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Abstract

Proteasome inhibitor (PI) resistance remains a major therapeutic obstacle in the treatment of multiple myeloma (MM). MM 
cells demonstrate pronounced dependence on insulin and insulin-like growth factor-1 signaling via their cognate receptors, 
INSR and IGF-1R. In this study, we identify ceritinib, a clinically approved inhibitor of anaplastic lymphoma kinase, as a drug 
that can inhibit IGF-1R/INSR activity and downstream PI3K/AKT/mTORC1 signaling. Ceritinib can overcome PI-resistance in 
MM when used in combination with carfilzomib. This synergy was consistently observed across in vitro and in vivo models, 
and primary patient-derived MM cells. Mechanistically, MM cells exploit IGF-1R/INSR signaling to sustain expression of key 
molecular chaperones, including HSP70 and BiP, which are critical for maintaining proteostasis under conditions of high 
protein synthesis and turnover. Pharmacological inhibition of IGF-1R/INSR signaling by ceritinib abrogates this adaptive 
stress response, thereby preventing the upregulation of cytoprotective heat shock proteins upon proteasome inhibition. 
This disruption results in enhanced accumulation of protein aggregates, increased protein polyubiquitination, endoplasmic 
reticulum stress, and activation of apoptotic pathways. Collectively, our findings support the repurposing of ceritinib in 
combination with carfilzomib as a translationally relevant and safe strategy to circumvent PI resistance in MM, warranting 
further clinical investigation in the relapsed/refractory disease setting.

Introduction

Proteasome inhibitors (PI), including bortezomib and car-
filzomib, are cornerstone therapies in the treatment of 
multiple myeloma (MM), effectively managing the disease 
in various clinical settings.1 However, treatment with PI is 
not curative, and overcoming PI resistance remains a sig-
nificant unmet medical need to improve patients’ survival.
PI are highly effective in MM due to the disease’s unique 
dependency on the ubiquitin-proteasome system to main-
tain protein homeostasis, balancing high protein synthesis 

with proper degradation and recycling. To support protein 
homeostasis, MM cells adapt the size and function of the 
endoplasmic reticulum (ER) to fold proteins efficiently and 
prevent aggregation, relying on molecular chaperones, such 
as heat-shock proteins (HSP)70 and HSP90. In response 
to proteasome inhibition, MM cells further upregulate 
these chaperones, particularly HSP70, to stabilize pro-
teins awaiting degradation and prevent their aggregation.2,3 
Accordingly, inhibition of HSP70 and HSP90 significantly 
sensitizes MM cells to PI.4-6 However, despite their clinical 
promise,4-6 HSP inhibitors have not translated into clinical 
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success, as trials to date have failed to produce Food and 
Drug Administration (FDA)-approved therapies due to these 
drugs’ limited potency and narrow therapeutic window.7

In addition to the ubiquitin-proteasome system, insulin and 
insulin-like growth factor-1 (IGF-1) signaling play crucial 
roles in MM cell survival and resistance to PI. Both IGF-1 
and insulin act as growth factors for MM, signaling through 
their respective receptors, IGF-1R and INSR,8-10 which are 
highly homologous but mediate distinct cellular functions.11 
IGF-1R is involved in regulating genes that control cell pro-
liferation, while INSR regulates genes related to metabolism 
and the glycolytic response to stimulation.12 IGF-1R signaling 
has been linked to MM survival,13 acquired resistance to 
bortezomib,14 diminishing PI efficacy,15 while INSR signaling 
remains less understood. Consequently, IGF-1R inhibition 
showed antitumor activity with a favorable in vivo thera-
peutic window.13 Although inhibitors targeting IGF-1R and 
INSR have not been successful as single agents in clinical 
trials for MM, compounds that target other kinases, such as 
anaplastic lymphoma kinase (ALK), have shown off-target 
activity against IGF-1R/INSR. One such ALK inhibitor, cer-
itinib, which is FDA-approved for ALK-positive non-small 
cell lung cancer,16 has shown the ability to reduce IGF-1R 
and INSR phosphorylation in preclinical cancer models17-19 
and could potentially provide a therapeutic approach for 
overcoming PI resistance in MM.
Recent studies have shown that ceritinib exhibits selective 
cytotoxicity in MM cell lines and patients’ primary cells.20 
In this study, we show that ceritinib exhibits strong syn-
ergistic anti-MM effects with carfilzomib, both in vitro and 
in vivo. By inhibiting IGF-1R and INSR signaling, ceritinib 
disrupts the downstream PI3K/AKT/mTORC pathway and 
reduces the levels of HSP, leading to the accumulation of 
protein aggregates. This disruption impairs a pro-survival 
HSP response induced by carfilzomib, further triggering 
autophagy and apoptosis. These results highlight a prom-
ising and safe off-the-shelf combination therapy with the 
potential to overcome PI resistance in MM.

Methods

Cell lines
The MM cell lines, AMO-1, L363, RPMI-8226 and ARH-77, 
were purchased from the American Type Cell Collection 
(ATCC) or the German Collection of Microorganisms and 
Cell Cultures (DSMZ). Cell lines adapted to bortezomib 
(AMO-BTZ, L363-BTZ, RPMI-BTZ, ARH-BTZ) or carfilzomib 
(AMO-CFZ, L363-CFZ, RPMI-CFZ, ARH-CFZ) were grown 
in the presence of 90 nM of the respective inhibitors as 
previously described.21 

Patients’ samples
Samples from patients with MM or plasma cell leukemia 
(PCL) and peripheral blood mononuclear cells from healthy 

volunteers were obtained at Cantonal Hospital St. Gallen, 
Switzerland. All samples were obtained during routine 
diagnostic procedures after approval by an independent 
cantonal ethical committee (EKSG 09/057). Written informed 
consent was obtained in accordance with the Declaration 
of Helsinki guidelines. The patients’ baseline character-
istics are shown in Online Supplementary Table S1. PCL 
samples were obtained from peripheral blood, whereas 
MM samples were purified from bone marrow aspirates; 
the CD138+ plasma cells were enriched by CD138+ selection 
using an EasySep Human Whole Blood and Bone Marrow 
CD138 Positive Selection Kit (StemCell Technologies, Van-
couver, Canada).

In vivo experiments
Age-matched (8-10 weeks old) male and female NSG (NOD.
CB17-Prkdcscid/NCrCrl) mice (Charles River, Germany) were 
used in the experiment, in accordance with the protocol 
approved by the Committee for Animal Experiments (Czech 
Republic); application number MSMT-16038/2024-3. One week 
after the intrafemoral injection of AMO-BTZ cells (50,000 cells) 
equipped with TdTomato and Luciferin (RRID:Addgene_72486, 
a kind gift from Kazuhiro Oka), treatment with vehicle (capti-
sol, twice a week, intravenous), carfilzomib (4 mg/kg, twice a 
week, intravenous), ceritinib (25 mg/kg, daily, intraperitoneal), 
or a drug combination was initiated for 2 weeks. The animals 
were randomly assigned to the treatment groups. Myeloma 
growth was monitored twice a week with luciferin (150 mg/
kg, subcutaneous) (BioVision/Abcam; Waltham, MA, USA) 
using a LagoX imaging system (Spectral Instruments Imaging, 
Tucson, AZ, USA) during the entire course of the experiment. 
Blood glucose and hemoglobin levels were determined from 
a drop of blood once weekly using an ACCUGENCE PLUS 
Multi-Monitoring system (PM800).

Genome-wide CRISPR/Cas9 screening
A genome-wide screen was performed in the AMO-1 cell 
line using the Human CRISPR Knockout Pooled Library 
(Brunello, RRID:Addgene_73179, a kind gift from David 
Root and John Doench), following established protocols.22 
A screen with increasing doses of ceritinib (starting from 
1 µM to 2.5 µM) was performed over 18 days (representing 
10 doubling times) to identify genes whose loss sensitized 
the cells to a low concentration of ceritinib or allowed cell 
survival in the presence of higher concentrations of ceritinib, 
decreasing viability to 50%. Screening data were analyzed 
using MaGeCK-VISPR software.23 False discovery rate (FDR) 
values <0.01 were considered statistically significant.

PamGene kinase screening
A kinase screening to identify kinase inhibition following 
30 minutes of treatment with ceritinib in AMO-1 cells was 
performed using PamChip® microarrays (PamGene, the 
Netherlands). A detailed description is provided in the 
Online Supplementary Material.
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Analysis of the Multiple Myeloma Research Foundation 
CoMMpass dataset
Transcriptomics data were downloaded from the CoMMpassSM 
study, IA-18 and included 544 MM samples (www.themmrf.
org). These data were generated as part of the Multiple My-
eloma Research Foundation personalized medicine initiatives 
(https://research.themmrf.org).
More information can be found in the Online Supplemen-
tary Material.

Results

ALK inhibitors in combination with carfilzomib are 
cytotoxic to multiple myeloma cells in vitro and in vivo
To evaluate which ALK inhibitors exert cytotoxic effects in 
MM cells in vitro, we tested a panel of FDA-approved or 

clinically investigated ALK inhibitors (crizotinib, ceritinib, 
alectinib, brigatinib, ensartinib, lorlatinib, entrectinib) in two 
PI-naïve MM cell lines (AMO-1 and L363) and their borte-
zomib-resistant counterparts (AMO-BTZ and L363-BTZ). 
Among these, ceritinib, brigatinib, and entrectinib showed 
the greatest efficacy. In contrast, alectinib and lorlatinib 
showed minimal cytotoxic effects (Figure 1A, Online Sup-
plementary Table S2).
We selected ceritinib for further studies and confirmed 
strong synergy of ceritinib and carfilzomib in several PI-re-
sistance models (Table 1, Online Supplementary Figures 
S1-S4). To evaluate clinical relevance, we tested the combi-
nation in primary cells isolated from MM and PCL patients 
who had relapsed after or progressed on PI-containing 
therapies. The combination demonstrated a synergistic 
cytotoxic effect in all patients’ samples tested (Figure 1B). 
The mean half maximal inhibitory concentration (IC50) of 

Figure 1. The combination of ceritinib and carfilzomib exhibits strong synergistic activity both in vitro and in vivo. (A) Dose–response curves 
of seven clinically available ALK inhibitors in proteasome inhibitor (PI)-naïve multiple myeloma (MM) cell lines (L363 and AMO-1) and their 
bortezomib-adapted counterparts (L363-BTZ and AMO-BTZ). The data represent the mean ± standard deviation (SD) from at least three in-
dependent biological replicates. (B) Cytotoxicity of the ceritinib and carfilzomib combination in primary samples from MM patients (red scale) 
and plasma cell leukemia (PCL) patients (blue scale). A coefficient of drug interaction was calculated for each patient. The data represent the 

Continued on following page.
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ceritinib in MM patients’ samples was 1.21 µM, while no 
cytotoxicity was observed in peripheral blood mononu-
clear cells from three healthy donors at doses up to 12.8 
µM (Figure 1C), suggesting a favorable therapeutic window. 
Finally, we tested the combination in vivo using NSG mice 
injected intrafemorally with luciferase-expressing AMO-BTZ 
cells, allowing real-time tumor monitoring within the bone 
marrow niche. Carfilzomib alone had minimal therapeutic 
effects, consistent with in vitro cross-resistance of AMO-
BTZ cells to carfilzomib.24 However, ceritinib significantly 
reduced tumor burden as a monotherapy, and its combina-
tion with carfilzomib markedly suppressed tumor growth, 
especially at later time points (Figure 1D). This translated 
into prolonged survival in treated animals (Figure 1E). Drugs 
as monotherapy and in combination were safe and did 
not significantly affect the weight, glucose or hemoglobin 
level of the mice during the course of the treatment (On-
line Supplementary Figure S5A-C). Collectively, these data 
demonstrate that the combination of ceritinib and carfil-
zomib effectively overcomes PI resistance in MM across 
in vitro, ex vivo and in vivo models, even in the context of 
bone marrow stromal support.

Ceritinib targets the IGF-1R/INSR pathway to reverse 
proteasome inhibitor resistance in multiple myeloma
To identify kinases that are inhibited by ALK inhibitors 
in MM, we interrogated the ChEMBL database for shared 
off-target receptor tyrosine kinases among the ALK in-
hibitors that were effective in MM at low concentrations 
(ceritinib, brigatinib, entrectinib), but not among those that 
were ineffective (alectinib, lorlatinib). This analysis revealed 
that alectinib and lorlatinib are highly selective for ALK, 
whereas ceritinib, brigatinib, and entrectinib also target 
FLT3, INSR, and IGF-1R at low nanomolar concentrations 
(Online Supplementary Table S3). 
To validate that ceritinib’s efficacy in MM is primarily me-
diated via IGF-1R/INSR inhibition, we conducted a kinase 
profiling assay in AMO-1 cells. The results demonstrated 
selective inhibition of INSR and IGF-1R following treatment 
with ceritinib (Figure 2A), alongside other non-receptor 
tyrosine kinases physiologically involved in B-cell receptor 
(BTK, BLK), T-cell receptor (LCK, ZAP70) and other types of 
signaling (FES, SRC), while no inhibition of FLT3 was ob-
served. To investigate the relevance of these targets in MM, 
we assessed their expression in MM patients’ samples from 
the CoMMpass dataset. The results showed consistently 

high expression of INSR in the majority of patients. IGF-1R 
expression was present, but low in almost all patients. 
ALK, FLT3, BLK, LCK, ZAP70, and FES were mostly negli-
gible or undetectable. In addition, expression of BTK and 
SRC was relatively high in the majority of patients (Figure 
2B). Expression data from PI-naïve and PI-resistant MM 
cell lines used in this study corroborated these findings 
(Online Supplementary Figure S6). Additionally, data from 
the Cancer Dependency Map (DepMap, www.depmap.org) 
indicated that plasma cell myeloma exhibits increased 
dependency on INSR and IGF-1R (Online Supplementary 
Figure S7, Online Supplementary Table S4) for survival, in 
contrast to BTK and SRC, further supporting its functional 
relevance in MM.
We next tested whether direct inhibition of the IGF-1R/
INSR pathway with two small-molecule inhibitors of IGF-
1R/INSR (BMS-536924 and NVP-AEW541) could reproduce 
the synergy observed between ceritinib and carfilzomib in 
both PI-naïve (AMO-1, L363) and PI-resistant (AMO-BTZ, 
L363-BTZ) cells. Application of either of the small-mole-

mean ± SD from technical quadruplicates. (C) Half maximal inhibitory concentration (IC50) values for ceritinib in primary samples from MM 
and PCL patients, as well as in peripheral blood mononuclear cells from healthy donors. The data represent ranges from three individual 
samples per cohort. (D) In vivo imaging of luminescence intensity from orthotopically implanted AMO-BTZ cells, shown as fold change nor-
malized to day 7 (treatment initiation). The number of animals per group is indicated in the treatment conditions. The data represent the mean 
± SD for each treatment cohort. Statistical significance was assessed by two-way analysis of variance with the Tukey post-hoc test: ****P<0.0001, 
***P<0.001, **P<0.01, *P<0.05. (E) Kaplan-Meier curves illustrating survival of mice with orthotopically implanted AMO-BTZ cells and treated 
with the respective drugs and their combination. The number of animals per group is indicated in the treatment conditions. Statistical anal-
ysis was performed using the log-rank (Mantel-Cox) test. pts: patients; CDI: coefficient of drug interaction; ceri: ceritinib; CFZ: carfilzomib; 
HD: healthy donors; PBMC: peripheral blood mononuclear cells.

Cell line
Ceritinib combination, CDI

Bortezomib Carfilzomib

AMO-1 0.96 0.14

AMO-BTZ 0.79 0.18

AMO-CFZ 0.24 0.07

L363 0.86 0.55

L363-BTZ 0.6 0.43

L363-CFZ 0.07 0.23

ARH-77 0.97 0.77

ARH-BTZ 0.55 0.16

ARH-CFZ 0.07 0.08

RPMI-8226 0.97 0.13

RPMI-BTZ 0.52 0.32

RPMI-CFZ 0.39 0.2

Table 1. Coefficients of drug interaction for ceritinib in combi-
nation with either bortezomib or carfilzomib, as determined 
from viability assays (Online Supplementary Tables S1–S4) in a 
panel of proteasome inhibitor-naïve, bortezomib-adapted, and 
carfilzomib-adapted cell lines.

CDI: coefficient of drug interaction.
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cule inhibitors in combination with carfilzomib exhibited 
strong synergistic cytotoxicity, particularly in PI-resistant 
cells (Figure 2C, D). Notably, combining BMS-536924 or 
NVP-AEW541 with ceritinib did not result in additional syn-
ergy, suggesting that these agents converge on the same 
signaling pathway (Online Supplementary Figure S8).
In summary, these findings demonstrate that ceritinib 
modulates PI resistance in MM by targeting the IGF-1R/
INSR axis, and that this pathway plays a critical role in 
mediating resistance to proteasome inhibition.

The PI3K/Akt/mTORC1 pathway is a key mediator of 
ceritinib-induced cytotoxicity in multiple myeloma
To identify key genes and signaling pathways mediating 
the cytotoxic effects of ceritinib in MM, we conducted 
a CRISPR/Cas9 genome-wide screen in AMO-1 cells. The 
screen identified 17 candidate resistance genes (FDR <0.01; 
log2 fold change >1) and two candidate sensitivity genes 
(FDR <0.01; log2 fold change < –1) (Figure 3A; Online Sup-
plementary Table S5). Among the resistance hits, FOXO1, 
NPRL2, NPRL3, DDIT4, TSC2, and TSC3 (all known negative 

Figure 2. Ceritinib enhances carfilzomib efficacy by targeting highly expressed INSR/IGF-1R in multiple myeloma. (A) Volcano 
plot depicting the kinase inhibition profile in AMO-1 cells 30 minutes after treatment with 4 µM ceritinib. Insulin-like growth 
factor 1 receptor (IGF-1R) and insulin receptor (INSR) are highlighted in red. (B) Violin plot illustrating the expression of the off-tar-
get kinases identified by ceritinib in a cohort of 590 newly diagnosed multiple myeloma (MM) patients, based on the Multiple 
Myeloma Research Foundation CoMMpass dataset. The data represent normalized transcript counts. (C) Cytotoxic effects of 
carfilzomib (CFZ) and the IGF-1R/INSR small molecule inhibitor NVP-AEW541 in proteasome inhibitor (PI)-naïve (AMO-1, L363) 
and PI-adapted (AMO-BTZ, AMO-CFZ) cell lines. The data represent the mean ± standard deviation (SD) from three independent 
biological replicates. Coefficients of drug interaction (CDI) for combination treatment are presented. (D) Cytotoxic effects of CFZ 
and the IGF-1R/INSR inhibitor BMS-536924 in PI-naïve (AMO-1, L363) and PI-adapted (AMO-BTZ, AMO-CFZ) cell lines. The data 
represent the mean ± SD from three independent biological replicates. CDI for combination treatment are presented.
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regulators of mTORC1 signaling) were prominently enriched. 
These genes were also recognized as co-dependent in 
prior large-scale screens.25 As FOXO transcription factors 
and mTORC1 represent key downstream targets of the 

PI3K/Akt pathway, this suggests that ceritinib may exert 
its anti-myeloma effects through suppression of this axis.
To independently validate our screen and assess repro-
ducibility in additional cell lines, we pharmacologically 

Figure 3. Ceritinib inhibits downstream PI3K/Akt/mTORC1 signaling in multiple myeloma cells via inhibition of IGF-1R/INSR. (A) 
Volcano plot showing sensitivity (blue) and resistance (red) genes to ceritinib, identified through a genome-wide CRISPR/Cas9 screen 
performed in AMO-1 cells. (B, C) Validation of CRISPR screen hits using the FOXO1 small-molecule inhibitor AS1842856 in AMO-1 (B) 
and L363 (C) multiple myeloma (MM) cell lines, either as monotherapy or in combination with ceritinib. The data represent the mean 
± standard deviation (SD) from three independent biological replicates. Statistical significance was determined using two-way anal-
ysis of variance (ANOVA) with a Tukey post-hoc test; *P<0.05. (D) Quantification of FOXO1-clover nucleolar translocation in the U2-
OS model cell line expressing a nucleolar mCherry reporter. The fraction of cytosolic GFP-only signal was measured at 2, 4 and 6 
hours following treatment with the indicated doses of ceritinib. The data represent the mean ± SD from four replicates. Statistical 
significance was assessed by two-way ANOVA with a Tukey post-hoc test; ****P<0.0001. (E) Quantification of PDCD4-mVenus flu-
orescence intensity in AMO-1 cells 12 hours after treatment with 4 µM ceritinib. The data represent the mean ± SD of three inde-
pendent experiments, each performed in triplicate. Statistical significance was determined by an unpaired t test; ****P<0.0001. (F) 
STK inhibited by ceritinib in AMO-1 cells following 8 hours of treatment with 4 µM ceritinib, ranked by median kinase score as cal-
culated by PamGene analysis and grouped according to insulin-related processes defined by KEGG pathway annotations. (G) West-
ern blot image showing phosphorylation levels of ribosomal p70 S6 kinase and ribosomal S6 protein after treatment with 4 µM 
ceritinib. KEGG: Kyoto Encyclopedia of Genes and Genomes; FDR: false discovery rate; LFC: log fold change; GFP: green fluorescence 
protein; MFI: mean fluorescence intensity; Ctrl/CTRL: control; Ceri: ceritinib; DMSO: dimethylsulfoxide.
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inhibited FOXO1 using the selective inhibitor AS1842856. 
Combination treatment with AS1842856 significantly at-
tenuated ceritinib-induced cytotoxicity in both AMO-1 and 
L363 cells (Figure 3B, C), confirming FOXO1 as a functional 
mediator of ceritinib response.
We next used functional reporter assays to monitor ceri-
tinib’s effects on PI3K/Akt signaling. In the first model, U2-
OS cells expressing FOXO1-Clover and a nucleolar mCherry 
reporter were used to visualize FOXO1 nuclear translocation, 
a hallmark of PI3K/Akt inhibition. Treatment with ceritinib 
caused rapid translocation of green fluorescence protein 
(GFP) from the cytosol to the nucleus, consistent with 
pathway suppression (Figure 3D). In the second model, we 
assessed mTORC1 activity in AMO-1 cells using a target of 
mTOR signaling indicator (TOSI) construct, in which PDCD4 
is tagged with mVenus. PDCD4 is rapidly degraded upon 
mTORC1 activation, thus its stabilization reflects mTORC1 
inhibition. Following 12 hours of exposure to ceritinib, PD-
CD4 levels were significantly elevated in AMO-1 cells (Figure 
3E), further supporting the suppression of mTORC1 activity.
Additionally, kinome profiling in AMO-1 cells revealed that 
ceritinib inhibited multiple intracellular serine/threonine 
kinases regulated by insulin signaling, including several 
ribosomal S6 kinases, as annotated in the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway database 
(Figure 3F). Consistently, immunoblotting demonstrated 
reduced phosphorylation of both p70 S6 kinase and ri-
bosomal protein S6, key downstream components of the 
mTORC1-driven translation machinery (Figure 3G, Online 
Supplementary Figure S9).
Collectively, these results indicate that ceritinib exerts 
its anti-MM activity primarily through suppression of the 
PI3K/Akt/mTORC1 pathway, leading to FOXO1 activation, 
inhibition of protein synthesis, and restoration of tumor 
suppressive signaling.

Ceritinib impairs the heat shock response and enhances 
endoplasmic reticulum stress induction by carfilzomib, 
shifting the balance toward apoptosis
To elucidate the molecular mechanism underlying the 
synergy between ceritinib and carfilzomib we performed 
transcriptomic profiling of differently expressed genes 
in AMO-1 cells 8 hours after the single and combinato-
rial treatments (Online Supplementary Table S6). Gene 
set enrichment analysis of ceritinib-induced expression 
changes, as well as gene ontology classification based on 
biological processes, revealed that ceritinib monotherapy 
suppressed pathways associated with DNA replication, 
ribonucleoprotein complex processing, and protein folding 
(Figure 4A, Online Supplementary Figure S10A, Online Sup-
plementary Table S7). Notably, individual genes from the 
significantly enriched process of protein folding are HSP 
involved in processing of proteins in the ER, and response 
to unfolded/misfolded proteins (Figure 4A, B), as well as 
proteasome-encoding genes (Figure 4C). This is consistent 

with previous findings that insulin/IGF-1 signaling induces 
HSP expression.26 In parallel, gene set enrichment analysis 
followed by network analysis and transcription factor target 
analysis (based on WebGestalt) identified E2F as a central 
transcription regulator of the ceritinib-repressed gene set 
(Online Supplementary Figure S10B), with individual genes 
reflecting impaired cell cycle progression (Online Supple-
mentary Figure S10C). Genes induced by ceritinib were en-
riched for targets of the FOXO1 transcription factor (Online 
Supplementary Figure S10D, E), consistent with inhibition 
of PI3K/Akt signaling.
Carfilzomib monotherapy, as expected, induced the ex-
pression of genes associated with protein folding (HSP pro-
teins), ER stress and the proteasome (Figure 4A-C, Online 
Supplementary Figure S10F, Online Supplementary Tables 
S6 and S7), consistent with previous reports.3 At the same 
time, it suppressed cell cycle progression and DNA repli-
cation-associated genes (Online Supplementary Table S8). 
The combination of ceritinib and carfilzomib enhanced the 
ER stress response as evidenced by the induction of genes 
related to the biological processes, topologically incorrect 
proteins, ER stress and autophagy (Figure 4B, Online Sup-
plementary Figure S10G, H). Interestingly, despite stronger 
induction of ER stress, the response to protein misfolding 
and associated proteasome assembly appeared attenu-
ated with the combination therapy compared to carfilzo-
mib monotherapy (Figure 4A, C), suggesting that ceritinib 
co-treatment impairs the critical pro-survival response 
typically elicited by proteasome inhibition.3

Consistently, genes regulated by FOXO1, robustly induced 
by ceritinib alone, were also found to be elevated following 
combination treatment (Online Supplementary Table S9, 
Online Supplementary Figure S10E), indicating sustained 
Akt signaling suppression. Moreover, the combination led 
to a pronounced downregulation of genes involved in DNA 
replication and cell cycle progression (Figure 4F, Online 
Supplementary Table S9), with enrichment for E2F-target 
repression (Online Supplementary Figure S10C). 
To explore the metabolic changes induced by single and 
combination treatments, we conducted an untargeted me-
tabolomic analysis of metabolites following 8 hours of 
treatment with each drug alone and in combination (Online 
Supplementary Table S10). Ceritinib and the combination 
treatment reduced the levels of metabolites associated with 
glycolysis and the ‘Warburg effect’, consistent with INSR 
inhibition.27 Consequently, the combination treatment led 
to a reduction of pyrimidines and accumulation of purine 
degradation products (guanosine, guanine, hypoxanthine, and 
xanthine) (Figure 4D), suggesting a disruption in nucleotide 
recycling for DNA and RNA synthesis, consistent with cell 
cycle arrest and imbalance in nucleotide synthesis.
At the protein level, immunoblot analysis confirmed key 
changes in the protein folding response, manifested as re-
ductions in HSP70 and HSPA5 (GRP78, BiP) following ceritinib 
treatment, both as monotherapy and in combination with 
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Figure 4. Ceritinib diminishes the endoplasmic reticulum stress and protein folding response, a key pro-survival pathway following 
proteasome inhibition. (A) Heatmap of leading-edge genes deregulated in AMO-1 cells 8 hours after treatment with ceritinib, carfil-
zomib, or their combination, clustered according to the ‘Protein folding’ Gene Ontology (GO) biological processes (BP) term. Depict-
ed are genes with log2FC >0.8 (adjusted P<0.05) for carfilzomib (CFZ) and log2FC <0.8 for ceritinib. (B) Heatmap of leading-edge genes 
upregulated in AMO-1 cells 8 hours after treatment with ceritinib, carfilzomib, or their combination, clustered according to the ‘Re-
sponse to endoplasmic reticulum stress’ GO BP term. Depicted are genes with log2FC >0.8 for CFZ + ceritinib treatment (adjusted 
P<0.05). (C) Heatmap of leading-edge genes upregulated in AMO-1 cells 8 hours after treatment with 4 µM ceritinib, 5 nM carfilzomib, 
and their combination, clustered according to the ‘Proteasome’ GO BP term. The data were normalized to untreated control samples 
and represent log2 FC values. (D) Heatmap of significantly deregulated metabolites involved in glucose (Warburg effect) and purine/
pyrimidine metabolism following 8 hours of treatment with 4 µM ceritinib, 5 nM carfilzomib and their combination. The data were 
normalized to untreated control samples at the same timepoint and represent log2 FC values (adjusted P<0.05). (E) Western blot 
analysis showing levels of heat shock proteins HSP70 and HSPA5 (GRP78, BiP) at 4 and 8 hours following treatment with 4 µM ceri-
tinib, 5 nM carfilzomib, or their combination (C+C) in AMO-1 cells. (F) Western blot analysis showing levels of heat shock proteins 
HSP70 and HSPA5 (GRP78, BiP) in L363, AMO-BTZ and L363-BTZ cell lines 8 hours after treatment with 5 nM carfilzomib, or a com-
bination of carfilzomib with 4 µM ceritinib (C+C). CER: ceritinib; CFZ: carfilzomib; COMBI: combination of ceritinib and carfilzomib; 
ER: endoplasmic reticulum; FC: fold change; DMSO: dimethylsulfoxide; CTRL: control.
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carfilzomib, compared to their levels in either untreated or 
carfilzomib-treated PI-naïve and PI-resistant cells (Figure 4E, 
F, Online Supplementary Figure S11A, B). These data support 
the findings observed at the transcriptome level and highlight 
a mechanistic shift from a cytoprotective to pro-apoptotic 
ER stress response during combination treatment.

Ceritinib and carfilzomib co-treatment disrupts pro-
survival protein folding, triggering endoplasmic reticulum 
stress, polyubiquitin accumulation, autophagy, and 
apoptosis
Next, we investigated how ceritinib and carfilzomib co-treat-
ment affects protein homeostasis. Using activity-based 
probes, we first confirmed that carfilzomib inhibits prote-
asome β5 subunit activity and partially inhibits β2 and β1 
subunits, leading to the accumulation of polyubiquitinat-
ed proteins (K48-Ub proteins) (Figure 5A). While ceritinib 
alone did not have a direct effect on proteasome activity, 
its combination with carfilzomib led to significant poly-Ub 
accumulation (Figure 5A, Online Supplementary Figure S12). 
This finding was corroborated using the Ub-G76V-GFP re-
porter system, in which ceritinib and carfilzomib led to sig-
nificantly greater accumulation of Ub-G76V-GFP compared 
to carfilzomib alone, whereas ceritinib monotherapy had no 
significant impact (Figure 5B). 
We next evaluated the formation of toxic intracellular pro-
tein aggregates. Carfilzomib alone did not substantially in-
duce aggregation, likely due to a compensatory heat-shock 
response that stabilizes unfolded/misfolded proteins.3 In 
contrast, ceritinib monotherapy triggered the formation 
of aggresomes, and this effect was markedly enhanced by 
co-treatment with carfilzomib in both PI-naïve and BTZ-re-
sistant MM cells, suggesting a mechanism for overcoming 
PI resistance (Figure 5C). 
To assess how this accumulation of misfolded and ubiquiti-
nated proteins impacts the unfolded protein response, we 
used AMO-1 cells equipped with fluorescent XBP1 splicing 
(XBP1s) reporter. As expected, carfilzomib strongly induced 
XBP1s after 8 hours, consistent with increased proteotoxic 
stress. Ceritinib alone caused only modest XBP1s induction, 
but combination treatment significantly enhanced XBP1s 
activation (Figure 5D).
We further evaluated the induction of autophagy using 
AMO-1 cells equipped with a tandem GFP/RFP-LC3 reporter. 
Ceritinib, but not carfilzomib, significantly induced auto-
phagy within 8 hours (Figure 5E), consistent with mTORC1 
inhibition. Notably, the ceritinib-induced autophagic flux at 
lower drug concentration (2 µM) was further enhanced by 
carfilzomib, in line with transcriptomic data.
To link these observations mechanistically to mTORC1 in-
hibition in MM cells, we used AMO-1 cells equipped with 
PDCD4-mVenus as a reporter. Although carfilzomib alone 
also led to PDCD4 accumulation – likely due to blocked 
proteasomal degradation – the combination significantly 
amplified this effect, indicating cooperative suppression of 

mTORC1-mediated PDCD4 turnover (Figure 5F). Subsequent-
ly, the ceritinib and carfilzomib combination significantly 
promoted both early and late apoptosis 24 hours after 
treatment (Figure 5G). Together, these findings demonstrate 
that co-inhibition of the proteasome and PI3K/Akt/mTORC1 
signaling in MM disrupts protein quality control by impairing 
chaperone-mediated folding, enhancing polyubiquitinated 
protein accumulation, and triggering autophagy. 

Candidate ceritinib-resistance genes are associated with 
poor prognosis in multiple myeloma
We next evaluated the prognostic significance of genes in-
volved in ceritinib’s mechanism of action in newly diagnosed 
MM patients from the CoMMpass dataset. Neither IGF-1R nor 
INSR showed a significant prognostic impact in this cohort 
(Online Supplementary Figure S13A, B). However, the high-
est-ranking ceritinib resistance candidates from the CRISPR 
screening, NPRL3 and FOXO-1, were significantly associated 
with poorer survival outcomes. High NPRL3 expression was 
associated with worse progression-free survival and overall 
survival (Figure 6A, Online Supplementary Figure S13C), while 
low FOXO-1 expression was only linked to shorter progres-
sion-free survival (Figure 6B, Online Supplementary Figure 
S13D), but not to OS, as previously described.28 
Additionally, high expression of DDIT4, a negative regulator 
of mTORC1 signaling, was significantly associated with worse 
progression-free and overall survival (Figure 6C, Online 
Supplementary Figure S13E), while a low level of PDCD4, a 
marker of mTORC1 activity,29,30 was associated with worse 
overall survival (Online Supplementary Figure S13F) in the 
CoMMpass dataset. We also compared patients from the 
CoMMpass dataset with relapsed/refractory MM patients 
from University Hospital Wurzburg. IGF-1R and INSR expres-
sion was significantly elevated in the relapsed/refractory 
cohort of patients (Figure 6D). 
Overall, these findings provide proof-of-concept that in-
creased PI3K/Akt/mTORC1 activity may be associated with 
poorer outcomes and suggest that, in these patients and 
those with advanced-stage MM, combining ceritinib with 
carfilzomib could offer a promising therapeutic approach.

Discussion

Although the IGF-1/insulin shared pathway that starts with 
two different receptors contributes to MM pathogenesis and 
resistance to standard therapies, targeting this system has 
shown limited clinical success, largely due to its complex-
ity.31 Clinical trials of IGF-1R/INSR inhibitors have yielded 
disappointing results due to poor efficacy, underscoring 
the need for novel approaches and combination strategies. 
Through functional kinase screening and database analy-
sis, we identified ceritinib, an ALK inhibitor approved for 
the treatment of ALK-positive non-small cell lung cancer, 
as cytotoxic in MM cells. Notably, this effect is indepen-
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Figure 5. Ceritinib and carfilzomib synergistically induce polyubiquitinated protein accumulation, protein aggregation, and PDCD4 
stabilization, triggering the unfolded protein response and autophagy, leading to terminal apoptosis. (A) Representative gel and 
Western blot analysis showing the activity of proteasome β1c/i, β2c/i, and β5c/i subunits, along with levels of polyubiquitinated 
proteins, following 8 hours of treatment with 5 nM carfilzomib, 4 µM ceritinib, or their combination. α-tubulin was used as a 
loading control. (B) Mean fluorescent intensity (MFI) of Ub-G76V-GFP reporter in AMO-1 cells after 12 hours of treatment with the 
indicated drugs. The data represent the mean ± standard deviation (SD) from six independent experiments. Statistical significance 
was assessed by one-way analysis of variance (ANOVA); *P<0.05, ****P<0.0001. (C) MFI of PROTEOSTAT® fluorescence, indicating 
protein aggregation in AMO-1 and proteasome inhibitor-adapted AMO-BTZ cells, after 20 hours of treatment with 5 nM carfilzo-
mib, 4 µM ceritinib, or their combination. The data represent the mean ± SD from at least five independent experiments. Statis-
tical analysis was assessed by one-way ANOVA; *P<0.05, **P<0.01, ***P<0.001. (D) MFI of spliced XBP1 in AMO-1 cells after 8 
hours of treatment. The data represent the mean ± SD from three independent experiments. Statistical significance was deter-
mined by one-way ANOVA; ***P<0.001. (E) Ratio of RFP (pH-unstable) to GFP (pH-stable) fluorescence in an endosomal pH sen-
sor assay in AMO-1 cells treated for 8 hours with the indicated drugs. The data represent the mean ± SD from three independent 
experiments. Statistical significance was assessed by one-way ANOVA: *P<0.05, **P<0.01, ***P<0.001. (F) MFI of PDCD4-mVenus 
reporter in AMO-1 cells after 12 hours of treatment. The data represent the mean ± SD from three independent experiments in 
duplicate. Statistical significance was assessed by one-way ANOVA: ****P<0.0001. (G) Quantification of early (annexin V⁺/FITC⁻) 
and late (annexin V⁺/FITC⁺) apoptotic cells in AMO-1 after 24 hours of treatment. The data represent the mean ± SD from three 
independent experiments. Statistical significance was assessed by two-way ANOVA; ***P<0.001. PolyUb: polyubiquitinated pro-
teins; Ctrl: control; CFZ: carfilzomib; Ceri: ceritinib; C+C: combination of ceritinib and carfilzomib; MFI: median fluorescence 
intensity; GFP: green fluorescence protein; RFP: red fluorescence protein; sXBP1: spliced X-box binding protein 1; PDCD4: pro-
grammed cell death 4.
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dent of ALK, which is not expressed in MM, and instead 
results from ceritinib’s inhibition of IGF-1R and INSR, both 
of which are expressed in MM and further upregulated in 
relapsed/refractory MM. Ceritinib demonstrated selective 
cytotoxicity across a panel of MM cell lines and primary 
MM patients’ samples, while showing minimal activity in 
other hematologic malignancies.20

By integrating functional genome-wide screening, RNA se-

quencing, and in vitro assays, we demonstrate that ceritinib 
inhibits the IGF-1R/INSR axis, leading to suppression of PI3K/
Akt/mTORC1 signaling, a pathway critical for supporting the 
high protein synthesis demands of MM cells, particularly 
the production of HSP such as HSP70. In parallel, INSR and 
IGF-1R signaling drive metabolic activity and glucose uptake, 
fueling nucleotide biosynthesis essential for replication, 
transcription, and translation. While MM cell dependence 

Figure 6. Prognostic relevance of selected genes and receptor expression in multiple myeloma patients. (A) Impact of NPRL3 
expression on progression-free survival (PFS) in multiple myeloma (MM) patients from the CoMMpass dataset. P values <0.05 
were considered statistically significant. Statistical significance was assessed by a Tarone-Ware (T-W) test. (B) Impact of FOXO1 
expression on PFS in MM patients from the CoMMpass dataset. P values <0.05 were considered statistically significant. Statisti-
cal significance was assessed by a T-W test. (C) Impact of DDIT4 expression on PFS in MM patients from the CoMMpass dataset. 
P values <0.05 were considered statistically significant. Statistical significance was assessed by a T-W test. (D) Expression levels 
of IGF1R and INSR in newly diagnosed MM patients (CoMMpass dataset) and in a cohort of patients with relapsed/refractory MM 
from Würzburg University Hospital. NPRL3: NPR3 like, GATOR1 complex subunit; FOXO1: forkhead box O1; DDIT4: DNA damage 
inducible transcript 4; TPM: transcripts per million; IGF1R: insulin like growth factor 1 receptor; INSR: insulin receptor; NDMM: 
newly diagnosed multiple myeloma; RRMM: relapsed/refractory multiple myeloma.  
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on Akt/mTORC signaling is well established,28,32,33 our data 
highlight a specific reliance on IGF-1R/INSR to maintain 
elevated HSP70 levels, aligning with previous reports of 
insulin-mediated regulation of HSP and factors.34

FOXO-1 and cell-intrinsic negative regulators of mTORC1, 
including NPRL2, NPRL3, and DDIT4, play a crucial role in 
the cytotoxicity of ceritinib in MM cells. Activated FOXO-1 
inhibits mTORC1 through both Tuberous Sclerosis Complex 
(TSC)2-dependent and independent mechanisms.25 DDIT4 
inhibits mTORC1 activity via the TSC1/TSC2 complex, a 
critical regulator of mTORC1 that is triggered by growth 
factors, such as insulin.35 In contrast, NPRL2 and NPRL3 
form the GATOR1 complex, which is a pivotal regulator of 
the pathway that signals amino acid sufficiency to mTORC1 
and inhibits mTORC1 activity during intracellular amino 
acid starvation.36 Given these insights, the highly active 
mTORC1 complex appears to be crucial for the cytotoxic-
ity of ceritinib. It also significantly impacts the outcome 
of MM patients. High FOXO-1 levels are associated with a 
better prognosis, while elevated NPRL3 and DDIT4 levels 
have a negative impact on MM patients’ survival. Consis-
tently, high FOXO-1 levels have been associated with better 
overall survival of MM patients,28 while low FOXO-1 levels 
correlate with poor prognosis in patients with myelodys-
plastic syndrome.37 Similarly, DDIT4 is associated with a 
poor prognosis in solid tumors,38,39 as well as in hemato-
logic cancers, such as acute myeloid leukemia40 and MM.41

Our data demonstrate that ceritinib can be combined 
with carfilzomib to overcome PI resistance in multiple 
MM cell lines in vitro, in primary samples from patients 
with relapsed/refractory MM or PCL, and in an orthotopic 
PI-resistant in vivo model. This is particularly important 
in the context of bone marrow microenvironment-driv-
en MM resistance, which is mediated by the interaction 
between MM cells and surrounding mesenchymal stem 
cells, and which depends on high PI3K/Akt/mTOR signal-
ing.42 Consistently, selective Akt inhibition enhances cy-
totoxicity of proteasome inhibition.43 The strong synergy 
between ceritinib and carfilzomib reflects dual disruption 
of protein homeostasis, specifically protein folding and 
degradation. Carfilzomib induces a pro-survival induction 
of HSP and chaperones actively compensating for the 
inability to degrade proteins.3 In line with this, selective 
inhibition of HSP70 sensitizes multiple cell lines to car-
filzomib.3 Since ceritinib inhibits HSP70 protein induction, 
the combination treatment results in the accumulation of 
protein aggregates, ER stress, and autophagy in MM cells, 
collectively promoting apoptosis. Additionally, mTORC1 
and the ubiquitin-proteasome system are tightly linked 
through amino acid and nutrient sensing. mTORC1 inhibi-
tion activates both the ubiquitin-proteasome system and 
autophagy, promoting amino acid recycling and slowing 
cell growth,44,45 while proteasome inhibition depletes 
amino acids, triggering cell death if not replenished.46 
This dependency on protein recycling has been exploit-

ed therapeutically.47 Previous preclinical data with novel 
inhibitors of the PI3K/Akt/mTORC1 pathway (copanlisib, 
montelukast) or depletion of amino acids in combination 
with carfilzomib reported synergistic drug combinations 
in PI-sensitive and PI-resistant models48-50 supporting our 
findings of dual targeting of these pathways to achieve 
an anti-MM effect.
While these data provide compelling preclinical evidence 
for the combination of ceritinib and carfilzomib, certain 
limitations should be acknowledged. The use of PI-adapt-
ed cell lines generated in vitro may not fully represent the 
complexity and heterogeneity of clinical resistance. Fur-
thermore, xenograft studies based on these lines do not 
reproduce the full immune and stromal interactions of the 
human bone marrow microenvironment, underscoring the 
need for validation in patient-derived models.
In summary, these findings highlight a potential off-the-
shelf combination therapy that could overcome therapy 
resistance in MM and provide a strong rationale for further 
preclinical and clinical testing in the setting of relapsed/
refractory MM.
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