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ABSTRACT: XCT 790 is widely used to inhibit estrogen-related receptor & (ERRa) activity as an inverse agonist. Here, we
report that XCT 790 potently activates AMP kinase (AMPK) in a dose-dependent and ERRa-independent manner, with active
concentrations more than 25-fold below those typically used to perturb ERRa. AMPK activation is secondary to inhibition of
energy production as XCT 790 rapidly depletes the pool of cellular ATP. A concomitant increase in oxygen consumption rates
suggests uncoupling of the mitochondrial electron transport chain. Consistent with this, XCT 790 decreased mitochondrial
membrane potential without affecting mitochondrial mass. Therefore, XCT 790 is a potent, fast-acting, mitochondrial uncoupler
independent of its inhibition of ERRa. The biological activity together with structural features in common with the chemical
uncouplers FCCP and CCCP indicates likely mode of action as a proton ionophore.

he development of cell-permeable synthetic chemical
compounds that directly and specifically antagonize or
agonize a biological entity of interest has been hugely beneficial
as they have become tools for probing the mechanism of action
of small molecules, proteins, and organelles. These chemical
probes (also known as tool compounds) are commonly
employed in dynamic perturbation contexts that cannot be
mimicked genetically, to modulate both the timing and the
extent of target inhibition and/or activation.”” Such contexts
are usually essential for unraveling the most proximal
biochemical mechanisms of action for a target of interest
within cells and tissues.> The specificity of the chemical—target
interaction thus becomes a defining feature for productive tool
compounds. The presence of multiple cellular targets for a
chemical probe, especially if they are unrecognized and
mechanistically diverse, can obviously severely confound
interpretation of biological observations associated with that
probe. As such, careful consideration of alternate mechanisms
of action of tool compounds is essential for the constructive
application of chemical probes to biological investigation.”*
The thiadiazoleacrylamide XCT 790 is the first potent and
selective inhibitor of estrogen-related receptor a (ERRa).>* Its
development was motivated by the recognition of ERRa as a
key participant in the regulation of cell differentiation, energy
homeostasis, and metabolic syndromes. The mechanism of
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inhibition appears to be the disruption of ERRa—coactivator
complexes upon binding of XCT 790 to the inferred ligand-
binding domain of ERRa.>™” As such, it has since been
extensively employed as a tool compound to directly evaluate
the participation of ERRa in numerous cell biological
processes.

From an investigation employing XCT 790 to help elaborate
the contribution of ERRa to oncogenic transformation, we
unexpectedly discovered abrupt and potent activity against
mitochondrial energy production. This activity occurred within
minutes in all cell lines tested, and at doses >25-fold lower than
those commonly employed to inhibit ERRa. Notably, this
activity was completely independent of the expression of ERRa,
the only known target of XCT 790. Measurements of
mitochondrial membrane potential, oxygen consumption, and
extracellular acidification rates indicated acute and dose-
dependent uncoupling of oxidation from phosphorylation in
mitochondria by XCT 790, most likely through direct action as
a proton ionophore.
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Figure 1. Selective viability and signaling perturbations by XCT 790. (A) Normalized cell viability of immortalized human colonic epithelial cells and
colon cancer cell lines or (B) immortalized human melanocytes and melanoma cell lines 72 h after exposure to XCT 790 at the indicated doses. Bars
indicate means =+ the standard deviation (N = 3). (C) Doubling of the populations of HEMn-LP, HEMn-LP (CDK4/hTERT), and HEMn-LP (E6/
E7/hTERT) cells for the indicated times. (D and E) Whole cell lysates of MNT1 cells, exposed to XCT 790 for 24 (D) or 1 h (E), were assessed for

the accumulation of indicated phosphorylated proteins.

B MATERIALS AND METHODS

Materials. XCT 790, rapamycin, and Compound C were
purchased from Sigma-Aldrich. U0126 was purchased from Cell
Signaling Technology. AICAR was purchased from Toronto
Research Chemicals. The following antibodies were used:
phospho-AMPKa (Thrl172), AMPKa, phospho-p70 S6 kinase
(Thr389), p70 S6 kinase, phospho-mTOR (Ser2448),
phospho-LKB1 (Ser428), LKBI, phospho-Raptor (Ser792),
phospho-ACC (Ser79), ACC, phospho-ULK1 (Ser555), COX
IV, phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204), and
p44/42 MAPK (ERK1/2) from Cell Signaling Technology;
ERRa (V19), VDAC1/2/3 (FL-283), cytochrome ¢ (7HS),
BCL2 (C2), and TOM20 (FL-145) from Santa Cruz
Biotechnology; and ACTB from Sigma-Aldrich.

Cell Culture. Human colonic epithelial cells, HCEC 1CT,
were immortalized by ectopically expressing cyclin-dependent
kinase 4 (CDK4) and the catalytic component of human
telomerase (hTERT).® HCEC 1CTR and HCEC 1CTRP cells
were generated by ectopically expressing KRAS"'? and KRAS""
together with shRNA against P53, respectively.” HCEC growth
medium and culture conditions have been described
previously.® HCT116 and DLD1 colon cancer cell lines were
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maintained in DMEM supplemented with 10% FBS and
assayed in HCEC medium. Neonatal human epidermal
melanocytes from a lightly pigmented donor (HEMn-LP)
were purchased from Invitrogen and immortalized by ectopi-
cally expressing hTERT and human papilloma virus, HPV16
E6/E7 protein. HEMn-LP (E6/E7, hTERT) cells were cultured
in Medium 254 supplemented with human melanocyte growth
supplement (HMGS) purchased from Invitrogen with pen-
icillin (100 units/mL) and streptomycin (0.1 mg/mL) from
Invitrogen. MNT1, YUSIT1, A375, YUMAC, YUSITI, and
C8161 human melanoma cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) from Invitrogen (catalog
no. 12430) with 10% FBS from Atlanta Biologicals and with
penicillin (100 units/mL) and streptomycin (0.1 mg/mL).
Human bronchial epithelial cells, HBEC3, -30, and -34, were
isolated from three patients and were immortalized by
ectopically expressing CDK4 and hTERT.'® HBECs were
cultured in Keratinocyte-SFM medium and supplements from
Invitrogen and with penicillin (100 units/mL) and streptomy-
cin (0.1 mg/mL). U20S GFP-LC3 cells were cultured in
DMEM, 10% FBS, penicillin (100 units/mL), streptomycin
(0.1 mg/mL), 1 mg/mL G418, and S pg/mL blasticidin.
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Figure 2. Abrupt AMPK activation is a common response to XCT 790 in both normal and cancer cell lines. (A—C) Whole cell lysates from
melanoma cells (A), immortalized human melanocytes (B), and human bronchial epithelial cells (C) were assessed for the accumulation of
phosphorylated AMPK and AMPK substrates (phosphorylated Raptor at Ser792'' and ACC at Ser79'®) following exposure to the indicated

concentrations of XCT 790.

Cell Viability Assays. Cells were plated in 96-well plates
and treated with either DMSO (0.5%) or XCT 790 for 72 h.
CellTiter-Glo reagent (Promega) was added and mixed for 2
min on a plate shaker followed by incubation for 10 min at
room temperature. Luminescence was determined using an
EnVision multilabel plate reader.

Immunoblotting and Pathway Analysis. Cells were
lysed in S0 mM Tris (pH 6.8), 2% sodium dodecyl sulfate
(SDS), and 10% glycerol. Samples were separated on SDS—
polyacrylamide gels and transferred to polyvinylidene difluoride
(PVDF) membranes for immunoblotting. AMP kinase
(AMPK) activation was assessed by the accumulation of
phosphorylated AMPK at Thr170 and AMPK substrates:
phosphorylated Raptor ($792),'" phosphorylated ULK1
(8555),"* and phosphorylated ACC (S79)."* Additionally,
Raptor phosphorylation by AMPK inhibits mTOR activation,
leading to decreased mTOR and p70 S6 kinase phosphor-
ylation (Figures 1D,E and 3A).

siRNA Transfections. Cells were reverse transfected using
siRNAs targeting LONRFI (negative control) and ERRa
(Dharmacon, GE Life Sciences). siRNAs were used in pools,
each pool containing four different oligos targeting a specific
gene. Seventy-two hours after being transfected, cells were
treated with XCT 790 for the indicated periods of time
followed by immunoblotting or mitochondrial membrane
potential or respiration assays.

Mitochondrial Respiration and Glycolysis. Oxygen
consumption rates (OCRs) and extracellular acidification
rates (ECARs) were measured with an XF-24 Extracellular
Flux Analyzer (Seahorse Bioscience). Cells were plated at 30K
per well density and cultured for 48 h and then assayed as
described previously.'*

Mitochondrial Membrane Potential and Mass Anal-
yses. Cells were treated with either DMSO (0.5%) or XCT
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790 (10, 25, or 40 uM) for 1S min, and then the growth
medium was removed and replaced with growth medium
containing either DMSO (0.5%) or XCT 790 (10, 25, or 40
uM) with MitoTracker CMXRos and MitoTracker Green FM
probes from Invitrogen and incubated for an additional 15 min.
Cells were then washed with warm growth medium, trypsi-
nized, spun down, washed with cold PBS, and resuspended in
either FACS buffer [0.1% BSA, 10 mM HEPES (pH 7.4),
penicillin (100 units/mL), and streptomycin (0.1 mg/mL) in
Leibowitz’s L1S medium] or PI/RNASE staining buffer from
Invitrogen and immediately processed for fluorescence-
activated cell sorting (FACS) using FACSCalibur (BD
Biosciences) and analyzed with FlowJo.

B RESULTS

Estrogen-related receptor @ (ERRa) has recently been reported
to be necessary for enhanced metabolic capacity and anchorage-
independent growth of oncogenic Ras transformed mouse
embryonic fibroblasts."> To begin to investigate the common-
ality of ERRa addiction in RAS- and RAF-driven human
tumors, we tested the relative toxicity of the ERRa inhibitor
XCT 790 in a small panel of colon cancer cell lines, melanoma
cell lines, telomerase-immortalized colonocytes,®” and melano-
cytes (Figure 1A—C). Interestingly, we identified a significant
sensitivity window between tumor-derived cell lines and
colonocytes and also found oncogenic KRAS expression was
sufficient to sensitize colonocytes to XCT 790 (Figure 1A).
However, melanocytes and melanoma cells were indiscrimin-
ately sensitive to doses of XCT 790 10-fold lower than those
required to affect the colorectal cancer cell lines (Figure 1B). A
distributive analysis of baseline oncogenic pathway activity
upon exposure of MNT1 cells to XCT 790 revealed potent
inactivation of the mechanistic target of rapamycin complex 1
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Figure 3. XCT 790 activates AMPK in a dose-dependent and ERRa-independent manner. (A) Whole cell lysates from MNT1 cells, exposed to XCT
790 for the indicated periods of time, were assessed for the accumulation of the indicated phosphorylated proteins by immunoblotting. (B) AMPK
activation was visualized as in panel A following exposure to the indicated concentrations of XCT 790. (C) The AMPK response to XCT 790 was
assessed 72 h after transfection with siRNAs targeting LONRF1 (negative control) or ERRa. (D) Normalized ATP levels in MNT1 cells, exposed to
XCT 790 for the indicated periods of time, as measured by ATP-coupled luciferase assays. Bars indicate means + the standard deviation (N = 3).

(mTORCI1) signaling together with the accumulation of active
AMP kinase (AMPK) as indicated by T172 phosphorylation
status (Figure 1D). These alterations occurred within 1 h and
were uncoupled from the accumulation of ERRa (Figure 1E).
AMPK activation by a low micromolar concentration of XCT
790 was observed in all cell lines tested, including multiple
melanoma lines (Figure 2A), telomerase-immortalized human
melanocytes (Figure 2B), and bronchial epithelial cells from
three different patients'® (Figure 2C).

Time and dose response analyses indicated AMPK pathway
activation occurred within S min of XCT 790 exposure (Figure
3A) at concentrations as low as 390 nM (Figure 3B).
Importantly, siRNA-mediated ablation of ERRa had no effect
on this response, indicating the participation of an alternate
target of XCT 790 (Figure 3C). A decrease in the ATP
concentration, as measured by a luciferin/luciferase coupled
assay, occurred within 20 min of XCT 790 exposure (Figure
3D), suggesting that the observed AMPK activation may be
secondary to deregulation of energy production. To examine
this directly, we tested the consequence of XCT 790 exposure
on mitochondrial respiratory potential through measurements
of oxygen consumption and extracellular acidification. We
observed a substantial increase in oxygen consumption rates
(OCRs) as soon as 8 min after XCT 790 exposure (Figure 4A),
concomitant with an increase in the level of extracellular
acidification (ECAR) (Figure 4B). An elevated OCR was
persistent at the smallest doses tested but eroded over time in a
dose-dependent fashion (Figure 4A). The XCT 790-induced
OCR was insensitive to the ATP synthase inhibitor oligomycin
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or to the proton ionophore FCCP but collapsed in the presence
of the complex 1 inhibitor rotenone (Figure 4C). These
mitochondrial electron transport chain inhibitors also did not
further increase the ECAR above levels observed with XCT 790
alone (Figure 4D), suggesting that XCT 790 had induced the
maximal adaptive lactate production downstream of mitochon-
drial respiratory defects. Taken together, these observations
suggest XCT 790 rapidly uncouples oxygen consumption from
ATP production in intact mitochondria (Figure 4A,C).
Importantly, these effects were completely independent of
ERRa (Figure 4E,F) expression or overt alterations in the
concentration of mitochondrial proteins over the time course of
the experiment (Figure 4G).

These observations, together with the capacity of FCCP to
mimic XCT 790 activation of AMPK (Figure SA) and to
decrease ATP levels (Figure SB) with similar timing and
potency, strongly suggest XCT 790 is a chemical uncoupler of
mitochondrial membrane potential that is independent of the
interaction with ERRa. Direct measurements of Ay, using
MitoTracker CMXRos, demonstrated a dose-dependent
inhibition of mitochondrial membrane potential (Figure SC)
by XCT 790 in the absence of effects on mitochondrial mass
(Figure SD). The consequent defect in cellular ATP production
was evident as a dramatic inhibition of autophagolysosomal
maturation, which requires a high rate of ATP consumption to
fuel lysosomal acidification (Figure SE).
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Figure 4. ERRa-independent perturbation of mitochondrial respiration by XCT 790. (A—D) OCR (A and C) and ECAR (B and D) were measured
in MNT1 cells, exposed to XCT 790 at the indicated concentrations 8 min before the assay, in the absence (A and B) or presence (C and D) of
mitochondrial electron transport chain inhibitors. (E and F) OCR (E) and ECAR (F) were measured starting 8 min after XCT 790 exposure at the
indicated doses. Cells were assayed 72 h after transfection with the indicated siRNAs. Bars indicate means + the standard error of the mean (N = 3).
(G) Whole cell lysates from cells treated as described for panels E and F were assessed for ERRa and representative mitochondrial protein

expression by immunoblotting.
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Figure S. XCT 790 is a mitochondrial uncoupler. (A) Result of FCCP exposure on AMPK pathway activation measured as described for panels A
and B of Figure 1. (B) Normalized ATP levels in MNT1 cells, exposed to FCCP for the indicated periods of time, as measured by ATP-coupled
luciferase assays. Bars indicate means =+ the standard deviation (N = 3). (C and D) Mitochondrial membrane potential (C) and mass (D) measured
by FACS in MNT1 cells, treated with XCT 790 for 30 min, using mitochondrial dyes MitoTracker CMXRos and MitoTracker Green FM,
respectively. Bar graphs indicate the means = the standard deviation of triplicate measurements. (E) Representative micrographs of U20S-GFP-LC3
cells treated with XCT 790 or a carrier at the indicated concentrations for 24 h.

B DISCUSSION

Here we find that the thiadiazoleacrylamide XCT 790,
developed as an ERRa inverse agonist, is a potent
mitochondrial uncoupler. This activity leads to the rapid
depletion of cellular ATP pools, which in turn activates AMPK,
a master regulator of metabolic homeostasis. Importantly, these
effects are completely independent of ERRa activity. ERRa
depletion neither mimicked nor rescued the effects of XCT 790
measured here. XCT 790 is commonly used at concentrations
of 1-20 uM for 8—24 h to examine the biological significance
of ERRa activity in cells."* ™ Rapid XCT 790-induced
perturbations of energy production and energy sensing
pathways occurred at much smaller doses. Thus, most, if not
all, reported biological responses to XCT 790 are in the context
of combinatorial inhibition of ERRa and mitochondrial
respiratory activity and should be interpreted accordingly.
The biochemical phenotype, timing, and dose sensitivity of
the cellular response to XCT 790 are identical to those of the
well-studied proton ionophore, carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP).*” This molecule
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and the closely related carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) disrupt mitochondrial transmembrane
electrochemical gradients by directly facilitating proton trans-
port across the lipid membrane barrier.*”® All three chemicals
are amphipathic nitriles, which in the case of FCCP and CCCP
is a structural feature that facilitates discharge of the
mitochondrial pH gradient. Thus, it is highly likely that XCT
790 is also a proton ionophore with a consequent direct
mechanism of action against mitochondrial respiration.

There is considerable genetic, molecular, and biochemical
evidence that ERRa is a bona fide regulator of energy
homeostasis in cells and tissue. Through interactions with
PGC-1la and PGC-1f, ERRa can directly induce the expression
of genes that support oxidative phosphorylation and mitochon-
drial biogenesis in response to changes in energy demand.*”~*
Furthermore, XCT 790 can clearly interfere with this activity by
directly dissociating ERRa from its protein cofactors. Thus, the
potent and rapid destruction of mitochondrial membrane
potential by XCT 790, in a manner independent of ERRa

dx.doi.org/10.1021/bi500737n | Biochemistry 2014, 53, 4839—4846
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activity, is a particularly confounding phenotype associated with
use of this tool compound for the exploration of ERRa biology.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: michael.white@utsouthwestern.edu.

Funding

This work was supported by the National Institutes of Health
(CA71443), the Welch Foundation (I-1414), and CPRIT
(RP110708).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Ugur Eskiocak and Jerry Shay for providing the
colonocytes used in this study.

B REFERENCES

(1) Kodadek, T. (2010) Rethinking screening. Nat. Chem. Biol. 6,
162—168.

(2) Cohen, P. (2010) Guidelines for the effective use of chemical
inhibitors of protein function to understand their roles in cell
regulation. Biochem. J. 425, 53—54.

(3) Frye, S. V. (2010) The art of the chemical probe. Nat. Chem. Biol.
6, 159-161.

(4) Oprea, T. I, Bologa, C. G, Boyer, S., Curpan, R. F., Glen, R. C,
Hopkins, A. L., Lipinski, C. A, Marshall, G. R, Martin, Y. C,
Ostopovici-Halip, L., Rishton, G., Ursu, O., Vaz, R. J.,, Waller, C,
Waldmann, H., and Sklar, L. A. (2009) A crowdsourcing evaluation of
the NIH chemical probes. Nat. Chem. Biol. 5, 441—447.

(5) Busch, B. B., Stevens, W. C., Jr., Martin, R., Ordentlich, P., Zhou,
S., Sapp, D. W., Horlick, R. A., and Mohan, R. (2004) Identification of
a selective inverse agonist for the orphan nuclear receptor estrogen-
related receptor a. J. Med. Chem. 47, 5593—5596.

(6) Willy, P. J., Murray, L. R., Qian, J., Busch, B. B., Stevens, W. C,, Jr.,
Martin, R., Mohan, R,, Zhoy, S., Ordentlich, P., Wei, P., Sapp, D. W,,
Horlick, R. A,, Heyman, R. A, and Schulman, I. G. (2004) Regulation
of PPARy coactivator la (PGC-1a) signaling by an estrogen-related
receptor @ (ERRa) ligand. Proc. Natl. Acad. Sci. US.A. 101, 8912—
8917.

(7) Mootha, V. K., Handschin, C., Arlow, D., Xie, X,, St Pierre, J.,
Sihag, S., Yang, W., Altshuler, D., Puigserver, P., Patterson, N., Willy, P.
J.» Schulman, I. G., Heyman, R. A, Lander, E. S, and Spiegelman, B.
M. (2004) Erralpha and Gabpa/b specify PGC-la-dependent
oxidative phosphorylation gene expression that is altered in diabetic
muscle. Proc. Natl. Acad. Sci. US.A. 101, 6570—6575.

(8) Roig, A. I, Eskiocak, U,, Hight, S. K., Kim, S. B., Delgado, O.,
Souza, R. F., Spechler, S. J., Wright, W. E,, and Shay, J. W. (2010)
Immortalized epithelial cells derived from human colon biopsies
express stem cell markers and differentiate in vitro. Gastroenterology
138, 1012—1021 , e1011—e101S.

(9) Eskiocak, U., Kim, S. B., Ly, P., Roig, A. L, Biglione, S., Komurov,
K., Cornelius, C., Wright, W. E., White, M. A, and Shay, J. W. (2011)
Functional parsing of driver mutations in the colorectal cancer genome
reveals numerous suppressors of anchorage-independent growth.
Cancer Res. 71, 4359—4365.

(10) Ramirez, R. D., Sheridan, S. Girard, L., Sato, M., Kim, Y.,
Pollack, J., Peyton, M., Zou, Y., Kurie, J. M., Dimaio, J. M., Milchgrub,
S., Smith, A. L., Souza, R. F,, Gilbey, L., Zhang, X, Gandia, K,
Vaughan, M. B., Wright, W. E,, Gazdar, A. F,, Shay, J. W,, and Minna, J.
D. (2004) Immortalization of human bronchial epithelial cells in the
absence of viral oncoproteins. Cancer Res. 64, 9027—9034.

(11) Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M.
M, Mery, A, Vasquez, D. S., Turk, B. E, and Shaw, R. J. (2008)
AMPK phosphorylation of raptor mediates a metabolic checkpoint.
Mol. Cell 30, 214—226.

4845

(12) Egan, D. F.,, Shackelford, D. B., Mihaylova, M. M., Gelino, S.,
Kohnz, R. A,, Mair, W., Vasquez, D. S., Joshi, A., Gwinn, D. M., Taylor,
R, Asara, ]J. M, Fitzpatrick, J, Dillin, A, Viollet, B, Kundu, M,
Hansen, M, and Shaw, R. J. (2011) Phosphorylation of ULK1
(hATG1) by AMP-activated protein kinase connects energy sensing to
mitophagy. Science 331, 456—461.

(13) Davies, S. P., Sim, A. T., and Hardie, D. G. (1990) Location and
function of three sites phosphorylated on rat acetyl-CoA carboxylase
by the AMP-activated protein kinase. Eur. J. Biochem. 187, 183—190.

(14) Kim, H. S., Mendiratta, S., Kim, J., Pecot, C. V., Larsen, J. E.,
Zubovych, L, Seo, B. Y., Kim, J., Eskiocak, B., Chung, H., McMillan, E,,
Wuy, S., De Brabander, J., Komurov, K., Toombs, J. E., Wei, S., Peyton,
M., Williams, N., Gazdar, A. F., Posner, B. A., Brekken, R. A,, Sood, A.
K., Deberardinis, R. J., Roth, M. G., Minna, J. D., and White, M. A.
(2013) Systematic identification of molecular subtype-selective
vulnerabilities in non-small-cell lung cancer. Cell 155, 552—566.

(15) Fisher, K. W,, Das, B, Kortum, R. L., Chaika, O. V., and Lewis,
R. E. (2011) Kinase suppressor of ras 1 (KSR1) regulates PGCla and
estrogen-related receptor @ to promote oncogenic Ras-dependent
anchorage-independent growth. Mol. Cell. Biol. 31, 2453—2461.

(16) Murray, J., and Huss, J. M. (2011) Estrogen-related receptor a
regulates skeletal myocyte differentiation via modulation of the ERK
MAP kinase pathway. Am. J. Physiol. 301, C630—C645.

(17) Lu, N., Wang, W,, Liy, J,, and Wong, C. W. (2011) Protein
kinase C ¢ affects mitochondrial function through estrogen-related
receptor a. Cell. Signalling 23, 1473—1478.

(18) Chang, C. Y., Kazmin, D,, Jasper, J. S., Kunder, R., Zuercher, W.
J., and McDonnell, D. P. (2011) The metabolic regulator ERRq, a
downstream target of HER2/IGF-1R, as a therapeutic target in breast
cancer. Cancer Cell 20, 500—510.

(19) Bonnelye, E., Reboul, P., Duval, N., Cardelli, M., and Aubin, J. E.
(2011) Estrogen receptor-related receptor a regulation by interleukin-
18 in prostaglandin E(2)- and cAMP-dependent pathways in
osteoarthritic chondrocytes. Arthritis Rheum. 63, 2374—2384.

(20) Wang, J., Wang, Y., and Wong, C. (2010) Oestrogen-related
receptor a inverse agonist XCT-790 arrests AS49 lung cancer cell
population growth by inducing mitochondrial reactive oxygen species
production. Cell Proliferation 43, 103—113.

(21) Krzysik-Walker, S. M., Gonzalez-Mariscal, I, Scheibye-Knudsen,
M, Indig, F. E., and Bernier, M. (2013) The biarylpyrazole compound
AM251 alters mitochondrial physiology via proteolytic degradation of
ERRa. Mol. Pharmacol. 83, 157—166.

(22) Zou, C,, Yu, S,, Xu, Z, Wy, D, Ng, C. E,, Yao, X,, Yew, D. T,
Vanacker, J. M, and Chan, F. L. (2014) ERRa augments HIF-1
signalling by directly interacting with HIF-1a in normoxic and hypoxic
prostate cancer cells. J. Pathol. 233, 61—73.

(23) Zhy, L. L, Liu, Y., Cui, A. F, Shao, D,, Liang, J. C,, Liu, X. J,
Chen, Y., Gupta, N., Fang, F. D., and Chang, Y. S. (2010) PGC-la
coactivates estrogen-related receptor-a to induce the expression of
glucokinase. Am. J. Physiol. 298, E1210—E1218.

(24) Wuy, F., Wang, J., Wang, Y., Kwok, T. T., Kong, S. K., and Wong,
C. (2009) Estrogen-related receptor @ (ERRa) inverse agonist XCT-
790 induces cell death in chemotherapeutic resistant cancer cells.
Chem.-Biol. Interact. 181, 236—242.

(25) Teyssier, C., Bianco, S., Lanvin, O., and Vanacker, J. M. (2008)
The orphan receptor ERR« interferes with steroid signaling. Nucleic
Acids Res. 36, 5350—5361.

(26) Teng, C. T., Beames, B., Alex Merrick, B., Martin, N., Romeo,
C., and Jetten, A. M. (2014) Development of a stable cell line with an
intact PGC-1a/ERRa axis for screening environmental chemicals.
Biochem. Biophys. Res. Commun. 444, 177—181.

(27) Rasbach, K. A, Gupta, R. K, Ruas, J. L., W, J., Naseri, E., Estall,
J. L, and Spiegelman, B. M. (2010) PGC-la regulates a HIF2a-
dependent switch in skeletal muscle fiber types. Proc. Natl. Acad. Sci.
U.S.A. 107, 21866—21871.

(28) Liu, D., Hinshelwood, M. M., Giguere, V., and Mendelson, C. R.
(2006) Estrogen related receptor-a enhances surfactant protein-A
gene expression in fetal lung type II cells. Endocrinology 147, S187—
519S.

dx.doi.org/10.1021/bi500737n | Biochemistry 2014, 53, 4839—4846


mailto:michael.white@utsouthwestern.edu

Biochemistry

(29) Lanvin, O., Bianco, S., Kersual, N., Chalbos, D., and Vanacker, J.
M. (2007) Potentiation of ICI1182,780 (Fulvestrant)-induced estrogen
receptor-a degradation by the estrogen receptor-related receptor-a
inverse agonist XCT790. J. Biol. Chem. 282, 28328—28334.

(30) Kong, X,, Fan, H,, Liu, X,, Wang, R,, Liang, J., Gupta, N., Chen,
Y., Fang, F., and Chang, Y. (2009) Peroxisome proliferator-activated
receptor y coactivator-lar enhances antiproliferative activity of §'-
deoxy-S-fluorouridine in cancer cells through induction of uridine
phosphorylase. Mol. Pharmacol. 76, 854—860.

(31) Gacias, M., Perez-Marti, A., Pujol-Vidal, M., Marrero, P. F,
Haro, D., and Relat, J. (2012) PGC-1p regulates mouse carnitine-
acylcarnitine translocase through estrogen-related receptor a. Biochem.
Biophys. Res. Commun. 423, 838—843.

(32) Fiori, J. L., Sanghvi, M., O’Connell, M. P., Krzysik-Walker, S. M.,
Moaddel, R,, and Bernier, M. (2011) The cannabinoid receptor inverse
agonist AM251 regulates the expression of the EGF receptor and its
ligands via destabilization of oestrogen-related receptor a protein. Br. J.
Pharmacol. 164, 1026—1040.

(33) Dwyer, M. A, Joseph, J. D., Wade, H. E,, Eaton, M. L., Kunder,
R. S, Kazmin, D, Chang, C. Y., and McDonnell, D. P. (2010) WNT11
expression is induced by estrogen-related receptor a and f-catenin and
acts in an autocrine manner to increase cancer cell migration. Cancer
Res. 70, 9298—9308.

(34) Chen, L, and Wong, C. (2009) Estrogen-related receptor a
inverse agonist enhances basal glucose uptake in myotubes through
reactive oxygen species. Biol. Pharm. Bull. 32, 1199—1203.

(35) Bombail, V., Gibson, D. A, Collins, F., MacPherson, S.,
Critchley, H. O., and Saunders, P. T. (2010) A role for the orphan
nuclear receptor estrogen-related receptor @ in endometrial stromal
cell decidualization and expression of genes implicated in energy
metabolism. J. Clin. Endocrinol. Metab. 95, E224—E228.

(36) Bianco, S., Lanvin, O., Tribollet, V., Macari, C., North, S., and
Vanacker, J. M. (2009) Modulating estrogen receptor-related receptor-
a activity inhibits cell proliferation. J. Biol. Chem. 284, 23286—23292.

(37) Benz, R, and McLaughlin, S. (1983) The molecular mechanism
of action of the proton ionophore FCCP (carbonylcyanide p-
trifltuoromethoxyphenylhydrazone). Biophys. J. 41, 381—398.

(38) Kasianowicz, J., Benz, R., and McLaughlin, S. (1984) The kinetic
mechanism by which CCCP (carbonyl cyanide m-chlorophenylhy-
drazone) transports protons across membranes. J. Membr. Biol. 82,
179—190.

(39) Schreiber, S. N., Knutti, D., Brogli, K., Uhlmann, T., and Kralli,
A. (2003) The transcriptional coactivator PGC-1 regulates the
expression and activity of the orphan nuclear receptor estrogen-
related receptor a (ERRa). J. Biol. Chem. 278, 9013—9018.

(40) Laganiere, J., Tremblay, G. B, Dufour, C. R, Giroux, S,
Rousseau, F., and Giguere, V. (2004) A polymorphic autoregulatory
hormone response element in the human estrogen-related receptor o
(ERRa) promoter dictates peroxisome proliferator-activated receptor
gamma coactivator-la control of ERRa expression. J. Biol. Chem. 279,
18504—18510.

(41) Kamei, Y., Ohizumi, H., Fujitani, Y., Nemoto, T., Tanaka, T.,
Takahashi, N., Kawada, T., Miyoshi, M., Ezaki, O., and Kakizuka, A.
(2003) PPARy coactivator 13/ERR ligand 1 is an ERR protein ligand,
whose expression induces a high-energy expenditure and antagonizes
obesity. Proc. Natl. Acad. Sci. US.A. 100, 12378—12383.

(42) Huss, J. M., Kopp, R. P., and Kelly, D. P. (2002) Peroxisome
proliferator-activated receptor coactivator-la (PGC-la) coactivates
the cardiac-enriched nuclear receptors estrogen-related receptor-a and
-y. Identification of novel leucine-rich interaction motif within PGC-
la. J. Biol. Chem. 277, 40265—40274.

(43) Huss, J. M., Imahashi, K, Dufour, C. R, Weinheimer, C. J.,
Courtois, M., Kovacs, A., Giguere, V., Murphy, E., and Kelly, D. P.
(2007) The nuclear receptor ERRa is required for the bioenergetic
and functional adaptation to cardiac pressure overload. Cell Metab. 6,
25-37.

4846

dx.doi.org/10.1021/bi500737n | Biochemistry 2014, 53, 4839—4846



