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Abstract
MYCN ampli�cation is the most common genetic alteration and generally represents a negative
prognosis for neuroblastoma (NB) patients. However, given the challenge of directly targeting MYCN,
indirect strategies to modulate MYCN by interfering with its cofactors is attractive in NB treatment. Here,
we showed that the cyclin B1 interacting protein 1 (CCNB1IP1) was highly expressed in MYCN-ampli�ed
(MYCN-AM) NB cell lines and patient-derived tumor tissues and closely associated with poor prognosis.
Phenotypic studies con�rmed that CCNB1I1P facilitated the proliferation and tumorigenicity of NB cells in
cooperation with MYCN. Mechanistically, MYCN directly transactivated CCNB1IP1, which in turn
attenuated the ubiquitination and degradation of MYCN protein, thus forming a positive feedback loop.
Speci�cally, CCNB1IP1 competed with F box/WD-40 domain protein 7 (Fbxw7) for MYCN binding and
enabled MYCN-mediated tumorigenesis in a C-terminal domain-dependent manner. Our research will
provide new prospects for precise treatment of MYCN-AM NB based on MYCN-CCNB1IP1 interaction.

Introduction
NB is a sympathetic nervous system tumor originating from pluripotent migratory neural crest cells and is
characterized with a higher mortality rate than other pediatric tumors (1, 2). Ampli�cation of the MYCN
gene is the most prevalent genetic alteration in NB patients and is one of the established adverse
prognostic factors (3, 4). Currently, although multimodal treatment including surgery, myeloablative
chemotherapy, radiotherapy and immunotherapy have bene�ted the low- and medium-risk patients,
treatment outcomes for high-risk patients, especially those with MYCN ampli�cation, remain suboptimal
(5, 6). Therefore, elucidating the mechanism by which MYCN-driven malignant progression of NB and
formulating the treatment strategy for high-risk NB with MYCN ampli�cation has become a crucial issue
in the �eld of NB treatment.

As a carcinogenic driver, MYCN participates in a variety of biological functions, such as tumor cell
proliferation and metastasis, and works in the malignant progression of NB (3, 4). Unfortunately, as a
consensus oncogene molecule, MYCN has neither a pocket structure that can be bound by small
molecules nor enzyme activities that can be inhibited, rendering it almost impossible to be a direct target.
At present, indirect strategies that interfere with the transcription, translation, protein stability and target
gene transcription of MYCN offer a bright future for targeting MYCN-AM NB (7). Relevant targets
developed based on these strategies have been presented, such as CDK7, AURKA, EZH2 (8–10).
Nevertheless, there is still an urgent need to identify molecules with potential interactions and functional
reciprocal support with MYCN as candidate targets for therapeutic applications.

Numerous studies have demonstrated that MYCN-AM and non-ampli�ed (NA) NB cells exhibit signi�cant
differences in gene expression pro�les (11). Indeed, certain target genes of MYCN that appear to be
unnecessary for MYCN-NA NB cells have been reported to dominate the survival and malignant
transformation of MYCN-AM NB cells. (9, 12). Based on this, we identi�ed 22 shared differential genes
(MYCN-AM vs. MYCN-NA, log2FC > 1, P < 0.01) including MYCN in 4 public datasets (TARGET, GSE49710,
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GSE80149 and GSE120572). Among them, cyclin B1 interacting protein 1 (CCNB1IP1) appeared to be
positively correlated with MYCN expression in NB samples and cell lines and was involved in poor long-
term survival in NB patients. CCNB1IP1 was initially identi�ed as an interacting protein of cyclin B1
involved in regulating cell cycle progression (13), and probably implicated in tumor events. Earlier,
CCNB1IP1 was found as a component of HMG1C gene translocation fusion in uterine leiomyoma (14).
Subsequently, overexpression of CCNB1IP1 mRNA was observed in metastatic melanoma and
hepatocellular carcinoma (15, 16). However, there are some contradictory voices as well. In situ
hybridization results con�rmed the insu�cient expression of CCNB1IP1 in colon cancer, breast cancer
and non-small cell lung cancer (NSCLC) (15). Furthermore, CCNB1IP1 was indicated to have negative
effect on cellular spreading, motility and invasion, but was required for cellular proliferation in gastric
cancer cell U2OS and breast cancer cell MCF-7 (17). Nevertheless, it is worth noting that in the MYCN-
driven NB mouse model of recurrent bone marrow metastasis CCNB1IP1 is signi�cantly up-regulated
(18). We hypothesized that CCNB1IP1 may contribute to MYCN-driven NB tumorigenesis and progression,
however, the molecular basis of the effect of CCNB1IP1 on tumorigenicity, especially on MYCN-AM NB,
remains elusive and warrants further investigation.

In present study, we found that CCNB1IP1 was overexpressed in MYCN-AM NB samples and cell lines,
and was associated with the poor prognosis in NB patients. Silencing of CCNB1IP1 inhibited and its
overexpression promoted the proliferation and growth of MYCN-AM NB cells in vitro and in vivo. Vitally,
as a target gene of MYCN, CCNB1IP1 reciprocally stabilizes MYCN protein, forming a MYCN-CCNB1IP1
positive feedback regulatory loop. Degradation of MYCN is known to be mediated mainly through the F-
box and WD-40 domain protein 7 (Fbxw7) E3 ligase pathway (19, 20). Mechanically, we found that
CCNB1IP1 disrupted Fbxw7-dependent MYCN degradation through competing with Fbxw7 for MYCN
binding and promoted oncogenicity in a C-terminal domain-dependent manner. Our study indicates that
the MYCN-CCNB1IP1 interaction may be a promising therapeutic vulnerability for high-risk NB.

Results

CCNB1IP1 is overexpressed in MYCN-AM NB samples and
cells and is associated with poor prognosis
In view of the “non-druggability” of MYCN, attempts to tackle MYCN have been focus on indirect targeting
strategies. In addition to MYCN itself, some speci�c downstream genes of MYCN are speci�cally required
for MYCN-AM NB growth (9, 12). To identify potential MYCN-dependent pro-survival genes, the publicly
available transcriptome data from TARGET and GEO (GSE49710, GSE80149 and GSE120572) were
obtained for analysis and comparison of differentially expressed genes between MYCN-AM and MYCN-
NA NB samples or cell lines (log2FC>1, P<0.01). As shown in Fig. 1A and Fig. S1A, a total of 22 shared
differential genes, including MYCN, were identi�ed from NB samples and cell lines. Correlation analysis
revealed that CCNB1IP1 was positively correlated with MYCN expression in NB samples and cells in all
datasets mentioned above (Fig. 1B and Fig. S1B-E). To extend this analysis to patient tumors, we
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detected the expression of CCNB1IP1 in NB samples with or without MYCN ampli�cation. As shown in
Fig. 1C and D, CCNB1IP1 was overexpressed in NB patients with MYCN ampli�cation compared to those
with MYCN non-ampli�cation. Speci�cally, high expression of CCNB1IP1(IHC score of moderate and
strong) was observed in approximately 78.4% of MYCN-AM patients, whereas low expression of
CCNB1IP1 (IHC score of low and negative) was detected in about 65.0% of MYCN-NA patients (Fig. 1E).
Furthermore, CCNB1IP1 expression in NB patients was positively correlated with the ampli�cation status
(P<0.001, χ2 test) and expression of MYCN, but not with gender (P = 0.240, χ2 test) and age (P = 0.727, χ2

test) (Fig. 1F). To better elucidate the relationship between CCNB1IP1 and MYCN ampli�cation, protein
levels of CCNB1IP1 and MYCN were detected by IB assay. It was found that CCNB1IP1 protein was
signi�cantly increased in MYCN-AM patients compared to those with NA and was positively correlated
with MYCN expression (Fig. 1G and H). Similarly, the protein expression levels of CCNB1IP1 in NB cell
lines were found to be signi�cantly higher in MYCN-AM cell lines (SK-N-BE(2), BE(2)M17 and IMR32)
compared to NA cell lines (SK-N-AS, SH-SY5Y and SK-N-SH) (Fig. 1I). These �ndings from NB samples
and cells are substantially consistent with the bioinformatics analysis results from public datasets.
Moreover, CCNB1IP1 expression was identi�ed to be closely associated with NB patients prognostic
(https://r2platform.com), with the higher expression of CCNB1IP1 associated with lower overall survival
(OS) and disease progression-free survival (EFS) in NB patients (Fig. 1J-M). The above underscores the
connection between CNB1IP11 overexpression and MYCN expression and the adverse prognosis of NB
patients.

MYCN directly mediates the transcriptional activation of
CCNB1IP1
Given the close correlation between the expression of CCNB1IP1 is closely related to the ampli�cation or
expression of MYCN, we speculate that there may exist mutual regulatory relationships between them.
MYCN as a classical oncogenic transcription factor is involved in the positive regulation of several
oncogenes, such as MDM2, MRP, E2F5 and ALDH18A1 (21–25), thus we considered whether the
expression of CCNB1IP1 was regulated by MYCN. To verify this, the two constructed shRNA targeting
MYCN with different sequences were transfected into MYCN-AM cell lines and their knockdown e�ciency
was examined. As shown in Fig. 2A, both MYCN-shRNA signi�cantly interfered with the MYCN protein
expression. As expected, ablation of MYCN signi�cantly reduced both the CCNB1IP1 mRNA and protein in
MYCN-AM NB cells (Fig. 2A and B). We noticed that the intracellular immuno�uorescence (IF) intensity of
CCNB1IP1 was obviously diminished upon MYCN knockdown as well (Fig. 2C). To fully con�rm the
regulation of MYCN on CCNB1IP1 expression, we exogenously overexpressed MYCN in a MYCN-NA cell
lines and found a signi�cant increase in mRNA and protein expression as well as IF staining intensity of
CCNB1IP1 (Fig. 2D-F). To explore whether MYCN directly modulated the transcriptional activation of
CCNB1IP1, we predicted the potential motifs of the CCNB1IP1 promoter region for MYCN binding
(https://jaspar.genereg.net/). As shown in Fig. 2G, MYCN potentially interacts with the E-box of the
CCNB1IP1 promoter region. For this, the reporter gene constructs contained CCNB1IP1 promoter with
wild-type (WT) and E-box region mutant were established to con�rm the transactivation of CCNB1IP1 by
MYCN (Fig. 2H). As shown in Fig. 2I and J, the luciferase activity of the pGL3-CCNB1IP1 promoter was
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signi�cantly diminished or elevated in MYCN-AM cells and MYCN-NA cells upon silencing or
overexpression of MYCN, respectively. Interestingly, the luciferase activity was signi�cantly reduced upon
E-box mutation and was unaffected even by the gain or loss of MYCN expression. Moreover, endogenous
enrichment of MYCN to the E-box containing region was detected in the co-precipitated product of MYCN
primary antibody by chromatin immunoprecipitation (CHIP) assay (Fig. 2K, L). The above results suggest
that CCNB1IP1 is directly regulated at the transcriptional level as a downstream gene of MYCN.

CCNB1IP1 expression is essential for the proliferation and
tumorigenic capacity of MYCN-AM NB cells
The high expression of CCNB1IP1 in MYCN-AM NB cells motivated us to wonder whether an excess of
CCNB1IP1 facilitated MYCN-driven tumor-promoting function of NB cells. To verify this, we transfected
CCNB1IP1-targeting shRNA into NB cells with different MYCN ampli�cation status and examined cell
growth and proliferation in vitro. As shown in the Fig. 3A and Fig. S2A, two shRNAs targeting CCNB1IP1
exhibited strong silencing e�ciency in all six NB cell lines. As shown in Fig. 3B and Fig. S2B, CCNB1IP1
ablation resulted in a signi�cant suppression of colony formation in MYCN-AM NB cells, while little effect
was observed on MYCN-NA NB cells, except for a slight decrease in SK-N-SH transfected with shRNA#1.
Besides, the growth of CCNB1IP1-de�cient MYCN-AM NB cells, but not MYCN-NA NB cells, was
signi�cantly delayed upon CCNB1IP1 knockdown (Fig. 3C). To further clarify the effect of CCNB1IP1 on
cell proliferation, EdU assay was also performed, and as shown in Fig. 3D and Fig. S2C, a signi�cant
reduction in the ratio of EdU-labeled NB cells was observed in CCNB1IP1-ablated MYCN-AM NB cells
versus controls, but not in MYCN-NA NB cells. Meanwhile, enhanced cell proliferation was speci�cally
observed in MYCN-AM NB cells upon CCNB1IP1 exogenously expressed, as manifested by an increase in
the number of colony foci, accelerated cell growth, and an elevated proportion of EdU-labeled cells,
whereas its effect on NA NB cells was inconsistent (Fig. 3E-H and Fig. S2D-G). To clarify the effect of
CCNB1IP1 in NB tumorigenesis, CCNB1IP1-expressing or de�cient NB cells-derived subcutaneous
xenografts mouse model were constructed. Similar to the in vitro results, as shown in Fig. 3I-P, depletion
of endogenous CCNB1IP1 impaired whereas exogenous overexpression of CCNB1IP1 facilitated the
IMR32 cell-derived tumorigenesis. Altogether, these data suggest that CCNB1IP1 regulates the
progression of NB appears to be largely dependent on the genetic ampli�cation or expression of MYCN.

CCNB1IP1 stabilizes MYCN protein through suppressing its
ubiquitin proteasome-dependent degradation.
It has been studied that some speci�c factors in the MYCN-driven gene expression pro�ling in turn
in�uence the expression or stability of MYCN itself, thus forming a feedback regulatory circuit (25–27).
The above �ndings con�rmed that CCNB1IP1 was highly expressed as a MYCN target gene in MYCN-AM
NB cells with a positive effect on their proliferation and tumorigenesis. To investigate whether CCNB1IP1
affects MYCN, we up- or down-regulated CCNB1IP1 in NB cells via transfection of overexpression plasmid
or shRNA targeting CCNB1IP1, respectively. As shown in the Fig. 4A and B, the MYCN protein level was
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signi�cantly reduced in MYCN-AM NB cells with CCNB1IP1 knockdown, while the mRNA expression
remained signi�cantly unchanged. Similarly, we observed an upregulation of MYCN protein expression
without altering mRNA expression in MYCN-expressing NA cells upon exogenous overexpression of
CCNB1IP1 (Fig. 4C and D). Since MYCN expression at the transcriptional level was not affected by
CCNB1IP1, we speculated whether it altered the post-translational stability of MYCN protein. For this,
cycloheximide (CHX) chase assay was performed to evaluate the MYCN protein half-life. As shown in the
Fig. 4E and F the degradation of MYCN protein was signi�cantly accelerated upon CCNB1IP1 knockdown,
while the half-life of MYCN protein was signi�cantly prolonged with CCNB1IP1 overexpression. Treatment
of NB cells with proteasome inhibitor MG132 resulted in increased MYCN protein levels that remained
relatively high even under CCNB1IP1 knockdown, suggesting that CCNB1IP1 protects MYCN protein from
ubiquitin proteasome-mediated degradation (Fig. 4G). We next performed (co-immunoprecipitation) co-IP
assay and observed a dramatic increase in ubiquitination level of MYCN upon CCNB1IP1 knockdown in
MYCN-AM NB cells (Fig. 4H). In reversal experiment, signi�cant reduction in MYCN ubiquitination levels
was detected in cells exogenously introduced with MYCN after overexpression of CCNB1IP1 (Fig. 4I).
These data suggest that the function of CCNB1IP1 to stabilize MYCN protein is depend on its inhibition
of proteasome-directed ubiquitination modi�cations.

The proliferation and tumorigenicity of NB mediated by
CCNB1IP1 relies on MYCN expression
Since manipulation of CCNB1IP1 expression exhibited selective regulation of the proliferation and
tumorigenic potential of MYCN-AM NB cells, we hypothesized that mRNA or protein expression of MYCN
contribute to CCNB1IP1-mediated oncogenic effects. For this, CCNB1IP1 was overexpressed in NB cells
with and without MYCN knockdown, and the cells growth and proliferation were examined by MTT and
colony formation assays. As shown in Fig. 5A-C, the elevation of CCNB1IP1 by exogenous overexpression
plasmid failed to alleviate the inhibition of cell growth and colony formation due to MYCN knockdown,
indicating that maintenance of MYCN level is critical for CCNB1IP1 to foster cell growth and proliferation.
To further clarify the effect of CCNB1IP1 on MYCN-AM NB cell tumor growth, we constructed Ctrl-,
shMYCN- and shMYCN + CCNB1IP-IMR32 -derived subcutaneous xenograft tumor models. As shown in
Fig. 5D-G, xenografts in the shMYCN group were signi�cantly reduced in size, weight and growth rate
compared with the Ctrl group, while tumor suppression was not alleviated in the shMYCN + CCNB1IP1
group even with rescue of CCNB1IP1 expression. In addition, IHC results con�rmed that CCNB1IP1
immunostaining was attenuated in the MYCN knockdown group and rescued in the CCNB1IP1
overexpression group in tumor tissues (Fig. 5H). However, consistent with the tumor growth phenotype,
restoration of CCNB1IP1 expression was not effectively reversed the tumor proliferation suppression
caused by MYCN silencing (Fig. 5H). The above results suggest that the advantageous effect of
CCNB1IP1 on NB cells proliferation and tumor growth depends on the high expression level of MYCN.

Stabilization of MYCN protein mediated by CCNB1IP1 is
associated with disruption of Fbxw7-mediated
ubiquitination
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As a short-lived protein, MYCN stability tends to be tightly modulated by multiple intracellular
proteasomal ubiquitin-dependent pathways involved in the several well-studied ubiquitin ligase or
deubiquitinating enzyme, such as Trim32, Fbxw7, Huwe1, USP3 and USP5 (9, 28–31). Among them,
Trim32, Fbxw7 and Huwe1 as ubiquitin ligase exert a negative regulatory effect in MYCN protein stability,
while USP3 and USP5 as deubiquitinating enzyme elicited the opposite effect. Next, we wondered which
signaling pathways were involved in CCNB1IP1-mediated stabilization of MYCN via post-transcriptional
regulation. As shown in Fig. S3, ablation of CCNB1IP1 partially prevented the upregulation of MYCN
protein level in Trim32 or Huwe1 knockdown cells, and overexpression of CCNB1IP1 differentially
attenuated the downregulation of MYCN protein level caused by USP3 or USP5 silencing. However, no
signi�cant effect was observed in Fbxw7 knockdown cells (Fig. 6A). Surprisingly, exogenous co-
expression of CCNB1IP1 greatly restored the Fbxw7-mediated down-regulation of MYCN (Fig. 6B).
Besides, CCNB1IP1 expression did not obviously alter the protein expression level of Fbxw7 both in
MYCN-AM and MYCN-NA NB cells. Compared to CCNB1IP1 knockdown alone, MYCN protein
ubiquitination level was signi�cantly decreased in IMR32 cell after Fbxw7 knockdown, but no further
restorative elevation was observed after co-knockdown of CCNB1IP1 (Fig. 6C). In contrast, a signi�cant
inhibitory effect of elevated CCNB1IP1 expression on Fbxw7-mediated MYCN ubiquitination was
observed in HEK293T cell exogenously expressed MYCN (Fig. 6D). This seems to indicate that the
degradation of MYCN modulated by CCNB1IP1 may involve in its functional blockade of Fbxw7. To
con�rm whether the function of Fbxw7 is required for CCNB1IP1-regulated MYCN ubiquitination
modi�cation, we re-expressed Fbxw7 WT or function-de�cient mutant F-box deletion mutant
(Fbxw7△F−box) in Fbxw7-knockdown cells. As shown in Fig. 6E, overexpression of CCNB1IP1 signi�cantly
counteracted WT Fbxw7-induced MYCN ubiquitination, while it failed to cause further down-regulation of
MYCN ubiquitination upon expression of Fbxw7 with an F-box deletion mutation. All these suggest that
CCNB1IP1 stabilizes MYCN protein mainly as a result of blocking Fbxw7-dependent ubiquitination
degradation of MYCN.

CCNB1IP1 maintains MYCN protein stability via competing
with Fbxw7 for MYCN binding
It has been shown that the recognition and binding of MYCN by Fbxw7 determines the degradation of
MYCN (19, 32). As shown in Fig. 7A, co-IP assay shown the endogenous interaction of CCNB1IP1 with
MYCN in BE(2)M17 and IMR32 cells. Thus, we wondered whether CCNB1IP1 might affect the interaction
of Fbxw7 with MYCN. As shown in Fig. 7B and Fig. S4, knockdown of CCNB1IP1 increased while
overexpression of CCNB1IP1 blocked the binding of Fbxw7 to MYCN in a CCNB1IP1 expression-
dependent manner. As described in Fig. 2C and F, endogenously or exogenously expressed MYCN and
CCNB1IP1 were mostly co-localized in the nucleus of NB cells, which further corroborated their
interaction. To further investigate the disruption of Fbxw7-MYCN interaction by CCNB1IP1, co-IP assay
was performed in HEK293T cell transfected with the constructed plasmids encoding HA-MYCN and Flag-
CCNB1IP1 WT or truncated mutants. As shown in Fig. 7C-D, HA-MYCN evidently interacted with Flag-
CCNB1IP1 WT and M1-3 truncation mutants, but not with Flag-CCNB1IP1-M4 truncation mutant,
suggesting that the C-terminal domain of CCNB1IP1 is a critical binding site for MYCN. It has been
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previously shown that MYCN AA 48 to 89 determined the interaction with Fbxw7 (19). We next
investigated the in�uence of MYCN AA 48 to 89 for the binding of MYCN between CCNB1IP1 and Fbxw7.
As shown in Fig. 7E, Flag-CCNB1IP1 signi�cantly restrained the co-binding of Myc-tagged Fbxw7 with HA-
MYCN. However, the HA-MYCN mutant with deletion of AA 48 to 89 (HA-MYCN△48–89) greatly impaired
the capacity to bind both Myc-Fbxw7 and Flag-CCNB1IP1. And to fully characterize their interaction, the
constructed expression vectors encoding the AA 48 to 89 of HA-MYCN (HA-MYCN48–89), Flag-CCNB1IP1
WT, M4 and Myc-Fbxw7 were either separately or co-transfected into HEK293T cell. As shown in Fig. 7F,
both Flag-CCNB1IP1 WT and Myc-Fbxw7 were able to interact with HA-tagged MYCN48–89, whereas the
Flag-CCNB1IP1 M4 mutant showed no physical binding to MYCN48–89. In addition, Flag-CCNB1IP1 WT
but not the M4 mutant was able to impair the Fbxw7-MYCN48–89 interaction. Based on these results we
also simulated the interaction between CCNB1IP1 and MYCN by computer-assisted protein-protein
docking. As shown in Fig. 7G, the protein binding of CCNB1IP1 to MYCN was scored as -238.23 kcal/mol.
The multiple interactions formed by residues in contact between CCNB1IP1 and MYCN proteins, such as
hydrogen bonding and hydrophobic interactions, may effectively enhanced the stability of the protein
complexes. Therefore, we conclude that CCNB1IP1 is able to bind the identical MYCN amino acid region
to Fbxw7, and also reveal that the competitive binding effect of CCNB1IP1 is responsible for the escape
of MYCN from Fbxw7-mediated ubiquitination degradation.

CCNB1IP1 stabilizes MYCN and promote oncogenicity in a
C-terminal domain-dependent manner
Above results suggested that the C-terminal domain of CCNB1IP1 is essential for competitive binding of
MYCN with Fbxw7. To further clarify whether this region is required for MYCN stability, we knockdown
CCNB1IP1 in IMR32 cell and re-expressed CCNB1IP1 WT or M4 mutant and the MYCN protein
degradation detected was detected by CHX-chase assay. As shown in Fig. 8A and B, overexpression of
CCNB1IP1 WT but not M4 mutant signi�cantly rescued the reduction in MYCN half-life caused by
CCNB1IP1 knockdown. Interestingly, overexpression of CCNB1IP1 WT was able to, whereas the M4
mutant of CCNB1IP1 was unable to suppress the ubiquitination of MYCN and stabilize its protein level
(Fig. 8C). To verify whether this stabilizing effect of CCNB1IP1 is associated with its interference with
Fbxw7, we re-expressed CCNB1IP1 WT and M4 mutant in CCNB1IP1 knockdown NB cells with or without
Fbxw7 silencing. As shown in Fig. 8D, silencing Fbxw7 signi�cantly upregulated MYCN protein level in
cells knockdown of CCNB1IP1, while there was no obvious effect on the restoration of MYCN protein in
cells re-expressing CCNB1IP1 WT. However, re-expressing M4 mutant failed to reverse the down-regulation
of MYCN protein and to further interfere with the regulation of MYCN expression by Fbxw7. Given that
CCNB1IP1 regulated the protein stability of MYCN and is involved in MYCN-AM NB cells proliferation and
oncogenesis, we speculated whether the function of CCNB1IP1 in stabilizing MYCN protein determines its
oncogenicity. As shown in Fig. 8E, the colony-forming ability of MYCN-AM NB cells re-expressed M4
mutant was signi�cantly diminished compared to those transfected with CCNB1IP1 WT. To this end, in
vivo experiments were also conducted with an IMR32 cell-derived xenografts mouse model. As shown in
Fig. 8F-I, IMR32-shCCNB1IP1 cell re-expressing CCNB1IP1 M4 mutant showed signi�cant tumor growth
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inhibition compared to cells re-expressing CCNB1IP1 WT. The data suggest that C-terminal domain of
CCNB1IP1-mediated deubiquitination and stabilization of MYCN are essential for tumorigenesis in NB.

Discussion
MYCN ampli�cation is a key bottleneck restricting the overall e�cacy of NB and is one of the major
causes of treatment failure. Disrupting MYCN expression impedes proliferation and metastasis and
induces differentiation and death of MYCN-AM NB cells (33–35). Although MYCN deserves to be
considered as an attractive candidate target for high-risk NB, direct targeting of MYCN proteins is fraught
with challenges owing to the lack of surface structures for small molecules binding and the enzymatic
activity that can be speci�cally inhibited. Given this, indirect targeting strategies through manipulating
interactive molecules associated with MYCN have been rapidly discovered and developed over the years,
which has become a research hotspot in the NB �eld. The alternative MYCN-targeting strategies mainly
involve the transcription, translation, protein stability and target gene transcription of MYCN (7). For
example, ALDH18A1 has been reported as a target gene of MYCN and its protein reciprocally participates
in the regulation of MYCN transcriptional activation, thus forming a positive feedback loop (25). YG1702
was identi�ed as an inhibitor of ALDH18A1 based on a computer-assisted virtual screen and displayed
potent inhibition of MYCN-driven tumorigenicity in cellular and animal experiments. Aurora-A was
reported to bind to MYCN protein through the same motif recognized by Fbxw7 ubiquitin ligase in MYCN
Box I domain, resulting in an effective reduction of MYCN a�nity for Fbxw7 (9, 19). Currently, MLN8237
(alisertib) has been investigated in clinical trials for the treatment of recurrent NB as an inhibitor capable
of distorting the Aurora-A conformation (36, 37). Similarly, the polycomb repressive complex 2
component EZH2 was shown to counteract Fbxw7-mediated polyubiquitination and proteasomal
degradation of MYCN by competing with Fbxw7 for MYCN binding in a methyltransferase-independent
manner (38). And the EZH2 depleting agent DZNep but not the enzyme inhibitor was found to induce the
degradation of MYCN and arrest the growth of tumor cells (38). Moreover, EZH2 is directly positively
regulated by MYCN transcriptionally and is also involved in MYCN-mediated transcription of some target
genes (10, 38, 39). These indicate that drug development based on the identi�ed key molecules that
regulate MYCN or are regulated by MYCN will de�nitely be a promising approach.

Studies have con�rmed that there are signi�cant differences in gene expression pro�les between MYCN-
AM and NA NB. In addition to MYCN itself, the growth of MYCN-AM NB cells is highly dependent on the
certain genes downstream of MYCN, that are unnecessary for MYCN-NA NB cells (9, 12). Encouragingly,
manipulation of these genes would selectively suppress the malignant biological phenotype of MYCN-AM
NB, which exempli�es the promising potential of this strategy in drug development and clinical
applications (32, 40, 41). Therefore, it is of profound relevance to search for potential regulatory factors
and elaborate new strategies based on the speci�c activation pathways of MYCN ampli�cation from the
perspective of "selective inhibition". Here, we identi�ed 22 shared differential genes based on
transcriptomic differences between MYCN-AM and NA NB tissues and cells in multiple datasets (Fig. 1A-
B), which also contain several potential targets for NB that have been and are being investigated in NB,
such as ODC1, PHGDH and AURKB (42–44). Gene expression correlation analysis revealed a high
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positive correlation between CCNB1IP1 and MYCN expression in all the four datasets (Fig. 1C-G). Our
results showed that CCNB1IP1 was overexpressed in both MYCN-AM NB patient specimens and cell lines,
which is consistent with the database analysis (Fig. 2A-G). And its higher expression level is closely
associated with lower OS, EFS of patients, which further implied the malignant function of CCNB1IP1 in
NB. All these have aroused our curiosity about the role and function of CCNB1IP1 in MYCN-AM NB
(Fig. 2H-K).

CCNB1IP1 was initially identi�ed as an interacting protein of cyclin B1 for the regulation of cell cycle
progression (13). To date, the biological function of CCNB1IP1 in a variety of tumors has been noted in
several studies. Some of these studies stand on the side that CCNB1IP1 may produce a positive effect on
tumorigenesis. Earlier, CCNB1IP1 was found to be a component of HMG1C gene translocation fusion in
uterine leiomyoma, but its biological effect has hardly been discussed (14). Similarly, CCNB1IP1 was
found aberrantly overexpressed in metastatic melanoma and hepatocellular carcinoma (15, 16). However,
some results contradicting the above studies have also been reported. In an in-situ hybridization study
based on patient-derived tumor tissue microarrays from multiple cancer types, CCNB1IP1 was observed
to be under-expressed in colorectal, breast and non-small cell lung cancer (NSCLC), and its expression
level was negatively correlated with survival time in adenocarcinoma, small cell squamous carcinoma
and NSCLC (15). Furthermore, silencing of CCNB1IP1 in gastric cancer cells U2OS and breast cancer cells
MCF-7 promoted cells metastasis and invasion, but suppressed cells proliferation and growth, suggesting
that the extent or nature of CCNB1IP1 being required in different biological behaviors of tumor cells may
not be consistent (17). Notably, a recent study based on transcriptome analysis of a MYCN-driven NB
mouse model revealed that CCNB1IP1 was highly expressed in recurrent metastatic tissues (18).
Although the role of CCNB1IP1 has not been further investigated, the results partially implicated an
oncogenic function of CCNB1IP1 in NB. In this study, a signi�cant oncogenic driving effect of CCNB1IP1
on MYCN-expressing or AM NB cells was found in cellular and xenograft tumor studies, as manifested by
a greater proliferation and tumor formation, while having little effect on cells with low MYCN expression
or NA. In contrast, even restoration of CCNB1IP1 expression failed to rescue the diminished proliferative
capacity and tumor growth of NB cells caused by MYCN de�ciency (Fig. 6). We hypothesized that the
oncogenic effect of CCNB1IP1 probably exerts effectively in NB cells with abnormally high expression of
MYCN, whereas in MYCN-NA cells, a gene network su�cient for CCNB1IP1-induced cell carcinogenesis
seems to be infeasible. All these inspired us that CCNB1IP1 may cooperate with MYCN to drive the
tumorigenic development of NB, and its speci�c biological role in NB needs to be further explored in a
mouse model of NB primary that better resembles the characteristics of tumorigenesis and progression.

Interestingly, CCNB1IP1 acts as the target gene of MYCN that reciprocally maintained the protein stability
of MYCN (Fig. 5). Interfering with the post-transcriptional stability or activity of MYCN is relatively
straightforward and is receiving increasing attention to develop more effective and feasible options to
attack MYCN. According to our data, the regulation of MYCN protein ability by CCNB1IP1 is mainly
associated with E3 ubiquitin ligase Fbxw7 and is not dependent on other partner molecules interacting
with MYCN (Trim32, Huwe1, USP3 and USP5) (Fig. 7 and Fig. S2) (9, 28–31). In truncated mutation
experiments, we found that CCNB1IP1 bound tightly to the reciprocal region of Fbxw7 on MYCN AA 48–
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89 in a C-terminal domain-dependent manner (Fig. 8). Interestingly, MYCN with deletion mutations in this
region lost its ability to bind Fbxw7, and binding to CCNB1IP1 was also signi�cantly abolished (Fig. 8).
This indicates that the Fbxw7 binding segment is contained at least within the region where MYCN
interacts with CCNB1IP1. In contrast, the MYCN AA 48–89 region is not be required for the binding of
other MYCN cofactors (Trim32, Huwe1, USP3 and USP5). Therefore, CCNB1IP1 would not disturb their
binding to MYCN or further affect the stability of MYCN protein, which presumably corroborated with the
results in Fig. 7 and Fig. S2.

Currently, numerous studies suggest that destabilization of MYCN has great potential as an emerging
therapeutic strategy, although it also faces various obstacles, such as speci�city and clinical translation
issues. For example, AURKA kinase is currently being studied as a well-established therapeutic target for
MYCN-AM NB. Based on the interaction of AURKA with MYCN, several small molecules have been
identi�ed which can bind to AURKA and alter its conformation to disrupt the Fbxw7-MYCN complex and
cause rapid MYCN degradation (9, 45). Among them, inhibitor alisertib was assumed to be effective in
uncoupling the direct interaction of the catalytic domain of AURKA with MYCN and displayed good
activity against pediatric solid tumors in preclinical trials (46). Moreover, the inhibitory effect of AURKA on
tumors is not absolutely dependent on the state of MYCN ampli�cation, as evidenced by the fact that a
few Myc-driven tumors are also sensitive to AURKA suppression (47, 48). Whereas in clinical trials
including NB, inhibition of AURKA resulted in signi�cant unintended toxicity and largely disappointing
responses (36, 37). Encouragingly, good responses were achieved in phase I and II clinical trials of
alisertib in combination with irinotecan and temozolomide for the treatment of relapsed or refractory
neuroblastoma, conferring a potentially more favorable application of this inhibitor in combination with
chemotherapeutic drug therapies (49, 50). As targets for MYCN-AM NB are still limited or unspeci�c, the
discovery and development of new targets and therapeutic applications remains urgent. Here, our results
and those of others adequately indicate that destabilization of MYCN is going to be an overwhelming
breakthrough in attacking MYCN NA NB. we demonstrated that CCNB1IP1 supported MYCN-AM NB cells
proliferation and tumor growth by repressing Fbxw7-mediated ubiquitination degradation of MYCN
through gain- and loss-of-function experiments. Moreover, CCNB1IP1 antagonized the interaction of
Fbxw7 with MYCN in a competitive binding manner, during which the C-terminal domain of CCNB1IP1 is
required (Fig. 10).

Here, we identi�ed CCNB1IP1 as a novel cofactor that stabilizes MYCN and acts synergistically with
MYCN to enhance the proliferation and tumorigenicity of NB cells. Mechanistically, CCNB1IP1 blocked
MYCN degradation through competitive binding of MYCN to Fbxw7, which further diversi�ed the
regulatory mechanism of MYCN proteostasis. Our data supported the potential of CCNB1IP1 as a MYCN-
speci�c intervention target. However, there remain certain limitations and pending issues to be addressed
in our study. Although phenotypic effects were observed, further investigation may be required to clarify
how the synergistic effect of CCNB1IP1 with MYCN modulates the tumorigenicity of NB cells. Given the
cell cycle-dependent expression and nucleus co-localization of both CCNB1IP1 and MYCN, it is necessary
to further explore the complexity and spatiotemporal-dependent alterations of their interactions.
Therefore, multifaceted mechanistic studies need to be integrated to more accurately assess the extent to
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which CCNB1IP1 contributes to the post-transcriptional regulation of MYCN expression. Although no
de�nitive inhibitor of CCNB1IP1 has been developed, our study indicates that targeting CCNB1IP1 may be
a new option for the future treatment of MYCN-AM NB. Screening and validation of small molecule
compounds or agents with known clinical indications that speci�cally disrupt the interaction of
CCNB1IP1 with MYCN as candidate inhibitors would be expected to be available for preclinical testing
and subsequent clinical applications of MYCN AM NB. Although targeting CCNB1IP1 is still far from
clinical application, it remains undeniable that NB cell growth is impaired by disrupting the CCNB1IP1-
MYCN interaction. Ideally, more effective drug combination regimens could be developed based on this
idea to provide more effective and speci�c treatments for improving prognosis and survival of high-risk
NB patients.

Material Methods

Cell lines and culture
Human NB cell lines SK-N-BE (2), SK-N-SH and SH-SY5Y and HEK293T were obtained from Cell Bank of
the Chinese Academic of Sciences (Shanghai, China), SK-N-AS, IMR32 and BE(2)M17 were purchased
from FuHeng biology (Shanghai, China). SK-N-SH and IMR32 were cultured in MEM medium with 10%
FBS. SK-N-BE (2), SH-SY5Y and BE(2)M17 were cultured in DMEM/F-12 medium with 10% FBS. SK-N-AS
and HEK293T were cultured in DMEM medium with 10% FBS. All cell lines were authenticated by short
tandem repeat pro�ling analysis performed at Biowing Applied Biotechnology Co., Ltd. (Shanghai, China).
and maintained according to the manufacturer’s instructions and cultured in a humidi�ed incubator
containing 5% CO2 at 37°C.

Reagents and antibodies
MTT (purity ≥ 98%) was purchased from Sigma-Aldrich (St. Louis, USA, 88417). Cycloheximide (CHX,
purity ≥ 99.81%) was purchased from MedChemExpress (NJ, USA, HY-12320). MG132 was purchased
from Selleck Chemicals Inc (Houston, USA, S2619). AceQ qPCR SYBR Green Master Mix was purchased
from Vazyme (Nanjing, China). First-strand cDNA Synthesis super Mix kit, RIPA buffer and TRIzol reagent
were obtained from Sparkjade Biotech (Shandong, China). Endotoxin-free plasmid small extraction
medium extraction kit was purchased from Tiangen. Immunohistochemistry (IHC) kits were purchased
from Vector Laboratories. Dual Luciferase Reporter Gene Assay Kit, CHIP kit, EdU adulteration assay kit
and Lipo8000 transfection reagent were purchased from Beyotime Biotech (Hangzhou, China). Fetal
bovine serum was purchased from Sigma-Aldrich (St. Louis, MO, United States). Serum-free lyophilization
solution, rapid blocking solution, and universal antibody dilutions were purchased from New Cell &
Molecular Biotech. IP/CoIP Kit (Magnetic Beads) was purchased from Dia-An Biotech, Inc (Wuhan,
China). Primary antibodies we used as follows: anti-Flag, anti-HA, anti-His and anti-Myc and anti-β-actin
were purchased from Abways Technology, anti-CCNB1IP1 was purchased from Huabio, anti-MYCN was
purchased from Cell Signaling Technology, anti-Fbxw7 was purchased from Abcam (Cambridge, MA,
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United States), anti-USP3, anti-USP5, anti-Trim32 and anti-Ubiqiutin were purchased from Proteintech
Group. Fluorescent secondary antibodies were purchased from Keygen Biotech (Shanghai, China).

RNA isolation, qRT-PCR
Total RNA was extracted, reverse transcribed and subjected to PCR as previously described (51). Primer
sequences for qRT-PCR analysis are listed in Supplementary Table S1. β-actin expression was used for
normalization. Relative expression of target genes was normalized using the internal control β-actin and
calculated using the 2−ΔΔCq method.

Protein preparation and IB assay
NB cells or patient-derived tissues placed on ice were lysed with RIPA lysate containing 1 mM PMSF.
Protein concentrations in the obtained lysates were assessed using the BCA method. The denatured
proteins were separated by SDS-PAGE and transferred to polyvinylidene �uoride membranes (Millipore,
USA). After closure with Rapid Closure Solution, incubate overnight at 4°C using the appropriate primary
antibody. Following washing with PBST, incubate for 1–2 hours at 37 ℃ using the appropriate secondary
antibody and wash again with PBST. Protein signals were visualized under a Bio-Rad gel imaging system
using ECL chromogenic reagents. β-actin was used as a loading control.

Co-IP assay
Co-IP assay was performed using the IP/CoIP Kit (Magnetic Beads) according to the manufacturer's
instructions. Brie�y, cell lysates were preparation and collected. Incubation of antibodies with magnetic
beads. Binding of the antigen to antibody-magnetic bead complex. Separated the magnetic beads, added
the appropriate amount of loading buffer and boiled at 95°C for 5min, for sample elution. The eluted
samples were subjected to SDS-PAGE and IB assay to detect speci�c proteins.

Protein half-life detection
The stability of MYCN protein was examined in cells with speci�c knockdown or overexpression. CHX-
chase analysis was performed to determine the protein half-life of MYCN. CHX treatment inhibited the
intracellular protein synthesis process thereby facilitating accurate detection of protein degradation.
Brie�y, in the MYCN half-life assay, the target cells were incubated with CHX (10 µg/ml) for the indicated
time, and then the cells were harvested and relative protein expression of MYCN was measured by IB
analysis.

Dual-luciferase reporter assay
CCNB1IP1 promoter sequence wild-type and mutant constructs were transfected with the internal control
vector Renilla into speci�cally treated NB cells according to the manufacturer's instructions. Then the
luciferase assays were performed using the Dual Luciferase Reporter Gene Assay Kit (Beyotime Biotech,
Hangzhou, China) as previously described (52). The luciferase activity was normalized to Renilla
expression for each sample.
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CHIP
CHIP was performed according to manufacturer’s instructions. Brie�y, cells transfected with speci�c
silencing or overexpression plasmids were collected, cross-linked and sonicated. IP assay was performed
with anti-MYCN antibody co-incubated with the lysis products. IgG was used as a loading control.
Immunoprecipitation complexes were obtained and puri�ed, and the binding of MYCN to the CCNB1IP1
promoter was detected by semi-quantitative PCR. The primers used to amplify the putative binding
CCNB1IP1 promoter fragment were listed in Supplementary Table S2.

Colony formation assay
The procedure was performed as previously described (52). NB cells stably expressing or silencing
speci�c genes were seeded into six-well plates at an amount of 500 per well and cultured for
approximately two weeks. At the end of the culture, the medium was discarded, washed three times with
cold sterile 1×PBS, �xed in 4% formaldehyde and stained with 0.1% crystal violet. The colonies number
was then counted macroscopically.

EdU incorporation assay
EdU incorporation assay was performed according to manufacturer’s instructions. Brie�y, the target cells
transfected with CCNB1IP1 overexpression plasmids or shRNA were seeded into 96 well plates at an
amount of 5000 per well. Cells were �xed with 4% neutral paraformaldehyde and permeabilized with 0.5%
Triton X-100 following incubation with EdU. Then the click EdU reactions were performed and the cells
were placed under an inverted �uorescent microscope for observation and photography.

Ubiquitination analysis
Target cells were transfected with plasmids expressing or silencing speci�c proteins, and then protein
lysates were collected and prepared. IP assay was performed with anti-MYCN or anti-HA-MYCN
antibodies. The MYCN protein polyubiquitination in the co-IP products was subsequently determined by
IB assay with anti-ubiquitin primary antibody. The IgG group was set as a loading control.

Cell transfection
The shRNA targeting CCNB1IP1 (#1 TRCN0000003418 and #2 TRCN0000003419) and MYCN (#1
TRCN0000020695 and #2 TRCN0000020698) in pLKO.1 lentiviral vector were purchased from Millipore
Sigma (St. Louis, MO) and used as recommended by the manufacturer. The packaging plasmids PsPAX2
and pMD2.G were purchased from the MiaoLing Plasmid Sharing Platform. Targeting sequences of
shRNA for Fbxw7, Trim32, Huwe1, USP3 or USP5 are listed in Supplementary Table S3. The Flag-tagged
coding sequence of CCNB1IP1 WT or the relevant M1-M4 mutants, HA-tagged MYCN WT or the relevant
MYCN48–89 and MYCN△48–89 mutants, Myc-tagged Fbxw7 WT and or the Fbxw7△F−box mutant were
cloned into the lentiviral vector, pCDH-CMV-MCS-EF1-GFP + Puro (Changsha Youze Biotechnology Co.,
Ltd) to generate expression plasmids. The relevant lentiviral particles were generated in HEK293T cell
using the Lentiviral Packaging Kit according to the manufacturer's instructions. As for cell transfection,
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the target cells were transfected with lentiviral-encoded target DNA constructs using lipo8000
transfection reagent according to the manufacturer’s instruction and stable transfected cells were
selected with puromycin (1µg/ml).

Protein-protein docking
Preparation of protein structure: CCNB1IP1, MYCN target protein structures were predicted by I-TASSER
online server (https://zhanggroup.org//I-TASSER/). All protein structures were treated in a molecular
manipulation environment (MOE 2019.1) including removal of water and ions, protonation, addition of
missing atoms and complement of missing groups, and protein energy minimization. Molecular docking:
The processed CCNB1IP1 and MYCN proteins were introduced into the receptor and ligand modules of
HDOCK software respectively, and the docking sites were selected to be the whole surface of the protein,
and the conformation of protein-protein complex was set to 100, a hybrid algorithm for template-based
and template-free Docking automatically predicted its interaction and was evaluated using a Docking
Score as well as the RMSD of the ligand, visualizing the Docking results with selected Pymol2.1 software.

Animal procedures
Balb/c male nude mice purchased from Vitone River Laboratory Animal Technology Co., Ltd. were housed
in a standard SPF animal room equipped with sealed air �ltration devices. All experimental procedures on
mice were approved by the Animal Ethics Committee of Zhengzhou University and performed in
accordance with the institutional guidelines. The mice were randomly grouped and subjected to a period
of acclimatization prior to the experiment. Mice were injected with IMR32 cell (200 µl, 2×106 cells) stably
transfected with non-targeted shRNA (shCtrl), CCNB1IP1-targeted shRNA (shCCNB1IP1#1 and #2); empty
vector (Vector) or CCNB1IP1 overexpression plasmid; MYCN-targeted shRNA (shMYCN) or MYCN-targeted
shRNA combined with CCNB1IP1 plasmid (shMYCN + CCNB1IP1) in the subcutaneous space to construct
NB cells-derived xenograft tumor models. For tumor growth assay, subcutaneous tumor volumes were
measured every 5 days, and mice were euthanized at the end of the experiment, then tumors were peeled
and weighed. The volume was calculated by the formula: V= (a × b2)/2, where a and b are the long axis
and short axis of tumor, respectively.

IHC detection
IMR32-derived xenogeneic tissues from nude mice or primary tumor tissues from untreated NB patients
were obtained and �xed in 4% paraformaldehyde, dehydrated in an alcohol gradient, hyalinized in xylene,
para�n embedded. IHC staining for CCNB1IP1, MYCN and ki67 expression was performed using the
appropriate primary antibodies following the manufacturer's instructions of IHC kit. All sections were
photographed under a vertical microscope (Nikon, Japan). The sections were analyzed with a double-
blind method employing a semi-quantitative scoring system as previously reported (53).

Histological Sample
This study was approved by the ethics review committee of Zhengzhou University according to the
standards and guidelines of the institutional review committee (No. 2021-H-K24). All samples involved in
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this study were untreated primary tumors from NB patients with de�ned MYCN ampli�cation status. And
patients were signed written informed consent in the Children’s Hospital A�liated to Zhengzhou
University upon admission. All studies on human samples were conducted in accordance with accepted
ethical norms (Helsinki declaration, CIOMS, Belmont Report, American common rules).

Dataset analysis
RNA sequencing data for NB patients and cell lines and clinical follow-up information for patients were
download from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/, GEO
accession numbers: GSE49710, GSE120572, GSE80149) and the Therapeutically Applicable Research to
Generate Effective Treatments (TARGET) data portal (https://ocg.cancer.gov/programs/target). A total of
145, 493 and 393 patients and 5 NB cell lines containing complete gene expression data and a de�ned
MYCN ampli�cation status (AM or NA) were included in this study following �ltering out some samples
with incomplete information. For the analysis of overall survival and disease-free progression survival,
patients were divided into a CCNB1IP1 high expression group (top 25%) and a CCNB1IP1 low expression
group (bottom 75%), and Kaplan-Meier curves were created using an online genomic analysis
visualization platform (https://r2platform.com).

Statistical Analysis
Data obtained from at least three independent experiments were expressed as mean ± SD. Statistical
analysis was performed using SPSS version 25.0. Student’s t-test and one-way ANOVA was calculated to
compare the differences between two groups or multiple groups, respectively. Statistically signi�cant
difference was shown as *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 1

CCNB1IP1 overexpressed in MYCN-AM NB tissues and cell lines, and correlated with poor clinical
characteristics. (A) Venn diagram re�ecting shared upregulated differential genes between MYCN-AM and
NA NB samples or cell lines from TARGET, GEO (GSE49710, GSE80149, GSE120572) datasets (log2FC >
1, P < 0.01). (B) Correlation between CCNB1IP1 and MYCN transcription levels from four different
datasets. (C) IHC assay to detect CCNB1IP1 protein expression in MYCN-AM and NA NB sample tissues.
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Scale bar = 1mm. (D) High magni�cation IHC images from A. Scale bar = 100μm. (E) IHC score of MYCN-
AM and -NA NB. (F) Correlation of CCNB1IP1 expression with clinical characteristics of NB patients (age
at diagnosis, gender and MYCN ampli�cation status). The relative expression level of MYCN and
CCNB1IP1 in MYCN-AM and NA NB specimens (G, H) and NB cells (I) was detected by IB assay. (H)
Quantitative results of G. (J-M) Kaplan-Meier estimation of the OS and EFS based on the CCNB1IP1
transcriptome data from the TARGET and GSE45547 cohorts. 

Figure 2

MYCN directly regulates expression and transactivation of CCNB1IP1 in NB cells. (A) Immunoblot (IB)
assay of MYCN and CCNB1IP1 expression in SK-N-BE(2), BE(2)M17 and IMR32 cells was performed upon
MYCN-shRNA knockdown for 48h. (B) Quantitative real-time PCR (qRT-PCR) was performed to detecte the
mRNA expression of CCNB1IP1 in NB cells treated as A. (C) Representative IF images of IMR32 cell.
MYCN, green; CCNB1IP1, red; DAPI, blue. Scale bar = 10μm. (D) qRT-PCR quantitation of CCNB1IP1 mRNA
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expression in NB cells upon MYCN overexpressed. (E) IB assay of MYCN and CCNB1IP1 expression in SK-
N-AS, SH-SY5Y and SK-N-SH cells treated as D. (F) Representative IF images. MYCN, green; CCNB1IP1,
red; DAPI, blue. Scale bar = 10μm (G) Predicted MYCN binding site on the CCNB1IP1 promoter (2000bp
upstream) using the jaspar database (https://jaspar.genereg.net/). (H) Schematic representation of the
putative MYCN binding site E-box (-1973 to -1962 bp AATCACATGGCC) and the mutation site (-1973 to
-1962 bp AATGTGATGGCC) on the CCNB1IP1 promoter. (I, J) Luciferase activity was assayed in MYCN-
silenced or -overexpressed NB cells transfected with WT or mutant pGL3-CCNB1IP1 promoter constructs,
and pRL-TK was used as an internal control. ChIP assay manifested MYCN enrichment in the promoter
region of CCNB1IP1 in MYCN-AM NB cells (K) and MYCN-NA NB cells with MYCN expression (L). PD:
Putative binding site; NC: Negative binding site. B, D, I-L, data represent the mean ± SD of at least three
independent experiments (N.S., no signi�cant differences; **P 0.01 and ***P 0.001).

Figure 3

Altering the CCNB1IP1 expression selectively modulates the proliferation and growth of MYCN-AM NB
cells. Two shRNAs targeting CCNB1IP1 with different sequences were transfected into NB cells (IMR32
and SK-N-AS cells) for 48h. (A) IB analysis of CCNB1IP1 protein levels was performed to detect the
shRNA e�ciency. (B) Colony-formation assay. (C) MTT assay. (D) EdU incorporation assay. Empty vector
or vectors encoding CCNB1IP1 were transfected into NB cells for 48h. (E) IB analysis was performed to

https://jaspar.genereg.net/
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detect the CCNB1IP1 protein expression level. (F) Colony-formation assay. (G) MTT assay. (H) EdU
incorporation assay. (I) Image of subcutaneous tumor formation from IMR32 cells with or without
CCNB1IP1 stably knockdown. Scale bar=10mm. (J) Tumor weight. (K) Volume changes of the
subcutaneous tumor were measured periodically. (L) Tumor volume at the end of the study. (M) Image of
CCNB1IP1 stably expressing IMR32 and vector-IMR32-derived subcutaneous tumors. Scale bar=10mm.
(N) Tumor weight. (O) The volume changes of subcutaneous tumors were measured periodically. (P)
Tumor volume at the study end point. B, C, F, G, J-L and N-P, Data represent the mean ± SD of at least
three independent experiments (N.S., no signi�cant differences; *P 0.05; **P 0.01 and ***P 0.001).

Figure 4

CCNB1I1P1 blocks MYCN protein ubiquitination and degradation. Two shRNAs targeting CCNB1IP1 were
transfected into NB cells for 48h. (A) IB and (B) qRT-PCR analysis was performed to detected indicated
protein and mRNA expression levels. Empty vector or plasmid encoding CCNB1IP1 were transfected into
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MYCN-expressing non-ampli�ed NB cells for 48h. (C) IB and (D) qRT-PCR analysis were performed to
detected indicated protein and mRNA expression levels. (E, F) IB assay was performed for assessing the
MYCN stability in NB cells with CCNB1IP1 knockdown or overexpressed were treated with CHX (10 μg/ml)
for indicated time. (G) The protein expression of CCNB1IP1 and MYCN in CCNB1IP1-silenced or non-
silenced NB cells stimulated with MG132 (20 μM) was detected by IB assay. (H) Co-IP assay was
performed using anti-MYCN antibody in lysate of SK-N-BE(2) cell with or without CCNB1IP1 knockdown,
and then anti-ubiquitin antibody was used for detecting MYCN ubiquitination level. (I) HA-MYCN,
Ubiquitin and Flag-CCNB1IP1 plasmids were transfected alone or together into HEK-293T, and MYCN
ubiquitination level was detected by co-IP assay. B, D, E and F, data represent the mean ± SD of at least
three independent experiments (N.S., no signi�cant differences; *P 0.05; **P 0.01 and ***P 0.001). 
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Figure 5

CCNB1IP1 promotes NB cell proliferation and tumor growth in a MYCN-dependent manner in vitro and in
vivo. IMR32 and BE(2)M17 cells were transfected with MYCN shRNA alone or together with plasmids
encoding CCNB1IP1. (A) IB assay was performed to detect the protein expression of CCNB1IP1 and
MYCN. (B) MTT assay. (C) Colony formation assay. B, C, data represent the mean ± SD of at least three
independent experiments (N.S., no signi�cant differences; **P 0.01 and ***P 0.001). (D) Image of
subcutaneous tumors derived from IMR32 cell stably silencing MYCN alone or together with CCNB1IP1
overexpression. Scale bar=10mm. (E) The volume changes of tumors were measured periodically. (F)
Tumor volume and (G) weight at the study end point. (H) Representative images of IHC staining for
CCNB1IP1, MYCN and ki67 in xenografts tissues. Scale bar=50μM. E-G, data represent mean ± SD, (N.S.,
no signi�cant differences; **P 0.01 and ***P 0.001).

Figure 6

CCNB1IP1 stabilizes MYCN protein by disrupting Fbxw7-mediated ubiquitination. IB analysis of MYCN,
Fbxw7 and CCNB1IP1 protein expression. (A) BE(2)M17 and IMR32 cells infected with shFbxw7 alone or
together with shCCNB1IP1. (B) SH-SY5Y and SK-N-AS cells overexpressed Fbxw7 alone or together with
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CCNB1IP1. (C) In vivo ubiquitination assay of MYCN in IMR32 cell with knockdown of Fbxw7 and
CCNB1IP1 alone or together (D) or MYCN-expressing HEK293T cell infected with plasmids encoding HA-
Ubiquitin, Myc-Fbxw7 and Flag-CCNB1IP1 alone or together (E) or IMR32 cell knockdown of Fbxw7
infected with plasmids encoding Myc-Fbxw7-WT, Myc-Fbxw7△F-box and Flag-CCNB1IP1 alone or together.

Figure 7

CCNB1IP1 stabilizes MYCN protein by competing with Fbxw7 for MYCN binding. (A) Endogenous
interaction between CCNB1IP1 and MYCN. Co-IP assay was performed using anti-MYCN antibody and
IgG was used as a negative control. (B) Interference of exogenously expressed CCNB1IP1 with the Fbxw7-
MYCN interaction was detected by co-IP assay. (C) Schematic depiction of CCNB1IP1 WT and truncated
mutants. (D) The interaction between MYCN and CCNB1IP1 WT or truncated mutants was determined in
HEK293T cell transfected separately with Flag-CCNB1IP1 WT and different truncated mutants along with
HA-MYCN. Co-IP assay to analyze the competitive binding of CCNB1IP1 to MYCN with Fbxw7. (E)
HEK293T cell expressing HA-tagged MYCN WT or MYCN△48-89 mutant was transfected with plasmids
encoding Myc-Fbxw7 alone or together with Flag-CCNB1IP1. (F) HEK293T cell expressing Myc-Fbxw7
was transfected with plasmids encoding HA-MYCN WT or MYCN48-89 mutant alone or together with Flag-
CCNB1IP1. (G) The binding mode of the complex CCNB1IP1 with MYCN (AA 59 to 138). The backbone of
protein was rendered in tube and colored. CCNB1IP1 (down) and MYCN (up) protein is rendered by the
surface. The detail binding mode of CCNB1IP1 with MYCN (right). Yellow dash represents hydrogen bond
or salt bridge.
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Figure 8

The C-terminal domain of CCNB1IP1 is essential for MYCN stabilization, and promotion of tumor growth.
(A) Protein half-life analysis of MYCN in shCCNB1IP1-IMR32 cell with re-expression of CCNB1IP1 WT or
M4 mutant plasmids. Empty vector was used as a negative control. Cells were treated with CHX (10
μg/ml) and lysates were harvested for IB analysis. (B) Quanti�cation of A. (C) Ubiquitination of MYCN
was detected in HEK293T cell transfected with HA-MYCN alone or together with Myc-Fbxw7, Flag-
CCNB1IP1 WT or M4 mutant. (D) CCNB1IP1 WT or M4 mutant was re-expressed alone or co-transfected
with Fbxw7-shRNA in CCNB1IP1-depleted NB cells. IB assay was performed to detect the expression of
speci�c protein. (E) Colony formation assays were performed in with shCCNB1IP1-IMR32 and -BE(2) M17
cells transfected with CCNB1IP1 WT or M4 mutant plasmids. B and E, data represent the mean ± SD of at
least three independent experiments (N.S., no signi�cant differences; **P 0.01 and ***P 0.001). CCNB1IP1-
depleted IMR32 cell stably re-expressing CCNB1IP1 WT or M4 mutant were then subcutaneously
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inoculated into nude mice to construct xenograft tumor models. (F) Images of the xenografts. Scale
bar=10mm. (G) Volume changes of subcutaneous tumors were measured periodically. (H) Tumor volume
(I) and weight at the end point. (J) Proposed model of the disruption of Fbxw7-mediated MYCN
ubiquitination degradation by CCNB1IP1 in NB cells. G-I, data represent mean ± SD, (**P < 0.01 and ***P <
0.001).
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