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MYCN and MAX alterations in Wilms tumor 
and identification of novel N‑MYC interaction 
partners as biomarker candidates
Ovidio Jiménez Martín1, Andreas Schlosser2, Rhoikos Furtwängler3, Jenny Wegert1 and Manfred Gessler1,4*   

Abstract 

Background:  Wilms tumor (WT) is the most common renal tumor in childhood. Among others, MYCN copy num-
ber gain and MYCN P44L and MAX R60Q mutations have been identified in WT. MYCN encodes a transcription factor 
that requires dimerization with MAX to activate transcription of numerous target genes. MYCN gain has been associ-
ated with adverse prognosis in different childhood tumors including WT. The MYCN P44L and MAX R60Q mutations, 
located in either the transactivating or basic helix-loop-helix domain, respectively, are predicted to be damaging by 
different pathogenicity prediction tools, but the functional consequences remain to be characterized.

Methods:  We screened a large cohort of unselected WTs for MYCN and MAX alterations. Wild-type and mutant 
protein function were characterized biochemically, and we analyzed the N-MYC protein interactome by mass spectro-
metric analysis of N-MYC containing protein complexes.

Results:  Mutation screening revealed mutation frequencies of 3% for MYCN P44L and 0.9% for MAX R60Q that are 
associated with a higher risk of relapse. Biochemical characterization identified a reduced transcriptional activation 
potential for MAX R60Q, while the MYCN P44L mutation did not change activation potential or protein stability. The 
protein interactome of N-MYC-P44L was likewise not altered as shown by mass spectrometric analyses of purified 
N-MYC complexes. Nevertheless, we could identify a number of novel N-MYC partner proteins, e.g. PEG10, YEATS2, 
FOXK1, CBLL1 and MCRS1, whose expression is correlated with MYCN in WT samples and several of these are known for 
their own oncogenic potential.

Conclusions:  The strongly elevated risk of relapse associated with mutant MYCN and MAX or elevated MYCN expres-
sion corroborates their role in WT oncogenesis. Together with the newly identified co-expressed interactors they 
expand the range of potential biomarkers for WT stratification and targeting, especially for high-risk WT.
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Background
Wilms tumor (WT) is the most common pediatric renal 
tumor, with an incidence of approximately 1 in 10.000 
children. In Europe, patients are treated according to 
the International Society of Pediatric Oncology (SIOP) 

protocol, consisting of preoperative chemotherapy, 
followed by surgery, and risk-adjusted postoperative 
chemo- and radiotherapy [1]. Although the overall sur-
vival rate is at 92%, blastemal histology in chemotherapy-
treated WTs is associated with adverse prognosis and 
reduced relapse-free survival. Genetic characterization 
of this histological subgroup is therefore of clinical rel-
evance, in order to find biomarkers for risk-stratification 
or potential therapeutic leads.
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In previous exome sequencing studies of high-risk 
blastemal WTs, we and others identified several poten-
tial oncogenic driver mutations of genes involved in 
miRNA biogenesis and kidney development [2–5]. 
Among these, alterations in the MYCN and MAX 
genes were detected: predominantly MYCN copy num-
ber gain (mostly low copy amplification), but also the 
somatic variants MYCN P44L and MAX R60Q. It has 
been reported that MYCN gain correlates with ana-
plasia and reduced relapse-free and overall survival in 
WT [6], but it is also associated with poor outcome in 
other pediatric cancers such as medulloblastoma, neu-
roblastoma and rhabdomyosarcoma [7]. MYCN P44L 
and MAX R60Q mutations are classified as pathogenic 
by different functional prediction tools. They have since 
been detected at low frequencies in several other tumor 
types like neuroblastoma, glioma, and some carcino-
mas [8]. In total MYCN alterations affected up to 18.5% 
of Wilms tumors treated with preoperative chemo-
therapy, suggesting an important oncogenic function of 
MYCN [2].

The N-MYC protein, encoded by the MYCN gene, 
is a member of the MYC family, a small group of basic 
helix-loop-helix leucine zipper (bHLH-LZ) transcription 
factors (TFs) that heterodimerize with MAX. These het-
erodimers bind to E-box motifs (CAC​GTG​) and regulate 
a multitude of cellular functions, like cell proliferation, 
cell cycle control, differentiation and apoptosis [7]. The 
biochemical effects of both mutations, MYCN P44L and 
MAX R60Q, remained unclear, however. P44L is located 
within the N-MYC transactivation domain (TAD), pre-
ceding the so-called Myc-box I that carries a phosphode-
gron (T58/S62) regulating N-MYC stability and activity. 
The R60Q mutation affects the MAX bHLH domain, 
required for protein dimerization and DNA-binding 
(Additional file 1: Figure S1).

To better characterize the role of MYCN and MAX 
mutations in WT, we first screened a larger cohort of 
cases to evaluate possible clinic-pathological correla-
tions. We then assayed the biochemical functions and 
protein interactions of the mutant proteins with a focus 
on N-MYC.

Materials and methods
Patient materials
Wilms tumor and control tissues with associated clinical 
data were obtained from the German SIOP93-01/GPOH 
and SIOP2001/GPOH studies. Informed consent had 
been obtained for tumor banking and future research use 
according to German regulations (Ethikkommission der 
Ärztekammer des Saarlandes, 136/01). DNA and RNA 
were isolated as described before [9].

Verification of SNVs
Allele-specific PCR (ASP) for the MYCN P44L and 
MAX R60Q mutation was performed using primers 
designed with WebSNAPER (https://​pga.​mgh.​harva​
rd.​edu/​cgi-​bin/​snap3/​websn​aper3.​cgi). Samples with 
known mutations were used as controls. Potential vari-
ants were verified by Sanger sequencing. Expression 
of mutant alleles was checked by RT-PCR of DNaseI 
treated RNA, followed by Sanger sequencing. To screen 
for further MAX variants, the entire coding region was 
amplified from tumor cDNA with primers in the 5’- and 
3’-UTR. Primers are listed in Additional file 6: Table S6.

Expression vectors
Cloning of expression vectors was done using primers 
listed in Additional file  6: Table  S7 to amplify coding 
regions from plasmids or cDNA from HEK293 cells or 
tumor material. The pGL3-6XEBOX-prom luciferase 
reporter vector was generated by inserting six E-box 
sites [10] upstream of the SV40 promoter of the pGL3-
Promoter vector (Promega). All constructs were veri-
fied by Sanger sequencing.

Cell culture and transfections
HEK293 and U2OS cells were cultured in DMEM / 
10% FCS, 50 U Penicillin and 50  µg/ml Streptomycin, 
and transfected using polyethyleneimine. For stable 
transfection, the doxycycline-inducible vectors pSB-
ET-iE-HA-MYCN (wildtype or P44L mutant) and pSB-
ET-iE-FLAG-MAX (wildtype or R60Q mutant) were 
introduced via the Sleeping Beauty transposase sys-
tem with puromycin selection (Additional file  5: Fig-
ure S5). Stably transfected clones were titrated with 
doxycycline, to ensure minimal and equal expression of 
N-MYC or MAX among biological replicates, verified 
by Western blot analysis. Final concentrations are listed 
in Additional file  6: Table  S8. Doxycycline-induction 
of transiently transfected cells (500 ng/ml) was started 
6–12  h after transfection, and for all transfected cells 
induction was carried for 48 h.

Luciferase assay
105 HEK293 or U2OS cells were seeded on 24-well-
plates and transiently transfected in triplicates, using 
pGL3-6XEBOX-prom as the luciferase reporter. Lucif-
erase activity was measured as described previously 
[11], using a Berthold Tristar multimode reader.

Protein stability assay
5 × 105 stably transfected HEK293 cells were plated 
on 6-well-plates. After 48  h of induction, the culture 
medium was exchanged and 100  µM cycloheximide 

https://pga.mgh.harvard.edu/cgi-bin/snap3/websnaper3.cgi
https://pga.mgh.harvard.edu/cgi-bin/snap3/websnaper3.cgi
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(Roth) and/or 20 µM MG-132 inhibitor (Biomol) were 
added. Following incubation, cells were washed with 
PBS and whole cell lysates were assayed by Western 
blot.

MTT assay
2000 control or stably transfected cells were seeded 
in triplicates in a 96-well plate. After induction with or 
without doxycycline, 5  mg/ml MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-
Aldrich) was added to the cells for 2 h. Cells were then 
lysed for 20 min with 150 μl DMSO, and accumulation of 
formazan was quantified at 590 nm in a Berthold Tristar 
multimode reader.

Quantitative real‑time RT–PCR (qRT–PCR)
qRT-PCR was performed as described before [9], using 
primers listed in Additional file 6: Table S9. Briefly, 1 µg 
RNA was treated with DNAseI and reverse transcribed 
using random hexamer primers (Thermo Fischer). PCR 
was performed with 1/25 of a cDNA reaction with Sybr-
Green quantification and melting curve validation of 
products. The housekeeping gene HPRT was used to nor-
malize expression levels. For the analysis of gene expres-
sion in WT samples, three reference cDNAs were used 
on each PCR plate to ensure the comparability of values 
between plates.

Co‑immunoprecipitation (co‑IP)
Native N-MYC complexes were isolated following a pub-
lished protocol [12]. 10–12 million HEK293 cells (200 
million for MS analysis), were induced for 48 h and har-
vested in ice cold PBS supplemented with 50 µg/ml PMSF 
(Applichem), 1 µg/ml aprotinin, leupeptin and pepstatin 
(Sigma-Aldrich), and Phosphatase Inhibitor Cocktails II 
and III (1:10,000 dilution, Sigma-Aldrich). Cell pellets 
were resuspended in lysis buffer (20 mM HEPES pH 7.9, 
180  mM NaCl, 1.5  mM MgCl2, 10% glycerol and 0.2% 
Nonidet P40) containing fresh inhibitors, homogenized 
15 times using 27G needles (or by douncing in case of 
large cell pellets), followed by sonicating 4 × 10  s with 
45 s pausing (20% output). Benzonase (100 U/ml; Nova-
gen) was added and the sample was incubated for 40 min 
at 4 °C. Insoluble material was pelleted by centrifugation 
(18,000 rpm, 30 min, 4  °C). The soluble protein fraction 
obtained from 10–12 million HEK293 cells was split and 
was used for IP with 20 µl of HA-coupled magnetic beads 
(Pierce Thermo Fisher Scientific) or FLAG-coupled aga-
rose beads (Sigma), with additional 15 U benzonase per 
reaction. For MS analysis, the soluble protein fraction 
obtained from 200 million HEK293 cells was mixed with 
80  μl HA-coupled magnetic beads and 200 units ben-
zonase per reaction. Beads were incubated at 4  °C with 

rotation, 3  h for HA-beads and overnight for FLAG-
beads. HA-beads were washed 3 × at 4  °C in lysis buffer 
containing 0.1% Triton X-100 and then twice in buffer 
without Triton X-100. FLAG-beads were washed 6 times 
at 4  °C in co-IP lysis buffer. Beads were resuspended in 
30 µl 1 × SDS loading buffer (0.1 M Tris pH 6.8, 4% SDS, 
0.25% bromophenol blue, 25% glycerol and 10% 2-mer-
captoethanol) or 100  µl 1 × NuPAGE® LDS Sample 
Buffer (Thermo Fisher Scientific) in case of MS samples, 
and incubated at 95 °C for 5–10 min. For the analysis of 
post-translational modifications of N-MYC, cells were 
lysed in RIPA buffer (50  mM Tris pH 8.0, 1% Nonidet 
P40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl 
and 1 mM EDTA) to reduce unspecific contaminants.

Western blot
For Western blot analysis, lysates from equivalent num-
bers of cells were directly lysed in 1 × Laemmli sample 
buffer (100 µl per 10 cm plate). 10% of the cell lysates, or 
one sixth of the resuspended Co-IP beads were run on 
12% polyacrylamide gels and blotted on nitrocellulose 
membranes. Blots were blocked with 5% milk powder, 
sequentially incubated with primary and horseradish‐
peroxidase‐conjugated secondary antibodies (Additional 
file 6: Table S10) in PBS or TBST and developed with X‐
ray‐film (Super RX‐N, Fuji Medical X‐Ray Film). Vinculin 
served as a loading control in all cases.

Sample preparation for quantitative mass spectrometry
Precipitation of wild-type and mutant HA-N-MYC was 
performed overnight at -20 °C with a fourfold volume of 
acetone. Pellets were washed three times with acetone at 
-20 °C. Precipitated proteins were dissolved in NuPAGE® 
LDS sample buffer (Life Technologies), reduced with 
50  mM DTT at 70  °C for 10  min and alkylated with 
120 mM Iodoacetamide at room temperature for 20 min. 
Separation was performed on NuPAGE® Novex® 4–12% 
Bis–Tris gels (Life Technologies) according to manufac-
turer’s instructions. Gels were washed three times for 
5  min with water and stained for 45  min with Simply 
Blue™ Safe Stain (Life Technologies). After washing with 
water for 2 h, gel lanes were cut into 15 slices. For PTM 
analysis, only the area corresponding to the N-MYC pro-
tein size was used. Excised gel bands were destained with 
30% acetonitrile in 0.1 M NH4HCO3 (pH 8), shrunk with 
100% acetonitrile, and dried in a vacuum concentrator. 
Digests were performed with 0.1 µg trypsin (or chymot-
rypsin, for PTM analysis) per gel band overnight at 37 °C 
in 0.1 M NH4HCO3 (pH 8). After removing the superna-
tant, peptides were extracted from the gel slices with 5% 
formic acid, and extracted peptides were pooled with the 
supernatant.
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NanoLC-MS/MS analyses were performed on an Orbit-
rap Fusion (Thermo Scientific) equipped with a PicoView 
Ion Source (New Objective), coupled to an EASY-nLC 
1000 (Thermo Scientific). Peptides were loaded on capil-
lary columns (PicoFrit, 30 cm × 150 µm ID, New Objec-
tive) self- packed with ReproSil-Pur 120 C18-AQ, 1.9 µm 
(Dr. Maisch) and separated with a 30 min linear gradient 
from 3 to 30% acetonitrile and 0.1% formic acid and a 
flow rate of 500 nl/min.

Both MS and MS/MS scans were acquired in the Orbit-
rap analyzer with a resolution of 60,000 for MS scans and 
15,000 for MS/MS scans. HCD fragmentation with 35% 
normalized collision energy was applied. A Top Speed 
data-dependent MS/MS method with a fixed cycle time 
of 3  s was used. Dynamic exclusion was applied with a 
repeat count of 1 and an exclusion duration of 30 s; sin-
gly charged precursors were excluded from selection. 
Minimum signal threshold for precursor selection was 
set to 50,000. Predictive AGC was used with AGC a tar-
get value of 2e5 for MS scans and 5e4 for MS/MS scans. 
EASY-IC was used for internal calibration.

MS data analysis
Raw MS data files were analyzed with MaxQuant ver-
sion 1.6.2.2 [13]. Database search was performed with 
Andromeda, integrated in MaxQuant, against the Uni-
Prot Human database. Additionally, a database con-
taining common contaminants was used. The search 
was performed with tryptic cleavage specificity with 3 
allowed miscleavages. Protein identification was under 
control of the false-discovery rate (1% FDR on protein 
and peptide level). In addition to MaxQuant default set-
tings, the search was performed against the following 
variable modifications: Protein N-terminal acetylation, 
Gln to pyro-Glu formation (N-term. Gln) and oxidation 
(Met). Carbamidomethyl (Cys) was set as fixed modifica-
tion. For protein quantitation, the LFQ intensities were 
used [14]. Proteins with less than two identified razor/
unique peptides were dismissed. Further data analy-
sis was performed using R scripts developed in-house. 
Missing LFQ intensities in the control samples were 
imputed with values close to the baseline. Data impu-
tation was performed with values from a standard nor-
mal distribution with a mean of the 5% quantile of the 
combined log10- transformed LFQ intensities and a 
standard deviation of 0.1. For the identification of signifi-
cantly co-immunoprecipitated proteins, boxplot outliers 
were identified in intensity bins of at least 300 proteins. 
Log2 transformed protein ratios of co-IP versus control 
(Log2FC) with values outside a 1.5x (potential) or 3x 
(extreme) interquartile range (IQR), respectively, were 
considered as significantly co-immunoprecipitated.

Data analysis for phosphorylation site identification of 
wild type and P44L mutant HA-N-MYC was performed 
with PEKAS Studio X (Bioinformatics Solution Inc., 
Canada). Database searching was performed against a 
custom database containing the protein sequence of 
HA-N-MYC with the following parameters: parent mass 
tolerance: 8  ppm, fragment mass tolerance: 0.02  Da, 
enzyme: chymotrypsin, variable modifications: oxidation 
(M), pyro-glutamate (N-term. Q), Protein N-term acety-
lation, phosphorylation (STY). Results were filtered to 1% 
PSM-FDR by target-decoy approach, and MS/MS spectra 
of phosphopeptides were validated manually.

Gene ontology analysis
Gene ontology analysis of the extreme outliers obtained 
from the MS of wild-type and mutant HA-N-MYC was 
performed using a PANTHER Overrepresentation Test 
[15], allowing only to enrich for cellular location. The 
Homo sapiens reference list was used, as well as the False 
Discovery rate (FDR) correction method to account for 
multiple hypothesis testing.

Statistics
Statistical analyses were performed using the two-tailed 
Fisher’s exact test or the Mann-Whitney U test for con-
tinuous variables. Kaplan Meier plot were generated 
using the log rank test (SPSS Version 13.0).

Results
MYCN and MAX mutation screening
To determine the incidence and possible clinical or 
pathological implications of the MYCN P44L and MAX 
R60Q mutations we screened a cohort of unselected WTs 
using allele-specific PCR. Patient data included sex, age, 
presence of familial WT or predisposition syndromes as 
well as metastasis, relapse, and survival (with a follow-up 
of > 2 years).

MYCN P44L was identified in 24 of 810 WT patients 
(3%) (Table  1). All cases carried heterozygous somatic 
mutations with an allele frequency between 10 and 50%, 
except for a single homozygous case (Additional file  6: 
Table S1). The mutation was detected in most histologi-
cal subtypes, most frequently in the  blastemal subtype 
(Table 1). No association was found with sex, age at diag-
nosis, or histological subtype. There was a highly signifi-
cant correlation between MYCN P44L status and relapse, 
especially local relapse, however: 10.9% of cases harbor-
ing the mutation suffered a local relapse, compared to 
2.4% of the non-mutated cases. Kaplan–Meier curves 
document this striking difference in relapse free survival 
(Fig. 1).

The incidence of MAX R60Q was lower with 7 of 782 
cases (0.9%) [Table  1] harboring a somatic mutation. 
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Allele frequencies only reached 5–30% in sequence chro-
matograms (Additional file  6: Table  S1). In four tumors 
with multiple biopsies, percentages ranged from 0 to 30% 
mutant allele per each case, while complete allele loss 
(LOH) for markers on chromosome 11p or 16q assured 
high tumor cell content even for MAX wild-type speci-
mens (data not shown). This indicates that the MAX 
R60Q mutation must be present in just a fraction of 
tumor cells, occurring as a late event. The mutation was 
observed in tumors with regressive, mixed, and blastemal 
histology (Table 1). MAX R60Q had a higher incidence in 
relapsing (3 vs. 0.5%) cases with again significant differ-
ences in survival curves (Fig. 1).

No other recurrent MYCN or MAX mutation has been 
described in WT to date. In hereditary pheochromo-
cytoma additional MAX mutations were found, how-
ever [16]. We therefore sequenced most of the coding 
sequence (aa 22–160) in a set of 101 WT cDNAs. Only 
two silent N125N variants (c.375C > T) were found. 
Thus, R60Q remains the only functional MAX alteration 
observed in WT.

The tumor cohorts had been screened in parallel for 
DROSHA E1147K mutations that are found in high-
risk blastemal WT ([2] and R. Vardapour, pers. comm.). 
There was a co-occurrence of MYCN P44L and DRO-
SHA E1147K, but it did not reach statistical significance 
(p = 0.0869) (Additional file 6: Table S2).

Transactivation and dimerization of MAX‑R60Q 
and N‑MYC‑P44L
For functional characterization of MYCN P44L and 
MAX R60Q, we measured the activation of a luciferase 
reporter vector containing 6 canonical E-box motifs. 
Transient transfection in HEK293 cells led to a compa-
rable, 40% increase in luciferase activity by wild-type 
and mutant N-MYC (Fig.  2A). MAX led to a fourfold 
increase in luciferase activity, but this increase was 
blunted by the R60Q mutation. This indicates a reduced 
transactivation potential, in line with the location of 
the amino acid exchange within the helix-loop-helix 
domain needed for dimerization. Comparable results 
were obtained in U2OS cells, indicating that this is a 
general phenomenon (data not shown).

The impact of the mutations on dimer formation was 
tested by co-immunoprecipitation (co-IP) of N-MYC/
MAX heterodimers (Fig.  2B). We did not detect dif-
ferences in binding of mutant compared to wild-type 
dimers under these conditions, which may be too sub-
tle to be detectable in this assay, but consistent with the 
partly retained transactivation capacity of the mutants.

Interestingly, even low-level induction of N-MYC led 
to a compensatory reduction in C-MYC protein and cell 
proliferation ceased after 2 days of induction of either 
wild-type and P44L mutant N-MYC (Additional file 2: 
Figure S2). The third paralog, MYCL is not expressed 
according to RNA-seq data [17]. This reduced growth 
may be reconciled with known pro-apoptotic function 
of MYC protein overexpression [18]. Interestingly, this 

Fig. 1  Relapse Free Survival Estimates for MYCN and MAX mutant tumors. Relapse Free Survival Estimates were calculated for MYCN P44L (left) and 
MAX R60Q (right) according to the method of Kaplan–Meier and compared using the log rank test (SPSS Version 13.0). p <  = 0.05 were considered 
significant
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was not seen with MAX or MAX-R60Q overexpression, 
which was well tolerated (data not shown).

N‑MYC interactome
To evaluate a possible effect of MYCN P44L on protein 
interaction, we performed mass spectrometry (MS) on 
HA-tagged wild-type and P44L mutant N-MYC com-
plexes, purified from stably transfected HEK293 cells. 
The quality of the IP elutions was assessed by Western 
blot and silver staining (Additional file  3: Figure S3), 
before proceeding with label-free quantification MS 
analysis. Two biological replicates were performed for 
wild-type and P44L mutant, respectively.

Only proteins that were significantly co-immuno-
precipitated in at least one replicate were included for 
further analysis, resulting in 140 interactors (Fig.  3A; 
Table 2) (see Additional file 6: Table S3 for full listing). 
These included several known N-MYC interactors, like 
its dimerization partner MAX, members of chromatin-
remodeling complexes required for MYC-mediated 
transcriptional regulation, e.g. EP400 or TRRAP [19], 
FBXW7, involved in N-MYC proteasomal degrada-
tion [20], and the ubiquitin-specific protease USP11, 
required for recruitment of BRCA1 and enhancement 
of transcriptional activation [21]. Gene Ontology (GO) 
analysis of the extreme outliers (values lying more than 

3 times the interquartile range below the first quartile 
or above the third quartile) showed a significant enrich-
ment of nuclear and chromatin-related proteins, as well 
as chromatin remodeling complex constituents (Addi-
tional file 6: Table S4).

There was only a small number of 21 proteins that 
appeared to be differentially bound by the two N-MYC 
variants. Candidates with the highest enrichment in 
either wild-type or mutant N-MYC complexes and 
known nuclear location (based on the GeneCards data-
base) were chosen for validation via co-IP: BMP2K, 
DAB2, PEG10 and YEATS2 (Fig. 3A). None of them had 
previously been reported to bind N-MYC. Their interac-
tion with N-MYC as novel partners could be confirmed, 
but we could not verify a differential binding due to the 
mutation (Fig. 3B).

Validation of new N‑MYC interactors
Among our collection of 140  N-MYC interactors, we 
identified 45 nuclear proteins that had not been reported 
to bind N-MYC before. We selected six candidates for 
validation by co-IP: DVL2, TROVE2, and the proto-onco-
gene proteins FOXK1, TLE1, CBLL1 and MCRS1. The 
interaction of N-MYC with FOXK1, MCRS1 and CBLL1 
could be confirmed with variable strength (Fig. 4A). This 
suggests that their association with N-MYC is more 

Fig. 2  Transactivation and dimerization of MAX-R60Q and N-MYC-P44L. A Luciferase activity (RLU) in HEK293 cells, transiently transfected with 
a reporter construct containing 6 E-boxes (6X E-box), and the wild-type or mutant HA-N-MYC or FLAG-MAX expression vectors or empty vector 
control. In the lower panel, corresponding Western blots confirm protein expression with Vinculin as control. B Immunoblots of co-IP experiments. 
Wild-type and mutant HA-N-MYC and FLAG-MAX were expressed by transient transfection in HEK293 cells. Lysates from input control and the 
corresponding immunoprecipitates were tested by Western blot
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dynamic or limited to certain complexes. Neverthe-
less, our analysis widens the already broad spectrum of 
N-MYC interactors.

We further characterized the stronger FOXK1/N-MYC 
interaction since the related FOXR2 has been shown 
before to bind C-MYC and to promote cell prolifera-
tion and oncogenic transformation [22]. Deletion analy-
sis of RFP-FOXK1 fusions revealed a strong interaction 
of N-MYC with the forkhead-associated domain (FHA) 
of FOXK1, a phosphopeptide recognition domain that 
could provide readouts of N-MYC phosphorylation 
(Fig. 4B).

Concerted expression of N‑MYC and its interactors
These newly found N-MYC interacting proteins may be 
directly relevant to Wilms tumors as suggested by their 
concerted expression. Five of seven proven candidates, 
PEG10, YEATS2, FOXK1, CBLL1 and MCRS1 showed 
a clear positive correlation of mRNA levels with MYCN 
in Wilms tumors undergoing the SIOP protocol [2] 
(Fig.  5A). Similar results were obtained for datasets of 
224 favorable histology Wilms tumors [23] and 649 neu-
roblastoma cases [24] (data not shown).

Extended expression analysis in our own independ-
ent cohort of 299 Wilms tumors by qRT-PCR confirmed 
the correlated expression of PEG10 and YEATS2 with 

MYCN (Fig.  5B). Especially MYCN and PEG10 showed 
very similar patterns of expression in different subtypes 
of Wilms tumors, predominantly the high-risk blastemal 
type, where YEATS2 was also significantly overexpressed 
(Additional file 6: Table S5). This data set also confirmed 
the prior association of higher MYCN levels with fatal 
outcome (p < 0.001), but this was not seen for its interact-
ing partners.

N‑MYC‑P44L phosphorylation status and half‑life
N-MYC is subject to strong post-translational regulation 
and its stability can be modulated through phosphoryla-
tion at positions T58 and S62 that are part of the N-MYC 
phosphodegron. To evaluate the influence of the P44L 
mutation on T58/S62 or the adjacent candidate phos-
phorylation sites S42 and T43, we analyzed N-MYC pep-
tides for post-translational modifications (PTM) by MS 
(Figs.  6A and Additional file  4: Figure S4A). Wild-type 
and mutant HA-N-MYC derived peptides presented a 
similar ratio of phosphorylation at residues T58 and S62. 
This could be validated by Western blot analysis using 
antibodies against T58- and S62-phosphorylated MYC 
(Fig.  6B). At position S42/T43 we detected a novel, fre-
quent phosphorylation in wild-type N-MYC. However, 
the N-MYC-P44L derived peptides showed a lack of 
phosphorylation at this position, likely due to the loss 

Fig. 3  Comparison of the wild-type and N-MYC-P44L interactome. A Summary of proteins enriched in wild-type and P44L mutant N-MYC 
complexes. The x axis displays the enrichment (log2 fold-change) of proteins in wild-type HA-N-MYC-expressing cells compared to control cells, 
while the y axis displays the enrichment in HA-N-MYC-P44L expressing cells, both calculated from the mean of biological duplicates. Previously 
characterized N-MYC interactors are depicted in green, novel interactors that were tested via immunoprecipitation in blue. The size of dots 
correlates with the number of identified razor and unique peptides of the corresponding protein. Dots located close to the solid diagonal line 
represent proteins equally enriched in both complexes, while dots beyond the dotted lines were more strongly enriched either in the wild-type 
or the mutant complexes. B Immunoblots of HEK293 cells transiently transfected with expression vectors for HA-N-MYC and candidates for which 
binding to N-MYC is potentially affected by the P44L mutation. White asterisks represent the specific bands of N-MYC interactor candidates in the 
input and FLAG co-IP. Vinculin input served as a loading control
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of the recognition site of a presumed proline-directed 
kinase (NetPhos prediction of CDK5 or CKII [25]) 
(Fig.  6A). Extracted ion chromatograms obtained from 
these peptides confirm the complete lack of phosphoryla-
tion at S42/T43 in N-MYC-P44L (Additional file 4: Fig-
ure S4B-C).

To assess if this lack of phosphorylation could influence 
N-MYC degradation, we assessed its protein stability. 
Inhibition of de novo protein synthesis and proteasome 
degradation by cycloheximide and MG-132, respectively, 
yielded comparable stability for wild-type and mutant 
N-MYC (Fig.  6C). Thus, the P44L mutation appar-
ently neither influences the T58/S62 phosphodegron of 
N-MYC nor its stability, but prevents phosphorylation at 
S42/T43, whose implications are yet to be revealed.

Discussion
MYC proteins regulate a range of cellular processes and 
their dysregulation has a large impact on the develop-
ment of cancer: different types of MYC and MYCN alter-
ations have been identified in a large variety of cancers 
and they are often correlated with poor prognosis and 
reduced survival [7]. This makes MYC proteins not only 
significant targets for novel therapeutic approaches in 
cancer, but relevant biomarkers for early risk-stratifica-
tion of patients.

MYCN/MAX alterations as risk factors
In WT it was mostly copy number gain of MYCN [6] and 
elevated expression [26] that were linked to reduced sur-
vival. Exome sequencing recently revealed point muta-
tions of MYCN (P44L) and its heterodimer partner MAX 
(R60Q) in WT [2, 6, 27]. We have now performed the 
largest screening for MYCN P44L and MAX R60Q using 

Table 2  Top 140 enriched protein in wild-type and P44L mutant N-MYC complexes

# Gene WT P44L Loc # Gene WT P44L Loc # Gene WT P44L Loc # Gene WT P44L Loc
1 TRRAP 10.55 11.63 n 36 BPTF 2.91 3.14 n 71 ANKFY1 1.98 2.31 c 106 AGO1 1.22 2.5 n
2 MYCN 10.54 10.23 n 37 TTC28 2.88 3.28 c 72 ATP6V1C1 1.9 1.3 c 107 PSMC6 1.21 2.09 n
3 EP400 8.7 9.41 n 38 JAZF1 2.84 3.43 n 73 CHMP5 1.84 2.23 n 108 STRBP 1.19 1.05 n
4 MAX 6.75 6.59 n 39 NEFM 2.83 2.92 c 74 MTHFD1L 1.83 1.05 c 109 XPOT 1.16 1.39 n
5 GAS1 5.01 5.61 c 40 CEP72 2.82 2.81 c 75 ZNF48 1.83 2.17 n 110 DNAJB11 1.15 2.36 c
6 TRRAP 4.8 5.48 n 41 HIRA 2.81 3.47 n 76 ENDOD1 1.81 1.11 c 111 AP2A1 1.1 3.17 n
7 POTEE/F 4.79 4.09 c 42 VPS72 2.79 3.41 n 77 MCRS1 1.78 1.96 n 112 SHMT2 1.03 2.48 n
8 DMAP1 4.7 5.73 n 43 DSC1 2.68 - c 78 EIF2B2 1.77 1.99 c 113 RNF2 1.03 2.18 n
9 PEG10 4.55 2.82 n 44 HK1 2.66 1.5 c 79 PDHB 1.75 1.95 n 114 AP2A2 1 3.71 c
10 BRD8 4.39 5.3 n 45 MAGEB2 2.59 - c 80 WLS 1.75 1.33 c 115 CLTB 0.86 3.27 c
11 IRS2 4.37 4.65 n 46 CKAP2 2.56 1.99 c 81 DUSP11 1.73 1.8 n 116 DNAJC13 0.84 4.36 c
12 DVL2 4.35 5.06 n 47 RPF1 2.55 2.1 n 82 ZC3H18 1.72 1.74 n 117 INTS1 0.79 2.58 n
13 ATXN10 4.31 4.07 c 48 ZNF771 2.52 2.17 n 83 ERAL1 1.71 2.15 c 118 KHSRP 0.75 0.88 n
14 KLF4 4.3 4.2 n 49 ZNHIT6 2.51 3.36 n 84 ANKRD28 1.7 0.93 n 119 PRPF38A 0.72 1.13 n
15 EPC2 4.18 4.69 n 50 MBTD1 2.45 3.75 n 85 EPHA5 1.7 1.19 c 120 FBRS 0.71 2.44 c
16 KAT5 4.14 4.29 n 51 SRCAP 2.4 2.78 n 86 PIK3C2A 1.69 2.92 n 121 LSR 0.67 2.41 c
17 MGA 4.09 4.8 n 52 RUVBL2 2.4 2.86 n 87 CDK11B/A 1.66 2.97 n 122 PPP6R3 0.62 1.6 n
18 TROVE2 4.01 3.77 n 53 BUB3 2.37 2.26 n 88 CBLL1 1.66 2.31 n 123 PLOD2 0.62 2.17 c
19 EPPK1 3.97 3.58 n 54 PTPRG 2.36 2.29 c 89 FAM126A 1.65 -0.65 c 124 IFFO1 0.48 2.12 c
20 AP2B1 3.92 4.92 c 55 ACAT1 2.35 2.93 c 90 CTBP2 1.63 2.12 n 125 GNAZ 0.39 1.19 n
21 EHD4 3.71 3.97 n 56 EPB41L2 2.34 1.52 n 91 TLE1/4 1.62 1.84 n 126 DAB2 0.3 3.48 n
22 EPC1 3.71 4.81 n 57 SIN3A 2.25 1.36 n 92 CHD1 1.48 1 n 127 HIP1R 0.24 2.17 c
23 MDC1 3.66 3.01 n 58 AIMP1 2.21 3.54 c 93 MAK16 1.44 1.36 n 128 YEATS2 0.05 2.34 n
24 AKAP8L 3.45 2.94 n 59 ZNF444 2.19 2.16 n 94 GAP43 1.42 2.57 c 129 FOPNL - 2.1 n
25 PYCR2 3.41 3.51 c 60 SNX33 2.18 0.76 c 95 VPRBP 1.42 2.98 n 130 HIP1 - 2.64 n
26 FOXK1 3.39 3.15 n 61 PRDM15 2.14 1.56 n 96 ADD2 1.35 1.79 c 131 EPN1 - 1.77 n
27 BCCIP 3.34 1.44 n 62 ACTL6A 2.14 2.87 n 97 BBS4 1.35 1.98 n 132 ATG13 - 8.51 c
28 WDR74 3.32 2.93 n 63 IQCB1 2.11 2.03 n 98 RBM26 1.32 1.02 n 133 CISD3 - 4.4 c
29 YEATS4 3.2 4.43 n 64 NUP43 2.1 2.78 n 99 MRPS9 1.3 1.22 n 134 CNTFR - 1.88 -
30 FBXW7 3.06 2.17 n 65 BMP2K 2.09 4.91 n 100 CDC42EP1 1.29 0.96 c 135 TTC27 - 2.41 c
31 AKAP12 3.03 3.33 c 66 USP11 2.09 1.82 n 101 PSMB6 1.29 2.46 n 136 REPS1 - 2.82 c
32 ZC3HAV1 3.01 2.68 n 67 MYO10 2.07 2.24 n 102 TUBG1/2 1.27 1.19 n 137 FYTTD1 - 1.97 n
33 CD44 2.95 2.89 c 68 TUBGCP3 2.07 2.12 c 103 SEP2 1.26 2.2 c 138 RBM22 - 3.59 n
34 TUFM 2.94 2.73 c 69 ZNF687 2.07 2.01 n 104 RRAGA/B 1.26 1.04 n 139 TTN - 3.73 n
35 SNX9 2.93 2.86 c 70 PSMD13 2.02 1.98 n 105 DAP3 1.25 1.74 n 140 KAT6A - 4.68 n

Characterized N-MYC interactors are depicted in green, novel interactors that were tested via immunoprecipitation in blue. Enrichment (log2FC) and cellular location 
according to the GeneCards database (n = nucleus and c = cytosol) are indicated
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810 WT patients. MYCN P44L was identified in 3% of 
cases, similar to previous studies. The MAX R60Q muta-
tion had a frequency of 0.9%, slightly lower than reported 
before (1.7%) [27] and it was the only relevant alteration 
to be found in the MAX coding region, unlike in pheo-
chromocytoma [16]. MAX R60Q mutations appear to be 
late clonal events suggested by their variable presence in 
multiply sampled tumors. Both, MYCN and MAX muta-
tions were significantly associated with relapse, which 
may make them valuable additions to biomarkers for the 
prediction of clinical course.

Diffuse anaplasia is the strongest clinical predictor of 
poor outcome in WT. Interestingly, neither MYCN nor 
MAX mutations were found in 34 diffuse and 15 focal 
anaplastic tumors. In the American COG cohort MYCN 
mutations were 3 times less frequent in diffuse anaplas-
tic tumors and there were no MAX mutations [27]. Even 
if this skewing did not reach statistical significance, it is 
likely that MYCN/MAX mutations bear prognostic value 
independent of histologically defined risk from diffuse 
anaplasia.

We had previously shown that—like copy number 
gains—high MYCN expression is correlated with relapse 
and fatal outcome in a cohort of 102 WT [26]. This could 
be corroborated in the present study in a larger series of 

299 tumors, which further strengthens the possible role 
of MYCN expression as a biomarker in WT stratification. 
It is conceivable that all three alterations detected for 
MYCN, P44L point mutations, copy number gain, or ele-
vated mRNA expression—which together affect a greater 
share of WTs—may act in a similar manner and indepen-
dently contribute to a higher risk of relapse and poor out-
come. This should become testable in upcoming larger 
biobanking and analysis efforts that are under way [28]. 
Novel methods of culturing Wilms tumors under more 
physiologic 3D conditions as spheroids or organoids may 
greatly facilitate such functional studies in future [29, 30].

Functional role of MYCN P44L and MAX R60Q
The MAX R60Q mutation was proposed to alter DNA 
binding strength and perhaps dimerization due to its 
location in the helix-loop-helix domain [2, 27]. It has 
been found in several other tumor types [8] and in vitro 
binding assays have indeed confirmed a strongly reduced 
affinity of the mutant protein for cognate E-box binding 
sites [31]. In PC12 cells a related R60W mutation and 
several other MAX mutants were shown to have reduced 
regulatory capacity, observed as repression in that system 
[32]. This fits to our observation of a reduced transcrip-
tional activation potential of MAX-R60Q compared to 

Fig. 4  Characterization of novel N-MYC interactors. A Immunoblots of HEK293 cells transiently transfected with expression vectors for HA-N-MYC 
and potential novel N-MYC interaction partners. White asterisks identify the specific bands for N-MYC interactors. B Scheme of FOXK1 deletion 
mutants and co-IP of HA-N-MYC with flag-tagged FOXK1 deletion mutants in HEK293 cells. The asterisk in FLAG-IP blot marks the band 
corresponding to HA-N-MYC protein. F: full-length FOXK1, 1–4: FOXK1 deletion mutant vectors
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the wild-type protein. This likely disturbs the balance of 
other N-MYC containing transcriptional complexes of 
the MYC/MAX/MXD1 network. Surprisingly, expression 
of wild-type or mutant MAX protein in HEK293 cells did 
not change proliferation in our hands, but the effects may 
be more subtle or cell type dependent. In line with this, 
such MAX mutations have been described as oncogenic 
drivers in multiple myeloma, but the mutant tumors 
showed lower MYC levels and a better prognosis [31].

The MYCN P44L mutation remains enigmatic in its 
functional effects. The mutation is located N-terminal 
to the conserved Myc-box I, an area that is not repre-
sented in 3D structures of N-MYC proteins. In silico 
prediction by Netphos 2.0 [25] highlighted a potential 
loss of phosphorylation sites S42 and especially T43 in 
the mutant protein. Indeed, our detailed MS analyses 
of tryptic fragments revealed strong phosphorylation at 

one of the sites, which could not be distinguished based 
on peptide masses, in the wild-type protein. The mutant 
protein completely lacked phosphorylation at these posi-
tions, while other sites, e.g. the well-known T58 and S62, 
were phosphorylated equally efficient. Thus, the T58/S62 
phosphodegron appears not to be affected. Analyses of 
protein stability and cell tolerance to overexpression did 
not reveal substantial differences between both N-MYC 
versions, accordingly. The lack of conservation of S42/
T43 in other MYC paralogues rather calls for a N-MYC 
specific role of this phosphorylation site and not a gen-
eral mechanism for all MYC proteins.

N‑MYC interactors
The highly stereotypic proline to leucine mutation 
together with the concomitant difference in phos-
phorylation hinted at possibly different binding 

Fig. 5  Expression of MYCN and interactors in Wilms tumor. A Scatter plots showing mRNA expression (log2-fold) of MYCN (x axes) and interaction 
partners (y axes) in WT (data from Wegert et al., 2015 [2]), visualized by R2: Genomics Analysis and Visualization Platform (http://​r2.​amc.​nl). For each 
plot, the coefficient of determination (R2) and p-value (p) are listed. B Scatter plots with cycle threshold (Ct) values, representing the correlation 
between MYCN (x-axis) and PEG10/YEATS2 expression (y-axes) in 299 WTs. Coefficients of determination (R2) and p-values (p) are indicated

http://r2.amc.nl
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Fig. 6  N-MYC-P44L phosphorylation status and stability. A Graphical summary of the results of MS peptide analyses. The amino-termini of 
wild-type and P44L mutant HA-N-MYC are depicted with the corresponding amino acid residues and positions in the top. Blue lines represent 
peptides identified by MS after digestion with chymotrypsin. Identified protein modifications included phosphorylation (P, in red), oxidation 
of methionine (O, in yellow), protein N-terminal acetylation (A, in pink) and carbamidomethylation (C, in violet). Dashed boxes indicate the 
phosphorylated residues identified by MS, corresponding to positions S42, T43, T58 and S62. B Western blot analysis showing phosphorylation 
status of T58 and S62 in HA-N-MYC. C Immunoblots from protein stability assays of wild-type and mutant HA-N-MYC in stably transfected HEK293 
cells. Inhibitor treatment with MG-132 and / or cycloheximide was performed for 0–90 min as indicated. GFP expression is coupled to MYCN via an 
IRES sequence (see Fig. S5)



Page 13 of 15Jiménez Martín et al. Cancer Cell Int          (2021) 21:555 	

partners for N-MYC-P44L. Comparative MS analyses 
of N-MYC containing complexes revealed very similar 
sets of proteins that were co-purified. When we ana-
lyzed the top candidates for differential binding, none 
of them could unequivocally be reproduced as binding 
more poorly or better to one of the N-MYC proteins. 
Thus, at the resolution used in this study, no candi-
date appears capable to differentially bind wild-type or 
mutant N-MYC.

The shared interactors detected in our study never-
theless further broaden the set of N-MYC interaction 
partners in general. While there was clear overlap with 
known binding partners [19], we expect to have iden-
tified in the range of 40–50 further candidates, some 
of which were already validated by co-IP experiments. 
The general characteristics of these proteins, i.e. their 
predicted cellular localization, and their presumed 
or known biological function make them attractive 
further candidates to mediate N-MYC effects e.g. in 
tumor cells.

Dysregulation of several of our candidates (BMP2K, 
CBLL1, DAB2, MCRS1, FOXK1, PEG10 and YEATS2) 
has previously been reported to contribute to different 
types of cancer [33–39]. Furthermore, their expression 
levels were correlated with MYCN in two cohorts of 
WT patients and a neuroblastoma data set. For PEG10 
and YEATS2, we could validate these correlations 
using qRT-PCR on a larger cohort. These genes may 
thus represent additional candidates for prognostic 
biomarkers or targets in WT.

There are prior reports on the interaction of MYC 
with FOX proteins and YEATS2. FOXK1, like MYC, 
regulates several biological processes related to can-
cer initiation, development, metastasis, angiogenesis, 
and drug resistance [39, 40], explaining the impor-
tance of deregulated FOXK1 in various types of can-
cers. L-MYC has been reported to interact with 
FOXK1, and C-MYC has been identified as a FOXK2 
and FOXR2 interactor [22, 41]. Myc-boxes II and III 
appear required to form a ternary FOXR2-MYC/MAX 
complex and FOXK1 was reported to also bind MAX 
[42], making a ternary N-MYC/MAX/FOXK1 complex 
rather likely. Here, we provide evidence for FOXK1 
binding to N-MYC via its FHA domain that would join 
both oncogenic factors.

YEATS2 is a scaffolding subunit of the ATAC com-
plex that is involved in transcriptional activation via 
its histone acetyltransferase activity [43]. Other com-
ponents of this complex, like GCN5, have already 
been reported to bind MYC proteins [44] and a direct 
interaction of YEATS2 with C-MYC has recently been 
identified in a high throughput screen [41]. We now 
show a similar association of YEATS2 with N-MYC. 

This may contribute to oncogenesis since knockdown 
of YEATS2 in lung cancer cells resulted in growth 
suppression, reduced survival, and downregulation 
of ribosomal protein genes [38], all being key MYC 
functions.

Conclusions
We provide further evidence for the negative impact 
of MYCN and MAX mutations and elevated MYCN 
expression in WT. While mutant MAX seems to exhibit 
reduced transcriptional activity, the MYCN P44L muta-
tion changes the phosphorylation pattern at the N-ter-
minus with as yet unclear consequences. Future work 
may address possible differences in protein or chromatin 
binding of N-MYC proteins carrying phosphomimetic or 
non-phosphorylatable amino acids. The effect on protein 
interaction partners seems to be rather subtle. Never-
theless, our analysis of N-MYC containing protein com-
plexes broadens our view on transcriptional regulatory 
pathways in MYCN-driven tumors and provides interest-
ing new biomarker candidates that may be used, perhaps 
in conjunction with MYCN, to improve WT stratification 
and target selection.
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Additional file 1: Figure S1. Schematic representation of the human 
N-MYC and MAX proteins. For N-MYC, the corresponding MYC-boxes 
(MB) are highlighted. Other functional elements are indicated on the top: 
transactivation domain (TAD), D element, PEST sequence and nuclear 
localization signal (NLS). The basic helix-loop-helix (bHLH) and leucine 
zipper (LZ) domains are involved in dimerization and DNA-binding. Major 
sites of phosphorylation are identified in blue indicating the amino acid 
position. The red mark indicates the position of the MYCN P44L and MAX 
R60Q mutations.

Additional file 2: Figure S2. (A) Growth curves (MTT assay) of HEK293 
clones expressing wild-type or mutant HA-N-MYC. The results represent 
the mean values obtained from biological triplicates. (B) Western blot 
analysis of HA-N-MYC-expressing HEK293 clones used in (A), showing their 
endogenous C-MYC and Dox-induced N-MYC expression at day 4 (α-c-
Myc/N-Myc (D3N8F) antibody).

Additional file 3: Figure S3. IP elutions containing native HA-N-MYC 
complexes from stably transfected HEK293 pSB-ETiE-HA-MYCN-WT or 
-P44L cells and untransfected HEK293 control cells (Ctrl), separated by 
SDS-PAGE and visualized by silver staining. Corresponding immunoblots 
(below) confirm comparable expression of wild-type and P44L mutant 
N-MYC.

Additional file 4: Figure S4. (A) Immunoprecipitates of HA-N-MYC from 
HEK293 pSB-ETiE-HA-MYCN-WT or -P44L (WT and P44L) lysates separated 
by SDS-PAGE and visualized by silver staining. The corresponding immu-
noblots confirm equal expression of wild-type and P44L N-MYC, as well as 
MAX, the obligatory N-MYC dimerization partner. (B-C) Extracted ion chro-
matograms from the phospho-assay, showing the abundance of detected 
peptides corresponding to the residues F37-W50 of the wild-type (WT) 
and P44L mutant N-MYC, either unphosphorylated or phosphorylated. 
The y-axis represents the relative abundance, and the x-axis indicates 
the elution time. The double peak in the phosphorylated N-MYC-P44L is 
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due to an interruption of the electrospray, leading to a small gap with no 
signal during the MS.

Additional file 5: Figure S5. Expression vectors for doxycycline-depend-
ent expression of wild-type or mutant HA-N-MYC and FLAG-MAX.

Additional file 6: Table S1. Summary of mutation screening results and 
clinical data. Table S2. Overlap of WT patients with the MYCN P44L and 
DROSHA E1147K mutations. p = p-value (two-tailed Fisher’s exact test). 
Table S3. Proteins identified in N-MYC protein complexes. Table S4. 
Cellular component clustering for N-MYC interacting proteins identified 
in MS. Table S5. Statistics of MYCN/YEATS2/PEG10 expression in Wilms 
tumor. Table S6. Oligonucleotides for MYCN and MAX mutation screen-
ing. Table S7. Oligonucleotides for gene cloning. Table S8. Doxycycline 
concentrations for MYCN/MAX induction. Table S9. Oligonucleotides for 
real-time PCR. Table S10. Antibodies for Western Blot.
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