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A B S T R A C T   

Multiple myeloma (MM) is a Ubiquitin Proteasome System (UPS)-dysfunction disease. We pre
viously reported that high PRAME transcript levels associated with unfavorable progression free 
survival (PFS) in patients with no bortezomib therapy, and bortezomib-containing regimen 
significantly improved PFS in patients with high PRAME transcript levels, which indicated that 
PRAME expression was prognostic for MM patients, and was related to proteasome inhibitor 
treatment. However, molecular mechanisms underlying the above clinical performance remain 
unclear. In the present study, MM cell models with PRAME knockdown and overexpression were 
established, and PRAME was identified to play the role of promoting proliferation in MM cells. P- 
Akt signaling was found to be activated as PRAME overexpressed. As a substrate recognizing 
subunit (SRS) of the E3 ubiquitin ligase, PRAME targets substrate proteins and mediates their 
degradation. CTMP and p21 were found to be the novel targets of PRAME in the Cul2-dependent 
substrate recognition process. PRAME interacted with and mediated ubiquitination and degra
dation of CTMP and p21, which led to accumulation of p-Akt and CCND3 proteins, and thus 
promoted cell proliferation and increased bortezomib sensitivity in MM cells.   

1. Introduction 

Preferentially expressed antigen of melanoma (PRAME), a member of cancer-testis antigen (CTA) family, was first found in mel
anoma patients [1]. Aside from expression in testes and low expression in ovaries, adrenals and endometrium, PRAME was not 
detected in healthy human issues but expressed in various human solid and hematologic malignancies [2]. PRAME is a 
tumor-associated antigen (TAA) [3]. Several studies on solid tumors reported that high expression of PRAME was related to poor 
prognosis [4–6]. However, prognostic significance and biological effects of PRAME expression in hematologic malignancies remain 
controversial and insufficient. 

Multiple myeloma (MM) is a kind of hematological malignancy characterized by clonal accumulation of plasma cells and mono
clonal secretion of immunoglobulin or light chain proteins [7]. A large amount of protein secretion accelerates protein metabolism, 
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driving proteasomes in malignant plasma cells in highly active states, and thus normal proteins controlling proliferation, cell cycle, 
apoptosis, and DNA repair were over ubiquitinated and degraded by proteasomes, which makes the proteasome a rational candidate 
target for MM therapy [8,9]. Bortezomib was the first proteasome inhibitor on clinical practice [10]. Standard first-line therapy for 
newly diagnosed MM was proteasome inhibitor-containing chemotherapy regimens, but treatment responses varied among patients 
[11]. We and others reported that more than half of MM patients overexpressed PRAME at diagnosis [12,13]. PRAME overexpression at 
diagnosis correlated with adverse progression free survival (PFS) in patients with no bortezomib therapy, and bortezomib-receiving 
regimen significantly improved PFS in patients overexpressing PRAME [12,14], suggesting that PRAME expression levels might 
impact the prognosis of MM and might be associated with proteasome-related protein degradation process. There have been no reports 
about in vivo and in vitro studies to explore molecular mechanisms of the impact of PRAME on MM. 

MM is a Ubiquitin Proteasome System (UPS)-dysfunction disease [7], and previous studies have revealed that PRAME made sense 
in UPS. Costessi et al. [15] and Wadelin et al. [16] individually used K562 and HL60 cell lines to demonstrate that PRAME functioned 
as a substrate recognizing subunit (SRS) of the E3 ubiquitin ligase and participated in the degradation process of intracellular proteins 
through UPS. Whether PRAME was also functioned as an SRS in MM and its recognized substrates remained unknown to date. 

In the current study, we investigated the biological roles of PRAME in promoting cell proliferation, cell cycle progression, and cell 
migration and invasion in MM cells. Furthermore, we demonstrated that PRAME interacted with CTMP and p21, regulated their 
protein levels through the ubiquitination pathway, and thus promoted MM cell proliferation and increased sensitivity to bortezomib 
through CTMP/Akt/p21/CCND3 axis in MM cells. 

2. Materials and methods 

2.1. Cell culture and establishment of stable transfected cell lines 

Human MM cell lines LP-1, RPMI8226, KM-3 and SKO-007 were used in this study. LP-1 and SKO-007 cell lines were purchased 
from the American Type Culture Collection (ATCC). RPMI8226 cell line was kindly provided by Cell Bank Shanghai Institute of Cell 
Biology (Shanghai, China). KM-3 cell line was conserved in our laboratory. All MM cell lines were cultured in RPMI-1640 medium 
(Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum (Gibco), 100 U/mL penicillin, 100 mg/mL 
streptomycin and 2 mM L-glutamine (Gibco). The cells were grown at 37 ◦C in a humidified 5 % CO2 atmosphere. 

LP-1 cells were infected with lentivirus containing human PRAME RNA, PRAME shRNA lentiviral particles or corresponding blank 
control lentiviral particles (GeneChem, Shanghai, China). RPMI8226, KM-3 and SKO-007 cells were infected with human PRAME 
shRNA lentiviral particles or blank control lentiviral particles (GeneChem). Medium containing lentiviral particles was replaced with a 
complete medium after 12h of infection. Stably transfected cells were selected with 2 μg/mL puromycin dihydrochloride (GeneChem) 
at 96h post-infection for 2 weeks. 

2.2. RNA extraction and qRT-PCR (quantitative real-time PCR) 

RNA was extracted and reverse-transcribed into complementary DNA (cDNA). The PRAME transcript level was measured by 
TaqMan-based qRT-PCR technology as we described previously [17]. The PRAME transcript level was calculated as PRAME copie
s/ABL copies in percentage. 

2.3. Cell proliferation viable assays 

Cells were seeded into 12-well plates at a density of 1 × 104/mL. The evolution of cell number with time was followed 7 days by cell 
counting realized at successive time intervals of 24h. Experiments were performed in triplicate. In addition, the Cell-Light EdU 
Apollo643 In Vitro Kit (RioBio, Guangzhou, China) was used to measure cell proliferation according to the manufacturer’s instructions. 

2.4. Cell cycle analysis 

Cells were seeded in 12-well plates and starved by adding serum-free medium for G1 synchronization. After 24h, complete medium 
was added for an additional 48h. Cells were fixed in 75 % ethanol, and stained with prodium iodide (BD Pharmingen, San Jose, CA, 
USA). DNA content was measured by flow cytometry (BD biosciences, San Jose, CA, USA). The data were analyzed using Modfit LT2.0 
software (Coulter Electronics, Hialeah, FL, USA). 

2.5. Assessment of apoptosis 

Cells were seeded in 12-well plates at 37 ◦C in a humidified 5 % CO2 atmosphere for 48h with or without bortezomib. Apoptotic 
cells were determined using the Annexin V-APC/7-AAD apoptosis kit (KeyGEN BioTECH, Suzhou, China) according to the manu
facturer’s instructions. Cells were immediately analyzed by flow cytometry (BD biosciences). Analysis was performed using Kaluza 
flow analysis software (Beckman Coulter, Brea, CA, USA). 
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2.6. Colony-forming assays 

Cells were suspended in 1 mL of complete Methocult™ H4230 medium (STEMCELL Technologies, Vancouver, Canada) and plated 
in 6-well plates at a concentration of 1 × 104 cells/well. Colonies were maintained at 37 ◦C with 5 % CO2 and 95 % humidity for 12 
days. Colonies of ≥50 cells were counted. Assays were performed in triplicate. 

2.7. Cell migration and invasion assay 

Cell migration and invasion were evaluated using Transwell invasion assays with or without Matrigel (BD). 1 × 105 cells were 
seeded into the upper chamber of a Transwell insert (8 μm pores, Corning, NY, USA) in RPMI-1640. The upper chamber was placed into 
the Transwell containing a medium supplemented with 10 % FBS in the lower chamber. The cells in lower chamber were counted after 
24h and experiments were done in triplicate. 

2.8. Xenograft tumor model 

The animal studies were approved by the Institutional Animal Care and Use Committee of Peking University People’s Hospital 
(RDX2018-01). Male BALB/c nude mice that were 4–6 weeks old were obtained from Beijing Vital River Laboratory Animal Tech
nology Co., Ltd. The mice were pretreated with intraperitoneal injections of cyclophosphamide once daily at 100 mg/kg for two 
consecutive days. Totally 10 mice were randomly divided into two groups (n = 5 in each group), and LP-1 cells transfected with human 
PRAME shRNA lentiviral particles or blank control lentiviral particles were injected subcutaneously into the right forelimb armpit. 
Tumor diameters were measured every 2 days until day 30. Tumor volume (mm3) was estimated by measuring the longest and shortest 
diameter of the tumor as described [18]. Mice were euthanized on day 30 and tumors were surgically removed for subsequent 
experiments. 

2.9. Immunohistochemistry staining 

The procedure for immunohistochemistry was the same as what Li et al. reported [19]. Briefly, tumors were fixed in 10 % neutral 
buffered formalin and embedded in paraffin. Four μm thick paraffin sections were baked at 68 ◦C for 90 min. Sections were then 
deparaffinized, rehydrated, antigen retrieval and quenched endogenous peroxidase. After blocking, rabbit anti-Ki-67 primary anti
bodies (1:200, Abcam, Cambridge, UK) were added and the slides were incubated at 4 ◦C overnight. After washing three times, sections 
were incubated for 30 min with corresponding secondary antibodies at room temperature. Signals were detected with freshly made 
DAB substrate solution (ZSGB-BIO Company, Beijing, China). 

2.10. Label-free quantitative proteomics (Label free) technology 

Total protein of RPMI8226 cells was extracted followed by ultrasonic lysis and protein quantification. After trypsin digestion, liquid 
chromatography-mass spectrometry analysis was performed for peptide signal capture. Mass spectrometry data was retrieved through 
Maxquant (v1.6.5.0) supported by Uniprot Homo_sapiens database (Hangzhou Jingjie, China). 

2.11. Immunoprecipitation-mass spectrometry (IP-MS) 

RPMI8226 cells were collected and lysed for 30 min on ice. Soluble lysates were incubated with anti-PRAME (ab219650, Abcam) at 
4 ◦C overnight, followed by incubation of Protein A/G Plus-Agarose (sc2003, Santa Cruz Biotechnology, TX, USA) at 4 ◦C for 2 h. 
Immunocomplexes were eluted by Laemmli buffer and separated by SDS-PAGE. The separated gels were stained with Coomassie 
brilliant blue, and were cut into 6 molecular weight ranges and a heavy chain IgG band. Followed by stain removal and trypsin 
digestion of the cut gels, immunocomplexes were subjected to the Thermo Fisher Orbitrap Fusion Lumos Mass Spectrometer. IP-MS 
was assisted by Hangzhou Jingjie Biotechnology Co., Ltd (Hangzhou, China). 

2.12. Immunoprecipitation and endogenous ubiquitination assay 

Cell extracts were incubated with primary antibodies PRAME (ab219650, Abcam) for co-immunoprecipitation (co-IP), p21 
(ab109520, Abcam) and CTMP (14692-1-AP, Proteintech, Hubei, China) for endogenous ubiquitination assay or control IgG in a 
rotating incubator overnight at 4 ◦C, followed by incubation with protein A/G Plus-Agarose (sc2003, Santa Cruz Biotechnology, TX, 
USA) for another 2 h. The immunoprecipitates were washed three times with lysis buffer and analyzed by immunoblotting with anti- 
CTMP and anti-p21 for co-IP assay, as well as anti-ubiquitin (sc8017, Santa Cruz Biotechnology, TX, USA) for ubiquitination testing. 

2.13. Western blot and cycloheximide (CHX)-chase assay 

Cell lysates were prepared with RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) and analyzed by immunoblotting. 
Anti-PRAME (ab219650, Abcam), anti-p21 (ab109520, Abcam), anti-p27 (ab32034, Abcam), anti-CDK4 (23972, Cell Signaling 
Technology, MA, USA), anti-Bcl-2 (12789-1-AP, Proteintech), anti-Bax (50599-2-Ig, Proteintech), anti-PARP (9532, CST), anti- 
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cleaved-PARP (5625, CST), anti-CTMP (14692-1-AP, Proteintech), anti-Akt (60203-2-Ig, Proteintech), anti-p-Akt (4060, CST), anti- 
CCND3 (66357-1-Ig, Proteintech) and anti-GAPDH (5174, CST) were used as primary antibodies. 

For CHX-chase experiments, cells were treated with 50 μg/mL CHX (HY-12320, MedChemExpress, New Jersey, USA) in combi
nation with 10 μmol/L MG-132 (HY-13259, MCE) or DMSO for 0, 2 h, 4 h and 8 h. 

2.14. MM patients’ plasma cell isolation and Micro RNA extraction 

Fresh bone marrow (BM) specimens of newly diagnosed MM patients were used to extract mononuclear cells (MNCs). Plasma cells 
were sorted using CD138 immunomagnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) from MNCs according to the 
manufacturer’s instructions. RNA was then extracted from the purified plasma cells using the RNeasy Micro Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instructions. 

2.15. Statistical analysis 

All data were presented as the mean ± standard deviation (SD). The Student’s t-test was used to determine significant differences 
between two groups, and one-way ANOVA was used to estimate differences between three or more groups. All P-values were obtained 
using two-tailed tests, and P < 0.05 was considered statistically significant. The statistical analysis was performed using SPSS software 
version 26.0 (SPSS, Inc., Chicago, IL) and GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA). 

3. Results 

3.1. Construction of PRAME stable knockdown and overexpression cell models 

PRAME transcript and protein levels in MM cell lines were measured by qRT-PCR and Western blot. PRAME expression levels were 
high in RPMI8226, KM-3, and SKO-007 (all PRAME/ABL >750 %), and were relatively low in LP-1 cells (Fig. 1A and B). Therefore, 
PRAME expression was knocked down in all four cell lines and over-expressed only in the LP-1 cell line by Lentivirus. PRAME transcript 
levels were knocked down to 18 %, 25 %, 20 % and 39 % of control in RPMI8226, LP-1, KM-3 and SKO-007 cells, respectively (Fig. 1C). 
In the overexpression group of LP-1, the PRAME transcript level was 2.5 times higher than the control group (Fig. 1C). PRAME protein 
level changes also identified the construction of PRAME stable knockdown and overexpression cell models (Fig. 1D). 

3.2. PRAME promotes MM cells’ proliferation 

RPMI8226 and LP-1 cell lines were used for cell proliferation viable assays. The growth curve, EdU and colony formation assays 
indicated that PRAME overexpression significantly promoted cell proliferation, whereas PRAME knockdown slowed down cell pro
liferation (Fig. 2A–C). Next, a xenograft tumor model was built to investigate the role of PRAME on in vivo tumor growth. Consistent 
with cell assays, the tumor formation rate in the PRAME knockdown group was lower than that in the control group (Fig. 2D). 
Moreover, tumor volume (Fig. 2E) and weight (Fig. 2F) in the PRAME knockdown group were lower than those in the control group. 

Fig. 1. PRAME expression in MM cell lines and construction of PRAME knockdown and overexpression cell models. PRAME expression in human 
MM cell lines RPMI8226, LP-1, KM-3 and SKO-007, was tested by (A) qRT-PCR and (B) Western blot (related to Fig. S2 and Fig. S3). The efficiency of 
PRAME knockdown and overexpression was verified by (C) qRT-PCR and (D) Western blot (related to Fig. S4 and Fig. S5). Data are the means ± SD 
of 3 assays in qRT-PCR assay. 
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Fig. 2. PRAME promotes proliferation of MM cells in vitro and in vivo. (A) Growth curve analysis by cell count, (B) EdU assay tested by flow 
cytometry and (C) colony-forming assays showed that PRAME promoted cell proliferation. Data are the means ± SD of 3 assays. (D, E) The volume 
and (F) weight of LP-1-derived xenografts in the PRAME knockdown and control groups. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001. 
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Taken together, these data demonstrated that PRAME promoted MM cells’ growth. 

3.3. PRAME promotes cell cycle progression, cell migration and invasion 

Flow cytometry analysis demonstrated that PRAME knockdown in RPMI8226 and LP-1 increased the proportion of cells in G0/G1 
phase and decreased the proportion of cells in S phase (Fig. 3A–D). Opposite results were found when PRAME was overexpressed in LP- 
1 cells (Fig. 3E and F), suggesting that PRAME promoted cell cycle transition from G0/G1 to S phase. Furthermore, the IHC results 
indicated that tumors of PRAME knockdown group expressed less Ki67 than those of the control group (Fig. 3G and H). In addition, 
PRAME knockdown group cells showed an obvious reduction in the migratory (Figs. S1A–C) and invasive (Figs. S1D–F) ability. PRAME 
overexpression showed the opposite results. 

Fig. 3. PRAME promotes cell cycle progression in MM cells. (A–F) Cell cycle analysis by flow cytometry in PRAME knockdown of (A, B) LP-1 and (C, 
D) RPMI8226 and overexpression of (E, F) LP-1 cells with corresponding vector controls. (G, H) Ki-67 expression of LP-1-derived xenografts in the 
PRAME knockdown and control groups was tested by immunohistochemistry assay (scale bar, 50 μm). Data are the means ± SD of 3 assays. ns, no 
significance; *P < 0.05; **P < 0.01; ***P < 0.001. 
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Fig. 4. CTMP and p21 were novel PRAME-interacting proteins in MM cells. (A) Pathway enrichment results based on Metascape analysis of top 100 
proteins with reduced expression followed by PRAME knockdown. Top 20 pathways were listed. Regulation of mitotic cell cycle was most 
significantly enriched. (B) Proteins interacting with cyclins analyzed by STRING database. In addition to proteins of cytokinin-dependent kinase 
(CDK) family, cytokinin-dependent kinase inhibitors (such as CDKN1A and CDKN1B) are attractive. (C) CCND3 and p21 expression levels tested by 
Western blot in MM cell lines compared PRAME knockdown or overexpression groups to control groups (related to Fig. S6-Fig. S10). LP-1 was not 
applied for subsequent protein detection experiments for the low protein expression level of p21 (related to Fig. S11-Fig. S13). (D) Flow diagram of 
IP-MS of RPMI8226 cells. (E) Western blot verified the CTMP/Akt/p21/CCND3 pathway in MM cell lines RPMI8226, KM-3 and SKO-007 (related to 
Fig. S14-Fig. S34). Protein expression levels of CTMP and p21 were increased, and p-Akt and CCND3 were decreased followed by PRAME 
knockdown. (F) PRAME interacted with CTMP, p21 and Cul2 at the endogenous level. Cells were harvested and subjected to immunoprecipitation 
with anti-PRAME Ab and immunoblotting with anti-CTMP, anti-p21 and anti-Cul2 Ab (related to Fig. S35-Fig. S42). (G) Higher PRAME transcript 
levels correlated with lower THEM4 and CDKN1A transcript levels in MM patients’ plasma cells. 
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3.4. PRAME promotes cell proliferation through CTMP/Akt/p21/CCND3 axis by interacting with CTMP and p21 

Proteomic analysis of PRAME-knockdown group and the control group of RPMI8226 cells was performed to reveal differentially 
expressed proteins underlying PRAME related biological effects. Major pathways involved in downregulated proteins were enriched by 
Metascape analysis [20], and biological process related to mitotic cell cycle regulation was most significantly enriched (Fig. 4A). 
STRING database was applied for searching cell cycle-related upstream proteins. CDKN1A (encoding tumor suppressor p21) and 
CDKN1B (encoding tumor suppressor p27) were the potential candidates (Fig. 4B). Western blot assay confirmed the downregulated 
expression of cyclin D3 (CCND3) and upregulated expression of p21 in PRAME-knockdown RPMI8226, KM-3, SKO-007 and LP-1 cells 
(Fig. 4C). 

IP-MS was further performed to explore PRAME-interacting proteins (Fig. 4D). CTMP was identified as a potential candidate 
protein. In addition, proteomic analysis indicated that CTMP was upregulated in PRAME-knockdown RPMI8226 cells. KEGG pathway 
database was then used for targeted protein localization. CTMP was found as an upstream binding molecule and inhibitor of Akt. The 
latter was the key molecule in promoting proliferation and one of the upstream regulators of p21/CCND3. Western blot assay showed 
that as the expression level of PRAME was knocked down in MM cell lines, CTMP and p21 increased, and p-Akt and CCND3 decreased 
(Fig. 4E). Therefore, PRAME promoted cell proliferation through CTMP/Akt/p21/CCND3 axis. 

Fig. 5. PRAME degrades CTMP and p21 through UPS. (A, B) CTMP and p21 were degraded by proteasomes. RPMI8226 cells were treated with 10 
μmol/L MG-132 versus DMSO in combination with 50 μg/mL CHX for indicated time (0, 2h, 4h and 8h, respectively), and then were subjected to 
immunoblotting using anti-CTMP and anti-p21 with GAPDH as a loading control (related to Fig. S43-Fig. S46). (C, D) The expression of CTMP and 
p21 in Fig. 5A and B was quantified by densitometric analysis using ImageJ software, respectively. Data are the means ± SD of 3 assays. ns, no 
significance; *P < 0.05; **P < 0.01; ***P < 0.001. (E, F) PRAME mediated polyubiquitination of CTMP and p21 in RPMI8226 cells. PRAME 
knockdown and control cell models were used. Cells were extracted and subjected to immunoprecipitation with anti-CTMP and anti-p21 Ab and 
immunoblotting with anti-ubiquitin Ab with MG-132 for 2h and 6h, respectively (related to Fig. S47-Fig. S60). 
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Co-IP (immunoprecipitation with anti-PRAME Ab and immunoblotting with anti-CTMP Ab and anti-p21 Ab, respectively) 
confirmed the interaction between PRAME and CTMP, and also showed interactions between PRAME and p21 in RPMI8226, KM-3 and 
SKO-007 cells (Fig. 4F). Meanwhile, immunoprecipitation with anti-CTMP and anti-p21 Ab and immunoblotting with anti-PRAME Ab 
enriched PRAME in PRAME high expression groups, further verifying interactions between CTMP as well as p21 and PRAME (Fig. 5E 
and F). Therefore, CTMP and p21 were novel PRAME targeting proteins. 

We further investigated the correlations between PRAME and its targets using newly diagnosed primary MM patients’ BM plasma 
cells. Quantitative PCR showed that the patient with relatively higher PRAME expression showed lower transcript levels of THEM4 
(encoding the protein CTMP) and CDKN1A (encoding the protein p21). And those with higher transcript levels of THEM4 and CDKN1A 
all showed lower PRAME expression (Fig. 4G). These data indicated that the interactions between PRAME and CTMP as well as p21 
might exist in MM patients’ plasma cells. 

3.5. PRAME mediates degradation of CTMP and p21 through UPS 

Because of the reverse protein levels between PRAME and its interacting proteins CTMP and p21, substrate recognizing role of 
PRAME related to ubiquitin proteasome mediated protein degradation was speculated in MM. Co-IP results showed the interactions 
between PRAME and Cul2 (Fig. 4F), which indicated that PRAME might act as a substrate recognizing receptor protein of Cullin RING 
E3 ligases (CRLs) in the above process. With relatively high expression levels of both CTMP and p21, RPMI8226 cells were used for 
protein translation blocking and proteasome inhibition assays. Under the premise of protein synthesis blocking, degradation of CTMP 
and p21 in groups with well-worked proteasomes was obviously increased than that in proteasome inhibited groups (Fig. 5A–D), 
suggesting that both CTMP and p21 could be degraded by proteasomes in RPMI8226 cells. 

In order to further investigate the impact of PRAME on ubiquitination, co-IP assays (Immunoprecipitation individually with anti- 
CTMP Ab and anti-p21 Ab and immunoblotting with anti-ubiquitin) were conducted. The downregulation of PRAME inhibited the 
polyubiquitination of CTMP and p21 (Fig. 5E and F). These findings indicated that PRAME functioned as a Cul2-dependent substrate 
recognizing receptor protein, mediating CTMP and p21 degradation through the ubiquitin-proteasome process. 

3.6. PRAME increases bortezomib sensitivity by targeting CTMP and p21 

The effect of PRAME expression on the sensitivity of MM cells to bortezomib was investigated. The proportion of apoptotic cells was 
increased after bortezomib treatment, and PRAME knockdown and overexpression individually weakened and enhanced the effect of 
bortezomib-induced apoptosis (Fig. 6A). These data suggested that PRAME expression levels were positively related to bortezomib 
sensitivity in MM cells. 

Protein translation blocking and proteasome inhibition assay were performed to investigate the potential mechanism. Compared 
with proteasome inhibition group, well-worked proteasomes in the control-PRAME-knockdown group degraded CTMP and p21 more 
intensely than that in the PRAME-knockdown group (Fig. 6B–D). Proteasome-mediated degradation of CTMP and p21 was blocked 
followed by PRAME knockdown, revealing that CTMP and p21 degradation showed a PRAME expression-level dependent pattern. 
Interestingly, with well-worked proteasome, PRAME knockdown made the level of CTMP even higher than that with proteasome 
inhibition, indicating that proteasome-mediated CTMP degradation process might be more PRAME-dependent than that of p21. 
Increased proteasome activity followed by high expression of PRAME might be one of the reasons for the increased sensitivity to 
bortezomib. 

4. Discussion 

In the current study, firstly, we demonstrated that PRAME acted as a tumor promoter in the pathogenesis and progression of MM. 
Consistent with the results of our previous clinical cohort study [12], this study demonstrated that PRAME promoted proliferation and 
survival of MM cells in vitro and in the xeno-transplant model. These results made it clear for the oncogenic effect of PRAME in MM 
cells. 

Several studies have indicated that PRAME conferred growth or survival advantages by binding to the retinoic acid (RA) receptor 
[21]. Upregulation of PRAME inhibited RA-induced differentiation, growth arrest, and apoptosis in chronic myeloid leukemia (CML) 
[22]. Another study revealed that PRAME overexpression was associated with low expression of apoptosis-inducing genes among 
pediatric AML patients [23]. The current study elucidated the mechanism of PRAME upregulation to promote proliferation from a 
novel perspective, referring to activation of Akt and its downstream signaling related to cell cycle regulation. 

Fig. 6. PRAME increases sensitivity of MM cells to bortezomib by targeting CTMP and p21. (A) Apoptosis analysis by flow cytometry in PRAME 
knockdown and overexpression cells with corresponding vector controls after bortezomib treating for 48h (LP-1, 10 nM; RPMI8226 20 nM). Data are 
the means ± SD of 3 assays. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001. (B) CTMP and p21 were degraded more intensely by pro
teasomes in PRAME high expression group than that in PRAME low expression group. PRAME knockdown and the control RPMI8226 cells were 
treated with 10 μmol/L MG-132 versus DMSO in combination with 50 μg/mL CHX for indicated time (0, 2h, 4h and 8h, respectively), and then were 
subjected to immunoblotting using anti-PRAME, anti-CTMP and anti-p21 with GAPDH as a loading control (related to Fig. S61-Fig. S70). (C, D) The 
expression of CTMP and p21 in Fig. 6B was quantified by densitometric analysis using ImageJ software, respectively. Significance was shown 
between the fold changes of shCtrl PRAME MG132+CHX/DMSO + CHX group compared to shPRAME MG132+CHX/DMSO + CHX group at each 
time point. Data are the means ± SD of 3 assays. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001. 
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Considering MM is a UPS-dysfunction disease [7], and PRAME functions as an SRS in the ubiquitin proteasome process [15,16], we 
speculated that PRAME might play its role of substrate recognizing during protein degradation process in MM cells. Based on pro
teomics and IP combined with MS, PRAME was identified to function as a Cul2-dependent SRS in MM cells, and CTMP and p21 were 
discovered as PRAME-interacting proteins for the first time. Similar to the present study, Zhang et al. reported PRAME, also acting as a 
subunit of Cul2-dependent E3 ligase, promoted progression of multiple solid tumors by mediating p14/ARF degradation [24]. These 
results suggested that PRAME, as an SRS, might widely participate in ubiquitination and degradation process of various proteins in 
different tumors, but substrates identified by PRAME might be specific among different cell types. 

As an inhibitor of cyclin-dependent kinase, p21 (also known as p21WAF1/Cip1 or CDKN1A) was reported to be regulated by TAAs, 
and subsequently be degraded through the ubiquitination pathway in several studies. Zhang et al. reported that FBXO22 acted as a 
subunit of F-box E3 ligase in regulating the ubiquitination and degradation of p21, which promoted the progression of hepatocellular 
carcinoma [25]. Another study revealed that p21 ubiquitination was blocked by tumor suppressor HERC3 (a member of HERC E3 
family) via tumor promotor RPL23A in colorectal cancer [26]. Similarly, in the present study, p21 was also found degraded via the 
ubiquitination pathway, and thus promoted cell cycle progression of MM cells mediated by the TAA PRAME. These results suggested 
that p21 might be extensively degraded via ubiquitination process as a TAA-specific substrate of E3 ubiquitin ligases, which might be 
an important mechanism for tumor progression. 

Unlike p21, studies investigating the biological effects of CTMP (carboxyl-terminal modulator protein or thioesterase superfamily 
member 4, THEM4) were still insufficient. As an upstream regulatory molecule of protein kinase B (PKB/Akt), previous studies have 
revealed high expression of CTMP was the risk factor for ischemic injury and metabolic syndrome [27–29]. Studies focusing on the 
roles of CTMP in cancers have been increasing in recent years, but results were not fully consistent. CTMP was found to induce 
apoptosis in several types of solid tumor tissues [30–32], whereas others demonstrated that CTMP acted as an oncogenic driver in 
breast cancer and head and neck squamous cell carcinoma [33,34]. However, studies exploring the biological roles of CTMP in he
matologic malignancies are still lacking, and none of studies have investigated the association between ubiquitination and degradation 
of CTMP and tumor development. In the current study, we found that CTMP inhibited Akt phosphorylation and functioned as an 
anti-oncogenic related molecule in MM cells, and first demonstrated that CTMP was degraded by PRAME-mediated ubiquitination, a 

Fig. 7. Mechanism diagram exhibits the role of PRAME in promoting cell proliferation and increasing sensitivity to bortezomib in MM cells. On the 
CTMP/Akt/p21/CCND3 signal pathway, PRAME plays the role of Cul2-dependent substrate recognizing receptor protein, and interacts with its 
target CTMP, labeling it with ubiquitin, and making it chemotactic to proteasome and degraded through UPS. The degradation of CTMP contributes 
to phosphorylation and activation of Akt, which leads to blocking of p21 expression. At the same time, PRAME directly takes p21 as its ubiq
uitination substrate, directing it degraded through the UPS. Both of the above-mentioned two pathways decrease p21 levels, thus leading to 
accumulation of CCND3 and promoting the cell cycle progression and cell proliferation. 
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process associated with tumor progression. 

5. Conclusion 

The current study revealed that PRAME played a proliferation-promoting role in MM cells. From the perspective of UPS, we 
demonstrated a novel mechanism by which PRAME promoted MM development through the ubiquitination and degradation of CTMP 
and p21 (Fig. 7). Remarkably, CTMP and p21 were identified as novel proteins interacting with PRAME. Our findings presented a new 
insight into understanding the progression of MM and bortezomib treatment resistance, and provided new targets for more precise and 
effective treatment choices for MM. 
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