as four cycles of
cisplatin and vinorelbine is administered to patients < 70 years with ECOG 0-1, within eight
weeks after curative surgery®. Patients > 70 years, but with a “biological age” < 70 years, may
also benefit from chemotherapy®®. Hence, they should always be considered for adjuvant
chemotherapy if indicated. Neoadjuvant therapy is only indicated when the tumor is located to
the sulcus superior (Pancoast-tumor)®.

Stage III patients are a heterogeneous group. Thus, the treatment is tailored according to
tumor characteristics including size (T-), the extent of nodular affection (N-), and other
established prognostic factors, mentioned in the first section of this chapter. Concurrent
chemoradiation is the best documented potentially curative treatment option for non-operable
stage IIIA and IIIB patients. It is administered as 2 Gy x 30-33 with two platinum based
chemotherapy cycles during radiation therapy?®.

Most patients, regardless of clinical NSCLC stage, relapse within 4 years after curative
treatment®. The extent of pathologic lymph nodes is an important predictor for early disease

recurrence>®.

1.1.6.2 Treatment of non-curable NSCLC

Stage III patients with concomitant negative prognosticators and stage IV patients, are offered
palliative and life-prolonging treatment. This includes the majority (aprox. 70%) of patients
diagnosed with, and treated for, NSCLC. Histological classification and subtyping of the

NSCLC tumor is of outmost importance when deciding treatment strategy, and is performed
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using small biopsy and cytology specimens as tumor resection is contraindicated in the
palliative setting. It is pivotal to differentiate between adenocarcinoma and squamous cell
carcinomas as all non-squamous cell carcinomas should be tested for EGFR mutations and
ALK-translocations due to widely available targeted therapy®.

Chemotherapy is one of the cornerstones in treating advanced NSCLC, and is the primary
treatment in patients with advanced squamous cell carcinoma. In Norway,
carboplatin/vinorelbine is the recommended platinum-doublet, due to less toxicity compared
with other carboplatin-doublets (carboplatin/emcitabin, carboplatin/pemetrexed). It is
administered for 3-4 courses in patients with ECOG status 0-28. By disease progression after
first line treatment with chemotherapy, second line chemotherapy treatment (Docetaxel) is
recommended for patients in adequate performance status (ECOG 0-1). Further, conventional
RT is an excellent symptom relieving treatment option for these patients. Thoracic radiation
may significantly reduce tumor induced cough, chest pain, dyspnea and swallowing disorders,
improving the patient’s quality of life’”. Palliative radiation is also used in the management of
brain and bone metastases®.

In Norway, the frequency of EGFR mutation positive patients is approximately 8 %, with a
higher frequency in female patients®®>°. The first line therapy for patients with activating
EGFR-mutations is a tyrosine kinase inhibitor (TKI); erlotinib, gefitinib or afatinib. A TKI
(crizitonib) is also first-line treatment in the 3-6% of non-squamous NSCLC patients holding
ALK-mutations®®. These TKIs have remarkable impact on clinical outcome®!-63,
Unfortunately, tumors will eventually develop resistance against the TKIs, thus most patients
will relapse within 1 year?*. Erlotinib is approved as second-line treatment in patients with
disease recurrence, regardless of mutation status. Chemotherapy is also recommended as

second-line treatment in patients with EGFR mutations and progressing on EGFR-TKI first-
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line treatment. Re-introducing first-line treatment after relapse is also an option for patients
with an initial good treatment response prior to disease recurrence®.

Due to recent developments in immunotherapy, all NSCLC patients are tested for the
expression of programmed cell death protein ligand 1 (PD-L1). Based on recent reports,
monotherapy with programmed cell death protein 1 (PD-1) inhibitor pembrolizumab is
recommended as first-line treatment in patients with PD-L1 expression >50%, without ALK-
or EGFR mutations®+%. Further, the PD-1 inhibitor nivolumab and the PD-L1 inhibitor
atezolizumab, have recently been recommended as second-line treatment in PD-L1 positive
NSCLC patients with ECOG 0-135°, Patients relapsing after first-line immunotherapy may
benefit from second-line platinum-based chemotherapy®’.

Patients treated for advanced NSCLC are closely monitored and controls are usually

performed every 6" week, or more often if indicated.

1.2 Tumor biology

The Hallmarks of cancer, published by Hanahan and Weinberg in 2000 and 2011 (revised
version), were suggested as common features characterizing the initiation and progression of

6667 These steps include maintaining proliferative signals,

tumorigenesis in malignant cells
evading growth inhibition, replicative immortality, resisting cell death, enabling invasion and

metastasis, inducing angiogenesis, reprogramming cellular metabolism, tumor promoting

inflammation and avoiding immune destruction (Figure 5)%¢7.
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Figure 5 An illustration encompassing the hallmarks and enabling characteristics of cancer.
Reprinted from “Hallmarks of Cancer: The Next Generation%°, modified by Kaja Skjefstad.
Permission to reuse obtained from Elsevier.

For these events to take place, genomic instability, often as a result of DNA damage, is
necessary. The DNA strand may be assaulted by carcinogens (e.g. tobacco smoke), ionizing
radiation, reactive oxygen species and viruses®®. The DNA repair machinery usually prevents
serious consequences of DNA lesions, e.g. interaction with replication and transcription, by
cell-cycle arrest, regulation of DNA replication and repair of DNA damage®®. Defects in the
DNA repair system may cause genomic instability and subsequent somatic mutations
followed by progressive morphological and molecular abnormalities and malignant

transformation?8-68

. Driver mutations are essential in this process, affecting signaling
pathways responsible for cell proliferation and survival. Further, it activates oncogenes and
inactivates tumor-suppressor genes, facilitating tumor cell growth®®. Additional factors are

however necessary for a genetic assaulted cell to develop into a malignant cell’’. Steroid

hormones and their receptors represent important proliferation and growth promoting
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signaling pathways that may be exploited to promote tumorigenesis and sustain proliferative
signaling in an abnormal cell. Further, interactions between sex steroid hormones and the
tumor surrounding stromal microenvironment may promote cancer, and also initiate the

development of neoplastic growth’!.

1.2.1 Tumor microenvironment

The cancer cells are not solely responsible for the development and progression of neoplastic
growth. The tumor microenvironment (TME) has emerged as an important contributor to the
hallmarks of cancer (Figure 5), and hence as an accessory to disease progression. The TME
consists of different cell types in extracellular matrix (ECM) including endothelial cells,
fibroblasts, macrophages and immune cells’?. These cells are often designated as tumor
surrounding stromal cells.

The complex and not yet completely revealed multistep transformation of a “normal” stromal
cell into a so-called tumor-associated stromal cell, also designated as a “corrupted” stromal
cell, appears to be the consequence of interactions between malignant cells and surrounding
stromal cells. This usually results in establishing supportive conditions for the malignant cells
to thrive and eventually to spread’®. Extracellular proteinases, including matrix
metalloproteinases (MMP), are important drivers in this transition, promoting TME changes
during tumorigenesis’*. MMPs are produced by stromal cells infiltrating the tumor, and
distinct stromal cells produce subsets of MMPs’4. Cancer-associated fibroblasts (CAFs) are
acknowledged as key promotors in tumor progression and metastasis. CAFs constitute a
mixture of various fibroblasts with different origins. Upon activation, they express pro-
invasive factors, including transforming growth factor-f (TGF-), and mitogenic factors,
including insulin-like growth factor-1 (IGF-1), to create a tumor promoting environment

benefiting cancer cell growth and progression’7>76,
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There is a continuous and bilateral cancer-stromal cross-talk conducted by signaling
molecules, including microRNAs (miRNAs), facilitating the transformation from a healthy
stromal environment to a TME’’. Further, various miRNAs are suggested to be involved in
tumor angiogenesis, one of the cancer hallmarks, ensuring cancer cell survival’’-’®. CAFs are
also well-known contributors to the angiogenic process in tumorigenesis’. Taking into
account the essential interaction between malignant cells and the surrounding stromal cells for
tumor progression, stromal cells emerge as a potential therapeutic target. A series of clinical
trials have been conducted using TGFB-inhibitors, also in NSCLC?, Results indicate that
TGFB inhibition may promote disease control®!. It is pivotal to detect reliable predictive
biomarkers that may aid patient selection for this treatment.

When elucidating the potential for new treatment strategies in NSCLC, it is inevitable to
include the TME and its potential. Interactions between NSCLC cells and tumor surrounding
stroma has been suggested as a possible contributor to EGFR-TKI resistance, accentuating
their significance in NSCLC treatment development on the long term®2. In light of this, we
have throughout this thesis included both tumor epithelial cells and tumor associated stromal
cells in our NSCLC TMAs for investigating biomarker expression and their potential
prognostic impact.

Epithelial to mesenchymal transition (EMT) is a differentiation process where an epithelial
cell may partly or completely acquire mesenchymal characteristics. It represents an important
step in tumor progression, tumor cell motility and metastasis’>. EMT is induced through a
complex signaling cascade within the tumor microenvironment, resulting in activation of
transcription regulators including Snail, Slug, ZEB1 and ZEB233. Recent reports have
suggested steroid hormone receptors including ERa, ER and PR to affect this process by
interacting with epithelial-related transcription factors including FOXA1 and midkine (MK)3*

83, Further, induction of EMT by estrogen signaling was recently reported to be associated
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with the development of therapeutic resistance towards immune-mediated cytotoxicity and
chemotherapy®®. miRNAs have also been suggested as important regulators of EMT in lung
cancer pathogenesis with reports assigning miRNAs either anti-EMT or pro-EMT
properties®”-88. Inhibiting or reversing the EMT process is a sought after therapeutic modality
in preventing tumor progression, but also the development of therapy resistance®®*°. This
further substantiate the importance of elucidating the TME and its components when
investigating a biomarkers prognostic significance. However, due to the methods applied in
this thesis, EMT was not the focus of this work.

A major part of the tumor environment is the immune system. It is acknowledged as a
“double agent” in cancer progression, by both promoting and inhibiting cancer cell growth.
Estrogens and their receptors are one of the factors regulation the immune response of the
innate and the adaptive immune system, by enhancing or suppressing transcription of immune
related genes®. Cancer associated chronic inflammation promotes tumor growth by innate
immune cells releasing growth factors, angiogenic factors and survival factors to the
microenvironment ®. The immune system exerts tumor suppression in a multi-step process
involving recognition and elimination of tumor cells by effector T cells. Initiation of this
multi-step process relies on the activation of T-cells by stimulatory and co-stimulatory
signals. Co-inhibitory signals, known as immune-checkpoints, are also important modulators
of T-cell activation by suppressing T-cell reactivity (Figure 6)°'. The tumors have developed
several defense mechanisms avoiding immune destruction, as described by Hanahan and
Weinberg in 2011 ., One crucial trait in immune resistance involves immune-checkpoints,
that normally has an immune-inhibitory role in the self-tolerance of immune responses’?.
Cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) and PD-1 are two inhibitory
immune-checkpoint receptors (Figure 6) that have been meticulously investigated in regards

to cancer immunotherapy®.
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This has resulted in the implementation of CTLA-4-inhibitors in cancer treatment”. More
recently, the inhibition of PD-1 and its ligand PD-L1 has also been implemented in cancer
treatment, including the treatment of advanced or metastatic NSCLC disease, as described in

chapter 1.1.6.28%4,

e N

Antigen-
presenting
Cell

Figure 6 Activation of CD8+ T-cell by co-stimulatory (green) and co-inhibitory (red)
signaling molecules. Co-inhibitory signals, known as immune-checkpoints, are CTLA-4 and
PD-1. Reprinted from “Immunotherapy in NSCLC: A promising and Revolutionary
Weapon**. Permission to reuse obtained from Springer.

1.2.2  Sex steroid hormones in cancer

The female sex steroid hormones and their receptors involvement in carcinogenesis have been
known for decades, and their contribution to the development of neoplasia was early
proposed®. In hormone-dependent carcinogenesis, endogenic and exogenic sex steroid
hormones promote proliferation and growth of tumor cells. Additionally, they contribute to
important hallmarks including angiogenesis, apoptosis, tumor-promoting inflammation,
migration and invasion®®. Their tumor growth-promoting qualities is the target of current
hormone therapy, by inhibiting their respective receptor. This is now an established
therapeutic method in breast (estrogen receptor alfa, ERa), uterine (progesterone receptor,
PR) and prostate cancer (androgen receptor). In non-reproductive tissues, sex steroid hormone

signaling is involved in multiple mechanisms promoting tumor growth by affecting the tumor
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microenvironment, the immune system and the tumor metabolism’!. Co-regulators are
essential in SHRs transcriptional activity, and the steroid receptor co-activators (SRC), are the
most renowned. Abarrant SRC activation is believed to be an important contributor to
hormonal-dependent carcinogenesis’®. Additionally, steroid hormones have shown to induce
double stranded DNA lesions, resulting in subsequent genomic aberrations®®. High levels of
estrogens are associated with an increased risk of developing breast cancer, and estrogen-
induced DNA damage is proposed as one of the contributing factors®’. Further, there are
established evidence that ERs up-regulate genes involved in promoting metastatic disease
including matrix metalloproteinases (MMPs) and metastasis-associated protein (MTA1)%.
These findings demonstrate how sex steroid hormones and dysregulated activation of SHR
may contribute to neoplastic development and growth through several mechanisms.

PR in endometrial cancer, and ER and PR in breast cancer, are established biomarkers and
targets for hormone therapy®®!%. Based on results from studies in Norwegian breast cancer
patients, approximately 85% present with ER positive tumors, and 65% express PR!%!,
Aromatase (AR), the rate-limiting enzyme in estrogen formation, is associated with breast
cancer growth by producing large amounts of estrogen locally, increasing the estrogen-
mediated cancer cell growth. This discovery led to the successful development of AR-
inhibitors, the first-line hormonal therapy of SHR-expressing breast cancer patients today!%2.
The vast majority of hormone receptor positive patients are offered adjuvant treatment with
an AR-inhibitor (post-menopausal patients), or the selective estrogen receptor modulator
tamoxifen (pre-menopausal patients)!?. Adjuvant endocrine therapy has improved survival
among breast cancer patients immensely, and hormone receptor-positive breast cancers are
associated with a favorable prognosis compared to hormone-receptor, or triple negative
tumors!®®. Regarding the treatment of high and moderate differentiated uterine tumors, high-

dose progestin is used!*+10,
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1.2.3 Sex steroid hormones and their receptors

Steroid hormones are the second largest group of hormones after peptide hormones. They
arise from a common series of pathways with cholesterol as the joint precursor. Production
and secretion are located to the adrenal cortex, ovaries and testicles, and regulated by the
hypothalamic-pituitary axis. Additionally, circulating precursors are converted to biological
active steroids by tissues including placenta, fat, brain, skin and liver!®. Steroid hormones are
dependent on transporting proteins, due to their hydrophobic nature. Sex-hormone binding
globuline (SHGB) and albumin are examples of proteins binding to, and subsequently
transporting, steroid hormones to their target destination!%®.

According to their physical behavior, five groups of steroid hormones are generally
recognized: glucocorticoids, regulating carbohydrate metabolism and manage stress; mineral
corticoids, maintaining blood pressure by regulating the body’s salt balance; vitamin D,
essential in the calcium homeostasis; androgens, essential in fertility as well as the regulation
of secondary sex characteristics in males and females; female sex steroids progesterone and
estrogens, key roles in reproduction and the normal development of female genitalia and
sexual characteristics !°°. Molecularly, estrogens regulate cell growth, differentiation and
development. Hence, abnormal ER signaling is associated with various pathological
conditions including obesity, cardiovascular disease, inflammation and even cancer'?’. Steroid
hormones bind to their respective SHR, a member of the nuclear receptor family. Binding of
ligand usually initiates a conformational change of its receptor, enabling binding to nuclear
receptor responsive elements on the DNA strand. This will result in a transcriptional
regulation. The transcriptional regulation is executed by recruited co-regulators and co-factors
targeting steroid hormone-related genes. The genetic and cellular effects differ between cell-
and tissue expression, depending on which co-regulators and co-factors are activated in the

given receptor-expressing cell!%,
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1.2.3.1 Estrogen

There are three estrogenic hormones: estron, estriol and 17p-estradiol (E2), the latter being
the most potent. Estrogens are predominantly produced in ovaries of pre-menopausal women,
while in men and post-menopausal women, it is synthesized from circulating precursors
(androstenedione and testosterone) to E2 by the cytochrome P450 aromatase enzyme!?. This
local conversion takes place in adipose tissue, breast and brain. Estrogens exert their
biological functions through binding to either of the two estrogen receptors, ERa or ERP. The
receptors are encoded by genes localized on different chromosomes, ERS1 and ERS2, and

several mRNA splice-variants of each receptor have been described (Figure 7)'%7.
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Figure 7 ERa, ERp and their respective isoforms. Functional domains include NH2-terminal
domain (blue), DNA-binding domain (orange) and ligand-binding domain (green).
Reprinted from “Estrogen receptor alpha and beta in health and disease” '. Permission to
reuse obtained from Elsevier.

The designations ERa wild type and ERP wild type indicates the full-length receptors (Figure
7). Both receptors consist of three functional domains serving different roles in receptor

signaling. The DNA binding domain (DBD) is responsible for recognizing, and binding to,
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the estrogen-responsive elements (ERE) on the DNA strand upon receptor activation. The
COOH-terminal ligand-binding domain (LBD) is responsible for binding ligand and the NH2-
terminal domain (NTD) is involved in regulating target genes by its ligand-independent
activation function, AF1'%°. The DBD is the most similar domain between ERo and ERp,
while both LBD and NTD differ in their structure. This provides receptors with distinct roles
in transcriptional activity and has led to the development of subtype-specific ligands'®®. Upon
ligand-binding, the receptor initiates genomic estrogen effects, by binding directly to ERE on
the DNA strand, inhibiting or promoting mRNA translation. ERs may also regulate
transcription ligand-independently, through interaction with other DNA-bound transcription
factors, or through receptor activation by extracellular signals including epidermal growth
factor (EGF) and IGF-1'7!10 ERs are also localized outside of the cell nuclei, in the cytosol
or the plasma membrane!!'!. Here, they interact with receptors including EGFR, HER-2,
IGFR-1 and several signaling molecules including members of the ras/MAPK cascade!!!.

The receptors differ in tissue distributions. ERa is mainly expressed in reproductive tissue,
including ovary and uterus, breast, kidney, bone, adipose tissue and liver. ERf is expressed in

the ovary, central nervous system, cardiovascular system, lung, male reproductive organs,

prostate, and the immune system!'%’.

1.2.3.2 Progesterone receptor

The progesterone receptors (PR) belong to the ligand-activated nuclear transcription factors,
and contain the same functional domains as ERs (Figure 7). PRs are expressed as two
isoforms, PR-A and PR-B. They are translated from the same gene, by alternate use of two
promotors!!'2. One-hundred-and-sixty-four amino acids located in the N-terminal region of

13 This small inequality, however,

PR-B, separates the two isoforms from identical structures
renders a distinctively different gene regulation between the receptors!!#. Ligand binding of

progesterone (P4) or progestin, a synthetic compound mimicking the activity of P4, activates
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the receptor!!®. Through associating with a wide range of coregulatory molecules they bind to
progesterone responsive elements (PRE) on the DNA strand, influencing progesterone-
specific gene promotors'!'>!13, PR-A is a transcriptional regulator of steroid hormone
expression, repressing PR-B and ER expression. PR-B is predominantly a transcriptional
activator, and is responsible for the proliferative progesterone-mediated effects observed in
mammary glands!!?,

PR-A is primarily localized in the cell nucleus. PR-B shuttles between the cell cytoplasm and
nuclei, mediating transcriptional activity, but also non-nuclear signaling through modulating
cell signaling pathways including Src/Ras/MAPK and PI3 kinase/Akt!!?. Ligands may also
bind to membrane progesterone receptors (mPRs) and mediate rapid, cell-surface signaling!!®.
PR-A and PR-B are co-expressed in equivalent levels in PR expressing cells. Malignant tissue

shows changes in isoform expression, with a predominant expression of either PR-A or PR-B,

depending on malignancy!!3.

1.2.3.3 Steroid hormone-associated miRNAs

miRNAs are a class of endogenous, small (19-25 nucleotides), noncoding RNA gene products
that regulate gene expression by targeting mRNAs for degradation or translational
repression!!”. miRNAs are expressed as precursor RNAs which are subsequently processed in
the nucleus and cytoplasm by cellular enzymes like Drosha and Dicer to yield mature
miRNAs!'!®. Research has revealed abnormal miRNA expression in several types of cancer,
suggesting that these small noncoding RNA genes play a crucial role in cancer pathogenesis
in the human body!!"®. Several X chromosome-linked miRNAs contribute to a sex-specific
regulation of immune-related genes, and are thought involved in an enhanced immune
surveillance against cancer’!. miRNAs are involved in the complex gene network controlled
by estrogens and several studies have indicated that miRNAs are controlled by estrogens in

hormone-related cancer cells including breast and uterine cancer!?’.
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1.3 Endocrinology related biomarkers in NSCLC explored in this thesis

Reports have indicated a possible role of steroid hormone receptors in the development of
NSCLC, and suggested them as potential prognostic biomarkers!2%-124, Selected biomarkers
incorporated in this thesis are presented in the following three paragraphs, with emphasis on

their potential role in NSCLC.

1.3.1 Paper I: Progesterone receptor

Progesterone plays a crucial role in fetal lung development by increasing VEGF expression
and surfactant proteins'?®, After birth, progesterone receptors are present in lung tissue. They
also play a role in tissue changes by inflammatory diseases as well as in lung
tumorigenesis'?®, However, there have been conflicting reports regarding expression levels
and their possible role in lung malignancies'?’. Little is known about PRs molecular function
in NSCLC, but studies have reported the presence of progesterone synthesizing enzymes in
NSCLC tumors, indicating a local production of progesterone!26. PR has been reported as a
positive prognosticator in NSCLC, and progesterone treatment of tumor xenografts have

demonstrated growth inhibition and induction of apoptosis!?%-122,

1.3.2 Paper II: Estrogen receptor a, estrogen receptor § and aromatase

There are mounting evidence that estrogen can up-regulate genes involved in cell proliferation
in NSCLC (e.g. cyclin-D1 and c-myc) and other important estrogen-responsive genes,
including PR'?’.

Both ERo and ERP are expressed in normal lung tissue as well as NSCLC!?%, ERP is widely
distributed throughout the body, including the lungs, and has been detected both in a nuclear
and cytoplasmic location in NSCLC cells. Wild-type ER is suggested as the primary ER
expressed in lung tumors, mediating ER-related biological effects!?®. A recent report by

Pelekanou et al.'*°, however, reports ERa as the predominant ER expressed in NSCLC. Both
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genomic, and non-genomic ER signaling is reported in NSCLC cells!3!!132, ERB expression is
associated with increased mitogenic qualities in NSCLC cells, by enhancing transcription of
growth promoting genes, both in vitro and in vivo'?*!31:133 Further, ERB is involved in
extracellular matrix organization and stromal-epithelial cross-talk, and is associated with an
increased expression of the metastasis—associated matrix metalloproteinases (MMPs)!34. ER3
has been proposed as an unfavorable disease prognosticator in NSCLC!?°, Many efforts to
explore the prognostic significance and the potential therapeutic effects of ERs in NSCLC
have been attempted, important milestones are presented in Table 2.

Reports have indicated that the majority of intra-tumor E2 in lung cancer, as in breast cancer,
is produced locally, i.e. by malignant cells, due to increased levels of AR!3313¢ Biologically
active AR has been found in lung tumor tissue resected from both female and male patients,

and correlates with high concentrations of intra-tumoral estrogen!?’:13,
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Table 2 Presenting important advancements in the potential of hormone-targeted treatment in
NSCLC. Adapted from “Targeting the estrogen pathway for the treatment and prevention of
lung cancer”'?’, modified by Kaja Skjefstad. Permission to reuse from Lung Cancer

Management as agreed by Future Medicine Ltd.

Milestones in research on ERs prognostic relevance in NSCLC

Year Event

2002 ERp is found to be highly expressed in the majority of NSCLC
cases!'??

2005 First report of non-genomic ER signaling and connections

between the ER and EGF receptor pathways are reported!33

2009 Hormone replacement therapy is found to be associated with
increased lung cancer mortality??

The first pilot study of antiestrogen therapy in combination with
gefitinib was completed and demonstrated safety and potential
efficacy!'®’

2011 Breast cancer patients receiving adjuvant antiestrogen therapy
have reduced lung cancer mortality risk!8

ERp is reported as a prognostic marker for poor prognosis in
early stage NSCLC!*¢

2012 First demonstration that antiestrogens and aromatase inhibitors

can prevent lung tumor formation in vivo!3?

2013 The first Phase I trial of antiestrogen therapy with erlotinib in
advanced NSCLC is completed with promising results!3’

1.3.3 Paper III: miR-143 and miR-145

Since their discovery in 1993, over 2500 human miRNAs have been recorded in miRBase, a
searchable database for published miRNAs and their target predictions'*’. These small non-
coding RNAs regulate gene expression post-transcriptionally. Furthermore, miRNA

t141

dysregulation plays an important role in cancer development'*'. miRNAs are involved in

important steps of tumorigenesis by regulating cell cycle progression, apoptosis and
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autophagy, and tumor cell motility, invasion and metastasis!#?. Their interactions with the
TME promotes additional hallmarks of cancer (chapter 1.2.1).

Mounting evidence appoints miRNAs as important prognosticators in NSCLC, and due to
their precise gene regulation, they are considered potential therapeutic targets. The
development of miRNA-based therapeutics represents a novel strategy in the battle against
cancer'®®, A phase 1 clinical trial of miRNA replacement therapy in thoracic cancer patients
was recently completed, with promising results!#,

The miRNA cluster 143/145 consists of two miRNAs, miR-143 and miR-145, both regarded
as tumor suppressors which target a number of genes involved in tumorigenesis'#. They are
often reported as down-regulated in several types of cancers including head and neck, breast
and lung!#>146_ Sex steroid hormones and their receptors have been proved to regulate the
expression of miRNA cluster 143/145 in various malignancies, including breast and ovarian

cancers!#>147:148 Tnterestingly, miRNAs have emerged as important components in estrogen-

induced genetic alterations in various malignancies'?’.

1.4 Predictive vs prognostic biomarkers

A biological marker is defined as an objective, quantifiable characteristic of a biological
process that can be measured accurately and reproducibly!#’. In cancer research, it is essential
to separate between predictive and prognostic biomarkers. A prognostic marker is a
biomarker statistically associated with a patient’s outcome. A predictive marker, on the other
hand, is statistically associated with a certain treatment response, thus it may be used for
selecting treatment for a patient. In NSCLC, EGFR, ALK and PD-L1, as described in chapter
1.1.3.2, 1.1.6.2 and 1.2.1, are characterized as predictive markers by predicting chemotherapy
or targeted treatment response!*’. More than 100 prognostic biomarkers for lung cancer have
been published, yet none have hitherto been widely implemented in the clinical treatment
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setting!>!. NSCLC therapy including chemotherapy, RT and targeted therapy, shows different
treatment outcome in females vs males, and several studies have proposed gender as a
predictive biomarker®. Results are, however, conflicting, thus gender is so far not

acknowledged for guiding therapeutic choices®.
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2 AIMS OF THIS THESIS

This thesis aimed to elucidate the potential prognostic role of endocrinology-related
biomarkers in NSCLC and to determine their anticipated gender-related impact. Since anti-
hormonal drugs are widely available, and steroid hormones have been shown to contribute in
lung cancer development, we wanted to investigate steroid hormones and associated miRNAs
as possible prognostic markers in NSCLC. By assessing marker expression in tumor cells,
tumor associated stromal cells and metastatic lymph nodes (paper III), we wanted to provide
a better understanding of tumor biology, growth and the cell-type specific biomarker
expression.
Specific aims:
1. To elucidate the prognostic impact of PR in tumor epithelial cells and tumor
associated stromal cells (paper I)
2. To examine the prevalence and the prognostic role of ERa, ERf and AR in NSCLC
(paper 1I)
3. To explore the prognostic significance of the steroid hormone related miRNA cluster

miR-143/miR-145 in primary tumors and metastatic lymph nodes (paper III)
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3 MATERIALS AND METHODS

3.1 NSCLC tissue samples

3.1.1 Patient cohort

In paper I and paper 11, our original cohort was used. As described in the respective papers,
it consisted of 335 NSCLC patients who underwent surgical resection for clinical stage I-I11A
disease at the Nordland Central Hospital (NS), Bode and the University Hospital of North
Norway (UNN), Tromsg from 1990 through 2004!52:153 In 2013, we expanded our cohort
with additional 218 patients after including resected patients from 2005 through 2011. Thus,
paper III included analysis of survival data from the third and most recent update.
Consequently, 553 resected patients with stage I-II[IB NSCLC, adequate tissue samples and
complete medical records were included (follow-up data as of October 1% 2013), as described
in paper II1. We retrospectively collected clinical, demographic and histopathological data,
this is presented in Table 3 (details for our original cohort of 335 patients are presented in
paper I and paper II). In addition, tissue specimens from 143 of 172 patients with metastatic
lymph nodes (N+) were eligible for inclusion in the database, as their specimens were
available and adequately paraffin-embedded.

For paper I and paper II, pathological staging was done according to the 7% edition of the
UICC TNM classification. The tumor specimens resected prior to 2010, was originally staged
according to the 6" edition of the UICC TNM classification. These were restaged and
reviewed according to the 7 edition upon its implementation in 2010. Histological
classification and subtyping was done on the basis of WHO guidelines of 2004. For paper
II1, pathological staging and histological classification and subtyping were updated to
conform the recent 8" UICC TNM classification and the 2015 WHO guidelines,

respectively®!40,
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During the time span 1990-2011, 633 NSCLC patients with stage I-IIIB disease, were
surgically resected at NS and UNN. Exclusion criteria and number of patients excluded are

presented in Figure 8.

633 NSCLC patients stage I-
IIB, surgically resected
from 1990 through 2011

Preoperative radio- or chemotherapy
(n=15)

Inadequate paraffin-embedded o
tissue blocks (n = 26)

Other malignancy within
5 years prior to NSCLC
diagnosis (n = 39)

553 NSCLC patients eligible for
inclusion

Figure 8 Exclusion criteria applied in our study
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Table 3 Clinical and pathological variables as predictors of disease-specific survival (DSS) in NSCLC patients (univariate analyses, log-rank test; N=553,
180 female and 373 male patients, respectively)

All patients Female patients Male patients

N(%) 5 year DSS Meadian p N(%) 5 year DSS Median p N(%) 5 year DSS Median p

(%) DSS (mo) (%) DSS (mo) (%) DSS( mo)

Age 0.656 0.637 0.827
<65 234 (42) 58 127 77 (43) 62 190 157 (42) 56 98
>65 319 (58) 58 NR 103 (57) 65 NR 216 (58) 44 88
Sex 0.025
Female 180 (33) 64 190
Male 373 (67) 55 91
ECOG perf. status 0.009 0.400 0.020
0 324 (59) 63 235 112 (62) 67 NR 212 (57) 60 235
1 191 (34) 52 71 56 (31) 60 127 135 (36) 48 51
2 38(7) 52 NR 12 (7) 55 NR 26 (7) 50 NR
Smoking 0.069 0.732 0.060
Never 21 (4) 50 21 11(6) 64 189 10 (3) 33 18
Present 350 (63) 62 235 115 (64) 67 NR 235 (63) 59 235
Previous 182 (33) 52 84 54 (30) 58 NR 128 (34) 49 57
Weightloss 0.971 0.603 0.637
<10% 498 (90) 58 190 163 (91) 63 190 335 (90) 56 91
>10% 55 (10) 59 NR 17.(9) 68 NR 38 (10) 54 98
Surgical procedure <0.001 0.024 <0.001
Wedge/Lobectomy 411 (74) 64 235 148 (82) 68 190 263 (70) 61 235
Pulmonectomy 142 (26) 42 30 32 (18) 42 37 110 (30) 42 29
Margins 0.105 0.088 0.431
Free 506 (91) 59 190 166 (92) 65 190 340 (91) 56 98
Not free 47 (9) 47 57 14 (8) 51 64 33(9) 45 47
Tstage <0.001 0.009 <0.001
la 14 (3) 93 NR 5(3) 100 NR 9(2) 89 NR
1b 71 (13) 79 NR 30(17) 82 NR 41 (11) 77 NR
Ic 95 (17) 64 190 33 (18) 66 NR 62 (17) 63 235
2a 135 (24) 57 88 35(19) 65 NR 100 (27) 54 83
2b 73 (13) 48 47 28 (16) 60 NR 45 (12) 40 40
3 104 (19) 56 NR 36 (20) 60 NR 68 (18) 54 98
4 61 (11) 31 21 13 (7) 23 NR 48 (13) 36 19
Nstage <0.001 <0.001 <0.001
0 379 (69) 70 235 132 (73) 74 NR 247 (66) 67 235
1 118 (21) 36 35 23 (13) 42 47 95 (26) 35 27
2 56 (10) 23 21 25 (14) 30 35 31(8) 16 15
Pathological stage <0.001 <0.001 <0.001
I 232 (42) 74 235 78 (43) 81 NR 154 (41) 70 235
I 185 (33) 59 114 61 (34) 66 NR 124 (33) 56 91
1IIA+B 136 (25) 28 21 41(23) 29 36 95 (26) 27 17
Histology 0.241 0.431 0.125
SCC 307 (56) 64 235 77 (43) 71 NR 230 (62) 61 235
ADC 239 (43) 52 73 100 (56) 59 190 139 (37) 46 57
Other® 7(1) 67 NR 3(1) 50 11 4 (1) 75 NR
Vascular infiltration <0.001 0.040 <0.001
No 453 (82) 62 235 136 (76) 68 190 317 (85) 60 235
Yes 97 (17) 38 35 42 (23) 49 47 55(14) 25 22
Missing 3 2 (1) 1(1)

Note: Bold numbers indicate P<0.05. Abbreviations: ADC, adenocarcinoma. ECOG perf.status, Eastern Cooperative Oncology Group performance status. N, number. NR, not reached. Nstage, Nodal stage. Mo, months,
SCC, squamous cell carcinoma. Tstage, Tumor stage. *Includes adenosquamous carcinoma, large cell carcinoma, and carcinoma not otherwise specified.
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3.1.2 Tissue microarray

In the aftermath of Kononen et al.!>*

started producing quality tissue microarrays (TMAs) in
1998, the technology has obtained an important role in laboratory diagnostics and is now
considered essential in translational research. TMA facilitates a high-throughput molecular
profiling of tumor tissue, providing information from up to 1000 specimens in a single TMA
series staining!'*>, TMA construction typically involves extracting representative tissue
cylinders from paraffin-embedded or formalin fixed tumor material, and transferring them to
a recipient block. They are meticulously transferred in a specific checkerboard pattern so that
each core may be easily identified and matched with clinical data from the respective

patient!>*

. Depending on study aim, methods such as in situ hybridization (ISH) or IHC may
be applied on the TMAs to analyze expression patterns or cellular distribution of specific
biomarkers. Prognostic TMAs are the most common used TMAs, and allows us to research

the association between biomarker expression and prognosis!>®. The representativity of TMAs

compared with whole tissue specimens is satisfactory!>’.

3.1.2.1 Construction of TMA

TMA construction performed in our group has previously been described in detail'*8. The
construction methodology is presented in Figure 9. Prior to TMA construction, tissue
preparations are made: 1) formalin fixation, 2) dehydration and 3) embedding in paraffin
wax!>?, Formalin fixation causes the formation of inter and intra-molecular cross-links
between amino acids, which in turn prevents degradation of the tissue and tissue
components!®?. Paraffin-embedded whole tissue specimens from all of the lung cancer

patients were investigated thoroughly by an experienced pathologist.
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Routine histologic Tissue core Construction of
paraffin block tissue microarray

Z TMA sectioning Assessment
and processing of expression

—_—

5um section Tissue microarray Statistical analysis of biomarker

Survival

Figure 9 TMA construction. As previously described, two cores from tumor epithelial cells
and two cores from tumor surrounding stroma were marked in each cellular compartment in
order to guide sampling for the recipient microarray blocks 192, Using a tissue-arraying
instrument (Beecher Instruments, Silver Springs, MD, USA) with a thin-walled biopsy needle
and stylet, cylindrical cores (diameter 0.6 mm) were extruded from the representative areas
and transferred to a predrilled, recipient block . For ISH and IHC analyzes, the blocks
were cut into 4-pm thin sections using a Micron microtome (HM355S) and stained with
probes or specific antibodies for biomarker expression profiling '°>'33. Figure adapted from
“Technology Insight: Identification of biomarkers with tissue microarray technology” 19!,
Permission to reuse obtained from Nature Publishing Group ©.

The sample quality, cellular content, and histological subtype were carefully assessed, and the
most representative areas of tumor epithelial cells and tumor surrounding stroma were
identified!>2!33, For patients with N+ disease, two cores were extracted from the most eligible
metastatic lymph node and included in the recipient block. Further, lung tissue far from the
site of the tumor was collected and used as tissue staining controls. For paper I and paper II,

eight blocks were constructed in order to include all of the collected cores from the tissue
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samples. For paper III, twelve blocks of primary tumor tissue and three blocks of metastatic

lymph node tissue were constructed.

3.1.3 Immunohistochemistry

Immunohistochemistry (IHC) is a laboratory technique used to detect cell or tissue antigen by
means of specific antibodies binding to the antigens. Subsequently, the antigen-anibody
complex is visualized by staining. This allows us to investigate the expression of several
antigens, including proteins, amino acids and infectious agents. It is also an important tool in
elucidating differential diagnosis, and is widely used in basal research!'®2, Indirect THC is the
most common method and was used in this thesis. Staining procedures can be performed

automated or manually. Both techniques were applied herein.

3.1.3.1 Antibodies

Antibodies are immunoglobulins constituting the principal effectors of our adaptive immune
system. They are also extensively used for therapeutic, diagnostic and research purposes '3,
Antibodies can be subdivided into monoclonal antibodies (MAbs) and polyclonal antibodies
(PAbs). MAbs are produced by one single B-cell clone, providing a homogeneity superior of
PAbs. PAbs are produced from a span of different B-cell clones, causing a variation in
antigen specificity. The homogeneity of MAbs ensure a highly specific binding to its
corresponding epitope!®®. Antibodies used in this thesis are presented in Table 4. For

supplementary antibody details, see “Experimental” paper I and paper I1'3%!53,
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Table 4 Overview of antibodies utilized in this thesis

Antibody | Clone Host Producer | Concentration/dilution | Catalogue
number species and number

clonality

PR 1E2 Rabbit Ventana | Prediluted 790-4296
monoclonal

ERa Rabbit Santa 1:100 SC-543
polyclonal Cruz

ERp PPG5/10 Mouse AbD 1:10 MCA1974s
monoclonal | Serotec

AR Goat Santa 1:100 SC-14245
polyclonal Cruz

3.1.3.2 IHC procedure

For manual staining (ERa, ERB, AR), all sections were deparaffinized with xylene, and
rehydrated with ethanol'>3. As described in paper II, antigen retrieval was performed by 1)
placing the specimens in 0.01 M citrate buffer with pH 6.0 and 2) repeated microwave heating
at 450 W for 10 minutes. To avoid non-specific staining, the tissue sections were incubated
with 5% normal serum ABC kit (Vector Laboratories) and blocking solution to quench
endogenous peroxidase activity!>3. For paper I, blocking of endogenous peroxidase was
performed by the DAKO EnVision + System-HRP (DAB) kit (DAKO, Glostrup, Denmark)
152 For paper II, incubation with a solution of 0.5% hydrogen peroxide for 10 minutes
quenched the endogenous peroxidase activity!3. After blocking, tissue samples and
corresponding primary antibodies were incubated overnight. Subsequently all sections were
incubated with a detection reagent consisting of a secondary antibody conjugated with an
avidin/biotin complex!32!53, According to the manufacturer’s instructions, the Vectastatin
ABC kit (Vector Laboratories) was used in this process. The primary-secondary antibody

complex was detected in its cellular localization by adding a chromogen (here: DAB), causing
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a brown staining (Figure 10). Finally, counterstaining with hematoxyline was performed to
visualize cell nuclei'?,

For automated staining (PR), the Ventana Benchmark XT automated slide stainer (Ventana
Medical Systems, Tucson, AZ, USA) was used'*. The principles for automated staining

requires the same multistep procedure as for manual staining, elucidated in the section above.

Figure 10 Tissue microarray slide showing immunohistochemical staining of A) high ERS
expression, 400x magnification, B) low ERp expression, 400x magnification, and staining
visualized by in situ hybridization of C) high miR-143 expression, 400x magnification, D) low
miR-143 expression, 400x magnification. (Kaja Skjefstad)
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3.1.4 In situ hybridization

ISH is a technique developed in the 60°s, with the aim of detecting specific nucleotide
sequences such as DNA or RNA in tissue sections or individual cells. The technique involves
binding of a labelled nucleotide probe to a specific DNA or RNA sequence of interest.
Secondly, the hybridized probe and sequence may be visualized microscopically.
Visualization method depends on probe labelling; antigen, fluorescent or other labels 6.
Chromogenic ISH (CISH) is based on the same chromogenic signal transduction as IHC, and
allows visualization in an ordinary light microscopy. This is in contrast to fluorescence ISH
(FISH), which is dependent on a fluorescence microscope!®. CISH was the chosen method in
this thesis. ISH allows detection of a biomarkers cellular origin'®. This was of outmost
importance as we aimed to elucidate the miRNAs roles in both tumor associated stroma,

metastatic lymph nodes and primary tumor tissue.

3.1.4.1 ISH procedure

In paper III, miR-143 and miR-145 expression in NSCLC tissue was analyzed by ISH,
applying TMA slides. ISH was performed using the Ventana Discovery Ultra Instrument
(Ventana Medical Inc, Arizona, USA). For details regarding detection probes, reagents and
buffer coats, see “Materials and methods”, paper III. To ensure a high sensitivity level of the
ISH method, protocol optimization was performed. This included 1) minimizing the risk of
RNA degradation by using RNAse-free water in buffers and during sectioning, and applying
protective equipment whenever handling slides and reagents; 2) testing of probe
concentrations and demasking pretreatments in NSCLC tissue and 3) testing of hybridization
temperatures for each probe (miR-143 and miR-145). Additionally, staining sensitivity was
ensured by the use of positive (U6 snRNA control probe) and negative (scramble miR probe)

controls. For further details on procedure and staining, see “Materials and methods”, paper
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III. Biomarkers visualized by ISH is presented in Figure 10, table C and D. miR probes used

for detection of miR-143 and miR-145 is presented in Table 5.

Table 5 miR probes used in this thesis

miR Probe Catalogue Producer Concentration
miR-143 | miR-143, -3p target probe | 88068-15 Exiqon 10 nM
miR-145 | miR-145, -5p target probe | 38515-15 Exiqon 2.5nM

3.1.5 Evaluation of staining

For PR, ERB, AR, mir-143 and miR-145, the degree of biomarker staining was assessed by
light microscopy. For ERa, the ARIOL imaging system (Applied Imaging Corp., San Jose,
CA, USA) was used to manually score the [HC stained TMA slides on computer screen.
Detailed method on loading and scanning of the slides is presented in paper 11
(Experimental; IHC scoring). For all biomarkers, both cytoplasmic and nuclear staining in
tumor epithelial and tumor associated stromal cells was considered. All samples were
independently scored by two pathologists (PR, by E.R. and S.A.S.) or one pathologist and a
medical student, now medical doctor, trained by a pathologist (ERa, ERB, AR, miR-143,
miR-145, by S.A.S. and K.S.). The scoring of biomarker expression was performed
semiquantitatively. Intensity of biomarker staining in neoplastic epithelial cells and tumor
associated stromal cells was scored as: 0 = negative, 1 = weak, 2 = intermediate, 3 = strong.
Tumor epithelial PR staining was heterogeneous, thus density in tumor epithelial cells was
scored. Staining in neoplastic epithelial cells for ERa, ERB, AR, miR-143 and miR-145 was
homogenous, subsequently biomarker density was not scored. Due to staining heterogeneity
in stromal cells, density was scored for ERB, AR, PR, miR-143 and miR-145. This was
performed in the following manner: 0 = no cells stained positive, 1 = 1-5% cells showed
positive staining, 2 = 6-50% cells were positive, 3 = > 50% positive cells. ERa staining was
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not observed in tumor associated stromal cells. In paper 111, locoregional metastatic lymph
nodes were stained and scored under the same condition as tumor and stromal tissue. Due to
excessive stained lymphocytes, however, the stromal compartment of lymph nodes was not
scored. For each patient, the mean score of duplicate cores was calculated. When both
intensity and density was scored, the scoring values were combined and the mean score was
calculated. Before evaluation of each biomarker, measures of quality controls were made
between the scorers. This included 1) for ERa, ERB, AR, miR-143 and miR-145; a thorough
training of the medical student, now medical doctor (K.S.), by an experienced pathologist
(S.A.S.), 2) a mutual agreement regarding the semi-quantitative scale was made, 3)
clarification on which compartment to score for each biomarker and 4) several illustrative
examples of each score was reviewed and compared with control tissue. After scoring, an
inter-observer reliability test was performed to further ensure the quality of staining
interpretation. The test results were found highly satisfactory for each biomarker, intra-class

correlation coefficients (ICC) are presented for each biomarker in the respective papers.

3.1.6 Determination of cutoff values

For statistical analyzes on biomarker expression and its association with prognosis and
survival, one needs to categorize the biomarker expression. Using a continuous scale provides
more information and renders a more accurate expression profile. To translate this continuous
variable into a clinical determination, it is however necessary to determine a cutoff point, thus
stratifying patients into two separate groups!®’. Categorizing can be done by: 1) calculating
the mean/median value and dichotomizing the patients by high/low expression, 2) biological
determination or 3) the minimum p-value approach!®®, The cutoff was set at mean value for
PR, ERa, ERPB, AR and miR-143. For miR-145, zero was the cutpoint that best differentiated
between patient groups, subsequently this was the chosen cutoff. A complete list of cutoff

values is presented in Table 6. By using the mean value, one ensures reproducible results and
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minimize the risk of type I errors (false positive expression). The mean value, however, may
not represent the biological relevant cutoff, thus increasing the chance of type II errors (false
negative). For miR-145, based on the minimum p-value approach, zero was the chosen cutoff.
As our study is hypothesis generating, choosing biomarker cutoffs based on a minimal p-

value approach is appropriate.

Table 6 Cutoff for each biomarker according to cellular compartment. NS, not scored.

Paper Biomarker Cell compartment Cutoff
Paper [ PR Neoplastic epithelium 1
Stroma 0.5
Paper 11 AR Neoplastic epithelium 1.69
Stroma 1.52
ERa Neoplastic epithelium 1.80
Stroma NS
ERp Neoplastic epithelium 2.3
Stroma 1.67
Paper 111 miR-143 Neoplastic epithelium 1.98
Stroma 1.87
miR-145 Neoplastic epithelium 0
Stroma 0

3.2 NSCLC cell lines

For paper III, we performed a series of in vitro experiments to investigate the potential
function of miR-143 and miR-145 in NSCLC tumorigenesis. We used five commercial cell
lines, all purchased from American Type Culture Collection (ATCC). The cell lines and

relevant data is presented in Table 7.

Table 7 Lung cancer cell lines used in this thesis

Name Cell type Organism ATCC®
A549 Adenocarcinoma Human CCL-185™
H520 Squamous cell carcinoma Human HTB-182™
H460 Large cell carcinoma Human HTB-177™
H661 Large cell carcinoma Human HTB-183™
NL20 Non-tumorigenic bronchial epithelium | Human CRL-2503™
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3.2.1 In vitro experiments

Details regarding the experimental procedures for cell culture conditions, cell transfection and
in vitro experiments, are presented in paper III. The basic principles for cell cultures include:
1) culturing of all cell lines in RPMI-1640 media with 10% fetal bovine serum and 1 x
penicillin-streptomycin antibiotic mixture, 2) incubation at 37° C in humidified atmosphere
with 5% CO, and 3) transfection of cell lines with miR-143 mimic and/or miR-145 mimic in
combination with miR negative control. For transfection, the transfection reagent

Lipofectamin® 2000 (Life Technologies, Waltham, USA) was used.

3.2.1.1 Proliferation assay procedure

Proliferation ability of transfected cells was evaluated by the real-time cell analyzer
xCELLigence RTCA DP (ACEA Biosciences, San Diego, USA). Cells were seeded as
quadruplicates into an E-plate, 5000 cells per well, and mounted in the RTCA DP instrument.
Cell index, a unit reflecting cell growth, was denoted by the instrument and measured every
15 minutes the first 24 h. Subsequent measurements were made every 30 minutes for the

remaining assay duration. Proliferation curves were calculated using RTCA software, version

1.2.1.

3.2.1.2 Migration assay procedure

For cell lines A549 and H661, migration abilities were assessed using ibidi™ culture inserts
(ibidi GmbH, Planegg, Germany). Transfected cell-suspension was added to inserts
positioned into a 12-well tissue culture dish, one insert per well. The inserts consist of two
0.22 ¢cm? silicone chambers with a 0.5 mm divider. Cells were left to adhere for 24 hours
before inserts were removed. Cell migration into the 0.5 mm gap was calculated using
TScratch, version 1.0 (CSElab, Computational Science and Engineering Laboratory,

Switzerland) and imaging was performed at 0 and 20 hours.
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3.2.2 Reverse transcription polymerase chain reaction

Reverse transcription polymerase chain reaction (RT-PCR) is the gold standard in terms of
nucleic acid quantification and allows amplification and quantification of both precursor
miRNA and mature miRNA ', In 2011, Busk et al. developed a PCR method using DNA
primers, yielding a more sensitive and specific quantification of miRNAs. In paper III,
endogenous levels of miR-143 and miR-145 were quantified by RT-PCR according to Busk
et. Al’s principles !7°. Expression levels were quantified relative to the non-cancerous cell line

NL20.

3.3 Statistical analyzes

Statistical analyzes performed in this thesis was solely executed with the statistical package
IBM SPSS, versions 21-24 (IBM Corp., Armonk, NY, USA). The primary end-point was
disease-specific survival (DSS), defined as time from surgery to lung cancer death. The last
update for DSS was in October 2013. The Kaplan-Meier method was used when examining
associations between biomarker expression and DSS in univariate survival analysis. Statistical
significance between survival curves was analyzed by the log-rank test. All variables, both
clinicopathological and biomarkers, with significant p-values in univariate analyzes were
included in multivariate analyzes, for which the Cox Proportional Hazard model was used.
Data was run in a backward conditional method with probability for stepwise entry and
removal at 0.05 and 0.10. P-values < 0.05 were considered statistically significant,
representing the probability of observing our results when the null hypothesis is correct.
When running multivariate analyzes on female and male patients separate, the subgroups
were firstly run in univariate analyzes to confirm significance. This was performed in paper
I-III. Associations between marker expression and clinicopathologic variables were
investigated by y? test or Fisher’s exact test. Spearman’s rank correlation coefficient was
calculated for the correlation between biomarkers. Inter-observer reliability tests were
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performed for each biomarker to ensure consistent interpretation of staining results. The intra-
class correlation coefficient was good or excellent (range: 0.75-0.97).

The power, expressed as 1 — 3, represents the probability of a study discovering a true
association. Herein,  represents the type II error rate and depends on sample size as well as

the size of effect the investigator is interested in!”!

. One may calculate the sample size
necessary to obtain a high probability of finding a true association, hence a small B!7. For this
study, original sample size calculations indicated that 300 patients had to be included in the
study to achieve a power at 80% and an a-value at 5%. a represents the probability of type I
error, and is often determined in advance of an analysis, standard value is 5%!7%. 5-year DSS
for resected NSCLC patients is 60 %, and survival was the primary endpoint when calculating
sample size. Biomarker expression that caused a 50% increase in hazard ratio was considered
clinically significant, and the frequency of a given biomarker is typically around 35%.

Calculations was done using PASS 2002, Number Cruncher Statistical Systems, Kaysville,

Utah, USA.

3.4 Ethics

The herein presented study was approved by the Regional Committee for Medical and Health
Research Ethics (REK) (protocol ID: 2011/2503) and The Norwegian Data Protection
Authority. The majority of patients were diseased at the study initiation and the tissue
specimens were more than 10 years old, subsequently REK deemed patient consent was not a
prerequisite. Biomarker expression levels and patient details, including clinical and

pathological data, was reported according to the REMARK guidelines!”.
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4 MAIN RESULTS

4.1 Patient characteristics

Clinicopathological and demographic data for all 553 patients are presented in Table 3,
chapter three. Of these were 295 patients diagnosed and treated at the University Hospital of
North Norway (UNN), the remaining 258 were treated at Nordland Central Hospital (NS). Of
the 553 patients, 407 died during the follow-up time, 223 died of lung cancer or causes related
to lung cancer (e.g. pulmonary embolism). Recurrence rate was 47%, comprising 262
patients. 5-year survival for the end-points overall survival (OS), disease-free survival (DFS)
and disease-specific survival were 46%, 71% and 58%, respectively. Corresponding median
survival was 47, 115 and 190 months, respectively. No significant discrepancies between
survival (DSS, OS) were noted between the treating hospitals. Median age at diagnosis was
67 years (range 28-85). The majority (67,5%) of patients were male, 32,5% were female. In
the original cohort (335 patients), the largest histologic subgroup was SCC with 60% of cases,
vs ADCs (39%). However, this difference was rather balanced in the updated material where
SCCs comprised 48%, while ADCs accounted for 50% of all cases. For all 553 patients
(original and updated cohort), histological subgroups were distributed as follows: 307 SCCs
(56%), 239 ADCs (43%) and 7 others (1%). ADCs was the most common histological
subtype in female patients (56%), while SCCs was the most frequent in males (62%). Only
4% of the patients were never-smokers, whereas 96% were present or previous smokers. The
main surgical method was lobectomy (70%), and pulmonectomy as the second most frequent
technique (26%). Only 4% underwent wedge resection. The majority of wedge resections
were performed at UNN (82%). Despite a slight difference in frequencies of surgical methods
and histological subtype, the two cohorts from Tromse and Bode were similar with regards to

age, gender, WHO performance status (ECOG), smoking and adjuvant radio or chemotherapy
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(Table 8). Adjuvant chemotherapy had not been introduced as a standard therapeutic option
in Norway during the time span 1990-2004, thus the majority of patients receiving

chemotherapy were treated in the period between 2005 to 2010.

Table 8 Clinicopathological and demographic data from patients surgically resected at the
University Hospital of North Norway (UNN) vs Nordland Central Hospital (NS)

Variable UNN NS
Gender

Female 98 (33%) 82 (32%)
Male 197 (67%) 176 (68%)
Age

Under 65 127 (43%) 107 (42%)
Over 65 168 (57%) 151 (59%)
Histology

SCC 146 (50%) 161 (62,5%)
ADC 143 (48%) 96 (37%)
Other* 6 (2%) 1 (0,5%)
Smoking

Never 13 (4%) 8 (3%)
Present 182 (62%) 168 (65%)
Previous 100 (34%) 82 (32%)
Adjuvant radiotherapy

No 244 (82,7%) 232 (90%)
Yes 50 (17%) 26 (10%)
Missing 1 (0,3%)

Palliative radiotherapy

No 228 (77%) 210 (81%)
Yes 67 (23%) 48 (19%)
Chemotherapy

No 237 (80%) 213 (83%)
Yes 58 (20%) 45 (17%)
ECOG perf.status

Normal 161 (55%) 163 (63%)
Slightly reduced 107 (36%) 84 (33%)
In bed < 50% 27 (9%) 11 (4%)
Survival

Median DSS (months) 235 190
Median OS (months) 54 43

5-year DSS (%) 59 57

5-year OS (%) 48 43

Abbreviations: ADC, adenocarcinoma. ECOG perf. status, Eastern Cooperative Oncology
Group performance status. SCC, squamous cell carcinoma

*includes adenosquamous carcinoma, large cell carcinoma and carcinoma not otherwise
specified (NOS)
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4.2 Paperl

Sex steroid hormone receptors (SHRs) and their signaling targets are essential in the
development of normal lung parenchyma. Furthermore, their importance in lung cancer
pathogenesis has been declared in several reports (chapter 1.3.1. and 1.3.2.). In this study, we
investigated the prevalence and the prognostic role of PR in neoplastic epithelial cells and
tumor surrounding stromal cells in resected tumors from 335 NSCLC patients! 2.

Demographic, histopathological and clinical variables for all 335 patients are presented in

paper I and paper I

4.2.1 Biomarker expression
Applying THC technology and light microscopy, the majority of PR expression was observed
in the cell nucleus. PR expression above mean value, which was the chosen cutoff value, was

observed in 34.3% and 32.2% in the tumor and stromal compartment, respectively.

4.2.2 Survival analyzes

In univariate analysis, we revealed that positive PR expression was associated with a
favorable prognosis for all patients (P=0.005). Interestingly, we found that female patients
with PR positive tumor cells had a worse outcome compared to male patients with PR
positive tumor cells (P=0.003). This finding revealed a gender specific role of PR in NSCLC.
A combination of high PR expression in tumor cells and low expression in stromal cells
yielded an even worse prognosis in the female patient group (P<0.001), than either of the
variables independently. In the multivariate analysis, PR expression in stromal cells emerged
as an independent positive prognosticator in all patients (HR 1.74; P=0.007). For female
patients, epithelial tumor cell PR expression was a negative prognosticator in the multivariate

analysis (HR 3.46; P=0.001)'2.
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4.3 Paper II*

To further elucidate the significance of SHRs in NSCLC, we aimed to investigate the
expression profile and prognostic relevance of ERa and ERp, and the rate-limiting enzyme in

estradiol synthesis: the aromatase enzyme (AR), in our NSCLC cohort.

4.3.1 Expression and correlations

IHC staining of ERa was predominantly nuclear, wild-type ER (ERB1) was observed in both
nucleus and cytoplasm and AR staining was primarily cytoplasmic in epithelial cells in the
primary tumor (PT) and stromal cells. Epithelial and stromal biomarker expression was
homogenously distributed. ERa was not observed in stromal cells'>3. ERo expression was
significantly increased in PT, compared to non-neoplastic tissue (cytoplasmic, P=0.001:
nuclear, P=0.010). This was not observed for ERP and AR. Biomarker expression was
significantly correlated in PT and stromal cells for AR (1=0.46, P<0.001) and ER (r=0.21,
P<0.001). We found weak, but highly significant, correlations between AR expression in PT
and biomarkers related to angiogenesis, previously investigated by our research group
(VEGFR; r=0.277, P<0.001 and PDGFA; r=0.239, P<0.001). This was also found for ER

expression in PT (VEGFR; r=0.238, P<0.001 and PDGFD; r=0.280, P<0.001).

4.3.2 Survival analyzes

In survival analyzes, ERa had no impact on 5-year survival. High ER expression emerged as
a negative prognosticator for female patients in univariate analysis (P=0.010). Further, AR
was associated with an unfavorable prognosis in all patients (P=0.017). High expression of
ERp in female patients and AR in all patients were both independent negative prognosticators

for DSS (HR: 3.03, P=0.005; HR: 1.55, P=0.017) in multivariate analysis!"3.
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* Due to the first author’s inattentiveness, Figure 3 in this paper is unfortunately not the
correct figure that was intended for publication. A corrigendum with the appropriate figure is

attached, after paper IL.

4.4 Paper III

Based on studies reporting an interesting cross-talk between a subset of miRNAs and the
estrogen-signaling pathway (chapter 1.2.3.3.), we wanted to investigate the prognostic
relevance of the tumor-suppressor miRNA cluster miR-143/145 in our NSCLC cohort, and to
see if we could correlate these biomarkers with our previously investigated SHRs.

This study was performed on our updated patient cohort consisting of 553 NSCLC patients,
surgically resected at The Nordland Central Hospital in Bode and the University Hospital of
North Norway, Tromse. Clinicopathological and demographic characteristics are herein listed
in Table 3, and in paper III. We explored biomarker expression in tumor cells, tumor
associated stroma and locoregional lymph nodes by in situ hybridization in our TMA
samples. Further, we performed a series of in vitro experiments to evaluate the functional role

of miR-143 and miR-145 in NSCLC tumorigenesis.

4.4.1 Expression and correlations

Microscopic evaluation of ISH staining revealed that miR-143 expression in tumor and
stromal cells was primarily cytoplasmic, while miR-145 was mainly observed in the cell
nucleus. Our results regarding biomarker expression evaluated by ISH and RT-PCR were
conflicting. Scoring of ISH staining showed a significantly upregulated biomarker expression
level compared to non-malignant tissue as opposed to RT-PCR where miR-143 and miR-145
were found to be downregulated in four lung cancer cell lines, relative to a non-cancerous cell

line. Correlation analyzes revealed several interesting links between the miRNA cluster and
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previously investigated SHRs including PR, AR and ERB. miR-143 expression in lymph
nodes was positively correlated with stromal AR expression (#=0.494: P<0.001), and
inversely correlated with PR expression (-#=0.453: P<0.001). Further correlations included:
miR-143 in primary tumor (PT) with cytoplasmic ERp in PT (»=0.215: P<0.001) and miR-

145 in PT with nuclear ERB expression in PT (»=0.212: P<0.001)

4.4.2 Functional cell line studies

Four independent lung cancer cell lines (A549, H520, H460, H661) were used to evaluate the
cancer cells ability to proliferate and migrate upon transfection with miR-143, miR-145 or
both. We showed that miR-143 and miR-145 inhibit migration in lung cancer cell lines
(A549, H661). The major trend in transfecting cell lines with miR-143 and/or miR-145, was a
decrease in proliferative capacity. An increase was, however, seen in the H520 cell line after

transfection with miR-143.

4.4.3 Survival analyzes

We report stromal miR-143 expression as an independent prognosticator of favorable
outcome in female patients (univariate analysis P=0.011; multivariate analysis HR: 0.53,
P=0.019). miR-145 expression in stromal cells was associated with an improved DSS for

male patients in univariate analysis (P=0.013) and multivariate analysis (HR:0.58, P=0.021).
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S DISCUSSION

5.1 Materials and method

5.1.1 Study designs

This thesis includes different study designs and is based on renowned research methods
(TMA, THC, ISH, western blot, cell cultures and RT-PCR) in order to thoroughly investigate
our aims and purposes. Study designs include observational cohort study (paper L, II and III)
and experimental study (paper III). Throughout this study, the importance of transparency in
regards to methods and result interpretation has been pivotal. This, to ensure reproducible and
reliable results accessible for comparison and further evaluation by research colleagues

nationally and internationally.

5.1.1.1 Observational cohort study

Observational studies include cohort, cross-sectional and case-control studies, and the
common denominator is the lack of intervention from the investigator performing the study.
Cohort studies are most commonly associated with determining incidence and prognosis of a
certain condition. It may be conducted prospectively, by following a group of people over a
certain time, or retrospectively, by analyzing already existing data for a certain patient
group!”4. Since the data has already been acquired, a retrospective study is considerably
economical to perform compared to a prospective study. A huge disadvantage is the data
quality. Demographic and clinical data is collected from hospital journals, and there are
considerable variations in the amount and quality of information provided for each patient.
Smoking history, in particular, represents a challenge. It seldom exists exact tobacco data

making calculation of pack years difficult.
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5.1.1.2 Cell line studies

Human cancer cell lines are widely used as experimental models to investigate the biology of
human cancers. Advantages by using cell lines includes the possibility for the investigator to
perform interventions and observe effects. In addition, cell lines have the ability of limitless
replication providing unlimited material access!”>. Further, they possess the hallmarks of
cancer cells (chapter 1.2), enabling the investigation of tumor growth, invasion and
metastasis'’®. Cancer cell lines constitute a pure tumor cell population, in the absence of
tumor associated stromal- and inflammatory cells, and vascular compartments. This
represents both an advantage, as it provides a thorough tumor cell profiling, and a
disadvantage, as stromal and inflammatory cells are a huge part of the tumor
microenvironment involved in tumorigenesis (chapter 1.2.1)!"7. This is a challenge when
comparing results from arrays based on tumor tissue collected from patients, with arrays

based on cancer cell lines.

5.1.2 Patient cohort

We have a large patient cohort of NSCLC patients (original cohort: 335, updated cohort 553),
surgically resected at UNN and NS. Our exclusion criteria, presented in chapter three, were
applied to minimize the risk of bias. Since another malignancy within 5 years of a lung cancer
diagnosis may affect the patient response to cancer treatment, patients with such events were
excluded from our cohort. Similarly, may neoadjuvant treatment (radio or chemotherapy prior
to surgery) affect the tumor microenvironment by activating immune related cells and
molecules, causing a host response. Consequently, patients with neoadjuvant treatment were
also excluded. Our updated cohort consists of 32.5% female patients. During the last decade
there have been observed an equalization of lung cancer incidence between male and females,
and the sex ratio today is close to 1:1, male:female’. However, geographically conditioned

variations between lung cancer incidence by sex, exists®. Recent years have also revealed a
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shift in the most frequent histological subtype from SCCs to ADCs. Our database has a
majority of SCCec, due to a higher frequency of SCCc in our early material (1990-2004).
These factors may contribute to a lack of representability in our results, and validation in an
external cohort with recently collected tissue samples and clinicopathological variables is
necessary. The collection of data and inclusion of patients for this study was done during a
time span over 20 years. Several changes and improvements in lung cancer treatment were
made during these years, with the implementation of adjuvant chemotherapy in 2005 as the
most important. This represents a critical confounder in any retrospective study collecting
data over time, including ours. Diagnostic criteria and tumor classification have also evolved
during the follow-up period. All our tumor specimens have been thoroughly examined by an
experienced pathologist, both prior to TMA inclusion and in conjunction with reclassification,
whenever new classification criteria have been implemented. This ensures continuity and
minimizes the risk of inter-observer variations in tumor classification.

Even though lung cancer is highly associated with smoking, an increasing group of patients
diagnosed with lung cancer are never-smokers, especially in the Asian countries!’®. It is
estimated that 15% of lung cancer cases arise in never-smokers making this one of the leading
causes of cancer-related mortality worldwide!>. Very few of our patients were classified as

never-smokers (4%), this is, however, representative in the western part of the world.

513 TMA

The most prominent advantage of TMA technology is the saving of cost, time and tissue.
Staining and analyzing of whole-tissue sections (WTS) is a time-consuming process and
involves cutting and preparing histologic sections from hundreds of patients. Immunostaining
would be performed in batches in order to handle the enormous amount of tissue samples,

179,

reducing staining sensitivity and specificity caused by batch-to-batch variability

Subsequently, a pathologist would examine all stained slides and evaluate staining level and
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identify the respective tumor cell compartments'”. This is a time-consuming process making
standardization of staining evaluation difficult. TMA allows a high-throughput analysis and
visualization of molecular markers in hundred to thousand tissue samples simultaneously!>4.
Only one slide from each recipient TMA block is needed per investigated biomarker, saving
reagents and tumor tissue. All representative tumor cores have been carefully selected by a
pathologist, prior to TMA construction. This selection acts as a quality control, making it
possible for non-pathologists to reliably evaluate biomarker staining in the tissue samples, as
performed for paper II and paper III'>>!7_ Because one single TMA slide may contain up to
800 specimens, the tissue magnitude per biomarker staining is limited. This allows for
staining of all tissue samples simultaneously under the exact same conditions, accounting for
the standardization characterizing TMA technology!™.

Preservation of tissue after removal from the human body is challenging. Proteins, DNA and
RNA will immediately start degrading, problematizing sectioning and secondly microscopic
observation. Fixation of tissue samples prevents degradation and autolysis, hence minimizing
the time from tumor resection to fixation is pivotal'®®. Several studies have shown that the
assessments of important biomarkers are confounded by delayed fixation, with dramatic
consequences for patient care!3®!3! The quality of fixation also depends on the tissue size:
when removing a complete organ, a lung for instance, it takes time for the formalin to
penetrate the lung tissue. This may cause cells in the middle of the organ to degrade pending
formalin penetration. Subsequently, tissue architecture and antigen epitopes alter, causing
variations in biomarker staining and staining interpretation. This kind of sampling variability

1.182 in ovarian cancer. Based on

in protein expression was demonstrated by Permuth-Wey et a
their findings they suggest sampling for TMA construction should be performed in the

periphery of tumor blocks, due to its optimal fixation location. All our tumor specimens were

thoroughly examined by an experienced pathologist prior to TMA construction, ensuring the
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inclusion of well-preserved and well-fixated primary tumor and tumor surrounding stromal
tissue.

A much-debated challenge in TMA technology is whether the 0.6 mm tissue cores are
representative for the heterogeneous tumor architecture. However, studies performed early in
the TMA era proved a concordance of 90-95% when comparing biomarker expression in
TMAs with WTS!83:184 A more recent study by Pehl et al.!*® elucidated the reliability of THC-
determined biomarkers in NSCLC using TMA technology. They concluded that biomarkers
can be adequately assessed using 1 or 2 biopsy samples (1mm diameter). However, the
optimal number for biomarkers with functional properties was between 1 and >4 cores. A
common presumption in these kind of comparative studies is that WTS represent the “gold
standard” in regards to tumor heterogeneity and biomarker expression. This assumption may
not be correct as one single WTS only contain minor parts of the tumor volume, and therefore
only represent a very small part of the tumor!®>. Biomarker heterogeneity may vary
immensely between different biomarkers. If the biomarker is measured with error due to
heterogeneity, this may affect the power of the study and it is known that increased
heterogeneity diminishes the ability to detect a specific effect size!®6. To counteract this and
increase the power of the study one can increase the number of cores per tumor specimen!8®,
We used cores of 0.6 mm, and aimed to obtain at least four cores per patient. At the same
time, a large number of patients were included in our cohort to further ensure reliable results.
Additionally, the majority of biomarkers investigated in this thesis showed homogenous

expression, thus TMA was considered a reliable and well-fit method.

5.1.4 IHC
Methodological challenges with ITHC may be categorized in two: 1) challenges occurring prior
to staining (pre-analytic), 2) challenges related to staining (analytic). The pre-analytic

challenges are related to tissue processing. This includes tissue degradation, delayed tissue
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fixation, under-fixation, over-fixation and inconsistent fixation'>®. Delayed fixation and
under-fixation has been discussed in chapter 5.1.3. Over-fixating the tissue will complicate
the demasking process and subsequent antigen retrieval in IHC, increasing the chance of false
negative staining. IHC is a multi-step process and several aspects including demasking,
antigen retrieval method and blocking of unspecific binding and endogen peroxidase activity
may affect the consecutive staining evaluation. Means to ensure high quality results have been

discussed in detail throughout chapter 3.1.3.

5.1.4.1 Antibodies

Choosing an appropriate antibody is pivotal in order to create reliable IHC analyzes. Only
antibodies that were approved for IHC analyzes on paraffin-embedded tissue by the
manufacturer, were used in this thesis. We used both monoclonal and polyclonal antibodies,
as described in chapter 3.1.3.1. The antibodies where selected based on extensive literature
reviews, performed by experienced laboratory technicians. Advantages and disadvantages of

mono- vs polyclonal antibodies are presented in Figure 11.

Homogeneity Robust

Advantages Highly specific Advantages s?rifikg}‘;e
Monospecificity Cheap
S
Less robust Less specific

Figure 11 Advantages and disadvantages using monoclonal vs polyclonal antibodies
(Kaja Skjefstad)
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5.1.4.2 IHC controls

Validation of reagents and quality control of protocols and staining, play a crucial role in
IHC. This is to secure the validity and reproducibility of the results!>®. Antibody specificity is
usually ensured by western blot. For paper I (PR), western blot validation was performed by
the manufacturer (Ventana Medical Systems). For paper II (ERa, ERpB, AR), we performed
western blot analysis in order to validate the specificity of the primary antibodies. Positive
and negative controls were used to further secure antibody specificity and a proper staining
technique. Ovary and placenta were used as positive controls for ERa, ERP and AR; pancreas
and liver constituted negative controls. Negative controls were stained in absence of the
primary antibody. This, to assess the presence of non-specific staining. To ensure specificity,
it was important to perform the control staining simultaneously with the test tissue staining.
PR staining was performed using the Ventana Benchmark XT automated slide stainer
(Ventana Medical Systems, Tucson, AZ, USA), a machine utilized in clinical diagnostics.
Standard procedure for automated staining included staining positive and negative controls.

Consequently, this was performed during PR staining.

5.1.5 ISH

ISH provides insight into both the expression levels of miRNAs and the cellular
localization'®’, which was of outmost importance in this thesis. Methodological challenges
include the same pre-analytical challenges as with IHC, elucidated in chapter 5.1.3. miRNAs
have several characteristics that challenges ISH detection: 1) small size, 2) similar sequences
between miRNAs and 3) tissue-specific expression!®®, These characteristics entails the
demand for highly sensitive detection methods. This is ensured by Locked Nucleic Acid
(LNA) modification of the miRNA probes, increasing detection sensitivity. It provides an
increased base paring affinity between probe and miRNA!®7. Additional ISH optimization to

ensure reliable results was performed, as elaborated in chapter 3.1.4.1.
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5.1.6 Staining evaluation and cutoff determination

Throughout this study, we used a semi-quantitative scoring approach when determining IHC
and ISH biomarker staining level. This is an easy and accessible approach. A weakness,
however, is the use of a non-standardized staining evaluation protocol, challenging
reproducibility and accurate comparison of results with other studies. None of the biomarkers
investigated in this thesis is implemented in clinical diagnostics of NSCLC, thus a
standardized scoring protocol is yet to be established. All scoring was performed manually by
the use of light microscopy, except for ERa where the ARIOL imaging system (Applied
Imaging Corp., San Jose, CA, USA) was used. This is time-consuming work, and inter-
observer variability between scorers may occur. This is attempted minimized with measures
elaborated in chapter 3.1.5. Avoiding inter-observer variability is possible by automated
quantification. Imaging software is now able to separate staining in different tissue
compartments, facilitating quantification of biomarker expression in cancer cells as well as
stromal cells, which has been key throughout this thesis'®. Automated digital image analysis
(DIA) provides an objective and efficient biomarker characterization, minimizing the
potential of inter-laboratory and inter-observer discrepancy!®’. Automated quantification is
continuously implemented in our research group, and will provide a more efficient staining
evaluation.

We have chosen to dichotomize all our biomarkers in high/low or positive/negative
expression according to the mean value (PR, ERa, ERB, AR, miR-143) or zero (miR-145).
Both zero and mean value are commonly used cutoffs making it more accessible in terms of
comparison with similar studies. Further, using the mean value minimizes the risk of type I
errors (false positive expression). However, it may not represent the biological relevant
cutoff, thus increasing the chance of type II errors (false negative). For miR-145, zero was the

cut point that best differentiated between patient groups, subsequently this was the chosen
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cutoff. As our study is hypothesis generating, choosing biomarker cutoff based on a minimal
p-value approach, as performed for miR-145, is appropriate. This approach may also
contribute to discovering small patient groups that may benefit from a certain treatment, as is
the case for NSCLC adenocarcinoma patients with activating EGFR mutations. They
constitute only 10-16% of NSCLC adenocarcinoma cases in Europe, but have shown

significantly improved disease-free survival when treated with EGFR-TKI'"1.

5.2 Discussion of results

A major strength of the studies presented in this thesis is the large, unselected cohort of
NSCLC patients. We report a long follow-up of our patient cohort, further strengthening our

results.

5.2.1 Discussion Paper I

Our first paper elucidates the prognostic role of PR in NSCLC. We revealed a positive
prognostic impact of high PR expression in the tumor surrounding stroma. Interestingly, PR
expression in tumor epithelial cells emerged as an independent negative prognosticator only
in the female patient group.

Reports on PR prevalence and its prognostic significance in NSCLC have been somewhat

122,192

conflicting. Some groups report a high PR prevalence , while others report low or no

expression in NSCLC!%3:194

. In our cohort, we found PR expression both in epithelial tumor
cells and in tumor surrounding stromal cells (for details on expression levels and cell
type/localization, see Table 2, paper I). We used a reliable antibody, routinely used in
clinical diagnostics for detecting PR expression.

To our knowledge, we are the first group to report diverse PR prognostic effects related to its

localization, in epithelial tumor cells versus tumor surrounding stroma. Tissue specific effects
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of progesterone signaling have been previously reported in other malignancies: Growth-
promoting PR-signaling reported in breast cancer’’, astrocytoma!®> and osteosarcoma'®é,
whereas PR-mediated growth inhibition has been reported in uterine cancer!®’. Further, Kim
et al.!7 described a compartment specific function of PR in uterine cancer. They observed a
pivotal role of PR in endometrial stromal cells, indicating that the stromal PR expression is
responsible for the inhibition of endometrial epithelial cells. This inhibiting effect was

explained by blocking of estradiol-induced mitogenic mediators!®’

. Little is known regarding
PR signaling in NSCLC cells, and even less is known with respect to PR signaling in the
stromal compartment. Our observation of PR as a positive prognosticator when expressed in
stromal cells may indicate a similar endometrial-like function in NSCLC, as observed by Kim
et al.'’, The inhibition of epithelial cells may be explained by a stromal-epithelial cross-talk
mediated by PR signaling.

PR was recently confirmed as a positive prognosticator in a small cohort of lung
adenocarcinomas!®®. Several groups have shown that a loss of PR expression is associated
with a worse outcome in cancer, including lung cancer!2%19%-2%, This has also been observed
in endometrial cancer, where poorly differentiated and more aggressive tumors usually show
a lower degree, or even a total loss of PR expression!®’.

Functional studies investigating the role of PR in tumor surrounding stromal cells in NSCLC
are needed to fully comprehend their complex signaling pathways. Additionally, it is
important to consider that PR signaling in the lung may be ligand-independently, as observed
in breast cancer cells?°.

In our NSCLC cohort, PR expression in tumor epithelial cells was found to be a negative
prognosticator in the female patient group'>2. An explanation for this may be found in breast

cancer cells. Here, PRs are expressed primarily in tumor epithelial cells, and contribute to

breast cancer cell proliferation through a non-genomic signaling!®’.
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Most cases of NSCLC occur in elderly men and postmenopausal women, where serum
progesterone levels are negligible. Autocrine production of progesterone in NSCLC cells has,
however, been detected and found to correlate with PR expression and progesterone-mediated
signaling!22:126,

An increase in lung cancer mortality is reported in postmenopausal women receiving HRT
treatment composed of estrogen and progestin. This is not observed in female patients taking
estrogen-only HRT?3-2%2, Further, cell line studies have reported a progestin mediated vascular
endothelial growth factor (VEGF) secretion by NSCLC cells, thus indicating local
angiogenesis and tumor growth 2!, We found a correlation between PR expression and the
angiogenic marker platelet-derived growth factor C (PDGF-C), indicating that progesterone
mediated angiogenesis in NSCLC may be executed through cross-talk signaling with PDGF-

C. The aforementioned reports combined with our results, indicate an association between

tumor promoting qualities and PR expression and signaling.

5.2.2 Discussion Paper II

Herein, we showed that high tumor cell AR expression was a negative prognosticator in all
patients, while nuclear tumor ERJ expression emerged as a negative prognosticator in female
patients.

High aromatase (AR) expression has been associated with an adverse prognosis in NSCLC

patients, which is in concordance with our findings?*3-24, As

is seen in breast cancer, lung
cancer cells appear to produce large amounts of estrogens locally, by an aromatase-mediated
conversion of androstenedione to estradiol!3>13329 Tn our NSCLC cohort, high ERf tumor
expression emerged as an independent negative prognosticator in female patients. This is in
agreement with several reports on the prognostic role of ERB in NSCLC!2%-131.136 Gender-

specific survival discrepancies have previously been described for ERP} expression in

NSCLC. Schwartz et al.?% reported a favorable prognosis in male patients with a high ERp
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expression, while Stabile et al.'?°, found a high ERp expression to correlate with an inferior
outcome.

The associations between a high AR and high ERf expression with an unfavorable prognosis
shown in our study, may be explained by the mitogenic qualities following the activation of
the ER-pathway in NSCLC, as described in chapter 1.2.1 and 1.3.2. Further, we found
interesting correlations between our investigated hormonal biomarkers and important
angiogenic growth related factors including VEGFR and PDGFA !>, Estradiol has shown to
induce VEGF secretion and also to increase the number of cancer stem cells, self-renewing
cells with high malignant capacity, in NSCLC'?!. This may provide further explanations for
the negative prognosis accompanying high ERp or AR expression.

The improved survival following implementation of hormone therapy in breast cancer
treatment, renders hope of a similar breakthrough in lung cancer therapy. An overview of
important milestones in elucidating hormone-targeted therapy in NSCLC is presented in
chapter 1.3.2, Table 2. In preclinical studies, treatment with E2 has shown to promote the
proliferation and progression of lung cancer cell lines in vitro and lung tumor xenografts in
vivo'33:206-208 The estrogen-mediated effects in NSCLC was inhibited by fulvestrant, a
renowned ER antagonist!?. Further, in a Canadian study by Lother et al.?%°, antiestrogen
exposure in 156 of 2320 female NSCLC patients, was associated with improved survival. A
recent report by Hamilton et al.®¢ demonstrated that blocking of estrogen signaling by
fulvestrant augmented lung carcinoma cells susceptibility to immune-mediated lysis. These
reports provide a rationale for targeting the estrogenic pathway in NSCLC treatment, and the
latter report, emphasize the potential of combining estrogen-targeted treatment with immune-
mediated therapies. As hormonal therapy targeting the estrogenic pathway has been used in
clinical practice for some time now, they are widely available and their low toxicity profile is

well-established!?’.
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Preclinical studies on aromatase inhibitors in NSCLC have also shown to prevent tumor cell
growth!32210 Weinberg et al.?!? early proposed AR as a therapeutic target in NSCLC by
demonstrating inhibition of lung tumor growth in vitro, when treating tumor cells with the
aromatase inhibitor anastrozole. A phase II study evaluating a multi-targeted therapy of
advanced NSCLC with the aromatase inhibitor letrozole and the mammalian target of
rapamycin (mTOR) inhibitor everolimus, was, however, terminated due to serious adverse
events?!!. Recently, joint treatment with aromatase inhibitors and NSAIDs was proposed as
an NSCLC prevention in smokers. The combined treatment caused a reduction in circulating
E2 and inhibited recruitment of macrophages and pro-inflammatory cytokines prior to
carcinogen exposure (tobacco smoke)?!2,

EGFR is an important therapeutic target in NSCLC, but resistance towards EGFR-TKIs
represents an emerging challenge?!’. ER- and EGFR-signaling share several common
downstream mechanisms, and a reciprocal expression regulation is shown for the

biomarkers?'4

. Recent publications indicate ERp expression to be associated with the
development of EGFR-TKI resistance, and demonstrates that treatment with an ER inhibitor
sensitizes NSCLC cells to EGFR-TKIs?!*2!4, These findings provided a treatment approach
with combining an EGFR-TKI with an ER-antagonist in overcoming the challenges of EGFR-
TKI resistance?'*. Similarly, ERB was recently shown to increase the sensitivity of NSCLC
cells to chemotherapeutic agents, further substantiating their potential as complementary

therapeutic targets!3>-215,

5.2.3 Discussion Paper I1I

Herein, we present stromal expression of miR-143 and miR-145 as positive prognosticators in
female and male NSCLC patients, respectively.

The positive prognostic impact of high stromal miR-145 expression in our NSCLC cohort,

has previously been indicated by research groups reporting a significant correlation between

73



a low miR-145 expression and poor outcome in NSCLC and prostate cancer?!6217,

Contradicting results have, however, been published for bladder cancer and esophageal
cancer, indicating that high expressions of miR-143 and miR-145 are associated with an
unfavorable prognosis?'®2!?, This may imply a tissue-specific role for miR-143 and miR-145
expression.

The miRNA-cluster 143/145 is considered a tumor-suppressor. This is concordant with our
observations in cell line studies and with observations made by other groups, reporting the
down-regulation of the miRNA-cluster 143/145 in several malignancies, including breast,
colon, prostate and lung!'#>-146, Nevertheless, by the use of ISH, we observed an upregulation
of the miR-143/145 expression in tumor tissue (tumor epithelial cells and tumor surrounding
stroma) resected from our NSCLC cohort. It is becoming increasingly evident that the down-
regulation of this miR-cluster is a dynamic process, and that the heterogeneity of human
tumors challenges a precise expression profiling of the aforementioned miRNAs. This may
explain the discrepancy in expression levels reported in various malignancies and different
cellular compartments?2%-221,

Deregulation of the miRNA-143/145 is reported as an early event in cancer progression, and
is associated with a poor prognosis (lymph node metastasis and with an advanced stage of
disease)'®. Our cell line studies showed that transfection of NSCLC cell lines with miR-143
and/or miR-145 primarily mediated a decrease in proliferative and migration capacity. This is
in concordance with others, and substantiate the tumor-suppressive effects of this miRNA
cluster??2223, Recent results are, however, questioning the tumor suppressor function of this
miRNA-cluster as publications reporting tumor promoting qualities are gaining
ground'#>224225_ There is an ongoing debate on the role of these miRNAs in the NSCLC
tumor microenvironment, as there are mounting evidence that the miRNAs mainly exert their

function by affecting the stromal cells, and not the epithelial cells*?*. This highlights the
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importance of considering the tumor stroma when investigating the expression and prognostic
relevance of biomarkers, as in this thesis. Much remains to be elucidated regarding the
biological function of miR-143 and miR-145 in NSCLC including their positive prognostic
role, when highly expressed in the stromal compartment.

The miRs are associated with a wide variety of genes by regulating their expression post-
transcriptionally, and it may appear that their functions are not only cell type-specific, but also
gender-specific, as previously proposed for a subset of miRNAs?2?®, This may explain our
results indicating a positive prognostic role for stromal miR-143 expression in female
patients, and a positive prognostic role for stromal miR-145 expression in male patients.

We found correlations between the investigated miRNAs and our previously investigated
SHRs, indicating a feasible interaction between the aforementioned miRNAs and SHRs, as
already demonstrated in breast cancer tissue??’. Further, miR-145 has been shown to
deregulate ERa expression and interact with local estradiol synthesis in the breast!'*®. We
report a highly significant correlation between AR and the aforementioned miRNAs,
indicating that the same mechanisms may be present in the lung. This may further explain the
gender-related impacts observed herein.

The ability to introduce exogenous miRNAs by “miRNA replacement therapy” is a promising
novel treatment opportunity??!. Further, miRNAs may be used in multi-targeted treatment
with current treatment options to prevent the development of drug resistance??82%°. The very
first miRNA replacement therapy in the clinical trial, MesomiR-1, recently completed phase
1. This new treatment approach was performed in thoracic cancers, based on the miR-15/107
group of miRNAs, and preliminary results are promising!**. However, a precise miRNA
expression and effect profile for every tumor and tumor microenvironment is inevitable prior

to implementing this as an established treatment regimen?2!.
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6 CONCLUSIONS

The revealing of reliable biomarkers as prognostic and predictive molecular proteins and
aiming to improve cancer treatment and survival, has been the ambition of cancer research
groups in the recent decades. Finding biomarkers that may stratify patients within different
treatment subgroups is essential for individual targeted cancer treatment. It is however
important to keep in mind the genetic instability in the hallmarks of cancer, potentially
challenging the applicability of candidate prognostic markers. Tumor heterogeneity represents
an additional challenge in the study if potential biomarkers. Discrepant expression and
prognostic relevance according to tumor compartment is presented in all three studies
comprising this thesis, substantiating the disparities in compartment specific features.

The discovery of novel biomarkers in NSCLC, including EGFR and ALK, have shown an
improve in lung cancer survival. There is, however, a constant need for further stratification
of this heterogeneous patient group. Only 15-18% of NSCLC patients survive beyond 5 years,
and the need for reliable prognostic and predictive biomarkers is pivotal. Stimulated by other
research groups investigating the prognostic role of biomarkers known to be relevant in
hormone-related malignancies such as in breast, ovary, uterus and prostate, we aimed to
elucidate a possible role for endocrinology-related markers in lung cancer. This renders the
possibility for discovering new driver molecules in malignancies previously thought not to be
influenced by gender-related hormones and hormone receptors as is the case in NSCLC.
Pioneer work in NSCLC during early 2000s, proposed a prognostic role of SHRs, and
suggested their potential role as predictive markers in NSCLC.

Herein, we present three studies of endocrinology-related biomarkers in NSCLC, with
emphasis on the female sex steroid hormone receptors. By the use of acknowledged

laboratory techniques, including IHC, ISH and functional cell line studies, we performed a
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thorough and comprehensive expression profiling of these hormone receptors and associated
miRNAs on our NSCLC cohort using TMA as an efficient investigation method.

In the first study, we did not only confirm the presence of PR in cancer and stromal cells in
NSCLC, but we further emphasized PRs pivotal role in NSCLC tumorigenesis by
demonstrating divergent, independent impacts on survival when expressed in different
cellular compartments. Stromal PR expression emerged as an independent positive
prognosticator, while tumor epithelial PR expression was an independent negative
prognosticator in female patients. Herein, we revealed a worthwhile opposing compartment-
related impact on survival. Thereby, demonstrating the importance of considering the stromal
compartments role in tumorigenesis when elucidating the potential prognostic relevance of a
biomarker. Due to the discrepant PR signaling observed and reports indicating HRT treatment
with estrogen plus progestin is associated with an increase in lung cancer death, it will be
important to consider the risk-benefit for women with an increased lung cancer risk who are
considering combination HRT therapy.

In the second paper, we confirmed that AR and ER are associated with an unfavorable
outcome in NSCLC, where ER[} emerged as a significant prognosticator exclusively in female
patients. Consequently, as for PR, we revealed gender-related impacts according to biomarker
expression in NSCLC, further substantiating results indicating NSCLC is a disease with
apparent differences between male and female patients. Female gender is already an
established prognostic factor in NSCLC, furthermore certain biomarkers may be candidate
prognosticators and probably predictive markers solely for female NSCLC patients. This may
represent a milestone for more individualized and hormonal-related treatment of lung cancer.
However, validation in prospective trials, as well as standardized detection method and

staining interpretation, is of course necessary prior to such an implementation.
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In our third paper, we showed positive prognostic impacts of stromal miR-143 and miR-145
expression in a gender-related manner. We strengthened our tissue-based findings with
functional cell line studies. This provided a unique possibility to explore the pathophysiology
of NSCLC, and elucidate miRNAs role in tumorigenesis. Further, we revealed correlations
with SHRs indicating hormone-related signaling may be involved in the gender-specific
survival benefit observed. We report discrepant results on biomarker expression in our tumor
tissue versus our cell lines, indicating specific mapping of miRNA expression levels in cancer
cells may pose a challenge. miRNA replacement therapy may represent a solution to the
development of treatment resistance in NSCLC, due to the multitude of target genes regulated
by miRNas.

This thesis is a contribution to elucidating the myriad of tumor cell signaling causing disease,
relapse, metastasis and eventually death for NSCLC patients. We hope our results may be
implemented in future stratification of this patient group, as prognostic or predictive markers.
Supplementary studies on endocrinology-related biomarkers in relation to gender, age and
hormone-associated gene mutations may pose an interesting field for further research.

Even though no prognostic biomarkers are affirmed in NSCLC, ongoing research may
eventually find the missing link that can aid stratification, and hopefully survival, in this
patient group. This work and further investigations may be inspired by the words of Elon

Musk;

“When something is important enough, you do it even if the odds are not in your favor”

Elon Musk

78



7 REFERENCES

10

11

12

13

14

15

16

17

18

19

20

21

22

Ferlay, J. et al. Cancer incidence and mortality worldwide: sources, methods and major
patterns in GLOBOCAN 2012. International journal of cancer 136 (2015).

Wilson, A. Justice and lung cancer. The Journal of medicine and philosophy 38, 219-234,
doi:10.1093/jmp/jht001 (2013).

Kreftforeningen. Fordeling av forskningsmidler, 2017).

Al-Saad, S. et al. Clinical significance of epidermal growth factor receptors in non-small cell
lung cancer and a prognostic role for HER2 gene copy number in female patients. Journal of
Thoracic Oncology 5, 1536-1543 (2010).

Stabile, L. P. & Burns, T. F. in Gender, Sex Hormones and Respiratory Disease  147-171
(Springer, 2016).

Cheng, T.-Y. D. et al. The international epidemiology of lung cancer: latest trends, disparities,
and tumor characteristics. Journal of Thoracic Oncology 11, 1653-1671 (2016).

Norway, C. R. 0.  (Cancer Registry of Norway, Cancer Registry of Norway, 2016).
Helsedirektoratet. Nasjonalt handlingsprogram med retningslinjer for diagnostikk, behandling
og oppfelging av lungekreft, mesoteliom og thymom. Nasjonale faglige retningslinjer 8
(2017).

Islami, F., Torre, L. A. & Jemal, A. Global trends of lung cancer mortality and smoking
prevalence. Translational lung cancer research 4,327 (2015).

Pesch, B. et al. Cigarette smoking and lung cancer—relative risk estimates for the major
histological types from a pooled analysis of case—control studies. International journal of
cancer 131, 1210-1219 (2012).

Bain, C. et al. Lung cancer rates in men and women with comparable histories of smoking.
Journal of the National Cancer Institute 96, 826-834 (2004).

Prescott, E. et al. Gender and smoking-related risk of lung cancer. The Copenhagen Center for
Prospective Population Studies. Epidemiology (Cambridge, Mass.) 9, 79-83 (1998).

Risch, H. A. et al. Are female smokers at higher risk for lung cancer than male smokers? A
case-control analysis by histologic type. American journal of epidemiology 138, 281-293
(1993).

Govindan, R. ef al. Genomic landscape of non-small cell lung cancer in smokers and never-
smokers. Cell 150, 1121-1134 (2012).

Samet, J. M. et al. Lung cancer in never smokers: clinical epidemiology and environmental
risk factors. Clinical Cancer Research 15, 5626-5645 (2009).

Brenner, D. R., McLaughlin, J. R. & Hung, R. J. Previous lung diseases and lung cancer risk:
a systematic review and meta-analysis. PloS one 6, €17479 (2011).

Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2016. CA: a cancer journal for
clinicians 66, 7-30 (2016).

Wakelee, H. et al. Differential effect of age on survival in advanced NSCLC in women versus
men: analysis of recent Eastern Cooperative Oncology Group (ECOG) studies, with and
without bevacizumab. Lung Cancer 76, 410-415 (2012).

Sagerup, C. M., Sméstuen, M., Johannesen, T. B., Helland, A. & Brustugun, O. T. Sex-
specific trends in lung cancer incidence and survival: a population study of 40 118 cases.
Thorax 66, 301-307 (2011).

Heiss, G. et al. Health risks and benefits 3 years after stopping randomized treatment with
estrogen and progestin. Jama 299, 1036-1045, doi:10.1001/jama.299.9.1036 (2008).

Slatore, C. G., Chien, J. W., Au, D. H.,, Satia, J. A. & White, E. Lung cancer and hormone
replacement therapy: association in the vitamins and lifestyle study. Journal of clinical
oncology : official journal of the American Society of Clinical Oncology 28, 1540-1546,
doi:10.1200/jc0.2009.25.9739 (2010).

Chlebowski, R. T. et al. Oestrogen plus progestin and lung cancer in postmenopausal women
(Women's Health Initiative trial): a post-hoc analysis of a randomised controlled trial. Lancet
(London, England) 374, 1243-1251, doi:10.1016/s0140-6736(09)61526-9 (2009).

79



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Chlebowski, R. T. et al. Estrogen plus progestin and lung cancer: follow-up of the women's
health initiative randomized trial. Clinical lung cancer 17, 10-17. €11 (2016).

Novello, S. ef al. Metastatic non-small-cell lung cancer: ESMO Clinical Practice Guidelines
for diagnosis, treatment and follow-up. Annals of Oncology 27, v1-v27 (2016).

Sagerup, C. M. T., Sméstuen, M., Johannesen, T. B., Helland, A. & Brustugun, O. T.
Increasing age and carcinoma not otherwise specified: a 20-year population study of 40,118
lung cancer patients. Journal of Thoracic Oncology 7, 57-63 (2012).

Sigel, K. et al. Immunological and infectious risk factors for lung cancer in US veterans with
HIV: a longitudinal cohort study. The Lancet HIV 4, e67-¢73 (2017).

Gazdar, A. F. & Brambilla, E. Preneoplasia of lung cancer. Cancer Biomarkers 9, 385-396
(2011).

Davidson, M. R., Gazdar, A. F. & Clarke, B. E. The pivotal role of pathology in the
management of lung cancer. Journal of thoracic disease 5 Suppl 5, S463-478,
doi:10.3978/j.i1ssn.2072-1439.2013.08.43 (2013).

Travis, W. D. ef al. International association for the study of lung cancer/american thoracic
society/european respiratory society international multidisciplinary classification of lung
adenocarcinoma. Journal of thoracic oncology 6, 244-285 (2011).

Lantuejoul, S., Salameire, D., Salon, C. & Brambilla, E. Pulmonary preneoplasia--sequential
molecular carcinogenetic events. Histopathology 54, 43-54, doi:10.1111/j.1365-
2559.2008.03182.x (2009).

Travis, W. D., Brambilla, E., Burke, A., Marx, A. & Nicholson, A. G. WHO classification of
tumours of the lung, pleura, thymus and heart. (International Agency for Research on Cancer,
2015).

Travis, W. D. et al. The 2015 World Health Organization classification of lung tumors: impact
of genetic, clinical and radiologic advances since the 2004 classification. Journal of thoracic
oncology 10, 1243-1260 (2015).

Vestergaard, H. H., Christensen, M. R. & Lassen, U. N. A systematic review of targeted
agents for non-small cell lung cancer. Acta oncologica (Stockholm, Sweden), 1-11,
doi:10.1080/0284186x.2017.1404634 (2017).

Thun, M. J. ef al. Cigarette smoking and changes in the histopathology of lung cancer.
Journal of the National Cancer Institute 89, 1580-1586 (1997).

Thun, M., Peto, R., Boreham, J. & Lopez, A. D. Stages of the cigarette epidemic on entering
its second century. Tobacco control 21, 96-101 (2012).

Osmani, L., Askin, F., Gabrielson, E. & Li, Q. K. in Seminars in Cancer Biology. (Elsevier).
Wood, S. L., Pernemalm, M., Crosbie, P. A. & Whetton, A. D. The role of the tumor-
microenvironment in lung cancer-metastasis and its relationship to potential therapeutic
targets. Cancer treatment reviews 40, 558-566 (2014).

Kocher, F. et al. Longitudinal analysis of 2293 NSCLC patients: a comprehensive study from
the TYROL registry. Lung Cancer 87, 193-200 (2015).

NCCN. NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) Non-Small
Cell Lung Cancer. NCCN Evidence BlocksTM Version 8.2017 (2017).

Goldstraw, P. et al. The IASLC Lung Cancer Staging Project: proposals for revision of the
TNM stage groupings in the forthcoming (eighth) edition of the TNM classification for lung
cancer. Journal of Thoracic Oncology 11, 39-51 (2016).

Goldstraw, P. et al. The IASLC Lung Cancer Staging Project: proposals for the revision of the
TNM stage groupings in the forthcoming (seventh) edition of the TNM Classification of
malignant tumours. Journal of thoracic oncology 2, 706-714 (2007).

Rami - Porta, R., Asamura, H., Travis, W. D. & Rusch, V. W. Lung cancer—major changes
in the American Joint Committee on Cancer eighth edition cancer staging manual. CA: 4
Cancer Journal for Clinicians 67, 138-155 (2017).

Croswell, J. M., Ransohoff, D. F. & Kramer, B. S. in Seminars in oncology. 202-215
(Elsevier).

Wilson, J. M. G., Jungner, G. & Organization, W. H. Principles and practice of screening for
disease. (1968).

80



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63
64

65

66

67

Aberle, D. R. ef al. Reduced lung-cancer mortality with low-dose computed tomographic
screening. N Engl J Med 365, 395-409, doi:10.1056/NEJMoal 102873 (2011).

Pedersen, J. H. et al. Implementation of lung cancer CT screening in the Nordic countries.
Acta oncologica (Stockholm, Sweden) 56, 1249-1257, doi:10.1080/0284186x.2017.1329592
(2017).

Yousaf-Khan, U. ef al. Final screening round of the NELSON lung cancer screening trial: the
effect of a 2.5-year screening interval. Thorax 72, 48-56 (2017).

Tao, L., Wang, R., Gao, Y.-T. & Yuan, J.-M. Impact of postdiagnosis smoking on long-term
survival of cancer patients: the Shanghai cohort study. Cancer Epidemiology and Prevention
Biomarkers 22, 2404-2411 (2013).

Norsk Lunge Cancer Gruppe, K.-g. Faglige anbefalinger for stralebehandling ved ikke-
smacellet lunge- cancer. Oppdatert versjon 2016 (2015).

Rami-Porta, R. & Tsuboi, M. Sublobar resection for lung cancer. The European respiratory
journal 33, 426-435, doi:10.1183/09031936.00099808 (2009).

Chang, J. Y. et al. Stereotactic ablative radiotherapy versus lobectomy for operable stage I
non-small-cell lung cancer: a pooled analysis of two randomised trials. The Lancet Oncology
16, 630-637 (2015).

Verstegen, N. et al. Stage I-II non-small-cell lung cancer treated using either stereotactic
ablative radiotherapy (SABR) or lobectomy by video-assisted thoracoscopic surgery (VATS):
outcomes of a propensity score-matched analysis. Annals of oncology 24, 1543-1548 (2013).
Nyman, J. et al. SPACE—a randomized study of SBRT vs conventional fractionated
radiotherapy in medically inoperable stage | NSCLC. Radiotherapy and Oncology 121, 1-8
(2016).

Corso, C. D. ef al. Re-evaluation of the Role of Postoperative Radiotherapy and the Impact of
Radiation Dose for Non—Small-Cell Lung Cancer Using the National Cancer Database.
Journal of Thoracic Oncology 10, 148-155 (2015).

Cuffe, S. et al. Adjuvant chemotherapy for non—small-cell lung cancer in the elderly: A
population-based study in Ontario, Canada. Journal of Clinical Oncology 30, 1813-1821
(2012).

Varlotto, J. M. et al. Nodal stage of surgically resected non-small cell lung cancer and its
effect on recurrence patterns and overall survival. International Journal of Radiation
Oncology* Biology* Physics 91, 765-773 (2015).

Norsk Lunge Cancer Gruppe, K.-g. Faglige anbefalinger for lindrende stralebehandling ved
lungecancer. Revidert versjon 2016 (2015).

Terje Brustugun, O. et al. Mutasjonstesting ved ikke-smacellet lungekreft. Tidsskrift for den
Norske Laegeforening 132, 952 (2012).

Helland, A. et al. EGFR gene alterations in a Norwegian cohort of lung cancer patients
selected for surgery. Journal of Thoracic Oncology 6, 947-950 (2011).

Helsedirektoratet. Nasjonalt handlingsprogram med retningslinjer for diagnostikk, behandling
og oppfelging av lungekreft, mesoteliom og thymom Nasjonale faglige retningslinjer 02/2018
(2018).

Blackhall, F. H. et al. Prevalence and clinical outcomes for patients with ALK-positive
resected stage I to III adenocarcinoma: results from the European Thoracic Oncology Platform
Lungscape Project. Journal of Clinical Oncology 32, 2780-2787 (2014).

Vidal, J. et al. Assessment of ALK status by FISH on 1000 Spanish non-small cell lung cancer
patients. Journal of Thoracic Oncology 9, 1816-1820 (2014).

Katayama, R., Lovly, C. M. & Shaw, A. T. (AACR, 2015).

Reck, M. et al. Pembrolizumab versus chemotherapy for PD-L 1—positive non—small-cell lung
cancer. N Engl J Med 2016, 1823-1833 (2016).

Carbone, D. P. et al. First-line nivolumab in stage IV or recurrent non—small-cell lung cancer.
New England Journal of Medicine 376, 2415-2426 (2017).

Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cel/ 144, 646-674
(2011).

Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57-70 (2000).

81



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

&3

&4

&5

86

87

88

&9

Di Sante, G., Di Rocco, A., Pupo, C., Casimiro, M. C. & Pestell, R. G. Hormone-induced
DNA damage response and repair mediated by cyclin D1 in breast and prostate cancer.
Oncotarget 8, 81803-81812, doi:10.18632/oncotarget. 19413 (2017).

Pao, W. & Girard, N. New driver mutations in non-small-cell lung cancer. The lancet
oncology 12, 175-180 (2011).

Brisken, C. Progesterone signalling in breast cancer: a neglected hormone coming into the
limelight. Nature Reviews Cancer 13, 385-396 (2013).

Clocchiatti, A., Cora, E., Zhang, Y. & Dotto, G. P. Sexual dimorphism in cancer. Nature
Reviews Cancer 16, 330-339 (2016).

Madar, S., Goldstein, I. & Rotter, V. ‘Cancer associated fibroblasts’~more than meets the eye.
Trends in molecular medicine 19, 447-453 (2013).

Bremnes, R. M. et al. The role of tumor stroma in cancer progression and prognosis: emphasis
on carcinoma-associated fibroblasts and non-small cell lung cancer. Journal of thoracic
oncology 6,209-217 (2011).

Kessenbrock, K., Plaks, V. & Werb, Z. Matrix metalloproteinases: regulators of the tumor
microenvironment. Cell 141, 52-67 (2010).

Bhowmick, N. A. et al. TGF-8 signaling in fibroblasts modulates the oncogenic potential of
adjacent epithelia. Science (New York, N.Y.) 303, 848-851 (2004).

Franco, O. E., Shaw, A. K., Strand, D. W. & Hayward, S. W. in Seminars in cell &
developmental biology. 33-39 (Elsevier).

Berindan-Neagoe, 1. & Calin, G. A. Molecular pathways: microRNAs, cancer cells, and
microenvironment. Clinical Cancer Research 20, 6247-6253 (2014).

Donnem, T. et al. MicroRNA signatures in tumor tissue related to angiogenesis in non-small
cell lung cancer. PloS one 7, €29671, doi:10.1371/journal.pone.0029671 (2012).

Pietras, K. & Ostman, A. Hallmarks of cancer: interactions with the tumor stroma.
Experimental cell research 316, 1324-1331 (2010).

Nemunaitis, J. et al. 1104. Phase II Study of Lucanix (TM) a Transforming Growth Factor
[beta] 2 (TGF-[beta] 2) Antisense Gene Modified Allogeneic Tumor Cell Vaccine in Non
Small Cell Lung Cancer (NSCLC). Molecular Therapy 13, S424 (20006).

Neuzillet, C. ef al. Targeting the TGFp pathway for cancer therapy. Pharmacology &
therapeutics 147, 22-31 (2015).

Wang, W. et al. Crosstalk to stromal fibroblasts induces resistance of lung cancer to epidermal
growth factor receptor tyrosine kinase inhibitors. Clinical Cancer Research 15, 6630-6638
(2009).

Guttilla, I. K., Adams, B. D. & White, B. A. ERa, microRNAs, and the epithelial—
mesenchymal transition in breast cancer. Trends in Endocrinology & Metabolism 23, 73-82
(2012).

Zhao, G. et al. ERB-mediated estradiol enhances epithelial mesenchymal transition of lung
adenocarcinoma through increasing transcription of midkine. Molecular endocrinology 26,
1304-1315 (2012).

Obr, A. E. & Edwards, D. P. The biology of progesterone receptor in the normal mammary
gland and in breast cancer. Molecular and cellular endocrinology 357, 4-17,
doi:10.1016/j.mce.2011.10.030 (2012).

Hamilton, D. H. et al. Targeting estrogen receptor signaling with fulvestrant enhances
immune and chemotherapy-mediated cytotoxicity of human lung cancer. Clinical Cancer
Research 22, 6204-6216 (2016).

Wang, H. et al. TGF-B1-induced epithelial-mesenchymal transition in lung cancer cells
involves upregulation of miR-9 and downregulation of its target, E-cadherin. Cellular &
Molecular Biology Letters 22, 22 (2017).

Li, Y. et al. MiR-182 inhibits the epithelial to mesenchymal transition and metastasis of lung
cancer cells by targeting the Met gene. Molecular carcinogenesis, doi:10.1002/mc.22741
(2017).

Palena, C., Fernando, R. I. & Hamilton, D. H. An immunotherapeutic intervention against
tumor progression: targeting a driver of the epithelial-to-mesenchymal transition.
Oncoimmunology 3, €27220 (2014).

82



90

91

92

93

94

95

96

97

98

99

100

101
102

103

104

105

106

107

108

109

110

111

112

113

Kovats, S. Estrogen receptors regulate innate immune cells and signaling pathways. Cellular
immunology 294, 63-69 (2015).

Topalian, S. L., Drake, C. G. & Pardoll, D. M. Immune checkpoint blockade: a common
denominator approach to cancer therapy. Cancer cell 27, 450-461 (2015).

Pardoll, D. M. The blockade of immune checkpoints in cancer immunotherapy. Nature
Reviews Cancer 12, 252-264 (2012).

Hodi, F. S. et al. Improved survival with ipilimumab in patients with metastatic melanoma. N
Engl j Med 2010, 711-723 (2010).

Rolfo, C. ef al. Immunotherapy in NSCLC: A Promising and Revolutionary Weapon.
Advances in experimental medicine and biology 995, 97-125, d0i:10.1007/978-3-319-53156-
4 5(2017).

Furth, J. in Cancer. A comprehensive treatise ~ 75-120 (Springer, 1975).

Wang, L., Lonard, D. M. & O’Malley, B. W. The role of steroid receptor coactivators in
hormone dependent cancers and their potential as therapeutic targets. Hormones and Cancer
7, 229-235 (2016).

Caldon, C. E. Estrogen signaling and the DNA damage response in hormone dependent breast
cancers. Frontiers in oncology 4 (2014).

Fan, S. et al. Estrogen promotes tumor metastasis via estrogen receptor beta-mediated
regulation of matrix-metalloproteinase-2 in non-small cell lung cancer. Oncotarget 8, 56443
(2017).

Norsk Bryst Cancer Gruppe, N. Nasjonalt handlingsprogram med retningslinjer for
diagnostikk, behandling og oppfelging av pasienter med brystkreft. Helsedirektoratet, Oslo,
Norway (2017).

Salvesen, H. B., Haldorsen, 1. S. & Trovik, J. Markers for individualised therapy in
endometrial carcinoma. The lancet oncology 13, €353-e361 (2012).

Kreftregisteret. Arsrapport 2015. Nasjonalt Kvalitetsregister for Brystkreft (2015).

Bulun, S. E. ef al. Regulation of aromatase expression in estrogen-responsive breast and
uterine disease: from bench to treatment. Pharmacological reviews 57, 359-383 (2005).
Helsedirektoratet, N. B. C. G. N. Nasjonalt handlingsprogram med retningslinjer for
diagnostikk, behandling og oppfelging av pasienter med brystkreft. 10/2017 (2017).
Helsedirektoratet. Nasjonalt handlingsprogram med retningslinjer for gynekologisk kreft.
(2016).

Lee, O., Choi, M. R., Christov, K., Ivancic, D. & Khan, S. A. Progesterone receptor
antagonism inhibits progestogen-related carcinogenesis and suppresses tumor cell
proliferation. Cancer letters 376, 310-317, doi:10.1016/j.canlet.2016.04.010 (2016).
Melmed, S. Williams textbook of endocrinology. (Elsevier Health Sciences, 2016).

Gao, H. & Dahlman-Wright, K. The gene regulatory networks controlled by estrogens.
Molecular and cellular endocrinology 334, 83-90 (2011).

Dhiman, V. K., Bolt, M. J. & White, K. P. Nuclear receptors in cancer - uncovering new and
evolving roles through genomic analysis. Nat Rev Genet, doi:10.1038/nrg.2017.102 (2017).
Jia, M., Dahlman-Wright, K. & Gustafsson, J.-A. Estrogen receptor alpha and beta in health
and disease. Best practice & research Clinical endocrinology & metabolism 29, 557-568
(2015).

Smith, C. L. Cross-talk between peptide growth factor and estrogen receptor signaling
pathways. Biol Reprod 58, 627-632 (1998).

Pietras, R. J. & Marquez-Garban, D. C. Membrane-associated estrogen receptor signaling
pathways in human cancers. Clinical Cancer Research 13, 4672-4676 (2007).
Boonyaratanakornkit, V., Bi, Y., Rudd, M. & Edwards, D. P. The role and mechanism of
progesterone receptor activation of extra-nuclear signaling pathways in regulating gene
transcription and cell cycle progression. Steroids 73, 922-928 (2008).

Scarpin, K. M., Graham, J. D., Mote, P. A. & Clarke, C. L. Progesterone action in human
tissues: regulation by progesterone receptor (PR) isoform expression, nuclear positioning and
coregulator expression. Nuclear receptor signaling 7, €009, doi:10.1621/nrs.07009 (2009).

&3



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

Tung, L. et al. Progesterone receptors (PR)-B and-A regulate transcription by different
mechanisms: AF-3 exerts regulatory control over coactivator binding to PR-B. Molecular
endocrinology 20, 2656-2670 (2006).

Carroll, J. S., Hickey, T. E., Tarulli, G. A., Williams, M. & Tilley, W. D. Deciphering the
divergent roles of progestogens in breast cancer. Nature Reviews Cancer 17, 54-64 (2017).
Pang, Y., Dong, J. & Thomas, P. Characterization, neurosteroid binding and brain distribution
of human membrane progesterone receptors 6 and € (mPRd and mPRe) and mPR&
involvement in neurosteroid inhibition of apoptosis. Endocrinology 154, 283-295 (2012).
Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cel/l 116, 281-297
(2004).

Nasser, M. W. et al. Down-regulation of Micro-RNA-1 (miR-1) in Lung Cancer:
SUPPRESSION OF TUMORIGENIC PROPERTY OF LUNG CANCER CELLS AND
THEIR SENSITIZATION TO DOXORUBICIN-INDUCED APOPTOSIS BY miR-1.
Journal of Biological Chemistry 283, 33394-33405, doi:10.1074/jbc.M804788200 (2008).
Yanaihara, N. et al. Unique microRNA molecular profiles in lung cancer diagnosis and
prognosis. Cancer cell 9, 189-198 (2006).

Stabile, L. P. et al. Combined analysis of estrogen receptor f— 1 and progesterone receptor
expression identifies lung cancer patients with poor outcome. Clinical Cancer Research,
clincanres. 0992.2010 (2010).

Marquez-Garban, D. C. ef al. Progesterone and estrogen receptor expression and activity in
human non-small cell lung cancer. Steroids 76, 910-920 (2011).

Ishibashi, H. ef al. Progesterone receptor in non—small cell lung cancer—a potent prognostic
factor and possible target for endocrine therapy. Cancer Research 65, 6450-6458 (2005).
Stabile, L. P. et al. Human non-small cell lung tumors and cells derived from normal lung
express both estrogen receptor alpha and beta and show biological responses to estrogen.
Cancer Res 62, 2141-2150 (2002).

Siegfried, J. M., Farooqui, M., Rothenberger, N. J., Dacic, S. & Stabile, L. P. Interaction
between the estrogen receptor and fibroblast growth factor receptor pathways in non-small
cell lung cancer. Oncotarget 8, 24063-24076, doi:10.18632/oncotarget. 16030 (2017).
Trotter, A., Kipp, M., Schrader, R. M. & Beyer, C. Combined Application of 17 [1u6Q-
Estradiol and Progesterone Enhance Vascular Endothelial Growth Factor and Surfactant
Protein Expression in Cultured Embryonic Lung Cells of Mice. International journal of
pediatrics 2009 (2009).

Siegfried, J. M. Smoking out reproductive hormone actions in lung cancer. Molecular Cancer
Research 12, 24-31 (2014).

Burns, T. F. & Stabile, L. P. Targeting the estrogen pathway for the treatment and prevention
of lung cancer. Lung cancer management 3, 43-52 (2014).

Kazmi, N. et al. The role of estrogen, progesterone and aromatase in human non-small-cell
lung cancer. Lung Cancer 1, 259-272 (2012).

Siegfried, J. M. & Stabile, L. P. Estrongenic steroid hormones in lung cancer. Seminars in
oncology 41, 5-16, doi:10.1053/j.seminoncol.2013.12.009 (2014).

Pelekanou, V. et al. Estrogen receptor-alpha isoforms are the main estrogen receptors
expressed in Non-Small Cell Lung Carcinoma. Steroids (2018).

Hershberger, P. A. et al. Estrogen receptor beta (ER) subtype-specific ligands increase
transcription, p44/p42 mitogen activated protein kinase (MAPK) activation and growth in
human non-small cell lung cancer cells. The Journal of steroid biochemistry and molecular
biology 116, 102-109 (2009).

Stabile, L. P. et al. Prevention of tobacco carcinogen-induced lung cancer in female mice
using antiestrogens. Carcinogenesis 33, 2181-2189 (2012).

Stabile, L. P. et al. Combined targeting of the estrogen receptor and the epidermal growth
factor receptor in non—small cell lung cancer shows enhanced antiproliferative effects. Cancer
research 65, 1459-1470 (2005).

Morani, A., Warner, M. & Gustafsson, J. A. Biological functions and clinical implications of
oestrogen receptors alfa and beta in epithelial tissues. Journal of internal medicine 264, 128-
142 (2008).

&4



135

136

137

138

139
140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

Niikawa, H. et al. Intratumoral estrogens and estrogen receptors in human non—small cell lung
carcinoma. Clinical Cancer Research 14, 4417-4426 (2008).

Mah, V. et al. Expression levels of estrogen receptor beta in conjunction with aromatase
predict survival in non-small cell lung cancer. Lung Cancer 74, 318-325 (2011).

Traynor, A. M. et al. Pilot study of gefitinib and fulvestrant in the treatment of post-
menopausal women with advanced non-small cell lung cancer. Lung cancer 64, 51-59 (2009).
Bouchardy, C. et al. Lung cancer mortality risk among breast cancer patients treated with
anti - estrogens. Cancer 117, 1288-1295 (2011).

Garon, E. B. etal.  (AACR, 2013).

Griffiths-Jones, S., Saini, H. K., van Dongen, S. & Enright, A. J. miRBase: tools for
microRNA genomics. Nucleic acids research 36, D154-D158 (2007).

Hayes, J., Peruzzi, P. P. & Lawler, S. MicroRNAs in cancer: biomarkers, functions and
therapy. Trends in molecular medicine 20, 460-469 (2014).

Fernandez, S. ef al. miR-340 inhibits tumor cell proliferation and induces apoptosis by
targeting multiple negative regulators of p27 in non-small cell lung cancer. Oncogene 34,
3240-3250 (2015).

Kasinski, A. L. ef al. A combinatorial microRNA therapeutics approach to suppressing non-
small cell lung cancer. Oncogene 34, 3547-3555 (2015).

Reid, G. et al. Clinical development of TargomiRs, a miRNA mimic-based treatment for
patients with recurrent thoracic cancer. Epigenomics 8, 1079-1085 (2016).

Das, A. V. & Pillai, R. M. Implications of miR cluster 143/145 as universal anti-oncomiRs
and their dysregulation during tumorigenesis. Cancer cell international 15, 92 (2015).
Johannessen, C. ef al. Expression and function of the miR-143/145 cluster in vitro and in vivo
in human breast cancer. PloS one 12, 0186658 (2017).

Yan, X. et al. miR-143 and miR-145 synergistically regulate ERBB3 to suppress cell
proliferation and invasion in breast cancer. Molecular cancer 13, 220 (2014).

Spizzo, R. et al. miR-145 participates with TP53 in a death-promoting regulatory loop and
targets estrogen receptor-a in human breast cancer cells. Cell death and differentiation 17, 246
(2010).

Strimbu, K. & Tavel, J. A. What are biomarkers? Current opinion in HIV and AIDS 5, 463-
466, doi:10.1097/COH.0b013e32833ed177 (2010).

Thunnissen, E., van der Oord, K. & Den Bakker, M. Prognostic and predictive biomarkers in
lung cancer. A review. Virchows Archiv 464, 347-358 (2014).

Zhu, C., Shih, W., Ling, C. & Tsao, M. Immunohistochemical markers of prognosis in non-
small cell lung cancer: a review and proposal for a multiphase approach to marker evaluation.
Journal of clinical pathology 59, 790-800 (2006).

Skjefstad, K. et al. The prognostic role of progesterone receptor expression in non-small cell
lung cancer patients: gender-related impacts and correlation with disease-specific survival.
Steroids 98, 29-36 (2015).

Skjefstad, K. et al. Prognostic relevance of estrogen receptor o, B and aromatase expression in
non-small cell lung cancer. Steroids 113, 5-13,
doi:http://dx.doi.org/10.1016/j.steroids.2016.05.008 (2016).

Kononen, J. et al. Tissue microarrays for high-throughput molecular profiling of tumor
specimens. Nature medicine 4, 844-847 (1998).

Kallioniemi, O.-P., Wagner, U., Kononen, J. & Sauter, G. Tissue microarray technology for
high-throughput molecular profiling of cancer. Human molecular genetics 10, 657-662
(2001).

Tornillo, L. Tissue microarrays. Molecular Pathology, 88 (2015).

Torhorst, J. et al. Tissue microarrays for rapid linking of molecular changes to clinical
endpoints. The American journal of pathology 159, 2249-2256 (2001).

Bremnes, R. et al. High-throughput tissue microarray analysis used to evaluate biology and
prognostic significance of the E-cadherin pathway in non—small-cell lung cancer. Journal of
clinical oncology 20, 2417-2428 (2002).

Taylor, C. R., Shi, S.-R., Barr, N. & Dabbs, D. Techniques of immunohistochemistry:
principles, pitfalls, and standardization. Diagnostic immunohistochemistry 2, 1-42 (2013).

&5



160

161

162

163

164

165

166

167

168

169

170

171

172
173

174

175

176

177

178

179

180

181

182

183

Howat, W. J. & Wilson, B. A. Tissue fixation and the effect of molecular fixatives on
downstream staining procedures. Methods 70, 12-19 (2014).

Giltnane, J. M. & Rimm, D. L. Technology insight: Identification of biomarkers with tissue
microarray technology. Nature Reviews Clinical Oncology 1, 104 (2004).

de Matos, L. L., Trufelli, D. C., de Matos, M. G. L. & da Silva Pinhal, M. A.
Immunohistochemistry as an important tool in biomarkers detection and clinical practice.
Biomarker insights 5,9 (2010).

Lipman, N. S., Jackson, L. R., Trudel, L. J. & Weis-Garcia, F. Monoclonal versus polyclonal
antibodies: distinguishing characteristics, applications, and information resources. /LAR
Jjournal 46, 258-268 (2005).

Jensen, E. Technical review: In situ hybridization. The Anatomical Record 297, 1349-1353
(2014).

Madrid, M. A. & Lo, R. W. Chromogenic in situ hybridization (CISH): a novel alternative in
screening archival breast cancer tissue samples for HER-2/neu status. Breast Cancer Research
6, R593 (2004).

Jorgensen, S., Baker, A., Mgller, S. & Nielsen, B. S. Robust one-day in situ hybridization
protocol for detection of microRNAs in paraffin samples using LNA probes. Methods 52, 375-
381 (2010).

Budczies, J. et al. Cutoff Finder: a comprehensive and straightforward Web application
enabling rapid biomarker cutoff optimization. PloS one 7, 51862 (2012).

Mazumdar, M. & Glassman, J. R. Categorizing a prognostic variable: review of methods, code
for easy implementation and applications to decision - making about cancer treatments.
Statistics in medicine 19, 113-132 (2000).

Schmittgen, T. D. et al. Real-time PCR quantification of precursor and mature microRNA.
Methods 44, 31-38 (2008).

Balcells, L., Cirera, S. & Busk, P. K. Specific and sensitive quantitative RT-PCR of miRNAs
with DNA primers. BMC Biotechnology 11, 70, doi:10.1186/1472-6750-11-70 (2011).
loannidis, J. P. Why most published research findings are false. PLoS medicine 2, e124
(2005).

Altman, D. G. Practical statistics for medical research. (CRC press, 1990).

McShane, L. M. et al. REporting recommendations for tumour MARKer prognostic studies
(REMARK). British journal of cancer 93, 387-391 (2005).

Mann, C. Observational research methods. Research design II: cohort, cross sectional, and
case-control studies. Emergency medicine journal 20, 54-60 (2003).

Gazdar, A. F., Gao, B. & Minna, J. D. Lung cancer cell lines: Useless artifacts or invaluable
tools for medical science? Lung cancer 68, 309-318 (2010).

Van Staveren, W. ef al. Human cancer cell lines: Experimental models for cancer cells in situ?
For cancer stem cells? Biochimica et Biophysica Acta (BBA)-Reviews on Cancer 1795, 92-103
(2009).

Hanahan, D. & Coussens, L. M. Accessories to the crime: functions of cells recruited to the
tumor microenvironment. Cancer cell 21, 309-322 (2012).

Sun, S., Schiller, J. H. & Gazdar, A. F. Lung cancer in never smokers—a different disease.
Nature Reviews Cancer 7, 778-790 (2007).

Camp, R. L., Neumeister, V. & Rimm, D. L. A decade of tissue microarrays: progress in the
discovery and validation of cancer biomarkers. Journal of clinical oncology 26, 5630-5637
(2008).

Qiu, J. et al. Effect of delayed formalin fixation on estrogen and progesterone receptors in
breast cancer: a study of three different clones. American Journal of Clinical Pathology 134,
813-819 (2010).

Khoury, T. et al. Delay to formalin fixation effect on breast biomarkers. Modern Pathology
22, 1457-1467 (2009).

Permuth-Wey, J. et al. Sampling strategies for tissue microarrays to evaluate biomarkers in
ovarian cancer. Cancer Epidemiology and Prevention Biomarkers 18, 28-34 (2009).

Camp, R. L., Charette, L. A. & Rimm, D. L. Validation of tissue microarray technology in
breast carcinoma. Laboratory investigation 80, 1943-1949 (2000).

86



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

Gillett, C., Springall, R., Barnes, D. & Hanby, A. Multiple tissue core arrays in histopathology
research: a validation study. The Journal of pathology 192, 549-553 (2000).

Pghl, M., Olsen, K. E., Holst, R., Ditzel, H. J. & Hansen, O. Tissue Microarrays in Non—
Small-Cell Lung Cancer: Reliability of Immunohistochemically-Determined Biomarkers.
Clinical lung cancer 15, 222-230. €223 (2014).

Pintilie, M. et al. Heterogeneity and power in clinical biomarker studies. Journal of Clinical
Oncology 27, 1517-1521 (2009).

Urbanek, M. O., Nawrocka, A. U. & Krzyzosiak, W. J. Small RNA detection by in situ
hybridization methods. International journal of molecular sciences 16, 13259-13286 (2015).
de Planell-Saguer, M. & Rodicio, M. C. Detection methods for microRNAs in clinic practice.
Clinical biochemistry 46, 869-878 (2013).

Peck, A. R. et al. Validation of tumor protein marker quantification by two independent
automated immunofluorescence image analysis platforms. Modern Pathology 29, 1143-1154
(2016).

Bankhead, P. ef al. Integrated tumor identification and automated scoring minimizes
pathologist involvement and provides new insights to key biomarkers in breast cancer.
Laboratory Investigation (2017).

Kerr, K. M. et al. Second ESMO consensus conference on lung cancer: pathology and
molecular biomarkers for non-small-cell lung cancer. Annals of Oncology 25, 1681-1690
(2014).

Raso, M. G. et al. Immunohistochemical expression of estrogen and progesterone receptors
identifies a subset of NSCLCs and correlates with EGFR mutation. Clinical Cancer Research
15, 5359-5368 (2009).

Nunno, L. D., Larsson, L. G., Rinehart, J. J. & Beissner, R. S. Estrogen and progesterone
receptors in non—small cell lung cancer in 248 consecutive patients who underwent surgical
resection. Archives of pathology & laboratory medicine 124, 1467-1470 (2000).

Abe, K. ef al. Highly concordant coexpression of aromatase and estrogen receptor § in non—
small cell lung cancer. Human pathology 41, 190-198 (2010).

Hernandez-Hernandez, O. T., Gonzalez-Garcia, T. K. & Camacho-Arroyo, I. Progesterone
receptor and SRC-1 participate in the regulation of VEGF, EGFR and Cyclin D1 expression in
human astrocytoma cell lines. The Journal of steroid biochemistry and molecular biology 132,
127-134 (2012).

Dohi, O. et al. Sex steroid receptors expression and hormone - induced cell proliferation in
human osteosarcoma. Cancer science 99, 518-523 (2008).

Kim, J. J., Kurita, T. & Bulun, S. E. Progesterone action in endometrial cancer, endometriosis,
uterine fibroids, and breast cancer. Endocrine reviews 34, 130-162 (2013).

Berardi, R. et al. Hormonal receptors in lung adenocarcinoma: expression and difference in
outcome by sex. Oncotarget 7, 82648-82657, doi:10.18632/oncotarget. 12244 (2016).
Cancello, G. ef al. Progesterone receptor loss identifies Luminal B breast cancer subgroups at
higher risk of relapse. Annals of oncology 24, 661-668 (2012).

Tangen, L. L. et al. Loss of progesterone receptor links to high proliferation and increases from
primary to metastatic endometrial cancer lesions. European journal of cancer 50, 3003-3010
(2014).

Lange, C. A. Challenges to defining a role for progesterone in breast cancer. Steroids 73, 914-
921 (2008).

Rozenberg, S., Vandromme, J. & Antoine, C. Postmenopausal hormone therapy: risks and
benefits. Nature Reviews Endocrinology 9, 216-227 (2013).

Miki, Y. et al. Intratumoral localization of aromatase and interaction between stromal and
parenchymal cells in the non-small cell lung carcinoma microenvironment. Cancer Res 70,
6659-6669, doi:10.1158/0008-5472.Can-09-4653 (2010).

Mabh, V. et al. Aromatase expression predicts survival in women with early-stage non—small
cell lung cancer. Cancer research 67, 10484-10490 (2007).

Schwartz, A. G. et al. Nuclear estrogen receptor B in lung cancer: expression and survival
differences by sex. Clinical Cancer Research 11, 7280-7287 (2005).

87



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

Pietras, R. J. et al. Estrogen and growth factor receptor interactions in human breast and non-
small cell lung cancer cells. Steroids 70, 372-381 (2005).

Hershberger, P. A. et al. Regulation of endogenous gene expression in human non—small cell
lung cancer cells by estrogen receptor ligands. Cancer research 65, 1598-1605 (2005).
Marquez-Garban, D. C., Chen, H.-W., Fishbein, M. C., Goodglick, L. & Pietras, R. J.
Estrogen receptor signaling pathways in human non-small cell lung cancer. Steroids 72, 135-
143 (2007).

Lother, S., Harding, G., Musto, G., Navaratnam, S. & Pitz, M. Antiestrogen use and survival
of women with non-small cell lung cancer in Manitoba, Canada. Hormones and Cancer 4,
270-276 (2013).

Weinberg, O. K. ef al. Aromatase inhibitors in human lung cancer therapy. Cancer research
65, 11287-11291 (2005).

Singhal, N., Vatandoust, S. & Brown, M. P. Phase II study evaluating efficacy and safety of
everolimus with letrozole for management of advanced (unresectable or metastatic) non-small
cell lung cancer after failure of platinum-based treatment: a preliminary analysis of toxicity.
Cancer chemotherapy and pharmacology 75, 325-331 (2015).

Stabile, L. P. et al. Preclinical Evidence for Combined Use of Aromatase Inhibitors and
NSAIDs as Preventive Agents of Tobacco-Induced Lung Cancer. Journal of Thoracic
Oncology (2017).

Fu, S. et al. Estrogen receptor betal activation accelerates resistance to epidermal growth
factor receptor-tyrosine kinase inhibitors in non-small cell lung cancer. Oncol Rep,
doi:10.3892/0r.2018.6186 (2018).

Wang, Z. et al. ERbeta localization influenced outcomes of EGFR-TKI treatment in NSCLC
patients with EGFR mutations. Scientific reports 5, 11392, doi:10.1038/srep11392 (2015).
Nikolos, F., Thomas, C., Bado, 1. & Gustafsson, J.-A. ERP Sensitizes NSCLC to
Chemotherapy by Regulating DNA Damage Response. Molecular Cancer Research 16, 233-
242 (2018).

Avgeris, M., Stravodimos, K., Fragoulis, E. & Scorilas, A. The loss of the tumour-suppressor
miR-145 results in the shorter disease-free survival of prostate cancer patients. British journal
of cancer 108, 2573-2581 (2013).

Campayo, M. et al. Low miR-145 and high miR-367 are associated with unfavourable
prognosis in resected nonsmall cell lung cancer. European Respiratory Journal 41, 1172-1178
(2013).

Feber, A. et al. MicroRNA prognostic signature for nodal metastases and survival in
esophageal adenocarcinoma. The Annals of thoracic surgery 91, 1523-1530 (2011).

Avgeris, M. et al. Uncovering the clinical utility of miR-143, miR-145 and miR-224 for
predicting the survival of bladder cancer patients following treatment. Carcinogenesis 36,
528-537 (2015).

Cioce, M., Strano, S., Muti, P. & Blandino, G. Mir 145/143: tumor suppressor, oncogenic
microenvironmental factor or... both? Aging (Albany NY) 8, 1153 (2016).

Almeida, M. 1. & Calin, G. A. The miR-143/miR-145 cluster and the tumor
microenvironment: unexpected roles. Genome medicine 8, 29 (2016).

Zhang, H. B., Sun, L. C., Ling, L., Cong, L. H. & Lian, R. miR-143 suppresses the
proliferation of NSCLC cells by inhibiting the epidermal growth factor receptor. Experimental
and Therapeutic Medicine 12, 1795-1802 (2016).

Chen, Z. et al. miRNA-145 inhibits non-small cell lung cancer cell proliferation by targeting
c-Myec. Journal of Experimental & Clinical Cancer Research 29, 1 (2010).

Chivukula, R. R. ef al. An essential mesenchymal function for miR-143/145 in intestinal
epithelial regeneration. Cell 157, 1104-1116 (2014).

Dimitrova, N. et al. Stromal expression of miR-143/145 promotes neoangiogenesis in lung
cancer development. Cancer discovery 6, 188-201 (2016).

Duttagupta, R., Jiang, R., Gollub, J., Getts, R. C. & Jones, K. W. Impact of cellular miRNAs
on circulating miRNA biomarker signatures. PloS one 6, €20769 (2011).

Paris, O. et al. Direct regulation of microRNA biogenesis and expression by estrogen receptor
beta in hormone-responsive breast cancer. Oncogene 31, 4196 (2012).

88



228  Cortez, M. A. et al. Therapeutic delivery of miR-200c enhances radiosensitivity in lung
cancer. Molecular Therapy 22, 1494-1503 (2014).

229  Zhao, J., Kelnar, K. & Bader, A. G. In-depth analysis shows synergy between erlotinib and
miR-34a. PloS one 9, ¢89105 (2014).

&9



PAPER |



PAPER II



PAPER 111



	Kappa utskrift
	PAPER I
	Artikkel I Progesterone
	The prognostic role of progesterone receptor expression in non-small cell lung cancer patients: Gender-related impacts and correlation with disease-specific survival
	1 Introduction
	2 Experimental
	2.1 Patients and clinical material
	2.2 Microarray constructions
	2.3 Immunohistochemistry
	2.4 IHC scoring
	2.5 Statistical analyses

	3 Results
	3.1 Clinicopathological variables
	3.2 Prevalence of PR in NSCLC cells
	3.3 Correlation of PR expression within the same gender and between genders
	3.4 Univariate analysis
	3.5 Multivariate analysis
	3.6 Correlations between PR expression and other molecular markers

	4 Discussion
	5 Conclusion
	6 Financial Support
	7 Disclosure statement
	Acknowledgments
	References


	PAPER II
	Artikkel II ER, AR
	Prognostic relevance of estrogen receptor α, β and aromatase expression in non-small cell lung cancer
	1 Introduction
	2 Experimental
	2.1 Patients and clinical samples
	2.2 Tissue microarray constructions
	2.3 Immunohistochemistry
	2.4 Antibody validation
	2.4.1 Cell lines
	2.4.2 Western blot analysis

	2.5 IHC scoring
	2.6 Statistical analysis

	3 Results
	3.1 Scoring agreement
	3.2 Patient characteristics
	3.3 Biomarker expression in NSCLC cells
	3.4 Correlation
	3.5 Correlation between AR, ERα and ERβ expression with other molecular markers
	3.6 Univariate analyses
	3.7 Multivariate analysis

	4 Discussion
	5 Conclusion
	Financial support
	Disclosure statement
	References


	PAPER III
	Manuskript artikkel III miRNA utskrift 



