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Zusammenfassung

1. ZUSAMMENFASSUNG

Maligne Erkrankungen des Kopf-Hals Bereiches zahlen zu den haufigsten Tumorerkrankungen
weltweit. Mit  mindestens 890.000 Neuerkrankungen pro Jahr zdhlen die
Plattenepithelkarzinome der Kopf-Hals Region (head and neck squamous cell carcinoma, HNSCC)
zur sechshaufigsten Krebserkrankung weltweit, und machen den Hauptanteil der Kopf-Hals-
Tumore aus. Trotz voranschreitender Forschung hat sich die Prognose fiir einen Grof3teil der
Patienten mit Kopf-Hals-Tumoren in den letzten Jahrzehnten kaum verbessert. Die hohe
Sterblichkeitsrate kann dabei sowohl auf eine spate Diagnose, als auch auf das Fehlen von
verlasslichen Biomarkern, und dem bruchstiickhaften Verstindis Krankheits-relevanter
Signalwege zuriickgefiihrt werden. Obwohl der Einsatz von Kinase-Inhibitoren und neuartigen
Antikérpern zunehmend an klinischer Relevanz gewonnen hat, besteht nach wie vor ein

dringender Bedarf an wirksamen Therapien und neuen Wirkstoffzielen.

Ubergeordnetes Ziel der hier zusammengefassten Studien war die Erforschung und
Entschlisselung molekularer Mechanismen, welche kausal an der Entstehung, Rezidivbildung
und Metastasierung von Kopf-Hals-Tumoren beteiligt sind. Dabei steht ein translationaler Ansatz
im Fokus, welcher darauf abzielt, gewonnene Erkenntnisse in therapeutisch nutzbare Biomarker
und neue diagnostische Hilfsmittel zu Ubersetzen (,from bench to bedside”). Durch die
bioinformatische = Auswertung  von klinischen Patientendaten  kombiniert  mit
Expressionsanalysen, sowie molekularbiologische Untersuchungen (siehe Figure 1) konnten
Krankheits-relevante (Protease-)Netzwerke detailliert charakterisiert, sowie die (extra)zelluldren
Strukturproteine Zytokeratin24 und Periostin/OSF-2 als mdogliche prediktive Biomarker fir
HNSCC identifiziert werden. Ein weiterer Fokus lag zudem auf der Analyse von Metastase-
Signalwegen, sowie dem Einfluss moglicher Chemotherapeutika (HDAC-Inhibitoren) auf diesen
Prozess.

Die Protease Threonin Aspartase 1 (Taspasel) spielt eine entscheidende Rolle bei der
Entstehung verschiedener Tumorerkrankungen, so auch bei HNSCC. Durch genomweite
Expressionsuntersuchungen konnten wir eine vermehrte Taspasel-Expression in Kopf-Hals-
Primartumoren und korrespondierenden Metastasen zeigen (I, Gribko et al. 2017).
Interessanterweise ergaben molekularbiologische Untersuchungen des Taspasel-Substrats TFIIA
ein evolutionar konserviertes nukledres Exportsignal (NES), welches einer Kernlokalisierung und

damit der Transkriptionsaktivitdt von TFIIA entgegenwirkt. Durch die Taspasel-vermittelte
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proteolytische Prozessierung von TFIIA wird das NES maskiert, wodurch die Kernlokalisierung und
transkriptionelle  Aktivierung von TFllIA-Zielgenen, wie CDKN2A, verstarkt wird.
Zusammenfassend konnten wir einen bisher unbekannten Mechanismus beschreiben, wie es
durch zelluldre Lokalisierung und Taspasel-Spaltung zur Feinregulation der transkriptionellen

Aktivitat von TFIIA in HNSCC kommt (I, Gribko et al. 2017).

Die Entstehung von lokalen und Fernmetastasen stellt eine klinisch relevante
Herausforderung bei einer Vielzahl von Tumorerkrankungen, so auch HNSCC dar. Durch den
Einsatz von Histondeacetylase-Inhibitoren (HDACi) konnten wir zeigen, dass die damit
einhergehende vermehrte Acetylierung von zelluldren Proteinen, Metastasierungsprozessen
entgegen wirken kann (Il, Kiweler, Wiinsch et al. 2020). Unsere Daten verdeutlichen, dass HDACi
allein und in Kombination mit etablierten Chemotherapeutika die Expression von DNA-
Reparaturproteinen verandern und dadurch DNA-Schaden und Apoptose auslésen. HDACI
unterdriicken die epithelial-mesenchymale Transition und beeintrachtigen die DNA-Integritat

von Krebszellen (Il, Kiweler, Wiinsch et al. 2020).

Anhand unserer Daten aus den Expressionsstudien haben wir weitere Signalnetzwerke
rekonstruiert, welche in Tumoren im Vergleich zu Metastasen unterschiedlich aktiviert werden,
wie z. B. mesenchymal-epitheliale Transition, und strukturelle Integritatsnetzwerke (lll, Gll et al.
2021). Als Proof-of-Principle-Studie fiihrten wir funktionelle Analysen eines neuartigen
Zytokeratins, Zytokeratin24 (cKRT24), durch, welches bislang noch nicht als Biomarker fir
Tumore beschrieben wurde. Die umfangreichen Ergebnisse der Studie, wie die mit einer
schlechten Prognose korrelierende verminderte Expression von cKRT24 in Primartumoren und
Metastasen, sowie der negative Effekt von cKRT24-Uberexpression auf die Viabilitdt von HNSCC
Zellen in vitro und in vivo, unterstiitzen unsere Hypothese, welche cKRT24 eine Funktion als
Tumorsuppressor zuschreibt (1, Gil et al. 2021).

Ein weiterer vielversprechender Biomarker Kandidat, welcher unter den Top 3 der am
starksten (iberexprimierten Proteine in den untersuchten Tumoren und Metastasen identifiziert
werden konnte, ist Periostin/OSF-2. Ein hoher OSF-2-Level korrelierte hier besonders bei HPV-
negativen HNSCC-Patienten mit dem Auftreten von Metastasen und einem reduzierten
Gesamtliberleben (IV, Giul et al. 2022). Unsere Ergebnisse weisen OSF-2 als potenziellen

prognostischen Biomarker und Wirkstoffziel aus, welches die Metastasierung fordert, indem es
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primar das zellulire Uberleben in der Mikroumgebung des Tumors und in (Lymphknoten-)

Metastasen unterstitzt (IV, Gil et al. 2022).

Um die Friherkennung und Behandlung (metastasierender) Tumorerkrankungen zu
verbessern, sowie um neue Kandidaten flir HNSCC-spezifische Biomarker zu identifizieren, gilt
die Detektion und Untersuchung von zirkulierenden Tumor-Zellen (,circulating tumor cells”,
CTCs) als erfolgversprechender Ansatz. Unter Verwendung verschiedener
Plattenepithelkarzinom-Zelllinien haben wir ein immunmagnetisches Isolationsprotokoll
etabliert, welches basierend auf der Expression tumor-spezifischer Oberflaichenmarker (EpCAM,
CSV) eine hocheffiziente, automatisierte CTC-Anreicherung durch das Fraunhofer IsoMAG IMS-
System erlaubt (V, Gribko et al. 2021). Zusammenfassend konnten wir zeigen, dass das ISOMAG-
System den Nachweis und die Isolation von CTCs aus HNSCC-Patientenblut bei gleichzeitiger
signifikanter Verringerung der Leukozytenkontamination ermoglicht. Zukinftige Entwicklungen
zielen darauf ab, das IsoMAG IMS-System in einen vollautomatisierten mikrofluidischen
Isolationsworkflow zu integrieren, und somit die Einzelzell-Detektion auch in der klinischen
Routine weiter zu erleichtern (Figure 1) (V, Gribko et al. 2021).

Zusammenfassend konnten im Rahmen dieser Arbeit entscheidende Einblicke in Krankheits-
relevante Signalwege und Mechanismen der Tumorbiologie von Kopf-Hals-Tumoren gewonnen
werden. Die Bedeutung dieser neuen Erkenntnisse ist dabei nicht nur im
grundlagenwissenschaftlichen Bereich der Krebsentstehung zu sehen, sondern sie besitzen

zudem eine hohe translationale Relevanz fir ihre zukiinftige klinische Anwendung.
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1. SUMMARY

Head and neck cancers (HNC) are among the most common malignant neoplasms in
humans. The most common entity of HNC is solid squamous cell carcinoma (HNSCC) which is
the sixth most malignant tumor worldwide with yearly 890.000 new cases. Due to the late
disease presentation of the patient, lack of suitable biomarkers, and corresponding drugs for
individually targeted therapy approaches, survival rates for HNSCC have not improved
significantly within the last years. Although the use of kinase inhibitors or antibodies has
gained increasing clinical relevance, there is still urgent need for more effective therapies,
innovative predictive tools, and relevant drug targets.

Therefore, the aim of the summarized studies was the investigation and decoding of
molecular mechanisms involved in the development, relapse, and metastasis of HNC. Studies
were conducted following a translational, interdisciplinary approach which aims at translation
of gained knowledge into clinically applicable biomarkers and new diagnostic tools ("from
bench to bedside"). By bioinformatic evaluation of clinical patient data combined with
expression analyzes and molecularbiological experiments (Figure 1), we uncovered and
characterized disease-relevant (protease)networks, and identified novel predictive
biomarkers for HNC, such as the (extra)cellular structural proteins cytokeratin24 and
periostin/OSF-2. The studies also focused on the analysis of metastasis pathways, as well as
the influence of potential chemotherapeutic agents (HDAC inhibitors) on this process.

The protease threonine aspartase 1 (Taspasel) plays a crucial role in the development of
various tumor diseases including HNC. Genome-wide expression profiling of matched HNC
samples revealed significant upegulation of Taspasel in primary tumors and metastases (I,
Gribko et al. 2017). Unexpectedly, we identified an evolutionary conserved nuclear export
signal (NES) counteracting nuclear localization and thus, transcriptional activity of TFIIA.
Notably, proteolytic processing of TFIIA by Taspasel was found to mask the NES, thereby
promoting nuclear localization and transcriptional activation of TFIIA target genes, such as
CDKN2A. Collectively, we here describe a hitherto unknown mechanism how cellular
localization and Taspasel cleavage fine-tunes transcriptional activity of TFIIA in HNSCC (I,
Gribko et al. 2017).

The development of local and distant metastases is a clinically relevant challenge in a

variety of tumor diseases, including HNSCC. By using histone deacetylase inhibitors (HDACi)
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we were able to show that HDACi-induced increased acetylation of cellular proteins
antagonize metastasis-associated processes (ll, Kiweler, Wiinsch et al. 2020). We show that
HDAC i interfere with DNA repair protein expression and trigger DNA damage and apoptosis
alone and in combination with established chemotherapeutics. HDACi suppress the epithelial-
mesenchymal-transition (EMT) and compromise the DNA integrity of cancer cells (ll, Kiweler,
Wiinsch et al. 2020).

Based on our expression datasets, we provided additional signaling networks differentially
activated in tumors versus metastases, such as mesenchymal-epithelial transition, and
structural integrity networks (Ill, Gul et al. 2021). As a proof of principle study, we exploited
the data sets and performed functional analyses of a novel cytokeratin, cytokeratin24
(cKRT24), which had not been described as biomarker for tumors before. The extensive
results of the study, such as correlation of low cKRT24 expression with poor overall survival in
HNSCC, as well as the negative effect of cKRT24 overexpression on the viability of HNSCC cells
in vitro and in vivo, support our hypothesis describing cKRT24 as a tumor suppressor in HNSCC
(I, Gul et al. 2021).

As another promising biomarker candidate we identified osteoblast-specific factor 2 (OSF-
2) as significantly overexpressed in metastases and primary tumors compared to normal tissue
(Iv, Giil et al. 2022). High OSF-2 levels correlate with metastatic disease and reduced overall
survival of predominantly HPV-negative HNC patients. The fact that OSF-2 was strongly
expressed in tumor-associated fibroblasts, and we could identify a functional protein
secretion signal suggests its tumor microenvironment-promoting function. Collectively, we
suggest OSF-2 as a potential prognostic biomarker and drug target, promoting metastasis by
supporting the tumor microenvironment and cellular survival of (lymph node) metastases
rather than by influencing primary cancer cell proliferation or therapy resistance (IV, Gil et al.
2022).

To improve early detection and treatment of (metastatic) tumor diseases, as well as to
identify novel candidates for HNC biomarkers, the detection and analysis of circulating tumor
cells (CTCs) is a promising approach. By using different squamous cell carcinoma cell lines, we
developed an isolation protocol for automated immunomagnetic CTC enrichment based on
tumor-specific cell surface markers (EpCAM, CSV) by the Fraunhofer IsoMAG IMS system (V,

Gribko et al. 2021). In summary, we demonstrate that the IsoMAG system allows the detection
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and isolation of CTCs from HNSCC patient blood in an automated process with a significant
leukocyte count reduction. Future developments seek to integrate the IsoOMAG IMS system
into a fully-automated microfluidic-based isolation workflow to further facilitate single CTC
detection also in clinical routine (Figure 1) (V, Gribko et al. 2021).

Collectively, this work discovered new insights into disease-relevant signaling pathways
and mechanisms relevant, but not limited to head and neck tumors. These findings not only
improve our understanding of basic tumor biology, but can be translational exploited for

future clinical applications.

circulating tumor
cells (CTC)
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Figure 1. Summary of the workflow performed in this habilitation project. For further details, see text. Created
with BioRender.com
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2. INTRODUCTION

Despite improved preventive checkups and innovative therapy strategies, cancer is one of
the main causes of death in industrial nations. Although initial treatment is often successful,
patients frequently develop tumor recurrences due to therapy resistances (Siemer et al.
2021). Patients receiving completely homogeneous treatment may respond differently to
anti-cancer therapy due to cellular resistance mechanisms. Therefore, a molecular
understanding of the underlying mechanisms is of high clinical and basic scientific interest,
and thus, could also contribute to improved treatment strategies. Here, the identification
and establishment of novel biomarkers and innovative diagnostic tools play a key role to

improve the prognosis of cancer patients.

2.1 Head and neck cancer

Head and neck cancers (HNC) are among the most common malignant neoplasms in humans
(Stauber et al. 2012). HNCs include tumors of the throat (lat.: pharynx), the larynx, the lips,
and the oral cavity which predominantly emerge from mucous membranes. This so-called
solid squamous cell carcinoma (HNSCC) represents the most common entity of HNC, and is
the sixth most malignant tumor worldwide with yearly 890.000 new cases, and 450,000 deaths
in 2018 (Figure 2)(Ferlay et al. 2019). In Germany, a total of around 17,000 people developed
a tumor in the head and neck area in 2014; about 3 out of 4 people affected were men
(12,660). Here, tumors of the oral cavity and lips as well as oropharyngeal carcinomas were
diagnosed most frequently (Wienecke and Kraywinkel 2019). The median age of onset for men
was 63 years, for women 65 years. Five-year survival rates show wide variability mainly
depending on sex, tumor localisation, and staging. Whereas patients with laryngeal cancer
show highest relative survival rates (about 60%), tumors of the hypopharynx lead to lowest
survival rates of about 30%. In general, epidemiological studies show that overall survival rates
for most HNC sites are higher in women than in men. Here, several factors come into play,
such as earlier diagnoses in women, biological factors, and status of human papilloma virus
infection (HPV). Typically, in about 30% of patients tumor is detected at an early stage (1 or ll),
and a large proportion of patients can be cured. If the tumor is not detected until an advanced
stage (lll or IV), the prognosis is significantly worse (Braakhuis, Brakenhoff, and Leemans

2005). Despite significant improvements in local tumor control, patient survival has changed
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little over the past two decades (Johnson et al. 2020). One reason for this is the high number
of recurrences - 10 - 30% of patients with advanced HNC develop local recurrences, while
regional recurrences occur in 10% and distant metastases in 15-25% (Johnson et al. 2020;

Sacco and Cohen 2015).

ASR (world)
per 100,000
W =107
M 75-10.7
5.1-75
3.6-5.1
<3.6
Not applicable
No data

Figure 2: Global incidence of HNSCC. The estimated age-standardized rates (ASRs) of head and neck squamous
cellc arcinoma (HNSCC) incidence worldwide are shown for men and women combined (taken from (Johnson et
al. 2020)).

Major risk factors associated with the development of HNSCC include exogenous noxae, such
as tobacco use, alcohol consumption, and especially the combination of both whereby high-
proof alcohol probably serves as a solvent for carcinogens found in cigarette smoke (Pai and
Westra 2009). As the use of electronic cigarettes is recently increasing, it will be important to
evaluate their effect on HNSCC risk in the coming decades. Apart from these classical risk
factors, high-risk human papilloma virus infections (HPV) is emerging as a risk factor of HNSCC
(Aggarwal et al. 2020). HPV is a member of the double-stranded DNA virus family
papillomaviridae including more than 200 different types of papillomaviruses. Based on their
occurrence in malignant or benign lesions of uterine cervix, HPV is grouped as high-risk or low-
risk types, respectively (Shukla et al. 2009). In HNSCCs, the high-risk HPV type 16 represents
the most prominent infection, whereas low-risks HPV types, such as type 6 and 11, are

associated with benign lesions like papillomas and warts (Aggarwal et al. 2020).
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High-risk HPV infection is considered to be responsible in particular for the development of
tumors of the tongue base, the oropharynx, and the pharyngeal tonsils (Gillison et al. 2012),
whereas tobacco and alcohol consumption represent the main risk factors for all other tumor
locations. Sunlight also plays a role in the formation of lip tumors, and occupational exposure
to certain chemicals and wood dust in formation of tumors of the nasopharynx (Wienecke and
Kraywinkel 2019). Thus, the increasing occurrence of oropharyngeal carcinomas probably
indicate an increasing etiological importance of HPV infections. The fact that women exhibit
higher survival rates may be at least partially caused by the higher amount of HPV-positive
tumors in women. HPV-positive tumors usually show enhanced response to chemo- and
radiotherapy, and thus have a better prognosis (Fakhry et al. 2008).

Currently, the main prognostic parameters of HNSCC are the size and location of the tumour,
the presence of distant metastasis and cervical lymph node metastases, which is not sufficient
to evaluate the disease outcome (Hamoir, Schmitz, and Gregoire 2014; Sessions et al. 2002;
Gregoire et al. 2010). In the 8th edition of the Union for International Cancer Control (UICC)
staging system the HPV status was also considered as a relevant biomarker for disease
outcome (Beltz et al. 2019).

Although 95% of head and neck tumors are classified as squamous cell carcinomas (HNSCC),
it represents a very heterogeneous tumor entity. This fact complicates prognosis, treatment,
and identification of the molecular basis of carcinogenesis. HNCs can be classified on
histological, or on molecular level (Chung et al. 2004). Based on expression analyses, at least
four groups have already been identified (Chung et al. 2004). As mentioned before, one of the
most important classification here is the differentiation of HPV-positive and HPV-negative
tumors. Additionally, karyotyping and ploidy analysis revealed that a majority of tumors are
aneuploid (Hermsen et al. 2001; Jin et al. 2006).

Precise staging of the tumor according to the TNM classification is of great importance not
only for prognosis, but also for therapeutic treatment (Johnson et al. 2020; Marur and
Forastiere 2016). Since there are still no reliable biomarkers for head and neck tumors, such
as Her2/neu for breast cancer, treatment decisions are mostly based on the TNM classification
(Chung et al. 2004). Usually, treatment of HNCs include surgery, radiation, and chemotherapy
or a combination of treatments. If the tumor is detected at an early stage, it is usually

surgically removed and/or irradiated (Lee et al. 2018). In case of advanced tumors additional
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complex treatments are applied consisting of chemo-/radiotherapy and targeted therapy
(Johnson et al. 2020). Here, chemotherapeutic treatment is mainly cisplatin/carboplatin- and
5-FU (5-fluorouracil)-based. For unresectable tumors, chemotherapy is often combined with
radiation therapy (radiochemotherapy), whereby drugs and radiation may be given
simultaneously or sequentially (Marur and Forastiere 2016). The sole use of chemotherapeutic
agents mainly takes place for distant metastases or recurrent HNC and depends on the age
and physical condition of the patient (Johnson et al. 2020). Targeted therapeutics, such as the
EGFR-inhibitor cetuximab, or the immune checkpoint inhibitors pembrolizumab and
nivolumab specifically interfere with cell signaling processes and are used in addition to radio-
or chemotherapy. Pembrolizumab and nivolumab are approved by the FDA especially for
treatment of unresectable, recurrent, and/or metastatic HNSCCs (Johnson et al. 2020). Other
targeted therapeutics, mostly applied in combination to (radio)chemotherapy are currently
under clinical investigation (Johnson et al. 2020).

Despite these advances in therapy, the treatment of HNSCC still often comes along with
functional impairment and cosmetic deformity of vital functions of the aerodigestive tract,
such as breathing, swallowing, speech, hearing and smell (Gregoire et al. 2010). Although the
use of kinase inhibitors, immuntherapy, and antibodies has gained increasing clinical
relevance, there is still urgent need for effective therapies and novel drug targets (Deuss et al.

2020; Gul et al. 2021; Gul et al. 2022).

2.2 Molecular pathways of cancer: The oncologically relevant protease Taspasel

Beside unspecific functions in intra- and intercellular “waste management”, proteases have
fundamental roles in multiple biological processes and are associated with a wide variety of
pathological conditions including cancer. Thus, proteases represent a promising starting point
to study molecular cancer pathways and identify novel biomarkers (Wiinsch et al. 2016).

Intra- and extracellular proteases catalyze the highly selective cleavage of specific
substrates, which in turn influence cell metabolism, tissue remodeling, apoptosis,
proliferation and migration (Koblinski, Ahram, and Sloane 2000; Malek et al. 2001). Thus,
proteases need to be strictly regulated, as deregulated protease activity might cause
pathological conditions, including neoplastic diseases like cancer (Turk 2006; Lopez-Otin and

Bond 2008; Lopez-Otin and Matrisian 2007; Overall and Dean 2006; Dall and Brandstetter
13
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2016). Hence, any attempt to understand the biological and pathological relevance of
proteases must take into account the large diversity of proteolytic systems operating in cells,
tissues and organs (Unruhe et al. 2016). Identification and characterization of the responsible
endopeptidase furthermore provides targets for the intervention of diseases involving specific
pathways (Saklatvala 2002).

The Threonine Aspartase-1 or Taspasel (MEROPS database: T02.004) was initially
identified as protease responsible for the processing and therefore activation of the Mixed
Lineage Leukemia (MLL) protein (Hsieh, Cheng, and Korsmeyer 2003). The human Taspasel
gene encodes a protein of 420 amino acids (aa) resembling the Taspasel proenzyme. Whereas
comparison of crystal structures of Taspasel and several type 2 asparaginases suggest the
formation of an asymmetric aBBa-heterotetramer (Khan, Dunn, and Tong 2005), our studies
revealed that Taspasel is already active as af monomer in living cells (Bier, Hecht, et al. 2012;
Bier, Knauer, et al. 2012). In contrast to the exclusively cis-active type 2 asparaginases, only
Taspasel is also able to cleave other substrates in trans by hydrolyzing its target proteins at
conserved (Q3[FILV]2DX.GYx?D¥D¥) sites (Bier, Knauer, Klapthor, et al. 2011; Hsieh, Cheng,
and Korsmeyer 2003). Mutation of the catalytic nucleophile, Thr?34, abolishes Taspasel’s
proteolytic activity (Hsieh, Cheng, and Korsmeyer 2003; Khan, Dunn, and Tong 2005). Besides
MLL other essential proteins, such as the precursor of the general transcription factor IIA
(TFIIA) (Zhou et al. 2006; Schrenk et al. 2018) or the Upstream Stimulatory Factor 2 (USF2)
(Bier, Knauer, Klapthor, et al. 2011) could be identified by us as native Taspasel targets. The
generation of knockout mice deficient for Taspasel revealed that MLL and TFIIA processing
occurs exclusively in presence of Taspasel (Takeda et al. 2006; Takeda et al. 2015). Taspasel-
deficient mice are viable, but smaller in size and show profound skeletal abnormalities (Takeda
et al. 2006), craniofacial malformations (Takeda et al. 2015), and male infertility (Oyama et al.
2013). Taken together, Taspasel plays an important role in the regulation of correct
segmental identities, head morphogenesis and spermatogenesis. However, the molecular
mechanisms how Taspasel may affect substrate functions through site-specific proteolysis
still remain to be determined (Wunsch, Hahlbrock, Heiselmayer, Backer, Heun, et al. 2015;
Wunsch, Hahlbrock, Heiselmayer, Backer, Schrenk, et al. 2015). Moreover, the full repertoire
of physiological or pathological pathways regulated in humans by Taspasel remains still to be

understood (Wiinsch et al. 2016).
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As summarized in our reviews, Taspasel is an oncologically relevant protease playing
essential roles in the development of aggressive infant leukemias, as well as in a variety of
solid tumors, including head and neck cancer (Figure 3) (Wiinsch et al. 2016; Hahlbrock et al.
2016; Stauber et al. 2016). An initial indication of a possible role for Taspasel during
tumorigenesis was provided by the observation that Taspasel-deficient cells exhibit
significantly increased resistance to Ras-, Myc-, and DNp53-induced oncogenic transformation
in vitro (Takeda et al. 2006). Moreover, Taspasel is found overexpressed in several solid tumor
entities (Bier, Knauer, Docter, et al. 2011; Chen et al. 2010; Takeda et al. 2006). Taspasel is
also required for the maintenance of a complete cancer phenotype (Chen et al. 2010). While
Taspasel is not an oncogene in the classical sense, it activates typical cancer properties in
cells, and thus can be classified as a “non-oncogene addiction protease” (Luo, Solimini, and
Elledge 2009). Furthermore, Taspasel is involved in cell cycle regulation (at least) by
modulating the expression of various cyclins (Takeda et al. 2006). The study of Dong et al.
describes the importance of the Taspasel-dependent cyclin E activation for the development
of HER2/neu-positive breast tumors (Dong et al. 2014).

In summary, Taspasel is involved in a number of biological functions executing its
proteolytic activity on various target proteins. These include not only differentiation processes
during development, but also cell proliferation and apoptosis which are important pathways
during tumorigenesis. The underlying mechanisms and how deregulated Taspasel activity
may promote the development of malignancies, especially of HNSCC, requires further
investigation. Importantly, no specific small molecule or genetic inhibitors are available
worldwide, hampering not only to further dissect Taspasel’s disease mechanisms, but also
precluding the full assessment of its clinical impact (Bier, Hecht, et al. 2012; Stauber, Bier, and

Knauer 2012; Wiinsch et al. 2012).
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Figure 3: Taspasel is an oncologically relevant protease. Taspasel is overexpressed in several solid as well as
liquid malignancies. Thus, Taspasel was characterized as non-oncogene addiction protease which per se does
not represent a classical oncogene, but is crucial for the maintenance of the complete cancer phenotype due to
proliferative and anti-apoptotic characteristics (down right). Taspasel-associated tumor development and
maintenance could be shown in colon, glioblastoma and HER2-positive breast cancer models as well as in patients
suffering from head and neck squamous cell carcinoma (HNSCC; top right) (Wiinsch et al. 2016).

2.3 Molecular pathways of cancer: intra- and extracellular structural proteins

The structural integrity of eukaryotic cells and tissues is maintained by the cytoskeleton
composed microfilaments, intermediate filaments (IF), and microtubules. Among these three
different groups, the intermediate filaments (IF) make up the largest family, and have been
characterized as important effectors of tumorigenesis and metastasis. The highly conserved
family of cytokeratin proteins (cKRTs) are the major IF structural proteins of epithelial cells
and consists of more than 25 members which are critical for cell stabilization, shape,
intracellular signaling and transport (Moll et al. 1982). Usually keratins are expressed as
specific heterodimeric pairs consisting of the acidic type | (K9-K24 and Ha1-8) and the neutral-
basic type Il (K1-K8 and Hb1-6) polypeptides, both of which are essential for filament
formation and function (Moll, Divo, and Langbein 2008). During malignant transformation,
original signature expressions of IF proteins are largely retained. Since the majority of tumor
cells originate from epithelial cells, cKRTs are well suited to stratify carcinomas into site of
origin, and tumor subtype (Sharma et al. 2019), as well as to predict clinical outcome and

therapy response (Mehrpouya et al. 2019; Fillies et al. 2006; Toyoshima et al. 2008). Especially
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cKRTs 8, 18, and 19 being the most abundant subtypes in epithelial cells are well established
as biomarkers for epithelial tumors, such as HNC (Fillies et al. 2006). Apart from their use as
diagnostic tools, the relevance of cytokeratins as prognostic markers as well as their role in
epithelial tumorigenesis and treatment responsiveness is not well understood (Karantza
2011).

In recent years, it becomes more an more clear that besides intracellular (structural)
proteins, the tumor microenvironment plays a decisive role in development and progression
of tumors. The tumor microenvironment can be defined as everything that surrounds tumor
cells except the tumor cells themselves, and thus is composed of stroma cells, such as cancer-
associated fibroblasts, immune cells, extracellular matrix (ECM) proteins, and small
components such as hormones, growth factor, or cytokines (Figure 4) (Gonzalez-Gonzalez and
Alonso 2018). Belonging to the group of ECM-glycoproteins, the osteoblast-specific factor-2
(OSF-2, periostin) is part of the tumor microenvironment. Originally, OSF-2 was described as
a homophilic adhesion molecule in bone formation (Takeshita et al. 1993), and plays an
important role in ECM structure and organization, particularly in collagen assembly (Gonzalez-
Gonzalez and Alonso 2018). Over the past years, OSF-2 was proposed to be a novel therapeutic
target for cancer (Kudo et al. 2007). Indeed, OSF-2/POSTN was found to be overexpressed in
various human cancers including oral squamous cell carcinoma (Siriwardena et al. 2006;
Gonzalez et al. 2003), breast (Shao et al. 2004), and lung (Sasaki, Dai, et al. 2001), and higher
POSTN expression levels were correlated with increased tumor aggressiveness and/or poorer
survival in these entities. The functional role of OSF-2 in (head and neck) cancer, as well as the
origin of OSF-2 expression is controversially discussed. Here, tumor-promoting and tumor-
suppressing activity have been reported (e.g. (Shao et al. 2004; Siriwardena et al. 2006; Kim
et al. 2005), and OSF-2 production has been shown by tumor cells, as well as non-tumor cells,
such as cancer-associated fibroblasts (Erkan et al. 2007; Sasaki, Lo, et al. 2001). In summary,
OSF-2 is a multifunctional protein executing various biological functions in health and disease,

including cancer/metastasis, and thus represents a potential biomarker for HNC.
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Figure 4: Components of the tumor microenvironment (from (Shi, Tang, and Miao 2020)). CAFs, cancer-
associated fibroblasts; DCs, dendritic cells; ECs, endothelial cells; ECM, extracellular matrix; MDSCs, myeloid-
derived suppressor cells; NKs, natural killer cells; TAMs, tumor-associated macrophages.

2.4 Circulating tumor cells — an early-systemic tumor component indicative for metastasis

Despite the aggressive protocols in first-line treatment, invasion and metastasis occur in
over 50% in HNSCC patients (Ferlito et al. 2001) resulting in a 5-year survival rate of only 4 to
35% depending on the number of metastatic sites (Beckham et al. 2019). Most deaths from
this class of tumors are caused by lymph-/haematogenous spread of cancer cells into distant
organs and their subsequent growth to overt metastases. The classical view is that metastatic
spread is a late process in malignant progression, but work of the last decade strongly
suggested that dissemination of primary cancer cells to distant sites is already an early event
(Rocken 2010; Hu et al. 2017). Today, it is accepted that circulating tumor cells (CTCs) which
are released into the blood circulation from the primary tumor play an important role in the
formation of metastases according to the “seed and soil theory” (Figure 5) (Gribko et al. 2019;
Kunzel et al. 2019). Moreover, tumor cells in the bone marrow seem to form an important

reservoir of cancer cells from which they may re-circulate into other distant organs.
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Figure 5: Characteristic stages of tumor cell dissemination during metastasis. Cells from primary tumor
undergo epithelial-mesenchymal transition (EMT) leading to the loss of cell-cell adhesion and promoting local
invasion into the blood vessels (intravasation). The produced CTCs are able to escape from blood vessels into
distant organs of future metastasis (extravasation) after the reverse process, MET, induced by interaction with
the local microenvironment (from (Gribko et al. 2019)).

Several studies have indicated that the presence of CTCs in the blood is a poor prognostic
indicator of overall and progression-free survival in patients with colorectal (Huang et al.
2015), breast (Lianidou and Markou 2011), or HNSCC (Cho et al. 2018). Compared to other
entities, the impact of CTCs in HNSCC patients is still unclear and not applied in clinical routine
(Kulasinghe et al. 2018). To date only little data exist evaluating the prognostic value of CTC
in HNSCC (Wollenberg et al. 2004; Jatana et al. 2010; Wikner et al. 2014; Mockelmann et al.
2014; Partridge et al. 2003; Nichols et al. 2012; Winter et al. 2009; Tinhofer and Staudte 2018;
Kulasinghe et al. 2018). But also in HNSCC circulating tumor cells appear to represent a
potential prognostic factor for the early onset of drug resistance, metastasis and disease-free
survival (Grobe et al. 2014; Thalgott, Heck, and Pantel 2014). Patients diagnosed with identical
cancers and given similar treatments from the standard repertoire of surgery, radiation and
chemotherapies often respond very differently (Heath, Davis, and Hood 2009). Therefore,
there is a great demand for a less invasive method, for example a simple bed-side blood test,

to determine the state of disease including possible treatment resistance.
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The fact that tumor cells are detectable in the peripheral blood of cancer patients months
to years after complete removal of the primary tumor indicates that these cells might indeed
circulate between metastatic sites. Hence, the detection and characterization of tumor cells
in the peripheral blood has therefore gained (pre)clinical considerable attention as so-called
“liquid biopsy” (Cristofanilli et al. 2007; Tinhofer and Staudte 2018). In addition, profiling of
the geno- and phenotype of CTCs is considered to provide new insights into the biology of
tumor cells in cancer patients and might open new perspectives for early detection of
metastatic spread and its successful treatment. However, so far detection methods vary
significantly across studies, ranging from RT-PCR, immunocytochemistry to
immunomagnetic/immunofluoresence, targeting either tumor-associated genes or proteins.
Thus, the optimal cut-off value and clinically relevant predictive power of CTCs’ is still debated.
Currently, the most common methods for CTC isolation are fluorescence activated cell sorting
(FACS) or immunomagnetic separation in order to sort out cells that present the desired
surface profile after fluorescent/magnetic labeling. Since establishment of the FDA-approved
CellSearch system, an automated immunomagnetic enrichment and staining system, the
sensitivity of CTC detection has markedly improved (Nichols et al. 2012; Riethdorf et al. 2007).
Besides FACS, also the CellSearch System relies on the expression of the epithelial cell
adhesion molecule (EpCAM) for the quantification of CTCs, although ERBB2 or the EGFR are
also investigated for different tumor types.

As technical approach, the Fraunhofer-IMM Mainz aims at the establishment of a fully
automated, software-based platform for CTC detection and isolation, named CTCelect. This
magnetic flow cytometry (MFC) system consists of a immunomagnetic enrichment module,
the I1soMAG, and microfluidic detection/dispensing unit. In contrast to the current gold
standard CellSearch®, CTCelect is an all-in-one benchtop system and requires no fixation or
sample transfer between different devices, which reduces manual errors, contamination and
cell stress, as well as costs and hands-on time (Gribko et al. 2021).

In summary, basic and cost-efficient methods for the detection, isolation, and molecular
understanding of CTCs are of high scientific and clinical relevance. Therefore, the development
of minimal-invasive methods which specifically and sensitively detect these tumor

components in patient blood are urgently needed (Siemer et al. 2020; Gribko et al. 2019;
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Kunzel et al. 2019). Furthermore, downstream molecular characterization of isolated

structures is mandatory for the establishment of novel cancer biomarkers.
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3. AIMS OF THIS WORK

Due to their heterogeneity, and high number of recurrences, head and neck cancers (HNC)
belong to the most common malignant neoplasms, and there is still high need for novel
treatment options including new drug targets. In this field, mRNA expression profiling
technologies allow the use of the entire transcriptome landscape to define new molecular
cancer subtypes, identify disease-relevant signaling pathways and stratify patient clusters
(Goesswein et al. 2018).

By systematic gene expression analyses combined with a tiered experimental pipeline we
identified and confirmed a variety of genes which are differentially expressed in head and neck
primary tumors, as well as (lymph node) metastases. Among these proteins, the unique
protease Taspasel has been shown to be significantly upregulated in HNCs. However, the
detailed molecular mechanisms how Taspasel executes it’s functions in cancer cells remain
to be fully understood. Based on these previous studies, this work includes analyses and
decoding of disease-relevant signaling pathways that are causally involved in the
development, recurrence, and metastasis of head and neck tumors. Besides established
methods, novel diagnostic tools of “liquid biopsy” were used to increase the spectrum of
analyzed tumor components. Consequently, major aims of this work were:

l. the detailed characterization of Taspasel’s role in head and neck cancer
cells,

Il. identification of new potential biomarkers for HNC, and their clinical and
molecular characterization, and

Il. establishment and application of a "magnetic flow cytometry" based on the
principle of immunomagnetic separation using antibody-conjugated
ferromagnetic micro/nanoparticles for quantification and molecular
characterization of tumor components from blood of head and neck tumor
patients.

Finally, we expect not only to reveal and understand the clinical relevance of known and
novel HNC biomarker proteins, but also to provide evidence allowing biomedical translation

of these findings into the clinics.
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4. RESULTS

4.1 Disease-relevant signalling-pathways in head and neck cancer: Taspasel's proteolytic
activity fine-tunes TFIIA function

Alena Gribko, Angelina Hahlbrock, Sebastian Strieth, Sven Becker, Jan Hagemann, Maximilian

Deichelbohrer, Andreas Hildebrandt, Negusse Habtemichael, and Désirée Wiinsch

Head and neck cancer (HNC) is the seventh most common malignancy in the world and its
prevailing form, the head and neck squamous cell carcinoma (HNSCC), is characterized as
aggressive and invasive cancer type. The transcription factor Il A (TFIIA), initially described as
general regulator of RNA polymerase ll-dependent transcription, is part of complex
transcriptional networks also controlling mammalian head morphogenesis. Posttranslational
cleavage of the TFIIA precursor by the oncologically relevant protease Taspasel is crucial in
this process. In contrast, the relevance of Taspasel-mediated TFIIA cleavage during

oncogenesis of HNSCC is not characterized yet.

Here, we performed genome-wide expression profiling of HNSCC which revealed significant
downregulation of the TFIIA downstream target CDKN2A. To identify potential regulatory
mechanisms of TFIIA on cellular level, we characterized nuclear-cytoplasmic transport and
Taspasel-mediated cleavage of TFIIA variants. Unexpectedly, we identified an evolutionary
conserved nuclear export signal (NES) counteracting nuclear localization and thus,
transcriptional activity of TFIIA. Notably, proteolytic processing of TFIIA by Taspasel was
found to mask the NES, thereby promoting nuclear localization and transcriptional activation
of TFIIA target genes, such as CDKN2A. Collectively, we here describe a hitherto unknown
mechanism how cellular localization and Taspasel cleavage fine-tunes transcriptional activity

of TFIIA in HNSCC.
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Figure 4.1: TFllA-associated functions are regulated by Taspasel-mediated cleavage and a conserved nuclear
export signal. (A) TFIIA downstream target CDKN2A is downregulated in HNSCC patients. (B) Taspasel-mediated
cleavage of TFIIA results in masking of the NES (right), thereby promoting nuclear localization (left).

4.2 Histone deacetylase inhibitors dysregulate DNA repair proteins and antagonize
metastasis-associated processes

Nicole Kiweler*, Désirée Wiinsch*, Matthias Wirth, Nisintha Mahendrarajah, Gunter
Schneider, Roland H Stauber, Walburgis Brenner, Falk Butter, Oliver H Kramer.
*equal first author contribution

We set out to determine whether clinically relevant epigenetic drugs against class | histone
deacetylases (HDACs) affect hallmarks of the metastatic process. We treated permanent and
primary renal, lung, and breast cancer cells with the class | histone deacetylase inhibitors
(HDACi) entinostat (MS-275) and valproic acid (VPA), the replicative stress inducer
hydroxyurea (HU), the DNA-damaging agent cis-platinum (L-OHP), and the cytokine
transforming growth factor-p (TGFB). We used proteomics, quantitative PCR, immunoblot,
single cell DNA damage assays, and flow cytometry to analyze cell fate after drug exposure.
We show that HDACi interfere with DNA repair protein expression and trigger DNA damage
and apoptosis alone and in combination with established chemotherapeutics. Furthermore,
HDACi disrupt the balance of cell adhesion protein expression and abrogate TGFB-induced

cellular plasticity of transformed cells.

HDACi suppress the epithelial-mesenchymal-transition (EMT) and compromise the DNA

integrity of cancer cells. These data encourage further testing of HDACi against tumor cells.
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4.3 Identification of cytokeratin24 as a tumor suppressor for the management of head and
neck cancer

Désirée Giil, Negusse Habtemichael, Dimo Dietrich, Jorg Dietrich, Dorothée G6Rwein, Aya
Khamis, Eric Deuss, Julian Kiinzel, Glinter Schneider, Sebastian Strieth, and Roland H. Stauber

To improve management of head and neck squamous cell carcinoma patients, we need to
increase our understanding of carcinogenesis, to identify biomarkers, and drug targets. This
study aimed to identify novel biomarkers by providing transcriptomics profiles of matched
primary tumors, lymph node metastasis, and non-malignant tissue of 20 HNSCC patients as
well as by bioinformatic analyses of a TCGA HNSCC cohort, comprising 554 patients. We
provide cancer cell signaling networks differentially expressed in tumors versus metastases,
such as mesenchymal-epithelial transition, and structural integrity networks. As a proof of
principle study, we exploited the data sets and performed functional analyses of a novel
cytokeratin, cytokeratin24 (cKRT24), which had not been described as biomarker for tumors
before. Survival analysis revealed that low cKRT24 expression correlated with poor overall
survival in HNSCC. Experimentally, downregulation of cKRT24 in primary tumors, metastases,
and HNSCC cell lines was verified on mRNA and protein level. Cloning and ectopic
overexpression of cKRT24 not only affected viability and growth of HNSSC cell lines, but also
inhibited tumor growth in murine xenograft studies. We conclude that cKkRT24 functions as a
tumor suppressor in HNSCC, and may serve as an additional prognostic biomarker and novel

target to support current HNSCC treatments.
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Figure 4.2: cKRT24 is significantly downregulated in primary head and neck tumors (A) exhibiting poor overall
survival (B).
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4.4 Impact of secretion-active osteoblast-specific factor 2 in promoting progression and
metastasis of head and neck cancer

Désirée Giil, Andrea Schweitzer, Aya Khamis, Shirley Knauer, Guo-Bin Ding, Laura

Freudelsperger, loannis Karampinis, Sebastian Strieth, Jan Hagemann, and Roland H. Stauber

Treatment success of head and neck cancer (HNC) is still hampered by tumor relapse due
to metastases. Our study aimed to identify biomarkers by exploiting transcriptomics profiles
of patient-matched metastases, primary tumors, and normal tissue mucosa as well as the
TCGA HNC cohort data sets. Analyses identified osteoblast-specific factor 2 (OSF-2) as
significantly overexpressed in lymph node metastases and primary tumors compared to
normal tissue. High OSF-2 levels correlate with metastatic disease and reduced overall survival
of predominantly HPV-negative HNC patients. No significant correlation was observed with
tumor localization or therapy response. These findings were supported by the fact that OSF-2
expression was not elevated in cisplatin-resistant HNC cell lines. OSF-2 was strongly expressed
in tumor-associated fibroblasts, suggesting a tumor microenvironment-promoting function.
Molecular cloning and expression studies of OSF-2 variants from patients identified an
evolutionary conserved bona fide protein secretion signal (*MIPFLPMFSLLLLLIVNPINAZ?), OSF-
2 enhanced cell migration and cellular survival under stress conditions, which could be
mimicked by the extracellular administration of recombinant protein. Here, OSF-2 executes
its functions via B1 integrin, resulting in the phosphorylation of PI3K and activation of the
Akt/PKB signaling pathway. Collectively, we suggest OSF-2 as a potential prognostic biomarker
and drug target, promoting metastases by supporting the tumor microenvironment and lymph
node metastases survival rather than by enhancing primary tumor proliferation or therapy

resistance.
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Figure 4.3: OSF-2 promotes metastasis by regulating the tumor microenvironment and cellular survival in HNC.
Due to the conserved N-terminal secretion signal, OSF-2 seems to execute its tumor-promoting functions not
mainly intracellularly, but extracellularly in the tumor microenvironment. OSF-2 modulates the tumor
microenvironment by integrin-dependent activation of Akt/PKB pathways and downstream signaling, particularly
critical under stress conditions.
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4.5 IsoMAG—AnN Automated System for the Immunomagnetic Isolation of Squamous Cell
Carcinoma-Derived Circulating Tumor Cells

Alena Gribko, Janis Stiefel, Lana Liebetanz, Sophie-Madeleine Nagel, Julian Kiinzel, Madita

Wandrey, Jan Hagemann, Roland H. Stauber, Christian Freese, and Désirée Giil

Detailed information about circulating tumor cells (CTCs) as an indicator of therapy
response and cancer metastasis is crucial not only for basic research but also for diagnostics
and therapeutic approaches. Here, we showcase a newly developed IsoMAG IMS system with
an optimized protocol for fully automated immunomagnetic enrichment of CTCs, also
revealing rare CTC subpopulations. Using different squamous cell carcinoma cell lines, we
developed an isolation protocol exploiting highly efficient EpCAM-targeting magnetic beads
for automated CTC enrichment by the IsoMAG IMS system. By FACS analysis, we analyzed
white blood contamination usually preventing further downstream analysis of enriched cells.
1 um magnetic beads with tosyl-activated hydrophobic surface properties were found to be
optimal for automated CTC enrichment. More than 86.5 and 95% of spiked cancer cells were
recovered from both cell culture media and human blood employing our developed protocol.
In addition, contamination with white blood cells was minimized to about 1200 cells starting
from 7.5 mL blood. Finally, we showed that the system is applicable for HNSCC patient samples
and characterized isolated CTCs by immunostaining using a panel of tumor markers. Herein,
we demonstrate that the IsoMAG system allows the detection and isolation of CTCs from
HNSCC patient blood for disease monitoring in a fully-automated process with a significant
leukocyte count reduction. Future developments seek to integrate the IsoMAG IMS system
into an automated microfluidic-based isolation workflow to further facilitate single CTC

detection also in clinical routine.
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Figure 4.4: Schematic workflow of IsoMAG IMS system to isolate CTCs of cancer patient blood.
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5. ACHIEVEMENTS OF THIS WORK AND OUTLOOK

Cancer is still one of the most common causes of death, and thus represents one of the
greatest challenges facing the health care system in industrialized nations. Tumors of the head
and neck region (HNC) represent a particular challenge due to the often late diagnosis
associated with poor prognosis. Surprisingly, despite new findings and the development of
novel (immune)therapeutic options, the prognosis of HNC patients has hardly improved over
the last decades. Consequently, further knowledge of underlying mechanism, and cancer-
relevant pathways giving rise to potential new biomarkers and drug targets are urgently
needed.

Therefore, the aim of this professional dissertation entitled “Identification of disease-
relevant mechanisms in head and neck tumors - novel biomarkers and diagnostic tools” was
the discovery and characterization of molecular mechanisms involved in the development,
recurrence, and metastasis of HNC. By a tiered experimental pipeline containing bioinformatic
evaluation of clinical patient data, expression analyzes, and molecularbiological experiments,
we characterized disease-relevant (protease)networks in detail, and identified the
(extra)cellular structural proteins cytokeratin24 and periostin/OSF-2 as potential predictive
biomarkers for HNC. The studies also focused on the analysis of metastasis pathways, as well
as the influence of potential chemotherapeutic agents (HDAC inhibitors) on this process.

Through this work, it has been shown that all analyzed proteins and drugs are specifically
involved in modulating hallmarks of cancer cells according to Hanahan and Weinberg (Figure
6). By regulating cell cycle and apoptotic pathways, overexpression of the protease Taspasel
in tumors results in resistance to cell death, and increased proliferation. Underlying signaling
pathways include localization and Taspasel-mediated cleavage of TFIIA (I, Gribko et al. 2017).
By identifying this unique mechanism of fine-tuning Taspasel’s oncological activity in HNC, we
contributed to a more detailed understanding of Taspasel (patho)biology in general. Since
there are still no efficient Taspasel inhibitors available for clinical use, further efforts should
be made in this direction. We and others already suggested the application of nanoparticles
(van den Boom et al. 2020), and supramolecular ligands (Pasch et al. 2021; Hoing et al. 2022)

to block the oncological activity of Taspasel. The coming years will show whether such
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alternative strategies will lead to success, and if Taspasel can be established as novel

therapeutic target in the clinic.
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Figure 6: Roles of characterized potential biomarkers, and drugs in carcinogenesis illustrated based on
postulated hallmarks of cancer (modified from (Hanahan and Weinberg 2011)). Arrows represent enhancing,
blunt lines inhibiting effect. For further details, see text.

The application of HDAC inhibitors (HDACi) as anti-cancer drugs is based on the induction
of cell death and DNA damage, the reduction of angiogenesis, and modulation of immune
response (Figure 6). Furthermore, we could show that (at least) by suppression of epithelial-
mesenchymal-transition (EMT) HDACi can prevent metastatic processes (ll, Kiweler, Wiinsch
et al. 2020). Although the Food and Drug Administration has approved four HDACi for the
treatment of hematological malignancies, there is still need to further evaluate their potential
applicability for solid cancers including HNC. In context of the discussion on the impact of DNA
repair and EMT on metastasis, our study provided important evidence suggesting further
evaluation of HDACi treatment for (solid) malignancies (Kiweler et al. 2020).

By expressional analyses combined with in vitro and in vivo experiments, we identified

the intracellular structural protein cytokeratin24 (cKRT24) as tumor suppressor
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downregulated in HNC (lll, Gl et al. 2021). As we found reduced expression in metastases,
cKRT24 downregulation may activate invasion and thus favor metastasis. However, the
underlying mechanisms how cKRT24 executes its tumorsuppressive function are not yet
understood in detail. Here, we feel that our study may stimulate the field to examine cKRT24’s
pathological and clinical relevance concerning disease progression and therapy responses in
large prospective studies. Such retro-/prospective studies also addressing the HPV-status and
treatments may lead to consideration of cKRT24 as an additional biomarker for HNC.

Representing another protein identified via expressional analyses of a HNC patient
cohort, the osteoblast-specific factor 2 (OSF-2) mainly executes its function via activation of
metastasis (IV, Giil et al. 2022). In previous studies, OSF-2 expression has been associated with
the induction of proliferation and angiogenesis, and inhibition of cell death and modulation of
immune response (Gonzalez-Gonzalez and Alonso 2018). Importantly, we could show that
OSF-2 promotes metastases by supporting the tumor microenvironment and lymph node
metastases survival rather than by enhancing primary tumor proliferation or therapy
resistance. By identifying a secretion signal, we suggest not only exploiting OSF-2 as a potential
prognostic biomarker for head and neck cancers, but also targeting its tumor
microenvironment reservoir by secretion inhibitors.

Finally, circulating tumor cells (CTCs) are an early-systemic tumor component indicative
for metastasis, and thus their detection can be an important tool for diagnosis and treatment
of HNCs. In our pilot study using the Fraunhofer IsoMAG system, we successfully established
a protocol allowing detection and isolation of CTCs from HNC patient blood for disease
monitoring in a fully-automated process with a significant leukocyte count reduction (V,
Gribko et al. 2021). Importantly, the system was shown to allow the use of variable cancer/CTC
markers since expression of epithelial markers can change during process of circulation
(EMT/MET). Future challenge will be to implement the system an automated microfluidic-
based isolation workflow tofurther facilitate single CTC detection also in clinical routine
(Gribko et al. 2021; Stiefel et al. 2022).

Collectively, this work discovered new insights into disease-relevant signaling pathways
and mechanisms relevant, but not limited to head and neck tumors. Applicability of the tiered
experimental pipeline consisting of bioinformatics, expression analyzes, and

molecularbiological experiments was demonstrated, and resulted in the identification of at
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least three potential new biomarkers for HNC. Especially the use of novel diagnostic tools for
the determination of biomarkers in the form of liquid biopsies is a particularly promising
approach to improve diagnosis and prognosis of HNC tumors. These findings not only improve
our understanding of basic tumor biology, but can be translationally exploited for future

clinical applications.
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Disease-relevant signalling-
pathways in head and neck cancer:
Taspasel’s proteolytic activity fine-
e tunes TFIIA function
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: Head and neck cancer (HNC) is the seventh most common malignancy in the world and its prevailing

. form, the head and neck squamous cell carcinoma (HNSCC), is characterized as aggressive and invasive

: cancer type. The transcription factor I A (TFI1A), initially described as general regulator of RNA
polymerase lI-dependent transcription, is part of complex transcriptional networks also controlling
mammalian head morphogenesis. Posttranslational cleavage of the TFIIA precursor by the oncologically

. relevant protease Taspasel is crucial in this process. In contrast, the relevance of Taspasel-mediated

. TFIIA cleavage during oncogenesis of HNSCC is not characterized yet. Here, we performed genome-

© wide expression profiling of HNSCC which revealed significant downregulation of the TFIIA downstream

. target CDKN2A. To identify potential regulatory mechanisms of TFIIA on cellular level, we characterized

. nuclear-cytoplasmic transport and Taspasel-mediated cleavage of TFIIA variants. Unexpectedly, we

. identified an evolutionary conserved nuclear export signal (NES) counteracting nuclear localization and

. thus, transcriptional activity of TFIIA. Notably, proteolytic processing of TFIIA by Taspasel was found

. to mask the NES, thereby promoting nuclear localization and transcriptional activation of TFIIA target

. genes, such as CDKN2A. Collectively, we here describe a hitherto unknown mechanism how cellular
localization and Taspasel cleavage fine-tunes transcriptional activity of TFIIA in HNSCC.

Head and neck cancers (HNC) are among the most common malignant neoplasms in humans'. HNC is typically
diagnosed at advanced stages with metastases resulting in a 5-year survival rate of less than 50%?. The prevail-
ing form of HNC, head and neck squamous cell carcinoma (HNSCC), is characterized as a very aggressive and
. invasive cancer type affecting multiple sites of the upper aerodigestive tract like the nasal cavity, mouth, sali-
. vary glands, larynx and pharynx®*. Major risk factors associated with the development of HNSCC are tobacco
use, alcohol consumption and high-risk human papilloma virus infections (HPV)*. Due to the late disease pres-
entation of the patient, lack of suitable biomarkers, and corresponding drugs for individually targeted therapy
approaches, survival rates for HNSCC have not improved significantly within the last years®~”. Currently, the
main prognostic parameters of HNSCC are the size and location of the tumour, the presence of distant metastasis
and cervical lymph node metastases, which is not sufficient to evaluate the disease outcome®*°. Despite advances
in therapy, the treatment of HNSCC still often comes along with functional impairment and cosmetic deformity
. of vital functions of the aerodigestive tract, such as breathing, swallowing, speech, hearing and smell®. Although
. the use of kinase inhibitors or antibodies has gained increasing clinical relevance, there is still urgent need for
effective therapies and novel drug targets.
: The protease Threonine Aspartasel or Taspasel has been identified as a promising new anti-cancer target
. which is critically involved in the development of aggressive infant leukaemias and HER2-associated breast can-
. cer via its substrate MLL'®'!, In addition, Taspasel is overexpressed in a variety of solid tumours, including
HNSCC'. The human Taspasel gene encodes a protein of 420 amino acids (aa) resembling the Taspasel proen-
zyme. Based on structural similarities Taspasel was classified as a type 2 asparaginase exhibiting several specific
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characteristics'®. In contrast to the exclusively cis-active type 2 asparaginases, only Taspasel is able to cleave
distinct substrates in trans by hydrolyzing its target proteins at conserved (Q*[FILV]?D'| G'x*D*D*) sites''°.
During mammalian development, Taspasel plays an important role in the regulation of correct segmental iden-
tities, head morphogenesis and spermatogenesis'®~'°. However, the molecular mechanisms how Taspasel may
affect substrate functions through site-specific proteolysis still remain to be determined. Importantly, no specific
small molecule or genetic inhibitors are available worldwide, hampering not only to further dissect Taspasel’s
disease mechanisms, but also precluding the full assessment of its clinical impact?*-22,

Besides MLL other essential proteins, such as the precursor of the transcription factor ITA (TFIIA) have been
identified as native Taspasel targets®. TFIIA has been initially characterized as part of the preinitiation complex
initiating RNA polymerase II transcription®®. TFIIA is composed of three subunits, «, 3, and ~ encoded by two
separated genes, TFIIAof3 and TFIIA~. The ~-subunit is conserved among different species, whereas sequence
similarity in TFIIAof3 is limited mostly to the N-terminal region of the c-subunit and the C terminus covering
most of the B-subunit®. TFIIAaf is posttranslationally processed by Taspasel at an evolutionary conserved cleav-
age site QVDG (aa 272 to 275)%. Interestingly, both uncleaved o3 and the cleaved o and B-subunits can be found
in association with the TFIIA~ subunit in vivo?*. Additionally, both complexes interact with the TATA-binding
protein (TBP) on DNA and support transcription to similar extents in vitro and in reporter assays*>?. Therefore,
uncleaved and cleaved forms of TFIIA may have distinct gene regulatory functions in differentiation. The obser-
vation that cleavage is the prerequisite for proteasome mediated degradation of TFIIA* indicates that cleavage
regulates TFIIA stability and thus, transcriptional activity. This hypothesis was supported by a study showing that
Taspasel-mediated cleavage of TFIIA ensures proper head formation during mouse development'®. It has been
suggested that TFIIAof3 cleavage by Taspasel results in suppression of CDKN2A expression and finally, in proper
head formation'®. The CDKN2A gene locus encodes for the cell cycle regulators p16™4, p194RF and p21°™7,
blocking cell cycle progress in G1 and S phase®. Especially the tumour suppressor p16™NX is in focus of interest
as putative biomarker for HNSCC.

Controlled distribution of macromolecules within different cellular compartments is an elaborated way of
controlling protein activity. In eukaryotic cells, spatial and functional division is ensured by the nuclear enve-
lope separating the nucleus from the cytoplasm®!. Nucleocytoplasmic transport takes place through nuclear
pores and is tightly regulated by specific signals and transport receptors®. In general, active nuclear import
is mediated by short stretches of basic amino acids, termed nuclear localization signals (NLS), which interact
with specific import receptors'. In contrast, signal mediated nuclear export pathways are less understood™. A
well-characterized class of nuclear export signals (NES) consist of short leucine-rich stretches interacting with
the export receptor Crm1?. Leucine-rich NES have been identified in an increasing number of cellular and viral
proteins executing heterogeneous biological functions. Especially for transcription factors, executing their biolog-
ical function within the cell nucleus, such regulated subcellular localization provides an attractive way to control
their activity*. This indeed has been demonstrated for several key players of signal transduction cascades®*.

Besides its relevance during normal head development, the molecular mechanisms how Taspasel may affect
TFIIA functions in malignant tissue of HNSCC:s still remain to be determined. In order to close this knowledge
gap, we combined gene expression analysis of HNSCC tumours with cell-based analysis of TFIIA localization and
proteolytic cleavage. Although TFIIA was initially described as a nuclear transcriptional regulator®’, we identi-
fied a significant fraction of TFIIA accumulating to the cytoplasm due to a highly efficient nuclear export signal.
TFIIA s ability to also reside in the cytoplasm not only counteracts its nuclear localization but also affects its
transcriptional activity together with the proteolytic cleavage by Taspasel. Collectively, by regulating the nuclear
availability of TFIIA, the interplay of nuclear export and Taspasel-mediated cleavage fine-tunes transcriptional
regulation of TFIIA target genes, such as CDKN2A.

Results

Genome-wide expression profiling identifies CDKN2A downregulation in HNSCC tumours. To
identify genes differentially expressed in HNSCC primary tumours (PT) versus lymph node metastasis (M) and
the corresponding non-malignant tissue (N), tissues were obtained from 20 patients undergoing surgical resec-
tion. In contrast to other studies, in which genetic and epigenetic variations of individual patients require the
analysis of large patient cohorts to increase the relevance of the obtained data sets, our study design focused on a
patient cohort from which N, PT as well as M could be surgically recovered from the same patient. All cases were
diagnosed histopathologically and staged according to the TNM classification recommended by the UICC (for
clinical parameters see Supplementary Table S1). RNA was isolated from snap-frozen biopsies and all samples
were assayed using the Affymetrix U133A 2.0 gene array. We excluded 5 patients from the study due to insufficient
mRNA quality. Primarily a qualitative tool, we performed unsupervised average-linkage hierarchical clustering
using the GeneSpring software and identified several groups/subtypes within the unfiltered cluster dendrogram
(Fig. 1A, Supplementary Fig. S1). Non-malignant tissue and carcinomas grouped separately on a clustering den-
drogram employing the complete datasets. Thus, HNSCC tumour tissue can be distinguished from corresponding
non-malignant tissue and non-malignant tissue from lymph node metastases using even unsupervised RNA
expression signatures. The comparison of PT versus N revealed 650 deregulated genes (Fig. 1A), whereas lymph
node metastasis (M) versus N resulted in 1579 differentially expressed genes, and 393 genes in M versus PT
(Supplementary Fig. S1).

As mentioned before, Taspasel-mediated cleavage of TFIIAaf ensures proper head morphogenesis by sup-
pressing expression of CDKN2A'S. In order to investigate the relevance of Taspasel-TFIIA-CDKN2A signalling
also in malignant tissue of the head, gene expression was compared in PT versus N as well as M versus N (Fig. 1).
Interestingly, in 14 out of 15 patients CDKN2A was significantly downregulated in PT versus N represented by
two probe sets (Fig. 1C; mean log,FC=0.65, p value < 0.0001). Similar results were obtained for M versus N.
Here, 11 out of 15 patients showed downregulation of CDKN2A (Fig. 1D; p value < 0.05). In contrast, expression
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Figure 1. Genome-wide expression profiling of HNSCC primary tumours (PT) and lymph node metastases
(M) versus normal tissue (N). (A) Intrinsic gene set cluster analysis of 45 HNSCC samples. Unsupervised two-
way hierarchical clustering and gene tree representation of differentially regulated genes (fold change > 2.0 and
p-value < 0.05) allows to separate N and PT. X-axis represents patient samples; y-axis represents the list of probe
sets grouped by similarity using Pearson correlation. The comparison of PT versus N revealed 650 deregulated
genes. (B-D) Differential expression of Taspasel (B) and CDKN2A (C,D) in 15 HNSCC tumours. Whereas the
protease Taspasel is overexpressed in primary tumours, CDKN2A expression is significantly downregulated in
most PT (p-value < 0.0001) as well as M compared to N (p-value < 0.05). Relative expression levels (log,PT/N;
log,M/N) obtained by Affymetrix microarray analysis are shown. CDKN2A locus is represented by two probe
sets as indicated.

of TFIIA was not significantly altered in the analysed cohort (data not shown). Another member of the signalling
pathway, the protease Taspasel, was found to be overexpressed in the majority of the analysed patients (Fig. 1B),
as demonstrated before'?. However, the variation of Taspasel gene expression was elevated in the present cohort
including individual patients showing no regulation or even slight downregulation of Taspasel.

Upstream analyses of CDKN2A associated pathways using the Ingenuity Pathway Analysis tool support our
hypothesis that in HNSCC patients CDKN2A pathways are inactivated which is attended by silencing of the
negative cell cycle regulator RB1, the CDK inhibitor CDKN1A, and the tumour suppressor TP53 (Supplementary
Fig. S2A). Of note, conflicting data involving TP53 as indicated by yellow lines in the network analysis may be
explained by mutations of the TP53 gene frequently occurring in HNSCC tumours®. In concordance, upstream
analysis of cell cycle-associated genes revealed that these genes are mainly activated (Supplementary Fig. S2B).

Conclusively, genome-wide expression analysis indicates that HNSCC carcinogenesis involves deregulated
signalling pathways including Taspasel and CDKN2A.

TFIIA dynamically localizes in epithelial tumour cells.  Although we found a significant downregula-
tion of TFITA-regulated CDKN2A locus in HNSCC patients, expression of TFIIA itself seems to be not altered.
Besides transcriptional regulation, protein function could be also controlled by cellular localization and intracel-
lular transport®-*!. A prominent example is the group of nuclear factor-kB (NF-kB) proteins which regulate a
variety of biological processes by translocating between cytoplasm and the nucleus*. Remarkably, TFIIA was ini-
tially described as a nuclear protein by the UniProtKB/Swiss-Prot database [P52655-TF2AA_HUMAN], but was
also assigned to the cytoplasmic compartment by gene ontology [GO:0005737]. Here, we aim at the resolution
of this inconsistency and the detailed characterization of TFIIA’ cellular localization in epithelial tumour cells.
To dissect the mechanisms regulating TFIIA’ intracellular localization, we cloned the TFIIAo3 open reading
frame (ORF) from total RNA isolated from head and neck tumour tissue and confirmed its consistency with
the ORF provided by official databases (UniProtKB - P52655). Since binding of the conserved TFIIA~ subunit
does not differ dramatically between cleaved and uncleaved TFIIA forms, we focused on the analyses only of the
TFIIAof3 precursor protein which will be termed TFIIA for convenience in the following text. In contrast to the
reported nuclear localization, transient expression of TFIIA-GFP fusion protein revealed a predominant cytoplas-
mic localization in living interphase A431 cells after 24 h (Fig. 2A). Interestingly, TFIIA-GFP translocates from
cytoplasm to nucleus within 48 h after transfection. As proteolytic cleavage by Taspasel may play a critical role
for TFIIA localization, we also analysed a cleavage-deficient TFIIA variant (TFIIA g, 7*QVDGTGD?® changed
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Figure 2. TFIIA dynamically localizes in epithelial tumour cells. (A) Transient transfection of A431 cells with
wt TFIIA-GFP as well as the uncleaved mutant TFIIA,,,,-GFP revealed initial cytoplasmic localization after
24 h. TFIIA variants translocate to the nucleus within 48 h. Treatment with the nuclear export inhibitor LMB
for 3h leads to a rapid nuclear accumulation of TFIIA wt and TFIIAcg,, variant. (B) TFIIA contains a putative
nuclear export signal (aa 2’ VINDVRDIFL*; hydrophobic aa in bold) which is evolutionary conserved among
TFIIA orthologs. (C) In contrast to wt TFIIA, the TFIIANESmut- and CSmutNESmut-GFP fusion variants
showed nuclear accumulation already 24 h after transfection which was neither significantly changed at later
time points (48 h) nor by LMB treatment. (D) Schematic illustration of TFIIA domain organization indicating
position and sequence of nuclear export signal (NES) and Taspasel cleavage site (CS). For used mutants changes
in the aa sequence are underlined. Size not drawn to scale. (E) TFIIA translocates from cytoplasm to nucleus
after LMB treatment within 70 min. A431 cells were transfected with wt TFIIA-GFP and treated with the export
inhibitor LMB 24 h after transfection. A single cell was captured every 5 minutes for at least 70 minutes. Scale
bar, 10 um.

into 22QVAATGD??, Fig. 2D). TFIIA g, .- GFP showed similar localization characterized by initial cytoplasmic
localization, which changed after 48 h to nuclear (Fig. 2A). As proteins larger than 40 kDa are unable to enter or
exit the nucleus by passive diffusion but depend on active nuclear transport*’, we analysed whether the dynamic
translocation might be caused by active nuclear transport (Fig. 2B). Therefore, A431 cells were treated with the
nuclear export inhibitor Leptomycin B (LMB) which specifically binds to the export receptor Crm1 and prevents
its interaction with leucine-rich export signals**. Indeed, treatment with LMB lead to a rapid nuclear accumula-
tion of TFIIA wt and TFIIAg,,, suggesting the presence of an active, Crm1-dependent NES. Time-lapse experi-
ments confirmed rapid nuclear accumulation of wt TFIIA within 70 minutes induced by LMB treatment (Fig. 2E).
In silico analysis identified a hydrophobic region of the classical type (aa?? VINDVRDIFL*; hydrophobic aa in
bold). Additionally, this motif is highly conserved in known TFIIA homologs (Fig. 2B), indicating a functional
relevance of this putative NES.

To experimentally verify the activity of the NES, we cloned a TFIIA mutant (TFIIA\gg,,,,) in which two essen-
tial hydrophobic amino acid residues in the putative export signal were changed into Ala (aa? VINDVRDAFA™,
changed aa underlined, Fig. 2D). Transient expression of TFIIAyggy,.. GFP in A431 cells demonstrated that this
mutation resulted in a nuclear accumulation of TFIIA directly after transfection, which was neither altered
by prolonged transient expression nor by treatment with LMB (Fig. 2C). Combination of both mutations in
the cleavage site and the NES (TFIIA cspuinvesma) induces nuclear accumulation comparable to the single NES
mutation (Fig. 2C). Importantly, dynamic localization of TFIIA variants could be also confirmed in the HNSCC
cell line Fadu (Supplementary Fig. S3) and by automated cell analysis using the Cellomics ArrayScan Imaging
Platform (Supplementary Fig. S4).

To finally prove that the predicted sequence indeed functions as a bona fide nuclear export signal, we per-
formed microinjection experiments of recombinant transport substrates containing the described sequence
(Supplementary Fig. S5). Whereas the N-terminal 40 aa residues of TFIIA mediated very fast and efficient
export into the cytoplasm, mutation of the NES (aa?’ VINDVRDAFA*) prevented nuclear export for at least 6 h.
Collectively, these experiments unambiguously identified a leucine-rich NES in the a-subunit of TFIIA.
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Figure 3. TFIIA is lacking an active nuclear import signal. Preventing passive diffusion of TFIIA-GFP variants
by adding an N-terminal GST fusion tag results in an almost exclusively cytoplasmic localization. A431 cells were
transfected with indicated constructs and visualized by fluorescence microscopy after 24 h. Scale bar, 10 um.

Besides active nuclear export, nuclear accumulation of TFIIA might be enabled by an active nuclear locali-
zation signal (NLS) mediating importin-dependent nuclear import. In contrast to the results for the NES, bio-
informatic analyses (NLStradamus, cNLS mapper, PredictProtein) employing regions of clustered basic amino
acid residues as consensus sequence for NLS, did not indicate the presence of an active NLS in TFIIA (data not
shown). In order to finally prove the absence of active nuclear import processes, we cloned diffusion-deficient
TFIIA variants adding an N-terminal GST-tag to our constructs (Fig. 3). The resulting fusion proteins of approx.
88 kDa are not able to distribute within the cell by passive diffusion revealing active transport processes. Notably,
for both NES-deficient mutants, TFIIA \ggp-GFP, TFIIA s punvesmu- GEP @ change of their prior nuclear locali-
zation to a cytoplasmic localization was detected, indicating deficiency in active nuclear access. In the absence of
nuclear export, only active import signals could result in a nuclear accumulation of the diffusion-deficient GST
fusion constructs. In summary, our results suggest that the dynamic cellular localization of TFIIA is actively reg-
ulated by its NES, but not by active nuclear import.

TFIIA cleavage by Taspasel regulates its subcellular localization and transcriptional activ-
ity. Although the cleavage-deficient TFIIA mutant showed localization similar to wt TFIIA, we wanted to
undoubtedly characterize the dependence of TFIIA’ cellular localization on its proteolytic processing by Taspasel.
Therefore, we co-expressed active Taspasel-mCherry (Fig. 4A) or its inactive mutant Taspr,s;,,-mCherry (Fig. 4B)
with TFIIA-GFP variants. Transient co-expression of TFIIA-GFP with the fluorescently labelled active protease
resulted in a nuclear accumulation of TFIIA already after 24 h (Fig. 3A). In contrast, the catalytically inactive
mutant (Taspr,s,y) did not alter TFIIAs predominant cytoplasmic localization. As a control, co-expression
of Taspasel or its inactive mutant did not affect the cytoplasmic localization of the cleavage-deficient mutant
TFIIA cgmo- GFP. Interestingly, the double mutant TFITA gumvesma @150 did not change its localization neither
by co-expression of active nor inactive Taspasel (Fig. 4A,B). Cleavage of all TFIIA variants was also confirmed
by immunoblot analysis (Fig. 4C). Of note, we observed that the expression of wt Tasp and the Tasp,3,y mutant
could differ among samples. Since the expression plasmids are under the control of the same regulatory elements,
these differences might be caused by altered protein stability of the uncleaved protease compared to cleaved sub-
units. However, the molecular details need to be confirmed in follow up studies.

It has been reported that Taspasel-mediated cleavage of TFIIA reduces expression of the CDK inhibitors
pl6™NK42 and p194RF encoded by the CDKN2A locus!®. Since our results indicate that TFIIA cleavage by Taspasel
also diminishes active nuclear export of TFIIA, it is highly relevant if there is a link between TFIIA cleavage,
subcellular localization and transcriptional activation of target genes, such as CDKN2A. To experimentally inves-
tigate such a putative link, we performed reporter gene studies using a p16™X4-luciferase reporter construct
(Fig. 4D). Therefore, A431 cells were co-transfected with TFIIA variants and reporter construct, and luciferase
activity was measured with a dual luciferase assay using renilla luciferase for normalization. As expected, TFIIA
wt efficiently induced transcription of the p16™X4 reporter compared to co-transfection with an empty vector
control. Furthermore, p16™ % expression was even more increased by the engineered TFIIA mutants exhibiting
enhanced nuclear localization. Especially the combination of NES inactivation and Taspasel cleavage-deficiency
(TFITA csmunesma) Tesulted in a significant increase in reporter gene activation. Taken together, we could show
that not only Taspasel-mediated cleavage of TFIIA, but also the integrity of its NES is able to regulate transcrip-
tional activity of CDKN2A in epithelial cancer cells.

Discussion

Focusing on disease-relevant signalling-pathways in head and neck cancer, the Taspasel-TFIIA-CDKN2A axis
is an interesting and potentially druggable target for HNSCC. In the past it could be demonstrated that Taspasel
uses different strategies to regulate biological processes like proliferation, cell cycle, differentiation and apopto-
sis'"!. Interestingly, our data support the hypothesis that Taspasel fine-tunes the transcriptional activity of TFIIA
via its subcellular localization and proteolytic cleavage. Our study revealed that the TFIIAa3 precursor contains
a biologically active nuclear export signal (NES, aa 2'VINDVRDIFL*®), but lacking a nuclear localization signal
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Figure 4. TFIIA cleavage by Taspasel regulates its subcellular localization and transcriptional activity. (A,B)
A431 cells were transfected with indicated TFIIA-GFP variants together with the active Taspasel- (A) or inactive
Taspaser,,;-mCherry (B) expression plasmid. Localization was analysed by fluorescence microscopy after 24 h.
TFIIA-GFP is translocated from cytoplasm to nucleus after expression of active Taspasel but not of inactive
Taspasel,;,y mutant. In contrast the cleavage-deficient mutant TFIIA ;.. GFP did not relocalize in presence of
Taspasel. The export-deficient TFIIA variants did not alter their subcellular localization upon Taspasel expression.
Scale bars, 10 um. (C) Proteolytic cleavage of TFIIA-GFP variants as shown by immunoblot analysis of whole-
cell lysates. A431 cells were transfected with indicated TFIIA-GFP together the active Taspasel- (wt) or inactive
Taspasel(T234V)- BFP expression plasmids. In contrast to TFITA- and TFIIA\gg,. GFP, the TFIIA g, .-GFP
could not be cleaved by active wildtype (wt) Taspasel. The inactive Taspasely,s,y mutant neither showed self-
cleavage in two active subunits nor trans cleavage activity of TFIIA. Expression of proteins and cleavage products
in cell lysates was visualized using o-GFP and a-Taspasel Abs. o-GapDH served as loading control. *Uncleaved
TFIIA-GFP, **cleaved TFIIA-GFP, fl: Taspasel-BFP full length protein, o/3: Taspasel a-/3-subunit. Of note, the
«a-GFP antibody is as well detecting the related BFP and thus full-length Tasp-BFP and the 3-subunit containing
the fusion tag. a-Taspasel Ab is recognizing the full-length (75 kDa) as well as the a-subunit (28 kDa) of Taspasel.
Shown blots are cropped. Full-length blots are shown in Supplementary Fig. S6. (D) Expression of the cell cycle
regulator p16™¥4 js induced by impaired TFIIA export and proteolytic cleavage. A431 cells were co-transfected
with either pGL3 basic or pGL3 basic-wt p16™&4 5/-UTR reporter, pRLSV40 and the respective TFIIA variant or
pc3-GFP as negative control. Relative light units (RLU) were measured 48 h later, and plotted after normalization
for transfection efficiency (pRLSV40). Bars, means of triplicates used to calculate standard deviations. Results of
one representative experiment are shown, n= 3. Significance, *p < 0.005.

(NLS). The fact that transiently transfected, unprocessed TFIIA localized predominantly to the cytoplasm which
was counteracted by treatment with the nuclear export inhibitor LMB, but unaffected by genetic inactivation of
the Taspasel cleavage site suggests accessibility of the NES in the uncleaved, full-length protein. On the other
hand, nuclear import of TFIIA might be mediated via interaction with other proteins capable of nuclear import.
For TFIIA~, no NLS and thus no active nuclear import has been described so far. But there is evidence for other
proteins to be shuttled inside different cellular compartments albeit lacking active transport signals. We discov-
ered a comparable shuttling mechanism for the nuclear export of Taspasel itself, making use of the NES of its
interaction partner NPM 1124,
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With respect to proteolytic processing, overexpression of Taspasel but not of catalytically inactive variants
enhanced TFIIA’ direct nuclear accumulation, and uncleaved TFIIA mutants revealed an enhanced and elon-
gated cytoplasmic localization. This leads us to the conclusion that processing of TFIIA by Taspasel might mask
the NES, albeit lacking support by the incomplete structural data available so far (pdb INVP). Possible scenarios
include conformational changes in the a-subunit, which would shift the relative position of the subunit assembly
and in turn lead to a complete masking of the NES. This could also be the result of interactions between TFIIA
and other transcriptional factors, such as TBP.

Besides its crucial role for regulating the MLL-CyclinE axis in HER2/neu-positive breast cancer!?, Taspasel
controls the expression of CDK inhibitors encoded by CDKN2A locus (p16™&42 and p19ARF)1L16.1846 Reporter
gene studies revealed a transcriptional activation of p16™*4 by TFIIA which was most prominent in TFIIA vari-
ants with genetically enforced nuclear localization in combination with impaired proteolytic cleavage. p16™<4 js
an important tumour suppressor gene, involved in the p16/cyclin-dependent kinase/retinoblastoma gene path-
way of cell cycle control*’. The gene encodes an inhibitor of CDK4 and CDK®6, which regulate the phosphoryl-
ation of retinoblastoma gene and the G1 to S phase transition of the cell cycle®. p16'NX4 expression has been
characterized in several tumour types ranging from its loss or downregulation to significant overexpression*®. In
head and neck cancer, p16™K# overexpression has been suggested to have a major impact on treatment response
and survival in patients with HPV-positive tumours*’. HPV-related cancers presenting p16™** overexpression
are very sensitive to radiotherapy, and have a better prognosis than HPV-negative tumours*®. On the other hand,
loss of CDKN2A expression by deletion, mutation, or hypermethylation is common in HNSCC and has been
suggested as druggable target®!. Although loss of p16™¥4 could not be validated as prognostic factor for HNSCC
patients, it was suggested that it may be used to predict overall patient survival in early-stage head and neck
tumours®. While genetic inactivation of p16™¥¥** has been one of the most prominent genetic changes identified
in human cancers to date, it has been reported that p16™X* function can be regulated via other complex cellular
events, such as oncogene activation®. In our present study containing only HPV-negative HNSCC tumours,
we found a moderate but highly significant downregulation of p16™X4 suggesting rather expressional down-
regulation than complete loss or silencing of the CDKN2A gene. It has been reported that Taspasel-mediated
cleavage of TFIIA affects the conformation of TFIID/TFIIA promoter complexes and thus, enables assembly
with TFIID and other tissue-specific transcription factors®. Thereby, Taspasel-mediated cleavage of TFIIA reg-
ulates tissue-specific expression profiles, e.g. during spermatogenesis'® and mammalian head morphogenesis'é,
and is moreover essential for subsequent proteasomal degradation. The regulation of TFIIA protein levels via
Taspasel-mediated cleavage is another regulatory key in this network allowing differential gene expression. In
summary, this supports the hypothesis that in contrast to uncleaved TFIIAa3/~ inducing bulk transcription,
Taspasel cleavage is regulating the switch between general and very specific transcriptional patterns and allows
developmental fine-tuning. In undifferentiated cancer cells, Taspasel activity might be regained and thus, orig-
inally developmental regulation processes might be reactivated. In summary, we propose a hitherto unknown
mechanism how CDKN2A expression could be fine-tuned via the Taspasel-TFIIA signalling-pathway in head
and neck tumours.

Materials and Methods

Antibodies (Ab), reagents and compounds. Ab used: o-TFIIA (sc-5314/sc-5315/sc-5311; Santa
Cruz Biotechnology, Heidelberg, Germany); a-GAPDH (sc-47724; Santa Cruz Biotechnology, Heidelberg,
Germany); o-GFP (sc-8334; Santa Cruz Biotechnology, Heidelberg, Germany); a-Taspasel (sc-85945; Santa
Cruz Biotechnology, Heidelberg, Germany). Appropriate HRP-, Cy3- or FITC-conjugated secondary antibodies
(Sigma Aldrich, Munich, Germany; Santa Cruz Biotechnology, Heidelberg, Germany) were used. Reagents were
from Sigma Aldrich (Sigma Aldrich, Munich, Germany) unless stated otherwise. Cells were treated with the
export inhibitor Leptomycin B (LMB) (10 nM) as described™.

Patient characteristics and material.  Tissue samples were obtained from patients undergoing surgical
resection at the departments of otolaryngology of the Universities of Frankfurt and Mainz. Investigation has
been conducted in accordance with the ethical standards according to the Declaration of Helsinki and accord-
ing to national and international guidelines. The study protocol has been approved by the ethics committees
“Ethik-Kommission des Fachbereichs Medizin, Universititsklinikum der Goethe-Universitat” (#83756604)
and “Ethik-Kommission der Landesdrztekammer Rheinland-Pfalz” (#83748515) after obtaining the patients’
informed consent to participate in the study and was processed anonymously. All cases were diagnosed his-
topathologically as HNSCC and staged according to the TNM classification of malignant tumours recom-
mended by the ‘Union International Contre le Cancer’ UICC. In this study, tumour specimens, corresponding
non-malignant tissue, and lymph node metastasis were analysed. Specimens included oropharyngeal and laryn-
gopharyngeal carcinoma of different tumour size (T1-T4), lymph node status (N0-2), no distant metastasis (MO0)
and grading G1-G3. Upon resection samples were immediately placed on ice and snap-frozen in liquid nitrogen
within 30 min. Histological analyses were performed to ensure that each specimen contained >70% tumour tis-
sue and <10% necrotic debris. Samples not meeting these criteria were rejected.

RNA extraction. Frozen tissue samples (30-50 mg) were collected in 1ml Trizol (Invitrogen, Karlsruhe,
Germany) and dispersed using an Ultra-Turrax T25 tissue homogenizer (IKA Werke, Staufen, Germany). Total
RNA was extracted according to the recommendations given by the manufacturer’s Trizol protocol and fur-
ther purified on RNeasy Mini spin columns (Qiagen, Hilden, Germany). Integrity and purity of total RNA were
assessed on a Bioanalyzer 2100 (Agilent Technologies, Boeblingen, Germany) using a RNA 6000 Nano LabChip
Kit (Agilent) according to the manufacturer’s instructions™.
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Target preparation and hybridization for Affymetrix GeneChip Arrays. Total RNA (5 pug) was used
to prepare biotinylated cRNAs for hybridization, following the guidelines given in the Affymetrix GeneChip
Expression Analysis Technical Manual. cRNA clean-up was performed on RNeasy Mini filters (Qiagen). In all,
10 pg of fragmented, labelled cRNA were hybridized to Affymetrix HG-U133A arrays (Affymetrix, Santa Clara,
CA, USA) using standard conditions (16 h, 45°C). Arrays were washed and stained in a Fluidics Station 400
(Affymetrix) and scanned on a Gene Array Scanner 2500 (Agilent), as reccommended by Affymetrix. Raw fluores-
cence intensities from all hybridizations were normalized applying variance stabilization with additional scaling.
Additionally, MAS5 as well as gcRMA expression values were calculated.

Microarray data processing, pathway analysis and statistical analysis. Data and cluster anal-
yses were performed using Affymetrix Microarray Suite 5.0 (MAS5) and GeneSpring GX software (Agilent
Technologies, Santa Clara, USA). All samples were normalized to the median of control samples. Each meas-
urement for each gene in those specific samples was divided by the median of that gene’s measurements in the
corresponding control samples. The gene list was subjected to a student’s t-test (p-value < 0.05). The resulting list
was further filtered for confidence using a Benjamini-Hochberg false discovery rate correction. A 2.0-fold cut-off
filter was then applied to identify genes that were preferentially up- or downregulated. Heat-plots are used for
visualizing gene expression: yellow indicates no change in expression, red enhanced expression (upregulated),
and blue suppressed expression (downregulated).

The Ingenuity Pathway Analysis (IPA) tool (Ingenuity Systems) was used to identify pathways related to dif-
ferentially expressed genes in primary tumours (PTvs.N). Data was filtered to meet the criteria p < 0.05 in our
comparison analysis.

Analysis of the data was performed using R 2.15.2 with the limma package 3.14.4. Raw fluorescence intensities
from all hybridizations were normalized, applying robust multichip average (RMA) normalization for the. CEL
data, followed by a quantile normalization to compare expression results across specimens. For the comparison
of primary tumours to normal mucosa (PTvs.N), and metastasis to normal mucosa (Mvs.N) of differentially
expressed genes, we also utilized the limma package. For multiple testing a Bonferroni correction was performed.

Cell culture, microscopy fluorescence imaging of cells and computer-assisted microinjec-
tion. Celllines used in the study were maintained and transfected as described?**°. Twelve-bit black and white
images were captured using a digital Axiocam CCD camera (Carl Zeiss, Jena, Germany). Quantitation, image
analysis and presentation were performed as described® . All assays were performed in triplicates. Purification
and microinjection of recombinant GST-GFP transport substrates were performed as described in detail®.
Automated analysis of the molecular translocation assay was performed using the Cellomics ArrayScan® VTI
Imaging Platform (Thermo Fisher Scientific Inc., Berkshire, UK) as described®®. Scans were performed sequen-
tially with settings to give sub-saturating fluorescence intensity, and a minimum of 400 valid objects per well was
recorded.

Plasmids. Expression constructs encoding TFIIA, Taspasel and Taspaselr,s,y as untagged or fusions with
autofluorescent proteins were described'?. Plasmids encoding TFIIA variants were amplified from full length
TFIIA ¢cDNA and cloned into pc3-GFP or pGex-GFP using BamHI/Nhel-restriction sites. Plasmid TFIIA g
TFIANEsmu-> and pGex_TFITAygsm.-GFP were generated by splice overlap extension polymerase chain reaction
as reported®. pF143 were described®. Plasmids were verified by sequence analysis®’.

Protein extraction, immunoblot analysis and immunofluorescence. Preparation of whole cell
lysates was carried out as described using a physiological lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM
EDTA, 0.5% NP-40, 1 mM DTT, 1 mM PMSE Complete Protease Inhibitory Cocktail from Roche Diagnostics,
Mannheim, Germany). Equal loading of lysates was controlled by reprobing blots for GAPDH as described®!.
Immunofluorescence was performed as reported in detail**. Western blot data shown are representative for at
least three independent experiments (n=3).

Reporter gene assays. For luciferase reporter gene assays, 5 x 10* 293T cells seeded in 24-well plates 24 h
before transfection. Cells were transfected at 80% confluence using PEI (2.7 pl PEI per pg DNA) as described'.
Specifically, 350 ng of either the empty pGL3 basic or the pGL3 basic reporter vector containing the wild-type
p16INK4a 5’-UTR were used along with 50 ng of the control pRLSV40 plasmid introduced to normalize transfec-
tion efficiency and 200 ng of the respective TFIIA variants or pc3-GFP as negative control. Cells were harvested 24
h after transfection, and luciferase assays were carried out using the dual-luciferase reagent (Promega, Madison,
WI, USA). Briefly, relative light units (RLU) were measured for both luciferases, firefly and renilla, normalized for
transfection efficiency and plotted as relative luciferase activity for each TFIIA variant. Assays were performed in
triplicate, and data shown are representative for at least three independent experiments (n=3).

Bioinformatics. TFIIA proteins were analysed using NES-Finder (http://research.nki.nl/fornerodlab/
NES-Finder.htm)**. Alignments and clustalW analyses were performed using BLAST (http://www.blast.ncbi.nlm.
nih.gov/) and the BioEdit sequence alignment editor (http://www.mbio.ncsu.edu/BioEdit) with the human TFIIA
amino acid sequence on NCBI databases (homo sapiens [GI: 433500]; bos taurus [GI: 297479971]; canis lupus
familaris [GI: 73964364]; danio rerio [182891266]; gallus gallus [GI: 121308873]; mus musculus [GI: 12313735];
pan troglodytes [GI: 114654237]; rattus norvegicus [GI: 11559984]; xenopus laevis [GI: 148236361. Unless stated
otherwise, data were obtained from three independent experiments done in triplicate.

Data availability statement. The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

SCIENTIFICREPORTS | 7: 14937 | DOI:10.1038/541598-017-14814-x 8


http://research.nki.nl/fornerodlab/NES-Finder.htm
http://research.nki.nl/fornerodlab/NES-Finder.htm
http://www.blast.ncbi.nlm.nih.gov/
http://www.blast.ncbi.nlm.nih.gov/
http://www.mbio.ncsu.edu/BioEdit

www.nature.com/scientificreports/

References

1.

2.
3.

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
. Knauer, S. K., Carra, G. & Stauber, R. H. Nuclear export is evolutionarily conserved in CVC paired-like homeobox proteins and
34,

35.
36.

37.
38.
39.

40.

Stauber, R. H. et al. A combination of a ribonucleotide reductase inhibitor and histone deacetylase inhibitors downregulates EGFR
and triggers BIM-dependent apoptosis in head and neck cancer. Oncotarget 3, 31-43 (2012).

Leemans, C. R., Braakhuis, B. J. & Brakenhoff, R. H. The molecular biology of head and neck cancer. Nature reviews 11,9-22 (2011).
Gregoire, V., Lefebvre, J. L., Licitra, L., Felip, E. & Group, E.-E.-E. G. W. Squamous cell carcinoma of the head and neck: EHNS-
ESMO-ESTRO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann Oncol 21(Suppl 5), v184-186, https://doi.
org/10.1093/annonc/mdq185 (2010).

. Benson, E,, Li, R, Eisele, D. & Fakhry, C. The clinical impact of HPV tumor status upon head and neck squamous cell carcinomas.

Oral Oncol 50, 565-574, https://doi.org/10.1016/j.oraloncology.2013.09.008 (2014).

. Cohen, R. B. Current challenges and clinical investigations of epidermal growth factor receptor (EGFR)- and ErbB family-targeted

agents in the treatment of head and neck squamous cell carcinoma (HNSCC). Cancer treatment reviews 40, 567-577, https://doi.
org/10.1016/j.ctrv.2013.10.002 (2014).

. Rothenberg, S. M. & Ellisen, L. W. The molecular pathogenesis of head and neck squamous cell carcinoma. The Journal of clinical

investigation 122, 1951-1957 (2012).

. Denaro, N., Russi, E. G., Adamo, V. & Merlano, M. C. State-of-the-art and emerging treatment options in the management of head

and neck cancer: news from 2013. Oncology 86, 212-229, https://doi.org/10.1159/000357712 (2014).

. Hamoir, M., Schmitz, S. & Gregoire, V. The role of neck dissection in squamous cell carcinoma of the head and neck. Curr Treat

Options Oncol 15, 611-624, https://doi.org/10.1007/s11864-014-0311-7 (2014).

. Sessions, D. G. et al. Analysis of treatment results for oral tongue cancer. Laryngoscope 112, 616-625, https://doi.

0rg/10.1097/00005537-200204000-00005 (2002).

Dong, Y. et al. Taspasel cleaves MLLI to activate cyclin E for HER2/neu breast tumorigenesis. Cell research (2014).

Wiinsch, D. et al. Taspasel: a ‘misunderstood’ protease with translational cancer relevance. Oncogene 35, 3351-3364, https://doi.
org/10.1038/0nc.2015.436 (2016).

Bier, C. et al. The importin-alpha/nucleophosmin switch controls taspasel protease function. Traffic (Copenhagen, Denmark) 12,
703-714 (2011).

Khan, J. A., Dunn, B. M. & Tong, L. Crystal structure of human Taspasel, a crucial protease regulating the function of MLL.
Structure 13, 1443-1452 (2005).

Bier, C. et al. Cell-based Analysis of Structure-Function Activity of Threonine Aspartase 1. The Journal of biological chemistry 286,
3007-3017 (2011).

Hsieh, J. J., Cheng, E. H. & Korsmeyer, S. J. Taspasel: a threonine aspartase required for cleavage of MLL and proper HOX gene
expression. Cell 115, 293-303 (2003).

Oyama, T. et al. Cleavage of TFIIA by Taspasel activates TRF2-specified mammalian male germ cell programs. Developmental cell
27,188-200 (2013).

Takeda, S. et al. Proteolysis of MLL family proteins is essential for taspasel-orchestrated cell cycle progression. Genes & development
20, 2397-2409 (2006).

Takeda, S. et al. Taspasel-dependent TFIIA cleavage coordinates head morphogenesis by limiting Cdkn2a locus transcription. The
Journal of clinical investigation (2015).

Stauber, R. H., Hahlbrock, A., Knauer, S. K. & Wiinsch, D. Cleaving for growth: threonine aspartase 1-a protease relevant for
development and disease. FASEB J 30, 1012-1022, https://doi.org/10.1096/1].15-270611 (2016).

Bier, C. et al. Allosteric inhibition of Taspasel’s pathobiological activity by enforced dimerization in vivo. FASEB ] 26, 3421-3429,
https://doi.org/10.1096/1].11-202432 (2012).

Stauber, R. H., Bier, C. & Knauer, S. K. Targeting Taspasel for cancer therapy-letter. Cancer research 72, 2912; author reply 2913
(2012).

Wiinsch, D. et al. Chemico-genetic strategies to inhibit the leukemic potential of threonine aspartase-1. Blood cancer journal 2, €77,
https://doi.org/10.1038/b¢j.2012.22 (2012).

Zhou, H. et al. Uncleaved TFIIA is a substrate for taspase 1 and active in transcription. Molecular and cellular biology 26, 2728-2735
(2006).

Yokomori, K. et al. Drosophila TFIIA directs cooperative DNA binding with TBP and mediates transcriptional activation. Genes ¢
development 8,2313-2323 (1994).

Ranish, J. A., Yudkovsky, N. & Hahn, S. Intermediates in formation and activity of the RNA polymerase II preinitiation complex:
holoenzyme recruitment and a postrecruitment role for the TATA box and TFIIB. Genes & development 13, 49-63 (1999).

Mitsiou, D. J. & Stunnenberg, H. G. TAC, a TBP-sans-TAFs complex containing the unprocessed TFIIAalphabeta precursor and the
TFIIAgamma subunit. Molecular cell 6, 527-537 (2000).

Mitsiou, D. J. & Stunnenberg, H. G. p300 is involved in formation of the TBP-TFIIA-containing basal transcription complex, TAC.
The EMBO journal 22, 4501-4511 (2003).

Hoiby, T. et al. Cleavage and proteasome-mediated degradation of the basal transcription factor TFIIA. The EMBO journal 23,
3083-3091 (2004).

Sun, X., Ma, D,, Sheldon, M., Yeung, K. & Reinberg, D. Reconstitution of human TFIIA activity from recombinant polypeptides: a
role in TFIID-mediated transcription. Genes & development 8, 2336-2348 (1994).

Aj, L. et al. Thep16 (CDKN2a/INK4a) tumor-suppressor gene in head and neck squamous cell carcinoma: a promoter methylation
and protein expression study in 100 cases. Mod Pathol 16, 944-950, https://doi.org/10.1097/01.MP.0000085760.74313.DD (2003).
Gorlich, D. & Kutay, U. Transport between the cell nucleus and the cytoplasm. Annual review of cell and developmental biology 15,
607-660 (1999).

Lei, E. P. & Silver, P. A. Protein and RNA export from the nucleus. Developmental cell 2, 261-272 (2002).

influences protein stability, transcriptional activation, and extracellular secretion. Molecular and cellular biology 25, 2573-2582
(2005).

Whiteside, S. T. & Goodbourn, S. Signal transduction and nuclear targeting: regulation of transcription factor activity by subcellular
localisation. Journal of cell science 104(Pt 4), 949-955 (1993).

Cartwright, P. & Helin, K. Nucleocytoplasmic shuttling of transcription factors. Cell Mol Life Sci 57, 1193-1206 (2000).

Knauer, S. K. ef al. Translocation biosensors to study signal-specific nucleo-cytoplasmic transport, protease activity and protein-
protein interactions. Traffic (Copenhagen, Denmark) 6, 594-606 (2005).

Hoiby, T., Zhou, H., Mitsiou, D. J. & Stunnenberg, H. G. A facelift for the general transcription factor TFIIA. Biochimica et biophysica
acta 1769, 429-436 (2007).

Zhou, G., Liu, Z. & Myers, J. N. TP53 Mutations in Head and Neck Squamous Cell Carcinoma and Their Impact on Disease
Progression and Treatment Response. Journal of cellular biochemistry 117, 2682-2692, https://doi.org/10.1002/jcb.25592 (2016).
Schweitzer, A., Knauer, S. K. & Stauber, R. H. Nuclear receptors in head and neck cancer: current knowledge and perspectives. Int |
Cancer 126, 801-809 (2010).

Stauber, R. H., Wiinsch, D., Knauer, S. K. & Fetz, V. An update on the pathobiological relevance of nuclear receptors for cancers of
the head and neck. Histology and Histopathology 25(8), 1093-1104 (2010).

SCIENTIFICREPORTS |7: 14937 | DOI:10.1038/541598-017-14814-x 9


http://dx.doi.org/10.1093/annonc/mdq185
http://dx.doi.org/10.1093/annonc/mdq185
http://dx.doi.org/10.1016/j.oraloncology.2013.09.008
http://dx.doi.org/10.1016/j.ctrv.2013.10.002
http://dx.doi.org/10.1016/j.ctrv.2013.10.002
http://dx.doi.org/10.1159/000357712
http://dx.doi.org/10.1007/s11864-014-0311-7
http://dx.doi.org/10.1097/00005537-200204000-00005
http://dx.doi.org/10.1097/00005537-200204000-00005
http://dx.doi.org/10.1038/onc.2015.436
http://dx.doi.org/10.1038/onc.2015.436
http://dx.doi.org/10.1096/fj.15-270611
http://dx.doi.org/10.1096/fj.11-202432
http://dx.doi.org/10.1038/bcj.2012.22
http://dx.doi.org/10.1097/01.MP.0000085760.74313.DD
http://dx.doi.org/10.1002/jcb.25592

www.nature.com/scientificreports/

41. Unruhe, B., Schroder, E., Wiinsch, D. & Knauer, S. K. An Old Flame Never Dies: Survivin in Cancer and Cellular Senescence.
Gerontology 62, 173-181, https://doi.org/10.1159/000432398 (2016).

42. Hayden, M. S. & Ghosh, S. Signaling to NF-kappaB. Genes & development 18, 2195-2224, https://doi.org/10.1101/gad.1228704
(2004).

43. Lange, A., McLane, L. M., Mills, R. E., Devine, S. E. & Corbett, A. H. Expanding the Definition of the Classical Bipartite Nuclear
Localization Signal. Traffic (Copenhagen, Denmark) (2009).

44. Dong, X. et al. Structural basis for leucine-rich nuclear export signal recognition by CRM1. Nature 458, 1136-1141 (2009).

45. Wiinsch, D. et al. Fly versus man: evolutionary impairment of nucleolar targeting affects the degradome of Drosophila’s Taspasel.
FASEB ] 29, 1973-1985, https://doi.org/10.1096/1).14-262451 (2015).

46. Chen, D. Y. et al. Taspasel functions as a non-oncogene addiction protease that coordinates cancer cell proliferation and apoptosis.
Cancer research 70, 5358-5367 (2010).

47. Sherr, C.J. & Roberts, J. M. CDK inhibitors: positive and negative regulators of G1-phase progression. Genes & development 13,
1501-1512 (1999).

48. Romagosa, C. et al. p16(Ink4a) overexpression in cancer: a tumor suppressor gene associated with senescence and high-grade
tumors. Oncogene 30, 2087-2097, https://doi.org/10.1038/0nc.2010.614 (2011).

49. Gupta, A. K. et al. Radiation response in two HPV-infected head-and-neck cancer cell lines in comparison to a non-HPV-infected
cell line and relationship to signaling through AKT. Int ] Radiat Oncol Biol Phys 74, 928-933, https://doi.org/10.1016/j.
ijrobp.2009.03.004 (2009).

50. Lassen, P. et al. Effect of HPV-associated pl6INK4A expression on response to radiotherapy and survival in squamous cell
carcinoma of the head and neck. J Clin Oncol 27, 1992-1998, https://doi.org/10.1200/]JC0.2008.20.2853 (2009).

51. Stephen, J. K. et al. Significance of p16 in Site-specific HPV Positive and HPV Negative Head and Neck Squamous Cell Carcinoma.
Cancer Clin Oncol 2, 51-61, https://doi.org/10.5539/cco.v2n1p51 (2013).

52. Li, J., Poi, M. J. & Tsai, M. D. Regulatory mechanisms of tumor suppressor P16(INK4A) and their relevance to cancer. Biochemistry
50, 55665582, https://doi.org/10.1021/bi200642¢ (2011).

53. Malecova, B., Caputo, V. S., Lee, D. E, Hsieh, J. ]. & Oelgeschlager, T. Taspasel processing alters TFIIA cofactor properties in the
regulation of TFIID. Transcription 6, 21-32, https://doi.org/10.1080/21541264.2015.1052178 (2015).

54. Knauer, S. K., Bier, C., Habtemichael, N. & Stauber, R. H. The Survivin-Crm1 interaction is essential for chromosomal passenger
complex localization and function. EMBO reports 7, 1259-1265 (2006).

55. Knauer, S. K. et al. The survivin isoform survivin-3B is cytoprotective and can function as a chromosomal passenger complex
protein. Cell cycle (Georgetown, Tex 6, 1502-1509 (2007).

56. Fetz, V., Knauer, S. K,, Bier, C., Kriess, J. P. & Stauber, R. H. Translocation Biosensors — Cellular System Integrators to Dissect CRM1-
Dependent Nuclear Export by Chemicogenomics. Sensors 7, 5423-5445 (2009).

57. Habtemichael, N. et al. Cloning and functional characterization of the guinea pig apoptosis inhibitor protein Survivin. Gene 469,
9-17, https://doi.org/10.1016/j.gene.2010.08.007 (2010).

58. Fetz, V., Knauer, S. K., Bier, C., von Kries, J. P. & Stauber, R. H. Translocation Biosensors - Cellular System Integrators to Dissect
CRM1-Dependent Nuclear Export by Chemicogenomics. Sensors 9, 5423-5445, https://doi.org/10.3390/s90705423 (2009).

59. Knauer, S. K. et al. Nuclear export is essential for the tumor-promoting activity of survivin. Faseb J 21, 207-216 (2007).

60. Knauer, S. K. & Stauber, R. H. Development of an autofluorescent translocation biosensor system to investigate protein-protein
interactions in living cells. Analytical chemistry 77, 4815-4820 (2005).

61. Kramer, O. H. et al. A phosphorylation-acetylation switch regulates STAT1 signaling. Genes & development 23, 223-235, https://doi.
org/10.1101/gad.479209 (2009).

Acknowledgements

This study was supported by grants from the Else-Kroner-Fresenius Foundation, Carl-Zeiss-Foundation, Stiftung
Tumorforschung Kopf-Hals, Deutsche Forschungsgemeinschaft, and intramural Funding of the University
Medical Center Mainz and the Johannes Gutenberg University Mainz (BiomaTiCS, Impulsfonds Rheinland-
Pfalz). The authors thank S. Schneider for excellent technical assistance.

Author Contributions

A.G., AH.,N.H. and M.D. conceived, designed and conducted experiments and analysed the data; A.H., S.S.,
S.B., and J.H. co-designed the study and revised the manuscript; D.W. conceived and designed the study and
wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14814-x.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 14937 | DOI:10.1038/541598-017-14814-x 10


http://dx.doi.org/10.1159/000432398
http://dx.doi.org/10.1101/gad.1228704
http://dx.doi.org/10.1096/fj.14-262451
http://dx.doi.org/10.1038/onc.2010.614
http://dx.doi.org/10.1016/j.ijrobp.2009.03.004
http://dx.doi.org/10.1016/j.ijrobp.2009.03.004
http://dx.doi.org/10.1200/JCO.2008.20.2853
http://dx.doi.org/10.5539/cco.v2n1p51
http://dx.doi.org/10.1021/bi200642e
http://dx.doi.org/10.1080/21541264.2015.1052178
http://dx.doi.org/10.1016/j.gene.2010.08.007
http://dx.doi.org/10.3390/s90705423
http://dx.doi.org/10.1101/gad.479209
http://dx.doi.org/10.1101/gad.479209
http://dx.doi.org/10.1038/s41598-017-14814-x
http://creativecommons.org/licenses/by/4.0/

Publications

11.

51



Journal of Cancer Research and Clinical Oncology (2020) 146:343-356
https://doi.org/10.1007/500432-019-03118-4

ORIGINAL ARTICLE - CANCER RESEARCH q

Check for
updates

Histone deacetylase inhibitors dysregulate DNA repair proteins
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Abstract

Purpose We set out to determine whether clinically tested epigenetic drugs against class I histone deacetylases (HDACs)
affect hallmarks of the metastatic process.

Methods We treated permanent and primary renal, lung, and breast cancer cells with the class I histone deacetylase inhibitors
(HDAC:) entinostat (MS-275) and valproic acid (VPA), the replicative stress inducer hydroxyurea (HU), the DNA-damaging
agent cis-platinum (L-OHP), and the cytokine transforming growth factor-p (TGFf). We used proteomics, quantitative PCR,
immunoblot, single cell DNA damage assays, and flow cytometry to analyze cell fate after drug exposure.

Results We show that HDAC:i interfere with DNA repair protein expression and trigger DNA damage and apoptosis alone
and in combination with established chemotherapeutics. Furthermore, HDACI disrupt the balance of cell adhesion protein
expression and abrogate TGFf-induced cellular plasticity of transformed cells.

Conclusion HDAC: suppress the epithelial-mesenchymal transition (EMT) and compromise the DNA integrity of cancer
cells. These data encourage further testing of HDACi against tumor cells.

Keywords Adhesion - EMT - DNA damage - HDACi - MET - TGFf

Introduction

The formation of metastases that originate from a primary
cancer is commonly associated with increased drug resist-
ance and patient death (Fidler and Kripke 2015). EMT and
the subsequent transition of cells back to the mesenchymal
Nicole Kiweler and Désirée Wiinsch: equal first author state have been associated with metastasis for decades (Nieto
contribution. 2013; Zeisberg and Neilson 2009). However, there is an
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Fig.1 HDAC:I trigger replication stress and DNA damage. a Renca
cells were treated with the indicated concentrations of MS-275 (uM)
for 24 to 48 h. Four independent replicates were analyzed for protein
expression via LFQ in mass spectrometry. Heatmap depicts changes
in LFQ expression levels of proteins with implications for the main-
tenance of genomic integrity. Statistics regarding changes in protein
expression are provided in Supplementary Fig. S1. Several of the
proteins are important for various DNA repair pathways and pathway
choice. Proteins mainly relevant to DNA repair and HR are RAD21,
53BP1, RPAI, MRE11A, RPA2, XRCC5, POLE, XRCC6, RADI1S,
POLB, BRCA1, PARP2, RADS51B; critical for MMR are MSH6,
MSH2, MSH3; for BER is XRCCI; for NER are ERCC3, ERCC2,
BLM, ERCC4, XPC, ERCCI1. b Renca cells were treated with the
indicated concentrations of MS-275 (uM) for 24 h and 48 h. Tail
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control; Mr (kDa), relative molecular mass in kilo Daltons (kDa). d
Mz-ccRCC2 cells were treated with 1.5 pM MS-275 for 24 and 48 h.
RADS1 expression was analyzed on Western blot. HSP90 served as
loading control; Mr (kDa), relative molecular mass in kilo Daltons
(kDa). e Mz-ccRCC2 cells were treated for 48 h with 1.5 pM MS-275
and cell death was determined as percentage of subG1 population in
fixed, Pl-stained cells using flow cytometry. Graph shows mean+SD
(n=5); two-tailed unpaired ¢ test with Welch’s correction, ***p
value <0.001
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breast and pancreatic cancer cells represents predominantly
an indicator of cellular resistance to DNA damage (Aiello
et al. 2017; Brabletz et al. 2018; Fischer et al. 2015; Ye
et al. 2017; Zheng et al. 2015). Irrespective of this concep-
tual conflict, it is undoubted that novel drugs are necessary
to combat clinical metastasis formation to enhance patient
survival. Such drugs should be analyzed for their impact on
both genomic integrity and modulation of EMT.

HDAC: are epigenetic drugs that enhance protein acety-
lation and thereby impact a large number of cellular func-
tions (Bayat Mokhtari et al. 2017; Mrakovcic et al. 2019;
Miiller and Kriamer 2010; Nikolova et al. 2017; Vancurova
et al. 2018). Since the Food and Drug Administration has
approved four HDAC: for the treatment of hematological
malignancies, additional research is warranted to demon-
strate how a pharmacological inactivation of HDACs affects
metastasis formation. To solve this issue, global assays
and analyses of various tumor cell types are required. We
recently revealed that HDAC: did not shift renal cell carci-
noma (RCC) cells to a distinct epithelial or mesenchymal
phenotype, but rather disrupted functional EMT/MET pro-
tein expression signatures and triggered apoptosis of RCC
cells (Kiweler et al. 2018). These data are coherent with pre-
vious reports that show beneficial effects of HDACi against
RCC cells and EMT (Chun 2018; Jones et al. 2009a, b;
Juengel et al. 2014; Mao et al. 2017). Furthermore, HDACi
counteracted the acquired resistance of RCC cells against
the mammalian target of rapamycin-inhibitor everolimus and
the glucose-regulating biguanide metformin (Juengel et al.
2014; Wei et al. 2018). In light of the chemoresistance and
the poor prognosis of metastatic RCC (Barbieri et al. 2017;
Chang et al. 2019), these findings suggest that HDACi pose
an interesting therapeutic option for this cancer type.

The analysis of drug-dependent effects on metastasis
should also involve conditions that promote this process.
The secreted cytokine TGFf is a tumor suppressor in non-
transformed cells through its cell cycle arresting activity.
Tumor cells, including those from RCC, are insensitive to
this effect of TGFf and undergo metastasis-promoting EMT
and acquire chemotherapy resistance (Hao et al. 2019; Sin-
gla et al. 2018; Tretbar et al. 2019). These processes can
be abrogated with HDACi in RCC cells. The HDACI tri-
chostatin-A (TSA) and butyrate suppressed TGFf-induced
EMT (Yoshikawa et al. 2007) and VPA prevented the TGFf3-
dependent activation of the EMT-associated transcription
factor SMAD4 (Mao et al. 2017). Such effects could be
particularly relevant to tumors that are or become resist-
ant to standard cancer drugs such as renal and lung tumors
(Barbieri et al. 2017; Chang et al. 2019; Dietrich and Gerber
2016; Foy et al. 2017).

In light of the recent discussion on the impact of DNA
repair and EMT for the metastatic process and its relation
to acquired chemoresistance, and due to the influence of

HDACi on the EMT of RCC cells, we set out to investi-
gate if HDAC: affect the expression of DNA repair proteins,
including p53, and cell adhesion molecules. In addition, we
investigated whether HDACi modulate TGFp-induced cell
plasticity and if the combination of HDACi and L-OHP or
HU is effective against cancer cells.

Results
HDACi suppress DNA repair protein expression

RCC-derived Renca cells are sensitive to pro-apoptotic
effects of class I HDACi (Kiweler et al. 2018). Due to the
rising interest in the impact of HDACs and HDACi on DNA
replication and DNA integrity, we analyzed the expression
levels of proteins that control replicative stress and DNA
damage in a previously published proteome database for
MS-275-treated Renca cells (Kiweler et al. 2018). This
analysis showed that HDAC inhibition by MS-275 decreased
the expression of proteins that control homologous recom-
bination (HR), DNA mismatch repair (MMR), nucleotide
excision repair (NER), and base excision repair (BER) in
Renca cells (Fig. 1a and Supplementary Fig. S1).

To assess if the observed alterations in protein expression
result in DNA damage at a global level, we used the comet
assay technique, which is also known as single cell electro-
phoresis assay. MS-275 evoked a time- and dose-dependent
increase in DNA tails indicating DNA damage (Fig. 1b).

Due to these findings, we analyzed the phosphoryla-
tion of histone H2AX at serine-139 (yH2AX), which is a
marker for replication stress, single-/double-strand breaks
in DNA, and apoptosis (Nikolova et al. 2017; Rogakou
etal. 1998). MS-275 and VPA, which we used as additional
class I HDACIi (Bradner et al. 2010; Miiller and Kriamer
2010), induced a time- and dose-dependent accumulation
of yH2AX (Fig. 1¢).

These data encouraged us to test for a dysregulation of
DNA repair factors and DNA injury upon class I HDAC
inhibition in primary human RCC cells (Mz-ccRCC2). We
found that MS-275 reduced the expression of the recombi-
nase RADS1, which is a key factor for HR-mediated DNA
repair (Nikolova et al. 2017), in primary RCC cells (Fig. 1d).
This was associated with a highly significantly increased
level of DNA fragmentation, which is typically seen in cells
undergoing apoptosis (Fig. le).

We conclude that the activity of class I HDAC: is nec-
essary for the expression of proteins that control genomic
integrity. Accordingly, HDACi cause replicative stress and
DNA damage in RCC cells.
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Status of p53 and its regulation by HDACi in Renca
cells

The tumor suppressor p53 determines the fate of HDACi-
treated cells (Mrakovcic et al. 2019) and is relevant for DNA
replication and HR (Gottifredi and Wiesmiiller 2018; Klus-
mann et al. 2016). As we see replication stress/DNA damage
in HDACi-treated cells (Fig. 1), we consequently analyzed
the p53 status of and a putative regulation of p53 expression
by HDAC: in Renca cells. We searched major databases for
the characterization of cell lines concerning the p53 status of
the Renca cell line. One database provided information that
Renca cells carry one R210C exchange in the DNA-binding
domain of p53 (Zeitouni et al. 2017). Meta-data analysis
of whole-exome sequencing data (WES data; accession no.
PRJEB12925) for Renca cells from Mosely et al. (2017)
revealed that these cells have one wild-type p53 allele and
one allele with the R210C mutation (Supplementary Fig.
S2).

The literature does not provide insights into the impact
of the R210C mutation on p53 functions and how it might
affect a remaining p53 wild-type allele. Therefore, we
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Fig.2 Status of p53 and regulation through HDACi in Renca cells. a
Untreated Renca and PPT-5436 cells were analyzed for p53 expres-
sion on Western blot. HSP90 served as loading control. Quantifica-
tion of signal intensities was accomplished by densitometric analy-
sis and subsequent normalization to the respective loading controls.
Graph displays mean + SD (n=4; two-tailed unpaired Student’s  test,
***p value <0.001); Mr (kDa), relative molecular mass in kilo Dal-
tons (kDa). b Renca cells were treated with the indicated concentra-
tions of doxorubicin for 16 h. Western blot shows p53 and HSP90 as
loading control. Quantification of signal intensities was accomplished
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experimentally assessed p53 in Renca cells. We compared
the p53 expression of Renca cells and the pancreatic primary
tumor cell line PPT-5436. Both cell lines are of murine ori-
gin, but PPT-5436 cells harbor the characterized point muta-
tion p53R172H that results in a stabilized and transcriptionally
inactive p53 (Conradt et al. 2012; Freed-Pastor and Prives
2012; Schneider et al. 2010). We noted that the expression
of p53 in PPT-5436 cells was about sixfold higher than in
Renca cells (Fig. 2a).

These results prompted us to test for an accumulation of
pS53 in response to genotoxic stress, which indicates wild-
type p53 (Schneider et al. 2010). When we analyzed the
p53 expression of Renca cells in response to doxorubicin
treatment, we found that total p53 protein expression was
upregulated in response to this genotoxic stimulus (Fig. 2b).

It is known that HDACi decrease the expression of wild-
type and mutant p53 through a transcriptional mechanism
in pancreatic and colorectal cancer cells (Goder et al. 2018;
Schifer et al. 2017; Sonnemann et al. 2014; Stojanovic et al.
2017). When we measured the expression of p53 mRNA in
Renca cells, we detected time- and dose-dependent effects
of class I HDACi on p53 mRNA expression. A treatment of
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by densitometric analysis and normalization to the respective load-
ing controls. Graph displays mean+SD (n=2); Mr (kDa), relative
molecular mass in kilo Daltons (kDa). ¢ Renca cells were treated with
the indicated concentrations of MS-275 for 24 h and 48 h. Independ-
ent triplicates were analyzed for p53 mRNA expression by qPCR
analysis. Graph shows mean+SD (n=3; one-way ANOVA; ****p
value <0.0001). d Renca cells were treated with the indicated con-
centrations of MS-275 (uM) and VPA (mM) for 24 h. Expression of
pS53 was analyzed by Western blot. HSP90 serves as loading control;
Mr (kDa), relative molecular mass in kilo Daltons (kDa)
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Renca cells with 1.5 uM MS-275 for 48 h led to a significant
reduction of p53 mRNA to 46.5+ 1.34% of control levels.
This effect was more pronounced at higher doses of MS-275
(Fig. 2¢).

Immunoblot analyses revealed that this reduction of the
p53 mRNA translated into reduced levels of the p53 protein
after 24-h incubations with MS-275 or VPA (Fig. 2d).

These data suggest that HDAC:i repress the expression of
wild-type p53 and p53%%1°C in Renca cells.

HDAC inhibition does not promote chemoresistance

Since wild-type p53 is a tumor suppressor (Gottifredi and
Wiesmiiller 2018; Klusmann et al. 2016), its reduction by
HDAC: raises concerns that such drugs promote chemore-
sistance. Furthermore, HDACi-induced alterations in EMT
factors (Kiweler et al. 2018) may promote the mesenchymal
phenotype that is linked to chemoresistance (Fischer et al.
2015; Zheng et al. 2015). To address these concerns, we
incubated Renca cells with combinations of HDACI, and
the commonly used chemotherapeutics L-OHP, a DNA
crosslinking agent that damages DNA directly, and HU,
a ribonucleotide reductase inhibitor that can lead to DNA
double-strand breaks secondary to a stalling of replication
forks (Nikolova et al. 2017).

Flow cytometric analyses to measure cell death induc-
tion showed that Renca cells were resistant to L-OHP and
slightly sensitive to HU (Fig. 3a). Such a poor response to
chemotherapeutics is a typical feature of RCC (Barbieri et al.
2017; Chang et al. 2019; Piva et al. 2016). Combined treat-
ment of Renca cells with VPA or MS-275 and L-OHP or HU
augmented cytotoxic effects of HU significantly (Fig. 3a).

Moreover, the co-treatment with the HDACi and L-OHP
or HU reduced the cellular adhesion factor E-cadherin, led
to an accumulation of caspase-6, and induced caspase-3
cleavage (Fig. 3b). In addition, MS-275 and VPA slightly
increased the accumulation of yH2AX that is caused by
L-OHP (Fig. 3b) and this was linked to an abrogated induc-
tion of RADS51 by L-OHP and HU in Renca cells (Fig. 3c).

To further extend these findings, we analyzed cells
derived from another notoriously chemoresistant tumor,
non-small cell lung cancer (NSCLC). We incubated human
H1299 lung cancer cells with L-OHP, because platinum
compounds are a standard therapy for lung tumors (Foy
et al. 2017; Gelsomino et al. 2019). In accordance with the
data obtained in renal cancer cell lines, three structurally
different HDACi (VPA, MS-275, LBH-589) promoted anti-
proliferative effects of L-OHP against H1299 cells (Fig. 3d).

We sum up that HDACi do not attenuate drug sensitiv-
ity, but rather increase the efficacy of well-established anti-
cancer drugs.

HDACi modulate the expression of adhesion factors

Enhanced chemotherapy resistance and altered cell adhesion
and signaling are hallmark features of the metastatic process
(Brabletz et al. 2018; Fidler and Kripke 2015; Hao et al.
2019; Nieto 2013; Zeisberg and Neilson 2009). Our analysis
of the impact of HDACi on chemosensitivity revealed that
class  HDACi in combination with L-OHP and HU attenu-
ated the expression of E-cadherin (Fig. 3b). Therefore, we
further analyzed proteome data for the expression of a large
number of cell adhesion factors and cytoskeletal proteins.
We noted that MS-275 dysregulated a large number of such
factors, including E-cadherin [Fig. 4a, b and (Kiweler et al.
2018)].

Proteomics also showed a reduction of integrin-f1 by
HDAC: (Fig. 4a), which is a key factor for cell adhesion to
collagen and the colonization of tumor cells at distant tissues
(Chua et al. 2010). Immunoblot analysis verified that 5 pM
MS-275 and 5 mM VPA decreased the levels of integrin-f1
(Fig. 4c¢).

Since overexpression and somatic mutations in the
tyrosine kinase ACK1 promote oncogenic signaling, cell
proliferation, EMT, and chemoresistance (Chua et al. 2010;
Jenkins et al. 2018; Mahajan and Mahajan 2015; Mahajan
et al. 2018; Mahendrarajah et al. 2017; Yeh et al. 2012), we
additionally tested whether HDACi have an impact on ACK1
in Renca cells. Western blot analyses showed that MS-275
and VPA attenuated ACK1 in a time- and dose-dependent
manner (Fig. 4d).

These data demonstrate that HDACi dysregulate proteins
that control the metastatic spread to and the colonization of
secondary tissues by transformed cells.

HDACi suppress TGFB-induced cellular plasticity

Cell adhesion and cellular plasticity are key steps in the pro-
gression from a local tumor to a distantly spread metastasis.
TGFp promotes EMT, metastasis, and drug resistance of
cancer cells (Brabletz et al. 2018; Fidler and Kripke 2015;
Hao et al. 2019; Nieto 2013; Zeisberg and Neilson 2009).
As an upregulation of the cell adhesion molecule N-cad-
herin is a marker for mesenchymal cells and described to
be upregulated in epithelial cells as a consequence of EMT
induction after TGFf treatment (Hao et al. 2019; Zeisberg
and Neilson 2009), we analyzed N-cadherin expression in
HDAC:-treated Renca cells. In immunocytochemistry analy-
ses, immunoblot, and mass-spectrometric proteome analy-
ses, we could not detect any N-cadherin expression in resting
and TGFf-treated Renca cells (Fig. 5a and data not shown).
As a substitute, we analyzed N-cadherin levels in mam-
mary epithelial NM18 cells, which represent a standard
TGFf-sensitive cell system (Deckers et al. 2006). Immuno-
cytochemistry of NM 18 cells revealed that VPA and MS-275
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were analyzed by Western blot. Band intensities for E-cadherin are
indicated, with untreated cells set as 1 (n=2). HSP90 serves as load-

significantly reduced TGFf-induced N-cadherin expression
(Fig. 5b, ¢).
Furthermore, we show in primary Mz-ccRCC?2 cells that
HDAC: abolish a basal expression of N-cadherin (Fig. 5d).
These results suggest that HDACi dysregulate the expres-
sion of cell adhesion factors and impair TGFf-induced cell
plasticity.
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ing control; relative molecular mass in kilo Daltons (kDa). ¢ Renca
cells were pre-treated for 24 h with 1.5 mM VPA or 1.5 pM MS-275
and subsequently treated with 5 uM L-OHP and 1 mM HU for 24 h.
Expression of RAD51 was assessed by Western blot. HSP90 serves
as loading control; relative molecular mass in kilo Daltons (kDa)
(n=2). d H1299-TO-p53 cells were treated with HDACi (2 uM
MS-275, 30 nM LBH-589, 3 mM VPA) and/or oxaliplatin (5 pM
L-OHP) for 24-48 h. Annexin V/Pl-stained cells were subjected to
flow cytometry for cell death analyses; n=3 +SD; *p value <0.05,
two-way ANOVA

Discussion

Our data illustrate that HDACi promote an induction of rep-
licative stress and DNA damage in cultured cancer cells.
This finding is coherent with previously published works,
which illustrate that HDACs are required for the expres-
sion of factors mediating DNA damage, the recognition
and repair of DNA lesions, and for scheduled origin firing
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Fig.4 HDACi decrease EMT-associated protein expression. a, b
Renca cells were treated with the indicated concentrations of MS-275
(uM) for 24-48 h. Four independent replicates were analyzed for
protein expression via LFQ in mass spectrometry (a adhesion, b epi-
thelial/mesenchymal cell identity). Heatmap depicts changes in LFQ
expression levels of the indicated proteins. E-cadherin (also termed
CDH1) is marked by a frame in a. ¢ Renca cells were treated with the
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indicated concentrations of VPA (mM) and MS-275 (uM) for 24 h
and 48 h. ITGBI1 expression was analyzed by Western blot. HSP90
serves as loading control. d Renca cells were treated with the indi-
cated concentrations of VPA (mM) and MS-275 (uM) for 24 h and
48 h. ACK1 expression was analyzed by Western blot. HSP90 serves
as loading control
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Fig.5 Abrogation of basal

and TGFp-induced expression
in transformed cells. a Renca
cells were treated with HDACi
(1.5 mM VPA, 5 uM MS-275),
TGFB (5 ng/ml), and com-
binations for 48 h. Immuno-
fluorescence shows absence of
N-cadherin (a«-N-cadherin Ab
(BD Bioscience) and a-mouse
Cy3 secondary antibody
(Dianova)). Nuclei were marked
by Hoechst-33258 dye (blue);
scale bar, 10 pm. b HDAC: pre-
vent N-cadherin (red) induction
by TGFp in NM18 cells from
mouse mammary gland. ¢ Rela-
tive fluorescence intensity (RFI)
of N-cadherin staining in NM18
cells was determined from

three individual experiments.
Mean values are shown; *p B
value <0.05; **p value <0.01;

**%p value < 0.001; one-way

ANOVA. d Levels of N-cad-

herin in primary human RCC

cells (Mz-ccRCC2) that were

left untreated or exposed to

1.5 mM VPA or 5 uM MS-275
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(Conti et al. 2010; Miller et al. 2010; Nikolova et al. 2017,
Noack et al. 2017; Wang et al. 2012; Wells et al. 2013).
Our proteomics approach shows that the HDACi-induced
accumulation of yH2AX in Renca cells is linked to a dis-
turbed expression of proteins that stabilize DNA replica-
tion forks and contribute to DNA damage recognition and
repair. For example, we demonstrate that VPA and MS-275
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diminish the expression levels of RADS51, which is a key
HR protein and a survival factor for cancer cells harboring
damaged DNA. These findings are consistent with literature
evidence from other tumor-derived cells (Goder et al. 2018;
Krumm et al. 2016; Nikolova et al. 2017). The observed
correlation between DNA damage and prolonged growth
arrest of HDACi-treated Renca cells is coherent with DNA
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damage being a major trigger of cell cycle arrest (Kiweler
et al. 2018; Lanz et al. 2019; Nikolova et al. 2017). Nev-
ertheless, more investigations are necessary to assess the
relative contribution of replication stress/DNA damage to
HDAC:i-induced anti-proliferative effects. For instance,
HDAC:-induced alterations of proteins that control apoptosis
and autophagy are further pathways through which HDACi
might restrict tumor cell growth (Koeneke et al. 2015; Mra-
kovcic et al. 2019; Vancurova et al. 2018). Moreover, our
proteome analyses show HDACi-induced alterations of pro-
teins that control immune tolerance (Kiweler et al. 2018),
raising the possibility that HDACi combat tumors through
immune modulation.

Despite being a frequently used model system to ana-
lyze RCC in vitro and in vivo as syngeneic mouse model
(Kiweler et al. 2018), the p53 status of Renca cells was
undefined. While wild-type p53 is a short-lived protein, the
majority of mutations in p53 are missense mutations that
lead to the stable expression a p53 protein variant with a
prolonged half-life (Conradt et al. 2012; Freed-Pastor and
Prives 2012). We observed a strongly diminished expres-
sion of total pS3 protein in Renca cells in comparison to
a cell line expressing a defined mutant pS3 isoform. This
lower expression of p53 in Renca cells suggests its wild-type
status. Our finding of an accumulation of p53 in doxoru-
bicin treated Renca cells supports this notion. Nonetheless,
one allele of p53 carries an ill-defined R210C exchange
(Zeitouni et al. 2017). In general, p53 wild-type expression
in Renca cells would correspond to the majority of cells
derived from common renal cancers. TP53 mutation rates
in this disease are exceptionally low in comparison to other
cancer types, with 2.5% for renal papillary-cell carcinoma
and 2.4% for renal clear-cell carcinoma (Wang et al. 2017).

Since wild-type p53 can suppress tumorigenesis (Got-
tifredi and Wiesmiiller 2018; Klusmann et al. 2016), the
reduction of p53 in HDAC:-treated Renca cells appears to be
counterintuitive with the anti-proliferative effects of HDACi.
However, p53 might not be inactivated and its reduction by
HDAC: is not complete. There is, for example, an accumu-
lation of p21, which is positively regulated by p53, and a
repression of survivin, which is negatively regulated by p53
in HDAC:-treated Renca cells (Kiweler et al. 2018). Appar-
ently, the reduction of total p53 may not necessarily lead to
a suppression of p53 target gene regulation, because p53
is also activated by acetylation. For example, low and very
active levels of acetylated p53 can drive the expression of its
target genes and apoptosis upon replication stress and DNA
damage in colorectal cancer cells (Brandl et al. 2012). On
the other hand, we may also detect pS3-independent growth
arrest and cell death induction by HDACi in Renca cells,
as seen in p53-negative colorectal cancer cells (Sonnemann
et al. 2014). Moreover, replication stress triggers apopto-
sis and mitotic catastrophe after HDACI treatment despite

a reduced expression of p53 and its target genes (Goder
et al. 2018). One should additionally consider that there
are even cases in which p53 antagonizes apoptosis induc-
tion (Barckhausen et al. 2014) and the HDACi-evoked loss
of various DNA repair proteins including p53 may trigger
cytotoxic DNA damage. In conclusion, the observed loss
of p53 expression in HDACi-treated Renca cells is not
linked to diminished cytotoxic responses or an induction of
chemoresistance.

Two recent studies point out that the mesenchymal transi-
tion of transformed cells ties in with the resistance of pancre-
atic and breast cancer cells against DNA-damaging agents
(Fischer et al. 2015; Zheng et al. 2015). So far, our data
illustrate that HDACi themselves attenuate the expression of
DNA repair and promote cell death of HU-treated RCC and
NSCLC cultures. Studies including small groups of patients
treated with HU and HDACi suggest that such combinato-
rial treatment might be successful (Bug et al. 2005; Miiller
and Kramer 2010). Undoubtedly, additional in vivo evidence
is necessary to clarify the therapeutic validity of HDACi/
HU combination treatment schedules. This also applies to
the doses that can be achieved without significant toxicity
in RCC patients. A recent report found that up to 1.51 uM
MS-275 was achieved without gross toxicity in mice, but
large variation of maximal plasma concentrations from 4
to 53.1+92.4 and a half-life from 33.4 to 150 h occurred
in humans (Connolly et al. 2017; Kurmasheva et al. 2019),
indicating unexplained large patient-to-patient variability.
The maximum-tolerated dose of VPA was reported to range,
for example, from 50 mg/kg daily to 140 mg/kg/day, which
is within the therapeutic serum concentrations of VPA from
0.35 to 0.7 mM (Bug et al. 2005; Miinster et al. 2007; Phiel
et al. 2001).

In addition to the effects of HDACi on replication stress/
DNA damage, their impact on EMT needs to be investi-
gated. Preceding work demonstrated a dysregulation of
various proteins that control cell adhesion and migratory
properties in RCC cells following class I HDAC inhibition
(Kiweler et al. 2018) and we verify an HDACi-mediated
downregulation of integrin-pf1 in Renca cells. This find-
ing is coherent with the literature that reports an inhibition
of integrin-a/p expression and their downstream signaling
pathways in HDACi-treated RCC cells (Jones et al. 2009b).
However, a plethora of additional factors determines EMT
in HDACi-treated cells. For example, we see that HDACi
decrease RhoA, which regulates EMT and interacts with
HDACs (Mertsch and Kramer 2017). Likewise, proteom-
ics suggests an HDACi-induced increase in the inducible
transcription factor STAT1 in Renca cells and we found that
such an accumulation of STAT1 contributes to apoptosis
in HDACi-treated melanoma cells (Krdmer et al. 2006).
Another example is ACK1, for which evidence collected in
various tumor types suggests a pro-tumorigenic role (Chua
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et al. 2010; Jenkins et al. 2018; Mahajan and Mahajan 2015;
Mahajan et al. 2018). Furthermore, data collected with gas-
tric and liver cancer cells show that ACK1 is overexpressed
in primary clinical specimen and that ACK1 promotes the
invasive capacity and EMT of such tumor cells through its
direct activating effects on AKT kinases (Lei et al. 2015;
Xu et al. 2015). AKT also contributes to the spread of RCC
cells into bone tissue and a hyperstabilized, mutant ACK1
isoform promotes hallmarks of cancer in RCC cells (Chua
et al. 2010). Hence, the reduction of ACK1 by HDACi could
cause anti-proliferative, therapeutically relevant effects. We
found that HDACi decrease ACK1 by a caspase-dependent
mechanism in leukemic cells (Mahendrarajah et al. 2016)
and we see that the decline in ACK1 is linked to apopto-
sis of Renca cells [(Kiweler et al. 2018) and this study].
Accordingly, the loss of ACK1 could occur through caspase-
dependent degradation. Additional experiments are neces-
sary to clarify whether ACK1 degradation in renal cancer
presents a functional signal for cell growth reduction, cell
death induction, and metastasis or poses a downstream
marker of cell death.

TGFp-induced EMT signaling promotes metasta-
sis, chemoresistance, angiogenesis, and immune evasion
of tumor cells (Hao et al. 2019). Although the treatment
with TGFp induces N-cadherin in other cell lines (Mikami
et al. 2016; Zeisberg and Neilson 2009), Renca cells do not
express the TGFp receptor-1I (Engel et al. 1999) and, there-
fore, fail to accumulate N-cadherin. Such a loss of TGFf
receptor II is also seen in 31 out of 62 RCC patients and
correlates with a lower apoptotic index and statistically
significant lower survival rates (Miyajima et al. 2003). The
expression of E-cadherin, the cytoplasmic localization of
B-catenin (Kiweler et al. 2018), and the absence of the mes-
enchymal marker N-cadherin (this work) verify that Renca
cells remain epithelial cells independent of HDAC:] treat-
ment. In contrast to this, HDACi suppress TGFf-induced
N-cadherin expression in mammary epithelial cells and
HDAC:i decrease basal N-cadherin expression in primary
human RCC cells. Our finding that both epithelial (Renca
cells) and mesenchymal (Mz-ccRCC2 cells) respond with
an induction of cell death to class  HDACi shows that such
drugs can kill cells having either differentiation status. Fur-
ther studies are underway to address if HDAC:I shift trans-
formed cells to certain molecular signatures of one of the
states and thereby eliminate them.

Taken together, our work illustrates that class I HDACi
evoke DNA damage and suppress the metastasis-associated
phenotype. These data suggest exploiting HDAC:i further for
the treatment of cancer.
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Materials and methods
Cell culture conditions and drugs

Fetal calf serum (FCS) was from Gibco Invitrogen Life
Technologies, Darmstadt, Germany (catalogue numbers
102270/10270106, EU approved origin: South America,
lots. 41Q8207K/42G8258K). Renca cells grow at 37 °C
and 5% CO, in RPMI medium (Sigma-Aldrich, Munich,
Germany) supplemented with 10% FCS, 1% penicillin/
streptomycin and 2% glutamine. NM18 and H1299-TO-
p53 cells grow at 37 °C and 5% CO, in DMEM medium
(Sigma-Aldrich, Munich, Germany) supplemented with
10% FCS and 1% penicillin/streptomycin; 1% glutamine
and 5 pg/mL insulin were added to NM 18 cells. Renca cells
were obtained from Prof. W. Wels, GSH Frankfurt/Main,
Germany (derived from a spontaneously developed renal
cortical adenocarcinoma in a male Balb/c mouse; ATCC®
CRL-2947™). PPT-5436 were developed in the group of
one of the coauthors (G.S.). These are a low passage cell line
from primary pancreatic tumors of a PTF1a/p48!€™*; LSL-
KRASCYP/+ L SL-p53R172HY;LSL-R26™~'4Z~ mouse.
H1299-TO-p53 were given to us by Dr. G. Rohaly, HPI,
Hamburg, Germany. These are a derivative of NCI-H1299
(ATCC® CRL-5803™) cells, which are epithelial cells
from a metastatic site lymph node of a lung carcinoma of a
male patient. NM 18 cells are a subclone of NMuMG cells
(ATCC® CRL-1636™), which were isolated by their strong
response to TGFp by Deckers et al. (2006). NMuMG cells
are epithelial mammary gland cells from a Namru strain
mouse. Mz-ccRCC2 renal tumor cells were isolated as
described in Haber et al. (2015) from tumor specimens that
were obtained shortly after nephrectomy. Tumor tissue was
dissociated mechanically and with 1 mg/ml collagenase II,
pressed through a cell strainer (70 pm) and centrifuged under
sterile conditions. The obtained cells were first cultured in
AmnioMAX C100 Basal Medium including AmnioMAX
C100 Supplement (Gibco, Life Technologies, Darmstadt,
Germany). After the first passage, they were transferred to
DMEM medium supplemented with 10% FCS and 1% peni-
cillin/streptomycin and cultured at 37 °C and 5% CO,; i.e.,
conditions as for Renca cells. The epithelial origin was con-
firmed by immunohistochemical cytokeratin staining. For
the experiments, the cells were used in passages 2—8. No
commonly mischaracterized cells were used and cells were
tested free of mycoplasma every 4-8 weeks. TGFf and VPA
were purchased from Sigma-Aldrich, Germany. Entinostat
was purchased from Selleckchem, Germany.
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Database search for p53 in Renca cells

To search for information on the p53 status of Renca cells,
we considered the International Agency for Research on
Cancer TP53 Database (IARC, https://p53.iarc.ft/), the Cata-
logue Of Somatic Mutations In Cancer (COSMIC, https://
cancer.sanger.ac.uk/cosmic), the Cancer Cell Line Encyclo-
pedia (CCLE, https://portals.broadinstitute.org/ccle), the
American Type Culture Collection (ATCC, https://www.
atcc.org), the TP53 website cell line compendium (https://
p53.fr), and Charles River (Zeitouni et al. 2017). Reanaly-
sis of WES data is based on accession no. PRIEB12925
(Mosely et al. 2017).

Protein lysates, Western blot, densitometric
analysis, and antibodies

We have recently summarized the Western blot method
used to collect data shown here (Stojanovic et al. 2017).
Data acquisition was performed with the Odyssey Infra-
red Imaging System (Licor), using IRDye® 680RD-cou-
pled or IRDye® 800CW-coupled secondary antibodies.
Immunoblots are representative of at least two independ-
ent experiments. The following antibodies were used: Cell
Signaling Technology (Frankfurt/Main, Germany): cleaved
caspase-3/#9661, caspase-6/#9762, E-cadherin/#3195;
Enzo Life Sciences (Lorrach, Germany): HSP90/ADI-SPA-
830-F; Merck Millipore (Darmstadt, Germany): AB1952;
Santa Cruz Biotechnology (Heidelberg, Germany): ACK1/
sc-28336, pS139-H2AX/sc-101696 (yH2AX), B-actin/
sc-47778, P53/sc81168; Abcam: RAD51/ab63801; BD
Bioscience (Heidelberg, Germany): N-cadherin/BD610921.

Cell cycle and cell death analysis

Cells were harvested with trypsin/EDTA and fixed with 80%
ethanol. Samples were then stored at — 20 °C for at least 2 h.
Thereafter, cells were incubated with RNAse A (Carl Roth;
final concentration 20 pg/mL) for 1 h at RT and stained with
propidium iodide (PI) (Sigma-Aldrich; final concentration
16.5 ug/mL) for 10 min on ice. Annexin V/PI staining was
performed according to the manufacturer’s instructions
with Annexin V-FITC (Becton Dickinson) and PI at RT for
15 min in the dark. Cells were subjected to flow cytometry
with the FACSCanto Flow Cytometer (BD Biosciences).
Data were analyzed with the FACSDIVA™ Software (BD
Biosciences).

Immunofluorescence to detect N-cadherin
NM18 cells were seeded on chamber coverslips (u-Slide

8-well, iBidi) and treated with 1.5 mM VPA or 5 uM
MS-275, 5 ng/mL TGFp, or combinations thereof for 48 h.

Cells were washed thrice with phosphate-buffered saline
(PBS), and fixed for 20 min in 4% paraformaldehyde. After
cell permeabilization using 0.1% Triton X-100 in PBS for
10 min, cells were stained for 1 h at RT using a-N-cadherin
antibody (BD Bioscience) 1:100 in PBS + 1% FCS. After
incubation, slides were washed three times for 5 min in PBS
and incubated for 1 h at RT with a-mouse Cy3 secondary
antibody (Dianova). DNA/cell nuclei were visualized by
staining with 0.5 pg/mL Hoechst-33258 (Sigma-Aldrich).
Observation, image acquisition, and analysis of stained cells
were performed using AxioVert 200 M, a digital AxioCam
CCD camera and Axiovision software (Carl Zeiss, Jena,
Germany).

Proteomics and pathway analysis

NuPAGE® LDS Sample Buffer (1x) supplemented with
100 uM DTT was added to treated cells and controls. Lysates
were subjected to mass spectrometry (Dejung et al. 2016)
for protein detection. Proteins were run on gels and digested
with mass spectrometry-grade trypsin (Sigma-Aldrich, St.
Louis, Missouri) and purified with a StageTip. Data were
analyzed with Maxquant v1.5.2.8 using LFQ, ENSEMBL
GRCm38 peptide database (57,751 entries), and custom R
scripts. (Dejung et al. 2016). Full proteomics data are avail-
able upon scientific request. Preceding statistical analysis
by R software version 3.2 using unpaired ¢ test (two condi-
tions) or one-way ANOVA (multiple conditions) resulted
in an individual set of significantly regulated proteins. The
background set was composed of all proteins successfully
quantified in the experiment (5812 proteins). For each set of
significantly regulated proteins, three hypergeometric tests
(for biological processes, for molecular functions, and for
cellular components) were performed using the R package
“GOstats”. By this means, it was determined if the GO terms
that were associated with significantly changing genes were
over-represented over the defined background (Falcon and
Gentleman 2007). For each protein listed, the Entrez gene
ID was obtained using the annotation R package “BiomaRt”;
see also cells (Kiweler et al. 2018).

Determination of mRNA transcripts

The primer sequences that we used to determine p53
transcript numbers were AGAGACCGCCGTACAGAA
GA (forward)/CTGTAGCATGGGCATCCTTT (reverse);
B-actin: GTCGAGTCGCGTCCACC (forward)/GTCATC
CATGGCGAACTGGT (reverse). Isolation of total RNA
was carried out by means of the RNeasy Mini-Kit (Qiagen,
Hilden, Germany). To quantify the relative gene expression
by AA-Ct method, 20 ng cDNA and 100 nM primer mix
(MWG Biotech, Ebersberg, Germany) were mixed together
with the Power SybrGreen master mix and applied to the
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StepOnePlus real-time PCR device (Applied Biosystems/
Thermo Fischer, Frankfurt/Main, Germany). Primer efficien-
cies were previously determined by the formula 10 1/slope),
All experiments were carried out in technical and biological
triplicates.

Statistical analysis

One-way ANOVA/two-way ANOVA were used as indicated
for the respective experiments (GraphPad Prism Vers.6.01)
and corrected for multiple testing using Dunnett’s test or
Bonferroni’s multiple comparisons test. Two-paired ¢ test
with Welch’s correction was used when not more than two
conditions were compared and for proteomics as comparison
with untreated samples. p values are indicated in the legends.
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Abstract: To improve management of head and neck
squamous cell carcinoma patients, we need to increase
our understanding of carcinogenesis, to identify bio-
markers, and drug targets. This study aimed to identify
novel biomarkers by providing transcriptomics profiles of
matched primary tumors, lymph node metastasis, and
non-malignant tissue of 20 HNSCC patients as well as
by bioinformatic analyses of a TCGA HNSCC cohort,
comprising 554 patients. We provide cancer cell signaling
networks differentially expressed in tumors versus me-
tastases, such as mesenchymal-epithelial transition, and
structural integrity networks. As a proof of principle
study, we exploited the data sets and performed func-
tional analyses of a novel cytokeratin, cytokeratin24
(cKRT24), which had not been described as biomarker for
tumors before. Survival analysis revealed that low cKRT24
expression correlated with poor overall survival in
HNSCC. Experimentally, downregulation of cKRT24 in
primary tumors, metastases, and HNSCC cell lines was
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verified on mRNA and protein level. Cloning and ectopic
overexpression of cKRT24 not only affected viability and
growth of HNSSC cell lines, but also inhibited tumor
growth in murine xenograft studies. We conclude that
cKRT24 functions as a tumor suppressor in HNSCC, and
may serve as an additional prognostic biomarker and
novel target to support current HNSCC treatments.

Keywords: biomarker; carcinogenesis; HNSCC; keratins;
metastases; oral cancer.

Introduction

Head and neck cancer is a heterogeneous disease and
accounts for the sixth-most common cancer incidents
globally (Beltz et al. 2018, 2019; Bray et al. 2018; Ferlay et al.
2019; Sharma 2020). HNC is typically diagnosed at advanced
stages with loco-regional and/or distant metastases result-
ing in a five-year survival rate of less than 50% (Bray et al.
2018; Deuss et al. 2020; Leemans et al. 2011; Torre et al.
2015). The prevailing form of HNC, head and neck squamous
cell carcinoma (HNSCC), is one of the most aggressive and
invasive cancer types and includes multiple sites of the
upper aerodigestive tract like the nasal cavity, sinuses, lips,
mouth, salivary glands, larynx and pharynx (Bray et al.
2018; Deuss et al. 2020; Leemans et al. 2011; Torre et al.
2015). Major risk factors associated with the development of
HNSCC are tobacco use, alcohol consumption and high-risk
human papilloma virus (HPV) infections (Benson et al. 2014;
Marur and Forastiere 2008). If other viruses, as exemplified
by the current COVID-19 pandemic, as well as the oropha-
ryngeal microbiome also contribute to malignancy remains
to be uncovered (Hoffmann et al. 2021; Siemer et al. 2018).
Moreover, the increasing use of ‘e-liquids’ might need to be
considered as an additional risk factor, although conclusive
studies are missing so far (Deuss et al. 2020). Despite ad-
vances in knowledge and therapy, HNSCC and its treatment
still often involve functional impairment and cosmetic
deformity of vital functions of the aerodigestive tract
(Denaro et al. 2014). Survival rates for HNSCC have not
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improved significantly, mainly due to the late disease pre-
sentation of the patient, lack of suitable biomarkers and
their mechanistic understanding, as well as corresponding
drugs for (individually) targeted therapy approaches
(Campbell et al. 2018; Cohen 2014; Denaro et al. 2014; Deuss
et al. 2020; Rothenberg and Ellisen 2012; Stauber et al.
2012b), including potential nanomedicines (Siemer et al.
2020; Westmeier et al. 2020). Currently, the main prognostic
parameters of HNSCC are the location and size of the tumor,
the presence of distant metastasis and cervical lymph node
metastases, which is not sufficient to evaluate the disease
outcome (Ernst et al. 2018; Hamoir et al. 2014; Sessions et al.
2002). The Union for International Cancer Control (UICC)
staging system mainly considers clinical factors such as
tumor size, nodal status and distant metastasis for esti-
mating prognosis, though only the HPV status was recently
considered as a relevant biomarker in the new 8th edition of
the UICC staging system (Beltz et al. 2018, 2019; Deuss et al.
2020; Laban et al. 2019; Tribius et al. 2019).

Even after more than a decade of different studies there
is still need to identify molecular biomarkers with diag-
nostic relevance to categorize patients into prognostic
groups who may benefit from different treatment modal-
ities. Here, mRNA expression profiling technologies have
allowed to exploit the whole transcriptome landscape to
define new molecular cancer subtypes, undetected by the
traditional histopathological parameters. These advance-
ments have facilitated gene expression studies to identify
disease-related pathways and clusters of patients (Camp-
bell et al. 2018; van’t Veer et al. 2002). Consistently,
expression profiling has been used to distinguish between
cancer subtypes and predict disease outcome in different
types of cancer (Alizadeh et al. 2000; Bittner et al. 2000;
Cancer Genome Atlas Network 2015; Huang et al. 2003).
Previous studies aimed at the categorization of HNSCC tu-
mors into distinct subtypes (Campbell et al. 2018; Chung
et al. 2004), suggested a gene expression signature associ-
ated with recurrent disease (Ginos et al. 2004), or confirmed
genes with diagnostic or prognostic potential (Campbell
et al. 2018; Cancer Genome Atlas Network 2015; Cavalieri
et al. 2020; Cromer et al. 2004; El-Naggar et al. 2002;
Goesswein et al. 2018; Mendez et al. 2002; Schlingemann
et al. 2005). Microarray analysis performed on normal oral
epithelium ompared to HNSCC elucidated the roles of
microenvironment remodeling and immune responses in
survival of HNSCC (Campbell et al. 2018; Thurlow et al.
2010). Clearly, the combination of NGS with other ap-
proaches, including analysis by RNA/ExomeSeq, is most
promising for the development of clinically relevant, mo-
lecular subgroups that may guide treatment (Campbell et al.
2018; Cancer Genome Atlas Network 2015; Sethi et al. 2015).
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The focus on defining tumor-specific molecular abnor-
malities has revealed numerous in HNSCC, including an
activation of the proto-oncogene Ras, Survivin, Myc,
(epidermal) growth factor receptors and their ligands, pro-
teases such as Taspasel, pro- and anti-apoptotic BCL-2
protein family members, Cyclin D1 and PI3K (Deuss et al.
2020; Engels et al. 2007; Ernst et al. 2018; Feldman et al.
2016; Gammon and Mackenzie 2016; Gribko et al. 2017; Lui et
al. 2013; Michaelis et al. 2020; Schweitzer et al. 2008, 2010;
Simpson et al. 2015; Stauber et al. 2012a,b; Wunsch et al.
2012), the inactivation of the tumor suppressors TP53 and
p16, the expression of angiogenic factors, DNA ploidy, loss
of heterozygosity (LOH) at various chromosomal locations,
and many more (Bockhorst et al. 2020; Feldman et al. 2016;
Gammon and Mackenzie 2016). Additional predictive bio-
markers to manage treatment selections are however clearly
needed (Cancer Genome Atlas Network 2015; Deuss et al.
2020; Marur and Forastiere 2016).

Notably, cytokeratins (cKRTs) have been identified
already in the 80s as major intermediate filaments in
squamous epithelium, which form a cytoplasmic network.
Notably, cKRTs consist of at >25 unique gene products, are
highly conserved during evolution and are critical for cell
stabilization, shape, intracellular signaling and transport.
Usually keratins are expressed as specific heterodimeric
pairs consisting of the acidic type I (K9-K24 and Hal-8) and
the neutral-basic type II (K1-K8 and Hb1-6) polypeptides,
both of which are essential for filament formation and
function (Moll et al. 2008). As differential (specific) cKRT
expression is considered a hallmark of tumor develop-
ment and progression, many studies aimed to dissect the
underlying mechanisms and their predictive value. The
expression of cKRTs depends primarily on the epithelial cell
type and its degree of differentiation. Hence, the cKRT
expression status is useful for distinguishing carcinomas
from other types of cancer. Apart from their use as diag-
nostic tools, the importance of cytokeratins as prognostic
markers as well as their role in epithelial tumorigenesis and
treatment responsiveness is not understood (Karantza 2011).
Also, pan-cytokeratin antibodies are routinely used in
diagnostic pathology of the head and neck (Thompson and
Bruce 2016), and the immunohistochemical assessment of
cKRT4 and cornulin expression in surgical margins of
HNSCC patients has been shown to outperform histopath-
ologic grading in predicting the risk for local relapse
(Schaaij-Visser et al. 2009). Clearly, modulation of (specific)
cKRTs expression levels is considered to interfere with a
multitude of intracellular regulation pathways, including
kinases, proteases, receptors and pro-/anti-apoptotic pro-
teins, in the majority of cancer cells, including HNSCC
(Fazilat-Panah et al. 2020; Majumder et al. 2020; Makarova
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et al. 2013; Mehrad et al. 2018; Xu et al. 2018). Here, DNA
methylation together with other mechanisms are key
epigenetic mechanisms able to control transcriptional
processes, including HNC (Bockhorst et al. 2020; Campbell
etal. 2018). Also, as shown for many HNC relevant proteins,
e.g., p53, inactivating mutations are often found in many
cancer types, although limited information is available for
cKRTs in general (Campbell et al. 2018; Cancer Genome
Atlas Network 2015). cKRTs might play an important role in
modulation and control of essential signal transduction
events involved in tumor progression, such as Akt and
PKC activities (Weng et al. 2012). Some studies indicated
that overexpression of cKRT8 and 18 was associated with
dysplasia grades of tumor precursor lesions and an unfa-
vorable prognosis for patients with HNSCC. In contrast, it
was reported that loss of cKRT8 and 18 led to alter-
ations in a6p4-integrin mediated signaling and decreased
neoplastic progression (Frohwitter et al. 2016; Kitamura
et al. 2017). Collectively, the field agrees that the effects of
cKRTs in health and disease are highly complex but far
from being understood, together with many partially con-
flicting data. Based on the obtained expression profiles and
their bioinformatic exploitation, we here investigated the
expression and tumor relevance of a novel cKRT, cKRT24,
which had not been implicated in carcinogenesis before.
By comprehensive in silico to in vitro and in vivo studies,
we show for the first time that cKRT24 is downregulated in
primary tumors and metastases, correlating with poor
overall survival of HNSCC patients, exclude methylation or
mutations as underlying mechanisms, demonstrate that
cKRT24 functions as a tumor suppressor, and thus, conclude
to exploit cKRT24 as an additional biomarker/target for
HNSCC and potentially other malignancies.

Results

Transcriptomics to identify genes
differentially expressed in non-malignant
tissue, primary HNSCCs, and corresponding
lymph node metastases

HNSCCs show significant heterogeneity in their pathobio-
logical and clinical behavior that currently cannot be reli-
ably predicted using the current array of clinical markers.
Hence, the identification of new biomarkers for disease
progression and survival predictions would be highly
valuable. To identify genes differentially expressed in
HNSCC primary tumors (PT) versus lymph node metastasis
(M) and the corresponding non-malignant tissue (N),

D. Giil et al.: Cytokeratin24 as tumor suppressor —— 3

tissues were obtained from 20 patients undergoing surgical
resection. In contrast to other studies, in which genetic and
epigenetic variations present in individual patients require
the analysis of a large number of patients to increase the
relevance of the obtained data sets, our study design
focused on a patient cohort from which N, PT as well as M
could be surgically recovered from the same patient.
Details on patient demographics are presented in Table 1,
and described in “Materials and methods” section.
Although current bioinformatic algorithms seem to
facilitate the comparison and (meta) analysis of gene
expression data generated by different profiling platforms
(Chung et al. 2004; De Cecco et al. 2015), it is fully accepted
that optimal results will be obtained by using the same
platform, ideally in a single experiment to reduce intrinsic
technical variation, which mainly generate ‘data noise’,
potentially occluding data reliability (Irizarry et al. 2003).
Consequently, RNA was isolated from forty-five snap-frozen
biopsies and all samples were assayed using the Affymetrix
U133A 2.0 gene array, representing 14,500 well-characterized
human genes to explore oncogenic disease processes.

Unsupervised data analysis revealed
classifiers for HNSCC disease progression

The presence or absence of lymph node metastases is
currently one of the most important predictors of disease
outcome in HNSCC patients (Kunzel et al. 2014; Marur and
Forastiere 2016). However, it is accepted that metastasis is
highly complex, influenced by biological, temporal, and
anatomical features. In particular, there is evidence that the
different subsites of HNSCC origins can contribute to clinical
differences (Campbell et al. 2018; Marur and Forastiere
2016). Hence, to analyze the molecular heterogeneity of
HNSCC disease progression, the obtained expression data
were subjected to unsupervised average-linkage hierarchi-
cal clustering using the GeneSpring software. Our cluster
analysis identified several groups/subtypes within the
unfiltered cluster dendrogram. Notably, two-way hierar-
chical clustering analysis also separated PT from lymph
node metastases employing 393 genes (Figure 1A), using the
probe sets from the raw data and employing stringent
criteria (fold change =2.0 and p-value < 0.05). Though, some
samples could not be completely separated (PT13 vs. M13,
PT11 vs. M11). This result is not unusual, as M originate from
PT and are thus more similar when compared to non-
malignant tissue. Still, PT cells need to undergo significant
phenotypic and microenvironmental alterations, such as
the expansion of immunosuppressive cells, lymphangio-
genesis and the upregulation of chemokines and cytokines,
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Table 1: Clinical and pathological characteristics of the study group.

# N/PT/M Primary site Age Sex T/A pT pN Grading
1 N1/PT1/M1 Hypopharynx 47 F +/+ 2 2 2
2 N2/PT2/M2 Oropharynx 58 F +/+ 3 2 2
3 N3/PT3/M3 Hypopharynx 46 M +/+ 4 1 2
4 N4/PT4/M4 Larynx 68 M +/+ 4 2 2
5 N5/PT5/M5 Oropharynx 56 M +/+ 3 2 2
6 N6/PT6/M6 Hypopharynx 48 M +/+ 3 1 2
7 N7/PT7/M7 Larynx 56 M +/+ 4 3 3
8 N8/PT8/M8 Hypopharynx 58 M +/+ 3 2a 2
9 N9/PT9/M9 Hypopharynx 72 M +/+ 3 2 2
10 N10/PT10/M10 Oropharynx 49 M +/+ 3 1 2
11 N11/PT11/M11 Hypopharynx 57 M +/+ 1 2 3
12 N12/PT12/M12 Oropharynx 53 M +/+ 2 2b 2
13 N13/PT13/M13 Hypopharynx 57 ] +/+ 2 3 2
14 N14/PT14/M14 Hypopharynx 47 M +/+ 2 2 2
15 N15/PT15/M15 Hypopharynx 56 M +/+ 2 3 2
16° PT16 Larynx 49 M +/+ 3 1 2
17° N17/PT17 Hypopharynx 75 F +/+ 1 2 1
18° PT18 Oropharynx 53 M +/+ 2 2 2
19° PT19/M19 Hypopharynx 63 m +/+ 2 3 2
20° PT20 Oropharynx 57 M +/+ 1 2 2

¥(italic): excluded from the study due to low RNA quality. T/A: tobacco/alcohol use.

in order to successfully establish lymph node metastases
(Leong et al. 2007). As expected, non-malignant tissue and
carcinomas grouped separately on a clustering dendro-
gram employing the complete datasets (data not shown).
Thus, HNSCC tumor tissue can be distinguished from cor-
responding non-malignant tissue and from lymph node
metastases using even unsupervised RNA expression sig-
natures. Hence, HNSCC carcinogenesis involves a variety of
directly and indirectly deregulated signaling pathways.

Validation of array-based gene expression
data

Prerequisite for the data quality obtained by all systematic
analytical ‘omics’ technologies is the reliability of the
generated data. Hence, it is of utmost importance to verify
differentially expressed genes by independent experi-
mental methods. Consequently, we verified the differential
expression of selected genes by RT- or qPCR. For each PT
versus N and M versus PT, 5-6 differentially expressed
genes were randomly chosen and validated. As shown in
Figure 1B-D, the following genes were analyzed: A. PT
versus N: FN1, OSF2, cKRT24, CLCA4, PPR4; B: PT versus M:
SCCA2b, TP73L, C4.4A, FAIM3, ARHGAP25, RASCRP2
in HNSCC compared to metastasis could be validated
(Figure 1B and C; and data not shown). Furthermore, the
expression of PRR4 (Figure 1D), cKRT24 (Figure 3), FNI

(Figure S2) and OLRI1 (Figure S3) was measured for every
patient by qPCR. Collectively, the results obtained by both
methods are in excellent accordance, revealing similar
expression ratios. These controls underline the quality and
reliability of the obtained array data, and their use for
bioinformatic exploitation, model building, and most
importantly, for subsequent in depth functional and clin-
ical analysis.

Bioinformatic identification of HNSCC
disease pathways

In addition to the hierarchical clustering, which is pri-
marily a qualitative tool, we employed the unpaired
Student’s t-test to determine those genes associated with
malignancy and invasiveness in statistical fashion. We
compared the gene expression profiles of the primary
squamous carcinoma samples with those of the matched
normal epithelial tissue, the primary carcinoma with
those of their corresponding lymph node metastasis and
normal tissue mucosae with lymph node metastasis. We
identified 650 genes that were significantly differentially
expressed between laryngo-oropharyngeal tumors and
normal tissue mucosa with 236 genes being upregulated
414 genes being downregulated, 393 genes signifi-
cantly differentially expressed between primary laryngo-
oropharyngeal tumor and their corresponding lymph
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Figure 1: Microarray analyses and validation of expressional data in HNSCC patient cohort.

(A) Bioinformatic cluster analysis of 45 HNSCC expression signatures allows profiling according to disease. Unsupervised two-way
hierarchical clustering and gene tree representation of differentially regulated genes (fold change = 2.0 and p-value < 0.05) allow to separate
PT and lymph node M (393 deregulated genes). (B-D) Validation of gene expression data obtained by microarray analyses for the indicated
genes using either RT-PCR (B, C) or quantitative gqRT-PCR (D). For representative genes, differential mRNA levels were analyzed by RT- or
gRT-PCR to confirm our microarray data. (A) RT-PCR amplification products of genes that are up- (left) or down- (right) regulated in PT compared
to Nin our microarray analysis. (B) RT-PCR amplification products of genes that are up (left) or down (right) regulated in M compared to PTin our
microarray analysis. (C) Comparison of relative expression levels as obtained by microarray analysis or gRT-PCR for PRR4.

node metastasis with 345 being upregulated 48 being
down regulated and 1579 genes differentially expressed
between normal tissue mucosae with lymph node
metastasis 760 genes being upregulated 819 genes being
downregulated (significant expression differences deter-
mined by applying the filter: log,(fold-change) =2.0;
p-value <(0.05). Among the differentially expressed genes
in PT and their corresponding M, 29 genes were in com-
mon, representing an overlap of 2.8% between the groups.
Comparison of differentially expressed genes between PT
and N versus M and N revealed that 352 genes were

expressed in common, representing an overlap of 15%
between the entities (visualized by Volcano plot in
Figure S1). Tables S2-S5 list the most significant genes
that were upregulated or downregulated, ranked by their
p-values, respectively along with their entrez gene acces-
sion number, fold change and p-value.

Next, the 650 genes differentially expressed in PT
versus N, the 393 genes deregulated in M versus PT, and the
1579 genes identified in M versus N were analyzed accord-
ing to their molecular function, pathways, and biological
process by using the Onto-Express software (Figures 2, S4
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and S5) (Gene Ontology 2015). Molecular functions repre-
sent the elemental activities (binding or catalysis) of a gene
product at the molecular level, whereas biological pro-
cesses involve several gene products, operations or sets of
molecular events that are essential for the function of cells
or tissues (Ashburner et al. 2000).

First, we used the Onto-Pathway analysis tool (Gene
Ontology 2015) to identify major signaling pathways that
are associated with HNSCC pathogenesis. Figure 2 illus-
trates the top 10 most significant pathways (p-value < 0.05).
The main molecular functions predicted for the identified
genes are depicted in Figure S4, and main processes are
shown in Figure S5.

Collectively, the most prominent categories detected in
primary tumors include ion and molecular binding proteins.
Here, the category extracellular matrix (ECM) included
mainly upregulated genes, whereas downregulated genes
were categorized as enzymes and transporter/channel
activity (Figure S5A). In metastasis, enzymes and transcrip-
tion factors are dominant categories, as well as protein
binding and receptor activity for upregulated genes, struc-
tural molecular activity and binding proteins for down-
regulated genes (Figure S5CD). Highly upregulated matrix
metalloproteases, integrins, fibronectin, proteoglycans lam-
inin as well as other ECM proteins supports previous studies
showing that degradation of the basement membrane and
remodelling of the extracellular matrix are essential during
the invasion process of a tumour (Goetz et al. 2011; Magan
et al. 2020; Paz et al. 2014; Tzanakakis et al. 2018, 2019, 2020;
Wabhbi et al. 2020). It is accepted that he destruction and
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Figure 2: Gene-ontology (GO) pathway data analysis.
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remodelling of the extracellular matrix not only drives the
mechanical and proteolytic invasion of tumour cells, but also
favours metastatic cell reprogramming, behaviour, epithelial
to mesenchyme transition, and response to therapy (Goetz
et al. 2011; Tzanakakis et al. 2018, 2019, 2020). Specialized
Cancer Associated Fibroblasts (CAFs) can degrade various
ECM proteins like collagens, basement membrane laminin
and fibronectin (Goetz et al. 2011; Magan et al. 2020; Tzana-
kakis et al. 2018, 2019, 2020; Wahbi et al. 2020) leading to a
more aggressive behaviour of the cancer, lymph node
metastasis and poor prognosis, as also shown for oral can-
cers (Lim et al. 2011; Marsh et al. 2011).

Cytokeratin24 (cKRT24) is significantly
downregulated in primary and metastatic
HNSCC

Clearly, there has been a continuous development in bio-
informatics approaches for data analysis and prediction of
(novel) disease pathways (De Cecco et al. 2015). Thus, high
quality data generated in our study and other (Chung et al.
2004; Cromer et al. 2004; Liu et al. 2008; Nagata et al.
2003), are highly valuable repositories for model and
hypothesis building as well as to examine the disease
relevance of known genes and pathways for (specific)
tumor entities and disease processes. Importantly, such
data sets are invaluable resources for the identification of
novel proteins and pathways, which have not been
considered to potentially contribute to (HNSCC)
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Overview of the 10 most prominent signaling categories according to their Onto-Pathway analysis classification in the GO database, ranked by
their —log,(p-values) for significance. (A) Top 10 signaling pathways of genes deregulated in PT versus N. (B) Top 10 signaling pathways of
genes deregulated in M versus N. (C) Top 10 signaling pathways of genes deregulated in M versus PT.
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Figure 3: cKRT24 expression is downregulated in HNSCC tumors.
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(A) Microarray (dark grey bars) and qRT-PCR (light grey bars) analysis demonstrate significantly reduced cKR724 mRNA levels in primary tumors
(PT) compared to non-malignant tissue (N) in all patients. (B) Immunoblot analysis confirms reduced cKRT24 protein levelin PT compared to N.
Vimentin and cKRT10 served as loading controls and remained unchanged. Expression of indicated proteins was detected using verified

specific Abs. Molecular weight (kDa) is indicated.

tumorigenesis. However, the ‘gold standard’ for validation
and assessment of the pathobiological and clinical rele-
vance of genes for tumorigenesis and disease progression
still remains their in-depth experimental molecular func-
tional and clinical validation. Our GO data indicated an
impact of tumor cell differentiation and structural integ-
rity, such as extracellular matrix or focal adhesion together
with PI3K-AKT signaling on metastasis, molecular events
known to be influenced by cytokeratin networks (Kitamura
et al. 2017; Mehrad et al. 2018; Mehrpouya et al. 2019; Weng
et al. 2012; Xu et al. 2018; Yang et al. 2008). As numerous
cKRTs have been studied before, we selected cKRT24 as a
yet unexplored candidate for a subsequent comprehensive
functional analysis. Cytokeratins are not only ‘simple’
structurally relevant components for (epithelial) cell
differentiation and maintenance, but also play not fully
understood functional roles in the initiation, modulation,
and control of essential (tumor) cell processes, including
circulating tumor cells (CTCs) (Gribko et al. 2019; Karantza
2011; Kunzel et al. 2019; McGinn et al. 2020; Morales et al.
2018; Siemer et al. 2020; Sprecher et al. 2002). However, in
contrast to several other members of the keratin network,
such as cKRT 10, 17 or 19 (Kitamura et al. 2017; Mehrad et al.
2018; Mehrpouya et al. 2019; Xu et al. 2018; Yang et al.
2008), neither the expression nor impact of the type I
cKRT24 for any type of malignancies, including HNSCC,
has been studied before.

To the best of our knowledge, we here demonstrate for
the first time that cKRT24 functions as a tumor suppressor
in HNSCC. This conclusion is supported by several lines of
independent experimental evidence. For one, our tran-
scriptomics data revealed a significant down regulation of

cKRT24 in PT or M versus the corresponding non-malignant
tissue for all patients. Downregulation could be verified
independently by qPCR (Figure 3A) and RT-PCR analysis
(Figure 1B), also for PT from patients who were not
involved in our study (Figure S6). Likewise, RT-PCR anal-
ysis demonstrated low or undetectable cKRT24 expression
levels in various model HNSCC cell lines widely used in the
field, such as FaDu or UM-SCCs (Table S1).

Second, to examine cKRT24 protein expression, ulti-
mately required to evaluate the impact of a specific gene on
tumorigenesis and its relevance as a potential biomarker,
we next generated peptide-based polyclonal o-cKRT24
antibodies. Antibody-specificity was controlled by using
recombinant cKRT24 for immunoblot analysis (data not
shown). As shown in Figure 3B, reduced expression of
cKRT24 in primary HNSCC compared to non-malignant
tissue from the same patient could be verified by immu-
noblot. Moreover, a significant downregulation of cKRT24
in PT was detectable by immunohistochemistry also in
patients, who were not involved in our study. As shown in
Figure 4, a significant number of PT tissues had lower
cKRT24 levels than non-malignant tissues. Of note,
commercially available a-cKRT24 Abs failed to reliably
detect cKRT24 expression by immunohistochemistry and
thus, were excluded from our study (Figure S7).

To mechanistically understand cKRT24 down-
regulation, we examined cKRT24 gene methylation as no
studies have been reported for cKRT24. As shown by us
and others, DNA methylation together with other mech-
anisms are key epigenetic mechanisms to control tran-
scriptional processes in many cancers, including HNC
(Bockhorst et al. 2020; Campbell et al. 2018).
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Figure 4: Representative immunohistochemistry images of cKRT24 staining in non-tumor (N) and tumor (PT) tissue samples.

(A) Samples were analyzed in a single experiment and images recorded with identical camera settings. Scale bars represent 50 uM. (B) Semi-
quantification of cKRT24 protein expression in ten non-tumor versus tumor tissue samples. Samples were not part of the transcriptomics study
group. cKRT24 levels were significantly lower in tumor compared to non-malignant tissues. *p < 0.005. Scoring: Positive cells (%) and staining

intensity (scale 0-4) were multiplied.

Transcriptional impact of DNA methylation depends on
the CpG site location within the gene. CpG methylations in
promoter regions are usually linked to gene silencing,
while in gene bodies, it is rather associated with increased
transcriptional activity (Bockhorst et al. 2020; Campbell et
al. 2018). Notably, DNA methylation of certain genes can
be a valid prognostic biomarker in different cancers
(Bockhorst et al. 2020; Campbell et al. 2018). To provide a
full picture of the cKRT24 methylation landscape in
HNSCC, we analyzed methylation levels at single CpG
resolution (cg12564187: CpG 1, cg27316026: CpG 2,
€824340657: CpG 3, cg04219544: CpG 4, cg23737768: CpG
5, cg06899912: CpG 6) in the cohort of HNSCC patients
consisting of 528 tumors and 50 normal adjacent tissue,
provided by The Cancer Genome Atlas (TCGA) (Campbell
et al. 2018; Cancer Genome Atlas Network 2015) (Figure 5).
Our study revealed that in the cKRT24 gene body (CpG 1)
and upstream (CpG 6) high methylation levels
(mean > 80%) prevail while CpG sites 2-5 located within
the transcription start site exhibit lower methylation
levels (mean < 50%). Interestingly, when we compared
methylation levels in NAT versus HNSCC tissue, tumor

tissues showed significantly lower methylation levels
compared to normal adjacent tissues (Figure 5B). Hence, it
is unlikely that gene methylation is significantly respon-
sible for reduced cKRT24 levels. Notably, when analyzing
the expression levels of cKRT24 in the TCGA HNSCC pa-
tient cohort we could independently confirm our results
that downregulation of cKRT24 mRNA levels occurred in
tumors compared to normal tissue (Figure 5C). Moreover,
survival analysis further revealed that low cKRT24
expression correlated with poor overall survival in these
patients, further supporting cKRT24’s tumor suppressor
relevance in the clinical background (Figure 5D).

As shown for many HNC relevant proteins, inactivating
mutations are often found in tumor cells, though not
reported for cKRT24 (Campbell et al. 2018; Cancer Genome
Atlas Network 2015). Thus, we further investigated the
mutation frequency and type in cKRT24 by exploiting the
BioMutav3.0 database as well as data provided by the
TCGA Research Network (Campbell et al. 2018). As illus-
trated in Supplementary Figure S9, also the analysis of 501
HNSCs from the TCGA cohort only showed six cKRT24
missense mutations in five patients at different positions
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Figure 5: cKRT24 DNA methylation in HNSCC tumors and normal adjacent tissues (NATS).

(A) lllustration of the cKRT24 gene locus, mRNA transcript ENST00000264651.3, GC density, and six analyzed CpG positions (Infinium
HumanMethylation450 BeadChip bead cg12564187: CpG 1, cg27316026: CpG 2, cg24340657: CpG 3, cg04219544: CpG 4, cg23737768: CpG 5,
€g06899912: CpG 6) are depicted. The modified illustration was exported from www.ensemble.org (release 102, based on Genome Reference
Consortium Human Build 38 patch release 13 (GRCh38.p13)). (B) cKRT24 DNA methylation (8 values) of six CpG sites in n =528 HNSCC tumors
and n =50 NATs from the TCGA cohort. cKRT24 gene body (CpG 1) and upstream (CpG 6) regions show high methylation levels (mean > 80%)
while CpG sites 2-5 located within the transcription start site exhibit lower methylation levels (mean < 50%). Tumor tissues showed
significantly lower methylation levels compared to normal adjacent tissues (NAT). Red bars represent mean values. p-Values refer to Mann—
Whitney U tests. (C) cKRT24 mRNA expression is significantly (p = 0.006) downregulated in HNSCC compared to NAT (cohort described in B).
Red bars represent mean values. p-Values refer to Mann-Whitney U tests. (D) Kaplan Meier plot indicates that low cKRT24 expression levels
correlate with reduced survival of HNSCC patients (n = 282). p = 0.016.

(Campbell et al. 2018). Hence, in contrast to proteins such ¢KRT24 overexpression inhibits

cohort), inactivating mutations in cKRT24 occur in <1% of

analy.zed patients an.d are thus, unlikely to confer loss-of-  pagpite the importance of bioinformatic exploitation of
function of the protein. ‘omics’ based data, the cancer relevance of identified
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gene-networks needs to be examined and verified by a
tiered experimental pipeline. This central aspect is often
neglected in most comprehensive ‘big data’ studies.
Consequently, to further investigate and confirm the
functional relevance of cKRT24 for tumorigenesis, we
were the first to clone the predicted open-reading frame
(ORF) from a non-malignant oral mucosa following
reverse transcription and amplification of the cDNA.
Sequence analysis confirmed that the obtained ORF
encodes a polypeptide of 525 amino acids (Figure S9),
identical to the predicted sequence (gene bank entry —
Gene ID: 192666). Also, when we cloned cKRT24 from
three different PT, we did retrieve an identical sequence
(data not shown). As shown in Figure 6A, live-cell mi-
croscopy revealed typical mesh-like structures of a
cKRT24-GFP fusion also known for other cytokeratins
upon ectopic expression in different HNSCC tumor cells

A

UM-SCC-24

FaDu

KRT24-GFP

a-KRT24

Figure 6: Expression of cKRT24 in head and neck cells.

Live-cell microscopy demonstrates typical cytoplasmic structures of
ectopically expressed (A, cKRT24-GFP) or endogenous cKRT24 (B).
cKRT24-GFP localization in HNSCC transfectants was visualized by
confocal microscopy in living cancer cells. (A) The typical mesh-like
structures of cytokeratins are detected in living cells transfected
with a cKRT24-GFP fusion protein. Similar localization could be
observed for endogenous cKRT24 by immunofluorescence using
polyclonal a-cKRT24 antibodies, whereas a strong expression was
detectable in primary non-malignant oral mucosa epithelial cells (B,
N) primary larynx tumor cells (B, PT) express only low amounts.
Signals were recorded with identical CCD camera settings. Scale
bars 10 pM.
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lines. Also, ectopically expressed untagged cKRT24 was
detectable by immunofluorescence using our polyclonal
antibodies (Figure 6B), again underlining the reliability of
our reagents. Moreover, a similar localization could be
observed for endogenous cKRT24 by immunofluorescence
using our polyclonal a-cKRT24 Abs. Here, expression was
clearly detectable in the cytoplasm but not the nucleus of
epithelial cells isolated from non-malignant oral mucosa
(Figure 6B, N), whereas only low amounts of cKRT24 were
present in primary larynx (Figure 6B, PT) or hypopharynx
tumor cells (data not shown).

As transfection efficiencies are often low and vary for
HNSCC cell lines, we cloned cKRT24 in a retroviral vector,
allowing the simultaneous expression of cKRT24 and GFP
from the same mRNA due to the presence of an IRES
element. Subsequently, cell lines were transduced, sorted
for GFP expression (Figure S8), and proliferation analyzed.
Compared to the GFP vector control, MTT assays revealed
that cKRT24 overexpression indeed significantly reduced
proliferation for all cancer cell lines examined, although to
varying degrees (Figure 7), which may (co)depend on their
anatomical origin (Table S1).

Hence, HNSCC tumor cell lines of different anatomical
origin need to reduce cKRT24 expression levels during the
multi-step process of tumorigenesis in order to fulfill the
requirements for rapid proliferation and metastasis.

Fourth, employing a xenograft model, we investigated
if the tumor-suppressor phenotype observed for cKRT24 in
vitro is also relevant under the more complex in vivo con-
ditions. Here, FaDu cells were freshly transduced with
cKRT24-IRES-GFP or the IRES-GFP control, sorted for GFP
expression, and subsequently injected into the flanks of
nude mice as described (Stauber et al. 2012b). As shown in
Figure 8A, growth of cKRT24 overexpressing tumors was
significantly reduced compared to the vector control. To
verify that cKRT24 expression was not down regulated in
the tumor cells in situ, trans gene expression was confirmed
in the resected tumors by RT-PCR (Figure 8B) and immu-
noblot analysis (Figure 8C).

Collectively, these results strongly suggest that cKRT24
overexpression counteracts the proliferation and poten-
tially metastatic activity of HNSCC tumor cells, providing a
rationale why reduced expression of cKRT24 was observed
in cancer cells in all patients studied here as well as in
widely-used tumor cell models.

Discussion

In this study we analyzed the gene expression profiles of
HNSCC tumors versus their corresponding normal tissue
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Figure 8: Overexpression of cKRT24 suppresses tumor growth in vivo.

(A) Nude mice were inoculated with FaDu tumor cells, either expressing cKRT 24-IRES-GFP or IRES-GFP only. Tumor growth was monitored and
mice sacrificed after 23 days. Growth of cKRT24 xenograft tumors was significantly impaired compared to the vector control (p-value < 0.05).
One data point represents the mean value from five mice. (B) cKRT24 transgene expression was validated in biopsies from xenograft tumors by
RT-PCR. GAPDH served as control. (C) Immunoblot analysis to demonstrate cKRT24 protein expression in xenograft-tumors. Vimentin was used
as loading control. Expression of cKRT24 or Vimentin was detected using a-cKRT24 or a-Vimentin antibodies, respectively.

mucosa and lymph node metastasis. Changes in stromal,
immune or inflammatory and other components may play
an important role in the tumor progression and could
potentially be exploited for diagnostic, prognostic or
therapeutic purposes. Recently, several profile signatures
have been reported to have promising prognostic potential
in HNSCC (Eschrich et al. 2009; Hasan et al. 2020; Loha-
vanichbutr et al. 2013; Wu et al. 2017; Zivicova et al. 2018).
Nevertheless, previous microarray-based studies of HNSCC
have focused on primary tumor versus normal tissue mu-
cosa or primary tumor patterns of expression (Al Moustafa
et al. 2002; Alevizos et al. 2001; Cromer et al. 2004;
El-Naggar et al. 2002; Kuriakose et al. 2004; Leethanakul
etal. 2000; Mendez et al. 2002), while we have included the
expression profile of the specific lymph node metastases
derived from the primary HNSCC tumors. This delivered us

a global insight of the genes differentially expressed be-
tween the primary HNSCC and corresponding lymph node
metastasis. Our results based on hierarchical clustering
analysis show that HNSCC can clearly be distinguished
from their corresponding normal tissue mucosa and lymph
node metastases. The onset and offset of genes involved in
the metastatic progression can be valuable to assess met-
astatic propensities of developing cancers. Thus, it is
important to show genes differentially expressed between
normal tissue mucosa versus primary HNSCC and versus its
paired lymph node metastasis from the same patient. Many
of the downregulated genes in lymph node metastasis in
our microarray data are closely associated with tumo
rigenesis and the rest are genes with miscellaneous func-
tions and roles in the human genome. All these genes are
potential biomarkers with a prognostic and/or diagnostic
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value. For example, micrometastases or occult metastases
could be assessed by using these genes. Primary tumors
with the property of overexpressing these genes could have
already metastasized, since the metastatic behavior of a
tumor is based on overexpression of metastasis promoting
factors and loss of suppressing factors. Expression profile
studies including lymph node metastasis were limited to
the comparison of genes differentially expressed in meta-
static and non-metastatic primary tumors (Chung et al.
2004; Cromer et al. 2004; Ernst et al. 2018; Liu et al. 2008;
Nagata et al. 2003) or non-metastatic, metastatic and
lymph node metastases (Roepman et al. 2005).

Genes like fusin (CXCR4), Rho GDP dissociation inhibitor
(GDI) beta, E-NP2 autotaxin (ATX), CCR7, CCL9, CR2, RGSI,
FUCA1 and SELL were shown to be upregulated in metasta-
sizing tumors (Cromer et al. 2004; Liu et al. 2008; Takanami
2003) and were also upregulated in lymph node metastasis
from our microarray data. The role of fusin (CXCR4) in
metastasis has been implicated in neuroblastoma (Geminder
et al. 2001), melanoma (Murakami et al. 2002), prostate
cancer (Taichman et al. 2002), breast cancer (Kato et al. 2003)
and oral squamous cell carcinoma (Uchida et al. 2003, 2004).

CCR7 has been shown to play an important role in
tumor cell migration and lymph node metastasis (Wiley
et al. 2001). The highly correlated expression of CCR7 (93%
frequency) with its ligand CCL21 (93% frequency) in lymph
node metastasis confirms the reliability of our Path-
wayExpress analysis which resulted, among others, in a
relatively strong involvement of the cytokine-cytokine
receptor interaction signaling in the development of
metastasis in HNSCC. Other genes involved in the signaling
pathways in our list M versus PT, directly or indirectly
involved in tumorigenesis including colorectal cancer,
thyroid cancer, small cell lung cancer and endometrial
cancer and could be potential novel drug targets for
metastasized tumors.

Many of the upregulated or downregulated genes in
primary HNSCC are already known to be involved in carci-
nogenesis. The upregulation of the ECM-degrading matrix
metalloproteinases (MMPs) like MMP1, MMP3, MMPII,
MMP12, MMP13, urokinase-type plasminogen activator uPa
(PLAU) and different types of collagens were common for
many advanced tumors including HNSCC. The uPA/uPAR
and SERPINE] axis has been associated with tumor resis-
tance and metastasis in HNSCC (Pavon et al. 2006).

Some of the downregulated genes in HNSCC are known
to be important enzymes in the xenobiotic metabolic
pathway. This includes genes belonging to cytochrome
P-450 (CYP2C9, CYP3A5, CYP4BI), alcohol dehydrogenase
7, 3A1 (ADH7 and ALDH3AI) and 1C, epoxide dehydroge-
nase (EPHX2), and glutathione s-transferase A2 (hGST2).
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The xenobiotic pathway is of importance in the degradative
metabolism of both foreign and/or native toxic and carci-
nogenic products, although their impact on carcinogenesis
is not clear so far (Alevizos et al. 2001; Coles et al. 2001;
Garcia-Martin et al. 2002).

Collectively, despite many reports on differentially
regulated genes in HNC, there is still a demand to identify
bona fide genes or gene signatures, which could be used as
specific biomarkers for (specific) tumor types, usable for
targeted therapies, and/or diagnostic purposes. In contrast
to what is sometimes propagated in the field it is unlikely
that a single ‘magic’ HNC biomarker exists. For example, our
recent study showed that although expression analyses and
targeting of epithelial growth factor receptors has been
shown to be beneficial for breast and colon cancer, the
success of cetuximab treatment is limited for HNSCC (Deuss
etal. 2020). Thus, the pathobiological relevance of identified
genes needs to be clearly supported by a comprehensive
experimental pipeline. Rational chemo-radiation combina-
tion therapies, in addition to immunotherapy, exosomes or
nanoparticle-based strategies, are currently considered as
the most efficient strategies to combat cancer (Beccard et al.
2020; Campbell et al. 2018; Deuss et al. 2020; Gaipl et al.
2020; Haussmann et al. 2019; Schuler et al. 2017; Siemer et
al. 2019; Westmeier et al. 2018a,b, 2020). As the success of
these treatments requires a profound molecular knowledge
of their underlying mechanisms (Campbell et al. 2018;
Leemans et al. 2011), we here focused on the exploration of
the function of a yet unexplored downregulated gene,
cytokeratin24.

As outlined before, cKRTs are the major intermediate
filament structural proteins of epithelial cells and are
frequently used to stratify carcinomas into site of origin,
tumor subtype, and to predict clinical course and therapy
response (Christofori 2006; Li et al. 2020; McGinn et al.
2020; Moll et al. 2008). Our GO data indicated an impact
of tumor cell differentiation and structural integrity, such
as extracellular matrix or focal adhesion together with
PI3K-AKT signaling on metastasis, molecular events
known to be influenced by cytokeratin networks (Kitamura
etal. 2017; Mehrad et al. 2018; Mehrpouya et al. 2019; Weng
et al. 2012; Xu et al. 2018; Yang et al. 2008). As numerous
cKRTs have been studied before, we selected cKRT24 as a
yet unexplored candidate for a subsequent comprehensive
functional analysis. In the current study, we employed
comprehensive cell culture and in vivo models to demon-
strate for the first time that cKRT24 has tumor suppressive
properties in HNSCC. For one, our transcriptomics data
revealed a significant down regulation of cKRT24 in PT or M
versus the corresponding non-malignant tissue for all
patients. Second, reduced protein expression of cKRT24 in
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primary HNSCC compared to non-malignant tissue from
the same patient could be verified by immunoblot as well
as immunohistochemistry in patient material. Third,
cloning and ectopic expression of cKRT24 demonstrated
typical cytokeratin localization by live cell microscopy and
cKRT24 expression inhibited proliferation of HNSCC cell
lines in vitro. Fourth, the tumor suppression activity of
cKRT24 could also be verified in vivo shown by murine
xenograft transplantation studies. Although not further
tested, cKRT24 downregulation may also favor metastasis,
as we found reduced expression in the distant metastases
from the same patients analyzed. Epithelial-mesenchymal
transition (EMT), a natural biological process that in cancer
cells, leads to loss of intercellular adhesion and enhanced
migration and invasion, is classically associated with a
transition from some cytokeratins to vimentin intermediate
filaments (Shi et al. 2020). Though, expression of simple
cKRTs (e.g. 8, 18, 19) to stratified cKRTs (e.g. 5, 17) was
observed, the exact roles of specific cKRTs involved are not
yet understood (Shi et al. 2020).

Although our data are the first report on cKRT24, pre-
vious studies found similar effects for certain cKRT mem-
bers, underlining the quality and relevance of our study.
It is thus impressive that differential cKRTs expression
is a hallmark of tumor progression, interfering with a
multitude of intracellular regulation pathways, including
kinases, receptors, and pro-anti-apoptotic modulator pro-
teins (Frohwitter et al. 2016; Moll et al. 2008). However,
these components of the intermediate filaments are highly
conserved during evolution and show a high degree of
conservation among species, yet they seem to affect tumor-
relevant signaling networks quite differentially (Kitamura
et al. 2012; Moll et al. 2008). Notably, enhanced expression
of high-molecular weight cKRTs 8/18 seems associated with
an unfavorable prognosis for HNSCC patients (Frohwitter
et al. 2016). Also, increased expression of cKRT19 was
associated with high-grade dysplasia and squamous intra-
epithelial neoplasia and a decreased survival rate of
patients with SCCs (Mehrpouya et al. 2019; Noorlag et al.
2017). In contrast to our observation for cKRT24, cKRT19
seems not to be expressed in benign regions of keratinized
oral epithelium (Frohwitter et al. 2016; Moll et al. 2008).
Moreover, cKRT8/18 and cKRT19 expression had opposing
effects on cell cycle regulation (p21), hypoxic stress (HIF-1a
and CAIX) or cellular adhesion (a/y-catenin) (just to name a
few networks) (Frohwitter et al. 2016; Moll et al. 2008).
cKRT5/cKRT17 dimers facilitate cell junction remodeling
(Frohwitter et al. 2016; Kumar et al. 2015; Moll et al. 2008).
Whereas nuclear receptor modulating drugs such as reti-
noids regulate expression of cKRT5, cKRT17, and other
stratified cKRT, it might be interesting to also examine their
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effects on cKRT24 expression and anti-tumoral activity
(Frohwitter et al. 2016; Moll et al. 2008; Schweitzer et al.
2010; Schweitzer et al. 2008). In contrast to cKRT24
described here, cKRT8/18 and cKRT19 are not physiologi-
cally expressed in normal squamous epithelium, but may be
expressed during carcinogenesis and potentially also for
metastasis (Moll et al. 2008; Paccione et al. 2008; Toyoshima
et al. 2008). Therefore, our results indicate the existence of
different pathways in the pathogenesis of HNSCC and other
tumor types, which though needs to be resolved. In addition,
HNSCC may most likely not be regarded as a homogeneous
disease entity, and the alteration in cKRT expression may be
a result of tumor dedifferentiation. Based on our preliminary
data, one may propose a cross-talk and correlation between
cKRT24 and constituents of the ECM (e.g., upregulation of
fibronectin expression) and adhesion molecules, which are
important players in the pathogenesis of HNSCC. To however
to dissect and understand this potential cross-talk additional
experimental evidence is needed.

To mechanistically understand cKRT24 down-
regulation, we examined cKRT24 gene methylation in the
independent TCGA cohort of HNSCC patients. Interest-
ingly, tumor tissues showed significantly lower methyl-
ation levels compared to normal adjacent tissues, similar
to what we just reported for the immune checkpoint
molecule, programmed cell death protein 1 (PD-1, enco-
ded by the PDCD1 gene) (Bockhorst et al. 2020). Although
additional investigations may be needed, our data
strongly indicate that gene methylation is unlikely to
be responsible for reduced cKRT24 levels observed in
tumors. Here, a limitation of the results is the fact that the
Infinium HumanMethylation450 BeadChip used by TCGA
Research Network only covers a fraction of CpG sites
within the region of interest. Therefore, further prospec-
tive studies e.g. using bisulfite sequencing may be per-
formed, using matched NAT and tumor tissues.

Likewise, inactivating mutations of proteins are often
found in tumor cells, though not reported for cKRT24
(Campbell et al. 2018; Cancer Genome Atlas Network 2015).
Our data shown that in contrast to proteins such as p53 (213
mutations in 352 patients of the TCGA HNSC cohort),
inactivating mutations in cKRT24 occur in <1% of analyzed
patients. Also, a low mutation rate was observed for the
HNSCC relevant growth factor receptor EGFR (13 mutations
in 13 patients of the TCGA HNSC cohort), we reported as a
negative prognostic factor in HNSCC (Deuss et al. 2020).
Collectively, mutations are unlikely to confer loss-of
function of cKRT24 and downregulation seems to be an
early event during carcinogenesis.

A limitation of most large ‘omics’ studies is the fact
that corresponding non-malignant tissue, PT as well as M
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are not always available from the same patient. For
example, in the cohort of The Cancer Genome Atlas (TCGA)
HNSCC cohort, 528 tumors and only 50 normal adjacent
tissue (i.e., 10%) were analyzed, which may preclude
identification of unknown signaling pathways and/or
biomarkers (Campbell et al. 2018; Cancer Genome Atlas
Network 2015) (Figure 5). Although we focused on a pa-
tient cohort from which N, PT as well as M could be sur-
gically recovered from the same patient, a limitation of
our study is its retrospective nature and the low number of
patients and FFPE biopsies examined. Also, as this ap-
plies to almost all FFPE IHC-based studies, including our
previous work (Bier et al. 2012; Deuss et al. 2020; Engels
et al. 2007, 2008, 2009a,b; Fetz et al. 2009; Habtemichael
et al. 2010; Knauer et al. 2010a; Stauber et al. 2012a), such
analyses are semi-quantitative at best. Hence, in silico as
well as experimental investigations need to also consider
existing data repositories and related studies. Also, the
cancer relevance of identified gene-networks needs to be
examined and verified by a tiered experimental pipeline.
A limitation of our study as well most comprehensive ‘big
data’ studies is the fact that such investigations are
laborious and time consuming and thus, can mostly be
done only on a limited number of genes, as exemplified by
confirming the functional relevance of cKRT24 here.
Moreover, although our work excluded gene methylation
as a major cause for cKRT24 downregulation, we still do
not know the signaling networks and molecular events for
our observation. Likewise, it would be important to define
the type of biological, chemical or physical signals
(e.g. toxic agents in tobacco, HPV, DNA damage, onco-
genes ect.) that cause downregulation and triggers the
activation of its tumor suppressor functions in disease and
in its physiological environment. Though, studies on
proteins downregulated in tumor cells are clearly more
challenging that overexpression studies. From what has
been discussed in the literature, cKRTs seem to influence
various pathways, including differentiation, prolifera-
tion, inhibition, metabolic stress, activation of Toll like
receptors, senescence, apoptosis and migration in normal
physiology (e.g., keratinocyte differentiation) and disease
(Aymard et al. 2011; Fortier et al. 2013; Kim and Coulombe
2007). Although cKRTs are recognized as multi-faceted
effectors, it is striking that even for cKRTs used for diag-
nostic purposes for decades the detailed mechanistic
knowledge is still missing. Given the fact that we here
report the relevance of cKRT24 for the first time this limi-
tation is expected and need to be resolved in future
studies. We feel that our study may stimulate the field to
curate our lack of knowledge, which may allow to better
use cKRTs as biomarkers and potential targets for
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chemico-genetic therapeutics. Clearly, cKRT24’s patho-
logical and clinical relevance concerning disease pro-
gression and therapy responses need to be examined in
large prospective studies. In addition to the limited
number of biopsies examined here, large IHC-based
investigation of cKRT24 as a prognostic marker need to
follow by retro-/prospective studies also addressing the
HPV-status and treatments. Also, we do not wish to
postulate that cKRT24 is ‘the’ unique biomarker for
HNSCC but needs to be considered in the context of other
biomarkers reported so far. Despite these limitations, we
feel that our transcriptomics data set are a valuable
resource and our results corroborate our hypothesis that
cKRT24 may serve as a biomarker and may be exploited as
a target to support current HNSCC treatments to improve
management of HNSCC patients.

Materials and methods
Study population

Investigation has been conducted in accordance with the ethical
standards according to the Declaration of Helsinki and according to
local, national, and international guidelines as described (Deuss et al.
2020). Tissue samples were obtained from patients undergoing sur-
gical resection at the department of otolaryngology of the Universities
of Mainz. The study protocol has been approved by the local ethics
committee (#83756604) after obtaining the patients’ informed consent
to participate in the study and was processed anonymously. All cases
were diagnosed histopathologically as HNSCC and staged according
to the TNM classification of malignant tumors recommended by the
‘Union International Contre le Cancer’ UICC. All experiments were
performed in accordance with relevant laws and the University
Medical Center Mainz Guidelines and approved by the institutional
ethics committee at the University Medical Center Mainz. In this study,
tumor specimens, corresponding non-malignant tissue, and lymph
node metastasis were analyzed. All of the primary tumors that we
analyzed had positive clinical as well as pathological lymph node
metastasis status. Specimens included oropharyngeal and lar-
yngopharyngeal carcinoma of different tumor size (T1-T4), lymph
node status (NO-2), no distant metastasis (MO) and grading G1-G3.
However, we excluded five patients from the study due to insufficient
mRNA quality isolated from either N, PT or M. The median age of
patients was 56 years, and 86% were males. Six of the resected tumors
were classified as stage II (40%), nine as stage III (60%); 13 (86%) of
them had a moderate (G2) tumor differentiation grade and two (15%) a
poor differentiation grade. Twelve patients had a lymph node status of
N1/2 (80%), and three of N3 (20%). The majority of cancers were
located in the hypopharynx (60%), 13% in the larynx, and 27% in the
oropharynx.

Upon resection samples were immediately placed on ice and
snap-frozen in liquid nitrogen within 30 min. Histological analyses
were performed to ensure that each specimen contained >70% tumor
tissue and <10% necrotic debris. Samples not meeting these criteria
were rejected. Data of n = 50 normal adjacent tissue (NAT) and n = 528
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HNSCC tissue samples were included from The Cancer Genome Atlas
(TCGA) Research Network (http://cancergenome.nih.gov/). The TCGA
Research Network included patients in accordance with the guidelines
of the Declaration of Helsinki of 1975 and all patients provided signed
informed consent.

Tissue sampling and primary cell isolation

For the isolation of primary cancer cells or epithelial cell from non-
malignant tissue, specimens were cut into pieces and enzymatically
digested with collagenase typel/hyaluronidase (Sigma Aldrich,
Munich, Germany) in RPMI-1640 (Invitrogen, Karlsruhe, Germany) at
37 °C overnight. Following digestion, dissociated cells were passed
through a cell strainer, and epithelial cells were isolated by MACS®
separation using CD326 (EpCAM) MicroBeads (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany) according to the manufacturer’s recom-
mendations. Cells were propagated for one week as described (Knauer
et al. 2007h, 2013; Stauber et al. 2012b) and subjected to analysis.

RNA extraction

Frozen tissue samples (30-50 mg) were collected in 1 mL Trizol
(Invitrogen, Karlsruhe, Germany) and dispersed using an Ultra-Turrax
T25 tissue homogenizer (IKA Werke, Staufen, Germany). Total RNA
was extracted according to the recommendations given by the man-
ufacturer’s Trizol protocol and further purified on RNeasy Mini spin
columns (Qiagen, Hilden, Germany). Integrity and purity of total
RNA were assessed on a Bioanalyzer 2100 (Agilent Technologies,
Boeblingen, Germany) using a RNA 6000 Nano LabChip Kit (Agilent)
according to the manufacturer’s instructions (Knauer et al. 2007a).

Target preparation and hybridization for Affymetrix
GeneChip Arrays

Total RNA (5 pg) was used to prepare biotinylated cRNAs for hybrid-
ization, following the guidelines given in the Affymetrix GeneChip
Expression Analysis Technical Manual. cRNA clean-up was performed
on RNeasy Mini filters (Qiagen). In all, 10 pg of fragmented, labelled
cRNA were hybridized to Affymetrix HG-U133A arrays (Affymetrix,
Santa Clara, CA, USA) using standard conditions (16 h, 45 °C). Arrays
were washed and stained in a Fluidics Station 400 (Affymetrix) and
scanned on a Gene Array Scanner 2500 (Agilent), as recommended by
Affymetrix. Raw fluorescence intensities from all hybridizations were
normalized applying variance stabilization with additional scaling.
Additionally, MAS5 as well as gcRMA expression values were
calculated.

Microarray data processing, pathway analysis and
bioinformatics

Data and cluster analyses were performed using Affymetrix Micro-
array Suite 5.0 (MAS5) and GeneSpring GX software (Agilent Tech-
nologies, Santa Clara, USA). All samples were normalized to the
median of control samples. Each measurement for each gene in those
specific samples was divided by the median of that gene’s measure-
ments in the corresponding control samples. The gene list was
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subjected to a Student’s t-test (p-value < 0.05). The resulting list was
further filtered for confidence using a Benjamini—Hochberg false dis-
covery rate correction. A 2.0-fold cut-off filter was then applied to
identify genes that were preferentially up- or downregulated. Heat-
plots are used for visualizing gene expression: yellow indicates no
change in expression, red enhanced expression (upregulated),
and blue suppressed expression (downregulated). Volcano plot
analysis was used to show the distribution of significance (corrected
p-value < 0.05) to magnitude (log,ratio > twofold) of N to PT or M, as
well as PT to M. Onto-Express software (http://vortex.cs.wayne.edu/
projects.htm) was used for the analysis of Gene-Ontology (GO) and
pathways. Probe set lists of the differentially expressed genes were
used to browse through the GO terms organized in tree structure.
Significance was assessed by using the hypergeometric distribution.
Genome wide information of cKRT24 mutations were obtained from
the BioMutav3.0 database as well as by the TCGA Research Network
data provided by (Campbell et al. 2018). Further analyses were per-
formed on the TCGA Research Network generated methylation raw
data using the Infinium HumanMethylation450 BeadChip (Illumina,
Inc., San Diego, CA, USA). We included six beads that target CpG sites
within the gene body, the transcription start site, and upstream of the
cKRT24 gene (cg12564187: CpG 1, ¢g27316026: CpG 2, cg24340657: CpG
3, cg04219544: CpG 4, cg23737768: CpG 5, cg06899912). Raw data were
downloaded from the UCSC Xena browser (www.xena.ucsc.edu).
Methylation levels (8-values) were calculated: S-value = (Intensity_
Methylated_Signal)/(Intensity_Methylated_Signal + Intensity_Unme-
thylated_Signal) x 100%. Means of groups were compared using
Mann-Whitney U test.

Survival data sets were also obtained from the TCGA network. A
total of n = 282 patients were included. Data was assessed via the USCS
Xena server and patients grouped according to genomic expression of
cKRT24 (quartiles, i.e. high > 7.893; low < 1.367). Final visualizations
and statistics were performed with graphpad Prism.

Reverse transcription (RT)-PCR and quantitative real-
time PCR analysis

RT-PCR was performed using specific primer sets for OSF2, FNI,
cKRT24, CLCA4, PRR4, SCCA2b, TP73L, C4.4A, FAIM3, ARHGAP25,
RASGRP2 and GAPDH genes (Table S9) as described (Knauer et al.
2007b, 2013). GAPDH was used to control the amounts of cDNA
generated from each sample. First-strand cDNA synthesis was carried
out using a cDNA synthesis kit for RT-PCR (Superscript II, Invitrogen
life technologies). 1 ug of total RNA was converted to cDNA and 1 pL of
the 20 pL RT product was amplified for 30 cycles (initial denaturation
at 95 °C for 3 min, 30 s at 95 °C, 30 s at a variable temperature for
annealing and 1 min at 72 °C) followed by an extension of 5 min at 72 °C.
RT-PCR amplification products were analyzed on 2% agarose gel
stained with ethidium bromide.

For selected genes, changes in mRNA levels detected in micro-
array experiments were evaluated by reverse transcription (RT) and
quantitative real-time PCR analysis, using the iCycler (BioRad,
Munich, Germany). One pg of total RNA was converted to cDNA using
Superscript II (Invitrogen Corporation) and oligo (dT) primer accord-
ing to manufacturer’s specifications. PCR reaction mixtures consisted
of 12.5 pL of 2x iQ™ SYBER® Green Supermix (Abgene, UK), 0.5 pL of
each 10 pM target primer, 1 pL (1:10) cDNA template in a final scaled
down reaction volume of 25 pL. Thermal cycling conditions comprised
an initial denaturation step at 95 °C for 15 min, 40 cycles at 95°Cfor30 s


http://cancergenome.nih.gov/
http://vortex.cs.wayne.edu/projects.htm
http://vortex.cs.wayne.edu/projects.htm
http://www.xena.ucsc.edu/

16 — D.Giil et al.: Cytokeratin24 as tumor suppressor

and variable annealing temperatures for 30 s depending on the
respective set of target primers. Cumulative fluorescence was
measured at the end of the extension phase of each cycle. Specific
amplicon formation with each primer pair was confirmed by dissoci-
ation curve analysis and by visualization of a single band on a 2%
agarose gel. To define the relative expression of the genes, the PCR
product results from each tumor sample were compared with the
results from normal tissue or lymph node metastasis from the same
patient. The relative expression ratio (R) of target gene is calculated
using the equation: Ratio = ( Etarget)ACp target(control-sample) /(Eref)ACpref(control-
sample) hased on its real-time PCR efficiencies (E) and the crossing point
(CP) difference of an unknown sample versus a control and expressed
relative to the non-regulated housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase gene (GAPDH), as described (Knauer
et al. 2007a, 2013; Stauber et al. 2012b).

Plasmids

The cKRT24 coding sequence was amplified from cDNA obtained
from non-malignant oral mucosa or head and neck tumors. mRNA
preparation and cDNA synthesis from tumor tissue was performed as
described (Engels et al. 2007; Knauer et al. 2013). Cloning of the
cKRT24 coding sequence into expression vectors pc3 or pc3-GFP using
BamHI/EcoRI- or BamHI/Nhel-restriction sites, respectively, allowed
the expression of cKRT24, alone or as a fusion with the green fluo-
rescent protein as described (Engels et al. 2007; Knauer et al. 2013).
cKRT24 was also cloned in a retroviral vector (IRES-GFP), allowing the
simultaneous expression of cKRT24 and GFP from the same mRNA due
to the presence of an IRES element.

Cells, cell culture, and proliferation assays

Authenticated and characterized cell lines were purchase from the
ATCC repository, expanded, stocks prepared at early passages, and
frozen stocks kept in liquid nitrogen. Thawed cells were routinely
monitored by visual inspection and growth-curve analyses to keep
track of cell-doubling times, and were used for a maximum of 20
passages for all experiments. Depending on passage number from
purchase, cell line authentication was further performed at reason-
able intervals by short tandem repeat (STR) profiling. Cell lines
(Supplementary Table S2) were maintained and transfected with
Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany) as described
(Fetz et al. 2009; Knauer et al. 2007a, 2013; Schrenk et al. 2018;
Westmeier et al. 2018a). Proliferation was assessed by MTT assays as
described (Knauer et al. 2013; Stauber et al. 2012b). Data shown are
calculated from the mean values of three independent experiments.

Retrovirus production and infection

Production of retroviral stocks and viral titer determination were
carried out as previously described (Engels et al. 2007). Transduction
was monitored by FACS analysis or fluorescence microscopy using
IRES-GFP according to standard protocols (Stauber et al. 1998). To
generate cells stably expressing cKRT24, FaDu cells were transduced
with cKRT24-IRES-GFP expressing retroviruses. Fluorescent cells were
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isolated by two rounds of fluorescence activated cell sorting as
described (Engels et al. 2007; Knauer et al. 2013).

Animals and xenograft tumors

All animal work has been conducted according to relevant national
and international guidelines. For animal studies, TE671 (2 x 10°) cells
were implanted into both flanks of four-week-old female MRI nu/nu
mice (Harlan Winkelmann, Hamburg, Germany) as described (Stauber
et al. 2006, 2012b). Mice were randomized into groups (5 mice/group).
Tumor growth was monitored using calipers to calculate tumor vol-
umes with the formula: length x 7 width? x 0.52. Animals were
euthanized at the end of the study and the tumors were processed for
Western blot analysis. All animal experiments were approved by the
Institutional Animal Care and Use Committee at the University of
Mainz.

Protein extraction and immunoblot analysis

Preparation of whole lysates from cells or tissue and immunoblotting
were carried out as described (Knauer et al. 2013; Stauber et al. 2012b;
Wunsch et al. 2015a,b). Briefly, tissues (~50 mg) were homogenized in
300 pL lysis buffer (10 mM Tris-HCl, pH7.5, 1 mM MgCl,, 1 mM EGTA,
0.5% CHAPS, 10% glycerol (v/v), 5 mM mercaptoethanol, 0.1 mM
phenylmethylsulfonyl flouoride and Complete Protease Inhibitor
Cocktail EDTA-free from Roche Diagnostics, Mannheim, Germany)
using an Ultra-Turrax-T25 homogenizer (IKA Labortechnik, Staufen,
Germany) as described (Fetz et al. 2009; Knauer et al. 2013; Stauber
et al. 2012b). Equal loading of lysates was controlled by reprobing
blots for GAPDH/Vimentin as described previously (Knauer et al. 2013;
Stauber et al. 2012b).

Immunohistochemistry (IHC)

Formalin-fixed and paraffin-embedded tissue blocks from tumors,
normal tissue or lymph node metastasis were used for immunohis-
tochemistry (IHC) staining. 5 pM tissue sections were deparaffined
with xylene and dehydrated with sequential washes of 100, 90, 80,
and 70% isopropanol, and endogenous peroxidase activity was
blocked with a 3% hydrogen peroxidase solution as described (Engels
et al. 2007; Haussmann et al. 2019; Stauber et al. 2012b). For cKRT24,
the samples were digested with Proteinase K and then steamed for
antigen retrieval with citrate buffer (pH 7.0) for 30 min and treated
with 0.1% Triton in PBS for 10min at room temperature. After block-
ing, polyclonal antibodies against cKRT24 (1:200) were added and
incubated at 4 °C overnight. Detection was performed with the Envi-
sion/horseradish peroxidase system (Dako-Cytomation, Denmark) as
described (Engels et al. 2007; Stauber et al. 2012b). Slides were finally
counterstained with 50% hematoxylin and examined by light mi-
croscopy on a Leica microscope at 100x magnification. Images were
recorded with identical camera settings. Semi-quantification of pro-
tein expression was defined by a scoring system, for which the posi-
tive cells (%) and staining intensity (scale 0—4) were evaluated, and
then multiplied to yield a score from O to 400. In order to maintain
consistency, the same qualified pathologist gave interpretations for
all IHC data.
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Fluorescence microscopy, confocal laser scanning
microscopy (CLSM), immunofluorescence, and image
processing

Observation, quantitation, image analysis and presentation were
performed as described (Bier et al. 2011; Habtemichael et al. 2010;
Tenzer et al. 2013). CLSM images were acquired using Leica LAS AF
software on a Leica TCS SP8 system equipped with four lasers (UV
405 nm, Ar 458/476/488/496/514 nm, DPSS 561 nm, HeNe 633 nm)
and a HCX-PL APO 63x/1.20 water lens (Leica). To avoid crosstalk
between different dyes, emission signals were collected indepen-
dently in serial mode. Images were taken at constant laser power,
with a pinhole size of 1 Airy Disk, a line average of three, and a frame
average of one. Cells were seeded in 35 mm glass bottom dishes
(MatTek). For detection of cytokeratins, cultures were washed twice
with PBS and fixed with ice-cold methanol for 5 min. Fixed cells were
washed once with PBS and rehydrated in PBS containing 2% bovine
serum for 30 min before being further processed for immunofluo-
rescence microscopy. Following overnight incubation with the pri-
mary antibody at 4 °C (dilution of 1:50 for cKRT24 in PBS/10% bovine
serum), cells were washed with PBS buffer, and incubated for 1 h at
room temperature with fluorescent-labeled secondary antibodies
(dilution of 1:200). After washing again for three times with PBS, cell
nuclei were stained with 0.5 pg/mL Hoechst 33342 (excitation:
405 nm; emission: 430-480 nm). For visualization of the multi-layer
structure of cytokeratins, fluorescence channels were subtracted
from the transmission light image using Photoshop CS6 (Adobe
Systems) as described (Knauer et al. 2010b).
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Simple Summary: Head and neck cancers (HNC) exhibit poor survival due to metastases. Our
study identified osteoblast-specific factor 2 (OSF-2) as overexpressed in primary tumors, lymph
node metastases, and the tumor microenvironment. High OSF-2 levels correlate with metastatic
disease and reduced survival of HPV-negative HNC patients. OSF-2’s active secretion signal seems
to promote metastases by supporting the tumor microenvironment via the £81 integrin-induced PI3K
and Akt/PKB signaling pathway. We suggest OSF-2 as a potential biomarker and drug target to
control (HPV-negative) HNC metastasis and disease management.

Abstract: Treatment success of head and neck cancer (HNC) is still hampered by tumor relapse due to
metastases. Our study aimed to identify biomarkers by exploiting transcriptomics profiles of patient-
matched metastases, primary tumors, and normal tissue mucosa as well as the TCGA HNC cohort data
sets. Analyses identified osteoblast-specific factor 2 (OSF-2) as significantly overexpressed in lymph node
metastases and primary tumors compared to normal tissue. High OSF-2 levels correlate with metastatic
disease and reduced overall survival of predominantly HPV-negative HNC patients. No significant
correlation was observed with tumor localization or therapy response. These findings were supported by
the fact that OSF-2 expression was not elevated in cisplatin-resistant HNC cell lines. OSF-2 was strongly
expressed in tumor-associated fibroblasts, suggesting a tumor microenvironment-promoting function.
Molecular cloning and expression studies of OSF-2 variants from patients identified an evolutionary
conserved bona fide protein secretion signal (MIPFLPMFSLLLLLIVNPINA?!). OSF-2 enhanced cell
migration and cellular survival under stress conditions, which could be mimicked by the extracellular
administration of recombinant protein. Here, OSF-2 executes its functions via £81 integrin, resulting in
the phosphorylation of PI3K and activation of the Akt/PKB signaling pathway. Collectively, we suggest
OSEF-2 as a potential prognostic biomarker and drug target, promoting metastases by supporting the
tumor microenvironment and lymph node metastases survival rather than by enhancing primary tumor
proliferation or therapy resistance.

Keywords: metastases; HPV; biomarker; therapy resistance; methylation; oral cancer; protein secretion
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1. Introduction

Head and neck cancers (HNC) are among the most common malignant neoplasms in
humans [1,2]. The most common entity of HNC is solid squamous cell carcinoma (HNSCC)
which is the sixth most malignant tumor worldwide with 890,000 new cases yearly and
450,000 deaths in 2018 [3]. Major risk factors associated with the development of HNC
are tobacco use, alcohol consumption, and high-risk human papillomavirus infections
(HPV) [2]. HNC occurs in 50% of patients with locoregional invasion and lymph node
metastases [4]. Along with the late disease presentation, lack of suitable biomarkers, and
corresponding drugs for individually targeted therapy approaches this is the reason that
survival rates for HNC have not improved significantly within the last years [5-7]. In
cases of developed distant metastases, HNC patients have a 5-year survival rate of less
than 20% [8]. Furthermore, it is presumed that the presence of micrometastases leads to
enhanced mortality and morbidity. A huge number of cancer deaths are caused by the
haematogenous spread of cancer cells into distant organs in combination with metastases
development [9,10]. Metastatic spread was often described as a late process in malignant
progression, but recent work about breast cancer progression suggested that the dissemina-
tion of primary cancer cells to distant sites seems to be an early event [11,12]. Thus, the early
formation of micrometastases might also play an important role in HNC tumorigenesis
and progression, which need to be understood on the molecular and clinical levels.

The main prognostic parameters of head and neck squamous cell carcinoma are the
location and size of the tumor, the presence of distant metastases, and the presence of
cervical lymph node metastases [13]. However, since the prognosis according to the TNM
classification is not sufficient to evaluate the disease outcome [14], there is a need to
identify molecular biomarkers with prognostic and diagnostic relevance. Microarray gene
expression studies suggested gene expression signatures associated with recurrent disease
in HNC [15], or genes with diagnostic or prognostic potential [1,7,16-18].

A variety of factors, genetic as well as epigenetic, have been associated with the
complex process of (HNC) metastasis. For example, among the list of frequently altered
genes by methylation in HNC are also proteins responsible for cellular adhesion, migration,
and extracellular matrix degradation such as APC, CDH1, SPP1, and TIMP3 [19,20]. We
refer the interested reader to some detailed reviews [11,21-25]. Enhancing tumor metastasis
can be influenced by increasing (local) tumor cell proliferation or/and by increasing the
cell’s capability to migrate and survive in distant ‘hostile” microenvironments. Here, a
variety of proteases, anti-apoptotic proteins, and matricellular proteins, such as osteopontin
have been suggested to impact metastasis [26-30]. However, in most cases, such proteins
are not solely involved in metastasis but also impact tumorigenesis.

Regarding the tumor microenvironment, so called ‘niche proteins’ regulate various
functions in the tumor-associated bed [31-35]. Cancer cells detach from the primary solid
tumor and intravasate into the peripheral blood system to form new metastatic sites.
Moreover, tumor cells in the bone marrow seem to form an important reservoir of cancer
cells from which they also may re-circulate into other distant organs [36].

In this study, we identified OSF-2 up-regulation in a series of human HNC tumors
and their corresponding metastases and normal tissue. The 93 kDa glycoprotein OSF-2 was
originally identified as an adhesion molecule involved in bone formation, regulating differ-
entiation of osteoblasts, and preferentially expressed in periosteum in bone tissues [37,38].
The OSF-2 protein was described to be composed of an N-terminal EMI domain (EMILIN
family domain, cysteine-rich), a tandem repeat of four fasl domains allowing binding of
integrins, and glycans [39], and a carboxyl-terminal domain that includes a heparin-binding
site [40]. Due to structure and sequence homologies, OSF-2 was classified as a member
of the fasciclin 1 family [38]. In addition to OSF-2, the group of FAS1-similar proteins
contains also igh3 [41], stabilin I and II [42], and periostin-like-factor (PLF) [43]. However,
the molecular functions of the predicted domains are not fully understood. In addition,
OSF-2 was also found to be under- or overexpressed in various human cancers and other
diseases [44—47]. Despite its history, the tumor-promoting or tumor-suppressing functional
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relevance of OSF-2 in cancer development and metastasis in the quite heterogeneous field
of solid and liquid malignancies is still controversially discussed.

Here, our bioinformatic results regarding OSF-2 up-regulation in HNC were inde-
pendently verified on the mRNA and protein levels. To investigate the source of OSF-2
production, we isolated human HNC cancer cells and tumor-associated fibroblasts and
found OSF-2 expression significantly upregulated in tumor-associated fibroblasts. We fur-
ther analyzed OSF-2 isoform expression signatures in tumors, their corresponding lymph
node metastases, and normal tissue as well as expression signatures in tumor cells and
corresponding tumor-associated fibroblasts. We identified OSF-2 as a secreted protein,
crucial for cell migration and survival under stress conditions via 81 integrin-induced PI3K
and Akt/PKB signaling pathway, classifying OSF-2 as a ‘tumor niche’ protein’ in HNC.

2. Materials and Methods
2.1. Antibodies, Chemicals, and Reagents

Ab used: x-OSF-2 (Biovendor, Heidelberg, Germany), «-GAPDH (sc-47724; Santa
Cruz Biotechnology, Heidelberg, Germany), x-GFP (sc-8334; Santa Cruz Biotechnology,
Heidelberg, Germany) «-Lamin B1 (NEB, Darmstadt, Germany), anti-Actin (A2066; Sigma
Aldrich, Munich, Germany), anti-Vimentin (V9; Fisher Scientific, Schwerte, Germany), anti-
p-Akt (9271; NEB, Darmstadt, Germany), anti-yH2AX (A300-081A, Bethyl Laboratories,
Montgomery, TX, USA). Appropriate HRP-, Cy3- or FITC-conjugated secondary antibodies
(Sigma Aldrich, Munich, Germany; Santa Cruz Biotechnology, Heidelberg, Germany)
were used. Recombinant OSF-2 (RD1720450, sequence in Supplementary Table S5) was
purchased from BioVendor, Heidelberg, Germany. PI3K-inhibitor (LY294002, Cat. No. 9901)
was purchased from Cell Signalling Technology, Danvers, MA, USA. Reagents, such as
cisplatin were from Sigma (Sigma Aldrich, Munich, Germany) or MSC (MSC UG&CoKG,
Mainz, Germany) unless stated otherwise.

2.2. Cell Culture and OSF-2 Secretion

Authenticated and characterized cell lines (Fadu, SU8686, 1624, HOB18, Pancl, Carey24,
MG63, HeLa, HEK293T were purchased from the ATCC repository, expanded, stocks pre-
pared at early passages, and frozen stocks kept in liquid nitrogen. Thawed cells were
routinely monitored by visual inspection and growth-curve analyses to keep track of
cell-doubling times, and were used for a maximum of 20 passages for all experiments.
Depending on the passage number from purchase, cell line authentication was further
performed at reasonable intervals by short tandem repeat (STR) profiling. The Pica cell
line was initially established from laryngeal squamous cell carcinoma as described by
Siemer et al. [48]. The HNSCCUM-02T squamous cell carcinoma cell line was established
by Welkoborsky et al. [49] and maintained as described before [50]. To avoid contamination
Hela and HEK293T cells are cultivated and maintained physically separately. For primary
tumor cell and CAF isolation, ethical approval has been obtained for the collection and use
of HNC tumor biopsies. Primary tumor cells and CAFs were isolated from an independent
patient cohort. For the isolation of primary cancer cells or CAFs, specimens were cut into
pieces and enzymatically digested with collagenase type I/hyaluronidase (Sigma Aldrich,
Munich, Germany) in RPMI-1640 (Invitrogen, Karlsruhe, Germany) at 37 °C overnight. Fol-
lowing digestion, dissociated cells were passed through a cell strainer, and epithelial cells
were isolated by MACS®separation using CD326 (EpCAM) MicroBeads (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany) according to the manufacturer’s recommendations.
Cells were propagated for one week as [1] and subjected to analysis.

For the detection of secreted OSF-2 protein, HEK293T cells were grown in a normal
medium until 70% confluency. Twelve hours after OSF-2-transfection cells were washed
and the medium was replaced by 1% FCS containing medium for 24 h. The medium was
harvested and analyzed by immunoblot.
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To prepare the conditioned medium, HEK293T cells were transfected with OSE-2, in-
cubated for 12 h, and the medium was exchanged containing 1% FCS. After 24 h incubation,
the conditioned medium was collected, either used directly or stored at —80 °C.

2.3. Microarray Analysis

Global examination of gene expression was performed with an Affymetrix HG-U133A
array (Affymetrix, Santa Clara, CA, USA) using standard conditions (16 h, 45 °C) as
described [1,2]. Arrays were washed and stained in a Fluidics Station 400 (Affymetrix) and
scanned on a Gene Array Scanner 2500 (Agilent, Santa Clara, CA, USA). Raw fluorescence
intensities from all hybridizations were normalized by applying variance stabilization with
additional scaling. MAS5 and gcRMA expression values were calculated. Data and cluster
analyses were performed using Affymetrix Microarray Suite 5.0 (MAS5) and GeneSpring
GX software. Probes were made from total RNA following the guidelines given in the
Affymetrix GeneChip Expression Analysis Technical Manual. An amount of 10 pg of
fragmented, labelled cDNA was used for hybridization [1,2].

2.4. Clinical Data Analysis

Publicly available gene expression and survival data sets were obtained from the
Cancer Genome Atlas (TCGA) filtering for patients with HNCs (TCGA HNSC). A total
of n = 612 patients were included, and data were analyzed as described before [48]. For
detailed patient characteristics, see also Supplementary Table S2. Data was assessed via the
USCS Xena server [51] and patients were grouped according to indicated phenotypic or
clinical characteristics. Final visualizations and statistical analyses were performed with
Graphpad Prism. Furthermore, methylation analysis was performed using the MEXPRESS
online tool [52]. Analysis of single-nucleotide variations was performed with the BioMuta
v4.0 online tool [53].

2.5. Microscopy, Fluorescence Imaging, and Quantitation of Cells

Observation, quantitation, image analysis, and presentation were performed using
Axiovert 200 M fluorescence microscope (Zeiss, Jena, Germany) as described [48,54,55].
To determine the average number of cells showing p-Akt staining, at least 200 fluores-
cent cells from three separate images were examined, visually inspected, and counted.
Immunofluorescence staining of YH2AX was performed as reported in detail [48].

2.6. RNA Extraction, Reverse Transcription (RT)-PCR, and Quantitative Real-Time PCR Analysis

Total RNA was purified, and first-strand cDNA synthesis was carried out using a
cDNA synthesis kit (Superscript II, Invitrogen life technologies). An amount of 1 pg of
total RNA was converted to cDNA and 1 uL of the produced cDNA was amplified for
30 cycles (initial denaturation at 95 °C for 3 min, 30 s at 95 °C, 30 s at a variable temperature
for annealing, and 1 min at 72 °C) followed by an extension of 5 min at 72 °C (for primer
sequences please see Table S54). RT-PCR amplification products were analyzed on 2%
agarose gels stained with ethidium bromide. GAPDH was used as a control.

Quantitative real-time PCR analysis was performed using the LightCycler® 1.5 (Roche,
Switzerland). PCR reaction mixtures consisted of 4 uL of LC FastStart DNA MasterP!us
SYBER® Green Supermix (Roche, Basel, Switzerland), 50 ng of each target primer, and
2 uL cDNA template in a final reaction volume of 20 pL. Thermal cycling for OSF-2 was
performed as follows: (95 °C, 600 s; 40 x (95 °C, 10s; 62 °C,55;72°C,55);72°C t0 95 °C
melting curve analysis). Thermal cycling for RNA-Polll (housekeeping gene control) was
performed as follows: (95 °C, 600 s; 40 x (95 °C, 10s; 60 °C,155;72 °C, 155); 72 °C t0 95 °C
melting curve analysis). Cumulative fluorescence was measured at the end of the extension
phase of each cycle. Specific amplicon formation with each primer pair was confirmed
by melting curve analysis and by visualization of a single band on a 2% agarose gel. For
primer sequences please see Table S4.
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To define the relative expression of OSF-2 in CAFs, the results from the CAF sample were
compared with the results from primary tumor cells. The relative expression ratio (R) of OSF-2
is calculated using the equation: Ratio = (Etarget)ACp target(control-sample) / (Eref)ACpref(control—sample)
based on its real-time PCR efficiencies (E = 1.5) and the crossing point (CP) difference of CAF
sample versus PT and expressed relative to the non-regulated housekeeping gene (PollI),
as described.

2.7. Study Population, Tissue Preparation, and Immunohistochemistry (IHC)

Investigations were conducted in accordance with the ethical standards according
to the Declaration of Helsinki as well as according to local, national, and international
guidelines as described [14]. Tissue samples were obtained from patients undergoing
surgical resection at the department of otolaryngology of the Universities of Mainz. The
study protocol has been approved by the local ethics committee (#83756604) after obtaining
the patients” informed consent to participate in the study and was processed anonymously.
Cases were clinically and histologically diagnosed according to established criteria includ-
ing grading and TNM classification [14]. All experiments were performed in accordance
with relevant laws and the University Medical Center Mainz Guidelines and approved
by the institutional ethics committee. In this study, tumor specimens, corresponding
non-malignant tissue, and lymph node metastases were analyzed. Tissue samples were
fixed and paraffin-embedded (FFPE) as described [56]. Tissues were processed for IHC as
described [57,58]. Antigen retrieval was performed in a pressure cooker (sodium citrate,
10 mM, pH 6.0). For visualization of human OSF-2 protein (polyclonal x-OSF-2 Ab-diluted
1:150), the EnVision® detection system (Dako GmbH) was used as described [57,58]. Sec-
tions were counterstained with hematoxylin. Negative control slides without primary Ab
were included for each staining [56].

2.8. Plasmids and Sequence Analyses

To construct an OSF-2 expression plasmid, cDNA was isolated out of HNC cancer cell
lines, and the full open reading frame of human OSF-2 cDNA was cloned into pcDNA3.1
mammalian expression vector (Invitrogen) with C-terminal GFP-tag (for primer sequences
please see Table S4). The cloned variant of OSF-2 (referred to as full-length) corresponds to
published isoform3 (Q15063-3) lacking exons 17 and 21. The plasmid was introduced into
cells as described before [56,58]. Secretion-GFP was generated by the insertion of the OSF-2
secretion signal (aal-21) into pc3-GFP. The OSF-2 secretion mutant ASec-GFP was amplified
from full-length OSF-2-GFP and cloned into pc3-GFP using Sacll/Nhel-restriction sites. For se-
quencing the C-terminus of OSF-2, cDNA was amplified (for 5-CACCTGACACCAGGAGTTTTC-
3'; rev 5-AAAGCTAGCCTGAGAACGACCTTCCCTTAATC-3'), cloned in a pGEM T easy Vector
System (Promega, Madison, W1, USA), and several clones were sequenced (Genterprise, Mainz).
RNA sequencing (RNASeq) was then performed as described in [59] and visualizations
were achieved with the help of Graphpad Prism.

2.9. Protein Extraction, Immunoblot Analysis

Preparation of whole cell lysates was carried out as described using a low salt lysis
buffer (50 mM Tris pH8.0, 150 mM NaCl, 5 mM EDTA, 0.5%NP-40, 1 mM DTT, 1 mM PMSE,
complete EDTA-free from Roche Diagnostics, Mannheim, Germany) [58]. Preparation of cell
lysates for phospho-staining was carried out according to the supplier’s recommendation.
Subcellular fractionation was performed using the Qproteome Cell Compartment Kit
(Qiagen, Valencia, CA, USA) according to the supplier’s recommendation. Fractions
were analyzed by Western blotting. The purity of the fractions was determined using
a-lamin Bl (nucleus), x-GAP-DH (cytosol), and x-Vimentin (membrane, cytoskeleton)
Abs. equal loading of lysates was controlled by reprobing blots for housekeeping genes
(actin, GAPDH). At least n = 2 biological replicates were performed and representative
results are shown. Results of densitometric analyses of all Western blots can be found in
the supplementary.
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2.10. Cellular Assays

The scratch assay was performed using Ibidi culture inserts and the TScratch-software.
Briefly, 7 x 103 cells were seeded into each insert chamber, and after 24 h the insert was
removed, the medium was replaced and pictures of the dish were taken every 30 min
for 12 h.

To measure cell viability, cells were incubated with 100 ng/mL of-2 in 1% FCS-
containing medium or 1% FCS-containing medium for 4 days. The medium was replaced
every 24 h and cell viability was examined using the CellTiter-Glo Luminescent Cell Viabil-
ity Assay (Roche, Mannheim) according to the manufacturer’s instruction. Luminescent
signals were recorded using a Tecan Spark® (Tecan, Méannedorf, Switzerland) and normal-
ized to untreated controls. For 3D assays, spheroids were grown in 96-well round bottom,
ultra-low adhesion cell culture plates (Corning, New York, NY, USA; 1000 cells/well), and
initial spheroid formation was allowed for 3 days. Spheroids were either treated (n = 4)
with cisplatin and viability probed as described above, or observed for 10 days to determine
clonogenicity.

For colony formation assay, 100 cells per ml were seeded in T-25 flasks (n = 24) and
grown for 8-10 days. Colonies were fixed with 4% PFA, stained with Giemsa for 5 h at RT,
washed with water, and counted using COLCOUNT™ (Oxford Optronix).

Matrigel invasion assay was performed using transiently transfected HeLa cells. A
volume of 50-100 puL diluted matrigel (BD Bioscience, Billerica, MA, USA) was pipetted
into the upper chamber of the 24-well transwell (Falcon BD, 8 um pore size). Twenty-four
hours after transfection, 1 x 10° cells were seeded in 100 uL of cell suspension in a medium
with 1% FCS into the upper chamber of the transwell. After gelling at 37 °C for at least
4-5 h, the lower chamber was filled with 10% FCS medium and incubated at 37 °C. Cells
were observed for 4 days.

2.11. Xenograft Experiments

All animal work has been conducted according to relevant national and international
guidelines. All animal experiments were approved by the Institutional Animal Care and
Use Committee at the University of Mainz. Equal numbers (1 x 10°/animal) of stably OSF-
2-GFP-expressing A431 cells and control cells were subcutaneously injected into both flanks
of four-week-old female MRI nu/nu mice (Harlan Winkelmann, Hamburg, Germany) as
described [1,60,61]. Six mice per group were used for three groups (Vector control/OSEF-
GFP wt/ASec-OSF-GFP). Tumor growth was monitored using calipers to calculate tumor
volumes with the formula: length x 7t width? x 0.52. Animals were euthanized at the end
of the study.

2.12. Statistical Analysis

Statistical analyses were performed using Graphpad Prism (version 9.3.1) as described
before [48]. Survival data were assessed via the USCS Xena server, visualized, and analyzed
by Graphpad Prism (Log-rank/Mantel-Cox test; Hazard Ratio (Mantel-Haenszel)). For
two groups, a paired or unpaired Student’s t-test, for more groups analysis of variance
(ANOVA) was performed. Unless stated otherwise, p values represent data obtained from
two independent experiments performed in triplicate. Statistical significance is represented
in figures as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, and n.s. indicates
not significant. A p-value that was less than 0.05 was considered statistically significant.

3. Results
3.1. OSF-2 Is Overexpressed in HNC Primary Tumors and Lymph Node Metastases

HNC shows huge heterogeneity in their pathobiological and clinical behavior, which
cannot yet be reliably predicted using current biomarkers. Hence, the identification of
new biomarkers/drug targets to monitor disease progression, survival predictions, and
therapies is of key interest [1,7,48,61,62].
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To identify genes differentially expressed in HNC primary tumors (PT) versus lymph
node metastases (LN M) and the corresponding non-malignant tissue (N), we report tran-
scriptomics data from 15 patients undergoing surgical resection (for clinical and pathological
characteristics and a list of differentially expressed genes see Supplementary Tables S1 and S3).
In contrast to other studies, in which variations in individual patients require the analysis
of a large number of unmatched samples to increase the relevance of the obtained data
sets, our study focused on a patient cohort from which PT, N, and LN M could be obtained
from the same patient. Notably, although the TCGA HNC data set comprises in total
of 528 tumor tissues and 82 non-matched non-malignant tissues, the collection contains
full experimental data from only two LN M, limiting the bioinformatic identification of
pathways relevant for metastases.

In our data set, OSF-2 was identified among the top genes significantly up-regulated
in PT versus N and LN M (Table S3; Figure 1A). Microarray results showed a metas-
tases/normal (LN M/N) ratio that was even higher than the tumor/normal (PT/N) ratio
(Figure 1A), suggesting the relevance of OSF-2 for metastases. We did not observe an
additional increase in OSF-2 levels in PT/LN M, indicating that OSF-2 function seems to be
important to maintain rather than to initiate metastatic growth. Although bioinformatic re-
sults are the first important step for the identification of potential biomarkers, it is necessary
to carefully confirm obtained insights through independent experiments on the RNA and
protein levels. Thus, RT-PCR, as well as Western blot analysis, was performed in tissues of
our cohort used for microarray analyses, confirming OSF-2 up-regulation (Figure 1C,D).

When we further analyzed the expression and clinical relevance of OSE-2 by exploit-
ing the TCGA HNC data set, comprising 612 cancer patients of various disease states
and clinical backgrounds, we also found OSF-2 significantly upregulated in PT versus N
(Supplementary Figure S1). As the HPV status influences clinical response and overall
survival, we examined HPV-negative versus HPV-positive patients. Interestingly, high
OSF-2 expression correlated with poor overall survival of HPV-negative HNC patients
(n =75; p = 0.05) (Figure 1B). Of note, these data support the transcriptomics data, which
were also obtained from HPV-negative patients. In contrast, high OSF-2 expression did
not correlate with poor survival in HPV-positive HNC patients (data not shown, n = 39;
p < 0.05). However, caution is advised in this conclusion due to the small sample size
available for the statistical analysis. We recommend additional investigations in larger
patient cohorts in follow-up studies to evaluate the impact of HPV infection on OSF-2
expression and pathobiology.

Despite the wealth of clinical data, the TCGA HNC data set comprises transcriptomics
data from only two LN M (patients are classified as N2a). Still, comparing OSF-2 levels
in these samples supports our hypothesis that OSF-2 function seems to be important to
maintain rather than drive metastatic growth (OSE-2 levels: TCGA-KU-A6H7-01 (PT) 9.56;
TCGA-KU-A6H7-06 (matched LN M) 9.108; TCGA-UF-A71A-01 (PT) 14.23; TCGA-UF-
A71A-06 (matched LN M) 13.63).

Interestingly, survival analysis indicated a correlation of OSF-2 expression with the
HPV status of the tumor. OSF-2 was significantly increased in HPV negative compared
to positive tumors (Figure 2A). Moreover, high OSF-2 expression correlated with markers
of metastatic diseases, such as increased perineural infiltration, extracapsular spread, or
lymph node metastases (pathological status; pLNXx) (Figure 2B-D). Here, patients classified
with pLN3 express significantly higher amounts of OSF-2 compared to pLNO patients
(Figure 2D). In contrast, OSF-2 expression did not correlate with HNC tumor localization,
such as oral cavity, larynx, oro-, or hypopharynx (Supplementary Figure S2).

As DNA methylation belongs to crucial epigenetic mechanisms controlling transcrip-
tional processes in many cancers, including HNC [20,63], we bioinformatically examined
the OSF-2 gene methylation status. Using the MEXPRESS analysis tool [52], the data from
the six CpG sites covered in the TCGA cohort (n = 612; PT = 528, LN M = 2; N = 82), demon-
strated that PT showed significantly lower methylation levels compared to N correlating
with increased OSF-2 expression in PT versus N (Supplementary Figure S3A). Further-
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more, the OSF-2 methylation status correlated with the HPV status of the patients. Here,
HPV-positive tumors exhibited increased CpG methylation (Supplementary Figure S3B).
These results suggest that reduced gene methylation may at least be partially responsible
for increased OSF-2 levels in HPV negative HNC tumors and non-malignant tissue.

In addition to OSF-2, also other matricellular proteins, such as osteopontin (SPP1),
were suggested to impact HNC tumorigenesis and metastases [28,29]. However, in contrast
to OSF-2, we did not observe a significant correlation between osteopontin expression with
overall patient survival (Supplementary Figure 54). Consequently, we here focused on
OSF-2 in our experimental pipeline.
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Figure 1. OSE-2 is significantly overexpressed in primary and metastatic HNCs. (A) RNA microarray
analyses revealed at least 5-fold median overexpression of OSF-2 in the primary tumor (PT) versus
normal tissue (N), as well as in lymph node metastases (LN M) versus N. PT versus LN M ratio
indicated no further increase in OSF-2 expression in LN M (left). n =15, * p < 0.05. (B) Survival
analysis demonstrates that high OSF-2 expression levels correlate with reduced overall survival
of HPV negative HNC patients; n = 75; p < 0.05. Hazard Ratio (Mantel-Haenszel) = 2.230. OSF-2
low < 12.3 (median), and OSF-2 high > 12.3. (C) OSF-2 overexpression in PT versus N was confirmed
by RT-PCR. OSF-2 up-regulation is shown in four representative cases (demographics see Table S1).
GAPDH was used as a control. (D) Verification of OSF-2 microarray results on the protein level
(n = 6). Higher expression of OSF-2 protein was found in PT versus N in five out of six representative
cases. The uncropped western blot figures were presented in Figure S9.
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Figure 2. OSF-2 expression correlates with HPV status and markers of metastatic disease. Bioin-
formatic analysis of the TCGA HNC patient cohort (n = 612). High OSF-2 expression significantly
correlates with (A) HPV status, (B) perineural infiltration, (C) extracapsular spread (ECE), and
(D) pathological lymph node status (pLNXx) for p16 negative or unknown. N2a/b/c and N3a/b
are pooled, respectively; AJCC 8th Edition. p-values and sample size (1) as indicated. * p < 0.05,
** p < 0.01, *** p < 0.0001, and ns indicates not significant.

3.2. OSF-2 Expression Does Not Directly Contribute to Therapy Resistance

First-line chemotherapy in HNC is mainly cisplatin-based [2,48,64—66]. It has been
suggested that OSE-2 also contributes to the development of cisplatin resistance in cancer,
such as lung cancer [67], although the underlying mechanisms are not understood. To
experimentally investigate the potential impact of OSF-2 on chemoresistance in HNC, we
established two cisplatin-resistant HNC cell lines allowing the comparison of cisplatin-
sensitive versus -resistant cells (Picacjs and FaDucjg; Figure 3). Although the cells were
highly resistant to cisplatin, as shown in 2D (Figure 3A) as well as 3D spheroid cultures
(Supplementary Figure S5), NGS RNA sequencing transcriptomics did not reveal an up-
regulation of OSF-2 in resistant versus the sensitive parental HNC cell lines (Figure 3C).
Moreover, bioinformatic analysis of the HNC TCGA patient cohort failed to identify
a correlation of OSF-2 expression with residual disease after first-line, predominantly
platinum-based, chemo(radio)therapy (Figure 3D). These data strongly suggest that OSEF-2
expression appears not to directly contribute to therapy resistance in HNC. However, we
cannot exclude indirect effects, e.g., by up-regulation of anti-apoptotic protein, such as
Survivin [57,68,69].
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Figure 3. OSF-2 expression does not directly contribute to cisplatin therapy resistance. (A) Selected
cisplatin-resistant Picacjs and FaDucjs cells (grey) are highly resistant. Cells were treated with
indicated cisplatin concentrations for 48 h and viability normalized to untreated controls. (B) Resistant
Picacjs and FaDucjg cells show a lower number of cisplatin-induced DNA damage foci (YH2AX)
compared to wt Pica/FaDu cells. Cells were treated with 20 uM cisplatin and analyzed by fluorescence
microscopy after 24 h. Scale bar, 5 um. (C) OSF-2 is not overexpressed in resistant Picacjs/FaDucig
versus sensitive wt cells. OSF-2 expression was quantified by RNASeq transcriptomics; relative
mRNA expression is shown. (D) OSF-2 expression does not correlate with locoregional remission
status after primary therapy (disease after curative treatment) in the TCGA HNC patient cohort. p-value
and sample size (1) as indicated.

3.3. OSF-2 Is Overexpressed in the Tumor Microenvironment

To further examine OSF-2 expression on the protein level, we performed immunohis-
tochemical (IHC) staining of HNC tissue sections (Figure 4). Interestingly, IHC staining
detected OSF-2 not only in the cytoplasm and the granulae in tumor cells (Figure 4(A1))
but also in the surrounding stroma (Figure 4(A3,A4)). Moreover, high OSF-2 levels were
also detectable in the intercellular space, indicating protein secretion (Figure 4(A2)). In-
deed, when we examined cancer-associated fibroblasts (CAFs) by quantitative RT-PCR,
and real-time PCR, we found a more than 20-fold overexpression of OSF-2 (relative ex-
pression ratio R = 21.18) in CAFs compared to tumor cells, supporting our hypothesis
that OSF-2 expression/secretion appears to generate a tumor-friendly microenvironment
(Figure 4B,C).
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Figure 4. OSF-2 is expressed in the tumor microenvironment. (A) Inmunohistochemical analysis of
OSEF-2 expression in primary HNC tissue. Intense staining was observed in cancer cells (1,2), but also
in the juxtatumoral stroma (3,4). Scale bars, 20 pm. (B) RT-PCR of primary tumor cells and CAFs
revealed higher expression of OSF-2 in CAFs. GAPDH was used as a control. (C) Up-regulation
of OSF-2 in CAFs compared to primary tumor cells was confirmed by quantitative real-time-PCR.
Up-regulation is shown by lower Ct values and thus, a lower relative expression for CAFs. OSF-2
expression in primary tumor cells (PT, black) and CAFs (grey) is shown compared to RNA-Pol I
expression (OSF-2/RNA-Pol II; left axis), and as relative expression ratio R (right axis). R =21.18,
n=2,* p <0.005. The uncropped western blot figures were presented in Figure S10.

3.4. HNC Patients Express Various OSF-2 Isoforms

Although a ‘canonical’ coding sequence for OSF-2 (Q15063-1) has been deposited [38],
there is an ongoing debate if alternative isoforms, potentially executing additional functions,
are expressed in (HNC) tumor patients. To address this question, we cloned OSF-2 coding
sequences from primary tissues. Interestingly, sequence analysis revealed that the OSF-2
isoforms we found significantly differ from other variants previously reported for other
tumor types [37,38,70] (Figure 5). To further examine isoform expression signatures, we
analyzed the sequence of the OSF-2 C-terminus (exon 13-21, aa 569-789) in different cell
lines, primary tumor tissue, corresponding lymph node metastases, normal tissue, and
tumor-associated fibroblasts (Figure 5).

Surprisingly, we did not detect the ‘canonical” sequence of OSF-2 (Q15063-1) in the
analyzed samples, but instead, 12 OSF-2 isoforms exhibited deletion of exon 17 and/or
exon 20 and thus, differing in their C-terminus. The distribution of isoforms was not spe-
cific for malignant versus normal cells. Interestingly, an inspection of the proposed OSF-2
protein domain structure suggested that these deletions within the C-terminal domain
(CTD) may affect postulated OSF-2 functions, such as regulation of extracellular matrix
and multimerization [71,72]. However, these proposed functions are not yet understood
mechanistically. The wide appearance of these isoforms in patients’ tissue however indi-
cates the relevance of the CTD domain, which needs to be clarified in future studies. Our
findings indicate also for the field that when studying molecular OSF-2 functions, caution
may be advised to exclusively focus on the ‘canonical” OSF-2 sequence (Q15063-1) but
underline the need to investigate OSF-2 forms really expressed in the respective disease
tissues. Notably, one may suggest probing the biological functions of OSF-2 variants by
means of recombinant proteins. The commercially available recombinant OSF-2 protein
(rOSF-2) used here is produced in E. coli and was also used in other studies [73,74]. rOSF-2
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is comparable to natural occurring OSF-2 variants we found in HNC tumors also lacking
exons 17 and 20 (Figure 5). Potentially, one could consider using rOSE-2, encoding the
isoforms we identified in our study, to (fine)map so far unknown biological functions of
OSF-2, e.g., of the CTD domain. However, as OSF-2 is glycosylated (FAS1 domain) in cells,
we advise caution that rOSF-2 produced in E. coli will be the most adequate tool to identify
all potential functions.
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Figure 5. HNC patients express various OSF-2 isoforms differing in their C-terminal domain. (A) Pro-
posed protein domain organization of OSF-2 (modified from [40]). The canonical sequence (wt) consists
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of 23 exons building the N-terminal secretion signal (blue, identified in this study), the EMI domain
(red, exon 2-3), four Fasl domains (green, exons 3-13), and the variable C-terminal domain (CTD,
yellow, exons 13-23). (B) Expression of OSF-2 isoforms was examined by sequence analyses of the
OSF-2 C-terminus (exon 13-21), and compared to the ‘canonical” sequence (wt). In total, 12 isoforms
were identified. Grey dots represent verified exons, black dots lack exons (deletions), and white dots
have additional exons (insertions). OSE-2 isoform distribution was analyzed in multiple clones of
3 patients (PT, LN M, N) from our study cohort (B), isolated primary tumor cells and corresponding
CAFs (C), as well as in different HNC tumor cell lines (D).

As shown for many HNC-relevant proteins, (in)activating mutations are often found
in tumor cells. Thus, we further investigated the mutation frequency and type in OSF-2
by exploiting the BioMutav3.0 database and data provided by the TCGA HNC collection.
Here, the analysis of 507 HNCs from the TCGA cohort showed a low number of mutations
in patients, indicating again that various OSF-2 isoforms may be active in cancer patients
(Supplementary Figure S6).

3.5. OSF-2 Isoforms of HNC Patients Contain an Evolutionary Conserved, Functional
Secretion Signal

As IHC analysis revealed high amounts of extra/inter-cellular OSF-2, suggesting active
protein secretion, we searched for a potential secretion signal in the OSF-2 protein sequence.
Global protein alignment of homologous OSF-2 proteins from Homo sapiens, Pan troglodytes
(chimpanzee), Sus scrofa (pig), Bos taurus (cattle), Mus musculus (mouse), and Canis familaris
(dog) revealed overall protein similarity ranging between 90 and 96.5% and proposed the
first ~21 aa as a putative secretion signal (Figure 6A). However, bioinformatic predictions
need to be confirmed experimentally. Hence, we first engineered a GFP-tagged full-length
OSE-2 protein (OSF-GFP), the isolated proposed secretion signal fused to GFP (aal-21;
Sec-GFP), and a full-length mutant lacking the signal (OSF-ASec-GFP). The functionality
of the suggested signal in living tumor cells was demonstrated by independent evidence:
First, expression of OSE-2-GFP in different tumor cell lines showed a cytoplasmic granular
localization, typical for secreted proteins (Figure 6B). No OSE-GFP was present in the
nucleus. Second, no secretion vesicles were evident upon expression of the OSF-ASec-
GFP secretion mutant. Third, the expression of the signal alone fused to GFP (aal-21;
Sec-GFP) was sufficient for the formation of secretion vesicles (Figure 6C). Moreover, in
subcellular fractionation experiments, only OSF-GFP was detectable in the membrane
fraction of secretion vesicles and the supernatant (Figure 6D,E). In contrast, the OSF-ASec-
GFP secretion mutant failed to be incorporated into vesicles or to be secreted. Thus,
we here identified the OSF-2 aa 1-21 (\MIPFLPMFSLLLLLIVNPINA?!) as its bona fide
secretion signal.

3.6. OSE-2 Does Not Affect Tumor Cell Proliferation but Is Crucial for Cell Migration and Cellular
Survival under Stress Conditions

Enhancing tumor metastasis can be influenced by increasing (local) tumor cell prolif-
eration or/and by increasing the cell’s capability to migrate and survive in distant ‘hostile’
microenvironments. Thus, we performed in vitro and in vivo proliferation and scratch
assays. Intriguingly, the administration of recombinant OSF-2 (100 ng/mL) did not af-
fect cell proliferation (Figure 7A). Likewise, ectopic OSF-2 overexpression in transfectants
did not affect local tumor growth in xenograft models (Supplementary Figure S7). In
addition, ectopic expression of secretion active versus secretion-deficient OSF-2 did not sig-
nificantly enhance invasion in matrigel assays (Supplementary Figure S8). In contrast, the
administration of recombinant OSF-2 significantly increased cell migration (Figure 7B) and
cellular survival under serum starvation ‘stress” conditions (Figure 7C). To further mimic
‘hostile’ metastases microenvironments, we employed clonogenic 3D-spheroid formation
assays (Figure 7D-F). Here, OSF-2 expressing, patient-derived primary HNC tumor cells
(characterized in Figures 4B,C and 5C), as well as two HNC cell lines, were cultivated as
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3D-spheroids (Figure 7D,E). Treatment with recombinant OSF-2 significantly increased the
number of formed spheroid colonies (Figure 7F).

A

Homo sapiens IMIPFLPMFSLLLLL--IVNPINAZ!

Pan troglodytes I!MIPFLPMFSLLLLL--IVNPINAZ21l

Sus BEESER IMIPFLPVFSLFLLV--VVNPANAZ?

Bos taurus IMIPFLPVCSLFLLL--VVNPANA?!

Mus musculus IMVPLLPLYALLLLFLCDINPANA?S3

Canis familaris IMIPFLPIFSLLLLV--VVNPANAZ!
Xokokk: kokk __ kk k%

(vy)

C

Care|24 Hela HEK293T  Fadu Hela

HelLa HEK293T Fadu

E

OSF-GFP
Sec-GFP

Ca re|24

L LS { & { & { &£ & £

£ &£ & & &£ & £ o &

o e o e

. 8 7 &P F 2 L & &’ & ° @
I hi 4 o o o

G — L n— L Fhaad L e
' [«] (o] o (o]
—— i o £ 5
lysate medium b = Thmamn cf
v S S - [} [}

E ERE E £ e
L) 5 s 5

cytoplasmic nuclear b cytoskel 1

fraction fraction fraction fraction

ASec-GFP

Figure 6. OSF-2 contains an evolutionarily conserved secretion signal. (A) Alignment of predicted
secretion sequences in various OSF-2 homologs. Phylogram constructed on the basis of amino acid
sequence similarities depicting the evolutionary relationships among OSF-2 proteins of different
species. The sequence of the predicted human secretion signal (aal-21) is conserved in all compared
homologs. * Identical residues (dark grey), conserved substitutions/similar characteristic (light
grey), semi-conserved substitution/similar shape (white). Organisms and amino acid positions are
indicated. (B) OSF-2-GFP transfection in different tumor cell lines revealed a cytoplasmic granular
localization. No secretion granulae were observed upon expression of the secretion mutant, ASec-GFP.
(C) Expression of the signal alone fused to GFP (aal-21; Sec-GFP) was sufficient for the formation
of secretion vesicles. GFP expression served as the negative control. Scale bars, 5 pm. (D) Western
blot confirming OSF-2 secretion. (E) Immunoblot analysis of cell fractions from OSF-2-GFP and
ASec-GFP HEK293T transfectants. Only OSF-GFP was detectable in the membrane fraction of
secretion vesicles and the supernatant. In contrast, the OSF-ASec-GFP secretion mutant failed to be
incorporated into vesicles or to be secreted. Probing with anti-GAPDH (cytoplasm), anti-Vimentin
(membrane, cytoskeleton), and anti-Lamin B1 (nuclear) Abs served as controls for lysate preparation.

Representative results for n = 2 are shown. The uncropped western blot figures were presented in
Figures S11 and S12.
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Figure 7. OSF-2 promotes cell migration and cellular survival under stress conditions. Administration
of recombinant OSF-2 (100 ng/mL) did not affect HNC cell (FaDu) proliferation (A), but resulted in
increased cell migration (B), and improved survival under serum deprivation (C). (D,E) Spheroid
and colony formation assays revealed clonogenicity of three OSF-2 overexpressing HNC cell lines
(controls without treatment). Scale bar, 100 um. (F) Presence of recombinant OSF-2 increases the
number of formed colonies using Fadu cells. p-values of unpaired t-testing as indicated. * p < 0.05,
**p <0.01, **** p <0.0001.

Collectively, in contrast to other factors such as matrix proteases, promoting metastasis
by enhancing invasion, these results strongly suggest that OSF-2 (over)expression promotes
metastasis in head and neck cancer by acting on cancer cells and/or CAFs ectopically rather
than by stimulating invasion or proliferation pathways intrinsically.

3.7. OSF-2 Promotes Cells by p1-Integrin-Induced Activation of the P13-Kinase/Akt/PKB Pathway

To define the mechanisms of how OSF-2 promotes cellular migration and survival, we
examined cancer-relevant signaling pathways. It has been suggested that OSF-2 stimulates
Wnt signaling in breast cancer [75]. However, when we examined Wnt expression in
metastases we did not detect a significant up-regulation. Whereas no differential expression
of Wntl or Wnt3A could be detected we even found a down-regulation of Wnt-5A or -5B
M versus N as well as LN M versus PT (see Supplementary File microarray analysis all).
Moreover, Wnt expression did not correlate with patterns of metastatic disease in the HNC
TCGA cohort.

Next, we examined ECM/focal adhesion receptors in HNC. Notably, we found
that 31-integrin, but not «3/«5- or (33-integrins was induced by the addition of rOSF-2
(Figure 8A,B), suggesting its potential role as an ‘OSF-2 receptor’. Indeed, treatment with
a conditioned medium from engineered OSF-2 overexpressing cells as well as recombi-
nant OSF-2 (r-OSF-2) did not only increase 31-integrin expression (Figure 8A) but also
activated the Akt/PKB signaling pathway, as shown by immunofluorescence staining of
phosphorylated Aktl/PKBo (Ser473) (Figure 8 C,D). Phosphorylation, indicative of Akt
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activation, was independently confirmed by Western blot analysis (Figure 8E). Further-
more, the positive effect of r-OSF-2 treatment on cellular survival under stress conditions
could be counteracted by treatment with the PI3K-inhibitor LY294002 (Figure 8F). These
results demonstrate that the effects of OSF-2 on cell migration and survival depend (at
least) on integrin-mediated Akt/PKB signaling. Of note, serum OSF-2 levels in the range
of 100 ng/mL have been reported [76-78]. Hence, although the exact local OSF-2 concen-
trations in the tumor microenvironment in vivo are not known, 10/100 ng/mL rOSF-2
represent realistic physiological doses, underlining the relevance of our findings.
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Figure 8. OSF-2 stimulates the Akt/PKB pathway via integrin-dependent PI3-Kinase activation.
(A,B) B1-integrin, but not a5 integrin is induced by the addition of rOSF-2 (10, 100 ng/mL). Integrin
receptor expression was analyzed by Western blot in HNSCCUM-02T cells. Actin served as the
loading control. Representative results (1 = 2) are shown. Densitometric analysis of detected bands is
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shown in (B). (C) Specific phosphorylation of Aktl/PKBx on Ser473 was detected in HNSCCUM-02T
cells. Insulin and serum-containing medium (+FCS) served as positive, serum deprivation (—FCS),
and PI3K-inhibitor (LY294002; +FCS) treatment as negative controls for staining. Scale bar, 5 pm.
(D) Quantification of p-Akt positive cells. Atleast 200 cells from three separate images were examined,
visually inspected, and counted as p-Akt positive or negative. Ratio of p-Akt positive cells (= #pAkt
positive/all counted cells) is shown for indicated treatments. All treatments, except PI3K-inhibitor,
and +FCS, were performed under serum starvation conditions. (E) Aktl/PKBa phosphorylation
was confirmed by Western blot analysis using HNSCCUM-02T cells. Aktl/PKBa phosphorylation
was induced by recombinant OSF-2 (rOSF-2) and conditioned medium under serum-free conditions.
OSF-2-induced phosphorylation was prevented by PI3K inhibition. Actin served as the loading
control. Representative results (n = 2) are shown. (F) HNC cancer cell (Fadu) survival was reduced
after treatment with r-OSF-2 and a PI3K-inhibitor (LY294002). ns: p > 0.05; * p < 0.05. The uncropped
western blot figures were presented in Figure S13.

4. Discussion

OSEF-2is investigated as a relevant multifunctional protein exhibiting executing various
biological functions in health and disease, including cancer/metastasis, development,
repair, and /or (bio)material tolerance [28,79]. However, since both tumor-promoting, as
well as tumor-suppressive activities have been reported, their relevance and functional role
in (head and neck) cancer are still controversially discussed. Thus, this study aimed at a
clinical and functional characterization of OSE-2 in a cohort of metastatic head and neck
tumors to assess its potential as a prognostic/diagnostic biomarker and/or as a target for
novel therapeutic interventions.

First, our bioinformatic analyses revealed OSF-2 not only as significantly upregulated
in primary tumors, as well as lymph node metastases, but also suggests OSF-2 as a potential
prognostic biomarker for HPV negative head and neck tumors. Although it is widely
accepted that HPV negativity correlates with poor survival, there is still a lack of robust
biomarkers and molecular understanding for this subgroup. Interestingly, Martinez et al.
proposed potential biomarkers correlating with patients” HPV status [80]. Inspection of
these data revealed that OSF-2 was among the differentially expressed genes, independently
underlining the relevance of our finding. In contrast to OSF-2, another potential promotor
of metastases we found upregulated in HPV negative tumors, osteopontin (SPP1), seems to
play only a minor role in the clinical outcome of these patients. Our finding that high OSF-2
correlates with clinical parameters of high tumor aggressiveness in HNC, such as lymph
node status and perineural infiltration, seems to be relevant also for other entities [44,81,82].

Additionally, we analyzed OSF-2 gene methylation in the TCGA cohort of HNC
patients to mechanistically understand OSF-2 up-regulation in primary tumors and metas-
tases. Here, tumor tissues showed significantly lower methylation levels compared to
normal solid tissues which are consistent with other methylation studies of HNC [1,20].
Thus, our data indicate that reduced gene methylation might at least be partially responsi-
ble for increased OSF-2 levels observed in tumors. However, due to the very small sample
size of metastatic (lymph node) tissue in this cohort (1 = 2), we could not draw conclusions
about the up-regulation of OSF-2 in distant metastases. Results might also be limited due to
the use of the Infinium Human Methylation450 BeadChip by TCGA Research Network which
only covers a fraction of CpG sites within the region of interest. Further prospective studies
applying additional experimental methods are needed, ideally exploiting matched normal,
tumor, as well as metastatic tissues, also from distant sites, which though rare, are in HNC.

It has been suggested that OSF-2 (in)directly contributes to cisplatin resistance in
lung cancer cells via activation of Stat3, Akt, and up-regulation of the anti-apoptotic
protein survivin [67]. Furthermore, the contribution of OSF-2 to chemoresistance was
indicated for ovarian carcinoma [83-85], and osteosarcoma [86]. Interestingly, whereas it
has been indicated that OSF-2 affects to radioresistance of HNC cells [79], to our knowledge
there are no studies about the role of OSF-2 in cisplatin-resistance of HNC. In contrast,
the matricellular protein osteopontin was already suggested to be involved in cisplatin
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resistance and poor clinical outcomes of oral cell carcinoma [30]. However, our study
revealed that OSF-2 expression was neither increased in two engineered cisplatin-resistant
HNC cell lines nor correlated with residual disease after first-line therapy in the TCGA
cohort. Of note, such controlled approaches have not been performed for other tumor
types [67,79,83-86], precluding to conclude that OSE-2 directly causes therapy resistances.
Our results suggest that OSF-2 does not directly induce therapy resistance (in HNC).

The tumor microenvironment does not only consist of neoplastic tumor cells but also
of non-neoplastic stromal cells including fibroblasts, cancer-associated fibroblasts (CAFs),
endothelial cells, pericytes, and inflammatory cells. Here, CAFs are building up the majority
of the cellular tumor stroma and play an important role in tumor initiation, progression,
and metastasis [87]. Especially for HNC, it has been reported that CAFs are key players
in invasion, cancer relapse, treatment resistance, and poor patient outcomes [88]. It is still
under debate if secreted OSF-2 is predominantly expressed directly by tumor cells or tumor
stromal cells [89]. In vivo, two reports demonstrated that OSF-2 overexpression in tumor
cell lines increases metastases and angiogenesis in nude mice and reduces stress-induced
apoptosis [44,90], while another report provided evidence that OSF-2 suppresses lung
metastasis of mouse melanoma cell line B16-F10 [91]. Although OSF-2 overexpression
does not seem to be systematic in human tumors, studies agree on the low level of OSF-2
expression in most tumor cell lines [91-95]. Lower levels of OSF-2 expression in tumor cell
lines compared to tumor tissues are in agreement with studies showing the production of
OSF-2 by stromal cells—and not cancer cells—in tumors [81,82,96,97]. However, the nature
of OSE-2-producing cells in tumors is another matter of controversy as separate in situ
hybridization experiments suggested that OSF-2 mRNA is detected in the cytoplasm of
cancer cells [45,90]. Thus, in this study, we did not only analyze patient tumor samples
but also isolated primary tumor cells, as well as CAFs to characterize OSF-2 expression
and localization in different cell types. By immunohistochemical analyses we identified
OSEF-2 expression in both, tumor and stromal cells, the latter exhibiting more than 20-
fold higher OSF-2 levels compared to tumor cells. It has to be mentioned that OSF-2
expression shows high variations between different cells. However, in contrast to other
studies [45,81,82,96-98], it can be postulated that both tumor cells and tumor stromal
cells contribute to the overall OSF-2 expression of HNC tumors. It will be relevant to
further examine OSF-2 expression in CAFs and cancer cells also in samples of lymph node
metastases via [HC in larger cohorts in a comprehensive follow-up study, including its
impact on HNC disease.

Although the expression of OSF-2 isoforms produced by alternative splicing has been
reported [38], little is known about their specific biological functions and the existence of
cell/tissue-specific expression patterns. Here, we identified 12 isoforms of OSF-2 protein
differing in their C-terminus. Importantly, we could not determine a cancer cell-specific
expression signature of OSF-2 in HNC patients, primary cells, or cancer cell lines, but
the deletion of exons 17 and 20 occurred with high incidence. The in-frame insertions
and deletions of the detected isoforms suggest their generation via alternative splicing
mechanisms as described before [37,38]. The fact that we did not detect expression of the
postulated ‘canonical” or wild-type sequence of OSF-2 (Q15063-1) consisting of 23 exons in
all analyzed samples strongly suggests that this isoform does not represent the biologically
active, predominant variant. Our findings indicate for the field that when studying molecu-
lar OSE-2 functions, caution may be advised to exclusively focus on the ‘canonical” OSF-2
sequence (Q15063-1) but investigate OSF-2 expression signatures in the respective disease
phenotype. Of note, recombinant OSF-2 protein used in this study also lacks exons 17 and
20 and thus, is comparable to natural occurring OSF-2 variants in HNC tumors.

Determining its subcellular localization and thus also its biological functions, the
functional protein domains of OSF-2 were analyzed. Bioinformatic analyses suggest that
OSF-2 contains an N-terminal secretory signal peptide, followed by a cysteine-rich domain,
four internal homologous Fasl repeats, and a C-terminal hydrophilic domain. Interestingly,
we could show an abundance of OSF-2 in the intercellular space suggesting secretion of
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OSEF-2 which we proved in this study for the first time also biochemically by secretion-
deficient mutants. Additionally, subcellular localization studies revealed that deletion of
the N-terminal secretion signal results in cytoplasmic and cytoskeletal localization, but not
in membranous localization of OSF-2. Thus, we could prove that the secretion signal is
exclusive and indispensable for the secretion of OSF-2 into the intercellular space. It has to
be mentioned that the recombinant OSF-2 protein used in our study lacks the identified
N-terminal secretion signal. However, for the conducted experiments the lacking secretion
signal is negligible because ectopically rOSF-2 treatment mimics the naturally occurring
secretion process of endogenous OSF-2 by tumor cells and/or CAFs. Interestingly, OSF-2
was identified as a protein-enriched also in exosomes secreted by metastatic breast cancer
cells [99,100]. These results suggest that OSF-2 might execute its pro-migratory functions
not only directly via up-regulation in (metastatic) cancer cells, and direct secretion into
the intercellular space, but also by exosomal transfer to recipient cells. However, we did
not detect OSF-2 protein in isolated exosomes from head and neck cancer cell lines (data
not shown). Nevertheless, future analyses of OSF-2 abundance in exosomes derived from
HNC cancer patients and other malignancies may help to evaluate its clinical relevance as
a novel ‘liquid biopsy’ marker for metastatic disease [24,50].

Tumor metastasis can be influenced by a variety of factors, such as increasing (local)
tumor cell proliferation, enhancing cancer cells” invasiveness, increasing the cells’ capability
to migrate, or, as only recently accepted, the ability to survive in distant ‘hostile” microenvi-
ronments. However, in contrast to cancer-associated proteases, OSE-2 does not perform
enzymatic proteolytic degradation per se. Though, there is indeed an intense discussion
that OSF-2 promotes invasion indirectly by cross-talk with various signaling pathways,
such as WNT, fibronectin, and TGFf3, thereby promoting angiogenesis and micrometastatic
outgrowth [75,101]. The relevance of ectopic OSE-2 for the tumor microenvironment was
supported by our studies on cell migration, clonogenic 3D-spheroid formation assays, and
survival under stress conditions. Here, the data strongly suggest that OSF-2 overexpres-
sion acts on cancer cells and/or CAFs extrinsically via stimulation of integrin receptors,
rather than by activating proliferation and pro-survival pathways, such as Akt/PKB sig-
naling intrinsically (Figure 9). We propose that OSF-2-mediated regulation of the tumor
microenvironment occurs especially under stress conditions (such as hypoxia, nutrient
deprivation, pH changes, or reduced vascularization) by integrin-mediated activation of
Akt/PKB pathways and downstream signaling.

It has been suggested that OSF-2 stimulates Wnt signaling in breast cancer (stem)
cells [75]. However, when we examined Wnt expression in metastases we neither detected
a significant up-regulation, nor a correlation with patterns of metastatic disease in the HNC
TCGA cohort. Indeed, whereas breast cancer is a highly metastatic disease particularly also
to distant organs, metastases of HNC are mainly found in local lymph nodes and metastases
to distant organs are rare. Moreover, in contrast to breast cancer, we clearly detected OSF-2
overexpression also in primary tumor cells. Thus, OSF-2 induction of Wnt might be
different in breast cancer versus HNC but clearly may deserve future investigations.

Due to its proposed multiple functions in proliferation, survival, stress response,
invasion, and chemoresistance, OSF-2 also represents a promising therapeutic target for
novel anti-cancer therapies. Small molecules directly targeting OSF-2 or integrin receptors
and/or secretion inhibitors might be used to inhibit OSF-2-mediated metastasis and/or
chemoresistance. However, such compounds still await their identification, and the field
may be stimulated by the findings reported here. Moreover, to our knowledge, no small
molecules altering OSF-2 expression have been reported. For breast cancer models, differ-
ent approaches have been studied to inhibit OSF-2 activity. Lee et al. suggested that DNA
aptamers directed against human OSF-2, and could efficiently block tumor growth and cell
dissemination in a xenograft mouse model [102]. Recently, a peptide antagonist was engi-
neered to overcome OSF-2-mediated tumor-promoting effects including chemoresistance
in breast cancer [103]. Additionally, anti-OSF-2 antibodies have been used to inhibit tumor
growth in vivo [104]. However, the mechanistic effects of these approaches are not always
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fully understood, and potential side effects on regenerating non-malignant tissues/bones
need to be monitored carefully.

microenvironmental
Stress

Secretion
Inhibitor ‘
\/ OSF-2
secretion &
signal 4’\0 @
)

Primary Tumor

(Lymph Node) Metastasis

Figure 9. Proposed OSF-2 function in promoting (lymph node) metastases by regulating the tumor
microenvironment and cellular survival. OSE-2 is overexpressed in tumor cells, as well as in cancer-
associated fibroblasts (CAFs) at the primary tumor and lymph node metastatic sites in HNC. Though,
it is likely that these mechanisms are also relevant for distant site metastases in other cancer types.
Due to the conserved N-terminal secretion signal, OSF-2 seems to execute its tumor-promoting
functions not mainly intracellularly, but extracellularly in the tumor microenvironment. Here,
secretion inhibitors could be therapeutically relevant. OSF-2 modulates the tumor microenvironment
by integrin-dependent activation of Akt/PKB pathways and downstream signaling, particularly
critical under stress conditions.

5. Conclusions

Metastasis is the main cause of cancer-related deaths and is responsible for about 90%
of cancer mortality, including HNC. Our study demonstrates the (clinical) relevance of the
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osteoblast-specific factor 2 (OSF-2), predominantly for HPV-negative HNC patients. We
show that OSF-2 executes its tumor-promoting functions mainly via the tumor microenvi-
ronment, rather than by stimulating proliferation and pro-survival pathways intrinsically.
By identifying a secretion signal, we suggest not only exploiting OSF-2 as a potential prog-
nostic biomarker for head and neck cancers but also targeting its tumor microenvironment
reservoir by secretion inhibitors.
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Abstract: Background: detailed information about circulating tumor cells (CTCs) as an indicator of
therapy response and cancer metastasis is crucial not only for basic research but also for diagnostics
and therapeutic approaches. Here, we showcase a newly developed IsoMAG IMS system with an
optimized protocol for fully automated immunomagnetic enrichment of CTCs, also revealing rare
CTC subpopulations. Methods: using different squamous cell carcinoma cell lines, we developed an
isolation protocol exploiting highly efficient EpCAM-targeting magnetic beads for automated CTC
enrichment by the IsoMAG IMS system. By FACS analysis, we analyzed white blood contamination
usually preventing further downstream analysis of enriched cells. Results: 1 pm magnetic beads
with tosyl-activated hydrophobic surface properties were found to be optimal for automated CTC
enrichment. More than 86.5% and 95% of spiked cancer cells were recovered from both cell culture
media or human blood employing our developed protocol. In addition, contamination with white
blood cells was minimized to about 1200 cells starting from 7.5 mL blood. Finally, we showed that the
system is applicable for HNSCC patient samples and characterized isolated CTCs by immunostaining
using a panel of tumor markers. Conclusion: Herein, we demonstrate that the IsoMAG system allows
the detection and isolation of CTCs from HNSCC patient blood for disease monitoring in a fully-
automated process with a significant leukocyte count reduction. Future developments seek to
integrate the IsoMAG IMS system into an automated microfluidic-based isolation workflow to
further facilitate single CTC detection also in clinical routine.

Keywords: automation; liquid biopsy; circulating tumor cells; head and neck squamous cell carci-
noma; immunomagnetic particle-based detection; metastasis

1. Introduction

Cancer is the second major cause of death in modern society. Besides improved treat-
ment strategies, the development of innovative diagnostics is indispensible for long-term
improvement of diagnosis and treatment of cancer patients. The lymph-/hematogenous
spread of cancer cells into distant organs and their subsequent growth to overt metas-
tases is the most fatal complication of solid tumors, such as squamous cell carcinoma of
the head and neck (HNSCC) [1,2]. Moreover, therapy resistance and associated relapses
are common and associated with high patient morbidity [3,4]. The classical view is that
metastatic spread is a late process in malignant progression, but today it is accepted that
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blood circulation and dissemination of primary cancer cells to distant sites is already an
early event [5,6].

The fact that these circulating tumor cells (CTCs) are detectable in the peripheral
blood of cancer patients months to years after complete removal of the primary tumor in
a period called “metastatic cancer dormancy” supports the idea that these cells circulate
between metastatic sites [7]. Since their early discovery in the 19th century [8], CTCs
have been demonstrated to be clinically recognized and present in the blood circulation of
many cancer types including colon [9], lung [10], ovarian [11], breast [12], melanoma [13],
prostate [14] and head and neck cancer [15]. Clinical studies present a correlation between
the progression of cancer disease and the number of detected CTCs [16-18]. A high
number of detected CTCs can give information about tumor burden, recurrence and
usually represents a poor prognosis. In detail, the determination of CTCs before and
after resection also opens up the possibility for monitoring therapeutic response [19] in
combination with analyses of circulating tumor DNA (ctDNA) [20]. Hence, the detection
and characterization of CTCs as a part of minimal invasive “liquid biopsy” has gained
(pre)clinical considerable attention over the last decade [21,22].

However, the capture and detection of CTCs are extremely challenging because of
their rarity, the property to move as individual cells or as multi-cellular clumps, and their
heterogeneity regarding size and biological and molecular changes during the epithelial-to-
mesenchymal transition (EMT) processes. These challenges require the ability to handle a
very small number of cells by isolation methods with high efficiency in an acceptable time
scale [23]. Various techniques that are based on physical or immunological properties have
been developed [24], and different materials with their unique properties according to their
shape, size and surface were applied in this field [25-27]. Only a few systems are available
on the liquid biopsy market but have been shown to isolate CTCs in a proper way. Thereby,
these methods often dictate an exact protocol to the user, taking away application flexibility.
In contrast to that, researchers aim for process-adaptable platforms as the disciplines of
liquid biopsy expand permanently, concerning various sample types such as tissue-derived
single cell suspensions or adjustable sample sizes.

All techniques developed for CTC enrichment have their advantages and disad-
vantages. In contrast to immunomagnetic separation, physical separation methods (e.g.,
Parsortix® technology, Angle, Surrey, UK) allow label-free isolation but lack cell distinction
due to overlapping sizes of CTCs and white blood cells [28]. A microstructure-based
enrichment is limited in throughput and sieve-shaped technologies, error-prone to complex
liquids such as whole blood, are consequently at risk of clogging in automated lab solutions.
Though it has drawbacks in target selectivity, immunomagnetic enrichment is often the
method of choice because it is easily automatable and enables a high sample through-
put. Since the establishment of the “Food and Drug Administration” (FDA)-approved
CellSearch® system, which is held as the gold standard of automated immunomagnetic
enrichment and staining platforms, the sensitivity of CTC detection has markedly im-
proved [29,30]. CellSearch® relies on the expression of the epithelial cell adhesion molecule
(EpCAM) for the quantification of CTCs in different tumor types [31]. Although this
optical detection method have been used in numerous studies, the cost for instruments
(220,000 dollars), sample preparations and analysis are still laborious and relatively high
(approx. 1000 dollars/run) [32]. Consequently, such assays did not succeed in establishing
in clinical routine as a low-cost diagnostic test. Due to the above-mentioned obstacles, fully
automated, easy-to-use platforms will demonstrate future solutions to improve cancer
diagnostics and therapies as well as basic scientific knowledge of tumor development.

The Fraunhofer CTCelect unit has been developed to meet the need of such a fully
automated, easy-to-use platform for CTC isolation out of 7.5 mL whole blood samples.
Herein, we characterized the IsoMAG IMS device as the core unit of such a platform
applying fully automated immunomagnetic enrichment of rare cells with flexibly selectable
antigen targets. In this proof-of-principle study, we established a robust protocol for the
automated isolation of an EpCAM- and CSV (cell surface vimentin)-positive subpopulation
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of cells with a concomitant reduction of background white blood cells as a prerequisite for
implementation of the device into the CTCelect unit allowing downstream analyses on a
single cell level. Furthermore, we proved feasibility of the method for two squamous cell
carcinoma cell lines and HNSCC patient samples.

2. Materials and Methods
2.1. Cell Lines

The SCL-1 squamous cell carcinoma line was established by Dr. Petra Boukamp
(DKFZ, Heidelberg, DE, Germany) [33] and kept in Gibco™ DMEM (low glucose, pyruvate)
medium supplemented with 10% FCS. HNSCCUM-02T squamous cell carcinoma cell line
was established by Welkoborsky et al. (UMC Mainz, DE, Germany) [34], and kept in
DMEM:F-12 (cc-pro) medium supplemented with 10% FCS and 1% L-glutamine. Cell
lines were cultured at subconfluence and incubated at 37 °C in a 5% CO, humidified
atmosphere. Other cell lines (A431, HEK293T, MV3, BLM) were received from cell line
collections (DSMZ, ATCC) and handled as described before [35-37].

2.2. Blood Samples

All blood samples were obtained from the University Medical Center Mainz, DE.
To quantify leukocyte contamination, whole blood bags (500 mL CompoFlex, Fresenius
Kabi, Bad Homburg, Germany) from healthy donors were purchased at the local Blood
Transfusion Center. Whole blood from HNSCC patients was collected at the Department of
Otorhinolaryngology in compliance with ethical guidelines [38].

2.3. Immobilization of EpCAM Antibodies on Immunomagnetic Beads

Immunomagnetic beads at different sizes and surface properties (Table 1) were pur-
chased at Thermo Fisher Scientific, Darmstadt, DE and coated with biotinylated monoclonal
mouse anti-human EpCAM (CD326) antibody 1B7 (20 ug/mL, eBioscience, GB) or anti-
human CSV antibody (clone 84-1, Abnova, Taiwan) for 1 h as described by the manual. Free
streptavidin binding sites on anti-EpCAM beads were then saturated with a biotin/PBS
solution for 30 min. Anti-EpCAM beads were stored at 4 °C for several weeks.

Table 1. Overview of tested Dynabeads.

Beads Size Surface Functionalization
Dynabeads MyOne Streptavidin T1 1 pm Tosyl-activated, hydrophobic
Dynabeads MyOne Streptavidin C1 1 um Carboxylic acid, hydrophilic
Dynabeads M-270 Streptavidin 2.8 um Carboxylic acid, hydrophilic
Dynabeads M-280 Streptavidin 2.8 um Tosyl-activated, hydrophobic

2.4. Manual Cell Isolation by Immunomagnetic Beads

To compare the performance of the soMAG IMS unit it was also necessary to establish
a standard protocol for manual cell isolation. Cells (SCL-1, HNSCCUM-02T) were released
from culture flasks and stained using the CellTrace™ CFSE Cell Proliferation Kit (CFSE)
according to the manufacturer’s protocol. A defined number of stained single cells were
aspirated with a 10 uL pipette from a 1:100 diluted cell suspension in a petri dish and
spiked into 7.5 mL sample volume consisting of cell culture medium, or blood of healthy
donors. Next, 100 or 150 pL (depending on medium or blood) of anti-EpCAM Dynabeads
MyOne Streptavidin were added (see Table 1) and incubated for 30 min with slow rotation
of the tube. Next, the bead-bound cells were magnetically separated for 10 min by using
DynaMag-15 (Invitrogen, Thermo Fisher Scientific, Dreieich, Germany) and resuspended
in 5 mL washing buffer. Washing steps and magnetic separation were repeated three
times using a decreased incubation time of 5 min and resuspension in washing buffer with
decreasing volumes (ranging from 5 mL, 4 mL up to 1 mL).
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2.5. Automated CTC Enrichment Using the IsoMAG Device

For the establishment of a standard protocol using the IsoMAG IMS unit, antibody-
coupled beads were added to a 7.5 mL sample volume consisting of cell culture medium,
blood of healthy donors or patient blood samples with spiked EpCAM+ SCL-1 or patient-
derived HNSCC cells (HNSCCUM-02T). Before initiating the assay in the software, five
tubes containing the input sample and washing buffers were placed in the tube holder
carousel and a 10 mL pipet tip was put in the holder of the IsoMAG device as described in
Table S1. The sample was incubated for 30 min. After incubation, bead-bound CTCs were
magnetically separated alternately with several washing steps in decreasing volumes from
5 mL to 1 mL (see Supplementary Table S1 for detailed protocol).

2.6. Characterization of Leukocyte Contamination in IsoMAG Isolates

To quantify analysis-disrupting white blood cell (WBC) contamination in tumor cell
isolates, CD45+ cell count after manual and automated IMS was determined by flow
cytometry. Therefore, we established a double staining protocol for leukocytes using a
CD45-PE antibody targeting the specific surface protein of WBCs (1:50 dilution; Miltenyi
Biotec, Bergisch Gladbach, DE, Germany) and nuclear stain RedDot™ (Biotium, Fremont,
CA, USA). Wash buffers were set up in the soMAG IMS unit and 150 uL EpCAM beads
were added to 7.5 mL whole blood before initiating the automated protocol. Manual
enrichment was performed in parallel. The final samples were separated in a magnet
separator, the supernatant was discarded and the bead cell pellet was stained with the
above-mentioned solutions. Dual-positive cells [CD45+/RedDot+] were analyzed by FACS
using the BD Accuri C6 flow cytometer. Cell counts after IMS were measured in four
samples of different healthy donors and the average WBC contamination with standard
deviation (SD) was calculated.

2.7. Immunostaining of IsoMAG Isolated CTCs

To assess possible tumor origin of isolated cells, the final 1 mL sample was adminis-
tered several staining steps. First, isolated cells were stained with fluorescent CD45-FITC
antibody (1:1000 dilution) to label leukocytes. Subsequently, the sample was washed three
times with PBS in a magnetic separator and transferred to an ibidi 8-well slide (ibidi GmbH,
Grifelfing, Germany) after the last separation step. Cells were centrifuged to the bottom
of the slide by a CytoSpin device and fixed in 4% paraformaldehyde for 10 min. After
further washing steps, cells were permeabilized (0.1% Triton X in PBS, 5 min) and stained
with nuclear dye Hoechst33342 (1:1000 dilution) for 20 min. Following further washing
steps, unspecific binding was blocked for 30 min using 0.5% BSA in PBS and staining with
fluorescent anti-pan-Cytokeratin-PE antibody (1:200 dilution, overnight) was performed.

2.8. Statistical Analysis

Each experiment was repeated at least three times. Data are shown as means with SD
and statistical analysis was performed using GraphPad PRISM for Windows (GraphPad
Software v9.1.2.226, San Diego, CA, USA, www.graphpad.com, accessed on 13 July 2021).
p-values were reported as significant when * p < 0.05.

3. Results
3.1. Optimization of Biofunctionalized Beads for Cell Enrichment

The selection of magnetic beads and immobilized antibodies on the bead surface
are decisive factors in terms of cell-specific enrichment. First, EpCAM-biotin antibodies
were immobilized on the streptavidin-biofunctionalized beads. To identify a proper CTC
model to characterize IsoMAG, manual immunomagnetic enrichment of various epithelial
cancer cell lines, such as cutaneous squamous cell carcinoma cells (SCL-1, SCL-2), and A431
was performed (Supplementary Figure S1). We determined the highest recovery rates for
EpCAM beads using SCL-1 (85%, n = 3) and A431 cells (100 = 20%, n = 3). As controls,
we were also able to isolate melanoma cells (MV3, BLM) targeting melanoma-associated
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chondroitin sulfate proteoglycan (MCSP), but not HEK293T (Supplementary Figure S1B).
Being an appropriate squamous epithelial-derived model close to HNSCC, we therefore
chose to proceed with the characterization of IsoMAG using the combination of EpCAM
beads and SCL-1 cells. For this cell line, high expression of epithelial marker EpCAM is
described. EpCAM mRNA expression in SCL-1 cells was confirmed on a single cell level
using RT-qPCR (Supplementary Figure S2).

Since there are numerous commercially available beads with different surface modifi-
cations and sizes, the next step was to investigate their potential to enrich EpCAM-positive
cells spiked into cell culture medium. In this context, four different types of magnetic beads
varying in size and surface properties were tested (Table 1). Therefore, 20 fluorescently la-
beled SCL-1 cells were spiked into 7.5 mL cell culture medium and functionalized magnetic
beads were added. After incubation, these cells were manually enriched with a magnetic
separator. We obtained the best recovery rates by using 1 um T1 beads and 2.8 pm M280
beads (Figure 1A). Using these beads, the cell recovery rate was 88.3% (£2.9% SD) whereas
the use of 1 um C1 or 2.8 um M270 beads resulted in less than 50% cell recovery.

Culture medium B Whole blood C SCL-1

» 100+ *kok

1004 *

904
804
704
60
50

1
304
204
104

Cell recovery [%]

— 90 p—

H

FL (CFSE)

Cell recovery [%]

0~ T

BF

L)
M280

Figure 1. Enrichment of HNSCC cells from cell culture medium (A) and whole blood (B) differs depending on size and type

of functionalized magnetic beads. Values are displayed as means of recovered cells using antibody-coupled magnetic beads

with specific sizes and surface modifications. Twenty fluorescently labelled SCL-1 cells were spiked into 7.5 mL cell culture

medium (A) or 7.5 mL full blood samples (B), and manually enriched by using EpCAM antibody coupled magnetic beads.
(A) Welch's t-test, n = 3, *: p < 0.05 (one-way ANOVA test with Tukey’s t-test); (B) Welch's t-test, n = 6 (T1), n = 2 (M280),
***: p < 0.002; (C) recovered, CFSE-stained SCL-1 cells were analyzed by fluorescence microscopy (FL). Corresponding

bright-field image (BF) shows beads bound to cell and freely distributed in the medium. Scale bar, 50 pm.

Subsequently, the performance of T1 and M280 beads was investigated in blood
samples of healthy donors. Again, 20 fluorescently labeled SCL-1 cells were spiked into
7.5 mL blood and were manually enriched using the same protocol. As depicted in
Figure 1B, the number of recovered cells is significantly higher using T1 beads compared
to M280 beads (75 vs. 40%). Microscopic analysis of isolated cells in the counting chamber
revealed that cells are densely covered by magnetic beads which are also freely distributed
in the enrichment medium (Figure 1C).

Regarding our previous results, T1 beads were chosen for establishment of the auto-
mated cell isolation using the soMAG IMS demonstrator (Figure 2A). The centerpiece of
the benchtop device is a rotatable tube holder carousel with max. 6 reagent slots (Figure 2B).
The different positions of the carousel and the 10 mL pipet tip holder to pick up the pipet
tip and perform the enrichment are driven by a pipetting robot on a vertical and horizontal
axis. The magnet arm is moveable at a swivel joint to capture bead bound cells and free
beads in the pipet tip while reducing the sample volume by discarding the supernatant
wash buffers. Macrofluidic sample pipetting is directed pneumatically with a syringe
pump. The 7.5 mL starting sample is placed into the first position of the carousel. Posi-
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tions 2-5 are subsequently filled with washing buffers in a decreasing volume and the
assay is initiated in the software on an external computer (for detailed protocol see also
Supplementary Table S1).

The results obtained with the IsoMAG IMS unit were directly compared to manually
enriched cells with the same batch of magnetic beads. Automated isolation resulted in
86.9% cell recovery while 88.8% of the spiked cells could be detected by manual isolation.
This means that in our spiking experiments more than 17 out of 20 cells were recovered
from a volume of 7.5 mL by both manual enrichment and the fully automated protocol
without significant difference. Statistical analysis of recovery rates showed a slightly lower
SD of 2.4% (n = 4) after automated isolation compared to manual enrichment (4.8% SD;
n = 4), indicating a reproducible automation.

2]

100

80+

: Vertical axis 60+
IIl:  Horizontal axis
Ill: Pipet

IV: Magnet arm

V: Syringe pump
VI: Sample carousel
VII: Pipet tip holder 0-

40-

Cell recovery [%]

204

Manual IsoMAG

Figure 2. Establishment of automated cell recovery using IsoMAG IMS unit. (A) IsoMAG IMS
demonstrator with horizontal and vertical axis driving the pipet unit and magnet arm; (B) the
carousel as tube holder for prestorage of sample and wash buffers; (C) 20 fluorescently labelled cells
were spiked into 7.5 mL cell culture medium and enriched by using EpCAM antibody coupled T1
(1 pm) magnetic beads. The sample was processed manually or automated using the IsoMAG IMS
system. Welch's t-test, n = 4, ns: p > 0.1234.

3.2. Reduction of Blood Cell Contamination

Besides a robust protocol and an easy-to-handle automated system, it is crucial to
reduce the number of “background” WBCs to enable high quality downstream analyses. In
preliminary work we already established the basic isolation process, including optimization
of necessary washing steps (data not shown). In this study, the automated assay was
characterized regarding washing buffers to minimize the unspecific carryover of dual-
positive leukocytes [CD45+/RedDot+]. Samples were analyzed by FACS to determine
WBC contamination. Gates were set with CD45-PE/RedDot™-stained blood dilution as
positive control and stained beads as negative control. The results presented in Figure 3A
show that the number of leukocytes after the automated isolation process was about 1200
cells. Comparable results were achieved after manual enrichment (5123 dual-positive cells).
However, we observed a broad scattering of WBC counts with a standard deviation of
almost 4900 cells in manually enriched samples. Thus, an automated protocol has been
developed considering both a high efficiency of cell recovery as well as a low rate of WBC
contamination.
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Automated 1,059,336 1202 1202
1,212,269 83
1,265,018 1813
Manual 5123 +4888
1,476,892 5810
1,661,907 12,786
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Figure 3. Automated immunomagnetic enrichment procedure exhibits a significantly lower amount
of leukocyte contamination compared to manual cell isolation. (A) Summary of enrichment processes
and quantification of leukocyte contamination. (B-E) After the automated enrichment process, cells
were stained with CD45-PE antibody and nucleic staining reagent RedDot™. Blood dilution (1:1000)
shows a dual-positive cell population (B,C). After the enrichment process, this gating was used to
quantify the leukocyte contamination (E) while showing no staining of the free beads themselves (D).

3.3. Automated Enrichment of Head and Neck Cancer Cells

We applied the method to a second cancer entity originating from squamous cell tissue
with an epithelial, EpCAM-positive phenotype as proof-of-principle. Thus, enrichment
experiments were also performed with an epithelial cell line model derived from head
and neck squamous cell carcinoma (HNSCCUM-02T). HNSCCUM-02T cells show high
EpCAM expression allowing enrichment with our system (Supplementary Figure S3A).

Automated enrichment (spike-in) experiments with HNSCCUM-02T cells were con-
ducted as described before and demonstrated applicability of the soMAG IMS unit using
blood samples, both from healthy donors and patient blood (Figures 4 and 5). In to-
tal, 95% (£15) of spiked cells were recovered (Figure 4A), quantified by fluorescence
microscopy after intracellular staining of epithelial tumor marker pan-cytokeratin (pan-
CK) [39] and CD45 (Figure 4B). Isolated tumor cells were identified by expression of
cytokeratin [Hoechst+/CD45— /panCK+] and could be differentiated from CD45-positive
leukocytes [Hoechst+/CD45+ /panCK—] appearing at low frequency after enrichment.

As dynamic EMT and MET processes seem to modulate primary tumors, metastases
and CTCs disease- and patient-dependently, detection systems allowing the use of variable
CTC/cancer markers are highly desirable. To underline the advantage and full flexibility
of our device to also isolate cells by using variable cancer markers, we here targeted cell-
surface vimentin (CSV) as an additional proof-of-concept example. As shown in Figure
4C, we performed spike-in experiments using engineered CSV-coupled immunomagnetic
beads to isolate HNSCCUM-02T cancer cells from human blood. Expression of CSV
was verified by Western blot analysis and immunofluorescent staining (Supplementary
Figure S3C,D). Importantly, automated isolation of spiked HNSCCUM-02T cells using
CSV-coupled beads also resulted in high recovery rates of £95% (Figure 4C).
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Figure 4. Cell isolation by the IsoMAG System resulted in high recovery rates for head and neck
cancer cells. (A) Different numbers of HNSCCUM-02T cells were spiked in blood samples and
enriched by EpCAM-coupled T1-beads using the IsoMAG unit. (B) For cell counting, recovered cells
were stained with Hoechst dye, cytokeratin (panCK-PE) and CD45-FITC antibodies and quantified
by fluorescence microscopy. [Hoechst+/CD45—/panCK+) cells were classified as HNSCCUM-02T
cells, [Hoechst+/CD45+/panCK—] cells as leukocytes (WBC). Scale bar, 10 um. (C) Examples of cells
enriched by CSV-coupled T1-beads. Cells were stained as described in (B). Scale bar, 10 um.
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3.4. CTC Screening Using Blood of HNSCC Patients

Finally, three HNSCC patients were screened for CTCs applying our established pro-
tocol for the IsoMAG IMS system. The results shown in Figure 5 impressively demonstrate
the clinical applicability of the system. All cells positive for cytokeratin but negative for
CD45 expression [Hoechst+/CD45— /panCK+] were counted and classified as potential
CTCs (Figure 5B). Here, we were able to isolate 74 to 93 potential CTCs with an epithelial-
like character from patients suffering from different head-neck tumor subtypes (hypo-
and oropharynx cancers with lymph node metastasis, see Figure 5A). We also captured
preliminary data on isolation of CTCs out of patient blood using a combination of EpCAM
and CSV beads (Supplementary Figure S4). However, these results obtained from a small
and heterogeneous group of patients are preliminary and have to be confirmed by larger
studies and further analysis methods, e.g., sequencing.
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A
# | Localization Clinical TNM pTNM p16 HPV Detected
status | status CTCs
1 | Hypopharynx | cT4a cN3b cMO | na. na. ~ 93
2 | Oropharynx ¢T3 cN1 cMO pT2pN1 G3 + + 74
3 | Oropharynx cT2 cNO cMx pT3pN1 G3 ~ _ 86
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Figure 5. Potential circulating tumor cells (CTCs) could be enriched from head and neck cancer patient
blood. (A) Clinical parameters and numbers of detected CTCs for three patients suffering from hypo-
or oropharyngeal cancers including lymph node metastases. (B) 7.5 mL of patient blood was mixed
with EpCAM-coupled T1 beads and placed into the IsoMAG unit for automatic enrichment of CTCs.
For cell counting, enriched cells were stained with Hoechst dye, cytokeratin (panCK-PE), and CD45-
FITC antibodies and quantified by fluorescence microscopy. [Hoechst+/CD45— /panCK+] cells were
classified as potential CTCs, [Hoechst+/CD45+/panCK—] cells as leukocytes (WBC). Scale bar, 10 um.

4. Discussion

Personalized cancer therapy will benefit from analysis of single solid and circulating
tumor cells in the future. In order to develop a fully automated system for the enrich-
ment and isolation of single tumor cells, the reduction in sample volume plays a pivotal
role. Thus, excellent performance is required for the enrichment step depending on the
developed system but also on the developed protocol.

In the present study, we successfully established a robust protocol for the automated
isolation of CTCs by the IsoMAG IMS device, a core unit of the CTCelect platform. As a first
step, we developed a suitable CTC model system to establish the protocol for squamous
cell carcinoma. Although we also achieved high recovery rates for the epithelial A431 cells,
we decided to use SCL-1 and HNSCCUM-02T cell lines as squamous epithelial-derived
models close to HNSCC. Of note, we are aware of variable EpCAM expression in “primary
CTCs” versus established cancer cell lines. However, for the development and comparison
of CTC selection procedures and devices, CTC models with defined EpCAM levels are
mandatory. Using this model, we demonstrated improved performance of 1 um tosyl-
activated, hydrophobic magnetic beads (T1) which thus were chosen for our final protocol.
In addition to their advantageous characteristics for automated applications, such as a
low sedimentation rate and faster reaction kinetics compared to M-280/M-270 beads, our
results are in line with other studies showing improved capture efficiency and specificity
of 1 um T1 beads for magnetic cell detection [40,41].

Downstream analyses of isolated cells by fluorescence microscopy not only confirmed
expression of relevant cancer markers, but also revealed tight binding of magnetic beads to
the cell surface (see also Figure 1C). Regarding the size of the used T1 beads (1 pm) and
an average diameter of CTCs between 10-12 pum [28], the surface of a cancer cell could
theoretically be covered with 300450 magnetic beads suggesting severe consequences for
cell integrity and viability. However, we observed that isolated CTCs are not completely
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covered with beads, and preliminary studies revealed that re-attachment and cultivation
of isolated cells is not excluded, albeit very challenging (see Supplementary Figure S5).
Here, additional washing and bead detachment steps, as well as careful adjustments of
cell cultivation, such as the use of preconditioned medium and collagen-coated slides, are
necessary to receive viable and proliferating cells. Due to the highly versatile construction
and design of the device, it is possible to implement such additional purification steps to
the automated IsoMAG protocol. Moreover, the biocompatibility of micro/nanocarriers
may be affected by biomolecule corona formation [26,42,43]. It is accepted that when
micro/nanocarriers enter physiological environments, proteins and other biomolecules
bind to their surfaces, leading to the rapid formation of a biomolecule corona [44]. The
corona may be critically co-defining the biological, medical, biotechnological and patho-
physiological identity of micro/nanocarriers, although the mechanistic details have not
been resolved in detail [45,46].

As an additional relevant factor, reduction of background white blood cells is manda-
tory for the establishment of a reliable protocol allowing downstream single-cell analysis.
In summary, our study shows that using the optimized protocol for IsoMAG tumor cells
from patient samples can be enriched and detected in a semi-automated process combined
with a reduction of white blood cells (WBC) starting from a large volume (7.5 mL). The
broad scattering of WBC counts we observed could depend on a naturally different blood
cell count between healthy individuals. It is conceivable that the WBC count could be a
hindrance to nucleic acid-based downstream applications at this point due to enforced
background noise. A purity of at least 50% is recommended for proper genomic analysis,
whereas in our small patient screening, a vast percentage of total output cells was WBCs.
On an average, we were able to isolate 84 potential CTCs from three patient samples, while
EpCAM-based enrichment entailed a bycatch of ~1200 WBCs. Nevertheless, the relatively
low number of 103> WBCs (compared to 10 WBCs/mL in healthy adults) enabled im-
munofluorescent assessment of the patient isolates and marker-based distinction between
potential CTCs and WBCs to deliver a ready-to-use assay in an otorhinolaryngology lab en-
vironment. In comparison, a similar WBC bycatch of over 800 cells/sample was described
for CellSearch® [47], whereas size-based Parsortix® delivers purity grades ranging from
29-97% depending on the study [48,49].

To address downstream analysis, subsequent microfluidic cell sorting of the IsoMAG
isolates, manual cell picking or aspiration technologies such as the ALS CellCelector™
are appropriate tools to improve signal-to-noise ratio for transcriptomic analysis. We
already started implementing IsoMAG in an in-house developed microfluidic single-cell-
sorting workflow resulting in a purity of >75% (Supplementary Figure S6). By aspirating
only dispensed droplets that contain fluorescent cells for RNA isolation, we obtained
promising PCR results detecting even small numbers of EpCAM+ tumor cells with low
WBC background signal. These findings underline that (immunomagnetic) pre-enrichment
of the CTCs by IsoMAG is an indispensable prerequisite for microfluidic cell sorting and
downstream CTC analysis.

Interestingly, during protocol establishment we observed cell recovery rates of >100%.
This was likely due to false positive panCK or false negative CD45 staining which has been
optimized during establishment. However, our automated protocol combines both a high
efficiency of cell recovery as well as a low rate of WBC contamination.

Furthermore, in the presented study we could also show that the established method
is adaptable to the detection of EpCAM-, as well as CSV-positive subpopulation of CTCs.
Typically, immunomagnetic cell isolation devices use epithelial markers, mostly EpCAM,
for CTC detection neglecting the fact that cancer cells undergo morphological changes
during epithelial-to-mesenchymal transition (EMT) and the reverse process (MET). Im-
portantly EMT/MET which takes place during entry and transport in the blood stream
is accompanied by up- and downregulation of surface markers used for CTC detection,
such as EpCAM, N-/E-Cadherine, and cell-surface vimentin [50]. Thus, in contrast to
other commercial systems we are able to capture cells exhibiting not only epithelial, but
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also mesenchymal and/or an intermediate phenotype. Preliminary data combining beads
targeting EpCAM as wells as CSV for automated cell enrichment were also promising but
have to be confirmed in larger studies to assess the added value of using multiple markers
for HNSCC.

In our small patient screening study, we were able to isolate 74 to 93 potential CTCs
with the optimized protocol. Previous studies applying different methods for CTCs de-
tection in HNSCC revealed a broad range of enumerated cells. Whereas Grisanti et al.
detected 0-2 CTCs in 16-40% of the patients using the CellSearch® platform [51], manual
enumeration of immunofluorescent stained cells resulted in higher CTC numbers (0-37
CTCs/1000 PBMC) [18]. Despite the broad ranges of detected CTCs, the obtained results of
our IsoMAG IMS unit are in the order of previous studies combined with low numbers of
leukocyte contamination. We could also observe a slight tendency for an increasing CTC
number in T4 staged tumors compared to T1-3 as described previously [16,18]. Of course,
these results have to be interpreted with caution because the small number of patients
does not allow reliable assessment. This observation and the fact that a high mortality
rate of HNSCC patients correlates to late diagnosis show the necessity of an early and
reliable detection method of CTCs. Semi-automated detection of CTCs such as IsoMAG
has the potential to be related as a standardized part of liquid biopsy with the advantages
of real-time personalized analysis in combination with non-invasiveness and individual
prognostic therapy [15].

Taken together, there are several findings of this study underlining the advantages
of the IsoMAG device compared to other immunomagnetic isolation methods. Whereas
CellSearch® is marketed relying only on epithelial targeting of preserved cells in the
CELLTRACKS® AUTOPREP® System and requires centrifugation [52], the soMAG pro-
tocol allows highly flexible targeting of viable CTCs without blood pre-processing. Im-
plementation into the CTCelect workflow in future will allow downstream single-cell
analysis and cell cultivation. The general major advantage of automated cell isolation in
contrast to manual enrichment consists of standardizing protocols and preventing human
errors while reducing costs and hands-on time. Commercial magnetic cell separation de-
vices, i.e., an autoMACS® Separator (Miltenyi Biotec, Bergisch Gladbach, Germany) were
strongly improved over the last few years but were mostly marketed to isolate abundant
cell populations, rather than rare cells such as CTCs. With regard to the long-term goal of a
low-cost diagnostic test, soMAG was characterized with in-house functionalized EpCAM
beads minimizing material expenses to 35 EUR per 7.5 mL blood compared to 102 EUR for
Miltenyi StraightFrom® Whole Blood CD326 MicroBeads. Conclusively, the overall aim
of our study is the implementation of IsoMAG IMS unit as a core unit of the CTCelect for
the fully automated isolation of single CTCs without sample preparation. Due to urgently
needed low cost minimally invasive diagnostics methods in the clinical routine, allowing
the sensitive and reliable detection of tumor components in patients’ blood, the establish-
ment of our IsoMAG IMS unit of CTCelect also represents a technology for single cell
isolation and comprehensive downstream “omics”-based analyses. Such approaches will
deepen our understanding of CTC pathobiology, a prerequisite for improved treatments
and management of cancer patients in the future.

5. Conclusions

Here, the automated IsoMAG IMS unit was thoroughly characterized as a reliable,
economic, and straightforward technology for automated and reproducible CTC detection
and enrichment. In addition, the IsoMAG IMS system was shown to allow the use of
variable cancer/CTC markers, such as cell surface vimentin. Its flexibility can be tailored to
the user’s specific needs for various malignancies and/or cell types. Future developments
aim to combine immunomagnetic separation with microfluidic devices to further improve
the power of automated immunomagnetic cell isolation devices for research and the clinics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/diagnostics11112040/s1: Figure S1: Recovery rates of different cancer cell lines; Figure S2: Gel
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electrophoresis of EpCAM RT-qPCR products from SCL-1 single cell RNA; Figure S3: Expression
of EpCAM protein (A and B) and CSV (C and D) in HNSCCUM-02T; Figure S4: Potential CTCs
could be enriched from whole blood of a HNSCC patient using EpCAM- and CSV beads; Figure S5:
Brightfield microscopic images of HNSCCUM-02T cells cultivated after immunomagnetic isolation;
Figure S6: Establishment of CTCelect unit improves purity of isolated tumor cells from whole blood;
Table S1: Detailed protocol of IsoMAG isolation procedure.
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8.2 Abbreviations and units

aa amino acids

Akt protein kinase B

CDKN2A cyclin dependent kinase inhibitor 2A
cKRT cytokeratin

Csv cell surface vimentin

CTC circulating tumor cell

DNA deoxyribonucleic acid

ECM extracellular matrix

e.g. for example

EGFR epithelial growth factor receptor
EMT epithelial-mesenchymal transition
EpCAM epithelial cell adhesion molecule
FACS fluorescence activated cell sorting
FDA Food and Drug Administration
GFP green fluorescent protein

GST glutathione-S-transferase

HDAC histone deacetylase

HDACI histone deacetylase inhibitor

HNC head and neck cancer

HNSCC head and neck squamous cell carcinoma
HPV human papilloma virus

IAP inhibitors of apoptosis

i.e. lat., id est

IF intermediate filament

MET mesenchymal-epithelial transition
MLL mixed lineage leukemia

mMRNA messenger RNA
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NES nuclear export signal

NLS nuclear localization signal

OSF-2 osteoblast-specific factor 2

PI3K phosphoinositide-3 kinase

POSTN periostin

RNA ribonucleic acid

RT-PCR reverse transcriptase polymerase chain reaction
SVv40 simian virus 40

Taspasel Threonin Aspartase 1

TFIIA transcription factor Il A

uICC Union for International Cancer Control
USF2 upstream transcription factor 2

Units and measures
Da Dalton k kilo (103)
m meter u mikro (10°®)

Amino acids

A Ala alanine

C Cys  cysteine

D Asp  aspartic acid
E Glu  glutamic acid
F Phe phenylalanine
G Gly  glycine

H His histidine

I lle isoleucine

K Lys lysine

L Leu leucine

M Met methionine
N Asn  asparagine
P Pro  proline

Q GIln  glutamine

R Arg  arginine

S Ser serine

T Thr  threonine

V' Val valine

W Trp  tryptophan
Y Tyr tyrosin
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