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Abstract

rDNA transcription is steadily dysregulated in multiple myeloma, through oncogenes and anti-tumor routes, and
particularly by c-Myc. The main downstream goals of c-Myc involve ribosomal biogenesis to enhance the protein
translation capacity necessary to support the growth and self-renewal programs of malignancy cells. In the research
of therapeutics to improve cancer treatment, the last 10 years have shown a renewed interest in targeting ribosome
biogenesis. In the present study, we have demonstrated promise for CX-5461 as a new therapeutic target in multiple
myeloma. We report that CX-5461 irreversibly inhibits ribosomal RNA (rRNA) transcription by arresting RNA
polymerase I (RPI/Pol1/PolR1) in a transcription initiation complex causing down regulation of 47S and inducing the
ribosomal stress. We showed that CX-5461 upregulated p53 pathway, and down regulated c-Myc causing cell cycle
arrest and cell death
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Introduction
The deregulation of ribosome synthesis can be the cause of 

alterations in the cell cycle and cell growth, leading to cell growth, 
leading to uncontrolled proliferation, which could uncontrolled 
proliferation leading to the development of cancers [1]. The 
deregulation of ribosome synthesis also causes a phenomenon called 
nucleolar stress which leads most often to a modification of the size 
and number of and number of nucleoli [2].

Myc (proto-oncogene) overexpression induces the proliferation of 
myeloma cells by stimulating ribosome synthesis by acting directly on 
the transcription of pre-rRNAs (via Pol I and Pol III) and the 
expression of assembly factors and ribosomal proteins [3]. Multiple 
myeloma is a neoplastic plasma cell disorder; this disease is 
characterized by a very high overall level of protein synthesis due to 
the production of monoclonal immunoglobulin [4]. Nevertheless, 
despite improvements in survival, MM remains incurable and 
resistance to standard treatments is inevitable that the majority of 
patients will encounter during their illness [5]. The introduction of 
various new therapeutic, such as rRNA inhibitor [6].

The links between ribosome production and cell growth make 
ribosome biogenesis a new strategic target for the treatment of cancer 
[7]. Inhibition of ribosome synthesis disrupts cell proliferation at two 
levels directly affecting the cell's ability to synthesize proteins, and 
indirectly stabilizing the p53 tumor suppressor [8].

In the current study, we aimed to identify the therapeutic potential 
of RNA pol I inhibition with CX-5461 in multiple myeloma, which is 
currently in clinical trials. Our studies show that the inhibition of 
rRNA induces the p53 pathway and decreases c-Myc level expression.

Materials and Methods

Multiple myeloma cell lines and treatments
Five human myeloma cell lines (MM1.S, H929, OPM2, U266, and 

KMS11) from ATCC-LGC (Molsheim, France). RPMI8226 from 
ECACC. Cells were maintained in RPMI 1640 medium (Corning 
Cellgro,  Manassas, VA,  USA) with L-glutamine  supplemented  with 
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10% fetal bovine serum and 1% penicillin/streptomycin at 37°C in a 
humidified 5% CO2 atmosphere. CX-5641 was obtained from Selleck 
Chemicals (Houston, USA).

Western blot analysis

5 × 106 cells were obtained by lysing cells with CHIP buffer (1%
SDS, 10 nM EDTA, 50 nM Tris HCl (pH 8.1) and protease/
phosphatase inhibitor cocktail) cocktail of protease/phosphatase 
inhibitors) followed by sonication at 4°C and then assayed using the 
BC Assay kit (Uptima). A blocking of the specific binding sites was 
then performed by incubating the membrane in a solution of TBS-T 
(Tris Buffered Saline Tween: 25 mM Tris, 150 Mm NaCl, 0.05%
Tween 20, PH 8.0) containing 1% milk. The membranes were then 
incubated overnight at 4°C with the following primary antibodies 
primary antibodies (1:1000) as follows: GAPDH (Santa Cruz 
Biotechnology, Cat.No.:sc-365062), CASPASE3 (Santa Cruz 
Biotechnology, Cat.No.: sc-7272), P53 (Cell signaling, Cat.No.:9282), 
P21 (Chemicon, Car.N. :MAB88058), P27 (Cell signaling, Cat.No.: 
2552),PUMA (Cell signaling, Cat.No.:12450), BCL2 (Thermofisher, 
Cat.No. : 13-8800).
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decrease of RPA194 was detected after 6 hours exposed to CX-5641 
on MM.1S cells (Figure 1A).

Since RNA polymerase plays a critical role in the rRNA synthesis, 
inhibition of Pol I is associates with a decrease of pre-rRNA 47S. To 
examine the effect of CX-546 on rRNA synthesis, level expression of 
47S rRNA were compared in MM.1S and OPM2 cells exposed to 
DMSO, low dose of Actinomycin D used as control, or CX-5461. It 
was shown that CX-5461 kinetically suppressed rRNA synthesis. A 
High inhibition was already shown at 24 hrs. Which suggests that 
CX-5461 causes a ribosomal disruption (Figure 1B). FISH data
confirmed a decrease of 47S on human myeloma cell lines after
exposed to CX-5641 (Figure 1C).

Figure 1: CX-5461 inhibits Pol I expression and 47S synthesis. A)
Immunofluorescence imaging of MM1.S cells control and treated with
a 100 nM CX-5461 for 4 hours. B)  Analysis of 47S synthesis in
MM1S and OPM2 treated with 100 nM CX-5461 for 2 hours, 6 hours,
24 hours, and 40nM Act-D for 24 hours treated and analyzed. C) 47S
expression by fluorescence in situ hybridization (FISH) on MM1.S
cells treated with either vehicle or CX-5461.
CX-5461 triggers p53 pathways and causes cell cycle arrest

To evaluate the effect of CX-5641 on ribosomal stress, MM.1S,
OPM2 and KMS11 cells were treated with CX-5641. An enhancement
of p53 and its target p21 and p27 was detected on OPM2 and MM.1S
cells (Figure 2A). Kinetic showed that P53, p21 and p27 RNA level
were accumulated after 6 hours of treatment in MM.1S and OPM2
cells (Figure 2B). To further investigate the effect of CX-5461 on cell
cycle progression. Exposure of cells to 50 nM of CX-5461
significantly arrests the cells in G0/G1‐phase (77.35% ± 9.12%) when
compared with control (56.6% ± 3.39%) (Figure 2C).
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Cell-Titer-Glo viability assay
Human Myeloma Cell Lines (HMCLs) were seeded into 96 well 

black/clear bottom plate (10.000 cells/well) and exposed to tested 
drugs for 48 hours. After incubation, cell viability was determined 
using a 100 µL Cell-Titer-Glo assay (Promega Corp, Madison, WI, 
USA). The Combination Index (CI) was calculated using Compusyn 
software.

Cell cycle analysis
MM.1S cells were incubated for 72 hours with CX-5641. Cells

were washed with PBS 1X and incubated at 4°C with 70% ethanol for 
30 minutes. Cells were washed with PBS and incubated for 20 minutes 
with PBS-RNASE and 10 minutes with propidium iodide at 4°C. The 
cell cycle was evaluated by using flow cytometry analysis. Cell cycles 
were analyzed by using FlowJo VX software.

Immunofluorescence and FISH
MM.1S cell lines were treated with CX-5641 for 2 hours. Cells

were fixed with PBS containing 4% paraformaldehyde, permeabilized 
using PSB containing 0.2% Triton X-100 and then stained using 
RPA194 antibody (Santa Cruz, sc-48385) and DAPI. ISH cell assay kit 
(Affymetrix, QVC0001) was used for the FISH experiment. 
Coverslips were mounted and images were captured with Zeiss 
Axiovert 200 M inverted microscope with a Plan-Apochromat, 100X/ 
1.40 oil DIC x/0.17 objective, and Axio cam MRm camera, and 
Axiovision software.

RNA extraction, reverse transcription, real-time PCR
Cells were harvested and total RNA was extracted using RNA easy plus 
mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's 
instructions. Whole-cell RNA (250 mg) was converted into cDNA 
using the Superscript III RT (Life Technologies). Quantitative PCR was 
carried out using the TaqMan Universal PCR Master Mix and pre-
designed probes (Life Technologies). RT-PCR for the ITS1 of pre-
rRNA (47S) was accomplished using the SYBR Green PCR Master 
Mix (Bio-Rad) and the following PCR primer sequences: 
ITS1,5'TGTCAGGCGTTCTCGTCTC-3'(forward), 5'GAGAGCACG 
ACGTCACCAC-3'(reverse),GAPDH, 5’TCCCTGAGCTGAACGGG 
AAG-3’(forward)5’ GGAGGAGTGGGTGTCGCT G-3’ (reverse). All 
reactions were analyzed using a C1000 Thermal Cycler (Bio-Rad, 
Hercules, CA, USA). Reactions of pre-designed probes were performed 
according to the manufacturer's instructions; reactions of the ITS1 and 
GAPDH were performed as follows: 95°C for 10 min followed by 40 
cycles of 95°C for 15 sec. and 62°C for 30 sec. Melting-curve analyses 
were performed for ITS1 reactions to verify the synthesis of single 
products. Data were analyzed using the 2-ΔΔCT method.
Statistical analyses

The statistical significance of the data was determined with a 
Student t-test. P<0.05, P<0.001 and P<0.0001 indicate a statistically 
significant (*) very significant (**) and highly significant difference 
(***) respectively.

Results
CX-5461 inhibits rRNA synthesis

To analyze the effect of CX-5641 in ribosomal stress, we analyzed by 
IF   the  level  expression  of  RNA  polymerase  subunit,  RPA194.  A Figure 2: CX-5461 arrest cycle cells via p53 activation. A) Cells were 

treated with CX-5461 (100 nM) for 24 hours. The proteins  levels: P53, 



P21 and P27 were analyzed by western blotting. B) Gene expression 
was measured after treatment with 100 nM CX-5461 for 2 and 6 h in 
MM1.S and OPM2 cells. Data are expressed as 2-∆∆ct. Results 
represent the mean ± SD of three independent experiments. Student 
test was used for statistical analysis (*p<0.05, **p<0.01, ***p<0.001). 
C) The treatment of 100nM CX-5461 caused a significant increase in
the G0/G1 fraction of the cell cycle in MM1S cells.

CX-5641 down-regulate c-Myc
Since p53 down-regulates c-Myc, an accumulation of p53 after

exposure to KPT330 is associated with a decrease of c-Myc protein 
level (Figure 3A). Time course showed that effect was detected after 2 
hours of treatment associated with a decrease of the protein expression 
of IRF4 (Figure 3B). Analysis of c-Myc RNA level showed a 
significant decrease of c-Myc after 6 hours of exposure to CX-5641 
(Figure 3C).

Figure 3: CX-5461 downregulate c-Myc expression. A) C-Myc 
expression was measured after treatment with 100 nM CX-5461 for 2 
and 6 h in MM1.S and OPM2 cells. Data are expressed as 2-∆∆ct. 
Results represent the mean ± SD of three independent experiments. 
Student test was used for statistical analysis (*p<0.05, **p<0.01, 
***p<0.001). B) MYC protein expression after treatment with 100 nM 
CX-5461 in MM1.S and KMS11 cell lines. C) MM1.S and OMP2 cells
were cultured with control (DMSO) or CX-5461 100 nM for 2 hours,
24 hours, and whole-cell lysates were subjected to immunoblotting
with anti-Myc and anti-IRF4.GAPDH was used as a loading control.

CX-5461 is cytotoxic to multiple myeloma cells
To assess the effect of CX-5461 inhibition in MM cells, we treated

human cell lines with different doses of CX-5461 for 72 hr. As shown

in Figure 1A, submicromolar concentrations of CX-5461 reduce the
viability of MM cells in a dose-dependent manner. The IC50 values
ranged from 0.06µM to 0.75 µM (Figure 4A).

Figure 4A: CX-5461 inhibited cell viability and induced cell
apoptosis of KMS11 and MM1.S cells. Six multiple myeloma cell
lines were treated with indicated concentrations of CX-5461 for 72 h
before analysis of viability using Cell Titer-Glo. The results represent
the mean of at least three independent experiments. Data are presented
as mean ± SD.

To further investigate apoptosis involved in the CX-5461 stimulus,
expression levels of several apoptosis markers were examined. As
shown in Figure 4B.

Figure 4B: CX-5461 inhibited cell viability and induced cell 
apoptosis of KMS11 and MM1.S cells. Caspase-3 cleavage; Puma and 
Bcl2 expression were analyzed by Western blotting. GAPDH was 
probed as a loading control.

CX-5461 increases the cleavage of caspase‐3 and puma associated 
with a decrease of Bcl2 protein expression (Figures 5 and 6).
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Figure 5: CX-5461 regulates TAFA1, RPL11 and RPL5 genes. 
Gene expression was measured after treatment of MM1.S cells with 
100 nM CX-5461 for 2 and 6 h. Data are expressed as 2-∆∆ct. Results 
represent the mean ± SD of three independent experiments.

Figure 6: CX-5461 arrested cell cycle in G0/G1 phase. The 
treatment of 100 nM caused a significant increase in the G0/G1 
fraction of the cell cycle in MM1.S cells.

Discussion
The links between ribosome synthesis and cell growth make 

ribosome biogenesis a key therapeutic target for the treatment of 
multiple myeloma [9]. Inhibition of ribosome synthesis disrupts cell 
survival at two levels different: by directly affecting the cell's ability to 
synthesize proteins, and by indirectly stabilizing the p53 tumor 
suppressor [10]. It has been shown that up to 80% of cellular energy is 
consumed in the process of ribosome biogenesis and thus is not 
surprising, that ribosome biogenesis controls cellular growth and

proliferation [11]. Ribosomal biogenesis is a multistep cellular process 
that involves the processing of pre-ribosomal RNA in the nucleus and 
the synthesis of ribosomal proteins in the cytosol [12]. The first 
assembly of ribosomal proteins on the rRNAs is in the nucleus. The 
final assembly of the subunits 40S and 60S together is in the cytosol 
[13]. 

This study we report that CX-5461 inhibits the activity of RNA 
polymerase I causing the arrest of 47S rRNA synthesis and ribosome 
biogenesis. Previous studies have shown in vitro and in vivo that the 
primary target of CX-5461 is the initiation of rDNA transcription by 
RPI [14]. Our results indicate that CX-5461 inhibits myeloma cell 
proliferation and induces cell-cycle G1 arrest. Interestingly, we found 
that CX-5461 led to the up-regulation of p53 and it pathway, associate 
with the cell cycle arrest and down-regulation of c-Myc. Recent 
studies have demonstrated that IRF4 is known to upregulate Stage 2, 
CDK6, and c-Myc and is associated with cellular growth and survival 
in multiple myeloma [15]. C-Myc promotes the proliferation, cell 
growth and viability of myeloma cells by the regulation of large 
number of genes. C-Myc activity is involved in the regulation of 
ribosomal biogenesis by the regulation of RNA Pol-I. In our study, we 
confirm that activation of p53 caused by ribosomal stress is associated 
with a decrease of c-Myc on the RNA level. The downregulation of c-
Myc is associated with a decrease of IRF4 and induce of apoptosis. 
Upon activation, PUMA interacts with anti-apoptotic members of the 
Bcl-2 family, releasing Bax and/or Bak which are then able to signal 
apoptosis.

Conclusion

In p53-depend cell cycle arrest is critical for the sensitivity of 
myeloma cells to CX-5461. Myeloma cells are characterized by a high 
level of immunoglobulin secretion. This leads to a higher level of 
ribosomal activity and fibrogenesis [16]. As a consequence, myeloma 
cell death is efficiently after a ribosomal disruption. Our data suggest 
that CX-5461 causes a p53-independent nucleolar stress reaction and a 
nucleolus-specific DNA damage regulation [17]. CX-5461 is involved 
in the regulation of p53, c-Myc, and ribosomal biogenesis. Blocking 
the activity of 47S causes a ribosomal disruption associated with an 
inhibition of c-Myc and an accumulation of p53 signals. Our study 
reports that CX-5461 is a new therapeutic target in myeloma.
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