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(Background: Macrophage migration inhibitory factor (MIF) family members promote AMP-activated protein kinase

Results: MIF family members cooperatively inhibit AMPK in lung adenocarcinoma cell lines.
Conclusion: Inhibition of AMPK activation in lung adenocarcinoma cells by MIF family members promotes efficient mTOR

Significance: Therapeutic targeting of MIF family members may benefit lung cancer patients.

J

AMP-activated protein kinase (AMPK) is a nutrient- and met-
abolic stress-sensing enzyme activated by the tumor suppressor
kinase, LKB1. Because macrophage migration inhibitory factor
(MIF) and its functional homolog, p-dopachrome tautomerase
(p-DT), have protumorigenic functions in non-small cell lung
carcinomas (NSCLCs) but have AMPK-activating properties in
nonmalignant cell types, we set out to investigate this apparent
paradox. Our data now suggest that, in contrast to MIF and
p-DTs AMPK-activating properties in nontransformed cells,
MIF and p-DT act cooperatively to inhibit steady-state phos-
phorylation and activation of AMPK in LKBI wild type and
LKB1 mutant human NSCLC cell lines. Our data further indi-
cate that MIF and p-DT, acting through their shared cell surface
receptor, CD74, antagonize NSCLC AMPK activation by main-
taining glucose uptake, ATP production, and redox balance,
resulting in reduced Ca>*/calmodulin-dependent kinase kinase
B-dependent AMPK activation. Combined, these studies indi-
cate that MIF and p-DT cooperate to inhibit AMPK activation in
an LKB1-independent manner.

Nutrient stress-induced AMP-activated protein kinase
(AMPK)? facilitates a cellular stress response that serves to
reduce ATP-consuming processes and enhance ATP-generat-
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ing processes (1). In malignant cells, AMPK activation is
thought to promote tumor suppression by facilitating inhibi-
tion of protein synthesis, cell cycle arrest, and programmed cell
death (2). Given the restricted nutrient and metabolic microen-
vironments of solid tumors, it is not surprising that some
tumors have developed mechanisms to evade AMPK activa-
tion. For example, in non-small cell lung carcinomas
(NSCLCs), the AMPK-activating tumor suppressor kinase,
LKBI, is mutated in >30% of malignant lesions (3). LKB1 is an
environmental nutrient and oxygen stress sensor, and when
activated, it serves to phosphorylate the activation loop of
AMPK resulting in tumor suppression (2). In a mouse model of
K-Ras®'?P-initiated lung adenocarcinoma, LKBI deletion
cooperates with K-Ras<**® more potently than p53 knock-out
mice (4). LKBI-deficient K-Ras“'*" lung adenocarcinomas
exhibit metabolic stress resistance, shorter latency, and have
more frequent metastases than LKBI1-competent lesions (4).
Importantly, LKB1 wild type, but not LKBI kinase-deficient,
allelic reconstitution into LKBI mutant A549 NSCLC cells sig-
nificantly reactivates A549 AMPK-dependent signaling, result-
ing in reduced anchorage independence and lung metastases
(4).

Macrophage migration inhibitory factor (MIF) is a hypogly-
cemia- and hypoxia-inducible gene product that is overex-
pressed in a large majority of NSCLC lesions (5— 8). Prior stud-
ies from our laboratory demonstrate that MIF is an important
contributor to anchorage independence, cell motility, and inva-
sive potential of A549 lung adenocarcinoma cells (9, 10). MIF
signals as an extracellular autocrine and paracrine-acting cyto-
kine and is necessary for maximal tumor-associated neovascu-
larization (7, 11), evasion from cell senescence (12), and inhibi-
tion of the tumor suppressor, p53 (13-15). Recent studies
revealed that the only other known MIF family member, b-dop-
achrome tautomerase (p-DT), functionally cooperates with,
and compensates for, MIF in dictating neoangiogenic potential
in human NSCLC cell lines (11).

Recent studies show that both MIF and p-DT activate AMPK
in nonmalignant cell types (16 —18). Because AMPK-activating
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phenotypes in malignant lung adenocarcinoma are tumor-sup-
pressive (4) and MIF/p-DT-associated NSCLC phenotypes are
generally tumor-promoting (9—11), we sought to evaluate MIF
and p-DT individual and combined actions on AMPK activa-
tion in lung adenocarcinoma cell lines. We now describe that
MIF and p-DT act cooperatively to inhibit AMPK phosphory-
lation and activity in both LKB1 wild type and LKBI mutant cell
lines. Our data indicate that MIF and p-DT signal through their
shared cell surface receptor, CD74, to regulate glucose uptake,
ATP generation, and steady-state inhibition of CaMKKp-de-
pendent AMPK activation. Because the two most commonly
used AMPK activators, metformin and 5-amino-1-8-D-ribo-
furanosyl-imidazole-4-carboxamide (AICAR), have anti-can-
cer activities (19, 20) but are ineffective at inducing AMPK acti-
vation and subsequent tumor suppression in LKBI mutant cells
(21, 22), the discovery of unique LKBI-independent AMPK
activators would be expected to have a significant impact on
NSCLC disease management for clinicians.

EXPERIMENTAL PROCEDURES

Materials—2-Deoxy-D-glucose (2-DG), methyl pyruvate,
N-acetylcysteine, N-2-mercaptopropionyl glycine, BAPTA,
EGTA, and STO-609 were all obtained from Sigma.

Cell Culture—LKBI mutant A549 cells were cultured in
DMEM supplemented with 10% fetal calf serum, 2 mm gluta-
mine, and 50 pg/ml gentamicin. LKBI wild type H1299 and
LKBI mutant H460 cells were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum, 2 mMm glutamine, and
50 pg/ml gentamicin. Cells were subjected to hypoxic condi-
tions as indicated using a Modular Incubator Chamber purged
with 1% oxygen.

Immunoblotting—Whole cell extracts were prepared from
cells after the indicated treatments. Cells were lysed in 1X lysis
buffer (20 mm Tris, 137 mMm NaCl, 1 mm EGTA, 1% Triton
X-100, 10% glycerol, 1.5 mm MgCl,, 1 mm NaVO,, 2 mm NaF,
and 1X protease inhibitor) by repeated passages through a
27-gauge needle. Equal amounts of cellular protein were frac-
tionated on SDS-polyacrylamide gels (Bio-Rad) and transferred
to polyvinylidene difluoride membranes (PVDF; Millipore).
Immunoblotting was performed with antibodies directed
against AMPK, phospho-AMPK (Thr-172), acetyl-CoA car-
boxylase, phosphoacetyl-CoA carboxylase, S6 kinase (S6K),
phospho-S6K, phospho-rpS6, phospho-TSC2 (Cell Signaling
Technology), GAPDH, MIF, CaMKKp (Santa Cruz Biotechnol-
ogy), GLUT4 (Millipore), Na* /K™ ATPase (Sigma), Golgin-97
(Molecular Probes), and p-DT (prepared by our laboratory)
(11). Densitometric analysis of Western blots was performed
using Bio-Rad Quantity One analysis software.

RNA Interference—Cells were transfected with MIF, p-DT, or
nonspecific scrambled siRNA oligonucleotides using Oligo-
fectamine reagent (Invitrogen) as described previously (11).
Commercially available siRNA oligonucleotides for human
CD74, TSC2, and CaMKKp were purchased from Santa Cruz
Biotechnology. Cells were incubated after siRNA transfection
for the times indicated.

Adenovirus Preparation and Cell Infection—Adenovirus for
human MIF and p-DT was prepared as described previously
(11). Dominant negative AMPKa recombinant adenovirus was
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purchased from Eton Bioscience and was used to infect cells at
~2 X 107 virus particles/ml. Cells were infected at ~ 70 —80%
confluence as indicated.

Glucose Uptake Assay—Fresh medium was provided 24 h
after siRNA transfection of cells. After an additional 24-h incu-
bation period, spent cell medium was analyzed for remaining
glucose using the Amplex Red glucose assay kit (Invitrogen)
according to the manufacturer’s protocol. Glucose uptake was
measured by subtracting from glucose concentration in fresh
medium.

GLUT4 Translocation Analysis by Differential Centri-
fugation—Cells were harvested 48 h after siRNA transfection
and lysed in HES buffer (20 mm HEPES, 1 mm EDTA, 250 mm
sucrose, 1 mm Na;VO,, 50 mm) using a ball-bearing homoge-
nizer. Differential centrifugation was used to isolate plasma
membrane (PM) and low-density microsome (LDM) fractions,
as described previously (23). Unbroken cells and nuclei were
pelleted from the lysate by centrifugation for 10 min at 600 rpm.
The lysate was then centrifuged for 20 min at 19,000 X g to
generate a supernatant to be processed at a later step and to
pellet mitochondria and PM. The pellet was resuspended in
HES buffer and layered onto 1.12 M sucrose and centrifuged for
60 min at 100,000 X g, which resulted in a band at the interface
enriched in PM, whereas the mitochondria was pelleted and
discarded. The PM was isolated from the interface fraction by
dilution of the sucrose and pelleting at 40,000 X g for 20 min.
The supernatant yielded from the centrifugation of the lysate
was centrifuged at 41,000 X g for 20 min to pellet and discard of
the high density microsome fraction. The resultant supernatant
was then centrifuged for 75 min at 180,000 X g, pelleting the
LDM fraction. The PM and LDM pellets were resuspended in
1X sample buffer. Equal volumes of lysate, PM, and LDM were
assessed as indicated by Western analysis. Na* /K" ATPase and
Golgin-97 expression were used to normalize loading of PM
and LDM fractions, respectively.

ATP Assay—Cell medium was replaced with fresh medium
24 h after siRNA transfection. Cells were lysed after an addi-
tional 24-h incubation period. Lysates were normalized to pro-
tein content and were assessed for intracellular ATP levels
using the Cell Titer-Glow assay kit (Promega).

Measurement of Intracellular ROS and GSH—siRNA-
transfected cells were lifted by trypsinization and washed with
PBS. Cells were incubated with either the ROS indicator
H,DCEF-DA (5 uM, Invitrogen) or the reduced-glutathione
detection reagent, ThiolTracker (10 wMm, Invitrogen), in PBS
supplemented with CaCl, and MgCl,. After a 30-min incuba-
tion at 37 °C, cells were washed in PBS, and fluorescence was
analyzed using a FACSCalibur flow cytometer (BD Biosci-
ences). Data were analyzed and prepared using Flow]Jo
software.

Statistics—Results are expressed as means = S.D. Data com-
parisons were derived by one-way ANOVA, and p values < 0.01
were considered significant.

RESULTS
MIF and p-DT Cooperatively Inhibit AMPK Activity in

NSCLC—MIF (16), and very recently, D-DT (18), were shown to
activate AMPK in nonmalignant cell types. Because AMPK has
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FIGURE 1. MIF and p-DT cooperate to antagonize AMPK activation. Scrambled (Scr), MIF, and/or p-DT siRNAs were transfected into A549 cells using
Oligofectamine as indicated for 72 h (A and B), and lysates were examined by immunoblotting. C, A549 cells were siRNA-transfected as indicated for 48 h and
then infected with GFP (used as a control for adenoviral infection/overexpression), MIF, b-DT, or MIF + p-DT (M+D) adenovirus overnight. Lysates were
examined by immunoblotting. D, A549 cells were siRNA-transfected as indicated for 72 h, and lysates were examined by immunoblotting. Bio-Rad Quantity
One software was used for densitometry and P-AMPK/GAPDH (top panels, n = 2) densitometry values are depicted in the graph. *,p < 0.05 by one-way ANOVA
analysis is shown for individual group comparisons. Data shown are representative of two independent experiments. Error bars, S.E. MIF, b-DT, and CD74 were

reduced by ~85%, 70%, and 80%, respectively (not shown).

tumor-suppressive activities in malignant cells (2, 4) and MIF is
induced by the metabolic stressors, hypoxia and hypoglycemia
(5, 6, 12), we set out to determine whether MIF and p-DT func-
tionally regulate AMPK activity in human lung adenocarci-
noma cell lines. Surprisingly, simultaneous siRNA knockdown
of MIF and p-DT resulted in a significant increase in AMPK
phosphorylation and activity as assessed by phosphorylation of
acetyl-CoA carboxylase, the prototypical AMPK protein sub-
strate (Fig. 1A4) (25). Reminiscent of MIF and p-DT redundant
functions in promoting angiogenic potential in human NSCLC
cell lines, individual silencing of MIF or p-DT resulted in only a
modest activation of AMPK, whereas simultaneous knock-
down of both proteins resulted in a strong induction of AMPK
phosphorylation/activation (Fig. 1B). Importantly, reintroduc-
tion of MIF and/or p-DT expression by adenoviral delivery effi-
ciently reversed AMPK activation in MIF/p-DT-deficient cells
(Fig. 1C).

The MIF cell surface receptor, CD74, is overexpressed in a
significant proportion of NSCLC lesions (7). Importantly,
CD74 is responsible for signaling to AMPK activation by MIF
and D-DT (16, 26). To determine the role of CD74 in NSCLC
AMPK regulation, we evaluated the relative phosphorylation
state of AMPK in CD74 siRNA-transfected cells. As shown in
Fig. 1D, CD74 silencing phenocopies MIF/pD-DT silencing in
inducing AMPK phosphorylation in A549 lung adenocarci-
noma cells. Combined, these findings suggest that MIF and
D-DT, through CD74, cooperate to inhibit AMPK phosphory-
lation and activity in human NSCLC cell lines.

MIF and p-DT Suppress AMPK-dependent Inhibition of the
mTOR Pathway—Because a central target of activated AMPK is
mTORCI inhibition mediated by AMPK-dependent phosphor-
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ylation of TSC2 (27, 28), we next determined whether MIF and
D-DT regulate the activation of S6K, the primary and prototyp-
ical substrate of mTOR kinase activity (27, 29). Overexpression
of MIF, p-DT, and combined MIF/p-DT strongly induced the
phosphorylation of S6K and its immediate substrate, rpS6.
Importantly, MIF overexpression also results in a concurrent
inhibition of AMPK phosphorylation and activation under both
hyper- (25 mm) and hypoglycemic (1 mMm) conditions (Fig. 2B).

Activated AMPK contributes to the well documented inhibi-
tion of mTOR that accompanies metabolic stress induction by
acute hypoxia or glucose restriction (30, 31). As such, we next
tested whether forced overexpression of MIF or p-DT can res-
cue mTOR activation under conditions of low glucose (induced
by 2-DG) or low oxygen tensions. As shown in Fig. 2C, MIF and
D-DT overexpression independently restored the phosphoryla-
tion of S6 kinase under conditions of acute hypoxia or 2-DG
treatment.

We next investigated whether endogenous MIF and/or p-DT
is necessary for maximal, steady-state S6K activation in lung
adenocarcinoma cell lines. As shown in Fig. 2D, individual
siRNA knockdown of MIF or p-DT only moderately reduced
S6K phosphorylation whereas simultaneous silencing of MIF
and D-DT resulted in a much more pronounced reduction of
phosphorylated S6K. Corresponding closely with decreases in
S6K phosphorylation were commensurate increases in phos-
phorylated AMPK (Fig. 2D) consistent with a role for AMPK in
inhibiting S6K activation. To determine whether the dysregu-
lated activation of AMPK observed in MIF/p-DT-deficient cells
was responsible for the observed loss of phosphorylated/acti-
vated S6K in the same cells, an adenoviral dominant negative
mutant allele of AMPK was employed (32). As shown in Fig. 2E,
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FIGURE 2. MIF and p-DT suppress AMPK-dependent inhibition of mTOR signaling. A549 cells were infected with GFP (G), MIF (M), o-DT (D), or MIF+p-DT
(M+D) adenovirus for 24 h. A, lysates were analyzed by immunoblotting. B and C, after 24 h, cells were challenged with high (25 mm) or low (1 mm) glucose
medium (B), 10 mm 2-DG (C), or 1% oxygen (C) for an additional 6 h before lysing and immunoblotting as indicated. D and E, H1299 cells were transfected with
siRNA as indicated for 72 h (D) or for 48 h and then infected with GFP or dominant negative AMPK adenovirus for an additional 24 h (E). Lysates were examined
by immunoblotting. F, A549 cells were transfected with siRNA as indicated for 72 h, and lysates were examined by immunoblotting.

adenoviral mediated delivery and expression of dominant neg-
ative AMPK resulted in significantly enhanced phosphoryla-
tion of S6K and rpS6 in control siRNA transfected cells (Scr),
essentially phenocopying MIF and p-DT-induced activation of
S6K/inhibition of AMPK (Fig. 2, A and B), and, more impor-
tantly, partially restored defective phosphorylation of S6K and
rpS6 in MIF/p-DT-deficient cells (Fig. 2E).

Because inhibition of mTOR by AMPK is primarily mediated
by AMPK-dependent phosphorylation of the mTOR-inhibiting
protein TSC2 (27), we next investigated the potential involve-
ment of TSC2 in mediating defective mTOR/S6K activation
observed in MIF/p-DT-deficient cells (Fig. 2, D and E). As
shown in Fig. 2F, simultaneous siRNA knockdown of MIF and
D-DT increased the phosphorylation of TSC2 on the AMPK
phosphorylation site, Ser-1387 (27). Furthermore, siRNA
knockdown of TSC2 in MIF/p-DT-deficient cells effectively
rescued the phosphorylation and activation of S6K. Combined,
these findings suggest that MIF and p-DT cooperatively pro-
mote mTOR activation, at least in part, by antagonizing
AMPK-dependent activation of TSC.

MIF and p-DT Promote Glucose Uptake and ATP Generation—
As a metabolic stress sensor, AMPK activity is tightly regulated

37920 JOURNAL OF BIOLOGICAL CHEMISTRY

by changes in ATP/AMP (22) and ATP/ADP (33). Because MIF
has previously been shown to regulate glucose uptake and
catabolism (34, 35), we investigated whether loss of MIF and/or
D-DT influences glucose uptake properties in human lung ade-
nocarcinoma cells. As shown in Fig. 34, individual loss of either
MIF or p-DT resulted in modest reductions of glucose uptake
into cells whereas simultaneous MIF/p-DT-deficiency resulted
in a substantially larger reduction in uptake (Fig. 34). We next
evaluated the possibility that alterations in glucose transporter
expression or plasma membrane translocation may be involved
in the observed defective glucose uptake in MIF/p-DT-defi-
cient cells. Using differential centrifugation and normalizing,
we found that GLUT4 is distributed preferentially away from
PM fractions and into LDM fractions in MIF/p-DT-deficient
cells (Fig. 3B), consistent with prior studies on MIF (16).
Expression levels of Na* /K™ ATPase and Golgin-97 were used
as markers to normalize distribution of GLUT4 in the PM and
LDM fractions, respectively (Fig. 3B). Consistent with subopti-
mal glucose uptake and metabolism, total ATP levels were
reduced (Fig. 3C) in a pattern and manner similar to the
observed reductions in glucose uptake in MIF, p-DT, and com-
bined MIF/p-DT siRNA knockdown cells (Fig. 34). To investi-
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FIGURE 3. MIF and p-DT inhibit AMPK activation by regulating glucose levels and ATP/AMP ratios. H460 cells (LKBT mutant; p53 wild type) were siRNA
transfected as indicated, and 24 h later medium was replaced. 24 h after medium change, supernatants were analyzed for remaining glucose. A, uptake was
determined by subtracting from glucose concentration in fresh medium. B, A549 cells were siRNA-transfected as indicated for 48 h, followed by isolation of
total cell lysate, PM, and LDM fractions by differential centrifugation. Levels of GLUT4 and the appropriate controls (Na*/K™ ATPase for plasma membrane and
Golgin-97 for LDM) were assessed by immunoblotting in each fraction. GLUT4 protein levels were determined using control Na*/K™ ATPase (lysate and PM
fractions) and Golgin-97 (LDM fraction) protein band intensities from two independent experiments. **, p < 0.01 by one-way ANOVA analysis is shown for
individual group comparisons. C, H460 cells were transfected with siRNA as indicated and, 48 h later, lysed and examined for ATP levels. Trypan blue staining
of parallel cell transfectants revealed no differences in cell viability (not shown). D, MIF and p-DT were silenced as indicated in H460 cells and cultured for 40 h,
followed by addition of methyl pyruvate at the indicated concentrations for an additional 8 h. Lysates were examined by immunoblotting. Error bars, S.E.

gate whether increasing cellular ATP levels was sufficient to
reverse the observed increase in phosphorylated AMPK in
MIF/p-DT-deficient cells, a cell-permeable form of the TCA
cycle entry substrate, pyruvate (methyl pyruvate (36)), was
added exogenously to MIF/p-DT-deficient cells. As shown in
Fig. 3D, methyl pyruvate dose-dependently reduced AMPK
phosphorylation in MIF/p-DT-deficient cells while having little
to no effect on control siRNA-transfected cell (Scr) phosphor-
ylated AMPK. These findings suggest that MIF and b-DT con-
tribute to lung adenocarcinoma glucose uptake and energy bal-
ance that, in turn, contributes to an inhibition of steady-state
AMPK activity.

CaMKKB Is Required for Maximal MIF/D-DT-dependent
Regulation of AMPK—Lung adenocarcinomas are unique
among human malignancies in that they have, by a considerable
margin, the highest frequency of LKB1 tumor suppressor muta-
tions compared with other cancers (4, 37, 38). LKB1 mutation/
deficiency results in metabolic stress resistance, shorter
latency, and increased metastases, and these phenotypes are
primarily considered to be due to an inability to efficiently acti-
vate AMPK-dependent tumor suppression (4). Intriguingly,
increased phosphorylation and activation of AMPK observed in
MIF/p-DT knockdown NSCLC cells were observed in both
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LKBI mutant cell lines (A549, Fig. 1, A and B; H460, Fig. 3D)
and an LKBI wild type line (H1299, Fig. 2D) suggesting an
LKB1-independent mechanism of AMPK regulation by MIF
and D-DT in lung adenocarcinoma.

CaMKKp has been identified as an alternative upstream acti-
vating kinase of AMPK (39). Because AMPK activation requires
not only reduced ATP/AMP or ATP/ADP ratios but also phos-
phorylation on Thr-172 in its activation loop (1), we next deter-
mined whether CaMKKp participates in MIF/p-DT-associated
AMPK modulation. As shown in Fig. 44, the CaMKK-specific
inhibitor, STO-609, completely attenuated both steady-
state and MIF/p-DT depletion-associated phosphorylation of
AMPK in A549 cells. To validate the hypothesized requirement
for CaMKKp in mediating AMPK phosphorylation in MIF/p-
DT-deficient cells, siRNA silencing of CaMKKp was employed.
As shown in Fig. 4B, siRNA targeting CaMKKp very efficiently
reduced CaMKKp expression and significantly attenuated the
aberrant phosphorylation and activation of AMPK observed in
MIF/p-DT-deficient cells.

As their names imply, Ca®>*/calmodulin-dependent protein
kinase kinases are regulated by free calcium. To investigate
whether the enhanced CaMKKB-dependent AMPK activation
observed in MIF/p-DT-deficient cells (Fig. 4, A and B) requires
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free calcium, BAPTA, an intracellular calcium chelator, and
EGTA, an extracellular calcium chelator, were tested for their
respective abilities to block MIF/p-DT deficiency-induced,
CaMKKpB-dependent, AMPK activation. As shown in Fig. 4C,
BAPTA (top panel) strongly reduced, and EGTA (bottom
panel) reduced but to a lesser extent, AMPK activation in MIF/
D-DT-deficient cells, suggesting that increased CaMKKfB-me-
diated AMPK phosphorylation requires free calcium. This fur-
ther supports the observation that CaMKKf activity is
necessary for the aberrant AMPK activation induced by simul-
taneous siRNA silencing of MIF and p-DT.

MIF and D-DT Regulate AMPK in a Redox-dependent
Fashion—Two independent studies recently described an
important role for ROS in facilitating intracellular calcium
increases and subsequent induction of CaMKKf-dependent
phosphorylation of AMPK (40, 41). Because increased glucose
uptake in transformed cells enhances pentose phosphate path-
way flux-mediated generation of NADPH that, in turn, is nec-
essary for reducing glutathione (GSH) and maintaining low
ROS levels (36), we hypothesized that loss of MIF and p-DT
may result in inefficient glutathione reduction as a result of
defective glucose uptake (Fig. 34). To test this, the reduced
thiol indicator, ThiolTracker (36), was used to determine levels
of free intracellular thiols in MIF/p-DT silenced cells. As shown
in Fig. 54, simultaneous knockdown of MIF and p-DT results in
significant decreases in reduced GSH levels. Because reduced
GSH represents a critically important cellular antioxidant that
serves to minimize oxidative damage caused by a variety of
intracellular oxidative species (42), we next used H,DCF-DA to
detect cellular oxidative species (43) in MIF/p-DT-deficient
cells. As shown in Fig. 5B, MIF/p-DT-deficient cells exhibited
significantly higher DCF-detectable ROS when assessed by flow
cytometry than that of control siRNA-transfected cells.

Because we observed increased ROS levels in MIF/p-DT-de-
ficient cells, consistent with decreased reduced GSH levels (Fig.
5A), we next assessed the relative requirements for ROS in
mediating aberrant AMPK activation in MIF/p-DT-knock-
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down cells using ROS scavengers. As shown in Fig. 5C, N-ace-
tylcysteine and 2-mercaptopropionyl glycine both attenuated,
in a dose-dependent manner, the aberrant AMPK phosphory-
lation observed in MIF/p-DT-deficient cells consistent with
their ability to reduce DCF-detectable ROS (supplemental Fig.
S1).

DISCUSSION

MIF, and more recently p-DT, are novel, extracellular acti-
vators of AMPK signaling in nontransformed cells (16, 18). Our
current studies now indicate that MIF and b-DT, through their
shared, cell surface receptor, CD74 (11, 26, 44), actively inhibit
the phosphorylation and activation of AMPK resulting in
enhanced mTOR/S6K signaling in human lung adenocarci-
noma cell lines. Our data further suggest that MIF and p-DT act
cooperatively to promote glucose uptake and maintain both
ATP and reduced glutathione levels resulting, ultimately, in the
negative regulation of CaMKKf-dependent phosphorylation of
AMPK. The aberrant activation of CaMKKB-mediated AMPK
phosphorylation observed in MIF/p-DT-deficient cells was also
found to require free intracellular calcium and reactive oxygen
species. Combined, we propose a model where MIF and p-DT
promote glucose uptake into malignant NSCLC cells resulting
in enhanced ATP and increased GSH leading to reduced ROS-
mediated, CaMKKpB-dependent AMPK phosphorylation (Fig.
6).

Perhaps the most notable and intriguing aspect of these find-
ings is the fact that MIF and p-DT negatively regulate AMPK
activity in an LKBI-independent manner. Mutated in >30% of
all human NSCLCs (4, 21), the LKB1 tumor suppressor is one of
the most important determinants of metabolic stress adapta-
tion. Given that ~70% of NSCLC lesions have functional LKBI
tumor suppressor alleles, it is highly likely that other, as yet
unidentified, AMPK regulatory pathways exist in NSCLC
tumors. Our findings indicate that MIF and p-DT functionally
promote a unique metabolic stress regulatory pathway that is
usurped by malignant NSCLC cells to counter AMPK-depen-
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histogram overlay, whereas the right panels show the individual histograms with an arbitrary gate representing the percentage of cells with increased GSH (A)
or ROS levels (B). Results are also graphically expressed as relative geometric means of triplicate samples. **, p < 0.01; ***, p < 0.001. C, A549 cells were
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an additional 24 h. Lysates were analyzed by immunoblotting. Error bars, S.E.
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FIGURE 6. Hypothesized pathway for MIF and p-DT cooperativity in reg-
ulating AMPK activation.

dent mTOR inhibition. Both MIF and CD74 are overexpressed
in a large majority of human NSCLC lesions (7), and this over-
expression correlates closely with increased angiogenic growth
factor expression and microvascular density (7, 8). MIF and
D-DT cooperate, in a CD74-dependent manner, to promote
VEGF expression and angiogenic potential in human lung ade-
nocarcinoma cell lines (11). Because TSC2 regulates VEGF

NOVEMBER 2,2012+VOLUME 287 +NUMBER 45

expression using both mTOR-dependent and -independent
mechanisms (45), it is not unreasonable to speculate that MIF
and D-DT may promote NSCLC angiogenic potential by nega-
tively regulating AMPK activation. It is also interesting to note
that MIF deficiency or inhibition renders A549 cells defective in
both anchorage independence and cell motility/invasion (9, 10)
in a manner that essentially phenocopies wild type LKBI allelic
reconstitution into LKBI mutant A549 cells (4). Although fur-
ther studies are needed, it is conceivable that this phenocopy is
due to the aberrant activation of AMPK observed in MIF-defi-
cient cells (albeit not as pronounced as combined MIF/p-DT
deficiency) which would be similarly expected upon reintro-
duction of a functional LKBI1 allele (4).

An important question raised by these findings is how do
MIF and p-DT activate AMPK in some nontransformed cell
types (16, 18) and inhibit AMPK in malignant lung adenocarci-
noma cell lines? The fact that the MIF/p-DT receptor, CD74,
appears to be necessary for both activation (16, 18) and inhibi-
tion (Fig. 1D) of phenotypes indicates that other, as yet uniden-
tified, factors dictate MIF/p-DT-dependent activation or inhi-
bition of AMPK. Given the requirement for CD74 in both
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AMPK activating and inhibiting cell types, coupled with the fact
that MIF:CD74 signaling can occur through several different
co-receptor complexes (24, 46, 47), it is not unreasonable to
speculate that malignant cells differentially coordinate MIF/
D-DT co-receptor expression/activity as a means of evading
AMPK-dependent tumor suppression. Studies are currently
underway to examine this possibility.

In conclusion, we report for the first time that the cytokine/
growth factor family members, MIF and p-DT, functionally
inhibit steady-state phosphorylation and activation of AMPK
in an LKB1-independent manner. Because traditional AMPK
activating drugs such as metformin and AICAR are unable to
induce AMPK-dependent tumor suppression in LKBI mutant
NSCLC lesions (21), MIF and p-DT dual targeting small mole-
cules or neutralizing antibodies may represent a novel chemo-
therapeutic approach to human NSCLC clinical disease
management.
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