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ABSTRACT: Like many cancer types, colorectal cancers have
dysregulated metabolism that promotes their pathogenic features. In this study, we used the activity-based protein proﬁling
chemoproteomic platform to proﬁle cysteine-reactive metabolic enzymes that are upregulated in primary human colorectal tumors. We identiﬁed argininosuccinate synthase 1 (ASS1)
as an upregulated target in primary human colorectal tumors
and show that pharmacological inhibition or genetic ablation
of ASS1 impairs colorectal cancer pathogenicity. Using metabolomic proﬁling, we show that ASS1 inhibition leads to
reductions in the levels of oncogenic metabolite fumarate,
leading to impairments in glycolytic metabolism that supports
colorectal cancer cell pathogenicity. We show here that ASS1
inhibitors may represent a novel therapeutic approach for attenuating colorectal cancer through compromising critical metabolic
and metabolite signaling pathways and demonstrate the utility of coupling chemoproteomic and metabolomic strategies to map
novel metabolic regulators of cancer.
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copper-catalyzed azide−alkyne cycloaddition (CuAAC), avidinenrichment, and proteomic proﬁling (Figure 1A,B; Table S1).
We proﬁled cysteine reactivity in this study due to its functional
importance in many types of metabolic enzymes, including the
role of cysteine in enzyme catalysis, redox regulation, allosteric
modulation, and metal binding.7 Proteomic analysis of probeenriched protein targets yielded 555 total proteins. We then
ﬁltered these proteins for metabolic enzymes that were signiﬁcantly heightened (p < 0.01, >2-fold) in primary colorectal
tumors compared to matched normal tissue counterparts,
resulting in 10 lead metabolic enzyme candidates for further
study. These targets included NNMT, IMPDH2, NT5C2,
GMPS, FASN, NME1, COMT, GART, GPX2, and ASS1
(Figure 1B).
Due to limited amounts of tumor tissue, we could not perform detailed studies to quantitatively elucidate probe modiﬁcation sites of cysteines labeled by IAyne on individual tumors
and normal tissues. Instead, we performed isotopic tandem
orthogonal proteolysis-enabled ABPP (isoTOP-ABPP) studies
on pooled colorectal tumor tissue to quantitatively map cysteine reactivity in primary human colorectal tumors. We labeled
pooled colorectal tumors with 100 μM versus 10 μM of IAyne,

ancer cells show dysregulated metabolism that underlies
nearly every aspect of cancer pathogenicity. Among various cancers, nearly 50 000 people are expected to die from
colorectal cancers with ∼135 000 new estimated cases in 2016,
making colorectal cancer the second most lethal cancer type,
and thus new therapeutic targets need to be discovered to
reduce this mortality rate associated with colorectal cancers.
Here, we used a chemoproteomic strategy called activitybased protein proﬁling (ABPP) to map dysregulated metabolic
enzyme targets that are important in colorectal cancer. ABPP
uses reactivity-based chemical probes to map proteome-wide
reactive, ligandable, and functional sites directly in complex
proteomes.1−3 This strategy can be used to identify dysregulated protein targets in cancer, as well as sites of probe
labeling which can potentially constitute ligandable sites or a
binding pocket where small-molecule ligands may bind.4,5
These reactive and ligandable sites of probe modiﬁcation may
in turn be pharmacologically interrogated using various strategies such as covalent ligand discovery methods.4
Here, we used a broad cysteine-reactive iodoacetamidealkyne (IAyne) probe to map dysregulated protein targets in
primary human colorectal tumors compared to their matched
normal colorectal tissue counterparts (Figure 1A; Table S1).5,6
We labeled colorectal tumor and normal colorectal tissue
proteomes with the cysteine-reactive iodoacetamide-alkyne
(IAyne) probe followed by conjugation of a biotin handle by
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Figure 1. Proﬁling dysregulated metabolic enzyme targets in colorectal tumors. (A) ABPP analysis mapping cysteine reactivity of primary human
colorectal tumor and normal colorectal tissue proteomes. Proteomes were labeled with the cysteine-reactive iodoacetamide-alkyne (IAyne) probe
(10 μM) or DMSO (for no-probe control) and subjected to copper-catalyzed azide−alkyne cycloaddition to append on biotin-azide. Probe-labeled
proteins were subsequently avidin-enriched and digested, and tryptic peptides were analyzed by proteomic methods. IAyne enriched protein targets
were quantiﬁed by spectral counting. Heatmap denotes relative levels of each protein in each tumor. Dark blue indicates higher relative protein level
compared to white or lighter blue. Shown on the left are all proteins enriched by IAyne (>2-fold over no-probe control). Shown on the right are just
the metabolic enzymes enriched by IAyne. (B) Dysregulated metabolic enzyme targets. Metabolic enzyme targets from Figure 1A that were
signiﬁcantly (p < 0.01) upregulated by greater than 2-fold in primary human colorectal tumors compared to normal colorectal tissues. (C) IsoTOPABPP analysis of cysteine reactivity in pooled primary human colorectal tumors. Pooled primary human colorectal tumors were labeled with 100 μM
or 10 μM IAyne and then subjected to copper-catalyzed azide−alkyne cycloaddition to append a biotin-azide handle bearing an isotopically heavy
(for 100 μM IAyne labeling) or light (for 10 μM IAyne labeling) and a TEV protease recognition site. Then, 100 μM and 10 μM probe-labeled
proteins were mixed in a 1:1 ratio, and avidin-enriched, tryptically digested, and tryptic probe-modiﬁed peptides were then enriched and released by
TEV protease and analyzed by quantitative proteomics. Shown are heavy to light probe-modiﬁed tryptic peptide ratios. (D) Relative reactivity of
probe-modiﬁed cysteines from data shown in C. Data shown in B are average ± SEM. Signiﬁcance in B is expressed as *p < 0.01. Data in B represent
n = 10 for normal colorectal tissue and n = 8 for colorectal tumors. Raw and analyzed cysteine proﬁling data and isoTOP-ABPP data can be found in
Table S1.
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followed by appendage of an isotopically heavy (100 μM) or
light (10 μM) biotin-azide analytical handle that bears a
TEV protease cleavage site. Upon combining high versus low
probe-treated proteomes in a 1:1 ratio, we then enriched probemodiﬁed tryptic peptides and analyzed heavy to light peptide
ratios by quantitative proteomic methods (Figure 1C; Table S1).
In total, we identiﬁed 443 probe-modiﬁed tryptic peptides from
primary human colorectal tumors. Those peptides that show
stoichiometric IAyne labeling resulting in heavy to light ratios of
∼10 are not considered hyper-reactive. In contrast, those probemodiﬁed peptides that show heavy to light isotopic ratios of
<3−5 indicate sites that were preferentially labeled to completion
at the lower (10 μM) compared to higher (100 μM) probe
concentration, suggesting that these cysteines are hyper-reactive
(Figure 1C; Table S1). Previous studies have used this isoTOPABPP approach to quantitatively map cysteine reactivity and
have shown that these hyper-reactive sites are enriched in functional cysteines.5 We mapped the relative reactivity of the
probe-modiﬁed cysteines for the dysregulated metabolic enzyme
targets that we could identify in the isoTOP-ABPP experiment.
While we were not able to identify the probe-modiﬁcation sites
for all 10 lead metabolic enzyme targets, we show several
potential hyper-reactive cysteines on these targets, including the
active-site cysteine C161 on FASN as well as unannotated cysteines
C170 and C177 on NNMT and C331 on ASS1 (Figure 1D;
Table S1). These unannotated cysteines may represent potential
ligandable sites for future pharmacological interrogation of these
enzymes.
Most of these enzymes have been previously demonstrated
to be important in cancer, including NNMT, IMPDH2,
NT5C2, GMPS, FASN, NME1, COMT, GART, and
GPX2.8−16 ASS1 has been shown to be silenced in various
types of tumors, including myxoﬁbrosarcomas; melanoma;
liver, renal, pancreatic, bladder, and nasopharyngeal cancers;
osteosarcomas; and prostate cancers to act as a tumor
suppressor.17−22 The role of ASS1-deﬁciency in these tumors
has been previously shown to cause diversion of aspartate to
pyrimidine synthesis.17,18 However, ASS1 has also been shown
to be increased in expression in certain tumor types, including
colorectal, ovarian, stomach, and lung cancers, but the role of
ASS1 increased expression in cancer is not well understood.18,23−25 Thus, we decided to focus on investigating the
role of ASS1 in colorectal cancer cells.
Treatment of SW620 colorectal cancer cells with the ASS1
inhibitor N-methyl-DL-aspartic acid (MDLA) leads to impaired
proliferation and serum-free survival (Figure 2A). We also
knocked down the expression of ASS1 using two independent
short-hairpin oligonucleotides and show that ASS1 knockdown
also causes impairments in proliferation and survival as well as
in vivo tumor xenograft growth in mice (Figure 2B,C). These
studies show that ASS1 inhibition impairs colorectal cancer
pathogenicity.
To better understand the mechanisms underlying the role of
ASS1 in colorectal cancer, we performed metabolomic proﬁling
of SW620 cells treated with MDLA (Figure 3A−C; Table S2).
We used a single-reaction-monitoring (SRM)-based liquid
chromatography−mass spectrometry (LC-MS/MS) platform to
measure the relative levels of 231 metabolites spanning
glycolysis, the pentose phosphate pathway (PPP), the tricarboxylic acid (TCA) cycle, nucleotides, inositols, the urea cycle,
polyamines, amino acids, hexosamines, cofactors, fatty acids,
neutral lipids, acylethanolamines, acyl carnitines, acyltaurines,
sphingolipids, phospholipids, ether lipids, and sterols and

Figure 2. Role of ASS1 in colorectal cancer pathogenicity. (A) SW620
proliferation and serum-free cell survival. SW620 cells were treated
with water or MDLA for 48 h, and proliferation and survival were
assessed by Hoescht staining. (B) ASS1 expression and proliferation
and survival in SW620 cells. ASS1 expression was knocked down with
two independent shRNA oligonucleotides. Expression was assessed by
qPCR. Proliferation and survival were assessed 48 h after seeding by
Hoescht staining. (C) Tumor xenograft growth of SW620 cells in
immune-deﬁcient SCID mice. SW620 shControl and shASS1 cells
were subcutaneously injected into SCID mice, and tumor growth was
measured. Data shown as average ± SEM. Signiﬁcance is expressed as
*p < 0.05. Data represent n = 4−6/group.

steroids. Through this proﬁling eﬀort, we identiﬁed a unique
metabolomic signature arising from ASS1 inhibition by MDLA
in SW620. Expectedly, we observed the ASS1 substrate
citrulline and ASS1 product argininosuccinate increased and
decreased in levels, respectively, upon MDLA treatment
(Figure 3B,C). Intriguingly, we also observed decreased levels
of fumarate and malate. Fumarate can arise in the mitochondria
from the TCA cycle or in the cytosol from the urea cycle
downstream of ASS1 and can be converted to malate in the
cytosol. Since no other TCA cycle metabolite was decreased
upon MDLA treatment, we postulated that this fumarate
reduction was likely due to inhibition of the urea cycle, rather
than impairment in the TCA cycle. Interestingly, fumarate
has been shown to be a tumor-suppressing signaling metabolite
that can inhibit hypoxia-inducible factor (HIF) prolyl
4-hydroxylases leading to degradation of HIF and impairment
of glycolytic metabolism.26,27 We thus postulated that
reductions in fumarate caused by ASS1 inhibition may impair
glycolytic metabolism. Consistent with this premise, we
observed reductions in the levels of several glycolytic intermediates (Figure 3B,C). Acylglycerolipid and ether lipid metabolism also branch oﬀ from glycolysis from dihydroxyacetone
phosphate-mediated generation of glycerol-3-phosphate and
C
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Figure 3. Functional metabolomic proﬁling and pathway mapping of ASS1 inhibition in colorectal cancer cells. (A) Metabolomic proﬁling of
MDLA-treated SW620 cells. SW620 cells were treated with water or MDLA (5 mM) for 4 h, and relative metabolite levels were measured using
SRM-based LC-MS/MS. Heatmap shows relative changes or MDLA to control ratios for each metabolite, where red indicates that MDLA increased
the level of the metabolite, white indicates no change, and blue indicates that MDLA reduced the level of the metabolite. (B) Levels of representative
signiﬁcantly changing metabolites shown grouped by pathways. (C) Mapping metabolic changes to a pathway map. (D) Lactic acid secretion.
SW620 cells were treated with water or MDLA (5 mM), and lactic acid levels were measured at the designated time points. (E) SW620 cell
proliferation. SW620 cells were treated with water, MDLA (5 mM), or MDLA (5 mM) and fumarate (1 mM), and proliferation was measured after
48 h by Hoescht staining. Data shown as average ± SEM. Signiﬁcance is expressed as *p < 0.05. Data represent n = 8/group. More details on the
metabolomics data can be found in Table S2.

alkylglyceronephosphate, respectively. Likely stemming from
the impairments in glycolytic metabolism, we also observed

reductions in the levels of acylglycerophospholipids, neutral
lipids, and ether lipids, including key oncogenic signaling lipids
D
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The control shRNA target sequence was GCAAGCTGACCCTGAAGTTCAT. qPCR was used to conﬁrm knockdown using
previously reported methods.31
Cellular Phenotype Studies. Cell proliferation and serum-free
cell survival were performed as previously described.31 Cell survival
measures cell death under serum-free and nonproliferative conditions,
whereas cell proliferation assays are performed in the presence of
serum and measures proliferation of cells.
Tumor Xenograft Studies. Human tumor xenografts were
established by injecting 100 μL of cancer cells at a concentration of
2.0 × 104 cells/μL ectopically into the ﬂank of C.B17 severe combined
immunodeﬁciency (SCID) mice (Taconic Farms), and tumors were
measured using calipers as previously described.31
Metabolomic Proﬁling of Cancer Cells. Metabolomic analyses
were conducted using previously described methods.32 For nonpolar
metabolomic analyses, ﬂash frozen cell pellets were extracted in 4 mL
of 2:1:1 chloroform/methanol/PBS with internal standards dodecylglycerol (10 nmol) and pentadecanoic acid (10 nmol). Organic and
aqueous layers were separated by centrifugation, and the organic layer
was extracted. The aqueous layer was acidiﬁed with 0.1% formic
acid followed by re-extraction with 2 mL of chloroform. The second
organic layer was combined with the ﬁrst extract and dried under
nitrogen, after which lipids were resuspended in chloroform (120 μL).
A 10 μL aliquot was then analyzed by single-reaction monitoring
(SRM)-based LC-MS/MS. For polar metabolomics, cell pellets were
extracted in 40:40:20 acetonitrile/methanol/water with internal
standard d3 N15-serine (1 nmol). The extracts were vortexed and
sonicated, and after centrifugation, an aliquot of the polar metabolite
fraction (supernatant) was then analyzed by single-reaction monitoring (SRM)-based LC-MS/MS. Relative levels of metabolites were
quantiﬁed by integrating the area under the curve for each metabolite,
normalizing to internal standard values and then normalizing to the
average values of the control groups.
Lactic Acid Secretion and Glucose Consumption. Lactic acid
secretion and glucose consumption were assessed using kits purchased
from Abcam per the manufacturers’ protocols.
Cysteine Reactivity Proﬁling. Cysteine reactivity proﬁling was
performed as previously described.32,33 A total of 1 mg of normal
or tumor tissue proteome was incubated with iodoacetamide-alkyne
(10 μM) for 30 min at RT. Following incubation, biotin-azide was
appended by CuAAC, and probe-labeled proteins were enriched,
digested with trypsin, and analyzed by LC-LC/MS/MS as previously
described.32,33 Total peptides from each proteomic experiment were
pressure-loaded onto 250 μm inner diameter fused silica capillary
tubing packed with 4 cm of Aqua C18 reverse-phase resin (Phenomenex
# 04A-4299). The samples were then attached using a MicroTee PEEK
360 μm ﬁtting (Thermo Fisher Scientiﬁc #p-888) to a 13 cm laser pulled
column packed with 10 cm Aqua C18 reverse-phase resin and 3 cm of
strong-cation exchange resin for isoTOP-ABPP studies. Samples were
analyzed using a Thermo LTQ-XL using a Multidimensional Protein
Identiﬁcation Technology (MudPIT) program as previously described.5
These methods are identical to our previously validated methods.32,33
Biological variability in total spectral counts were less than 30%. The
instrument was calibrated daily, and calibrant sensitivity was within 10%
during these runs. The raw proteomic data for these experiments can be
found in Table S1.
IsoTOP-ABPP Analysis. IsoTOP-ABPP analyses were performed
as previously described.5 Primary human tumor samples were labeled
with IAyne (100 or 10 μM) for 1 h at RT. They were subsequently
treated with isotopically light (10 μM) or heavy (100 μM) TEV-biotin,
and CuAAC was performed as previously described.5 For analysis of
cysteine reactivity in primary colorectal tumor tissue, tumors were
pooled and incubated with either 100 μM IAyne and isotopically heavy
TEV-biotin or 10 μM IAyne and isotopically light TEV-biotin followed
by CuAAC as previously described.5 Probe-labeled proteins were
subsequently avidin-enriched and digested with trypsin, and probemodiﬁed tryptic peptides were subsequently isolated and released by
TEV protease as previously described.5,34 Resulting peptides were
collected and stored at −80 °C until analysis.

that act on lysophosphatidic acid receptorslysophosphatidic
acid-ether (LPAe) and LPA-plasmalogen (LPAp; Figure 3B,C).
We have previously shown that inhibition of alkylglycerone
phosphate synthase, the rate limiting enzyme in ether lipid synthesis, lowered the levels of several key ether lipids, including
LPAe and LPAp levels, leading to impaired cancer pathogenicity.28 We further show that MDLA treatment in SW620
cells signiﬁcantly impairs lactic acid secretion (Figure 3D),
providing further evidence that ASS1 inhibition impairs
glycolysis. Consistent with the role of reduction of fumarate
in the proliferative impairments observed with ASS1 inhibition,
we also show substantial rescue in the antiproliferative eﬀects
observed with MDLA treatment when cotreated with fumarate
in SW620 cells (Figure 3E).
In conclusion, our data point to ASS1 as a colorectal cancer
target that, when inhibited, lowers the levels of the tumorsuppressing metabolite fumarate leading to impaired cancer cell
glycolytic and lipid metabolism that underlies colorectal cancer
pathogenicity. While the interpretations that we present here
are based on the metabolomic changes that we observe with
ASS1 inhibition in colorectal cancer cells, we expect that there
are alternate mechanisms involved that may have been missed
in our metabolomics proﬁling eﬀorts. Now that we have identiﬁed potential reactive nucleophilic and ligandable sites within
ASS1 using isoTOP-ABPP strategies, it would be interesting
to perform small-molecule screening eﬀorts against this site,
toward developing more potent ASS1 inhibitors. While we
could not perform additional metabolomic studies with our
ASS1 knockdown lines due to the viability impairments that
arose from long-term culturing of ASS1 knockdown cells, it
would be of future interest to recapitulate the metabolic results
from our studies with inducible knockdown or knockout cell
or animal models of ASS1. Our results also demonstrate the
utility of combining chemoproteomic and metabolomic
strategies toward identifying important metabolic pathways
that support cancer pathogenicity.

■

EXPERIMENTAL PROCEDURES

Chemicals. IAyne was obtained from CHESS Gmbh. Heavy and
light TEV-biotin tags were synthesized according to previously
described methods.5,29 MDLA was purchased from Sigma.
Cell Culture. SW620 cells were purchased from ATCC. SW620
cells were grown in L-15 media with 10% fetal bovine serum (FBS) in
ambient CO2.
ASS1 Knockdown. Targets were knocked down transiently with
siRNA or stably with shRNA as previously described.30 For siRNA
studies, SW620 cells (200 000 cells/well) were seeded overnight, after
which siControl (nontargeting siRNA) or siASS1 siRNA oligonucleotides (ﬁve pooled siRNAs targeting each target purchased from
Dharmacon) were transfected into cells using Dharmafect 1. Cells
were harvested after 48 h for qPCR and for seeding for cell viability
assays.
For shRNA studies, shControl (targeting GFP) and shASS1
constructs (purchased from Sigma) were transfected into HEK293T
cells alongside lentiviral vectors using FuGENE. Lentivirus was collected and used to infect the target cancer cell line with Polybrene
(0.01 mg mL−1). Infected cells were then selected for with 1 mg mL−1
puromycin. The short-hairpin sequences used for generation of the
ASS1 knockdown lines were
shASS1−1CCGGATGAACGTGCAGGGTGATTATCTCGAGATAATCACCCTGCACGTTCATTTTTTTG
shASS1−2CCGGCCCAAGTACAGGCGCTAATTGCTCGAGCAATTAGCGCCTGTACTTGGGTTTTTTG.
E
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Peptides from all proteomic experiments were pressure-loaded
onto 250 μm inner diameter fused silica capillary tubing packed with
4 cm of Aqua C18 reverse-phase resin (Phenomenex # 04A-4299).
The samples were then attached using a MicroTee PEEK 360 μm
ﬁtting (Thermo Fisher Scientiﬁc #p-888) to a 13 cm laser pulled column packed with 10 cm Aqua C18 reverse-phase resin and 3 cm of
strong-cation exchange resin for isoTOP-ABPP studies. Samples were
analyzed using a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientiﬁc) using a Multidimensional Protein Identiﬁcation Technology
(MudPIT) program as previously described.5 Data were collected in
data-dependent acquisition mode with dynamic exclusion enabled
(60 s). One full MS (MS1) scan (400−1800 m/z) was followed by
15 MS2 scans (ITMS) of the nth most abundant ions. Heated capillary
temperature was set to 200 °C, and the nanospray voltage was set
to 2.75 kV.
For MudPIT runs, samples were run with the following ﬁve-step
MudPIT program (using 0%, 10%, 25%, 80%, and 100% salt bumps).
Data were extracted in the form of MS1 and MS2 ﬁles using Raw
Extractor 1.9.9.2 (Scripps Research Institute) and searched against the
Uniprot mouse database using ProLuCID search methodology in
IP2 v.3 (Integrated Proteomics Applications, Inc.).35 Cysteine residues
were searched with a static modiﬁcation for carboxyaminomethylation
(+57.02146) and up to two diﬀerential modiﬁcations for either the
light or heavy TEV tags (+464.28596 or +470.29977, respectively).
Peptides were required to have at least one tryptic end and to contain
the TEV modiﬁcation. These methods are identical to well-validated
methods described previously.4,5,34 ProLUCID data were ﬁltered
through DTASelect to achieve a peptide false-positive rate below 1%.
MS/MS data for the probe-modiﬁed peptides shown in Figure 1D
were manually interpreted and conﬁrmed. The raw proteomic data for
isoTOP-ABPP experiments can be found in Table S1.
Primary Human Colorectal Tumors. Eligible patients completed
written consent for our tissue banking protocol that is approved by the
University of Alabama at Birmingham Institutional Review Board.
During the pancreatic resection, a 1 cm3 portion of the tumor was dissected free of the fresh resection specimen, divided into 4−5 aliquots,
placed into 1.5 mL cryovials, ﬂash frozen, and stored at −80 °C.
Adjacent nontumor bearing pancreas tissue was also collected and
banked in a similar manner.

■
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