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Abstract

Multiple myeloma (MM) is a blood malignancy originating from plasma cells. First-
degree relatives of patients with MM have two- to four-fold higher risk of MM.
However, the molecular basis remains largely unknown. This Ph.D. project aims to
identify novel DNA sequence variants predisposing to MM through genome-wide
association studies (GWAS) and, subsequently, characterize identified variants
functionally.

Acrticle | describes a systematic study where we screened for causal gene-regulatory
variants at 21 MM risk loci. Article Il describes a Nordic GWAS identifying the
SOHLH2 as a novel MM risk locus. Article 111 describes a novel international meta-
analysis of GWAS data totalling 10 906 cases and 366 221 controls, identifying
twelve new risk variants for MM accounted for by nine loci: 5935.2 CPEB4, 6p22.2
BTN3A2, 9g21.33 DAPK1, 10g24.33 STN1, 10g25.2 MXI1, 13g13.3 SOHLH2,
19p13.3 NFIC, 21g11.2, SAMSNL1 and a rare variant at 13g13.1 BRCA2. Finally, in
Article 1V, we explore the possibility of identifying transcription factors that
mediate allele-specific gene-regulatory effects through combined use of
CRISPR/Cas9 screening and epistasis analysis of gene expression data. The work
presented in this thesis provides new insight into the mechanisms underlying genetic
predisposition for multiple myeloma.
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Lay Summary in English

All cancers are caused by the uncontrolled division and growth of a specific cell
type, and a microenvironment that hosts and protects this malignant growth.

In multiple myeloma (MM), the plasma cells grow uncontrollably in the bone
marrow. Under healthy conditions, these cells are part of our immune system and
produce antibodies. In MM, malignant plasma cells outcompete normal blood cell
formation and produce a monoclonal immunoglobulin (“M-protein”), leading to
anaemia, thrombocytopenia, immunodeficiency, kidney failure and bone lesions.

But what makes the plasma cells divide with no control? Our aim is to understand
which genes are involved and how they drive the cells towards the development of
the disease. We use the term ‘mutation’ to refer to genetic changes that increase the
risk of having a disease. Known mutations only explain a small proportion of the
cases, and treatments are still ineffective in the long term.

This Ph.D. thesis focuses on finding genetic variants that predispose for multiple
myeloma. We want to find new mutations involved in the development of this
disease and study their effects.

In Article | we performed a systematic functional study to understand the molecular
mechanisms by which known genes cause MM.

In Articles 1l and 11l we conducted genetic association studies that compare the
genome of thousands of patients from the Nordic Region, USA, Germany, the
Netherlands and UK and found 10 new genes that had not been previously reported
to affect MM development.

In Article IV we wanted to study the transcription factors that are responsible for
the expression of a gene, and we designed a CRISPR/Cas9 library that can turn off
the expression of all the transcription factors one by one, to investigate which are
the most relevant for the expression of our gene of interest.

We would like to contribute to a better understanding of MM, which in the future
can lead to finding new therapeutic targets for better clinical management and to an
earlier detection of this malignancy.

13
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Populérvetenskaplig sammanfattning

Multipelt myelom (MM) &r en av de allra vanligaste blodcancerformerna. Vid MM
vaxer s k plasmaceller okontrollerat i benméargen. Under normala férhallanden &r
plasmaceller en del av vart immunsystem och producerar antikroppar som bidrar till
vart immunforsvar. Vid MM tar elakartade plasmaceller dver benmargen, vilket ger
finns mindre utrymme for normal blodcellsbildning, vilket bl a orsakar anemi,
immunbrist och skelettskador. Trots att behandlingen blivit allt battre & MM
fortfarande en obotlig och dodlig sjukdom.

Denna avhandling fokuserar pa att hitta nedarvda, genetiska varianter som okar
risken att drabbas av MM. Bakgrunden ar att epidemiologiska familjestudier visat
att ndra slaktingar till patienter med MM har hogre risk att sjélva drabbas av
sjukdomen. Vilka gener och genvarianter som ligger bakom &r emellertid bara
delvis kant. Syftet med avhandlingen &r att hitta nya gener och genvarianter som
Okar risken att drabbas av MM samt att studera deras molekylara effekter.

Delarbete | utgor en systematisk studie dar vi undersokte de molekyléra effekterna
for en rad genvarianter som okar risken att drabbas av MM. | delarbete 1l och I1I
genomforde vi stora genetiska associationsstudier syftande till att upptacka nya
genvarianter som okar risken att drabbas MM, och hittade totalt 13 sddana varianter.
| delarbete 1V undersokte vi en ny metod for att forsta de molekylara effekterna av
genvarianter som 6kar risken att drabbas av sjukdom.

Mitt avhandlingsarbete bidrar forhoppningsvis till en battre fordjupad forstaelse av
hur MM utvecklas, vilket pa sikt skulle kunna bidra till battre metoder for prevention
och behandling av sjukdomen.

15
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Resum divulgatiu en catala

Tots els cancers tenen en comu el creixement descontrolat d’un tipus de ceél-lules que
estan envoltades per un microambient que modifiquen per a qué els hi doni energia i
proteccié del sistema immunitari.

Al mieloma multiple, son les cel-lules plasmatiques les que es divideixen
descontroladament a la medul-la 0ssia. Sota condicions normals o saludables, aquestes
cél-lules fabriquen anticossos molt variants que aboquen a la sang contribuint a les
defenses del nostre cos. En el context del mieloma multiple en canvi, la divisio i invasio
incontrolada de les cél-lules plasmatiques a la medul-la dssia causa anémia perqué no
hi ha prou espai per a fabricar globuls vermells, desequilibri en els nivells de calci que
causa fragilitat Ossia, hipercalcémia, i també disfuncié renal perqué fragments
d’anticossos defectuosos s’acumulen als tiibuls renals.

Tot i que aquestes les terapies utilitzades avui dia redueixen el namero de cél-lules
plasmatiques canceroses, en la majoria dels casos els i les pacients recauen o
desenvolupen resisténcia als farmacs. Es per aix0 que el mieloma maltiple encara es
considera generalment incurable, i és important trobar noves dianes terapéutiques.

Aquesta tesi doctoral se centra en I’estudi de les causes genétiques del mieloma
multiple. Per una banda, el descobriment de noves variants genétiques (mutacions) que
incrementen el risc de patir la malaltia. I per altra, ’estudi molecular dels gens
implicats per a entendre els mecanismes que fan que ser portardor/a d’aquestes variants
incrementi el risc de patir 1a malaltia. En resum, I’objectiu és entendre millor la malaltia
per a poder lluitar-hi de manera més eficient i tenir millors eines per detectar qui té més
risc de patir-la.

Als articles 1T i IIT vam realitzar estudis d’associacidé genética en qué comparem el
genoma de milers de pacients dels Paisos Nordics (Suécia, Dinamarca, Noruega i
Islandia) o a nivell internacional (incloent EEUU, Alemanya, Paisos Baixos i
Anglaterra) amb el de milers de controls dels pateixos paisos. Aixi, vam trobar variants
en 10 gens que fins ara no es relacionaven amb el mieloma multiple.

Per altra banda, hem fet estudis funcionals per estudiar la capacitat reguladora de les
variants associades a la malaltia. Es a dir, 1’efecte quantitatiu que aquestes variacions
del genoma tenen en la quantitat de gen transcrit i traduit a proteina. A ’article I vam
fer servir una técnica que es diu MPRA per estudiar molts gens a la vegada, i vam
trobar el mecanisme molecular que fa que 6 gens incrementin el risc de mieloma.

També s’ha dissenyat una llibreria KO CRISPR/Cas9 que permet anul-lar I’expressid
de tots els factors de transcripcid, un a un, per veure quins son els més rellevants per a
I’expressio d’un gen d’interés. Els factors de transcripcid son proteines que s’uneixen
al DNA en regions promotores i enhancers.
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Resumen divulgativo en castellano

Todos los canceres tienen en comun el crecimiento descontrolado de un tipo de
células, rodeadas por un microambiente que modifican para que les ofrezca energia
y proteccidn del sistema inmune.

En el mieloma mdltiple, son las células plasmaticas las que se dividen
descontroladamente en la médula 6sea. Bajo condiciones normales o saludables,
estas células fabrican anticuerpos que contribuyen a las defensas de nuestro cuerpo.
En el contexto de mieloma mdltiple en cambio, la divisién e invasion descontrolada
gue ejercen las células plasmaticas causa anemia, ya que disminuye la produccion
de glébulos rojos, desequilibrio en los niveles de calcio que causan fragilidad 6sea,
fracturas recurrentes e hipercalcemia, y disfuncién renal, por acumulacion de
fragmentos de anticuerpos en los tabulos renales.

Aungue hoy en dia existen muchas terapias altamente dirigidas y capaces de reducir
el nimero de células malignas, en la mayoria de casos los pacientes recaen o
desarrollan resistencia. Por esa razon, el mieloma multiple ain se considera una
enfermedad incurable, y es importante encontrar nuevas dianas terapéuticas para
atacar individualmente o en combinacion con las terapias existentes.

Esta tesis doctoral se centra en el estudio de las causas genéticas del mieloma
multiple. Por un lado, el descubrimiento de nuevos genes implicados en el inicio de
esta enfermedad. Y por otro, el estudio molecular y funcional de los genes
implicados ya conocidos, para entender los mecanismos asociados que ocurren en
personas portadoras de las variantes de riesgo, como hicimos en el articulo I. En
resumen, el objetivo es poder entender mejor la enfermedad para poder luchar contra
ella de manera mas eficiente y tener herramientas para detectar quién tiene mas
riesgo de desarrollarla.

En los articulos 11 y 111 realizamos estudios de asociacién genéticas que comparan
el genoma de miles de pacientes de los paises nérdicos (Suecia, Dinamarca, Noruega
e Islandia) o a nivel internacional (incluyendo EEUU, Alemania, Paises Bajos e
Inglaterra) y hemos encontrado 10 nuevos genes que hasta ahora no se relacionaban
con el riesgo de mieloma maltiple.

En el articulo 1V, hemos realizado estudios funcionales para estudiar la capacidad
reguladora de las variantes genéticas asociadas a la enfermedad. Es decir, el efecto
que estas variantes tienen en la expresion genética y cantidad de RNAm y proteina
generada por los genes que regulan. Con ese fin, se han utilizado herramientas como
ensayo de luciferasa 0 MPRA. Y también hemos desarrollado una libreria
CRISPR/Cas9 que permite apagar la expresion de los factores de transcripcion de
uno en uno para investigar cuéles son los més relevantes para la expresion de un
gen. Ya que preguntarse qué factores de transcripcion regulan la expresion de un
gen es muy recurrente en laboratorios de genética molecular.
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ATP
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AMP
bp
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caQTL
CAR-T
cDNA
Chip-Seq
DNA
EMSA
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Assay for transposase-accessible chromatin
Adenosine triphosphate
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Complementary DNA
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Homologous recombination

Haematological stem cell
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Immunomodulatory drugs

Knock down
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Linkage disequilibrium
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meQTL Methylation quantitative trait locus

MGUS Monoclonal gammopathy of unknown significance
MM Multiple Myeloma

MPRA Massively parallel reporter assay
MRNA Messenger RNA

nts Nucleotides

NHEJ Non-homologous end joining
NK Natural Killer

OR Odds Ratio

PAM Protospacer adjacent motif

PBS Phosphate-Buffered Saline

PC Plasma cell

PCA Principal components analysis
PC Hi-C Promoter Capture Hi-C

PCR Polymerase chain reaction

PPi Pyrophosphate

PRS Polygenic risk score

RAF Risk allele frequency

RNA Ribonucleic acid

RNA-seq  RNA sequencing

SEC Super elongation complex
SiIRNA Small interfering RNA
SgRNA Single guide RNA

SNP Single nucleotide polymorphism
sMM Smouldering Multiple Myeloma
TF Transcription factor

WGS Whole genome sequencing

WT Wild Type
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AiIms of the thesis

This PhD thesis seeks two main objectives: finding genetic variants that predispose
for MM and understanding the molecular effects of DNA sequence variants that
predispose for MM.

These main objectives have been fractioned into the following specific aims:

e Functionally dissecting and clarifying the mechanism of already known
MM risk variants (Article I)

e Finding new variants in a homogenous population, the Nordic countries
(Article I1)

e Identifying novel MM risk variants through meta-analysis of association
data in a broader set of European populations (Article 111)

o Exploring a combined CRISPR/Cas9 and computational approach to
identify causal transcription factors underlying GWAS signals (Article 1V)
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Introduction

Multiple Myeloma

Multiple myeloma is a hematologic malignancy caused by a clonal expansion of
plasma cells, usually in the bone marrow. It is preceded by monoclonal gammopathy
of undetermined significance (MGUS) and smouldering MM (sMM). 1t is the
second most common hematologic malignancy after Non-Hodgkin's Lymphoma,
representing approximately 10% of all hematologic malignancies. The average 5-
year survival rate is 38.6 % (Baris et al., 2013) and 70% of the cases are older than
65 years old at diagnosis (Rajkumar & Kumar, 2016). The worldwide incidence is
estimated at 160 000 new cases per year, but it is slightly variable among countries
due to differences in genetic risk, lifestyle and access to health care for early
diagnosis (Cowan et al., 2018; Hemminki et al., 2021; Ludwig et al., 2020).

Plasma cells

Plasma cells are the terminally differentiated cells of the B cell lineage. They are a
key component of the adaptive humoral immune system as they produce and secrete
mature immunoglobulins.

Activated B cells can differentiate into transitional preplasmablasts, a cell
population with high proliferation activity that migrates to the bone marrow and
differentiates into quiescent long lived plasma cells (R. Das et al., 2016; Jourdan et
al., 2011; Kassambara et al., 2017; Nutt et al., 2015). The high transcriptional and
translational activity required to produce the necessary amounts of antibodies is
sustained by an expanded Golgi apparatus and prominent nucleus, which give these
cells their characteristic fried egg morphological appearance in the microscope
(Fujino, 2018).

Bone marrow stromal cells release CXCL12, which recruits plasma cells to the bone
marrow through binding to the CXCR4 plasma cell receptors. Other molecules like
VLA4, CD44, and CD28 promote plasma cell retention in the bone marrow niche
(Nutt et al., 2015). Other molecular factors that are required for plasma cell function
in the bone marrow include CD138, which mediates the selection of mature plasma
cells by regulating their survival and is used as the main plasma cell marker, CD38,
a highly expressed marker of long-lived plasma cells, and BCMA/CD269 (B cell
maturation antigen) that promotes PC survival when activated by APRIL or BAFF
ligands (Slamanig & Nolte, 2021).

25



IRF4, BLMP1(PRDM1) and XBP1 are key transcription factors for plasma cell
differentiation and homeostasis (Perini et al., 2021). IRF4 is highly expressed in B
cells and plasma cells and is essential for Ig class switching and differentiation of
plasma cells and also supports cell survival and proliferation (Agnarelli et al., 2018;

Shaffer et al., 2008).

Both BLIMP1 and XBP1 are involved in endoplasmatic reticulum functionality and
expansion, which allows Ig production in plasma cells. BLIMP1 is a transcriptional
repressor with a key role in the terminal differentiation of B cells to plasma cells
(Shapiro-Shelef & Calame, 2005; Turner et al., 1994) and XBP1 is required for the
terminal differentiation of plasma cells and reacts to endoplasmic reticulum stress
by regulating the unfolded protein response (Reimold et al., 2001).
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Benign and malignant pre-stages

Dizease stage MGUS SMM Active MM
Serum M-protein <Sgldl 3 gldL =1 myeloma defining events + (1) or [2):
- End-organ damage (CRAB): any one of
Urine M-protein N/A 2500 mg/day » Hypercalcemia, renal insufficiency, anemia, bone lesions
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Figure 2: Progress from MGUS to relapsed disease.
Reprint with permission from Ho et al., 2020

Monoclonal gammopathy of undetermined significance

Monoclonal gammopathy of undetermined significance (MGUS) is a common
condition defined by the presence of a plasma cell clone that does not yet satisfy the
criteria for MM. MGUS is usually diagnosed by a general practitioner, when plasma
cells represent up to 10% of the bone marrow cell burden (instead of the normal 2-
3%) and there is presence of M protein in blood or urine (Moser-Katz et al., 2021;
Mouhieddine et al., 2019).

The monoclonal immunoglobulin produced by malignant plasma cells is called M
protein or monoclonal component, and the presence of M protein or light chains in
urine is called Bence-Jones proteinuria (Kyle et al., 2014).

MGUS is considered a benign and common condition in wealthy countries,
affecting ~3% of individuals older than 50 years old, and the prevalence increases
with age (Kyle & Rajkumar, 2007). Prevalence is two to three times higher in
African descendent population (Landgren & Weiss, 2009). Multiple myeloma is
always preceded by MGUS but not all MGUS cases progress to MM. The risk of
progression to MM or other malignancies is 1% a year. Long-term follow-up is
recommended (Go & Rajkumar, 2018).

MGUS can also derive to other conditions like light-chain amyloidosis, and
Waldenstrom macroglobulinemia. In light chain amyloidosis, light chains of Ig are
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produced in excess and form amyloid fibrillary aggregates that can lead to organ
dysfunction (Merlini et al., 2018). Waldenstrom macroglobulinemia is defined by
overproduction of monoclonal IgM, a pentameric or (macro)immunoglobulin that
can derive into blood hyperviscosity and cause serious complications (Hunter et al.,
2017).

sMM

Smoldering Multiple Myeloma (sMM) is a plasma cell proliferative disorder usually
asymptomatic but malignant. The percentage of malignant plasma cells in the bone
marrow is greater than 10% (but lower than 60%) and M proteins levels are higher
than 3g/dL, with no manifestation of the CRAB symptoms, explained in the next
section (Kyle & Rajkumar, 2007).

The general recommendation is to follow up until the development of symptomatic
disease. Risk of progression of SMM to MM is 10% per year during the first 5 years
after diagnosis but then goes down to 1% 10 years after diagnosis (Raje & Yee,
2020).

A randomized trial showed that early intervention in high-risk SMM cases increased
both overall and disease-free survival (Mateos et al., 2013). Discussions in the
clinical setting regarding the best moment to begin treatment and to define high-risk
SMM cases are ongoing. (Kyle & Rajkumar, 2007; Landgren et al., 2009; Pérez-
Persona et al., 2007).

Diagnostics and pathophysiology

The clinical presentation of MM can include hypercalcemia, renal failure, anaemia
and lytic bone lesions which are referred to as the “CRAB” symptoms. A diagnosis
of MM requires and at least one of the four CRAB myeloma defining events
(Rajkumar, 2020). Hypercalcemia is caused by a disequilibrium between osteoblast
and osteoclast activity, which in turn also causes lytic bone lesions in the bones,
visible by X-ray. Malignant plasma cells release osteoclast activating factor, which
stimulates osteoclast-mediated bone resorption and thereby Ca®*release into the
blood stream, causing lytic bone lesions and even bone fracture. The clonal growth
of plasma cells in the bone marrow outcompetes the production of normal blood
cells, leading to anemia, thrombocytopenia and immunodeficiency due to a lack of
polyclonal immunoglobulins. Finally deposition of immunoglobulin light chains in
the kidneys may lead to renal failure (S. Kumar et al., 2016; Kyle et al., 2014)(S.
K. Kumar & Rajkumar, 2018).

MM patients suffer from seriously compromised immunity caused by the disease
and also adverse effects of the medication. Infections are frequent and often result
in serious complications (S. K. Kumar & Rajkumar, 2018).

All of this translates into the main clinical symptoms of MM chronic back pain,
frequent bone fractures, fatigue and shortness of breath and proneness to infection.

28



In advanced stages, myeloma cells can extravasate from the bone marrow leading
to extramedullary plasmacytomas and circulating plasma cells in the blood, which
is associated with poor outcome and resistance to treatment. (Ocio et al., 2022).

Treatment

Current treatment of MM includes proteasome inhibitors, immunomodulatory
drugs, corticosteroids, monoclonal antibodies and autologous stem cell
transplantation.

Bortezomib (trade name Velcade) is the most common proteasome inhibitor. The
proteasome function is essential for malignant plasma cells, and its inhibition causes
the accumulation of misfolded protein, endoplasmic reticulum stress and NF-«kf3
pathway inhibition (Gandolfi et al., 2017). The approval of proteasome inhibitors in
the treatment of MM contributed to the improvement in overall survival during the
last decade (Field-smith, 2006). Some studies suggest that it also acts by increasing
oxidative stress to toxic levels in malignant cells (Lipchick et al., 2016).

Immunomodulatory drugs (IMiDs) are angiogenic and cytotoxic, and can modify
the immune system response. The most frequently used being lenalidomide,
commercially distributed as Revlimid (Holstein & McCarthy, 2017). Lenalidomide
and Pomalidomide are further development of Thalidomide, the centrepiece of a
historical scandal in pharmacology but which also presented an opportunity to
strengthen the responsibility of drug agencies and clinical trials®.

Corticosteroids (mainly dexamethasone) glucocorticoid receptor agonists that are
used in combination with other antimyeloma regimens to help easing inflammation
and immune system inhibition (Burwick & Sharma, 2019).

High-dose therapy followed by autologous stem cell transplantation is the treatment
of choice for those patients who are up to 65-70 years and have no major
comorbidities, which represented approximately half of the patients in studies by
Chimet al., 2018 and Hemminki et al., 2021.

Immunotherapies, particularly anti-CD38 Daratumumab (Frerichs et al., 2018), but
also anti-BCMA CAR-T cells (George et al., 2021; Lancman et al., 2021; U. A.
Shah & Mailankody, 2020) show great promise for further therapy development and
improvement. Additionally, bispecific antibodies, with dual specificity to a plasma

! Thalidomide was initially introduced in the market 1956. After showing no toxicity in mice, it was
an over-the-counter wonder drug for insomnia, coughs, headaches and also morning sickness for
pregnant women. More than 10 000 children were born with teratogenic deformities and this event
caused the United States Congress to pass a historical amendment in 1962 (Greene & Podolsky, 2012).
However, women’s hormonal cycles are still not well represented in clinical trials (Liu & Dipietro
Mager, 2016).
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cell antigen and the CD3 antigen on T cells, are in promising clinical trials (e.g.,
anti-BCMA/CD?3) (Caraccio et al., 2020; Verkleij et al., 2020)

In Sweden, current first-line therapy for transplantable patients are the d-VRD
combination in 21-day cycles: daratumuab, Velcade, Revlimid and
Dexamethasone), followed by auto stem cell transplantation.

Despite huge advances in the last decades regarding new treatment development
and efficiency, multiple myeloma is still incurable and ultimately fatal. Myeloma is
relapsing/remitting cancer with a median of 3.1 years from diagnosis to relapse (S.
K. Kumar & Rajkumar, 2018). 5-year survival after diagnosis has increased from
28% in 1975 to around 60% nowadays (Hemminki et al., 2021)

Risk factors of Multiple myeloma

There are no clearly validated environmental factors other than MGUS and family
history of MM. Several studies have shown significant association between
increased prevalence of MM and ionic radiation, obesity, certain organic solvents
and agricultural work could be risk factors. But similar studies have been
inconclusive (Baris et al., 2013).

A study in atomic bomb survivors reported a higher MM mortality among MGUS
patients (2 284 /100 000 people-years in exposed population and 14.6/100 000
people-years in non-exposed) but also showed that MGUS incidence was not
significantly associated with radiation dose (P = 0.91) (Neriishi et al., 2003).
Obesity has also been associated with increased risk of MM and physiological
alterations such as oxidative stress, abnormal immunologic response, metabolic
response and altered hormonal levels have been proposed to contribute to MM
development. A meta-analysis of 13 120 MM cases reported significant association
between BMI and MM risk RR=1.27, 95% ClI, 1.15-1.41) (Larsson & Wolk, 2007;
Morgan et al., 2014).

Prevalence and differences of MM worldwide

Like most malignancies, MM is a complex genetic disease. It is more common in
men (54.3) than in women and more common in African populations diagnosed 4
years earlier on average in population studies. Asian populations have the lowest
prevalence. The annual global incidence is estimated to be around 155 700
(Waxman et al., 2010; Zhou et al., 2021).

Available data is contaminated with different kinds of bias and uneven
representation (Martin et al., 2019; Stepanikova & Oates, 2017) but social, ethnic
and geographical determinants continue to influence multiple myeloma treatment
access and clinical outcomes (Ailawadbhi et al., 2019; Hungria et al., 2017; Ludwig
et al., 2020; Obeng-Gyasi et al., 2022).
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Several studies performed in the USA have established a higher incidence of MGUS
and MM in individuals with African ancestry than in those of European ancestry
(Greenberg, Rajkumar, et al., 2012; Janz et al., 2019; Landgren et al., 2017). A
study analysing WES and RNA-seq data from 721 MM patients from the
CoMMpass cohort who self-reported as African American (n = 128) or Caucasian?
(n = 593) concluded that African American MM patients had a higher mutation
frequency in 15 of the 17 genes that were analyzed. The prevalence of MGUS is
also two- to three-fold higher among African Americans than in individuals of
European ancestry (D. D. Alexander et al., 2007; Greenberg, Vachon, et al., 2012).

The reported prevalence is slightly lower than expected in Latin American countries
(Curado et al., 2018). Modern drugs are not available or affordable for a
considerable proportion of MM patients (Ludwig et al., 2020). A recent study in 16
countries in Latin America reported that the primary standard treatment based on
bortezomib and the autologous transplant is frequently not available or even
logistically possible (Pessoa de Magalhées Filho et al., 2019). Moreover, stem cell
transplantation carries a social stigma in some countries (Garg et al., 2016).

Genetic predisposition to human diseases

The genetic risk for a given disease phenotype can be explained by variable amounts
and types of genetic variation. The simplest examples are highly penetrant
monogenic traits, where the disease is caused by a single mutation in all carriers. At
the other end of the spectrum, high numbers of variants with modest effects
contribute to the risk of complex diseases and quantitative traits, alongside other
factors such as environmental exposure (Manolio et al., 2009).

These definitions are based on the simplistic assumption that phenotypic variation
is the consequence of genetic variation + environmental exposure + interaction
between genetic and environmental factors, which are understood as absolutely
anything that is not encoded in the genome.

2The term Caucasian should not be used in scientific writing. It was coined by the anthropologist and
craniologist Johann Friedrich Blumenbach, who described a skull found in the Caucasus mountains as
the “most beautiful” human skull. It was larger than the Ethiopian and Mongolian skulls he had studied,
which he translated into larger brain and thus intellectual superiority. He ascribed the term Caucasian
to define Europeans with lighter skin (“Johann Friedrich Blumenbach (1753-1840),” 1940; Popejoy,
2021; Shamambo & Henry, 2022).
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Figure 3: genetic variants by risk allele frequency and strength of genetic effect (OR). Reprint with permission from
Manolio et al., 2009 CCC license # 5382500422560

Heritability

Heritability is a population statistic that estimates the proportion of a trait that is
attributable to variation in genetic factors. Broad-sense heritability (H?) is the
proportion of variance of a trait that can be attributed to all type of genetic variation
(additive, dominance and genetic interaction) whereas narrow-sense heritability (h?) is
the proportion of variation of a trait attributed to additive genetic factors.The
heritability of a trait is calculated as the ratio of variances. Variance of additive genetic
effects divided by the variance of the observable phenotypes for narrow-sense
heritability (Visscher et al., 2008) and total genetic variance divided by the variance of
the observable phenotypes for broad-sense heritability (Hill et al., 2008).

The term missing heritability refers to the gap between total estimated heritability
and the proportion of heritability explained by known variants.

Genome wide association studies (GWAS) have pinpointed thousands of risk loci,
previously unknown relevant pathways, and potential drug targets. However, at this
point, it has become apparent that GWAS-identified variants only account for a
modest proportion of the estimated heritability (between one third and one half for
most complex traits) can be explained by single nucleotide polymorphisms (SNPs).
Some of the suggested explanations are too conservative significance thresholds,
variation other than SNPs being responsible for disease risk, effect of gene-
environment interaction and gene-gene interactions (Manolio et al., 2009; Tam et
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al., 2019). In our most recent meta-analysis, we estimated the total narrow-sense
SNP heritability for MM at 15.7% (Acrticle I11).

Linkage disequilibrium

Linkage disequilibrium (LD) is the amount of non-independent association of two
alleles in a population (Uffelmann et al., 2021). LD is commonly measured by r?,
For two biallelic loci, locus 1 with alleles a and A and locus 2 with alleles b and B,
with frequencies for alleles a and A being respectively p. and 1-p,, and the
frequencies for alleles b and B being p, and 1-pp r?is defined as:

(pab - papb)z
Pa(1 — pa)op (1 — Pp)

where pab is the frequency of haplotypes having allele a in locus 1 and allele b in
locus 2 (VanLiere & Rosenberg, 2008). By definition, LD is therefore population-
dependent. LD is caused by the chromosomal breakpoints created during meiotic
recombination are not random and create haplotype blocks that are inherited
together.

rz(pa' Pb, pab) =

This phenomenon has been known for a long time (Hill & Robertson, 1968), but its
relevance relies on the fact that most of the association testing methods used assume
independence. It is also relevant because genetic association studies rely on LD for
imputation. This topic is discussed more extensively in the methods sections.

Some risk loci show differences in frequency and effect size among different ethnic
groups as the structure of LD blocks differs across ancestries, hindering the
extrapolation of GWAs findings. An indication of that could be, for example, having
different loci as the most significantly associated with a trait or disease. In many
other cases, common variation is shared across ethnicities (Tam et al., 2019).

On the one hand, genomic studies tend to contain bigger and bigger cohorts to
increase their statistical power. On the other, grouping individuals from very
different ancestral origins dilutes the effect of not-so-frequent variants contributing
to missing heritability.

In genetic association studies, we very often speak about lead variants. The lead
variant is the SNP from a given LD block or genomic risk locus that is taken as the
one that could better explain that association (Uffelmann et al., 2021). The lead SNP
is therefore a genetic marker, although it is not necessarily responsible for the effect
or risk. Association does therefore not mean causation.
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Polygenic risk scores

Polygenic risk score (PRS) is calculated by adding the effect of risk alleles that one
individual carries, weighted by their effect size. Both identification of associated
variants and calculations of their weight (or odds ratio, OR) discussed in the
Methodology section of this thesis.

A study from 2018 showed that PRSs for certain common diseases such as type 2
diabetes and breast cancer could predict disease risk with the same reliability as
highly penetrant monogenic variants (Khera et al., 2018).
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Figure 4: Representation of different populations in published GWAS (top left) compared to the proportioj of total human
population (top right) and the consecuent differences in prediction accuracy of polygenic risk scores in non-European
individuals (bottom). Reprint with permission from Martin et al., 2019.
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Differences in LD structure imply differences in effect-size estimates. Associations
found in a given population might therefore not apply to other populations or ethnic
groups. Eighty percent of the individuals included in GWAS were considered of
European ancestry, which had dramatic effects on risk prediction, with PRS several
times less accurate for populations of non-European ancestry (Figure 4, Martin et
al., 2019). It will be interesting to see how PRS is implemented in the clinical
setting. Current recommendations suggest defining a set of genetic variations that,
if present, would be medically actionable — thereby raising the issue of how to act
with incidental findings and the ethical requirement to inform family members
(Lewis & Green, 2021).

Gene expression and transcription factors

A very big part of this thesis is dedicated to understanding how do GWAS appointed
variants affect the expression of neighbouring genes. Decades ago DNA was
thought of as a linear molecule encoding genes, and also containing some regions
of junk DNA the functionality of which was not understood and therefore
underrated. However, we now know non-coding DNA is highly functional and can
influence traits in many different ways. And we also know that the three-
dimensional conformation of the DNA in the nucleus is highly regulated, dynamic
and cell type-specific (Dixon et al., 2012; Hafner & Boettiger, 2022).

Genetic predisposition to Multiple Myeloma

Early studies including a case reports of MM in three siblings (L. Alexander &
Benninghoff, 1965) and monozygotic twins (Judson et al., 1985) and a case-control
study from the Swedish Cancer registry (Eriksson & Hallberg, 1992) initially
suggested a genetic component in MM aetiology. Familial aggregation and shared
genetic risk factors of MM and MGUS have been confirmed by several studies since
then (Kristinsson et al., 2009; Landgren et al., 2006, 2009; Landgren & Weiss,
2009). It is estimated that first degree relatives of MM patient have 2 to 4 fold
increased risk of getting MM (Altieri et al., 2006).

Familial MM represents 1 to 2% of all MM cases (Pertesi et al., 2020) and familial
studies have found high-risk rare germline mutations in CDKN2A (Dilworth et al.,
2000; V. Shah et al., 2017), LSD1/KDM1A (Wei et al., 2018), ARID1A, USP45
(Waller et al., 2018) and DIS3 (Pertesi, Vallée, et al., 2019). A study by our lab
reported high burden of common MM risk alleles in familial MM cases (Halvarsson
et al., 2017). The main focus of this thesis is on common germline variation that
increases the risk for sporadic multiple myeloma, representing up to 98% of all the
MM cases. When this thesis began in 2018, 25 loci had been associated with MM.
A table with the updated list of MM associated MM loci including the advanced
from Article Il and 111 is available in the conclusions section.
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Table 1: MM-associated loci identified prior tho this thesis. RAF:risk allele frequency, extracted from 1000 genome phase 3, European population.

Discovery study

Candidate gene locus rsID coding effect Risk allele* | RAF Reference OR P - value

DTNB, DNMT3A 2p23.3 rs6746082 NM_183361.2: ¢.1168-2380T>G A 0,48 Broderik et al., 1.29 | 1.22x1077
SP3 2031.1 rs4325816 0.77 Went et al., 1,12 | 7.37x107°
ULK4 3p22.1 rs1052501 NP_060356.2: p.Ala542Thr T 0.19 Broderik et al., 1,32 | 7.47x10°
ACTRT3, MYNN, LRRC34 | 3026.2 rs10936599 NM_018657.5: ¢.18C>G T 0.76 Chubb et al., 126 | 8.7x10%

ELL2 5915 rs56219066 NM_012081.5: ¢.482-445A>G T 0.72 | Swaminathanetal., | 1,25 | 9.6x107%°

CEP120 5023.2 rs6595443 T 0.45 Went et al., 1.11 | 1.20x10°®
JARID2 6p22.3 rs34229995 G 0.02 Mitchell et al., 1,37 | 1.31x10°®
HLA region 6p21.3 rs2285803 T 0.26 Chubb et al., 119 | 1.65%x107°
ATG5 6021 rs9372120 NM_004849.3: ¢.574-17571A>C G 0.19 Mitchell et al., 1.18 | 9.09x10%
CDCAT7L 7p15.3 rs4487645 Cc 0.66 Broderik et al., 1.38 | 3.33x10%
CCDCT71L 7022.3 rs17507636 C 0.74 Went et al., 1.12 | 9.20x10°
POT1, POT1-AS1 7931.33 rs58618031 T 0.73 Went et al., 1.12 | 2.73x10°®
SMARCD3 7936.1 rs7781265 NM_003078.3: ¢.40-8183C>T A 0.09 Mitchell et al., 1.19 | 9.79x10°
CCAT1 8q24.21 rs1948915 Cc 0.33 Mitchell et al., 113 | 4.20x10%
CDKN2A 9p21.3 rs2811710 C 0.64 Mitchell et al., 1.15 | 1.72x10™8
WAC 10p12.1 rs2790457 G 0.74 Mitchell et al., 1.12 | 1.77x10°®
CCND1 11913.3 | rs603965 (rs9344) G 0.50 Weinhold et al., 1.82 | 2.92x10%0
PRR14, SRCAP, FBRS 16p11.2 rs13338946 C 0.28 Went et al., 1.15 | 1.02x10™
RFWD3 16923.1 rs7193541 T 0.61 Mitchell et al., 1.13 | 5.00x10*%2
TNFRSF13B 17p11.2 rs4273077 NM_012452.2: ¢.445+2913T>C G 0.10 Chubb et al., 1.26 | 7.67x107°
KLF2 19p13.11 | rs11086029 T 0.23 Went et al., 1,14 | 6.79x10™1
PREX1 20013.13 | rs6066835 NM_020820.3: ¢.415-3822A>G Cc 0.09 Mitchell et al., 1.26 | 1.36x10™
HMGXB4, TOM1 22q13.1 rs138740 C 0.34 | Swaminathanetal., | 1.18 | 2.80x10°
CBX7 22913.1 rs877529 NM_175709.3: ¢.113+3502C>T A 0.44 Chubb et al., 1.23 | 7.63x107'°

36




2p23.3 DTNB, DNMT3A:

rs6746082 was first reported as a borderline promising association (P = 1.22E-07)
in the first MM GWAS in 2011, in a study that analysed 1 675 individuals with
multiple myeloma and 5 903 control subjects from Germany and UK (Broderick et
al., 2011) and rs7577599 was later validated in later GWAS (P = 2.28E-14 in
Mitchell et al., 2015; P = 7.37E-09 in Went et al., 2018;). They are both intronic
variants in DTNB but the neighbour gene DNMT3A has also been suggested as a
candidate, and it is frequently mutated somatically in AML and clonal
haematopoiesis. There is no certain causal gene in this locus yet.

2031.1 SP3:

rs4325816 maps to SP3, a transcription factor involved in Antigen-stimulated B
lymphocytes specific expression at the germinal centre (Steinke et al., 2004). SP3
can act as an activator or repressor depending on the isoform and possible post-
translational modifications. Phosphorilation, acetylation, glycosylation and
sumolation allow immediately effective regulation of this TFs (Waby et al., 2008).
SP3 and its paralog SP1 are overexpressed in MM and have also shown a significant
reduction under the effect of Bortezomib, one of the main therapeutical agents used
to treat MM (Ghosal & Banerjee, 2022).

3p22.1 ULKA4:

The mutation that confers risk for MM at 3p22.1, rs1052501, is a missense variant
(NP_060356.2: p.Ala542Thr) in ULK4 that confers risk to MM but is predicted to
be benign (Broderick et al., 2011). This gene encodes a serine/threonine-protein
kinase, involved in cytoskeletal remodelling (Preuss et al., 2020) a key regulator of
mTOR-mediated autophagy (Jung et al., 2010).

3026.2 LRRC34, TERC, MYNN:

The MM-associated LD block covers an area that comprises three coding genes:
TERC, LRRC34 and MYNN, delimited by two recombination hotspots. TERC is the
RNA component of telomerase, and telomeric function has shown to be affected in
multiple myeloma. LRRC34 is involved in ribosome biogenesis in pluripotent stem
cells. It is mostly expressed in pluripotent embryonic stem cells and premeiotic germ
cells in adult mice testis (Lihrig et al., 2014). The lead variant of this locus,
rs10936599-G, has also been associated with colorectal cancer (Houlston et al.,
2010) and longer leucocyte telomeres (Jones et al., 2012).
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5q15 ELL2:

The high LD (r*>=0.8) block at 5q15 is composed of 73 SNPs overlapping the gene
body and 3’UTR of ELL2. The encoded protein is part of the super elongation
complex (SEC), a multiproteic complex allows expression of high amounts of
immunoglobulins. In PC, this complex is required to increase the catalytic rate of
RNA polymerase Il transcription by suppressing transient pausing by the
polymerase at multiple sites along the DNA (Martincic et al., 2009; K. S. Park et
al., 2014). The MM-associated locus is also associated with lower gene expression
and reduced levels of IgA and IgG (Ali et al., 2018; Swaminathan et al., 2015). This
is supported by ELL2 KO mice showing impaired Ig production and reduction of
mature plasma cells in the bone marrow (Park et al., 2014).

5023.2 CEP120:

A cis-eQTL effect suggests that CEP120 is the causal gene at 5923.2 (Went et al.,
2018). CEP120 (centrosomal protein 120) is necessary for microtubule elongation
and centriole formation. Microtubules and the centriole are required for
cytoskeleton formation, cell division, shape, transport and polarization (Badano &
Katsanis, 2006; Borys et al., 2020). CEP120 involvement in the organization of the
mitotic spindle can affect chromosome segregation and promote genetic instability
(Mahjoub et al., 2010) which is relevant given the high proportion of hyperploid
MM cases.

6p21.3 HLA region:

The 6p21.3 association signal maps to the HLA region, a complex region that
harbours multiple genes implicated in the immune system and is associated with
more than 100 diseases (Shiina et al., 2009). The LD block associated with MM risk
maps to the 3’region of PSORS1C2 and gene body of CCHCR1. The MM risk could
be associated with one or more specific HLA haplotypes, HLA-DRB5*01 was
suggested in the discovery GWAS for this MM risk locus (Chubb et al., 2013).

6p22.3 JARID2:

Unlike most of the GWAS identified MM association, this variant has low
frequency (RAF=0.02). rs34229995 lies in the promoter region of JARID2 and even
though no eQTL effect has been reported JARID2 remains the main candidate due
to its central role in coordinating hematopoietic stem and progenitor cell function
(Kinkel et al., 2015). JARID2 recruits the Polycomb repressive complex 2 (PRC2),
a protein complex with histone methyltransferase activity, mainly H3K27me2/3,
which has a chromatin silencing effect. PRC2-mediated gene silencing control
transcriptional programs during plasma cell differentiation (Margueron & Reinberg,
2011). This gene is frequently deleted in chronic myeloid malignancies (Puda et al.,
2012).
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6021 ATG5S:

The 29 SNPs in high LD map to the Autophagy protein 5 (ATG5) gene and its
promoter. This gene is essential for plasma cells homeostasis and Ig production and
it is also required for the formation of autophagic vesicles. (Conway et al., 2013).
Autophagy is highly important for malignant plasma cells, alone and in cooperation
with the proteasome system. Autophagy has also been pointed out as a mechanism
of drug resistance in multiple myeloma (Yun et al., 2017).

7p15.3 CDCAT7L, DNAH11:

The SNPs in high LD at this locus lie in an extensive region of open chromatin for
most hematopoietic cell types, with enhancer histone marks. It corresponds to last
introns and 3’UTR of DNAH11 and CDCATL, encoded in opposite directions. The
7p15.3 lead variant, rs4487645, maps to intron 79 of the DNAH11 gene and the
promoter region of CDCA7L and associates with increased CDCAT7L expression in
plasma cells (Weinhold et al., 2015). The rs4487645-G risk allele creates a new
IRF4 binding site. The authors showed that suppression of CDCA7L reduces MM
proliferation through apoptosis, and CDCA7L expression is associated with adverse
patient survival (N. Li et al., 2016). Weinhold et al., showed that rs4487645 had the
strongest an eQTL effect on the gene, and claimed that the risk association effect is
mediated by rs4487645 and involves IRF4 binding and c-Myc (Weinhold et al.,
2015).

Cell division cycle-associated 7-like protein (CDCAT7L) is involved in apoptotic
signalling pathways, and the downregulation of CDCA7L expression decreases
CCND1 expression too (Ji et al., 2019).

7q22.3 CCDC71L

The 7922.3 risk locus maps to the 3° of CCDC71L. This gene promotes cell
proliferation, migration and invasion. It is regulated at an mRNA level by miR-
6504-5p and miR-3139 that are, at its turn, sponged by the INcRNA GREP1 (Luo &
Wang, 2021).

7931.33 POT1:

The associated SNPs at 7g31.33 are located in the INCRNA POT1-AS1 (POT
antisense 1) which has been reported to increase the glucose metabolism enzyme
PDK3 expression by a sponging miR-497-5p and to have an oncogenic role in
gastric cancer (W. M. Chen et al., 2021). POT-AS1 is encoded upstream of the
protein-coding gene POT1, that has been suggested as the causal gene candidate for
this locus. Protection of telomeres protein 1 (POT1) is part of the shelterin complex
that protects telomeres, contributing to chromosome stability and a negative
regulator of the telomerase (Kelleher et al., 2005). No eQTL effect has been shown
for POTL.
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7936.1 SMARCD3:

The lead variant at 7936.1, rs7781265, is an intronic variant, with low risk allele
frequency (RAF= 0.09). SMARCD3 encodes a subunit of the SWI/SNF chromatin
remodelling and transcriptional regulating complex. SMARCD3 recruits other
proteins of the complex to specific target regions allowing access to the
transcriptional machinery (Lickert et al., 2004) SMARCD1, SMARCD2 and
SMARCD3 (also called BAF60a, BAF60b and BAF60c). These homolog proteins
compete as alternative subunits of the SWI/SNF complex and are differentially
expressed in a tissue-specific manner (Mashtalir et al., 2018).

8024.21 CCAT1:

This gene produces a long non-coding RNA. CCATL1 is significantly upregulated in
MM patients’ plasma cells and cell lines compared with plasma cells from healthy
donors and high expression of this gene correlates with shorter overall survival of
MM patients (L. Chen et al., 2018). In addition, the 8924.12 locus is involved in
long-range chromosomal interactions acting as an enhancer for MYC (Jia et al.,
2009).

9p21.3 CDKN2A:

The lead SNP of this locus maps to intron 1 of CDKN2A. Hi-C data shows a loop
that connects it with the neighbouring gene MTAP gene in KMS11 cells, an MM
cell line. Both CDKN2A and MTAP are frequently deleted in cancer cells (Kryukov
et al., 2016). The cyclin dependent kinase inhibitor 2A, CDKN2A, is tumour
suppressor gene through negative regulation of cell proliferation. Interestingly,
expression levels of CDKN2A are partly regulated by SP1 and SP3 transcription
factors (Ghosal & Banerjee, 2022). CDKN2A expression was reported to be
upregulated in glucocorticoid resistant MM patients (Ghosal & Banerjee,
2022).GWAS studies have indicated that a SNP in this gene (but not in LD with the
MM loci) is associated with several kinds of cancer such as breast cancer, lung
cancer, melanoma or ALL (Sherborne et al., 2010).

10p12.1 WAC:

This association signal maps to WAC, and the rs2790457-G is significantly
associated with decreased gene expression (eQTL P = 6.58E-24) and also has a cis-
meQTL effect (P = 1.42E-6) (Mitchell et al., 2016). WAC’s interaction with the E3
ligase RNF20/40 is necessary for histone H2B monoubiquitination. The N-terminal
of WAC interacts with the RNA polymerase Il transcriptional machinery. WAC is
also involved in autophagy by inducing amino acid starvation-induced autophagy
and regulates the cell-cycle checkpoint in response to DNA damage (Joachim et al.,
2012; Zhang & Yu, 2012).
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11913.3 CCND1:

The rs9344 SNP is associated with risk for a specific subtype of multiple myeloma
with the specific chromosomal translocation t(11;14)(q13;g32), in which the
CCND1 gene (usually at 11g13.3) is placed under the transcriptional control of the
immunoglobulin heavy chain enhancer (at 14g3) (Fonseca et al., 2002; Weinhold et
al., 2013). The oncogene CCND1 encodes cyclin D1, which controls the G1/S
checkpoint together with CDK4/6. This protein is overexpressed in several cancer
types (Gao et al., 2020; Landi et al., 2020; Moreno-Bueno et al., 2003).

16p11.2 PRR14, FBRS, SRCAP:

The association signal at 16p11 covers an area of 81kb containing PRR14, FBRS,
SRCAP a small nucleolar RNA and two pseudogenes. The lead variant, rs8058928
is at 5° of SRCAP, a helicase involved in transcriptional regulation by chromatin
remodelling. It mediates the exchange of histone H2AZ/H2B dimers for
nucleosomal H2A/H2B, which enhances promoter accessibility of target genes,
which is important for multipotent progenitors (MPP) commitment into lymphoid
or myeloid lineage (Ye et al., 2017). This gene is also known to be mutated and act
as adriver gene in clonal haematopoiesis (Beauchamp et al., 2021). PRR14 interacts
with heterochromatin reattaching it to the nuclear lamina and is also involved in the
positive regulation of the PI3K-Akt-mTOR signalling pathway and in promoting
cell proliferation.

16023.1 RFWD3:

The 1623.2 association maps to RFWD3. This gene has been associated with
leucocyte telomere length (LTL) in different GWAS studies (C. Li et al., 2020; Taub
et al., 2022). The RFWD3 protein also protects p53 from MDM2 degradation and
is required for DNA interstrand cross-links repair (Elia et al., 2015; Inano et al.,
2017; Mitchell et al., 2016). Biallelic mutations in RFWD3 cause Fanconi anaemia,
a chromosomal instability syndrome that leads to bone marrow failure and very high
cancer risk (Knies et al., 2017).

17p11.2 TNFRSF13B:

This locus has one of the strongest association signals for MM and Ig levels (Chubb
et al., 2013; Jonsson et al., 2017; Liao et al., 2012). The LD block is composed by
one coding and 16 non-coding variants.

TNFRSF13B gene encodes TACI, a receptor of the APRIL and BAFF ligands. TACI
is a key regulator of B-cell and plasma cell homeostasis. This gene is primarily
expressed in switch memory B cells (Salzer et al., 2005), showing lower expression
in plasma cells, which suggest they could act in B cells. TNFRSF13B is an obvious
candidate to explain the MM risk at this locus for its involvement in B-cell and PC
functions but the exact mechanism of action and specific causal variant is not known
yet.
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TNFRSF13B encodes three different isoforms; one long, one short and a soluble
isoform. The metalloproteinase ADAM10 can excise the long and short membrane
bound isoforms generating soluble TACI (Hoffmann et al., 2015).

19p13.11 KLF2

KLF2 is the only gene overlapping the association signal, that maps a genomic
location with widely accessible chromatin in most hematopoietic cell types,
including plasma cells. About half of the SNPs in the LD block overlap ATAC-seq
peaks, and one of them, rs3745318 is also a missense variant
(NP_057354.1:p.Leul04Pro). Kruppel like factor 2 (KLF2) is a transcription factor
that mediates induction of pluripotency (Bourillot & Savatier, 2010). It belongs to
the Specificity protein/Kruppel-like factor (Sp/KLF) family of transcription factors,
and SP3 is a member too. The transcription factors of this family share conserved
zinc finger domain DNA-binding motifs and the DNA recognition sites (Waby et
al., 2008).

20013.13 PREX1

Expression and methylation QTLs for PREX1 colocalize with the 20g13 MM-risk
association at rs6066832 (with p-values of 3.85E-5, 1.12E-4 and 1.36E-13
respectively) (Mitchell et al., 2016). PC Hi-C data shows contact between a
regulatory region containing rs6066832 and gene promoter, which could explain the
expression upregulation.

22q13.1 CBX7:

The LD block at 22q13.1 overlaps CBX7 and the regulatory region GH22J039143
with promoter histone marks and Hi-C looping to the neighbouring genes
APOBEC3G and PDGFB. Chromobox protein homolog 7, CBX7, is a component
of a the canonical Polycomb repressive complex (PRC1). CBX proteins recognize
H3K27me3 in histones that have been methylated by the PRC2 complex and recruit
PRC1 E3 ubiquitin ligase (Margueron & Reinberg, 2011; Vidal & Starowicz, 2017).
No clear causal variant has been reported to explain the mechanism that increases
risk for MM at this locus.
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Methods

Genome-wide association studies

Genome-wide association studies (GWAS) are a standard tool to identify DNA
sequence variants that contribute to a phenotype of interest. Essentially, the allelic
frequencies of millions of variants are analysed to detect genotypes that are
statistically over-represented in the cases compared with controls and thereby to
define associations of genetic variation with a given trait (Uffelmann et al., 2021).

The genetic architecture of most complex traits is highly polygenic and the
associated variants are mostly non-protein-coding. Typically, the list of phenotype-
associated genetic variants that results from GWAS studies are common variants
and each has modest effects. Each of the independent significant association signals
is represented by a group of variants inherited together as an LD block, often
spanning more than one gene or in intergenic regions.

GWAS has identified risk loci, previously unknown relevant pathways, and
potential drug targets. However, at this point, it has become clear that GWAS-
identified variants only account for a modest proportion of the estimated heritability
(between one-third and one-half for most complex traits) that can be explained by
SNPs. Some of the suggested explanations are having too conservative significance
thresholds, variation other than SNPs being responsible for disease risk, and effect
of gene-environment interaction and gene-gene interactions (Manolio et al., 2009;
Tam et al., 2019).

Result validation in different cohorts and functional work to explain the gene
function, cell type of action and potential role in disease development are essential.

Genotyping and imputation

The genotypes detected with SNP arrays are not phased, and although they provide
information of which nucleotides are present for each selected genomic location,
they lack information on which DNA strand each allele is from. For this reason,
mathematical reconstruction of the sequence belonging to each chromosome at a
local level is necessary to infer the haplotype. This process is called phasing. (Kong
et al., 2008) and it is a necessary step that precedes imputation.

Imputation increases genomic resolution and increases statistical power by testing
association of more variants than the originally typed. It is very cost effective
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because it enriches the input genotyping data bringing it near WGS, but with lower
sequencing costs.

It is based on the principle that variants in high linkage disequilibrium will be
inherited together, so unsequenced variants can be inferred (imputed) by using a
reference genome panel (S. Das et al., 2018).

These reference genome panels are created by whole genome sequencing (WGS)
data of a large numbers of individuals. Some examples of commonly used
population panel references are The Icelandic reference panel, created from WGS
of 49,962 Icelanders (Jonsson et al., 2017), an updated version of which was
employed in Articles Il and 11V, and the HapMap project (Belmont et al., 2005).

Statistical analysis: association testing and multiple testing correction

Genetic association tests are run for each genetic variant, using an appropriate
model. Linear models are usually used to test for associations continuous
phenotypes and logistic regression models are used for binary traits, as it would be
presence or absence of disease (Uffelmann et al., 2021). Covariates such as age, sex
and ancestry are included to account for stratification and avoid confounding effects
from demographic factors.

Testing association of millions of variants provides a lot of information but also
carries some limitations.

A real problem in the field of genetics is that high throughput genetic association
studies performed nowadays generate long lists of associations. There are always
association results, and the challenge is where to draw the line for trustworthy results
and to correct for multiple testing burden and false positive associations that arise
from population structure. There are different multiple testing methods. Bonferroni
correction is the most widely used in GWAS. The threshold of significance after
Bonferroni correction is calculated by dividing the P-value threshold for
significance by the number of tests performed, which correspond to the number of
genetic variants analysed in the GWAS. This method is over-conservative, assumes
independence of hypothesis (which is not true considering LD) and fails at
modelling intergenic interactions (Stringer et al., 2011).

Genetic principal components analysis (PCA) is performed to avoid false
discoveries caused by differences in population structure, relatedness and ethnic
distance, ancestry differences between cases and controls and other causes of cryptic
population stratification (Price et al., 2006).

Summary statistics are the main output of a GWAS study and contain the results of
association testing for every variant analysed in GWAS. Summary statistics contain
variant identifiers, variant coordinates, association p-value, effect allele, effect
(calculated as beta or OR) and standard error. Summary statistics is a format that
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contains very concentrated information. Genomic sequencing and typing data are
highly sensitive, bulky and unanonymizable. Summary statistics cannot be traced
back to individual genetic information, is easy to share and publically available.

Two very relevant aspects when planning a GWAS are sample size and genetic
homogeneity. Population stratification is the presence of genetically distinct
subpopulations in the studied cohort (Uffelmann et al., 2021). Sample size is critical
for the study to reach high enough statistical power. The larger the sample size, the
higher statistical power will be reached but meta-analysis of various populations
usually result in association of common variants (as these transcend multiple
populations), and have very limited power to detect association with rare variants
(as these are more often population-specific).

Figure 5 shows the number of loci identified in GWAS with different sample sizes
and for three different traits. There is a trait-specific threshold, affected by the size
of the genetic component of each trait, above which the rate of locus discovery
increases promptly with small sample size increases (Tam et al., 2019).
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Figure 5: Number of loci identified as a function of GWAS sample size. Number of genome- wide
significant loci reported from GWAS for three anthropometric traits: body mass index, height and waist-
to-hip ratio adjusted for BMI. Reprint with permission from Tam et al., 2019.
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For this reason, meta-GWAS analysis are a common strategy. The idea behind it is
that increasing the sample size to overcome the multiple testing limitation, increases
statistical power and detects previously unseen associations. It often involves
collaborations and international consortia because it requires summary statistics
from several cohorts, usually already published GWAS.

Along with the exposed arguments, in Article Il we were able to identify a variant
with low frequency (RAF=0.035) with a very homogeneous case group comprised
of Scandinavian individuals. Additionally, in the meta-analysis presented in Article
111 we found 8 new associations with risk allele frequencies ranging from 0.11 to
0.81.

Functional fine-mapping:

Once GWAS has provided a list of reliable risk loci the next challenge is interpreting
the results in a biological and genomic context to identify the causal variant within
the LD block and their mechanism of action. This process is referred to as fine-
mapping and it usually combined computational and experimental approaches to fill
the gap between statistical association and disease predisposition.

There are different approaches to characterize the function of non-protein-coding
variation. The more relevant for this thesis are described below.

Following the classification suggested by Ray et al., 2020; this approaches can be
divided into the following four groups: 1) observational assays that characterize the
genomic region like ATAC-seq and PC Hi-C; 2) observational assays that
characterize the impact of naturally occurring genetic differences at the variant:
eQTL, caQTL and also meQTL; 3) engineered perturbational assays that test the
impact of the variant itself like CRISPR-directed activation or KO and finally 4)
engineered perturbational assays that test the impact of the variant itself, usually
tested in a synthetic context, like the reporter assays luciferase and MPRA.

This Ph.D. focuses is on functional fine-mapping of multiple myeloma GWAS
variants using techniques such as CRISPR/Cas9, Luciferase or EMSA on different
MM cell lines and data on ATAC-seq, eQTL, caQTL and Hi-C looping.

ATAC-seq:

ATAC-seq, is the assay for transposase-accessible chromatin using sequencing,
which maps chromatin accessibility at a whole genome level. Briefly, ATAC-seq is
based on sequencing the fragments generated by the transposase Tn5 enzyme, which
cuts unprotected, hence accessible DNA (Grandi et al., 2022).
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The resulting data is visualized as cut density peaks across the genome. The cut
density is inferred from the reads of the fragments generated by Tn5. High peaks
are seen in highly accessible chromatin regions (Figure 6).

Chromatin accessibility has a strong tissue and cell type specificity. This higher-
order structure of chromatin controls interaction of regulatory regions and allows
tissue-specific transcription factors regulate several aspects of development and
differentiation.
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Figure 6: Example of ATAC-seq data visualization. The image shows different patterns of chromatin accessibility in a
genomic area comprising IRF4 for different hematopoietic cell types. HSC:hematopoietic stem cell, MPP: multipotent
progenitor, CLP: common lymphoid progenitor, CMP: common myeloid progenitor, MEP: Megakaryocyte erythroid
progenitor, Ery: Erythroblast, Mega: Megakaryocyte, CD4_T: CD4+ T cell, CD8_T: CD8+ T cell, B: B cell, Plasma:
Plasma cell, NK: natural killer.

The ATAC-Seq data used to identify regions of open chromatin in plasma cells was
obtained by analyzing CD138" cells isolated from bone marrow aspirates from 185
MM patients from the MM Lund Biobank. ATAC-seq data from 18 other
hematopoicetic cell types was downloaded from the Sequence Read Archive (Ulirsch
etal., 2019).

Chromosome conformation capture

Chromosome conformation capture is a tool used to identify three-dimensional
looping interactions between regulatory regions, and their target genes located in in
neighbouring or very distant genomic regions.
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Chromosome conformation capture methods such as Hi-C (Lieberman-Aiden et al.,
2009) are based on the sequencing of DNA that has previously been cross-linked
fragmented and ligated with its extremes. After being fragmented, DNA is purified
to remove any bound protein and interacting DNA strands ligated, creating circular
molecules that can be sequenced (Eagen, 2018).

The resulting data is highly valuable as it informs of the regions of the genome that
interact in the nucleus (for a given cell type, and under determined conditions). And
it could point, for example, to how a SNP in a regulatory region is in contact with
the promoter region of a gene.

Chip-Seq

Chip-seq is the combination of immunoprecipitation and sequencing. In chromatin
immunoprecipitation-based methods, a DNA binding protein of interest is detected
by an antibody and retrieved after being cross-linked with the DNA. DNA
sequencing generates a collection of sequence reads that correspond to the DNA
that the protein was bound to and that can be graphically presented as corresponding
to the density of reads. Alignment of those reads provides qualitative (genomic
location) and semi-quantitative measurements of protein binding (P. J. Park, 2009).

Chip-seq can be performed with proteins that are ubiquitously/broadly present in
the chromatin, like CTCF, or proteins with specific and much more limited binding
like transcription factors. Some limitations of this technique are its dependency on
antibody specificity. Large amounts of Chip-seq data are available in public
repositories like GEO, a public functional genomics data repository from NCBI
(https://www.ncbi.nlm.nih.gov/geo/) and Cistrome Data Browser
(http://cistrome.org/db/#/ ; Zheng et al., 2019).

Newer alternatives to Chip-Seq are available, CUT&RUN (Cleavage Under Targets
and Release Using Nuclease) for example, requires lower amounts of input material,
and does not involve the use of strong detergents to permeabelised cells(Skene &
Henikoff, 2017). On the negative side, there is less available data in the public
domain.

Luciferase assays

Luciferase assays are reporter assays designed to measure the ability of a given
DNA sequence (usually tens to hundreds of base pairs) to promote genetic
expression. This sequence is usually synthetised and inserted in a plasmid upstream
the firefly luciferase reporter gene. In the presence of O, Mg? and ATP, the
recombinant firefly luciferase transforms luciferin to oxyluciferin producing AMP,
PPi and CO, in a bioluminescent reaction. The amount of light is directly
proportional to luciferase gene expression and it can be quantified. This signal is
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usually normalised by renilla luciferase fluorescence to control for transfection
efficiency (Schagat et al., 2007). The renilla luciferase transforms coelenterazine
into coelenteramide, CO; in a reaction that is also bioluminescent. The two reactions
are measured consecutively in the same sample using a Luminometer. (Marques et
al., 2009; Sherf et al., 1996). Normalised reporter activity is then compared between
different promoter sequences or experimental conditions. Performing the same
experiment on two different alleles of a variant is commonly used to assess the
differences in transcriptional regulation control.

Advantages of enzymatic assays are their specificity and sensitivity. One the other
hand, a limitation of the luciferase assay is that only one sequence can be tested at
atime.

Massive Parallel Reporter Assay (MPRA)

MPRA consists on a high throughput reporter assay that allows simultaneous
assessment of the genetic regulatory function of several hundreds or thousands of
DNA sequence variants at the same time and in a pooled assay. The results can be
traced back to each of the studied variants’ construct thanks to a DNA barcoding
system. MPRA has been used for some years to study the mechanistic basis for
regulatory activity behind risk variants (Gordon et al., 2020; Tewhey et al., 2016).

In Article | we designed inserts containing three sliding windows 20 bp apart from
each other containing each of the two alleles and for both strands totalling 12
constructs per variant, and therefore 12 468 contructs in total. Each construct also
contained adaptors for PCR amplification and 20 nts random barcode. The resulting
fragments were cloned into a vector containing a minimal promoter, the GFP open
reading frame and a partial 3°UTR.

Two different multiple myeloma cell lines were transfected and after 48h of culture
total MRNA was extracted and GFP mRNA was pulled down using biotin-labelled
GFP probes and streptavidin beads. The recovered mRNA was DNase-treated and
retrotranscribed to prepare sequencing libraries compatible with NextSeq 1x 75bp
sequencing. The MPRAscore is computational tool developed in our group to
analyse this kind of data (Niroula et al., 2019).

This method offers several advantages, like the possibility of testing a high number
of variants at the same time and in a matter of days but one of the limitations is the
synthetic context in which the regulatory effect of variants is tested.
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Expression quantitative trait loci

Expression quantitative trait loci (eQTLs) are DNA sequence variants that influence
the transcription of one or more genes (Albert & Kruglyak, 2015). In eQTL analysis,
the input data is expression data such mRNA-sequencing or gene expression
microarrays and paired genotype data from the same samples. This data is used to
identify association between genotype and mRNA levels for the genes of interest.

Examples of MM risk loci with eQTL effects are rs2488002 influencing the
expression of STN1/OFBCL1 in B cells (Article 1V) and rs75712673 influencing the
expression of SOHLH2 in malignant plasma cells (Article I1).

Chromatin availability quantitative trait loci (caQTL)

Chromatin accessibility quantitative trait loci (caQTL) are defined based on the
allele-specific abundance of sequencing reads from ATAC-seq data (Broekema et
al., 2020).

To identify genomic regions with allele-dependent chromatin accessibility we tested
for association between genotype and Tn5 cut density of 150bp fragments
surrounding a variant every 10 bps in a given locus.

Examples of MM risk locus with caQTL are rs78740585 at SMARCD3, rs4487645
at CDCAT7L and rs7922679 at MXI1.

Electrophoretic mobility shift assay (EMSA)
Electrophoretic mobility shift assay is used to detect protein-DNA complexes.

The supershift assay consists on adding an antibody against the candidate
transcription factor. If the protein binds the DNA probe there will be a secondary
mobility shift because the complex formed by DNA probe, the TF and the antibody
migrate slower than the probe bound to the TF alone (Hellman & Fried, 2007)

It provides very useful and specific information; the binding of a TF to a given
sequence, represented by a DNA probe. Different versions of the DNA probe can
be made, for example containing the different alleles of a variant.

Doxyclicine inducible promoters and overexpression

For the overexpression studies of SMARCD3, we used Tet-On 3G tetracycline-
inducible gene expression system (Clontech PR053540). This inducible expression
system is based on aa two vector system. The first vector, pEF1a, encodes the Tet-
ON 3G trans activator under the control of the EFla constitutive promoter and
Prresc that contains the inducible promoter.
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The SMARCD3 coding region was cloned into the Prress vector, downstream of the
Prresc inducible promoter, that contains 7 repeats of the tet operator. In the presence
of doxycycline, the Tet-ON 3G trans-activator binds the Prresc promoter and
induces high transcription of the downstream gene (SMARCD3 in this case).
Electroporation of 5M L363 cells with PTRE3G-Luciferase, as Doxycycline
induction control or PTRE3G-SMARCD3 was performed. L363 cell line was
chosen because its SMARCD3 expression levels are inherently very low, and it was
previously transfected with pEF 1.

Cells were incubated for 4.5, 17.5 and 24 hours, half of the samples with 20uL of
[10ng/uL] Doxycycline. After that time, PTRE3G-Luciferase treated and untreated
controls luminescence was analysed to confirm induction and RNA and protein was
extracted from the PTRE3G-SMARCDS treated and untreated samples for Western
Blot validation and RNA-Seq for differential expression analysis.

CRISPR/Cas9

This technology builds on the fundamental chemistry of the bacterial Cas9 proteins
that use single guide RNAs (sgRNASs) molecules containing ~20 nucleotides that
are complementary to the targeted DNA region and contain a PAM sequence at the
3’ (the most commonly used being NGG for Streptococcus pyogenes). This SgRNAS
direct the Cas9 proteins make double-strand breaks. This breaks lead to viral DNA
destruction in bacteria but trigger DNA repair in eukaryotic cells. Two of the
fundamental DNA repair pathways that happen in humans, animals and plants cells
are non-homologous (NHEJ) which produces small insertions or deletions at the site
of the repair or Homology-directed repair (HR) that can lead to the integration of
new DNA sequences.

CRISPR/Cas9 solved a great challenge in molecular genetics, cutting and editing
the genome at virtually any position. Accordingly, we can direct the Cas9 enzymes
to cut a region of interest with single nucleotide resolution through sgRNA custom
design. The only requirement for the selection of Cas9 target sites is the presence of
a PAM sequence at 3’ of the targeted sequence by the sgRNA.

CRISPR/Cas9 was be used to cut and edit DNA, but the technique has rapidly
evolved and various other applications are being developed in the fast-growing
field. These include activation or knock-in (La Russa & Qi, 2015), transcriptional
suppression or KO (Joung et al., 2017) epigenetic modification with dead Cas9
(dCas) (Xie et al., 2017); silencing or activating mRNA transcription, using dead
Cas9 linked to a transcription activator or repressor; base editing (Huang et al.,
2021; Newby & Liu, 2021); prime editing, which does not involve any double-
strand break (Anzalone et al., 2019; Newby & Liu, 2021); and fusing an error-prone
polymerase to Cas9 to cause continuous mutagenesis and enable directed evolution
(Halperin et al., 2018). Another potential use is the introduction of huge fragments
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of DNA using CRISPR-assisted transposases (Klompe et al., 2019; Strecker et al.,
2019) or even imaging, where a fluorescent form of the protein can be used to
illuminate specific sequences for live cell imaging (Clow et al., 2022).

The origins, challenges and multiple applications are elegantly discussed by the
pioneer scientists that developed this revolutionizing tool here: Charpentier et al.,
2019; Doudna, 2020; Mojica et al., 2016; Interview to F. Zhang, 2021.

In Article I, we used CRISPR to delete specific and relatively small regions
containing the variant of interest, to study the downstream effects on gene
expression.

In Article 1V, we designed a library to knock out all the transcription factors. In the
case of CRISPR KO, sgRNAs direct Cas9 nuclease to make double-strand breaks
in key areas of the genes that are inefficiently repaired by non-homologous end-
joining and introduce deleterious insertions/deletions. This leads to the knock-out
of each targeted transcription factor, which further impacts the expression of
downstream genes (C. H. Chen et al., 2018; Joung et al., 2017). We switched off
the expression of all transcription factors, one at a time, and observed the effects of
that on the expression of our gene of interest. The assay was designed to be broadly
applicable to explore the transcription factors driving the expression of any gene of
interest that can be detected in a flow cytometer.

Lentiviral library

Library design

The first challenge of Article IV was to assemble a list of all exiting transcription
factors. Gene transcription is a highly regulated process and can act in many
different ways. The function of those proteins can vary between directly recruiting
the RNA polymerase, by binding DNA and not allowing others to so, or by
recruiting factors and forming large multi-subunit complexes (Lambert et al., 2018).
Briefly, we combined existing lists of transcription factors from diverse resources
were combined. We merged the datasets from Jaspar, HOCOMOCO, SMILE SEQ
and human C2H2ZF databases, and the lists from two published articles (Lambert
et al., 2018; Novershtern et al., 2011). We then annotated Gene Ontology terms and
manually curated to ensure that all the components would fulfil two premises:
binding DNA and affecting expression.

Four pre-designed sgRNAs from the whole genome KO Brunello library were then
selected for all the transcription factors present in the curated list.

Clonning and bacterial replication

We chose the LentiCRISPRv2 vector for the TF KO library. This vector encodes
the Cas9 enzyme gene, the sgRNA scaffold and amplycilin and puromycin
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resistance genes that are required in the following steps of lentiviral production and
cell infection.

Two different cloning approaches were tested in parallel to clone the inserts
containing the TF sgRNAs into the CRISPR vector; Gibsson assembly and Golden
Gate cloning. The first one assembles different fragments containing homology ends
in a PCR-like reaction resulting in a final molecule containing all the fragments.
Golden gate cloning relies on Type IS restriction enzymes that cut DNA outside
the recognition sites and a T4 DNA ligase that ligates the complementary overhangs
(Engler et al., 2008). We obtained better results by using Golden Gate cloning, by
incubating undigested empty lentiCRISPRv2 vector and PCR amplified oligos
containing the sgRNAs at a 1:3 ratio, together with T4 DNA ligase and Fast digest
Esp3l restriction enzyme for 2h at 25°C.

Electrocompetent E. coli cells were transformed with the ligated product to generate
a high number of copies of all the vectors in the library, since representation of all
sgRNA was crucial in future steps of the experiment and high amounts of the
plasmid library are required for virus production. Transformed bacteria was plated
in Ampicillin LB plates and incubated overnight at 37°C. Plasmid extraction was
performed with the Maxiprep kit. We checked sgRNA variability in the resulting
transcription factor KO lentiCRISPR v2 library by Sanger sequencing 33 randomly-
picked bacterial colonies and later sent a sample of the vector pool for next
generation sequencing (Nova Seq 6000, single-end read x200 cycles)

Lentiviral production

HEK293T/17 cells were transfected with the transcription factor KO
lentiCRISPRv2 library, PM2.G encoding the viral envelope protein and psPAX2
encoding the retroviral polyprotein and reverse transcriptase. We used
Lipofectamine 3000 (ThermoFisher #L3000001), a reagent that enhances
transfection and cell survival by creating liposomal structures with a positive surface
that facilitate DNA delivery into cells.

The supernatant of the transfected cells was collected 24, 48 and 72h after
transfection and ultracentrifugated at 25 000rpm for 90 minutes to purify the virus
parties containing the TF KO library.

A detailed protocol of the library generation and viral production can be found in
the methods section of Article IV which was adapted and optimized from existing
protocols (Elegheert et al., 2018 and Joung et al., 2017).

Cell transduction

Both cell lines (KMS20 and L363) were tested to identify the minimal puromycin
concentration that would select the transduced cells, and virus titration experiments
were performed to determine the concentration of virus that would result in an

53



approximate infection efficiency of 30%, to reduce the possibility of more than one
SgRNA acting in the same cell.

Cells were transduced with the TF KO library-containing lentivirus in the presence
of lentiboost (Sirion Biotech), a non-ionic amphiphilic poloxamer that reduces
electrostatic repulsion increasing virus infection.

Transduced cells were incubated with puromycin from day 2 to 10 after infection to
discard untransduced cells, and then cultured until the total cell number was close
to 80 million cells, enough for sorting of 8 replicates.

Intracellular staining

The ELL2 protein acts in the cell nucleus, so in order for the antibodies to detect
and mark the protein, cells had to be previously fixed and permeabelised.

For the optimization of the stating, that included numerous variables, we used ELL2
KO L363 cells and always selected the conditions that showed better separation
between KO and ELL2 WT L363 cells in the flow cytometer analysis (performed
with BioRad Ze5)

We tested different methods. First a two-step process consisting on fixation with
Paraformaldehyde and permeabilization with saponin, tween 20 or triton. The lasts
being the better but still unsatisfactory. So we then tested incubation with different
antibody concentrations and incubation times with -20°C methanol, which fixes and
permeabelises the cells simultaneously and selected 30 min incubation with cold
methanol as the best method.

We tested different blocking strategies and a 4-hour incubation at room temperature
with PBS 3% BSA was the best, but with small improvement in comparison with
2h which was finally selected for the sake of time.

We tested three different mouse anti human ELL2 primary antibodies: two
monoclonal (Santa Cruz Biotech #SC-376611 and Antibodies online ABIN930983)
and one polyclonal (Abnova ABIN364967). We also tested five different secondary
anti mouse antibodies with different fluorophores: FITC, APC (Jackson
ImmunoResearch #115135164), Brilliant Violet IgG1 (Biolegend #406615), PE
IgG1 Rat anti mouse (Biolegend #406607) and PE-Dazzle IgG1 Rat anti mouse
(Biolegend #406627). After a process of stating optimization, we concluded that the
best combination was the primary monoclonal antibody from Santa Cruz Biotech
#SC-376611 diluted 1:200 and PE Biolegend 406607 diluted 1:60, offering the most
specific and bright signal.

We used life/dead markers (Invitrogen fixable scarlet live/dead marker #17468262
and Live/dead fixable Violet #L.34955) since KMS20 tend to have low viability (70-
80%) in our hands and we did not want dead cells to interfere in the experiment.
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Fluorescence-activated cell sorting

The strategy to find the transcription factor that drive ELL2 expression was to sort
the cells with minimal and maximal expression and look for sgRNAs that were
enriched in the first group and not present in the second one. For that, we sorted the
lowest 2% and highest 20% extremes of the fluorescent emitting cell distribution.

Illumina sequencing library preparation

DNA was extracted from fixed cells and following amplification, samples were run
on bioanalyzer to verify amplification and fragment size. We used a custom made
Illumina compatible primer collection that had been used in previous projects of the
lab (Mattsson et al., 2021; Pertesi, Ekdahl, et al., 2019). The forward primers
contained the lllumina P5 adaptor sequence, the lllumina PCR2 forward primer
sequence, a stagger of variable length (1 to 12 nts, different in each forward primer)
and a priming site complementary to the lentiCRIPSRv2 vector fragment upstream
of the sgRNA. The reverse primers contain the Illumina P7 adaptor sequence, an
index sequence (different for each primer), the lllumina PCR2 reverse primer
sequence and a priming site complementary to the lentiCRIPSRv2 vector fragment
140 nts downstream of the SgRNA sequence. A mixed of 12 forward primers pooled
and a unique reverse primer was used to amplify the DNA from each of the samples,
and the plasmid library was sequenced with NextSeq 500/550 (single-end read x150
cycles) with 25% of PhiX to add sequence diversity.

Interaction modelling

A clear limitation of the TF KO screening is that not all the differences between the
KMS20 and L363 models will be due the their ELL2 genotype. We developed a
model to include MM PC RNA-seq data from the Dana Farber Cancer Institute
dataset, the CoMMPass project and in house data to add co-expression analysis to
our pipeline.

To identify functional, allele-specific interactions among the TFs identified in the
CRISPR/Cas9 screen, we used the following regression model:

Yy =Xo +aiXs + axe + axXiX2 + asXs

Where y is the expression of the gene of interest (ELL2 in this pilot study) xo
represents a bias term, xi is expression of the candidate TF in FPKM, x; is the
number of minor alleles at rs3815768 (0 for homozygous major CC, 1 for
heterozygotes CT, and 2 for homozygous minor TT) and xz is ELL2 copy number,
since copy number aberrations are common in malignant cells in general and in
addition hyperploid is the most common of MM types.
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axxiX2 models interactions between genotype and candidate TF expression. A
positive interaction indicates that the correlation between the TF and target gene
expression is stronger with the minor allele.
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Summary of results and discussion

Article |

The objective of this project was to systematically search for causal regulatory
variants among variants in high LD with MM lead variants. With that aim, we
developed a massive parallel reporter assay (MPRA) and tested it in two MM cell
lines. We assessed a total of 1 039 variants comprising the high LD (h*>0.8) blocks
of the lead variants of MM risk loci known at the time (Pertesi et al., 2020; Went et
al., 2018). Following MPRA, we integrated data from luciferase assays, eQTL,
caQTL, PCHIC, a GWAS on Ig levels and CRIPSR to further the characterise the
identified candidate variants.

We identified putative causal variants with MPRA activity, luciferase signal and
concordant plasma cell cis-eQTLsS, in which the allele that was associated with
higher MPRA and luciferase activity was also associated with higher expression of
the eQTL target gene at the locus at six risk loci: 5q15 ELL2, 523 CEP120, 7p15
CDCATL, 7936.1 SMARCD3, 10p12.1 WAC, and 20913 PREX1. We also identified
concordant MPRA activity, luciferase signal and cis-eQTLs at the 17p11.2
TNFRSF13B locus, with the eQTL effect significant in B cells.

Additional evidence for a gene-regulatory role of the identified variants was
obtained through PC Hi-C and ATAC-seq, showing that some of the variants
mapped to regulatory regions with three-dimensional looping to the eQTL gene
promoters. The activity of these regions was further investigated in dual-sgRNA-
CRISPR/Cas9 experiments where the resulting deletion of the variant-harbouring
regions impacted the expression of the eQTL genes. Furthermore, we validated the
regulatory role of rs4487645 at CDCATL using CRISPR/Cas9 precision editing.

Finally, to obtain evidence for regulatory activity at the precise positions of the
identified variants in an endogenous chromosomal context, we generated a caQTL
data set for MM plasma cells as well as a new computational tool (caQTLseg), to
identify genomic regions with allele-dependent chromatin accessibility. That
analysis provided evidence for colocalized regulatory activity at CDCATL,
SMARCD3 and ELL2.

The results of Article | represent the first systematic functional dissection of risk
loci for a hematologic malignancy.
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Article 1

In Article 11, we conducted a GWAS on MM from the Nordic region. We discovered
a new risk locus at 13g13.3. The association is represented by a group of 16 SNPs
in high LD (r2>0.8) spanning the SOHLH2 gene. The lead variant was rs200203825,
with a relatively low risk allele frequency compared to most MM risk variants
(RAF=0.035).

Within the 14 variants in the LD block, we identified rs75712673 as a putative
causal variant as it maps to a genomic region with accessible chromatin in plasma
cells and a H3K4me3 histone mark. Additionally, Hi-C data suggested a looping
interaction with the gene promoter. Finally, we identified a cis-eQTL for SOHLH2
at rs75712673 in MM plasma cells and luciferase assays showed higher signal for
the rs75712673 SOHLH2-high-expressing allele in plasma cell lines tested. We
explored whether there was differential binding of the FOX transcription factors by
EMSA but did not get any conclusive results.

The SOHLH2 gene is mainly expressed in testis. Our results suggest that the effects
of the SOHLH2 MM risk allele could be mediated by ectopic SOHLH2 expression
in plasma cells.

Article 111

In Article 11, we performed an international meta-analysis of nine published and
one previously unpublished GWAS of MM, totalling 10 906 cases and 366 221
controls. We identified nine new risk loci. In addition, conditional analysis
identified underlying independent signals at three of the loci, bringing the total
number of new signals to twelve.

5035.2 CPEB4: CPEB4 (5935.2) mediates translational activation and repression
through cytoplasmic changes in the poly(A) tail length of mMRNA molecules and
regulates activation of unfolded protein response (Guillén-Boixet et al., 2016). We
found a significant cis-eQTL in granulocytes and nominally significant TWAS
association.

6p22.2 BTN3A2: the 6p22.2 risk locus maps to the HLA region. We identified
BTN3A2 as a candidate based on proximity and a significant association between
cross-tissue gene expression data and genotype. BTN3A2 is involved in T-cell
response and its expression in PC is generally low.

6p25.3 IRF4: The IRF4 gene encodes a transcription factor essential for the
development and survival of plasma cells (Perini et al., 2021; Shaffer et al., 2008).

58



In Article 1, we showed differential binding between the two alleles of SMARCD3
and CD7AL1 risk SNPs.

9g21.33 DAPKL: our data pointed at rs1329600 (at DAPK1) as putative causal
variant in this locus. This variant lies in a region of open chromatin and we showed
concordant cis-eQTL and luciferase in at rs1329600. DAPK1 is involved in
apoptosis and autophagy (Singh et al., 2016).

10924.3 STN1/OBFCL1: rs4387287 is the promoter region of STN1 (also referred to
as OBFC1). We identified an eQTL in B cells with the proxy SNP in very high LD
(r>=0.97) rs2488002 coherent with significant luciferase differences in the B cell
line U266B1. STNL1 is part of the CST complex that protects telomeres from DNA
degradation. This same locus had been previously associated with LTL (Levy et
al., 2010), blood pressure (Surendran et al., 2016), and different cancer types
(Rashkin et al., 2020).

10g25.2 MXI1: we found a new association at 10925.2 represented by 15 SNPs in
high LD mapping to the MXI1 gene. We detected a co-localizing caQTL effect at
the intronic variant rs7922679, with the minor allele showing higher chromosome
availability.

19p13.3 NFIC: the association signal at 19p13.3 overlaps the intronic region of
NF1C, in a region of open chromatin for hematopoietic progenitors.

21911.2 SAMSNL1: we detected a caQTL in the SAMSNL intronic region containing
the MM risk SNPs rs2822745, rs2822746 and rs2822747. SAMSNL is co-expressed
with IRF4 and is a negative regulator of B cell activation. It is highly expressed in
the bone marrow and peripheral blood. Our data showed open chromatin in this
locus for plasma cells and other differentiated cell types but not in earlier
progenitors.

13g13.1 BRCA2: we found an association between BRCA2*c.9976A>T;
p.Lys3326* (also referred to as K3326X) and MM risk. It is the variant with the
highest effect (OR=1.57) and lowest frequency (RAF=0.0048) among the reported
MM associations.

This new meta-GWAS identified twelve new risk variants accounted for by nine
loci and provided new information on previously unsolved MM associated loci. It
does not provide further support for the previously reported association at 22qq13.1
(rs138747, TOM1) with a P-value = 0.001. This locus was originally reported in
Swaminathan et al., 2015) with a borderline significant P-value of 6E-08. Moreover,
the TWAS results from in Article 111 suggest that KIF3C could be the gene causing
the association at 2p23.2, instead of the candidate genes DTNB and DNMT3A.

This work provides further inside in the functional mechanisms underlying the in
the germline genetic landscape of multiple myeloma. We observed that several MM
risk genes are known to be involved in telomere maintenance: TERC is the RNA
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component of the telomerase enzyme, POT1 and STN1 protect telomeres and
RFWD3 had been associated with telomere length in GWAS. We performed a
Mendelian randomization analysis and reported association between leukocyte
telomere length (LTL) and MM risk which showed significant results for causality
from LTL to MM.

Article IV

In Article IV, we explored a new approach to identify causal transcription factors
underlying altered gene regulation at GWAS loci. We developed a tool that can be
used regularly in the lab, to point at the key transcription factors regulating
expression of GWAS-appointed genes.

As a proof of concept, we studied ELL2. The ELL2 risk allele for multiple myeloma
is associated with lower expression of the gene. Our working hypothesis in this
project was that differences in transcription factor binding depending on the ELL2
genotype could be responsible of this effect.

We designed a pooled CRIPSR KO library to test the effect of knock out all the
transcription factors in parallel and detect which sgRNAs caused loss of expression.
We studied the effects of this knock out in two cell lines that were homozygous the
major or minor alleles, sorted the cells that had lost ELL2 expression to identify the
responsible transcription factors. For further filtering, and to overcome some
limitations of our over simplified model, we developed a computational method to
integrate malignant plasma cells expression patterns from 1247 patients and
developed a multi-variable regression model, where ELL2 expression is predicted
as a linear combination of candidate transcription factor expression and ELL2
genotype.

Integrating our CRISPR screening data with computational interaction modelling,
we identified ARID3A and MAFF as putative causal transcription factors at the ELL2
MM risk locus.
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Conclusions

Article |

By integrating MPRA with additional genomic techniques we provided functional
evidence that identify putative causal variants at six multiple myeloma risk loci.

Article 11

We have identified a new genetic association for MM at 13913 SOHLH2, and we
provided evidence of its genetic regulatory effects in plasma cells.

Article 111

In this new meta-GWAS, we discovered 9 new Multiple myeloma risk loci: 5935.2,
CPEB4, 6p22.2 BTN3A2, 9921.33 DAPK1, 10g24.33 STN1, 10925.2 MXI1, 19p13.3
NFIC, 21g11.2, SAMSNL1 and a rare variant at 13gq13.1 BRCA2.

Article IV

We have developed a screening method to identify allele-specific transcription
factor interaction by combining a CRISPR/Cas9 screening and a computational
epistasis analysis based on gene expression data. We applied this approach to
dissect the ELL2 MM risk allele, identifying ARID3A and MAFF as the transcription
factors driving the effects on ELL2 expression.
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Table 2: Table of Multiple Myeloma GWAS associated loci, Combining the previously known Multiple Myeloma risk loci
and the advances occurred during the period that this thesis has been carried out,

Locus candidate gene lead rsID RA/OA OR RAF P-value Discovery study
2p233  DTNB rs7577599  T/IC 127 048  B.00E-28 Lot
2031.1 SP3 rs16862227 GIT 1.12 0.77 3.89E-09 (Went et al., 2018)
3p22.1  ULK4 rs9856633  A/G 123 019 165620  Sopcrekereh
3026.2 LRRC34, TERC rs7621631 C/A 1.18 0.76 8.58E-18 (Chubb et al., 2013)
5915 ELL2 rs11744881 AT 115 072  6.08E-13  jojarrnanenetal
5023.2 CEP120 rs2162826 C/IA 1.12 0.45 6.58E-09 (Went et al., 2018)
5035.2 CPEB4 rs6864880 CIT 1.11 0.33 1.85E-08 Article IV

6p21.33 HLA region rs3132535 AIG 1.19 0.26 1.52E-22 (Chubb et al., 2013)
6p22.2 BTN3A2 rs34565965 TIA 1.13 0.22 1.65E-09 Article IV

6p22.3 JARID2 rs74875586 AIG 1.45 0.02 7.12E-08 (Mitchell et al., 2016)
6p25.3 IRF4 rs1050976 TIC 1.10 0.49 2.33E-08 Article IV

6021 ATG5 rs9386514 CIT 1.18 0.19 1.51E-16 (Mitchell et al., 2016)
7p153  CDCAT7L rs75341503  A/IC 125 0.66  L47E-35 oK
7922.3 CCDC71L rs11762574 AIG 1.14 0.74 8.18E-13 (Went et al., 2018)
7031.33 POT1 rs10954065 C/IA 1.10 0.73 1.22E-07 (Went et al., 2018)
7936.1 SMARCD3 rs10233479 TIC 1.25 0.09 4.93E-19 (Mitchell et al., 2016)
8qg24.21 CCAT1, MYC rs1948915 CIT 1.15 0.33 1.54E-15 (Mitchell et al., 2016)
9p21.3 CDKN2A rs3731222 TIC 1.23 0.64 2.84E-16 (Mitchell et al., 2016)
9g21.33 DAPK1 rs10746812 CIT 1.12 0.35 5.13E-11 Article IV

10p12.1 WAC rs2993984 TIA 1.12 0.74 7.32E-10 (Mitchell et al., 2016)
10024.33 STN1 rs11813268 TIC 1.15 0.11 1.30E-09 Article IV

10925.2 MXI1 rs3737315 TIG 1.11 0.36 7.62E-10 Article IV

13g13.1 BRCA2 rs11571833 TIA 1.57 0.0048 2.95E-08 Article IV

13913.3 SOHLH2 rs75712673 GIT 1.29 0.035 3.26E-10 Article Il

16pl1.2 FBRS, SRCAP rs8058928 GIT 1.14 0.28 3.82E-12 (Went et al., 2018)
16923.1 RFWD3 rs8050262 TIC 1.11 0.61 7.83E-10 (Mitchell et al., 2016)
17pl1.2 TNFRSF13B rs34562254 AIG 1.30 0.10 2.82E-23 (Chubb et al., 2013)
19p13.11 KLF2 rs4808046 G/A 1.13 0.23 4.62E-10 (Went et al., 2018)
19p13.3 NFIC rs11085015 TIG 1.19 0.20 1.73E-13 Article IV
20913.13 PREX1 rs6090899 G/A 1.22 0.09 3.45E-13 (Mitchell et al., 2016)
21911.2 SAMSN1 152822736 C/IG 1.11 0.74 2.795E-09  Atticle IV

22q13.1 CBX7 rs5995688 G/A 1.21 0.44 2.71E-31 (Chubb et al., 2013)
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Future perspectives

Following our work, there are now 35 known MM risk variants accounted for by 32
loci. For most of these, the causal variant and their mechanisms of action have not
yet been established.

Most of the research is focused on characterizing transcriptional cis-regulatory
functions in plasma cells. However, DNA methylation studies in MM PC, and eQTL
analysis and single cell RNA-seq on non-hematopoietic cell types of the bone
marrow could be explored to explain some of the still unknown mechanisms.

Better follow-up of MGUS cases could contribute to early diagnosis, which will
hopefully happen in parallel with improved therapeutic approaches that reduce
relapse.

MGUS and sMM are generally untreated to delay the development of resistance to
first line treatment. Studies need to be performed to predict the MGUS cases with
higher risk of evolving to MM. The clinical use of PRS could potentially be
implemented in this setting.

Having established the most relevantly dysregulated biological processes in MM
predisposition, with a number of putative causal genes interfering in each process,
it could be interesting to investigate the epistatic effects of mutations affecting the
same pathways. The pleiotropic effect of variants affecting telomeric function and
MM predisposition needs to be further studied. For example, telomere length has
been proposed as a prognostic and survival marker for MM patients (Hyatt et al.,
2017; Rangel-Pozzo et al., 2021).
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