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Abstract
Multiple myeloma (MM) still remains an incurable disease due to widespread drug resistance and high frequency of relapse. 
In this study, we found that tetrahydrobiopterin (BH4) promotes MM cell proliferation and tumor growth in vivo. BH4 also 
increases MM bortezomib (Bor) resistance in vitro and in vivo. We show that BH4 increases the expressions of USP7 and 
USP46 in MM cells, which are responsible for MM Bor resistance primed by BH4. BH4 promotes the degradation of P53 
and the activation of NF-κB signaling through the up-regulation of USP7 and USP46. Furthermore, the inhibition of USPs 
increases the therapeutic effects of Bor in MM tumor bearing mice. Our results demonstrate the important role of BH4 in 
MM Bor resistance and tumor progression in vivo. These findings could potentially have clinical implications.
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Abbreviations
BH4	� Tetrahydrobiopterin
MM	� Multiple Myeloma
BTZ	� Bortezomib
NF-κB	� Nuclear factor kappa-B
FBS	� Fetal bovine serum
qPCR	� Real time quantitative polymerase chain reaction
USP	� Ubiquitin-specific proteases
FI	� Fluorescence intensity
MFI	� Mean fluorescence intensity

Background

Multiple myeloma (MM) is a plasma cell malignancy mainly 
residing in the bone marrow [1]. Recently, new chemothera-
peutic drugs and regimens have substantially improved the 
prognosis of patients with MM, with an increase in median 
survival from 3–5 years to 8–10 years [2, 3]. However, MM 
still remains largely incurable. Most patients eventually 
relapse due to chemotherapeutic drug resistance [4]. There-
fore, the investigation of the mechanisms underlying MM 
drug resistance may have important clinical significance.

Proteasome inhibitors, such as bortezomib (Bor) and 
carfilzomib, are highly effective and widely used for the 
treatment of MM [5–7]. The ubiquitination and degradation 
of p53 and IκB plays an important role in MM cell survival 
and tumor progression [8, 9]. Proteasome inhibitors promote 
the apoptosis of MM cells through inhibiting proteasome-
mediated degradation of the ubiquitinated p53 and IκB [7, 
10]. Although proteasome inhibitors have achieved clinical 
success, most patients eventually develop resistance to the 
therapy [11, 12]. And the underlying mechanisms need to 
be further investigated.

Tetrahydrobiopterin (BH4) is a co-factor of nitric oxide 
synthase (NOS), tyrosine hydroxylase, and tryptophan 
hydroxylase, which are involved in the biosynthesis of nitric 
oxide and monoamine neurotransmitters and pain sensitiv-
ity [13]. BH4 promotes tumor growth and modulates ubiq-
uitination and proteosome activity through NOS-mediated 
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S-nitrosation of target proteins [14, 15]. Loss of BH4 trig-
gers the increase of ubiquitinated proteins and subsequent 
degradation in cells [16, 17]. However, the role of BH4 in 
MM drug resistance and progression remains unknown.

In this study, we found that BH4 promotes MM cell pro-
liferation and tumor growth in vivo. And, BH4 treatment 
inhibits Bor-induced antitumor effects. We show that BH4 
upregulates the expressions of USP7 and USP46 in MM 
cells, which are essential for BH4-induced MM Bor resist-
ance. BH4 increases p53 degradation and activates NF-kB 
signaling pathways in a USP-dependent manner. Further-
more, the inhibition of USPs increases the therapeutic effects 
of Bor in MM tumor bearing mice. Our results demonstrate 
the important role of BH4 in MM Bor resistance and tumor 
progression and may have important clinical implications.

Methods

Mice and cell lines

Balb/c mice were purchased from the Jackson Laboratory 
and bred in pathogen-free facilities at the First Hospital Ani-
mal Center of Jilin University. Mice were used in experi-
ments at 6–8 weeks of age. All animal experimental proce-
dures were reviewed and approved by the Animal Ethical 
Committee of First Hospital of Jilin University.

MPC-11, MOPC-315, ARP-1, and CAG MM cell lines 
were purchased from ATCC (Rockville, MD) and were 
cultured in RPMI 1640 medium supplemented with 10% 
heat-inactivated fetal bovine serum (FBS, ExCell), 100 U/
mL penicillin (Invitrogen), and 100 mg/mL streptomycin 
(Invitrogen). Cells were grown in standard (37 °C, 5% CO2) 
culture incubators.

Reagents and antibodies

BH4 was purchased from Sigma. BH4 was dissolved in 
RPMI 1640 medium or PBS to a stock concentration of 
20 mM. Bor was purchased from Selleckchem. P22077 (USP 
inhibitor, USPi) was purchased from MedChemExpress. Bor 
and P22077 were dissolved in dimethylsulfoxide (DMSO) 
to stock concentrations of 80 mM and 150 mM. For cell 
assays, BH4 was used at a concentration of 40 μM, Bor at 
15 nM, and P22077 at 10 μM. For in vivo use, BH4, Bor, 
and P22077 were injected intraperitoneally (i.p.) at doses of 
60 μg/mouse, 20 μg/mouse, and 200 μg/mouse.

In vivo functional tests

In MM cell proliferation tests, MPC-11 and MOPC-315 
MM cells (1 × 106 per mouse) were labeled with CFSE and 
injected into Balb/c mice through the tail veins. Mice were 

injected i.p. with BH4 (60 μg/mouse) on day 0, day 2, and 
day 4 after tumor challenge. Mice treated with PBS served as 
controls. On day 5 after tumor challenge, cells were isolated 
from lung tissues and analyzed by flow cytometry.

In MM Bor resistance and tumor progression tests, 1 × 106 
MPC-11 or MOPC-315 cells were injected subcutaneously 
(s.c.) into Balb/c mice. From day 0 or 6 after tumor chal-
lenge, mice were randomly divided into groups and given 
treatments every 2 days. Mice injected with PBS served 
as controls. Tumor development was monitored over time. 
Tumor volume was calculated by the formula: 3.14 × (mean 
diameter)3/6. When the tumor diameter reached to the range 
between 1.5 and 2 cm, mice were killed by cervical disloca-
tion under ketamine anesthesia.

Flow cytometry

Flow cytometry were performed as described previously [18, 
19]. FITC-Annexin V and PI were purchased from BD Bio-
sciences and performed to test cell viability. CFSE (carboxyl 
fluorescein diacetate, succinimidyl ester) was purchased 
from Invitrogen and used to measuring cell proliferation. 
Cells were analyzed by a BD LSRFortessa™ cytometer.

Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from cells using an EasyPure 
RNA Kit (TransGen Biotech), and cDNA was synthesized 
with an All-in-One First-Strand cDNA Synthesis Super-
Mix (TransGen). The mRNA levels of Usp7 and Usp46 by 
MPC-11 and MOPC-315 cells were analyzed. Expression 
was normalized to the expression of the housekeeping gene 
Gapdh. Primer sets used for these analyses are listed as fol-
lows: Gapdh, 5′-AGC TTG TCA TCA ACG GGA AG-3′ 
(forward) and 5′-TTT GAT GTT AGT GGG GTC TCG-3′ 
(reverse); Usp7, 5′-AAG TCT CAA GGT TAT AGG GAC 
GG-3′ (forward) and 5′-CCA TGC TTG TCT GGG TAT 
AGT GT-3′ (reverse); Usp46, 5′-ATG ACT GTC CGA AAC 
ATC GCC-3′ (forward) and 5′-TTG ACC AAT CC GAA 
GTA GTG TTC-3′ (reverse).

RNA interference

RNA interference was performed as previously described 
[18]. Day 0 MPC-11 cells were transfected with 100 nM 
siRNA with transfection reagent RNAFit (HANBIO) accord-
ing to the manufacturer’s protocol. Silencing was confirmed 
at the mRNA levels by qPCR on day 1. Transfected MPC-
11 cells were treated with BH4 + Bor for 24 h. On day 2, 
MPC-11 cells were collected and analyzed by flow cytom-
etry staining. siRNAs used are listed as follows: Control 
5′-UUC UCC GAA CGU GUC ACG UTT-3′ (sense) and 
5′-ACG UGA CAC GUU CGG AGA ATT-3′ (anti-sense); 
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Usp7, 5′-GGU GGA ACG AUU GCA AGA ATT-3′ (sense) 
and 5′-UUC UUG CAA UCG UUC CAC CTT-3′ (anti-
sense); Usp46, 5′-GCA UUA CAU CAC CAU CGU ATT-
3′ (sense) and 5′-UAC GAU GGU GAU GUA AUG CTT-3′ 
(anti-sense).

Western‑blot analyses

Whole-cell lysates were harvested by RIPA Buffer (cat #: 
9806, CST) containing Protease/Phosphatase Inhibitor 
Cocktail (100X) (cat #: 5872, CST). The protein lysates 
were resolved on 12% polyacrylamide sodium dodecyl sul-
fate (SDS) gels. Anti-mouse p53, caspase3, β-actin, p-IκBα, 
IκBα, NF-κB1 p105/50, NF-κB p65, and Histone H3 anti-
bodies were purchased from Cell Signaling Technology 
(CST). Nuclear protein extraction kit (cat #: DE201-01) 
was purchased from TransGen. Images have been cropped 
for presentation.

RNA sequencing (RNA‑Seq)

MPC-11 and MOPC-315 cells were cultured with or with-
out (PBS) the addition of BH4 for 24 h and cells were col-
lected for RNA extraction. Total RNA was extracted with the 
Trizol (Thermo Fisher) and RNA-Seq was done by Sangon 
Biotech (Shanghai, China).

Statistical analysis

The Student t test (2 groups) and ANOVA (≥ 3 groups) were 
used to compare various experimental groups. A P value of 
less than 0.05 was considered significant.

Results

BH4 promotes MM progression in vivo

We first examined the role of BH4 treatment in MM cell pro-
liferation in vivo, CFSE-labeled MPC-11 cells were injected 
intravenously (i.v.) into Balb/c mice. Mice were treated with 
BH4 on day 0, 2, and 4 after tumor injection. BH4 treatment 
increased MM cell proliferation as compared with PBS con-
trol (Fig. 1a). Similarly, BH4 treatment induced more potent 
cell proliferation responses than PBS control in MOPC-315 
MM mouse model (Fig. 1a). These data indicated that BH4 
stimulates MM cell proliferation in vivo.

We next examined the effects of BH4 treatment on MM 
tumor growth. MPC-11 cells were injected s.c. into Balb/c 
mice and mice were treated with BH4 every 2 days after 
tumor challenge. BH4 promoted MM tumor growth as com-
pared with PBS control (Fig. 1b). In addition, BH4 treatment 
also stimulated MOPC-315 MM tumor growth in Balb/c 

mouse model (Fig. 1c). Together, these results demonstrates 
that BH4 promotes MM progression in vivo.

BH4 increases Bortezomib resistance in MM

We next examined the effects of BH4 on Bor-induced MM 
cell apoptosis. As shown in Fig. 2a, while the addition of 
Bor efficiently induced MPC-11 MM cell apoptosis in the 
cell culture as compared with PBS control, the addition 
of BH4 significantly inhibited Bor-induced MPC-11 MM 
cell apoptosis. Furthermore, the addition of BH4 inhibited 
Bor-induced cell apoptosis in MOPC-315 MM cell model 
(Fig. 2a). We also examined the effects of BH4 on Bor-
induced cell apoptosis in human MM cell cultures. As shown 
in Fig. S1, BH4 treatment also significantly inhibited Bor-
induced MM cell apoptosis in both ARP-1 and CAG MM 
cell models. These results demonstrated that BH4 inhibits 
Bor-induced MM cell apoptosis in vitro.

To examine the role of BH4 in Bor-induced inhibition 
of MM tumor growth, BH4 were injected i.p. into MCP-
11-bearing mice during Bor treatment. While Bor treatment 
potently inhibited MPC-11 MM tumor growth as com-
pared with PBS control (Fig. 2b), BH4 treatment largely 
abolished Bor-induced inhibition of MPC-11 MM tumor 
growth (Fig. 2b). Moreover, BH4 treatment also inhibited 
Bor-induced inhibition of MOPC-315 MM tumor growth in 
Balb/c mouse model (Fig. 2c). Together, these data demon-
strated that BH4 increases Bor resistance in MM therapy.

BH4 increases MM cell survival via USP7 and USP46

We next exploit the molecular mechanism underlying BH4-
induced MM cell survival. We first performed RNA-seq 
analysis in MPC-11 and MOPC-315 MM cells with or with-
out BH4 treatment. We identified 32 differentially expressed 
genes in MM cells versus BH4-treated MM cells (Fig. 3a).

The protein–deubiquitylation promotes tumor progression 
and drug resistance through p53 degradation and NF-κB 
activation [8, 9, 20]. Ubiquitin-specific protease 7 (USP7) 
inhibits the degradation of MDM2, which upregulates the 
ubiquitination of p53 and tumor progression [20]. Interest-
ingly, RNA-seq analysis revealed that the addition of BH4 
increased the expression of Usp7 and Usp46 in MPC-11 
and MOPC-315 MM cells (Fig. 3a), suggesting that USP7 
and USP46 may mediate BH4-induced MM cell survival. 
We confirmed the upregulation of Usp7 and Usp46 in BH4-
treated MPC-11 (Fig. 3b) and MOPC-315 (Fig. 3c) MM 
cells by qPCR. Moreover, the addition of BH4 also increased 
the expression of Usp7 and Usp46 in Bor-treated MPC-11 
(Fig. 3b) and MOPC-315 (Fig. 3c) MM cells. These results 
indicated that BH4 stimulates the expression of USP7 and 
USP46 in MM cells.
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To address the role of USP7 and USP46 in BH4-treated 
MM cell survival, an inhibitor of USP family members 
(especially USP7), P22077 (USPi) was used. As shown in 
Fig. 3d, the addition of USPi increased MPC-11 MM cell 
apoptosis as compared with PBS control (Fig. 3d, e), and 
the addition of USPi further increased the apoptosis of 
Bor-treated MPC-11 MM cells (Fig. 3d, e). Furthermore, 
the addition of USPi partially abolished BH4-induced MM 
cell survival in Bor-treated MM cells (Fig. 3d, e). Further-
more, the addition of USPi also partially abolished the sur-
vival of cells treated with BH4 plus Bor compared to Bor 
alone (Fig. 3d, e). By using MOPC-315 MM cell model, 
we observed similar results of USPi on BH4-induced 
MM cell survival (Fig. 3d, e). In addition, by using small 
interfering RNAs (siRNAs) to specifically silence Usp7 
or Usp46 in MPC-11 cells (Fig. 3f), we found that knock-
down of either Usp7 or Usp46 reduced BH4-mediated Bor 
resistance in MPC-11 cells (Fig. 3g–j). Together, these 

results indicated that BH4 mediates MM cell survival 
through USP7 and USP46.

BH4 increases p53 degradation and NF‑κB 
activation via USP7 and USP46

We next examined the effects of BH4 treatment on p53 
and NF-κB signaling. We first explored the role of BH4 in 
the degradation of p53 in MPC-11 MM cells. As shown in 
Fig. 4a, BH4 treatment exhibited minor effects on the protein 
level of p53 in MM cells as compared to PBS control. How-
ever, as expected, Bor treatment increased the protein level 
of p53 in MM cells as compared to PBS control (Fig. 4a), 
and the addition of BH4 almost completely abolished the 
increase of p53 in Bor-treated MM cells (Fig. 4a). We then 
examined the role of BH4 treatment in NF-κB signaling in 
MM cells. Similarly, BH4 treatment exhibited minor effects 
on the protein levels of p-IκBα and IκBα (Fig. 4a), but 

Fig. 1   BH4 promotes MM progression in  vivo. a MPC-11 and 
MOPC-315 MM cells (1 × 106 per mouse) were labeled with CFSE 
and injected into Balb/c mice through the tail veins. Mice were 
injected intraperitoneally (i.p.) with BH4 (60  μg/mouse) on day 0, 
day 2, and day 4 after tumor challenge. Mice treated with PBS served 
as controls. On day 5, cells were isolated from lung tissues and ana-
lyzed by flow cytometry. Numbers in the histograms represent the 
fluorescence intensity (FI). Right, summarized results of three inde-
pendent experiments obtained as the left. MFI mean fluorescence 

intensity. Data are presented as mean ± SD of three independent 
experiments. b, c Balb/c mice were injected subcutaneously (s.c.) 
with MPC-11 (b) or MOPC-315 (c) cells (1 × 106 per mouse). From 
day 0 after tumor challenge, mice were injected i.p. with BH4 every 2 
days. Mice treated with PBS served as controls. Shown are the tumor 
growth curves. The experiments were performed twice with a total of 
10 mice per group (n = 10). Data are presented as mean ± SD. NS not 
significant. *P < 0.05; **P < 0.01
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slightly increased the nuclear translocation of p50 and p65 
in MM cells as compared to PBS control (Fig. 4b). And, 
Bor treatment increased the protein levels of p-IκBα and 
IκBα (Fig. 4a), and decreased the nuclear translocation of 
p50 and p65 in MM cells as compared with PBS control 
(Fig. 4b). However, BH4 treatment markedly decreased the 
protein levels of p-IkBα and IkB-α (Fig. 4a) and increased 
the nuclear translocation of p50 and p65 in Bor-treated MM 
cells (Fig. 4b). These data indicated that BH4 promotes p53 
degradation and NF-κB activation in MM cells.

To determine the role of USP7 and USP46 in BH4-medi-
ated p53 and NF-κB signaling, an USP inhibitor (P22077, 
USPi) was used. We found that USPi partially abolished 
BH4-induced decrease of p53, p-IκBα, and IκBα in Bor-
treated MM cells (Fig. 4c). Furthermore, USPi partially 
abolished BH4-induced increase of p50 and p65 nuclear 
translocation in Bor-treated MM cells (Fig. 4d), indicat-
ing that USPi inhibited BH4-induced p53 degradation and 
NF-κB activation in MM cells. Collectively, these data indi-
cated that BH4 mediates p53 degradation and NF-κB activa-
tion through USP7 and USP46.

The inhibition of USPs promotes therapeutic effects 
of Bor in MM

To examine the role of USPs in MM therapy, USP inhibitor 
was used during Bor-mediated MM treatment. MPC-11 cells 
were injected s.c. into Balb/c mice and mice were treated 
with USP inhibitor and Bor. While USPi treatment exhibited 
minor effects on MM tumor growth as compared to PBS 
control, the addition of USPi increased Bor-mediated inhibi-
tion of MM tumor growth (Fig. 5a). Furthermore, the combi-
nation of USPi and Bor also induced more potent antitumor 
response than Bor alone in MOPC-315 MM Balb/c mouse 
model (Fig. 5b). Thus, our results demonstrated that the 
inhibition of USPs increased Bor antitumor effects in MM.

Discussion

MM still remains an incurable disease due to wide-
spread drug resistance and high frequency of relapse [4]. 
Therefore, identifying factors associated with MM drug 

Fig. 2   BH4 increases Bortezomib resistance in MM. a MPC-11 
and MOPC-315 cells were cultured in the presence of BH4, Bort-
ezomib (Bor), or their combinations (BH4 + Bor) for 24  h. Cells 
treated with PBS served as controls. Cell apoptosis was analyzed by 
flow cytometry. Numbers in the dot plots represent viability of MM 
cells. Showing are representative data of three independent experi-
ments. Right, summarized results of three independent experiments 

obtained as left. Data are presented as mean ± SD. b, c Balb/c mice 
were injected s.c. with MPC-11 (b) or MOPC-315 (c) cells (1 × 106 
per mouse). From day 6 after tumor challenge, mice were injected i.p. 
with Bor or BH4 + Bor every 2 days. Mice received PBS served as 
controls. Shown are the tumor growth curves. The experiments were 
performed twice with a total of 10 mice per group (n = 10). Data are 
presented as mean ± SD. *P < 0.05; **P < 0.01
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Fig. 3   BH4 increases MM cell survival via USP7 and USP46. a 
MPC-11(M1) and MOPC-315(M2) were cultured with or without 
(PBS) the addition of BH4 for 24  h. Cells were analyzed by RNA-
seq. Pink-blue heatmap shows the log2-fold change of the dif-
ferentially expressed genes. Pink, higher expression; blue, lower 
expression. b, c MPC-11 (b) and MOPC-315 (c) were cultured in 
the presence or absence (PBS) of BH4, Bor, or their combinations 
(BH4 + Bor) for 24  h. qPCR assessed the mRNA levels of Usp7 
andUsp46. Expression was normalized to Gapdh and set at 1 in PBS-
treated cells. Results shown are the mean ± SD of three independent 
experiments. d MPC-11 and MOPC-315 cells were cultured in the 
presence or absence (PBS) of Bor, P22077(USP inhibitor, USPi), 
BH4 + Bor, Bor + USPi, or their combinations (BH4 + Bor + USPi). 
Cell apoptosis were analyzed by flow cytometry. Numbers in the 
dot plots represent viability of MM cells. Showing are representa-

tive data of three independent experiments. e Summarized results 
of three independent experiments obtained as (d). f MPC-11 were 
treated by Usp7 (si-Usp7), Usp46 (si-Usp46), or control siRNA (si-
CT) for 24 h. qPCR assessed mRNA levels of Usp7 and Usp46. g, h 
MPC-11 treated with si-Usp7 or si-CT were cultured in the presence 
of BH4 + Bor combinations for 24  h. Cell apoptosis were analyzed 
by flow cytometry (g). Numbers in the dot plots represent viability 
of MM cells. Showing are representative data of three independent 
experiments (h). i, j MPC-11 treated with si-Usp46 or si-CT were 
cultured in the presence of BH4 + Bor combinations for 24  h. Cell 
apoptosis were analyzed by flow cytometry (i). Numbers in the dot 
plots represent viability of MM cells. Showing are representative 
data of three independent experiments (j). Data are presented as 
mean ± SD. *P < 0.05; **P < 0.01
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resistance and progression may have important clinical sig-
nificance. In this study, we found that BH4 treatment pro-
moted MM cell proliferation and tumor growth in vivo. In 
addition, BH4 treatment largely abrogated Bor-induced MM 
cell apoptosis in vitro. Furthermore, the addition of BH4 
decreased Bor-mediated inhibition of MM tumor growth 
in vivo. Thus, our data indicated a potential role of BH4 in 
MM drug resistance and tumor progression.

Ubiquitin-specific proteases (USPs) include USP6, 
USP7, USP46, USP47 et al., which are involved in protein 
deubiquitylation and inhibit proteasome-mediated protein 
degradation [6]. In this study, we found that BH4 treatment 
increased the expressions of Usp7 and Usp46 in MM cells. 
In addition, the inhibition of USPs decreased BH4-induced 
MM Bor resistance and increased Bor-induced MM cell 
apoptosis in vitro. Furthermore, USP inhibition increased 
the therapeutic efficacy of Bor in MM-bearing mice. Inter-
estingly, USP7 also promotes tumorigenesis in breast cancer 
and cervical cancer [21, 22]. These observations indicate 
that BH4 mediates MM drug resistance and cell survival 
through USP7 and USP46.

In this study, we found that BH4 promoted the degra-
dation of p53 and IkBα in Bor-treated MM cells and the 
inhibition of USPs reduced BH4-mediated degradation of 
p53 and IkBα in Bor-treated MM cells. Interestingly, USP7 
is also shown to stabilize MDM2 and NEK2 kinase which 
contribute to the degradation of p53 and the activation of 
NF-κB signaling pathway in other cancers [20, 23]. These 
observations suggest that BH4 promotes MM Bor resistance 
and tumor progression via the degradation of p53 and the 
activation of NF-κB signaling pathway.

In this study, we found that the inhibition of USPs only 
partially abrogated BH4-induced MM cell survival in Bor-
treated MM cells. BH4 up-regulates proteasome activity in a 
NO-dependent manner [15, 24]. These investigations suggest 
that the NO-mediated up-regulation of proteasome activ-
ity may also contribute to BH4-induced MM Bor resistance 
and tumor progression. Further studies will be necessary to 
investigate the role of proteasome activity in BH4-induced 
MM Bor resistance and tumor progression.

Conclusion

In summary, our study suggests that BH4 treatment potently 
promotes MM progression in vivo. BH4 treatment inhibits 
Bor-induced antitumor effects. BH4 increases p53 degra-
dation and activates NF-kB signaling pathways in a USP-
dependent manner, and the inhibition of USPs increases Bor-
mediated antitumor effects in mouse models. Our results 
identified BH4 as a powerful inducer of MM progression 
and Bor resistance and clarified the underlying mechanisms.

Fig. 4   BH4 increases P53 degradation and NF-κB activation via 
USP7 and USP46. a MPC-11 were cultured with or without the 
additions of BH4, Bor, or their combinations (BH4 + Bor) for 2  h. 
Western-blots examined the protein levels of pIkBα, IkBα, and p53. 
β-actin was used as a loading control. The samples derive from the 
same experiment and that gels/blots were processed in parallel. b 
MPC-11 were cultured with or without the additions of BH4, Bor, 
or their combinations (BH4 + Bor) for 5  h. The nuclear protein lev-
els of P50 and P65 were examined by western-blots. Histone H3 
was used as a loading control. c MPC-11 were cultured with USPi, 
Bor, BH4 + Bor, or BH4 + Bor + USPi for 2  h. Western-blots exam-
ined the protein levels of pIkBα, IkBα, and p53. The samples derive 
from the same experiment and that gels/blots were processed in 
parallel. d MPC-11 were cultured with USPi, Bor, BH4 + Bor, or 
BH4 + Bor + USPi for 5 h. The nuclear protein levels of P50 and P65 
were examined by western-blots. Data are representative (a–d) of 
three independent experiments



	 Medical Oncology (2022) 39:55

1 3

55  Page 8 of 9

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12032-​021-​01632-5.

Acknowledgements  Not applicable.

Author contributions  All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by HZ, JC, MZ, and MZ. The first draft of the manuscript 
was written by HZ, JC, SW, and BL and all authors commented on 
previous versions of the manuscript. All authors read and approved 
the final manuscript.

Funding  This work was supported by funds from National Natural Sci-
ence Foundation of China (81972669 to SW and 81802839 to JC), and 
grants from Accountant of Jilin Province (JLSCZD2019-002) and the 
Bethune Medical Engineering and Instrument Center (#04025290001) 
to BL. The funding bodies played no role in the design of the study 
and collection, analysis, and interpretation of data and in writing the 
manuscript.

Data availability  The datasets used and/or analyzed during the cur-
rent study are available from the corresponding author on reasonable 
request.

Declarations 

Conflict of interest  The authors have no financial conflicts of interest.

Ethical approval  All animal experimental procedures were reviewed 
and approved by the Animal Ethical Committee of First Hospital of 
Jilin University.

Consent for publication  All authors gave final approval of the version 
to be published.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 

included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Kyle R, Rajkumar S. Multiple myeloma. N Engl J Med. 
2004;351(18):1860–73. https://​doi.​org/​10.​1056/​NEJMr​a0418​75.

	 2.	 Liu J, Liu W, Mi L, Zeng X, Cai C, Ma J, et al. Incidence and 
mortality of multiple myeloma in China, 2006–2016: an analysis 
of the Global Burden of Disease Study 2016. J Hematol Oncol. 
2019;12(1):136. https://​doi.​org/​10.​1186/​s13045-​019-​0807-5.

	 3.	 Yang Y, Li Y, Gu H, Dong M, Cai Z. Emerging agents and regi-
mens for multiple myeloma. J Hematol Oncol. 2020;13(1):150. 
https://​doi.​org/​10.​1186/​s13045-​020-​00980-5.

	 4.	 Shah UA, Mailankody S. Emerging immunotherapies in multi-
ple myeloma. BMJ. 2020;370: m3176. https://​doi.​org/​10.​1136/​
bmj.​m3176.

	 5.	 Ito S. Proteasome inhibitors for the treatment of multiple mye-
loma. Cancers (Basel). 2020;12(2):265. https://​doi.​org/​10.​3390/​
cance​rs120​20265.

	 6.	 Narayanan S, Cai C, Assaraf Y, Guo H, Cui Q, Wei L, et al. Tar-
geting the ubiquitin-proteasome pathway to overcome anti-can-
cer drug resistance. Drug Resistance Updates. 2020;48:100663. 
https://​doi.​org/​10.​1016/j.​drup.​2019.​100663.

	 7.	 Tundo G, Sbardella D, Santoro A, Coletta A, Oddone F, Grasso 
G, et al. The proteasome as a druggable target with multiple 
therapeutic potentialities: cutting and non-cutting edges. Phar-
macol Ther. 2020;213:107579. https://​doi.​org/​10.​1016/j.​pharm​
thera.​2020.​107579.

	 8.	 Ma M, Yang H, Parker K, Manyak S, Friedman J, Altamirano 
C, et al. The proteasome inhibitor PS-341 markedly enhances 
sensitivity of multiple myeloma tumor cells to chemotherapeutic 
agents. Clin Cancer Res. 2003;9(3):1136–44.

	 9.	 Ooi M, Hayden P, Kotoula V, McMillin D, Charalambous E, 
Daskalaki E, et al. Interactions of the Hdm2/p53 and proteasome 
pathways may enhance the antitumor activity of bortezomib. 

Fig. 5   The inhibition of USPs promotes therapeutic effects of Bor in 
MM. Balb/c mice were injected s.c. with MPC-11 (a) or MOPC-315 
(b) cells (1 × 106 per mouse). From day 6 after tumor challenge, mice 
were injected i.p. with Bor, USPi, or their combinations (Bor + USPi) 

every 2 days. Mice received PBS served as controls. Shown are the 
tumor growth curves. The experiments were performed twice with a 
total of 10 mice per group (n = 10). Data are presented as mean ± SD. 
*P < 0.05; **P < 0.01

https://doi.org/10.1007/s12032-021-01632-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMra041875
https://doi.org/10.1186/s13045-019-0807-5
https://doi.org/10.1186/s13045-020-00980-5
https://doi.org/10.1136/bmj.m3176
https://doi.org/10.1136/bmj.m3176
https://doi.org/10.3390/cancers12020265
https://doi.org/10.3390/cancers12020265
https://doi.org/10.1016/j.drup.2019.100663
https://doi.org/10.1016/j.pharmthera.2020.107579
https://doi.org/10.1016/j.pharmthera.2020.107579


Medical Oncology (2022) 39:55	

1 3

Page 9 of 9  55

Clin Cancer Res. 2009;15(23):7153–60. https://​doi.​org/​10.​1158/​
1078-​0432.​Ccr-​09-​1071.

	10.	 Hideshima T, Richardson P, Chauhan D, Palombella VJ, Elliott 
PJ, Adams J, et al. The proteasome inhibitor PS-341 inhibits 
growth, induces apoptosis, and overcomes drug resistance in 
human multiple myeloma cells. Cancer Res. 2001;61(7):3071–6.

	11.	 Rashid M, Toh T, Hooi L, Silva A, Zhang Y, Tan P, et al. Opti-
mizing drug combinations against multiple myeloma using a 
quadratic phenotypic optimization platform (QPOP). Sci Transl 
Med. 2018. https://​doi.​org/​10.​1126/​scitr​anslm​ed.​aan09​41.

	12.	 Kuhn D, Berkova Z, Jones R, Woessner R, Bjorklund C, Ma 
W, et al. Targeting the insulin-like growth factor-1 receptor to 
overcome bortezomib resistance in preclinical models of mul-
tiple myeloma. Blood. 2012;120(16):3260–70. https://​doi.​org/​
10.​1182/​blood-​2011-​10-​386789.

	13.	 Cronin SJF, Seehus C, Weidinger A, Talbot S, Reissig S, Seif-
ert M, et al. The metabolite BH4 controls T cell proliferation 
in autoimmunity and cancer. Nature. 2018;563(7732):564–8. 
https://​doi.​org/​10.​1038/​s41586-​018-​0701-2.

	14.	 Zhao Q, Zheng K, Ma C, Li J, Zhuo L, Huang W, et al. PTPS facil-
itates compartmentalized LTBP1 S-nitrosylation and promotes 
tumor growth under hypoxia. Mol Cell. 2020;77(1):95-107.e5. 
https://​doi.​org/​10.​1016/j.​molcel.​2019.​09.​018.

	15.	 Bailey J, Davis S, Shaw A, Diotallevi M, Fischer R, Benson 
MA, et al. Tetrahydrobiopterin modulates ubiquitin conjuga-
tion to UBC13/UBE2N and proteasome activity by S-nitro-
sation. Sci Rep. 2018;8(1):14310. https://​doi.​org/​10.​1038/​
s41598-​018-​32481-4.

	16.	 Davis A, McMyn N, Lau M, Morishima Y, Osawa Y. Hsp70:CHIP 
ubiquitinates dysfunctional but not native neuronal NO synthase. 
Mol Pharmacol. 2020;98(3):243–9. https://​doi.​org/​10.​1124/​mol.​
120.​119990.

	17.	 Sharma S, Sun X, Kumar S, Rafikov R, Aramburo A, Kalkan G, 
et al. Preserving mitochondrial function prevents the proteasomal 
degradation of GTP cyclohydrolase I. Free Radical Biol Med. 

2012;53(2):216–29. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2012.​
03.​016.

	18.	 Zhao Y, Chu X, Chen J, Wang Y, Gao S, Jiang Y, et al. Dectin-
1-activated dendritic cells trigger potent antitumour immunity 
through the induction of Th9 cells. Nat Commun. 2016;7:12368. 
https://​doi.​org/​10.​1038/​ncomm​s12368.

	19.	 Jiang Y, Chen J, Bi E, Zhao Y, Qin T, Wang Y, et al. TNF-alpha 
enhances Th9 cell differentiation and antitumor immunity via 
TNFR2-dependent pathways. J Immunother Cancer. 2019;7(1):28. 
https://​doi.​org/​10.​1186/​s40425-​018-​0494-8.

	20.	 Li M, Chen D, Shiloh A, Luo J, Nikolaev A, Qin J, et al. Deu-
biquitination of p53 by HAUSP is an important pathway for p53 
stabilization. Nature. 2002;416(6881):648–53. https://​doi.​org/​10.​
1038/​natur​e737.

	21.	 Wang Q, Ma S, Song N, Li X, Liu L, Yang S, et al. Stabilization 
of histone demethylase PHF8 by USP7 promotes breast carcino-
genesis. J Clin Investig. 2016;126(6):2205–20. https://​doi.​org/​10.​
1172/​jci85​747.

	22.	 Su D, Ma S, Shan L, Wang Y, Wang Y, Cao C, et al. Ubiquitin-
specific protease 7 sustains DNA damage response and promotes 
cervical carcinogenesis. J Clin Investig. 2018;128(10):4280–96. 
https://​doi.​org/​10.​1172/​jci12​0518.

	23.	 Franqui-Machin R, Hao M, Bai H, Gu Z, Zhan X, Habelhah H, 
et al. Destabilizing NEK2 overcomes resistance to proteasome 
inhibition in multiple myeloma. J Clin Invest. 2018;128(7):2877–
93. https://​doi.​org/​10.​1172/​JCI98​765.

	24.	 Shang T, Kotamraju S, Zhao H, Kalivendi S, Hillard C, Kalyanara-
man B. Sepiapterin attenuates 1-methyl-4-phenylpyridinium-
induced apoptosis in neuroblastoma cells transfected with 
neuronal NOS: role of tetrahydrobiopterin, nitric oxide, and pro-
teasome activation. Free Radical Biol Med. 2005;39(8):1059–74. 
https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2005.​05.​022.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1158/1078-0432.Ccr-09-1071
https://doi.org/10.1158/1078-0432.Ccr-09-1071
https://doi.org/10.1126/scitranslmed.aan0941
https://doi.org/10.1182/blood-2011-10-386789
https://doi.org/10.1182/blood-2011-10-386789
https://doi.org/10.1038/s41586-018-0701-2
https://doi.org/10.1016/j.molcel.2019.09.018
https://doi.org/10.1038/s41598-018-32481-4
https://doi.org/10.1038/s41598-018-32481-4
https://doi.org/10.1124/mol.120.119990
https://doi.org/10.1124/mol.120.119990
https://doi.org/10.1016/j.freeradbiomed.2012.03.016
https://doi.org/10.1016/j.freeradbiomed.2012.03.016
https://doi.org/10.1038/ncomms12368
https://doi.org/10.1186/s40425-018-0494-8
https://doi.org/10.1038/nature737
https://doi.org/10.1038/nature737
https://doi.org/10.1172/jci85747
https://doi.org/10.1172/jci85747
https://doi.org/10.1172/jci120518
https://doi.org/10.1172/JCI98765
https://doi.org/10.1016/j.freeradbiomed.2005.05.022

	Tetrahydrobiopterin induces proteasome inhibitor resistance and tumor progression in multiple myeloma
	Abstract
	Background
	Methods
	Mice and cell lines
	Reagents and antibodies
	In vivo functional tests
	Flow cytometry
	Quantitative polymerase chain reaction (qPCR)
	RNA interference
	Western-blot analyses
	RNA sequencing (RNA-Seq)
	Statistical analysis

	Results
	BH4 promotes MM progression in vivo
	BH4 increases Bortezomib resistance in MM
	BH4 increases MM cell survival via USP7 and USP46
	BH4 increases p53 degradation and NF-κB activation via USP7 and USP46
	The inhibition of USPs promotes therapeutic effects of Bor in MM

	Discussion
	Conclusion
	Acknowledgements 
	References




