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ABSTRACT

Background

Diffuse large B-cell ymphoma (DLBCL) is the most common type of non-Hodgkin lymphoma. How-
ever, it is a heterogenous cancer both between and within classification with a variable clinical
course and prognosis: 30-40 % of DLBCL patients relapse. Platinum-based chemotherapy, such as
cisplatin, is often administered in the relapse situation. Treatment resistance remains a major hur-
dle in DLBCL. DNA repair mechanisms, such as nucleotide excision repair and mismatch repair are
important for cisplatin’s mechanism of action, as they are activated by cisplatin-induced crosslinks
and mismatches and are therefore implicated in cisplatin resistance. Impaired mismatch repair has
been proposed to lead to resistance, whereas impaired nucleotide excision repair is linked to in-
creased sensitivity. Therefore, the overall aim of this thesis was to investigate the DNA repair re-
lated mechanism behind cisplatin resistance.

Methods

Mutations in DNA repair related genes, was investigated 14 DLBCL cell lines, a clinical cohort of
1,001 de novo DLBCL patients, kindly provided by Davelab, Durham, USA, and another clinical co-
hort of Hematology Aalborg 28 relapsed DLBCL and 44 de novo DLBCL patients (in-house), and
evaluated using a developed systematic assessment tool.
17-(Allylamino)-17-demethoxygeldanamycin (17AAG) was identified as an MSH2 inhibitor and uti-
lized to investigate the effect on DLBCL cell lines’ cisplatin response in vitro. Likewise, Comet As-
say® was performed on cells affected by cisplatin and/or 17AAG to evaluate on the formation of
DNA fragments. Lastly, graphical protein variant views were computed, illustration mutation vari-
ants of XPF, EXO1, and MSH2 found in the 14 DLBCL cell lines or DLBCL clinical cohort.

Results

Mutation of DNA repair related genes were predominantly found in cisplatin sensitive DLBCL cell
lines and in mismatch repair, nucleotide excision repair, and homologous enjoining. 17AAG was
found to decrease cisplatin sensitivity of DLBCL cell lines, and decrease the amount of free DNA
fragments, implicating MSH2 as a player in cisplatin resistance. XPF, EXO1, and MSH2 was also
found to harbor mutations in the clinical cohort.

Conclusion

17AAG inhibited MSH2, impairing mismatch repair, and leading to cisplatin resistance. Addition-
ally, MSH2 was found to be fairly mutated in the clinical cohort, with a slight accumulation of mu-
tations in the MutS_I domain. From this thesis, mismatch repair seems an important player in me-
diating cisplatin resistance. However, the possible link between impaired MSH2 and cisplatin re-
sistance would need to be investigated further in a large clinical cohort of relapsed DLBCL patients.
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DANSK RESUME

Baggrund

Diffus storcellet b-celle lymfom (DLBCL) repraesenterer den st@rste andel af non-Hodgkin lymfom.
Det er dog en heterogen cancer bade inden for og imellem forskellige klassifikationer. Der ses et
varierende klinisk billede og prognose, hvor 30-40 % af DLBCL-patienter far relaps. Platin-baseret
kemoterapi, fx cisplatin, gives ofte til relaps-patienter, men resistens over for behandlingen er sta-
dig et stort problem. DNA-reparationsmekanismer, fx nucleotide excision repair og mismatch re-
pair, er vigtige for cisplatins virkningsmekanisme, eftersom de aktiveres af cisplatin-inducerede
krydsbindinger og fejlparringer. Derfor bliver iszer de to mekanismer forbundet med cisplatin-resi-
stens; forringet mismatch repair er blevet foreslaet at lede til resistens, hvorimod forringet nuc-
leotide excision repair er forbundet med gget sensitivitet. Derfor var det overordnede mal af dette
Speciale at undersgge mekanismen bag cisplatin resistens relateret til DNA reparation.

Metoder

Mutationer i gener relateret til DNA reparation blev undersggt i 14 DLBCL cellelinjer, en klinisk ko-
horte pa 1.001 de novo DLBCL-patienter, fra DavelLab, Durham, USA, og endnu en klinisk kohorte
pa 28 relaps-DLBCL og 44 de novo DLBCL-patienter (in-house) fra Heematologi Aalborg. Varian-
terne blev evalueret ud fra et udviklet systematisk vurderingsvaerktgj.
17-(Allylamino)-17-demethoxygeldanamycin (17AAG) er blevet identificeret som en MSH2 inhibi-
tor. Den blev brugt i dette studie til at undersgge, hvilken effekt det ville have pa cellelinjernes cis-
platin-respons in vitro. Comet Assay® er udarbejdet pa celler, der er blevet pavirket af cisplatin
og/eller 17AAG, for at vurdere mangden af DNA-fragmenter.

Grafiske afbildninger af protein varianter fundet i XPF, EXO1, and MSH2 er blevet udformet for de
varianter fundet i 14 DLBCL cellelinjer og den kliniske DLBCL-kohorte.

Resultater

Mutationer i gener relateret til DNA reparation blev hovedsageligt fundet i cisplatin-sensitive
DLBCL cellelinjer og i mismatch repair, nucleotide excision repair og homologous recombination.
17AAG nedsatte cisplatin sensitivitet for DLBCL cellelinjer og nedsatte maengden af frie DNA-frag-
menter. Dette hentyder til, at MSH2 spiller en rolle i cisplatin resistens. Der blev fundet mutatio-
ner i bade XPF, EXO1, og MSH2 i den kliniske kohorte.

Konklusion

17AAG inhiberede MSH2, derigennem forringede mismatch repair, og ledte til cisplatin resistens.
Mutationer i MSH2 var ligeledes identificeret i den kliniske kohorte, med en mindre akkumulering
af mutationer i MutS_I domaenet. Ud fra dette Speciale, virker MMR som en vigtig faktor i medie-
ring af cisplatin resistens. Den mulige forbindelse imellem pavirket MSH2 og cisplatin resistens skal
undersgges i en stor klinisk kohorte bestdaende af DLBCL-patienter i en relaps situation.
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ABBREVIATIONS
* any letter
17AAG 17-(Allylamino)-17-demethoxygeldanamycin
ABS Absolute Quantification of Target
AP site Apurinic/apyrimidinic site
APE1 Apurinic/apyrimidinic endonuclease 1
ATM Ataxia-telangiectasia Mutated Kinase
ATR Ataxia-telangiectasia and Rad3-related
ATRIP ATR-interacting protein
AUC Area under curve
BER Base excision repair
BRCA* Brest cancer gene
CCLE Cancer Cell Line Encyclopedia
CHK1 Checkpoint kinase 1
CS* Cockayne syndrome WD repeat protein A
CtIP CtBP-interacting protein
DDB DNA damage-binding protein
ddPCR™ Droplet Digital™ Polymerase Chain Reaction
DDR DNA damage response
DLBCL Diffuse Large B-cell Lymphoma
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
DNA-PKcs  DNA-dependent protein kinase catalytic subunit
DR Direct repair
DSB Double stranded break
dsDNA Double stranded DNA
EGCG Polyphenol epigallocatechin-3-gallate
ERCC* Excision repair cross-complementation group
EXO1 Exonuclease 1
FBS Fetal bovine serum
GG-NER Global genome nucleotide excision repair
Glso Drug concentration resulting in 50% growth inhibition
HR Homologous recombination
Hsp90 Heat shock protein 90
LIG* DNA ligase 1
MMR Mismatch repair
MSH* MutS protein homolog
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NER
NHEJ
NSCLC
NTC
0GG1
PARP*
PCNA
Pen/Strep
POL
RAD23B
RAD*
RFC
RPA2
SD
ssDNA
TC-NER
UNG
XLF
XLF
XP*
XRCC*
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Nucleotide excision repair
Non-homologous end joining
Non-small cell lung cancer
No-template control
8-oxoguanine DNA glycosylase
Poly(ADP-ribose) polymerase
Proliferating cell nuclear antigen
Penicillin-streptomycin

DNA polymerase

RAD23 homolog B

Role of Radiation gene
Replication factor C
Replication protein A
Standard division

Single stranded DNA

Transcription-coupled nucleotide excision repair

Uracil-DNA glycosylase
XRCC4-like factor
XRCC4-like factor

Xeroderma pigmentosum group *-complementing
X-ray repair cross-complementing protein
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1 INTRODUCTION

1.1 DIFFUSE LARGE B-CELL LYMPHOMA

Diffuse large B-cell lymphoma (DLBCL) is a neoplasm of large B-cell lymphocytes.™ It is the most
common type of non-Hodgkin lymphoma, representing approximately 40% of non-Hodgkin lym-
phoma in Denmark, with 450 new cases each year and a median age of 67 years at diagnosis.* It
presents as a rapidly growing primary tumor with a diffuse growth pattern.l? As the mitotic rate is
high, patients often show involvement of one or multiple lymph nodes or extranodal sites.'? Half
of the patients are diagnosed at advanced stages, grade Ill or IV.1? DLBCL can be subcategorized
according to origin of the B-cells: germinal center B-cell line (GCB), representing 40-50% of DLBCLs
and activated B-cell like (ABC), composing 50-60% of DLBCLs.>? 10-15% are unclassifiable.? Some
DLBCL dominant acting mutations are more prominent in one subgroup. For example, mutations
in EZH2 (involved in histone methylation) and GNA13 (involved in B-cell homing) are more associ-
ated with GCB, whereas mutations in MYD88 (involved in Toll-like receptor signaling and interleu-
kin-1 signaling) and CD79B (involved in B-cell receptor signaling) are more prevalent in ABC.! Rear-
rangements in MYC with BCL2 and/or BCL6 are shared between GCB and ABC, and are known as
either double hit or triple hit lymphoma, respectively.?

Another subcategorization of DLBCL is according to tumor morphology. The most common vari-
ants include the centroblastic variant, the immunoblastic variant, and the anaplastic variant.

The centroblastic variant comprises 80 % of all DLBCL tumors, and contains predominantly centro-
blasts, large cells with a vesicular nucleus.>? This subtype is most frequent in GCB.2 The im-
munoblastic variant represents 8-10 % of DLBCL tumors, and is defined by the clear dominance
(290 %) of immunoblasts, large lymphoid cells with a central trapezoid nucleolus.? The anaplastic
variant encompasses only 3 % of DLBCL tumors, and is characterized by the dominance of large
lymphoma cells with bizarre a nucleus.*?

A key player in the pathogenesis of DLBCL is gene mutations and deletions, which can occur at any
point in the clonal expansion of the cancerous B-cells.! A DLBCL neoplasm presents with an aver-
age of 75-90 mutations, some being driver mutations that arise early in the lymphomagenesis with
a great involvement in the pathogenesis, and others being passenger mutations that occur later in
the progress with no apparent effect on the pathogenesis.! With further progression, the individ-
ual DLBCL undergoes clonal selection, increasing survival abilities.! Several cellular processes and
pathways may be influenced by these DLBCL-related mutations, e.g. histone modification, cell
growth, DNA damage response, B-cell receptor signaling, Toll-like receptor signaling, and angio-
genesis.! TP53, a known tumor suppressor gene, is mutated in 20 % of DLBCL cases.! The encoded
protein, p53, is involved in many cellular functions, such as the cell cycle arrest, DNA repair, and
apoptosis. In a healthy cell, p53 assist in the control of mutations that would otherwise have a
great impact on the cell function.! Mutations in TP53 usually results in loss-of-functions and is an
independent predictor of poor prognosis, especially if the mutation is located in the DNA-binding
domain.?
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However, it is a heterogenous cancer both between and within classification with a variable clini-
cal course and prognosis.™ Cytological findings are diverse and a high genetic diversity is ob-
served.'™ This have impeded the advances in standardization and effective treatment.

1.1.1 Treatment of diffuse large B-cell ymphoma

The standard first-line treatment of DLBCL in Denmark is a combination regimen of cyclophospha-
mide, doxorubicin, vincristine, and prednisone given in combination with rituximab, a CD20 anti-
body (R-CHOP). The treatment strategy varies between 3 to 8 cycles of R-CHOP administered with
an interval of either 14 days (R-CHOP14) or 21 days (R-CHOP21).>® The DLBCL 5-year progression-
free survival is approximately 60 %, whereas the overall survival is 65 %, when treating with R-
CHOP.1? 30-40% of DLBCL patients relapse and a small subset present with an R-CHOP resistant
DLBCL.! At the moment, there is not enough evidence to recommend a specific regiment as a sec-
ond line treatment of DLBCL in Denmark.>® The most commonly used combination regimens are R-
DHAP (dexamethasone, cytarabine, and cisplatin in combination with rituximab), R-ICE
(ifosfamide, carboplatin, etoposide in combination with rituximab), and R-GDP (gemcitabine, dexa-
methasone, cisplatin in combination with rituximab).>® In Denmark, R-ICE is recommended over R-
DHAP due to the lower toxicity. Likewise, R-GDP is recommended for et beneficial improvements
in a patient’s quality of life, fewer hospitalizations and significantly fewer side effects, compared
with R-DHAP.>®

The research into the treatment of relapsed/resistant DLBCL focuses on 1) risk stratification of
DLBCL patients to predict their response to R-CHOP and map the benefit from more aggressive
combination regimes, 2) developing novel and less toxic treatment regiments for these patients,
and 3) utilizing the molecular knowledge of DLBCL to advance the field of precision medicine in
DLBCL.?

1.2 DNA DAMAGE REPAIR

Every day, our cells are exposed to a wide range of endogenous and environmental factors capa-
ble of introducing a variety of DNA lesions and thereby altering our DNA. These factors include e.g.
carcinogens, radicals, radiation, and pharmaceuticals’2. Such alterations to the DNA can be cata-
strophic; in worst case, it could lead to the development of malignancy or tumor progression. To
limit genomic instability, caused by the aforementioned factors, cells have incorporated check-
points into the cell cycle where the DNA damage response (DDR) is initiated if a lesion is recog-
nized (cf. Figure 1). This lesion will either be tolerated or repaired. There are six main DDR path-
ways: direct repair (DR), base excision repair (BER), nucleotide excision repair (NER), mismatch re-
pair (MMR), homologous recombination (HR), and non-homologous end joining (NHEJ). For sim-
plicity, abbreviations of each protein involved in the DDR pathways is stated (cf. Abbreviations for
the full form).
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Figure 1: Overview of the four phases and three checkpoints of a healthy cell. Figure borrowed from Sierra Oncology®.

DR is the simplest form of DNA repair; it is a direct reversal of
the damage. Erroneous methylation and other forms of alkyl-
ation at the O®-position of guanine is demethylated by O°-
methylguanine DNA methyltransferase (cf. Figure 4B).2
Chemical modifications to a specific DNA base is repaired by
BER’ (cf. Figure 2) in the G1 phase of the cell cycle®? (cf. Fig-
ure 1). DNA glycosylases, such as UNG and OGG1, scan the
DNA by slightly pulling the nucleotide strand and thereby de-
tecting any distortion caused by the lack of hydrogen bonds
between Watson—Crick base pairs.” The damaged base is ex-
cised by the enzymes, creating an abasic site, also known as
an apurinic- or apyrimidinic (AP) site, which is subsequently
processed by APE1 that creates a single stranded break.”?
DNA POLB inserts the appropriate base and DNA LIG1 or LIG3
ligate the strand.’

PARP1 and PARP2 facilitates the process of BER by recruit-
ing XRCC1 and other BER proteins important for initializa-
tion.® The pathway is subdivided in short patch BER, where a
single nucleotide is repaired, and long patch BER, where two
to 13 nucleotides are repaired.?
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Figure 3: Schematic overview of nucleotide exci-
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Lesions that are more complex are repaired through NER. These lesions include intrastrand
crosslinks and interstrand crosslinks, helix-distorting adducts, resulting in bulky formations (cf. Fig-
ure 3).72 Repair of an actively transcribing gene is attempted by the subpathway transcription-cou-
pled nucleotide excision repair (TC-NER) during the G1 phase of the cell cycle (cf. Figure 1),
whereas the subpathway global genome nucleotide excision repair (GG-NER) recognizes and re-
pairs lesions throughout the genome and independent of the point in cell cycle.%!! These sub-
pathways differ in the initial steps. In TC-NER, a lesion is recognized by the blockade of RNA poly-
merase |l elongation along with CSA and CSB, whereas a complex consisting of XPC, RAD23B, and
DDB recognizes lesions in GG-NER.%1! Following lesion identification, the pathway is shared. The
double helix is separated by the helicases XPB and XPD. ERCC1-XPF endonuclease-complex cleaves
the phosphodiester bond a few nucleotides away from the lesion at the 5’ end and XPG endonu-
clease cleaves the phosphodiester bond at the 3’ end.!! POLS or POLe resynthesize the strand and
finally, ligation is accomplished by LIG3.%%!

Unrepaired DNA modifications might result in DNA mismatches, where a nucleotide is paired
with a non-complementary nucleotide during replication.”*! These single stranded DNA (ssDNA)
lesions along with small insertions and deletions are recognized by MMR’#1! (cf. Figure 4A) during
the S phase of the cell cycle!® (cf. Figure 1). Two heterodimers named MutSa, consisting of MSH2
and MSH6, and MutSB, consisting of MSH2 and MSH3, can form a complex with MutL.*! MutSa
recognizes mismatches and MutSP recognizes small insertions or deletions by sliding up and down
the double stranded DNA until they encounter PCNA and RFC.”*! The mismatched nucleotide on
the daughter strand is cleaved by EXO1 and the correct bases are incorporated by DNA polymer-
ases (POLe and POLS).”*1. The strand is ligated by LIG1.7811
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Figure 4: Schematic over-
view of a: Mismatch repair
(MMR), recognizing and re-
pairing mismatches and
small insertions or deletions,
and b: Direct repair, respon-
sible for the direct reversal
of alkylation. lllustration
borrowed from Curtin
(2012)8.
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because the repair machinery is no longer guided by a complementary DNA strand.!! These lesions

can be repaired through two pathways: HR and NHEJ (cf. Figure 5).
HR occurs in the S and G2 phase of the cell cycle (cf. Figure 1).7*° The MRN nuclease complex
comprising MRE11, RAD50 and NBS1, is recruited by BRCA1 and PARP1 to the DSB site, which in
turn activates ATM kinase and recruits CtIP along with EXO1.2 ATM facilitates phosphorylation of
MRE11, NBS1, CtIP and EXO1, where CtIP and EXO1 subsequently resects the 3’ ends.”® A complex
consisting of ATR and ATRIP is also recruited, which through phosphorylation of CHK1 results in S
and G2 cell cycle arrest.® With the ATR-mediated phosphorylation of CHK1 and RPA2, RAD51 is
phosphorylated. This phosphorylation along with BRCA2 leads to invasion of a homologous dsDNA
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the DSB. The junction is resolved with or without the cross-over of genetic information.”®

NHEJ is an error-prone repair mechanism mostly active in the GO and G1 phase of the cell cycle (cf.
Figure 1). It is initiated when there is no homologous dsDNA available (cf. Figure 5). Like with HR,
the MRN complex is recruited to the site of DSB.2 Subsequently the heterodimer comprising Ku70
(XRCC6) and Ku80 (XRCC5), and DNA-PKcs bind to the DNA and forms a complex with Artemis.”!
The DNA-PKcs-Artemis complex dissociates as a consequence of phosphorylation, and acts as an
endonuclease, processing the DNA ends.®*! Then, LIG4 joins the phosphodiester backbone of the
DNA ends.”*! This process is stabilized by a complex of XRCC4 and XLF.”2 POLu and POLA com-
pletes the resynthesis.!!

1.3 CISPLATIN MECHANISM OF ACTION

Common for each second line treatment of DLBCL recommended in Denmark is a platinum-based
combination regiment. Cisplatin and carboplatin have a similar mechanism of action; however,
carboplatin differs from cisplatin in structure and toxicity. For simplicity, cisplatin will be the focus
of this project. Cisplatin is a small platinum-based compound which primarily targets DNA, more
specifically the N’-position of purines.'"*? Here, it covalently binds to mostly guanine and forms
1,2- or 1,3-intrastrand crosslinks and a few number of interstrand crosslinks.*? This leads to the
distortion of the double helix, which is registered by a wide range of proteins, including DNA repair
proteins.’?>!3 DNA repair plays a key role in mediating cisplatin cytotoxcicity.*? Cisplatin induces
DNA damage, which is registered at the cell-cycle check points.'? Cisplatin is thought to be cell-cy-
cle non-specific'®, however, it has been found to induce G2 phase arrest, where lesions of the G2
phase and late S phase is repaired.*?

NER is the major pathway that is activated by cisplatin.'>'? Here, the crosslink of DNA by cisplatin
is removed through recognition, excision of 24-32 oligonucleotides containing the lesion, resyn-
thesis, and ligation.'*'2 This induces cell-cycle arrest, ensuring no replication of the tumor cell.®
Additionally, the large number of cisplatin-induced DNA crosslinks signals apoptosis of the cancer-
ous cell.®

Binding of cisplatin to bases can cause mismatches, most often guanine-thymine mismatches.'?
This initiates MMR with recognition, excision of the wrong base, elongation and ligation.*2 The
‘problem’ is that the mismatched nucleotide that is excised is on the daughter strand, leaving the
source intact.1%'2 So when elongation is finished, another mismatch will be present, re-initiating
the MMR pathway. This creates a futile loop of repair, which retains the cell-cycle arrest.}12 The
loop, and the possibly consequential DSBs, signhals apoptosis.® Likewise, the many DNA-strand seg-
ments, cut off by EXO1, also signals apoptosis.’® Furthermore, MMR proteins have been proposed
to inhibit NER proteins, thereby impairing the repair of crosslinks and increasing cisplatin lethal-
ity.>

So basically: cisplatin takes advantage of the cells’ natural DNA repair system to halter replication
and eventually lead to apoptosis and tumor reduction. This affects all cell-cycle active cells of the
body, however, to a greater extent fast proliferating cells, such as cancer cells.
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1.3.1 DNA repair defects affecting nucleotide excision repair and mismatch repair
Cisplatin is a drug with two response poles. It is found to be very effective in testicular cancer and
solid tumors.'! However, resistance is still a big problem in these and other cancers: both intrinsic
and acquired resistance is common. %13

An increased capacity for NER and cisplatin-adduct repair could lead to cisplatin resistance.'’
Whereas, low expression of any key NER protein, such as XPD, XPF, XPG and ERCC1, could lead to
decreased capacity of NER, increasing sensitivity to cisplatin and cell death.'3 A low expression
of ERCC1-XPF is associated with increased cisplatin sensitivity of testicular cancer cells and a better
survival in patients with cisplatin-treated non-small cell lung cancer (NSCLC), proposing the ERCC1-
XPF complex as a limiting factor of cisplatin response.”/18

The MMR pathway also plays a role in mediating cisplatin’s cytotoxicity. B-cell ymphomas often
present with recurrent alterations in MMR-related genes, such as EXO1, MSH2 and MSH6.*° An im-
paired MMR pathway could lead to cisplatin resistance, where unrepaired base pair mismatches
accumulate and lead to microsatellite instability.''* MSH2 or MLH1 deficiency leads to decreased
apoptosis of cancer cells and lower survival of patients in some studies, and a prolonged survival
of patients in others. These conflicting results necessitates further studies into the involvement of
MSH?2 in cisplatin resistance. Additionally, the ERCC1-XPF complex seems to play a role in the

mechanism of cisplatin resistance.?%23

1.4 COMBINATION TREATMENT WITH INHIBITORS OF DNA REPAIR
The pressing problem with cisplatin resistance has led to the research into combination treatment
with chemotherapy and inhibitors of DNA repair.

17-(Allylamino)-17-demethoxygeldanamycin (17AAG) is an inhibitor of heat shock protein 90
(Hsp90).2%%> Hsp90 controls the folding of proteins, particularly those involved in signal transduc-
tion and cell cycle progression and is associated with proteins of DNA repair.?42¢ 17AAG inhibits
Hsp90 by binding to the ATP interaction pocket in the Hsp90 N-terminal domain.?*2°> Additionally,
17AAG downregulates the expression of MSH2 and HR related renes (BRCA1 and RAD51), and con-
sequently affect cells’ response to chemotherapy.?#?° At present, 53 clinical trials are listed on
ClinicalTrials.gov?” with the subjects of 17AAG within cancer research, none is currently active. The
focus spans evaluation of its toxicity as a monotherapy, with multiple phase 1 and 2 trials describ-
ing a tolerable toxicity with a moderate to no effect on the cancer, to elucidating its effect in com-
bination with chemotherapy, where phase 1 and 2 trials describe an acceptable toxicity but a con-
flicting tumor response.?’28

Another target for chemoresistance is the ERCC1-XPF complex. Polyphenol epigallocatechin-3-
gallate (EGCG), a natural compound found in green tea, is a partially reversible inhibitor of
ERCC1/XPF activity in vitro and affects interstrand crosslink repair, leading to increased cisplatin
sensitivity.?? Likewise, combination treatment results in a significant tumor reduction in tumor
xenografts in vivo.?° There are currently 34 clinical trials utilizing EGCG in cancer on ClinicalTri-
als.gov?’, of which six are active. The application of EGCG greatly varies and spans chemopreven-
tion, monotherapy, and combination treatment with chemotherapy.?’ Phase 1 trials show EGCG to
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be well tolerated with low toxicity and phase 2 trials report EGCG as a significant chemosensi-

tizer.27,30

1.5 AIM AND HYPOTHESES

Although the distinction between GCB and ABC, their respective prognosis, and their molecular
differences, DLBCL is still highly heterogeneous; patients present with an individual course of dis-
ease and 30-40% of patients relapse. Cisplatin, one of the chemotherapies administered as second
line, presents a greatly variating response in the clinic: some patients being highly sensitive, others
resistant or only partially sensitive. Treatment resistance is a huge challenge that complicates and
prolongs treatment regimes, leads to a decreased Quality of Life for patients, and increases the
risk of death. One explanation for resistance is affected DNA repair, specifically increased NER and
decreased MMR in relation to cisplatin resistance. DNA repair pathways hold a great potential for
inducing chemosensitivity, where compounds such as EGCG and 17AAG is being investigated in dif-
ferent applications and cancers. 17AAG decreases the expression of MSH2 but displays conflicting
effects in combination treatment and EGCG shows great promise as a chemosensitizer but sparse
research has been made in other than solid tumors.

Therefore, the overall aim of this thesis was to investigate the DNA repair related mechanism be-
hind cisplatin resistance, with the following two research questions:

e How does the DNA repair related mutation profile of cisplatin-sensitive DLBCL compare to
cisplatin-resistant DLBCLs?

e How does impaired DNA repair affect the cisplatin response and is it possible to manipu-
late the cisplatin response of DLBCL cell lines?

The research hypotheses comprised:

e Cisplatin-resistant DLBCLs present with mutations in MMR-related genes and none in other
DNA repair mechanisms, whereas cisplatin-sensitive DLBCLs show mutations in DNA repair
genes, especially NER-related genes.

o Affected NER increases cisplatin-sensitivity, whereas affected MMR decreases cisplatin-
sensitivity.

e The addition of EGCG sensitize DLBCL cells to cisplatin, whereas 17AAG decrease cisplatin-
sensitivity of DLBCL cells.

The research objectives included:

e Toinvestigate the occurrence of mutations in selected DNA repair genes in DLBCL cell lines,
defined as cisplatin-sensitive or -resistant, and clinical DLBCL samples.

e Toinvestigate the effect of DNA repair inhibitors on the cisplatin response and the degree
of generated DNA fragments (as a measure of DNA damage) in DLBCL cell lines.
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2 PREVIOUS RESULTS OF IMPORTANCE IN THIS THESIS

2.1 CISPLATIN DOSE-RESPONSE SCREENING OF CELL LINES

Prior to initiation of this project, a systematic dose-response screening using cisplatin was carried
out in our laboratory on a panel of DLBCL and multiple myeloma cell lines as described previ-
ously.3! Cells at an optimized seeding concentration were transferred to 96-well plates, cultivated
for 24 hours, and exposed to cisplatin as a 2-fold dilution with 18 different concentration. Cell
growth was evaluated using CellTiter 96® MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxy-
phenyl]-2-[4-sulfophenyl]-2H-tetrazolium) assay (CellTiter 96 Aqueous One Solution Reagent,
Promega, Madison, WI) at 0 hours and 48 hours post drug application. Absorbance was measured
by Optima Fluostar plate reader (BMG LABTECH, Ortenberg, Germany) at an absorbance of 492
nm. The dose-response curves are depicted in Figure 6A.
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Figure 6: A systematic dose-response screening of cell lines using cisplatin (in-house graphs). Results are depicted as
A) a dose-response curve for each cell line, and B) boxplots of stratified individual area under curve (AUC)-values of
the cisplatin induces dose-response curve.

Descriptive values were calculated using the dose-response G-model, a model independent of ex-
posure time and cell lines’ individual doubling time.3? These included Glso, describing the concen-
tration of cisplatin that resulted in 50% growth inhibition at 48 hours, TGI, denoting the concentra-
tion of cisplatin at which a total growth inhibition is observed, LCas, translating to the concentra-
tion of cisplatin that is lethal to 50% of the cells at 48 hours, and AUCo, meaning the area of cell
growth between the dose-response curve and a line at growth 0.3233 Each of the values have a
coupled 95% confidence interval (Cl). Glso have also been converted from logio(pug/mL) to pg/mL.
Results of the G Model are listed in Appendix 1: Dose-Response Screening.
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In the present study, these results were used to stratify the 14 DLBCL cell lines according to AUCo
and subsequently divide them into Sensitive and Resistant, like observed in Figure 6B. AUCp was
used instead of Glso, because AUCo provides the cumulative effect of cisplatin in the given cell line,
with doubling time taken into account, and is not dependent on only the point on the curve,
where 50% growth inhibition is obtained.

2.2 1,001 be Novo DLBCL PATIENT COHORT

Reddy et al. (2017)** investigated the impact of genetic drivers of DLBCL on functional and clinical
outcomes in a cohort of 1,001 DLBCL patients.3* Patients were required to be de novo (no relapse
or transformed DLBCL) and treated with rituximab-containing standard regimen.3* Clinical infor-
mation was obtained to nearly every patient, comprising gender, age, DLBCL stage, performance
status, degree of extranodal involvement, initial response to therapy and overall survival.3* In-
cluded was also 400 paired-normal tissue.>* Through whole-exome sequencing, joint variant call-
ing and somatic variant calling, ca. 1.1 million mutation variants were identified in the cohort, and
the accuracy was verified through Sanger sequencing.3* Using three tools (MutsigCV, Hotnet2 and
their own) 150 driver genes were identified by evaluation against background mutation rate, iden-
tifying groups of genes by protein interactions, and factoring in copy number variations, gene vari-
ability and functional variants.3* An interactive webtool, consisting of patients mutational profile,
risk modelling (Kaplan-Meier survival) and clinical data was made available at
https://dlbcl.davelab.org3. The variants were filtered before being included in the interactive
webtool. The variant had to be in an exon, it had to be somatic variant, and it had to be a rare and
non-synonymous damaging variant.3* The variant must not be in a repetitive sequence or in a re-
gion with poor coverage: the reading depth had to be >5.3% The genome quality score had to be
>30.34 The gene had to be affected in >20 patients, to perform survival analysis.3*

Of interest in this thesis, only seven DNA repair related genes remained post variant filtering
(ATM, ATR, BTG1, MSH2, MISH6, TP53 and UBE2A).3>
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Figure 7: Plotted protein change variants of ATM found trough whole-exome sequencing of 1,001 de novo DLBCL pa-
tients by Reddy et al. (2017)3“. Protein position and domains are visualized on the horizontal axis. Prevalence in the
cohort (n=1,001) is indicated on the vertical axis. Black heads show truncating variants. Red heads show missense vari-
ants. Copied from https://dlbcl.davelab.org?>.
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ATM is recruited to DSBs, e.g. generated through continuous repair of cisplatin-related lesions,
along with the MRN complex and is involved in G1 phase arrest.”#113¢ ATM deficient cells present
with impairment of the G1-, Intra-S-, and G2-checkpoint for DNA damage.3® Few ATM variants
have previously been described in relation to DLBCL.1*37 Likewise, the protein is found to be up-
regulated in cisplatin-resistant NSCLC, whereto inhibition increase cisplatin sensitivity.3®

Data Set Sample Size 3-Year Survival Rate 0.95 Confidence Interval
Affected Patients 72 78.76 % [66.61%, 86.91%]
Remaining Patients 864 73.07 % [69.80%, 76.06%]
p-value: 0.157
(ATM |
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Figure 8: Survival Estimate of de novo DLBCL patients with (red) and without (black) ATM mutation (n=1,001), per-
formed by Reddy et al. (2017)34 The table shows the survival statistics, and below is the Kaplan-Meier survival curve.3*
Copied from https://dlbcl.davelab.org.®

Reddy et al. (2017)** identified 72 patients in their cohort of 1,001 de novo DLBCL to have a muta-
tion in ATM. The ATM variants were plotted on a protein view and published on
https://dlbcl.davelab.org®. From this website, Figure 7 originates. No hotspots for mutation can
be identified in the protein. In fact, the highlighted protein domains seem unaffected. The survival
estimate of patients with ATM mutations and the patients without ATM mutations are shown in
Figure 8.3* A better survival can be observed for patients with an ATM mutation, however, there
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was no significant difference (p=0.157) in the 3-year survival between the two datasets. The in-
creased survival corresponds with the empiri, where impaired ATM increase chemosensitivity.
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Figure 9: Plotted protein change variants of MSH2 found trough whole-exome sequencing of 1,001 de novo DLBCL
patients by Reddy et al. (2017)34. Protein position and domains are visualized on the horizontal axis. Prevalence in the
cohort (n=1,001) is indicated on the vertical axis. Black heads show truncating variants. Red heads show missense vari-
ants. Copied from https://dlbcl.davelab.org.®

MSH2 (MutS protein homolog 2) is a key protein involved in the recognition of DNA damage in
MMR.%13 Mismatched bases are recognized by MSH2-MSH6 heterodimers, whereas deletion and
insertions are recognized by MSH2-MSH3 heterodimers.® Reddy et al. (2017)3* found 36 patients
with an MSH2 mutation on their cohort. MSH2 variants are plotted on the protein in Figure 9,
copied from https://dlbcl.davelab.org?. Like with ATM, no hotspot is evident. However, most vari-
ants are in a protein domain. MSH2 (p.A54T) was found in four patients.3* It is located in the
MutS_| domain, the DNA-binding domain3®4° and described to have an uncertain significance.*
MSH2 (p.Q353K), found in three patients3?, is located in MutS_lIl domain, also known as the Lever
domain, which folds in two areas to form a lever for MutS_V domain.3*4° The domain is not de-
scribed in relation to mutation-induced MSH2 impairment.3%4° MSH2 (p.P729T), found in one pa-
tient3*, is located in MutS_V domain, also known as the ATPase domain.3®%% The MutS_V domain is
often mentioned as somewhere a mutation could have large effect of the proteins function and
thereby on the function of MMR.3%4% With impaired MMR, mismatched nucleotides accumulate
and microsatellite instability might follow.'! An endometrial cancer cell line (HEC59), deficient in
MSH2, had a 1.8-fold increase in cisplatin resistance.'! This corresponds well with Reddy et al.
(2017) reporting decreased survival of patients with MSH2 mutation, as seen in Figure 10.3% Alt-
hough not significant (p=0.339), the lower 3-year survival rate is indicative of increased chemo-
resistance in patients with MSH2 mutations, compared to patients without mutaiton.3
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Data Set Sample Size 3-Year Survival Rate 0.95 Confidence Interval
Affected Patients 36 63.30 % [44.30%, 77.35%)]
Remaining Patients 900 73.90 % [70.72%, 76.79%)]
p-value: 0.339
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Figure 10: Survival Estimate of de novo DLBCL patients with (red) and without (black) MSH2 mutation (n=1,001), per-
formed by Reddy et al. (2017)34 The table shows the survival statistics, and below is the Kaplan-Meier survival curve.3*
Copied from https://dlbcl.davelab.org.®

The filtered annotated variants, along with patients’ clinical information is available as Supplemen-
tary Information “Table S1” to Reddy et al. (2017).3* The protein variant plots and survival analyses
of the five remaining DNA repair related genes included in the webtool, but not mentioned here,
can be found in Appendix 2: Reddy et al. (2017) Survival Estimate.

Based on variants published in the interactive webtool (https://dlbcl.davelab.org)®’, a specific vari-
ant was chosen for further analysis in the present study. Additionally, raw in silico data from the
whole-exome sequencing of 1,001 de novo DLBCL patients, provided by Davelab3*, was analyzed
using an in-house pipeline and used to evaluate the mutation burden in clinical DLBCL through
graphical protein variant views of specific genes.

2.3 72 HEMATOLOGY AALBORG DLBCL PATIENT COHORT
A cutting-edge project is under way at the Department of Hematology, Aalborg University Hospi-
tal. Researchers, Bioinformaticians, Datamanegers, Clinical Research Nurses, Professors and other
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staff are working on developing a hematological precision medicine pipeline, which will simplify
the identification of cancer-driving molecular variants. Included in this project are sequencing data
from three projects: RetroGen (N-20140099), ProGen (N-20150042) and ProSeq (N-20160089).
ProGen and ProSeq are still including patients. RetroGen is a retrospective study that encompasses
already obtained tumor samples from 73 DLBCL patients (218 years) from the Department of He-
matology, Aalborg University Hospital. Most of the patients (n=69) had received standard R-CHOP
treatment. The majority were de novo DLBCL at time of sample collection, few were in a relapse
situation. More specific patient characteristics can be found in the Supplementary Table 2 of Due
et al. (2019)*. Patients from the Department of Hematology, Aalborg University Hospital, with
suspected relapse disease progression of hematological cancer is offered participation in ProGen.
After relapse/progression verification, the patients are enrolled into ProSeq. These are prospective
non-interventional studies. Patients must be >18 years and with no record of relapse treatment at
time of inclusion. In ProGen, either blood, bone marrow (BM) or lymph node biopsy (determined
by simultaneous clinical tests) is donated, whereas saliva or a mouth swab is donated in ProSeq.
Biological samples are processed and analyzed using whole-exome sequencing. Somatic variants
are detected using Mutect2 and varscan. Variants annotated “PASS” (Mutect2) and “high confi-
dence” (varscan) are filtered according to 1) a QSS (quality score for somatic single nucleotide vari-
ants) score of 225, 2) an allele frequency of 20.02, and 3) an allele ratio (tumor:normal) of >4. De-
pending on the use, these datasets were subsequently filtered accordingly.

The information on RetroGen, ProGen and ProSeq comes from a personal communication with J.S.
Badker and Bgdker et al. in preparation.

In the present study 51 of the RetroGen- and 21 of the ProSeqg-included in silico patient sequenc-
ing data, was used, resulting in a cohort of 72 Hematology Aalborg DLBCL patients, of which 28 are
from patients with relapse DLBCL and 44 are from patients with de novo DLBCL.
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3 METHODS

The study sought to investigate the occurrence of mutations in selected DNA repair genes in
DLBCL cell lines, defined as cisplatin-sensitive or -resistant, and clinical DLBCL samples, as well as
examine the effect of DNA repair inhibitors on the cisplatin response and the degree of generated
DNA fragments (as a measure of DNA damage) in DLBCL cell lines.

3.1 SAMPLES INCLUDED IN THE PROJECT

Fourteen cell lines of human DLBCL were included in the study. They are listed in Table 1, along
with disease, origin, Epstein-Barr virus status, subtype, sex of the patient, and year of establish-
ment. All originate from patients with DLBCL and were established between 1975 to 1990. One is
from a patient with a secondary DLBCL and two are from relapsed DLBCL patients. Five is of the
ABC subtype, nine are GCB subtype. The cell lines were established from a range of different
sources: some from lymph nodes others from fluids, such as pleural effusion, peripheral blood, or
ascites. There are ten from male and four from female patients.

Table 1: Information on the 14 cell lines included in this study. EBV: Epstein-Barr Virus, ABC: activated B-cell like, GCB:
germinal center B-cell like

. Established )
Cell line Disease EBV +/- Subtype Sex Year
from...
] Human B-cell
DB Ascites EBV- GCB Male ~1988
lymphoma
Human B-cell
FARAGE Lymph node EBV+ GCB Female ~1990
lymphoma
Pleural Human B-cell
HBL-1 . EBV- ABC Male 1984
effusion lymphoma
Pleural Human B-cell
MC-116 . EBV- GCB Male 1980
effusion lymphoma
Inguinal Human B-cell
NU-DHL-1 EBV- ABC Male 1982
lymph node lymphoma
Cerebrospinal Human B-cell
NU-DUL-1 i EBV- ABC Male 1982
fluid lymphoma
. Relapsed
Peripheral
OCl-Ly7 human B-cell EBV- GCB Male 1987
blood
lymphoma
Bone marrow Relapsed
OCl-Ly8  and peripheral human B-cell EBV- GCB Male 1987
blood lymphoma
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Peripheral Human B-cell
RIVA EBV- ABC Female 1977
blood lymphoma
Pleural Human B-cell
SU-DHL-10 . EBV- GCB Male 1975
effusion lymphoma
. Human B-cell
SU-DHL-4 Ascites EBV- GCB Male 1975
lymphoma
Human B-cell
SU-DHL-5 Lymph node EBV- GCB Female 1975
lymphoma
Pleural Human B-cell
SU-DHL-8 . EBV- GCB Male 1975
effusion lymphoma
Secondary
U-2932 Ascites human B-cell EBV- ABC Female 1996
lymphoma

Included in the project is also clinical samples, consisting of in silico data from whole exome se-
quencing of 1,001 de novo DLBCL patients, kindly provided by Davelab3*, Durham, USA, and
whole exome sequencing of 21 ProSeq and 51 RetroGen DLBCL patients (in-house, gathered as of
the 5™ of January 2019) (cf. Table 2). Davelab’s 1,001 de novo DLBCL patients received a rituxi-
mab-containing standard regimen. 765 (76%) patients had a complete response to therapy, 88
(9%) patients had a partial response, and 69 (7%) patients showed no response, the therapy re-
sponse for 72 (7%) patients were not available. Most of Davelab’s’ de novo DLBCL patients have a
GCB subtype, of those that have been classified.

The 72 Hematology Aalborg DLBCL patients consisted of 28 relapsed DLBCL and 44 de novo
DLBCL, collected as part of three protocols: RetroGen (N-20140099), ProGen (N-20150042) and
ProSeq (N-20160089). Most of Hematology Aalborg 72 DLBCL patients show an ABC subtype, of
those that have been classified.

Table 2: The sample population of this project consisted of three groups: 14 DLBCL cell lines, patient data from 1,001
de novo DLBCL patients including DNA sequencing, provided by DavelLab3*, Durham, USA, and DNA sequencing from
72 de novo or relapsed DLBCL patients (in-house data). NC: non-classified, NA: not available.

Cell lines Davelab3* Hematology Aalborg
) 28 relapsed DLBCL,
Disease DLBCL De novo DLBCL
44 de novo DLBCL

n= 14 1,001 72

ABC: 5 (36%) ABC: 313 (31%) ABC: 30 (41%)

GCB: 9 (64%) GCB: 331 (33%) GCB: 20 (28%)
ABC and GCB subtype

NC: 0 NC: 131 (13%) NC: 20 (28%)

NA: 0 NA: 226 (23%) NA: 2 (3%)
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3.2 DNA REPAIR RELATED MUTATION PROFILE

To evaluate the DNA repair gene mutation profile of the 14 cell lines, Davelab’s 1,001 de novo
DLBCL patients, and 72 de novo and relapsed DLBCL Hematology Aalborg patients, a comprehen-
sive list of DNA repair genes was made by a merge of Wood, Mitchell, Sgouros, and Lindahl
(2001)*2 and a list from MDAndersen Cancer Center*4, last updated in 2014, as well as single genes
found through searches on https://www.genecards.org/. The DNA repair genes were searched for
each of the 14 cell lines on the Cancer Cell Line Encyclopedia (CCLE), a database from Broad Insti-
tute, compiling sequencing data, gene expression, and chromosomal copy number from 1,457 hu-
man cancer cell lines.* The identification of variants in DavelLab’s 1,001 de novo DLBCL patients
and 72 Hematology Aalborg DLBCL patients is described in later sections.

The reference genome is GRCh37.

3.3 GENE MUTATION VARIANTS

Interesting gene variants were chosen from cell lines’ mutation profile, found on the CCLE data-
base**, and the mutation profile of 1,001 de novo DLBCL patients from Davelab3*, found on
https://dlbcl.davelab.org®, both filtered using the list of DNA repair genes. A quantitative assess-
ment tool was developed to provide a systematic method for the variant selection (cf. Table 3).

Table 3: The eight assessment criteria used for the quantitative evaluation of variants found in the 14 DLBCL cell lines
and Davelab’s®* 1,001 de novo DLBCL patients. A weighted score was attributed to each variant within each aspect. A
weighted mean was calculated.

Weight Score: 5 Score: 4 Score: 3 Score: 2 Score: 1
Gene function
. . x1 Key Important Support Unknown
in DNA repair
DNA repair
. X2 NER MMR HR NHEJ BER and DR
mechanism
Hallmark gene x0.5 YES - - - NO
! YES: YES: YES:
Previous anno- YES:
tati x0.5 g . probably vaguely unknown NO
ations: gene amagin
& ging damaging described effect
Previ YES YES: YES: YES:
revious anno- :
. . x3 . probably (probably) unknown NO
tation: variant damaging . .
damaging benign effect
Type of muta- 5 VEP impact: VEP impact: VEP impact: VEP impact:
X -
tion variant HIGH MODERATE LOW MODIFIER
L. Less Domain Domain
Location in Important . o o .
. x3 . important proximity proximity No domain
protein domain ]
domain (£5) (+20)
Sample >3% >2 % >1%
x3 >4 % 1%
prevalence <4 % 3% 2%
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Each variant was evaluated in regard to eight assessment criteria and assigned a weighted score
between 5 to 1. These eight assessment criteria included: 1) the general function of the gene, 2)
Table 4: Conversion table for the weighted mean, which DNA repair mechanisms it plays a role in and
calculated to each variant from the scores assigned the importance in relation to cisplatin’s mechanism
to the eight aspects of the quantitative assessment. of action, 3) whether the gene was included in the

Hallmark DNA Repair Gene Set*®#7, 4) any previous

Weighted average Final score

annotations of the gene, 5) any previous annotations
<34 = 1 of the variant, 6) which type of mutation the variant
>3.4 _ 5 is (ranked according to VEP Impact by Ensembl*®), 7)
<4.9 the location of the variant in the protein, and 8) the
>4.9 prevalence in the respective samples.
<6.4 - 3 Table 3 describes the aspects within each assess-
>6.4 ment criteria that gives a score from 5 to 1 (5 being
<7.9 - 4 the best), and the weight of the respective scores
>7.9 = 5 are listed for each assessment criteria. A weighted

mean was calculated from the assigned scores. The
weighted mean was translated into a final score for the specific variant (cf. Table 4), ranging from
5to 1 (5: highly interesting, 1: not interesting). Based on these final scores, variants for further re-
search in this project was chosen. If there are multiple mutation variants in the highest final score,
the variant with the highest weighted mean was chosen.

3.4 ALLPREP DNA EXTRACTION

From all cell lines, DNA was purified using AllPrep® DNA/RNA/miRNA Universal Kit (Qiagen®, no.
80224), Buffers were prepared as stated in the kit protocol. Buffer RLT Plus was added to thawed
pelleted cells, with a concentration of 5-10x10°, and the lysate was passed through a 20-gouge
needle, fitted to an RNase-Free Syringe, 5-7 times. The homogenized lysate was added to an All-
Prep® DNA Mini Spin Column fitted in a collection tube and centrifuged for 30 seconds at full
speed, repeating until all lysate had passed through the membrane. Buffer AW1 was added and
the column was centrifuged for 15 seconds at full speed. Leftover RNA was digested by adding a
solution of Proteinase K diluted 1:4 in Buffer AW1 onto the membrane and letting it incubate for 5
minutes at room temperature. Buffer AW1 was added to the column before centrifuging at 15 sec-
onds at full speed. A double wash was performed with Buffer AW2 and centrifugation for 2
minutes at full speed. To elute DNA, Buffer EB was added directly to the AllPrep® DNA Mini Spin
Column membrane, incubated for 1 minutes at room temperature, and subsequently centrifuged
for 1 minute 10,000 g. The elution was repeated using the flow-through.

3.4.1 Qubit™ dsDNA Broad Range Assay
Qubit™ dsDNA Broad Range Assay Kit (Invitrogen™, no. Q32853) (assay range: 100 pg/uL-1,000
ng/uL) was used to determine the DNA concentration. Samples with DNA concentrations above
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1,000 ng/uL were diluted. The dilution was accounted for in the analysis. The system was cali-
brated using two Standards specific for DNA analysis. 10 pL of Standard or 2 L of sample was
mixed with Qubit™ reagent diluted 1:200 in Qubit™ buffer, resulting in a 200 uL working solution,
which incubated for 2 minutes prior to analysis in Qubit™ 3 Fluorometer (Invitrogen™).

3.5 DROPLET DIGITAL™ PCR

Droplet Digital™ Polymerase Chain Reaction (ddPCR™) is a method with reduced error rates and
reduced signal-to-noise, compared with conventional PCR, which was beneficial in this assay with
a rare mutation variant. By generating a water-oil emulsion of the sample, PCR amplification is
completed and analyzed in each droplet, increasing sensitivity and statistical power. Two assays,
one targeting XPF (p.A596V) and one targeting MSH2 (p.A54T), were planned. At the time of writ-
ing this paper, ddPCR™ Rare Mutation Detection Assay (FAM+HEX) TagMan primers-probe mix for
MSH2 (p.A54T) has been ordered, however MSH2 (p.A54T) ddPCR™ Rare Mutation Detection As-
say has not been run.

3.5.1 Primers

ddPCR™ Rare Mutation Detection Assay (FAM+HEX) TagMan primers-probe mix for XPF (p.A596V)
was designed and ordered from Bio-Rad (no. 10049047), containing both HEX-targeted wild-type
allele (C) and FAM-targeted mutant target allele (T), with the sequence: 5’-AGATACGTGGTTCTTTA-
TGACGCAGAGCTAACCTTTGTTCGGCAGCTTGAAATTTACAGGG[C/T]GAGTAGGCCTGGGAAACCTCTGA-
GGCAAGTTATAAAGAATCACAGCTTTCAGTTGCACAGT-3'.

Likewise, ddPCR™ Mutation Detection Assay (FAM+HEX) TagMan primers-probe mix for MSH2
(p.A54T) was designed and ordered from Bio-Rad (no. 10049047). It contained both wild-type al-
lele (G), targeted by a HEX probe, and mutant target allele (A), targeted by a FAM probe. They
were designed based on the following sequence: 5’-AGTGCGCCTTTTCGACCGGGGCGACTTCTATAC-
GGCGCACGGCGAGGACGCGCTGCTGGCC[G/A]CCCGGGAGGTGTTCAAGACCCAGGGGGTGATCAAGTA-
CATGGGGCCGGCAGGTGAGGGCCG-3'. A positive control was needed, since no cell line presumably
presents with the MSH2 variant of interest. gBlocks® Gene Fragments, containing the above se-
guence, were ordered from IDT, and supplied as a powder.

3.5.2 Determination of Optimal Temperature Gradient
To determine the optimal annealing/extension temperature, the designed XPF (p.A596V) primer-
probe mix was run across a thermal gradient between 50-60°C. The optimal annealing/extension
temperature was determined at a level where positive and negative droplets were sufficiently sep-
arated while still minimizing rain, describing droplets between the major positive and major nega-
tive droplet population.

gDNA, purified from FARAGE (presumably XPF (p.A596V) positive) and U2932 (unknown profile),
were diluted to a concentration of 33 ng DNA/uL in nuclease-free water. ddPCR Master Mix was
prepared with the following per well: 10 pL 2x ddPCR Supermix for Probes (no dUTP) (Bio-Rad, no.
1863024), 1 pL 20x XPF p.A596V target (FAM) and wild-type (HEX) primers/probe mix, and 7 pL nu-
clease-free water.
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In strips of 8, ddPCR Reaction Mix was prepared by adding 2 puL of either gDNA or nuclease-free
water, as a no-template control (NTC), to 18 pL Reaction Mix and incubated at room temperature
for 3 minutes. 66 ng gDNA per 20 uL Reaction Mix was added. 66ng is the highest concentration
before restriction digestion is necessary. 66 ng of gDNA, translating to approximately 18,000 cop-
ies, lies within the dynamic range of the QX200™ ddPCR™ System at 1-120,000 copies per 20 pL
Reaction Mix.

Using a multipipette, the Reaction Mix was transferred to the middle wells of the DG8™ Cartridge
(Bio-Rad, no. 1864008), placed in the DG8™ Cartridge Holder (Bio-Rad, no. 1863051). 70 pL of
Droplet Generation Qil for Probes (Bio-Rad, no. 1863005) was aliquoted to the bottom wells of the
DG8™ Cartridge. A DG8™ Gasket (Bio-Rad, no. 1863009) was placed over the DG8™ Cartridge and
the DG8™ Cartridge Holder was transferred to QX200™ Droplet Generator (Bio-Rad, no.
1864002). Holding the multipipette at a 30° angle, droplets were slowly aspirated and transferred
to a ddPCR™ 96-Well Plate (Bio-Rad, no. 12001925) by repelling them slowly along the side of the
well. To limit evaporation of the oil, tape was placed over the wells as the next strips were com-
pleted. The ddPCR™ 96-Well Plate was sealed using PCR Plate Heat Seal Foil (Bio-Rad, no.
1814040) and PX1 PCR Plate Sealer (Bio-Rad, no. 1814000). On the C1000 Touch™ Thermal Cycler
(Bio-Rad, no. 1851197), the cycles were defined as described in Table 5, the lid was preheated to
105°C, and the ddPCR™ 96-Well Plate was run.

Table 5: Droplet Digital™ PCR Temperature Gradient cycle conditions with a annealing/extension temperature gradi-
ent across rows A to H with temperatures of 60°C, 59.4°C, 58.1°C, 56.2°C, 54°C, 52.1°C, 50.7°C, 50°C, respectively.

Cycle step Temperature Time (hh:mm:ss) Number of cycles Ramp rate
Enzyme activation 95°C 00:10:00 1
Denaturation 94°C 00:00:30
A li ten- 40 o
\nnealing/exten 50-60°C 00:01:00 2°C/sec
sion
E deactiva-
nzyme deactiva 98°C 00:10:00 1
tion
Hold (cooling) 12°C Infinite 1 1°C/sec

QX200™ Droplet Reader (Bio-Rad, no. 1864003) was used to read the ddPCR™ 96-Well Plate post
ddPCR. In the QuantaSoft Software, the experiment was chosen as ABS (Absolute Quantification of
Target) and the template was defined. Having placed the ddPCR™ 96-Well Plate in the holder, the
system was run. A detailed protocol of the ddPCR™ Temperature Optimization is available in Ap-
pendix 4: Droplet Digital™ PCR Temperature Gradient.

3.5.3 XPF (p.A596V) Rare Mutations Variant Detection

ddPCR™ Rare Mutation Detection was performed on gDNA purified from all cell lines (cf. Table 1)
to validate the presence of variants of interest. Each DNA sample was diluted to a concentration of
33 ng/uL in nuclease-free water (cf. Table 1 in Appendix 6: Droplet Digital™ PCR Mutation Variant
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Detection). The same procedure was followed as with ddPCR™ PCR Temperature Gradient. How-
ever, the cycles on the C1000 Touch™ Thermal Cycler were defined as listed in Table 6. An Anneal-
ing/extension temperature of 54°C was chosen based on the prior temperature optimization.

Table 6: Droplet Digital™ PCR Rare Mutation Detection cycle conditions.

Cycle step Temperature Time Number of cycles Ramp rate
Enzyme activation 95°C 00:10:00 1

Denaturation 94°C 00:00:30 40 2°C/sec
Annealing/extension 54°C 00:01:00

Enzyme deactivation 98°C 00:10:00

Hold (cooling) 12°C Infinite 1 1°C/sec

A detailed protocol of the ddPCR™ Rare Mutation Detection is available in Appendix 6: Droplet
Digital™ PCR Rare Mutation Detection.

3.6 CELL CULTURE

Four cell lines were cultured using the aseptic technigue for the use in drug screenings and chal-
lenge assays. These included OCI-Ly7, DB, FARAGE and SU-DHL-4 (cf. Table 7). A detailed descrip-
tion of the cell line start-up from mother stocks is described in Appendix 8: Cell Line Start-Up [Dan-
ish]. OCI-Ly7, FARAGE and SU-DHL-4 were grown in RPMI 1640 (Gibco®, no. 52400-025) with 10 %
fetal bovine serum (FBS) and 1 % penicillin-streptomycin (Pen/Strep), providing essential nutrients
and reducing the risk of bacterial contamination. During the first week of culturing, OCI-Ly7 and
SU-DHL-4 were grown in RPMI 1640 with 20 % FBS and 1 % Pen/Strep, and kept in 24-well plates,
in order to provide them with the optimal physical environment. DB was grown in RPMI 1640 with
20 % FBS and 1 % Pen/Strep and was kept in 6-well plates during the first two weeks of culturing.
The cell lines were kept in the incubator at 37°C with 5 % CO; and maintained at a concentration
of 0.5x10° cells/mL by splitting every 2-3 days, using Trypan Blue stain (Gibco®, no. 15250-061)
and Burker-Tlrk hemocytometer (Assistant, Germany). They were cultured for no more than 30
passages. A detailed protocol for cell line split can be found in Appendix 8: Cell Line Maintenance
in Cell Lab [Danish].

Mother stocks were made by isolating 5x10° cells/vial in RPMI 1640 with 20 % FBS, 1 % Pen/Strep,
and 10 % dimethyl sulfoxide (DMSO), and frozen in a Styrofoam box placed in -80°C, which gradu-
ally reduced the temperature. After 48 hours the vials were transferred to -180°C. For a detailed
description of the preparation of mother stocks, refer to Appendix 11: Cell Line Mother Stocks
[Danish].

Before making mother stocks, discarding any cells or starting an experiment, the cell lines were
authenticated using Barcoding and checked for mycoplasma contamination. For a detailed descrip-
tion of the preparation of material used for Barcoding and Mycoplasma Test see Appendix 10:
Preparation of Material for Barcoding and Mycoplasma Test.
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Table 7: Specific culture conditions for each of the four cell lines utilized in this project. FBS: Fetal Bovine Serum;
Pen/Strep: Penicillin and Streptomycin; DMSO: Dimethyl sulfoxide.

Cellline T2 Culture media Split Startup Maintenance  Incubation Freezing
During the first RPMI 1640
RPMI 1640 week, the cells 37°C +20 % FBS
20-24 Every 2-3 ) 0.5-1.0x10°
OCl-Ly7 +10 % FBS are keptin 20 % 5% CO; + 1% Pen/Strep
hours days . cells/mL
+1% Pen/Strep FBS and grown in +10 % DMSO
24-well plates 5x10° cells/vial
During the first RPMI 1640
two weeks, the
RPMI 1640 . + 20 % FBS
~50 Every 2-3 cells are kept in 0.5-2.0x10° 37°C
DB +20 % FBS + 1% Pen/Strep
hours days 20 % FBS and cells/mL 5% CO,
+1 % Pen/Strep . + 10 % DMSO
grown in 6-well .
5x10° cells/vial
plates
From the start, RPMI 1640
RPMI 1640 the cells are kept . +20 % FBS
48 Every 2-3 . 0.5x10 37°C
FARAGE + 10 % FBS in 20% FBS and + 1% Pen/Strep
hours days . cells/mL 5% CO,
+1 % Pen/Strep grown in a small + 10 % DMSO
culture flask 5x10° cells/vial
During the first RPMI 1640
RPMI 1640 week, the cells . + 20 % FBS
SU-DHL- 20-30 Every 2-3 . 0.5-1.5x10 37°C
+ 10 % FBS are keptin 20 % + 1% Pen/Strep
4 hours days cells/mL 5% CO;

+1 % Pen/Strep

FBS and grown in
24-well plates

+ 10 % DMSO
5x10° cells/vial

3.7 DRUG SCREENING
A cell count based drug screening is carried out with cisplatin to evaluate the cell lines response to
the chemotherapy. Cells of OCI-Ly7, DB, FARAGE and SU-DHL-4 at an optimized seeding concentra-
tion determined using Trypan Blue stain was seeded into 12-well plates, incubated for 24 hours at

37°C with 5 % CO,, and affected with 2-fold dilutions of cisplatin with three concentrations.

The concentrations were cell line specific and chosen based on the previous systematic dose-re-

sponse screening (cf. Table 8). The plates incubated for 48 hours at 37°C with 5 % CO, and cell

count was determined using Trypan Blue stain, completing one plate before starting another. Ap-

pendix 12: Drug Screening using Cisplatin include a detailed description of the procedure.

Table 8: Overview of cisplatin concentrations used in drug screening.

Cisplatin concentration (ug/mL)

OCl-Ly7 0.8 1.6 3.2

DB 0.8 1.6 3.2
FARAGE 0.55 1.1 2.2
SU-DHL-4 0.8 1.6 3.2
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3.8 INHIBITORS OF DNA REPAIR

3.8.1 Green tea polyphenol epigallocatechin-3-gallate

At the time of writing this paper, EGCG has been ordered from Sigma-Aldrich (no. E4143) with a
purity =295%, supplied as 50 mg and stored protected from light at 4°C. It is known for its inhibi-
tion of the ERCC1-XPF interaction. However, the assay has not yet been run.

3.8.2 17-(Allylamino)-17-demethoxygeldanamycin

17AAG is used to inhibit MSH2 and evaluate the consequential effect on cell lines’ cisplatin re-
sponse. A viability assay was carried out to determine the highest possible concentration of
17AAG, with a minimal cell growth inhibition, to be used in a challenge assay with cisplatin. 17AAG
was purchased from Sigma-Aldrich (no. A8476), with a purity of 298%, supplied as 500 ug lyophi-
lized powder, stored desiccated and protected from light at -20°C.

Cells of OCI-Ly7 and SU-DHL-4 were seeded in 24-well plates at a concentration of 0.25x10°
cells/mL and cultivated for 24 hours at 37°C with 5 % CO,. 500 ug 17AAG powder was dissolved in
100 pL DMSO and subsequently diluted in 1900 plL PBS, resulting in a stock concentration of 250
ug/mL. A 2-fold dilution of 17AAG was made ranging from an in-well concentration of 0.15 pug/mL
to 2.4 ug/mL, yielding in a maximum of 0.048% DMSO in a well (cf. Appendix 14. Dilution of
17AAG). These in-well concentrations were inspired from Choi et al. (2014)%> and scaled up accord-
ing to cell-count. A 2-fold dilution of DMSO was made ranging from an in-well concentration of
0.003% to 0.048%. Cells were subjected to either diluted 17AAG or DMSO, incubated for 48 hours
at 37°C with 5 % CO3, and counted using Trypan Blue stain. A detailed protocol of the viability as-
say is available in Appendix 13: Viability Assay using 17AAG.

Based on the viability assay, the optimal concentration of 17AAG and corresponding concentration
of DMSO was used in a challenge assay with cisplatin to evaluate the effect inhibition of MSH2
would have on the cisplatin response. Cells of OCI-Ly7 and SU-DHL-4 were seeded out in 24-well
plates at a concentration of 0.25%108 cells/mL, incubated at 37°C with 5 % CO> for 24 hours, and
affected by different combinations of cisplatin at in-well concentrations previously described,
17AAG at the optimized concentration, DMSO at corresponding concentration, or isotonic saline.
(cf. the plate layout in Appendix 15: Challenge Assay using Cisplatin and 17AAG). Cells subjected to
a 17AAG concentration with high cell lethality was added as a positive control for the function of
the inhibitor. The cells incubated at 37°C with 5 % CO>, and cell count was evaluated using Trypan
Blue satin. A detailed protocol of the challenge assay is available in Appendix 15: Challenge Assay
Using Cisplatin and 17AAG.

3.9 COMET AsSAY® SINGLE CELL GEL ELECTROPHORESIS

Comet assay is a method to evaluate the degree of DNA damage. The CometAssay Kit® was pur-
chased from Trevigen® (no. 4250-050-K). Cells of OCI-Ly7 and SU-DHL-4 were seeded in a 12-well
plate at a concentration of 0.25x10° cells/mL, cultivated for 24 hours at 37°C with 5 % CO> for 24
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hours, and subjected to different combinations of 17AAG at the optimized concentration, DMSO
at corresponding concentration, cisplatin at an in-well concentration of 1.6 ug/mL, and isotonic
saline (cf. the plate layout in Appendix 17: Comet Assay® — Preparation of Cells) for four hours.
Cells were washed in chilled 1X PBS (Ca** and Mg** free), diluted in chilled 1X PBS (Ca** and Mg**
free) at a concentration of 1x10° cells/mL, added 1:10 in molten Comet Assay® LMAgarose (Trevi-
gen® no. 4250-050-02), and spread evenly on a well of the CometSlides™ (Trevigen® no. 4250-
050-03), incubated 10 minutes at 4°C in the dark, and immerse in chilled Comet Assay® Lysis Solu-
tion (Trevigen® no. 4250-050-01) over night at 4°C. The CometSlides™ were drained and im-
mersed in Alkaline Unwinding Solution (300mM NaOH [pellets: Merck, no. 106498] and 1mM
EDTA [Trevigen® no. 4250-050-04] in dH,0; pH>13, chilled to room temperature) for 20 minutes at
room temperature. Electrophoresis was performed in a horizontal electrophoresis system (Bio-
Rad). Alkaline Electrophoresis Solution (300 mM NaOH [pellets] and 1 mM EDTA [500mM: Invitro-
gen™, no. 15575-038] in dH>0; pH >13, cooled to 4°C) was added and electrophoresis was run
with 1 volt/cm for 40 minutes. Post electrophoresis, the CometSlides™ were immersed in dH,0
for 5 minutes two times, then 70 % ethanol for 5 minutes one time, dried for 10-15 minutes in
37°C, and subsequently stained with a dilution of 1 uL 10,000X SYBR® Gold (DMSO) (Thermo
Fischer Scientific, Invitrogen™, nr. $11494) in 30 mL TE Buffer (10 mM Tris-HCl and 1 mM EDTA:
Sigma-Aldrich, no. 93283) for 30 minutes at room temperature in the dark. The CometSlides™
were rinsed with water and allowed to dry completely at 37°C. The cells were visualized using Pri-
movert Epifluorescence Microscope (Carl Zeiss) equipped with a fluorescein filter and pictures
were taken with a cellphone through the ocular.

A detailed description of the preparation of cells are described in Appendix 17: Comet Assay® —
Preparation of Cells. A detailed protocol for Comet Assay is available at Appendix 18: Comet As-
say® — Alkaline Assay Reagent Kit.

3.10 VARIANT ANALYSIS OF DIFFUSE LARGE B-CELL LYMPHOMA PATIENT
The raw DNA sequencing data from Davelab3* was made available. From this, Mads Sgnderkzer,
Senior Bioinformatician at The Department of Hematology, Aalborg University Hospital, conducted
a variant analysis using Computerome. The input data consisted of: 1) the .vcf file with the raw
DNA sequencing data, 2) a list of 35 important DNA repair related genes in .bed format, 3) an excel
sheet with the sample information, supplied as Supplementary Information to Reddy et al.
(2017)34, and 4) a .txt file with sample IDs vs. sample names. The output data comprised variants
found in the 35 genes, annotated using Variant Effect Predictor (VEP) impact (SIFT and Polyphen)
from ENSEMBL. Further annotations consisted of information from OncoKB (gene information and
both general and specific variant information), COSMIC Cancer Gene Census (gene information),
CIViC (gene information), and ONgene (gene information) databases.

Additionally, DNA sequencing data from 28 relapsed and 44 de novo Hematology Aalborg DLBCL
patients (gathered as of the 5™ of January 2019) were analyzed using Computerome by Mads Sgn-
derkaer. The input data comprised 1) the .vcf files for ProSeq and RetroGen DNA samples and 2)
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the list of 35 important DNA repair related genes in a .bed format. The output data comprised var-
iants found in the 35 genes, annotated as the variant analysis on Davelab’s 1,001 de novo DLBCL
patients.

These two variant analyses constitute a great analytical potential. In the scope of this thesis, the
analyses were used to generate a graphical protein variant view of three chosen genes, to visualize
the difference in mutation in cell lines and clinical patients. Variants had to be non-synonymous, in
an exon, and annotated a protein change. Variants with VEP Impact annotations of both “toler-
ated” (SIFT) and “benign” (Polyphen) were excluded.
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4 RESULTS

The present study hypothesized that affected NER increases cisplatin-sensitivity, whereas affected
MMR decreases cisplatin-sensitivity. This was explored by investigating the occurrence of muta-
tions in selected DNA repair genes in cisplatin-sensitive and -resistant DLBCL cell lines and clinical
DLBCL samples, as well as investigating the effect of DNA repair inhibitors on the cisplatin re-
sponse and the degree of generated DNA fragments in DLBCL cell lines.

4.1 DIVISION OF CELL LINES INTO SENSITIVE AND RESISTANT

The cisplatin derived dose-response AUCy computed from a systematic dose-response screening
on the 14 DLBCL cell lines, performed prior to initiation of this project, and the mutations identi-
fied in most of the screened cell lines were used to generate three different cisplatin Sensitive:Re-
sistant divisions. First, the stratification of AUCo-values will be described, then the mutation profile
of the cell lines will be presented, and finally, three division strategies are evaluated.

4.2 CISPLATIN DOSE-RESPONSE SCREENING

Based on results from the previously described cisplatin dose-response screening, the cell lines
were stratified according to AUCp and plotted on a graph along with 95 % confidence intervals (cf.
Figure 11). AUCo is used, instead of Glsp, because AUC, provides the cumulative effect of cisplatin
in the given cell line and is not dependent on only the point on the curve where 50 % growth inhi-
bition is obtained. A high AUCy indicate resistance to cisplatin, and a low AUCp indicates sensitivity.

Table 9: The difference in AUC, between each adja- Stratified response to cisplatin
cent cell lines. The left cell line is more sensitive to

cisplatin than the right. FARAGE vs. RIVA is twice as 3001
high, as DB vs. FARAGE and RIVA vs. SU-DHL-4.
Cell lines Difference ;
200+
NU-DUL-1 vs. SU-DHL-5 47,28 § o :
SU-DHL-5 vs. NU-DHL-1 868 <
NU-DHL-1 vs. OCI-Ly7 4,71 100+
OCl-Ly7 vs. MC-116 14,03
MC-116 vs. SU-DHL-8 12,17 S
SU-DHL-8 vs. HBL-1 3,70 1 Y — : —
HBL-1 vs. U2932 7,85 o\;'}\\;%\;\'&\:\,\%\;b@v‘éb S 0@\\\ Q\Vy,\,*%\;'&
U2932 vs. DB 3,76 ST LETES Q\g? Q;,o RS
DB vs. FARAGE 6,37 NS 2 >
FARAGE vs. RIVA 10,99 Figure 11: Cell lines’ response to cisplatin including 95%
RIVA vs. SU-DHL-4 5,31 confidence interval (in-house dose-response assay), strati-
fied according to area under the curve and divided into two
SU-DHL-4 vs. OCl-ly8 0,78 groups, illustrated by the dotted red line. Cisplatin-sensitive
OCl-Ly8 vs. SU-DHL-10 41,97 cell lines are on the left, cisplatin-resistant on the right.
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From the stratified AUCo in Figure 11 no obvious split is identified. The difference in AUCq be-
tween each two adjacent cell lines was calculated and listed in Table 9. When looking at the bot-
tom half, representing cell lines with the highest AUCo (lowest sensitivity), the largest difference in
sensitivity is observed between FARAGE and RIVA, suggesting this as a possible split between sen-
sitive and resistant cell lines.

4.2.1 Mutational profile of cell lines

A list of 177 DNA repair related genes (cf. Appendix 3: DNA Repair Genes), was used to filter muta-
tion variants detected in the cell lines in the CCLE project*, where sequencing of DLBCL cell lines
are publicly available. Four of this project’s cell lines were not registered in the CCLE database®,
these comprised HBL-1, U2932, RIVA, and OCI-Ly8. A total of 58 mutation variants distributed
across 38 different genes was identified in 10 DLBCL cell lines, as seen in Figure 13.

4.2.2 Venn diagram
To evaluate the distribution of mutations between 7:7
cisplatin resistant and sensitive cell lines, a Venn di- P Y
agram was made (cf. Figure 12). Three Sensitive:Re- \
sistant division of 7:7, 10:4 and 9:5 were evaluated.
Twenty-four and two mutation variants are main-

tained in Sensitive and Resistant, respectively, inde-
pendent of the division. Depending on where the y
split is set, different mutation variants are identified
in the Resistant and Sensitive group. Specifically, DB
and FARAGE impact the numbers since they contain

ot

8 and 9 mutation variants, respectively (cf. Figure \}O\
13), thereby skewing the distribution depending on ‘2 \ ¥ -
which group they are classified into.

Figure 12: Venn diagram illustrating mutation vari-

ants, excluding silent mutations. The asterisk illus-
Resistant are not obvious and depends greatly on trates how eight and nine mutation variants shift po-

how the split is performed. However, to identify sition, depending on which cut-off split strategy is be-
ing compared.

The number of mutation variants in Sensitive and

possible mutations of importance in cisplatin re-

sponse and based on the largest AUCo ratio difference, the 10:4 cut-off split strategy was chosen.
This resulted in only few mutation variants in Resistant compared with Sensitive. As a result, the
cell lines are divided into two groups: one group that comprises 10 cell lines sensitive or semi-sen-
sitive to cisplatin, named Sensitive, and a Resistant group, comprising the 4 cell lines (RIVA, SU-
DHL-4, OCl-Ly8, and SU-DHL-10) with the highest AUCo. The dotted red line in Figure 11 illustrates
this division between Sensitive and Resistant.
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4.3 MUTATION PROFILE OF SENSITIVE AND RESISTANT

With the division of 10:4, Sensitive present 177 DNA repair genes
with a total of 54 mutation variants and Re- 1

sistant present with a total of 4 mutation B iltioncatianicin
variants, of which two are silent mutations, 1 38 mutated genes
is a missense mutation, and one is a splice 1

site mutation (cf. Figure 13). Besides 13 si- 10|' 4

lent mutation variants, Sensitive encom- ] v
Sensitive: Resistant:
54 mutation variants 4 mutation variants

sense mutations, six frame shift mutations Si 13 Si 2

passes 29 missense mutations, three non-

and three splice site mutations. The pie M:29 | N:3 M:1 | N:O

charts in Figure 13 illustrate the number of Fs:6 | Ss:3 Fs:0 | Ss:1

mutation variants (excluding silent muta-
tions) in each cell line. The color intensity in-
creases clockwise, describing the increase in
AUC,, i.e. the decrease in sensitivity to cis-

platin. The four cell lines whose mutation
profile was not included in CCLE (Sensitive:

NU-DUL-1 = SU-DHL-5 = NU-DHL-1 = SUDHL-4 = SU-DHL-10
HBL-1 and U2932, Resistant: RIVA and OCI- OCI-Ly7 =MC-116 =SU-DHL-8
Ly8) is excluded from the flow diagram and woe RARAGE
pie charts. In Sensitive, increasing AUCo Figure 13: A flow diagram showing the distribution of the

number and type of mutation variants in the cell lines. Data
. . . . . found on Cancer Cell Line Encyclopedia, a database from
tation variants. However, in cell lines with the gy, Institute. Excluding HBL-1, U2932, RIVA, and OCI-Ly8
highest AUCo, the Resistant group, no muta- of which no data was available. Si: silent mutation; M: mis-
sense mutation; N: nonsense mutation; Fs: frame shift mu-
tation; Ss: splice site mutation.

comes with an increase in the amount of mu-

tion variants are seen.

Table 10: A list of each mutation variant in Sensitive and Resistant. Synonymous variants have been excluded.

Sensitive Resistant

ATRIP (p.Q118R), EXO1 (p.Q774L), FANCA (p.R1400H), FANCB
(p.N99fs), FEN1 (p.K377*), LIG4 (p.G446A), MDC1 (p.T16151), MSH4
(p.Y705H), MSH5 (p.S3F), POLE1 (p.Y473H), POLE2 (p.S432R), POLI
(p.C387F), POLN (p.A352S), POLQ (p.ILL1421fs), POLZ (p.V1004E),
POLZ (p.F301fs), PRKDC (p.Y788C), PRPF19 (p.V438G), RADIA
(p.GP330fs), RAD50 (p.C681F), RAD51AP1 (p.W184*), RAD54L
(p.F656fs), RNF4 (p.69_70insF), RNF4 (g.2502467_2502468in-
sTGACGA), SHPRH (p.S104F), SLX4 (p.E49K), TOPBP1 (p.W1145%),
TP53 (p.V143M), TP53 (p.Y234N), TP53 (p.C238Y), TP53 (p.G245D),
TP53 (p.R248Q), TP53 (p.R248Q), TP53 (p.R248Q), TP53 (p.R248W),
TP53 (p.R248W), TP53 (p.R249G), WRN (p.L363P), WRN (p.S1333C),
XPF (p.K353fs), XPF (p.A596V)

TP53 (g.7574034C>T), TP53 (p.R273C)
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Each variant is listed in Table 10, where they are pooled within Sensitive and Resistant, respec-
tively, illustrating the markedly higher number of mutation variants in Sensitive, compared to Re-
sistant. Sensitive encompasses a total of 41 mutation variants in 28 different genes, whereas Re-
sistant presents with two mutation variants in one gene.

4.4 MUTATION VARIANTS AND DNA REPAIR MECHANISMS

To evaluate which mechanisms of DNA repair are affected, the mutated genes and mutation vari-
ants were grouped into the six different DNA repair mechanisms: DR, BER, NER, MMR, HR, NHEJ,
or as Other. Other comprises a group of genes with an unknown effect in DNA repair, genes with a
poorly described function, genes who have been associated with diseases affecting DNA repair
function, and genes with a complex multifunctional interaction with DNA repair, such as the
known tumor suppressor TP53.

Four bar charts have been drawn: two on a gene-level, and two on variance-level. Some genes
play a role in more than one DNA repair mechanism. In this case, the mutated gene is included in
each involved DNA repair mechanism, to fully evaluate how affected the given mechanism is. In
this study, this applied to three of the mutated genes: POLE1, involved in both NER and MMR,
POLE2, involved in both NER and MMR, and EXO1, involved in both MMR and HR.

Figure 14 shows the difference between the number of mutated genes, not influenced by muta-
tion variants, in each DNA repair mechanism, without (Figure 14A) and with (Figure 14B) regard to
frequency within each DNA repair group. Sensitive, shown with green bars, present with a higher
number of mutated genes than Resistant, shown with red bars.

A Number of different muated genes B Number of muated genes
251 257 o
Bl Sensitive (n=8) Bl Sensitive (n=8)
20 B Resistant (n=2) 207 B Resistant (n=2)
/7. TP53 /7. TP53
15 15
3+ H
10+ 10
54 5
0- 0-
R S S Y S SR SRR S S S
NIRRT T F ¢ T

Figure 14: Bar charts illustrating the difference between the number of genes in each DNA repair mechanism. Genes
are included in each of the repair mechanism in which they play a role. n equals the number of cell lines in each group
to which data was available in the CCLE database. The gene, TP53, is marked with a striped column, to visualize its
dominance. A) Mutated genes are shown without regard to frequency within each DNA repair group. The gene is
counted as one within the DNA repair group, regardless of there being more than one cell line, within the DNA repair
group, with a mutation in this gene, and regardless of there being different mutation variants in the gene. B) Genes
are counted as one, if a mutation is present. If there are multiple mutation variants in the same gene, the gene is still
only counted as one. This is done within each cell line. Therefore, the gene is counted as one again, if another cell line
within the same DNA repair group also presents with a mutation in this gene, regardless of it being the same mutation
variant as another cell line.

When including frequency, only NER and Other increases, visualizing that one gene in NER, namely
XPF and two genes in Other, TP53, shown as a striped overlaid bar, and WRN, is mutated in more
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than one cell line. Figure 15 focuses on variance-level and shows the mutation variants sorted into
each of the six DNA repair mechanism in which the respective gene plays a role in, or Others. With
Figure 15A, each unique mutation variant is included, regardless of multiple variants in the same
gene. The frequency of mutation variants has been included in Figure 15B, where each variant is
counted as one, even if another cell line presents with the same variant. When including fre-
quency, TP53 is the only gene with the same variant in more than one cell line, namely TP53
(p.R248Q) and TP53 (p.R248W) (cf. Table 10)

A Number of different mutation variants B  Number of mutation variants
25+ 25- N
mm Sensitive (n=8) Bm Sensitive (n=8)
204 mm Resistant (n=2) 207 BE Resistant (n=2)
/7. TP53 /7. TP53
15 154
* 2
10 10
54 5
04 0
£ & & EE QLS L & E LS
¥ ¥ ‘\\\x« X ‘\Qg, o&e F £ £ \33“ I ézg, d&e

Figure 15: Bar charts illustrating the amount of mutation variants in each DNA repair mechanism. Mutation variants
are included in each of the repair mechanism in which the gene plays a role. n equals the number of cell lines in each
group, whose mutation profile was found in the CCLE database. Variants in TP53 is indicated with a striped column, to
visualize its dominance. A) Mutations are included on variance level, meaning each unique mutation variant is
counted as one within each DNA repair group and within Sensitive and Resistant. Therefore, the same mutation vari-
ant might be included in both Sensitive and Resistant. Each different mutation variant is counted as one, despite of
them being in the same gene. B) Mutations are included on variance level with regard to frequency, meaning each
mutation variant, regardless of it being the same variant another cell line presented with, is counted as one within
each cell line. Therefore, the same mutation variant might be included multiple times within each DNA repair group. If
one gene encompasses multiple mutation variants, these are all counted as one.

The mutation profile is heterogenous between the cell lines and no hotspots can be observed, de-
spite TP53. When looking at the six DNA repair mechanisms, NER, MMR, and HR are mostly af-
fected by mutations. The Other category seems highly mutated as well. However, TP53, a known
tumor suppressor with a complicated and intertwined role in DNA repair signaling, dominates this
group. This indicates that there could be a link between mutations in these three DNA repair
mechanisms and sensitivity towards cisplatin, NER and MMR being the most important in its
mechanism of action.

4.5 CHOOSING GENE MUTATION VARIANTS

To investigate the link between mutations in certain DNA repair genes and the sensitivity to cispla-
tin, specific mutation variants were chosen for further analysis. A systematic score was developed,
comprising eight assessment criteria: 1) the general function of the gene, 2) which DNA repair
mechanisms it plays a role in and the importance in relation to cisplatin’s mechanism of action, 3)
if the gene is part of the Hallmark DNA Repair Gene Set***’, 4) any previous annotations of either
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the gene or 5) the variant, 6) the type of mutation variant (ranked according to VEP Impact by En-
sembl*8), 7) the location of the variant in the protein, and 8) the prevalence of the specific variant
in the sample population.

4.5.1 Variants found in cell lines
Mutation variants in 10 out of 14 cell lines were found in the CCLE database® (cf. Figure 16).

Cell lines
58 gene mutation variants
in 38 DNA repair related genes

1 Variants
kA B

| 5 0
v v
Sensitive: 54 gene variants Resistant: 4 gene variants
4 3 XPF (p.K353fs), XPF (p.AS96V), EXO1 (p.Q774L)
g‘ Si: 13 variants Si: 2 variants
g»TPS?:: 10 variants TP53: 2 variants
31 gene variants 0 gene variants 3 3 FANCA (p.R1400H), POLZ (p.F301fs), RADS0 (p.C681F),
S ! h ATRIP (p.Q118R), POLZ (p.V1004E), RADSAL (p.F656fs), WRN (p.L363P),
Low score (1-3)::28 variants X 1, WRN (p. p.S1333C), MDCL (pT1615I), POLEL (p¥473H), POLE2
3 gene variants (p-S432R), FANCB (p.N99fs), POLN (p.A3525), POLQ (p.ILL1421fs),
PRKDC (p.Y788C)
SLX4 (p.E49K), POLI (p.C387F), RAD51AP1 (p.W184*%), TOPBP1
(pW1145%), FEN1 (p.K377%), LIG4 (p.G446A), MSH4 (p.Y705H), MSHS
[~ 1 variant 1 13 (p.S3F), PRPF19 (p.V438G), RAD9A (p.GP330fs), RNF4 (p.69_70insF),

RNF (g.2502467_2502468insTGACGA), SHPRH (p.5104F)
2 gene variants

XPF (p.A596V),

EXO1 (p.Q774L)

Figure 16: Flow diagram showing the process of choosing two gene mutation variants for further analysis on the basis
of cell lines’ DNA profile, found on the CCLE database®. All variants were assigned a weighted score within eight as-
sessment criteria, which included gene function, DNA repair mechanism, inclusion in the Hallmark DNA repair Gene
Set*#7, previous annotations of the gene or the variant, type of mutation, protein change, and the prevalence. A
weighted average was calculated and translated into a final score for the variant (depicted in the table). XPF (p.K353s)
was excluded because primers for ddPCR were undesignable.

After having removed silent mutation variants and variants in TP53, Sensitive presents with 31
gene variants, whereas Resistant has none left (cf. Figure 16). The 31 variants were assigned
weighted scores from 1 to 5 within the eight assessment criteria. From the weighted scores, a
weighted mean was calculated and translated to final scores of 5 to 1; 1 was given to variants of
no interest, 5 was given to highly interesting variants. The table in Figure 16 shows the variants,
their final scores, and the total number of variants (n) within the group. The lowest scored variants
(1-3) were excluded, leaving three variants: XPF (p.K353fs), XPF (p.A596V), and EXO1 (p.Q774L).
XPF (p.K353fs) was found in NU-DHL-1, XPF (p.A596V) in FARAGE, and EXO1 (p.Q774L) in DB.

4.5.2 Variants found in Davelab’s 1,001 de novo DLBCL

The list of 177 DNA repair genes was used to filter the mutations profile of 1,001 de novo DLBCL
patients from Davelab3*, publicly available at https://dlbcl.davelab.org®. This identified 195 muta-
tion variants in 7 DNA repair related genes (cf. Figure 17), whereto silent mutation variants had
already been excluded.
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1001 patient data, DaveLab
195 gene mutation variants

in 6 DNA repair related genes 5 0
4 2 MSH2 (p.ASAT), MSH6 (p.R1242H)
[~——>TP53: 43 variants ATM (p.Q2108R), ATR (p.51142G), ATR (p.51875N), ATR (p.A1972T), ATR (p.D20S5N), ATR (p.D2063G), ATR
5 53 (p.R2089Q), ATR (p.R2363Q), ATR (p.F2483L), ATR (p.H2517R), ATR (p.E2626K), MSH2 (p.R30H), MSH2 (p.L36P),

MSH2 (p.R39Q), MSH2 (p.R40K), MSH2 (p.L314%), MSH2 (p.P729T), MSH6 (p.S459C), MSH6 (p.Q889H), MSH6

153 gene variants (p.FO16L), MSH6 (pT1225M), MSHS (pT1225M), MSHS (p.G1265E)

THE 8 AL ATM (p.R13H), ATM (p.R250%), ATM (p.R337H), ATM (p.N358S), ATM (p.P428S), ATM (p.N429S), ATM (p.V613L),
ATM (p.K638Q), ATM (p.H674R), ATM (p.R720C), ATM (p.N765T), ATM (p.R805*), ATM (p.D860G), ATM

[N Low score (1-3): 151 variants (p.D1099N), ATM (p.A1309T), ATM (p.11343S), ATM (p.N1356D), ATM (p.Q1361R), ATM (p.T14291), ATM
. (p-R1466*), ATM (p.M1830T), ATM (p.L1861M), ATM (p.Y1961C), ATM (p.G2022R), ATM (p.T20591), ATM
2 gene variants (p-A2067), ATM (p.N2501S), ATM (p.G2508R) , ATM (p.A2524P) , ATM (p.E2576K) , ATM (p.A2622G) , ATM

(p-N2697H) , ATM (p.F2820L) , ATM (p.R2832H) , ATM (p.V2906A), ATR (p.A9T), ATR (p.I97F), ATR (p.R215C), ATR
(p-R668W), ATR (p.S1102F), ATR (p.D1298N), ATR (p.K1379E), ATR (p.R141W), ATR (p.Y1497C), ATR (p.Y1626C),
ATR (p.D2111N), ATR (p.R2148*), ATR (p.A2181T), ATR (p.R2190C), ATR (p.L2306R), ATR (p.12323), ATR
€ (p.T2605A), ATR (p.R2606Q), BTG1 (p.M111), BTG1 (p.E14D), BTG1 (p.A18V), BTG1 (p.V19M), BTG1 (p.L26P),

2 119 BTG1 (p.G30E), BTG1 (p.G30R), BTG1 (p.L31F), BTG1 (p.S33N), BTG1 (p.T391), BTG1 (p.543N), BTG1 (p.Q45P),
> 1 variant

BTG1 (p.H51P), BTG1 (p.H54Y), BTG1 (p.W56*), BTG1 (p.P61S), BTG1 (p.G64R), BTG1 (p.G66D), BTG1 (p.Y67H),
BTG1 (p.C69Y), BTG1 (p.I70V), BTG1 (p.A84V), BTG1 (p.L104H), BTG1 (p.V106l), BTG1 (p.1115F), BTG1 (p.1121T),
UBE2A (p.S29P), UBE2A (p.133T), UBE2A (p.W36*), UBE2A (p.P43S), UBE2A (p.E44*), UBE2A (p.E61K), UBE2A
(p-P64L), UBE2A (p.M76K), UBE2A (p.Y82D), UBE2A (p.191K), UBE2A (p.5103T), UBE2A (p.1109K), UBE2A
(p-L12P), UBE2A (p.L113W), UBE2A (p.D114V), UBE2A (p.N117D), UBE2A (p.5120R), UBE2A (p.5120G), UBE2A
(p-Q125%), MSH2 (p.A2V), MSH2 (p.V3M), MSH2 (p.G18D), MSH2 (p.G137R), MSH2 (p.C267R), MSH2 (p.L321R),
MSH2 (p.Q353K), MSH2 (p.1388T), MSH2 (p.L422V), MSH2 (p.K425M), MSH2 (p.TA98A), MSH2 (p.E577K), MSH2
(p.C641Y), MSH6 (p.W50C), MSH6 (p.D257G), MSHS (p.T2695), MSHS (p.E318G), MSH6 (p.R1076H), MSH6
(p-P1082L), MSH6 (p.P1087H)

1 gene variant
MSH2 (p A54T)

BTG1 (p.H2Y), BTG (p.P3L), BTG1 (p.5133N), BTG1 (p.T138S), BTG1 (p.D144Y), BTG1 (p.T158A), BTG1 (p.M166L),
UBE2A (p.M1T), UBE2A (p.A5V)

Figure 17: Flow diagram showing the process of choosing one gene mutation variants for further analysis on the basis
of the DNA profile of 1,001 de novo DLBCL patient from DavelLab3*, publicly available at https://dIbcl.davelab.org®. All
variants were assigned a weighted score within to eight assessment criteria, which included gene function, DNA repair
mechanism, inclusion in the Hallmark DNA repair Gene Set*®*’, previous annotations of the gene or the variant, type
of mutation, protein change, and the prevalence. A weighted average was calculated and translated into a final score
for the variant (depicted in the table). One variant was chosen from the two variants with a final score of 4 by evaluat-
ing their individual weighted mean.

After having removed variants in TP53, 153 variants were scored in regard to the eight assessment
criteria of the systematic scoring system. The weighted averages were translated to final scores
between 1to 5. The table in Figure 17 lists each variant, their final score, and the total number of
variants (n) within that score. When 151 variants had been removed because of a low score (1-3),
one variant in MSH2 and one variant in MSH6 remained. MSH2 (p.A54T) is located in MutS_| do-
main, the DNA binding domain and found in four out of the 1,001 de novo DLBCL patients,
whereas MSH6 (p.R1242H) is located in MutS_V domain, the ATPase domain, and only found in
one out of 1,001 de novo DLBCL patients (cf. Appendix 2: Reddy et al. (2017) Survival Estimate).
Therefore, MSH2 (p.A54T) was scored with the highest weighted mean and was chosen for further
analysis.

4.5.3 The three variants

The information on the three chosen mutations variants is listed in Table 11. The variants found in
cell lines, XPF (p.A596V) and EXO1 (p.Q774L), were not found in Davelab’s cohort, and the variant,
MSH2 (p.A54T) found in 4 out of 1,001 de novo DLBCL patients from DaveLab3* was not identified
in the cell lines.
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Table 11: Information on the three mutation variants that were chosen based on the DNA profile of cell lines and
1,001 de novo DLBCL patients, provided by DavelLab3*. NER: nucleotide excision repair; MMR: mismatch repair; HR:
homologous recombination; Chr: chromosome; ICL: interstrand crosslinks.

Protein change XPF (p.A596V) MSH2 (p.A54T) EXO1 (p.Q774L)
DNA repair mechanism NER MMR MMR & HR
Genomic change g.14029576C>T g.47630490G>A g.242048725A>T
Chromosome location Chrl6 Chr2 Chrl
Exon number Exon 8 Exon 1 Exon 15
) ) . Interaction with MSH2

Protein domain - MutS_I domain .

domain

XPF encodes a protein that is involved in the NER mechanism, where it is responsible for resecting
the damaged section of the DNA strand. XPF (p.A596V) is found in the coding region of the gene,
but in no functional domain of the protein. It is, however, in proximity to the Nuclease domain,
which starts at position 658 in the XPF protein.

MSH?2 encodes a protein involved in damage recognition of the MMR pathway, more specifically
recognizing mismatches in complex with MSH6 and small insertions and deletions in complex with
MSH3 and is therefore particular important for the normal function of MMR. MSH2 (p.A54T) is sit-
uated in the MutS_I domain, which is the DNA binding domain.

EXO1 encodes a protein involved in both MMR and HR. EXO1 is responsible for cleaving the daugh-
ter strand harboring mismatches in MMR and resecting the 3’ ends of damaged DNA strands
alongside CtIP in HR. EXO1 (p.Q774L) is in the ‘Interaction with MSH2’ domain. Due to limited
time, EXO1 was not prioritized as a mutation candidate for further analysis in this project.

4.6 XPF (p.A596V) DROPLET DIGITAL™ RARE MUTATION DETECTION

ddPCR™ was performed on DNA extracted from the cell lines by AllPrep as a proof of principle for
validating the CCLE database mutations in the in-house cell lines. The presence of XPF (p.A596V)
was validated in the 14 in-house cell lines, including HBL-1, U2932, RIVA, and OCI-Ly8 whose muta-
tion profile was not available in the CCLE database*®. ddPCR™ primer-probe mix for XPF
(p.K353fs), a variant deemed interesting, was found to be undesignable, so it was excluded.

First, an annealing/extension temperature optimization was performed on the XPF (p.A596V) pri-
mer-probe mix (cf. Figure 18). Only wells with a droplet count above 12,000 are included. No posi-
tive signal was observed in the NTC wells. FARAGE was included as expected XPF (p.A596V) posi-
tive, based on the CCLE database*®, which was verified by p.A596V positive droplets. When looking
both at the wild type amplitude (cf. Figure 18A) and the mutant amplitude (cf. Figure 18BFigure
18), the well with an annealing/extension temperature of 54°C displayed the best separation be-
tween positive and negative droplets, whilst minimizing rain.
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Figure 18: 1D plots from Droplet Digital™ PCR temperature gradient on XPF (p.A596V) primer-probe mix. Wells with a
droplet count below 12,000 have been removed from the plot. A) Shows the amplitude signal on wild type (HEX robe).
B) Shows the amplitude signal on mutant p.A596V (FAM probe).

Supplementary figures from this ddPCR™ optimization assay can be found in Appendix 5: Supple-

R™ Temp. Gradient, these comprise droplet count, 1D and 2D plots of

mentary figures to ddPC
54°C, as well as concentration plot. To evaluate the optimal amplitude threshold, wells with an an-
nealing/extension temperature of 54°C were used to generate a 2D plot (cf. Figure 19). Four clus-
ters are formed: a cluster of double negative droplets, a cluster of mutant positive droplets, a clus-
ter of wild type positive droplets, and a cluster of double positive droplets. The fluorescent thresh-
old for wild type signal is set at 4343 Channel 2 amplitude, whereas the p.A596V signal is set at

2929 Channel 1 amplitude.
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Figure 19: 2D plot of the from Droplet Digital™ PCR temperature gradient on XPF (p.A596V). Depicted are wells with
an annealing/extension temperature of 54°C, used to set the amplitude threshold for the wild type probe (HEX) and
the mutant p.A596V probe (FAM).
Using XPF (p.A596V) Rare Mutations Variant ddPCR™ Detection each cell line was run (cf. Figure
20). There were no positive droplets in NTC wells. All cell lines were positive for wildtype (cf. Fig-
ure 20A), whereas only FARAGE was positive for p.A596V (cf. Figure 20B). Supplementary figures
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are listed in Appendix 8: Supplementary figures to ddPCR™ Rare Mut. Detection, containing drop-
let count, 1D and 2D plots of XPF (p.A596V) negative wells, 1D and 2D plots of XPF (p.A596V) posi-
tive wells, as well as 2D plots of NTC.
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Figure 20: 1D plots illustrating each cell line run on Rare Mutations Variant ddPCR™ Detection using XPF (p.A596V)
primer-probe mix. A) Shows the amplitude signal on wild type (HEX robe) in each cell line and no-template control
(NTC). B) Shows the amplitude signal on mutant p.A596V (FAM probe) in each cell line and NTC.

On the 2D plot, amplitude thresholds were set as determined in the ddPCR™ Temperature Gradi-
ent Assay (cf. Figure 21). The four clusters are distinguishable. Like previously, the p.A596V posi-
tive cluster is skewed towards the double positive cluster and the double positive cluster is
stretched between the p.A596V positive cluster and wild type positive cluster, rather than being

confined to its own quadrant.
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Figure 21: 2D plot illustrating the four clusters from Rare Mutations Variant ddPCR™ Detection using XPF (p.A596V)
primer-probe mix. Each cell lines and no-template control are included. The grey cluster contains double negative
droplets, the blue cluster comprises p.A596V positive droplets, the green cluster contains wild type positive clusters,
and the double positive droplets are gathered in the orange cluster.

With the two thresholds defined it is possible to calculate the concentration in copies/uL of XPF
(p.A596V) and wild type. Figure 22 illustrates a plot of these concentrations. A few of the NTC
wells present a small positive result. The well containing FARAGE (B02) showed an approximately
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equal concertation of p.A596V (490 copies/uL) and wild type (468 copies/uL). The rest of the cell
lines were all positive for the wild type, with concentrations between 1353 copies/uL and 899 cop-
ies/uL. Most had a total concentration in the range of 900 copies/pL to 1200 copies/uL, meaning
18,000-24,000 copies/20 pL. This corresponded well with the calculated amount of DNA sample
added: 66 ng of DNA, translating to 18,000 copies/20 pL.
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Figure 22: Concentration (copies/pL) of both XPF (p.A596V), shown as blue dots, and wild type, shown as brown dots.
Well A03-HO3 are no-template control. The remaining wells are respectively as follows: NU-DUL-1, SU-DHL-5, NU-DHL-
1, OCl-Ly7, SU-DHL-8, MC-116, HBL-1, U2932, DB, FARAGE, OCI-Ly8, SU-DHL-4, RIVA, and SU-DHL-10.

4.7 DRUG SCREENING OF FOUR CELL LINES

As a validation of the cell lines’ cisplatin response, observed in the previous dose-response screen-
ing, four cell lines were chosen for drug screening with cisplatin based on their cisplatin sensitivity
and their general mutation profile, considering the presence of a mutation candidate and muta-
tions that could interfere with results. OCl-Ly7 was chosen because it only has two variants, PRKDC
(p.Y788C) and TP53 (p.G245D), and a relatively sensitive response to cisplatin (cf. Figure 11). Like-
wise, SU-DHL-4 was chosen because it only had a TP53 (p.R273C) variant but presented with a rel-
atively resistant response to cisplatin (cf. Figure 11). DB and FARAGE had a semi-sensitive response
to cisplatin and were chosen because of their mutation in EXO1 (p.Q774L) and XPF (p.A596V), re-
spectively.

The drug screening was a cell count based assay. Results are depicted in Figure 23 as a within cell
line relative cell count to O pg cisplatin per mL and plotted as a mean of 2-9 assays with SDs. Each
assay included three technical replicates, additionally OCI-Ly7 (cf. Figure 23A) and SU-DHL-4 (cf.
Figure 23B) have been carried out as two and three independent biological replicates, respec-
tively.
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Figure 23: Cell count based drug screening of four DLBCL cell lines (A: OCI-Ly7, B: DB, C: FARAGE, and D: SU-DHL-4)
using cisplatin at four cell line specific concentrations, determined on the basis of a dose-response screening per-
formed prior to initiation of this project. Cisplatin concentrations are in-well concentrations. Cell count is depicted as a
relative to a cisplatin concentration of 0 pg/mL with respective standard deviations.

Three cisplatin concentrations were chosen based on cell line specific Glso from the systematic
dose-response screening. For each cell line, it is evident that the cell count decreases with an in-
creasing cisplatin concentration. A large drop in cell count is observed between 0 ug of cisplatin
per mL and the lowest supplemented cisplatin concentration. The following decline in cell count is
moderate and varies in between cell lines, as well as the size of the SDs varies.
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4.8 INHIBITION OF MSH2

Mutations in MSH2 showed a decreased survival in Davelab’s cohort of 1,001 de novo DLBCL pa-
tients, although not significant (cf. Figure 10). Additionally, in the empiri MSH2 is implicated in the
resistance to cisplatin. The Hsp90 inhibitor, 17AAG, which has been found to decrease the amount
of MSH2 and affect cells response to cisplatin, was chosen as an MSH2 inhibitor in this project, for
the purpose of investigating the effect of inhibition of MSH2 on the cisplatin response. Two cell
lines were included in this challenge assay. OCI-Ly7 and SU-DHL-4 were chosen due to their lack of
mutations in DNA repair genes, which could otherwise interfere with the results, and their oppos-
ing response to cisplatin: OCI-Ly7 being sensitive and SU-DHL-4 being relatively resistant.

First, a viability assay was carried out, to determine the highest possible concentration of 17AAG
that would not inhibit cell growth. With inspiration from a Choi et al. (2014)%>, five concentrations
of 17AAG were chosen and scaled up in relation to cell count. Results are depicted in Figure 24.
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Figure 24: A viability assay on OCI-Ly7 (A) and SU-DHL-4 (B) using six concentrations of 17-(Allylamino)-17-demethox-
ygeldanamycin (17AAG). Results are shown as a main of three technical replicates with corresponding standard divi-
sions.

OCl-Ly7 presents with a classical S-shaped curve and a decrease in cell count even at the lowest
concentration of 17AAG (cf. Figure 24A). The results from SU-DHL-4 also has an S-shape, although
a large drop in cell count is observed between a 17AAG concentration of 0.15 pg/mL and 0.3
ug/mL (cf. Figure 24B). From this assay, a 17AAG concentration of 0.15 pg/mL was chosen for the
challenge assay of both cell lines, noting however that a small drop in cell count is observed in
both cell lines.
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The challenge assay was carried out
with the four cisplatin concentra-
tions from the drug screening and
with or without 0.15 pg 17AAG per
mL, to visualize the effect of the ad-
dition of 17AAG, an MSH2 inhibitor,
on cisplatin response. The results
are depicted as a mean cell count,
determined at 48 hours, of three
technical replicates, relative to the
cisplatin concentration of 0 ug/mL,
and with respective SDs. The results
of the challenge assay on OCI-Ly7 is
shown in Figure 25. The cell count
was generally higher, when 17AAG
and cisplatin had been added con-
secutively, compared to cells that
were only affected by cisplatin. This
suggests a relationship between the
function of MSH2 and the sensitiv-
ity towards cisplatin.

The same tendency was observed
with SU-DHL-4, as seen in Figure 26.
A consistently higher cell count was
observed for cells who had been af-
fected by 17AAG in each cisplatin
concentration, showing a lower cis-
platin sensitivity because of 17AAG
addition. To validate the stability of
the inhibitor, a lethal dose of 2.1 ug
17AAG/mL was administered to the
cell lines. OCI-Ly7 and SU-DHL-4
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Figure 25: Challenge assay on OCI-Ly7 using four cisplatin concentra-
tions with or without 0.15 pg 17AAG per mL. Results are shown as a rel-
ative cell count to cisplatin 0 ug/mL and with standard divisions. The
curve with circled points represents the cells who only received cisplatin
and the curve with squared points represents the cells who received
both 17AAG and cisplatin.
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Figure 26: Challenge assay on SU-DHL-4 using four cisplatin concentra-
tions with or without 0.15 pg 17AAG per mL. Results are shown as a rel-
ative cell count to cisplatin 0 ug/mL and with standard divisions. The
curve with circled points shows the cells affected by cisplatin, whereas
the curve with squared points shows the cells affected by both 17AAG
and cisplatin.

showed a 66% and 80% decrease in cell count, respectively, compared to cells only affected by
DMSO, verifying the inhibitors functionality (cf. Appendix 16: Lethal Dose of 17AAG).
These results indicate that there could be a correlation between the function of MSH2 and a de-

crease in the sensitivity to cisplatin.

4.9 COMET AsSAY® SINGLE CELL GEL ELECTROPHORESIS
Since mutations in MSH2 have been implicated to decrease the sensitivity of cells to cisplatin, by

impairing MMR, Comet Assay® Single Cell Gel Electrophoresis was utilized. The difference in the
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amount of DNA fragments, otherwise generated through DNA repair, was evaluated between wild
type cells, cells who received cisplatin, cells who received 17AAG, and cells who received both cis-
platin and 17AAG.

Denatured, cleaved DNA fragments migrates out of the nucleus of a lysed cell while under the in-
fluence of electrical current, whereas undamaged DNA migrates slower and remains within the
area of the nucleus. This generates cell ‘comets’, where the nucleus constitutes the comet head
and the comet tail composes damaged DNA migrated out of the cell. The tail moment (the dis-
tance between the center of the comet head to the center of the comet tail) allows for evaluation
of the degree of DNA damage.

A cisplatin-sensitive cell line, OCI-Ly7, and a cisplatin-resistant cell line, SU-DHL-4, was investi-
gated. The results are depicted in Figure 27, where cells are stained using SYBR® Gold DNA stain-
ing, viewed at a 40X magnification, and photographed with a phone.
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Figure 27: Comet Assay® Single Cell Electrophoresis Assay of OCI-Ly7 (cisplatin-sensitive) and SU-DHL-4 (cisplatin-re-
sistant). Cells from each cell line have been subjected to either A: isotonic saltwater (solvent for cisplatin) and 0.003%
DMSO (solvent of 17-(Allylamino)-17-demethoxygeldanamycin [17AAG]); B: cisplatin at a concentration of 1.6 ug/mL
and 0.003% DMSO; C: isotonic saltwater and 17AAG at a concentration of 0.15 ug/mL; or D: cisplatin at a concentra-
tion of 1.6 pg/mL and 17AAG at a concentration of 0.15 pug/mL. Both cells from 1: OCI-Ly7 and 2: SU-DHL-4. Cells are
stained with SYBR® Gold DNA staining and viewed at a 40X magnification. The comet tail composes damaged DNA mi-
grated out of the cell under electrical current.

When looking at wild type cells, who received only solvents (cf. Figure 27A) i.e. isotonic saltwater
and DMSO, a small comet tail is present, indicative of some DNA fragments having migrated. Cells
affected by cisplatin at a concentration of 1.6 pg/mL (cf. Figure 27B), presented with the longest
comet tail, and thereby the highest amount of migrated DNA fragments. Cells affected by 17AAG
at a concentration of 0.15 pg/mL (cf. Figure 27C) showed a comet tail similar to wild type cells, al-
beit slightly longer. When looking at Figure 27D, showing cells affected by both cisplatin at a con-
centration of 1.6 pg/mL and 17AAG at a concentration of 0.15 pg/mL, almost no comet tail is visi-
ble, creating a large contrast to cells of Figure 27B. These results indicate that inhibition with
17AAG along with cisplatin, decreases the amount of migrating DNA fragments that would other-
wise have been induced by cisplatin.
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4.10 DIFFUSE LARGE B-CELL LYMPHOMA PATIENTS

Fourteen cell lines are not representative of the clinical population of DLBCL patients. In silico data
from whole exome sequencing of 1,001 de novo DLBCL patients, kindly provided by Davelab3*,
and whole exome sequencing of 28 Hematology Aalborg patients with relapsed DLBCL and 44 He-
matology Aalborg patients with de novo DLBCL (gathered as of the 5™ of January 2019), provided
the opportunity to visualize the mutations found in DLBCL patients and elucidate possible muta-
tion hotspots. The genes in focus is XPF, important in NER, MSH2, important in MMR, and EXO1,
important in MMR and HR. Two variant analyses were carried out by Mads Sgnderkaer: one on
Davelab’s 1,001 patient cohort and one on the Hematology Aalborg 72 patient cohort. From this,
variants in EXO1, XPF and MSH2 who were non-synonymous and in an exon was plotted on a
graphical view of the respective protein, given that the variants could be annotated with a protein
change. Variants annotated as both “tolerated” (VEP SIFT) and “benign” (VEP Polyphen) have been
excluded.
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Figure 28: Graphical protein variant view of EXO1 variants. Start and end of protein domains are marked on the hori-
zontal axis, whereas the vertical axis annotates variant prevalence within the sample group. The spikes with a round
head are variants found in the variant analysis on Davelab’s 1,001 de novo DLBCLs, whereas the spikes with a rhomb
head are variants found in Hematology Aalborg 72 de novo or relapsed DLBCL patients. The spikes with no head are
variants found in cell lines through the CCLE database®. The red color of a spike depicts the variant chosen for this
study (p.Q774L). Inspired from https://dlbcl.davelab.org?® and based on data from https://www.uniprot.org/*.
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The graphical protein variant view depicts the length of the protein and its domains, into which
each mutation variant is plotted. Each spike represents a variant at the given position; the higher
the spike, the more prevalent the variant is in the variant analysis. The spikes with a round head
represent the variants found in the Davelab’s 1,001 de novo DLBCLs, whereas the spikes with a
rhomb head symbolize the variants from the Hematology Aalborg 72 relapsed DLBCLs. Finally, the
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spikes with no head mark the variants found in cell lines on the CCLE database. The red color of a
spike marks a variant chosen for this study.

Figure 28 shows the protein EXO1 (exonuclease 1) and the related variants found in the two clini-
cal cohorts and cell lines. Each domain of the protein is marked and named. Davelab’s 1,001 de
novo DLBCLs present with a total of 33 unique mutation variants widely scattered across the pro-
tein. The most affected domains are the one with MSH3 interaction and the one with MSH2 inter-
action. Five spikes are present: EXO1 (p.N279S) found in 54 patients, EXO1 (p.Q718%*) found in 806
patients, EXO1 (p.D731Y) found in 50 patients, EXO1 (p.G759E) found in 293 patients, and EXO1
(p.K768E) found in 21 patients. This is a sharp contrast to the number of variants found in the He-
matology Aalborg 72 DLBCL patient cohort; post exclusion, these presented with only EXO1
(p.N279S) in the first domain with MSH3 interaction (n=2) and EXO1 (p.G759E) in the domain with
MSH2 interaction (n=1). Additionally, the variant initially chosen for this project, EXO1 (p.Q774L),
found in DB, is also found in the domain with MSH2 interaction.
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Figure 29: Graphical protein variant view of MSH2 variants. Start and end of protein domains are marked on the hori-
zontal axis, whereas the vertical axis annotates variant prevalence within the sample group. The spikes with a round
head are variants found in the variant analysis on Davelab’s 1,001 de novo DLBCLs, whereas the spikes with a rhomb
head are variants found in Hematology Aalborg 72 de novo or relapsed DLBCL patients. The spikes with no head are
variants found in cell lines through the CCLE database®. The red color of a spike depicts the variant chosen for this
study (p.A54T). Inspired from https://dIbcl.davelab.org® and based on data from http://pfam.xfam.org/>°.

This tendency is also observed in Figure 29, where Davelab’s 1,001 de novo DLBCLs present with
40 different mutation variants in total, dispersed across MSH2 (MutS protein homolog 2). Three
spikes are visible, with 11 patients presenting with MSH2 (p.N127S), 32 patients presenting with
MSH2 (p.G322D), and 16 patients presenting with MSH2 (p.V532Kfs*13). The most affected do-
mains are MutS_I and MutS_IIl. MutS_I is the DNA binding domain, and the domain in which the
variant candidate of this project, MSH2 (p.A54T), is. In contrast, only one variant, MSH2 (p.Q915R),
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remained of the Hematology Aalborg 72 DLBCL patient cohort after exclusion (n=3), located be-
tween domains. No variants of MSH2 was found in the cell lines on the CCLE database®.
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Figure 30: Graphical protein variant view of XPF variants. Start and end of protein domains are marked on the horizon-
tal axis, whereas the vertical axis annotates variant prevalence within the sample group. The spikes with a round head
are variants found in the variant analysis on Davelab’s 1,001 de novo DLBCLs, whereas the spikes with a rhomb head
are variants found in Hematology Aalborg 72 de novo or relapsed DLBCL patients. The spikes with no head are variants
found in cell lines through the CCLE database®. The red color of a spike depicts the variant chosen for this study
(p.A596V). HhH,: helix-hairpin-helix. LZ: Leucine-zipper. Inspired from https://dlbcl.davelab.org?® and based on data
from https://www.uniprot.org/>.

The graphical protein variant view of XPF is depicted in Figure 30. A total of 33 unique mutation
variants were found in the variant analysis of Davelab’s 1,001 de novo patients. These were
spread across the protein, however with a visible accumulation of mutations in the segment be-
tween the helicase-like domain and nuclease domain. Within this intermediary segment is also the
variant found in FARAGE (XPF p.A596V) and the one variant (XPF p.P609H) that remained after fil-
tering the variant analysis of 72 Hematology Aalborg relapsed or de novo DLBCL patients (n=1).
Three spikes can be identified of DavelLab’s 1,001 de novo patients: p.P425S found in 10 patients,
p.R461Q found in 132 patients, and p.S708P found in 48 patients.

4.11 SCHEMATIC OVERVIEW OF THE PROJECT

To provide a schematic overview of both the experimental and the clinical track of this thesis,
three diagrams have been drawn. The clinical mutation track is described in Figure 31. Mutations
were identified in the 14 cell lines, Davelab’s 1,001 de novo DLBCL patients, and 72 de novo and
relapse DLBCL Hematology Aalborg patients, mutation candidates were chosen and these were
validated using either ddPCR™ Rare Mutation Detection or bioinformatic variant analysis, gener-
ously performed by Mads Sgnderkaer, Senior Bioinformatician at The Department of Hematology,
Aalborg University Hospital.
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Figure 31: A flow diagram depicting the clinical mutation track of this thesis. Data from three samples were included:
14 cell lines (DB, FARAGE, HBL-1, MC-116, NU-DHL-1, NU-DUL-1, OCI-Ly7, OCI-Ly8, RIVA, SU-DHL-4, SU-DHL-5, SU-DHL-
8, SU-DHL-10, and U-2932), 1,001 de novo DLBCL patients provided by DavelLab?*, and 72 de novo and relapsed Hema-
tology Aalborg DLBCL patients. Green shows the three sources from which mutations were identifies. Yellow shows
the chosen mutations variants. Blue shows the process for validation. Faded steps have not been performed.

MSH2 (p.A54T) ddPCR™ Rare Mutation Detection has not been performed due to limited time,
and the low prevalence in Davelab’s cohort (4 out of 1,001), making it unlikely to be present in the

cell lines. From the mutations found in the three populations, a graphical protein variant view was
made for XPF, EXO1, and MSH2, visualizing potential hotspots and differences between the three

populations.
Experimental cisplatin track Figure 32: A flow diagram depicting
the experimental cisplatin track of this
o thesis. Green shows the two data
cellines sources: the mutation profile of 14
//\ cell lines (DB, FARAGE, HBL-1, MC-
Systematic cisplatin 116, NU-DHL-1, NU-DUL-1, OCI-Ly7,
Mutation profile from dose-response screening N OCI-Ly8, RIVA, SU-DHL-4, SU-DHL-5,
Cancer Cell L.ine Perfgrmed.by Helle Hgholt, haracieristios SU-DHL-8, SU-DHL-10, and U-2932)
Encyclogicdia Louise Hishiy Maessn & and their cisplatin response from a
Zuzana Valnickova Hansen, "
l dose-response screening. Yellow
shows the tools used for evaluation of
Venn diagram Cell “S;V& cell line Evaluation of the divisions. Blue defines the chosen
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of DB, FARAGE, OCI-Ly7, and SU-DHL-4
Defining 10:4 o teReeetant cisplatin response.
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The experimental cisplatin track is depicted in Figure 32. Using the mutation profile of cell lines
found on CCLE*® and results from a systematic cisplatin dose-response screening, different divi-
sions of cisplatin-sensitive and cisplatin-resistant were made. The cisplatin dose-response assay
had been carried out prior to initiation of this project by Helle Hgholt, Medical Laboratory Techni-
cian at The Department of Hematology, Aalborg University Hospital, Louise Hvilshgj Madsen, La-
boratory Technician at The Department of Hematology, Aalborg University Hospital, and Zuzana
Valnickova Hansen, Laboratory Technician at The Department of Hematology, Aalborg University
Hospital. The different divisions were evaluated using a Venn diagram and the calculated differ-
ence in cisplatin response between two adjacent cell lines. From this, a division of Sensitive:Re-
sistant was chosen and the cisplatin response found in the dose-response screening was validated
in a drug screening of DB, FARAGE, OCI-Ly7, and SU-DHL-4.

Figure 33: A flow diagram depicting the experi-

mental challenge track of this thesis. Green
shows the identification of 17-(Allylamino)-17-

2 cell lines demethoxygeldanamycin (17AAG), used as an

inhibitor for MSH2, and Green tea polyphenol

\ . epigallocatechin-3-gallate (EGCG), used as an

Identification of o
17AAG EGCG inhibitor inhibitor of ERCC1-XPF complex. Yellow shows
the viability assay on OCI-Ly7 and SU-DHL-4.
Blue shows the challenge assay. Purple shows
\iatiliyassay Viability assay Cells response the evaluation of the amount of DNA frag-

i i to inhibitor ments. Faded tracks have not been performed.

Challenge assay
17AAG + cisplatin

Effect on cisplatin
response

Effect on the amount

Comet Assay® Comet Assay® of DNA fragments

The experimental challenge track is shown in Figure 33. 17AAG and EGCG was identified as inhibi-
tors of respectively MSH2, a part of MMR, and ERCC1-XPF a part of NER. A validation assay was
carried out on OCI-Ly7 and SU-DHL-4 and a subsequent challenge assay, using the inhibitor and cis-
platin, was performed to evaluate the effect of DNA repair inhibition on the cisplatin response.
Comet Assay® was used to evaluate the change in the amount of DNA fragments when cells were
affected with a DNA inhibitor and cisplatin. At the time of writing this thesis, the steps of EGCG
have not been performed, hence the faded track in Figure 33.

53 | 65



Master thesis |AHR Pedersen
Cisplatin Sensitivity in Diffuse Large B-cell Lymphoma and
the Influence of Mutations in DNA Repair Genes

5 DISCUSSION

5.1 EXPERIMENTAL TRACK

One of the objectives of this thesis was to determine the frequency and investigate the role of mu-
tations of selected DNA repair genes found in cell lines with cisplatin response varying from sensi-
tive to resistant. No natural subdivision in cisplatin sensitivity was observed between the 14 tested
DLBCL cell lines in systematic dose-response screenings. However, based on the difference in ra-
tios between AUC, of neighboring cell lines, ranked according to increasing AUCo, the largest dif-
ference was observed between FARAGE and RIVA, except for cell lines in the extremities. This split
also separated cell lines with many mutations (Sensitive) from cell lines with extremely few muta-
tions (Resistant) in DNA repair related genes and was therefore chosen as the best suggestion for
dividing cell lines into Sensitive and Resistant, yielding the division of 10:4 (Sensitive:Resistant).
When running cell count based drug screening on DB, FARAGE, OCl-Ly7, and SU-DHL-4 as valida-
tion of previously performed MTS based dose-response screening, unexpected observations was
made: SU-DHL-4, classified as Resistant in MTS assays, showed a larger decrease in cell count dur-
ing drug screening and challenge assay, compared to OCI-Ly7, classified as Sensitive by MTS, indi-
cating a larger cisplatin-sensitivity in SU-DHL-4. In contrast to these results is the fact that when
these two cell lines were affected with cisplatin, lysed, and subjected to electrical current in Comet
Assay®, a lower amount of DNA fragments were identified in SU-DHL-4 cells, compared with cells
of OCI-Ly7, indicating a cisplatin-resistant phenotype in SU-DHL-4, in accordance with the MTS
based classification of SU-DHL-4 as Resistant. The previous systematic dose-response screenings
on cell lines were MTS-based assays detecting the level of metabolic active cells, whereas drug
screenings of this project were cell count-based assays detecting actual living cells, thereby provid-
ing different output parameters, based on different stages — and possibly different mechanisms —
of growth inhibition: dormant (metabolic inactivity) and death.

DNA Barcoding have authenticated all cell lines’ ID before and after assays, ruling out cell con-
tamination or cell line swap. Therefore, the difference in output parameter and persons perform-
ing the analysis were considered as reasonable explanatory factors for the observed differences in
the response assessment. With these arguments, the division of ten Sensitive and four Resistant
cell lines were considered to be acceptable.

It is an interesting observation that cisplatin-resistant cell lines have very few mutations in DNA
repair related genes (only two variants in one gene in total), whereas cisplatin-sensitive cell lines
show a total of 41 mutation variants in 28 different genes. To the author’s knowledge, no previous
study has reported the difference in cumulative mutation landscape of cisplatin-sensitive and cis-
platin-resistant cell lines of DLBCL. The cisplatin resistance could be due to different molecular
mechanisms between the two groups. The markedly high AUC, of SU-DHL-10 conferring the most
resistant profile, compared to the other cell lines, could be due to the splice site mutation in TP53
(g.7574034C>T), a pathogenic variant located at the acceptor (3’) splice site>?, or possible hyper-
methylation of the promotor region of e.g. MSH1 or MSH2, described to have a great impact on
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the MMR function.>® This could also be a factor, for the observed relative cisplatin resistance in
the other three cell lines with no mutations in DNA repair related genes.

A systematic assessment tool was developed, enabling quantitative evaluation of each variant
found in cell lines on the CCLE database®, and Davelab’s 1,001 de novo DLBCL patients on
https://dlbcl.davelab.org3. The variants were filtered according to eight weighted assessment cri-
teria, making it possible to assess a) the gene’s function in DNA repair important for cisplatin’s
mechanism of action, b) the empiri concerning the gene or mutation variant, c) two aspects im-
portant for variant Impact, and d) the prevalence of the variant in its population-group (cell line,
Davelab3* cohort, or Hematology Aalborg cohort). From this, three variants were chosen: EXO1
(p.Q774L), XPF (p.A596V), and MSH2 (p.A54T).

The presence of XPF (p.A596V) in FARAGE, was verified using ddPCR™. No other cell line had the
mutation, including the four cell lines that were not included in the CCLE database. The four clus-
ters mapped out on the 2D plots of ddPCR™ (cf. Figure 19 and Figure 21) are skewed, rather than
at right angles to each other: the p.A596V positive cluster is shifted towards the double positive
cluster, and the double positive cluster is stretched out between the p.A596V positive cluster and
wild type positive cluster. This is due to cross-reactivity of the probes that is to be expected in Rare
Mutation Detection ddPCR™ Assay.>* These skewed cluster appear as double bands in the 1D
plots (cf. Figure 18 and Figure 20), as a result of viewing two-dimensional data in one dimension.>*
At the time of writing this paper, the presence of MSH2 (p.A54T) in cell lines have not been tested,
due to a limited time frame. However, the variant was only found in four out of 1,001 DLBCL pa-
tients (DavelLab’s cohort) and was not mentioned in ten out of this study’s 14 cell lines on CCLE*,
making it highly unlikely that either of the cell lines would be positive for the variant. Despite it be-
ing a theoretically interesting MSH2 variant, it is likely not relevant in DLBCL and cisplatin sensitiv-
ity.

Another aim of this thesis was to evaluate how impaired DNA repair affects cell lines’ response to
cisplatin. The Hsp90 inhibitor, 17AAG, was chosen. Hsp90 (also known as HspC) is a chaperone in-
volved in protein folding and is a positive regulator of e.g. MMR proteins.?*?¢ 17AAG binds to the
NH,-terminal ATP-binding domain of Hsp90 and locks it in an ATP-bound formation.?#2® Tung et al.
(2014)%* found that 17AAG significantly downregulated the pemetrexed-induced MSH2 expression
in NSCLC cell lines, and that 17AAG sensitized NSCLC and lung adenocarcinoma cell lines to
pemetrexed.?* However, pemetrexed is an antifolate chemotherapy drug with a downstream inhi-
bition of purine and pyrimidine formation.?* Therefore, inhibition of MSH2 with 17AAG could be
expected to have a different impact when focusing on DLBCL cell lines treated with cisplatin. In
this study, administration of 17AAG resulted in a decreased cell count of two DLBCL cell lines (OClI-
Ly7 and SU-DHL-4) when administered as a single intervention with increasing concentrations,
even at the lowest concentration of 0.15 pg 17AAG per mL. This is observed in other studies as
well, and an argument for it being tested in Phase 2 clinical trials as a treatment for cancer.?”:?8
However in this thesis, the goal was to evaluate the effect in combination with cisplatin, and it can
be argued whether a concentration >0.15 pg 17AAG per mL would be more appropriate in further
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studies. 17AAG administered in combination with cisplatin resulted in an increased cell count of
the two cell lines, compared to cells only affected by cisplatin. This indicates that administration of
17AAG decreases cisplatin sensitivity of DLBCL cell lines, and shows ineffective MMR, as a result of
impaired MSH2, as a possible mechanism for cisplatin-resistance.

A different response was observed by Choi et al. (2014)?°, where a sublethal dose of 17AAG en-
hanced HR proficient ovarian cancer cell lines’ sensitivity to carboplatin, a drug with relatively
identical mechanism of action as cisplatin.?> However, 17AAG could not sensitize a HR deficient
ovarian cancer cell line to carboplatin.?> Additionally, they identified a significantly decreased ex-
pression of HR related genes (BRCA1 and RAD51) when treating HR proficient ovarian cancer cell
lines with 17AAG?>, in line previous descriptions of Hsp90 and its interaction with HR-proteins,
such as MRN complex, BRCA1, BRCA2 and RAD51.%2
However, in the present study, 17AAG resulted in a decreased cisplatin sensitivity. Furthermore, a
noticeable smaller amount of DNA fragments was observed from cells treated with 17AAG and cis-
platin, compared to cells affected only by cisplatin, indicating a decreased DNA repair. All support-
ing the hypothesis of 17AAG inhibiting MSH2 and impairing MMR, leading to a cisplatin-resistant
phenotype. Moreover, SU-DHL-4 presented with a smaller amount of DNA fragments when
treated with cisplatin, compared with OCI-Ly7 treated with cisplatin, advocating SU-DHL-4 as more
cisplatin-resistant than OCI-Ly7 and supporting its classification into Resistant.

Thus, the DNA repair mechanism targeted by mutations is highly important for the effect in cispla-
tin sensitivity. DLBCL patients with impaired MSH2 function might be more resistant to cisplatin
treatment in the relapsed setting and have a poor survival compared to relapse patients with a
functional MSH2 — a hypothesis that needs testing in large clinical cohorts.

5.2 CLINICAL TRACK

To evaluate on the mutations in selected DNA repair genes found in cell lines, compared to a co-
hort of clinical DLBCL patients, in silico data from whole-exome sequencing of Davelab’s 1,001 de
novo DLBCL patients and Hematology Aalborg 72 de novo and relapse DLBCL patients was ana-
lyzed using a pipeline developed by Mads Sgnderkaer, Senior Bioinformatician at The Department
of Hematology, Aalborg University Hospital.

There was very little overlap in variants identified in cell lines, DavelLab cohort and Hematology
Aalborg cohort. The variant analysis of DavelLab cohort showed a markedly higher number of vari-
ants in EXO1, XPF, and MSH2, than those found in the variant analysis of Hematology Aalborg co-
hort. Despite that, none of the CCLE-identified variants in the cell lines were found in either of the
variant analyses, illustrating a cell line associated genetic profile, possibly selected through in vitro
culturing and long-term passaging since the original isolation from primary patients.

Additionally, when focusing on EXO1, XPF, and MSH2, only one variant, EXO1 (p.G759E), was
found in both variant analyses; one patient out of 72 Hematology Aalborg DLBCL patients pre-
sented with the variant, as well as 293 patients out of Davelab’s 1,001 DLBCL patients. Eight vari-
ants was found in the variant analysis of Davelab’s cohort to have a high prevalence, these in-
cluded EXO1 (p.Q718TER) (n=806), EXO1 (p.G759E) (n=293), EXO1 (p.N279S) (n=54), XPF
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(p.R461Q) (n=132), XPF (p.S708P) (n=48), XPF (p.E921G) (n=33), and MSH2 (p.G322D) (n=32).
These variants are likely natural variants that would be filtered away in Reddy et al. (2017)34,
through their 400 paired-normal tissue. However, since VEP SIFT and Polyphen annotations were
not applicable for these variants, they were still included in the graphical protein variant views of
this thesis.

Increased sensitivity to cisplatin has been described in relation to NER proteins. Testicular cancer
patients have shown a high response rate to cisplatin, leading to the investigation of this cancers
molecular background.!! Usanova et al. (2010)*® found that a low level of the ERCC1-XPF complex
in testis cells correlated with a decreased repair of interstrand crosslinks, and proposed that the
ERCC1-XPF complex could be the limiting factor of cisplatin response.® Furthermore, Olaussen et
al. (2006)'7 investigated 761 NSCLC patients and found that just over half of the patients pre-
sented with ERCC1-negative tumors. The patients were treated with cisplatin-based regimes, to
which the patients with ERCC1-negative tumors showed a significantly better survival profile than
patients with ERCC1-positive tumors.” In principle, low expression of any key NER protein, such as
XPD, XPF, XPG and ERCC1, could lead to decreased capacity of NER, increasing sensitivity to cispla-
tin and cell death.''*3 Likewise, an increased capacity for NER has been linked to cisplatin re-
sistance.® Olaussen et al. (2006)!” found that an overexpression of ERCC1-XPF increased inter-
strand crosslink repair and decreased tumors sensitivity towards cisplatin. Therefore, the ERCC1-
XPF complex seems to play a role in the mechanism of resistance to cisplatin. Furthermore,
Trisianes et al. (2005)°° suggested that XPF supports the protein folding of ERCC1, since ERCC1 was
deemed unable to fold correctly without XPF in vitro.>® They also identified the XPF Phe905 resi-
due as essential to the interaction with ERCC1, since this positions in the hydrophobic pocket of
ERCC1.%> The XPF Ala906 residue has also been linked to the interaction with ERCC1.°® The HhH,
(helix-hairpin-helix) domain (837-905) has also been demonstrated to bind both dsDNA and
ssDNA.>’ The nuclease domain presents as the active site, and mutations of XPF Asp687, Asp715,
Lys727, and Asp731 residues impacted the catalytic activity.”® No essential residues have been de-
scribed in the helicase-like domain of XPF.>®

In the present study, mutations in XPF was also present. Especially, the segment between hel-
icase-like domain and nuclease domain of the XPF protein seemed hold many mutations, including
the one variant found in Hematology Aalborg 72 patient cohort and one of the two variants found
in cell lines. As of yet, no residues in this segment have been highlighted; however, the apparent
accumulation of mutation in this thesis’ cohort, suggests this segment as a possible region for fur-
ther inspection in future studies. One of the mentioned residues, Ala906, was found in the variant
analysis to be mutated (XPF [p.A906T]) in two patients of Davelab’s 1,001 DLBCL patients. It can
be speculated that this mutation would interfere with ERCC1-XPF interaction, thereby hampering
the function of NER and result in increased cisplatin sensitivity.

The MMR pathway also plays a role in mediating cisplatin’s cytotoxicity, where MLH1 and MSH2
have been highlighted, and impaired MMR has been implicated in relation to cisplatin resistance.!
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Fink et al. (1996)%° reported a 1.8-fold increased cisplatin resistance in an MSH2-deficient endome-
trial cancer cell line (HEC59).2° Likewise, Lage et al. (1999)2! found that melanoma cells with a re-
duced nuclear content of MSH2 had a decreased apoptosis and cisplatin resistance.?! de Miranda
et al. (2013)*° analyzed 29 B-cell ymphomas for mutations in DNA repair related genes. They iden-
tified MMR-deficient tumors of DLBCL with recurrent alterations of MMR genes, such as EXO1,
MSH2 and MSH6.%° Hsu et al. (2005)?? observed promoter hypermethylation of MLH1 and MSH2 in
66.7% and 34.3% of 105 NSCLC tumors, respectively, and consequential loss of protein expres-
sion.?? Patients with affected MSH2 was found to have significantly lower overall survival and can-
cer-specific survival.?? In line with this, Reddy et al. (2017)3 reported that DLBCL patients with mu-
tations of MSH2 (n=36) had a poor survival, compared to patients without MSH2 mutation
(n=900). Although not significant (p=0.339), the lower 3-year survival rate could indicate an in-
creased chemoresistance in patients with MSH2 mutations, compared to patients without mutai-
ton.34 These observations are in accordance with the findings of this thesis, where a decreased cis-
platin sensitivity was observed when inhibiting MSH2, using 17AAG on DLBCL cell lines.

Some studies have opposing results. Kamal et al. (2010)?3 investigated 673 lung cancer patients
treated with cisplatin and found a low expression of MSH2 in 62% and a high MSH2 expression in
38%. Controversially, they identified a tendency of prolonged survival in patients with low expres-
sion of MSH2.23 Ollila et al. (2018)°° investigated the effect of 18 variants of MSH2 on the MMR ef-
ficiency, using protein extracts from Spodoptera frugiperda 9, transfected with MSH2 cDNA con-
taining mutations of interest, in an MMR assay using a MSH2-deficient human sporadic CRC cell
line. Two of the 18 variants mentioned in Ollila et al. (2018)>° were also found in the variant analy-
sis of Davelab’s 1,001 patients, namely MSH2 (p.N127S) in 11 patients and MSH2 (p.G322D) in 32
patients. Ollila et al. (2018)>° also described MSH2 (p.C333Y), where at the same position MSH2
(p.C333R) was found in one patient of Davelab’s 1,001 patients. Ollila et al. (2018)>° described 11
of the variants as MMR deficient, including MSH2 (p.C333Y), and five as MMR proficient in vitro,
including MSH2 (p.N127S) and MSH2 (p.G322D).>° Most of the variants, leading to an unstable
MSH2 was found in either the MutS_Il domain (connector) or the MutS_lll domain (lever).>® MSH2
(p.N127S) is in the MutS_Il domain, and showed no protein instability.>® In the MutS_lIl domain,
which is suggested to transmit signals between the DNA-binding domain (MutS_I) and ATPase do-
main (MutS_V), are MSH2 (p.G322D) and MSH2 (p.C333Y). MSH2 (p.G322D) was found to only
slightly reduce MMR, whereas MSH2 (p.C333Y) displayed lower MSH2 stability and induced defec-
tive MMR.>°
These conflicting results necessitates further studies into the involvement of MSH2 in cisplatin re-
sistance.

For the variants found in Davelab’s cohort, it should be noted that there is not much agreement
between the variants made publicly available as Supplementary Information to Reddy et al.
(2017)3* and the variants found through the in-house variant analysis of the raw data from
Davelab. Generally, the variant analysis found a higher number of variants, probably due to the
less rigid variant filtering in this thesis, compared to Reddy et al. (2017)34. Variants of this thesis
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were not filtered in regard to rarity, repetitive sequence, reading depth, or genome quality. Addi-
tionally, Reddy excluded genes in which <20 patients presented with a mutation to ensure possible
survival analysis.

Another and more important disagreement was observed when looking at MSH2: ten MSH2 vari-
ants included in the Supplementary Information to Reddy et al. (2017)3* was not identified in the
in-house variant analysis of their raw in silico data, including the variant MSH2 (p.A54T) chosen in
this thesis. The graphical protein variant views are based solely on the variant analysis and not the
Supplementary Information to Reddy et al. (2017)34. However, the variant MSH2 (p.A54T) has
been added to Figure 29 since it was chosen at the beginning of the thesis.

The reason why 10 variants, and probably more if looking at all genes, are listed in the Supple-
mentary Information to Reddy et al. (2017)34 but could not be found through the in-house variant
analysis, needs to be elucidated before any further analysis, and conclusions on these data should
be made with caution.

5.3 CONCLUSION AND FUTURE PERSPECTIVES

In conclusion, this thesis found cisplatin-sensitive DLBCL cell lines to have a markedly higher num-
ber of mutations in DNA repair related genes compared to cisplatin-resistant cell lines. The im-
portant repair mechanisms for mediating cisplatin cytotoxicity (MMR, NER, and HR) was most af-
fected by mutations in the 14 DLBCL cell lines. However, there was very little overlap between the
mutations found in cell lines and the ones found in the clinical cohort, leading to the speculation of
cell line specific mutations.

17AAG, an MSH2 inhibitor, was found to decrease cisplatin sensitivity of DLBCL cell lines, and de-
crease the amount of free DNA fragments, as hypothesized. This is different from some previous
reports but follows the theory of MMR’s role in the mechanism of action of cisplatin and signifies
the possible role of MSH2 is cisplatin resistance. Additionally, MSH2 was found to be fairly mu-
tated in the clinical cohort, with a slight accumulation of mutations in the MutS_I domain. From
this thesis, MMR seems an important player in mediating cisplatin resistance. However, the possi-
ble link between impaired MSH2 (and consequently MMR) and cisplatin resistance would need to
be elucidated in a large clinical cohort of relapsed DLBCL patients. It would be interesting to test
the effect of 17AAG on the cisplatin response in cell lines with many mutations, such as DB and
FARAGE, and possibly evaluate whether DNA repair proficient mutations outweighs impairment of
DNA repair through MSH2.

XPF and EXO1 were also be mutated in the clinical cohort. Even through, EXO1 was not prioritized
in this study, it would still be interesting to investigate its relation to cisplatin resistance, since its
association with cisplatin is sparsely explored, and it is involved in both MMR and HR, two im-
portant pathways in relation to cisplatin. Also, targeting EXO1 is associated with increased sensitiv-
ity to cisplatin. Likewise, the effect of XPF on the cisplatin resistance would be interesting to ex-
plore. EGCG, is a partially reversible inhibitor of ERCC1/XPF activity in vitro, which affects inter-
strand crosslink repair, and possibly leading to increased cisplatin sensitivity. A hypothesis, that
would be interesting to investigate in the DLBCL cell lines of this study.
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Lastly, the variant analyses of the clinical cohorts hold great potential, once the disagreements in
variants have been clarified. The dataset could help in answering if DLBCL patients present with a
different mutation landscape than solid tumors, of which most research into DNA repair mutations
and cisplatin resistance is currently based on. It would be of great importance if a difference in
mutation landscape was observed, since advances in the empiri of solid tumors (resistance and al-
ternative treatments) would not be directly translatable to hematological cancers, and further
studies into treatment and resistance in hematologic cancers, or specifically DLBCL, would have to
be carried conducted.
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