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BM - Bone marrow

BMEC:s - Bone marrow endothelial cells
BMSCs - Bone marrow stromal cells

BRAF - v-Raf murine sarcoma viral oncogene homolog B1
BTK - Bruton tyrosine kinase

Cc

CAM-DR - Cell adhesion-mediated drug resistance

CAR T-cells - Chimeric antigen receptor T cells

CCL3 - C-C motif chemokine ligand 3

CD4 - Cluster of differentiation 4

CD8 - Cluster of differentiation 8

CD11a/CD18 - LFA-1 (lymphocyte function-associated antigen-1)

CD16 — Cluster of differentiation 16, Fc Gamma Receptor I1la (FCGR3A)
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CD18 - Integrin B2 (part of LFA-1)

CD20 - Cluster of differentiation 20

CD25 - IL-2 receptor o chain

CD27 - Cluster of differentiation 27

CD28 - Cluster of differentiation 28

CD31 - PECAM-1

CD34 - Hematopoietic/endothelial progenitor marker
CD38 - Cluster of differentiation 38

CD40 - Tumor necrosis factor receptor superfamily member 5
CD40L (CD154) - CDA40 ligand

CD44 - Homing/adhesion receptor

CDS57 - HNK-1 (NK/T-cell marker)

CD105 - Endoglin

CD138 - Syndecan-1 (plasma cell marker)

CD144 - VE-cadherin

CD147 - Basigin (EMMPRIN)

CD160 - Immunoglobulin-like activating receptor

CD163 - Scavenger receptor on macrophages

CD200 - OX-2 membrane glycoprotein

CD206 - Mannose receptor (MRCI)

CDC2S5 - Cell division cycle 25 phosphatase

CETSA - Cellular thermal shift assay

CFU-GEMM - Colony-forming unit-granulocyte, erythrocyte, macrophage, megakaryocyte
CFU-GM - Colony-forming unit-granulocyte, macrophage
CLL - Chronic lymphocytic leukemia

CM - Conditioned medium

CRAB - HyperCalcemia, Renal failure, Anemia, Bone lesions (MM features)
CRBN - Cereblon

CRS - Cytokine release syndrome

CSR - Class-switch recombination

CT - Computed tomography

CTLA-4 - Cytotoxic T-lymphocyte-associated protein 4
CXCLS - C-X-C motif chemokine ligand 8 (IL-8)
CXCRS3 - C-X-C chemokine receptor 3

CYLD - Cylindromatosis (deubiquitinase)

D

DC - Dendritic cell

DDR - DNA damage response

ddH2O0 - Double-distilled water

DKK1 - Dickkopf-1

DLBCL - Diffuse large B-cell lymphoma
DIS3 - RNA exosome catalytic subunit
DMSO - Dimethyl sulfoxide

DOX - Doxycycline

DSBs - Double-strand breaks
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E

E2F1 - E2F transcription factor 1

EC - Endothelial cell

ECM - Extracellular matrix

EGF - Epidermal growth factor

EHT - Endothelial-to-hematopoietic transition
elF4B - Eukaryotic translation initiation factor 4B
elF4E - Eukaryotic translation initiation factor 4E
eCyPA - Extracellular cyclophilin A

EMT - Epithelial-to-mesenchymal transition
EOC - Early outgrowth endothelial cell

EPC - Endothelial progenitor cell

ER - Endoplasmic reticulum

ERAD - ER-associated degradation

ERMM - Early-relapse multiple myeloma

F

F-actin - Filamentous actin

FAMA46C - Family with sequence similarity 46 member C
FDR - False discovery rate

FGF?2 - Fibroblast growth factor 2

FGFR3 - Fibroblast growth factor receptor 3

FL - Follicular lymphoma

FLC - Free light chain

FLT3-ITD - Fms-like tyrosine kinase 3, internal tandem duplication
FOXO1 - Forkhead box Ol

FOXO3 - Forkhead box O3

FOXP3 - Forkhead box P3 (Treg factor)

G

G-actin - Globular actin

GEP - Gene expression profiling

GC - Germinal center

Glso - Growth-inhibitory concentration 50%

GM-CSF - Granulocyte-macrophage colony-stimulating factor
GPRC5D - G protein-coupled receptor class C group 5 member D
GR - Glucocorticoid receptor

GSEA - Gene set enrichment analysis

H

H3K27ac - Histone H3 lysine 27 acetylation
HD - Healthy donor

HE - Hemogenic endothelium

HGEF - Hepatocyte growth factor

HIF-1a - Hypoxia-inducible factor 1 alpha
HIV - Human immunodeficiency virus
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HLA-I - Human leukocyte antigen class I
HSC - Hematopoietic stem cell
HSPCs - Hematopoietic stem and progenitor cells

|

ICso - Inhibitory concentration 50%

ICANS - Immune effector cell-associated neurotoxicity syndrome
ICAM-1 - Intercellular adhesion molecule-1
IFN-y - Interferon-gamma

IGF1 - Insulin-like growth factor 1

IgG - Immunoglobulin G

IgM - Immunoglobulin M

IgL - Immunoglobulin light chain lambda
IGH - Immunoglobulin heavy chain locus
IKZF1 - Ikaros zinc finger protein 1

IKZF3 (Aiolos) - Ikaros zinc finger protein 3
IL-1p - Interleukin-1 beta

IL-2 - Interleukin-2

IL-6 - Interleukin-6

IL-7 - Interleukin-7

IL-8 - Interleukin-8 (CXCLS)

IL-10 - Interleukin-10

IL-10R - Interleukin-10 receptor

IL-12 - Interleukin-12

IL-17 - Interleukin-17

IMiDs - Immunomodulatory drugs

IMWG - International Myeloma Working Group
ING#4 - Inhibitor of growth family member 4
IRF4 - Interferon regulatory factor 4

IV - Intravenous

J

JAK - Janus kinase

JAK1/2 - Janus kinase 1 / Janus kinase 2
JAM-A - Junctional adhesion molecule A

K

KDMI1A - Lysine-specific demethylase 1A

KIRs - Killer immunoglobulin-like receptors

KLRG-1 - Killer cell lectin-like receptor subfamily G member 1
KRAS - Kirsten rat sarcoma viral oncogene homolog

L

LAG-3 - Lymphocyte-activation gene 3

LCso - Lethal concentration 50%

LEPR - Leptin receptor

LFA-1 - Lymphocyte function-associated antigen-1 (CD11a/CD18)
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LRP5/6 - Low-density lipoprotein receptor-related protein 5/6
LRMM - Late-relapse multiple myeloma

M

MAF - Musculoaponeurotic fibrosarcoma oncogene

MAFB - Musculoaponeurotic fibrosarcoma oncogene B
MAPK - Mitogen-activated protein kinase

MCH - Mean corpuscular hemoglobin

MCL - Mantle cell lymphoma

MCL1 - Myeloid cell leukemia 1

MCYV - Mean corpuscular volume

MDSCs - Myeloid-derived suppressor cells

MGUS - Monoclonal gammopathy of undetermined significance
MM - Multiple myeloma

MMP - Matrix metalloproteinase

MMP-2 - Matrix metalloproteinase-2

MMP-9 - Matrix metalloproteinase-9

MMECs - MM-associated bone marrow endothelial cells
MOMP - Mitochondrial outer membrane permeabilization
MRI - Magnetic resonance imaging

MRD - Minimal residual disease

MSC - Mesenchymal stromal cell

mSMART - Mayo Stratification of Myeloma and Risk-Adapted Therapy
mTOR - Mechanistic target of rapamycin

mTORCI1 - Mechanistic target of rapamycin complex 1
MVD - Microvessel density

MYC - MYC proto-oncogene

N

NDMM - Newly diagnosed multiple myeloma

NES - Normalized enrichment score

NF-kB - Nuclear factor kappa-B

NG2 - Neural/glial antigen 2 (CSPG4)

NK cells - Natural killer cells

NO - Nitric oxide

NRAS - Neuroblastoma RAS viral oncogene homolog
NSD2 - Nuclear receptor-binding SET domain protein 2

o

OLC - Osteolineage cells
OPG - Osteoprotegerin
OPN - Osteopontin

P

PCA - Principal component analysis
PC - Plasma cell

PD-1 - Programmed cell death-1
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PD-L1 - Programmed death-ligand 1

PET-CT - Positron emission tomography-computed tomography
PFS - Progression-free survival

PI3K/AKT - Phosphoinositide 3-kinase/AKT pathway

PI - Proteasome inhibitor

PIM - Proviral integration site for Moloney murine leukemia virus kinases
PIM TKO - PIM triple knockout

PMBCL - Primary mediastinal B-cell lymphoma

PO - Per os (oral)

pPCL - Primary plasma cell leukemia

PSGL-1 - P-selectin glycoprotein ligand-1

PUMA - p53-upregulated modulator of apoptosis

p70S6K - Ribosomal protein S6 kinase beta-1

Q
QD - Quaque die (once daily)
qPCR - Quantitative real-time polymerase chain reaction

R

RANK/RANKL - Receptor activator of NF-«B / its ligand
RAS - Rat sarcoma family of small GTPases

RB1 - Retinoblastoma 1

RhoA - Ras homolog family member A

RISS - Revised International Staging System (for MM)
RNA-seq - RNA sequencing

ROS - Reactive oxygen species

RRMM - Relapsed/refractory multiple myeloma

RUNX2 - Runt-related transcription factor 2

S

Sca-1 - Stem cell antigen-1

SCF - Stem cell factor (KIT ligand)

SDF-1 - Stromal cell-derived factor-1 (CXCL12)

SELP - P-selectin gene (Selectin P)

SHM - Somatic hypermutation

SKP2 - S-phase kinase-associated protein 2

SMM - Smoldering multiple myeloma

SP - Solitary plasmacytoma

STATS3 - Signal transducer and activator of transcription 3

T
TAM - Tumor-associated macrophage(s)
TCEs - T-cell engagers

TCF1 - T-cell factor 1 (TCF7)

TCR - T-cell receptor

TGF-B - Transforming growth factor beta
Th1 - T helper 1
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Th2 - T helper 2

Th17 - T helper 17

TIGIT - T cell immunoreceptor with Ig and ITIM domains
TIM-3 - T cell immunoglobulin and mucin domain-3
TLR - Toll-like receptor

TME - Tumor microenvironment

TNF-a - Tumor necrosis factor alpha

TPS3 - Tumor protein p53

TRAF3 - TNF receptor-associated factor 3

Treg - Regulatory T cell

TSC1 - Tuberous sclerosis complex 1

TSC2 - Tuberous sclerosis complex 2

U
UPR - Unfolded protein response
UPS - Ubiquitin-proteasome system

v

VCAM-1 - Vascular cell adhesion molecule-1
VE-Cadherin - Vascular endothelial cadherin

VEGF - Vascular endothelial growth factor

VEGFA - Vascular endothelial growth factor A

VEGFB - Vascular endothelial growth factor B
VEGFRI1 - Vascular endothelial growth factor receptor 1
VEGFR2 - Vascular endothelial growth factor receptor 2
VGPR - Very good partial response

VLA-4 - Very late antigen-4 (integrin a4p1)

VLA-5 - Very late antigen-5 (integrin a5p31)

w-zZ
WCE - Whole-cell extract
Whnt - Wingless/INT signaling pathway

ZNF683 - Zinc finger protein 683 (Hobit)
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iv Streszczenie

Rola kinaz PIM w komérkach nowotworowych i mikrosrodowisku szpiczaka

mnogiego
lek. Filip A. Garbicz

Szpiczak mnogi (MM, ang. Multiple myeloma) to nieuleczalny nowotwdr komorek
plazmatycznych, ktorego rozwoj zalezy od zlozonych interakcji genetycznych i
mikrosrodowiskowych. Celem pracy byla analiza funkcji kinaz PIM zar6wno w samych
komoérkach nowotworowych, jak 1 w ich S$rodowisku szpiku kostnego. Analizy
transkryptomiczne, proteomiczne oraz na poziomie pojedynczych komorek wykazaty
nadekspresje PIM1, PIM2 i PIM3 w MM, z dominujaca rolg PIM2. Wysoka ekspresja kinaz PIM
korelowata z gorszym rokowaniem i zaawansowang chorobg. Badania funkcjonalne wykazaty,
ze farmakologiczna inhibicja kinaz PIM zwigzkami takimi jak MEN1703 prowadzita do
apoptozy i zahamowania proliferacji komérek MM zardéwno in vitro, jak 1 in vivo. Efekty te
zostaly potwierdzone réwniez po jednoczesnym wyciszeniu wszystkich trzech paralogow PIM.
Inhibicja PIM zmniejszala aktywno$¢ czynnikow transkrypcyjnych MYC i1 E2F1, hamowata
mTOR oraz zaburzala procesy naprawy DNA. Co istotne, MEN1703 zachowywat skutecznos¢
w obecnosci komorek zregbowych i dziatat synergistycznie z inhibitorami proteasomu. Badania
wykazaly rowniez znaczenie PIM w komorkach $rodblonka szpiku chorych na MM. Komorki te
wykazywaty wysoka ekspresje PIM1 i PIM3. Inhibicja PIM zaburzala ich funkcje angiogenne,
organizacj¢ cytoszkieletu oraz sygnalizacj¢ parakrynng wspierajaca komorki nowotworowe.
Wyniki pracy wskazuja kinazy PIM jako obiecujace cele terapeutyczne w MM. Jednoczesne
dzialanie na komoérki nowotworowe i ich mikrosrodowisko moze stanowi¢ podstawe do
opracowania nowych strategii terapeutycznych. Uzyskane dane stanowig podstawe¢ do dalszego
rozwoju terapii celowanych przeciwko PIM oraz projektowania badan klinicznych z

uwzglednieniem biomarkeroéw i strategii skojarzonych.
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v Summary

Tumor cell-intrinsic and microenvironmental functions of PIM kinases in

multiple myeloma
Filip A. Garbicz, M.D.

Multiple myeloma (MM) is a plasma cell malignancy driven by complex genetic and
microenvironmental interactions, for which there is currently no cure. This thesis investigates
the dual role of PIM kinases in MM biology - within malignant plasma cells and their bone
marrow niche. Transcriptomic, proteomic, and single-cell analyses demonstrated that PIM],
PIM2, and PIM3 are overexpressed in MM, with PIM2 being the most dominant paralog. High
PIM expression correlated with adverse prognosis. Functional studies revealed that
pharmacologic inhibition of PIMs with the small-molecule compound MEN1703 induced
apoptosis and suppressed proliferation of MM cells in vitro and in vivo, including patient-derived
samples. Genetic knockdown of all three PIMs recapitulated these findings, confirming their
essential role in myeloma cell survival. Mechanistically, PIM inhibition impaired MYC and
E2F1 transcriptional programs, reduced mTOR activity, and suppressed multiple DNA repair
pathways. Importantly, MEN1703 retained its efficacy in the presence of stromal cells and
synergized with proteasome inhibition. This study also identifies a tumor-extrinsic role of PIMs
in MM endothelial cells (MMECs). MMECs expressed high levels of PIM1 and PIM3.
MEN1703 treatment disrupted angiogenic function, actin cytoskeleton dynamics, and tumor-
supportive signaling in ECs. Blocking PIMs in ECs also diminished their paracrine support of
myeloma cells. Together, these results support PIM kinases as actionable targets in MM.
Combined inhibition of PIM activity in both tumor and stromal compartments may represent a
rational therapeutic strategy. These findings support the clinical development of PIM-targeting
therapies and open future directions including biomarker-driven patient stratification and rational

combination regimens in MM.
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1 Introduction

1.1 Multiple myeloma: an overview

Multiple myeloma (MM) is a hematological malignancy characterized by the accumulation of a
clonal plasma cell population in the bone marrow (Fig. 1). It is the second most common blood
cancer after non-Hodgkin lymphoma [1]. Although the disease primarily involves the bone
marrow, advanced MM is able to spread to the peripheral blood, soft tissues and organs [2]. MM
belongs to a broader group of plasma cell dyscrasias, a term encompassing a spectrum of
conditions involving plasma cells, including solitary plasmacytoma of bone [3], extraosseous
plasmacytoma [4], light chain amyloidosis [5], monoclonal light and heavy chain deposition
diseases [6,7], osteosclerotic myeloma [8], and MM itself. A defining feature of multiple
myeloma is the production of a monoclonal immunoglobulin (M protein) by the malignant
plasma cells. Most cases involve M protein production, although some patients only produce
monoclonal free light chains, and a small subset (<3%) are non-secretory [9]. The clinical
manifestations of MM result from both the effects of monoclonal protein and malignant plasma
cells, leading to hypercalcemia, kidney dysfunction, anemia, and bone disease with lytic lesions
or pathological fractures, collectively known as the CRAB criteria (calcium elevation, renal
failure, anemia, and bone lesions). MM is typically preceded by monoclonal gammopathy of
undetermined significance (MGUS) [10], a precursor state defined by the presence of clonal
plasma cells in the bone marrow and M protein production but no CRAB features. MGUS can
evolve into MM or related disorders over time. Traditionally, MM treatment was initiated at the
time of CRAB symptoms detection. However, with the discovery of biomarkers that identify
high risk of disease progression, the diagnostic criteria have been updated to allow earlier
treatment initiation in some cases [11]. Over the past decade, major progress has been made in
understanding and treating plasma cell dyscrasias, including insights into disease biology, the
development of more effective therapies, and genomic studies revealing MM as a spectrum of
diseases with a shared clinical presentation [12]. Despite these advances, new treatment
strategies targeting MM vulnerabilities are still needed to improve patient outcomes and

transform MM from a treatable to a curable disease.
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Fig. 1. Histopathologic features of MM cells. Representative images showing the morphology and
immunophenotype of myeloma cells. (A-B) Giemsa-stained sections highlighting cellular and nuclear
details. (C) CD138 immunostain showing strong membrane staining indicative of plasma cell lineage. (D)
High-power smear view showing atypical plasma cell morphology. (E) Kappa and (F) Lambda light chain
immunohistochemical stains illustrate light chain restriction characteristic for clonal plasma cells. In
normal plasma cells, the Kappa/Lambda light chain ratio is approximately 3:1; however, in MM plasma
cells, this ratio is skewed, corresponding to clonal light chain restriction.

1.2 Historical perspective

The first known case of MM (at that time called mollities ossium - softening of the bone) was
reported in 1844 by Solly [13]. He described the case of Sarah Newbury, a housewife suffering

from severe back pain. She died four years later and her autopsy revealed extensive bone damage.
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The first well-documented MM case was published a year later, in 1845, when a London
tradesman named Mr. McBean fell ill [14]. His physician, Dr. William Macintyre, along with
chemical pathologist Henry Bence Jones, discovered an unusual protein in his urine, now known

as Bence Jones protein [15]. This discovery later became a key diagnostic marker for MM.

The name "multiple myeloma" was introduced in 1873 by von Rustizky after he observed eight
tumors in a patient’s bone marrow during an autopsy [16]. In 1889 Kahler described the case of
a 46-year-old physician with skeletal pain, albuminuria, pallor, anemia, and a precipitable
urinary protein [17]. The patient survived for eight years after the diagnosis despite limited
treatment options at that time. The autopsy report revealed characteristic findings suggesting
extensive bone involvement. In 1928, Geschickter and Copeland described a series of 425 MM

cases, providing the first estimate of MM’s incidence [18].

In 1956, Korngold and Lipari demonstrated a relationship between Bence Jones protein and the
serum proteins of MM, marking the first major advancement in understanding the disease at a
molecular level [19]. They found that light chains from serum IgG myeloma protein and Bence
Jones protein were identical, which was a significant breakthrough. Today, the identification of
Bence Jones proteins in urine is a standard diagnostic criterion of MM, as these proteins are

indicative of the abnormal proliferation of plasma cells characteristic of this disease [20].

1.3 Epidemiology

MM constitutes 1.8% of all cancer types and is the second most common hematologic
malignancy. In 2019, there were an estimated 155,688 new cases and 113,474 deaths worldwide
[21]. Age is a major risk factor, not only for MM but also for its precursors, smoldering myeloma
(SMM) and MGUS [22]. The disease primarily affects older adults, with a median diagnosis age

of 69, while cases in individuals under 40 are rare, accounting for only 2% to 5%.

MM is more common in men than women and is diagnosed more frequently in African
Americans than White Americans in the United States. Its rising incidence is largely due to better
detection, increased screening, an aging population, and improved survival rates thanks to
modern treatments [22]. MGUS and SMM are considered obligatory MM precursors [23]. Other

risk factors include HIV infection, obesity, occupational exposures, and contact with carcinogens
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like Agent Orange [24]. Familial occurrences of MM are documented but constitute a minimal

component of overall MM incidence [25,26].

1.4 Clinical presentation, diagnosis and treatment

MM typically manifests with clinical features attributable to marrow infiltration by aberrant
plasma cells and the resultant disruption of normal hematopoiesis, or by end-organ damage. The
latter is evidenced by renal dysfunction, osteolytic lesions, hypercalcemia, and compromised
immune function [27]. However, a subset of patients may display neither symptoms nor overt
end-organ damage and are often diagnosed incidentally through laboratory or radiological
findings obtained during routine evaluations for other conditions. In certain cases, the clinical
presentation may be complicated by the deposition of paraproteins in organs like the heart,
kidneys, or the nervous system, in the form of light chains, amyloid, or heavy chain deposits.
First symptoms may also arise from the effects of cytokines secreted by MM, such as IL-6 or
Vascular Endothelial Growth Factor (VEGF). The spectrum of clinical manifestations associated

with MM is presented in Fig. 2.
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Fig. 2. Clinical manifestations of MM. Key symptoms involve the skeletal system (lytic lesions,
osteolysis, and bone pain due to bone destruction), the renal system (renal failure with associated
electrolyte imbalances and volume status abnormalities), the lymphoid and myeloid systems (anemia,
thrombocytopenia, and reduced immunoglobulins leading to increased infection risk), the nervous system
(peripheral neuropathy, autonomic neuropathy, and radicular pain). Additionally, symptoms may include
metabolic disturbances (hypercalcemia with resultant polyuria, polydipsia, and constipation), paraprotein-
related complications (hyperviscosity syndrome, cryoglobulinemia, and amyloidosis) [28].

Patients with MM often experience symptoms summarized by the acronym CRAB:
hyperCalcemia, Renal dysfunction, Anemia, and Bone lesions. However, in the early stages, the
disease often has no symptoms, which can delay diagnosis. Diagnostic criteria include the
presence of monoclonal protein in the blood or urine, more than 10% of clonal plasma cells in
the bone marrow, and evidence of end-organ damage. Advanced imaging techniques like MRI
(Magnetic Resonance Imaging) and PET-CT (Positron Emission Tomography/Computed

Tomography), along with bone marrow biopsy, are essential for proper staging. This thesis
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adheres to the revised International Myeloma Working Group (IMWG) criteria for diagnosing

MM and related disorders, as outlined in Fig. 3.

IgM Monoclonal gammopa-
thy of undetermined signifi-
cance (IgM MGUS)

Non-IlgM monoclonal

Light chain MGUS

All criteria must be met:
*Abnormal FLC ratio (<0.26 or >1.65)

gammopathy of undetermi-
ned significance (MGUS)

All 3 criteria must be met:

«Serum IgM monoclonal protein
<3gm/dL

*Bone marrow lymphoplasmacytic
infiltration <10%

+*No evidence of anemia, constitutio-
nal symptoms, hyperviscosity,
lymphadenopathy, or hepatosple-
nomegaly that can be attributed to
the underlying lymphoproliferative
disorder.

All 3 criteria must be met: +Increased level of the appropriate involved light
chain (increased kappa FLC in patients with ratio >

«Serum monoclonal protein
P 1.65 and increased lambda FLC in patients with

(non-IgM type) <3gm/dL

ratio < 0.26)
«Clonal bone marrow plasma cells ) . i )
<10% +No immunoglobulin heavy chain expression on
immunofixation

+Absence of end-organ damage
such as hypercalcemia, renal
insufficiency, anemia, and bone
lesions (CRAB) that can be
attributed to the plasma cell
proliferative disorder

*Absence of end-organ damage that can be
attributed to the plasma cell proliferative disorder

+Clonal bone marrow plasma cells <10%
+*Urinary monoclonal protein <500 mg/24h

Smoldering
multiple myeloma

Multiple myeloma

Both criteria must be met:

»Serum monoclonal protein (IgG or
IgA) =23gm/dL, or urinary
monoclonal protein 2500 mg per
24h and/or clonal bone marrow
plasma cells 10-60%

«Absence of myeloma defining
events or amyloidosis

Plasma cell leukemia

Both criteria must be met:

«Meets diagnostic criteria for
multiple myeloma

«Presence of 5% or more plasma
cells in conventional peripheral
blood smear white blocd cell
differential count

Both criteria must be met:

+Clonal bone marrow plasma cells 210% or biopsy-proven bony or extramedullary plasmacyto-
ma

«Any one or more of the following myeloma defining events:

. Evidence of end organ damage that can be attributed to the underlying plasma cell
proliferative disorder, specifically:

° Hypercalcemia: serum calcium >0-25 mmol/L (>1 mg/dL) higher than the
upper limit of normal or >2-75 mmol/L (>11 mg/dL)

° Renal insufficiency: creatinine clearance <40 mL per minute or serum
creatinine >177 pmol/L (>2 mg/dL)

° Anemia: hemoglobin value of >2 g/dL below the lower limit of normal, or a
hemoglobin value <10 g/dL

° Bone lesions: one or more osteolytic lesions on skeletal radiography,
computed tomography (CT), or positron emission tomography-CT (PET-CT)

. Clonal bone marrow plasma cell percentage 260%

. Involved: uninvolved serum free light chain (FLC) ratio 2100 (involved free light
chain level must be =100 mg/L)

. >1 focal lesions on magnetic resonance imaging (MRI) studies (at least 5mm in
size)

Solitary Plasmacytoma (SP)

SP with minimal marrow involvement

All 4 criteria must be met

of clonal plasma cells

-Biopsy proven solitary lesion of bone or soft tissue with evidence

+Normal bone marrow with no evidence of clonal plasma cells
«Normal skeletal survey and MRI (or CT) of spine and pelvis
(except for the primary solitary lesion)

*Absence of end-organ damage such as hypercalcemia, renal
insufficiency, anemia, or bone lesions (CRAB) that can be
attributed to a lympho-plasma cell proliferative disorder

All 4 criteria must be met

-Biopsy proven solitary lesion of bone or soft tissue with evidence
of clonal plasma cells

«Clonal bone marrow plasma cells <10%

+Normal skeletal survey and MRI (or CT) of spine and pelvis
(except for the primary solitary lesion)

«Absence of end-organ damage such as hypercalcemia, renal
insufficiency, anemia, or bone lesions (CRAB) that can be
attributed to a lympho-plasma cell proliferative disorder

Fig. 3. Diagnostic criteria for multiple myeloma, myeloma variants, and monoclonal gammopathy
of unknown significance. Based on [29] MRI, Magnetic Resonance Imaging; PET-CT, Positron
Emission Tomography/Computed Tomography.
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1.5 Treatment strategies

Over the past two decades, treatment options for MM have significantly expanded, moving
beyond traditional chemotherapy to include targeted therapies such as proteasome inhibitors
(e.g., bortezomib, carfilzomib) [30], immunomodulatory drugs (e.g., lenalidomide,
pomalidomide) [31], and, more recently, monoclonal antibodies [32] and CAR T-cell (Chimeric
antigen receptor T-cell) therapies [33]. While these treatments have improved patient outcomes,
resistance mechanisms often emerge, and relapsed or refractory MM continues to pose a
therapeutic challenge. Currently, treatment selection is guided by risk assessment according to
the Mayo Stratification of Myeloma and Risk-Adapted Therapy (mSMART) consensus
guidelines, which emphasize the cytogenetic background of the patient’s disease. Most MM
patients harbor standard-risk cytogenetic abnormalities (Fig. 4A), while approximately 40% are
classified as high-risk (Fig. 4B).
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Fig. 4. Cytogenetic abnormalities and risk stratification in MM. (A) distribution of various genetic
abnormalities in MM, adapted from [34]. (B) Specific disease features associated with high-risk and
standard-risk MM [35].
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Induction therapy for both transplant-eligible and -ineligible MM patients typically includes a
combination of steroids (prednisone or dexamethasone), immunomodulatory drugs, and
proteasome inhibitors. In some cases, alkylating agents or monoclonal antibodies are added.
Therapy selection depends on patient-specific factors such as renal function and neuropathy, as
well as patient age and frailty. Post-induction therapy response is monitored after each cycle. In
transplant-eligible patients, stem cell harvesting is recommended by cycle 6 to prevent treatment-
related stem cell damage. If a patient achieves a very good partial response (VGPR) or better,
and there are no signs of active disease, minimal residual disease (MRD) testing may be
performed. Those patients who do not achieve VGPR or who test positive for MRD may receive
additional induction therapy or proceed to autologous stem cell transplantation, with tandem or

auto-allo transplants restricted to clinical trial settings.

Maintenance therapy usually involves an oral immunomodulatory agent, proteasome inhibitor,
or anti-CD38 antibody, particularly for patients at high-risk or with sub-optimal response. The
primary goals of maintenance therapy are to slow disease progression, prolong the time to next
treatment, and deepen the response to therapy. Achieving MRD-negative status is a marker of
favorable prognosis, and this status can be attained during induction, post-autologous transplant,

or maintenance phases.

1.5.1 Proteasome inhibitors (Pls)

PIs target the ubiquitin-proteasome system (UPS), a fundamental cellular mechanism responsible
for protein degradation [36]. Malignant plasma cells are highly dependent on this system due to
their increased production of immunoglobulin chains. Unlike most other cancer types, MM cells
are constantly synthesizing and folding extremely large amounts of immunoglobulins, which
must be properly assembled, post-translationally modified, and secreted. Any imbalance in this
tightly regulated process results in the accumulation of misfolded or unassembled proteins,
which are typically cleared through the ER-associated degradation (ERAD) pathway. The
proteasome is a critical component of ERAD responsible for degrading excess or misfolded

proteins which decreases proteotoxic stress.

When PIs block proteasomal function, misfolded and unassembled proteins accumulate within

the endoplasmic reticulum (ER), overwhelming the cell’s capacity to degrade proteins [37]. This
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accumulation triggers ER stress and activates the unfolded protein response (UPR), a cellular
mechanism designed to restore proteostasis by reducing protein synthesis, increasing chaperone
expression, and enhancing protein degradation. Unresolved, prolonged ER stress leads to a shift

from adaptive responses to pro-apoptotic signaling [38].

Bortezomib, the first clinically approved proteasome inhibitor [39,40], acts by blocking the
proteasome’s chymotrypsin-like activity [30]. This results in accumulation of misfolded proteins
and induction of endoplasmic reticulum (ER) stress, ultimately activating apoptosis [41].
However, resistance to PIs remains a significant clinical challenge, necessitating the
development of next-generation inhibitors such as carfilzomib and ixazomib, as well as

synergistic drug combinations [30].

1.5.2 Immunomodulatory drugs (IMiDs)

The first-generation IMiD, thalidomide [42], was initially introduced for its anti-angiogenic
properties [43] but was later found to have potent immunomodulatory and tumor-suppressive
effects in MM. However, its clinical utility was limited by severe toxicities, such as peripheral
neuropathy [44]. To address this problem, second-generation IMiDs, such as lenalidomide and
pomalidomide, were developed, offering greater potency and a more favorable safety profile

compared to thalidomide [45].

IMiDs exert their anti-myeloma effects pleiotropically. They promote anti-tumor immune
response by enhancing the function of T cells [46] and natural killer (NK) cells [47,48]. These
effects are mediated mainly through the proteasomal degradation of transcription factors Ikaros
(IKZF1) and Aiolos (IKZF3) via their interaction with cereblon (CRBN), a component of the E3
ubiquitin ligase complex [49,50]. This degradation reduces the suppression of IL-2 production,
leading to enhanced T-cell activation and increased immune surveillance against MM cells [51].
In addition, IMiDs induce apoptotic cell death and cell cycle arrest in MM cells by
downregulation of MYC and IRF4 [52,53]. Despite their clinical success, IMiD resistance
remains a major challenge [54]. Additionally, prolonged IMiD therapy has been linked to an
increased risk of secondary primary malignancies, particularly 7P53-mutated myeloid

neoplasms [55].
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1.5.3 Corticosteroids

Corticosteroids, particularly dexamethasone, have long been included in MM treatment regimens
due to their potent anti-inflammatory, immunosuppressive, and pro-apoptotic effects [56,57].
Dexamethasone binds to glucocorticoid receptor (GR), a transcriptional regulatory factor [58].
It induces apoptosis in malignant plasma cells [59] and suppresses cytokine production in the

tumor microenvironment.

The pro-apoptotic effects of dexamethasone in MM are mediated by mitochondrial-dependent
and independent pathways. Upon glucocorticoid receptor activation, dexamethasone
downregulates anti-apoptotic proteins, while simultaneously increasing the expression of pro-
apoptotic proteins such as BIM and PUMA [60]. This shift in the balance of pro- and anti-
apoptotic signals leads to mitochondrial outer membrane permeabilization (MOMP) and
activation of caspase-dependent cell death pathways [61]. Dexamethasone’s anti-inflammatory
effects may weaken anti-myeloma immune responses, which limited its effectiveness when used
as monotherapy [62]. However, low-dose dexamethasone, when combined with PIs, IMiDs, and
monoclonal antibodies, enhances the efficacy of these agents by increasing MM mitochondrial

apoptotic priming [63,64].

1.5.4 Immunotherapy

Immunotherapy has revolutionized the treatment landscape of MM [65]. Daratumomab, a
monoclonal anti-CD38 antibody, has been approved for MM treatment due to the significant
extension of patients’ overall survival [66—68]. Chimeric antigen receptor (CAR) T-cell therapies
[69] and bispecific T-cell engagers (TCEs) [70] have demonstrated remarkable efficacy,
particularly in relapsed or refractory multiple myeloma (RRMM). These therapies predominantly
target B-cell maturation antigen (BCMA), though newer strategies are exploring alternative
antigens such as G protein-coupled receptor class C group 5 member D (GPRC5D) [71]. CAR
T-cell therapy involves genetically engineering patient’s own T-cells to recognize and eliminate
cancer cells [72]. The first approved BCMA-targeting CAR T-cell therapies, idecabtagene
vicleucel (ide-cel) [73] and ciltacabtagene autoleucel (cilta-cel) [74], have yielded deep and
durable responses, with complete remission rates exceeding 80% in select trials. Despite this

success, there is still a risk of relapse due to antigen escape, T-cell exhaustion and systemic
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toxicity, as well as potential long-term complications in the form of CAR+ T cell lymphoma

[75].

T cell engagers (TCEs), such as teclistamab [76] and elranatamab [77], bridge T-cells to MM
cells, leading to immune-mediated cytotoxicity [78]. These agents are particularly valuable for
patients who relapse after CAR T-cell therapy or are ineligible for autologous T-cell collection.
However, TCEs also pose challenges, including high rates of CRS (cytokine release syndrome)

and immune effector cell-associated neurotoxicity syndrome (ICANS) [79].

1.5.5 Hematopoietic cell transplantation

Autologous hematopoietic cell transplantation (auto-HCT) continues to be recommended as a
standard-of-care consolidation strategy following induction therapy in newly diagnosed multiple
myeloma (NDMM) [80]. Studies such as the IFM 2009 trial have consistently demonstrated that
auto-HCT provides a significant PFS (progression-free survival) benefit in the modern treatment
era, despite the emergence of potent novel agents [81]. However, the role of transplantation has
evolved with the advent of new immunotherapeutic approaches, necessitating a reassessment of

its optimal timing during MM patients’ disease course.

1.6 Molecular pathogenesis of MM

MM is a genetically heterogeneous plasma cell malignancy that arises through a multistep
process involving both genetic alterations and bone marrow microenvironmental changes [82].
It typically originates from antigen-experienced post-germinal center B cells, progressing from
precursor conditions such as MGUS and SMM to symptomatic MM. The transformation is
primarily driven by errors during processes like class switch recombination (CSR) and somatic
hypermutation (SHM) of the B cell receptor (BCR), which occur within germinal centers (GCs)
of lymph nodes.

When antigens stimulate B cells in the splenic marginal zone or mature circulating follicular B
cells, they proliferate and differentiate into short-lived plasma cells that secrete low-affinity
immunoglobulin M (IgM) [83]. These plasma cells lack somatic hypermutations in their

immunoglobulin genes, limiting their longevity. However, a subset of naive follicular B cells,
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upon activation by antigens and antigen-specific T helper cells, initiate a GC reaction within
lymph nodes or other lymphoid tissues [84]. Within the GC, these B cells undergo proliferation,
somatic hypermutation, antigen selection, and immunoglobulin heavy-chain class switching.
This process generates both memory B cells and long-lived, terminally differentiated plasma
cells secreting antibodies. Some of these plasma cells migrate to and persist in the bone marrow
(BM), where they can survive for years, providing long-term immunity against previously

encountered pathogens.

MM plasma cells exhibit somatically hypermutated immunoglobulin gene sequences that remain
stable throughout the disease, indicating that both MGUS, SMM and MM originate from
terminally differentiated, post-GC plasma cells [85,86]. These cells have undergone multiple
rounds of proliferation, affinity maturation, somatic hypermutation, and class-switch
recombination, acquiring characteristics of long-lived plasma cells and localizing to various sites

within the bone marrow.

During CSR, B cells switch immunoglobulin production (from IgM to IgG, IgE, or IgA), and
SHM enhances antigen specificity. Both processes are mediated by activation-induced cytidine
deaminase (AID), which introduces DNA double-strand breaks (DSBs). Engagement of the
error-prone  DSB repair mechanisms can result in off-target mutations, chromosomal
rearrangements and initiation of oncogenic transformation of B cells. MM pathogenesis is driven
by primary and secondary genetic events, which influence disease initiation, progression, and

response to therapy [87—89].

Approximately 2% of MM cases exhibit familial clustering, with germline mutations in
KDMI1A, ARIDI1A, and DIS3 conferring increased risk. These alleles may impair DNA repair
or epigenetic regulation, lowering the threshold for B cell activation and malignant
transformation [90]. Antigenic stimulation plays a dual role: chronic infections (Epstein-Barr
virus, hepatitis C) or endogenous antigens (lysosomal GL-1 in Gaucher disease) drive B-cell
proliferation while promoting genomic instability through prolonged AID activity [91-93].
Notably, 25% of monoclonal immunoglobulins in MM patients show specificity for viral or

bacterial antigens, implicating pathogen-driven clonal selection in early pathogenesis [94].
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Mathematical modeling of mutation accumulation suggests the first oncogenic hits occur decades

before clinical diagnosis [95]. By analyzing clock-like mutational signatures, Rustad et al.

estimated that hyperdiploid trisomies and IGH translocations arise as early as the second decade

of life, followed by incremental genomic changes over 20-30 years [96]. This prolonged

precursor phase underscores the importance of microenvironmental interactions in sustaining

dormant clones until secondary alterations progress into overt malignancy.

1.6.1 Primary genetic events

The initiation and progression of MM rely on a combination of primary and secondary genetic

events [97]. Primary genetic events are early alterations that initiate disease development

[12,98,99]. These include:

- IgH translocations (40-50% of cases): Chromosomal rearrangements involving the

immunoglobulin heavy chain (IGH) locus on chromosome 14. These translocations

originate in GC B-cells, as evidenced by AID-mediated breakpoint signatures [100].

These translocations place oncogenes under the control of strong IGH enhancers, leading

to their overexpression:

t(4;14): Upregulates NSD2 (a histone methyltransferase) and FGFR3,
deregulating epigenetic homeostasis and RAS pathway [101]. Associated with
poor prognosis.

t(11;14): Upregulates CCNDI, promoting GI1/S cell cycle progression.
Associated with CD20 expression and sensitivity to BCL2 inhibitors [12].
t(14;16) and t(14;20): Overexpression of MAF and MAFB, respectively,
associated with high-risk disease and activation of super-enhancers regulating
migratory potential of plasma cells [102].

t(6;14), t(8;14): Dysregulation of CCND3 and MYC, respectively.

- IgL translocations: Rearrangements involving the immunoglobulin light chain locus

Ig)), present in ~10% of patients, often associated with poor prognosis. For instance,
gr), p p poor prog

IgL-MYC translocations result in enhancer amplification and MYC overexpression

[103].

- Hyperdiploidy (50-60% of cases): Present in approximately 50-60% of MM cases and

involves trisomies of odd-numbered chromosomes (e.g., 3, 5, 7, 9, 11, 15, and 19)
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through sequential duplication events initiated in the GC [98,99]. Hyperdiploid MM
exhibits distinct biological behavior and is generally associated with a better prognosis
compared to non-hyperdiploid MM. Unlike IGH translocations, hyperdiploidy shows
incremental chromosomal gains during progression from MGUS to MM, suggesting
ongoing genomic adaptation [95].

- MYC overexpression. MYC is one of the central oncogenes in MM [104,105]. It
regulates cellular proliferation, survival, and anti-apoptotic pathways. Its overexpression
is a common feature in most MM cases and is strongly linked to poor outcomes. While
rarely mutated in early disease, MYC becomes deregulated in 70% of MM through:

- Secondary translocations involving IGH, IGL, or non-immunoglobulin partners
(e.g., FAM46C) [106].

- Super-enhancer hijacking via focal amplifications at 8q24 [107].

These early genetic alterations occur during B cell maturation and play a central role in MM

initiation [108].

1.6.2 Secondary genetic events

Secondary genetic events, which occur later in disease progression, are typically more complex

and contribute to clonal evolution, therapeutic resistance, and relapse. These events include:

- Copy number abnormalities: Common alterations include losses (e.g., 13q, 1p32, 17p)
and gains (e.g., 1q21). Amplifications of 1q21 and deletions of 17p (affecting TP53) are
associated with poor prognosis and treatment resistance [99,107,109].

- Somatic mutations in key driver genes: These include mutations in KRAS, NRAS,
BRAF, TP53, CYLD, TRAF3 and DIS3, which disrupt pathways like RAS-MAPK,
PI3K-AKT, NF-kB and RNA metabolism [12,110-112]. Such mutations often lead to
uncontrolled cell proliferation and survival [113,114].

- Loss of cell cycle checkpoint genes, such as RB1 or CDKN2C, leading to uncontrolled
proliferation.

- Complex chromosomal events: These include chromothripsis (catastrophic
chromosomal shattering), chromoplexy (concatenated translocations), and templated

insertions [95,115,116]. Chromothripsis and templated insertions are involved in early
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disease phases, while chromoplexy and focal deletions emerge later and are linked to

relapse and drug resistance.

1.6.3 Subclonal heterogeneity

Single-cell studies revealed significant subclonal diversity in MM. Many secondary alterations
are detectable at diagnosis but remain in minor subclones. These aggressive subclones expand

during disease progression or under treatment pressure, leading to relapse. For example:

- TPS53 bi-allelic inactivation: Combination of mutation and chromosome 17p deletion
leads to poor outcomes [117].
- 1q21 amplification: Associated with resistance to modern therapies and poor survival

[118].

1.6.4 Mutation-generating mechanisms
Distinct mutational processes shape MM pathogenesis:

- APOBEC [119] (apolipoprotein B mRNA-editing enzyme): APOBEC enzymes,
particularly APOBEC3B [120], introduce cytosine-to-uracil deaminations in single-
stranded DNA, leading to characteristic mutational signatures. Associated with high
mutation burdens and poor prognosis, particularly in MAF-translocation subtypes. The
contribution of APOBEC activity increases during disease progression from MGUS to
MM to primary plasma cell leukemia (pPCL) [121].

- AID activity [122]: Drives mutations in patients with IGH translocations.

- DNA repair deficiencies [123]: Result in genomic instability and are linked to t(11;14)
and t(4;14).

- Age-related mutational processes, often referred to as "clock-like" signatures, are
prevalent in hyperdiploid MM subtypes. These processes are characterized by the

accumulation of mutations over time and correlate with the patient's age at diagnosis [96].
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1.6.5 Clinical implications

The molecular heterogeneity of MM complicates selection of appropriate therapeutic
interventions according to the principles of precision medicine. Patients with t(11;14) benefit
significantly from venetoclax-based regimens due to their cancer’s dependence on BCL-2 [124],
while patients with high-risk 121 gains or TP53 deletions may require an early introduction of
CAR-Ts or bispecific antibodies. In addition, the frequent RAS pathway mutations might be
targeted therapeutically [125]. Finally, recent discoveries into the evolutionary timeline of
multiple myeloma raise the possibility of early detection strategies and preventative therapeutic
interventions in precursor conditions like MGUS and SMM, aiming to stop disease progression

and prevent the onset of symptomatic MM [126].

1.7 Tumor microenvironment (TME)

The bone marrow microenvironment forms a specialized niche that promotes the growth,
survival, and drug resistance of MM plasma cells [127,128]. This dynamic environment includes
extracellular matrix (ECM) proteins and a diverse array of cell types, such as stromal cells [129],
osteoblasts [130], osteoclasts [ 131], endothelial cells [132], and immune cells [133] (e.g., T cells,
neutrophils, natural killer [NK] cells, monocytes, macrophages and myeloid-derived suppressor
cells [MDSCs])). These cellular and molecular interactions drive MM evolution by promoting

tumor growth, immune evasion, and resistance to therapy [82].

Malignant plasma cells interact with the microenvironment through cell-cell and cell-matrix
adhesion, mediated by ECM components like fibronectin, laminin, and proteoglycans, as well as
adhesion molecules, including integrins, N-cadherins, and hyaluronan receptors. These
interactions lead to the activation of key intracellular signaling pathways, such as NF-xB, PI3K-
AKT-mTOR, JAK-STAT, and MAPK, promoting proliferation, survival, and migration of
plasma cells. This process also facilitates cell adhesion-mediated drug resistance (CAM-DR), a

major obstacle in MM treatment [134—137].
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1.7.1 T cells

Increasing evidence indicates that dysfunction within the T cell compartment plays a central role
in this immune escape [133]. T cell abnormalities in MM include altered CD4" and CD8" T cell
subsets, accumulation of exhausted and senescent T cells, and expansion of regulatory T cells

(Tregs).
1.7.1.1 Regulatory T cells

A key mechanism of immune dysfunction in MM is the expansion of regulatory T cells (Tregs),
which suppress effective anti-tumor responses [138]. There is a significant increase in Tregs in
both the bone marrow and peripheral blood of MM patients compared to healthy donors,
particularly in patients with active disease [139]. Tregs in MM display an activated phenotype,
expressing high levels of CD25, PD-1, and LAG-3, which are associated with suppressive
activity and poor prognosis [138]. Tregs in MM are highly suppressive, inhibiting the
proliferation and cytokine production of conventional T cells. Mechanistically, they can act
through PD-1/PD-L1 signaling, CTLA-4 engagement, and cytokine-mediated immune
suppression [140-143].

1.7.1.2 Exhausted and senescent T cells

In addition to Treg expansion, MM is associated with a marked increase in exhausted and
senescent T cell populations. Bone marrow-infiltrating CD4* and CD8" T cells in MM exhibit
high levels of exhaustion markers, such as PD-1, LAG-3, and CTLA-4 [144,145]. These
dysfunctional T cells exhibit reduced cytokine production and impaired proliferation in response
to antigenic stimulation [144]. CD8" T cells, in particular, undergo extensive functional decline
during MM progression. They express molecules associated with T cell exhaustion (PD-1,
CTLA-4, CD160, 2B4, LAG-3) and T cell senescence (CD57, KLRG-1, loss of CD28),
impairing their tumor-specific response [146]. These dysfunctional T cells are also associated
with a diminished response to TCEs. Patients with pre-existing immune exhaustion exhibit poor
outcomes to TCE therapy, whereas responders show robust and sustained T cell receptor (TCR)

clonotypic expansion, beginning as early as the first cycle of treatment [147].

43



1.7.1.3 Loss of naive and stem-like T cells

Another hallmark of T cell dysregulation in MM is the loss of naive and stem-like T cells. Single-
cell transcriptomic studies have shown that the transition from MGUS to MM is associated with
a decline in CD4" and CD8" T cells with memory and stem-like phenotypes (TCF1Mgh) [148].
Simultaneously, there is an increase in terminal effector CD8" T cells (granzyme B™) and
monocytes (CD14" and CD16") within the bone marrow [148]. The loss of stem-like TCF1/7*
memory T cells in MM correlates with poor immune surveillance and decreased response to
immune-based therapies. Mechanistically, this loss may be driven by chronic antigen
stimulation, metabolic stress, and tumor-derived inhibitory signals such as Dickkopf-1 (DKK1),

which has been shown to negatively regulate WNT signaling and TCF1 expression [148,149].

1.7.1.4 T helper cells

The elevated levels of cytokines such as IL-6 and TGF-B in the bone marrow of MM patients
significantly impair CD4" T cell proliferation and disrupt the balance of T helper cell subsets.
This imbalance reduces Th1-mediated immune responses, promotes Th2 skewing, and increases
the number of Th17 cells, which secrete IL-17 and IL-10 [150]. These cytokines suppress
immune surveillance and activate osteoclastogenesis, which exacerbates MM-related bone lysis

[151].
1.7.1.5 Clinical implications

MM long-term survivors exhibit sustained immune alterations driven by both reversible and
irreversible mechanisms, even decades after their first-line therapy [152]. These changes
persisted in patients with no detectable residual disease, suggesting a process of "immunological
scarring". This scarring likely results from chronic exposure to malignant plasma cells and the
inflammatory environment induced by initial therapy. A central mechanism identified in this
remodeling involves an inflammatory circuit maintained by cytokine and chemokine
interactions. Aberrant CD14" monocytes and CD8" T cells are key players in the pathogenesis
of immune dysfunction in MM. Monocytes produce inflammatory mediators such as CXCLS,
IL1B, and CCL3, promoting the recruitment and activation of CXCR3" CD8" T cells to the BM.
The chronic inflammatory signaling not only sustains immune dysregulation but also serves as a

biomarker of disease activity, as the abundance of CXCR3+ T cells in the BM correlates with
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residual malignant plasma cells and predicts relapse. This persistent inflammatory state appears
to be tumor-driven but is also shaped by the long-term effects of therapy, particularly high-dose
regimens followed by autologous stem cell transplantation. Even in patients considered
"functionally cured", transcriptional and functional deficits, such as reduced cytokine production

by T cells, persist [152].

The unique T-cell biology in MM has implications for designing therapeutic strategies.
Checkpoint blockade therapies targeting PD-1/PD-L1 have shown promise [153] but have been
limited by the presence of exhausted T cells that not able to respond to stimulation [154].
Strategies aimed at depleting Tregs, such as anti-CD25 antibodies, or reprogramming exhausted
T cells through metabolic and epigenetic modulation are being explored. Combinatorial
approaches targeting other components of the MM microenvironment along with immune
checkpoint inhibitors or Treg-depleting agents may offer a way to overcome T cell dysfunction

in MM.

1.7.2 Myeloid cells

The contribution of myeloid cells (osteoclasts, osteoblasts, macrophages, myeloid-derived
suppressor cells (MDSCs), and dendritic cells) to MM pathophysiology has gained increasing
recognition, despite lack of clinical translation to date. Myeloid cells within the TME can foster
MM progression by promoting immune suppression, angiogenesis, and resistance to

chemotherapy.

1.7.2.1 Osteoclasts

Osteoclasts are specialized multinucleated cells derived from the monocyte-macrophage lineage,
and their primary role in normal bone remodeling is to resorb bone. Under physiological
conditions, osteoclast activity precisely balances osteoblast-mediated bone formation to
continuously renew bone tissue. Osteoclast differentiation and activation are tightly regulated by
the RANK/RANKL/OPG signaling axis. RANKL (Receptor Activator of NF-kB Ligand) is
expressed on osteoblasts and bone marrow stromal cells and binds to its receptor RANK on
osteoclast precursors, driving their maturation into active bone-resorbing cells [155]. In multiple

myeloma, osteoclast function becomes pathologically hyperactive. Bone biopsies and
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histomorphometric studies of MM patients consistently show a significant increase in osteoclast
numbers and activity in affected bone areas [156—158]. Myeloma cells typically localize to areas
of active bone resorption, indicating that osteoclast activation is a locally mediated process in
MM. MM cells stimulate osteoclasts [159], and activated osteoclasts in turn secrete factors (e.g.
IL-6, APRIL) that promote myeloma cell growth and survival [160]. This positive feedback loop
exacerbates bone destruction and tumor expansion. Osteoclast activity is a central pathological
feature and a therapeutic target in myeloma bone disease. Clinically, bisphosphonates and

denosumab are used to inhibit osteoclast-mediated bone resorption.

1.7.2.2 Osteoblasts

Osteoblasts are the bone-forming cells of the body. In normal bone remodeling, osteoblasts refill
the cavities created by osteoclasts, thus maintaining bone mass and strength. Osteoblasts are
responsible for synthesizing bone matrix and orchestrating its mineralization. They produce
collagen and other proteins (osteocalcin, alkaline phosphatase, etc.) that form the scaffold for
mineral deposition, and they regulate the deposition of calcium/phosphate (hydroxyapatite)
crystals into this matrix [161]. Multiple myeloma causes a profound suppression of osteoblast
differentiation and function. The presence of myeloma in the marrow skews mesenchymal stem
cell (MSC) differentiation away from the osteoblast lineage. Bone marrow MSCs from myeloma
patients are often abnormal - they have impaired osteogenic potential and a tendency to undergo
adipogenic differentiation rather than osteogenesis [162]. MM cells inhibit osteoblast
differentiation by releasing Wnt signaling antagonists, primarily DKKI1 and, indirectly,
sclerostin [163,164]. DKK1 blocks Wnt co-receptors (LRP5/6) on osteoblast precursors,
preventing Wnt-induced RUNX2 activation and shutting down osteoblast maturation. Sclerostin,
mainly produced by osteocytes, also inhibits Wnt signaling. Some agents like bisphosphonates
or denosumab reduce osteoclast activity and slow bone loss, but they do not address the lack of
bone formation. Even with anti-resorptive therapy, myeloma patients may not regain lost bone.
Bortezomib has been shown to increase osteoblast numbers and bone formation markers in
myeloma patients [165]. Therefore, more therapeutic agents stimulating bone formation should
be tested. Notably, certain novel small-molecule inhibitors, including PIM kinase inhibitors,
have been shown to promote osteoblastic differentiation while suppressing osteoclastogenesis

[166].
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1.7.2.3 Tumor-associated macrophages (TAMs)

TAMs represent a major myeloid component within the MM BM niche, with a predominant M2-
like phenotype (CD163* CD206") that supports tumor growth and immune suppression by
inhibiting T cell and NK cell activity [167—170]. These macrophages are recruited and polarized
by MM-derived cytokines such as IL-10 and IL-6, which drive their immunosuppressive activity
[170]. TAMs secrete pro-tumorigenic factors such as vascular endothelial growth factor (VEGF),
transforming growth factor-f3 (TGF-f), and matrix metalloproteinases (MMPs), which enhance
angiogenesis and extracellular matrix remodeling. They also contribute to drug resistance by
interacting with MM cells via adhesion molecules such as PSGL-1/P-selectin and ICAM-

1/CD18, which activate survival pathways [171].

Recent studies have demonstrated that inhibiting TAM function can restore anti-tumor
immunity. Studies utilizing disseminated murine MM models have shown that depletion of
macrophages prevents homing of malignant plasma cells and slows down progression of the
disease [172,173]. Other studies showed that blockade of the IL-10 receptor (IL-10R)
reprograms TAMs to a pro-inflammatory M1 phenotype, enhances T cell activation and reverses
MM drug resistance [174]. Similarly, targeting the tyrosine kinases JAK1/2 disrupts TAM

recruitment and polarization, reducing MM cell survival [168].

1.7.2.4 Myeloid-derived suppressor cells (MDSCs)

These immature myeloid cells are expanded in MM patients and exert immunosuppressive
effects by inhibiting T cell and NK cell activity [175]. MDSCs accomplish this through the
production of nitric oxide (NO), arginase-1 (ARGI), and reactive oxygen species (ROS), which
suppress T cell proliferation and function [176]. Additionally, MDSCs promote the
differentiation of Tregs [177].

MM cells induce MDSC expansion through secretion of IL-6 and GM-CSF, which stimulate
myelopoiesis while preventing terminal myeloid differentiation [175]. MDSCs have been
implicated in MM progression by fostering a tumor-permissive niche, promoting angiogenesis

and osteolysis [176].
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1.7.3 Plasmacytoid dendritic cells (pDCs)

Unlike conventional antigen-presenting DCs, MM-associated pDCs are functionally impaired
and promote MM cell survival rather than eliciting effective immune responses [178].
Interventions aimed at restoring DC function include the use of TLR agonists such as CpG
oligodeoxynucleotides, which reinvigorate pDC activity and restore their ability to prime

cytotoxic T cells. The role of these cells in MM remains largely unexplored.

1.7.4 NK cells

NK cells recognize and eliminate malignant cells without prior sensitization [179]. MM cells
modulate the expression of NK cell ligands and induce NK cell exhaustion, which drives immune
escape. Single-cell transcriptomic profiling identified a subset of exhausted ZNF683+ NK cells
in MM patients, which show decreased expression of activating receptors such as SLAMF7 and
SH2DI1B. Loss of these molecules weakens NK cell activation and promotes their dysfunction
[180]. Additionally, increased surface expression of TIM-3 and TIGIT further blocks NK cell
responses [181]. NK cells from MM patients display reduced degranulation and low production
of IFN-y, granzyme B and perforin, limiting MM cell killing [182]. MM cells overexpress HLA-
I molecules, which engage inhibitory killer immunoglobulin-like receptors (KIRs), further
preventing NK-mediated lysis [183]. In the clinical setting, IMiDs enhance NK cell function by
promoting IL-2 secretion by T cells and increasing NK cell activation markers [184]. The anti-
CD38 monoclonal antibody daratumumab relies on NK cell-mediated antibody-dependent
cellular cytotoxicity (ADCC) for its efficacy. However, daratumumab treatment leads to rapid
NK cell depletion due to their CD38 positivity. Notably, patients with lower baseline CD16" NK
cell frequencies exhibit poorer responses to therapy [185]. Strategies to restore NK cell

populations, such as adoptive NK cell transfer, are under investigation [186].

1.7.5 Bone marrow stromal cells

Bone marrow stromal cells (BMSCs) are the non-hematopoietic supportive cells within the bone
marrow microenvironment. A major component of BMSCs are mesenchymal stem/stromal cells
(MSCs), multipotent cells capable of differentiating into osteoblasts, adipocytes, and

chondrocytes. Historically, experiments using myeloma-associated BMSCs identified them as
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the CD138™ fraction, leading to the inclusion of a heterogeneous mix of cell types cultured in an
adherent monolayer. However, most of these cells are of mesenchymal morphology and, as they
have significantly higher proliferative potential than other bone marrow cell types when cultured
ex vivo [187]. In normal physiology, BMSCs form the structural and functional foundation of
the hematopoietic niche. They provide physical scaffolding and produce essential cytokines and
growth factors that regulate hematopoietic stem cell (HSC) maintenance, self-renewal, and
differentiation [188,189]. BMSCs secrete factors such as stem cell factor (SCF) and CXCL12
(also known as SDF-1) which promote HSC survival and retention in the marrow niche
[190,191]. They also express cell-surface molecules (e.g., VCAM-1, ICAM-1) that mediate
adhesion with HSCs or progenitors [192].

MM cells and bone marrow stromal cells engage in extensive bidirectional interactions that
create a supportive microenvironment or “soil” for the tumor “seed.” These interactions occur
through direct cell-cell contact and soluble factors. The result is a vicious cycle - myeloma cells
alter the phenotype and secretory profile of BMSCs, and in turn BMSCs produce signals that
enhance myeloma cell survival, proliferation, and drug resistance [193,194] MM cells express
various adhesion molecules (e.g., integrins VLA-4/VLA-5, LFA-1, CD44, syndecan-1/CD138)
that bind to their ligands on BMSCs or the ECM (e.g., VCAM-1, ICAM-1, fibronectin) [195].
One well-studied adhesion-mediated loop involves CD40 on MM cells and CD40L (CD154) on
stromal cells. When myeloma cells bind to BMSCs via CD40-CD40L, MM cells upregulate
adhesion molecules (like LFA-1, VLA-4) on the stromal cells, further increasing the adhesion of
tumor cells. This tight adhesion then triggers BMSCs to secrete higher levels of cytokines such

as IL-6 and VEGF, which in turn promote tumor growth.

BMSCs are major contributors to therapy resistance through a phenomenon known as adhesion-
mediated drug resistance (AMDR) or cell adhesion-mediated drug resistance (CAM-DR) [136].
Essentially, the same interactions that promote myeloma cell survival in the marrow also shield
them from the cytotoxic effects of chemotherapy. One mechanism of CAM-DR involves
physical adhesion of myeloma cells to stromal cells or ECM, which triggers anti-apoptotic
signaling in the tumor cells. Binding of integrins (like VLA-4) on MM cells to fibronectin or
BMSC-derived VCAM-1 can activate intracellular pathways (such as PI3K/AKT and NF-«kB) in

the myeloma cells that block chemotherapy-induced apoptosis.
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1.7.6 Endothelial cells

1.7.6.1 Origins of BMECs

Bone marrow endothelial cells (BMECs) are crucial components of the bone marrow
microenvironment, thanks to maintenance of hematopoietic stem cell homeostasis and
participation in bone remodeling [196]. BMECs share a common developmental origin with
hematopoietic cells. Both arise from mesodermal progenitors known as hemangioblasts, which
can give rise to endothelial cells (ECs) and blood cells [197]. During embryonic development
specialized endothelial cells with hemogenic potential - hemogenic endothelium (HE) - undergo
an endothelial-to-hematopoietic transition (EHT) to form HSCs. EHT occurs in the aorta-gonad-
mesonephros (AGM) region around mid-gestation, where a subset of embryonic endothelial cells
activates hematopoietic genes and buds off HSCs. A heterogenous subset of ECs, BMECs, line
the blood vessels within the bone marrow, and form a dynamic interface regulating the

trafficking and engraftment of hematopoietic stem and progenitor cells (HSPCs) [198].

1.7.6.2 BMEC heterogeneity

The bone marrow vasculature displays remarkable structural and functional heterogeneity.
Arteriolar vessels enter the bone and branch into capillaries and sinusoids that create distinct
microvascular domains. Small arterioles give rise to transition capillaries (also known as type H
capillaries) marked by high CD31 and endomucin expression as well as Notch signaling
[199,200]. These transition vessels drain into wide, fenestrated sinusoids (type L vessels) that
fill the marrow cavity. Arteriolar BMECs express markers like Sca-1, Nestin, and CD200,
whereas sinusoidal BMECs express E-selectin, ICAM-1, podoplanin, and CD105 [201-204].
Arteriolar endothelium is ensheathed by smooth muscle and NG2* pericytes, and is surrounded
by Nestin® MSCs, whereas sinusoids are loosely associated with Nestin'®¥, LEPR* MSCs. These
structural differences translate into distinct functions: arteriolar BMECs form a tight, high-flow,
low-permeability circuit, while sinusoidal BMECs form a slow-flow, highly permeable network
for cell trafficking [205]. Arteriolar BMECs also reside in relatively oxygen-rich niches, whereas
the sinusoidal core of the marrow is more hypoxic [206]. MM cells are frequently found near

sinusoidal vessels, often arranging themselves in rosette-like formations (Fig. 5) [207-209].
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Fig. 5. Double IHC staining of multiple myeloma bone marrow sections. (A and B represent different
patients). CD34 (brown) marks endothelial cells, while CD138 (red) identifies plasma cells.

1.7.6.3 MM-associated BMECs (MMECs)

Angiogenesis accompanies and supports the growth of virtually all types of human cancer [210—
212]. In MM, BMECs are not merely passive bystanders but active participants in disease
progression. Pathological angiogenesis is one of the hallmarks of MM [213-218]. Studies
isolating ECs from MM patient bone marrow have shown that these cells exhibit an altered,
tumor-supportive phenotype distinct from normal endothelium [219]. Single-cell RNA
sequencing has identified distinct transcriptional alterations in MMEC:s, including upregulation
of proangiogenic pathways, epithelial-to-mesenchymal transition (EMT) markers, and
inflammatory cytokines [220,221]. MMECs express specific antigenic markers indicating
ongoing angiogenesis and even embryonic vasculogenesis, suggesting that they are in an
activated state akin to tumor endothelial cells [219]. They can form capillary-like networks
rapidly in vitro and significantly contribute to new vessel formation in vivo. This means that new
blood vessels in MM may arise both by sprouting from existing vessels (angiogenesis) and by
incorporation of endothelial progenitors (vasculogenesis) recruited by or even originating from

the tumor milieu [219,222].
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The microvessels in MM bone marrow often show abnormal ultrastructure and chaotic
organization (a hallmark of pathological angiogenesis) [217,219]. Frequent physical interactions
are observed between ECs and myeloma cells, indicating that ECs provide scaffolding for plasma

cell adhesion and dissemination within the marrow and possibly into circulation [219,223].

MMECs actively secrete various growth factors, chemokines, and proteases that promote
myeloma cell proliferation, survival, and invasion. For example, they produce IL-6 - a known
growth factor for myeloma - as well as matrix metalloproteinases, which fuel tumor expansion
and bone marrow niche remodeling [224]. This creates a vicious cycle: myeloma cells induce
ECs to become pro-angiogenic and pro-tumoral, and in turn ECs secrete factors that further

stimulate the myeloma cells proliferation and survival [225].

MM exemplifies the “angiogenic switch” during tumor progression. In the benign precursor
stage, bone marrow angiogenesis is minimal - the balance of angiogenic regulators is maintained
such that new vessel formation is still relatively slow [216]. As MGUS evolves into active
myeloma, myeloma cells (along with microenvironment cells) tip this balance by increasing
production of pro-angiogenic factors and suppressing angiogenesis inhibitors [215]. This results
in a marked increase in bone marrow microvessel density (MVD). Clinically, studies have shown
MVD correlates with disease status: MGUS and smoldering myeloma have low MVD, whereas
active MM has high MVD, which can further rise in advanced or relapsed disease [215].
Moreover, successful treatment of MM often reduces bone marrow MVD, whereas relapse is
accompanied by revascularization - showing that angiogenesis is dynamically linked to disease

activity (Fig. 6).

Normal bone marrow
CD34

» CD34+ blood vessel
Fig. 6. Vessel density in normal BM, MGUS and MM. Representative images showing CD34 vascular
staining in representative tissue sections of normal bone marrow, MGUS patient and MM patient.
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1.7.6.4 Signaling pathways activated in MMECs

MMEC:s signal through activated kinases and pathways typically associated with angiogenesis
and cell survival. For instance, they often show activation of the PI3K/AKT and mTOR pathways
[226] as well as elevated activity of AP-1 and BACH1/2 target genes [221]. They also upregulate
adhesion molecules and receptors (e.g., VEGF receptors, integrins), increasing their
responsiveness to pro-angiogenic stimuli. A notable finding is the overexpression of JAM-A
(Junctional Adhesion Molecule-A) on MM bone marrow ECs, which is not seen at high levels
on normal marrow endothelium [225]. Elevated JAM-A on ECs appears to facilitate interactions
with myeloma cells and endothelial motility, driving angiogenesis and correlating with worse

patient outcomes.

The endothelial compartment in MM is heterogeneous. While most ECs are normal host-derived,
a subset might be directly derived from the tumor clone or co-opted progenitors. Evidence of
this comes from detection of myeloma-specific genetic markers (e.g., clonal immunoglobulin
gene rearrangements or cytogenetic abnormalities) in endothelial progenitor cells of some

patients [227].

The pro-angiogenic drive in MM is multifactorial. The malignant plasma cells themselves are a
major source of angiogenic factors. They autonomously produce growth factors and cytokines
that can directly act on endothelial cells. Key among these are vascular endothelial growth factor
(VEGFA, VEGFB) and basic fibroblast growth factor (bFGF) [221,228]. Myeloma cells also
secrete interleukin-8 (IL-8) [229], a cytokine that serves as a chemoattractant and mitogen for
endothelial cells, and hepatocyte growth factor (HGF) [230], which can stimulate angiogenesis
and plasma cell growth. Other tumor-derived pro-angiogenic molecules include osteopontin
(OPN) [231], metalloproteinases (MMP-2, MMP-9) [232] which remodel the extracellular
matrix to facilitate vessel sprouting, and angiopoietin-1 (Ang-1) [213]. Hypoxia also plays a role
in sustaining angiogenesis by upregulating hypoxia-inducible factor-1a (HIF-1a), which further
induces VEGF and other angiogenic cytokines [214]. Myeloma cells can also release exosomes
containing microRNAs (e.g., miR-135b) under hypoxic conditions, which have been shown to
enhance angiogenesis by reprogramming surrounding cells [233]. Notably, as the MM clone

acquires these angiogenic features, it simultaneously often loses expression of angiogenesis
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inhibitors. Endogenous inhibitors like thrombospondin-1 or interferons are found at lower levels

in active MM, removing constraints on vessel growth [215,234-236].

The bone marrow microenvironment in active MM is often hypoxic, partly due to rapid cellular
proliferation and abnormal vasculature. Hypoxia is a powerful inducer of angiogenesis through
the HIF-1a pathway. In MM, HIF-1a is frequently overexpressed in the plasma cells [215]. HIF-
la drives the transcription of pro-angiogenic genes VEGF, IL-8, ANGPT2 (Ang-2), and SDF-1,
switching on an angiogenic program in hypoxic marrow niches [237]. ING4, a tumor suppressor,
normally interacts with NF-kB and HIF pathways to restrain angiogenesis. In MM cells, ING4
is commonly downregulated; as a result, myeloma cells with low ING4 produce excess IL-8 and

osteopontin and show heightened HIF-1a activity, further accelerating angiogenesis [238].

MM cells “educate” other cells in the bone marrow to secrete angiogenic factors. BMSCs
increase their production of VEGF, IL-6, and SDF-1 under the influence of myeloma [216]. MM
cells express Jagged1/2 ligands which activate Notch signaling in BMSCs, causing the BMSCs
to release more VEGF and SDF-1a and become pro-angiogenic. In addition, inflammatory cells
like mast cells [239] and macrophages [240] in the myeloma marrow secrete angiogenic
mediators (TNF-o, bFGF, IL-1B) when stimulated by tumor-derived signals. Osteoclasts (bone-
resorbing cells often increased in MM) contribute by secreting VEGF and degrading bone matrix

to release stored growth factors [241].

An interesting mechanism in MM angiogenesis is the involvement of circulating endothelial
progenitor cells (EPCs). In many solid tumors, EPCs from the bone marrow are mobilized to
help form new blood vessels. In MM, patients often have elevated levels of circulating EPCs and
circulating endothelial cells, which correlate with disease activity[242]. These progenitors home
to the bone marrow in response to gradients of CXCL12 and other chemokines released by the
hypoxic, angiogenic niche. Research indicates that after therapy, a decrease in EPCs is associated
with tumor regression, whereas a rebound or rise in EPC count can herald relapse or refractory
disease. EPCs are mobilized from marrow into circulation at the smoldering MM stage and are
actively recruited to MM-colonized BM niches, where they differentiate into endothelial cells
[222]. Using EPC-deficient mice, researchers demonstrated that MM progression is dependent
on EPC trafficking, as tumor burden and microvessel density were significantly reduced in these

models. Early inhibition of EPC function with a VEGFR2 blocking antibody (DC101) delayed
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MM progression and improved survival, whereas late-stage treatment was ineffective. This
suggests that vasculogenesis targeting might need to be timed correctly, and such anti-angiogenic
therapy should be tested as frontline therapy in early-stage MM. No clinical studies have been

initiated to investigate this approach yet.

1.7.6.5 MMECs-mediated support of MM cells

The interactions between myeloma cells and ECs form a positive feedback loop (angiogenic
loop) [218,243,244]. Myeloma cells secrete VEGF which acts on endothelial cells; endothelial
cells, when stimulated by VEGF, in turn release IL-6, IGF-1 and other cytokines that feed back
to myeloma cells, enhancing their growth and survival [223,245]. This creates a self-reinforcing
circuit where more myeloma cells lead to more angiogenesis, and more vessels and EC-derived
factors support more myeloma cells. Disrupting this loop can have therapeutic benefit, as
demonstrated by agents that break the communication (for example, bortezomib can inhibit both
VEGEF and IL-6 production by ECs) [245]. Additionally, cell-cell contact between myeloma cells
and ECs via adhesion molecules (like VLA-4/VCAM-1 or JAM-A) can activate signaling in both
cell types that favor tumor proliferation and vessel formation [136,225]. The bidirectional
crosstalk between MM cells and ECs involves adhesion molecules such as integrins (aVp3,
a4p1), syndecan-1 (CD138), and CD44, which mediate MM cell adhesion to ECs and the ECM
[136]. MMECs support MM progression by secreting extracellular cyclophilin A (eCyPA),
which binds to CD147 on MM cells, enhancing their migration, proliferation, and survival [223].
Compared to BMSCs, BMECs are a more potent source of eCyPA, driving stronger MM bone
marrow homing and activation of chemoresistance pathways, including MAPK, PI3K/AKT, and
STAT3 signaling. Thus, angiogenesis in MM is a part of an integrated network of signals that

also involve tumor growth, migration and resistance to therapy.

Having explored the complex interactions within the bone marrow microenvironment that
sustain MM progression, it is evident that malignant plasma cells exploit stromal, immune, and
endothelial components to thrive, evade immune surveillance, resist therapy, and drive bone
destruction and further dissemination. Among the molecular pathways that orchestrate these
tumor-supportive mechanisms, serine/threonine kinases play a pivotal role in integrating signals
that promote MM development. One such family of kinases, PIM (Proviral Integration site for

Moloney murine leukemia virus) kinases, has emerged as a critical player in MM pathobiology
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[246]. Their activity is largely dependent on the tumor microenvironment, where external cues
such as IL-6 and CXCL12 sustain PIM expression, reinforcing MM cell survival. Given their
role as downstream mediators of key survival pathways like JAK/STAT and NF-kB, targeting
PIM kinases with small molecule inhibitors presents a promising strategy to disrupt these pro-
tumorigenic signals and was therefore explored in this thesis. The next chapter will describe the
biology of PIM kinases, their functional significance in MM and TME, and the current state of
knowledge about the therapeutic potential of PIM kinase inhibition in MM.

1.8 PIM kinases

Kinases are a large family of enzymes that play a critical role in regulating cellular processes by
phosphorylating specific substrates [247]. This process modulates the activity, localization, and
interactions of proteins, acting as a molecular switch to control various biological pathways. The
PIM (Proviral Integration of Moloney virus) kinase family comprises three highly homologous
serine/threonine kinases: PIM 1, PIM2, and PIM3 [248]. They are important regulators of cellular
processes such as cell cycle progression, apoptosis, and metabolism [249]. PIMs are
constitutively active without the need for phosphorylation thanks to their unique structural
configuration [250]. In kinases, activation generally involves forming a conserved lysine-
glutamate salt bridge (e.g., Lys67 and Glu89 in PIM1), adopting a closed-lobe conformation,
and structuring the activation segment. For many kinases, this segment remains unstructured
until phosphorylation, which induces folding onto the lower lobe, stabilizing the peptide-binding
site and enabling enzymatic activity. PIM kinases, however, are unique in being catalytically
active without phosphorylation. Their unphosphorylated activation segment establishes multiple
polar interactions with the lower lobe, maintaining the active conformation [248]. While PIM
kinases can undergo autophosphorylation, the functional significance of these modifications
remains unclear [250]. The non-canonical binding conformation of the ATP-binding pocket and
activation loop provides unique structural features that facilitate the design of PIM kinase-

specific small-molecule inhibitors.

The “always-on” state of PIM kinases, which become active immediately following translation,
benefits cancer cells by enhancing virtually all of the canonical cancer hallmarks [251,252].

Persistent overexpression of these kinases has been often described in various hematologic
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malignancies [248,253] and some solid tumors [248]. Normally, PIM kinase expression is tightly
controlled by transient cytokine pulses, such as IL-6 [254] and IL-7 [255], and regulated by short-

lived growth factor signals or other inflammatory mediators.

1.8.1 Physiological roles of PIM kinases

PIM kinases are vital for certain physiological processes, such as HSC maintenance and immune
cell function. Nonetheless, mice deficient in all 3 PIMs (Pim TKO mice) are viable and fertile
[256]. These mice exhibit significantly reduced platelet counts and smaller hypochromic
erythrocytes with decreased mean corpuscular volume (MCV) and mean corpuscular
hemoglobin (MCH). CD4" T cells, granulocytes, and overall T-cell population counts are
decreased in the peripheral blood of TKO animals [257]. However, peripheral B-cell numbers
are less consistently affected, with slight reductions observed only in young animals [256]. Pim
TKO mice have a reduced total bone marrow cellularity and splenocyte count. Their bone
marrow cells demonstrate decreased capacity for granulocyte/macrophage (CFU-GM),
erythrocyte (BFU-E), and multilineage (CFU-GEMM) colony formation, indicating impaired
hematopoietic progenitor activity. These findings are highly relevant for the design of clinical
trials involving pan-PIM inhibitors. Patients receiving these inhibitors may be at risk of
significantly reduced granulocyte and monocyte levels, potentially compromising their immune

response and increasing susceptibility to infections.

PIM1 is a significant factor in early B-cell development, influencing hematopoiesis through its
effects on cytokine signaling pathways [258]. PIM2, on the other hand, has been shown to be
important for plasma cell development [259]. PIM1 and PIM2 are required for efficient T-
lymphocyte proliferation. In primed CD8" T cells, the costimulatory receptor CD27 drives PIM1
expression, enhancing T-cell survival independently of mTOR and IL-2 signaling [260]. T cells
from Pim1/2-deficient mice have blunted expansion to T-cell receptor (TCR) stimulation and IL-
2 [261]. The expression of PIM1/2 is upregulated by Thl-polarizing cytokines (IL-12, IFN-a),
but not Th2 cytokines, and PIM activity drives Th1 lineage commitment [262,263]. PIM1/PIM2
directly phosphorylate FOXP3 (the master regulator in Tregs), which weakens Treg suppressive
function [264,265]. These findings show PIM kinases boost immune responses (T and B cell
growth, Thl immunity, NF-kB activity) and, when overactive, can contribute to inflammatory

pathology, while at the same time fostering immune tolerance.
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Beyond their roles in hematopoiesis and immune function, PIM kinases contribute to skeletal
and cardiac muscle regeneration [266,267] and vascular tube formation [268—272]. Renal
expression of PIM3 appears to play a role in arterial blood pressure control [273], while neuronal
PIM1 affects synaptic plasticity [274]. In addition, PIM kinases, especially PIM2, are expressed
in adipocytes, and interfering with their function prevents lipid accumulation [275]. Finally,
PIM1 had been found to regulate osteoclastogenesis [276]. Understanding these physiological
functions of PIM kinases provides both opportunities and cautions for therapeutic targeting.
However, the lack of a clear phenotype in single or triple knockout mice suggests that PIM
kinases are not only functionally redundant but also that compensatory pathways may take over
in their absence. This redundancy suggests the presence of a therapeutic window for PIM

inhibitors, potentially allowing their use in patients without severe side effects.

1.8.2 PIM-dependent signaling

1.8.2.1 JAK/STAT

PIM genes are classic downstream targets of the JAK/STAT pathway. In response to cytokines
or growth factors, activated STAT3 and STATS translocate to the nucleus and bind the PIM1
promoter, driving its transcription [277]. PIM1 forms part of a negative feedback loop in the
JAK/STAT pathway. PIM1 can bind and activate SOCS (Suppressor of Cytokine Signaling)
proteins, which are negative regulators of JAK/STAT signaling [277]. In some contexts,
however, PIM kinase activity is able to amplify JAK activity, however no mechanistic
explanation has been reported yet [278]. One key outcome of JAK/STAT-mediated PIM
induction is enhanced expression or activity of pro-survival genes. PIM kinases promote cell
survival by upregulating anti-apoptotic members of the BCL2 family and inhibiting pro-
apoptotic factors. For example, PIM1 activity is known to maintain high BCL2 levels in growth-
factor-deprived cells [279]. PIM1 directly phosphorylates the pro-apoptotic BH3-only protein
BAD on Serl112 (a gatekeeper inhibitory site), causing BAD to bind 14-3-3 and preventing it
from neutralizing BCL2. By inactivating BAD and sustaining BCL2, PIM kinases tip the balance

towards cell survival under cytokine withdrawal.
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1.8.2.2 MYC

PIM kinases cooperate with the MYC oncogene [280]. PIM1 was first discovered as a common
proviral insertion [281] in T cell lymphomagenesis as well as oncogenic partner acting in synergy
with Myc in murine lymphoma models [282]. PIM2 can phosphorylate MYC at Ser329, which
prolongs MYC protein half-life [280]. PIM1, on the other hand, has been shown to decrease
MYC Thr58 phosphorylation while increasing Ser62 phosphorylation, therefore preventing
MYC proteasomal degradation. Stabilized MYC acts as a more potent transcription factor,
driving the expression of genes involved in cell growth (ribosome biogenesis, metabolism) and
cell cycle progression (cyclins, cyclin-dependent kinases). PIM-mediated MY C stabilization has

been linked to increased MYC transcriptional activity and transformative ability [280,283].

1.8.2.3 NF-kB

PIM kinases intersect with the NF-kB pathway, a central regulator of inflammation and cell
survival. PIM1 directly phosphorylates the NF-kB subunit RelA/p65 at Ser276 [284]. In the
absence of this phosphorylation, RelA is more readily ubiquitinated and targeted for degradation,
limiting NF-kB activity. Thus, PIM1 acts as a positive regulator of NF-xB by safeguarding p65
from turnover. Stabilized p65/RelA can accumulate in the nucleus and drive transcription of NF-
KB target genes, many of which are pro-survival or pro-proliferative. For instance, PIMI
enhancement of NF-«B leads to sustained expression of cytokines (like IL-6) and anti-apoptotic
proteins (like Bel-xL or survivin) that NF-kB controls [284,285]. Notably, NF-«B itself can
upregulate PIM expression (e.g. CD40 signaling in B-cells induces PIM1 via NF-kB, suggesting
a feed-forward loop [286]). This makes NF-kB and PIM targets of interest in cancers with

significant inflammatory signature, such as MM.

1.8.2.4 PIBK/AKT/mTOR

The PI3K/AKT pathway is another master regulator of growth and survival that largely
functionally overlaps with PIM signaling. PIM and Akt kinases are often co-activated in tumors
and phosphorylate an overlapping set of substrates [277]. PIM kinases help maintain the activity
of mTOR Complex 1 (mTORCI1, mammalian target of rapamycin complex 1), a central nutrient
sensor and growth regulator. PIMs phosphorylate inhibitory nodes upstream of mTORCI1. Akt
phosphorylates TSC2 (Tuberous Sclerosis Complex 2) on Ser939/Thr1462, and PIM?2
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phosphorylates TSC2 on Ser1798, each of which inactivates TSC2 and relieves its suppression
of mTORCI [287]. PIMs can phosphorylate PRAS40 (Proline-Rich Akt Substrate of 40 kDa) at
Thr246, causing PRAS40 to dissociate from mTORC]1 [288]. Freed from PRAS40 inhibition,
mTORCI1 becomes more active, leading to increased phosphorylation of its targets 4EBP1
(Eukaryotic Translation Initiation Factor 4E Binding Protein 1) and p70S6K (Ribosomal Protein
S6 Kinase Bl), key nodes controlling protein synthesis. Beyond mTORCI activation, PIM
kinases directly regulate the protein synthesis machinery. PIM kinases can maintain translation
initiation even when mTORCI is inhibited. PIM1/2 directly phosphorylate 4E-BP1, the cap-
binding repressor, thus preventing it from sequestering eIF4E (Eukaryotic Translation Initiation
Factor 4E) [289]. Furthermore, PIM1 phosphorylates eIF4B (Eukaryotic Translation Initiation
Factor 4B) on Ser406, and promotes elF4B’s association with the translation pre-initiation

complex [290].

1.8.2.5 MAPK

Normal fibroblasts engineered to express KRAS G12V oncogene undergo hyper-proliferative
signaling through ERK, but if they lack PIM kinases, they die to metabolic stress and ROS
accumulation [291]. This suggests that PIMs function as critical “fitness” factors for Ras-driven
proliferation, limiting oxidative stress and adjusting energy production so that ERK-activated
growth program can be sustained. PIM1 phosphorylates the MAP3K ASK1 (Apoptosis Signal-
Regulating Kinase 1) at Ser83, impairing ASK1’s ability to phosphorylate its downstream targets
MKK4/7 and, subsequently, JINK/p38 MAPKs. Since JNK/p38 pathways can induce apoptosis
or cell cycle arrest (for instance, through upregulation of pro-apoptotic BIM [Bcl2-Interacting
Mediator Of Cell Death] or cell cycle inhibitor p21), PIM’s suppression of this cascade tilts the

balance toward survival [292].

1.8.2.6 Cell cycle

PIM1/2 phosphorylate FOXO1 and FOXO3 (Forkhead Box O1/3), leading to their inactivation
and downregulation of target genes, such as p27 [293]. PIM kinases not only suppress p27
transcription via FOXO but also promote p27 protein degradation. PIM1/2 phosphorylate p27 at
Thr157 and Thr198, which causes p27 to bind 14-3-3 and be exported from the nucleus for
proteasomal degradation [294]. PIM1 also phosphorylates and stabilizes SKP2 (S-Phase Kinase
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Associated Protein 2), the F-box protein that ubiquitylates p27, further enhancing p27’s
downregulation [295]. PIM kinases directly activate the CDC25 (Cell Division Cycle 25) family
of cell cycle phosphatases, which remove inhibitory phosphates on CDKs. PIM1 phosphorylates
CDC25A and CDC25C, enhancing their phosphatase activity [296]. PIM1 also inactivates the
CDC25A inhibitory kinase MARK3 (Microtubule Affinity Regulating Kinase 3) [297]. By
phosphorylating and activating CDC25, PIM promotes the activation of CDKs that drive cell
cycle transitions (CDC25A acts in G1/S to activate CDK2, while CDC25C acts in G2/M to

activate CDK1). This shortens checkpoint pauses and accelerates cell cycle progression.

Due to their broad substrate specificity, PIM kinases phosphorylate and modulate components
of multiple additional signaling pathways, such as hypoxia [298], cell metabolism [299,300],
ROS detoxification [301], DNA damage response [302], MDM2/TP53 [303], drug efflux
[304,305].

1.8.2.7 Role of PIM kinases in hematologic malignancies

In acute myeloid leukemia (AML), PIM kinases are overexpressed primarily through mutation-
triggered activation of signaling pathways associated with FLT3-ITD (Fms-like Tyrosine Kinase
3 - Internal Tandem Duplication), JAK2, and STATS [306,307]. PIM kinases in AML cells drive
survival pathways, prevent apoptosis, and foster chemoresistance by stabilizing anti-apoptotic
proteins such as MCL1 (Myeloid Cell Leukemia Sequence 1) and by phosphorylating pro-
survival factors. High PIM expression correlates with a poorer prognosis in AML patients,
especially those with FLT3-ITD mutations. PIM2 promotes metabolic reprogramming,
sustaining glycolysis and mitochondrial function in leukemic blasts, thus supporting their
survival under metabolic stress. Preclinical studies show that PIM inhibition in AML cell lines
can disrupt STATS activity, reduce c-MYC stability, and promote apoptotic pathways. PIM
inhibition sensitizes AML cells to standard chemotherapy (cytarabine, doxorubicin) and targeted
therapies (FLT3 inhibitors). PIMs are also crucial for survival of MPN (myeloproliferative
neoplasm) cells, and targeting them, in combination with JAK and CDK4/6 inhibitors is effective
in MPN patients [308,309].

PIM kinases, particularly PIM1 and PIM2, are overexpressed in both B-cell and T-cell acute
lymphoblastic leukemia (B-ALL and T-ALL). [310-313]. Their expression is partially driven by
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IL-7/STATS signaling, which promotes leukemic cell survival and expansion. PIMs have been
shown to be essential for pre-B-cell transformation [314]. PIM kinases in ALL confer
glucocorticoid resistance [312]. PIM1 inhibition has been investigated as a strategy to enhance

the efficacy of tyrosine kinase inhibitors in Ph+ B-ALL [315].

PIM1 and PIM2 are frequently upregulated in chronic lymphocytic leukemia (CLL) cells,
particularly in the presence of cytokine-secreting microenvironmental cells. PIM kinases in CLL
enhance chemotactic responses via the CXCR4 (C-X-C Motif Chemokine Receptor 4) pathway,
increasing cell homing to protective niches. Additionally, PIM’s effects on BCL2 (B-Cell
CLL/Lymphoma 2) family members provide anti-apoptotic advantages. Targeting PIM kinases
in CLL is of high therapeutic interest as it may disrupt interactions within the microenvironment
and render CLL cells more susceptible to apoptosis [316-318]. PIM inhibitors are being tested
in combination with BTK (Bruton Tyrosine Kinase) inhibitors (ibrutinib) and BCL2 inhibitors

to overcome therapy resistance in CLL [319].

PIMI1 is highly expressed in mantle cell lymphoma (MCL), especially in cases with aggressive
disease phenotypes [320,321]. PIM kinases regulate cyclin D1 levels, a hallmark driver of MCL
proliferation. Targeting PIMs in MCL is a currently investigated therapeutic strategy [322,323].
PIM kinases are expressed in follicular lymphoma (FL) [324], but their role is still unknown. In
Hodgkin lymphoma (HL), PIMs contribute to the activation of pro-survival NF-kB and
JAK/STAT pathways [278], promoting Reed-Sternberg cell survival and immune escape. In
primary mediastinal B-cell lymphoma (PMBCL) PIM kinases are promoting cancer cell survival

via a similar mechanism [325].

In diffuse large B-cell lymphoma (DLBCL), PIM kinases often work in conjunction with other
oncogenes, including MYC and BCL6 (B-Cell Lymphoma 6) [249]. The PIM1 gene, located at
6p21, is frequently mutated in DLBCL, where it is associated with higher proliferative indices
and an aggressive disease course [326]. PIM1 is overexpressed in DLBCL subtypes with an
“activated B-cell” (ABC) phenotype, where it enhances NF-kB activity, cell survival, motility
and growth [327-329]. The degree of PIM expression often correlates with disease severity,

making it a useful prognostic marker in some lymphoma cases [330,331].

62



1.8.3 PIM kinases in MM

PIM kinases, especially PIM2, have been linked with differentiation of B cells into plasmablasts,
and their expression is crucial for plasma cell survival [332]. PIM2 is significantly overexpressed
in MM cells compared to other hematologic malignancies, and its expression is further induced
by interactions with the bone marrow microenvironment [333]. BMSCs and osteoclasts
upregulate PIM2 through cytokines such as IL-6, TNF-o, BAFF, and APRIL, most likely via the
JAK/STATS3 and NF-kB pathways [334]. This upregulation confers resistance to apoptosis and

promotes myeloma cell survival.

PIM2 enhances the survival of MM cells by phosphorylating key pro-apoptotic proteins such as
BAD (BCL2 Associated Agonist Of Cell Death), thereby preventing its interaction with BCL2
and BCL-xL [335]. This phosphorylation event results in the inhibition of apoptosis, making
MM cells more resilient to stress and therapeutic interventions [334]. Additionally, PIM2
reduces apoptotic priming in MM, and PIM inhibition promotes MCL1 dependency [336]. PIM2
plays a significant role in metabolic adaptation in MM cells. It regulates glycolysis and oxidative
phosphorylation to sustain energy production [337]. PIM2 also modulates the DNA damage
response (DDR) in MM cells. It acts as a negative regulator of DDR by suppressing ATR (Ataxia
Telangiectasia And Rad3 Related) signaling, thereby allowing MM cells to continue
proliferating despite accumulating genomic instability [338]. Inhibition of PIM2 results in

increased activation of DDR markers.

In addition to promoting MM cell survival, PIM2 is involved in MM-associated bone disease by
negatively regulating osteoblastogenesis and enhancing osteoclast activity [339]. PIM2
expression is upregulated in osteoclast lineage cells, promoting RANKL-induced
osteoclastogenesis and bone resorption [340]. Inhibition of PIM2 restores osteoblast

differentiation and reduces MM-associated bone destruction [339].

PIM kinases, particularly PIM2, play an important role in multiple myeloma by promoting cell
survival, metabolic adaptation, DNA damage tolerance, and MM bone disease. Targeting PIM
kinases with small-molecule inhibitors represents a promising therapeutic approach, particularly

in combination with existing MM treatments.
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1.8.4 PIM kinase inhibitors

Given their involvement in many types of cancer, PIM kinases are considered good targets for
therapeutic intervention. Their unique ATP-binding pocket and lack of regulatory
phosphorylation make PIM kinases suitable for small molecule inhibition. PIM2 has a low ATP
K (Michaelis Constant), meaning it binds ATP with high affinity, necessitating a highly potent
inhibitor to effectively suppress its kinase activity at the ATP concentrations present in cells.

Table 1 summarizes the current landscape of PIM inhibitors.

Several PIM inhibitors have been evaluated in preclinical and clinical studies for multiple

myeloma or other blood cancers.

SGI-1776 is one of the first pan-PIM inhibitors tested in MM in preclinical studies. It induces
mainly autophagy rather than apoptosis, reducing MM viability [341]. However, this compound
did not suceed in clinical trials due to severe cardiac adverse effects [342]. INCB053914, another
pan-PIM inhibitor, has demonstrated efficacy against MM cell lines in preclinical studies [343]
and has a favorable safety profile when administered to humans. A phase 1/2 study in blood
cancer patients is currently ongoing, however limited clinical efficacy has been reported when
the compound was used in monotherapy, despite achieving pharmacodynamic target inhibition
[344]. Similarly, no objective clinical responses were observed in AML patients treated with
AZD1208, another pan-PIM inhibitor, although some patients experienced reductions in
peripheral blast counts [345]. Pharmacodynamic assessments indicated biological activity of

AZD1208, but these did not translate into significant clinical efficacy as a monotherapy.

PIM447 (LGH447), a potent pan-PIM inhibitor, has been shown to induce apoptosis, reduce
tumor burden in vivo, and exert its effects primarily through mTOR inhibition and suppression
of protein translation [346,347]. A phase 1 trial demonstrated disease control in 72.2% of patients
with relapsed/refractory MM, while overall response rate was 8.9% [348]. Unfortunately, the
bone marrow examination showed lack of reduction of plasma cell count, suggesting cytostatic,
rather than cytotoxic response to PIM447. A similar concurrent trial conducted in Japan has been
terminated early due to lack of clinical efficacy in MM [349]. Despite potential synergistic effect
of PIM447 with PlIs and IMiDs, clinical development of PIM447 in MM has been suspended
[347].
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TP-3654, a mostly PIM1-selective kinase inhibitor, has been investigated in a Phase 1/2 study
for patients with relapsed or refractory myelofibrosis. Preliminary data indicate that TP-3654 is
well tolerated, with no dose-limiting toxicities reported [350]. No data on its anti-MM efficacy

are currently available.

Clinical trials of MEN1703/SEL24 (dapolsertib), an oral dual PIM/FLT3 kinase inhibitor, have
demonstrated a manageable safety profile and preliminary efficacy in patients with relapsed or
refractory acute myeloid leukemia (AML) [351,352]. In the DIAMOND-01 trial, the
recommended dose was established at 125 mg/day, with common adverse events including
asthenia, nausea, and vomiting. Among AML patients harboring IDH1/2 mutations, an objective
response rate of 13% was observed, with some achieving complete responses or partial
responses, and one patient proceeding to HSC transplantation. Based on our prior preclinical
studies in DLBCL [353], MEN1703 is now being evaluated in a Phase 2 trial (JASPIS-01,
NCT06534437) in combination with glofitamab [354].

Developing safe and effective PIM kinase inhibitors has been challenging. Despite promising
preclinical results, these inhibitors have shown limited success in the clinic so far. This gap may
be due to the complex role of PIM kinases in cancer and the ability of cells to compensate when
these kinases are blocked. To overcome these hurdles, more in-depth preclinical studies are

needed in order to pave the way for more effective, next generation PIM inhibitors.
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Table 1. Key compounds targeting the PIM kinase family that have advanced to late-stage
preclinical or clinical studies. ICso - Half-maximal Inhibitory Concentration; Ki - Inhibition

Constant; Kd - Dissociation Constant.

Name(s) Chemical structure | Binding affinities Tested indication
SMi-4a e F o ICso: -
FWNH PIM1: 24 nM
s~ PIM2: 100 nM
0 PIM3: NA
SGI-1776 Half-maximal inhibitory | Phase 1: Prostate cancer
concentration (ICs): and Non-Hodgkin
N PIM1: 7nM lymphoma (NCT00848601)
e PIM2 363 nM Phase  1:  Leukemia
/@” N OF%FF PIM3: 69nM (NCT01239108)
Inhibition constant (Ki):
PIM1: 12 nM
PIM2: 980 nM
PIM3: 20 nM
TP-3654/ HoJ Ki: Phase 1. Healthy
Nuvisertib Q KTN/ PIM1: 5 nM volunteers (NCT06389955)
N PIM2: 239 nM Phase 1: Myelofibrosis
&\4 PIM3: 42 nM (NCT04176198)
F Phase 1: Solid tumors
(NCT03715504)
AZD1208 ICso: Phase 1: Solid tumors and
HN—° PIM1: 0.4 nM lymphoma (NCT01588548)
O\ PIM2: 5 nM Phase 1: AML
O QNH PIM3: 1.9 nM (NCT01489722)
2
LGB321 " Ki: -
LOH PIM1: 1 pM
N PIM2: 2.1 pM
N w F H-CI PIM3: 0.8 pM
o] /N ‘
~ g F
LGH447/ Ki: Phase 1: MM
PIM447 PIM1: 6 pM (NCT01456689,
et F F | PIM2: 18 pM NCT02144038,
woN F PIM3: 9 pM NCT02160951)
PLNEN Phase 1: AML and MDS
lN/ o (NCT02078609)
Phase 1: Myelofibrosis
(NCT02370706)
INCB053914/ oH ICso: Phase 1: MM
Uzansertib HZNU PIM1: 0.24 nM (NCT04355039)
PF Ny N PIM2: 30 nM Phase 1: DLBCL
NN N S PIM3: 0.12 nM (NCT03688152)
F 0 N Phase 1/2: AML and
o OH myelofibrosis
HO-P—-OH (NCT02587598)
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CX-6258 ICso: -
PIM1: 5 nM
PIM2: 25 nM
PIM3: 16 nM
MEN1703/ Dissociation constants (Kd): | Phase 1/2: AML
SEL24/ - PIM1: 2 nM (NCT03008187)
Dapolsertib Br_~w ,,N’\ — PIM2: 2 nM Phase 2: DLBCL
. /ﬂ( L | PIM3 3 M (NCT06534437)
N _
O'N:O

1.9 Need for further research

MM is a genetically diverse and complex disease. Complex relationships between tumor cells
and the TME contribute to failure of monotherapies to achieve lasting disease control [355].
While advancements in the available treatment options have improved patient survival, high-risk
patients continue to face poor prognoses [356]. Current therapies also cause significant side
effects like peripheral neuropathy and immunosuppression, emphasizing the need for novel
therapeutic strategies. Therefore, MM remains a chronic, incurable and debilitating disease. For
this reason, the identification and validation of new drug targets, as well as the optimization of
existing therapies, are crucial for improving patient outcomes. MM treatment strategies often
focus on introducing new drug classes into subsequent therapeutic lines, which can reduce cross-
resistance and expand treatment options, improving disease management [357]. New drug
classes engaging novel therapeutic targets carry a particular therapeutic potential to broaden the

available treatment arsenal.

Despite transformative advances (proteasome inhibitors, IMiDs, anti-CD38 mAbs, CAR T-
cells), MM remains incurable. Resistance emerges both through cell-intrinsic adaptations and
through protective signals originating from the bone marrow microenvironment. PIM kinases
are serine/threonine kinases that integrate growth, survival, and stress tolerance pathways and
are upregulated in MM. We hypothesized that: (i) MM cells are addicted to PIM signaling, and
(i1)) MM-associated endothelial cells also depend on PIM activity to create a tumor-supportive

niche. This thesis addresses these two hypotheses.
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1.10 Objectives of this thesis

This thesis aims to investigate the roles of PIM kinases in multiple myeloma, examining their
effects both on malignant plasma cells and the surrounding microenvironment, particularly MM-
associated endothelial cells. While PIM kinases are known to promote oncogenic signaling and
survival in hematologic cancers, their specific contributions to MM pathogenesis and

progression remain incompletely understood.
The core objectives of this thesis are as follows:

1. To define the expression and activation patterns of PIM1, PIM2, and PIM3 in MM.
This includes comparing protein expression in malignant versus normal plasma cells and
determining the prevalence of PIM-positive MM cases using immunohistochemistry and
validated tissue microarrays.

2. To evaluate the functional dependency of MM cells on PIM Kkinases. Using genetic
and pharmacological approaches, we aimed to assess how MM cells respond to selective
or pan-PIM inhibition.

3. To characterize the transcriptional and mechanistic consequences of PIM inhibition
in MM. We aimed to apply transcriptomic profiling to identify key pathways disrupted
by PIM blockade.

4. To investigate the role of PIM kinases in the MM-associated microenvironment.
This includes examining how PIM signaling affects bone marrow endothelial cells,
angiogenesis, and the MM-EC crosstalk.

5. To evaluate the therapeutic potential of PIM inhibition in preclinical MM models.
We aimed to test the efficacy of PIM inhibitors in vitro and in vivo using MM cell lines,

primary patient samples, and murine xenograft models.
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2 Materials and methods

2.1 Materials

2.1.1 Cell lines and bacterial strains

2.1.1.1 Human cell lines

Table 2. Mammalian cell lines used in this thesis. F, female; M, male; nons, nonsecretory; DSMZ,
German Collection of Microorganisms and Cell Cultures; ATCC, American Type Culture
Collection; JCRB, Japanese Collection of Research Bioresources; DFCI, Dana-Farber Cancer
Institute; MM, multiple myeloma; DLBCL, diffuse large B-cell ymphoma; nd, no data.

Cell line lepaEe | Criedne Sex | Ancestry Hea\_ly L'gr.'t Source
type dependence chain chain
AMO1 MM - F East Asia IgA Kappa | DSMZ
ANBL6 MM IL6 F Europe nd Lambda | Keats Lab
VEGFA, van der
BMEC60 - FGF2, IGF1, | nd nd - - Schoot
EGF Lab
DP6 MM IL6 F Europe IgA Lambda | Keats Lab
H929 MM - F Europe IgA Kappa | ATCC
HBL1 DLBCL - M East Asia - - DSMZ
HEK293T . . F | Europe - . E:S""dh“ry
VEGFA,
HUVEC- - FGF2,IGF1, | F Europe - - ATCC
TERT2
EGF

INAG MM IL6 M | Europe IgG | Kappa f;f)matZk'
JJN3 MM - F Europe IgA1 Kappa | DSMZ
KJON MM ILGS,eP;ﬂman F Europe nd Kappa | Holien Lab
KMM1 MM - M East Asia nd Lambda | JCRB
KMS11 MM - F East Asia IgG Kappa | JCRB
KMS12BM MM - F East Asia nons nons DSMZ
KMS12PE MM - F East Asia nons nons DSMZ
KMS18 MM - M | EastAsia | IgA | Lambda E:grasco
KMS20 MM - F East Asia IgG Kappa | JCRB
KMS26 MM - M East Asia IgG Kappa | JCRB
KP6 MM - M Europe IgG Kappa | Keats Lab
L363 MM - F Europe IgG Lambda | DSMZ
MM1.S MM - F Africa IgA Lambda | ATCC
MOLPS8 MM - nd | East Asia nd Lambda | DSMZ
OCI-Ly1 DLBCL - M nd - - DSMZ
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OCI-My5 MM - nd Europe nd Lambda E:tr)rasco
OCI-My7 MM - nd Europe nd Kappa E:tr)rasco
OH2 MM IL6 F Europe IgGl Kappa | Keats Lab
OPM!1 MM - F | EastAsia | nd | Lambda E:grasco
OPM2 MM - F East Asia nd Lambda | DSMZ
RPMI8226 MM - M Africa IgG Lambda | ATCC
U266 MM - M Europe IgE Lambda | ATCC
XG1 MM IL6 M Europe IgA Kappa | Tonon Lab

2.1.1.2 Primary cells

Table 3. Primary cells used in this thesis. MM, multiple myeloma, HD, healthy donor; IRB,

Institutional Review Board.

Cell type

MM patient bone marrow cells

Origin
Department of Hematology, Institute of
Hematology and Transfusion Medicine,

Warsaw, Poland (IRB approval 43/2016)

Department of Pathology, Brigham and
Women’s Hospital, Boston, Massachusetts,
USA (IRB approval #01-206)

HD bone marrow cells

2.1.1.3 Bacterial strains

Table 4. Bacterial strains used in this thesis.

Strain

BiolVT, Cat. No. HUMANHLBM-0002228
(Westbury, New York, USA)

Source

E. coli MAX Efficiency DH5a

Thermo Fisher Scientific
(Massachusetts, USA)

One Shot Stbl3 Chemically Competent E. coli

2.1.1.4 Genetically modified cell lines

Thermo Fisher Scientific
(Massachusetts, USA)

Table 5. Genetically modified mammalian cell lines used in this thesis.

Cell line Description Source
JIN3-TST209 JJUN3 with tetracycline repressor (pTST209) This work
JUN3-shPIM1.2 | JUN3 with pTST201-shPIM1.2 for inducible KD of PIM1 This work
JUN3-shPIM1.3 | JUN3 with pTST201-shPIM1.3 for inducible KD of PIM1 This work
JUN3-shPIM1.4 | JUN3 with pTST201-shPIM1.4 for inducible KD of PIM1 This work
JUN3-shPIM1.5 | JUN3 with pTST201-shPIM1.5 for inducible KD of PIM1 This work
JUN3-shPIM2.1 | JUN3 with pTST201-shPIM2.1 for inducible KD of PIM2 This work
JUN3-shPIM2.2 | JUN3 with pTST201-shPIM2.2 for inducible KD of PIM2 This work
JUN3-shPIM2.3 | JUN3 with pTST201-shPIM2.3 for inducible KD of PIM2 This work
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JUN3-shPIM2.4 | JUN3 with pTST201-shPIM2.4 for inducible KD of PIM2 This work
JUN3-shPIM2.5 | JUN3 with pTST201-shPIM2.5 for inducible KD of PIM2 This work
JUN3-shPIM3.1 | JUN3 with pTST201-shPIM3.1 for inducible KD of PIM3 This work
JUN3-shPIM3.2 | JUN3 with pTST201-shPIM3.2 for inducible KD of PIM3 This work
JJUN3-shPIM3.3 | JUN3 with pTST201-shPIM3.3 for inducible KD of PIM3 This work
JUN3-shPIM3.4 | JUN3 with pTST201-shPIM3.4 for inducible KD of PIM3 This work
JUN3-shPIM3.5 | JUN3 with pTST201-shPIM3.5 for inducible KD of PIM3 This work
JUN3-shSCR JJN3 with pTST201-shSCR, control cell line This work
JUN3-sh3xPIM | JUN3 with pTST201-shTRIPLE for inducible KD of PIM1, | This work
PIM2, PIM3
MM1.S-luc MMA1.S stably expressing firefly luciferase This work

2.1.2 Chemicals and reagents

2.1.2.1 Chemicals

Table 6. Chemicals and reagents used in this study.

Name Manufacturer
Acrylamide/Bis-acrylamide, 37.5:1, 30% mix | Bio-Rad (Hercules, CA, USA)
Agar ROTH (Karlsruhe, Germany)
Agarose ROTH (Karlsruhe, Germany)

Alexa Fluor 488-phalloidin

Cell Signaling Technology (Danvers, MA,
USA)

Ampicillin Sigma-Aldrich (St. Louis, MO, USA)

APS Sigma-Aldrich (St. Louis, MO, USA)

ATP PamGene (Hertogenbosch, The
Netherlands)

AZD1208 SelleckChem (Houston, TX, USA)

Bglll Thermo Fisher Scientific (Waltham, MA,
USA)

Bortezomib SelleckChem (Houston, TX, USA)

Bromophenol blue

ROTH (Karlsruhe, Germany)

BSA (bovine serum albumin), heat shock
fraction, protease free (A3294)

Sigma-Aldrich (St. Louis, MO, USA)

BstXI Thermo Fisher Scientific (Waltham, MA,
USA)

CaCl,-2H,0 ROTH (Karlsruhe, Germany)

CD138 microbeads Miltenyi  Biotec  (Bergisch  Gladbach,
Germany)

CD31 MicroBeads Miltenyi  Biotec  (Bergisch  Gladbach,
Germany)

Chloramphenicol

Sigma-Aldrich (St. Louis, MO, USA)

Citric acid Sigma-Aldrich (St. Louis, MO, USA)
CytoFlex Isoflow Sheath Fluid Beckman Coulter (Brea, CA, USA)

D-Glucose Sigma-Aldrich (St. Louis, MO, USA)
DMSO Sigma-Aldrich (St. Louis, MO, USA)

DNA Gel Loading Dye (6x)
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dNTPs

oligo.pl (Warsaw, Poland)

Doxycycline hyclate

Sigma-Aldrich (St. Louis, MO, USA)

EDTA

ROTH (Karlsruhe, Germany)

Ethanol

Sigma-Aldrich (St. Louis, MO, USA)

Ethidium bromide

ROTH (Karlsruhe, Germany)

Fibronectin (F2006)

Sigma-Aldrich (St. Louis, MO, USA)

G418 (Geneticin)

Sigma-Aldrich (St. Louis, MO, USA)

Gelatin (porcine)

Sigma-Aldrich (St. Louis, MO, USA)

GeneRuler 1 kb DNA ladder

Thermo Fisher Scientific (Waltham, MA,
USA)

Glacial acetic acid

Pol-Aura (Dywity, Polska)

Glycerol

ROTH (Karlsruhe, Germany)

Glycine

Sigma-Aldrich (St. Louis, MO, USA)

Guanidine hydrochloride

Pol-Aura (Dywity, Polska)

HCI (concentrated 37%)

Pol-Aura (Dywity, Polska)

Hoechst 34580 BD (Franklin Lakes, NJ, USA)
Hydrogen peroxide (3%) Sigma-Aldrich (St. Louis, MO, USA)
INCB053914 SelleckChem (Houston, TX, USA)
Isopropanol ROTH (Karlsruhe, Germany)
IVISbrite  D-Luciferin  Potassium  Salt | Revvity (Waltham, MA, USA)
Bioluminescent Substrate

KCI ROTH (Karlsruhe, Germany)
KH,PO, ROTH (Karlsruhe, Germany)

Matrigel (Growth Factor-Reduced)

Corning (Corning, NY, USA)

MEN1703

Menarini Ricerche SpA (Florence, Italy)

Methanol ROTH (Karlsruhe, Germany)
MgCl,-6H,0 ROTH (Karlsruhe, Germany)
MgSO,-7H,0 ROTH (Karlsruhe, Germany)
MnCl,-4H,0 ROTH (Karlsruhe, Germany)
MOPS free acid Pol-Aura (Dywity, Polska)
Na,HPO,-2H,0 ROTH (Karlsruhe, Germany)
NaCl ROTH (Karlsruhe, Germany)
NaHCO; ROTH (Karlsruhe, Germany)
NaOH ROTH (Karlsruhe, Germany)
Non-fat dry milk ROTH (Karlsruhe, Germany)
NP-40 Sigma-Aldrich (St. Louis, MO, USA)

NucBlue Live

Thermo Fisher Scientific (Waltham, MA,
USA)

Nuclease-free water, DEPC treated

ROTH (Karlsruhe, Germany)

PageRuler Prestained Protein Ladder

Thermo Fisher Scientific (Waltham, MA,
USA)

Paraformaldehyde 16% (Cell Signaling)

Cell Signaling Technology (Danvers, MA,
USA)

PIM447

SelleckChem (Houston, TX, USA)

Ponceau S

Sigma-Aldrich (St. Louis, MO, USA)

Potassium acetate

Sigma-Aldrich (St. Louis, MO, USA)

ProLong Glass Antifade Mountant

Thermo Fisher Scientific (Waltham, MA,
USA)

Propidium iodide

BD (Franklin Lakes, NJ, USA)
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Puromycin

Thermo Fisher Scientific (Waltham, MA,
USA)

PVDF membrane

Merck Millipore (Burlington, MA, USA)

Random hexamers

Thermo Fisher Scientific (Waltham, MA,
USA)

RbCI (Rubidium chloride)

ROTH (Karlsruhe, Germany)

RNase A (DNase-free)

PanReac Applichem (Chicago, IL, USA)

RNaseOUT RNase Inhibitor Thermo Fisher Scientific (Waltham, MA,
USA)

Sacl Thermo Fisher Scientific (Waltham, MA,
USA)

SDS ROTH (Karlsruhe, Germany)

SGI776 SelleckChem (Houston, TX, USA)

Sodium acetate Sigma-Aldrich (St. Louis, MO, USA)

Sodium citrate dihydrate Sigma-Aldrich (St. Louis, MO, USA)

Sodium deoxycholate Sigma-Aldrich (St. Louis, MO, USA)

SYBR Gold Thermo Fisher Scientific (Waltham, MA,
USA)

T4 DNA Ligase Thermo Fisher Scientific (Waltham, MA,
USA)

T4 Polynucleotide Kinase Thermo Fisher Scientific (Waltham, MA,
USA)

TEMED Sigma-Aldrich (St. Louis, MO, USA)

Thymolphthalein Pol-Aura (Dywity, Polska)

Tris base ROTH (Karlsruhe, Germany)

Triton X-100 Sigma-Aldrich (St. Louis, MO, USA)

Triton X-114 Sigma-Aldrich (St. Louis, MO, USA)

Trypan blue Thermo Fisher Scientific (Waltham, MA,
USA)

Tryptone ROTH (Karlsruhe, Germany)

Tween 20 Sigma-Aldrich (St. Louis, MO, USA)

Western Lightning Pro, Chemiluminescent
Substrate

PerkinElmer (Shelton, CT, USA)

Western Lightning Ultra, Chemiluminescent
Substrate

PerkinElmer (Shelton, CT, USA)

Yeast extract

ROTH (Karlsruhe, Germany)

B-mercaptoethanol

2.1.2.2 Kits

Table 7. Kits used in this study.

Sigma-Aldrich (St. Louis, MO, USA)

Name Manufacturer Catalog number
BigDye Terminator v3.1 Cycle | Applied Biosystems (Waltham, | 4337455
Sequencing Kit MA, USA)
Caspase-Glo 3/7 Assay Kit Promega (Madison, WI, USA) G8090
Caspase-Glo 8 Assay Kit Promega (Madison, WI, USA) G8200
Caspase-Glo 9 Assay Kit Promega (Madison, WI, USA) G8210
CometAssay Single Cell Gel | Trevigen (Gaithersburg, MD, USA) | 4250-050-K
Electrophoresis Assay
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Dual-Luciferase Reporter Assay | Promega (Madison, WI, USA) E1910

System

EnVision™ FLEX Dako (Glostrup, Denmark) GVv825

DAB+  Substrate  Chromogen

System

ExTerminator PCR Cleanup Kit A&A  Biotechnology (Gdansk, | 444-250
Poland)

FITC Annexin V  Apoptosis | BD Biosciences (San Jose, CA, | 556547

Detection Kit USA)

GeneMATRIX Plasmid Miniprep | EURX (Gdansk, Poland) E3500

DNA Purification Kit

iTag Universal SYBR Green | Bio-Rad (Hercules, CA, USA) 1725124

Supermix

KAPA Library Quantification Kit Roche (Pleasanton, CA, USA) KK4824

Liquid Permanent Red, Substrate- | Dako (Glostrup, Denmark) GVv825

Chromogen

MycoAlert Mycoplasma Detection | Lonza (Walkersville, MD, USA) LTO7-318

Kit

NEBNext Dual Index UMI Adaptors | New England Biolabs (lpswich, | E7395S
MA, USA)

NEBNext rRNA Depletion Kit v2 New England Biolabs (Ipswich, | E7400X
MA, USA)

NEBNext Ultra Il Directional RNA | New England Biolabs (lpswich, | E7765L

Library Prep Kit for lllumina MA, USA)

NZYGelpure Gel Extraction Kit NZYTech (Lisbon, Portugal) MBO011

PE Annexin V Apoptosis Detection | BD Biosciences (San Jose, CA, | 559763

Kit | USA)

Pierce BCA Protein Assay Kit Thermo Fisher Scientific | 23225
(Waltham, MA, USA)

Qubit DNA HS Assay Kit Thermo Fisher Scientific | Q32851
(Waltham, MA, USA)

Qubit dsDNA BR Assay Kit Thermo Fisher Scientific | Q32850
(Waltham, MA, USA)

Qubit RNA HS Assay Kit Thermo Fisher Scientific | Q32852
(Waltham, MA, USA)

QuickLoad Taq 2x Master Mix New England Biolabs (Ipswich, | M0271L
MA, USA)

RhoA Activation Assay Biochem | Cytoskeleton (Denver, CO, USA) | BK036-S

Kit™

SuperScript v Reverse | Thermo Fisher Scientific | 18090010

Transcriptase

2.1.3 Buffers and solutions

Table 8. Compositions of buffers and solutions used in this study. Warning - always handle

(Waltham, MA, USA)

concentrated acids and bases under fume hood and wear protective PPE.

Name

Recipe/Composition

Alkaline Electrophoresis Solution

200 mM NaOH + 1 mM EDTA; adjust pH >13

Alkaline Unwinding Solution

200 mM NaOH + 1 mM EDTA; adjust pH >13
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Ampicillin Stock (0.1 g/mL)

Dissolve 1 g Ampicillin in 10 mL sterile H,O

Adjust pH to ~10 with 1 M NaOH to help dissolve
Sterile-filter (0.22 ym)

Aliquot and store at -80 °C (stable for 1 year)

Dilute 1:1000 to reach the working concentration of
100 pg/mL

APS (10%)

Weigh 1.0 g APS powder.

Dissolve in 10 mL cold distilled water.

Mix gently until fully dissolved.

Aliquot if needed.

Store at -20 °C; prepare fresh every few weeks for best
activity.

CaCl, (2.5 M)

Weigh 36.75 g CaCl,-2H,0

Dissolve in ~70 mL distilled water

Bring volume to 100 mL with distilled water
Filter-sterilize (0.22 ym) under laminar flow
Store at4 °C

Chloramphenicol Stock
mg/mL)

(25

Dissolve 250 mg chloramphenicol in 10mL 100%
ethanol

Mix until fully dissolved

Filter-sterilize (0.22 ym) if needed

Aliquot and store at -20 °C (light-protected)

Use at 1:1000 dilution for 25pg/mL working
concentration

Citrate Buffer, pH 6.0)

24.27 g Sodium Citrate dihydrate
3.36 g Citric Acid

Dissolve in ~800 mL deionized water
Adjust pH to 6.0 with 0.1 N HCI
Bring volume to 1L

Doxycycline Stock (10 mg/mL)

Dissolve 100 mg Doxycycline in 10 mL sterile water
Protect from light

Filter-sterilize (0.22 ym)

Aliquot and store at -20 °C

Working concentration: 0.5 ug/mL (1:20,000)

EDTA, pH 8.0 (0.5 M)

Weigh 93.05 g EDTA disodium salt (MW 372.24 g/mol).
Add to 400 mL deionized water

Slowly add solid NaOH until EDTA fully dissolves and
pH reaches 8.0

Adjust volume to 500 mL with water

Endotoxin Removal (ER) Buffer

750 mM NacCl

10% Triton X-114

40 mM MOPS, pH 7.0

Adjust pH to 7.0 with NaOH

Bring to 100 mL with ddH,O

Store at 4 °C

Apply heat to resolubilize the contents before use.

F-actin Extraction Buffer

0.75 puL 1 M Guanidine HCI
0.5 uL 1 M Sodium Acetate
0.2 uL 2.5M CaCl,
5uL 100 MM ATP
50 uL 1 M Tris-HCI, pH 7.5
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443.55 yL ddH,0
Mix fresh; use immediately or store on ice

Fibronectin coating solution

Stock solution:

Dissolve fibronectin in sterile PBS to a concentration of
1 mg/mL

Aliquot and store at -80 °C. Avoid repeated freeze-thaw
cycles

Working solution (50 pg/mL):

Dilute the 1 mg/mL stock 1:20 in sterile PBS

G418 Stock (100 mg/mL)

Dissolve 1 g G418 in 10 mL sterile water
Filter-sterilize (0.22 ym)

Aliquot and store at -20 °C

Working concentration: 1000 uyg/mL (1:100 dilution)

Gelatin coating solution (0.2%)

1 g gelatin
500 mL distilled water
Autoclave, store at 4 °C for up to 1 month

Glucose Solution (2.5 M)

Dissolve 22.52g Glucose (CgH1,06, 100% purity) in
~40 mL distilled water

Stir until fully dissolved

Adjust volume to 50 mL with distilled water
Filter-sterilize using a 0.22 ym filter under laminar flow
Store at 4 °C

Guanidine-HCI (1 M)

Weigh 0.96 g guanidine hydrochloride

Add to ~7 mL distilled water

Heat to 35°C for 30 minutes with gentle stirring until
dissolved

Bring volume to 10 mL with distilled water

Use immediately

HBSS (1x)

8g NaCl (0.14 M)

0.4 g KCI (0.005 M)

0.14 g CaCl, (0.001 M)

0.1 g MgSO,-7H,0 (0.0004 M)
0.1 g MgCl,-6H,0 (0.0005 M)
0.06 g Na,HPO,-2H,0 (0.0003 M)
0.06 g KH,PO, (0.0004 M)

1 g D-Glucose (0.006 M)

0.35g NaHCO; (0.004 M)

Add ddH,O to 1L total volume
Adjust pH to 7.4 if needed
Sterile-filter or autoclave if required
Dilute 1:10 for working solution.

Laemmli Buffer (4x)

12.5mL 1 M Tris-HCI, pH 6.8 (Stacking Gel Buffer)
2.59g SDS (5%)

20 mL Glycerol (40%)

Tiny crystal Bromophenol Blue

Add ddH,0 to 50 mL

Store at RT, stable 1-2 years

Fresh B-mercaptoethanol should be added directly
before use at 10% v/v.

LB Agar

5g NaCl
5 g Tryptone
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2.5 g Yeast extract

7.5g Agar

Add ddH,O to 500 mL, mix well

Autoclave; store at +4 °C or RT

Microwave until fully melted

Pour into 10 cm Petri dishes under laminar flow hood or
near Bunsen burner

LB Broth

5g NaCl

5 g Tryptone

2.5 g Yeast extract

Add ddH,O to 500 mL, mix well
Autoclave; store at +4 °C or RT

LyseBlue (10,000x)

43 mg/mL thymolphthalein
Solvent: 100% ethanol
Store at RT, protected from light

MACS Buffer

PBS + 0.5% BSA + 2mM EDTA; filter-sterilize and
degas

Magnesium Chloride (MgCl,) (2M)

Dissolve 9.52 g MgCl, (100% purity) in ~40 mL distilled
water (exothermic!)

Mix until fully dissolved

Bring volume to 50 mL with distilled water
Filter-sterilize through a 0.22 uym membrane under
laminar flow

Store at4°C

Magnesium Sulfate (MgSO,) (1 M)

Dissolve 6.02 g MgSO, (100% purity) in ~40 mL distilled
water

Stir until fully dissolved

Bring volume to 50 mL with distilled water
Filter-sterilize using a 0.22 ym filter under laminar flow
Store at4 °C

Medium Stripping Buffer

15 g Glycine

19 SDS

10 ml Tween 20

Adjust pH to 2.2 with conc. HCI (37%)
Add ddH,O to 1L total volume

Store at4 °C

MOPS Buffer, pH 7.0-7.5 (1 M)

Dissolve 209.26 g MOPS free acid in 750 mL distilled
water.

Adjust pH with 10 M NaOH to desired value.

Bring volume to 1 L with distilled water.

Filter-sterilize (preferred) or autoclave.

Store at 4 °C.

MOPS Running Buffer (10x%)

41.86 g MOPS free acid (0.2 M)
4.1 g Sodium Acetate (0.05 M)
3.72 g Disodium EDTA (0.01 M)
Add ddH,O to 800 mL

Adjust pH to 7.0 with NaOH

Bring to 1 L total volume

Store at RT

Dilute 1:10 for 1x working solution

NaOH (1 M)

Weigh 4.00 g NaOH pellets
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Carefully dissolve in ~80mL distilled water
(exothermic!)
Cool if needed, then bring volume to 100 mL with water

NaOH (10 M)

Weigh 40.00 g NaOH pellets.

Carefully add to ~70mL distilled water in a heat-
resistant container (strongly exothermic!).

Stir until fully dissolved and allow to cool.

Bring volume to 100 mL with distilled water.

P1

Dissolve 6.06 g Tris base, 3.72 g Na2EDTA-2H20 in
800 ml distilled water

Adjust the pH to 8.0 with HCI

Adjust the volume to 1 liter with distilled water

Add 100 mg RNase A per liter of P1 just before use
Add 0.1 pL of LyseBlye per liter of P1 just before use

P2

Dissolve 8.0 g NaOH pellets in 950 ml distilled water, 50
ml 20% SDS (w/v) solution
The final volume should be 1 liter

P3

Dissolve 294.5 g potassium acetate in 500 ml distilled
water

Adjust the pH to 5.5 with glacial acetic acid (~110 ml)
Adjust the volume to 1 liter with distilled water

PBS (10%)

400 g NaCl (1.37 M)

10 g KCI (0.027 M)

72 g Na,HPO,-2H,0 (0.081 M)

12 g KH,PO, (0.018 M)

Dissolve in 5000 mL dH,O, pH should = 7.4
Autoclave.

Dilute 1:10 for 1x working solution.

Puromycin Stock (10 mg/mL)

Dissolve 100 mg Puromycin in 10 mL sterile water
Filter-sterilize (0.22 ym)

Aliquot and store at -20 °C

Working concentration: 1 ug/mL (1:10,000)

QBT Dissolve 43.83 g NaCl, 10.46 g MOPS (free acid) in 800
ml distilled water
Adjust the pH to 7.0 with NaOH
Add 150 ml pure isopropanol and 15 ml 10% Triton X-
100 solution (v/v)
Adjust the volume to 1 liter with distilled water

QC Dissolve 58.44 g NaCl and 10.46 g MOPS (free acid) in
800 ml distilled water
Adjust the pH to 7.0 with NaOH
Add 150 ml pure isopropanol
Adjust the volume to 1 liter with distilled water

QN Dissolve 93.50 g NaCl and 10.46 g MOPS (free acid) in
800 ml distilled water and adjust the pH to 7.0 with
NaOH
Add 150 ml pure isopropanol
Adjust the volume to 1 liter with distilled water

RF1 12 g RbCI (100 mM)

9.9 g MnCl;-4H,0 (50 mM)
30 mL of 1 M Potassium Acetate, pH 7.5 (30 mM)
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1.5g CaCl,-2H,0 (10 mM)

150 g Glycerol (15% w/v)

Add ddH,0 to ~900 mL

Adjust pH to 5.8 with 0.2 M glacial acetic acid
Bring to 1L, sterile-filter (0.22 ym)

Store at-20 °C

RF2

20 mL of 0.5 M MOPS, pH 6.8 (10 mM)
1.2 g RbCI (10 mM)

11 g CaCl, (75 mM)

150 g Glycerol (15% w/v)

Add ddH,0 to ~900 mL

Adjust pH to 6.8 with NaOH

Bring to 1L, sterile-filter (0.22 ym)
Store at-20 °C

RIPA (2x)

3mL 5M NaCl

1 mL NP-40 (100%)

0.5 g Sodium deoxycholate

1mL 10% SDS

5mL 1 M Tris (pH 8.0)

1mL 0.5M EDTA (pH 8.0)

Add ddH,O to 50 mL total volume
Store at 4 °C or aliquot and freeze

SDS (10%)

Weigh 10 g SDS powder.

Add to 80-85 mL distilled water.

Warm gently (40-50 °C) and stir until fully dissolved.
Bring volume to 100 mL with distilled water.

SDS Running Buffer
(10%)

(Towbin)

60.6 g Tris (0.25 M)

288.8 g Glycine (1.92 M)

20 g SDS (0.035 M) or 200 mL of 10% SDS
Add ddH,O to 2 L total volume

Store at RT

Dilute 1:10 for 1x working solution

SDS-PAGE 10% Separating Gel
(50 mL)

Add 19.8 mL distilled water to a clean tube

Add 16.7 mL of 30% acrylamide mix

Add 12.5mL of 1 M Tris, pH 8.8

Add 0.5 mL of 10% SDS

Mix well, then add 0.5 mL of 10% APS

Add 0.02 mL of TEMED

Mix quickly and pour the gel immediately

Let polymerize at room temperature for ~30 minutes

SDS-PAGE 12% Separating Gel
(50 mL)

Add 16.5 mL distilled water to a clean tube

Add 20.0 mL of 30% acrylamide mix

Add 12.5mL of 1 M Tris, pH 8.8

Add 0.5 mL of 10% SDS

Mix well, then add 0.5 mL of 10% APS

Add 0.02 mL of TEMED

Mix quickly and pour the gel immediately

Let polymerize at room temperature for ~30 minutes

SDS-PAGE 15% Separating Gel
(50 mL)

Add 11.4 mL distilled water to a clean tube
Add 25.0 mL of 30% acrylamide mix
Add 12.5mL of 1 M Tris, pH 8.8
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Add 0.5 mL of 10% SDS

Mix well, then add 0.5 mL of 10% APS

Add 0.02 mL of TEMED

Mix quickly and pour the gel immediately

Let polymerize at room temperature for ~30 minutes

SDS-PAGE Separating Gel Buffer

90.8 g Tris base (1.5 M)

20 mL of 10% SDS (final 0.4%)

Add ddH,0 to 400 mL

Adjust pH to 8.8 with conc. HCI (37%)
Bring to 500 mL with ddH,O

Store at RT

SDS-PAGE Stacking Gel (10 mL)

Add 6.8 mL distilled water to a clean tube

Add 1.7 mL of 30% acrylamide mix

Add 1.25mL of 1 M Tris, pH 6.8

Add 0.1 mL of 10% SDS

Mix well, then add 0.1 mL of 10% APS

Add 0.01 mL (10 yL) of TEMED

Mix quickly and pour the gel immediately

Let polymerize at room temperature for ~30 minutes

SDS-PAGE Stacking Gel Buffer

4.2 g Tris base (1 M)

8 mL of 10% SDS (final 0.4%)

Add ddH,0 to 150 mL

Adjust pH to 6.8 with conc. HCI (37%)
Bring to 200 mL with ddH,O

Store at RT

SOB Medium

10 g Tryptone

2.5 g Yeast extract

0.25g NaCl

0.093 g KCI

Add ddH,O to 500 mL total volume

Autoclave, then add 5 mL sterile 2 M MgCl, after cooling

SOC Medium

5 g Tryptone

1.25 g Yeast extract

0.125g NaCl

0.045 g KCl

Add ddH,0 to ~200 mL, adjust pH to 6.8-7.0 with ~0.25-
0.5mL 1 M NaOH

Bring to 250 mL, autoclave

Cool to RT, then add:

1.25mL 2 M MgCl,

2.5mL 1 M MgSO,

2mL 2.5M Glucose

Mix well, aliquot, and store at -20 °C

Sodium Acetate, pH 5.5/ 7.0 (1 M)

Add 7.721 g Sodium Acetate to 800 mL distilled water
Add 352.5 mg Acetic Acid

Adjust pH to indicated level as needed with HCI or
NaOH

Bring volume to 1 L with distilled water

TAE (10x)

48.5 g Tris base
11.4 mL glacial acetic acid
20mL 0.5M EDTA (pH 8.0)
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Dissolve in ~800 mL deionized water, adjust pH to ~8.3
Bring volume to 1L
Dilute 1:10 for 1x working solution

TBS (10%)

30 g Tris base (250 mM)

80 g NaCl (1.5 M)

2gKCl

Add ddH,0 to 800 mL

Adjust pH to 7.4 with ~15-20 mL conc. HCI (37%)
Bring to 1 L with ddH,O

Store at +4 °C (preferred) or RT

Transfer Buffer (1x)

100 mL of 10x Transfer Buffer

200 mL Methanol (20%)

700 mL ddH,0

~1.6 L of 1x buffer is needed to fill one electrophoresis
tank.

Transfer Buffer (10x)

60.6 g Tris (0.25 M)

288.8 g Glycine (1.92 M)

Add ddH,O to 2 L total volume
Store at4 °C

Tris, pH 6.8/8.0/8.8 (1M)

Dissolve 12.11 g Tris base in ~80 mL distilled water
Adjust pH to indicated level using concentrated HCI
Bring volume to 100 mL with water

Tris-EDTA Buffer, pH 9.0

1.21 g Tris base

0.37 g EDTA (disodium salt)
Dissolve in ~800 mL deionized water
Adjust pH to 9.0 with 1 N NaOH

Add 0.5mL Tween 20

Bring volume to 1 L

Triton X-100 (10%)

Add 10 mL Triton X-100 to 80 mL distilled water.
Warm gently and mix until fully dissolved.

Bring volume to 100 mL with distilled water.
Store at room temperature.

Triton X-114 (10%)

Add 10 mL Triton X-114 to 80 mL distilled water.
Warm gently and mix until fully dissolved.

Bring volume to 100 mL with distilled water.
Store at room temperature.

2.1.4 Cell culture media and additives

Table 9. Cell culture media and additives used in this study.

Name Manufacturer

RPMI-1640 Sigma-Aldrich (St. Louis, MO, USA)

IMDM Sigma-Aldrich (St. Louis, MO, USA)

DMEM Sigma-Aldrich (St. Louis, MO, USA)

EBM-2 Lonza (Walkersville, MD, USA)

EGM-2 SingleQuots Lonza (Walkersville, MD, USA)

OptiMEM Thermo Fisher Scientific (Waltham, MA,
USA)

Penicillin/Streptomycin (10,000 U/mL) Thermo Fisher Scientific (Waltham, MA,
USA)
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L-Glutamine (200 mM)

USA)

Thermo Fisher Scientific (Waltham, MA,

HEPES (1M)

USA)

Thermo Fisher Scientific (Waltham, MA,

Recombinant human IL6

Peprotech (Cranbury, NJ, USA)

Human Serum AB

GemCell (Lawrence, MA, USA)

Fetal Bovine Serum (Chile origin)

2.1.5 Nucleic acids

2.1.5.1 Oligonucleotides for cloning

Sigma-Aldrich (St. Louis, MO, USA)

Table 10. Oligonucleotide sequences used for cloning, colony PCR and Sanger sequencing.

Name Sequence (5’-3’) Purpose
Oligo_shPIM | gatCctGTGCAAGATCTCTTCGACTTTCAAGAG | Top strand for shPIM1.2
12 T AAGTCGAAGAGATCTTGCACTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAAGTGCAAGATCTCTTCGACTTCTCTT | Bottom strand for shPIM1.2
12 B GAAAGTCGAAGAGATCTTGCACa insert for TST30
Oligo_shPIM | gatctGCAAGATCTCTTCGACTTCTTCAAGAG | Top strand for shPIM1.3
13 T AGAAGTCGAAGAGATCTTGCTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAAGCAAGATCTCTTCGACTTCTCTCTT | Bottom strand for shPIM1.3
1.3 B GAAGAAGTCGAAGAGATCTTGCa insert for TST30
Oligo_shPIM | 9atCtGAGTGAACTGGTCTTCCTTTTCAAGAG | Top strand for shPIM1.4
14 T AAAGGAAGACCAGTTCACTCTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAAGAGTGAACTGGTCTTCCTTTCTCTT | Bottom strand for shPIM1.4
14 B GAAAAGGAAGACCAGTTCACTCa insert for TST30
Oligo_shPIM | gatCctGCCTGGAGGTCAATGTTATGTTCAAGA | Top strand for shPIM1.5
15 T GACATAACATTGACCTCCAGGTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAACCTGGAGGTCAATGTTATGTCTCTT | Bottom strand for shPIM1.5
Oligo_shPIM | 9atctGCTTGACTGGTTTGAGACATTCAAGAG | Top strand for shPIM2.1
21T ATGTCTCAAACCAGTCAAGCTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAAGCTTGACTGGTTTGAGACATCTCTT | Bottom strand for shPIM2.1
21 B GAATGTCTCAAACCAGTCAAGCa insert for TST30
Oligo_shPIM | gatctGCTTCATGATGAACCCTACTTCAAGAG | Top strand for shPIM2.2
22T AGTAGGGTTCATCATGAAGCTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAAGCTTCATGATGAACCCTACTCTCTT | Bottom strand for shPIM2.2
22 B GAAGTAGGGTTCATCATGAAGCa insert for TST30
Oligo_shPIM | 9atCctAGGAGATTCTGGAAGCTGATTCAAGAG | Top strand for shPIM2.3
23T ATCAGCTTCCAGAATCTCCTTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAAAGGAGATTCTGGAAGCTGATCTCTT | Bottom strand for shPIM2.3
2.3 B GAATCAGCTTCCAGAATCTCCTa insert for TST30
Oligo_shPIM | gatCctGCCGGGACTCTTATTCTGATTTCAAGA | Top strand for shPIM2.4
24 T GAATCAGAATAAGAGTCCCGGTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAACCGGGACTCTTATTCTGATTCTCTT | Bottom strand for shPIM2.4
24 B GAAATCAGAATAAGAGTCCCGGCa insert for TST30
Oligo_shPIM | gatCctGCCAGGATCTCTTTGACTATTTCAAGA | Top strand for shPIM2.5
25T GAATAGTCAAAGAGATCCTGGTTTTTTgagct insert for TST30
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Oligo_shPIM | CAAAAAACCAGGATCTCTTTGACTATTCTCTT | Bottom strand for shPIM2.5
Oligo_shPIM | 9atctGCGACATTAAGGACGAAAATTCAAGAG | Top strand for shPIM3.1
3.1 T_ ATTTTCGTCCTTAATGTCGCTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAAGCGACATTAAGGACGAAAATCTCTT | Bottom strand for shPIM3.1
3.1 B GAATTTTCGTCCTTAATGTCGCa insert for TST30
Oligo_shPIM | gatctGCCGCCAACTCTGTTATTTATTCAAGA | Top strand for shPIM3.2
3.2_1-_ GATAAATAACAGAGTTGGCGGTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAACCGCCAACTCTGTTATTTATCTCTT | Bottom strand for shPIM3.2
3.2 B GAATAAATAACAGAGTTGGCGGCa insert for TST30
Oligo_shPIM | gatCtGCTGTCAGAAGATGAACATGTTCAAGA | Top strand for shPIM3.3
3. 3_-|-_ GACATGTTCATCTTCTGACAGTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAACTGTCAGAAGATGAACATGTCTCTT | Bottom strand for shPIM3.3
3.3 B GAACATGTTCATCTTCTGACAGCa insert for TST30
Oligo_shPIM | gatctGCTGTGAAGCACGTGGTGAATTCAAGA | Top strand for shPIM3.4
3. 4_-|-_ GATTCACCACGTGCTTCACAGTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAACTGTGAAGCACGTGGTGAATCTCTT | Bottom strand for shPIM3.4
3.4 B GAATTCACCACGTGCTTCACAGCa insert for TST30
Oligo_shPIM | gatctGCAGGACCTCTTCGACTTTTTCAAGAG | Top strand for shPIM3.5
3.5 T_ AAAAGTCGAAGAGGTCCTGCTTTTTTgagct insert for TST30
Oligo_shPIM | CAAAAAAGCAGGACCTCTTCGACTTTTCTCTT | Bottom strand for shPIM3.5
3. 5_B_ GAAAAAGTCGAAGAGGTCCTGCa insert for TST30
Oligo_shSC | gatCtCCTAAGGTTAAGTCGCCCTCGCTCGAG | Top strand for shSCR insert
RT CGAGGGCGACTTAACCTTAGGTTTTTTgagCt | for TST30
Oligo_shSC | CAAAAAACCTAAGGTTAAGTCGCCCTCGCTCG | Bottom strand for shSCR
RB AGCGAGGGCGACTTAACCTTAGGa insert for TST30
seq30 CAGGAAACAGCTATGAC Sequencing TST30-sh
seq201F GGCTTTAGAAGCTTCCCAC Sequencing and colony PCR
of TST201-sh
seq201R2 GCTGACTAATTGAGATGCATGC Sequencing and colony PCR
of TST201-sh

2.1.5.2 Oligonucleotides for gPCR

Table 11. Oligonucleotide sequences used for qPCR.

Gene Forward primer (5°-3’) Reverse primer (5’-3’)
RNA18S CGTCTGCCCTATCAACTTTG TGCCTTCCTTGGATGTGGTAG
YWHAZ AGGAGATTACTACCGTTACTTGGC AGCTTCTTGGTATGCTTGTTGTG
ACTB CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
PIM1 TCATTAGGCTCCTGGACTGG GCGATTGAGGTCGATAAGGA
PIM2 CTCGAAGTCGCACTGCTATG CTGGATGGCTGCCACTACTT
PIM3 TCTCTCCAGAGTGCCAGCA GTGCACAGCCGCAGGTCA
MYC GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT
PTPRC ACCACAAGTTTACTAACGCAAGT TTTGAGGGGGATTCCAGGTAAT
PECAM1 AACAGTGTTGACATGAAGAGCC TGTAAAACAGCACGTCATCCTT
CD34 CTACAACACCTAGTACCCTTGGA GGTGAACACTGTGCTGATTACA
KDR GGCCCAATAATCAGAGTGGCA CCAGTGTCATTTCCGATCACTTT
PROM1 AGTCGGAAACTGGCAGATAGC GGTAGTGTTGTACTGGGCCAAT
CDH5 TTGGAACCAGATGCACATTGAT TCTTGCGACTCACGCTTGAC
STAB2 GTGCCCGGATGGTTACACC CTTCCTACAAATATGGCGGCAT
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VCAM1

GGGAAGATGGTCGTGATCCTT

TCTGGGGTGGTCTCGATTTTA

APLNR

CTCTGGACCGTGTTTCGGAG

GGTACGTGTAGGTAGCCCACA

EFNB2

TATGCAGAACTGCGATTTCCAA

TGGGTATAGTACCAGTCCTTGTC

SOX17

GTGGACCGCACGGAATTTG

GGAGATTCACACCGGAGTCA

FLT1

TTTGCCTGAAATGGTGAGTAAGG

TGGTTTGCTTGAGCTGTGTTC

PDGFA

2.1.5.3 Plasmids

Table 12. Plasmids used in this study.

Name

GCAAGACCAGGACGGTCATTT

Backbone

Description

GGCACTTGACACTGCTCGT

Source

TST209

pT2

Sleeping Beauty system plasmid
encoding tetracycline-repressor
and puromycin resistance gene.

Kindly provided
by Thorsten
Stihmer
(University  of
Wirzburg)

pCMV(CAT)T7-
SB100

pCMV

Allows for transient expression of
Sleeping Beauty transposase
SB100X.

Gift from
Zsuzsanna
Izsvak
(Addgene
plasmid #
34879)

TST30

pSUSTER2

Sleeping Beauty system
acceptor plasmid for shRNA
duplex cloning. Contains H1
promoter followed by tet
operator.

Kindly provided
by Thorsten
Stihmer
(University  of
Wirzburg)

TST30-shPIM1.2

TST30

TST30
silencing.
sequence:
GTGCAAGATCTCTTCGACT

PIM1
target

plasmid  for
shRNA

This work

TST30-shPIM1.3

TST30

TST30 plasmid for
silencing. shRNA

sequence:
GCAAGATCTCTTCGACTTC

PIM1
target

This work

TST30-shPIM1.4

TST30

TST30 plasmid for
silencing. shRNA

sequence:
GAGTGAACTGGTCTTCCTT

PIM1
target

This work

TST30-shPIM1.5

TST30

TST30 plasmid for
silencing. shRNA

sequence:
CCTGGAGGTCAATGTTATG

PIM1
target

This work

TST30-shPIM2.1

TST30

TST30 plasmid for
silencing. shRNA

sequence:
GCTTGACTGGTTTGAGACA

PIM2
target

This work

TST30-shPIM2.2

TST30

TST30 plasmid for
silencing. shRNA

sequence:
GCTTCATGATGAACCCTAC

PIM2
target
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TST30-shPIM2.3

TST30

TST30 plasmid for PIM2
silencing. shRNA target

sequence:
AGGAGATTCTGGAAGCTGA

This work

TST30-shPIM2.4

TST30

TST30 plasmid for PIM2
silencing. shRNA target

sequence:
CCGGGACTCTTATTCTGAT

This work

TST30-shPIM2.5

TST30

TST30 plasmid for PIM2
silencing. shRNA target

sequence:
CCAGGATCTCTTTGACTAT

This work

TST30-shPIM3.1

TST30

TST30 plasmid for PIM3
silencing. shRNA target

sequence:
GCGACATTAAGGACGAAAA

This work

TST30-shPIM3.2

TST30

TST30 plasmid for PIM3
silencing. shRNA target

sequence:
CCGCCAACTCTGTTATTTA

This work

TST30-shPIM3.3

TST30

TST30 plasmid for PIM3
silencing. shRNA target
sequence:
CTGTCAGAAGATGAACATG

This work

TST30-shPIM3.4

TST30

TST30 plasmid for PIM3
silencing. shRNA target

sequence:
CTGTGAAGCACGTGGTGAA

This work

TST30-shPIM3.5

TST30

TST30 plasmid for PIM3
silencing. shRNA target

sequence:
GCAGGACCTCTTCGACTTT

This work

TST30-SCR

TST30

TST30 control plasmid with non-
targeting shRNA.

This work

TST201

pT2

Sleeping Beauty system plasmid
for doxycycline-induced PIM
silencing. Allows for
concatenated cloning of multiple
expression casettes derived from
TST30 plasmids.

Kindly provided
by Thorsten
Stihmer
(University  of
Wirzburg)

TST201-
shPIM1.1

TST201

TST201 plasmid with shPIM1.1
sequence and H1 promoter.

This work

TST201-
shPIM1.2

TST201

TST201 plasmid with shPIM1.2
sequence and H1 promoter.

This work

TST201-
shPIM1.3

TST201

TST201 plasmid with shPIM1.3
sequence and H1 promoter.

This work

TST201-
shPIM1.4

TST201

TST201 plasmid with shPIM1.4
sequence and H1 promoter.

This work

TST201-
shPIM1.5

TST201

TST201 plasmid with shPIM1.5
sequence and H1 promoter.

This work

TST201-
shPIM2.1

TST201

TST201 plasmid with shPIM2.1
sequence and H1 promoter.
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TST201- TST201 TST201 plasmid with shPIM2.2 | This work
shPIM2.2 sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM2.3 | This work
shPIM2.3 sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM2.4 | This work
shPIM2.4 sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM2.5 | This work
shPIM2.5 sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM3.1 | This work
shPIM3.1 sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM3.2 | This work
shPIM3.2 sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM3.3 | This work
shPIM3.3 sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM3.4 | This work
shPIM3.4 sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM3.5 | This work
shPIM3.5 sequence and H1 promoter.
TST201-shSCR | TST201 TST201 plasmid with shSCR | This work
sequence and H1 promoter.
TST201- TST201 TST201 plasmid with shPIM1.5, | This work
sh3xPIM shPIM2.4, shPIM3.4 casettes,
each driven by a separate
tetracycline-inducible HA1
promoter.
pSIREN-RetroQ- | pSIREN RetroQ Allows transient flow cytometry- | Shipp Lab

ZsGreen-shLuc

based tracking of cells
successfully  co-electroporated
with plasmid mixture (ZsGreen®).

pHIV-ZsGreen-
Luc

pHIV-Zsgreen

Allows for constitutive expression
of Firefly Luciferase for in vivo

Gift from Bryan
Welm (Addgene

studies. plasmid #

39196)
pMDLg/pRRE pMD 3rd generation lentiviral | Gift from Didier
packaging plasmid. Contains | Trono (Addgene
Gag and Pol. plasmid #

12251)
pRSV-Rev pRSV-Rev 3rd generation lentiviral | Gift from Didier
packaging plasmid. Contains | Trono (Addgene
Rev. plasmid #

12253)
pMD2.G pMD2.G VSV-G envelope expressing | Gift from Didier
plasmid. Trono (Addgene

plasmid # 12259

2.1.6 Antibodies

Table 13. Antibodies used in this study. R, rabbit; M, mouse; G, goat; H, horse; Hs, Human; FC,
flow cytometry; IHC, immunohistochemistry; WB, western blot.

Target | Host | Application | Dilution | Clone/Cat. No. | Source
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B-B4/130-081-

Miltenyi Biotec (Bergisch

CD138 M FC 1:20 301 Gladbach, Germany)
. BioLegend (San Diego,
CD31 M FC 1:20 WM59/303106 CA, USA)
_ REA569/A1608 | Miltenyi Biotec (Bergisch
VEGFR1 Hs FC 1:20 3C Gladbach, Germany)
CD144 , .
(VE- M FC 120 | Bvoi3agsos | oo-edend (San Diego,
Cadherin) ’ )
. ST0513/NBP2- | Novus Biologicals
PIM1 R IHC 1100 | 57508 (Centennial, CO, USA)
Cell Signaling
PIM1 R WB 1:500 D8D7Y/54523 Technology (Danvers,
MA, USA)
i OTI5SD5/NBP2- | Novus Biologicals
PIM2 M IHC 1100 | 5o441 (Centennial, CO, USA)
Cell Signaling
PIM2 R WB 1:500 D1D2/4730 Technology (Danvers,
MA, USA)
1:50 + Cell Signaling
PIM3 R IHC, WB linker, D17C9/4165 Technology (Danvers,
1:500 MA, USA)
. Millipore (Burlington,
GAPDH M WB 1:2000 | 6C5/MAB374 MA, USA)
Cell Signaling
B-Actin R WB 1:2000 13E5/4970 Technology (Danvers,
MA, USA)
Cell Signaling
S6 R WB 1:1000 5G10/2217 Technology (Danvers,
MA, USA)
pS6 Cell Signaling
(Ser235/2 R WB 1:1000 91B2/4857 Technology (Danvers,
36) MA, USA)
DAkt Cell Signaling
(Ser473) R WB 1:1000 193H12/4058 Technology (Danvers,
MA, USA)
Cell Signaling
Akt (pan) R WB 1:1000 11E7/4685 Technology (Danvers,
MA, USA)
pERK1/2 Cell Signaling
(Thr202/T | R WB 1:1000 g 13.14.48/437 | Tochnology  (Danvers,
yr204) MA, USA)
Cell Signaling
ERK1/2 R WB 1:1000 137F5/4695 Technology (Danvers,
MA, USA)
Cell Signaling
PARP R WB 1:1000 46D11/9532 Technology (Danvers,
MA, USA)
M . Cytoskeleton (Denver,
RhoA (IgM) WB 1:500 ARHO05 CO, USA)
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. QBENd Dako (Glostrup,

CD34 M IHC 1:400 | Jo/m7165 Denmark)

Cell Signaling
E2F1 R WB 1:1000 3742 Technology (Danvers,

MA, USA)
MYC R WB 1:10,000 | ab32072 Gg‘jf)m (Waltham, MA,
Mouse WB Jackson
lgG+IgM | G seconda 1:10,000 | 15-035-068 Immunoresearch (West
(H+L) v Grove, PA, USA)

. Cell Signaling
F%bblt G sec\é\:sja 1:2000 7074 Technology (Danvers,
g Y MA, USA)

Cell Signaling
:V'guse H Sec\é\ﬁa 1:2000 | 7076 Technology ~ (Danvers,
g Y MA, USA)
2.1.7 Consumables
Table 14. Consumables used in this study.
Name Manufacturer

0.2 mL PCR tubes

Sarstedt (NUmbrecht, Germany)

1 mL pipette tips

Sarstedt (NUmbrecht, Germany)

1.5 glass coverslips (22 x 22 mm)

Fisher Scientific (Waltham, MA, USA)

1.5 mL Safe-Lock microcentrifuge tubes

Eppendorf (Hamburg, Germany)

10 cm cell culture dishes (nontreated)

Sarstedt (NUmbrecht, Germany)

10 cm cell culture dishes (treated)

Sarstedt (NUmbrecht, Germany)

10 mL BD Luer-Lok Syringe

BD (Franklin Lakes, NJ, USA)

10 mL serological pipettes

Sarstedt (NUmbrecht, Germany)

10 pL pipette tips

Sarstedt (NUmbrecht, Germany)

100 pL pipette tips

Sarstedt (NUmbrecht, Germany)

15 cm cell culture dishes (nontreated)

Sarstedt (NUmbrecht, Germany)

15 cm cell culture dishes (treated)

Sarstedt (NUmbrecht, Germany)

15 mL conical tubes

Sarstedt (NUmbrecht, Germany)

2 mL serological pipettes

Sarstedt (NUmbrecht, Germany)

2 mm Gene Pulser electroporation cuvettes

Bio-Rad (Hercules, CA, USA)

2.0 mL Safe-Lock microcentrifuge tubes

Eppendorf (Hamburg, Germany)

200 pL pipette tips

Sarstedt (NUmbrecht, Germany)

24-well plates (nontreated)

Sarstedt (NUmbrecht, Germany)

24-well plates (treated)

Sarstedt (NUmbrecht, Germany)

25 mL serological pipettes

Sarstedt (NUmbrecht, Germany)

4 mm Gene Pulser electroporation cuvettes

Bio-Rad (Hercules, CA, USA)

5 mL serological pipettes

Sarstedt (NUmbrecht, Germany)

50 mL conical tubes

Sarstedt (NUmbrecht, Germany)

6-well plates (nontreated)

Sarstedt (NUmbrecht, Germany)

6-well plates (treated)

Sarstedt (NUmbrecht, Germany)

96-well plates (nontreated)
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96-well Solid White Flat Bottom Polystyrene

TC-treated Plate

Corning (Corning, NY, USA)

BD Bard-Parker
Handle, Size #15

Disposable Scalpel

with

BD (Franklin Lakes, NJ, USA)

BD Lo-Dose U-100 Insulin Syringes 28G

BD (Franklin Lakes, NJ, USA)

BD SafetyGlide Needle 18 G x 1 1/2 in.

BD (Franklin Lakes, NJ, USA)

Cell scrapers

Sarstedt (NUmbrecht, Germany)

Cryovials

Sarstedt (NUmbrecht, Germany)

DNA LoBind tubes 0.5 mL

Eppendorf (Hamburg, Germany)

GenCatch DEAE-Silica Anion Exchange Maxi

Column

Epoch Life Science (Fort Bend County, TX,
USA)

Hemacytometer

Marienfeld (Lauda-Kénigshofen, Germany)

Hemacytometer cover glass

VWR (Radnor, PA, USA)

Heparin-coated blood collection tubes

BD (Franklin Lakes, NJ, USA)

LS columns

Miltenyi Biotec (Bergisch  Gladbach,

Germany)

MicroAmp Optical 96-Well Reaction Plate

Thermo Fisher Scientific (Waltham, MA,
USA)

Microseal 'B' PCR Plate Sealing Film, | Thermo Fisher Scientific (Waltham, MA,
adhesive, optical USA)

.- Miltenyi Biotec (Bergisch  Gladbach,
MidiMACS Separator Germany)

Mr. Frosty freezing container

Thermo Fisher Scientific (Waltham, MA,
USA)

MultiStand

Miltenyi  Biotec Gladbach,

Germany)

(Bergisch

Paper coffee filters

Auchan (Croix, France)

SuperFrost Plus microscope slides

Thermo Fisher Scientific (Waltham, MA,
USA)

Syringe Filter, PTFE, 0.45 ym, 30 mm

StemCELL (Vancouver, Canada)

Syringe Filter, PVDF, 0.22 ym, 30 mm

StemCELL (Vancouver, Canada)

T25 culture flask (treated)

Sarstedt (NUmbrecht, Germany)

T25 culture flask (untreated)

Sarstedt (NUmbrecht, Germany)

Sarstedt (NUmbrecht, Germany)

(
T75 culture flask (treated)
T75 culture flask (untreated)

2.1.8 Equipment

Sarstedt (NUmbrecht, Germany)

Table 15. Machines and instruments used in this study.

Name

Manufacturer

—-20 °C Freezer

PHCbi (Tokyo, Japan)

4 °C Refrigerator

Liebherr (Ochsenhausen, Germany)

—-80 °C Freezer

PHCbi (Tokyo, Japan)

ABI 3500 Genetic Analyzer

Applied Biosystems (Waltham, MA, USA)

Accumet pH meter

Thermo Fisher Scientific (Waltham, MA, USA)

Agarose Gel Electrophoresis System (Sub-
Cell GT Cell, PowerPac)

Bio-Rad (Hercules, CA, USA)

Agilent TapeStation 4200

Agilent Technologies (Santa Clara, CA, USA)
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Axio Imager.Z2 Fluorescence Microscope

Zeiss (Oberkochen, Germany)

BD FACSCanto Il Flow Cytometer

BD Biosciences (Franklin Lakes, NJ, USA)

C1000 Touch™ Thermal Cycler

Bio-Rad (Hercules, CA, USA)

CFX96 Touch Real-Time PCR System

Bio-Rad (Hercules, CA, USA)

Class |l Biosafety cabinet

Thermo Fisher Scientific (Waltham, MA, USA)

Cole-Parmer Stuart Digital Tube Roller

Thermo Fisher Scientific (Waltham, MA, USA)

CytoFLEX S V4-B2-Y4-R3 Analyzer

Beckman Coulter (Brea, CA, USA)

CytoFLEX SRT V5-B2-Y5-R3 Cell Sorter

Beckman Coulter (Brea, CA, USA)

Forma Direct Heat CO2 Incubator

Thermo Fisher Scientific (Waltham, MA, USA)

G:BOX Imaging System

Syngene (Cambridge, UK)

Gene Pulser Xcell Electroporation System

Bio-Rad (Hercules, CA, USA)

Hot plate magnetic stirrer

Thermo Fisher Scientific (Waltham, MA, USA)

Innova 42/44 Series Shaking Incubator

New Brunswick (Enfield, CT, USA)

Lab digital scale

Radwag (Radom, Poland)

Liquid Nitrogen Storage Tank

Thermo Fisher Scientific (Waltham, MA, USA)

LP Vortex Mixer

Thermo Fisher Scientific (Waltham, MA, USA)

Memmert IN110 Bacterial Incubator

Memmert (Schwabach, Germany)

Microcentrifuge for 0.2 mL Tubes

USA Scientific (Ocala, FL, USA)

Milli-Q Water Purification System

Millipore (Burlington, MA, USA)

MiniSpin Centrifuge

Eppendorf (Hamburg, Germany)

Mithras LB 940 Luminometer

Berthold  Technologies (Bad
Germany)

Wildbad,

Multiskan Microplate Spectrophotometer

Thermo Fisher Scientific (Waltham, MA, USA)

NextSeq 500 Sequencing System

lllumina (San Diego, CA, USA)

Precision GP 10 Water Bath

Thermo Fisher Scientific (Waltham, MA, USA)

PrimoVert Inverted Phase Contrast

Microscope

Zeiss (Oberkochen, Germany)

Qubit 4 Fluorometer

Thermo Fisher Scientific (Waltham, MA, USA)

Refrigerated Centrifuge 5418R

Eppendorf (Hamburg, Germany)

Refrigerated Centrifuge 5810R

Eppendorf (Hamburg, Germany)

Rocking Platform Shaker

Thermo Fisher Scientific (Waltham, MA, USA)

Tube Revolver Rotator

2.1.9 Software

Table 16. Software used in this study.

Thermo Fisher Scientific (Waltham, MA, USA)

Name Manufacturer/Source Version
bcl2fastq lllumina (San Diego, CA, USA) 2.20.0.422
Benchling Benchling (San Francisco, CA, USA) | Online
Bio-Rad CFX Manager Bio-Rad (Hercules, CA, USA) 2.1
BioRender BioRender (Toronto, Canada) Online

: Johns Hopkins University (Baltimore,
Bowtie2 MD, USA) 245
Clontech’s shRNA design tool Takara Bio (Otsu, Shiga, Japan) Syelxli?aetgleno longer
ClusterProfiler Bioconductor (Boston, MA, USA) 4.16.0
Conda Anaconda (Austin, TX, USA) 25.3.1
. h : Online, no longer
Cutoff Finder Charité (Berlin, Germany) available
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CytExpert Beckman Coulter (Brea, CA, USA) 2.4.0.28
Freiburg Galaxy Team (Freiburg,
deepTools Germany) 3.5.6
DESeq2 Bioconductor (Boston, MA, USA) 1.48.1
Excel Microsoft (Redmond, WA, USA) 365
Babraham Bioinformatics
FastQC (Cambridge, UK) 0.12.1
FlowJo BD Biosciences (Franklin Lakes, NJ, 10.10
USA)
lllustrator Adobe (San Jose, CA, USA) CC
ImageJ NIH (Bethesda, MD, USA) 1.53
ISIS Fluorescence Imaging | MetaSystems (Altlussheim,
5.3.1
System Germany)
, Leica Microsystems (Wetzlar,
LAS X Office Germany) 14.6
Living Image Software PerkinElmer (Waltham, MA, USA) 4.7.4
MACS2 Zhang Lab (St. Louis, MO) 2.2.9.1
MedCalc Software (Ostend,
MedCalc Belgium) 20
. , Berthold Technologies (Bad
MikroWin Wildbad, Germany) 4.41
NCBI BLAST NCBI (Bethesda, MD, USA) Online
NEBioCalculator BS‘X)E”g'and Biolabs (Ipswich, MA, | 5 ine. 1.16.24
Nextflow Seqera Labs (Barcelona, Spain) 22.10.1
Photoshop Adobe (San Jose, CA, USA) CC
Prism GraphPad (Boston, MA, USA) 10.0
R R Core Team (Vienna, Austria) 443
R Studio Posit (Boston, MA, USA) 2025.05.0
Sambamba Artem Tarasov (St. Petersburg, 1.0.1
Russia)
SAMtools HTSlib team (Hinxton, UK) 1.21
Sciugo Jonah Librah (Toronto, Canada) Online
Sequencing Analysis Software Ggp;l\l)ed Biosystems (Foster City, CA, 6.0
Seurat Satija Lab (New York, NY, USA) 5.1.0
, Alexander Dobin group (New York,
STAR aligner NY, USA) 2.7.11
SynergyFinder FIMM (Helsinki, Finland) Online
Windows Subsystem for Linux | Microsoft (Redmond, WA, USA) 224
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2.2 Methods

2.2.1 Cell biology techniques

2.2.1.1 Culture of mammalian cell lines

All original cell lines used in this study are listed in Table 2, along with relevant metadata such
as sex, geographic ancestry, immunoglobulin (Ig) isotype, and light chain expression. Cell lines

were obtained from commercial sources (ATCC, DSMZ, JCRB) or academic collaborators.

All cells were cultured under standard conditions at 37 °C in a humidified incubator with 5%
COz. MM lines and HBL-1 were maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine
as well as 10 mM HEPES. OCI-Lyl was maintained in IMDM medium supplemented as
described above. Interleukin-6 (IL-6) was added to a final concentration of 1-2 ng/mL where
required (e.g., ANBL6, DP6, INA6, KJON, OH2, XG1). KJON cells additionally required 10%

pooled human serum. All suspension cell lines were cultured in non-treated cell culture dishes.

HUVEC-TERT2 and BMEC60 endothelial cells were cultured in EBM-2 medium supplemented
with EGM-2 SingleQuots Supplements and 10 mM HEPES. The final EBM-2 composition
included 2% FBS, 5 ng/ml human EGF, 5 ng/ml human FGF, 50 pg/ml ascorbic acid, 1 pg/ml
hydrocortisone hemisuccinate, 10 mM L-glutamine, 15ng/ml human long R3 insulin-like
growth factor (R3-IGF-1), 5ng/ml human VEGF, 0.75 U/ml heparin sulfate, 30 mg/ml
gentamicin, and 15 pg/ml amphotericin B. HUVEC-TERT?2 cells were always cultured on tissue
culture-treated dishes. Dishes were coated with 0.2% gelatin solution for 1 hour at 37 °C, then

aspirated and air-dried for 10 minutes in a biosafety cabinet.

HEK293T cells were cultured in DMEM with 10% FBS, 100 U/mL penicillin, 100 pg/mL

streptomycin, and 2 mM L-glutamine on tissue culture-treated dishes.

Cell identity was confirmed by STR profiling or obtained from authenticated sources. Cultures
were regularly screened for mycoplasma contamination using MycoAlert Mycoplasma

Detection Kit.
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Cells were maintained below overconfluent conditions. Cells growing in suspension were
passaged 24 hours before starting each experiment to achieve density of 0.5 million cells/mL.
For each experiment, cells were seeded at 0.5 million cells/mL in fresh medium, except for long
timecourse-based experiments, where cells were seeded at 0.1-0.2 million cells/mL depending
on the cell line. Adherent cells were seeded into new dishes 24 h before starting each experiment
at a density of 8000 cells/cm?. All cell lines were passaged 2-3 times per week. New vials were

thawed and expanded every 3 months to maintain cell line stability.

Suspension cell lines were passaged by gentle pipetting to resuspend the cells, followed by
counting with trypan blue exclusion. Cultures were then diluted in fresh pre-warmed medium to
maintain a density of 0.5 million cells/mL. Semi-adherent MM cell lines (MM1.S, KMSI11,
RPMI8226) were scraped with a cell scraper to dislodge the adherent cell subpopulation.
Adherent cell lines were washed once with PBS (without Ca?/Mg?**), detached using 0.05%
trypsin-EDTA for 2-5 minutes at 37 °C, and the detachment was monitored under a microscope.
For endothelial cell lines, cells were frequently released by firmly striking the side of the culture
dish with the palm of the hand to dislodge them after trypsinization. Detached cells were
transferred to a tube, centrifuged at 300 x g for 5 minutes, and the supernatant was carefully
aspirated to avoid disturbing the loose pellet. Cells were then resuspended in fresh medium and

reseeded at densities appropriate for each experiment.

For cell line cryopreservation, 5-10 million cells were frozen per cryovial in freezing medium
containing 90% FBS and 10% DMSO. Vials were placed in a Mr. Frosty container filled with
isopropanol, cooled at -80 °C overnight, and then transferred to liquid nitrogen for long-term
storage. The cryovials were thawed by warming the vial in 37 °C water bath, immediately
followed by slow dilution of the freezing medium with 10 mL culture medium, centrifugation at
100 x g for 5 min, and resuspension of the cell pellet in appropriate culture medium. The cells
were then cultured in a 6-well plate in 3-6 mL of medium, inspected and split accordingly. If
several days after thawing the cell viability kept decreasing, the culture was subjected to gradient

centrifugation with Histopaque 1077 (as described in 2.2.1.6).
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2.2.1.2 Electroporation of mammalian cell lines

JIN3 cells were harvested from routine cultures at a density of 3 x 103-7 x 10° cells/mL, pelleted
at 300 x g, and resuspended in additive-free, freshly opened RPMI-1640 medium. Medium
stored in tightly filled, sealed tubes was used when freshly opened bottles were unavailable, to

preserve pH.

Final electroporation mixtures contained 2 x 107-6 x 107 cells/mL. For 2 mm cuvettes (200 uL
volume), this corresponded to 0.4 x 107-1.2 x 107 cells per reaction; for 4 mm cuvettes (500 pL
volume), 1 x 107-3 x 107 cells per reaction. Cells were mixed with plasmid DNA and/or siRNA
directly in 1.5 mL tubes by gentle pipetting.

Electroporation was performed using a Gene Pulser (Bio-Rad) with a single exponential decay
pulse at 960 pF and voltages set to 300 V. Immediately after pulsing, cells were transferred into
500 pL of fresh, RPMI medium without additives and kept at room temperature until all
electroporations were completed. Cells were then plated in pre-warmed complete medium and

returned to standard culture conditions.

Electroporation efficiency was monitored by co-transfection with a plasmid allowing for a
transient expression of a fluorescent protein (pSIREN-RetroQ-ZsGreen-shLuc). Consistent use

of fresh, pH-stable medium was critical for cell viability and transfection efficiency.

Reusable electroporation cuvettes were cleaned between runs with ddH>O and 70% ethanol, then
air-dried and sterilized with UV light in a biosafety cabinet for 1 h. Reuse did not significantly

impact transfection efficiency.

2.2.1.3 Lentivirus production and infection

Lentivirus was produced using HEK293T cells seeded at 6 x 10° per 10 cm tissue culture-treated
dish in DMEM supplemented with 10% FBS (without penicillin/streptomycin) 24 hours prior to

transfection.

For transfection, the following plasmids were used (Table 17):
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Table 17. Plasmids used for lentiviral production.

Plasmid Amount
pHIV-ZsGreen-Luc 5 yg
pMDLg/pRRE 5 ug
pRSV-Rev 5 yg
pMD2.G 5 ug

Plasmids were diluted in Opti-MEM to a total volume of 500 pL. Separately, 40 pL of
Lipofectamine 2000 was diluted in 460 pL of Opti-MEM and incubated at room temperature for
5 minutes. The DNA solution was added to the Lipofectamine mix, gently mixed, and incubated
for 30 minutes at room temperature. The resulting 1 mL DNA-Lipofectamine complex was
slowly added dropwise to HEK293T cells. After 6 hours, the media was replaced with fresh
DMEM + 10% FBS.

Viral supernatants were collected at 48 and 72 h post-transfection. Each harvest was centrifuged
at 300 x g for 5 minutes at 4 °C, filtered through a 0.45 um syringe filter, and stored at 4 °C until

use on day 3 post-transfection.

MML1.S cells were plated at 2 x 10° cells per well in 6-well plates (2 mL/well) with the filtered
viral supernatant supplemented with polybrene (2 pg/mL). Plates were centrifuged at 600 x g for
60 minutes at 37 °C (spinfection). After centrifugation, viral media was removed by pelleting

the cells, and fresh complete RPMI-1640 medium was added.

Transduction efficiency was assessed by ZsGreen fluorescence using flow cytometry 72 hours

post-infection. ZsGreen™ cells were sorted to establish a stably transduced population.

Stable ZsGreen® cells were tested for luciferase activity using the Dual-Luciferase Reporter
Assay System (Promega) on a Berthold luminometer. Cells were tested for mycoplasma

contamination and cryopreserved in FBS + 10% DMSO.

2.2.1.4 Fluorescence microscopy

Cells grown on 1.5 glass coverslips (22 x 22 mm) were fixed, stained, and mounted onto
SuperFrost glass slides using ProLong Glass Antifade Mountant to preserve fluorescence. The

mounting medium was allowed to cure for 24 hours at room temperature before imaging.
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Imaging was performed using a Zeiss Axio Imager.Z2 fluorescence microscope equipped with
appropriate filter sets and objectives. Image acquisition was carried out using the Isis
Fluorescence Imaging System (MetaSystems). Exposure settings were kept constant within each
experiment. Linear adjustments to brightness and contrast were applied uniformly across image

sets when needed.

2.2.1.5 Flow cytometry

Flow cytometry was performed using a CytoFLEX S V4-B2-Y4-R3 analyzer. Cells were stained
with fluorescently labeled antibodies or dyes according to standard protocols and washed with

PBS containing 2% FBS or another appropriate buffer.

Data acquisition was carried out using CytExpert software with compensation applied as needed.
The same acquisition speed and gain settings were applied to all experimental conditions within
one experiment. Forward and side scatter were used to exclude debris and doublets. A minimum
of 10,000 events per sample were collected. Gating strategies were defined using unstained and
single-stained controls. Data was analyzed using FlowJo. Fluorescence thresholds for positive

populations were determined based on appropriate negative controls.

2.2.1.6 Isolation of cells from bone marrow aspiration biopsies

Bone marrow aspirates were obtained from the newly diagnosed MM patients following
informed consent and in accordance with the institutional ethical guidelines, as approved by the
Institute of Hematology and Transfusion Medicine Bioethical Committee (43/2016) and DFCI
IRB #01-206. Bone marrow aspirates were collected into sodium heparin-coated tubes
immediately after the procedure. Only freshly collected samples were used in this thesis, since
frozen MM samples exhibit low plasma cell viability. To obtain a single-cell suspension, the
sample was gently homogenized using an 18G green needle and 10 mL syringe to disrupt marrow
clumps, which often contain multiple myeloma cells. This step increases the yield of purified

MM cells approximately twofold.

The homogenized sample was diluted 1:1 with RPMI-1640 complete medium, and 6 mL of this
mixture was slowly layered over 3 mL of room temperature Histopaque-1077 in a 15 mL conical

tube, taking care not to disturb the interface. Density gradient centrifugation was performed at
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1500 rpm for 20 minutes at room temperature using an Eppendorf 5810R centrifuge with swing-
bucket rotor. The corresponding relative centrifugal force (RCF) was approximately 400 x g.
Acceleration was set to 3, and deceleration was set to 0 (brake off) to preserve gradient

separation.

Following centrifugation, the mononuclear cell layer (buffy coat) was carefully aspirated,
transferred to a new tube, and washed once with RPMI-1640 medium. We did not perform RBC
lysis due to negative effect on cell viability and CD138 expression on the surface of plasma cells.
Cells were counted using a hemocytometer with trypan blue exclusion to assess viability.
Isolated cells were used immediately for downstream applications such as flow cytometry or

drug treatment.

2.2.1.7 Magnetic sorting and culture of primary MM cells

CD138" plasma cells were isolated from mononuclear cell fractions obtained after Histopaque
separation of bone marrow aspirates using CD138 MicroBeads and MACS LS Columns. LS
columns were chosen over MS columns to reduce the risk of clogging due to the high cellularity

and viscosity of the myeloma cell suspension.

Mononuclear cells were washed with MACS buffer (PBS with 0.5% BSA and 2 mM EDTA,
pre-cooled and degassed) and centrifuged at 300 x g for 10 minutes. Cells were then resuspended
at a concentration of up to 2 x 107 total cells per 80 uL. of MACS buffer. CD138 MicroBeads
were added at 20 pL per 2 x 107 cells. The suspension was mixed gently and incubated for 15
minutes at 4 °C. After incubation, cells were washed with 1-2 mL of MACS buffer per 2 x 107
cells and centrifuged again at 300 x g for 10 minutes. The pellet was resuspended in 500 puL of
MACS buffer for magnetic separation.

MACS LS columns were prepared by rinsing with 3 mL of MACS buffer and placed into a
MidiMACS separator. The labeled cell suspension was loaded onto the column, and the flow-
through containing unlabeled cells was saved as it contains the CD138" fraction. Columns were
washed three times with 3 mL of MACS buffer. After removal from the magnetic field, CD138*
cells were eluted with 5 mL of MACS buffer by firmly pushing the plunger into the column.
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CD138" and CD138" cells were counted using trypan blue exclusion, assessed for purity using
flow cytometry, and used for downstream assays immediately, since their viability decreases

after 48 h. CD138" MM cells were cultured as described in 2.2.1.1.

2.2.1.8 Magnetic sorting and culture of primary MMECs and HD ECs

Mononuclear cells were obtained from bone marrow aspirates via density gradient centrifugation

as described in 2.2.1.7. The CD138 fraction was retained for endothelial culture.

The CD138" cells were seeded onto fibronectin-coated 24-well plates at a density of one bone
marrow sample per 12 wells. Plates were coated with fibronectin at 50 pg/mL in 300 pL per well
and incubated for 1 hour at 37 °C. The fibronectin solution was then aspirated, and wells were

air-dried in a biosafety cabinet.

Cells were cultured in EBM-2 medium supplemented with the EGM-2 SingleQuots Supplement
and 10% human AB serum. After 24 hours, non-adherent cells were gently removed by medium
exchange. Subsequent media changes were performed every 48 hours. Early endothelial colony
formation was typically observed between days 5-7, with larger, subconfluent sheets forming by

day 10. The efficiency of colony generation was approximately 90%.

To enrich endothelial cells, adherent cultures were subjected to positive selection using CD31
MicroBeads, and CD31* cells were expanded under the same conditions on fibronectin-coated
cultureware. Purity of endothelial cells was verified by flow cytometry for CD31, VEGFR1, and

CD144. Cells were used for downstream applications before reaching 3 passages.

2.2.1.9 Proliferation and viability assays by flow cytometry

All small-molecule compounds were reconstituted according to the manufacturer’s instructions
in DMSO from a freshly opened bottle, at a stock concentration of 20 mM and protected from

light. Stocks were aliquoted and stored at —80 °C to minimize freeze-thaw cycles.

To assess drug effects on cell viability and proliferation, cells were seeded on day -1 at a density
of 20,000 cells per well in 96-well flat-bottom plates in 50 uL. of complete medium. After
overnight incubation at 37 °C, drugs were added in 50 pL per well using serial dilutions. DMSO

in control wells was maintained at <0.02% final concentration.
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Cells were incubated for 4 days. On day 4, each well was gently pipetted up and down to
resuspend the cells. Then, 50 puL of the suspension was transferred into 1.5 mL Eppendorf tubes
preloaded with 50 uL of PBS containing propidium iodide (PI) at a final concentration of
1 pg/mL. Samples were acquired immediately on a CytoFLEX S V4-B2-Y4-R3 flow cytometer.

Forward and side scatter gating was used to exclude small cellular debris and doublets. Cells
were then classified as live (PI") or dead (PI*). The percentage of PI™ cells was used to calculate
LCso values. The CytoFLEX’s peristaltic pump allows for consistent volumetric acquisition,
enabling direct quantification of absolute live cell counts from the PI™ gate. These counts were

used to compute Glso values.

Baseline (day 0) samples were stained and analyzed before drug addition using the same
protocol. Data analysis was performed in R, and dose-response metrics (LCso, Glso) were derived

using a four-parameter logistic (4PL) sigmoidal curve fitting model.

2.2.1.10 MTS cell proliferation assay

For drug synergy studies, cell proliferation and metabolic activity were assessed using the
CellTiter 96 AQueous One Solution Cell Proliferation Assay according to the manufacturer’s
instructions. The assay relies on the bioreduction of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) in the presence of phenazine
methosulfate (PMS) by NAD(P)H-dependent dehydrogenases active only in viable cells,
generating a soluble purple formazan product. Cells were seeded in 96-well plates at 20,000 cells
per well in 50 pL of complete medium and allowed to recover overnight in cell incubator. The
following day, 25 pL of each drug (prepared at 4x final concentration) was added per well in a
checkerboard format, bringing the total volume to 100 uL per well. Serial dilutions were used to
create concentration gradients for both drugs. This allows systematic testing of all possible
pairwise combinations in a defined concentration range. Control wells received DMSO vehicle.
Blank wells with medium and MTS reagent only were included for background subtraction.
Plates were incubated at 37 °C for 2 hours. Absorbance was measured at 490 nm using a
microplate reader. The absorbance signal was directly proportional to the number of

metabolically active, viable cells. The results were analyzed using Excel and SynergyFinder.
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2.21.11 Annexin V-based apoptosis assay

Apoptosis was assessed using the PE (or in some cases FITC) Annexin V Apoptosis Detection
Kit, following the manufacturer's protocol. This assay distinguishes viable, early apoptotic, and
late apoptotic or necrotic cells based on phosphatidylserine exposure and membrane integrity.
Cells were harvested and washed twice with cold phosphate-buffered saline (PBS). They were
then resuspended in 1x Annexin V Binding Buffer at a concentration of 1 x 10¢ cells/mL. An
aliquot of 100 pL of the cell suspension (1 % 10° cells) was transferred to a 5 mL polystyrene
tube. To each tube, 5 uL of PE Annexin V and 5 pL. of 7-Aminoactinomycin D (7-AAD) were
added. The samples were gently mixed and incubated for 15 minutes at room temperature in the
dark.

Following incubation, 400 pL of 1X Annexin V Binding Buffer was added to each tube. Samples
were analyzed by flow cytometry within one hour of staining. Compensation was calculated
using single-stained controls. Cells were first gated to exclude debris and doublets based on

forward and side scatter properties. The following populations were identified:

1. Viable cells: Annexin V- / 7-AAD~

2. Early apoptotic cells: Annexin V*/ 7-AAD~
3. Late apoptotic or dead cells: Annexin V*/ 7-AAD*
4. Necrotic cells: Annexin V- / 7-AAD*

22112 Caspase-Glo luminescent assay

Caspase activity was measured using Caspase-Glo 3/7, Caspase-Glo 8, and Caspase-Glo 9 Assay
Kits according to the manufacturer's instructions. These assays use a luminogenic substrate
cleaved by active caspases, producing a stable glow-type luminescent signal proportional to

caspase activity.

Cells were harvested, counted using trypan blue exclusion, and seeded into white-walled 96-well
plates at 20,000 total (live + dead) cells in 100 pL. complete medium. Cell counting ensured
normalization of caspase activity per cell across experimental conditions. Plates were
equilibrated to room temperature for 10 minutes. Caspase-Glo reagent was prepared fresh by

reconstituting lyophilized substrate with the provided buffer and equilibrated to room
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temperature. An equal volume (100 uL) of Caspase-Glo reagent was added to each well,
resulting in a final volume of 200 pL. Plates were mixed on a plate shaker at 300-500 rpm for 30
seconds and incubated at room temperature for 1 hour in the dark. Luminescence was recorded
using a microplate luminometer. Blank values (medium + reagent, no cells) were subtracted, and

caspase activity was expressed in relative light units (RLU).

22113 Cellular Thermal Shift Assay (CETSA)

Drug-protein target engagement in intact cells was assessed using the cellular thermal shift assay
(CETSA), as described by Jafari et al. [358] with modifications. Cells were cultured in complete

medium and harvested during logarithmic growth phase.

Cells were pelleted at 300 x g for 5 minutes, washed once in 15 mL of room temperature PBS,
and resuspended in 5 mL PBS. Protease and phosphatase inhibitors (Roche) were added to 1 mL
of PBS, which was used to resuspend the final pellet. Cells were counted and distributed to
achieve 1 x 10¢ cells per temperature condition. Each condition was aliquoted into four PCR

tubes (100 puL per well).

Cell suspensions were heated for 3 minutes in a thermal cycler preheated to target temperature
gradient. For PIM kinases we have determined it to be 42-53°C. Following heating, samples were
incubated at room temperature for 3 minutes and then immediately snap-frozen in liquid

nitrogen.

Lysis was achieved via two freeze-thaw cycles between liquid nitrogen and 25 °C in a thermal
cycler. Lysates were centrifuged at 20,000 x g for 20 minutes at 4 °C. The supernatant containing
the soluble protein fraction was carefully aspirated without disturbing the pellet and transferred
to new tubes. The samples underwent SDS-PAGE and western blotting as described in 2.2.3.2-
2.2.3.3. Band intensities were quantified in ImageJ. Melting curves were generated in Prism

using a four-parameter logistic (4PL) sigmoidal curve fitting model.

22114 Comet assay

DNA strand breaks were assessed using the alkaline CometAssay Silver Kit, following the
manufacturer’s instructions with minor modifications. The assay detects both single- and double-

stranded DNA breaks in individual cells by gel electrophoresis under alkaline conditions.
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Cells were harvested, washed once with cold PBS (Ca**/Mg**-free), and resuspended in PBS at
1 x 10° cells/mL. Molten low melting point Comet LMAgarose was first melted at 80°C and then
equilibrated to 37 °C and mixed with cells at a 10:1 ratio (500 pL agarose:50 pL cells).
Immediately, 50 pL of this mixture was pipetted onto CometSlides (precoated glass microscope
slides), and evenly spread across the well using the pipette tip edge. Slides were placed flat at 4
°C for 10 minutes in the dark to solidify.

Slides were immersed in pre-chilled Lysis Solution for 1 hour at 4 °C. After lysis, they were
incubated in freshly prepared Alkaline Unwinding for 20 minutes at room temperature in the

dark to denature DNA and unwind damaged regions.

Electrophoresis was performed at 33 V (1 V/cm) for 30 minutes in cold Alkaline Electrophoresis
Solution. After electrophoresis, slides were neutralized with two washes in deionized water (5
minutes each), followed by a 5-minute wash in 70% ethanol. Slides were air-dried at 37 °C for

15 minutes.

For visualization, slides were stained with 100 uL of diluted SYBR Gold. Comets were
visualized using epifluorescence microscopy with a fluorescein filter. DNA damage was

quantified using comet tail/head ratio calculated in Imagel.

22115 Wound healing (scratch) assay

HUVEC-TERT?2 cells were seeded in 6-well tissue culture-treated plates and cultured for 4 days
in fully supplemented EBM-2 medium until reaching 95% confluence. The cells were then

incubated with indicated compounds for 24h.

After 24h, a straight scratch was made across the cell monolayer in each well using a sterile
200 pL pipette tip. Detached cells and debris were removed by gently washing twice with PBS.
Fresh medium containing indicated compounds was then added to each well. Plates were
returned to the incubator (37 °C, 5% CO), and cells were imaged after 8 hours using brightfield
microscopy to assess wound closure. Scratch area was quantified using ImageJ. Healing was

expressed as the percentage of wound closure relative to the initial scratch width.
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2.2.1.16 Tube formation assay

Endothelial tube formation was assessed using a Matrigel-based in vitro angiogenesis assay.
Growth factor-reduced Matrigel was thawed on ice overnight and added (300 pL per well) to
pre-chilled (-20°C) 24-well plates using pre-chilled pipette tips. Plates were incubated at 37 °C
for 60 minutes to allow Matrigel polymerization. HUVEC-TERT?2 cells were harvested, counted,
and resuspended in complete EBM-2 medium. A total of 45,000 cells in 300 pL of medium were
seeded onto each Matrigel-coated well. Cells were incubated at 37 °C and 5% CO: for 8 hours
to allow tube formation. Brightfield images were acquired at multiple fields per well using an
inverted microscope. Quantitative analysis of tube formation (including number of junctions,
total tube length, meshes, and nodes) was performed using the Angiogenesis Analyzer plugin for

Imagel.

22117 Phalloidin-AF488 labeling of F-actin

F-actin structures were visualized using Alexa Fluor 488-conjugated phalloidin. Lyophilized
reagent was reconstituted in 750 pL of anhydrous DMSO to create an 800 stock solution. To
preserve cellular morphology during fixation, 3 mL of HBSS was added to each well of a 6-well
plate, followed by 1 mL of freshly opened 16% paraformaldehyde (final concentration: 4%).
Cells were fixed for 15 minutes at room temperature, then washed three times with PBS (5
minutes each). Alexa Fluor 488 phalloidin was diluted 1:800 in PBS and applied to cells for 15
minutes at room temperature in the dark. Cells were washed once in PBS following incubation.
Nuclei were counterstained with NucBlue Live ReadyProbes Reagent at a dilution of 2 drops per

I mL PBS for 15 minutes at room temperature, then washed three times with PBS.

Coverslips were mounted using ProLong Gold Antifade Mountant and imaged by fluorescence
microscopy using appropriate filters. Formation of actin stress fibers, membrane ruffles and

lamellipodia area was quantified using ImageJ and Photoshop.

2.2.1.18 Actin fractionation

Cells were lysed directly in culture dishes using ice-cold RIPA buffer supplemented with
protease and phosphatase inhibitors for 30 minutes on ice. Lysates were collected and

centrifuged at 15,000 x g for 30 minutes at 4 °C. The supernatant (G-actin fraction) was
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transferred to a new tube. The pellet (F-actin fraction) was washed twice with ice-cold PBS and
centrifuged at 15,000 x g for 5 minutes after each wash. The pellet was resuspended in 25 puL
RIPA buffer and 25 puL freshly prepared F-actin Extracting Solution. Resuspension was
performed on ice with gentle mixing every 15 minutes for 1 hour. Samples were centrifuged at
15,000 x g for 30 minutes at 4 °C, and the supernatant containing solubilized F-actin was
collected for SDS-PAGE, western blotting and detection using an anti-f-actin primary antibody,
as described in 2.2.3.3.

22119 RhoA GTPase activation assay

RhoA activation was assessed using a rhotekin-RBD pulldown assay (Rho Activation Assay
Biochem Kit) following the manufacturer’s instructions. This assay allows for isolation of the
GTP-bound (active) form of RhoA from cell lysates using GST-tagged Rhotekin-RBD protein

immobilized on colored sepharose beads.

Lyophilized rhotekin-RBD sepharose beads were rehydrated by adding the recommended
volume of sterile water and allowing them to sit at room temperature for 5 min. Beads were fully
dispersed by flicking the tube several times. After rehydration, the bead slurry was aliquoted
using a wide-bore pipette tip (trimmed with scissors to prevent clogging). The slurry was mixed
again after every two aliquots to prevent bead settling. Aliquots were snap-frozen in liquid

nitrogen and stored at -80 °C for long-term use.

Cells were grown in 150 mm dishes under specified conditions for 24 h to modulate RhoA
activity. Following treatment, cells were immediately placed on ice. Culture medium was
aspirated, and cells were rinsed once with ice-cold PBS. Residual PBS was removed by tilting
the plate on ice for 1 minute. Cells were lysed directly in the plate with 500 pL Cell Lysis Buffer
(supplemented with protease and phosphatase inhibitors). Lysates were harvested using a cell
scraper and clarified by centrifugation at 10,000 x g for 1 minute at 4 °C. Protein concentrations
were determined as described in 2.2.3.1. To validate assay performance, two control lysates were

loaded with 200 uM GTPyS or I mM GDP to create positive and negative controls, respectively.

Equal amounts of total protein (300-800 png) were incubated with 50 pg rhotekin-RBD beads for
1 hour at 4 °C with constant rocking. Beads were washed once with 500 uL. Wash Buffer and

pelleted by centrifugation at 3,000 x g for 3 minutes at 4 °C. Supernatants were carefully
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removed, and beads were resuspended in 1x Laemmli buffer. Samples were boiled for 2 minutes
and loaded directly onto SDS-PAGE as described in 2.2.3.3. His-tagged RhoA (30 kDa) was

used as a Western blot standard.

2.2.1.20 Conditioned media collection

Conditioned medium was collected by washing confluent adherent endothelial cells or MM cells
with PBS and incubating them in for 24 hours. The supernatant was harvested and stored at -

80°C for downstream applications.

2.21.21 Cell cycle analysis by Hoechst 34580 staining

Cell cycle phase distribution was assessed using Hoechst 34580 DNA staining followed by flow
cytometry. Cells were incubated with Hoechst 34580 at a final concentration of 10 pg/mL for 30
minutes at 37 °C. After incubation, cells were analyzed on a CytoFLEX flow cytometer using
the PB-450 channel. Hoechst 34580 binds preferentially to adenine-thymine-rich regions of
double-stranded DNA. The dominant peak in PB-450 fluorescence histograms was assigned to
the G1 phase. A second peak with approximately double the intensity was labeled as the G2/M
phase. The region between these peaks represented cells in S phase, characterized by ongoing
DNA synthesis and intermediate DNA content (2n-4n). Fluorescence signals below the G1 peak
were interpreted as sub-G1 events with fragmented DNA. Events above the G2/M fluorescence

peak were polyploid cell populations.

2.2.2 Molecular biology methods

2.2.2.1 Production of chemocompetent bacteria

Chemically competent E. coli cells were prepared using the RbCl-based two-step protocol
involving cold treatment with RF1 and RF2 solutions. An overnight culture (50-100 mL) of E.
coli was grown in LB medium at 37 °C with shaking (180 rpm). The following day, 5 mL of the
overnight culture was used to inoculate 100 mL of fresh SOB medium in a 500 mL flask. Cells
were grown at 37 °C with shaking until the optical density at 600 nm (ODsoo) reached 0.6
(approximately 2-3 hours). The culture was immediately transferred to two pre-chilled 50 mL

Falcon tubes and incubated on ice for 15 minutes. Cells were pelleted by centrifugation at 600 x
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g for 15 minutes at 4 °C. The supernatant was carefully discarded. The cell pellet was gently
resuspended in one-third the original culture volume of ice-cold RF1 solution (e.g., 16.7 mL RF1
for a 50 mL culture) by slow vortexing. The suspension was incubated on ice for 30 minutes.
Cells were pelleted again by centrifugation at 600 x g for 15 minutes at 4 °C. The supernatant
was discarded, and the pellet was resuspended in 1/12.5 of the original culture volume of ice-
cold RF2 solution (e.g., 4 mL for a 50 mL culture) by gentle vortexing. The suspension was
incubated on ice for an additional 15 minutes. Aliquots of 100 pL. were prepared in pre-chilled
1.5 mL microcentrifuge tubes on ice. Tubes were snap-frozen in liquid nitrogen and stored at -

80 °C.

2.2.2.2 Transformation of competent bacteria with plasmid DNA and plasmid

amplification

Chemically competent E. coli cells were transformed using the heat shock method. Aliquots of
100 uL competent cells were thawed on ice for 10-15 minutes. To each aliquot, either 10-50 ng
of plasmid DNA or 10 pL of a ligation reaction mixture was added. The tubes were gently flicked
to mix and incubated on ice for 30 minutes. Cells were heat-shocked by transferring the tubes to
a pre-warmed 42 °C water bath for 2 minutes, followed by immediate incubation on ice for 2
additional minutes to stabilize the membrane. After heat shock, 500 uL of pre-warmed SOC
medium was added to each tube. Tubes were incubated at 37 °C for 1 h with shaking (180 rpm)
to allow for recovery and antibiotic resistance gene expression. Following incubation, cells were
pelleted by centrifugation at 2000 x g for 5 minutes. The supernatant was removed, and the pellet
was gently resuspended in 100 pL sterile LB medium. The entire volume was plated onto dry
10 cm LB-agar plates supplemented with the appropriate selective antibiotic. Plates were

incubated overnight at 37 °C, and colonies were observed the next morning.

Single colonies were picked from LB-agar plates and inoculated into 15 mL conical tubes with
loosely tightened caps containing 5 mL of LB medium with the appropriate antibiotic. Cultures
were grown overnight at 37 °C with shaking at 180 rpm. For large-scale plasmid preparation, 1-
2 mL of the overnight starter culture was used to inoculate 250-400 mL of LB medium with
antibiotic in a sterile 500 mL Erlenmeyer flask and incubated at 37 °C with shaking for 12-16
hours. Cells were harvested by centrifugation at 4000 x g for 10 minutes at 4 °C. Pellets were

either processed immediately for plasmid extraction or stored at -20 °C for later use.
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2.2.2.3 Bacterial cryopreservation

To preserve E. coli strains carrying plasmids, glycerol stocks were prepared from overnight LB
cultures grown with appropriate antibiotics. A volume of 750 uL. of the bacterial culture was
mixed with 250 puL of sterile 80% glycerol in a 1.5 mL cryovial (final glycerol concentration:
20%). Tubes were mixed by pipetting up and down, labeled, and immediately stored at -80 °C.
For recovery, frozen stocks were scraped with a sterile pipette tip and cultured in 5 mL LB

medium overnight.

2.2.2.4 Small-scale isolation of plasmid DNA from bacteria (Miniprep)

Plasmid DNA was extracted using the GeneMATRIX Plasmid Miniprep DNA Purification Kit
following the manufacturer’s protocol. The procedure is based on alkaline lysis followed by
silica column purification. Each spin column was pre-wetted with 30 uL of Activation Buffer
PL, which was applied directly to the membrane and allowed to sit at room temperature for at
least 5 minutes prior to lysate application. An overnight culture (4 mL) of E. coli was pelleted
by two consecutive centrifugation steps at 12,000 x g for 2 minutes in 2 mL microcentrifuge
tubes. The supernatant was removed, and the pellet was very thoroughly resuspended in 250 pL.
of Cell R buffer (containing RNase A). Cells were lysed by adding 250 puL of Lysis Blue buffer
and gently inverting the tube several times until a homogeneous blue lysate was formed.
Neutralization was achieved by adding 350 pL of Neutral B buffer, followed by gentle inversion
until the blue color disappeared and a white precipitate formed. Lysates were clarified by
centrifugation at 12,000 x g for 7 minutes at room temperature. The clear supernatant (~600 pL)
was applied in two rounds to the activated spin column and centrifuged at 11,000 x g for 1 minute
per load. Flow-through was discarded between each step. The column was washed sequentially
with 500 pL of Wash PLX1 buffer and 600 uL of Wash PLX2 buffer, each followed by 1-minute
centrifugation at 11,000 x g. A final dry spin at 11,000 x g for | minute was performed to remove
residual wash buffer. Spin columns were transferred to clean 1.5 mL microcentrifuge tubes.
Plasmid DNA was eluted with 20-50 pL of Elution buffer, pre-warmed to 80 °C. Elution buffer
was pipetted directly onto the center of the column membrane, incubated for 5 minutes at room
temperature, and centrifuged at 11,000 x g for 1 minute. Eluted plasmid DNA was stored at -20
°C for long-term storage or at 2-8 °C for short-term use. DNA purity and concentration were

assessed by spectrophotometry (2.2.2.13) and agarose gel electrophoresis (2.2.2.7).
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2.2.2.5 Large-scale isolation of plasmid DNA from bacteria (Maxiprep)

A single bacterial colony was inoculated into 5mL LB medium containing the appropriate
antibiotic and grown overnight at 37 °C with shaking. The culture was diluted 1:100 into 250-
400 mL fresh LB medium and incubated overnight for 16 h at 37 °C with vigorous shaking.
Bacterial pellets were harvested by centrifugation at 6,000 x g for 15 minutes at 4 °C, and
resuspended in 10 mL Buffer P1 supplemented with RNase A (100 mg/L) and LyseBlue reagent
(1:1000 v/v). Lysis was performed by adding 10 mL Buffer P2, gently mixing, and incubating at
RT for 5 minutes. Lysis was neutralized by adding 10 mL of pre-chilled Buffer P3, followed by

gentle inversion until the blue color cleared. The mixture was incubated on ice for 15 minutes.

The lysate was clarified by centrifugation at 20,000 % g for 30 minutes at 4 °C. The supernatant
was first passed through a double layer of sterile medical gauze to remove large debris. It was
then filtered through a QBT-prewetted coffee filter to remove residual particulates. To reduce
endotoxin content, 3 mL of Buffer ER was added to the filtered lysate, mixed by inversion, and
incubated for 30 minutes on ice. A GenCatch DEAE-Silica Anion Exchange Maxi Column was
pre-equilibrated with 10 mL Buffer QBT, and the ER-treated lysate was applied by gravity flow.
The column was washed twice with 30 mL Buffer QC, and plasmid DNA was eluted with 15 mL
Buffer QN. DNA was precipitated by adding 10.5 mL (0.7x) isopropanol, mixed gently, and
centrifuged at 15,000 x g for 30 minutes at 4 °C. The resulting pellet was washed with 5 mL
endotoxin-free 70% ethanol, centrifuged again, and air-dried for 5-10 minutes. The DNA pellet
was resuspended in endotoxin-free Buffer TE and stored at —20 °C. In some cases, the pellet was
incubated at 60 °C for 10 min and at +4 °C overnight to increase solubility. Identity of each
plasmid was confirmed using restriction enzyme digestion (2.2.2.6) followed by agarose gel

electrophoresis (2.2.2.7).

2.2.2.6 Restriction enzyme digestion

Restriction digests were performed to prepare plasmid DNA for cloning and to verify construct
identity. Digestion reactions were carried out in a total volume of 20-50 pL using commercially
available restriction enzymes and manufacturer-recommended buffers. For preparative digests
used in cloning workflows, 5-10 pg of plasmid DNA were incubated with 10 units of each

restriction enzyme at 37 °C for 1 hour. Reactions were adjusted to 1x buffer concentration. After
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digestion, samples were separated by electrophoresis (2.2.2.7). For analytical digests to confirm
plasmid structure or cloning success, 300-500 ng of plasmid DNA was digested with 1-2 units
of restriction enzyme in a 20 pL reaction volume. These digests were incubated for 1 hour at the
enzyme's optimal temperature and analyzed by agarose gel electrophoresis (2.2.2.7). All
digestion reactions were performed with high-fidelity (HF) enzymes when available to reduce
star activity. Digested DNA was either used directly for downstream ligation or stored at -20 °C

until further use.

2.2.2.7 Gel electrophoresis separating DNA fragments

DNA fragments were separated using horizontal agarose gel electrophoresis in 1x TAE buffer.
Agarose gels (1-2%, w/v) were prepared in-house by dissolving agarose in TAE buffer, heating
until fully melted, and allowing the solution to cool to ~60 °C before adding 2 pL of ethidium
bromide and pouring into a gel tray with combs. Gels were cast and run using Sub-Cell GT Cell.
DNA samples were mixed with 6x loading dye and loaded into wells alongside a molecular
weight marker (e.g. GeneRuler 1 kb DNA Ladder). Electrophoresis was performed at 120 V until
sufficient separation was achieved. Gels were imaged under UV illumination using a gel
documentation system. DNA band sizes were estimated by comparison with the molecular
weight standard. For circular DNA samples, appropriate vectors of established MW were

separated alongside experimental samples for more exact molecular weight reference.

2.2.2.8 Extraction and purification of DNA fragments

DNA fragments were purified from agarose gels and enzymatic reactions using the NZY Gelpure

kit following the manufacturer's instructions.

DNA bands were excised from 1% TAE agarose gels using a clean scalpel under low-intensity
UV illumination to prevent random mutagenesis. Gel slices were weighed, and 300 pL of
Binding Buffer was added per 100 mg of gel (or 500 puL for high-concentration gels). Samples
were incubated at 60 °C for 10 minutes until the agarose was fully dissolved. If the resulting
solution appeared orange or violet, 10 uL of 3 M sodium acetate (pH 5.0) was added to adjust
pH for optimal binding. For fragments <500 bp or >10 kb, one gel volume of isopropanol was
added prior to binding. The mixture was loaded onto NZY Tech spin columns and centrifuged at

12,000 x g for 60 seconds. After pre-washing with 500 uL. Wash Buffer, columns were washed
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with 600 uL. Wash Buffer, followed by a 1-minute dry spin to remove residual ethanol. DNA
was eluted in 50 uL Elution Buffer (prewarmed to 80°C), applied to the center of the column
membrane, and incubated at room temperature for 2 minutes before centrifugation. This silica

membrane-based method enables efficient recovery of DNA ranging from 50 bp to 20 kb.

For PCR or enzyme cleanup, five volumes of Binding Buffer were added to each reaction
mixture. After mixing, the sample was loaded onto the spin column. Washing and elution steps

were identical to the gel extraction protocol.

All centrifugations were carried out at room temperature at >12,000 x g. Purified DNA was

quantified and stored at -20 °C.

2.2.2.9 Ligation of DNA fragments into plasmids

DNA fragments were ligated using T4 DNA Ligase in a 20 uL reaction volume. Insert-to-vector

molar ratios of 3:1 or 5:1 were calculated using the NEBioCalculator tool.

Typical ligation reaction setup (20 pL total, Table 18):

Table 18. DNA ligation setup.

Component Volume
Insert DNA (variable amount) 2L
Vector DNA (100 ng) 3L
10x T4 DNA Ligase Buffer 2L
T4 DNA Ligase 1pL
Nuclease-free water 12 uL

DNA concentrations were determined by NanoDrop prior to setup.

Reactions were incubated in a thermocycler at 22 °C for 1 hour. In selected experiments, ligation
was extended overnight at 16 °C to improve efficiency. Following ligation, 10 pL of the reaction
mixture was used to transform 100 uL of chemically competent E. coli by heat shock.
Transformed cells were plated on LB-agar containing the appropriate selective antibiotic and

incubated overnight at 37 °C.

110



2.2.210 Colony PCR

To quickly assess cloning efficiency after bacterial transformation, colony PCR was performed
directly from individual colonies. Typically, 10-20 colonies were tested in parallel using the
QuickLoad Taq 2x Master Mix (NEB) according to the manufacturer’s protocol. A total reaction
volume of 10 pL. was sufficient for robust amplification and was prepared by mixing 5 pL of 2x
Master Mix, 0.2 pL of each primer (10 uM), and 4.6 uL of nuclease-free water. Individual
colonies were picked with a pipette tip, streaked onto a replica agar plate containing the
appropriate antibiotic (for backup), and then transferred into the PCR tube containing the

reaction mix. The replica plate was incubated at 37 °C for several hours.

PCR conditions included an initial denaturation at 95 °C for 30 seconds, followed by 35 cycles
of denaturation at 95 °C for 30 seconds, annealing at 45-68 °C for 15 seconds (depending on
primer Tm calculated using the NEB online tool), and extension at 68 °C (1 minute per kb). A

final elongation step was carried out at 68 °C for 8 minutes.

PCR products were directly analyzed by electrophoresis on 1% agarose gels containing ethidium
bromide and visualized under UV light. Colonies yielding bands of the expected size were
considered positive. These clones were retrieved from the replica plate and cultured overnight in

selective media.

2221 Sanger sequencing

Sanger sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit on
an ABI 3500 Genetic Analyzer. Plasmid DNA and PCR products were sequenced using custom

primers.

Sequencing reaction (10 pL total) and cycling protocols are presented in Tables 19 and 20.

Table 19. BigDye sequencing reaction composition.

Component Volume
DNA template (100-500ng plasmid or 5- 3uL
20 ng PCR product)
3.2 UM primer 1L
BigDye v3.1 mix 1L
5x sequencing buffer 2uL
Nuclease-free water 3 uL
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Table 20. BigDye thermal cycling protocol.

Cycles Temperature Time
1 96 °C 1 min
96 °C 10s

25 50°C 5s
60 °C 4 min

Dye terminators were removed using the ExTerminator kit. Sequencing reactions were mixed
with 5 pL of Mix Blue and 100 pL of WP Bind/Wash solution. The mixture was applied to a spin
column and centrifuged at 15,000 x g for 30s. After a wash with 400 uL of WP solution and
2 min centrifugation, columns were transferred to fresh tubes. Elution was performed with 25 pL.
of ultrapure water, applied directly to the resin, followed by 2 min incubation and 1 min
centrifugation. Eluted samples were light blue. They were either sequenced on the same day or
stored at -20 °C to be sequenced the following day. Sequencing was performed at the Laboratory
of Molecular Biology, Institute of Hematology and Transfusion Medicine, Warsaw, Poland.
Purified products were loaded onto the ABI 3500 and separated using POP-7 polymer with a
50 cm capillary array. Data were analyzed using Sequencing Analysis Software, and base calls

were verified manually. Sequences were aligned to reference constructs using Benchling.

22,212 Cloning

To enable doxycycline-inducible knockdown of the three PIM kinases (PIM1, PIM2, PIM3), a
panel of 14 plasmids expressing individual shRNAs and 1 scrambled control (shSCR) was
constructed using a modular Sleeping Beauty (SB) transposon system described previously by
Fink et al. [359]. The cloning strategy has been presented in Fig. X. The backbone plasmid
TST30 (pS2, pSUSTER2 derivative) contains a modified H1 promoter with two Tet-operator
sites for tight inducible expression of shRNA. The transposon integration vector TST201 (pT2-
neo-S2) was used to flank expression cassettes with inverted terminal repeats (ITRs) recognized
by the SB transposase and carries a neomycin resistance cassette for stable selection. TST209
(pT2-CAG-puro-tTR) was used to establish stable expression of the tetracycline repressor (tetR)
and puromycin resistance in target cell lines. Oligonucleotides used for shRNA duplex

generation, colony PCR and Sanger sequencing (seq201F, seq201R2, seq30) are listed in 2.1.5.1.
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Oligonucleotide sequences encoding shRNAs were designed using Clontech’s online shRNA
design tool. The shRNAs were designed to target PIM1 (four variants: shPIM1.2-1.5), PIM2
(shPIM2.1-2.5), and PIM3 (shPIM3.1-3.5), as well as a scrambled control (shSCR). All
sequences have been checked for possible off-targets using NCBI Blast tool. Only shRNA
sequences complimentary with individual PIM mRNA sites were selected, to avoid unintentional
silencing of other PIM family members. The shRNA oligonucleotides were synthesized by
oligo.pl (IBB PAN, Warsaw, Poland). Complementary top and bottom oligonucleotides
encoding the shRNA sequences were phosphorylated and annealed in a single-step reaction using
T4 Polynucleotide Kinase (PNK) and a thermocycler-controlled annealing ramp. Each single-
stranded DNA oligo was resuspended in nuclease-free water to a final concentration of 100 pM

and used in the annealing reaction (Tables 21 and 22).

Table 21. Reaction components for phosphorylation and annealing of oligonucleotides.

Component Volume
Top strand oligo (100 uM) 1pL
Bottom strand oligo (100 yM) 1pL
10x T4 Ligation Buffer (with ATP) 1L
T4 Polynucleotide Kinase 1pL
Nuclease-free water 6 uL

Table 22. Reaction conditions for phosphorylation and annealing of oligonucleotides.

Temperature Time
37°C 30 min
95°C 5 min

Ramp down to 25 °C at 5 °C/min

TST30 plasmids were digested with BglIl and Sacl, heat-inactivated and purified as described
in 2.2.2.7 (since BgllII is not sensitive to heat inactivation). The annealed shRNA duplexes were
ligated into the multiple cloning site downstream of the doxycycline-inducible H1 promoter. The
resulting TST30-shRNA constructs were verified and named accordingly (e.g., TST30-
shPIM1.2, TST30-shSCR, etc.).

To generate constructs suitable for transposition, the complete promoter-shRNA expression
cassettes were excised from TST30 using BstXI and Sacl. These were ligated into TST201,
which had been pre-digested with BstXI, heat-inactivated, and dephosphorylated with FastAP to

prevent vector self-ligation (Table 23). The mixture was gently mixed, briefly spun down, and
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incubated at 37 °C for 10 minutes. Enzyme inactivation was performed by heating the reaction

at 75 °C for 5 minutes. Ligation was carried out using protocol specified in 2.2.2.8.

Table 23. Reaction components for vector DNA dephosphorylation with FastAP.

Component Volume
Linearized plasmid DNA (~1 ug) 1L
10x FastAP Reaction Buffer 2L
FastAP enzyme (1 U/uL) 1L

Nuclease-free water to 20 uL

This step placed each shRNA cassette between Sleeping Beauty-compatible ITRs in TST201
(Fig. 7). In total, 15 functional TST201-shRNA plasmids were successfully constructed.
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Fig. 7. Strategy for generation of single and triple PIM shRNA-expressing cells.
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The TST201-shRNA plasmids were individually co-electroporated with pCMV(CAT)T7-SB100
into JJN3-TST209 cells, which had been previously co-electroporated with TST209 and
pCMV(CAT)T7-SB100 and selected with puromycin to stably express the tetracycline repressor.
Each resulting cell line was selected with G418 and puromycin and tested for doxycycline-

inducible knockdown of its respective target by western blot.

To combine shRNA sequences targeting all three PIMs, the selected shRNAs (shPIML.5,
shPIM2.4, and shPIM3.4) were sequentially excised from their respective TST30 backbones and
ligated into a TST201-shRNA plasmid using BstXI/Sacl-compatible ligation. Each insert was
added head-to-tail, maintaining the orientation and spacing of H1-TetO promoters. The resulting
construct, TST201-sh3xPIM, expresses all three shRNAs from individual doxycycline-inducible

units within a single SB transposon cassette.

TST201-sh3xPIM was co-electroporated with pPCMV(CAT)T7-SB100 into JIN3-TST209 cells.
Stable integrants were selected with G418 and puromycin and evaluated for inducible PIM1-3
silencing by immunoblotting following doxycycline treatment. The creation of this plasmid

panel was a joint project executed together with Dr. Sonia Debek.

Optimal concentrations of antibiotics were determined by titration experiments and are presented

in Table 24.

Table 24. Antibiotic concentrations used in this study for JJN3 cells.

Antibiotic Stock concentration Final concentration
G418 (Geneticin) 100 mg/mL 1000 pg/mL
Puromycin 10 mg/mL 1 pg/mL
Doxycycline 10 mg/mL 0.5 pg/mL
22213 Concentration quantification of nucleic acids

Quantification of DNA and RNA was performed using two complementary methods, depending
on sample type and downstream application. For routine assessment of nucleic acid
concentration and purity, absorbance was measured using a Multiskan Microplate
Spectrophotometer. Samples were diluted in nuclease-free water and loaded into uDrop plate (2
uL/sample). Absorbance was read at 260 nm (for nucleic acid concentration), 280 nm (protein
contamination), and 230 nm (salt/phenol contamination). Purity was assessed based on standard

absorbance ratios:
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DNA: acceptable A260/A280 = 1.8-2.0; A260/A230 > 1.8
RNA: acceptable A260/A280 = ~2.0; A260/A230 > 1.8

During RNA-seq library preparation, concentrations of RNA and amplified libraries were
quantified using the Qubit Fluorometer (Thermo Fisher Scientific) with Qubit RNA HS, DNA
HS, or dsDNA BR Assay Kits, depending on sample type and concentration range. All Qubit
measurements were performed according to the manufacturer’s protocol using low-binding

tubes.

2.2.214 Mammalian cell RNA isolation

Total RNA was isolated using TRIzol Reagent following Chomczynski’s phenol-chloroform
extraction protocol [360]. Samples were homogenized in 1 mL of TRIzol reagent per sample.
For frozen samples stored in TRIzol, tubes were first thawed to room temperature. After
homogenization, 200 uL of chloroform was added per 1 mL of TRIzol. Tubes were sealed and
shaken vigorously by hand for 15 seconds, followed by incubation at RT for 2-3 minutes. Phase
separation was achieved by centrifugation at 12,000 x g for 15 minutes at 4 °C. The mixture
separated into three phases: a lower red phenol-chloroform phase, a middle interphase, and a
clear upper aqueous phase containing RNA. The aqueous phase was carefully transferred to a
new tube (~500 puL) without disturbing the interphase. To precipitate RNA, 0.5 mL of 100%
isopropanol was added per 1 mL of initial TRIzol volume. Samples were incubated for 10
minutes at RT and centrifuged at 12,000 x g for 10 minutes at 4 °C. The RNA pellet, often
invisible, formed at the bottom or side of the tube. The supernatant was gently removed, and the
pellet was washed with 1 mL of 75% ethanol (prepared in RNase-free water). After gentle
flicking to dislodge the pellet, tubes were centrifuged at 7,500 % g for 5 minutes at 4 °C. The
wash was carefully discarded, and a brief spin at max speed (~12,000 x g for 30-60 seconds at
RT) was used to collect any residual liquid, which was removed with a P20 pipette. The pellet
was air-dried until translucent or white (not over-dried) and resuspended in 20 puL. of RNase-free
water. Tubes were flicked gently and incubated at 4 °C to aid resuspension. The RNA solution
was gently mixed and briefly pipetted up and down to ensure homogeneity. RNA concentration
and purity were assessed as described in 2.2.2.12. Samples were stored at -80 °C until further

use.
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2.2.215 Complementary DNA (cDNA) synthesis

First-strand ¢cDNA synthesis was performed using SuperScript IV Reverse Transcriptase
according to the manufacturer's instructions. Total RNA (0.1-1 pg) was used as the template in
a 20 puL reaction. RNA was combined with 1 pL of 50 uM random hexamer primers and 1 pL of
10 mM dNTP mix. The total volume was adjusted to 13 uL with nuclease-free water. The
mixture was heated to 65 °C for 5 minutes, then placed on ice for 1 minute to allow primer

annealing.

In a separate tube, the following were combined to a total of 7 uL (Table 25):

Table 25. Reverse transcription reaction components.

Component Volume
5x SSIV Reaction Buffer (pre-warmed to 4 uL
room temperature)

100 mM DTT 1L
RNaseOUT Recombinant RNase Inhibitor 1uL
(40 U/uL)

SuperScript IV Reverse Transcriptase 1uL
(200 U/uL)

The reverse transcription mix was gently mixed, briefly centrifuged and added to the annealed
RNA-primer mixture (13 pL) for a final volume of 20 uL. The tubes were incubated in a

thermocycler according to the protocol in Table 26.

Table 26. Reverse transcription reaction thermal cycling protocol.

Temperature Time
23°C 10 min
50 °C 10 min
80 °C 10 min

The resulting cDNA was used immediately for PCR or stored at -80 °C.

2.2.2.16 Quantitative real-time PCR (qPCR)

Quantitative real-time PCR (qRT-PCR, qPCR) was performed using iTaq Universal SYBR
Green Supermix on a CFX96 Touch Real-Time PCR Detection System. Reactions were carried
out in a 10 pL volume according to the manufacturer’s protocol, using gene-specific primers at

a final concentration of 200 nM (Table 27).
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Table 27. gPCR thermal cycling protocol.

Cycles Temperature Time
1 95°C 30s

40 95 °C 5s
60 °C (plate read) 30s

Melt curve analysis 65-95 °C with 0.5 °C increments at 5 s/step

Gene expression was normalized to the geometric mean of three housekeeping genes: YWHAZ,
ACTB, and RNA18S. Relative expression levels were calculated using the 2"t method, where
ACt = Cliarget gene - Clreference genes. All reactions were performed in technical duplicates or

triplicates, and data was analyzed using Bio-Rad CFX Manager software and Excel.

2.2.217 RNA-seq library preparation

Total RNA was quantified using the Qubit RNA HS Assay Kit and RNA integrity was assessed
using the Agilent TapeStation 4200 with RNA ScreenTape. Only samples with RIN > 8 were
selected for library preparation. RNA-seq libraries were prepared using the NEBNext rRNA
Depletion Kit v2 (Human/Mouse/Rat) followed by the NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina, according to the manufacturer’s instructions. 100-500 ng of total
RNA was subjected to rRNA depletion via probe-based hybridization, RNase H digestion, and
DNase I treatment. The depleted RNA was purified using NEBNext Sample Purification Beads
and fragmented at 94 °C for 15 minutes. First-strand cDNA synthesis was performed using
random priming. Strand specificity was introduced during second-strand synthesis using dUTP.
After end-repair and A-tailing, NEBNext Dual Index UMI Adaptors were ligated. USER enzyme
treatment was then applied to selectively degrade the dUTP-containing strand, preserving strand
specificity. Libraries were PCR-amplified (8 cycles) using Ultra IT Q5 Master Mix and purified
using SPRIselect beads. Final libraries were eluted in 0.1x TE buffer. Library size distribution
and quality were verified using the TapeStation D1000 ScreenTape, and concentrations were
measured with KAPA Library Quantification Kit Complete Kit according to manufacturer’s
manual. Libraries with an average size of ~300bp and no adaptor dimers were used for
sequencing on [llumina NextSeq 500 at the Laboratory of Next-Generation Sequencing, Institute
of Hematology and Transfusion, Warsaw, Poland by Magdalena Skrzypczak and Sylwia
Radomska.
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2.2.3 Protein biochemical methods

2.2.3.1 Quantification of protein using colorimetric methods

Protein concentrations were determined using the Pierce BCA Protein Assay Kit following the
manufacturer’s microplate protocol. Samples and standards were prepared in a 96-well flat-
bottom clear plate. A BSA standard curve was included in each run, ranging from 125 pg/mL to
2000 pg/mL. Working reagent (WR) was freshly prepared by mixing Reagent A and Reagent B
at a 50:1 ratio. 200 puL of WR was added to 2 uL of each sample or standard. Plates were
incubated at 37 °C for 30 minutes, protected from light. Absorbance was measured at 562 nm
using a microplate reader. Sample concentrations were interpolated from the standard curve

using linear regression in Excel. All samples were measured in triplicates.

2.2.3.2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and western
blotting

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed to
separate proteins under denaturing conditions. Polyacrylamide gels were cast in-house,
consisting of a resolving gel (8-12%, depending on protein size) and a 4% stacking gel, using
standard acrylamide:bis-acrylamide mixtures and Tris-HCI buffer systems with SDS. In some
cases, commercially prepared SDS-PAGE gels (stored at 4 °C) were used. Samples were
denatured by boiling at 95 °C for 5 minutes in Laemmli buffer, followed by cooling on ice for 2
minutes and centrifugation at maximum speed for 1 minute. Samples were vortexed before gel
loading. Equal amounts of protein lysates (10-40 pug protein/lane) were loaded into gel wells
along with molecular weight standards (typically 3 puL). Electrophoresis was carried out in 1%
SDS Running Buffer. Gels were initially run at 80 V to allow proteins to migrate through the
stacking gel, followed by 120 V for separation in the resolving gel. Electrophoresis continued
until the dye front reached the bottom of the gel (~60-90 min). In some cases, Bis-Tris precast
gels were used and run with 1x MOPS running buffer according to the manufacturer’s

instructions, typically at 150 V of constant voltage.

Following electrophoresis, proteins were transferred to a PVDF membrane using a wet transfer
system. The membrane was pre-wetted in methanol for at least 1 min. Transfer was performed

in 1x Transfer Buffer (prepared from 10x stock with methanol and ddHzO in a 1:2:7 ratio) for 1
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hour at 400 mA constant current (~140-160 V) at 4 °C or in a cooled Styrofoam container with

ice.

Membranes were stained with Ponceau S for 5 minutes and washed with ddH-O to verify protein
transfer, imaged, and then destained with TBST. Membranes were blocked for 1 h at RT on a
shaker in 5% non-fat dry milk or 5% BSA in TBST (1x) to reduce nonspecific binding. BSA
was used when probing for phosphorylated proteins or to reduce background in sensitive
applications. In some cases the blocking has been performed overnight at 4 °C to further reduce
unspecific binding. For especially sensitive applications, the 5% BSA blocking solution was
passed through a 0.22 um filter to remove particulates and prevent background signal. Blocked
membranes were incubated overnight at 4 °C with primary antibodies diluted in 5% BSA or, in
case of PIM1/2/3 antibodies, in TBST. Following incubation, membranes were washed 3 times
for 15 minutes with 20 mL TBST. Secondary antibodies conjugated to horseradish peroxidase
(HRP) were diluted in TBST and incubated with the membranes for 1 h at RT with gentle
agitation. This was followed by 3 washes of 15 minutes each in 20 mL TBST.

Signal detection was performed using enhanced chemiluminescence (ECL) reagents, and
membranes were exposed to X-ray film or imaged with G:BOX digital detection system. All
blots were quantified using densitometric analysis in ImageJ when applicable. Primary antibody

solutions were saved for later reuse at -20 °C.

To enable sequential immunoblotting of different proteins on the same membrane, Medium
Stripping Buffer was applied to remove primary and secondary antibodies after initial detection.
Membranes were incubated in the stripping buffer 2 X 7 minutes, followed by 2 % 10 minutes in
PBS, then washed in TBST 2 x 5 minutes. Methanol-based rehydration was not used. After

stripping, the membrane was blocked for 1 h as described above.

After the final stripping or detection step, membranes were air-dried at RT and stored for archival

purposes.

2.2.3.3 Immunohistochemistry

Immunohistochemical staining was performed on a tissue microarray (TMA) constructed from

formalin-fixed paraffin-embedded (FFPE) bone marrow trephine biopsies from patients with
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MM or healthy donors. The samples were anonymized and retrieved from the Department of
Pathology, Brigham and Women’s Hospital, Boston, Massachusetts, USA. Due to the observed
loss of PIM2 antigenicity from decalcification, staining for PIM2 was performed using a TMA
composed of bone marrow clot sections, which had not been subjected to decalcification.
Sections were cut at 4 um thickness, mounted onto charged glass slides, and dried. After
deparaffinization and rehydration, slides underwent heat-induced epitope retrieval (HIER) using
either citrate buffer (pH 6.0) or Tris-EDTA buffer (pH 9.0), depending on the target antigen.
Endogenous peroxidase activity was blocked with 3% hydrogen peroxide, and nonspecific
binding was minimized using appropriate blocking buffer. The following primary antibodies
were used: PIM1 (Novus ST0513, NBP2-67528; 1:100; HIER pH 9.0), PIM2 (Novus OTI5SDS,
NBP2-02441; 1:100; HIER pH 6.0), PIM3 (Cell Signaling D17C9; 1:50 with antibody linker;
HIER pH 9.0), CD34 (M71165, DAKO, 1:400).

Control tissues were selected based on known antigen expression: testis for PIM1, lymph node
for PIM2, and kidney for PIM3. Slides were incubated with primary antibodies for 1 hour at
room temperature, followed by detection using an HRP-conjugated secondary antibody.
Visualization was performed using a DAB chromogen substrate. Slides were lightly
counterstained with hematoxylin, dehydrated, and mounted. To localize PIM1 and PIM3
expression in vascular structures, double IHC staining was performed using CD34 as an
endothelial marker. After initial antigen retrieval, slides were incubated sequentially with: Anti-
PIMI1 or anti-PIM3 as the first primary antibody, HRP-conjugated secondary antibody and
developed with DAB chromogen (brown). After appropriate blocking and washing, slides were
incubated with anti-CD34 antibody detected with an alkaline phosphatase-conjugated secondary
antibody and visualized using red chromogen. Slides were counterstained lightly with

hematoxylin, dehydrated, and mounted.

In all cases staining was evaluated using a Leica DM2000 microscope. Microphotographs were
taken on the same day, using the same light intensity, magnification, brightness and exposure
settings. Co-expression of PIM1 or PIM3 with CD34* endothelial structures was confirmed by
overlay of brown and red signals. All slides were assessed together with a board-certified

pathologist (Dr. Ruben Carrasco).
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2.2.4 Murine studies

To evaluate the in vivo efficacy of MEN1703, we used a luciferase-tagged disseminated MM
model in immunodeficient mice. 6-8 weeks old female NSG mice (NOD.Cg-
Prkdcse I12rg™!"/1/SzJ, Jackson Lab, Bar Harbor, ME, USA) were injected intravenously via
tail vein with 1x10° MM1.S-luciferase (MM1.S-luc) cells suspended in sterile PBS using 28G
syringes. Tumor progression was monitored by bioluminescence imaging (BLI) using the IVIS
Spectrum Imaging System (PerkinElmer) following intraperitoneal injection of D-luciferin
(150 mg/kg). On day 7 post-injection, upon confirmation of establishment of MM in the skeletal
system, mice were randomized into treatment groups to ensure comparable tumor burden based
on total BLI signal. Mice received either MEN1703 (50 mg/kg) or vehicle (water) administered
per os (PO), once daily (QD) by oral gavage. MEN1703 was supplied as dry powder by Menarini
Ricerche SpA and stored at +4 °C. Dosing volume was standardized at 10 pL per gram of mouse
body weight (e.g., 200 pL for a 20 g mouse). To prepare the dosing solution, sterile water was
added to the powder 15-30 minutes before administration. Tubes were then incubated in a 42 °C
water bath for 15 minutes with intermittent vigorous vortexing to enhance drug solubility. Tumor
burden was monitored weekly by BLI throughout the study. Bioluminescence signal was
quantified using Living Image Software (PerkinElmer) and expressed as total flux
(photons/second). Statistical comparisons between treatment groups at individual time points
were made using the Mann-Whitney U test. Mice were monitored daily for signs of distress or
treatment-related toxicity. All mouse procedures were approved by the appropriate institutional
animal care and use committee (IACUC) and were conducted in accordance with institutional

and national guidelines.

2.2.5 Computation and data analysis

2.2.5.1 Statistical analysis

Statistical analysis was performed using GraphPad Prism (versions 9.0-10.0), R (v4.2.3) with
dedicated packages, and MedCalc Statistical Software (v23.2.1) for selected multivariate
analyses. For all in vitro and in vivo experiments, results are presented as mean + standard
deviation (SD) or standard error of the mean (SEM) as indicated. Group comparisons were

evaluated using unpaired two-tailed Student’s t-test or one-way ANOVA with appropriate post

123



hoc correction (Tukey’s or Dunnett’s test), depending on the experimental design. For non-
normally distributed data, non-parametric tests (Mann-Whitney or Kruskal-Wallis) were used.
Survival curves were plotted using Kaplan-Meier estimates and compared by log-rank test. All
statistical tests were two-sided. A p-value < 0.05 was considered statistically significant unless
noted otherwise. The following notation was used to denote significance: p <0.05 = *; p<0.01
= ** p<0.001 = ***; p<0.0001 = ****; p-values > 0.05 were considered not statistically

significant (ns).

2.2.5.2 RNAseq data analysis

Demultiplexing of raw [llumina sequencing output was performed using bcl2fastq with default
settings to generate per-sample FASTQ files, which were stored on the IHIT-NGS computational
cluster. Primary data processing was performed using the nf-core/rnaseq pipeline (v1.4.2)
implemented through Nextflow, with a workflow configuration stored in the IHIT-ZHE GitHub
repository https://github.com/zhe-lab-ihit/. Quality control, adapter trimming, and alignment
were carried out according to nf-core default settings. Read alignment was performed using the
STAR aligner, mapping reads to the GRCh38 (hg38) human genome assembly for RNA-seq
data. Gene quantification was based on Gencode annotations corresponding to the genome build
used. These initial steps have been performed by experienced bioinformaticians, Drs. Michat
Pawlak and Marcin Kaszkowiak. Differential gene expression analysis was performed using
DESeq2. Raw read counts were imported into RStudio, filtered, normalized, and analyzed using
the default DESeq2 workflow. Each cell line was processed and analyzed separately. Genes with
adjusted p-value < 0.05 and |log:FC| > 1 were considered significant. Gene Set Enrichment
Analysis (GSEA) was performed using ClusterProfiler. Ranked gene lists (based on Wald
statistic) were used to identify enriched biological pathways or signatures. Additional
exploratory and visualization analyses (e.g. PCA, volcano plots, heatmaps) were performed in

R.

2.2.5.3 ChIPseq data analysis

ChIP-seq  data  were  downloaded from the  NCBI SRA  repository
(https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRINA608768) and processed in a custom

pipeline implemented in a Linux environment using the Ubuntu Subsystem for Windows. All
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steps were performed in Conda-managed environments to ensure reproducibility. FASTQ files
were first assessed for quality using FastQC. Reads were aligned to the GRCh38 human genome
reference using Bowtie2. The reference genome was indexed prior to alignment. After alignment,
SAM files were converted to BAM, and BAM files were sorted and filtered to remove unmapped,
duplicate, or multi-mapped reads using SAMtools and Sambamba. For peak calling, filtered
BAM files were analyzed with MACS2, using the corresponding input control samples and the
effective genome size for GRCh38. Peaks were called with default parameters optimized for
broad H3K27Ac signal detection. Post-alignment quality control was conducted in R, and all
BAM files were indexed for downstream visualization. To generate genome browser tracks,
bigWig files were created from filtered BAM files using deepTools (bamCoverage), applying
normalization to BPM (bins per million mapped reads) and enabling read centering and
extension. Input normalization was intentionally omitted from bigWig generation to avoid
potential bias, based on current best practices in the field. The input samples were used strictly

for peak calling.

2.2.5.4 scRNAseq data analysis

Publicly available single-cell RNA-seq datasets were retrieved from the study by de Jong et al.
[220], comprising bone marrow samples from both multiple myeloma (MM) patients and healthy
donors (HDs). The datasets included sorted subpopulations: CD45~ cells, CD45*CD38* (non-
plasma cells), CD45*CD38" cells, and CD45*CD38* malignant plasma cells. Data were provided
as pre-processed Seurat objects and integrated using Seurat version 5.1.0. Low-quality cells were
excluded based on filtering parameters reported in the source publication. Remaining cells were
normalized using Seurat’s NormalizeData() function with default settings. Dimensionality
reduction was performed using Uniform Manifold Approximation and Projection (UMAP) via
the RunUMAP() function. Clustering was performed based on canonical markers and existing
cell-type annotations from the original dataset. Endothelial cells (ECs) were defined by
expression of CDHS5, PECAM1, and FLTI, and absence of the pan-hematopoietic marker PTPRC
(CD45). ECs from MM and HD samples were subsetted and analyzed separately. To compare
gene expression between MM-derived and HD-derived ECs, we used a pseudobulk strategy,
aggregating transcript counts per donor using Seurat’s AggregateExpression() function, grouped
by sample origin and disease state. Differential gene expression analysis was performed with

DESeq2, applying Benjamini-Hochberg correction for multiple testing. Differential expression
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was computed using the FindMarkers() function with pseudobulked input. Genes with adjusted
p-value < 0.05 and |log2FC| > 1 were considered significant. GSEA was conducted using the
fgsea and clusterProfiler R packages. Reference gene sets were obtained from the Molecular
Signatures Database (MSigDB). Gene ranking was based on DESeq2 Wald statistics, and
enrichment scores were computed using 10,000 permutations. Only gene sets with at least 10

genes were retained for analysis.
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3 Functions of PIM kinases in multiple

myeloma cells

3.1 PIM kinase overexpression is essential for MM growth

3.1.1 CRISPR/Cas9 cancer dependency screens identify PIM kinases

as critical oncogenes in multiple myeloma

To investigate the role of PIM kinases in multiple myeloma (MM), we initially analyzed two
independent, publicly available datasets generated from CRISPR/Cas9 drop-out screens using a
panel of MM cell lines (Cancer Dependency Map (DepMap) [361] and Yang et al. [125]. PIM2
kinase ranked at the top of oncogenic dependencies in MM cells in both datasets, thus confirming
the critical role of PIM kinases in MM pathogenesis (Fig. 8A). Notably, no such dependency
was detected for PIM1 or PIM3. The reliance of malignant plasma cells on PIM2 was either
similar to or exceeded that of established MM oncogenes (e.g., MYC, IRF4, MAF, IKZFI,
IKZF3) and previously recognized drug targets (e.g., PSMBS5, BCL2, BRD4). Additionally, a
comprehensive analysis of DepMap cancer cell lines showed that MM cell lines uniquely
overexpress PIM2 compared to all other cell lines, even those from other hematologic
malignancies like lymphoma and leukemia (Fig. 8B). Intriguingly, PIM2 expression did not
correlate with PIM2 dependency in MM cell lines (Fig. 8B-C), suggesting the need to identify
alternative biomarkers for more effective patient selection during clinical trials of PIM inhibitors.
PIM2 dependency was particularly evident in MM cell lines and a subset of B-cell lymphoma
lines, suggesting that these neoplasms are likely the most responsive to PIM depletion or

pharmacological inhibition.
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Fig. 8. Genome-wide CRISPR/Cas9 dropout screens identify genes preferentially essential for
multiple myeloma cells compared to other types of cancer.

A - Combined CRISPR scores (Avana+Sanger) for plasma cell-specific dependencies across 18 MM cell
lines from DepMap and Yang et al. [125]. PIM1/2/3 dependency scores and expression levels in all cell
lines included in the (B) DepMap database and (C) Yang et al. [125] datasets. P-values were calculated
using the Wilcoxon rank-sum test to compare each cancer type (leukemia, lymphoma, myeloma) against
all other samples. Adjusted P-values were computed using the Benjamini-Hochberg method.

3.1.2 PIM1/2/3 levels in healthy human and murine tissues

While the CRISPR/Cas9 screen results offer promising leads, it's important to note that such hits
frequently result in clinical trial failures due to off-tumor, on-target drug effects. To address this,
we examined PIM kinase expression in healthy murine tissues [362] as well as in human tissues
[363]. Notably, in murine lymphoid cells, PIM1 and PIM2 were predominantly expressed in
plasmablasts and plasma cells (Fig. 9). PIM3, on the other hand, showed more uniform

expression, with elevated expression levels primarily at the B-cell progenitor stage.
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Fig. 9. PIM1/2/3 expression levels across different levels of B cell maturation. Data source: [362].

In the Tabula Sapiens dataset, a single-cell transcriptomic atlas spanning multiple human organs
[364], PIM?2 showed significant enrichment in plasma cells compared to other cell types (Fig.
10A-C). This suggests likely functional relevance in both normal and malignant plasma cells.
Notably, PIM?2 was also abundant in various T cell subsets, such as CD4+ and memory T cells,
indicating possible immunomodulatory consequences of PIM?2 inhibition in T cells. In contrast,
PIM1 and PIM3 were predominantly expressed in epithelial and mesenchymal cells, albeit with
notable distinctions. PIM 1 was broadly present in various fibroblast subtypes, while PIM3 was

129



particularly enriched in endothelial cells compared to PIM1. These patterns suggest potential

functions of PIMs in the tumor microenvironment, The preferential expression of PIM2 in

plasma cells relative to other healthy tissues identifies it as a promising therapeutic target for

multiple myeloma (MM). It also suggests an integral role for PIM2 in plasma cell physiology.
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Fig. 10. The distribution of PIM kinase mRNA expression in healthy human tissues. Data sourced
from scRNAseq studies within the Tabula Sapiens project [364]. (A) UMAP visualization of single-cell
clusters from the Tabula Sapiens dataset used in this study. (B) UMAP dimensional reduction plot
(dimplot) representing the expression levels of PIM1, PIM2, and PIM3 across various human cell types.
(C) Analysis of both expression levels and the fraction of cells expressing PIM1, PIM2, and PIM3 in
healthy human tisues. The color-coded labeling highlights plasma cells (green) and T cells (blue) as the
primary cell types with significant PIM2 expression. Red-colored points identify the top 15 cell types for
each gene based on weighted gene expression.

3.1.3 PIM mRNA expression levels in MM and normal plasma cells

To evaluate the expression of PIM kinases in multiple myeloma (MM), we first analyzed
transcriptomic datasets from primary patient samples and MM cell lines. In a large MM patient
cohort (n = 881)[12], PIM2 showed the highest median expression among the three paralogs,
followed by PIMI and (Fig. 11, top left). Similar trends were observed in MM cell lines (n =
66), with PIM?2 consistently exhibiting higher transcript levels (Fig. 11, top right, ****p <
0.0001).
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Fig. 11. PIM kinase expression in multiple myeloma patients, cell lines, and normal plasma cells.
(Top) Expression of PIM1, PIM2, and PIM3 in MM patients (n = 881, left) and MM cell lines (n = 66, right).
Data derived from MMRF CoMMpass study and Keats Lab MM Cell Line Characterization Project.
(Bottom) Comparison of PIM expression in MM versus normal plasma cells. Statistical significance was
determined using two-sided Student’s t-test.

131



To determine whether these expression patterns were specific to malignant plasma cells, we
compared MM samples with normal plasma cells using publicly available datasets (Fig. 10,
bottom). In GSE39754, both PIM1 and PIM?2 expression were significantly increased in MM
compared to normal counterparts (*p < 0.05 and ****p < 0.0001, respectively). Additionally,
PIM3 expression was significantly higher in MM in the GSE47552 dataset (***p <0.001), while
other PIMs did not display such a trend in this dataset (data not shown).

These data suggest that all three PIM kinases are transcriptionally upregulated in MM, with PIM?2

showing the highest expression, supporting its potential as a therapeutic target.

3.1.4 Multiomic datasets link PIM expression to specific MM-related

features

To further confirm PIM kinase expression in MM and evaluate the putative association of PIM
expression with clinical features of the disease, we first examined a publicly available sScRNAseq
dataset including cells from patients at various stages of MM: IgM MGUS, MGUS, SMM,
NDMM, and RRMM (Fig. 12). PIM1 showed elevated expression predominantly in [gM MGUS
cases (Fig. 12A, D), which commonly precede the onset of non-Hodgkin lymphomas such as
Waldenstrom macroglobulinemia. PIM2 expression remained relatively stable across all MM
stages, and 100% of sequenced cells expressed PIM2 mRNA (Fig. 12B, D). Notably, PIM3
expression was significantly higher in RRMM cells compared to NDMM cells (Fig.12C, D),

hinting at a possible role of PIM3 in late-stage disease or chemotherapy resistance.
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Fig. 12. PIM expression across MM progression stages. A, B, C - Expression levels of PIM1, PIM2,
and PIM3, respectively, at distinct MM stages, sourced from scRNAseq data [365]. Significance assessed
using ANOVA with Tukey's post-hoc test; p-values in black denote significance (p < 0.05). D - Bubble plot
illustrating PIM1/2/3 expression levels and the percentage of cells expressing respective PIM kinase
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133



Because scRNAseq can underestimate low-abundance transcripts, we next analyzed a bulk
RNA-seq dataset from Silva et al.[366], which includes samples across MM stages. Differential
expression analysis confirmed that PIM1 is upregulated in MGUS compared to SMM, consistent
with early-stage expression. In contrast, PIM2 was significantly upregulated in RRMM
compared to NDMM, suggesting a possible role in relapsed disease. PIM3 showed only modest
increases in RRMM compared to NDMM (Fig. 13). No changes in PIM1/2/3 expression were
detected when comparing early versus late relapsed MM. These findings support stage-specific
regulation of PIM kinases, with PIM] induced early and PIM?2 enriched in late-stage, treatment-

exposed myeloma.

MGUS VS. SMM NDMM VS. RRMM ERMM VS. LRMM
¢
5 \ 8 3 y
4 © L ; %
g e g|

-10 -05 0.0 05 10 -05 00 05 10 -0.50 -0.25 0.00 0.25 0.50
AZ score AZ score AZ score

Fig. 13. Bulk RNA-seq analysis of PIM kinase gene expression during MM progression. Data
source: Silva et al. [366]. Genes significantly upregulated (|AZ| > 0.25, padj < 0.05) are red; non-
significant are blue (JAZ| < 0.25, padj < 0.05) or grey. PIM1, PIM2, and PIM3 are highlighted. ERMM -
early relapse MM, LRMM - late relapse MM.

3.1.5 IHC staining and quantification of PIM1, PIM2 and PIM3 protein

levels in MM and healthy bone marrow

Given the strong dependency of MM cells on PIM2, we decided to pursue PIM kinases as
therapeutic targets in this disease. Recognizing that mRNA levels do not always correlate with
protein levels [367,368], we evaluated PIM kinase protein expression using
immunohistochemical staining. We used a panel of rigorously validated antibodies (Fig. 14)
compatible with decalcified bone marrow (PIM1, PIM3) or bone marrow clot sections (PIM2).
These assays were conducted on tissue microarrays (TMAs) combining trephine bone marrow

samples from MM patients as well as bone marrow from healthy donors (Fig. 15).

134



PIM1 - testls PIM2 - lymph node PIM3 - kidney

—r Spetmatoqoma —» Plasma cell —» Renal corpuscule capillary
—» Spermatocytes » Proximal collecting duct

— Distal collecting duct
Fig. 14. IHC optimization. PIM1 (Novus ST0513 NBP2-67528; antigen retrieval pH 9.0; dilution 1:100)
stains spermatogonia and spermatocytes. PIM2 (Novus OTI5D5 NBP2-02441; antigen retrieval pH 6.0;
dilution 1:100) is prominent in germinal center B cells and lymph node plasma cells. PIM3 (Cell Signaling
D17C9; antigen retrieval pH 9.0; dilution 1:50 plus Linker) stains kidney epithelium, predominantly the
distal collecting ducts.

Quantification of DAB staining intensity demonstrated a statistically significant increase in
PIM1, PIM2, and PIM3 expression in malignant plasma cells (MM PC) compared to normal
plasma cells (Normal PC), with p-values of 0.0396, 0.0098, and 0.0012, respectively. The
majority of MM samples were positive for PIM1 (17/18, 94.4%), PIM2 (21/23, 91.3%), and
PIM3 (18/18, 100%), as assessed by a pathologist. PIM1 displayed predominantly nuclear
staining in MM cells, often with a speckled appearance. PIM2 was restricted to the cytoplasm
and strongly expressed in MM cells but not in normal plasma cells. PIM3 showed diffuse

cytoplasmic staining in most MM cases, with frequent moderate nuclear localization.

Together, these findings confirm that all three PIM kinases are overexpressed at the protein level
in MM compared to normal plasma cells, and that they display distinct subcellular localization

patterns suggestive of different functions of each PIM family member.
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Fig. 15. Inmunohistochemical analysis of PIM1/2/3 in healthy vs. newly diagnosed MM bone
marrow. *A) IHC optical density scores determined via IHC Profiler, quantified within regions of interest
(ROIs) containing cells displaying plasma cell morphology for each case. (B) Distribution of PIM1/2/3-
positive and -negative cases within the studied cohorts. (C) Selected microphotographs illustrating
differences in PIM expression between healthy bone marrow (far left) and bone marrow samples from

MM patients.
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3.1.6 PIM kinase expression is linked to MM patient survival

To assess the clinical impact of PIM kinase expression in multiple myeloma, we analyzed RNA-
seq data from the MMRF CoMMpass study [12]. We used Cutoff Finder [369] to stratify patients
into high and low expression groups for each PIM. Survival outcomes were evaluated using

overall survival (OS) and progression-free survival (PFS) as endpoints (Fig. 16)

Cutoffs for each PIM gene were selected based on the method that maximized the significance
of survival separation. For PIMI, a log-rank test was used to identify the most prognostically
relevant threshold. This test was appropriate because the survival hazard associated with PIM1
expression showed a smooth gradient, allowing for estimation of a split point based on time-to-
event data. In contrast, for PIM2 and PIM3, we observed more bimodal distributions of
expression and sharper separations in group sizes. Therefore, we applied Fisher’s exact test to
identify optimal cutoffs based on dichotomous association with survival status at specific time

points.

Kaplan-Meier curves for OS and PFS illustrate that high expression of any PIM gene is

associated with worse outcomes.

137



Significant (p < 0.05) tests: 90 out of 570 (15.8%)

ol

av
£
a
£t
=
[
=
X
| — 0000 1
0 50 100 150 200
PiM1

cutoff = 21.59, 339 (57.6%) PIM1+, 250 (42.4%) PIM-

L

300 400 500 600

Frequency
0 10 20 30 40 50 60 70

Pits1
PiM1
—~ 100
b >
e N, i u
o] e ——
G
2 80
E
]
F-
<)
o
0 1 T T T T T 1
1 2 3 4 5 6
Years

No. at risk
PIM1low 250 217 194 131 44 8 0
— PIM1 high 339 225 158 102 29 0 0

PIM1
= 100
=
® \
3 "
< N
: "
g X
=) el ™
2 N
=] A
¢
o
o—TrT
Q 1 2 3 4 5 6
Years

No. at risk
— PIM1low 250 190 142 76 15 1 0
PIM1 high 339 174 107 53 12 0 0

Significant (p < 0.05} tests: 291 out of 569 {51.1%)

2 4 8
13

HR with 95% CI

14 1/2 1

SN —— O 80 000100
200 400 600 800
PIM2

cutoff = 308.4, 164 (27.8%) PIM2+, 425 (72.2%) PIM2-

50

Frequency
10 20 30 40

o- N
0 500 1000 1500 2000
Pii2
PIM2
2 100 a,,\‘ .
S S
2 50 =
E
2
[5]
o
T T T T T T 1
(1] 1 2 3 4 5 6
Years
No. at risk

—PIM2low 425 315 258 174 56 B 0
- PIM2 high 164 127 94 85 17 O o

PIM2

§ 100

o

£ i

Sz w\\“\

Fel el -

& Y
—
2 3 4 5 6

Years
No. at risk
PiM2low 425 263 190 105 22 1 0
~—=PIMZ high 164 101 59 24 5 a 0

Significant (p < 0.05) tests: 435 out of 570 (76.3%)

o
o
£ o~
(=2}
£ -~
2
x o
T -
3
T O R B
0 20 40 60 80
PIM3

cutoff = 15.71, 176 (29.9%) PIM3+, 413 (70.1%) PIM3-

o.
-
33
B
w
2
o- 8 a
0 50 100 150 200
PIM3
PIM3
~ 100
& e,
o0 B = —
o \ |
5 .
Z 50
5
]
o
3
a
T T T T T T 1
0 1 2 3 4 5 6
Years
No. at risk

—PIM3low 413 34Z 300 216 73 8 o
PIM3 high 176 100 682 17 @ Q@ 0

PIM3
g 100
4 ™
Q. b \_\
s . t\"\.\’
i
o e \\‘\.
[ . s
Pl
2
a
M T T T T T 1
0 1 2 3 4 5 6
Years
No. at risk
~ PIM3low 413 282 218 120 27 1 0

—— PIM3 high 178 72 31 9 ¢ Qo 0

Fig. 16. Prognostic significance of PIM1, PIM2, and PIM3 expression in MM from the MMRF
CoMMpass cohort. (Top row) Hazard ratio plots with 95% confidence intervals show the association
between gene expression levels and OS, as determined by Cutoff Finder. (Middle row) Histograms of
gene expression values and the corresponding cutoff points (red lines). (Bottom two rows) Kaplan-Meier
survival curves for OS and PFS, comparing patients with high vs. low expression of each PIM gene.
Number at risk is shown below each plot.

To further evaluate the prognostic relevance of PIM kinase expression, we performed univariate

and multivariate Cox regression analyses using clinical and molecular data from the MMRF

CoMMpass dataset (Fig. 17). This included OS and PFS data, as well as baseline variables such

as age, sex, ECOG status, ISS stage, laboratory parameters, cytogenetic features, and key genetic
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lesions. In univariate analysis, high expression of PIM1, PIM2, or PIM3 was associated with
significantly increased risk of death. In multivariate analysis adjusting for established risk
factors, high PIM?2 or PIM3 expression remained independent predictors of poor OS, with hazard
ratios of 1.50 and 1.89, respectively. These results support the independent prognostic value of

PIM kinase expression in MM.

Univariate analysis Multivariate analysis
Factor HR (95% Cl) P Value HR (95% CI) P Value

Sex (Male) = 155(1.04-231) 0033

Age (> 70y) —— 3.40(2.14-5.40) <0.001 —a— 1.86 (1.24-2.77) 0.002

ECOG =0 —a— 2.41(1.62-3.58) <0.001 —a— 1.61(1.08-241) 0.012

ISS =2 —a— 2.23(1.54-3.24) <0.001 — 119 (0.68-2.13) 0.534

ISS=3 —a— 3.95(2.60-6.01) <0.001 —— 3.95(2.60-6.01) <0.001
Calcium {> 11 mg/dl) ——— 1.44 (0.68-3.02) 0.342
Creatinine (> 1 mg/dl) —i 0.74 (0.50-1.10) 0.139
Hemoglobin (< 10 g/dl) 1.02 (0.68-1.53) 0.940
Lytic bone lesion (2 1) E 1.04 (0.72-1.51) 0.843
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Plasmacytoma —1—a— 1.48 (0.74-2.96) 0.266
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High-risk cytogenetics —i— 1.70 (1.12-260) 0013
Hyperdiploidy — - 0.82 (0.57-1.18) 0.295
MAF/MAFB translocation —_— 1.41(0.62-3.21) 0409
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+1g21 —a— 1.95 (1.30-2.94) 0.001 —— 112 {0.74-1.70) 0.604
-1p22 — @~ 155 (1.00-2.40) 0.048

-13q —— 1.86 (1.28-2.69) <0.001 -1 118 (0.76-1.83) 0.466
-17p13 —1—— 1.45 (0.80-2.63) 0224
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Fig. 17. Univariate and multivariate Cox regression analysis of overall survival in the MMRF
CoMMpass cohort. Hazard ratios (HR) and 95% confidence intervals (Cl) are shown for clinical,
cytogenetic, and molecular variables. In univariate analysis (left panel), high expression of PIM1, PIM2,
and PIM3 was significantly associated with increased risk of death. For the multivariate model (right
panel), only variables with univariate P < 0.01 were included. High expression of PIM2 and PIM3
remained independently associated with shorter overall survival. Variables with statistically significant
hazard ratios are shown in orange.

3.2 Super-enhancer-mediated control of PIM expression in

malignant plasma cells

Given the strong link between high PIM1/2/3 expression and poor prognosis in MM, we next
investigated the mechanisms underlying this elevated expression. Transcriptional regulation by
enhancers, and particularly super-enhancers, is a well-known driver of high and lineage-
restricted gene expression in cancer and in normal hematopoietic cells [370]. Super-enhancers
are large genomic regions marked by dense clusters of active enhancer elements, characterized

by high levels of H3K27 acetylation (H3K27ac).
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To explore whether super-enhancer activity might explain high PIM2 expression in MM, we
reanalyzed H3K27ac ChIP-seq data from Jia et al [371]. This dataset includes B-cell lymphoma
cell lines (Raji, Daudi), primary MM patient samples (CD138* plasma cells), healthy donor BM
CD138" plasma cells, and established MM cell lines. H3K27ac is a robust marker of active
enhancers and super-enhancers, making it ideal for identifying regulatory elements linked to
gene activation. Using peak calling and super-enhancer identification algorithm ROSE
[372,373], we detected super-enhancers near the PIM?2 locus in several MM cell lines, but not in
normal plasma cells. This supports the hypothesis that aberrant enhancer activation, and
acquisition of super-enhancers, is a major contributor to pathological PIM2 expression in

multiple myeloma.
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Fig. 18. Super-enhancer H3K27ac load at PIM loci in normal plasma cells, MM patient samples,
and MM cell lines. Heatmap shows Z-scored H3K27ac ChlP-seq signal over super-enhancer regions
assigned to PIM1, PIM2, and PIM3. Each column represents a sample or cell line from the Jia et al.
Dataset [371].

To visualize the enhancer landscape at each PIM locus, we plotted H3K27ac ChIP-seq tracks
across representative normal and malignant plasma cell samples (Fig. 19). Regions identified as
super-enhancers by ROSE are highlighted in blue. For PIM2, a broad and intense H3K27ac
signal was observed in several MM samples (MMI10, JIN3, H929), consistent with strong
enhancer activity. In contrast, normal plasma cells showed lower enrichment, suggesting that
this regulatory element is undergoing epigenetic remodeling during transformation or disease

progression.

A similar, though less consistent, pattern was observed at the PIM1 and PIM3 loci. Overall, these
findings suggest that PIM2 is more consistently and strongly regulated by super-enhancer
elements than PIM1 or PIM3 in MM. This enhancer-driven mechanism may explain the
dominant role of PIM2 in MM pathobiology and its strong association with poor prognosis in

our cohort.
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To experimentally confirm that PIM gene expression in MM is driven by super-enhancer
activity, we treated MM 1.s cells with JQ1, a selective BET bromodomain inhibitor that blocks
BRD4-dependent transcription. BET proteins, including BRD4, are critical for the maintenance
of super-enhancer activity and drive the transcription of associated oncogenes [372]. JQI
displaces BRD4 from chromatin, leading to rapid transcriptional repression of super-enhancer-
regulated genes. MYC, a known super-enhancer-regulated oncogene, was included as a positive

control to validate assay sensitivity.

Following JQ1 treatment, we observed a significant downregulation of PIM2 mRNA levels
compared to DMSO controls (Fig. 20). PIM1 and PIM3 expression also decreased, although the
effect was slightly less pronounced than for PIM2. As expected, MYC expression was robustly

suppressed.
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Fig. 19. H3K27ac ChiIP-seq signal tracks. Shown are PIM1 (A), PIM2 (B), and PIM3 (C) loci in normal
plasma cells, B-cell lymphoma (Raji), and multiple myeloma samples. Whole-cell extract (WCE) and
H3K27ac signals are shown for each sample. Blue-shaded areas indicate regions identified as super-
enhancers using the ROSE algorithm.
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Fig. 20. Effect of JQ1 treatment on PIM gene and MYC mRNA levels in MM1.S cells. MM1.s cells
were treated with DMSO (control) or 500 nM JQ1 for 24 hours. mRNA levels of PIM1, PIM2, PIM3, and
MYC were measured by gqRT-PCR and are shown as fold change relative to DMSO. MYC was included
as a positive control for BRD4-dependent super-enhancer regulation. Data are shown as mean * SD;
each dot represents an independent biological replicate.

3.3 Pharmacological targeting of PIM kinases in MM

3.3.1 Systematic drug screening of pan-PIM inhibitors reveals

heterogeneous sensitivity

To evaluate the therapeutic potential of PIM kinase inhibition in MM, we performed a systematic
drug screen using five pan-PIM inhibitors (MEN1703, PIM447, INCB053914, AZD1208, and
SGI1776) across a panel of MM cell lines (Fig. 21). Both growth inhibitory (Glso) and lethal
(LCso) concentrations were determined based on flow cytometry-based cell counting coupled
with live cell detection via propidium iodide (PI) staining. Cells were treated with nine serial
drug concentrations (0.05-12.8 uM) and analyzed at baseline (day 0) and after 4 days of drug
treatment. This approach was prompted by conflicting preclinical data and recent disappointing
clinical outcomes for PIM447 [348] and AZD1208 [345]. Our aim was to establish whether PIM
kinases represent a consistent and targetable vulnerability in MM, and whether differences in

drug response could be linked to underlying genetic features or the type of inhibitor used.
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Fig. 21. Sensitivity of multiple myeloma cell lines to pan-PIM kinase inhibitors. (A) Heatmap
showing Glso values (uM) for five pan-PIM inhibitors (MEN1703, PIM447, INCB053914, AZD1208,
SGI1776) across a panel of MM and DLBCL cell lines. Values are color-coded by log1o(Glso), with higher
sensitivity shown in blue. Cell lines are annotated by genetic subtype (top bar) and key oncogenic
alterations (middle panel), including translocations (purple), mutations (green), and deletions (black). (B)
Glso and LCso values for all compounds and cell lines. Each point represents one cell line-drug
combination, colored by compound and shaped by disease type.

The five pan-PIM inhibitors showed variable efficacy across MM cell lines. MEN1703 and
INCB053914 exhibited the most potent activity, with low micromolar Glso values in several lines
such as MML1.S, L363 and OCI-My7. In contrast, PIM447 and AZD1208 were less effective
overall, consistent with prior clinical trial reports. SGI1776 showed intermediate activity.
Notably, sensitivity patterns did not strictly correlate across inhibitors, suggesting differing oft-
target effects or cellular uptake or efflux. Some cell lines, such as KMS11 and KMM1, were

broadly resistant to all compounds, while others, including MM1.S, were more sensitive. Drug
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response was partially associated with genetic background: for instance, cell lines with MAF or

FGFR3/WHSCI translocations tended to be less sensitive.

Among the compounds tested, MEN1703 consistently demonstrated the highest potency across
MM cell lines. Given its known activity against FLT3 [307], we investigated whether FLT3
mRNA expression correlated with increased MEN1703 sensitivity (Fig. 22). No such association
was observed, suggesting that the cytotoxic effects of MEN1703 are primarily mediated through
on-target inhibition of PIM kinases rather than FLT3 engagement.
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Fig. 22. Relationship between FLT3 expression and MEN1703 sensitivity in MM cell lines.

3.3.2 MEN1703 sensitivity is associated with MYC-driven

transcriptional programs

To investigate potential mechanisms of MEN1703 sensitivity, we stratified MM cell lines into
two groups using a Glso threshold of 1.5 pM to define resistant lines. Comparative transcriptomic
analysis revealed that MEN1703-sensitive cell lines exhibited significantly higher expression of
MYC and E2F1 target genes and genes associated with G2M checkpoint and glycolysis (Fig.
23). These findings suggest that MY C-driven transcriptional activity may enhance susceptibility
to PIM inhibition and could serve as a predictive biomarker for MEN1703 response. MM cases
harboring IGH::MYC translocations or relapsed/refractory disease (both associated with elevated
MYC signaling [12,366]) may represent rational patient populations for clinical testing.
Moreover, the data support the existence of a functional interaction between PIM kinase activity

and MY C-driven oncogenic program.
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Fig. 23. Hallmark gene set enrichment analysis (GSEA) comparing resistant versus sensitive
multiple myeloma cell lines.

3.3.3 MEN1703 induces apoptosis in MM cell lines

To determine whether MEN1703 suppresses MM cell viability through induction of apoptosis,
we performed Annexin V-FITC/PI staining followed by flow cytometric analysis. Three
representative MM cell lines (JJIN3, RPMI8226, and U266) were treated with MEN1703
(1.5 uM) for 96 hours. MEN1703 markedly increased the proportion of apoptotic cells in all
three lines, with a shift from the live (Annexin V7/PI") population to early (Annexin V*/PI") and
late apoptotic/necrotic (Annexin V*/PI") fractions (Fig.24). In JIN3 cells, over 59% of the
population shifted to late apoptosis/necrosis, compared to ~12% in DMSO-treated controls.
Similar increases were observed in RPMI8226 and U266, indicating a consistent pro-apoptotic

effect of MEN1703.
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Fig. 24. MEN1703 induces apoptosis in MM cell lines. Annexin V-FITC and propidium iodide (PI)
staining followed by flow cytometric analysis was used to assess apoptosis in JUN3, RPMI8226, and U266
cells after 96 h treatment with MEN1703 (1.5 uM) or DMSO. Dot plots show the distribution of live
(Annexin V7/PI7), early apoptotic (Annexin V*/PI7), late apoptotic (Annexin V*/PI*), and necrotic (Annexin
V7/PI*) cells. Bar plots display the mean proportion of each population.

To further confirm the induction of apoptosis, we assessed the activity of caspase 3/7, caspase 8

and caspase 9 using the CaspGlo luminescence assay. MEN1703 treatment significantly elevated

caspase activity in all tested cell lines, supporting the engagement of the intrinsic apoptotic

cascade (Fig. 25A). Activity of caspase 8 was also increased following MEN1703 treatment,

suggesting either activation secondary to cleavage mediated by caspase 3 or 9 [374] or activation

of extrinsic apoptotic cascade. Western blot analysis revealed robust cleavage of PARP, a
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hallmark of caspase-mediated apoptosis, in MEN1703-treated MM1.s and U266 cells, and to a
lesser extent in RPMI8226 cells (Fig. 25B). These data demonstrate that MEN1703 induces
apoptotic cell death in MM cells.
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Fig. 25. MEN1703 induces caspase activation in MM cells. (A) Luminescence-based caspase activity
assays were performed following 24 h treatment with MEN1703 (1.5 yM) or DMSO. Data are shown as
fold change over DMSO-treated controls (mean + SD). P values were determined by unpaired two-tailed
t-test. (B) Western blot analysis of PARP cleavage in MM1.S, U266, and RPMI8226 cells treated with
increasing concentrations of MEN1703 (0-3.5 uM) for 24 hours. Cleaved PARP (89 kDa) serves as a
marker of apoptosis. GAPDH was used as a loading control.

3.3.4 MEN1703 induces apoptosis in primary MM cells

To validate the anti-myeloma activity of PIM inhibition in primary samples, we treated freshly
isolated bone marrow aspirates from MM patients with MEN1703 or PIM447 for 48 hours. The

myeloma cells were magnetically separated from the rest of the bone marrow using anti-CD138

148



beads. Apoptosis was quantified by Annexin V-PE/7AAD staining and subsequent flow
cytometric acquistion. The percentage of viable CD138* MM cells (Annexin V- 7AAD") was
normalized to DMSO-treated controls. MEN1703 induced a marked reduction in viable MM
cells in most samples, while sparing non-malignant CD138" cells (Fig. 26A). MEN1703 was
effective even against MM cells cocultured directly with CD138" stromal cells, demonstrating
that it could overcome the protective effect of bone marrow microenvironment. Caspase-3/7
activity assays using the CaspGlo kit confirmed apoptosis induction following MEN1703
treatment (Fig. 26B). In contrast, PIM447 demonstrated limited cytotoxic activity in these
primary cells (Fig. 26C). To distinguish tumor from stromal compartments, CD138* cells were
pre-labeled with CFSE prior to drug exposure, allowing for reliable tracking despite time-

dependent loss of CD138 surface expression.
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Fig. 26. Sensitivity of primary MM cells to MEN1703 and PIM447. (A) Bone marrow aspirates from
MM patients were treated with MEN1703 or PIM447 for 48h. Apoptosis was assessed by Annexin V-
PE/7AAD staining. Viable CD138* (CFSE*) MM cells were quantified as Annexin V-PE~ 7AAD™ and
normalized to DMSO-treated controls. CD138~ non-malignant cells and mixed cultures (CD138* +
CD1387) were analyzed in parallel. (B) Caspase-3/7 activity in CD138* MM cells treated as in (A),
measured using a luminescent CaspGlo assay. (C) PIM447 exhibited minimal cytotoxicity across primary
MM samples.

3.3.5 Time-course analysis reveals sustained anti-myeloma activity of
MEN1703

To evaluate the time-dependent effects of PIM kinase inhibition, we monitored MM and DLBCL
cell line viability over a 12-day period following exposure to 1.5 uM MEN1703, PIM447, or
INCB053914 (Fig. 27). Viable cell counts were normalized to DMSO-treated controls at each
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time point. MEN1703 induced a rapid and sustained decrease in viability across nearly all MM
cell lines, with no evidence of rebound growth by day 12. INCB053914 exhibited intermediate
efficacy, with a gradual reduction in viability observed in several lines, though the extent of
suppression was less consistent than with MEN1703. In contrast, PIM447 failed to induce a
meaningful decrease in cell viability in most lines, and, in several cases, cell numbers increased

over time, indicating continued proliferation.
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Fig. 27. Time-course analysis of PIM inhibitor efficacy in MM and DLBCL cell lines. Cell lines were
treated with 1.5 yM of MEN1703, PIM447, or INCB053914 and viable cell counts were assessed over 12
days using flow cytometry. Cell numbers were normalized to DMSO-treated controls at each time point.
Each line represents an individual cell line, color-coded by name and grouped by genetic subtype (right).

3.3.6 Differential PIM2 engagement does not explain the superior
cytotoxic activity of MEN1703

To assess whether differences in PIM2 binding affinity contribute to the superior cytotoxic
activity of MEN1703 compared to PIM447, we performed a cellular thermal shift assay
(CETSA) in MM cell lines (Fig. 28). JIN3 and U266 cells were treated with either MEN1703 or
PIM447 (5 uM dissolved in HBSS, t = 30 min), followed by heating across a temperature
gradient. This assay measures thermal stability of endogenous PIM2 protein in intact cells. Upon
heating, unbound PIM2 denatures at its characteristic melting temperature (Tm), while ligand
binding stabilizes the protein, resulting in a rightward shift of the melting curve. Following heat

treatment, soluble (non-denatured) PIM2 levels were quantified by immunoblotting.

Despite MEN1703 exhibiting potent pro-apoptotic activity in MM cells, CETSA showed that
PIM447 induced a significantly greater thermal stabilization of PIM2 protein in both JJN3 and
U266 lines (Fig. 28 A), with melting temperatures (Tm) of 65.7 °C and 56.3 °C, respectively (Fig.
28B). In contrast, MEN1703-treated cells displayed lower Tm values (47.6 °C in JIN3 and
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49.1 °C in U266), only modestly shifted relative to DMSO controls. These results indicate that
the greater anti-myeloma activity of MEN1703 is not due to stronger intracellular engagement

of PIM2.
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Fig. 28. Cellular thermal shift assay (CETSA) for assessment of target engagement of PIM2 by
MEN1703 and PIM447 in MM cells. (A) Western blot analysis of PIM2 thermal stability in JUN3 and U266
cells treated with DMSO, MEN1703 (5 uM), or PIM447 (5uM) for 1 hour. Cells were subjected to a
temperature gradient (42-53 °C), and the soluble protein fraction was analyzed by SDS-PAGE and
immunoblotting for PIM2. (B) Quantification of PIM2 stability curves based on densitometric analysis of
the immunoblots. Calculated melting temperatures (Tm) are shown for each condition.

3.4 Genetic silencing of PIM kinase expression in MM

3.4.1 PIM2 is the dominant PIM family member supporting MM cell

proliferation and mTOR activity

Although CETSA revealed that PIM447 binds PIM2 more efficiently than MEN1703, only
MEN1703 consistently induced apoptosis and loss of viability in MM cells. To test whether the
superior activity of MEN1703 is due to its functional inhibition of PIM kinase activity rather
than binding affinity, we asked whether genetic depletion of PIM expression could phenocopy
the effects of MEN1703. To address this, we developed a Sleeping Beauty-based doxycycline
(DOX)-inducible system enabling shRNA-mediated silencing of each PIM (PIM1, PIM2, PIM3)
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individually. The shRNAs were designed to be paralog-specific with no predicted off-target
effects on the other PIMs.

We selected the JIN3 cell line for functional validation, as it displayed selective sensitivity to
MEN1703 but remained resistant to PIM447 (Fig. 29A). Multiple shRNAs with different binding
sites were tested per gene (4 for PIM1, 5 for PIM2, and 5 for PIM3). All stable lines selected
with puromycin and G418 for at least 3 weeks were treated with 0.5 pg/mL doxycycline to induce

knockdown.

In flow cytometry-based proliferation assays, shPIM2-transfected cells exhibited the most
prominent growth disadvantage compared to scrambled control (shSCR), with effects emerging
at day 6 and persisting through day 10 (Fig. 29B). Silencing of PIM1 and PIM3 had milder
effects, with a moderate proliferative delay evident at day 10. Cell viability measured by PI
staining and flow cytometry after 96 hours of DOX exposure showed a small but significant

(~8%) reduction in the viability of shPIM2 cells relative to controls (Fig. 29C).

To confirm effective gene silencing, we performed immunoblotting for each PIM protein after
12 h (Fig. 29D) and 120 h (Fig. 29E) of DOX treatment. Importantly, PIM2 knockdown led to a
decrease in phosphorylation of ribosomal protein S6 at Ser235/236, a PIM target shared with
mTORCI1 pathway. A significant suppression of pS6 was evident at 12 hours and more
pronounced at 120 hours, but this effect was unique to DOX-induced shPIM2 cells. This suggests
PIM2 is a primary contributor to pS6 signaling in JIN3 cells, given that knockdown of either
PIM1 or PIM3 had minimal impact.
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Fig. 29. Selective knockdown of individual PIM kinases reveals dominant role of PIM2 in MM cell
proliferation and S6 phosphorylation. (A) Flow cytometry-based quantification of cell death in JUN3
cells treated for 96h with MEN1703 or PIM447. (B) Proliferation assay of doxycycline-inducible shPIM1,
shPIM2, shPIM3 and control shSCR JJN3 cells treated with 0.5 pg/mL doxycycline. Doxycycline was
readded with fresh medium every 2 days. Proliferation was expressed as fold change over shSCR at
each time point. Data are mean + SD. Statistical analysis was performed using two-way repeated
measures ANOVA comparing each shPIM condition to shSCR across the time course. (C) Viability assay
using Pl exclusion in shPIM2 clones after 5 days of DOX treatment. Data are mean + SD. Cell viability
was analyzed using the Kruskal-Wallis test with Dunn’s post hoc correction for multiple comparisons. (D-
E) Western blot validation of sShRNA knockdown after 12h (D) and 120 h (E) of DOX induction. PIM1,
PIM2, and PIM3 were efficiently silenced by their respective shRNAs. pS6 (S235/236) levels were
reduced in shPIM2 clones, consistent with impaired PIM signaling. B-Actin was used as a loading control.
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These results are consistent with a model in which PIM2 plays a dominant, non-redundant role
in sustaining MM cell growth and PIM-mediated S6 activation. However, the modest phenotypic
effects of single PIM knockdowns suggest potential functional compensation between different
PIMs. To overcome this redundancy, we next generated concatenated multi-shRNA constructs
enabling simultaneous silencing of all three PIM kinases in a DOX-inducible fashion. This
system was designed to genetically mimic pan-PIM inhibition, providing a more specific
alternative to small-molecule inhibitors, which often exhibit off-target activity against other

kinases.

3.4.2 Simultaneous silencing of PIM1, PIM2, and PIM3 results in more
potent anti-MM effects

To test whether combined depletion of all three PIM kinases more closely copies the phenotype
observed with pharmacologic inhibition using MEN1703, we used our Sleeping Beauty-based
doxycycline-inducible system to generate a triple ShARNA construct (sh3xPIM) targeting PIM1,
PIM2, and PIM3. For construction of the triple knockdown plasmid, we selected the most
effective sShRNAs based on individual silencing efficiency: shPIM1.5, shPIM2.4, and shPIM3.4.
The sh3xPIM vector allows for these shRNAs to be driven by separate tetracycline-responsive

promoters to ensure efficient silencing upon doxycycline addition.

JIN3 cells were transfected with the sh3xPIM or shSCR vector, selected using puromycin and
G418 for at least 3 weeks and cultured in the presence of 0.5 pg/mL doxycycline. Triple PIM
silencing resulted in a robust inhibition of proliferation, beginning on day 4 and continuing
through day 9 (Fig. 30A). This phenotype was more pronounced than that seen with individual
PIM knockdowns. By day 9, cell proliferation was reduced to ~25% of the control (shSCR) level.
Western blot analysis confirmed effective knockdown of PIM1, PIM2, and PIM3 after 96 h of
doxycycline exposure (Fig. 30B), with a corresponding decrease in phosphorylation of the PIM
target substrate S6 at Ser235/236. The reduction in pS6 was more substantial than with single
PIM knockdowns. Cell viability assays performed at 96 h post DOX addition revealed a ~16%
increase in cell death in sh3xPIM cells compared to the non-induced control (Fig. 30C). These

data show that genetic suppression of all three PIM kinases is sufficient to impair proliferation
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and survival of MM cells, partially phenocopying the effects of MEN1703 treatment and
reinforcing the concept that pan-PIM inhibition is necessary to fully target the PIM axis in MM.
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Fig. 30. Combined silencing of PIM1, PIM2, and PIM3 impairs proliferation and induces cell death
in MM cells. (A) Cell proliferation assay of JUN3 cells expressing doxycycline-inducible shSCR or triple
PIM shRNAs (sh3xPIM) over 9 days. Doxycycline was added at 0.5 ug/mL and readded with fresh
medium ever 2 days. Cell counts were normalized to shSCR. Data represent mean + SD. Statistical
analysis was performed using two-way repeated measures ANOVA .(B) Immunoblot analysis of JUN3
cells 96 hours after doxycycline treatment showing effective knockdown of PIM1, PIM2, and PIM3,
accompanied by reduced phosphorylation of S6 at Ser235/236. B-Actin was used as a loading control.
(C) Viability assay of shSCR and sh3xPIM JJN3 cells treated with or without doxycycline for 96 h. Data
represent mean + SD. Statistical analysis was performed using unpaired t-test.
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3.5 Transcriptional and functional effects of pan-PIM
inhibition in MM

3.5.1 MEN1703 suppresses MYC- and E2F-driven transcriptional

programs and activates stress responses

To understand the transcriptional consequences of PIM inhibition using MEN1703, we
performed bulk RNA-seq on MMI1.S cells treated with MEN1703 for 24 hours. Principal
component analysis (PCA) showed clear separation between MEN1703-treated and DMSO-
treated samples (Fig. 31A), indicating distinct transcriptional profiles. MEN1703 treatment
induced robust transcriptional changes, with 589 upregulated and 642 downregulated genes
(FDR < 0.05). Differential expression analysis identified numerous upregulated and
downregulated genes, with several involved in cell cycle regulation, DNA replication, RNA

processing, and stress signaling (Fig. 31B).

Gene set enrichment analysis (GSEA) across HALLMARK, REACTOME, GO-Biological
Process, and TFT collections revealed marked downregulation of MYC targets, E2F-regulated
genes, G2/M checkpoint components, and mitotic regulators following MEN1703 treatment
(Fig. 31C). Consistent with the observed growth arrest and impaired biosynthetic capacity,
pathways essential for proliferation, including DNA replication, RNA splicing, ribosome
biogenesis, and DNA repair, were significantly suppressed. These processes are canonical targets
of the MYC oncogene, a master regulator of transcription, and its key downstream effector, the
transcription factor E2F 1. Providing a direct mechanism for this suppression, we confirmed that
MEN1703 treatment resulted in the downregulation of both MYC and E2F1 proteins in MM1.S
cells (Fig. 32). Protein translation-related gene sets were markedly reduced, reflecting a broader
shutdown of anabolism. Notably, western blot analysis confirmed a reduction in phosphorylation
of ribosomal protein S6 at Ser235/236 upon MEN1703 treatment (Fig. 32). This site is a known
mTOR effector and a direct substrate of PIM kinases. This validates that MEN1703 impairs
signaling associated with protein translation and MY C/E2F oncogenic axis. These transcriptional
programs are essential for MM survival and proliferation and are frequently activated in high-

risk MM [366].
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Fig. 32. MEN1703 reduces MYC, E2F1 and phosphorylation of S6 in MM1.S cells. Western blot
analysis of MM1.S cells treated with increasing concentrations of MEN1703 (0, 0.3, 1.5, 3 uM) for 24 h.

MEN1703 upregulated pro-apoptotic and tumor suppressive pathways, including the p53
signaling pathway, FOXO target genes, and apoptosis-related genes (Fig. 31C). These changes
are consistent with PIM inhibition triggering cell death and growth arrest. Additionally,
inflammatory and catabolic responses such as TNFa/NF-«B signaling, autophagy, and lysosomal
activity were induced, possibly reflecting adaptive or compensatory stress mechanisms. The
unfolded protein response (UPR) was suppressed, suggesting impaired proteostasis regulation

under MEN1703 treatment.

Together, these findings support a model in which PIM inhibition disrupts proliferative and
transcriptional networks sustained by MYC, while simultaneously activating apoptosis and

suppressing key survival programs such as protein translation and DNA repair.

3.5.2 MEN1703 suppresses DNA repair gene networks

To understand the mechanisms underlying MEN1703-induced cell death, we performed a more
detailed analysis of RNA-seq data from MMI.S cells treated with MEN1703. Given the
phenotypic evidence of apoptosis, we specifically interrogated the transcriptional status of DNA

repair pathways at a timepoint before apoptosis initiation (24 h).

We focused on curated child terms of the Gene Ontology category DNA repair (GO:0006281).
Gene set enrichment analysis (GSEA) revealed broad suppression of multiple DNA repair

programs, including mismatch repair, base-excision repair, nucleotide-excision repair, double-
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strand break repair, recombinational repair, and interstrand crosslink repair (Fig. 33A). The

downregulation of these gene sets suggests that PIM inhibition might interfere with DNA repair

capacity at multiple levels.
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Fig. 33. MEN1703 downregulates DNA repair pathways and key repair genes in MM1.S cells. (A)
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differentially expressed genes following MEN1703 treatment.
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To further explore specific regulators, we examined the differential expression of key leading
edge DNA repair genes. Several critical components of DNA surveillance and repair were
significantly downregulated following MEN1703 treatment (Fig. 33B). These include MSH6
(mismatch repair), FANCE (Fanconi pathway), UNG, APEXI (base excision repair), RTELI
(replication fork stability), and PARPI (single-strand break repair and chromatin signaling). The
repression of PARP] is particularly notable given its role in coordinating repair of replication-
associated damage and the existence of FDA-approved PARP inhibitors for cancer treatment.
Interestingly, 4ATM transcript levels were modestly upregulated, while ATR expression remained
unchanged. This may reflect a compensatory upregulation of ATM-dependent signaling in

response to PIM inhibition and associated genomic stress involving double strand breaks.

To directly assess DNA damage induced by PIM inhibition, we performed a comet assay in JJIN3
cells treated with MEN1703 (Fig. 34) We have selected this cell line since MM1.S cells are more
sensitive to the conditions of comet assay and due to this fragility we experienced technical
limitations, prompting us to use JIN3 instead. The comet assay quantitatively measures DNA
strand breaks by assessing the migration of fragmented DNA from the nucleus (“comet tail”)
relative to intact DNA (“comet head”). MEN1703 treatment resulted in a significant increase in
DNA fragmentation, as reflected by a higher comet tail-to-head ratio compared to DMSO-treated
controls (p = 0.0074). These findings corroborate our transcriptomic data and support the
conclusion that MEN1703 compromises DNA repair capacity, leading to accumulation of DNA
strand breaks in MM cells.
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Fig. 34. PIM inhibition induces DNA damage in MM cells. JIN3 cells were treated with MEN1703
(1.5 uM) or DMSO for 24 hours and subjected to a comet assay. Comet tail and head length were
quantified manually using ImageJ. Statistical significance was assessed using Welch’s unpaired t-test.
Representative fluorescence images show increased DNA fragmentation in MEN1703-treated cells
compared to DMSO. Experiments performed in collaboration with Ewa Kurtz.
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3.6 In vivo validation of MEN1703 efficacy in a disseminated
MM model

To assess whether the in vitro effects of MEN1703 translate into in vivo efficacy, we utilized a
luciferase-tagged disseminated multiple myeloma model (Fig. 35). NSG mice were
intravenously injected with 1x10® MM1.S-luc cells and monitored by bioluminescence imaging
(BLI). Mice were randomized on day 7 based on BLI signal intensity to ensure comparable tumor
burden across treatment groups. They were subsequently treated with MEN1703 at 50 mg/kg per

os once daily (QD) or vehicle control (H20) for three weeks. Tumor burden was monitored

weekly using BLI.
DAY 7
NSG mice 107
: - 1°:' 3-week treatment
BLI imaging = 1°4' MEN1703 50mg/kg PO QD
-  Z :: ~— H,0 (Vehicle)

—— : ) BLI 1x/week

IV injection = e
1x108 MM1.S-luc

100- T

Randomization

Fig. 35. In vivo study design to assess MEN1703 activity in MM1.S-luc model. IV - intravenous, BLI
- bioluminescence, PO - per os (oral delivery), QD - quaque die (once a day).

BLI signal increased in both groups, but MEN1703-treated mice showed significantly slower
tumor progression (Fig. 36). A difference in tumor burden began to emerge by day 14 (p =
0.0535), reached statistical significance by day 21 (p = 0.0015), and persisted throughout day 28
(p = 0.0162) and day 35 (p = 0.0021). These results demonstrate that MEN1703 delays MM
progression in vivo. Notably, suppression of tumor burden was sustained even after treatment
cessation, consistent with durable anti-myeloma effects. These in vivo data reinforce our in vitro

findings and support the therapeutic potential of MEN1703 in MM.
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Fig. 36. MEN1703 suppresses MM progression in vivo. NSG mice were intravenously injected with
1x10® MM1.S-luc cells and randomized on day 7 based on BLI signal. Mice were treated with MEN1703
(50 mg/kg PO QD) or vehicle for 21 days. Tumor burden was monitored weekly using bioluminescence
imaging. Top: BLI signal over time. Bottom: Quantified BLI signal on days 14, 21, 28, and 35. Horizontal
bars represent group medians. Statistical significance determined using Mann-Whitney test. Experiment
performed in collaboration with Dr. Zofia Pilch.

To validate target engagement by MEN1703 in vivo, we assessed phosphorylation of ribosomal
protein S6 at serine 235/236. NSG mice were inoculated intravenously with 1x10® MM1.S-luc
cells and randomized by BLI signal. Animals were then treated with MEN1703 (50 mg/kg PO
QD) or vehicle for 3 days (Fig. 37A).

Following treatment, human MM cells were isolated from mouse bone marrow using magnetic
bead-based CD138+ selection, and pS6 levels were measured by immunoblotting. MEN1703-
treated mice exhibited a marked reduction in pS6 S235/236 levels compared to vehicle controls,
while total S6 levels remained unchanged (Fig. 37B). Densitometric quantification confirmed a
significant decrease in the ratio of pS6 to total S6 upon MEN1703 treatment (p =0.0079) (Fig.
37C).
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Fig. 37. MEN1703 decreases S6 phosphorylation in MM cells in vivo. (A) Schematic of in vivo
experimental setup. (B) Western blot showing pS6 S235/236 and total S6 in vehicle- and MEN1703-
treated mice. GAPDH was used as a loading control. (C) Densitometric quantification of pS6 normalized
to total S6. Each point represents one mouse. Statistical significance determined using Mann-Whitney
test. Experiment performed in collaboration with Drs. Zofia Pilch, Dominika Nowis and Ewa Kurtz.

These findings confirm that MEN1703 effectively engages its intracellular target in vivo, leading
to suppression of a key PIM substrate and indicating on-target activity in MM cells growing in

murine bone marrow.

3.7 PIM inhibition synergizes with proteasome inhibition in
MM

MEN1703 primarily slowed disease progression rather than inducing MM regression. These
findings suggest that PIM inhibition alone may not be sufficient for durable therapeutic responses
in the clinical setting. Previous studies have reported synergy between PIM kinase and
proteasome inhibitors [375]. To explore this, we treated JIN3 cells, which display lower
sensitivity to bortezomib than MMI1.S, with increasing concentrations of MEN1703 and
bortezomib. The combinatorial treatment resulted in enhanced growth inhibition compared to
either agent alone, with ZIP synergy scores reaching ~40, indicating strong synergistic
interaction (Fig. 38A-B). These results support further in vivo testing and could guide rational

design of clinical combination regimens.
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Fig. 38. MEN1703 synergizes with bortezomib in JUN3 cells. (A) Heatmap showing percent inhibition
of JUN3 cell viability following 72 h treatment with indicated doses of MEN1703 and bortezomib. (B) ZIP

synergy analysis reveals synergistic interaction across multiple dose combinations. Data were analyzed
using SynergyFinder.
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4 Functions of PIM kinases in MM

microenvironment

4.1 Stromal expression of PIM kinases in MM bone marrow

During immunohistochemical analysis of multiple MM and HD bone marrow samples, we
observed frequent expression of PIM kinases (particularly PIM3) in non-neoplastic cells adjacent

to malignant plasma cells (Fig. 39).

Normal bone marrow Multiple myeloma

PIM1

PIM3

Fig. 39. PIM1 and PIM3 protein expression in non-PC bone marrow cells.

This finding aligned with our recent study of single-cell RNA-seq data [221], where PIM3 was
broadly expressed across non-MM stromal populations, in addition to MM cells (Fig. 40A).
Based on the morphology and spatial distribution of these cells, we hypothesized they were of
endothelial or mesenchymal origin. We therefore focused our analysis on stromal subsets within
the scRNAseq dataset (Fig. 40B). PIM1 was predominantly expressed by mesenchymal stromal
cell subtype MSC2, while PIM3 showed high expression in endothelial cells (Fig. 40B). PIM?2
transcripts were not detected (Figs. 40B, 41).
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Fig. 40. scRNA-seq analysis of PIM kinase expression in the multiple myeloma (MM)
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Fig. 41. Cell type-specific expression of PIM1, PIM2, and PIM3 in the MM stromal compartment.

To validate these observations, we performed double immunohistochemistry for PIM1/CD34
and PIM3/CD34 in TMAs of MM and HD BM trephine biopsies (Fig. 42). These experiments
confirmed that MMECs (CD34", pink) express high levels of PIM1 and PIM3 at the protein

level, supporting a potential role for PIM kinases in the myeloma vascular niche.

PIM1 + CD34

PIM3 + CD34

Fig. 42. PIM1 and PIM ighly expressed in the MM vascular niche. Dual-color
immunohistochemistry (IHC) for PIM1 (brown, top row) or PIM3 (brown, bottom row) with the endothelial
cell marker CD34 (pink). Representative images from five different MM patient bone marrow biopsies
show strong expression of PIM1 and PIM3 protein within the CD34-positive vascular endothelium.

Aa S

Prompted by these findings, we quantified PIM1, PIM2, and PIM3 protein expression in ECs in
HD and MM BM samples. ECs were identified based on morphology and annotated by a board-
certified pathologist. PIM3 protein expression was markedly higher in MM-associated
endothelial cells compared to HD controls (Fig. 43). PIM1 was detected in both MM and HD

endothelial cells at similar levels, whereas PIM2 was not highly expressed in endothelial cells

from either group.
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Fig. 43. IHC quantification of PIM1/2/3 in HD and MMECs. IHC optical density scores determined via
IHC Profiler, quantified within regions of interest (ROIs) containing cells displaying EC morphology for
each case.

4.2 Factors influencing PIM expression in MMECs

To investigate signals regulating PIM expression in MMECs, we used HUVEC-TERT2
(TERT2-immortalized Human Umbilical Vein Endothelial Cell), an established model for
studying endothelial responses to cytokine cues and vessel formation in vitro. Upon stimulation
with  VEGFAuwss, a key angiogenic factor elevated in the MM microenvironment
[218,224,234,376], we observed robust induction of both PIM1 and PIM3 proteins (Fig. 44).
PIM1 expression increased rapidly following stimulation but declined over time, consistent with
a transient early response. In contrast, PIM3 expression rose more gradually and remained
sustained. These results suggest that VEGFA signaling is sufficient to drive PIM kinase

expression in ECs.

HUVEC-TERT2
prestarved in EBM2 + 1%
VEGFA 10 ng/mL.: Oh 1h 12h

PIMS el A 0=

PIM2 (short exposition)

. —37
PIM2 (long exposition) m_34

PIM3 [ am— —
B-Actin [— — — >

Fig. 44. The effect of VEGFA stimulation of HUVEC-TERT2 cells on PIM kinase expression. HUVEC-
TERT2 cells were prestarved in EBM2 containing 1% FBS overnight (for 16 h).
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PIM3 expression in HUVEC-TERT2 cells was also induced by stimulation with other
proangiogenic cytokines, including FGF2, IGF1, and EGF (Fig. 45). This suggests that PIM3
induction in ECs is not limited to VEGFA signaling but represents a broader response to various
angiogenic stimuli. These findings hint at an important role for PIM3 in endothelial cell

activation or angiogenesis.

HUVEC-TERT2
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Fig. 45. PIM3 kinase expression in HUVEC-TERT2 cells stimulated with proangiogenic cytokines.
Immunoblot analysis of PIM3 levels in HUVEC-TERT2 cells. The cells were prestarved in EBM2
containing 1% FBS overnight (for 16 h). Cells were stimulated for 1 hour with 10 ng/mL Vascular
Endothelial Growth Factor A (VEGFA), Fibroblast Growth Factor 2 (FGF2), Insulin-like Growth Factor 1
(IGF1), or Epidermal Growth Factor (EGF). B-actin served as a loading control.

To test whether MM cells can directly induce PIM expression in endothelial cells via paracrine
signaling, we stimulated HUVEC-TERT?2 cells with conditioned medium (CM) collected from
JIN3 and RPMI8226 MM cells, two cell lines expressing VEGFA. Exposure to the MM CM
significantly increased PIM3 protein levels in HUVECs (Fig. 46). These findings support a
model in which MM cells promote endothelial PIM3 expression through secretion of angiogenic

mediators.

HUVEC-TERT2
prestarved in EBM2 + 1%
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Fig. 46. PIM3 protein is upregulated in HUVEC-TERT2 cells by MM-derived conditioned medium
(CM). Western blot showing PIM3 levels in HUVEC-TERT2 cells at baseline (Oh) and after 1 hour of
stimulation with CM from JUN3 or RPMI8226 cells. B-actin serves as a loading control.
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4.3 Transcriptional and functional consequences of pan-PIM

inhibition in ECs
4.3.1 PIM kinase inhibition impairs angiogenic functions of ECs

To assess the functional relevance of PIM kinase activity in endothelial cells, we tested the effect
of pan-PIM inhibition using MEN1703 at 1.5 uM (the same concentration previously used in
MM cell assays). Treatment of HUVEC-TERT2 cells with MEN1703 led to a marked reduction
in endothelial cell proliferation, migration, and their ability to form capillary-like structures in
Matrigel (Fig. 47). Importantly, no MEN1703-dependent apoptosis induction was observed at
the selected 24 h timepoint (Fig. 47A).
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Fig. 47. MEN1703 impairs angiogenic functions of HUVEC-TERT2 endothelial cells without
inducing apoptosis. HUVEC-TERT2 cells were treated with 1.5 uM MEN1703 for 24 h to evaluate the
impact of PIM kinase inhibition on endothelial cell function. Cell viability (A) was determined as described
in 2.2.1.11. Cell proliferation was determined using Hoechst staining as explained in 2.2.1.21. Migration
and tube formation (B) were studied as described in 2.2.1.15 and 2.2.1.16.

4.3.2 Transcriptomic response to PIM kinase inhibition in ECs

To investigate the transcriptional impact of pan-PIM kinase inhibition in endothelial cells, we
performed bulk RNA-seq on HUVEC-TERT?2 cells treated with MEN1703 (1.5 uM) or DMSO

for 24 hours. Principal component analysis (PCA) revealed a clear separation between control
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and MEN1703-treated samples along the first principal component, which explained 40.6% of
total variance (Fig. 48A).
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Fig. 48. Transcriptomic response to PIM kinase inhibition in HUVEC-TERT2 cells. (A) Principal
component analysis (PCA) of bulk RNA-seq data from HUVEC-TERT2 cells treated with DMSO or
MEN1703 (1.5 uM, 24 h). (B) Volcano plot showing differentially expressed genes. Red dots indicate
significantly differentially expressed genes with FDR < 0.05 and absolute log2 fold change > 0.5; blue
dots are FDR-significant but with smaller fold changes (< 0.5); gray dots are not statistically significant.
(C) Graphical summary of Gene Set Enrichment Analysis (GSEA) showing top positively and negatively
enriched pathways across four curated gene set databases. NES - Normalized Enrichment Score.
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Principal component analysis showed distinct transcriptional profiles between DMSO- and
MEN1703-treated endothelial cells (Fig. 48A). Differential expression analysis revealed broad
gene expression changes after PIM inhibition (Fig. 48B). Transcripts linked to angiogenesis,
endothelial activation, and migration, including STCI, ITGB4, and AXL, were among the most

strongly downregulated.

Gene set enrichment analysis (GSEA) using the HALLMARK, TFT LEGACY, and GO
Biological Process databases identified consistent enrichment of MYC-regulated, oxidative
phosphorylation, and unfolded protein response pathways, suggesting activation of adaptive
stress programs upon MEN1703 treatment (Fig. 48C). Conversely, pathways related to
inflammatory signaling, cytokine responses, cell adhesion, and cytoskeletal organization were

suppressed.

These findings indicate that PIM kinase inhibition disrupts transcriptional programs sustaining

endothelial activation and angiogenic signaling.

4.3.3 MEN1703 reverses the MM-associated EC transcriptional state

In arecent study [221], our group identified a transcriptional signature specific to MMECs, based
on direct comparison with HD ECs (Table 28). This MMEC signature was defined by differential
gene expression analysis using the Benjamini-Hochberg procedure for multiple testing
correction, with selection criteria of log: fold change > 1 and adjusted p-value < 0.05. A total of
53 genes met these thresholds. The MMEC gene set included markers of epithelial-mesenchymal
plasticity (EMP), cytoskeletal remodeling, and angiogenesis, such as VIM, SERPINE1, EMPI,
and STCI.

To test whether PIM inhibition could reverse this transcriptional phenotype, we used GSEA on
our RNA-seq dataset described in 4.3.2. Our analysis revealed significant negative enrichment
of the MMEC signature following MEN1703 treatment, indicating suppression of genes
typically upregulated in MM-associated ECs (Fig. 49). This highlights a potential
microenvironment-modifying effect of PIM inhibition and supports the role of PIM kinases in

driving the endothelial reprogramming characteristic of MM.
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Table 28. MMEC gene signature extracted from Garbicz et al. [221].

Gene P- Log, | Adjusted SQLE 0.000 | 2.107 0.018
value fold p-value NFATC2 | 0.000 | 1.515 0.018
change PMP22 0.000 | 1.789 0.025
PXDC1 0.000 | 1.667 0.000 ACR 0.000 | 2.299 0.026
SERPINE1 | 0.000 | 2.836 0.001 PSMD11 | 0.000 | 1.959 0.027
VIM 0.000 | 1.833 0.002 DDX21 0.000 | 1.110 0.028
LMNA 0.000 | 1.238 0.002 SH3BGRL3 | 0.000 | 1.520 0.028
STC1 0.000 | 4.613 0.002 HS3ST1 |0.000 | 2.003 0.028
LUZP1 0.000 | 1.096 0.003 PSMD12 | 0.000 | 1.465 0.029
MIR4435- USP12 0.000 | 1.724 0.030
oHG | 0000 1.530 | 0.005 LRRFIP2 | 0.000 | 1.377 | 0.031
EMP1 0.000 | 1.517 0.006 PLPP3 0.000 | 1.182 0.032
HSP90AB1 | 0.000 | 1.340 0.006 ITGAV 0.000 | 1.256 0.033
ADAMTS9 | 0.000 | 1.647 0.006 METRNL | 0.000 | 1.662 0.033
TUBB4B | 0.000 | 1.707 0.006 PLEKHM2 | 0.000 | 1.276 0.034
ATP13A3 | 0.000 | 2.730 0.006 PGF 0.000 | 2.221 0.035
TUBB6 0.000 | 2.109 0.008 PSMD2 | 0.000 | 2.104 0.035
AKAP13 | 0.000 | 1.347 0.009 B3GNT5 | 0.000 | 1.825 0.040
ATP2B1 0.000 | 1.234 0.010 PNP 0.000 | 1.217 0.041
EHD4 0.000 | 1.810 0.010 FJX1 0.000 | 2.267 0.041
ITGAS 0.000 | 1.527 0.010 COL4A1 0.000 | 1.718 0.042
PODXL 0.000 | 3.008 0.010 ARPC5L | 0.000 | 1.033 0.044
MIR22HG | 0.000 | 1.233 0.010 SRP14 0.000 | 1.081 0.045
SNX9 0.000 | 1.426 0.013 MSN 0.001 | 1.298 0.047
ANXA2 0.000 | 1.200 0.016 MYADM | 0.001 1.366 0.047
EFNB1 0.000 | 1.646 0.016 SLK 0.001 1.545 0.049
TUBA1C | 0.000 | 2.318 0.016 NUTF2 0.001 | 1.247 0.050
TM4SF1 0.000 | 1.385 0.017 CD276 0.001 1.475 0.050
NOP16 0.000 | 2.040 0.018
GSEA: MM EC signature
NES =-1.64 |FDR =0.0112
0.2
& o0 —HH—HH—HHH—H
E
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a 2500 5000 7500 100C0 12500

Ranked Genes

Fig. 49. PIM inhibition with MEN1703 reverses the MMEC transcriptional signature. GSEA plot
showing a significant negative enrichment of the "MMEC signature” gene set in endothelial cells following
treatment with MEN1703.
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4.3.4 PIM inhibition disrupts actin cytoskeletal architecture in ECs

To validate the transcriptional evidence pointing to cytoskeletal remodeling and impaired
endothelial activation upon PIM inhibition, we performed a series of orthogonal functional

assays in HUVEC-TERT? cells treated with MEN1703 for 24 hours (Fig. 50).
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Fig. 50. PIM inhibition disrupts actin cytoskeletal architecture and RhoA signaling in endothelial
cells. (A) Representative FITC-phalloidin staining of HUVEC-TERT2 cells treated with DMSO or
MEN1703 (1.5 uM, 24 h). Quantification of filopodia (per cell), membrane ruffles (per 10 cells), and
lamellipodia area (as % of total cell area). (B) F-/G-actin fractionation assay. Western blot of actin in
polymerized (F-actin) and monomeric (G-actin) fractions from HUVEC-TERT2 cells treated with DMSO
or MEN1703. (C) RhoA activity assay. GTP-bound (active) RhoA levels were assessed by pulldown and
western blot. Starvation and CN04 (RhoA activator) were used as negative and positive controls,
respectively. Densitometric quantification of active/total and total/B-actin RhoA ratios is shown below the
bands.

Phalloidin staining (Fig. 50A) revealed a striking loss of organized actin structures in PIM-
inhibited cells compared to DMSO controls. In untreated cells, prominent stress fibers,
membrane ruffles, and lamellipodia were observed. In contrast, MEN1703-treated ECs displayed
diffuse cortical actin staining and lacked well-defined F-actin stress fibers and protrusive

structures. These changes suggest disrupted actin polymerization and cytoskeletal contractility.
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To quantify these observations biochemically, we performed F/G-actin fractionation assays. PIM
inhibitor-treated cells showed a decreased F-actin to G-actin ratio, confirming a shift toward
monomeric actin (Fig. 50B). Finally, to probe the upstream signaling events involved in actin
remodeling, we assessed the activity of RhoA, a small GTPase that plays a central role in
regulating stress fiber formation and endothelial barrier function [377]. Using a GTP-RhoA
pulldown assay, we found that MEN1703 treatment markedly reduced levels of active (GTP-
bound) RhoA (Fig. 50C). These changes suggest that PIM kinase activity may support RhoA-
mediated cytoskeletal signaling, either directly or via upstream regulatory nodes. Taken together,
these data provide mechanistic support for the role of PIM kinases in maintaining actin

cytoskeletal integrity in endothelial cells.

4.4 Establishment of BM EC isolation and culture conditions

To create a patient-relevant ex vivo model for studying the MM vascular niche, we developed
and optimized a protocol to reliably isolate and culture both early outgrowth endothelial cells
(EOCs) and mature endothelial cells (ECs) from bone marrow aspirates of MM patients and HD
(Fig. 51A). The full protocol is described in the Materials and Methods section (2.2.1.8). To
assess their angiogenic potential, tube formation assays in Matrigel were performed (Fig. 51B).
The BMEC60 cell line and two MM-derived EC populations (MMEC1 and MMEC2) showed
robust tube formation with characteristic tip cell-like structures (Fig. 51C), confirming functional
endothelial identity. In contrast, bone marrow stromal cell cultures (BMSC1 and BMSC2)
exhibited minimal tube formation. Flow cytometry further validated the endothelial phenotype,
since the cells expressed high surface levels of CD31, VEGFR1, and CD144 (VE-cadherin) (Fig.
51D). These results confirm both the purity and angiogenic competence of the isolated MM

endothelial cells.
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Fig. 51. Isolation and characterization of endothelial progenitor cells (EPCs) and mature
endothelial cells (ECs) from bone marrow of MM patients. (A) Schematic workflow depicting the
isolation of BM ECs. (B) Bright-field images showing morphological changes of CD138~ bone marrow
cells over a 9-day culture period, culminating in the formation of a cobblestone-like monolayer consistent
with endothelial phenotype. (C) Bright-field images of BMEC60, MMEC1, MMEC2, and stromal cells
BMSC1, BMSC2 in Matrigel tube formation assays. MMECs and BMECG60 formed organized tube
networks with tip cell-like extensions, while BMSCs showed low angiogenic activity. (D) Flow cytometry
data showing gating strategy and expression of endothelial markers CD31, VEGFR1, and CD144 (VE-
cadherin) compared to IgG controls, confirming endothelial identity.
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To determine whether the cultured MM-derived ECs resemble in situ bone marrow ECs from
MM patients, we analyzed the expression of a selected gene panel by real-time quantitative PCR
(Fig. 52A). RNA was isolated from EOCs emerging by day 5 of culture on fibronectin-coated
plates, as well as from magnetically enriched mature endothelial cells (CD31%) and the remaining
CD31" mesenchymal fraction. Two endothelial cell lines (BMEC60 and HUVEC) served as

positive controls.

EOCs displayed high expression of PTPRC (encoding CD45), while PTPRC expression was
nearly absent in the CD31" and CD31" fractions, consistent with the presence of very early
endothelial progenitor cells (EPCs) [378]. Both EOCs and CD31" cells expressed key endothelial
markers including CD34, PECAM1 (CD31), CDH5 (VE-cadherin), FLTI, and KDR (VEGFR2),
with a trend towards lower expression levels in the respective CD31~ populations. PROM1
(CD133), a marker of endothelial progenitors [379—381], was significantly enriched in EOCs
compared to both CD31* and CD31" cells (Mann-Whitney test, p < 0.0001). Furthermore, both
EOCs and CD31* cells expressed transcripts characteristic of bone marrow EC subtypes: type H
EC genes (APLNR, EFNB2, SOX17, FLTI) and type L EC markers (STAB2, VCAMI) [382]. To
assess their functional relevance, we tested whether these ECs support MM cell survival and
proliferation ex vivo (Fig. 52B). While CD138* MM cells failed to expand in basal medium
alone, conditioned media from MM-derived CD31" ECs, BMEC60 cells, and CD31~ stromal
cells (positive control) supported MM cell growth (p <0.001).

4.5 Investigation of MM-EC crosstalk in vitro

To investigate the molecular mechanisms underlying the support provided by endothelial cells
to MM cells, we analyzed the effect of BMEC60-derived CM on key signaling pathways in
MML1.S cells. MM1.S were prestarved in OptiMEM for 24 h before stimulation. MM cells were
exposed to CM collected from BMEC60 endothelial cells after either 12 hours or 3 days of
culture, and lysates were analyzed by western blot following 1- and 6-hour incubations (Fig. 53).
Exposure to BMEC60 CM resulted in marked upregulation of PIM2 expression and MAPK
pathway activity. In contrast, we have observed no activation of PI3K/AKT, suggesting that
PIM2 induction may occur independently of PI3K/AKT/mTOR survival signaling.
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Fig. 52. Characterization of endothelial and stromal cell populations and their influence on MM
cell proliferation. (A) gPCR analysis of endothelial and mesenchymal marker expression across HD-
and MM-derived early outgrowth cells (EOCs), CD31* and CD31" fractions, and endothelial cell lines. (B)
Proliferation of primary CD138* MM cells cultured with conditioned media from MM CD31* cells, MM
CD31" cells, and BMECG60. Proliferation measured at 12, 48, and 72 hours.

178



MM1.S
Time of stimulation: 1h | 6h
BMEC60CM 12 h - i - - "+
BMECB0 CM 72 h - - + +

PERK T202/Y204 e — g
a4
ERK [— —}
pAKT S473 —_— —— - — 60
AKT - R SR S S B0
)
a7
PIM2 — — ! -_34
B-Actin cm— 42

Fig. 53. BMEC-derived conditioned media induces PIM2 expression in MM1.S cells. Western blot
analysis of MM1.S cells prestarved in OptiMEM for 72 h and stimulated with conditioned media (CM) from
BMEC60 endothelial cells for 1 h or 6 h. CM was collected from BMECG60 cells after either 12 h or 3 days
of culture, as indicated.

Given the observed upregulation of PIM2 in MM1.S cells following stimulation with BMEC-
derived conditioned media, we hypothesized that PIM kinases may be critical effectors of the
paracrine prosurvival signals released by MM endothelial cells. To test this, we assessed whether
pharmacologic inhibition of PIM kinases using MEN1703 could abrogate the protective effect
of MMEC-derived CM on MM cell viability. Primary CD138" MM cells were cultured for 48 h
in the presence of either OptiMEM or MMEC-CM (diluted 1:1 with OptiMEM), with either
MEN1703 or DMSO added at the time of seeding. Treatment with MEN1703 significantly
reduced MM cell survival compared to DMSO-treated controls, indicating that the paracrine

support conferred by endothelial-derived soluble factors is at least partially PIM-dependent.
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Fig. 54. PIM inhibition suppresses MMEC-mediated paracrine support of MM cell survival. Cell
count was normalized to the OptiMEM + DMSO. MEN1703 (1.5 uM) reduced MM cell count in MMEC-
CM compared to DMSO (p = 0.0087, Mann-Whitney test). Each dot represents one biological replicate;

bars show mean + SD.
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5 Conclusions

5.1 Main results

The overarching goal of this thesis was to define how PIM kinases support the biology of

multiple myeloma (MM) at two levels:

1. Tumor-intrinsic: how PIM kinases sustain malignant plasma cell survival and
proliferation.
2. Tumor-extrinsic: how PIM kinases in the bone marrow (BM) niche, especially in

endothelial cells (ECs), contribute to a microenvironment that supports MM survival.

The work demonstrates that PIM kinases are important nodes linking oncogenic transcription
(MYC/E2F axis), anabolic output (mTOR/S6), stress management (DNA repair), and vascular
support (endothelial activation and cytoskeletal dynamics). This dual role spans both MM cells
themselves and the MM-associated vasculature and therefore presents a promising therapeutic

opportunity.

5.1.1 PIMs in MM

First, at the tumor-intrinsic level, we demonstrated that all three PIM paralogs (PIM 1, PIM2, and
PIM3) are upregulated in MM. Analysis of large-scale transcriptomic datasets from primary MM
samples and MM cell lines revealed that PIM?2 is the most abundantly expressed paralog (Fig.
11). Compared to normal plasma cells, PIMs were significantly overexpressed in MM samples
across independent datasets. Single-cell RNA-seq data confirmed P/M?2 enrichment in malignant
plasma cells and implicated PIM kinases in disease progression, particularly in advanced MM
stages (Fig. 12). Importantly, we conducted, to our knowledge, the first independent study
assessing PIM1/2/3 protein expression in tissue microarrays of MM and HD bone marrow
samples (Fig. 15). This analysis validated transcriptomic data and revealed the subcellular

localization of PIM kinases in situ within malignant plasma cells.
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CRISPR/Cas9 dependency analyses across MM cell lines identified PIM?2 as one of the strongest
and most selective myeloma vulnerabilities, with a dependency profile comparable to core MM
oncogenes such as MYC and IRF4. Notably, this dependency is unusually specific to myeloma

relative to other hematologic malignancies (Fig. 8).

Consistent with its functional importance, high expression of PIM1, PIM2, and PIM3 in patient
samples correlates with inferior overall survival (OS) and progression-free survival (PFS), and
PIM?2 and PIM3 remain independent predictors of poor OS in multivariate Cox regression even

after adjustment for established MM risk factors (Fig. 16-17).

Mechanistically, we identified a specific epigenetic mechanism for PIM2 overexpression: its
association with the acquisition of super-enhancers in malignant plasma cells, regulatory
structures absent in their normal counterparts (Fig. 18-19). We further provide evidence for
BRD4-dependent control, as BET bromodomain inhibition with JQI significantly
downregulated PIM?2 (and, to a lesser degree, PIM1 and PIM3), which is characteristic of super-

enhancer-driven genes (Fig. 20).

We next examined the in vitro effects of PIM kinase inhibition across a panel of established MM
cell lines (Fig. 21). Five pan-PIM inhibitors were evaluated: MEN1703, INCB053914, PIM447,
AZDI1208, and SGI1776. MEN1703 and INCB053914 showed the greatest potency, with
submicromolar Glso values in several MM cell lines. Drug response varied across genetic
backgrounds, with moderately reduced sensitivity to MEN1703 observed in MAF- or FGFR3-
translocated lines. On the other hand, CCNDI-translocated cell lines exhibited increased
MEN1703 sensitivity. Notably, MEN1703 efficacy did not correlate with FLT3 expression,
excluding this kinase as a potential secondary target of MEN1703 in MM (Fig. 22).

Time-course analysis revealed that MEN1703 induced a sustained anti-proliferative effect in
MM cell lines over 12 days, with no evidence of resistance or rebound growth (Fig. 27). In
contrast, PIM447 failed to durably suppress proliferation. Pharmacologic inhibition with
MEN1703 induced robust apoptosis in MM cell lines, with increased Annexin V positivity,
caspase 3/7, 8, and 9 activation, and PARP cleavage (Fig. 24-25).

We validated these findings in primary patient-derived MM cells. Treatment with MEN1703

selectively induced apoptosis in CD138" malignant plasma cells while sparing non-malignant
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CD138" bone marrow cells (Fig. 26). Notably, MEN1703 retained its pro-apoptotic effects in
co-culture with bone marrow stromal cells, indicating its ability to overcome microenvironment-
mediated resistance. Apoptosis induction was further confirmed by caspase-3/7 activity assays.
In contrast, PIM447 showed minimal efficacy when applied to the same primary samples in

parallel.

Genetically, doxycycline-inducible shRNA knockdown showed that PIM2 is the major driver of
MM cell proliferation and S6 phosphorylation, whereas PIM1 and PIM3 have weaker individual
effects (Fig. 29). However, simultaneous knockdown of PIM1/2/3 (sh3xPIM) produces a far
stronger cytostatic and cytotoxic effect, suppressing proliferation to ~25% of control by day 9
and increasing cell death (Fig. 30). This indicates functional redundancy among PIM paralogs

and suggests that full therapeutic benefit likely requires pan-PIM imhibition.

Mechanistically, MEN1703 disrupted multiple oncogenic transcriptional programs. Bulk RNA-
seq in MML.S cells revealed robust downregulation of MYC and E2F targets, DNA replication
and repair genes, and ribosome biogenesis pathways (Fig. 31). Upregulated pathways included
p53 signaling, FOXO targets, and inflammatory responses. Western blotting confirmed reduced
MYC and E2F1 protein levels as well as phosphorylation of ribosomal protein S6 (Ser235/236),
a direct downstream substrate of PIMs, confirming target engagement and inhibition of mTOR-

dependent protein synthesis pathway (Fig. 32).

MEN1703 also drives accumulation of DNA damage and represses multiple DNA repair
modules, including mismatch repair, Fanconi anemia pathway, base excision repair, and PARP1-
associated replication stress responses (Fig. 33). A comet assay in JIN3 cells showed increased

DNA fragmentation after treatment, indicating accumulation of DNA strand breaks (Fig. 34).

In vivo, MEN1703 delayed MM progression in a disseminated luciferase-labeled xenograft
model in NSG mice (Fig. 36). Mice treated with 50 mg/kg MEN1703 daily exhibited
significantly lower tumor burden by bioluminescence imaging. Phospho-S6 levels were reduced
in CD138" MM cells harvested from bone marrow of treated animals, confirming on-target
activity (Fig. 37). Tumor suppression persisted even after treatment cessation, although the

efficacy of MEN1703 as single agent was moderate.
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Finally, MEN1703 synergized with bortezomib in in vitro cytotoxicity assays (Fig. 38).
Combination treatment enhanced growth inhibition in JIN3 cells. These results suggest that dual

inhibition of PIM and proteasome activity could be clinically relevant.

5.1.2 PIMs in ECs

This thesis extends the role of PIM kinases beyond MM cells and into the tumor
microenvironment, with a focus on the vascular niche. MM-associated endothelial cells
(MMECs) are functionally distinct from their healthy counterparts, exhibiting enhanced
angiogenic capacity, abnormal inflammatory and EMT (epithelial-mesenchymal transition) gene
expression patterns, and active support of cancer cell survival [221]. Immunohistochemical
(IHC) studies showed that PIM1 and PIM3 are strongly expressed in MMECs, as demonstrated
by double IHCs for PIM1/CD34 and PIM3/CD34 on MM marrow biopsies (Fig. 42-43).

Mechanistically, PIM expression in ECs is dynamic and responsive to angiogenic cues.
Stimulation of ECs with pro-angiogenic cytokines such as VEGFA or FGF2 increased PIM3
protein levels (Fig. 45), and conditioned medium from MM cells similarly induced PIM3 in
HUVEC-TERT?2 cells (Fig. 46), implicating myeloma-derived soluble factors in endothelial PIM

activation.

Functionally, PIM kinases were essential for EC angiogenic activity. Inhibition with MEN1703
impaired capillary tube formation and disrupted F-actin architecture, suggesting a role in
cytoskeletal remodeling and EC motility (Fig. 47). This was linked with decreased F-actin/G-
actin ratio and lower RhoA GTPase activity in MEN1703-treated cells (Fig. 50). These changes
imply impaired motility and barrier remodeling, which are required for sprouting angiogenesis
and endothelial-mediated trafficking of tumor-supportive factors. Transcriptomic profiling of
MEN1703-treated ECs showed downregulation of genes involved in angiogenesis, endothelial
activation, adhesion, and cytokine/inflammatory signaling, alongside induction of stress
response programs such as unfolded protein response and oxidative phosphorylation (Fig. 48).
MEN1703 also reversed a MMEC-specific transcriptional signature, indicating that PIM

inhibition could “de-program” the tumor/cytokine-activated endothelium (Fig. 49).

184



We also demonstrated that MMECs exert a prosurvival effect on MM cells via secreted factors
(Fig. 53-54). This paracrine support was blocked by PIM kinase inhibition, suggesting that PIM
activity in ECs is required to maintain a tumor-promoting microenvironment and EC-MM

crosstalk.

5.2 Impact

This work enhances our understanding of the role of PIM kinases in MM by demonstrating their

essential contribution to both tumor-intrinsic survival and microenvironmental support.

For the first time, PIM1/2/3 protein expression was independently validated in tissue microarrays
of MM and healthy donor bone marrow (Fig. 15). This confirmed earlier transcriptomic findings
and revealed spatial localization of PIMs within malignant plasma cells. Notably, their
expression was largely restricted to plasma cells (both normal and malignant) providing a strong
rationale for therapeutic targeting and suggesting a favorable therapeutic window. This alone has
clinical implications: it points to PIM levels (especially PIM2 and PIM3) as potential biomarkers

for high-risk disease and as rational guides in patient stratification for PIM-targeted therapies.

Our findings support further clinical development of MEN1703. This potent pan-PIM inhibitor
consistently outperformed other clinical-stage compounds in preclinical MM models. MEN1703
selectively induced apoptosis in primary patient-derived MM cells while sparing non-malignant
counterparts and remained effective even in stromal co-cultures, suggesting it can overcome
microenvironmental resistance (Fig. 26). Notably, MEN1703 showed increased sensitivity in
CCND-translocated MM and in cases with high MYC/E2F1 transcriptional activity (Fig. 21,
23). These associations warrant mechanistic validation and testing across a broader cell line
panel. Such efforts may guide biomarker-driven clinical trials and enable precision use of
MEN1703 in MM [383]. The observed synergy with bortezomib (Fig. 38) strongly supports

combination strategies that exploit protein homeostasis, translation, and DNA repair.

This is the first study to perform inducible, simultaneous silencing of all three PIM kinases
(PIM1, PIM2, and PIM3) in MM cells, enabling both short- and long-term time-course
experiments (Fig. 30). This genetic tool helps distinguish true on-target effects of PIM inhibition

from potential off-target activities of small molecules (including MEN1703), and it will be useful
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for dissecting paralog redundancy, kinase-independent PIM functions, and adaptive resistance
mechanisms. In JIN3 cells - completely resistant to PIM447 and most other pan-PIM inhibitors
- sh3xPIM partially recapitulated the cytotoxic effects observed with MEN1703, suggesting that
PIM inhibition alone is sufficient to impair survival in these otherwise refractory cells. While
this does not exclude the possibility that MEN1703 has additional off-target effects contributing
to its superior efficacy, the genetic data support a substantial on-target component. These
findings open the door to further studies investigating how MEN1703 differs functionally from
other pan-PIM inhibitors like PIM447. It has been previously proposed that PIM kinases may
also exert kinase-independent functions, and that ATP-competitive inhibitors can stabilize their
targets, paradoxically enhancing non-catalytic activity [384]. This phenomenon has fueled
interest in developing PIM-targeting proteolysis-targeting chimeras (PROTACs). Future work
exploring MEN1703-like compounds or PROTAC-based PIM degraders may offer a promising

path toward more complete functional inhibition of this pathway [385].

Mechanistic insights revealed that MEN1703 disrupts MYC- and E2F1-driven transcriptional
programs, impairs mTOR activity, and suppresses multiple DNA repair pathways (Fig. 31-34).
These effects were durable, with treatment leading to prolonged tumor suppression in mouse
models, even after drug dosing cessation (Fig. 36). Furthermore, combination therapy with
bortezomib resulted in synergy, pointing to the clinical potential of combined therapy. It will be
insightful to test whether MEN1703 synergizes with other standards of care used for MM
treatment, as well as novel inhibitors targeting DNA repair, MYC or PI3K/AKT/mTOR.

A major advance of this study is the demonstration that PIM kinases are not only crucial for MM
cell survival but also for maintaining a tumor-supportive vascular niche. MEN1703 impaired
angiogenic function of MMEC:s, reversed their pro-angiogenic transcriptional state, and blocked
paracrine support for MM cells. These findings highlight a dual mechanism of therapeutic action:

targeting both the malignant clone and its microenvironment.

Beyond cancer, PIM kinases (particularly PIM3) may play important roles in vascular diseases
such as diabetes, hypertension, atherosclerosis, hemangiomas, and neovascular eye diseases like
wet age-related macular degeneration. Their function in ECs remains incompletely understood.
Identifying PIM interaction partners in ECs and dissecting their impact on actin cytoskeleton

dynamics could provide novel biological insights. An in vivo conditional PIM3 knockout using
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a VE-Cadherin-Cre driver would be a valuable tool to study endothelial-specific roles in

physiology and pathology, however no such strain has been generated yet.

Together, these results provide a compelling rationale for the clinical advancement of potent,

selective PIM inhibitors like MEN1703 in MM.

5.3 Discussion

Our data show that all three PIM paralogs are overexpressed in MM, with PIM?2 consistently the
most abundant. This aligns with prior studies showing PIM2 upregulation in malignant plasma
cells and its induction by bone marrow cytokines such as IL-6, BAFF, and APRIL via the
JAK/STAT and NF-«kB pathways [302,386,387]. PIM2’s anti-apoptotic function through
phosphorylation of BAD and stabilization of BCL2 family proteins is well established [388].
Additionally, PIM2 reprograms MM cell metabolism and suppresses the DNA damage response
(DDR), favoring survival under metabolic and genotoxic stress [302]. Our results confirm and
extend these findings, showing that MEN1703 downregulates MYC/E2F1 programs, impairs
mTOR signaling, and disrupts DNA repair capacity in MM (Fig. 31-34).

Functionally, we show that MEN1703 induces durable anti-MM activity in cell lines and primary
samples (Fig. 26), including those resistant to PIM447 and other clinical-stage compounds. This
is significant given the limited clinical success of earlier PIM inhibitors. For example, PIM447
showed only cytostatic effects in MM patients despite preclinical efficacy, and clinical
development was halted [389,390]. SGI-1776 and AZD1208 failed due to cardiac toxicity or
lack of efficacy [391,392]. Our findings suggest that MEN1703 may overcome some of these

limitations.

Importantly, our inducible shRNA experiments targeting all three PIM paralogs partially
recapitulated the cytotoxic effects of MEN1703, supporting an on-target mechanism of action.
Although MEN1703 may still act on additional kinases (e.g., FLT3 [307,393)), its efficacy in
FLT3-negative MM argues against off-target FLT3 dependence. Prior reports suggest that ATP-
competitive PIM inhibitors may paradoxically stabilize the protein and preserve non-catalytic

functions [384]. This supports the development of PROTAC degraders, which could eliminate
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both kinase-dependent and independent functions of PIMs and offer a more durable and

sustained signaling blockade, preventing kinome re-wiring [394].

A key finding of this work is that the therapeutic potential of PIM inhibition extends beyond the
malignant plasma cells to disrupt the supportive tumor microenvironment (TME). We
demonstrated that MMECs overexpress PIM3 and display enhanced angiogenic capacity. This
observation, which confirms prior studies linking PIM1/3 to vascular biology [271,272,395],
establishes the MM vasculature as a PIM-dependent entity and a viable target for MEN1703. In
addition, the link between PIMs and actin dynamics has already been discussed in previous
studies demonstrating that these kinases phosphorylate actin capping proteins and wave
regulatory complex [396,397], which however does not explain the upstream changes in RhoA

activity we have observed in ECs.

This impact of PIM inhibitors on the TME might not be limited to angiogenesis. The established
role of PIM kinases in MM bone disease further broadens their functional relevance [398,399].
PIM2 is reported to promote osteoclast activity while simultaneously suppressing osteoblast
differentiation, directly driving the bone resorption and skeletal lesions characteristic of MM
[166]. This dual activity in both malignant plasma cells and the microenvironment highlights
the value of targeting PIM kinases as part of a strategy to modify tumor biology and niche

interactions.

5.4 Limitations

Most mechanistic work was performed in established MM cell lines (e.g., MM1.S, JIN3,
RPMI8226, U266) and immortalized endothelial cells (HUVEC-TERT2). While these are
standard and reproducible systems, they only approximate the complexity of patient tumors and
the human marrow niche. MM cell lines reflect advanced disease and long-term in vitro
selection; HUVEC-TERT?2 cells are macrovascular/umbilical-derived and not bona fide bone-
marrow sinusoidal endothelium. This could over- or under-estimate PIM contributions to true
marrow EC function and MM-EC crosstalk in situ. The observation that MEN1703 kills primary
CD138" MM cells while sparing CD138" cells is reassuring, but the number of primary samples
tested is limited. The findings should be validated using primary HD BM ECs or MMEC:s.
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Without that, we cannot exclude the possibility that some EC phenotypes are specific to
HUVEC-TERT2 biology.

Much of the transcriptional and functional profiling after MEN1703 treatment was done at a
single dose (1.5 uM) and one early timepoint (24 h for ECs; 24 h and 96-120 h windows for MM
cells). This provides a snapshot but not the full kinetic trajectory of stress responses,
compensatory signaling, or emergent resistance mechanisms. We do not yet know whether MM
cells can recover from MEN1703 exposure if drug pressure is relaxed in vitro, nor do we know
how ECs remodel over longer intervals. We may be overestimating the durability of some effects
(e.g., suppression of pro-angiogenic transcription in ECs) or underestimating others (e.g.,

adaptive survival programs in MM cells that rewire after 48—72 h).

While we linked PIM inhibition to RhoA inactivation, actin depolymerization, and loss of
lamellipodia/stress fibers in ECs, the precise molecular intermediates remain undefined. We did
not map phosphorylation targets downstream of PIM in ECs, identify direct PIM substrates in
cytoskeletal complexes, or address whether PIM acts through canonical angiogenic pathways

(VEGFR2, PI3K/AKT, Src).

5.5 Outlook

Several priority questions emerge directly from this work.

1. Can we stratify patients for PIM-targeted therapy?
PIM2 and PIM3 expression correlates with inferior survival and remains independently
prognostic in multivariate analyses, suggesting these kinases may serve as biomarkers of
aggressive disease. MEN1703 sensitivity is associated with MYC/E2F1 transcriptional
programs and possibly CCND1 translocation status. A logical next step is to formulate a
biomarker panel (PIM2/PIM3 or MYC/E2F1 expression, MYC or CCNDI
rearrangements) that could predict response to MEN1703 or related PIM inhibitors. This
would enable rational, biomarker-guided early-phase clinical trials rather than unselected
enrollment.

2. How durable is PIM pathway suppression, and what are the resistance

mechanisms?
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The in vivo xenograft data show durable tumor suppression even after MEN1703
withdrawal, with sustained, albeit moderate reduction of tumor burden. However, MM is
notorious for adaptive resistance to therapies. Time-course multi-omics (transcriptome,
phosphoproteome, chromatin accessibility) under prolonged MEN1703 exposure will be
critical to uncover bypass pathways. Generation of MEN1703-resistant cell lines could
also offer a possibility to study the rewiring leading up to PIM inhibitor resistance.
Special attention should be given to the PI3K/AKT and MAPK pathways, which share
some of the phosphorylation sites with PIMs [400,401].

. How important are off-target effects for the efficacy of MEN1703?

Very few small-molecule kinase inhibitors are truly selective, because most bind
conserved ATP pockets shared across many kinases [402]. MEN1703 is no exception: in
addition to PIM1/2/3, it also inhibits kinases such as Haspin, CK1/2, DYRKI1A/B,
CLK1/4, HIPK1/3, and PKCg, some of which are involved in cell cycle control, survival
signaling, RNA processing, DNA damage responses, and cytoskeletal/angiogenic
behavior [393]. This poly-kinase profile might enhance the anti-myeloma and anti-
angiogenic effects we observe, beyond PIM inhibition alone. Although it is not feasible
to functionally dissect every off-target, mass spectrometry-based CETSA could help
define which of these proteins are actually engaged by MEN1703 in cells, and selected
candidates could then be tested functionally using siRNA or shRNA knockdown in the
triple PIM knockdown (3xshPIM) background generated in this study.

. Which drug classes should be combined with MEN1703 to achieve maximal MM

burden reduction?

The observed synergy with bortezomib argues for combination trials. Rational next
combinations include newer proteasome inhibitors (carfilzomib), IMiDs, alkylators, and
PARP inhibitors (given MEN1703-associated suppression of DNA repair and PARP1
expression). Such studies should incorporate pharmacodynamic readouts (pS6,
MYC/E2F1 suppression, DNA damage markers) and track toxicity in hematopoietic

progenitors to define the therapeutic window.

. How does PIM3 reprogram the BM endothelium?

We now know that MM-derived factors induce PIM3 in ECs, and that PIM inhibition
reverses angiogenic behavior, RhoA activity, and MM-associated transcriptional

signatures. Direct PIM3 substrates should be mapped using phosphoproteomics or co-
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immunoprecipitation coupled with mass spectrometry. In addition, functional PIM3
genetic perturbations (either knockdown or knockout) should be tested in ECs to
determine the on-target mechanism of action of MEN1703 in these cells. Given the
downregulation of AP1 targets expression, chromatin accessibility studies should be
performed to determine the potential mechanism behind these effects. Of note, PIMs have
been linked with endothelial epigenetic regulation via the H3S10 mark [403], therefore
the proposed studies should include a H3S10 ChIP-seq as well.

. What is the composite outcome of PIM inhibition in in vivo syngeneic MM models?

Our current in vivo data are derived from xenograft models, which, while valuable, are
immunocompromised. PIM kinases are known to be expressed in various immune
populations, including T-cells [404] and macrophages [285]. Furthermore, induction of
DNA damage in tumor cells sets off a number of innate immunity pathways, such as
cGAS/STING [405], which can influence the adaptive anti-tumor immunity. Finally,
reprogramming tumor-associated endothelial cells helps the immune system mount an
effective anti-tumor immune response [406]. It is therefore unknown whether
MEN1703's efficacy in vivo is enhanced or limited by its effects on immune effector or
suppressor cells. The critical next step is to test MEN1703 in immunocompetent,
syngeneic MM models (e.g., STGMI1 or Vk*Myc). Key analyses should include not only
survival and tumor burden, but also in-depth immunophenotyping (e.g., by flow or mass
cytometry or single cell RNA-seq) of the bone marrow and spleen to assess changes in
T-cell populations (CD8*, CD4", Tregs), macrophage polarization, and myeloid-derived
suppressor cells. This approach will reveal the net in vivo effect of PIM inhibition and
provide a strong rationale for or against combination with immune checkpoint inhibitors

or other anti-MM immunotherapies.

Taken together, this work highlights how systematic investigation of less-characterized kinase

families can uncover critical disease mechanisms. We have shown that PIM kinases are

important regulators of plasma cell survival and vascular niche adaptation. By dissecting these

functions in both tumor-intrinsic and stromal contexts, the results of this thesis advance our

understanding of MM pathobiology and identifies PIM inhibition as a rational therapeutic

approach. These findings should serve as a foundation for continued preclinical and clinical

exploration of PIM-targeting strategies in MM.
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7 Appendix

7.1 Bioethical committee approval

Komisja Bioetyczna
przy Instytucie Hematologii i Transfuzjologii
ul. I. Gandhi 14, 02 — 776 Warszawa
tel.: (022) 34 96 472

Opinia Nr 43/2016
zdnia 19.12.2016r.

interakeje z mikrosrodowiskiem”.

Kierownika Kliniki Hematologii Instytutu Hematologii i Transfuzjologii.

Uniwersytetu Medycznego

przez Ministerstwo Nauki i Szkolnictwa Wyzszego

0 pozytywnym zaopiniowaniu w/w projcktu badawczego.

Komisja zapoznata sig¢ z nast¢gpujgcymi dokumentami:

badania.
2. Streszczenie programu badania.

Formularz: ,,Swiadoma zgoda na udzial w badaniu”.

Na podstawie art. 29 ustawy z dnia 5 grudnia 1996 r. o zawodzic Ickarza (Dz.U. z 1997r. Nr
28 poz. 152 z p6#n. zm.) oraz rozporzadzenia Ministra Zdrowia i Opieki Spolecznej z dnia 11
maja 1999r. w sprawie szczegolowych zasad powolywania i finansowania oraz trybu
dziatania komisji bioetycznych (Dz.U. Nr 47, poz. 480 oraz Dz.U. z 2007 r. Nr 6, poz.46)
Komisja Bioetyczna przy Instytucie Hematologii i Transfuzjologii w Warszawie na
posiedzeniu w dn. 19.12.2016 r. przcanalizowala wniosek: wInhibitory pan-PIM jako

racjonalna strategia leczenia celowanego w szpiczaku mnogim zaburzajaca jego
Kierownik samodzielnej jednostki organizacyjnej: Prof. dr hab. med. Krzysztof Warzocha
Opickun naukowy projcktu: Prof. nadzw. dr hab. n. med. Przemystaw Juszczynski — z-ca

Kierownik projektu: Filip Garbicz — student kierunku lekarskiego Warszawskiego

Finansowanie: Projekt realizowany w ramach projektu Diamentowy Grant (DI2015 007145)

W wyniku przeprowadzonej dyskusji oraz glosowania komisja podjela uchwalg

1. Wniosek do Komisji Bioetycznej z prosba o wyrazenie zgody na prowadzenie

4. Formularz: ,, Informacja dla chorego na szpiczaka plazmocytowego ”.
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Komisja dziala zgodnie z zasadami Prawidlowego Prowadzenia Badan Klinicznych (GCP)
opracowanymi w oparciu o Deklaracje Helsiniska. Od niniejszej opinii przystuguje odwolanie
do Odwotawczej Komisji Bioetycznej przy Ministrze Zdrowia za posrednictwem Komisji
Bioetycznej przy Instytucie Hematologii i Transfuzjologii w Warszawie.
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