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Quantitative ubiquitylome analysis and crosstalk with proteome/
acetylome analysis identified novel pathways and targets of
perifosine treatment in neuroblastoma
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Background: Perifosine, is a third generation alkylphospholipid analog which has promising anti-tumor
efficacy in clinical trials of refractory/recurrent neuroblastoma (NB). However, perifosine’s mechanism of
action remains unclear. Previously, we have shown that perifosine changes global proteome and acetylome
profiles in NB.

Methods: To obtain a more comprehensive understanding of the perifosine mechanism, we performed
a quantitative assessment of the lysine ubiquitylome in SK-N-AS NB cells using SILAC labeling, affinity
enrichment and high-resolution liquid chromatography combined with mass spectrometry analysis.
To analyse the data of ubiquitylome, we performed enrichment analysis with gene ontology (GO), the
Encyclopedia of Genes and Genomes (KEGQG) pathway, ubiquitylated lysine motif, protein complex and
protein domain. Protein-protein interaction was conducted to explore the crosstalk between ubiquitylome
and previous global proteome/acetylome. Co-immunoprecipitation and western blotting were used to
validate the results of the ubiquitylome analysis.

Results: Altogether, 3,935 sites and 1,658 proteins were quantified. These quantified ubiquitylated
proteins participated in various cellular processes such as binding, catalytic activity, biological regulation,
metabolic process and signaling pathways involving non-homologous end-joining, steroid biosynthesis and
Ras signaling pathway. Ubiquitylome and proteome presented negative connection. We identified 607 sites
which were modified with both ubiquitination and acetylation. We selected 14 proteins carrying differentially
quantified lysine ubiquitination and acetylation sites at the threshold of 1.5 folds as potential targets. These
proteins were enriched in activities associated with ribosome, cell cycle and metabolism.

Conclusions: Our study extends our understanding of the spectrum of novel targets that are differentially

ubiquitinated after perifosine treatment of NB tumor cells.
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Introduction

Neuroblastoma (NB) is an embryonic malignancy of the
peripheral nervous system, derived from nerve-crest tissue
and is mostly situated in adrenal medulla and paraspinal
ganglia (1). As the most common pediatric extracranial
solid tumor, NB accounts for almost 15% of cancer-related
deaths during early childhood (2,3). According to its genetic
heterogeneity, biological and clinical characteristics, NB
patients are divided into low-, medium- and high-risk
groups. Although clinical outcomes have improved during
the last decade, the progress in high-risk NB patients is
still limited with the long term survival rate only reaching
50%, despite therapeutic intensification with chemotherapy,
radiotherapy, stem cell transplantation and immunotherapy
(4,5). Thus, novel targets and effective therapeutic
approaches are urgently needed for high-risk NB patients.

Perifosine is a third generation alkylphospholipid
analog, which we have previously shown to suppress NB
tumor growth both # vive and in vitro (6). Moreover, our
previous studies indicate that perifosine’s inhibition of AKT
sensitizes NB cells to chemotherapy (7). Several clinical
trials of perifosine have reported tolerable toxicity and
prolonged progression-free survival in refractory high-
risk NB patients (8,9). In a total of 27 patients who failed
other treatments, 9 acquired long-term progression-free
survival (from 43 to 74 months, median 54 months) with
perifosine monotherapy. Interestingly, 8/9 responders
were high-risk but had tumors which were non-MycN
amplified (9). Frequently perifosine has been used as an
oral AKT inhibitor, with little difference in activity in
patients with or without PI3K mutation although it tended
to be more effective in patients with a PTEN absence in
a clinical trial of recurrent gynecologic cancer (10). These
clinical trials suggest that in addition to AKT inhibition,
perifosine is affecting other molecular mechanisms which
may contribute to its therapeutic effect and AKT detection
was not sufficient to specifically select patients for perifosine
therapy. Thus, a more comprehensive understanding of the
spectrum of mechanisms affected by perifosine is important
to enhance its therapeutic effectiveness.

Proteomics is a convenient, high efficiency method
to assess molecular changes in drug-related studies and
assessments of post-translational modifications (PTM) offer
insights into the regulation of protein function. Previously,
we performed proteome and acetylome in a NB cell
line-SK-N-AS (AS) cells after perifosine treatment (11).
Ubiquitination, which refers to the process of conjugating
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ubiquitin to a lysine residue of a substrate protein, is
another important type of PTM (12) and regulates the
stability and activity of substrates. Mechanisms regulating
ubiquitination have been implicated in NB tumorigenesis,
differentiation, energy metabolism and apoptosis (13-16).
To define ubiquitination alterations upon perifosine
treatment, we first investigated the ubiquitylated proteome
of NB cells through SILAC labeling and affinity enrichment
followed by high-resolution LC-MS/MS analysis. Using
bioinformatics analysis, comparison of the ubiquitylome with
our previous proteome/acetylome data (11), revealed novel
insights into the mechanism of action of perifosine in NB.

Methods
Cells and reagents

SK-N-AS (AS) cell line was cultured in RPMI-1640
medium (Pierce) with 10% fetal bovine serum (Gibco), 1%
penicillin-streptomycin and 2 mM/L glutamine and sodium
pyruvate at 37 °C in 5% CO, incubator. We dissolved
perifosine (Selleck) in dimethyl sulfoxide (DMSO) and
stored it at 10 mM, -20 °C. Chemicals purchased from
Sigma were DMSO, iodoacetamide (IAA), formic acid
(FA), trifluoroacetic acid (TFA) and dithiothreitol (D'T'T).
Deubiquitinase inhibitor PR-619 was purchased from
Selleck.

SILAC labeling

Cells in control group and perifosine treatment group were
labeled with heavy isotopic lysine and arginine (K6R10)
and light isotopic lysine (KORO) respectively, following
instructions of SILAC Protein Quantitation Kit (Pierce,
Thermo). After culturing for at least 6 generations, cells
were treated with 10 pM perifosine or the same amount of
DMSO for 16 h, washed twice with ice-cold PBS and then
harvested.

Protein extraction and in-solution trypsin digestion

9y

The harvested “heavy’
sonicated 3 times on ice using a high intensity ultrasonic
processor (Scientz) in lysis buffer (8 M Urea, 5 mM DTT]
2 mM EDTA, 1.0% cocktail IIl and 50 pM PR619). The
remaining debris was removed by centrifugation at 20,000 g

and “light” labeled cells were

at 4 °C for 10 min. After concentration measurement,
equal amounts of crude proteins in the supernatant labeled
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“heavy” or “light” were mixed and the crude proteins were
precipitated with TFA using a 15% final concentration (v/v)
(soluble fraction). After washing twice with -20 °C acetone,
the protein pellets were dissolved in 100 mM NH,HCO;
(pH 8.0) for trypsin digestion. Trypsin solution (Promega)
(trypsin:protein =1:50) was added to proteins and then the
protein pellets were digested at 37 °C for 16 hours. After
alkylation reaction, trypsin (trypsin:protein =1:100) was
added again and incubated (37 °C, 4 h).

HPLC fractionation and affinity enrichment

Tryptic hydrolysis was followed by separation of sample
into 80 fractions through high pH reverse-phase HPLC
using Agilent 300 Extend C18 column (5 pm particles,
4.6 mm ID, 250 mm length). The tryptic peptides were
dissolved in NETN mixture (0.5% NP-40, 1 mM EDTA,
100 mM NaCl, 50 mM Tris-HCI, pH 8.0) and incubated
with pre-washed antibody beads (PTM Biolabs, Hangzhou,
China) overnight at 4 °C with gentle shaking. Peptides-
enriched beads were washed 4 times with NETN and twice
with ddH2O. The combined peptides were eluted from the
beads with 0.1% TFA, collected, vacuum dried and cleaned
using C18 ZipTips (Millipore).

LC-MS/MS analysis

Peptides were dissolved in 0.1% FA and directly loaded
onto a reversed-phase pre-column (Acclaim PepMap
100, Thermo Scientific). To separate peptide fractions, a
reversed-phase analytical column (Acclaim PepMap RSLC,
Thermo Scientific) was used, with gradient of an increase
in solvent B (0.1% FA in 98% ACN) from 6% to 22% for
26 min, 22% to 35% for 8 min, went up to 80% in 3 min
and staying at 80% for another 3 min. The whole process
happened at a constant flow rate of 300 nL./min on an
EASY-nL.C 1000 UPLC system. The following analysis
of resulting peptides was carried out by Q Exactive "

Plus hybrid quadrupole-Orbitrap mass spectrometer
(ThermoFisher Scientific).

Database search

The data acquired from MS/MS scans were processed
by MaxQuant with integrated Andromeda search engine
(v.1.4.1.2). Tandem mass spectra were searched against
SwissProt database (20,203 sequences) concatenated with
reverse decoy database. Up to four missing cleavages, 4
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modifications/peptides and 5 charges were allowed for
trypsin/P as specified cleavage enzyme. We set mass errors
of precursor ions and fragment ions to 10 ppm and 0.02 Da,
respectively. Carbamidomethylation on Cys was taken
as a kind of fixed modification while oxidation on Met,
ubiquitination on Lys and N-terminal of a protein were
considered variable modifications. As for protein, peptide
and modification site, false discovery rate (FDR) thresholds
were set at 1%. Minimum peptide length was set at 7. All
the other parameters were set as default in MaxQuant. The
probability of site localization was specified as >0.75.

Bioinformatics analysis

GO annotation was analyzed through the UniProt-GOA
database and InterProScan soft. Wolfpsort was applied
to predict subcellular localization. We utilized Kyoto
Encyclopedia of Genes and Genomes (KEGG) database for
protein pathways analysis, CORUM protein complex database
for protein complex analysis, InterPro domain database for
protein domain annotation and Motif-x for motif analysis.
Heatmap was drawn by the “heatmap.2” of R-package. The
search tool for the Retrieval of Interacting Genes/Proteins
(STRING) database was used to outline protein-protein
interactions. Two-tailed Fisher’s exact test was applied.

Co-immunoprecipitation and Western blotting

For detecting ubiquitination of endogenous HMGCR, AS
cells were seeded at 1.5x10° per 100-mm dish on day 0. One
day later, cells were treated with either 10pM perifosine or
the same amount of DMSO for 16 h. AS cells were lysed
with IP lysis buffer (SN002, Invent) supplemented with
1% cocktail and 50 pM PR-619. After protein extraction,
protein concentration was determined using a BCA
Protein Assay (P0011, Beyotime). Total proteins were first
immunoprecipitated overnight at 4 °C with 3.35 pg HMGCR
antibody (Abcam)/normal rabbit IgG (CST), followed
by incubation of proteins with A/G agarose beads (Santa
Cruz) overnight at 4 °C. Beads were washed with IP-lysis
buffer 3 times and boiled at 100 °C for 5 min. Supernatants
were loaded for SDS-PAGE gels and transferred to PVDF
membranes (Millipore). Membranes were incubated with
primary antibodies overnight at 4 °C. Quantification of
Western blotting was performed by Chemical Luminescence
Analyzer (Bio-Rad) with enhanced chemiluminescent
reagents (Thermo Scientific). Primary antibodies included
anti-HMGCR (Abcam, 1:5,000), and anti-ubiquitin (P4D1,
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Table 1 Top ten Kub sites and corresponding proteins with the biggest alteration folds in ubiquitylome in perifosine-treated AS cells

Names Position Changing folds Modified sequence

NDUFA8 106 8.03 _QQAKFDECVLDK_

PGAM5 88 6.30 _NVESGEEELASKLDHYK_
EPB41L3 397 6.07 _LLLPEAPPKK_

PLD1 294 5.88 _ETETKYGIR_

GNAI3 192 5.68 _TTGIVETHFTFKDLYFK_

ITM2B 39 4.73 _SGEEALIIPPDAVAVDCKDPDDVVPVGQR_
PICALM 288 4.60 _GDIPDLSQAPSSLLDALEQHLASLEGKK _
HMGCR 248 4.45 _VLEEEENKPNPVTQR_
MYBBP1A 56 4.44 _LAATEKLLEYLR_

HMGCR 362 4.33 _NPITSPVVTQKK_

HSPA8 458 0.07 _DNNLLGKFELTGIPPAPR_
LMNB1 102 0.11 _AKLQIELGK_

GNAI1 102 0.12 _ILYKYEQNK_

JOSD1 180 0.16 _GKNCELLLVVPEEVEAHQSWR_
OSTMA1 321 0.16 _LKSSTSFANIQENSN_

MFAP3 219 0.18 _TLELAKVTQFK_

ANXA2 324 0.18 _SLYYYIQQDTKGDYQK_

RFTN1 139 0.18 _TDLHNEGYILELDCCSSLDHPTDQKLIPEFIK_
MERTK 856 0.19 _LQLEKLLESLPDVR_

CNP 261 0.19 _FCDYGKAPGAEEYAQQDVLK_

1:1,000). The antibody of ubiquitin (P4D1) was purchased
from Cell Signaling Technology (CST) with product number
as #3936. It is produced by immunizing animals with 1-76
full length ubiquitin. The antibody of ubiquitin can detect
ubiquitin, polyubiquitin and ubiquitylated proteins.

Results

Overview of global ubiquitylome upon perifosine treatment
in AS cell line

Our ubiquitylome analysis is based on the quantification
of the di-glycine remnant (K-e-GGQG), which is a distinct
feature of ubiquitination (17). In this study, anti-K-e-GG
antibody (PTM Biolabs) was used to capture peptides
containing K-e-GG. Combined with SILAC, HPLC and
LC-MS/MS, we quantified the ubiquitination of proteins
in AS cells upon perifosine treatment. Overall, 3,974 lysine
ubiquitination sites in 1,668 protein groups were identified,
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among which 3,935 sites in 1,658 proteins were quantified.
By setting a differentially quantified threshold at >1.5, we
acquired 297 up-regulated lysine ubiquitination sites in
216 proteins and 226 down-regulated lysine ubiquitination
sites in 176 proteins. The top 10 positions with the
greatest fold differences from either up-regulated or down-
regulated group have been shown (7uble 1). Since we
found 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR) in 2 of the top 10 positions in the up-regulated
group, we chose HMGCR for further validation.

Motif analysis of ubiquitylome upon perifosine treatment
in AS cells

"To specifically identify amino acids around ubiquitylated lysine
sites, motif analysis was used and 6 motifs were prominently

enriched: EKub, Kub**E, DKub, Kub****D, D****Kub
and D**Kub (Kub represents the ubiquitylated lysine and
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Figure 1 Motif analysis of the identified ubiquitylation peptides in perifosine-treated AS cells. (A) Sequence logo of ubiquitylation motifs; (B)

number of identified peptides containing ubiquitylated lysine in each motif; (C) heatmap based on amino acid frequencies of the sequences

surrounding Kub sites (10).

* represents a random amino acid residue) (Figure 1A4).
The 6 motifs differed in abundance and EKub, Kub**E,
DKub accounted for about 66% of all quantified peptides
(Figure 1B). Heatmap based on the sequences of amino
acids neighboring ubiquitination positions (Figure 1C)
showed that aspartic acid (D) and glutamic acid (E) appeared
most frequently around Kub sites while histidine (H) and
methionine (M) seldom emerged.

Functional annotation and subcellular localization of
differentially quantified Kub proteins

To investigate the features of the differentially expressed
proteins after perifosine treatment, classification of gene
ontology (GO) annotation and subcellular localization
analysis were performed. Cellular process, single-organism
process, biological regulation and metabolic process were
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leading categories when biological processes were evaluated
(Figure 2A). In the cellular component analysis, cell and
organelle related proteins stood out (Figure 2B). Molecular
function analysis showed that the top 2 functions were
binding (44%) and catalytic activity (28%) (Figure 2C).

As for subcellular location prediction, ubiquitylation of
proteins was distributed throughout the cell, with a slight
majority in the cytoplasmic (32%), followed by the nucleus
(28%) and plasma (19%) (Figure 2D).

Functional envichment of differentially quantified Kub
proteins

To explore the cellular functions of differentially regulated
Kub proteins upon perifosine treatment, functional
enrichment was conducted using GO, KEGG pathway,

protein domain and protein complex.

Transl Cancer Res 2018;7(6):1548-1560
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Figure 2 GO annotation and subcellular location of differentially quantified Kub proteins in perifosine-treated AS cells. (A) biological

process annotation of differentially quantified Kub proteins; (B) cellular component annotation of differentially quantified Kub proteins; (C)

molecular function annotation of differentially quantified Kub proteins; (D) subcellular location of differentially quantified Kub proteins

(cyto_nucl: simultaneously exist in both cytosol and nucleus).

In the ontology of cellular component, extracellular
region, lipid particle and “extrinsic to membrane” were the
most significantly enriched positions (Figure 34 the first
5 bars). For molecular function (Figure 34 the intermediate
5 bars), GTPase activity, phosphatidylinositol phosphate
kinase activity and oxidoreductase activity were markedly
enriched in perifosine-treated AS cells. Epidermal growth
factor receptor (EGFR) signaling pathway, ERBB signaling
pathway and salivary gland morphogenesis were the leading
enriched processes (Figure 34 the last 5 bars).

In the KEGG pathway analysis, endocytosis, adherens
junction, steroid biosynthesis and non-homologous end-
joining obtained remarkable enrichment after perifosine
treatment (Figure 3B). In protein complex analysis, CDC5L
complex, DNA-PK-Ku complex and EGFR-containing
signaling complex were dominantly enriched (Figure 3C).
Proteins containing FERM domain, VHS, tyrosine-protein
kinase were prominently enriched in domain enrichment
analysis (Figure 3D).

© Translational Cancer Research. All rights reserved.

tcramegroups.com

Functional envichment-based cluster analysis of
differentially quantified proteins

The protein-protein interaction network of ubiquitylome
was established (Figure S1), followed by clustering
ubiquitylated proteins into multiple biological processes
(Figure 4A4,B,C). It was observed that perifosine affected
ubiquitination of proteins in the proteasome, spliceosome
and ribosome, which indicates that perifosine might affect
processes involved in gene transcription and translation.

To validate the data of ubiquitylome, the antibody of
HMGCR was used for immuno-precipitation and antibody
of ubiquitin (P4D1) was used for western blotting to detect
the alteration of HMGCR in ubiquitylated level (Figure 4D).
HMGCR is the rate-limiting enzyme of cholesterol synthesis,
which is of importance in cellular metabolism. The expression
of ubiquitylated HMGCR was up-regulated after 10 pM
perifosine treatment for 16 hours in AS cells, as evidenced
by the high- molecular-weight smears of the immune-

Transl Cancer Res 2018;7(6):1548-1560
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Figure 4 Functional cluster enrichment of differentially quantified Kub proteins and validation of the ubiquitylome in perifosine-treated
AS cells. (A,B,C) Differentally quantified Kub proteins clustered in proteasome, spliceosome and ribosome; (D) CO-IP was used to validate
ubiquitylome, resulting increase of ubiquitylated HMGCR after 10 pM perifosine treatment.
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Figure 5 Crosstalk analysis among ubiquitylome, proteome and acetylome in perifosine-treated AS cells. (A) Scatterplot of ubiquitylome

and proteome; (B) scatterplot of ubiquitylome and acetylome; (C) Venn diagram of sites modified both by ubiquitination and acetylaton; (D,E)

proteins with differentially quantified lysine ubiquitylation and acetylation sites clustered in spliceosome and ribosome.

precipitates (Figure 4D). This was consistent with the results
of quantitative ubiquitylome. Similar western analysis also

validated ubiquitylation of NDUFAS (Figure S2).

Crosstalk between global proteome and ubiquitylome

Based on the results of ubiquitylome in this study and the
results of global proteome we reported previously (11),
we found that 1,393 proteins in proteome also possessed
quantified ubiquitination level in ubiquitylome, and
3,572 Kub sites in total were tested. We presented all
data in a scatter plot to reflect the ratio of proteome and
ubiquitylome. To eliminate the interference of protein
expression, ubiquitination level was normalized and
shown in red (Figure 5A). From the trend line of scatter
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plot (R’=-0.3938), proteome and ubiquitylome exhibited
a slightly negative correlation after perifosine treatment.
This result indicated that perifosine regulated protein
expression partially through ubiquitination, such as ephrin
type-A receptor 7 and protein sprouty homolog 1 (SPRY1).
Yet there were some enzymes which showed a consistently
changing trend in proteome and ubiquitylome, for example
6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase
3 (PFKFB3) and squalene synthase (FDFT1). This result
indicated that besides protein expression, perifosine might
also affect activity of enzymes through ubiquitination.

Several signaling pathways were enriched both in
proteome and ubiquitylome analysis, including Ras
signaling pathway, steroid biosynthesis, estrogen signaling
pathway and endocytosis.

Transl Cancer Res 2018;7(6):1548-1560
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Table 2 Proteins overlapping between acetylome and ubiquitylome upon perifosine treatment

Name KEGG pathway or involved biological processes

RPS27A hsa03010 Ribosome

RPL19 hsa03010 Ribosome

EIF3C hsa03013 RNA transport

EEF1A1 hsa03013 RNA transport

FDFT1 hsa00100 steroid biosynthesis

PRKDC hsa03450 non-homologous end-joining; hsa04110 cell cycle
XRCC6 hsa03450 non-homologous end-joining

CLTC hsa04142 lysosome; hsa04144 endocytosis

MCM4 hsa04110 cell cycle; hsa03030 DNA replication

FASN hsa00061 fatty acid biosynthesis; hsa01212 fatty acid metabolism; hsa04152 AMPK signaling pathway
PLEC Cell and tissue integrity maintaining

CCT6A Actin and tubulin formation

ANXA1 Phospholipase A2 inhibition

S100A4 Cell cycle and differentiation

Crosstalk between quantitative ubiquitylome and acetylome

Ubiquitination and acetylation are both important PTMs.
In present study, we compared ubiquitylome with previous
acetylome (11) after perifosine treatment. Overall, 607
sites were modified both by ubiquitination and acetylation
(Figure 5B). From the scatterplot, the two PTMs of those
sites were not directly connected on the whole (R’=0.1387,
Figure 5C).

We further performed protein-protein interaction
network between ubiquitylome and acetylome (Figure S3)
and totally 14 proteins were overlapped in differentially
quantified proteins (7able 2). Subsequent cluster analysis
showed that both ubiquitylome and acetylome were enriched
in spliceosome (Figure 5D) and ribosome (Figure SE).
Certain proteins participating in the network were both
ubiquitylated and acetylated, such as Eukaryotic translation
initiation factor 3 subunit C (EIF3C), Elongation factor
l-alpha 1 (EEF1A1), Ubiquitin-40S ribosomal protein S27a
(RPS27A), 60S ribosomal protein L (RPL), Plectin (PLEC).
These proteins were likely to be important elements
for perifosine treatment and therefore are preferential
candidates for further study.

Discussion

Ubiquitination is a post-translational modification that is
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vital for the regulation of protein function and degradation.
In the process of ubiquitination, target protein can be
modified by mono-ubiquitin, multiple mono-ubiquitin,
or polyubiquitin. There are 7 lysine residues (K6, K11,
K27, K29, K33, K48 and K63) and an N-terminal
methionine residue within a ubiquitin molecule that can
all be targeted by ubiquitination to form different linkage
types. The effect of ubiquitination varies with the linkage
type of polyubiquitin chain and may affect protein cellular
localization, protein-protein interactions and protein
degradation by the 26S proteasome. As ubiquitination
widely exists in living cells, it is involved in almost all
cellular activities including cell signaling, endocytosis, DNA
repair, and apoptosis (18-21). Therefore, we presumed that
ubiquitination of the AS cellular proteome might also be
affected by perifosine and probably be an underappreciated
mechanism that contributes to its activity. Thus in this
study, ubiquitylome was assessed and also compared with
previous proteome/acetylome (11) in perifosine-treated AS
cells.

In this study, we presented the top ten list of proteins
with up/down regulated ubiquitination sites in AS cells upon
perifosine treatment (7zble I). Among them, annexin A2
(ANXA?) is a member of the annexin family that exhibits
Ca’*-dependent binding to phospholipids. ANXA2 was
reported to play a role in the proliferation of astrocyte (22)

Transl Cancer Res 2018;7(6):1548-1560
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which may affect permeability of the brain-blood barrier (23).
Li et al. also found that ANXA2 was upregulated in
glioblastoma tissues and associated with poor prognosis of
glioma patients (24). EPB41L3 (Band 4.1-like protein 3),
a marker of DNA methylation, has been implicated in the
differentiation of embryonic stem cell into oligodendrocyte
progenitor cells (25). In addition, EPB41L3 was relative
with clinic-pathological characteristics of diffuse glioma
patients (26). PGAMS5 (Serine/threonine-protein
phosphatase PGAMS) is a phosphatase that is involved in
the respiratory chain of mitochondria. Researchers have
found that PGAMS is essential for head formation and the
anterior-posterior body axis pattern via regulation of the
Wnt/B-Catenin signaling pathway (27). Although functions
of these proteins in NB are largely understudied, they all
participate in the normal physiology of the nervous system
and have pathologic consequences when disrupted.

In the motif analysis, we found the sequence of negative-
charged amino acids [glutamic acid (E) and aspartic acid (D)]
frequently emerged in the positions near Kub (Figure I).
This result was consistent with previous reports of
ubiquitylome analysis in mammals (28,29) as well as in
plants (30), indicating that it might be a general feature in
lysine ubiquitination. As the spatial structure was altered
in proteins undergoing ubiquitylation, the binding and
corresponding catalytic activity would also be changed.
This is consistent in our study as well as other reports in
which the binding and catalytic activity compromised the
largest share of the category of molecular function using
GO annotation (28-30). In the functional clustering analysis
of ubiquitylome after perifosine treatment, proteasome and
ribosome were highly enriched (Figure 34,B). A similar
result was observed in the ubiquitylome study of tumor cells
after treatment with the histone deacetylase suberoylanilide
hydroxamic acid (SAHA) (31). Several proteins were both
enriched upon SAHA and perifosine treatment such as 26S
protease regulatory subunits (PSMC1, PSMC2, PSMC3,
PSMD7 and PSMD13), heat shock 70 kDa protein (HSPAS)
and 40S ribosomal protein S5. Meanwhile, the endocytosis
and Ras signaling pathways were enriched in the KEGG
pathway enrichment upon perifosine/SAHA treatment. The
common points in the ubiquitylated proteome of perifosine
and SAHA treated cancer cells suggest that the two drugs
might share some similar mechanisms, indicating that
perifosine might have a veiled mechanism other than as Akt
inhibitor.

In our study, the Ras signaling pathway was prominently
enriched both in global proteome and ubiquitylome after
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perifosine treatment. Since the Ras signaling pathway is
upstream of PI3K-Akt in the signaling pathway (32,33), we
presumed that perifosine might also affect the upstream
targets of Akt in NB. The effect of perifosine on the Ras
signaling pathway varies with cancer type (34,35) but is still
unexplored in NB. Ras-related proteins circulate between
active guanosine triphosphate (GTP)-bound and inactive
guanosine diphosphate (GDP)-bound states. The factors
stimulating the conversion from GDP-bound form to
GTP-bound form are called guanine nucleotide exchange-
factors (GEFs), and the reverse process is mediated by
GTPase-activating proteins (GAPs) (36,37). In our study,
the alterations in GEF (e.g., GTPase-activating protein 3)
and GAP (e.g., Son of sevenless homolog) might be the key
to the regulation of Ras signaling pathway by perifosine.
Several effectors of Ras signaling pathway in our work
have been studied in other cancers and might be potential
targets in NB-including ADP-ribosylation factor 6
(ARF6) (38), Ras-related protein Ral-A (RALA) (39), Ras-
related protein Rap-1A (RAP1A) (40), BRCAl-associated
protein (BRAP) (41) and SPRY1 (42).

An enrichment of metabolic pathways in both global
proteome and ubiquitylome indicated a potential impact of
perifosine on metabolism. Carrasco et 4. found disturbance
of intracellular cholesterol transportation in perifosine-
treated tumor cells (43). Perifosine inhibited cholesterol
flux from plasma membrane to ER which led to cholesterol
depletion in the ER, activation of transcription of
cholesterogenic genes, causing accumulation of intracellular
cholesterol (43). Therefore, we presumed that the activities
of enzymes involved in cholesterol biosynthesis would be
affected as well. HMGCR is the rate limiting enzyme of
cholesterol synthesis. In our study, the level of ubiquitinated
HMGCR was up-regulated perifosine treatment, as well as
ubiquitin levels in several other cholesterogenic enzymes:
Lanosterol 14-alpha demethylase (CYP51A1), SQLE,
Methylsterol monooxygenase 1 (MSMO1), FDFT1 and
Lanosterol synthase (LSS). SQLE was reported to predict
poor prognosis and resistance to radiotherapy in prostate
cancer (44) while FDFT1 was associated with poor
prognosis and aggressive phenotype in prostate cancer (45).
However, their function with enhanced ubiquitylation
remained unknown and requires further study. Besides
cholesterol metabolism, glycolysis is also very important
in cancer cell metabolism (46). Thus the key enzymes and
molecules participating in glycolysis have been intensively
studied and previous studies revealed that active Akt was
associated with enhanced glycolysis in cancer cells (47-49).
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As perifosine is an Akt inhibitor, there is evidence that
perifosine impedes glycolysis and therefore improve chemo-
sensitivity in non-small lung cancer cells (50). In a recently
published study of human NB cells (SH-SY-5Y), researchers
found that silencing of NADPH oxidase 4 inhibited
glycolysis, and this was enhanced when combined with
perifosine reversing hypoxia induced chemo-resistance (51).
However, the underlying mechanism remains unclear. In the
proteome and ubiquitylome of our study, PFKFB3, a key
enzyme of glycolysis, is enriched after perifosine treatment.
PFKFB3 was found up-regulated in several cancers (52,53)
and levels decreased in cells exposed to Akt inhibitors (54),
although perifosine was not evaluated.

Our extensive datasets detailing the ubiquitylome and
crosstalk with proteome/acetylome reveals a number of
targets and pathways previously unknown with perifosine
treatment. Although the potential targets and pathways
found in our present study need further confirmation, we
believe that our study lays the basis to better understand the
mechanisms of perifosine’s anti-tumor activities which will be
important for a more precise application for patient’s therapy.
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Figure S1 Protein-protein interaction network of differentially quantified Kub (lysine ubiquitination) proteins in perifosine-treated AS cells.
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Figure S2 Detection of ubiquitylation of NDUFA8. Co-IP and
western blotting were used to validate ubiquitylome, resulting
increase of ubiquitylated NDUFAS after 10 pM perifosine
treatment.
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Figure S3 Protein-protein interaction network of differentially quantified Kub (lysine ubiquitination) and Kac (lysine acetylation) proteins

in perifosine-treated AS cells.



