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e endosomal/lysosomal system, in particular the endosomal sorting complexes required for transport (ESCRTs), plays an
essential role in regulating the trafficking and destination of endocytosed receptors and their associated signaling molecules.
Recently, we have shown that dysfunction and down-regulation of vacuolar protein sorting 4B (VPS4B), an ESCRT-III associated
protein, under hypoxic conditions can lead to the abnormal accumulation of epidermal growth factor receptor (EGFR) and aberrant
EGFR signaling in breast cancer. However, the pathophysiological consequences of VPS4B dysfunction remain largely elusive. In
this study, we used an internal standard-assisted synthesis and degradationmass spectrometry (iSDMS)method, which permits the
direct measurement of protein synthesis, degradation and protein dynamic expression, to address the effects of VPS4B dysfunction
in altering EGF-mediated protein expression. Our initial results indicate that VPS4B down-regulation decreases the expression of
many proteins involved in glycolytic pathways, while increased the expression of proteins with roles in mitochondrial fatty acid
𝛽𝛽-oxidation were up-regulated in VPS4B-depleted cells. is observation is also consistent with our previous �nding that hypoxia
can induce VPS4B down-regulated, suggesting that the adoption of fatty acid 𝛽𝛽-oxidation could potentially serve as an alternative
energy source and survival mechanism for breast cancer cells in response to hypoxia-mediated VPS4B dysfunction.

1. Introduction

VPS4B, a member of the AAA (ATPases associated with
diverse cellular activities) protein family, plays an important
role in the lysosomal degradation pathway, which functions
in ligand-induced membrane receptor downregulation. In
lysosomal degradation, endocytosed receptors are sorted into
multivesicular bodies (MVBs), which requires the sequen-
tial assembly of endosomal sorting complex required for
transport I, II, and III (ESCRT-I, -II, and -III) on the
endosomal membrane [1]. VPS4B functions to dissociate

ESCRT-III from endosomes for further rounds of endosomal
sorting [2]. Expression of functionally inactive VPS4B results
in the accumulation of receptors on abnormally enlarged
endosomes (class E compartments) and the abolishment of
MVB biogenesis [3–6]. As an essential ESCRT-III interacting
protein, VPS4B is also involved in protein trafficking among
membrane compartments and in signal transduction [4, 5, 7,
8].

Epidermal growth factor- (EGF-) mediated signaling is
one of themost important signaling pathways for cell growth,
proliferation, invasion, and metastasis in breast cancer [9].
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Upon ligand binding, the EGF receptor (EGFR) is phospho-
rylated, promoting downstream signal transduction, while it
is internalized and degraded within the MVB-lysosome [10].
EGFR signaling is initiated at the cell membrane; however,
late signaling propagation occurs on the endosomes [11]. We
and others have reported that dysfunction of VPS4B not only
leads to delayed EGFRdegradation, but also to prolonged and
altered intracellular EGFR signaling in abnormally enlarged
endosomal compartments [4–6, 12]. To further understand
the role of VPS4B dysfunction in breast cancer, we set out
to determine the consequences of altered EGFR signaling:
changes in protein synthesis and degradation, as well as pro-
tein dynamics in VPS4B downregulated breast cancer cells.
Altered protein synthesis and degradation of cancer-related
proteins is involved in cellular transformation and cancer
progression [13–18]. Understanding protein synthesis and
degradation is essential to fully appreciate cellular dynamics
and develop more effective strategies to treat cancer.

Traditional protein synthesis and degradation studies rely
on radiolabel tracer labeling (pulse) followed by exposure to
nonradioactive medium (chase). However, these approaches
are o�en designed to address the turnover of a speci�c
protein. Recently, high throughput synthesis and degradation
mass spectrometry (SDMS) has become a novel approach
to study global protein turnover, in which protein degra-
dation and synthesis can be measured simultaneously and
unambiguously with minimal cell perturbation [19]. In this
approach, proteins are �rst metabolically labeled by stable
isotope labeling with amino acids in cell culture (SILAC)
followed by chasing in normal medium. As a result, the
preexisting proteins are labeled with stable isotope amino
acids, while the newly synthesized proteins only incorporate
regular amino acids. ese differential stable isotope-labeled
proteins can be discriminated from each other and quanti�ed
by mass spectrometry based on the differences in masses
of their peptides following enzymatic digestion. Since Pratt
and coworkers introduced the use of mass spectrometry in
protein synthesis and degradation studies [20]; this approach
has been applied to numerous systems, such as Escherichia
coli [21],Mycobacterium tuberculosis [22],Mycoplasma pneu-
moniae [23], Streptomyces coelicolor [24], Saccharomyces
cerevisiae [20], HeLa cells [25, 26], human adenocarcinoma
cells [27], chicken skeletal muscle [28, 29], and mice [30, 31].

One of the major assumptions of using a pulse-chase
labeling experiment to study the dynamics of protein expres-
sion is that the level of protein expression is always under the
steady state. In SILAC-based protein synthesis and degrada-
tion experiments, the degradation rate constant of targeted
proteins can be readily derived from the decrease of relative
isotope abundance (RIA) or the percentage of preexisting
labeled protein [20]. On the contrary, it is more difficult to
calculate the rate of protein synthesis in general since proteins
are synthesized continuously in cultured proliferating cells,
thus the rate of protein accumulation is not likely to be
under steady state. In order to bypass such steady state
assumption, the incorporation of isobaric tags for relative and
absolute quantitation (iTRAQ) [24] or the introduction of
an internal control, such as another set of labeled cells [26],
permits the simultaneous measurement of protein synthesis,

degradation, and expression under dynamic conditions, such
as cell proliferation.

Dysfunction of VPS4B leads to EGFR accumulation and
prolonged activation [4–6, 12], which could contribute to cell
proliferation and growth. To estimate protein synthesis and
degradation rates in the context of altered EGFR signaling
caused by downregulation of VPS4B, we independently
developed an approach called internal standard-assisted
synthesis and degradation mass spectrometry (iSDMS) that
normalizes protein abundance across different samples and
time points and permits the comparison of protein synthe-
sis, degradation, and expression measurements. A similar
approach has also been developed recently by Boisvert et al.
to study global protein turnover in HeLa cells [26]. rough
this iSDMS analysis, we compared the synthesis and degra-
dation rates of more than 700 proteins between VPS4B
downregulated SKBR3 cells and the parental SKBR3 cells.
We found that VPS4B downregulation resulted in differen-
tial protein expression in energy metabolism pathways by
altering the synthesis and degradation of related proteins, in
which glycolysis proteins were downregulated, while mito-
chondrial fatty acid 𝛽𝛽-oxidation proteins were upregulated.
e adoption of fatty acid 𝛽𝛽-oxidation as an alternative
energy source could be an unrevealed survivalmechanism for
breast cancer cells with VPS4B dysfunction.

2. Materials andMethods

2.1. Cell Culture. SKBR3 cells were obtained from theAmeri-
can Type Culture Collection (Rockville, MD). VPS4B knock-
down SKBR3 (SKBR3_shVPS4B) cells were generated by
transducing SKBR3 cells with a lentivirus harboring shRNA
against VPS4B (SA Biosciences/Qiagen, Frederick, MD) as
previously described [32]. To study the role of VPS4B
downregulation on the dynamics of protein expression by
iSDMS, SKBR3_shVPS4B, and the parental SKBR3 cells
were cultured in DMEM SILAC medium (Pierce/ermo
Scienti�c) supplemented with 28mg/L 13C6-arginine (Arg6,
purity 97–99%, Cambridge Isotope Laboratories), 72mg/L
D4-lysine (Lys4, purity 96–98%, Cambridge Isotope Labora-
tories), 10% dialyzed fetal bovine serum (FBS, Invitrogen),
and 1% antibiotic antimycotic solution (Invitrogen). For
SKBR3_shVPS4B cells, 2𝜇𝜇g/mL puromycin were added to
the culture medium to maintain the selection pressure.
A�er �ve passages, cells were starved in serum free SILAC
medium for 18 hr. Following three washes with Dulbecco’s
Phosphate-buffered Saline (DPBS, Invitrogen), cells were
stimulated with 100 ng/mL EGF and subsequently “chased”
for 0, 2, 6, 12, and 24 hr in the presence of DMEM
“light” SILAC medium (Pierce/ermo Scienti�c) supple-
mented with light arginine (Arg0), lysine (Lys0) (Sigma),
10% dialyzed FBS, and 1% antibiotic antimycotic solution.
At the end of each chase time period, cell pellets were
collected and frozen in liquid nitrogen and stored in −80∘C
until analysis. To prepare the “heavy-” labeled internal
standard, SKBR3_shVPS4B cells were metabolically labeled
with 13C15

6 N4-arginine (Arg10) and
13C15

6 N2-lysine (Lys8) by
culturing in DMEM “heavy” SILAC medium supplemented
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with 28mg/L 13C15
6 N4-arginine (Arg10, purity 97–99%,

Cambridge Isotope Laboratories), 72mg/L 13C15
6 N4-lysine

(Lys8, purity 97–99%, Cambridge Isotope Laboratories), 10%
dialyzed FBS, and 1% antibiotic antimycotic solution (Invit-
rogen). e incorporation of Arg10 and Lys8 in the internal
standard SKBR3_shVPS4B cells was ∼98% as determined by
mass spectrometric analysis of tryptic peptides isolated from
theArg10 and Lys8 labeled SKBR3_shVPS4B cells. Cells were
harvested and stored as described above.

2.2. Preparation of Cell Lysates and Enzymatic Digestion.
Cell pellets were lysed and sonicated in 4% SDS,100mM
Tris-HCl (pH 7.6) lysis buffer containing 5U/mL ben-
zonase nuclease (Novagen) and complete EDTA-free protease
inhibitor cocktail (Roche). Aer removal of cell debris by
centrifugation at 10,000×g at room temperature for 10min,
protein concentration was measured in triplicate using the
BCA protein assay kit (ermo Scienti�c/Pierce). 180𝜇𝜇g of
protein from each time point were mixed with 60 𝜇𝜇g of pro-
tein internal standard labeled with 13C15

6 N4-arginine10 and
13C15

6 N2-lysine8. Dithiothreitol (DTT, Sigma) and Tris (2-
carboxyethyl) phosphine (TCEP, ermo Scienti�c/Pierce)
were added to the mixture to �nal concentrations of 100mM
and 10mM, respectively. Mixtures were kept at 90∘C for
10min. Aer cooling to room temperature, the cell lysates
were processed by the Filter Aided Sample Preparation
(FASP) procedure [33] using 30 k VIVACON 500 �ltration
units (Sartorius Biolab) with modi�cations. Brie�y, cell
lysates were �rst reduced by mixing with 200𝜇𝜇L of UA buffer
(8M urea in 100mM Tris-HCl pH 8.5) containing 5mM
TCEP, loaded into the �ltration units, and centrifuged at
14,000×g for 15min. At the end of the reduction reaction,
the samples were washed three times in 200 𝜇𝜇L of UA buffer
followed by centrifugation at 14,000×g for 15min. Alkylation
was performed by adding 100 𝜇𝜇L of 50mM iodoacetamide in
UA buffer and incubating at room temperature for 30min.
Excess iodoacetamide was eliminated by centrifugation, fol-
lowed by three washes with 200 𝜇𝜇L of UB buffer (8M urea in
100mM Tris-HCl, pH 8.0).

At the end of reductive alkylation reaction, samples
were digested by sequential addition of proteases Lys-C and
trypsin in the �ltration units. Brie�y, 2 𝜇𝜇g of endoproteinase
Lys-C (Roche) in 40 𝜇𝜇Lwater were �rst added to the �ltration
units and kept at room temperature in a humidi�ed chamber
overnight for 16 hr. Aer Lys-C digestion, samples were
diluted with 200 𝜇𝜇L of 50mMNH4HCO3, and 4 𝜇𝜇g of trypsin
(Promega) were added to the reactionmixture and incubated
at 37∘C for another 6–8 hr. Aer digestion, the peptides were
collected by centrifugation of the �ltration units, followed by
two washes with 50 𝜇𝜇L of 50mM NH4HCO3. All peptides
containing �ltrates were pooled and acidi�ed by the addition
of tri�uoroacetic acid (TFA, Sigma) to a �nal concentration
of 1%. Acidi�ed peptides were desalted by a Sep-Pak C18 car-
tridge (Waters) and dried by SpeedVac (ermo Scienti�c).
Dried peptides were stored in a −80∘C freezer until analysis.

2.3. Peptide Fractionation. Peptides were fractionated using
stop and go extraction (STAGE) tips made in house with

strong anion exchange (SAX) disks as described in [34–
36]. e STAGE tips were assembled by stacking six layers
of Empore anion exchange membrane disks (3M) into a
200 𝜇𝜇Lmicropipet tip. Two stacked tips were used to separate
100 𝜇𝜇g of peptides. Britton and Robinson buffer (BR buffer),
composed of 20mM acetic acid, 20mM phosphoric acid,
and 20mM boric acid and titrated with NaOH to the
desired pH, was used in peptide separation. e tip was
wet with methanol and washed with 1M NaOH, followed
by equilibration with 100 𝜇𝜇L of BR buffer pH 11. Peptides
were loaded at pH 11, and fractions were subsequently eluted
with BR buffer of pH 11, 8, 6, 5, 4, and 3, respectively. e
�ow through and all the fractions were acidi�ed by adding
TFA to a �nal concentration of 1% and desalted by a STAGE
tip containing three layers of C18 membrane disks (3M).
Peptides were then dried and stored as mentioned above.

2.4. LC-MS/MS Analysis. Peptides were dissolved in 0.5%
acetic acid (solvent A) and separated on a 10 cm reverse-
phase PicoFrit spray tip (New Objective, Woburn, MA)
packed in house with sub-2𝜇𝜇m C18 resin (Prospereon Life
Science, IL), using a nano�ow Xtreme simple liquid chro-
matography system (Microtech/CVC) coupled to a hybrid
linear ion trap-Orbitrap mass spectrometer (LTQ Orbitrap,
ermo Scienti�c). Peptides were loaded onto the column
with solvent A at a �ow rate of 0.6 𝜇𝜇L/min and eluted with
a 180min linear gradient at a �ow rate of 0.2 𝜇𝜇L/min. A
gradient of 2–60% solvent B (40% acetonitrile, 0.5% acetic
acid) was applied to the SAX �ow through, fractions eluted
with pH 11 and pH 8 buffer, a 2–65% solvent B gradient was
used for the pH 6 and pH 5 fractions, and a 5–70% solvent B
gradient was used for the pH 4 and pH 3 fractions. Aer the
linear gradient, the column was washed with 95% solvent B
and reequilibrated with 95% solvent A. Seven fractions from
one sample were run sequentially followed by a 40 min wash
with 80% acetonitrile with 0.5% acetic acid.

Mass spectra were acquired in the positive ion mode
applying a data-dependent automatic switch between the
survey scan and MS/MS acquisition. e survey MS1 scans
were acquired in the Orbitrap using a mass range of m/z
400–1,600 at a resolution of 60,000 at 400m/z.eMS1 target
value was 100,000. MS/MS scans were acquired in the linear
ion trap on the 5 most intense ions in each survey scan with
dynamic exclusion of previously selected ions; repeat count 1
and exclusion duration 15 seconds. e fragmentation was
performed by collision-induced dissociation (normalized
collision energy 35%) with a target value of 30,000. Ion
selection threshold was 5,000 counts. Charge state screening
was enabled, and +1 ions were excluded from fragmentation.
Other mass spectrometric parameters that were spray voltage
1.35 kV; no sheath and auxiliary gas �ow; ion transfer tube
temperature 180∘C; activation 𝑞𝑞 𝑞 0𝑞25; activation time of
30ms were applied in MS2 acquisitions.

2.�. Peptide �denti�cation. Data were searched against a con-
catenated forward/reverse database, which was built based
on a UniProt human database (downloaded on Oct. 18,
2010), using SEQUEST (Bioworks 3.3.1 SP1, ermo Sci-
enti�c). Enzyme speci�city was set to trypsin and allowed
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two missed cleavages. Database search parameters were
precursor peptide mass tolerance 50 ppm and fragment ion
tolerance 1 amu. Carbamidomethyl cysteine was set as a �xed
modi�cation, and oxidized methionine was set as a variable
modi�cation. Additional variable modi�cations included
arginine +6.02013, arginine +10.00827, lysine +4.02510, and
lysine +8.01420. e peptides were initially �ltered by the
following criteria: 𝑋𝑋corr ≥ 2.5, 3.0, and 3.5 for 2+, 3+, and
4+ peptides, respectively, and ΔCn > 0.1. e false discovery
rate (FDR) was calculated by dividing the number of false
positive peptides identi�ed in the reverse database by the
number of total identi�ed peptides [37]. In this study, the
FDR was 0.94%.

2.6. Calculation of Peptide Relative Abundance. By adding
the internal standard, three populations of a given peptide
were present in the mixture: the peptide containing regu-
lar arginine (Arg0) or lysine (Lys0) (light-labeled peptide),
the peptide containing 13C6-arginine (Arg6) or D4-lysine
(Lys4) (medium-labeled peptide), and the peptide containing
13C15

6 N4-arginine (Arg10) or 13C15
6 N2-lysine (Lys8) (heavy-

labeled internal standard peptide).
e relative abundance of light peptide (𝐴𝐴𝑙𝑙) was de�ned

as the ratio of the peak intensities of unlabeled peptide
(𝐼𝐼𝑙𝑙) to the intensities of internal standard peptide (𝐼𝐼ℎ),
(1). Similarly, the relative abundance of labeled peptide
(𝐴𝐴𝑚𝑚) was de�ned as the ratio of the peak intensities
of labeled peptide (𝐼𝐼𝑚𝑚) to 𝐼𝐼ℎ, (2). An in-house SILAC-
based mass spectrometry quantitation soware, IsoQuant
(http://www.proteomeumb.org/MZw.html) [38], was used to
automatically integrate the isotopic peak intensities of each
peptide and calculate 𝐴𝐴𝑙𝑙 and 𝐴𝐴𝑚𝑚. e relative abundance of
total peptide (𝐴𝐴tot) was calculated by summing the relative
abundance of light unlabeled peptide (𝐴𝐴𝑙𝑙) and labeled pep-
tide (𝐴𝐴𝑚𝑚), (3)

𝐴𝐴𝑙𝑙 =
𝐼𝐼𝑙𝑙
𝐼𝐼ℎ
, (1)

𝐴𝐴𝑚𝑚 =
𝐼𝐼𝑚𝑚
𝐼𝐼ℎ
, (2)

𝐴𝐴tot = 𝐴𝐴𝑙𝑙 + 𝐴𝐴𝑚𝑚. (3)

2.7. Calculation of Peptide Degradation Rate Constant. Since
the SILAC labeled peptides were only subjected to degrada-
tion, the degradation rate constant could be derived from
the changes in relative abundance of labeled peptides. Since
protein degradation rate follows �rst-order kinetics [39], the
relative abundances of the preexisting labeled peptides over
time (𝐴𝐴𝑚𝑚_𝑡𝑡)were �t to exponential decay curves to derive the
degradation rate constant (𝜆𝜆). At least four time points were
required to �nd the best �tting curve. Only 𝐴𝐴𝑚𝑚_𝑡𝑡 and 𝑡𝑡 that
were signi�cantly correlated (𝑃𝑃 𝑃 0.05) with a coefficient of
determination (𝑅𝑅2) greater than 0.8 were selected to derive
the degradation rate constant from the exponential decay
equation as follows:

𝐴𝐴𝑚𝑚_𝑡𝑡 = 𝑎𝑎 𝑎 𝑎𝑎
−𝜆𝜆𝑡𝑡, (4)

where 𝑎𝑎 was the corrected-normalized initial peptide
amount.

2.8. Calculation of Peptide Synthesis Rate. Peptide synthesis
rate was de�ned as the rate of change of the relative abun-
dance of the newly synthesized peptide over time.e relative
abundance of the newly synthesized peptide can be calculated
by the relative abundance of the unlabeled peptide directly,
if the basal label efficiency reaches 100%. However, due to
different cell types, cell culture conditions, and the purity
of the stable isotope-labeled amino acids, the basal labeling
efficiency was not 100%, which consequently resulted in
the detection of unlabeled peptides at the beginning of the
chase period. In this study, at the beginning of the chase
period, ∼10% and 30% of the peptides were unlabeled in
SKBR3_shVPS4B and SKBR3 cells, respectively. To calculate
the relative abundance of the newly synthesized peptide,
the relative abundance of the unlabeled peptide has to be
corrected by subtracting the relative abundance of the preex-
isting unlabeled peptide at 0 hr, aswell as the later time points.
Since both the preexisting unlabeled and labeled peptides
were subjected to degradation, the preexisting unlabeled
peptide at each time point (𝐴𝐴pre_𝑙𝑙_𝑡𝑡) was calculated by

𝐴𝐴pre_𝑙𝑙_𝑡𝑡 = 𝐴𝐴𝑙𝑙_0 𝑎 𝑎𝑎
−𝜆𝜆𝑡𝑡, (5)

where 𝐴𝐴𝑙𝑙_0 was the relative abundance of the unlabeled
peptide at 0 hr.

e relative abundance of the newly synthesized peptide
at each time point (𝐴𝐴′

𝑙𝑙_𝑡𝑡) was calculated by

𝐴𝐴′
𝑙𝑙_𝑡𝑡 = 𝐴𝐴𝑙𝑙_𝑡𝑡 − 𝐴𝐴pre_𝑙𝑙_𝑡𝑡, (6)

where 𝐴𝐴𝑙𝑙_𝑡𝑡 was the abundance of the total unlabeled peptide
at each time point.

Protein synthesis follows zero-order kinetics [39]. e
relative abundances of newly synthesized peptides over time
𝐴𝐴′
𝑙𝑙_𝑡𝑡 were �t to linear curves to derive the synthesis rates

(𝛾𝛾). At least four time points were required to �nd the best
�tting curve. Only𝐴𝐴′

𝑙𝑙_𝑡𝑡 and 𝑡𝑡 that were signi�cantly correlated
(𝑃𝑃 𝑃 0.05) with a 𝑅𝑅2 greater than 0.8 were selected to derive
the synthesis rate from the following linear equation:

𝐴𝐴′
𝑙𝑙_𝑡𝑡 = 𝛾𝛾 𝑎 𝑡𝑡 + 𝛾𝛾, (7)

where 𝛾𝛾 was the corrected initial peptide amount.

2.9. Protein Synthesis Rate, Degradation Rate Constant, and
Relative Abundance. e protein synthesis rate, degradation
rate constant, and relative protein abundance were calculated
by the mean of their identi�ed peptides� synthesis rates,
degradation rate constants, and total relative peptide abun-
dance.

3. Results

�.�. iSD�S Analysis of Dyna�ic Protein Pro�les. Our ear-
lier report has shown that hypoxia leads to the abnormal
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F 1: Using internal standard-assisted synthesis and degradation mass spectrometry (iSDMS) to study the roles of EGF on global
protein synthesis and degradation. SKBR3_shVPS4B and the parental SKBR3 cells were �rst labeled with 13C6-arginine (Arg6) and D4-lysine
(Lys4) medium (labeled in red). Aer overnight serum starvation, Arg6/Lys4-labeled cells were stimulated with 100 ng/mL EGF in medium
supplemented with regular arginine (Arg0) and lysine (Lys0) for 0, 2, 6, 12, and 24 hr (labeled in blue). Protein isolated from SKBR3_shVPS4B
cells labeled with 13C15

6 N4-arginine (Arg10) and
13C15

6 N2-lysine (Lys8)—internal standard (labeled in green)—was spiked into each sample
at a ratio of 1 : 3 (wt/wt). e mixtures were digested by the Filter Aided Sample Preparation (FASP) procedure, followed by strong anion
exchange (SAX) peptide fractionation. Peptides were analyzed by online LC-MS/MS using an LTQ-Orbitrap mass spectrometer. e relative
abundance of the newly synthesized (𝐴𝐴𝑙𝑙) or preexisting peptides (𝐴𝐴𝑚𝑚) was de�ned as the ratio of mass spectrometric peak intensities of the
unlabeled peptides (𝐼𝐼𝑙𝑙) or Arg6/Lys4-labeled peptides (𝐼𝐼𝑚𝑚) to the intensities of the Arg10/Lys8-labeled peptides (𝐼𝐼ℎ), respectively.

accumulation of EGFR and subsequent alteration of cell
signaling in breast cancer. To further understand the role
of VPS4B dysfunction in global protein dynamics upon
EGF treatment, we decided to measure the rates of pro-
tein synthesis and degradation in VPS4B downregulated
SKBR3 (SKBR3_shVPS4B) and the parental SKBR3 cells
using an internal standard assisted synthesis and degradation
mass spectrometry (iSDMS) approach. As shown in Figure
1, both cultured SKBR3_shVPS4B and SKBR3 cells were
�rst metabolically labeled with stable isotopic amino acids
arginine, and lysine (Arg6/Lys4, labeled in red), and then
chased in medium containing regular arginine and lysine
amino acids (Arg0/Lys0, labeled in blue) in the presence
of EGF. As a result, one can monitor the rates of protein
degradation simply by measuring the decrease of Arg6/Lys4-
labeled proteins, while newly synthesized proteins can only
be monitored by the incorporation of Arg0 and Lys0 amino
acids. Since the depletion of VPS4B expression is likely

going to have some effects on global protein expression, it
is necessary to normalize the steady state protein pro�ling
and differential gene expression between VPS4B ablation and
the parental cells. To overcome the issue of differential gene
expression between the two cell lines, an internal standard-
cell lysates metabolically labeled with Arg10/Lys8 (labeled
in green) was added to each time point in order to nor-
malize the relative abundance of Arg6/Lys4 or Arg10/Lys6-
labeled peptides between SKBR3_shVPS4B and SKBR3 cells.
e detailed calculation of peptide relative abundance is
described in the Section 2.

Figures 2(a) and 2(b) are representative MS spectra of
tryptic peptides, SLLVNPEGPTLMR, derived from chain A
of human fatty acid synthase (FASN) in SKBR3 (Figure 2(a))
and SKBR3_shVPS4B cells (Figure 2(b)) identi�ed in the
chase time periods of 0, 2, 6, 12, and 24 hr. e decreasing
abundance of the preexisting Arg6/Lys4-labeled peptides
(labeled in red) between the 12 and 24 hr chase periods
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F 2: VPS4B downregulation decreases the expression of fatty acid synthase (FASN) in SKBR3_shVPS4B cells. Representative MS1
spectra of fatty acid synthase peptide SLLVNPEGPTLMR in SKBR3 (a) and SKBR3_shVPS4B cells (b). e relative abundance of unlabeled
peptides (𝐴𝐴𝑙𝑙, labeled in blue) or labeled peptides (𝐴𝐴𝑚𝑚, label in red), expressed as mean ± standard deviation, was calculated by our in-house
soware, IsoQuant [38]. VPS4B downregulation increased the degradation rate of the SLLVNPEGPTLMR FASN peptide (c) and decreased
its synthesis rate (d) in SKBR3 cells, which was related to the decrease of its relative abundance aer EGF treatment (e).

in both cell lines clearly indicates that the degradation of
this peptide can be monitored by this type of approach. To
determine the role ofVPS4B onprotein turnover, a �rst-order
exponential decay curve �tting was constructed (see Section
2.7 for more details). As indicated in Figure 2(c), the pep-
tide derived from fatty acid synthase (SLLVNPEGPTLMR)
clearly had a faster degradation rate in SKBR3_shVPS4B cells
(labeled in squares, degradation rate constant = 0.015 h−1,
𝑅𝑅2 = 0.91) than SKBR3 cells (labeled in diamonds, degra-
dation rate constant = 0.045 h−1, 𝑅𝑅2 = 0.90).

On the other hand, the calculation of synthesis rate is
muchmore difficult because the pool of unlabeled Arg0/Lys0

(labeled in blue) peptides consisted of both newly synthesized
peptides during the chase period, and preexisting unlabeled
peptides, which were present at the beginning of the exper-
iment due to incomplete labeling of Arg6/Lys4 amino acids.
Since preexisting unlabeled (Arg0/Lys0) peptides were being
degraded during the course of the experiment, it is neces-
sary to normalize the relative abundance of the remaining
(nondegraded) preexisting unlabeled peptides at each time
point based on their degradation rate constant(see Section
2.8 for more details). Figure 2(d) is a representative time-
course analysis of newly synthesized human FASN peptides
(SLLVNPEGPTLMR). is result suggests that the FASN
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peptide (SLLVNPEGPTLMR) had a slower synthesis rate in
SKBR3_shVPS4B cells (labeled in squares, synthesis rate =
0.055 h−1, 𝑅𝑅2 = 0.99) as compared to SKBR3 cells (labeled
in diamonds, synthesis rate = 0.133 h−1, 𝑅𝑅2 = 0.98).

Because iSDMS allows one tomeasure the rates of protein
synthesis and degradation simultaneously, it is therefore
possible to determine the dynamics of protein expression
in VPS4B-depleted cells in response to EGF. Figure 2(e)
is a representative time course analysis of FASN dynamic
expression. In this study, the relative abundance of a given
peptide (𝐴𝐴tot) of FASN (SLLVNPEGPTLMR) from each time
point was calculated and normalized by summing the relative
abundance of unlabeled peptide (𝐴𝐴𝑙𝑙) and labeled peptide
(𝐴𝐴𝑚𝑚) ((3), Section 2). It is clear that the relative abundance
of FASN expression in SKBR3_shVPS4B cells (Figure 2(e),
labeled in squares) was drastically reduced aer two hours of
EGF treatment. Togetherwith the result from the degradation
study of FASN in Figure 2(c), this observation suggests
that the decrease of FASN expression is largely due to
the increased turnover rate of FASN in SKBR3_shVPS4B
cells (Figure 2(c), labeled in squares). Interestingly, aer
6 hr of EGF treatment the rate of FAN degradation was
very similar between SKBR3_shVPS4B and SKBR3 cells,
indicating that the sudden increase of FASN turnover rate in
SKBR3_shVPS4B cells could be potentially regulated byEGF-
related cell signaling pathways.

�.�. ���n�e� o� t�e D�n��i� P�oteo�e P�o�le in �el�tion��ip
to VPS4B Depletion. VPS4B is essential for the formation
of MVB and has also been documented to play a pivotal
role in regulating the degradation of various membrane
receptors.erefore, we decided to examine the consequence
of VPS4B ablation on the dynamic proteome pro�le using
our SKBR3_shVPS4B model system. Brie�y, both cultured
SKBR3_shVPS4B and the parental control SBKR3 cells
grown on SILAC “medium,” Arg6/Lys4,mediumwere treated
with 100 ng/mL of EGF and chase labeled in SILAC “light,”
Arg0/Lys0, medium for 2, 6, 12, and 24 hr as described in the
Section 2. At the end of each chase period, SKBR3_shVPS4B
and SKBR3 cells were collected and analyzed by a FASP-based
SAX fractionation and LC-MS/MS analysis using a hybrid
Orbitrap mass spectrometer. MS/MS raw �les were then
subjected to database search and quanti�cation analysis using
our in-house soware IsoQuant [38]. However, in order to
compare the degradation rate constants and synthesis rates
of each peptide in SKBR3_shVPS4B and SKBR3 cells at
the proteome level, we required that the “same” peptides
should be identi�ed and quanti�ed at each time point in
both cell lines throughout the entire course of the experiment
in all �ve time points. As indicated in Figures 2(c)-2(d),
the relative peptide abundance and the time period used
to calculate both degradation rate constants and synthesis
rates also need to be highly correlated (𝑃𝑃 𝑃 0.0𝑃𝑃 𝑅𝑅2 >
0.8) with at least four time points in order to derive the
rates. ese criteria have signi�cantly reduced the depth
of proteome; however, we were able to generate a highly
statistically relevant dataset on the effects of VPS4B in
modulating proteome dynamics. Overall, we have identi�ed

T 1: Increased protein expression is mostly due to increased
protein synthesis in SKBR3_shVPS4B cells.

Number of proteins∗ Percentage (%)
Increased synthesis only 21 63.6
Decreased degradation only 3 9.1
Both 3 9.1
Other 6 18.2
∗
Number of proteins was calculated from 33 proteins with increased relative
abundance (SKBR3_shVPS4B versus SKBR3 ratio >1.5) at 24 hr.

more than 15,000 total unique peptides assigned to more
than 4,500 protein groups in both SKBR3_shVPS4B and
SKBR3 cells. Over 70% of the proteins were assigned with
a minimum of two peptides. We obtained the degradation
rate constants, synthesis rates, and total peptide pro�les of
1623 peptides and 723 proteins. At the global level, the overall
mean protein synthesis rate in SKBR3_shVPS4B cells was
0.0𝑃8 ± 0.010 h−1, which was similar to that of the SKBR3
cells, 0.0𝑃7±0.012 h−1(see Supplemental Figures 1(a) and 1(b)
available online at http://dx.doi.org/10.1155/2013/291415).
is result suggests that VPS4B does not affect global protein
synthesis in general in response to EGF treatment. Similarly,
VPS4B depletion also does not have any systematic effect
on global protein degradation, because the mean protein
degradation rate constant was 0.033±0.012 h−1 (𝑡𝑡1/2 = 20 hr)
in SKBR3_shVPS4B cells, whichwas only slightly higher than
that of the SKBR3 cells, 0.028 ± 0.010 h−1 (𝑡𝑡1/2 = 24 hr)
(Supplemental Figures 1(c) and 1(d)).

Because the heavy SILAC Arg10/Lys8-labeled internal
protein mixture was spiked into every time point, it is
possible to analyze the effect of VPS4B downregulation on
global protein expression. To address the effect of VPS4B
downregulation on dynamic protein pro�les, we de�ned
increased and decreased protein synthesis, degradation,
and relative protein abundance in SKBR3_shVPS4B cells
as those values greater than 1.5-fold that of the SKBR3
cells (SKBR3_shVPS4B versus SKBR3 ratio 𝑃0.67 or >1.5).
Among 723 proteins, the majority did not show changes in
their rates of protein synthesis (80.9% of proteins), degra-
dation (77.2% of proteins), or relative protein abundance
(90.2% of proteins) (Supplemental Table 1). As expected,
downregulation of VPS4B has a rather limited effect on the
alteration of overall protein synthesis, because only ∼10% of
proteins displayed changes in their rates of protein synthesis.
On the other hand, ∼20% of proteins had increased rates of
degradation in SKBR3_shVPS4B cells, suggesting thatVPS4B
depletion potentially affects and enhances the turnover of
certain proteins. At the global level, our data suggest that
VPS4B downregulation does not change the dynamic protein
pro�les of most proteins in SKBR3 cells. Despite the VPS4B-
depleted cell line having a rather different growth phenotype
and sensitivity to hypoxia as compared to the parental cells,
we found that the overall distributions of relative protein
abundance at 24 hr in SKBR3 and SKBR3_shVPS4B cells are
also very similar (Supplemental Figures 1(e) and 1(f)).

In this study, we found that among 33 proteins with
increased relative abundance (Supplemental Table 2), 63.6%
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T 2: Decreased protein synthesis and increased protein degra-
dation contribute to decreased protein expression in SKBR3_
shVPS4B cells.

Number of proteins∗ Percentage (%)
Decreased synthesis only 7 18.4
Increased degradation only 6 15.8
Both 25 65.8
∗
Number of proteins was calculated from 38 proteins with decreased relative
abundance (SKBR3_shVPS4B versus SKBR3 ratio <0.66) at 24 hr.

had increased synthesis only, 9.1% had decreased degrada-
tion only, and 9.1% had both (Table 1). Among 38 proteins
with decreased relative abundance (Supplemental Table 3),
18.4% had decreased synthesis only, 15.8% had increased
degradation only, and 65.8% had both (Table 2). Because
the steady state accumulation of proteins is determined by
their rates of synthesis and degradation, we therefore decided
to further examine the relationship between the steady state
protein expression and protein synthesis and degradation
in response to the downregulation of VPS4B expression.
e relative protein abundance ratios between the two cell
lines (SKBR3_shVPS4B versus SKBR3) were plotted against
the ratios of protein synthesis rates (Supplemental Figure
2(a)) and the ratios of protein degradation rate constants
(Supplemental Figure 2(b)). As indicated in Figure 3, it is
clear that theVPS4B-mediated decrease of protein expression
is largely due to increased protein degradation, while the
increase of VPS4B-mediated protein expression is directly
related with increased protein synthesis. For instance, pro-
teins with higher relative abundance in SKBR3_shVPS4B
cells (Figure 3, red diamonds) were found to have both lower
degradation rate constants and higher synthesis rates (Figure
3, 2nd quadrant). Conversely, those proteins with lower
relative abundance have higher degradation rate constants
and lower synthesis rates (Figure 3, 4th quadrant, labeled in
green diamonds).

3.3. VPS4B Downregulation Alters Energy Metabolism in
SKBR3 Cells. To further understand the biological conse-
quences of VPS4B ablation in EGF-mediated cell signaling, a
gene ontology andKyoto Encyclopedia ofGenes andGenome
(KEGG) pathway analysis was performed [40]. As indicated
in Figure 4, proteins involved in energy metabolism, in
particular glycolysis andmitochondrial fatty acid𝛽𝛽-oxidation
pathways, are signi�cantly affected in SKBR3_shVPS4B cells
upon EGF treatment. In humans, glycolysis and fatty acid
𝛽𝛽-oxidation are the two main sources of acetyl-CoA for
the tricarboxylic acid cycle (TCA) to generate adenosine
triphosphate (ATP). We found that the expression of many
key glycolytic enzymes, such as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and L-lactate dehydrogenase B
chain (LDHB), fructose-bisphosphate aldolase A and C
(ALDOA, ALDOC), phosphoglycerate kinase 1 (PGK1),
alpha-enolase (ENO1), pyruvate kinase isozymes M1/M2
(PKM2), and L-lactate dehydrogenase A chain (LDHA), was
drastically reduced in SKBR3_shVPS4B cells. As indicated in
Figure 4, the decreased expression of these proteins is mainly

caused by the simultaneously increased degradation and
decreased synthesis rates of these proteins as the consequence
of VPS4B downregulation.

Interestingly, the expression of mitochondrial tri-
functional protein alpha-subunit (HADHA/ECHA),
mitochondrial trifunctional protein beta-subunit (HADHB/
ECHB), and mitochondrial hydroxyacyl-coenzyme A
dehydrogenase (HADH) was increased more than 1.5-
fold in SKBR3_shVPS4B cells. Mitochondrial very
long-chain speci�c acyl-CoA dehydrogenase (ACADV)
and mitochondrial enoyl-CoA hydratase (ECHM) were
increased more than 1.25-fold. e increased expression
of these mitochondrial proteins and proteins involved in
fatty acid 𝛽𝛽-oxidation are primarily caused by the increased
protein synthesis rate, rather than caused by decreased
protein degradation. On the other hand, fatty acid synthase
(FASN) expression was decreased in SKBR3_shVPS4B cells
with increased degradation and decreased synthesis rates.
Taken together, our results suggest that downregulation
of VPS4B expression can potentially alter the energy
metabolism in breast cancer, suggesting that under either
hypoxia or VPS4B depletion, fatty acid tends to be oxidized
to generate energy rather than being stored, consequently
replacing glucose as a main energy source.

4. Discussion

Dysfunction of VPS4B results in altered endosomal traffick-
ing of membrane receptors, such as EGFR, as well as EGFR-
associated signaling molecules [3–8, 12]. Toward gaining
a more thorough understanding of the consequences of
altered EGFR signaling caused by VPS4B dysfunction, we
developed an iSDMS method to identify changes in the
protein synthesis, degradation rates, and dynamic protein
expression, in breast cancer SKBR3_shVPS4B cells. In this
study, we obtained dynamic pro�les of more than 700 pro-
teins in both SKBR3_shVPS4B and SKBR3 cells in response
to EGF. Most importantly, we have also identi�ed many
previously unidenti�ed energy metabolism pathways that
were altered as a result of VPS4B downregulation in breast
cancer. In particular, we found that downregulation of VPS4B
expression has a profoundly negative effect on the expression
of several key proteins involved in glycolysis and fatty
acid synthesis, suggesting that TCA cycle and ATP energy
metabolism could be compromised. In order to overcome
this defect in ATP generation, we found that the expression
of many proteins involved in fatty acid 𝛽𝛽-oxidation is also
elevated in the VPS4B-depleted cells, indicating that the
activation of fatty acid 𝛽𝛽-oxidation could serve as a potential
survival mechanism and ultimately lead to its resistance to
chemotherapy and hypoxia.

Protein degradation rate constants vary among different
cell types and tissues. In the same biological system, the
degradation rate constants also vary widely among different
proteins. In E. coli, protein degradation rate constants range
from 0.017 h−1 (𝑡𝑡1/2 = 40 hr) to 0.058 h−1 (𝑡𝑡1/2 = 11.9 hr),
with a mean value of 0.03 h−1 (𝑡𝑡1/2 = 23 hr) [23]. In human
A549 adenocarcinoma cells, the degradation rate constants
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range from 2 × 10−5 (𝑡𝑡1/2 = 69, 000 hr) to 5.4 h−1 (𝑡𝑡1/2 =
0.13 hr), with a mean of 0.081 h−1 (𝑡𝑡1/2 = 8.5 hr) [27]. In our
study, we found that among more than 700 proteins, protein
degradation rate constants ranged from 0.012 (𝑡𝑡1/2 = 57 hr)
to 0.116 h−1 (𝑡𝑡1/2 = 5.9 hr) with a mean of 0.033 h−1 (𝑡𝑡1/2 =
20 hr) in SKBR3_shVPS4B cells and 0.01 to 0.087 h−1 with
a mean of 0.028 h−1 (𝑡𝑡1/2 = 24 hr) in SKBR3 cells. Due to
the sensitive of our current iSDMS analysis, we were only
able to examine the dynamic pro�les of those proteins with
𝑡𝑡1/2 > 2 hr.

Protein expression is controlled by the rates of protein
synthesis and degradation. Generally, higher protein synthe-
sis rate is related to higher protein expression, and higher
protein degradation rate oen leads to decreased protein
expression. ese trends are consistent with our results (Fig-
ure 3 and Supplemental Figure 2). Traditionally, increased
protein expression has been considered as being mostly
attributable to increased gene transcription and translation.
However, several recent global dynamic protein pro�ling
studies have indicated that increased protein expression can
also be regulated by posttranscriptional and posttranslational
control [25–31]. Oksvold et al. have suggested that posttran-
scriptional control and increased protein half life are two of
the main mechanisms to maintain protein homeostasis and
buffer cells from various transcriptional and gene expression
noise in response to various environmental stimulations [11].

In addition, several lines of evidence have also indicated
that the abnormally elevated expression of many important
receptors in cancer or drug resistant cancer cells is caused

by decreased or delayed receptor degradation rather than
being caused by altered gene expression [13–18]. Our results
show that only ∼10% of proteins with increased expression
in VPS4B have decreased degradation, while the increased
expression of the majority of these proteins is attributable
to changes in protein synthesis only. ese results strongly
suggest that increasing protein synthesis or increasing trans-
lational efficiency is the main method of increasing protein
expression, whereas altered protein degradation is a more
protein-speci�c approach to increasing protein expression
in SKBR3 cells. As indicated in Figure 3, we found that
VPS4B-dependent protein downregulation (labeled in green
diamonds) is largely caused by the combination of decreased
protein synthesis and increased protein degradation, sug-
gesting that VPS4B-mediated MVB dysfunction is playing
a pivotal role in modulating protein homeostasis in breast
cancer. e altered function of MVB-lysosomal degradation
caused by VPS4B depletion likely stimulates other cellular
degradation pathways.

VPS4B plays an important role in protein degradation,
especially in the lysosomal degradation of membrane recep-
tors [2]. It has been found that loss of VPS4B function results
in delayed EGFR degradation and prolonged EGFR retention
on the limiting membrane of MVBs [4–6]. However, we were
not able to obtain the dynamic expression pro�le for EGFR
and its related signalingmolecules in this study due to the low
abundance of endogenous EGFR and the limited dynamic
proteome pro�le coverage in SKBR3 cells. Surprisingly, we
found that overall protein degradation rates at the proteomic
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level were similar in SKBR3_shVPS4B and SKBR3 cells.
is observation suggests that the VPS4B downregulation-
induced delayed lysosomal degradation of endocytosed cargo
is likely to be cargo speci�c and explains why overall protein
degradation is not affected. Currently, we are in the process of
identifying what protein cargos are speci�cally targeted and
degraded by the Vps4B-dependentMVB-lysosomal degrada-
tion system in breast cancer. Identi�cation of speci�c cargos
that are delayed by VPS4B-dependent target degradation is
likely going to provide critical information on whether these
proteins can be used as potential biomarkers for both the
classi�cation and progression of breast cancer.

Glycolysis and fatty acid 𝛽𝛽-oxidation are two major
metabolic pathways that cells utilize to generate energy.
Adaptation to different carbon and energy sources is an
important cellular response to environmental or intracel-
lular changes. Our results indicate that dynamic protein
expression of many enzymes involved in glycolysis and the
TCA cycle are coordinately regulated in response to VPS4B
depletion. Recently, Lin et al. have reported that there is
a direct correlation between the downregulation of VPS4B
and the progression of breast cancer, and that decreased
VPS4B expression can be induced by hypoxia [12]. Although
the molecular mechanisms underlying the hypoxia-induced
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VPS4B-associated tumor angiogenesis andmetastasis remain
unknown, our results clearly indicate that there is a direct link
between altered lipidmetabolism andVPS4B-mediatedMVB
dysfunction.

It has been hypothesized that most cancer cells, including
breast cancer cells, exhibit increased aerobic glycolysis and
lead to the conversion of glucose to lactic acid, also known
as the Warburg effect, in part as a result of mitochondrial
respiration injury and hypoxia [41]. However, since the
initial report of the Warburg hypothesis, numerous reports
also indicate that many cancer cells have higher glycolytic
activity even under aerobic conditions. In addition, it has
been suggested byGillies and colleagues that up-regulation of
glycolysis can signi�cantly provide many growth advantages
for various cancers and the proposed conversion of glucose
to lactate under aerobic conditions could be an important
adaptation step for the cancer cells to survive under the
intermittent hypoxic conditions during the early develop-
ment of cancer (see review by Gatenby and Gillies [42]).
Our current study indicated that the glycolytic pathway is
downregulated in VPS4B-depleted SKBR3 cells, suggesting
a potential cross-talk between the abnormal glycolysis in
cancer and MVB dysfunction. Currently, we are exploring
whether this attenuation of the glycolytic pathway by VPS4B
could also lead to the reduction of lactate-induced acidosis
that is commonly associated with many cancers. Interest-
ingly, it has also been recently demonstrated that chronic
acid-adaptedMDA-MB-231 cells are able to induce the accu-
mulation of LC3 and the possible formation of autophago-
somes [43]. However, it is not currently clear whether
the accumulation of LC3-positive autophagic vacuoles is
due to the dysfunction of VPS4B-MVB-mediated autolyso-
some formation or enhanced autophagic �ux. Although the
main molecular and cellular events modulating this acid
or environmental-induced autophagy formation in cancers
are largely unknown, our systems approach described here
provides a potential explanation of the role of VPS4B in
regulating the glycolytic pathway and the formation of
autophagy under either hypoxia or acidosis.

In addition to the downregulation of the glycolytic
pathway andmodulating the formation of autophagic vacuole
formation, our �ndings also reveal that fatty acid 𝛽𝛽-oxidation
is signi�cantly upregulated in VPS4B-depleted cells. Speci�-
cally, we found that the expression of mitochondrial trifunc-
tional protein alpha subunit (HADHA/ECHA), mitochon-
drial trifunctional protein beta subunit (HADHB/ECHB),
and mitochondrial hydroxyacyl-coenzyme A dehydrogenase
(HADH) is signi�cantly elevated. e pathological conse-
quences of abnormal fatty acid 𝛽𝛽-oxidation activation are
unclear. However, it is reasonable to postulate that the
activation of fatty acid oxidation is part of the cellular
compensatory response to VPS4B-mediated downregulation
of the glycolytic pathway. Fatty acid 𝛽𝛽-oxidation is known to
be upregulated in many different cancers and other diseases
[44–49]. Since mitochondria are known to be degraded
by autophagy, we postulate that the VPS4B-autophagy-
mediated mitochondrial degradation could be impaired dur-
ing the premetastatic stage of cancer or in VPS4B-depleted

cells and ultimately causes the activation of mitochondrial
fatty acid 𝛽𝛽-oxidation.

Finally, another important �nding of our study is the
decreased expression of fatty acid synthase (FASN) inVPS4B-
depleted cells. High levels of FASN are reported in many
epithelial cancers, such as breast, colorectal, and prostate, and
FASN overexpression is highly associated with a higher risk
of both disease recurrence and death [50]. Most signi�cantly,
our results show that VPS4B downregulation decreased the
expression of FASN by simultaneously decreasing its rates
of synthesis and increasing the rate of its degradation,
suggesting that both de novo fatty acid synthesis and fatty
acid 𝛽𝛽-oxidation are tightly coupled in cancer. Altogether,
our study suggests the downregulation of VPS4B causes the
alteration of glucose metabolism and the glycolytic pathway,
which ultimately leads to the activation ofmitochondrial fatty
acid 𝛽𝛽-oxidation.

5. Conclusion

Here we have presented an approach, iSDMS, for the direct
measurement of protein degradation and synthesis, as well
as relative protein expression levels in SKBR3 cells with
downregulated VPS4B expression. is approach can be
feasibly applied to other cell culture systems to determine
global protein dynamics under different genetic manipula-
tions or environmental stimulations. As with other mass
spectrometry-based approaches, iSDMS is limited by the
depth and reproducibility of protein identi�cation, especially
when applied to multiple time points and multiple condi-
tions. However, we are able to establish the dynamic protein
pro�ling of many proteins involved in the central glucose
and lipid metabolism that are preferentially regulated by the
downregulation of VPS4B expression. As downregulation of
VPS4B has been reported to be associated with certain high
grade and recurring tumors, the adoption of fatty acid 𝛽𝛽-
oxidation as an alternative energy source could be a distinct
feature of breast cancer cells with VPS4B dysfunction.era-
peutic interventions targeting fatty acid ß-oxidation energy
metabolism could serve as alternative and complementary
strategies to treat breast cancer.

Acknowledgment

is work was funded by National Institutes of Health Grants
AG25323 to A. J. Yang and DE14183 to D. K. Ann.

References

[1] D. Teis, S. Saksena, and S. D. Emr, “Ordered assembly of the
ESCRT-III complex on endosomes is required to sequester
cargo during MVB formation,” Developmental Cell, vol. 15, no.
4, pp. 578–589, 2008.

[2] B. A. Davies, I. F. Azmi, and D. J. Katzmann, “Regulation
of Vps4 ATPase activity by ESCRT-III,” Biochemical Society
Transactions, vol. 37, no. 1, pp. 143–145, 2009.

[3] N. Bishop and P. Woodman, “ATPase-defective mammalian
VPS4 localizes to aberrant endosomes and impairs cholesterol



12 International Journal of Proteomics

trafficking,” Molecular Biology of the Cell, vol. 11, no. 1, pp.
227–239, 2000.

[4] H. Fujita, M. Yamanaka, K. Imamura et al., “A dominant nega-
tive form of the AAA ATPase SKD1/VPS4 impairs membrane
trafficking out of endosomal/lysosomal compartments: class E
vps phenotype in mammalian cells,” Journal of Cell Science, vol.
116, no. 2, pp. 401–414, 2003.

[5] T. Yoshimori, F. Yamagata, A. Yamamoto et al., “e mouse
SKD1, a homologue of yeast Vps4p, is required for normal
endosomal trafficking and morphology in mammalian cells,”
Molecular Biology of the Cell, vol. 11, no. 2, pp. 747–763, 2000.

[6] E. Mizuno, T. Iura, A. Mukai, T. Yoshimori, N. Kitamura,
and M. Komada, “Regulation of epidermal growth factor
receptor down-regulation by UBPY-mediated deubiquitination
at endosomes,”Molecular Biology of the Cell, vol. 16, no. 11, pp.
5163–5174, 2005.

[7] C. Tu, C. F. Ortega-Cava, P. Winograd et al., “Endosomal-
sorting complexes required for transport (ESCRT) pathway-
dependent endosomal traffic regulates the localization of active
Src at focal adhesions,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 107, no. 37, pp.
16107–16112, 2010.

[8] R. J. Flinn, Y. Yan, S. Goswami, P. J. Parker, and J. M.
Backer, “e late endosome is essential for mTORC1 signaling,”
Molecular Biology of the Cell, vol. 21, no. 5, pp. 833–841, 2010.

[9] Y. Yarden and M. X. Sliwkowski, “Untangling the ErbB sig-
nalling network,” Nature Reviews Molecular Cell Biology, vol. 2,
no. 2, pp. 127–137, 2001.

[10] A. Sorkin and L. K. Goh, “Endocytosis and intracellular traf-
�cking of ErbBs,” Experimental Cell Research, vol. 315, no. 4,
pp. 683–696, 2009.

[11] M. P. Oksvold, E. Skarpen, L. Wierød, R. E. Paulsen, and
H. S. Huitfeldt, “Re-localization of activated EGF receptor
and its signal transducers to multivesicular compartments
downstream of early endosomes in response to EGF,” European
Journal of Cell Biology, vol. 80, no. 4, pp. 285–294, 2001.

[12] H. H. Lin, X. Li, J.-L. Chen et al., “Identi�cation of an AAA
ATPase VPS4B-dependent pathway that modulates epider-
mal growth factor receptor abundance and signaling during
hypoxia,” Molecular and Cellular Biology, vol. 32, no. 6, pp.
1124–1138, 2012.

[13] A. Ciechanover and A. L. Schwartz, “e ubiquitin system:
pathogenesis of human diseases and drug targeting,”Biochimica
et Biophysica Acta, vol. 1695, no. 1–3, pp. 3–17, 2004.

[14] K. I. Nakayama and K. Nakayama, “Ubiquitin ligases: cell-cycle
control and cancer,” Nature Reviews Cancer, vol. 6, no. 5, pp.
369–381, 2006.

[15] D. S. Hirsch, Y. Shen, and W. J. Wu, “Growth and motility
inhibition of breast cancer cells by epidermal growth factor
receptor degradation is correlated with inactivation of Cdc42,”
Cancer Research, vol. 66, no. 7, pp. 3523–3530, 2006.

[16] N. E. Willmarth, A. Baillo, M. L. Dziubinski, K. Wilson, D. J.
Riese, and S. P. Ethier, “Altered EGFR localization and degrada-
tion in human breast cancer cells with an amphiregulin/EGFR
autocrine loop,” Cellular Signalling, vol. 21, no. 2, pp. 212–219,
2009.

[17] S. Chandarlapaty, M. Scaltriti, P. Angelini et al., “Inhibitors
of HSP90 block p95-HER2 signaling in Trastuzumab-resistant
tumors and suppress their growth,”Oncogene, vol. 29, no. 3, pp.
325–334, 2010.

[18] Y. Wang, O. Roche, M. S. Yan et al., “Regulation of endocytosis
via the oxygen-sensing pathway,” Nature Medicine, vol. 15, no.
3, pp. 319–325, 2009.

[19] I. V. Hinkson and J. E. Elias, “e dynamic state of protein
turnover: it’s about time,” Trends in Cell Biology, vol. 21, no. 5,
pp. 293–303, 2011.

[20] J. M. Pratt, J. Petty, I. Riba-Garcia et al., “Dynamics of protein
turnover, a missing dimension in proteomics,” Molecular &
Cellular Proteomics, vol. 1, no. 8, pp. 579–591, 2002.

[21] B. J. Cargile, J. L. Bundy, A. M. Grunden, and J. L. Stephenson,
“Synthesis/degradation ratio mass spectrometry for measuring
relative dynamic protein turnover,” Analytical Chemistry, vol.
76, no. 1, pp. 86–97, 2004.

[22] P. K. Rao, G. Marcela Rodriguez, I. Smith, and Q. Li, “Protein
dynamics in iron-starvedMycobacterium tuberculosis revealed
by turnover and abundance measurement using hybrid-linear
ion trap-fourier transform mass spectrometry,” Analytical
Chemistry, vol. 80, no. 18, pp. 6860–6869, 2008.

[23] T. Maier, A. Schmidt, M. G�ell et al., “Quanti�cation of
mRNA and protein and integration with protein turnover in a
bacterium,”Molecular Systems Biology, vol. 7, article 511, 2011.

[24] K. P. Jayapal, S. Sui, R. J. Philp et al., “Multitagging proteomic
strategy to estimate protein turnover rates in dynamic systems,”
Journal of Proteome Research, vol. 9, no. 5, pp. 2087–2097, 2010.

[25] J. S. Andersen, Y. W. Lam, A. K. L. Leung et al., “Nucleolar
proteome dynamics,” Nature, vol. 433, no. 7021, pp. 77–83,
2005.

[26] F. M. Boisvert, Y. Ahmad, M. Gierliński et al., “A quantitative
spatial proteomics analysis of proteome turnover in human
cells.,” Molecular & Cellular Proteomics, vol. 11, no. 3, p.
M111.011429, 2012.

[27] M. K. Doherty, D. E. Hammond, M. J. Clague, S. J. Gaskell, and
R. J. Beynon, “Turnover of the human proteome: determination
of protein intracellular stability by dynamic SILAC,” Journal of
Proteome Research, vol. 8, no. 1, pp. 104–112, 2009.

[28] M. K. Doherty, L. McClean, I. Edwards et al., “Protein turnover
in chicken skeletal muscle: understanding protein dynamics
on a proteome-wide scale,” British Poultry Science, vol. 45,
supplement 1, pp. S27–S28, 2004.

[29] M. K. Doherty, C.Whitehead, H.McCormack, S. J. Gaskell, and
R. J. Beynon, “Proteome dynamics in complex organisms: using
stable isotopes to monitor individual protein turnover rates,”
Proteomics, vol. 5, no. 2, pp. 522–533, 2005.

[30] Y. Zhang, S. Reckow, C. Webhofer et al., “Proteome scale
turnover analysis in live animals using stable isotope metabolic
labeling,” Analytical Chemistry, vol. 83, no. 5, pp. 1665–1672,
2011.

[31] J. N. Savas, B. H. Toyama, T. Xu, J. R. Yates III, andM.W.Hetzer,
“Extremely long-lived nuclear pore proteins in the rat brain,”
Science, vol. 335, no. 6071, p. 942, 2012.

[32] H. V. Nguyen, J. L. Chen, J. Zhong et al., “SUMOylation atten-
uates sensitivity toward hypoxia- or desferroxamine- induced
injury by modulating adaptive responses in salivary epithelial
cells,” American Journal of Pathology, vol. 168, no. 5, pp.
1452–1463, 2006.

[33] J. R. Wiśniewski, A. Zougman, N. Nagaraj, and M. Mann,
“Universal sample preparation method for proteome analysis,”
Nature Methods, vol. 6, no. 5, pp. 359–362, 2009.

[34] J. Rappsilber, Y. Ishihama, and M. Mann, “Stop And Go
Extraction tips for matrix-assisted laser desorption/ionization,
nanoelectrospray, and LC/MS sample pretreatment in pro-
teomics,”Analytical Chemistry, vol. 75, no. 3, pp. 663–670, 2003.



International Journal of Proteomics 13

[35] Y. Ishihama, J. Rappsilber, and M. Mann, “Modular stop
and go extraction tips with stacked disks for parallel and
multidimensional peptide fractionation in proteomics,” Journal
of Proteome Research, vol. 5, no. 4, pp. 988–994, 2006.

[36] J. R. Wiśniewski, A. Zougman, and M. Mann, “Combination of
FASP and StageTip-based fractionation allows in-depth analysis
of the hippocampal membrane proteome,” Journal of Proteome
Research, vol. 8, no. 12, pp. 5674–5678, 2009.

[37] J. E. Elias and S. P. Gygi, “Target-decoy search strategy for
increased con�dence in large-scale protein identi�cations by
mass spectrometry,” Nature Methods, vol. 4, no. 3, pp. 207–214,
2007.

[38] Z. Liao, Y. Wan, S. N. omas, and A. J. Yang, “IsoQuant:
a soware tool for stable isotope labeling by amino acids in
cell culture-based mass spectrometry quantitation,” Analytical
Chemistry, vol. 84, no. 10, pp. 4535–4543, 2012.

[39] I. M. Arias, D. Doyle, and R. T. Schimke, “Studies on the
synthesis and degradation of proteins of the endoplasmic
reticulum of rat liver,” Journal of Biological Chemistry, vol. 244,
no. 12, pp. 3303–3315, 1969.

[40] M. Kanehisa, S. Goto, M. Furumichi, M. Tanabe, and M.
Hirakawa, “KEGG for representation and analysis of molecular
networks involving diseases and drugs,”Nucleic Acids Research,
vol. 38, no. 1, pp. D355–D360, 2009.

[41] O. WARBURG, “On respiratory impairment in cancer cells,”
Science, vol. 124, no. 3215, pp. 269–270, 1956.

[42] R. A. Gatenby and R. J. Gillies, “Why do cancers have high
aerobic glycolysis?” Nature Reviews Cancer, vol. 4, no. 11, pp.
891–899, 2004.

[43] J. W. Wojtkowiak and R. J. Gillies, “Autophagy on acid,”
Autophagy, vol. 8, no. 11, 2012.

[44] S. Zha, S. Ferdinandusse, J. L. Hicks et al., “Peroxisomal
branched chain fatty acid 𝛽𝛽-oxidation pathway is upregulated
in prostate cancer,” Prostate, vol. 63, no. 4, pp. 316–323, 2005.

[45] Y. Liu, “Fatty acid oxidation is a dominant bioenergetic pathway
in prostate cancer,” Prostate Cancer and Prostatic Diseases, vol.
9, no. 3, pp. 230–234, 2006.

[46] I. Samudio, M. Fiegl, T. McQueen, K. Clise-Dwyer, and M.
Andreeff, “e warburg effect in leukemia-stroma cocultures is
mediated by mitochondrial uncoupling associated with uncou-
pling protein 2 activation,” Cancer Research, vol. 68, no. 13, pp.
5198–5205, 2008.

[47] F. Wang, M. Kumagai-Braesch, M. K. Herrington, J. Larsson,
and J. Permert, “Increased lipid metabolism and cell turnover
of MiaPaCa2 cells induced by high-fat diet in an orthotopic
system,” Metabolism, vol. 58, no. 8, pp. 1131–1136, 2009.

[48] J. Khasawneh, M. D. Schulz, A. Walch et al., “In�ammation and
mitochondrial fatty acid 𝛽𝛽-oxidation link obesity to early tumor
promotion,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 106, no. 9, pp. 3354–3359,
2009.

[49] V. R. Holla, H. Wu, Q. Shi, D. G. Menter, and R. N. DuBois,
“Nuclear orphan receptor nr4a2 modulates fatty acid oxidation
pathways in colorectal cancer,” Journal of Biological Chemistry,
vol. 286, no. 34, pp. 30003–30009, 2011.

[50] J. A. Menendez and R. Lupu, “Fatty acid synthase and the
lipogenic phenotype in cancer pathogenesis,” Nature Reviews
Cancer, vol. 7, no. 10, pp. 763–777, 2007.


