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ABSTRACT 
 
Protein homeostasis is critical to the survival of multiple myeloma (MM) cells. While this is 

targeted with proteasome inhibitors, mRNA translation inhibition has not entered trials. Recent 

work illustrates broad sensitivity MM cells to translation inhibitor omacetaxine. We hypothesized 

that understanding how MM cells become omacetaxine resistant will lead to the development of 

drug combinations to prevent or delay relapse. We generated omacetaxine resistance in H929 

and MM1S MM cell lines and compared them to their parental lines. Resistant lines displayed 

decreased sensitivity to omacetaxine, with EC50 > 100 nM, compared to parental line sensitivity 

of 24-54 nM. To adapt to omacetaxine, H929 and MM1S exhibited an increased percentage of 

multi-nucleated polyaneuploid cells that led to distinct molecular mechanisms of resistance. 

Interestingly, both resistant lines showed a defect in oncologic potential via extended survival in 

a MM xenograft model. Since omacetaxine inhibits protein synthesis, we performed both RNA-

sequencing and ribosome profiling (Ribo-seq) to identify shared and unique regulatory 

strategies of resistance. Transcripts encoding translation factors and containing Terminal 

OligoPyrimidine (TOP) motifs in their 5’ UTR were translationally upregulated in both resistant 

cell lines. The mTOR pathway promotes the translation of TOP motif containing mRNAs. 

Indeed, mTOR inhibition restored partial sensitivity to omacetaxine in both resistant cell lines. 

Primary MM cells from patient samples were sensitive to combinations of omacetaxine and 

mTOR inhibitors rapamycin and Torin 1. These results provide a rational approach for 

omacetaxine-based combination in patients with multiple myeloma, which have historically 

shown better responses to multi-agent regimens.     
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INTRODUCTION 
 
Multiple myeloma (MM) is a cancer of clonal plasma cells that is characterized by the mass 

production of antibody protein. In the 2000s, proteasome inhibitors helped revolutionize MM 

treatment by targeting the proteostasis of the malignant plasma cells. Proteasome inhibitors 

(PIs) achieve this by blocking the disposal of protein byproducts produced during sustained 

antibody synthesis (1, 2). Efforts to inhibit other facets of the degradation pathways of protein 

homeostasis have shown preclinical potential (3, 4, 5). Currently, MM remains incurable, and 

patients inevitably develop resistance to proteasome inhibitors and other agents used in 

treatment. Thus, new therapies that retain activity in patients with relapsed disease are urgently 

needed. Unfortunately, other than proteasome inhibitors themselves, no other strategy targeted 

to intracellular proteostasis has yet had clinical success in MM. 

 

A promising alternative approach to targeting protein homeostasis in multiple myeloma is 

through the blockade of protein synthesis. Previously, we and others showed that the mRNA 

translation inhibitor omacetaxine has potent and specific anti-myeloma activity in preclinical 

models, including primary samples from patients that had become proteasome inhibitor 

refractory (6, 7). Omacetaxine is FDA-approved for the treatment for chronic myeloid leukemia 

and has shown potential in other hematologic malignancies (8). This drug acts at the A-site of 

ribosomes, blocking the initial elongation step of translation (9). Other translation inhibitors have 

also shown preclinical potential in MM (10, 11). However, although multiple groups have 

supported pursuing mRNA translation inhibition in proteasome inhibitor-refractory MM, clinical 

trials have not yet been pursued. Clinical development of this new strategy is warranted, and the 

currently incurable status of MM will foster continued focus on this approach.  

 

To guide clinical development, we sought to evaluate what mechanisms of resistance may 

emerge in MM, to allow for strategies such as drug combinations that may improve response 
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duration. Towards this, we generated two human MM cell lines resistant to omacetaxine through 

continuous exposure to the drug over a prolonged period. By comparing these resistant lines to 

their initial, drug-sensitive counterparts, we aimed to discover the cellular alterations linked to 

the development of resistance. Through the utilization of gene expression analysis and 

ribosome profiling, we identified a mechanism of resistance shared by both cell lines involving 

the mTOR pathway. These findings were used to rationally develop strategies for drug 

combinations that may maximize the clinical application of this drug class.  
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METHODS 

Cell Lines and Viability Assays 

Multiple myeloma cell lines NCI-H929 and MM1S were obtained from the American Type 

Culture Collection (ATCC) and authenticated using short tandem repeat polymorphism profile 

analysis by the University of Colorado Cancer Center Cell Technologies Shared Resource Core. 

Cells were monitored annually for mycoplasma using the MycoAlert detection kit test (Lonza). 

Cells were cultured at 37 °C with 5% CO2 in RPMI 1640 medium containing 10% fetal bovine 

serum (Atlas Biologics), 100 U/mL penicillin, and 100 µg/mL streptomycin (Thermo Fisher 

Scientific). To determine drug efficacy, drugs were printed into 96-well culture plates using the 

D300e Digital Dispenser (Tecan). 60,000 cells per well were incubated in triplicate for 96 h. 

CellTiter-Glo Luminescent Assay (Promega) was used to determine cell viability using a Glomax 

Multi Detection System (Promega).  

 

Flow Cytometry 

Multiple myeloma cell lines were washed in FACS buffer (DPBS with 2% FBS) and 

resuspended in 1X DAPI (Thermo Fisher). Flow data was collected on a BD FACSCelesta 

Multicolor Cell Analyzer (BD Biosciences) equipped with a high throughput sampler. Data was 

analyzed using FlowJo software (BD Biosciences). Protein translation was measured by flow 

cytometry by labeling nascent peptides using the puromycin analog O-propargyl-puromycin 

(OP-Puro) from the protein synthesis assay kit (Cayman Chemical) according to manufacturer 

instructions.  

 

Cell Line Xenografts 

All in vivo animal work was approved by the Institutional Animal Care and Use Committee 

(IACUC) at the University of Colorado. NOD-scid gamma (NSG) mice (Jackson Labs) were 

injected intravenously with 2 x 104 H929 or MM1S parental or omacetaxine resistant MM cells. 
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Cells were allowed to engraft, and mice were monitored for survival. In vivo results were 

reported using the Kaplan-Meier survival model and hazard ratios calculated using the cox 

proportional hazard model.  

 

Confocal Microscopy 

Cells for microscopy were labeled with 100 nM MitoTracker-DeepRed dye and DAPI (Thermo 

Fisher). Cells were washed in PBS to a final concentration of 0.5 x 106 cells/mL. Slides were 

prepared using 150 µl of cell suspension subjected to cytospin for 3 mins at 300 rpm. Slides 

were air-dried and then fixed in methanol for 10 mins at -20 °C. Cells were imaged on a Zeiss 

LSM 780 confocal microscope equipped with a Coherent Chameleon Ultra II laser. 

 

RNA-seq 

RNA was isolated using Trizol LS and ZYMO Directzol RNA microprep kit with on-column 

DNase I treatment. PolyA(+) RNA was selected from 500 ng of each input sample using the 

NEBNext Poly(A) mRNA magnetic isolation module. The resulting polyA RNA was used as input 

into the KAPA RNA Hyper prep RNAseq library prep kit (Roche). Libraries were prepared with 

dual-index adapters, followed by quality check of the final libraries by Qubit dsDNA HS assay 

and Tapestation High Sensitivity D1000 ScreenTape. The resulting libraries were pooled and 

submitted for 2X 150bp paired end sequencing on the Illumina NovaSeq 6000 S4 platform to a 

depth of 30 million paired end reads per library (Novogene Corporation Inc). Transcript 

expression was quantified using Salmon v1.6 (12). Differentially expressed genes were 

determined using the R package DESeq2 and had to have a adjusted p-value < 0.05 and a fold 

change > 2 (13). 

 

Ribosome Profiling 
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Ribosome profiling was performed as described previously with a few modifications (14). Cells 

were lysed in lysis buffer containing 1ug/mL cycloheximide. Following lysis and clarification by 

centrifugation, total RNA was quantified using the Qubit RNA BR assay kit. A portion of the 

lysate was reserved as input sample for polyA selected RNASeq preparation. The remaining 

lysate was used as input into the footprinting reaction with 750 U RNase I (Invitrogen Ambion). 

The digestion was stopped with SUPERaseIN followed by recovery of monosomes with 

equilibrated Microspin S-400 HR (GE) columns. Trizol LS was added to the monosome-

containing elution and RNA isolated with the ZYMO Directzol microprep kit with on-column 

DNase I treatment. The isolated RNA was depleted of rRNA using the siTOOls riboPOOLs kit 

for ribosome profiling. The samples were resolved on a 15% TBE-Urea PAGE gel and ribosome 

protected fragments (RPFs) 28-29 nt in size were extracted and recovered. RPFs were treated 

with T4-PNK then used as input into the Qiagen QIAseq miRNA library prep kit with provided 

single index adapters. The libraries were pooled and submitted for 2X 150 bp paired end 

sequencing on the Illumina NovaSeq 6000 S4 platform to a depth of 60 million paired end reads 

per library (Novogene Corporation Inc.). Adapters were trimmed with Cutadapt (15). UMIs were 

trimmed and collapsed using UMI-tools (16). Transcript expression was quantified using Salmon 

v1.6 (12). Differentially expressed genes were determined using R package DESeq2 and 

deemed significant if adjusted p-value < 0.05 and fold change > 2 (13). Pipeline and all code 

available at https://github.com/mukherjeelab/2024_oma-resistance. 

 

Gene Expression Knockdowns 

ON-TARGETplus siRNA SMARTPools for target genes MAPK10, FUBP1, XBP1S, and ON-

TARGETplus Non-Targeting scramble control pool were purchased from Horizon Discovery. 

SMARTPools were resuspended at 5 mmol/L in molecular grade water. 1.5 x 105 cells were 

combined with SMARTPools in Buffer R and electroporated using the Neon Electroporation 

Transfection System (Thermo Fisher) with the optimized settings of 1,200 V, 20 ms, and 3 
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pulses. Knockdown efficiency of siRNAs was determined by quantitative real-time reverse 

transcriptase PCR. RNA from electroporated cells was extracted using the RNeasy Plus Mini Kit 

(Qiagen) and concentration were determined with a NandoDrop system (Thermo Fisher). cDNA 

was generated from 50 ng RNA with the iScript cDNA Synthesis Kit (BioRad). Relative gene 

expression was determined using the Quanta SYBR Green Master Mix Kit (Quanta Bio) on a 

LightCycler 96 (Roche Diagnostics), using GAPDH as the reference gene.  

 

Multiple Myeloma Patient Samples 

Multiple myeloma bone marrow aspirates were obtained according to the Declaration of Helsinki 

from patients at the University of Colorado Cancer Center following Institutional Review Board 

approval and written informed consent. Primary MM cells from patients were assessed for their 

sensitivity to drugs using the My-DST platform as previously described (17). Briefly, isolated 

bone marrow mononuclear cells were cultured in specific growth medium supplemented with 

interleukin-6. Cells were combined with drug in 96-well plate format and incubated for 48 h. 

Cells were washed, stained, and analyzed for viability via multi-parameter flow cytometry. 

 

Statistical Analysis 

Unless otherwise specified, figures and statistics were generated using Prism 10 (GraphPad 

Software). Comparisons of two means were done using two-tailed Student t tests. Multiple 

comparison between more than two conditions was performed used ANOVA with Tukey 

correction. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; ns, not significant. Synergy 

scores were calculated using SynergyFinder online tool (https://synergyfinder.fimm.fi/). 
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RESULTS 

Omacetaxine Resistant MM Cells have a Unique Phenotype 

Multiple myeloma cell lines H929 and MM1S were treated with escalated weekly doses of 

omacetaxine until they had acquired resistance compared to their isogenic parental lines, 

EC50s increased to > 100 nM after 96 h of treatment (Figs. 1A-B). These cell lines are referred 

to herein as H929-OR (Omacetaxine Resistant) and MM1S-OR. Previously, we found that 

baseline protein synthesis rate correlated with ex vivo omacetaxine response in primary MM 

samples (7). OP-puromycin staining of omacetaxine-resistant cells revealed a significant 

decrease in H929-OR cells, and an increase in a subpopulation of MM1S-OR (Supplemental 

Fig. 1A). To further identify any phenotypic differences, key MM cell surface and intracellular 

proteins were analyzed using mass cytometry (CyTOF). H929 parental and resistant cells were 

phenotypically similar via UMAP analysis, while MM1S cells formed two distinct clusters 

containing both parental and resistant cells (Supplemental Fig. 1B). MM1S resistant cells shifted 

towards a cluster containing elevated XBP1S and CD38 levels (Supplemental Fig. 1C). 

Together these results show the establishment of omacetaxine resistant myeloma cell lines with 

changes to their baseline translation rates and modified protein expression. 

 

Polyaneuploid Omacetaxine-resistant Myeloma Cells have Decreased Fitness  

During routine viability checks of the resistant cells using trypan blue staining, we observed 

many of the cells had irregular nuclei and increased cell size compared to the parental lines. We 

suspected that omacetaxine exposure had resulted in polyaneuploid cancer cells (PACCs). 

PACCs play a role in a tumor’s ability to adapt and evolve in stressful environments including 

those resulting from therapeutic pressure (18). Myeloma PACCs were visible via confocal 

microscopy in both H929-OR and MM1S-OR by their irregular size and multi-nucleation (Fig. 

1C). Increased genomic content was visible via DAPI staining and conventional flow cytometry 
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with 8N chromatin visible in 11.7% of resistant cells compared to just 0.05% of parental in 

MM1S and 4.71% up from 0.15% in H929 (Fig. 1D). The increased genomic content in PACCs 

can result in chromosomal rearrangements, gene duplications, and numerous epigenetic 

changes (19). 

 

PACCs have the ability to exit the cell cycle while under therapeutic pressure and enter brief 

states of reversible senescence (20). To test if the fitness of our MM cells was decreased by 

sustained omacetaxine exposure we used an in vivo mouse xenograft model. Two study arms 

were used for each H929 and MM1S comparing parental vs resistant without the presence of 

omacetaxine (Fig. 1E). Mouse survival was significantly longer after engraftment of the resistant 

line MM1S-OR compared to parental MM1S with medial survival of 68 days versus 47 days for 

the parental MM1S (HR = 0.04, p = 0.0006, Fig. 1F). Similarly, mice engrafted with H929-OR 

survived 353 versus 119 days for the parental H929 (HR = 0.05, p = 0.0018, Fig. 1G).  Overall, 

reduced in vivo fitness of omacetaxine resistant cells may reflect that prolonged protein 

synthesis inhibition selects for PACCs that harbor a less robust, more indolent myeloma 

phenotype. 

 

Common and Distinct Transcriptomic Responses to Omacetaxine Resistance 

To understand the gene expression changes underlying the phenotypic differences with 

acquired omacetaxine resistance, we next performed RNA sequencing (RNA-seq). Strong 

correlation within replicates (r ~ 0.99) confirmed the high quality of the data (Fig. 2A, 

Supplemental Fig. 2A). There was less correlation between MM1S and MM1S-OR cells than 

between H929 and H929-OR cells, which suggests more omacetaxine dependent expression 

differences in MM1S. We found 1044 more differentially expressed genes between MM1S and 

MM1S-OR cells (1837) compared to H929 and H929-OR cells (793) (Fig. 2B, Supplemental Fig. 

2B, Supplemental Table 1). While there were far more differentially expressed genes in MM1S 
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cells than H929, the magnitude of expression changes was not significantly different (p = 

0.08119 using a Kolmogorov Smirnov test) (Fig. 2C). Therefore, omacetaxine resistance led to 

a greater number of differentially expressed genes in MM1S cells, but not significantly larger 

changes in expression.  

 

We next identified pathways that were either commonly upregulated or downregulated in both 

omacetaxine resistant cell lines or cell-type specific. Multiple pathways representing interferon 

signaling and mRNA splicing were upregulated in both MM1S-OR and H929-OR, while 

hemostasis and lysosome pathways were downregulated (Fig. 2D). Both omacetaxine-resistant 

cell lines downregulated the levels of mRNAs encoding translation factors and ribosomal 

proteins. We also identified a few discordantly regulated pathways related to the cell-cycle. 

Specifically, genes involved in prometaphase to anaphase were upregulated in H929-OR cells 

but downregulated in MM1S-OR cells.  

 

Next, we identified common and unique omacetaxine induced expression changes between 

both cell lines. Consistent with our earlier results, we observed more than twice as many 

differentially expressed genes between MM1S and MM1S-OR than H929 and H929-OR (Fig. 

2E). Two such genes of interest were FUBP1 and IKZF3. FUBP1 (Far upstream element 

binding protein 1) is a known oncogene involved in RNA splicing and MYC regulation (21, 22). 

IKZF3 is a myeloma promoting transcription factor involved with IMiD response (23). Two 

upregulated genes unique to H929-OR included ABCB1 and MAPK10. ABCB1 encodes the 

ATP-dependent drug efflux pump P-gp, which is commonly upregulated during the development 

of chemotherapy resistance in MM (24). MAPK10 is a component of the RAS/MAPK pathway 

involved with proliferation, differentiation, apoptosis, and transcription regulation. Expression 

changes shared by both cell lines included genes related to translation regulation such as 

PABC4. Together these results highlight shared translation pathway downregulation, as well as 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 24, 2024. ; https://doi.org/10.1101/2024.04.23.590843doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.23.590843
http://creativecommons.org/licenses/by-nc-nd/4.0/


distinct gene expression changes caused by omacetaxine resistance in multiple myeloma cell 

lines.  

 

Differential Translation Efficiency with Omacetaxine Resistance 

Given the mechanistic action of omacetaxine as a translation inhibitor, we next measured 

transcriptome-wide changes in translational regulation using ribosome profiling (Ribo-seq). 

Briefly, Ribo-seq is a method in which the mRNA footprints bound by ribosomes are purified and 

sequenced (25). We observed high correlation in ribosome protected fragments between 

replicates (average r > 0.9). Similar to RNA-seq, the lowest correlation was between MM1S and 

MM1S-OR cells (Fig. 3A). To determine if MM1S cells indeed had more translational changes, 

we calculate the translational efficiency (TE) of both MM1S and H929 cells. TE is the ratio 

between ribosome footprints and RNA levels and changes in this ratio represent translational 

regulation that cannot be identified by RNA-seq alone. MM1S cells had over 10-times more 

differentially translated mRNAs than H929 cells (Fig. 3B, Supplemental Table 2). Examining 

mRNAs with altered TE in either cell line revealed that the magnitude changes were greater in 

MM1S compared to H929 (p = 1.155e-14) (Fig. 3C), which was not the case for mRNA 

expression changes. In other words, omacetaxine resistance led to more and larger changes in 

translation in MM1S cells than H929 cells. 

 

To further understand these changes in TE, we performed gene set enrichment analysis 

(GSEA) to identify pathways altered by omacetaxine resistance (Fig. 3D). Both resistant cell 

lines translationally repressed mRNAs encoding proteins involved in the G2 checkpoint and 

mitotic prophase. Transcripts encoding for translation factors and ribosomal protein pathways 

had upregulated TE in both omacetaxine resistant cell lines, which was the opposite of our 

observation of bulk mRNA levels. One possible explanation for this upregulation is that mRNAs 

encoding for translation factors such as ribosomal proteins contain translational regulatory 
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elements.  Collectively, these results begin to illustrate the distinct translational regulation 

undertaken by cells resistant to omacetaxine. 

 

To fully understand the implications of these pathway changes, we next looked at individual 

transcripts. Some mRNAs exhibited similar OR-dependent changes in both mRNA levels and 

translation, while others resulted in discordant transcriptional and translational regulatory 

alterations, which would have remained hidden without ribosome profiling. Subsequently, we 

focused on specific mRNAs that could explain the translational changes in both cell lines. Since 

there were fewer differentially translated mRNAs in H929 cells (Fig. 3E), we hypothesized that 

H929-OR cells have experienced a lower effective concentration of omacetaxine. This would be 

consistent with the observation that the TE of ABCB1 was significantly higher in H929-OR (Fig. 

3F). In spite of this, both OR cell lines significantly upregulated TE for the translation factors, 

PABPC4, RPS27, and RPS12 (Fig. 3G). We next searched for regulatory elements within these 

mRNAs that could elucidate the increase in TE. Markedly, the 5’ untranslated regions (UTRs) of 

all these mRNAs harbor an important translational regulatory element, the Terminal 

OligoPyrimidine (TOP) sequence. Indeed, we found that most mRNAs with TOP elements were 

translationally upregulated in both cell lines compared to mRNAs without TOP elements (Fig. 

3H). The translation of TOP-element containing mRNAs can be modulated in an mTOR-

dependent manner. Collectively these data suggest that prolonged omacetaxine exposure leads 

to an mTOR-dependent translational reprogramming in multiple myeloma cells through 

promoting the translation of mRNAs with TOP motifs that encode ribosomal proteins. 

 

Exploring Therapeutic Approaches to Omacetaxine Resistant Multiple Myeloma 

Having shown that MM1S-OR and H929-OR cells exhibit both shared and distinct gene 

regulatory differences compared to parental cells, we next aimed to investigate the potential of 

targeting ABCB1, MAPK10 or mTOR in omacetaxine resistant MM. First, we used the direct P-
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gp inhibitor Zosuquidar to test if upregulation of ABCB1 promoted omacetaxine efflux activity. 

Cells were cultured in the presence of omacetaxine with or without 1 µM Zosuquidar for 96 h. 

Partial sensitivity to omacetaxine was restored in H929-OR cells, but not in MM1S-OR (Figs. 

4A-B, Supplemental Fig. 2C). Next, we investigated targeting of MAPK10 upregulation in H929-

OR. We treated H929 cells with MAPK10 inhibitor SP600125 alone and in combination with 

omacetaxine. Direct MAP10K inhibition did not restore sensitivity to omacetaxine (Supplemental 

Fig. 2D), but H929-OR cells appeared sensitive to single agent SP600126 at doses over 2 μM 

compared to little appreciable effect on parental cells (Fig. 4C). In addition, siRNA-mediated 

depletion of MAPK10 induced apoptosis and decreased viability of H929-OR cells 

(Supplemental Fig. 2E). MM1S-OR cells did not upregulate MAPK10 mRNA nor did they 

respond to SP600125 (Supplemental Fig. 2F). Overall, these results validate the findings of 

gene expression changes in H929-OR cells and found unique sensitivity to ABCB1 and 

MAPK10 inhibition. 

 

MM1S-OR cells upregulated global protein translation rates and had increased TE for TOP motif 

containing mRNAs encoding translation factors such as ribosomal and Poly(A)-binding proteins 

(PABP). H929-OR cells also upregulated TE for TOP motif mRNAs. Since mTOR promotes the 

translation of TOP sequence containing mRNAs (26, 27, 28), we hypothesized that both 

omacetaxine resistant MM cells would have a common sensitivity to mTOR inhibition. To test 

this, the mTOR inhibitor rapamycin was titrated in the resistant cell lines. Omacetaxine resistant 

cells were more sensitive to 1 μM rapamycin (p = 0.0027) at 96 h (Supplemental Fig. 2G). 

Treatment of resistant cells with both omacetaxine and rapamycin resulted in a significant 

combination effect for H929-OR and MM1S-OR (Fig. 4E). Next, we tested Torin 1, a potent 

inhibitor of mTOR with activity against both mTORC1 and mTORC2. The 48 h combination 

treatment of 10 nM Torin 1 with omacetaxine in H929-OR and MM1S-OR cells had a 
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significantly better effect than each single agent (p < 0.001) (Fig. 4F). Further combination 

studies revealed that omacetaxine and Torin 1 were synergistic in MM1S-OR and H929-OR with 

ZIP δ-scores of 10.07 and 13.44 respectively (Fig. 4G-H). Together, these results support 

targeting mTOR as the common dependency in omacetaxine resistant multiple myeloma cells. 

 

Treatment with Omacetaxine and mTOR Inhibition in Primary Multiple Myeloma 
 
Finally, we sought to investigate if the combination of omacetaxine and mTOR inhibition was 

effective in killing primary multiple myeloma cells. Bulk mononuclear cells from patient bone 

marrow aspirates were incubated with drugs and then MM cell viability was determined by 

analyzing the CD38+ CD138+ population using flow cytometry (Fig. 5A). Primary sample 

response to single agent Torin 1 was established via dose response curve with IC50 = 2.8 μM 

(Fig. 5B). Single agent and combinations of low-dose omacetaxine and rapamycin resulted in 

significant myeloma killing in newly diagnosed patient HTB-2651 (Fig. 5C, Supplemental Table 

3). We further evaluated combinations of omacetaxine and Torin 1 in both newly diagnosed and 

relapsed samples, yielding similar results (Fig. 5D). Overall, these data provide pre-clinical 

support for the rationale treatment combination of translation inhibition using omacetaxine with 

mTOR targeting agents in multiple myeloma.  

 

 
DISCUSSION 

Relapsed and refractory multiple myeloma patients continue to need new therapeutic options, 

even in the exciting era of T cell redirecting therapies. Patients who relapse after chimeric 

antigen receptor (CAR) T cells or bispecific antibodies have a dire prognosis. In this setting, 

treatments are often recycled from therapies used in early lines, such as proteasome inhibitors 

and immunomodulatory drugs. Agents with novel mechanisms of action that are distinct from 

those existing therapies are sorely needed. As drug combinations are more efficacious than 
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single agents in the treatment of MM, development of new drug combinations is of particular 

interest, especially those that include multiple new agents that the malignant cells have not 

been exposed to previously. The protein synthesis inhibitor omacetaxine is a promising new 

backbone therapy that we have shown retains activity in multiply relapsed patients (7). The goal 

of this study was to better understand how MM cells respond to prolonged omacetaxine 

exposure and how future patients may develop resistance to this therapy. Both MM lines 

adapted to long-term inhibition of translation by upregulating an mTOR-dependent mechanism 

through the increased production of ribosomal proteins and translation factors. These resistant 

cells were sensitive to treatment with mTOR inhibitors rapamycin and Torin 1, a finding that 

translated to primary MM cells from samples dosed in combination with omacetaxine. These 

results provide a rational approach for combination therapy in future myeloma clinical trials 

involving omacetaxine. 

 

We observed that omacetaxine resistant cells exhibited a stressed cell state. Omacetaxine 

resistance led to an increased unfolded-protein response, emergence of polyaneuploid cells, 

and a decline of in vivo fitness. The polyaneuploid response is not surprising, as this state has 

previously been noted after a variety of oncologics, most prominently conventional 

chemotherapies (19, 29). The cell line H929 harbored unique mechanisms of omacetaxine 

resistance compared to MM1S. The expression and translation of the mRNA encoding the 

classical drug efflux pump was much higher in H929 parental cells compared to MM1S parental 

cells and it was upregulated in H929-OR but not MM1S-OR cells. For this distinct mechanism of 

resistance, the difference in the initial state of ABCB1 was the likely underlying cause explaining 

the differential response and sensitivity to pump inhibition. In addition to ABCB1, we identified 

members of the MAP Kinase pathway that were highly expressed in H929-OR but not MM1S-

OR cells. However, the translation of TOP sequence containing mRNAs was a common thread 

between both resistant cell line models, and therefore we chose to focus on this avenue. The 
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stressed, polyaneuploid state was likely the gateway toward the selection process leading to the 

changes in gene expression, mRNA translational regulation, and mTOR pathway dependence 

that we subsequently observed in our study. 

 

Both MM cell lines with acquired resistance to omacetaxine were differentially sensitive to 

mTOR inhibition via either rapamycin or Torin 1. The mTOR signaling pathway, responsible for 

regulating essential cellular processes like cell growth, proliferation, and survival, often exhibits 

dysfunction in MM (30). Due to its critical role in MM progression, the PI3K/AKT/mTOR pathway 

has become a promising target for therapeutic intervention. Several mTOR inhibitors have 

completed or are currently in clinical trials for MM treatment, however single agent mTOR trials 

have resulted in largely cytostatic responses (31, 32). The combination of mTOR inhibition with 

current therapies such as lenalidomide, dexamethasone, or bortezomib have been more 

promising, with up to 1/3 of trial patients receiving a partial response or better (33). Combining 

mTOR inhibitors with novel MM therapies such as omacetaxine represent an untouched area of 

clinical importance that has potential to improve outcomes for MM patients.  

 

Our study highlights an important limitation of RNA-seq: it is only a measurement of steady-

state RNA levels, but unfortunately is often misinterpreted as a surrogate for protein levels. Not 

only is there poor correlation between RNA and protein levels, but translational control is a 

dominant force in determining protein levels (34). This underlines the importance of ribosome 

profiling and its implications for uncovering gene regulation in cancer. Indeed, the preferential 

translation of TOP-motif containing RNA sequences would not have been observed in 

omacetaxine-resistant cells without it. This in turn led to the identification and targeting of the 

mTOR pathway. On the basis of this study, omacetaxine treatment combinations with mTOR 

inhibitors such as rapamycin or Torin 1 are rationally designed for patients with multiple 

myeloma. Moving forward this knowledge can be applied to the design and implementation of 
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MM clinical trials involving either the emerging translation inhibitor drug class or to further the 

effectiveness of mTOR inhibitors.  
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Figure Legends 
 
Figure 1. Omacetaxine Resistant MM Cell Lines have Distinct Phenotype from Isogenic 
Parental Cell Lines. (A) Resistant cell lines were generated by escalating omacetaxine from 1 
to 84 nM in H929 and 1 to 52 nM in MM1S over the course of 70 weeks while monitoring cell 
viability. (B) Dose response curves of omacetaxine treated parental and resistant MM cell lines 
after 96 h incubation. (C) Confocal microscopy of H929 and MM1S cells stained with DAPI 
(blue) and MitoTracker (red).  (D) Flow cytometry plots of H929 and MM1S cells stained for 
DAPI cell cycle. (E) Mouse model of MM parental and resistant cell lines. (F-G) Kaplan-Meier 
survival curves of H929 and MM1S parental vs resistant untreated xenograft model in NOD scid 
gamma mice (n = 5/group). 
 
Figure 2. Gene Expression Changes in Omacetaxine Resistant Cell Lines. (A) Bar plot of 
Pearson correlation coefficients of expression within each cell line by omacetaxine resistance 
status, P = parental, R = resistant.  (B) Bar plot of the number of statistically significant 
omacetaxine-dependent expression changes (adjusted p-value < 0.05 and fold-change > 2) and 
the direction in each cell line. (C) Violin plot of the omacetaxine-dependent log2 fold-changes in 
expression for each cell line. (D) Scatterplot comparing GSEA-calculated normalized 
enrichment score (NES) in H929 cells (y-axis) to MM1S cells (x-axis) for statistically significant 
gene sets (fdr < 0.05) in either cell. (E) Venn diagram of the overlap in differentially expressed 
genes between cell lines along with expression levels in normalized counts per million (y-axis) 
for individual genes of interest. 
 
Figure 3. Omacetaxine Resistance Driven Translational Reprogramming in MM Cell Lines. 
(A) Bar plot of Pearson correlation coefficients of RPFs within each cell line by omacetaxine 
resistance status, P = parental, R = resistant.  (B) Bar plot of the number of statistically 
significant omacetaxine-dependent translational changes (adjusted p-value < 0.05 and fold-
change > 2) and the direction in each cell line. (C) Violin plot of the omacetaxine-dependent 
log2 fold-changes in translation efficiency for each cell line. (D) Scatterplot comparing GSEA-
calculated normalized enrichment score (NES) in H929 cells (y-axis) to MM1S cells (x-axis) for 
statistically significant gene sets (fdr < 0.05) in either cell. (E) Venn diagram of the overlap in 
differentially translated genes between cell lines along. (F-G) Bar plot of translational efficiency 
changes (y-axis) for individual genes of interest. (H) Scatterplot of omacetaxine resistance 
driven log2-fold change in TE for mRNAs that do not contain TOP sequences (left, black) and 
those that contain TOP sequences (right, red) in H929 cells (y-axis) and MM1S cells (x-axis).  
 
Figure 4. Omacetaxine Resistance Driven by Drug Efflux Pump P-gp, MAPK10, and 
mTOR. (A) Histogram showing 1 uM Zosuquidar restoring sensitivity to 100 nM Oma in H929-
OR cells but not MM1S-OR (ANOVA p<0.05). (B) Titration of omacetaxine in H929 cells with or 
without the P-gp inhibitor Zosuquidar after 96 h. (C) H929-OR and MM1S-OR response to 
MAPK10 inhibitor SP600125 compared to parental cells after 96 h incubation. (D) Dose 
response curves of H929 to SP600125. (E) Response of H929-OR and MM1S-OR to single 
agent omacetaxine or 10 nM Rapamycin and in combination after 96 h (ANOVA p<0.001). (F) 
Response of H929-OR and MM1S-OR to single agent omacetaxine or 10 nM Torin 1 and in 
combination after 96 h. (G) Synergy plot of omacetaxine and Torin 1 in MM1S-OR cells after 96 
h. (H) Synergy plot of omacetaxine and Torin 1 in H929-OR cells after 96 h. (ANOVA p<0.001). 
Data represent means ± SD, comparisons by two-tailed Student t test or two-way ANOVA with 
multiple comparisons (*, P < 0.05; **, P < 0.01; **, P < 0.001; ****, P < 0.0001). 
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Figure 5. Combination Treatments with Omacetaxine and mTOR Inhibitors in Primary 
Multiple Myeloma Samples. (A) Flow cytometer gating strategy of primary myeloma cells after 
48 h ex vivo treatment. (B) Dose-response curve of primary myeloma treated with increasing 
concentrations of Torin 1 for 48 h. (C) 48-hour combination treatment of rapamycin and 
omacetaxine in primary myeloma from newly diagnosed patient HTB-2651. (D) Combinations of 
Torin 1 and omacetaxine in newly diagnosed HTB-2696 and relapsed patient HTB-2361. Data 
represent means ± SD, comparisons by two-way ANOVA with multiple comparisons (*, P < 
0.05; **, P < 0.01; **, P < 0.001; ****, P < 0.0001). 
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