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Metabolic reprogramming, in which altered utilization of
glucose and glutamine supports rapid growth, is a hall-
mark of most cancers. Mutations in the oncogenes
KRAS and BRAF drive metabolic reprogramming
through enhanced glucose uptake, but the broader im-
pact of these mutations on pathways of carbon metab-
olism is unknown. Global shotgun proteomic analysis of
isogenic DLD-1 and RKO colon cancer cell lines ex-
pressing mutant and wild type KRAS or BRAF, respec-
tively, failed to identify significant differences (at least
2-fold) in metabolic protein abundance. However, a mul-
tiplexed parallel reaction monitoring (PRM) strategy tar-
geting 73 metabolic proteins identified significant pro-
tein abundance increases of 1.25–twofold in glycolysis,
the nonoxidative pentose phosphate pathway, gluta-
mine metabolism, and the phosphoserine biosynthetic
pathway in cells with KRAS G13D mutations or BRAF
V600E mutations. These alterations corresponded to
mutant KRAS and BRAF-dependent increases in glu-
cose uptake and lactate production. Metabolic repro-
gramming and glucose conversion to lactate in RKO
cells were proportional to levels of BRAF V600E protein.
In DLD-1 cells, these effects were independent of the
ratio of KRAS G13D to KRAS wild type protein. A study
of 8 KRAS wild type and 8 KRAS mutant human colon
tumors confirmed the association of increased expres-
sion of glycolytic and glutamine metabolic proteins with
KRAS mutant status. Metabolic reprogramming is driven
largely by modest (<2-fold) alterations in protein ex-
pression, which are not readily detected by the global
profiling methods most commonly employed in pro-
teomic studies. The results indicate the superiority of
more precise, multiplexed, pathway-targeted analyses
to study functional proteome systems. Data are avail-
able through MassIVE Accession MSV000079486 at

ftp://MSV000079486@massive.ucsd.edu. Molecular &
Cellular Proteomics 15: 10.1074/mcp.M116.058925,
2924–2938, 2016.

Cancers typically exhibit a metabolic phenotype distinct
from that of normal tissues. Warburg first reported that can-
cers have increased glucose consumption with concurrently
elevated lactate production compared with normal tissues
(the “Warburg effect”) (1). Since this initial observation, repro-
gramming of central carbon metabolism (“metabolic repro-
gramming”) has been characterized as an essential adapta-
tion for tumor growth (2–5).

Mutations in KRAS or BRAF appear to play important roles
in regulating metabolic reprogramming in multiple cancers
(6–16). These proteins play key roles in the EGFR signaling
pathway and oncogenic mutations in either protein can drive
downstream activation of this pathway even in the absence of
upstream EGFR activation (17–20). KRAS and BRAF muta-
tions are thought to contribute to cancer development by
driving proliferation of cells with initiating mutations (21, 22).

KRAS and BRAF may contribute to cancer phenotypes
through metabolic reprogramming. The colorectal cancer cell
lines DLD-1 and RKO, which have oncogenic mutations in
KRAS and BRAF, respectively, display increased expression
of the primary glucose transporter, SLC2A1 (commonly
known as GLUT1), and exhibit a Warburg effect phenotype
(6). Pancreatic ductal adenocarcinomas driven by a KRAS
G12D mutation exhibit increased glucose utilization in the
nonoxidative pentose phosphate pathway (PPP)1 (9) and are
highly dependent upon glutamine metabolism for tumor
growth (8). BRAF V600E mutations in melanoma cells de-
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creased expression of tricarboxylic acid (TCA) cycle enzymes
and mitochondrial oxidative phosphorylation, and these ef-
fects are reversed by a BRAF V600E-selective kinase inhibitor
(23). These studies demonstrate significant roles of oncogenic
KRAS or BRAF in metabolic reprogramming. Transcriptome
analyses of multiple cancers revealed several patterns of al-
terations for genes encoding metabolic enzymes (24). Al-
though transcriptome profiles were not associated with spe-
cific mutations, the data suggested mutations may drive
distinct programs of metabolism gene expression.

Multiplexed protein quantitation by multiple reaction moni-
toring (MRM) or parallel reaction monitoring (PRM) are pow-
erful tools for systems characterization (25–39). These multi-
plexed assays can interrogate coordinated expression of
proteins in functional protein networks, such �-catenin sig-
naling (35), nuclear factor-�B signaling (36), protein expres-
sion changes because of EGFR signaling (37, 38), and phos-
photyrosine quantitation in EGFR signaling (39). Drabovich
et al. utilized a single MRM assay to quantify 134 proteotypic
peptides from 76 proteins involved in glycolysis, the TCA
cycle, the PPP and related reactions in a single MRM assay to
analyze metabolic protein expression changes during hypoxia
(40).

Here we used both global shotgun proteome profiling and a
multiplexed PRM to quantify 73 proteins in central carbon
metabolism Figure 1 to assess protein-level impact of on-
cogenic KRAS and BRAF in isogenic colorectal cancer cell
models. Whereas global profiling failed to detect significant
protein alterations associated with metabolic reprogramming,
more precise PRM measurements revealed alterations in mul-
tiple carbon metabolism pathway alterations driven by onco-
genic KRAS and BRAF. These observations were reproduced
in MRM analyses of KRAS mutant and wild type primary
human colorectal tumors. The data indicate that precise, tar-
geted analyses are essential to detect the relatively modest
protein abundance alterations that underlie metabolic repro-
gramming in cancers.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Sep-pak C18 desalting cartridges and
XBridge C18 5 �m 4.6 � 250 mm columns were from Waters (Milford,
MA). ReproSil C18-AQ resin (3 �m particle size) was purchased from
Dr. Maisch, Gmbh (Ammerbuch-Entringen, Germany). Picofrit self-
pack columns, 75 �m ID, 10 �m ID tip, were from New Objective
(Woburn, MA). Bovine six protein equimolar digest was purchased
from Bruker-Michrom, Inc. (Auburn, CA). Trypsin (Trypsin Gold) was
from Promega (Madison, WI). Synthetic and 13C,15N lysine or arginine
labeled peptides were purchased from New England Peptides (Gard-
ner, MA). Labeled peptides were of greater than 99% isotopic purity
and greater than 95% chemical purity; absolute concentration was
determined by amino acid analysis.

Cell Culture—DLD-1 parental cells (DLD-1 Par), DLD-1 KRAS
(G13D/-) cells (DLD-1 Mut), and DLD-1 KRAS (�) cells (DLD-1 WT)
(catalog numbers HD 105–040, HD 105–043, and HD PAR-086), RKO
parental cells (RKO Par), RKO BRAF (V600E/�/�) cells (RKO Mut),
and RKO BRAF (�/�/�) cells (RKO WT) (catalog numbers HD 106–
004, HD 106–003, and HD PAR-009) were from Horizon Discovery

(Cambridge, UK). DLD-1 cell lines were maintained in RPMI 1640
growth media (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (Atlas Biologicals, Fort Collins, CA) and 0.1%
penicillin-streptomycin (Invitrogen, Carlsbad, CA). RKO cell lines were
maintained in McCoy’s 5A growth media (Invitrogen) supplemented
with 10% fetal bovine serum and 0.1% penicillin-streptomycin. All cell
lines were split 1:10 every 3–5 days or before cells reached 80%
confluency. Cells were reseeded from flasks into 15 cm plates 2 days
prior to preparation for analyses and were harvested before reaching
75% confluency. Three replicate cultures of each cell line were ana-
lyzed by RNA-Seq to verify that the cells expressed the expected
mutant or wild type KRAS and BRAF sequences. These analyses
demonstrated that the cell lines expressed the expected wild type
and mutant sequences (supplemental Fig. S1).

Cells were harvested by scraping on ice using cold phosphate
buffered saline (PBS, Invitrogen) supplemented with 1:100 Halt Pro-
tease Inhibitor Mixture (Thermo Fisher Scientific, Waltham, MA). The
cells were pelleted by centrifugation at 1000 � g at 4 °C for 5 min,
washed with an additional 1 ml of PBS and pelleted a second time at
1000 � g at 4 °C for 5 min. Excess PBS was removed from the pellets
and pellets were flash frozen in dry ice and ethanol.

Glucose and Lactate Analyses—Cell lines were grown to 60%
confluence in 75 cm2 flasks, and were split into eight wells of a
96-well plate. Cells were plated so that there would be �5000 cells
per well for each collection time point. Medium was collected from the
cells at each doubling time and one-half doubling time for each
respective cell line. Cell number was estimated using the cell prolif-
eration reagent WST-1 (Sigma, St. Louis, MO). Media samples were
analyzed on a YSI 2300 glucose and lactate biochemical analyzer (YSI
Life Science, Yellow Springs, OH). Glucose and lactate standards
were run every five samples to ensure instrument calibration and
accuracy.

Sample preparation and basic reverse phase liquid chromatogra-
phy (bRPLC)—Frozen cell pellets were suspended in a 1:1 (v/v) mix-
ture of 100 mM ammonium bicarbonate (Sigma, St. Louis, MO), pH 8.0
and 2,2,2-trifluoroethanol (Acros Organics. Pittsburg, PA), supple-
mented with 1:100 HALT protease inhibitor mixture. Suspensions
were sonicated 3 times for 15 s and were placed on ice for at least 1
min between sonication cycles. Protein concentration was deter-
mined with the bicinchoninic acid assay (Thermo Fisher Scientific,
Waltham, MA) and 250 �g of protein was taken for analysis. Samples
were reduced with 40 mM tris-carboxyethylphosphine (Sigma, St.
Louis, MO) and 100 mM dithiothreitol (Research Products Interna-
tional, Mt. Prospect, IL) at 60 °C for 30 min at 1000 rpm on an
Eppendorf Thermomixer (Eppendorf, Hauppauge, NY). Samples then
were cooled to room temperature and alkylated with 200 mM iodo-
acetamide (Sigma, St. Louis, MO) in the dark for 30 min. Samples
were diluted with 50 mM ammonium bicarbonate, pH 8.0 to reduce
the 2,2,2-trifluoroethanol to 10%, prior to adding trypsin at a 1:50
(w/w) ratio and incubating overnight at 37 °C with shaking. Digests
were lyophilized, the lyophilized peptide samples were suspended in
water prior to solid phase extraction with a Waters Sep-pak C18
desalting cartridge. Prior to use, desalting cartridges were first
charged with 1 ml of acetonitrile and then equilibrated with 2 ml of
water. Peptide samples were loaded onto the equilibrated column,
washed once with 1 ml water, and the peptides were eluted with 70%
acetonitrile containing 0.1% formic acid (Thermo Fisher Scientific,
Waltham, MA). These samples were evaporated to dryness in vacuo
and redissolved in 10 mM triethylammonium bicarbonate, pH 8.0.
bRPLC peptide fractionation was done with an Agilent 1260 Infinity
LC system equipped with an XBridge C18 5 �m 4.6 � 250 mm
column. Solvent A was 10 mM triethylammonium bicarbonate (Sigma,
St. Louis, MO), pH 7.4 and solvent B was 10 mM triethylammonium
bicarbonate in acetonitrile. Peptides were loaded onto the column
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with solvent A at a flow rate of 0.5 ml/minute and were eluted at a flow
rate of 0.5 ml/minute with a program in which solvent B was increased
from 0% to 5% from 0 to 10 min, 5% to 35% from 10 to 70 min, 35%
to 70% from 70 to 85 min, held at 70% from 85 to 95 min, and then
reduced to 0% from 95 to 105 min. The eluted peptides were col-
lected in 64 fractions, which were concatenated to eight fractions as
described by Wang et al. (41). Concatenated fractions were evapo-
rated to dryness in vacuo and the dried samples were suspended in
100 �l 3% acetonitrile with 0.1% formic acid for LC-MS/MS analysis.

Global LC-MS/MS Analyses—LC-MS/MS analyses were per-
formed on a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with an Easy-nLC 1000 au-
tosampler. Peptides were resolved on an PicoFrit Emitter column (11
cm x 75 �m ID, New Objective, Wortham, MA) with a 10 �m ID
opening, packed with ReproSil C18-AQ resin of 3 �m particle size.
Liquid chromatography was performed at room temperature with a
mobile phase gradient program using 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B).

Sample solutions (2 �l) were loaded onto the column over 14 min
with 100% solvent A at 0.5 �l/min, followed by an elution gradient
(300 nL/min) from 2% to 5% solvent B in 5 min, 5% to 35% solvent
B over 85 min, 35% to 90% solvent B in 3 min, and held at 90%
solvent B for 7 min. Peptides eluting from the capillary tip were
introduced into the Q Exactive Plus source via nano electrospray
mode with a capillary voltage of 2.1 kV. A full scan was obtained from
the eluting peptides in the range of 300–1800 m/z, with a resolution of
70,000, a max injection time of 64 ms, and an AGC target of 3e6. The
full scan was then followed by 20 data-dependent MS/MS scans of
the most intense ions, with a resolution of 17,500, a maximum injec-
tion time of 100 ms, an AGC target of 2e5, an isolation window of 1.4
m/z, a fixed first mass of 100 m/z, and a normalized collision energy
of 27. MS/MS spectra were acquired with dynamic exclusion of
previously analyzed precursors for 20 s.

Global Proteomics Data Analysis—For database searching, The
“ScanSifter” algorithm (42) read MS/MS spectra stored as centroid
peak lists from Thermo RAW files and transcoded them to mzData
v1.05 files. Spectra that contain fewer than six peaks were not
transcoded to mzData files and only MS/MS scans are written to the
mzData files; MS scans were excluded. MS/MS spectra were as-
signed to peptides from the Human RefSeq Version 54 database
(accession date of September 2012, with 34,589 protein entries,
which included contaminant protein sequences) using the database
search algorithms Myrimatch version 2.1.132 (43) and MS-GF� Beta
(v9979) (44). The database forward protein sequences were ap-
pended with reversed sequences to allow for false discovery rate
(FDR) estimations (45, 46). Myrimatch and MS-GF� were configured
to allow for all cysteines to be modified by carboxamidomethylation
as a static modification, while allowing for possible dynamic methione
oxidation, with a maximum of two dynamic modifications per peptide.
Candidate peptides were required to be tryptic, although missed
cleavages were allowed. For Myrimatch searches, precursor mass
error was set to 1.5 m/z, and fragment ion mass error was 0.5 m/z. For
MS-GF� searches, the precursor mass error was set to �15 ppm.
Identified peptides from both searches were assembled together into
proteins with IDPicker version 3.1.642.0 (46). Proteins were assem-
bled using a maximum Q value of 0.01, a minimum of 2 distinct
peptides per protein, and a minimum of 5 spectra per protein in order
to achieve a protein FDR of less than 5%. Indistinguishable proteins
were recognized and grouped. Parsimony rules were applied to gen-
erate a minimal list of proteins that explain all of the peptides that
pass the entry criteria. A minimum of two spectra per protein across
all samples and both biological replicates was required for quantita-
tive comparisons. This list of quantifiable proteins then was used to
determine 1.5- and twofold differences in spectral count data in

pairwise comparisons. The lists of 1.5- and twofold differentially
expressed proteins were used to determine pathway enrichment us-
ing the network based enrichment algorithm WebGestalt (47), where
the list of all quantifiable proteins for each data set was used as the
reference data set.

Sample Preparation for PRM Analyses of Metabolic Proteins—
Samples for PRM analyses were prepared in the same manner as for
global proteomics, except that 200 �g of protein was used for trypsin
digestion and no bRPLC fractionation was performed. Desalted pep-
tide samples were dissolved to 0.5 �g/�l with 3% aqueous acetoni-
trile containing 0.1% formic acid and a mixture of three labeled
reference peptide (LRP) standards (�-actin peptide U-13C,15N-Arg-
GYSFTTTAER, alkaline phosphatase peptide U-13C,15N-Arg-AAQGI-
TAPGGAR, and �-galactosidase peptide U-13C,15N-Arg-APLDN-
DIGVSEATR) was spiked into the samples at a final concentration of
12.5 fmol/�l.

PRM Analyses of Metabolic Proteins—PRM analyses were per-
formed on a Q Exactive Plus mass spectrometer equipped with the
same LC system and column described above. Liquid chromatogra-
phy was performed at room temperature over 70 min using a gradient
program of 0.1% (v/v) formic acid in water (solvent A) and 0.1% (v/v)
formic acid in acetonitrile (solvent B). Sample solutions (2 �l) were
loaded onto the column over 14 min with 100% solvent A at 0.5
�l/min, followed by an elution gradient (300 nL/min) from 2% to 5%
solvent B in 5 min, 5% to 35% solvent B over 45 min, 35% to 90%
solvent B in 5 min, and held at 90% solvent B for 10 min. Peptides
eluting from the capillary tip were introduced into the Q Exactive Plus
source via nano electrospray mode with a capillary voltage of 2.1 kV.
The mass spectrometer was programmed to acquire a full MS-SIM
scan followed by 14 targeted-MS2 runs. Full MS-SIM scans were
collected with a resolution of 17,500, an AGC of 3e6, a maximum
injection time of 64 ms, and a scan range of 380–1500 m/z. Targeted-
MS2 spectra were acquired at a resolution of 17,500, a maximum
injection time of 80 ms, an AGC target of 5e5, an isolation window of
2.0 m/z, a fixed first mass of 150 m/z, and a normalized collision
energy of 27.

Peptide precursor ions targeted for acquisition were selected using
Skyline software (48). To develop a scheduled PRM method, a “mas-
ter mix” of unlabeled synthetic standards representing all target pep-
tides was spiked into a matrix background made from the samples.
This master mix sample was analyzed in an unscheduled PRM run to
determine retention times and representative fragment ions. The 10
most intense fragment ions for each peptide were used to identify
peptides in the synthetic master mix used for designing the scheduled
run. A total of 73 proteins were monitored with at least 2 peptides
each, for a total of 204 peptides monitored in each scheduled PRM
run (Fig. 1 and supplemental Table S1). Three biological replicates
from each cell type were analyzed in triplicate to assess both biolog-
ical variation and instrument variation.

Analysis of PRM Data for Metabolic Proteins—Peptide transitions
to be extracted for PRM were selected using the program Skyline (48).
The top five most intense fragment ions were used to verify the
detection of each peptide in the PRM analyses and the top three most
intense fragment ions were used for peptide peak area quantitation.
Peptide signals for metabolic proteins were normalized by the LRP
method (49). Peptide peak areas were calculated as the sum of the
peak areas for the 3 most intense fragment ions, and this summed
peak area was normalized to the summed peak area for the LRP
standard with the lowest coefficient of variation (CV) across all of the
samples in the sample set. For quantitative comparisons between cell
lines, peptides were required to have CV values below 0.25 between
biological replicate experiments. For proteins with more than one
quantifiable peptide, the peptide having a CV below 0.25 and the
largest normalized peak area was used for quantitation. This mini-
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mizes measurement variation across the data set (49). Measurements
of the other quantifiable peptides were not used for quantitative
comparisons, but provided validation of single peptide-based
measurements.

Targeted quantitation of KRAS and BRAF protein forms—For tar-
geted analysis of wild type and mutant KRAS and BRAF protein
forms, cells were grown as previously described (28). For KRAS
analyses, DLD-1 cells were suspended in 50 mM Tris-HCl (J. T. Baker,
Center Valley, PA), pH 8, 0.1% sodium dodecyl sulfate (Thermo Fisher
Scientific, Waltham, MA), 150 mM sodium chloride, 0.5% sodium
deoxycholate, 1% Igepal (Sigma, St. Louis, MO) supplemented with
1:100 Halt Protease, whereas for BRAF analyses, RKO cells were
suspended in HEPES buffer (50 mM HEPES pH 7.5, 10 mM KCl, 150
mM NaCl,1 mM EDTA, 1 mM EGTA, 1.5 mM MgCl2, 10% glycerol, 0.1%
CHAPS, and 0.01% Brij-35). Cells were lysed by sonication and
protein concentration was measured using the bicinchoninic acid
assay. For each sample, 50 �g of protein was loaded on a single lane
of a 10-lane NuPAGE Novex 10% Bis-Tris gel (Invitrogen). Samples
from 3 replicate cultures of each cell line were loaded on each gel and
gel electrophoresis was performed at 180 V for 45 min. Gels were
stained with SimplyBlue SafeStain (Invitrogen) and destained with
deionized water overnight. For KRAS analysis, the MW 20 to 25 kDa
region containing KRAS (MW 21.7 kDa) and the MW 25 to 37 kDa
region (background matrix for calibration curve) were excised from
the gel. For BRAF analysis, the MW 75 to 100 kDa region containing
BRAF (94 kDa) and the MW 100 to 150 kDa region (background matrix
for calibration curve) were excised from the gels.

Gel slices were placed in 100 �l of 100 mM ammonium bicarbonate,
pH 8.0, and were reduced with 10 �l of 100 mM dithiothreitol for 20
min at 50 °C, and alkylated with 10 �l of 200 mM iodoacetamide for 20
min in the dark at room temperature. Gel slices were destained with
50% acetonitrile/50 mM ammonium bicarbonate until the gel slices

were no longer blue, and the destained slices were dehydrated with
100% acetonitrile. Acetonitrile was removed from the gels in vacuo
and the pieces were incubated in 50 mM ammonium bicarbonate
containing 0.01 �g/�l of trypsin at 37 °C overnight with shaking.
Peptides were extracted from the gel slices with 3 200 �l washes of
60% acetonitrile containing 0.1% formic acid, and were evaporated
to dryness in vacuo. Stable isotope dilution (SID) standard peptides
for KRAS (U-13C,15N-Lys-LVVVGAGGVGK and U-13C,15N-Lys-
LVVVGAGDVGK for wild type KRAS and KRAS G13D, respectively),
or BRAF (U-13C,15N-Lys-IGDFGLATVK and U-13C,15N-Lys-IGDF-
GLATEK for wild type BRAF and BRAF V600E, respectively) were
added to each dried sample to produce concentrations of 1 fmol/�l
for each labeled peptide when the samples were resuspended in 50
�l of 3% acetonitrile with 0.1% formic acid. For SID calibration
curves, light peptides (LVVVGAGGVGK and LVVVGAGDVGK for
KRAS SID, or IGDFGLATVK and IGDFGLATEK for BRAF SID) were
added to the dried matrix background digests, to generate calibration
points with light peptide concentrations of 0 amol/�l, 8 amol/�l, 40
amol/�l, 200 amol/�l, 1 fmol/�l, 5 fmol/�l, and 25 fmol/�l in 50 �l of
3% acetonitrile and 0.1% formic acid.

PRM analyses of KRAS and BRAF peptides were performed with
the same LC-MS/MS system described above for PRM analyses of
metabolic proteins. Scheduled run retention time windows were de-
termined using an unscheduled run from the 1 fmol/�l calibration
curve samples. Three biological replicates of each cell line were
analyzed and each biological replicate was analyzed in duplicate.
Calibration curve standard samples were also processed in three
biological replicates, with two process replicates generated for serial
dilutions to generate the calibration curve, and each sample was
analyzed twice as technical replicates.

RAW files were imported into Skyline and transitions were selected
according to intensity and mass accuracy. Transition peak areas were

FIG. 1. Proteins monitored by metabolic panel. Proteins monitored by PRM/MRM are grouped into glycolysis, TCA, PPP, glutamine
metabolism, and phosphoserine biosynthesis. Proteins monitored in this panel are enclosed in a black border, whereas the metabolites used
by these enzymes are in black font only. Peptides monitored by PRM for the proteins listed here are listed in supplemental Table S1, while the
corresponding peptides and transitions monitored by MRM are listed in supplemental Table S2.
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integrated using the area under the curve, and 5 transitions were used
to determine peptide detection, and the single most intense transition
was used for quantitation. Peak areas for light peptides were normal-
ized to the peak areas of the corresponding heavy peptide, with the
same fragment ions used for both light and heavy peptides. For the
calibration curve, the ratio of the light peptide peak area to the heavy
peptide peak area was plotted against the theoretical concentration
of the light peptide using Quasar (50) and this calibration curve was
used to calculate the concentration of endogenous light peptide in the
quantitative samples. Lower limit of quantitation (LLOQ) was deter-
mined for each peptide according to the lowest calibration point
measurement with a calculated concentration CV lower than 0.25.
Lower limit of detection (LLOD) was 1/3 of the LLOQ. All measure-
ments were plotted in GraphPad Prism, and Student’s t test was
performed to determine significant differences. The LLOQ and LLOD
values for the WT KRAS peptide LVVVGAGGVGK, the G13D KRAS
peptide LVVVGAGDVGK and the BRAF V600E GDFGLATEK peptide
were 8 amol/�l and 2.6 amol/�l, respectively. The LLOQ and LLOD
values for the BRAF WT GDFGLATVK peptide were 40 amol/�l and
13.3 amol/�l, respectively.

Analysis of Human Stage II Colon Tumor Specimens—All tumor
specimens were derived from histologically confirmed Stage II colon
cancer under Institutional Review Board protocol #120805. Tissue
blocks were obtained from the Surgical Pathology archives at Van-
derbilt University. Selection was based on complete surgical removal
of the tumor. Blocks were sectioned and the sections were macro-
dissected to remove normal tissue, including normal epithelium and
smooth muscle, such that the remainder was at least 80% tumor
material, which included tumor cells and stroma. A minimum carci-
noma cell percentage in the tumor material was not specified. Tumors
were genotyped for KRAS, NRAS, BRAF, and PI3K mutational status
with a multiplexed mutation profiling panel (supplemental Table S2)
(51). Eight tumors had codon 12 mutations in KRAS (11 G12V and one
G12D) and eight had wild type KRAS. Of the KRAS mutant tumors,
two also had PIK3CA E545K mutations, whereas one of the KRAS
wild type tumors had a NRAS Q61K mutation and one had a BRAF
V600E mutation. Formalin-fixed, paraffin-embed (FFPE) samples
were deparaffinized, rehydrated, reduced, alkylated and digested
with trypsin as described previously by Sprung et al. (52). Digested
samples (50 �g) were lyophilized and the peptide mixtures were
desalted using a Waters Sep-pak C18 desalting cartridges. Desalted
samples were redissolved in 100 �l of 3% aqueous acetonitrile con-
taining 0.1% formic acid and 25 fmol/�l of each of the 3 LRP stand-
ards were spiked into each sample.

MRM Analyses of Human Stage II Colon Tumors—MRM analyses
were performed on a TSQ Vantage triple quadrupole mass spectrom-
eter equipped with an Eksigent Ultra nanoLC and microautosampler.
Samples were analyzed using a scheduled experiment, where peptide
retention times were determined from an unscheduled analysis of a
master mix of synthetic unlabeled peptides, as described above.
Sample solutions (2 �l) were loaded onto the column over 14-min in
water containing 0.1% formic acid at 0.5 �l/min. Peptides were
resolved on an 11 cm � 75 �m ID PicoFrit Emitter with a 10 �m ID
opening, packed with ReproSil C18-AQ resin of 3 �m particle size.
Liquid chromatography was performed at room temperature over 70
min with of 0.1% (v/v) formic acid in water (solvent A) and 0.1% (v/v)
formic acid in acetonitrile (solvent B) at a flow rate of 400 nL/min. The
gradient was programmed from 2% to 5% solvent B in 5 min, 5% to
35% solvent B over 45 min, 35% to 90% solvent B in 5 min, held at
90% solvent B for 5 min, and then reduced to 2% solvent B for 5 min.
MRM analyses monitored 61 proteins represented by 194 peptides
with five transitions per peptide for a total of 980 transitions. The
MRM method was split into two separate injections, with one method

monitoring 390 transitions and a second monitoring 590 transitions
(supplemental Table S3).

Experimental Design and Statistical Rationale—For glucose con-
sumption and lactate production rate measurements, three separate
cultures were analyzed in duplicate for each cell line and was suffi-
cient to detect at least 1.5-fold changes in these parameters. In the
global analysis of the cell lines, two separate cultures were analyzed,
but a single analysis of each sample was performed. This enabled
detection of at least twofold differences based on spectral count data.

For PRM analyses of metabolic proteins, three separate cultures of
each cell line were analyzed and each biological replicate sample was
injected in triplicate. These triplicate analyses were used to determine
instrument performance, as assessed with quality control samples,
and to calculate coefficients of variation (CV). CVs were calculated for
each peptide after LRP normalization for both biological and technical
replicates and peptides with CVs of greater than 0.25 for normalized
peak areas were not considered further. For peptides with normalized
peak area CVs less than 0.25, we calculated intraclass correlation
coefficient (ICC) values, which indicate the fraction of the measure-
ment variation associated with differences between distinct classes
(experimental groups). Each cell line was treated as a distinct class.
Peptides with a CV below 0.25 and an ICC above 0.6 were used for
further statistical comparisons. Peptides with a CV below 0.25, but an
ICC below 0.6 were not used for statistical comparison, and were
classified as not significantly different between biological classes. For
peptide measurements that satisfied the above criteria, Student’s t
test was used to determine the significance of the measured differ-
ences. For targeted SID measurements of mutant and wild type KRAS
and BRAF protein forms, three separate cultures were analyzed and
each was analyzed in triplicate. Replicate injections with the SID
samples were used in conjunction with quality control samples to
assess instrument performance and to calculate biological sample
CVs.

For MRM analyses of colon tumors, sample amounts were limiting;
a single biological replicate sample was prepared from each tumor
and analyzed in triplicate. ICCs were calculated for each peptide for
the MRM results, where the two classes were the KRAS mutant and
wild type tumors. ICC values greater that 0.7 were required for sig-
nificant comparisons. For pairwise comparison of MRM data, protein
measurements were grouped according to KRAS mutational status,
and Student’s t test was performed to determine statistical signifi-
cance of differences.

RESULTS

Isogenic cell lines enable systematic study of the effects of
oncogenes on cellular networks. DLD-1 parental (DLD-1 Par)
colon cancer cells express one copy each of KRAS G13D and
KRAS wild type (6, 21); RKO parental (RKO Par) colon cancer
cells express two copies of BRAF V600E and a single copy of
BRAF wild type (6). DLD-1 Mut and DLD-1 WT cells are
derived by homologous recombination from DLD-1 Par cells
and express only KRAS G13D or KRAS wild type, respec-
tively. RKO Mut and RKO WT cells are derived by homologous
recombination from RKO Par cells and express either a single
BRAF V600E or BRAF wild type, respectively. We used these
isogenic DLD-1 and RKO cell lines to determine how onco-
genic KRAS and BRAF affect the expression of proteins in
central carbon metabolism.

Glucose Consumption and Lactate Production in DLD-1
and RKO Cell Lines—The “Warburg effect” is functionally
defined as increased glucose consumption and increased
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lactate production. DLD-1 Mut and DLD-1 Par cells showed
nearly equivalent rates of glucose consumption, which were
both significantly higher than in DLD-1 WT cells (p � 0.0004
for DLD-1 Mut versus DLD-1 WT, p � 0.0134 for DLD-1 Par
versus DLD-1 WT) (Fig. 2). This result is similar to that reported
previously for shorter time course measurements in the iso-
genic DLD-1 cell lines (6). RKO Par cells consumed glucose at
a rate equivalent to that for RKO Mut cells, which was signif-
icantly higher than in RKO WT cells (p � 0.0317). RKO Mut
cells consumed glucose at a higher rate than RKO WT cells,
but this difference was not significant (p � 0.2723) (Fig. 2).
These results were similar to previous results with shorter time
course experiments (6).

Lactate production rates were equal in the DLD-1 Mut and
DLD-1 Par cells, and both produced lactate at a significantly
higher rate than the DLD-1 WT cells (p � 0.0012 and p �

0.002, respectively) (Fig. 2). Lactate production in the RKO
cells increased significantly from RKO WT to RKO Mut to RKO
Par (Fig. 2), as previously reported in short term experiments
(6). The DLD-1 and RKO cell lines thus display a Warburg
phenotype associated with KRAS and BRAF mutations, re-
spectively, as previously reported.

Global Proteome Analysis of Isogenic Cell Lines—Global
proteomic analysis of the DLD-1 cell lines identified invento-

ries of nearly identical size in each of the DLD-1 and RKO cell
lines. The global protein-level FDR values in the DLD-1 and
RKO data sets were 2.77% and 2.67%, respectively. A core
proteome of 7461 proteins was detected in all three of the
DLD-1 cell lines, while a core proteome of 7410 proteins was
detected in all three of the RKO cell lines (Fig. 3). The DLD-1
data sets contained 5,730 proteins quantifiable with at least
two spectra per protein in each replicate analysis, whereas in
the RKO data set contained 5628 quantifiable proteins (Tables
S4 and S5). The combined quantifiable protein inventories
were used as the reference proteomes for comparisons within
each cell line group.

Pairwise comparisons of the global proteome data sets
indicated highly similar proteomes. Proteins with �twofold
differences between cell lines constituted �2–10% of the
quantifiable proteome in each DLD-1 cell comparison (sup-
plemental Figs. S2A and S2B and supplemental Table S6).
Pairwise comparisons of the RKO cell lines indicated compa-
rable differences between each. Proteins with �twofold dif-
ferences were �4–8% of the quantifiable proteome in the
RKO cell lines (supplemental Figs. S2C and S2D and supple-
mental Table S7).

We used WebGestalt (47) to map differential proteins to
Gene Ontology classifications using the 5730 quantifiable

FIG. 2. Glucose consumption and lactate production rates in isogenic cell lines. Glucose consumption and lactate production rates were
determined from 3 biological replicates per cell line. Growth media collected from cultured cell lines every doubling and half-doubling time was
analyzed in duplicate on a YSI 2300 STAT Plus Glucose and Lactate Analyzer. Error bars represent the standard error of the mean. A and B,
show glucose consumption rates in DLD-1 and RKO cells, respectively. C and D, show lactate production rates in DLD-1 and RKO cells,
respectively.
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proteins in the DLD-1 cell lines and the 5628 quantifiable
proteins in the RKO cell lines as the reference sets, respec-
tively. This analysis identified no significant enrichment for
molecular functions or biological processes related to metab-
olism in either the DLD-1 or RKO models (supplemental Table
S8). We note that almost all of the metabolic proteins quan-
tified by PRM (see below) were detected and quantifiable in
the global data sets. However, precision of the shotgun anal-
ysis platform is limited by well-known factors, including un-
dersampling and run-to-run sampling variations in data-de-
pendent analysis. Biologically significant variations of less
than �twofold would not have been detected in the global
profiles. Taken together, the results of the global analyses of
the DLD-1 and RKO cell lines revealed modest impact of the
mutations on the proteomes, but no detectable alterations
associated with metabolism.

Targeted PRM Analysis of Isogenic Cell Lines—We hypoth-
esized that metabolic reprogramming in the DLD-1 and RKO
cell lines may be mediated by relatively small differences in
abundance of metabolic proteins. To test this hypothesis, we
developed a targeted, multiplexed PRM assay to specifically
interrogate the expression of 73 proteins involved in glycoly-
sis, the TCA cycle, the PPP, phosphoserine biosynthesis, and
glutamine metabolism (Fig. 1). We used the LRP method for
quantitation, in which all measured peptide peak areas are
normalized to the peak area for a single isotope-labeled ref-
erence peptide standard (49). This PRM assay measured 204
peptides corresponding to 73 proteins in a single scheduled
analysis on a Q Exactive Plus instrument. Although three LRP
peptide standards (�-actin peptide U-13C,15N-Arg-GYSFTT-
TAER, alkaline phosphatase peptide U-13C,15N-Arg-AAQGI-
TAPGGAR, and �-galactosidase peptide U-13C,15N-Arg-

APLDNDIGVSEATR), were added to each sample and
detected by PRM, all target peptide peak areas were normal-
ized to the alkaline phosphatase AAQGITAPGGAR peptide, as
it had the lowest CV in both DLD-1 (average CV of 0.112) and
RKO (average CV of 0.082) data sets.

The results of the targeted PRM analyses of the DLD-1 and
RKO cells are summarized in supplemental Tables S9 and
S10. All cell line comparisons were based on the normalized
peak areas for the target peptides. Data for each reliably
detected peptide are plotted in supplemental Figs. S3 and S4.
Statistically significant differences were determined by pair-
wise comparisons for each peptide using an unpaired, two
tailed Student’s t test, with a p value of less than 0.05 con-
sidered to be statistically significant. The resulting pairwise
comparisons for each of these normalized peptide measure-
ments were organized according to corresponding metabolic
pathways (Figs. 4 and 5).

PRM Analyses of Metabolic Proteins in DLD-1 Cell Lines—
PRM analyses of DLD-1 cell lines demonstrated that mutant
KRAS is associated with the altered expression of proteins
involved in glycolysis, glutamine metabolism, phosphoserine
biosynthesis, and nonoxidative PPP (Fig. 4). Of the 20 glyco-
lytic proteins measured in this assay, 15 were quantifiable in
both DLD-1 Mut and DLD-1 Par cells;10 were significantly
increased in the DLD-1 Par cells and 8 were significantly
increased in the DLD-1 Mut cells compared with the DLD-1
WT cells. LDHA was most consistently 2-fold up-regulated in
these pairwise comparisons (p � 0.0002 in DLD-1 Mut versus
DLD-1 WT, p � 0.0005 in DLD-1 Par versus DLD-1 WT), and
the glucose transporter SLC2A1 was 2-fold up-regulated in
DLD-1 Mut cells (p � 0.0003) and 1.6-fold up-regulated in
DLD-1 Par cells (p � 0.0003). These differences are directly

FIG. 3. Overlap of protein groups expressed in isogenic cell lines. Protein inventories were from two replicate analyses per cell line. A
minimum of one spectrum per protein group per cell line was required for a protein group to be shared between cell lines.
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FIG. 4. Pathway map of quantitative comparisons of metabolic proteins in DLD-1 cell lines. Pairwise comparisons of metabolic PRM
measurements of A, DLD-1 Mut versus DLD-1 WT and B, DLD-1 Par versus DLD-1 WT. Peptides with the lowest CV and largest normalized
peak area were used for quantitative comparisons and normalized peak area for all detected peptides are shown in supplemental Fig. S3. The
legend for each pairwise comparison shows fold changes relative to the cell line listed first in each comparison. Proteins with a CV � 0.25, an
ICC 	 0.6, and a p � 0.05 and that are higher in the first cell line are shown in red (at least a twofold difference) or light red (between 1.2- and
1.9-fold difference). Proteins with a CV � 0.25, an ICC 	 0.6, and a p � 0.05 and that are lower in the first cell line are shown in green (at least
a 2-fold difference) or light green (between 1.2- and 1.9-fold difference). Proteins with a CV � 0.25, an ICC 	 0.6, but a p 	 0.05 or with a CV �
0.25 but an ICC � 0.6 are listed in gray (no difference). Proteins with a CV 	 0.25 or with no detectable peak area are shown in white.
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FIG. 5. Pathway map of quantitative comparisons of metabolic proteins in RKO cell lines. Pairwise comparisons of metabolic PRM
measurements of A, RKO Mut versus RKO WT and B, RKO Par versus RKO WT. Peptides with the lowest CV and largest normalized peak area
were used for quantitative comparisons, and normalized peak area for all detected peptides are shown in supplemental Fig. S4. The legend
for each pairwise comparison shows fold changes relative to the cell line listed first in each comparison. Proteins with a CV � 0.25, an ICC 	
0.6, and a p � 0.05 and that are higher in the first cell line are shown in red (at least a twofold difference) or light red (between 1.2- and 1.9-fold
difference). Proteins with a CV � 0.25, an ICC 	 0.6, and a p � 0.05 and that are lower in the first cell line are shown in green (at least a 2-fold
difference) or light green (between 1.2- and 1.9-fold difference). Proteins with a CV � 0.25, an ICC 	 0.6, but a p 	 0.05 or with a CV � 0.25
but an ICC � 0.6 are listed in gray (no difference). Proteins with a CV 	 0.25 or with no detectable peak area are shown in white.
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consistent with the Warburg phenotype that has been ob-
served in these cell lines. HK2, ALDOA, ENO1, and LDHB also
were consistently increased between 1.2 and 1.9-fold.

Mutant KRAS also affected several proteins in the phos-
phoserine biosynthesis pathway. Seven of the 11 proteins
analyzed were significantly elevated DLD-1 Par and 6 were
significantly elevated in the DLD-1 Mut cells, all by between
1.2 and 2-fold.

The glutamine transporter SLC1A5 and the transaminase
GLS were significantly increased in DLD-1 Par and DLD-1 Mut
cells compared with the DLD-1 WT cells. This is consistent
with previous observations that cells with increased c-Myc
activity have increased glutamine utilization (53, 54). Further-
more, GOT2 and GLUD2 were significantly increased in the
DLD-1 Par cells, which is consistent with previous evidence
that glutamine utilization can support TCA cycle activity (8, 55,
56). ACLY, which converts cytosolic citrate to acetyl CoA for
lipid biosynthesis, was increased in both DLD-1 Mut and
DLD-1 Par cells. We found no consistent alterations of pro-
teins in the TCA cycle.

We detected no significant protein alterations in the oxida-
tive branch of the PPP (G6PD, PGLS, and PGD), but two
enzymes in the nonoxidative branch, RPIA and TKT, were
consistently up-regulated in the KRAS mutant cell lines by
�3-fold and 1.5-fold, respectively (Fig. 4). These changes are
consistent with a previous report that KRAS mutations in
pancreatic ductal adenocarcinoma may upregulate the non-
oxidative branch of the PPP to provide ribose for nucleotide
synthesis (9).

PRM Analyses of Metabolic Proteins in RKO Cell Lines—
PRM analyses of the RKO model system indicated that BRAF
mutations trigger metabolic reprogramming similar to that
observed with KRAS mutations (Fig. 5). Of the 20 glycolytic
proteins measured, 15 were quantifiable in both the RKO Par
and RKO Mut cells compared with the RKO WT cells (Fig. 5).
Six glycolytic proteins were significantly increased in the RKO
Mut cells and 8 were significantly increased in the RKO Par
cells. SLC2A1, LDHA, and LDHB were more highly increased
in the RKO Par cells than in the RKO Mut cells, which is
consistent with the higher rates of both glucose transport and
lactate production in the RKO Par cells (Fig. 2). Elevations in
HK2, GAPDH, PGAM1, and ENO1 also were consistent with
an up-regulation of glycolytic activity in both BRAF mutant
RKO cell lines (Fig. 5).

Proteins involved in the phosphoserine biosynthesis path-
way were uniformly up-regulated in BRAF mutant RKO cells.
Nine of the 11 of the proteins measured were increased in the
RKO Mut cells, whereas all 11 were increased in the RKO Par
cells. Protein abundance increases ranged from 1.3-fold to
2.8-fold for most of these proteins, although PSAT1 was
elevated by 4.9-fold in RKO Par cells relative to RKO WT.

Proteins involved in glutamine utilization were increased in
BRAF mutant RKO cell lines, although levels of the glutamine
transporter SLC1A5 were unaffected. GLS, GLUD1, and

GLUD2 were increased in both RKO Mut and RKO Par cells,
but GOT2 was only increased in RKO Par cells compared with
RKO WT cells. Proteins in the TCA cycle were not affected by
BRAF mutations, except for MDH2 and IDH3A in both RKO
Mut and RKO Par cells. Of the quantifiable PPP proteins in
RKO cells, only TALDO1 and three other proteins in the non-
oxidative PPP were significantly increased in the BRAF mu-
tant RKO cells.

A pseudo-heatmap summary view of all comparisons
based on PRM analyses of DLD-1 and RKO cells is presented
in supplemental Fig. S5.

Targeted Quantitative Analysis of KRAS and BRAF Protein
Forms—In the DLD-1 Par cells, KRAS G13D protein was
present at twice the level measured for the wild type protein
(p � 0.0024) (Fig. 6), consistent with the report by Zhang et al.
that cells with KRAS mutations downregulate expression of
the remaining wild type KRAS gene (57). The content of mu-
tant KRAS in the DLD-1 Mut cells was almost twice that in the
parental cells, whereas the total KRAS protein varied by about
1.5-fold across the three cell lines. The wild type KRAS
LVVVGAGGVGK peptide detected in the DLD-1 Mut cells
and may be derived from NRAS or HRAS, which contain the
same sequence, but the amount was below the LLOQ for
the assay. The content of wild type KRAS in the DLD-1 WT
cells was nearly fivefold higher than in the parental cells.

RKO cell lines expressed levels of BRAF proteins �25-fold
lower than KRAS proteins in DLD-1 cells (Fig. 7). Measured
values were near the LLOQ for the assay. RKO Par cells
expressed approximately the same level of wild type and
mutant BRAF V600E proteins. RKO Mut cells expressed ap-
proximately half the amount of BRAF V600E mutant protein

FIG. 6. Quantitation of KRAS protein forms in DLD-1 cell lines.
The KRAS wild type G13 tryptic peptide LVVVGAGGVGK and the
G13D tryptic peptide LVVVGAGDVGK were measured by PRM with
quantitation by SID. Integrated peptide peak areas for the single best
transition for each peptide were normalized to the corresponding
transition for the isotopically labeled peptide standard and an external
calibration curve for each peptide was used to determine the con-
centration of wild type and mutant KRAS in DLD-1 cells. The LLOQ for
both the wild type and mutant KRAS peptides was 8 amol. Total
KRAS measurements are the sum of the amount of wild type KRAS
and mutant KRAS in each biological replicate. Error bars represent
standard deviation.
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compared with the RKO Par cells (p � 0.0023), whereas RKO
WT cells expressed the same amount of wild type protein as
RKO Par cells (Fig. 7). Thus, BRAF protein forms in RKO cells
were proportional to respective allelic compositions.

Targeted MRM Analysis of Primary Human Tumors—To
evaluate the impact of KRAS mutation status on metabolic
protein pathways, we analyzed a set of 16 stage II human
colon cancers. KRAS mutations are observed in �43% of
colon cancers (58). The tumors were classified for KRAS
mutational status with a multiplexed mutation profiling panel
that also detected NRAS, BRAF, and PIK3CA mutations (Ta-
ble S2) (51). Eight tumors had codon 12 mutations in KRAS
(11 G12V and one G12D) and eight had only wild type KRAS.
Two of the KRAS mutant tumors also had PIK3CA E545K
mutations, one of the KRAS wild type tumors had a NRAS
Q61K mutation and one had a BRAF V600E mutation.

We performed MRM analyses for 61 metabolic proteins
with quantitative normalization by the LRP method. The pro-
teins in the serine biosynthesis pathway were not included in
this MRM study because the tumor analyses were performed
prior to the cell model studies and the serine biosynthesis
pathway assay module had not yet been developed. We later
attempted to analyze these proteins in stored MS-ready sam-
ples, but were unable to detect any of them. Additional sam-
ples of these tumors were not available for a full workup and
reanalysis. Thus, the tumor analyses report measurements for
61 proteins, rather than 73 proteins. The results of the MRM
Skyline output of the targeted MRM analysis of the stage II
human tumors are summarized in supplemental Tables S11
and S12. The LRP-normalized values for each protein were
averaged within the KRAS mutant and KRAS wild type groups
and fold-change differences between the groups depicted are

from comparisons of the averages (supplemental Fig. S6 and
S7). Profiles for individual tumors are shown in Fig. 8 and
supplemental Fig. S8, and the fold differences represent com-
parisons of the LRP-normalized value for the protein in each
tumor to the global average of all LRP-normalized values for
the protein across the 16 tumor data set.

Our MRM analyses detected a majority of the 61 targeted
proteins in most of the pathways studied. We detected most of
the targeted proteins in glycolysis, the PPP, glutamine transport
and utilization, the TCA cycle and citrate utilization. Eleven
proteins were significantly higher in the KRAS mutant tumors
compared with the KRAS wild type tumors. Measured differ-
ences ranged between 1.2- to 1.9-fold higher for all proteins
except for SLC2A1, which was, on average, 2.3-fold higher in
the KRAS mutant tumors (p � 0.0050) (supplemental Fig. S7).
No proteins were significantly lower in the KRAS mutant

FIG. 7. Quantitation of BRAF protein forms in RKO cell lines. The
BRAF wild type V600 tryptic peptide IGDFGLATVK and the V600E
tryptic peptide IGDFGLATEK tryptic peptide were measured by PRM
with quantitation by SID. Integrated peptide peak areas for the single
best transition for each peptide were normalized to the corresponding
transition for the isotopically labeled peptide standard, and an exter-
nal calibration curve was used to determine the concentration of wild
type and mutant BRAF in RKO cells. The solid blue line indicates the
LLOQ for the wild type BRAF peptide (40 amol), and the solid red line
indicates the LLOQ for the mutant BRAF peptide (8 amol). Total BRAF
is the sum of the amount of wild type BRAF and mutant BRAF in each
biological replicate. Error bars represent standard deviation.

FIG. 8. Summary of MRM measurements in human stage II
colorectal cancers. Normalized peptide measurement from each
sample was compared with the mean normalized peak area for each
individual peptide from all tumor samples. These comparisons were
then classified as either no difference from the mean (gray color),
1.25- to 1.5-fold above or below the mean (light red and light green,
respectively), greater than 1.5-fold above or below the mean (dark red
or dark green, respectively), or not detected (white). Proteins are
organized into glycolysis, TCA, PPP, glutamine metabolism, and other
metabolic enzymes.
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tumors compared with the KRAS wild type tumors. Most of
the detected differences were in the expression of the glu-
cose and glutamine transporters SLC2A1 and SLC1A5, re-
spectively and enzymes of glycolysis (ALDOA, GAPDH,
PGK2, PGAM1, PKM2, and PKLR) and the TCA cycle (IDH2,
MDH2, and CS). There were substantial variations between
tumors, which suggested that each tumor displayed a dis-
tinct pattern of metabolic reprogramming (Fig. 8 and sup-
plemental Fig. S8). Among the KRAS wild type tumors, one
tumor (tumor C, Fig. 8 and supplemental Fig. S8A) had a
BRAF V600E mutation, yet expressed no metabolic proteins
at levels above the mean. Another (tumor I, Fig. 8 and
supplemental Fig. S8G) had a NRAS Q61K mutation
and displayed below average expression of SLC2A1 and
SLC1A5 and above average expression for only TALDO and
LDHA.

DISCUSSION

The purpose of this study was to characterize the pro-
teomic changes in metabolic pathways that accompany a
Warburg effect phenotype driven by expression of oncogenic
KRAS and BRAF in colorectal cancer cells and tumors. Our
study produced three significant findings. First, metabolic
reprogramming driven by oncogenic KRAS and BRAF is man-
ifested by protein alterations in glycolysis, serine biosynthe-
sis, the PPP and in glutamine utilization. We observed a
common set of alterations in KRAS and BRAF mutant cells
and in KRAS mutant human colon tumors. Second, RKO
cellular content of BRAF V600E protein correlated directly
with magnitude of the Warburg effect, as measured by glu-
cose uptake and lactate production and with protein abun-
dance changes. On the other hand, these features were not
proportional to KRAS G13D content in DLD-1 cells. Third, the
protein abundance changes associated with metabolic repro-
gramming were relatively modest—in most cases twofold or
less. These changes were detected only with multiplexed,
targeted assay panel for metabolic proteins. This finding is of
broader significance for the proteomics field, as it suggests
that physiologically significant protein alterations may be de-
tectable with higher precision analyses than can be achieved
through global profiling strategies.

Yun et al. demonstrated that isogenic colorectal cancer
cells with either oncogenic KRAS or oncogenic BRAF have an
increased expression of SLC2A1, increased glucose con-
sumption rate and increased lactate production rate (6). Our
work demonstrates that mutant KRAS and mutant BRAF
broadly impacts glycolysis, phosphoserine biosynthesis, glu-
tamine metabolism, and the nonoxidative PPP. In colorectal
cancer development, these mutations are associated with
increased proliferation rates, but can also contribute to cancer
phenotype by reprogramming metabolism to support critical
biosynthetic needs. This finding is consistent with a broad
body of work linking multiple oncogene mutations to meta-
bolic reprogramming and altered glucose metabolic fluxes

(8–11, 13–15, 54, 55). For example, mouse pancreatic ductal
adenocarcinomas driven by KRAS G12D have increased glu-
cose utilization in the nonoxidative pentose phosphate path-
way (9). These same KRAS G12D driven pancreatic adeno-
carcinomas also have an increased utilization of glutamine to
replenish TCA cycle intermediates (8). Thyroid cancers with a
BRAF V600E mutation have significantly increased glucose
transport compared with similar thyroid cancers without
BRAF mutations (15). Lastly, melanoma cells have an in-
creased glycolytic flux of glucose to serine and glycine be-
cause of increased PHGDH expression (59, 60).

Our analysis of a small cohort of human stage II colon
tumors confirmed that KRAS is associated with the same
protein changes seen in the cell lines. Because the specimens
we analyzed were FFPE tissues, we were not able to verify a
Warburg effect phenotype through glucose uptake or lactate
production measurements. Although the pattern of changes
was considerably less distinct in the tumors, all of the tumors
with up-regulated SLC2A1 and/or SLC1A5 together with up-
regulation of glycolytic enzymes had KRAS mutations (Fig. 8
and S7). It would be reasonable to expect that metabolic
reprogramming in colon cancers may reflect the influences of
not only KRAS, BRAF, and other oncogenic mutations, but
also other cancer-associated genomic features. This hypoth-
esis is consistent with the observation that different tumor
types have distinct metabolic profiles (24).

Our SID measurements enabled quantitative comparison of
both mutant and wild type KRAS and BRAF protein forms in
the DLD-1 and RKO cell models, respectively. In the DLD-1
Mut cells, the mutant KRAS protein amount was twice that
measured in the DLD-1 Par cells, yet the metabolic repro-
gramming profiles of the cell lines were similar, which sug-
gests that metabolic reprogramming does not strongly de-
pend on the absolute cellular level of mutant KRAS. On the
other hand, DLD-1 WT cells expressed only wild type protein,
but at a level almost twice the combined mutant plus wild type
KRAS level in DLD-1 Par cells. Thus, even a high expression
of wild type KRAS protein is not itself able to induce metabolic
reprogramming. This observation is interesting in light of recent
work by Young et al., who demonstrated that both the mutant
and wild type KRAS alleles play distinct roles in regulating
signaling through the epidermal growth factor pathway (61).

In the RKO cell model, both glucose uptake and lactate
production progressively increased in comparing the RKO
WT, RKO Mut and RKO Par cells, which express zero, one
and two mutant BRAF alleles, respectively. Although BRAF
protein levels were close to the LLOQ, the level of mutant
protein in the RKO Par cells was approximately twice that in
the RKO Mut cells (Fig. 7). The wild type BRAF protein in the
RKO WT cells was present at approximately the same level as
the wild type protein in the RKO Par cells. Relative expression
of both mutant and wild type BRAF protein thus matched the
allelic composition of the cell lines and dosage of mutant
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BRAF at the protein level drove the degree of metabolic
reprogramming.

An interesting question is why increasing BRAF mutant
protein in RKO cells drives increasing metabolic protein ex-
pression, glucose uptake and lactate production, whereas the
these are unaffected in DLD-1 cells by the amount of mutant
KRAS protein. The answer may lie in the complexity of KRAS-
driven signaling. KRAS drives not only EGFR/MAPK signaling,
but also PI3K/AKT signaling (62), which also impact metabolic
reprogramming (63, 64). As we noted above, Young et al. (ref.
62) showed that both mutant and wild type KRAS play distinct
roles in EGFR signaling. Kerr et al. recently reported that the
copy number of G12V KRAS genes drives distinct profiles of
metabolic reprogramming in lung cancer (65).

This study illustrates the power of multiplexed, targeted
protein quantitation for focused study of a multiprotein sys-
tem. Global proteomic profiles, which can typically detect
�twofold abundance differences, detected over 5600 quan-
tifiable proteins in the DLD-1 and RKO cell models, but the
data revealed no KRAS or BRAF mutation-dependent differ-
ences in pathways of central carbon metabolism. This was not
because of failure to detect and quantify metabolic proteins,
as essentially all the proteins we subsequently quantified by
PRM were detected and quantifiable in our global profiling
data set. It is particularly interesting that KRAS and BRAF,
which are oncogenic drivers of several cancers, produced
relatively modest effects on protein abundance, as we have
observed previously (25). Application of a more precise, tar-
geted PRM platform achieved measurements of modest, yet
significant abundance changes of less than twofold, which
reflected a Warburg phenotype in both the DLD-1 and RKO
cell models. The superiority of a multiplexed, targeted plat-
form over global proteome profiling to detect these changes
provides an instructive example that may be important in
other contexts for proteome analysis.

Our data associate a consistent set of protein abundance
changes with a Warburg effect phenotype in colorectal can-
cer. Whereas metabolite profiles are subject to perturbation
by ischemia associated with tissue collection, protein abun-
dance is stable and thus provides a quantifiable signature of
metabolic reprogramming (52, 66). This approach should thus
be of broad utility to investigate the relationship between
cancer metabolic phenotypes, metastasis and response to
therapies.
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