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ABSTRACT: Triple-negative breast cancers (TNBCs) are
estrogen receptor, progesterone receptor, and HER2 receptornegative subtypes of breast cancers that show the worst
prognoses and lack targeted therapies. Here, we have coupled
the screening of ∼400 anticancer agents that are under
development or in the clinic with chemoproteomic and
metabolomic proﬁling to identify novel metabolic mechanisms
for agents that impair TNBC pathogenicity. We identify 20
anticancer compounds that signiﬁcantly impaired cell survival
across multiple types of TNBC cells. Among these 20 leads, the
phytoestrogenic natural product licochalcone A was of interest,
since TNBCs are unresponsive to estrogenic therapies,
indicating that licochalcone A was likely acting through another target. Using chemoproteomic proﬁling approaches, we reveal
that licochalcone A impairs TNBC pathogenicity, not through modulating estrogen receptor activity but rather through inhibiting
prostaglandin reductase 1, a metabolic enzyme involved in leukotriene B4 inactivation. We also more broadly performed
metabolomic proﬁling to map additional metabolic mechanisms of compounds that impair TNBC pathogenicity. Overlaying
lipidomic proﬁling with drug responses, we ﬁnd that deubiquitinase inhibitors cause dramatic elevations in acyl carnitine levels,
which impair mitochondrial respiration and contribute to TNBC pathogenic impairments. We thus put forth two unique
metabolic nodes that are targeted by drugs or drug candidates that impair TNBC pathogenicity. Our results also showcase the
utility of coupling drug screens with chemoproteomic and metabolomic proﬁling to uncover unique metabolic drivers of TNBC
pathogenicity.

I

for therapy. As such, many metabolic pathways, targets, and
inhibitors have been discovered for potential cancer therapy,
including pyruvate kinase activators that target glycolytic
metabolism, isocitrate dehydrogenase mutant-speciﬁc inhibitors
that impair oncometabolite synthesis, fatty acid synthase
inhibitors that impair lipogenesis, and phosphoglycerate
dehydrogenase inhibitors that target serine metabolism. These
targets and pathways are likely just the tip of the iceberg in
terms of potential metabolic targets and pathways that may be
exploited for cancer therapy.
In this study, we hoped to discover new strategies to impair
TNBC pathogenicity. We combined chemoproteomic and
metabolomic proﬁling to elucidate protein targets and
metabolic eﬀects of known anticancer drugs. Through this
proﬁling eﬀort, we have uncovered novel metabolic mechanisms and anti-TNBC activities of the phytoestrogenic natural
product licochalcone A and deubiquitinase inhibitors.

n the United States, it is estimated that over 200 000 women
will be diagnosed with breast cancer and nearly 40 000
women will die of breast cancer in 2016.1 Mortality from breast
cancer is almost always attributed to metastatic spread of the
disease to other organs, thus precluding resection as a
treatment method.2 Unfortunately, conventional chemotherapy
fails to eradicate many aggressive breast cancers.2 Studies over
the past decade have uncovered certain breast cancer cell-types,
such as estrogen/progesterone/HER2 receptor (ER/PR/
HER2)-negative (triple-negative) breast cancers (TNBCs)
that show poor prognosis and chemotherapy resistance within
breast tumors.3−5 Eliminating these breast cancer types is
critical in reducing the mortality associated with breast cancer.
Current therapeutic strategies for breast cancer include
resection, nonspeciﬁc therapies such as radiation or chemotherapy, and targeted strategies for combating certain types of
breast cancers.6 However, there are no targeted strategies for
combating the most aggressive types of breast cancers,
including TNBCs. Since the discoveries of Otto Warburg in
the 1920s showing that cancer cells are addicted to glucose
metabolism, we have known that cancer cells possess
fundamentally altered metabolism that drives nearly every
aspect of their pathogenicity.7 The past decade has seen a
resurgence of interest in targeting metabolic drivers of cancer
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A15−19 and may represent promising therapeutic strategies for
combating TNBCs. Among these compounds with poorly
understood roles in TNBCs, licochalcone A showed the
greatest impairment (>95%) in cell survival across the three
TNBC cells tested here with a 50% eﬀective concentration
(EC50) of 8.4 μM (Figure S2).
The target of licochalcone A is the estrogen or progesterone
receptor based on previous characterization of this compound
as an estrogenic ﬂavonoid.17 Licochalcone A is a ﬂavonoid
extracted from licorice root that has been shown to possess
anticancer, anti-inﬂammatory, and antiparasitic activity and has
been tested on humans as an anti-inﬂammatory moisturizer.17,20−25 However, the cell survival impairments of
licochalcone A in TNBC cells resistant to ER and PR signaling
indicated that this compound may be acting through alternate
targets.
Licochalcone A belongs to a larger group of natural products
known as chalcones characterized by their aromatic enone
structures (Figure 2A). These enones can undergo Michael
addition to cysteine thiols on proteins to modulate protein
function.26 To identify the potential anticancer targets of
licochalcone A, we mapped the cysteine reactivity of this
compound in TNBC cells using a chemoproteomic platform
termed isotopic tandem orthogonal proteolysis-enabled activity-based protein proﬁling (isoTOP-ABPP). IsoTOP-ABPP
uses reactivity-based probes to map proteome-wide reactive,
functional, and ligandable hotspots directly in complex
proteomes. When used in a competitive manner, small
molecules like licochalcone A can be competed against
reactivity-based probes to map the proteome-wide reactivity
and targets of covalently acting compounds (Figure 2B).27−29
We proﬁled the proteome-wide cysteine-reactivity of licochalcone A through competition of this agent against the broad
cysteine-reactive iodoacetamide-alkyne probe in 231MFP
proteomes using the isoTOP-ABPP platform.27,30 We subsequently appended probe-labeled proteins with a biotin-azide
handle bearing an isotopically light (for control) or heavy (for
licochalcone-treated) mass tag bearing a TEV protease
recognition sequence by copper-catalyzed azide−alkyne cycloaddition (CuAAC), followed by mixing vehicle-treated and
licochalcone-treated proteomes in a 1:1 ratio, avidin enrichment of probe-labeled proteins, digestion of enriched proteins
by trypsin, and subsequent isolation and elution of probemodiﬁed tryptic peptides by TEV protease for subsequent
quantitative proteomic analysis of light to heavy peptide ratios
(Figure 2B). Through this proﬁling eﬀort, we identiﬁed 1410
probe-modiﬁed tryptic peptides that were present in at least
two out of four biological replicates (Figure 2C; Table S2).
Most peptides showed light to heavy isotopic ratios of ∼1,
indicating that most sites were not inhibited. We interpreted
those sites that showed light to heavy isotopic ratios >10 as true
targets of licochalcone A (Figure 2C; Table S2).
From this study, we found the primary target of licochalcone
A to be cysteine 239 of the metabolic enzyme target
prostaglandin reductase 1 (PTGR1) with the highest isotopic
light to heavy ratio of 27 (Figure 2C; Table S2). We validated
this target using gel-based ABPP methods where we observed
competition of licochalcone A against iodoacetamide-alkyne
labeling of pure human PTGR1 protein (Figure 2C). PTGR1 is
involved in inactivating prostaglandins, including 15-ketoprostaglandins and leukotriene B4.31 While recently shown to
be important in lung and prostate cancers, PTGR1 represents a
novel target for breast cancer.32,33 Leukotriene B4, through

RESULTS AND DISCUSSION
To discover drugs and drug candidates that impair TNBC
pathogenicity, we screened an anticancer library consisting of
424 compounds spanning a diverse range of molecular targets
to identify small-molecules that impaired serum-free cell
survival in 231MFP and HCC38 TNBC cells (Figure S1,
Figure 1, Table S1). We then ﬁltered this list for those

Figure 1. Screening a library of anticancer drugs and drug candidates
in TNBC cells. A library of anticancer drugs and drug candidates were
screened in 231MFP and HCC38 TNBC cell lines for impairments in
serum-free cell survival. This data are shown in Figure S1 and Table
S1. Shown here are drugs and drug candidates that reproducibly and
signiﬁcantly impaired 231MFP, HCC38, and HCC70 serum-free cell
survival by >50%. Cells were treated with DMSO vehicle or compound
(10 μM) in serum-free media, and cell survival was assessed 48 h after
treatment by Hoescht staining. Data are presented as mean ± SEM, n
= 3/group, and all compounds shown in this ﬁgure showed signiﬁcant
(p < 0.05) cell survival impairments compared to DMSO-treated
controls.

compounds that showed >75% survival impairments in both
231MFP and HCC38 cells. We subsequently retested the
ﬁltered list of compounds to identify agents that signiﬁcantly (p
< 0.05) impaired cell survival across 231MFP, HCC38, and
HCC70 TNBC cells by over 50%. This resulted in a list of 20
compounds spanning 15 diﬀerent molecular targets that
reproducibly and signiﬁcantly impaired cell survival by >50%
across three TNBC lines (Figure 1).
Several of these 20 compounds inhibit proteins that are
currently being targeted in TNBC patients or are in clinical
development including proteasome inhibitors MLN2238 and
MLN9708; topoisomerase inhibitors daunorubicin, doxorubicin, idarubicin, and mitoxantrone; JAK2 inhibitor TG101348;
mTOR inhibitor Torin 2; EGFR inhibitor dacomitinib; pololike kinase 1 (PLK) inhibitor BI6727; kinesin spindle protein
(KSP) inhibitor ispenisib; and aurora kinase (AURK) inhibitor
AT9283.4,8−13 Other compounds modulate protein targets that
have been previously shown to be important in TNBCs
including HDAC inhibitors SB939 and romidepsin.14 The
remaining compounds and their targets, while previously shown
to be important in cancer, are less understood in regard to their
eﬃcacy or roles in advanced-stage breast cancers or TNBCs.
These include deubiquitinase inhibitor WP1130, exchange
proteins directly activated by cAMP isoform 1 (EPAC)
inhibitor ESI-09, kinesin inhibitor ARQ 621, FXR activator
GW4064, and the phytoestrogen natural product licochalcone
B
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Figure 2. IsoTOP-ABPP analysis of licochalcone A in TNBC cells. (A) Structure of licochalcone A. (B) Competitive isoTOP-ABPP to map
licochalcone targets. Licochalcone A bears a Michael acceptor that is potentially cysteine-reactive. We mapped the cysteine-reactivity of licochalcone
A by preincubating licochalcone A (10 μM) for 30 min in 231MFP breast cancer cell proteomes, prior to labeling with the cysteine-reactive
iodoacetamide-alkyne (IAyne) probe (100 μM, 30 min). Probe labeled proteins were then tagged with an isotopically light (for control) or heavy
(for licochalcone A-treated) biotin-azide tag bearing a TEV protease recognition site by CuAAC. Control and treated proteomes were then mixed in
a 1:1 ratio. Probe labeled proteins were avidin-enriched and tryptically digested. Probe-labeled tryptic peptides were avidin-enriched again and
released by TEV protease and analyzed by quantitative proteomic methods, and light to heavy peptide ratios were quantiﬁed. (C) Competitive
isoTOP-ABPP analysis of licochalcone A cysteine reactivity in 231MFP breast cancer cell proteomes. Light to heavy ratios of ∼1 indicate peptides
that were labeled by IAyne, but not bound by licochalcone A. We designate light to heavy ratios of >10 as targets that were bound by licochalcone A.
The top target was C239 of PTGR1. Shown in this ﬁgure is also validation of PTGR1 as a target of licochalcone A. Licochalcone A was preincubated
with pure human PTGR1 protein followed by IAyne. Probe-labeled proteins conjugated to rhodamine-azide by CuAAC and analyzed by SDS/PAGE
and in-gel ﬂuorescence. Shown are average isotopic ratios of probe-modiﬁed tryptic peptides that were present in at least two out of four biological
replicates. (D) Crystal structure of PTGR1 showing C239 (shown in yellow) and NADP+ shown in ball and stick form. PDB structure used is 2Y05.
(E) PTGR1 expression in shPTGR1 231MFP cells. PTGR1 was stably knocked down with three independent shRNA oligonucleotides, and
expression was determined by qPCR. (F, G) Serum-free cell survival and proliferation in shPTGR1 231MFP cells. Cell survival and proliferation
were assessed 48 h after seeding by Hoescht staining. Data in E−G are presented as mean ± SEM, n = 3−5/group. Signiﬁcance is presented as *p <
0.05 compared to shControl cells.

stimulating leukotriene B4 receptor BLT1, has also been shown
to fuel TGF-β−mediated proliferation in breast cancer cells.34
Interestingly, C239 of PTGR1 represents the binding region for
NADP+, required for the reductase catalytic activity of this
enzyme35 (Figure 2D), suggesting that licochalcone A binding
to this site would displace NADP+ binding and inhibit PTGR1
activity. To further conﬁrm the importance of PTGR1 in
TNBC pathogenicity, we knocked down the expression of
PTGR1 in 231MFP TNBC cells using three independent shorthairpin RNA oligonucleotides and show that PTGR1 knockdown dramatically impairs 231MFP cell survival and proliferation, thus recapitulating the eﬀects observed with
licochalcone A (Figure 2E−G). Thus, we put forth a novel
metabolic mechanism of licochalcone A, in which it inhibits
PTGR1 to impair TNBC pathogenicity.

We next sought to take a broader approach toward
identifying unique metabolic mechanism underlying agents
that impair TNBC pathogenicity. We performed lipidomic
proﬁling to map metabolic changes conferred by treatment of
231MFP TNBC cells with the 20 lead compounds that
impaired TNBC cell survival (Figure 3A; Table S3). We
focused this study on measuring ∼100 lipid metabolites
spanning phospholipids, fatty acids, neutral lipids, sphingolipids, sterols, and fatty acid derivatives such as acyl carnitines, Nacyl ethanolamines (NAEs), and N-acyl taurines (NATs). We
performed lipidomic proﬁling on cells that were treated for 6 h
before any cell death to avoid confounding eﬀects that may
arise from diﬀering cell numbers. Interestingly, we ﬁnd that
each compound gives a unique lipidomic signature, suggesting
that metabolomic proﬁling may be used as a potential
C
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Figure 3. Metabolomic proﬁling of drug responses in TNBC cells. (A) Metabolomic proﬁling of 231MFP TNBC cells treated with the 20
compounds that impaired TNBC cell survival. 231MFP cells were treated with DMSO vehicle or each compound (10 μM) for 6 h. Lipid levels were
analyzed by single reaction monitoring (SRM)-based liquid chromatography−mass spectrometry (LC-MS/MS). Heatmap shows fold changes in log
(2) compared to vehicle-treated controls where red and blue designates increased and decreased levels, respectively. (B) C16:0 AC levels in 231MFP
cells treated with each of the 20 compounds that impaired TNBC cell survival. Data are from the experiment described in A. (C) Cell survival in
231MFP cells. 231MFP cells were treated with DMSO control or deubiquitinase inhibitors PR619 and P5091 (10 μM), and serum-free cell survival
was assessed 48 h after treatment by Hoescht staining. (D) AC levels in 231MFP cells treated with deubiquitinase inhibitors. Cells were treated with
DMSO vehicle or inhibitors (10 μM) for 6 h, and AC levels were determined by SRM-based LC-MS/MS. Data in A are from an n = 5/group. Data
in B−D are presented as mean ± SEM, n = 5/group. Signiﬁcance is presented as *p < 0.05 compared to vehicle-treated control cells.

lysophospholipids by compounds that act through diﬀerent
targets may suggest a common downstream pathway targeted
across all of these mechanismspotentially through an
activation of phospholipase enzymes that would generate
lysophospholipids. We do not believe these lipidomic
signatures to be a general signature of cell death, as all 20 of
these drugs impair TNBC cell survival. Rather, we believe that
these lipidomic signatures likely represent unique metabolic
mechanisms underlying the action of each drug.
Among the lipidomic proﬁles, the most signiﬁcant changes
were in acyl carnitine (AC) levels with a >60-fold elevation in
C16:0 AC with the deubiquitinase inhibitor WP1130 and a
>10-fold elevation with the EPAC inhibitor ESI09 and FXR
activator GW4604 (Figure 3B; Table S3). ACs are metabolites
generated by carnitine palmitoyltranferase 1 (CPT1) at the
mitochondrial membrane to import fatty acids into the
mitochondria for fatty acid oxidation.36 We show that other
deubiquitinase inhibitors PR619 and P5091 also impair
231MFP cell survival and elevate AC levels (Figure 3C,D).

biomarker of drug response (Figure 3A; Figure S3; Table S3).
We also see common changes in speciﬁc metabolites that
correlate with certain mechanisms of action. For example, we
observe that topoisomerase inhibitor-treated cells show reduced
levels of C18:0/C18:1 diacylglycerol (DAG) and C18:0
ceramide, not seen with most of the other drug treatments,
potentially indicating that these lipid species may be more
speciﬁcally controlled by topoisomerase-mediated pathways
(Figure S3; Table S3). We also see certain lipid classes that are
similarly regulated by multiple drugs that do not necessarily
share a common mechanism of action. For example, C16:0 and
C18:0 lysphosphatidylethanolamines (LPE), C16:0 lysophosphatidylcholine (LPC), and C18:0e lysophosphatidylcholineether (LPCe) levels are signiﬁcantly elevated upon treatment of
231MFP cells with proteasome inhibitors MLN2238 and
MLN9708, HDAC inhibitor romidepsin, JAK2 inhibitor
TG101348, KSP inhibitor ispinenib, PLK inhibitor BI6727,
EGFR inhibitor dacomitinib, and licochalcone A (Figure S3;
Table S3). Perhaps this common regulation of diﬀerent types of
D
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respiration, indicating that the lysophospholipid eﬀects are
driven through an alternate mechanism (Figure S4).
In summary, we reveal several unique and novel metabolic
eﬀects underlying small-molecule drugs and drug candidates
that impair TNBC pathogenicity by coupling drug screening
with chemoproteomic and metabolomic proﬁling. In our ﬁrst
example, using isoTOP-ABPP platforms, we show here that
licochalcone A impairs TNBC cell survival by >95% through
inhibiting PTGR1. In our second example, using metabolomic
platforms, we identify that deubiquitinase inhibitors also impair
TNBC cell survival and that inhibiting these enzymes elevates
AC levels by >60-fold to potentially impair cellular respiration
and contribute to the viability impairments. Both PTGR1
inhibition and acyl carnitine-mediated respiratory impairments
in TNBC cells represent novel metabolic modalities that aﬀect
TNBC pathogenicity. Future studies should focus on better
understanding the inhibitory mechanisms of licochalcone A on
PTGR1, developing potent and selective PTGR1 inhibitors,
and ascertaining the role of PTGR1, leukotriene B4, and BLT1
signaling pathways on TNBC pathogenicity. Future studies also
include understanding the mechanisms and molecular targets
through which AC impairs mitochondrial respiration. Collectively, our data point to the utility of using chemoproteomic
and metabolomic platforms to uncover novel metabolic
regulators of cancer, toward developing novel cancer therapies.

While PR619 and WP1130 inhibit several deubituitinases,
P5091 selectively inhibits USP7 and USP47, which may explain
the less dramatic AC elevations with P5091. We show that AC
treatment impairs cell survival (Figure 4A). We also ﬁnd that

■

METHODS

Materials. The anticancer compound library consisting of 424
compounds at 10 mM in DMSO was purchased from Selleck
Chemicals. IAyne was obtained from CHESS Gmbh. Heavy and light
TEV-biotin tags were synthesized per previously described methods.29,40 Palmitoyl carnitine was obtained from Sigma-Aldrich and
resuspended in deionized water to 100 mM stock. Lysophosphatidyl
ethanolamine was obtained from Avanti Polar Lipids and resuspended
in 2:1 chloroform/methanol to a 10 mM stock.
Cell Culture. The 231MFP cells were obtained from Professor
Benjamin Cravatt and were generated from explanted tumor
xenografts of MDA-MB-231 cells. HCC38, HCC70, and HEK293T
cells were obtained from the American Type Culture Collection
(ATCC). 231MFP cells were cultured in L15 (HyClone) medium
containing 10% FBS, supplemented with 2% glutamine (200 mM
stock), and maintained at 37 °C with 0% CO2. HCC38 and HCC70
cells were cultured in RPMI (Gibco) medium containing 10% FBS,
supplemented with 2% glutamine (200 mM stock), and maintained at
37 °C with 5% CO2. HEK293T cells were cultured in DMEM
(Corning) containing 10% FBS, supplemented with 2% glutamine
(200 mM stock) and maintained at 37 °C with 5% CO2.
Cellular Survival and Proliferation Studies. Cell survival assays
were performed as previously described using Hoechst 33342 dye
(Invitrogen) according to the manufacturer’s protocol.41 Cells were
seeded into 96-well plates (40 000 cells) in a volume of 150 μL of
serum-free media and allowed to adhere overnight. Once adhered, an
additional 50 μL of serum-free media containing 1:250 dilution of
1000× compound stock in DMSO was added to each well and allowed
to incubate for 48 h before ﬁxation. The medium was removed from
each well, and 100 μL of staining solution containing 10% formalin
and Hoechst 33342 dye was added to each well and incubated for 15
min in the dark at RT. Staining solution was then removed, and 100
μL of PBS was added for imaging on a SpectraMax i3 ﬂuorescent plate
reader. Studies with HCC38 cells and HCC70 were also performed as
above but were seeded with 20 000 and 30 000 cells, respectively. Cell
proliferation assays were performed as above, but cells were seeded
(20 000 for 231MFP cells) and treated in medium containing FBS.
IsoTOP-ABPP. IsoTOP-ABPP studies were done as previously
reported.27,29 Cell proteomes were prepared by sonicating harvested
cell pellets in PBS, followed by centrifugation of proteomes at 1000g to
remove any cell debris. Proteome samples diluted in PBS were treated

Figure 4. The role of AC in deubiquitinase inhibitor-mediated cell
survival impairments in TNBC cells. (A) 231MFP cell survival upon
treatment of cells with AC. Cells were treated with AC, and serum-free
cell survival was assessed 48 h after treatment by Hoescht staining. (B)
231MFP cell survival upon treatment of cells with AC and
deubiquitinase inhibitor WP1130. Cells were cotreated with water or
C16:0 AC (1 μM) at a concentration that does not impair viability
when treated alone and DMSO or WP1130, and cell survival was
assessed 48 h after treatment by Hoescht staining. (C) Oxygen
consumption rates in cells treated with DMSO vehicle or AC or
WP1130. Compounds were treated at cycle 6 (injection from port B).
Oxygen consumption was measured using a Seahorse XF24 Analyzer.
Data in A−C are presented as mean ± SEM, n = 3−5/group.
Signiﬁcance is presented as *p < 0.05 compared to vehicle-treated
control cells.

treatment of 231MFP cells with a concentration of AC that
does not impair cell survival dramatically sensitizes cells to
WP1130, likely because AC treatment synergizes with
WP1130-mediated elevations in AC to impair 231MFP viability
(Figure 4B). Previous studies have shown that ischemic injury
elevates the levels of AC and that AC uncouples the
mitochondria and impairs cellular respiration.37−39 We show
that treatment of 231MFP cells with both AC and WP1130
impairs maximal cellular respiration to a comparable degree
(Figure 4C). Our data thus suggest that inhibition of
deubiquitinase enzymes leads to elevation in AC levels which,
in turn, impair cellular respiration and may contribute to the
cell survival impairments.
We also tested the role of LPE, since lysophospholipid
species were among the lipid species dramatically changed with
several drugs. We show that LPE treatment also impairs
231MFP cell survival and potentiates the cell survival
impairments conferred by the proteasome inhibitor
MLN9708 that elevates LPE levels (Figures S3, S4). We
further demonstrate that, unlike AC treatment, LPE or
palmitate treatment in 231MFP cells does not aﬀect cellular
E
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with licochalcone A or vehicle for 30 min at 37 °C. Then, IAyne
labeling was performed for 1 h at RT. CuAAC was used by sequential
addition of tris(2-carboxyethyl)phosphine (1 mM, Sigma), tris[(1benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (34 μM, Sigma), copper(II) sulfate (1 mM, Sigma), and biotin-linker-azide, the linker
functionalized with a TEV protease recognition sequence along with
an isotopically light or heavy valine for treatment of control or treated
proteome, respectively. After click reactions, proteomes were
precipitated by centrifugation at 6500g, washed in ice-cold methanol,
combined in a 1:1 control/treated ratio, washed again, then denatured
and resolubilized by heating in 1.2% SDS/PBS to 80 °C for 5 min.
Insoluble components were precipitated by centrifugation at 6500g,
and soluble proteome was diluted in 5 mL of 0.2% SDS/PBS. Labeled
proteins were enriched using avidin-agarose beads (170 μL beads/
sample, Thermo Pierce) while rotating overnight at 4 °C. Probelabeled proteins were enriched by washing three washes each with PBS
and water, followed by resuspension of beads in 6 M urea/PBS and
reduction of cysteines in TCEP (1 mM), alkylation with
iodoacetamide (18 mM), washing and resuspension of beads in 2 M
urea, and trypsinization overnight with 0.5 μg/μL sequencing grade
trypsin (Promega). Tryptic peptides were eluted oﬀ. Beads were then
further washed in PBS and water, washed in TEV buﬀer solution
(water, TEV buﬀer, 100 mM dithiothreitol), and resuspended in buﬀer
with Ac-TEV protease and incubated overnight. Peptides were diluted
in water and acidiﬁed with formic acid (1.2 M), and tryptic peptides
were stored at −80 °C until MS analysis.
MS Analysis. Total peptides eluted from TEV protease release of
probe-modiﬁed peptides 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) which was previously
equilibrated. This capillary tubing containing the loaded peptides was
then attached using a MicroTee PEEK 360 mm ﬁtting (Thermo Fisher
Scientiﬁc #p-888) to a nanospray column consisting of 10 cm of C18
reverse-phase and 3 cm of strong-cation exchange resin. Samples were
analyzed using an Q Exactive Plus mass spectrometer (Thermo Fisher
Scientiﬁc) using a Multidimensional Protein Identiﬁcation Technology
(MudPIT) program, using 0%, 25%, 50%, 80%, and 100% salt bumps
of 500 mM ammonium acetate and using a gradient of 5−55% buﬀer B
in buﬀer A (buﬀer A. 95:5 water/acetonitrile, 0.1% formic acid; buﬀer
B. 80:20 acetonitrile/water, 0.1% formic acid). 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 of the most abundant ions. Heated capillary temperature
and nanospray voltage were 200 °C and 2.75 kV, respectively.
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 human database using ProLuCID search methodology in IP2
v.3 (Integrated Proteomics Applications, Inc.).42 Cysteine residues
were searched with a static carboxyaminomethylation (+57.02146)
modiﬁcation for up to two diﬀerential modiﬁcations for methionine
oxidation and 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. Data were ﬁltered
through DTASelect to ensure a peptide false-positive less than 1%.
Gel-Based ABPP. Gel-based ABPP methods were performed as
previously described.43 Recombinant PTGR1 (0.1 μg) protein
(Origene) was pretreated with DMSO or licochalcone A, respectively,
for 1 h at 37 °C in an incubation volume of 50 μL of PBS and was
subsequently treated with IAyne (1 μM ﬁnal concentration) for 30
min at 37 °C. CuAAC was performed to append rhodamine-azide onto
IAyne probe-labeled proteins. The samples were separated by SDS/
PAGE and scanned using a ChemiDoc MP (Bio-Rad Laboratories,
Inc.). Inhibition of target labeling was assessed by densitometry using
ImageStudio Light software.
Metabolomic Proﬁling. Metabolomic proﬁling was performed as
previously reported.41,44 For metabolomic proﬁling, 2 million cells
were seeded in complete media and allowed to adhere overnight. They
were then washed with PBS and refed with serum-free media
containing 10 μM of compound in DMSO or DMSO vehicle control
at 0.1% DMSO ﬁnal concentration for 6 h. The cells were harvested

and ﬂash-frozen, and metabolomes were extracted in 3 mL of 2:1
chloroform/methanol and 1 mL of PBS with inclusion of internal
standards dodecylglycerol (10 nmol, Santa Cruz Biotechnology) and
pentadecanoic acid (10 nmol, Sigma-Aldrich). Organic and aqueous
layers were separated by centrifugation at 1000g for 5 min, and the
organic layer was collected, dried under a stream of nitrogen, and
dissolved in 120 μL of chloroform. A 10 μL aliquot of the 120 μL
sample in chloforom was then injected into an Agilent 6430 QQQLC/MS/MS. Metabolomes were separated using reverse-phase
chromatography with a Luna C5 column (50 mm × 4.6 mm with 5
μm diameter particles, Phenomenex) using previously reported
methods.41,44
Metabolites were identiﬁed by single-reaction monitoring of the
transition from precursor to product ions at associated optimized
collision energies and retention times as previously described.41,44
Metabolites were quantiﬁed by integrating the area under the curve
and then normalized to internal standard values. Metabolite levels are
expressed as relative abundances as compared to controls.
PTGR1 Knockdown. Targets were knocked down stably with
shRNA as previously described.41,44 shControl (targeting GFP) or
shPTGR1 constructs (Sigma) were transfected into HEK293T
(ATCC) cells alongside lentiviral vectors using lipofectamine 2000
(Thermo Fisher Scientiﬁc). Lentivirus was collected from ﬁltered
cultured medium 48 h post-transfection and used to infect the target
cancer cell line with Polybrene (0.01 mg mL−1). Target cells were
selected over 3 days with 1 mg mL−1 puromycin. The short hairpin
sequences for the generation of PTGR1 knockdown lines were
shPTGR1−1: CCGGCTTGGATTTGATGTCGTCTTTCTCGAGAAAGACGACATCAAATCCAAGTTTTT
shPTGR1−2: CCGGCTATCCTACTAATAGTGACTTCTCGAGAAGTCACTATTAGTAGGATAGTTTTT
shPTGR1−3: CCGGGCCTACTTTGGCCTACTTGAACTCGAGTTCAAGTAGGCCAAAGTAGGCTTTTT
control shRNA against GFP: GCAAGCTGACCCTGAAGTTCAT.
Knockdown was conﬁrmed by qPCR.
qPCR. qPCR was performed using the manufacturer’s protocol for
Fisher Maxima SYBR Green. Primer sequences are as follows:
PTGR1 forward: AGCACTTTGTTGGCTATCCTAC
PTGR1 reverse: CCCCATCATTGTATCACCTTCC
Cyclophilin forward: CCCACCGTGTTCTTCGACATT
Cyclophilin reverse: GGACCCGTATGCTTTAGGATGA
Cellular Respiration Measurements. 231MFP cells were seeded
at 50 000 cells/well in an XF24 cell culture microplate (Seahorse
Bioscience) and analyzed the following day. On the day of analysis,
cells were washed once with Seahorse respiration buﬀer made up of
XF base medium minimal DMEM containing 25 mM glucose and 5
mM sodium pyruvate with the pH adjusted to 7.4. The cells were then
placed in 0.5 mL of Seahorse respiration buﬀer and incubated in a
CO2-free incubator for 1 h. The 10× port injection solutions, in
Seahorse respiration buﬀer all pH adjusted to 7.4, were prepared as
follows (ﬁnal concentrations in parentheses): port A, 10 μM
oligomycin (1 μM ﬁnal); port B, 1 mM palmitoyl carnitine (100
μM ﬁnal) or 100 μM WP1130 (10 μM ﬁnal); port C, 3 μM FCCP
(0.3 μM ﬁnal); port D, 5 μM rotenone and 5 μM antimycin A (0.5 μM
ﬁnal). The Seahorse program ran as follows: basal measurement, three
cycles; inject port A (oligomycin), three cycles; inject port B
(compounds), three cycles; inject port C (FCCP), three cycles; inject
port D (rotenone and antimycin A), three cycles. Each cycle consisted
of mix for 3 min, wait for 2 min, measure for 3 min.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acschembio.6b01159.
Figures S1−S4 and descriptions of Tables S1−S3 (PDF)
Compounds, targets, and screen data (XLSX)
F

DOI: 10.1021/acschembio.6b01159
ACS Chem. Biol. XXXX, XXX, XXX−XXX

Articles

ACS Chemical Biology

■

(12) Trinh, X. B., Sas, L., Van Laere, S. J., Prové, A., Deleu, I.,
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