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Abstract 

The rediscovery of the immunomodulatory drug thalidomide as an effective therapy for multiple 

myeloma, along with the development of its more potent analogs, lenalidomide and pomalidomide, 

has significantly advanced the therapeutic armamentarium for multiple myeloma. Thalidomide 

analogs bind to the protein cereblon (CRBN) and alter the E3 ubiquitin ligase complex's substrate 

specificity, leading to ubiquitination and proteasomal degradation of Ikaros transcription factors. 

Despite these advances, the disease remains incurable as most patients relapse due to acquired 

treatment resistance. Although genetic alterations have been extensively studied, they do not ac-

count for the majority of resistance cases, necessitating the exploration of non-genetic mecha-

nisms. This study aimed to investigate the role of post-transcriptional and -translational regulation 

of proteins in multiple myeloma in the context of pathogenesis and therapy resistance. 

Applying deep quantitative proteomics on primary multiple myeloma samples, we identified post-

transcriptional upregulation of the cyclin-dependent kinase 6 (CDK6) protein as a targetable non-

genetic resistance mechanism in lenalidomide-resistant patients. We demonstrated that CDK6 reg-

ulates a relapse-associated protein signature, and that inhibiting CDK6 acts synergistically with 

pomalidomide in myeloma cells both in vitro and in vivo. 

In a subsequent study, we performed a proteogenomic study on a large cohort of 138 myeloma 

patients at first diagnosis to investigate the proteomic landscape of multiple myeloma. The find-

ings revealed that genetic alterations and post-transcriptional regulation contribute to a highly de-

regulated proteome in myeloma cells compared to healthy plasma cells. We uncovered the post-

translational regulator ubiquitin-conjugating enzyme E2 Q1 (UBE2Q1) as an oncogenic driver on 

chromosome 1q that is associated with therapy resistance. By integrating proteomics and func-

tional CRISPR screens, we also uncovered additional potential therapeutic targets for multiple 

myeloma. 

Among other findings, we identified a strong deregulation of apoptosis-related proteins in the 

t(11;14) subset of myeloma patients. In addition, inhibitor of apoptosis (IAP) genes BIRC2 and 

BIRC3 are frequently deleted in relapsed/refractory myeloma cases, indicating a possible higher 

sensitivity to apoptosis-modulating drugs. We therefore developed novel pan-IAP protein degrad-

ers that are more effective than conventional IAP inhibitors in inhibiting the growth of multiple 

myeloma cells and other hematologic cancers. 

In summary, this work has uncovered significant insights into the role of the ubiquitin-proteasome 

system in the pathogenesis and therapy of multiple myeloma, which has the potential to improve 

patient outcomes in multiple myeloma and other cancers in the future.  
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Zusammenfassung 

Die Wiederentdeckung des immunmodulatorischen Medikaments Thalidomid als effektive The-

rapie beim Multiplen Myelom und die daraus entwickelten stärkeren Analoga Lenalidomid und 

Pomalidomid erweiterten das therapeutische Arsenal für das Multiple Myelom stark. Thalidomid 

und seine Analoga binden an das Protein Cereblon (CRBN) und verändern die Substratspezifität 

des CRBN-E3-Ubiquitin-Ligase-Komplexes, was zur Ubiquitinierung und proteasomalen Abbau 

von Ikaros-Transkriptionsfaktoren führt. Obwohl nahezu alle Patienten auf die Therapie anspre-

chen, erleiden die meisten einen Rückfall aufgrund erworbener Therapieresistenz. Genetische Ver-

änderungen wie Mutationen in CRBN erklären weniger als 10% der Resistenz. Ziel dieser Arbeit 

war es, die Rolle von post-transkriptioneller und -translationaler Regulation von Proteinen beim 

Multiplen Myelom im Kontext der Therapieresistenz zu untersuchen. 

Durch die Anwendung quantitativer Proteomik an primären Proben des Multiplen Myeloms konn-

ten wir die post-transkriptionelle Hochregulierung des Proteins Cyclin-abhängige Kinase 6 

(CDK6) als einen nicht-genetischen Resistenzmechanismus bei Lenalidomid-resistenten Patienten 

identifizieren. Wir wiesen nach, dass CDK6 eine Resistenz-assoziierte Proteinsignatur reguliert, 

dessen Hemmung durch Inhibitoren sowohl in vitro als auch in vivo synergistisch mit Pomalido-

mid auf Myelomzellen wirkt. 

In einer darauf aufbauenden Studie erstellten wir eine proteogenomische Studie an einer großen 

Kohorte von Myelompatienten zum Zeitpunkt der Erstdiagnose. Diese zeigte, dass sowohl gene-

tische Veränderungen und post-transkriptionelle Regulation zu einem stark deregulierten Proteom 

in Myelomzellen im Vergleich zu gesunden Plasmazellen beitragen. Mit dem Ubiquitin-konjugie-

rendem Enzym E2 Q1 (UBE2Q1) konnten wir einen post-translationalen Regulator als onkogenen 

Treiber auf Chromosom 1q aufdecken, der mit Therapieresistenz assoziiert ist. Durch die Integra-

tion von Proteomik und funktionellen CRISPR-Screens identifizierten wir zudem weitere poten-

zielle therapeutische Ziele für das Myelom. 

Unter anderem fanden wir eine starke Deregulierung apoptosebezogener Proteine in der t(11;14)-

Subgruppe von Myelompatienten. Die Apoptoseinhibitor (IAP)-Gene BIRC2 und BIRC3 sind dar-

über insbesondere bei rezidivierten/refraktären Myelomfällen häufig deletiert, was zu einer mög-

lichen höheren Sensitivität auf apoptosemodulierende Medikamente führt. Daher entwickelten wir 

neuartige pan-IAP-Protein-Degrader, die wirksamer als herkömmliche IAP-Inhibitoren das 

Wachstum von Multiplen Myelomzellen hemmten. 

Zusammenfassend konnte diese Arbeit wesentliche Erkenntnisse über die Rolle des Ubiquitin-

Proteasom-Systems bei der Pathogenese und Therapie des Multiplen Myeloms aufdecken, die das 
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Potential haben, die Behandlungsergebnisse beim Multiplen Myelom und anderen Krebserkran-

kungen in Zukunft zu verbessern. 
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1. Introduction 

Multiple myeloma is a genetically heterogeneous plasma cell neoplasia and is the second most 

prevalent hematologic malignancy. The disease is characterized by the infiltration of abnormal, 

cancerous plasma cells in the bone marrow and the production and secretion of monoclonal im-

munoglobulins termed paraproteins. Clinically, multiple myeloma presents with hypercalcemia, 

renal insufficiency, anemia, and osteolytic lesions, caused by excessive paraprotein production 

and the aggressive growth of malignant cells. Cytogenetic abnormalities and the bone marrow 

microenvironment also play a crucial role in the disease's progression. Despite the introduction of 

novel therapies, such as immunomodulatory drugs, proteasome inhibitors, monoclonal antibodies, 

and cellular immunotherapies such as chimeric antigen receptor (CAR) T cells and bispecific an-

tibodies, leading to prolonged survival, multiple myeloma to date remains incurable due to the 

frequent development of therapy resistance.  

 

1.1 Pathogenesis 

Plasma cells are terminally differentiated, antibody-secreting effector cells derived from the B-cell 

lymphoid lineage and play a crucial role in the humoral immune response. In multiple myeloma, 

the accumulation and dissemination of these plasma cells in the bone marrow leads to the produc-

tion of abnormal amounts of monoclonal immunoglobulin, which can be detected in serum or urine 

and cause a variety of clinical manifestations and complications1. Multiple myeloma is preceded 

by two precursor conditions: monoclonal gammopathy of undetermined significance (MGUS), a 

premalignant asymptomatic condition characterized by the presence of a small amount of mono-

clonal protein in the blood and no detectable end-organ damage2ï4, and smoldering multiple mye-

loma (SMM), an intermediate stage with clonal plasma cells in the bone marrow expanding past 

10 % but without myeloma-defining events1,5. The progression of the disease to multiple myeloma 

is characterized by the CRAB criteria (hypercalcemia, renal failure, anemia, and bone marrow 

lesions) or other myeloma-defining events. A rare and aggressive form of multiple myeloma, sec-

ondary plasma cell leukemia (PCL), is present when >20% circulating plasma cells are detected 

in the peripheral blood and is typically associated with a poorer prognosis1,6.  

The genetic architecture of multiple myeloma is complex, involving various genetic abnormalities 

that drive tumor development and progression. Primary genetic events that initiate the develop-

ment of overt disease frequently involve the translocation of immunoglobulin heavy chain (IgH) 

on chromosome 14 with oncogenes MMSET/FGFR3 (t(4;14)), CCND1 (t(11;14)), MAF (t(14;16)), 
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and MAFB (t(14;20)), or hyperdiploidy (HRD), particularly trisomy of odd-numbered chromo-

somes. Secondary genetic events occur later in the pathogenesis of the disease and comprise the 

acquisition of genomic aberrations such as chromosomal gains or lesions, secondary transloca-

tions, and somatic mutations. The most frequently mutated genes in multiple myeloma include 

KRAS, NRAS, FAM46C, BRAF, TP53, and DIS3, resulting in dysregulation of pathways such as 

the MAPK, NF-əB, and DNA-damage pathways7ï9. BIRC2 and BIRC3, encoding cIAP1 and 

cIAP2 respectively, are located on chromosome 11q and are detected in 7% of multiple myeloma 

cases10. The deletions are significantly enriched in t(4;14) cases compared to non-t(4;14) cases and 

are more frequently detected in relapse patients11. BIRC2/BIRC3 deletions contribute to the clonal 

expansion under therapeutic selection12 and lead to constitutive activation of the non-canonical 

NF-kB pathway, resulting in poor prognosis 9,13,14. 

 

1.2 Prognosis 

Prognostic evaluation in multiple myeloma requires the assessment of several factors, including 

tumor burden according to Durie-Salmon Staging (DSS)15 and the International Staging System 

(ISS)16, molecular subtypes such as del(17p), gain(1q), or del(1p)17,18, response to treatment19, 

elevation of serum lactate dehydrogenase (LDH), and presence of circulating plasma cells. The 

Revised International Staging System (R-ISS) integrates these predictive factors to provide a com-

prehensive prognostic staging algorithm20. Risk stratification in multiple myeloma is a dynamic 

and evolving field, driven by ongoing research and emerging treatment options, and is essential 

for personalizing treatment approaches and improving patient outcomes.  

 

1.3 Treatment 

The treatment landscape for multiple myeloma has evolved significantly over the past few decades, 

resulting in improved patient outcomes and prolonged survival. The introduction of new effective 

therapies has substantially improved outcomes in multiple myeloma over the past decade with a 

median life expectancy of >10 years in younger patients. Current treatment modalities largely in-

corporate intensive chemotherapy supported by autologous stem cell transplantation (ASCT), pro-

teasome inhibitors, corticosteroids, and immunomodulatory drugs. Other targeted therapies such 

as venetoclax, a BCL-2 inhibitor clinically used in the treatment of acute myeloid leukemia for the 

modulation of apoptosis, are also used, although not approved, in specific genetic contexts in mul-

tiple myeloma21,22. In the past years, immunotherapies have emerged as an advanced approach in 

the treatment of multiple myeloma and include monoclonal antibodies, antibody-drug conjugates, 
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chimeric antigen receptor T-cell (CAR-T) therapy, and bi-specific T-cell engagers (BiTEs) target-

ing CD3823, SLAMF724ï26, as well as B-cell maturation antigen (BCMA)27ï31. 

 

1.4 Immunomodulatory drugs 

Immunomodulatory drugs (IMiDs) have a fascinating history that spans decades of research, con-

troversy, and remarkable clinical advancements. The discovery of thalidomide's immunomodula-

tory properties in the 1990s marked a pivotal turning point in the treatment of multiple myeloma, 

despite its earlier tragic use as a sedative in the 1950s, which led to severe birth defects in >10,000 

newborn children during the so-called Contergan catastrophe and its subsequent market with-

drawal32ï34. Thalidomide analogs, lenalidomide and pomalidomide, were developed with en-

hanced immunological and anti-cancer effects and are clinically used in the treatment of multiple 

myeloma35, as well as myelodysplastic syndrome36, chronic lymphocytic leukemia, and non-Hog-

kinôs lymphoma37. Currently, efforts are underway to develop more potent analogs, such as ava-

domide38, iberdomide39,40, and mezigdomide41ï43, which are currently tested in clinical trials.  

The mechanism of action of IMiDs involves the modulation of E3 ubiquitin ligase complex cere-

blon (CRBN)34. CRBN, together with DNA damage-binding protein 1 (DDB1), Cullin 4A 

(CUL4A), and regulator of cullins 1 (ROC1), facilitates the targeted degradation of key transcrip-

tion factors Ikaros family zinc finger protein-1 (IKZF1) and -3 (IKZF3) upon binding of thalido-

mide analogs44. As IKZF1 and IKZF3 are important regulators for lymphoid differentiation and 

transcriptionally regulate IRF4 and c-Myc, which are essential for the growth and survival of mul-

tiple myeloma cells, the depletion of these proteins results in anti-myeloma effects45. IMiDs also 

possess immunostimulatory effects via enhancing T- and natural killer (NK)- cell proliferation and 

cytokines interleukin-2 (IL-2) and interferon-gamma (IFNɔ) production due to the negative regu-

lation by IKZF1 and IKZF346ï49. 

 

1.5 IMiD-resistance mechanisms 

Sequencing studies and functional genetic screens in relapsed multiple myeloma have identified 

acquired genetic alterations in members of the CRBN-CRL4 E3 ligase complex in 10 ï 20% of 

relapsed patients as an IMiD-resistance mechanism50ï53. Similarly, mutations in the degron sites 

of IKZF1/3 have been found to disrupt their interaction with CRBN in the presence of IMiDs, 

thereby leading to resistance54. In addition to mutations within the CRBN-IKZF axis, functional 

CRISPR/Cas9 screens have identified CSN9 signalosome as a regulator of CRBN expression lev-

els51 and ChIP-seq have shed light on how c-FOS transactivates IRF4 and SLAMF755 as well as 
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ETV4 sustaining transcription of MYC independent of IKZF156, mediating IMiD-resistance. Epi-

genetics have also been described to mediate resistance towards IMiDs. Aberrant CRBN methyl-

ation was described to be correlated with reduced CRBN expression levels in IMiD -refractory 

multiple myeloma57. Other studies have reported that IMiD-resistance is associated with enhanced 

genome-wide DNA methylation and reduced chromatin accessibility, thus EZH2 inhibition can 

overcome IMiD resistance in both cereblon-dependent and ïindependent manner58,59. While pre-

vious research has leveraged sequencing to uncover genetic resistance mechanisms, the majority 

of resistance remains unexplained. In various cancer studies, protein and RNA levels often show 

a low correlation60ï62. This discrepancy emphasizes the general need for integrating proteomic and 

genomic approaches in cancer research, as relying solely on RNA expression studies may overlook 

important functional changes at the protein level. The low correlation can result from post-tran-

scriptional and post-translational regulation such as ubiquitination, as well as differences in the 

stability of protein and RNA and translation efficiency. As protein levels often correlate more 

closely with cellular phenotypes and drug responses than mRNA levels, incorporating proteomic 

profiling is crucial for identifying potential therapeutic targets and biomarkers. Only a few prote-

omic studies with low sample numbers on multiple myeloma have been previously reported, in-

cluding research on resistance towards bortezomib-based therapy63, understanding metabolic ad-

aptations of myeloma cells in the bone marrow tumor microenvironment64, and investigating lipid 

metabolism changes in the pathogenesis of multiple myeloma65. Integrating proteomic analyses 

may facilitate the identification of non-genetic resistance mechanisms by providing insights into 

protein expression, post-translational modifications, and protein networks. Elucidating these re-

sistance pathways is imperative for developing effective strategies to manage and overcome IMiD 

resistance in multiple myeloma. Comprehensive research is required to delineate these mecha-

nisms and optimize therapeutic approaches. 

 

1.6 Apoptosis modulators 

While apoptosis modulators have demonstrated high clinical efficacy in other cancers, the efficacy 

in multiple myeloma is limited. BCL2-selective inhibitor venetoclax, a BH3 mimetic, is FDA-

approved for the targeting of chronic lymphocytic leukemia (CLL)66,67 and acute myeloid leuke-

mia (AML) 68,69. Venetoclax binds selectively to anti-apoptotic BCL2 proteins, displacing pro-

apoptotic proteins BAX and BAK, thereby initiating apoptosis. The administration of venetoclax 

has shown remarkable efficacy, achieving high response rates and improved remission in re-

lapsed/refractory CLL70,71, and demonstrating improved remission rates when used in combination 
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with hypomethylating agents in newly diagnosed AML patients who are unfit for intensive chem-

otherapy68,72. In multiple myeloma, however, venetoclax only demonstrated efficacy in a subset of 

patients21,22. There is ongoing research aiming to elucidate factors modulating venetoclax-sensi-

tivity in multiple myeloma, one of which suggests that expression of B-cell markers is associated 

with BCL2 dependency73,74. 

Another class of apoptosis modulators is SMAC mimetics. Second mitochondria-derived activator 

of caspases (SMAC) mimetics are a class of drugs that promotes apoptosis by inhibiting IAPs 

through the binding to the BIR3 domain75,76. Inhibitor of apoptosis (IAP) proteins cellular IAP1 

(BIRC2, cIAP1), cellular IAP2 (BIRC3, cIAP2), and X-chromosome-linked IAP (BIRC4, XIAP) 

are important ubiquitin E3 ligases that regulate programmed cell death through the inhibition of 

caspases and modulation of NF-əB and TNF receptor signaling77ï79. Upregulation of the IAP pro-

tein family, including XIAP, is often associated with poor prognosis, worse overall survival, and 

increased resistance to therapies80ï83. Monovalent and bivalent IAP antagonists have been devel-

oped and were in early-phase clinical trials but with limited clinical efficacy as monotherapy84ï86. 

These antagonists lead to the autoubiquitination and degradation of cIAP1 and cIAP2 while XIAP 

is inhibited but not degraded87ï89. 

 

1.7 Proteolysis targeting chimeras (PROTACs) 

Proteolysis targeting chimeras (PROTACs) represent a novel modality for targeted protein degra-

dation and has gained increasing prominence in recent years. These heterobifunctional molecules 

consist of two distinct ligands: one that binds to a specific target protein, and another that recruits 

an E3 ubiquitin ligase, connected by a linker. The induced proximity between the target protein 

and E3 ligase facilitates polyubiquitination of the target protein, marking it for degradation via the 

cellôs intrinsic ubiquitin-proteasome system. This approach represents a highly selective and tar-

geted strategy and the potential to enable degradation of disease-causing proteins that have been 

challenging to target with small-molecule inhibitors has gained significant interest and investment 

from both the academic research community and the pharmaceutical industry. 

Compared to traditional small-molecule inhibitors, PROTACs offer several distinct advantages. 

They degrade disease-relevant proteins instead of inhibiting their activity, are effective at lower 

doses due to event-driven processes instead of occupancy-driven mechanisms, and are versatile as 

they can target proteins without active sites. Consequently, the discovery and rapid advancement 

of PROTACs have expanded the human druggable proteome, potentially offering more potent and 

durable therapeutic effects. 
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PROTACs targeting androgen receptors and estrogen receptors have already entered Phase II clin-

ical trials for the treatment of prostate and breast cancer90. While PROTACs show great promise, 

their clinical development is still in the early stages. Challenges such as improving cell-specific 

delivery, identifying additional E3 ligases for optimal target degradation, and enhancing tissue 

specificity need to be addressed to fully realize their therapeutic potential. The ongoing advance-

ments in PROTAC technology are poised to revolutionize the landscape of drug discovery and 

development. PROTACs are expected to become a valuable tool in precision medicine, offering 

new avenues for the treatment of a wide range of diseases that currently lack effective therapeutic 

options. 

 

 

Research aim 

This work aims to leverage proteomics to comprehensively profile the proteome of multiple mye-

loma and identify potential therapeutic targets and biomarkers, as well as actionable targets that 

can overcome treatment resistance. Additionally, we seek to explore and develop PROTACs for 

targeted protein degradation to advance treatment strategies. 
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2. Methods 

This section outlines the principle methodologies applied in the publications featured in this dis-

sertation, with emphasis on the major techniques applied and experiments to which I contributed. 

Comprehensive details of the methods used for each study can be found in the respective publica-

tions91ï93. 

 

2.1 Study cohort  

Five multiple myeloma patients who underwent treatment regimens including lenalidomide were 

included in the proteomic study by Ng, Ramberger et al.91. Multiple myeloma cells collected by 

bone marrow aspiration at diagnosis and relapse were enriched by CD138+ magnetic activated 

cell sorting (MACS) (Miltenyi, #130-051-031, Germany) and subjected to quantitative proteomic 

profiling. An independent cohort of thirteen newly diagnosed and relapsed/refractory patient sam-

ples was used for the validation of the proteomic findings. Patient characteristics and treatment 

undergone are included in Supplementary Figure 1 of Ng, Ramberger et al.91. Patient samples were 

chosen based on sample availability.  

The proteomics study by Ramberger et al.93 comprised 138 patients, of which 114 were newly 

diagnosed myeloma, 17 were plasma cell leukemia, and 7 were MGUS93. Of the samples from 

newly diagnosed patients, 100 were obtained from the DSMM XII-XIV clinical trials 

(NCT00925821, NCT01090089, NCT01685814)94ï96. All samples were collected via bone mar-

row aspiration, other than plasma cell leukemia, which was obtained from peripheral blood. All 

primary samples either had an average CD138+ purity of 85% or enriched by CD138+ MACS. 

Patient samples were chosen based on the availability of sufficient and high-quality myeloma cells 

for proteomic and genetic analyses, as well as the accessibility of FISH-based cytogenetics and 

clinical data. 

Written informed consent was obtained from all patients according to the Declaration of Helsinki 

and approved by the Institutional Review Board (IRB). The studies were approved by the respon-

sible ethics committees Ulm University (136/20, 307/08) and Charité Universitätsmedizin Berlin 

(EA2/142/20). 

 

2.2 Proteomics and phosphoproteomics 

Proteomic analysis of all primary myeloma samples and cell lines was performed with tandem 

mass tag (TMT) technique. In brief, samples were lysed and protein peptides were isobarically 

labeled with tandem mass tags (Thermo Scientific, 90406, A44520, USA). Q-Exactive HF-X 
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(Thermo Scientific, USA) was used for the acquisition of mass spectrometry raw data. The data 

was then analyzed by MaxQaunt (Version 1.6.3.391 and Version 2.0.3.093) and searched against 

the human reference proteome (UniProt). Further details on protein extraction and digestion, TMT 

labeling, peptide fractionation, phosphopeptide enrichment, liquid chromatography-mass spec-

trometry, and raw data search and analysis can be found in the methods section of respective pub-

lications91,93. 

Processed proteomics data is available on ProteomeXchange Consortium via the PRIDE partner 

repository with accession numbers PXD02126591, PXD03843793, and PXD04358093. 

 

2.3 RNA-sequencing 

Library preparation on RNA samples in the studies conducted in Ng, Ramberger et al.91 and Ram-

berger et al.93 was performed using the TruSeq Stranded Exome RNA Kit (Illumina, USA). Se-

quencing was performed on HiSeq2000 (Illumina, USA) with 50 bp single-end reads with an av-

erage coverage of 36.6 × 106 reads per sample. RNA-seq data was aligned and quantified using 

STAR97, and quantitative data was processed similarly to proteomic data for enhanced compara-

bility. GSEA and MSigDB were used for gene set enrichment analysis.  

RNA sequencing expression data is available at Gene Expression Omnibus (GEO) with accession 

numbers GSE16240391 and GSE22272793. 

 

2.4 In vivo 

6-8 week-old female NOD/Shi-scid/IL2Rɔnull mice were subcutaneously injected with 1x107 

MM.1S human myeloma cells. Tumors reached 200 mm3 after 19 days and were subsequently 

randomized for treatment initiation. Pomalidomide and palbociclib were administered daily by 

oral gavage, at 5 mg/kg and 50mg/kg respectively. Dual-targeting PROTAC YKL-06-102 was 

administered daily via intraperitoneal injection at 5 mg/kg. The animals underwent 17 days of 

treatment followed by 11 days of observation. Mice were euthanized upon reaching study termi-

nation of a maximum tumor size of 1200 mm3. The animal study adhered to the guidelines set 

forth by the United Kingdom Coordinated Committee on Cancer Research and received approval 

and authorization from the Landesamt für Gesundheit und Soziales, Berlin, Germany (approval 

No. G 0333/18). 

 

2.5 Cell culture 

All cell lines were purchased from American Type Culture Collection (ATCC) (Virginia, USA) 

or German Collection of Microorganisms and Cell Cultures GmbH (DSMZ) (Leibniz, Germany). 
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Cells were maintained either in RPMI-1640 or DMEM medium containing 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin. NCI-H929 cells were additionally supplemented with 50 

µM beta-mercaptoethanol and 1 mM sodium pyruvate, and INA-6 cells were cultured in the pres-

ence of 10 ng/ml hIL-6 (PeproTech, USA). Cells were cultured at 37 °C with 5% CO2 in humidi-

fied atmosphere. All cell lines were authenticated with short tandem repeat (STR) profiling and 

molecular markers were compared against the STR profile database DMSZ CellDive. All cell lines 

were tested negative in regular mycoplasma tests.  

 

2.6 Plasmids and transduction 

For virus production, HEK293T cells were transfected with constructs along with their respective 

packaging and envelope plasmids using Trans-LT1 transfection reagent (Mirus Bio, USA). Virus 

was harvested 48 h post-transfection and passed through 0.45 µm filters. Packaging and envelope 

plasmids used include pSPAX2, pVPack-GP, and pMD2.G. 

Vectors used in the studies pertaining to CRISPR/Cas9-mediated genetic knockout include 

pLKO5d.SSF.SpCas9.P2a.BSD and pLKO5.hU6.sgRNA.dTom. Sequences of sgRNAs are in-

cluded in Table 1. For the ectopic overexpression of protein candidates, pRSF91-GFP-T2A-Puro 

and pLenti.6.2.V5-DEST were used as backbone with respective cDNAs cloned in.  

 

Table 1. List of oligonucleotide sequences. List is own representation adapted from Ng, Ramberger et al. 

and Ng, Bricelj et al.91,92. 

Oligonucleotides Sequence 

CRISPR/Cas9 sgRNA 

Rb1 sgRNA #1 TGAACTACTTACGAACTGCT 

CRBN sgRNA #1 GTCCTGCTGATCTCCTTCGC 

CRBN sgRNA #2 GGATTCACATAAGCTGCCAT 

BIRC2 sgRNA ATGCTATGTCAGAACACCGG 

BIRC3 sgRNA TTTCGTTATTCATTGCACAG 

BIRC4 sgRNA ATGACAACTAAAGCACCGCA 

qPCR  

TRIP13_forward ACTGTTGCACTTCACATTTTCCA 

TRIP13_reverse TCGAGGAGATGGGATTTGACT 

RRM1_forward GCTGAAACAGCTGCAACCTT 

RRM1_reverse ACCATGGGAGAGTGTTTGCC 

MCM3_forward TACCTGGACTTCCTGGACGA 



Methods 18 

MCM3_reverse AAGGCAACCAGCTCCTCAAA 

MCM5_forward CCAAGTGTCCACGTTGGATG 

MCM5_reverse TGCTCCGGGTATTTCTGCTT 

PRPS2_forward AGGTAGGAGAGAGTCGTGCC 

PRPS2_reverse CCACTCGGCAATGTTTTCCC 

 

2.7 Cell viability assay 

Cells were plated in 96-well or 384-well plates and incubated at 37 °C for 96 h with respective 

treatments. For assays involving the investigation of inhibitors towards IAP proteins, TNF-Ŭ was 

added at 1 ng/ml. Cell viability was assessed using CellTiter-Glo® Luminescent Cell Viability 

Assay (Promega, USA) and measured with Synergy LX Multi-Mode plate reader (BioTek, USA) 

or POLARStar Omega plate reader (BMG LabTech, Germany). All results were normalized to the 

DMSO-treated control. Data represents the mean ± standard deviation (s.d.) of independent bio-

logical triplicates. All reagents used are included in Table 2. 

 

Table 2. List of reagents. List is own representation adapted from Ng, Ramberger et al., Ramberger et al., 

and Ng, Bricelj et al.91ï93. 

Reagent Source Catalog # 

Inhibitors 

AZD5582 MedChemExpress HY-12600  

Birinapant MedChemExpress HY-16591  

Bortezomib SelleckChem S1013  

BV6 MedChemExpress HY-16701  

Carfilzomib SelleckChem S2853  

Dexamethasone SelleckChem S1322  

Erdafitinib Hölzel Diagnostics S8401-5 

LCL161 MedChemExpress HY-15518  

Lenalidomide SelleckChem S1029  

Melphalan SelleckChem S8266  

MG132 SelleckChem S2619  

MLN4924 SelleckChem S7109  

MLN7243 SelleckChem S8341  

NT157 Selleckchem S8228 

Palbociclib SelleckChem S4482 

Pomalidomide SelleckChem S1567  
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PROTACs 

BSJ-03-123 
Synthesized according to Brand et al. 2019 

and Steinebach et al. 2020 98,99 
 

CST528 
Synthesized according to Brand et al. 2019 

and Steinebach et al. 2020 98,99 
 

YKL -06-102 
Synthesized according to Brand et al. 2019 

and Steinebach et al. 2020 98,99 
 

Cytokines 

hTNF-Ŭ Miltenyi Biotec 130-094-014 

 

2.8 Immunoblotting 

Respective cell lines were treated correspondingly and lysed in Pierce lysis buffer. Subsequently, 

SDS-PAGE was carried out and proteins were transferred onto Immobilon®-P PVDF Membrane 

(Merck, Germany). Blotted membranes were blocked and incubated overnight at 4 °C in primary 

antibodies. Secondary HGP-conjugated antibodies were incubated at room temperature for 1 h, 

followed by protein detection with Immobilon Western Chemiluminescent HRP Substrate (Merck, 

Germany) or WesternBright ECL HRP substrate (Advansta, USA). Chemiluminescence was de-

tected and imaged with LAS-4000x Luminescent Image Analyzer (Fujifilm, Japan) or ChemiDoc 

XRS+ System (Bio-Rad, Germany). For subsequent protein detections, membranes were subjected 

to incubation with Restore Western Blot Stripping Buffer (Thermo Scientific, USA) and re-acti-

vation with methanol. List of immunblotting antibodies used can be found in Table 3. 

 

Table 3. List of primary and secondary antibodies. List is own representation adapted from Ng, Ramberger 

et al. and Ng, Bricelj et al.91ï93. 

Antibody Source Catalog # Clone 

Primary antibodies 

BIRC2  BioRad VMA00532 AB01/3B4 

Aiolos Cell Signaling 15103S D1C1E 

beta-actin Sigma-Aldrich A1978 
 

CDK4 Cell Signaling 12790 D9G3E 

CDK6 Cell Signaling 3136 DCS83 

CDK6 Santa Cruz Biotechnology  sc-7961 B-10 

cIAP2 Cell Signaling 3130S 58C7 

c-Myc  Cell Signaling 5605 D84C12 

CRBN Sigma-Aldrich SAB2106014 
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HIF-1Ŭ BDBioSciences 610958 54 

Ikaros Cell Signaling 14859S D6N9Y 

IRF4 Cell Signaling 4299 D43H10 

Phospho-Rb (Ser807/811) Cell Signaling 9308 
 

Rb Cell Signaling 9309 4H1 

RRM1 Cell Signaling 8637 D12F12 

RRM2 Cell Signaling 65939 E7Y9J 

TRIP13 Santa Cruz Biotechnology  sc-514285 A-7 

VHL Cell Signaling 68547S 
 

XIAP Cell Signaling 14334S D2Z8W 

Ŭ-tubulin Sigma-Aldrich T5168 B512 

Secondary antibodies 

anti-rabbit IgG HRP-linked anti-

body 

Cell Signaling 7074 

 

 

anti-mouse IgG HRP-linked anti-

body 

Cell Signaling 7076 

 

 

 

2.9 Chemical synthesis 

In brief, two parallel libraries of 8 linkers varying in length and chemical composition were pre-

pared. The first series consisted of chloro to carboxylic acid (Cl-to-COOH) linkers, whereas the 

second series contained methane-sulfonate to chloro (OMs-to-Cl) linkers. Four different E3 ligase 

ligands were then prepared, two of which target the von Hippel-Lindau (VHL) ligase, one for 

binding to inhibitor of apoptosis (IAP) proteins, and 4-fluorothalidomide, which represents the 

cereblon (CRBN) binding moiety. 

The first series of heterobifunctional molecules consists of a VHL ligand coupled with chloro to 

carboxylic acid linkers. The second VHL series was prepared utilizing a VHL ligand with an al-

ternate exit vector, which presumably leads to differently oriented ternary complexes, and me-

thane-sulfonate to chloro linkers were conjugated via the alkylation of phenol of VHL ligand. 

TheVHL-linker conjugates were reacted with the IAP ligand and then Boc-deprotected under 

acidic conditions. Lastly, the IAP ligand was first O-alkylated for the CRBN-IAP heteroPROTACs 

series, where the chloro-linker-IAP ligand conjugates were CRBN-binding moiety connected to 

the CRBN-binding moiety by reacting 4-fluorothalidomide with the amino conjugates in a nucle-

ophilic aromatic substitution. Removal of the Boc protecting group yielded the envisioned hetero-

PROTACs. 
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After identifying the most potent compounds, appropriate negative controls were prepared by in-

corporating structurally modified ligands for the chosen E3 ligases, which abolished their binding 

affinity. All of the prepared products were purified either through column chromatography or by 

using an automated flash chromatography system. The purity and identity of compounds were 

confirmed via 1H and 13C NMR spectroscopy, an LC/MSD system, high-resolution mass spec-

trometry (HRMS), and ultra-performance liquid chromatography (UPLC).  

The chemical synthesis section was completed with generous help from Aleġa Bricelj from the 

Faculty of Pharmacy at University of Ljubljana. 

 

2.10 Software and statistical analyses 

Raw proteomics data was analyzed with with MaxQuant (Version 1.6.3.3 or 2.0.3.0) or with DI-

ANN 1.8.1. RNA sequencing data was aligned with STAR 2.7 and quantified with RSEM 1.3.0. 

Further analysis on processed proteomics or transcriptomics data was analysed with R(4.0.3) and 

R studio (V 1.3.1093 or 4.1.1). Statistical analyses of cell viability experiments were performed 

with GraphPad Prism v8 and v9.1.0. Western blot quantification was performed using ImageJ 

(1.53o) software. 
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3. Results 

3.1 Proteomic profiling identifies CDK6 protein upregulation in relapse myeloma patients 

Genetic alterations in CRBN and other members of the IMiD pathway account for approximately 

20% of IMiD resistance50ï53. To explore potential non-genetic IMiD resistance mechanisms, we 

performed integrated quantitative proteomics and transcriptomics on longitudinal samples from 

five patients, collected at both diagnosis and relapse under lenalidomide therapy and subjected to 

CD138 enrichment for multiple myeloma cells (Figure 1A). We detected a total of 6,095 proteins 

and identified the deregulation of more than 450 proteins between pre-treatment and relapse sam-

ples using an FDR cutoff of 0.10 (Figure 1B). Of the top upregulated proteins, TRIP13 and RRM1 

have been described to be implicated in the pathogenesis of multiple myeloma100ï102 and are part 

of the validated GEP70 and GEP5 multiple myeloma high-risk signature103,104, and CDK6 is tar-

getable where its inhibitors have demonstrated activity in pre-clinical myeloma studies105ï108. An 

independent cohort of thirteen patient samples with four obtained at diagnosis and nine obtained 

at relapse further validated the upregulation of TRIP13, RRM1, and CDK6 protein expression 

levels (Figure 1C). The overall protein-RNA correlation of all protein/RNA pairs was weak, indi-

cated by a Pearson correlation coefficient (PCC) of 0.34. TRIP13 demonstrated the highest 

RNA/protein correlation with a PCC of 0.84 while RRM1 and CDK6 showed a RNA to protein 

correlation of 0.6 and 0.39 respectively (Figure 1D). While CDK4 acts as a regulator of the cell 

cycle together with CDK6, we did not detect any significant changes in the protein levels of CDK4. 

As all patients received lenalidomide-comprising treatment, we also examined the RNA/protein 

correlation of IMiD-associated proteins34,44,109. We did not detect any changes in the protein levels 

of IKZF1/3, IRF4, CRBN, DDB1, and NR3C1 (Figure 1E). To further validate the proteomic 

findings, multiple myeloma cell lines were cultured in the presence of lenalidomide in vitro over 

the course of six weeks. Induced lenalidomide-resistant cells demonstrated elevated levels of 

CDK6 protein, corroborating the proteomic findings in myeloma patients (Figure 1F).  
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Figure 1. Proteomic profiling identifies CDK6 protein upregulation in relapsed multiple myeloma patients. (A) 

Quantitative proteomic analysis and RNA-sequencing of five paired multiple myeloma patient bone marrow samples 

collected at diagnosis and at relapse. (B) Average log2(fold change) of proteins at relapse/ diagnosis is plotted against 

its ïlog10(p-value). (C) Western blot validation of top-upregulated proteins at relapse in an independent patient cohort 

(n=13). (D) Normalized protein intensities (log2 TMT intensities) of CDK6, TRIP13, RRM1, and (E) IMiD-associated 

proteins in all 10 samples were plotted against their respective normalized RNA expression levels (log2 TPM values). 

Samples from the same patient are connected. (F) CDK6 protein expression levels of induced lenalidomide-resistant 

MM.1S and LP-1 cells as displayed via Western blotting and corresponding quantification. Figure is own representa-

tion adapted from Ng, Ramberger et al.91. 

 

3.2 Overexpression of CDK6 in myeloma cells confers IMiD-resistance 

To investigate the role of CDK6 in multiple myeloma drug resistance, retroviral overexpression 

vectors were used on myeloma cell lines (Figure 2A). High CDK6 expression conferred reduced 

sensitivity towards lenalidomide and pomalidomide across various cell lines (Figure 2B). The sen-

sitivity impairment from CDK6 was kinase-dependent as the introduction of kinase-dead mutant 

K43M did not alter drug sensitivity. The effect of CDK6-overexpressing cells on melphalan, dex-

amethasone, and bortezomib sensitivity was not as pronounced and was cell-line specific (Figure 

2C). These data imply that the kinase function of CDK6 selectively impairs IMiD-sensitivity in 

myeloma cells. 
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Figure 2. Overexpression of CDK6 in myeloma cells confers IMiD-resistance. (A) Overexpression of CDK6 WT 

or kinase-impaired mutant K43M in myeloma cell line OPM2 utilizing retroviral vectors confirmed via Western blot. 

(B) Cell viability of OPM2 cells expressing CDK6 WT or K43M upon IMID lenalidomide and pomalidomide, (C) 

melphalan, dexamethasone, and bortezomib treatment for 96 h at indicated concentrations. Control indicates empty 

vector. Cell viability values are normalized to respective DMSO conditions. Data represent the mean ±SD of biolog-

ical triplicates. Figure is own representation adapted from Ng, Ramberger et al 91. 

 

3.3 Combined targeting of CDK6 and IKZF1/3 is synergistic in multiple myeloma cells 

As induced CDK6 expression reduced IMiD-sensitivity, we next explored the effects of CDK6 

inhibitor palbociclib on myeloma cell lines. While palbociclib alone exhibited moderate inhibitory 

effects across all multiple myeloma cell lines, the addition of palbociclib enhanced the anti-mye-

loma effects of IMiDs while used in combination in both IMiD-sensitive and ïresistant cell lines 

(Figure 3A), with synergy achieved at lower concentrations (Figure 3B). Palbociclib and pomalid-

omide combination treatment was able to restore IMiD-sensitivity in induced IMiD-resistant cells 

and CDK6-overexpressing cells (Figure 3C). The addition of palbociclib synergizes with lenalid-

omide and pomalidomide, while the effect with other myeloma drugs was mostly additive (Figure 

3D). We then utilized PROTACs that degrade CDK4/6 with or without retaining the effects of 

IKZF degradation (Figure 3E, 3F). PROTAC YKL-06-102, which retains pomalidomide activity 

and degrades both CDK4/6 and IKZF1/3, showed significant inhibition across all multiple mye-

loma cell lines, demonstrating intramolecular synergy (Figure 3G). 
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Figure 3. Combined targeting of CDK6 and IKZF1/3 is synergistic in multiple myeloma cells. (A) Cell viability 

of IMiD -sensitive cell line MM.1S and IMiD-resistant cell line L363 treated with Pom, Palb, and in combination for 

96 h. (B) Synergy matrix of MM.1S and L363 cells treated with palbociclib and pomalidomide at indicated concen-

trations. (C) Cell viability of MM.1S LenR cells and OPM2 CDK6 OE cells treated with Pom, Palb, and in combina-

tion. (D) Heatmap of synergy scores of palbociclib treated in combination with clinical drugs indicated for multiple 

myeloma in MM.1S and L363 cells. (E) Chemical structure and E3 targets of pomalidomide and CDK6-targeting 

PROTACs. (F) Western blot analysis of MM.1S cells treated with Pom, Palb, BSJ, CST, and YKL for 16 h at 1 µM. 

(G) Cell viability of MM.1S cells with Pom, BSJ, and YKL for 96 h. Pom = pomalidomide; Palb = palbociclib; BSJ 

= BSJ-03-123; CST = CST528; YKL = YKL-06-102. LenR = lenalidomide-resistant; OE = overexpression. Synergy 

levels are indicated with ZIP or Bliss synergy scores. Synergy maps were created with SynergyFinder. Cell viability 

values are normalized to respective DMSO conditions. Data represent the mean ±SD of biological triplicates. Figure 

is own representation adapted from Ng, Ramberger et al.91. 

 

3.4 CDK6 inhibition with IMiDs is highly efficacious in in vivo myeloma model 

To examine if the combination treatment of CDK6 with IMiDs has in vivo therapeutic efficacy, a 

xenograft experiment was performed (Figure 4A). Myeloma cells MM.1S were injected subcuta-

neously into NOG mice and randomized prior to treatment. Treatment was administered p.o. for 

17 days and observed until day 28. Monotherapy of pomalidomide and palbociclib significantly 

delayed tumor growth, while combination therapy led to the reduction of myeloma growth to un-
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detectable levels and consequently, significant improvement in survival (Figure 4B, 4C). How-

ever, recurrence of myeloma occurred upon treatment termination, indicating that prolonged and 

continuous therapy might be required for the prevention of relapse. CDK4/6 and IKZF1/3 dual 

targeting PROTAC was administered intraperitoneally at maximal applicable dosage of 5 

mg/kg/day due to low solubility. There was a significant delay in tumor growth of YKL-treated 

mice compared to vehicle-treated mice, however, the effects were not prominent in contrast to 

monotherapies, which can be attributed to the lower in vivo bioavailability (Figure 4D). 

 

Figure 4. Targeting CDK6 with IMiDs is highly efficacious in in vivo myeloma model. (A) Schematic represen-

tation of in vivo experimental setup. MM.1S cells were injected s.c. into NOG mice. Treatment was administered p.o. 

for 17 days and observed until day 28. (B) Tumor growth of MM.1S xenograft mice with monotherapy pomalidomide 

(5 mg/kg), palbociclib (50 mg/kg), and in combination. (C) Kaplan-Meier curve of the four treatment groups. Data 

was analyzed by log-rank Mantel-Cox test. (D) Tumor size of various treatment groups on day 9, analyzed by unpaired 

t-tests with Welchôs correction. Group size for vehicle-treated mice is n = 5 and n = 6 for all other treatment groups. 

P values indicated are as follows: * = P Ò 0.05; ** = P Ò 0.01; *** = P Ò 0.001. Figure is own representation adapted 

from Ng, Ramberger et al.91. 

 

3.5 Targeting CDK6 reverses a relapse protein signature in multiple myeloma 

To investigate the effects of CDK6 inhibition on multiple myeloma cells, MM.1S cell line was 

treated with pomalidomide, palbociclib, or in combination and subjected to proteomic analyses 

(Figure 5A). The significantly deregulated proteins from the cell perturbation data was overlaid 

with patient data, where we identified four distinct clusters of protein expression (Figure 5B). We 

demonstrated that CDK6 inhibition alone, using inhibitors such as palbociclib or with degraders 

such as PROTACs, could reverse a protein signature specific to the relapse patients. Specifically, 

in cluster a, we were able to show that high-risk multiple myeloma markers TRIP13 and RRM1 

are upregulated in relapse samples but are downregulated by CDK6 inhibition (Figure 5C). The 

phosphorylation levels of these proteins did not differ upon palbociclib treatment, proposing that 

these proteins are not direct CDK6 kinase substrates. Further RT-qPCR experiments demonstrated 
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reduced mRNA levels of TRIP13, RRM1, and other proteins upon CDK6 inhibition, suggesting a 

CDK6-dependent transcriptional regulation of these oncoproteins (Figure 5D). Additionally, we 

observed more potent degradation of essential myeloma transcription factors IKZF1/3 from com-

bined targeting of CDK6 and IKZF1/3 using PROTAC YKL (Figure 5E). These results suggest 

that CDK6 regulates a myeloma relapse-associated signature and its inhibition potentiates the ef-

fect of IMiDs via enhanced degradation of IKZF1/3, which likely underlies the synergy of the 

combination therapy. 

 

Figure 5. Targeting CDK6 reverses a relapse protein signature in multiple myeloma. (A) Schematic figure of 

myeloma cell drug perturbation. MM.1S cells were treated with various drugs and combinations, cells were then 

analyzed for their proteomic and phosphoproteomic changes with TMT-based proteomics. (B) Protein expression 

levels of paired-patient data was combined with cell perturbation data. Heatmap displays protein levels passing FDR 

levels of < 0.1. (C) Cluster a of Figure 5B. (D) mRNA levels of candidates regulated by CDK6. (E) Western blot 

analysis of MM.1S cells treated with respective treatments at indicated concentrations. Pom = pomalidomide; Palb = 

palbociclib; BSJ = BSJ-03-123; YKL = YKL-06-102. Figure is own representation adapted from Ng, Ramberger et 

al.91. 
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3.6 Proteogenomic landscape of multiple myeloma and signatures of primary translocations 

t(11;14), t(4;14), and chr1q gain 

Our pilot study has successfully demonstrated the feasibility of applying in-depth proteomic anal-

ysis on primary multiple myeloma samples91. The low RNA-to-protein correlation also implies a 

high degree of post-transcriptional or post-translational regulation in myeloma, highlighting the 

limitation of examining DNA or RNA expression alone and the need for a more comprehensive 

proteogenomic study. Here, we extended the proteogenomic analysis to a total of 138 patients, 

with 114 newly diagnosed multiple myeloma (NDMM), 7 MGUS, and 17 plasma cell leukemia 

(Figure 6A). In addition to global proteomics and phospho-proteomics, FISH, RNA sequencing, 

and whole-genome DNA sequencing were integrated with clinical data. In total, over 10,000 pro-

teins and 50,000 phosphopeptides were identified, including key plasma cell markers CD138 

(SDC1), CD38, BCMA (TNFRSF17), and IRF4 (Figure 6B). As chromosomal aberrations are in-

volved in the initiation of oncogenic events in multiple myeloma, we examined the proteome 

changes primary translocations t(11;14) and t(4;14) as well as the high-risk marker amp(1q) (Fig-

ure 6C, 6D). As t(11;14) is the only genetic subset of multiple myeloma that is sensitive to BCL2 

inhibitor venetoclax21,22, proteins involved in apoptotic pathways were examined. A total of 102 

apoptosis-associated proteins were significantly deregulated in t(11;14) compared to non-t(11;14) 

cohort (FDR < 0.05), including downregulation of cIAP1 (BIRC2) and BCLxL (BCL2L1)93.  

 

Figure 6. Proteogenomic landscape of multiple myeloma and signatures of primary translocations t(11;14), 

t(4;14), and chr1q gain. (A) Schematic presentation of analyzed patient cohort and study workflow. (B) Rank plot 

of median intensity of proteins detected by TMT-based mass spectrometry, with key markers of multiple myeloma in 
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highlight. (C) Protein levels of primary translocations t(11;14), t(4;14), and chr1 gain. Multiple myeloma patient sam-

ples with primary translocations t(11;14) (n=27) were compared against non-t(11;14) samples (n=87); and t(4;14) 

samples (n=19) were compared against non-t(4;14) samples (n=95). (D) Myeloma samples with chr1q gain (n=46) 

was compared against samples without 1q copy number gain (n=68). Comparisons were performed with 2-sided, 

moderated 2-sample t-tests. Log2(fold change) of proteins is plotted against its ïlog10(p-value). Figure is own repre-

sentation adapted from Ramberger et al.93. 

 

3.7 Proteomic-based outcome prediction 

To evaluate if proteomics and phosphoproteomics can provide additional prognostic insights be-

yond the revised International Staging System (R-ISS) for risk stratification, bootstrapping analy-

sis and model optimization were applied using proteomics and clinical data from 100 patients 

(Figure 7A). A protein risk score comprising of eight proteins, including Ubiquitin-Conjugating 

Enzyme E2 Q1 (UBE2Q1), was defined. Applying the protein risk score on the 100 patients, we 

were able to stratify patients into high risk (n=25), median risk (n=50), and low risk (n=25), with 

Figure 7. Proteomic-based outcome prediction. (A) Schematic diagram of protein risk score generation from newly 

diagnosed myeloma patients receiving lenalidomide-based treatment (n=100). (B) Kaplan-Meier curves of progres-

sion-free survival and overall survival of patients stratified by protein risk score quartile (low, n=25; median, n=50; 

high, n=25). P-value was calculated with log rank test. (C) Protein expression levels of eight proteins in risk score 

across various myeloma progression status. (D) Box plot of protein risk score across myeloma progression status. 

Boxes indicate median, 25th, and 75th percentile and whiskers indicate minimum and maximum. Healthy plasma cells, 

n=3; MGUS, n=7; MM, n=114; PCL, n=17. Two-sided studentôs t-test was applied. Figure is own representation 

adapted from Ramberger et al.93. 
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median PFS of 12.5, 30.0, and 87.4 months respectively (Figure 7B). In addition to the prognostic 

impact on survival, the protein risk score was in line with disease progression from healthy plasma 

cells, MGUS, multiple myeloma, to plasma cell leukemia (Figure 7C, 7D).  

 

 

3.8 Identification of UBE2Q1 as a driver for high-risk 1q gain myeloma 

Chromosomal amplification of the 1q arm is an established high-risk cytogenetic abnormality in 

multiple myeloma and is associated with shorter overall survival and adverse outcomes110,111. In 

our study, patients with increasing copies of chr1q had significantly worse overall survival, con-

sistent with previous studies110,111 (Figure 8A). The majority of the proteins upregulated in the 

amp(1q) cohort are located on the 1q arm, suggesting regulation in cis, including one of the top 

candidates upregulated in the chr1q cohort, UBE2Q1 (Figure 8B). Out of the upregulated proteins 

in 1q gain, UBE2Q1 was the only candidate where protein expression levels are associated with 

significantly worse progression-free survival (PFS) and overall survival (OS) (Figure 8C). Sur-

vival outcomes were independent of 1q gain status, implicating the significance of UBE2Q1 pro-

tein levels as a universal prognostic marker. 

As UBE2Q1 is involved in the ubiquitin-proteasome system, we explored its effect by overex-

pressing UBE2Q1 in multiple myeloma cell lines and subjected them to global proteome analysis 

(Figure 8D). Comparing the UBE2Q1-overexpressed proteome to that of primary myeloma pa-

tients, we identified an overlap of dysregulated proteins that were also differentially expressed in 

the cohort of patients with 1q amplification (Figure 8E). The analysis was extended across all 

genetic subtypes in the primary myeloma cohort and we observed deregulation of proteins that had 

a high correlation with UBE2Q1 protein expression levels (Figure 8F). These data imply that 

UBE2Q1 is a regulator of other proteins significantly deregulated in 1q gain patients and is poten-

tially an oncogenic driver of aberrant expression of proteins implicated in the pathogenesis of 

multiple myeloma. 

 



Results 31 

 

 

3.9 Identification of myeloma-specific drivers for potential therapeutic targeting 

To identify potential myeloma-specific therapeutic targets, proteins significantly and selectively 

upregulated in myeloma samples compared to healthy CD19, CD34, and CD138 cells were inte-

grated with genetic dependency data (https://depmap.org/portal/) for myeloma-specific vulnera-

bilities (Figure 9A). The analysis yielded a list of 31 proteins that passed the cut-off based on 

essential myeloma transcription factors IKZF1/3 (Figure 9B). A genome-wide CRISPR activation 

screen was performed in myeloma cell line MM.1S to evaluate the role of potential protein targets 

identified (Figure 9C). POU2AF1 and IRS1 were top candidates driving myeloma proliferation, 

Figure 8. Identification of UBE2Q1 as a driver for high-risk 1q gain myeloma. (A) Kaplan-Meier curve showing 

overall survival of myeloma patients ranked by 1q gain status (n=100). Log rank test was used for p-value calculation. 

(B) Box plot demonstrating UBE2Q1 protein levels in myeloma patients grouped by 1q gain status. Boxes indicate 

median, 25th, and 75th percentile. (C) Kaplan-Meier curve showing overall survival of myeloma patients ranked by 

UBE2Q1 protein expression levels and 1q gain status. Log rank test was applied to obtain p-value. (D) Graphical 

presentation of proteomic profiling of UBE2Q1 overexpression in myeloma cell lines. LP-1 and OPM2 cells were 

transduced with empty or UBE2Q1-overexpressing vector and analyzed with DIA mass spectrometry (n=4). (E) Pro-

tein expression profile of UBE2Q1-overexpressing LP-1 cells (y-axis) was compared to the profile of multiple mye-

loma patients with chr1q amplification (x-axis). Proteins highlighted are past FDR threshold of 0.05 and 0.1 for 

UBE2Q1-overexpression cells and 1q gain myeloma patients respectively, and correlating with UBE2Q1 protein lev-

els in primary myeloma samples (r > 0.3 or r < -0.3). (F) Rank plot of Pearson correlation analysis of UBE2Q1 

expression levels with other proteins in multiple myeloma patient cohort. Highlighted proteins are identical to those 

in Figure 8E. Figure is own representation adapted from Ramberger et al.93. 
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and their role was further validated with protein expression levels increasing with disease progres-

sion (Figure 9D). Overall, our proteomic analysis combined with functional genetics uncovered 

potential myeloma therapeutic targets.  

 

Figure 9. Identification of myeloma-specific drivers for potential therapeutic targeting. (A) Diagram of mye-

loma-specific therapeutic candidates from upregulated or selectively-expressed proteins in multiple myeloma. (B) 

Gene dependency scores of multiple myeloma cell lines (n=18) and all other cell lines (n=1082) of the candidates 

identified in Figure 9A. CRISPR scores were obtained from DepMap (https://depmap.org/portal). (C) Plot of beta 

scores from genome-wide CRISPR activation screen. Gene/protein names of potential therapeutic candidates are in-

dicated. (D) Protein levels of IRS1 and POU2AF1 in healthy and disease samples. Figure is own representation 

adapted from Ramberger et al.93. 

 

3.10 Design, generation, and quantitative evaluation of pan-IAP degraders 

Apoptosis-related proteins were found to be highly deregulated in the t(11;14) subset of multiple 

myeloma patients in our proteogenomics studies93. The clinical application of BCL2 inhibitor ve-

netoclax in multiple myeloma demonstrated efficacy only in multiple myeloma patients with 

t(11;14)21,22, suggesting a vulnerability to apoptosis modulators. On the other hand, BIRC2 and 

BIRC3, encoding cellular inhibitor of apoptosis 1 (cIAP1) and 2 (cIAP2), are found to be deleted 

in some multiple myeloma cases10. Pan-IAP inhibitors may be an effective therapeutic strategy in 

BIRC2/BIRC3 deleted cells should there be an enhanced dependency on the remaining IAP pro-

teins. Current IAP antagonists lead to the degradation of cIAP1 and cIAP2 proteins and possess 

an affinity for XIAP inhibition, however, have limited clinical efficacy as single agent84,85. The 

need to develop more potent IAP inhibitors against all IAPs remains112,113. 

To generate IAP-targeting PROTACs, three series of hetero-bifunctional compounds were de-

signed and synthesized, each series with 8 various linker structures (Figure 10A, 10B). As 

https://depmap.org/portal
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cIAP1/2, VHL, and CRBN are all E3 ligases, in addition to assessing IAP degradation, we exam-

ined the protein expression levels of VHL and CRBN where degradation might be attributed to E3 

crosstalk (Figure 10C). All three series of PROTACs were capable of degrading cIAP1, cIAP2, 

and XIAP (Figure 10D). Our hetero-PROTACs were able to degrade cIAP1 at a similar or in-

creased level compared to IAP ligand CST530 alone due to the autoubiquitination of cIAP1. While 

the IAP ligand was able to only slightly decrease cIAP2 protein levels and not XIAP, all com-

pounds in the three series were able to enhance cIAP2 degradation to various extents and markedly 

lower XIAP levels. 

 

Figure 10. Design, generation, and quantitative evaluation of IAP-targeting PROTAC series. (A) Schematic 

representation of the design of three compound series targeting IAP proteins. (B) Linker structures for the generation 

of series 1 compounds consisting of IAP-VHL PROTACs. (C) Exemplary western blot analysis of IAP-targeting 

PROTACs. MM.1S cells were treated for 16 h with IAP-VHL series 1 PROTACs at 0.1 µM with corresponding 

ligands as controls. (D) Degradation profile of all three series IAP-targeting hetero-PROTACs on cIAP1, cIAP2, 

XIAP, VHL30, CRBN, and IKZF3 protein expression levels. MM.1S cells were treated with each compound and 

respective controls for 16 h at 0.1 µM. Degradation percentage indicates remaining protein levels after treatment. 

Values are normalized to respective loading controls and vehicle-treated control. Data represents the mean of three 
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independent biological replicates. CST530 = IAP ligand; VH298 = VHL ligand. Figure is own representation adapted 

from Ng, Bricelj et al.92. 

 

3.11 Protein degradation and cell viability from pan-IAP degraders 

The monovalent and bivalent IAP antagonists LCL161, AZD5582, birinapant, and BV6 were able 

to cause substantial degradation of cIAP1 and cIAP2, but not XIAP. In contrast, heteroPROTAC 

1 led to pan-IAP degradation (Figure 11A). Compound 1 was optimized to enhance binding affin-

ities and the resulting compound 9 demonstrated further enhanced pan-IAP degradation (Figure 

11B). To mechanistically understand if the degradation of IAPs is mediated by cIAP1 alone and 

to examine if pan-IAP degradation can be achieved in BIRC2 or BIRC3 knockout cells, we gener-

ated BIRC2, BIRC3, and BIRC4 knockout cells. In BIRC2 knockout cells, pan-IAP and VHL deg-

radation were induced by the treatment of hetero-PROTACs, demonstrating the E3 ligase activity 

of VHL and showcasing that cIAP2 can compensate for the loss of cIAP1 and facilitate VHL 

protein degradation through its E3 ubiquitin ligase function (Figure 11C). Having demonstrated 

the potency of hetero-PROTACs, we next investigated the persistence of IAP degradation. The 

reduced IAP levels were sustained up to 96 h after a single exposure of compound 9 (Figure 11D). 

To evaluate if the potent IAP degradation translates to inhibitory effects in cells, hematologic cell 

lines from multiple myeloma, acute myeloid leukemia, and lymphoma were tested. IAP degrader 

9 outperformed monovalent agonist CST530 in all cell lines (Figure 11E). In NCI-H929 cells, 

compound 9 surpassed AZD5582 and competitively lowered the IC50 profiles in MOLM13 and 

SUDHL6 to 2.1 nM and 1.6 nM. These data demonstrate the potential therapeutic efficacy of het-

eroPROTACs and support further development of IAP-targeting heterobifunctional compounds. 
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Figure 11. Protein degradation and cell viability from pan-IAP degraders. (A) Comparison of hetero-PROTAC 

9 against monovalent IAP antagonists CST530, LCL161, and bivalent IAP antagonists AZD5582, birinapant, and 

BV6. MM.1S cells were treated for 16 h at indicated concentrations. (B) Characterization of dose-dependent protein 

degradation of IAP proteins and VHL30 from compound 9. (C) Treatment of hetero-PROTACs 9 and 25 at 0.1 µM 

for 16 h in IAP knockout MM.1S cell lines. (D) MM.1S cells were treated with compound 9 at 1 µM for 16 h before 

washout (t = 0). IAP protein levels were investigated at indicated time points post-washout. (E) IC50 values from cell 

viability screening with respective controls using multiple myeloma (MM), acute myeloid leukemia (AML), and lym-

phoma (DLBCL) cell lines. Viability assays were performed in the presence of TNF-Ŭ and values are normalized to 

vehicle-treated control. Data represents mean of three independent biological replicates. CST530 = IAP ligand; 

VH298 = VHL ligand. Figure is own representation adapted from Ng, Bricelj et al.92. 
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4. Discussion 

Despite significant advances in the treatment of multiple myeloma leading to improved patient 

outcomes, the disease remains incurable due to acquired resistance to therapies or less frequently 

primary resistance. The mechanisms underlying drug resistance are multifactorial, involving ge-

netics, epigenetics, and potentially also post-transcriptional regulation. While some genetic muta-

tions and alterations associated with resistance have been identified, they do not adequately ac-

count for the development of resistance in most cases, suggesting the involvement of non-genetic 

mechanisms. Therefore, there is an urgent need to better define the molecular mechanisms of re-

sistance for existing drugs to predict, prevent, and overcome resistance, as well as to develop more 

robust and durable therapeutic approaches for multiple myeloma. 

Although extensive genomic information derived from sequencing studies and functional genetic 

screens have led to new insights towards IMiD-resistance in relapsed multiple myeloma, only a 

fraction of the relapse cases could be explained. Our integrated proteomics and transcriptomics 

approach using longitudinal primary multiple myeloma samples encompass over 6,000 proteins 

and 20,000 phosphopeptides, demonstrating the feasibility and clinical significance of in-depth 

proteomic profiling in primary myeloma91. Similar to previous studies, we observed a low corre-

lation between protein and RNA levels60ï62. Interestingly, the key proteins involved in the mech-

anism of IMiDs were not found to be dysregulated at relapse following lenalidomide treatment. 

Instead, we identified CDK6 protein levels to be upregulated in relapse multiple myeloma despite 

no corresponding increase in RNA levels. High expression of CDK6 is commonly observed in 

cancers due to their role in cell cycle progression and is often associated with increased tumor 

aggressiveness108,114ï119. We demonstrated that elevated CDK6 protein levels reduced the sensi-

tivi ty of IMiDs in multiple myeloma. Targeting CDK6 with clinically-approved inhibitors such as 

palbociclib or PROTACs was able to overcome IMiD-resistance and showed strong synergistic 

effects with lenalidomide and pomalidomide both in vitro and in vivo. The subdued in vivo re-

sponse by the dual CDK4/6 and IKZF1/3-targeting PROTAC was likely attributed to the limited 

bioavailability, resulting in less potent effects compared to in vitro studies. The general low solu-

bility of these large molecules and unfavorable physiochemical properties also constrain the ap-

plication dosage. Significant efforts are required to improve the bioavailability of PROTACs for 

in vivo and clinical use. Further cell perturbation experiments revealed a targetable CDK6-regu-

lated protein signature in multiple myeloma patients, including the regulation of high-risk mye-

loma markers TRIP13 and RRM1120,121. In summary, CDK6 was identified as a key regulator in 

treatment-resistant multiple myeloma, supporting the clinical investigation of combining CDK6 
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inhibition with IMiDs as a therapeutic strategy. The study also demonstrated the proof-of-principle 

for the utility of quantitative proteomic approach in primary myeloma samples.  

Proteomics analysis was applied to a larger cohort of multiple myeloma patients with protein ex-

pression levels integrated with genomic and transcriptomic data93. Our study provides a compre-

hensive proteome analysis of newly diagnosed, untreated multiple myeloma, covering the major 

genetic alterations of this disease which has not been characterized previously. Our comparison of 

healthy cells, MGUS, newly-diagnosed multiple myeloma, and plasma cell leukemia, along with 

clinical data, allows us to explore myeloma-specific proteins associated with the pathogenesis. 

Furthermore, exploration of the proteome changes in the common cytogenetic abnormalities pro-

vides insights into the molecular landscape of each genetic subtype, which could potentially facil-

itate the identification of actionable vulnerabilities and personalized therapeutic strategies. Again, 

a general low protein-to-RNA correlation was observed, consistent with previous studies60ï62,91.  

Our study further investigated whether proteomics and phosphoproteomics could provide addi-

tional prognostic information beyond the R-ISS for risk stratification. Utilizing proteomics and 

clinical data from 100 patients, a protein risk score with eight proteins was defined, including 

Ubiquitin-conjugating enzyme E2 Q1 (UBE2Q1). The proteins comprising the risk signature are 

distinct from genetic-based risk signatures and known drug mechanisms, underscoring the addi-

tional value the proteomic approach provides. The risk score was closely associated with disease 

progression and was also further validated in an independent cohort of myeloma patients122. Given 

the high degree of post-transcriptional regulation revealed from our study, multiple myeloma char-

acterization using proteins may offer greater predictive power compared to genetics-based ap-

proach. Integrating proteomic data on proteins upregulated in myeloma samples compared to 

healthy hematopoietic cells and a genome-wide CRISPR activation screen, POU2AF1 and IRS1 

were identified to be myeloma-selective targets driving disease progression, of which POU2AF1 

has been independently described to regulate an oncogenic transcription network and IRS1 pro-

motes myeloma growth through PI3K signaling123,124.  

Amplification of the 1q chromosomal arm is a well-established high-risk cytogenetic alteration in 

multiple myeloma, associated with poorer overall survival and less favorable clinical out-

comes110,111. Candidates on chromosome 1q have been studied for their association with adverse 

effects from gene expression profiling, including CKS1B125, MCL-1126, ETV3127, and ADAR1128. 

Chr1q gain is also associated with drug resistance, with a high expression of 1q genes conferring 

resistance to chemotherapies129,130, and patients having shorter median PFS and OS upon lenalid-

omide-, bortezomib-, and daratumumab- comprising therapy131. While only a subset of t(11;14) 

myeloma patients respond to venetoclax21,22, the concurrent presence of 1q gain with t(11;14) is 
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associated with significantly worse progression-free survival132. To further uncover protein candi-

dates in chr1q gain patients that contribute to the advanced disease, the relationship between 1q 

protein expression levels and progression-free and overall survival was examined. UBE2Q1 was 

identified to be a prognostic marker of survival outcome, as well as an oncogenic driver in 1q gain 

patients and master regulator of a network of proteins found to be dysregulated in multiple mye-

loma. UBE2Q1 has been described to be an oncogene highly expressed in some solid tumors and 

its upregulation is associated with poor prognosis due to its role in cell proliferation regulation133ï

137. As an E2 ubiquitin-conjugating enzyme, UBE2Q1 can facilitate the ubiquitination of proteins 

along with an E3 substrate adaptor. This post-translational modification may partially contribute 

to the observed discrepancy between RNA and protein levels. The identification of the E3 ligase 

engaging with UBE2Q1 as well as the corresponding substrate would aid in the understanding of 

how UBE2Q1 contributes to the pathogenesis and drug resistance in multiple myeloma. It has been 

reported that UBE2Q1 interacts with p53 and the repression of this tumor suppressor may contrib-

ute to the promotion of tumor growth and dysregulation in gene expression patterns138. While there 

are currently limited inhibitors targeting E2 enzymes, the identification of the E1 and E3 proteins 

associated with UBE2Q1 would greatly facilitate the design and development of inhibitors, ex-

panding the search to disrupting the interactions between the E1-E2 or E2-E3 protein139,140. This 

would benefit not only multiple myeloma patients but also patients of other cancer subtypes as 

gain of 1q chromosomal arm is a common cytogenetic alteration141,142. 

While the use of immunotherapy in the management of multiple myeloma has demonstrated effi-

cacy in multi-drug resistant patients, antigen escape has emerged as a significant challenge leading 

to resistance, underscoring the need to identify additional targets for immunotherapy143,144. Other 

mass-spectrometry studies have demonstrated the integration of myeloma surfaceome data with 

proteomics and transcriptomics to identify novel immunotherapy antigens for myeloma145,146. Our 

integration of proteomics data and single-cell RNA sequencing with the Cancer Surfaceome Atlas 

allowed for the identification of selective and highly expressed Fc receptor-like 2 (FCRL2) on 

myeloma and B cells in addition to the currently explored targets BCMA and FCRL5147,148. 

Overall, the proteomic landscape of multiple myeloma serves as a valuable resource, providing 

insights into the molecular characteristics of genetic subtypes, identifying key oncogenic drivers, 

developing a robust prognostic protein-based risk score for disease stratification, and uncovering 

novel potential therapeutic targets. These findings require validation in future studies with larger 

patient cohorts, preferably in the context of clinical trials with defined treatment regimens and 

available outcome data. 
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Previous proteogenomic studies in multiple myeloma are constrained by relatively small sample 

sizes. Our study of 138 multiple myeloma patients93, while significant, remains limited in compar-

ison to larger genomic studies. While our pilot study included matched pre-treatment and relapsed 

samples91, longitudinal data that captures proteogenomic changes throughout the course of treat-

ment and disease progression remains lacking. Moreover, the comprehensive nature of proteoge-

nomic analysis, which necessitates specialized equipment and reagents, renders it cost-prohibitive 

and limits its widespread clinical implementation. Current technological advancements have led 

to increased throughput and efficiency from mass spectrometry approaches. The development of 

miniaturized mass spectrometry, such as micro-scaled or nano-scaled proteomics, demonstrates 

improved detection sensitivity and could lead to cost reductions in reagents as well as lowering 

the amount of required starting analyte, showing the potential of making this powerful analytical 

technique affordable, accessible, and suited for clinical samples where patient material is lim-

ited149. Proteogenomic studies offer valuable insights into protein expression patterns, yet they 

may fall short of fully elucidating the functional status of proteins, including their activity and 

intricate cellular interactions. While such studies can uncover promising therapeutic targets or bi-

omarkers, they often lack comprehensive target assessment in appropriate biological models. 

Moreover, the increasing application of omics is generating vast amounts of data. The ongoing 

challenge lies in navigating this extensive data landscape and translating these big data into ac-

tionable, clinically relevant knowledge. Addressing these limitations will be crucial for advancing 

the field of proteogenomics in multiple myeloma and realizing its potential for improving patient 

care and treatment strategies.  

Taken together, a multi-faceted approach combining genetic and proteomic analyses holds prom-

ise for a deeper understanding of multiple myeloma biology, revealing new potential therapeutic 

targets, providing insights into resistance mechanisms, and offering a more comprehensive under-

standing of the molecular landscape in multiple myeloma. By integrating these insights with drug 

development, clinicians can potentially develop more effective and personalized treatment strate-

gies tailored to each patient's unique molecular profile and advance multiple myeloma therapy. 

Of the apoptosis modulators that target the intrinsic apoptotic pathway, BH3 mimetics represent a 

new class of anti-cancer therapeutics targeting the BCL2 family members. Despite significant clin-

ical efficacy in the treatment of CLL and AML68,70ï72, venetoclax is only effective in a subset of 

multiple myeloma patients harboring t(11;14) translocation21,22. Previous studies have found that 

venetoclax-sensitive t(11;14) multiple myeloma exhibits higher expression of B-cell associated 

genes due to enhanced chromatin accessibility, contributing to an increase in B-cell depend-
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ency73,74. Our proteogenomic study identified 102 apoptosis-associated proteins that are signifi-

cantly deregulated in t(11;14) myeloma patients, including the enrichment of B cell markers, con-

sistent with prior research73, and the downregulation of BIRC2/cIAP193. BIRC2 and BIRC3, en-

coding cIAP1 and cIAP2 respectively, are also frequently deleted in relapsed/refractory myeloma 

patients11. The dysregulation of proteins involved in apoptotic pathways provides a potential sus-

ceptibility towards apoptotic modulators. It is hypothesized that there might be a functional over-

lap between these proteins, evidenced by the compensatory increase in cIAP2 protein levels upon 

BIRC2/cIAP1 knockout (Figure 11C). Similar to the shift in BCL2 dependency in t(11;14), it is 

speculated that IAP knockout cells are more dependent on the remaining IAPs. Moreover, XIAP 

has been found to be associated with myeloma drug resistance and tumor development150, and 

targeting XIAP leads to increased cell death in multiple myeloma151. Therefore, we aimed to de-

velop protein degraders that can lead to pan-IAP degradation that can be used in t(11;14) myeloma 

patients, as well as in patients harboring BIRC2 or BIRC3 deletion. 

We designed and synthesized three series of hetero-bifunctional compounds, each with eight 

unique linker structures. While the monovalent and bivalent IAP inhibitors were able to induce 

autoubiquitination of cIAP1 and degrade cIAP2 to variable levels, XIAP protein levels remain 

unchanged. In contrast, our IAP-targeting PROTACs degraded cIAP1, enhanced cIAP2 degrada-

tion, and also led to XIAP degradation, and outperformed the highly potent IAP inhibitor 

AZD5582. The targeted degradation of XIAP facilitated by the PROTAC technology, which was 

previously not achieved by conventional inhibitors, underscores the potential of this pharmaco-

logic modality. Protein degradation of XIAP may disrupt downstream signaling and inhibit cell 

proliferation at lower concentrations compared to inhibitors. In addition, the degradation of pro-

teins provides a more sustained reduction of signaling response. While the development of pan-

IAP degraders shows promise for apoptosis-targeting in cancer treatment, the inhibitory effects 

were not observed consistently across all the cell-based evaluations and warrants the exploration 

of the sensitivity of different cell types towards IAP inhibition. While some studies have demon-

strated the induction of apoptosis in myeloma cells via the targeting of IAPs, another study has 

reported that IAP inhibition by monomeric LCL161 suppressed in vivo myeloma growth through 

the induction of type-I interferon signaling which led to tumor cell phagocytosis by dendritic cells 

and macrophages and not direct cell death152,153. Taken together, these results warrant further ex-

ploration of our IAP PROTACs in the context of anti-tumor immunity. In conclusion, we have 

developed hetero-bifunctional PROTACs targeting the therapeutically relevant IAP proteins and 
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evaluated their capacity for IAP degradation and cell viability inhibition. Further research is re-

quired to elucidate the specific disease contexts or identify molecular markers where the pan-IAP 

degraders demonstrate the greatest therapeutic potential.  

 

In summary, our research utilized proteomics to identify the upregulation of CDK6 as a non-ge-

netic resistance mechanism towards IMiDs, which can be overcome by combining CDK6 inhibi-

tors or protein degraders with IMiDs. Furthermore, our proteogenomic analysis of multiple mye-

loma uncovered valuable insight into the underlying biology of the disease, revealing a high level 

of post-transcriptional regulation in multiple myeloma cells. We identified distinct protein signa-

tures associated with various genetic aberrations, established a prognostic protein-based risk score, 

determined oncogenic drivers of the disease, and uncovered novel myeloma-specific therapeutic 

targets. Moreover, we developed and systematically evaluated heterobifunctional PROTACs ca-

pable of pan-IAP degradation as a potential approach to target cancer cells with dysregulated apop-

totic pathways. Collectively, this research exemplifies the utility of proteomics in elucidating dis-

ease pathophysiology and uncovering resistance mechanisms, which may potentially be addressed 

through targeted protein degradation strategies. 
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