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SUMMARY

The antidiabetic drug phenformin displays potent
anticancer activity in different tumors, but its mecha-
nism of action remains elusive. Using Shh medullo-
blastoma as model, we show here that at clinically
relevant concentrations, phenformin elicits a signifi-
cant therapeutic effect through a redox-dependent
but complex I-independent mechanism. Phenformin
inhibits mitochondrial glycerophosphate dehydroge-
nase (mGPD), a component of the glycerophosphate
shuttle, and causes elevations of intracellular NADH
content. Inhibition of mGPD mimics phenformin
action and promotes an association between core-
pressor CtBP2 and Gli1, thereby inhibiting Hh tran-
scriptional output and tumor growth. Because abla-
tion of CtBP2 abrogates the therapeutic effect of
phenformin in mice, these data illustrate a bigua-
nide-mediated redox/corepressor interplay, which
may represent a relevant target for tumor therapy.

INTRODUCTION

The biguanides metformin and phenformin are antidiabetic

drugs associated with well-established anticancer properties in

preclinical and clinical settings (Pollak, 2013). Metformin is the

only biguanide currently approved for the treatment of type 2 dia-

betes, and it is the most prescribed oral antidiabetic drug world-

wide. Phenformin was prescribed for the treatment of diabetes

until 1977, and then its use was discontinued because of the

relatively more frequent occurrence of lactic acidosis compared

with metformin (Berger, 1985). However, studies in the last few

years have documented a wider and more pronounced anti-

tumor efficacy of phenformin compared with metformin, renew-

ing interest in this drug (Janzer et al., 2014; Rosilio et al., 2013;

Shackelford et al., 2013).

Mechanisms underlying the therapeutic effects of biguanides

in diabetes and cancer have been the subject of intense investi-

gation and debate. The most widely accepted model links the

effect of these drugs to their ability to inhibit mitochondrial respi-

ratory complex I, thereby inducing an imbalance of the intracel-

lular redox and energetic states and an increase in the NADH/

NAD+ and AMP/ATP ratios, respectively (Foretz et al., 2014).

A key target activated by the increase of the AMP/ATP ratio is

the energy sensor AMPK, which has been linked to many down-

stream effects of biguanides in previous studies. It was initially

proposed that the glucose-lowering effect of biguanides could

be attributed to their ability to activate LKB1/AMPK, thus

reducing hepatic glucose production by turning off the transcrip-

tional gluconeogenic program mediated by CRTC2-CREB

(Shaw et al., 2005; Zhou et al., 2001). However, it was later

discovered that the glucose-lowering effect of metformin is

intact in mice lacking AMPK in the liver, raising concerns about

the actual relevance of this kinase to the therapeutic response

to metformin (Foretz et al., 2010; Miller et al., 2013).

A substantial amount of work has also pointed to AMPK as a

key mediator of the direct anticancer properties of biguanides

and to AMPK-dependent inhibition of mammalian target of rapa-

mycin (mTOR), which suppresses protein synthesis, cell growth,

and viability (Shaw, 2009). In addition, biguanides have been
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found to inhibit mTOR activity independent of AMPK via regula-

tion of RAG-guanosine triphosphatase (GTPase) (Kalender et al.,

2010).

A crucial concern that has emerged in recent years is that most

studies used to elicit the previously described mechanisms

employ supra-pharmacological levels of biguanides in the milli-

molar range. In contrast, oral intake of biguanides in patients re-

sults in circulating concentrations within the low micromolar

range, 10- to 100-fold lower than those used in cellular studies

(He and Wondisford, 2015). For example, the in vitro inhibition

of complex I requires elevated doses of metformin, in the

1–5 mM range (El-Mir et al., 2000). This suggests that at physio-

logic doses, alternate targets and cellular events likely contribute

to the antitumor effects of biguanides.

Sonic hedgehog (Shh) medulloblastoma (MB) is a pediatric

brain tumor characterized by aberrant activation of Shh

signaling. This pathway regulates key steps during embryonic

and postnatal development and determines stem cell fate in

adulthood (Briscoe and Thérond, 2013).

Binding of the Shh ligand to its receptor Patched (Ptch) results

in de-repression of the transmembrane transducer Smoothened

(Smo). This triggers a signaling cascade involving the cyto-

plasmic regulator Suppressor of Fused (SuFu) ultimately acti-

vating Gli transcription factors (Gli1, Gli2, and Gli3). Gli1, a target

of Hedgehog (Hh) signaling, is a powerful transcription factor and

oncogene and is upregulated in tumors.

Mutations of genes encoding pathway components (Ptch,

Smo, SuFu, and Gli2) and causing upregulation of signaling are

typically found in the Shh MB subgroup. Hence, Hh inhibitors

represent an ideal class of drugs for treatment of this type of ma-

lignancy. The only U.S. Food and Drug Administration (FDA)-

approved compound, the Smo antagonist vismodegib, has

shown limited efficacy in patients due to the occurrence of novel

Smo mutations or post-receptor mutations. Therefore, other

strategies focused on post-receptor inhibition of Hh (Di Magno

et al., 2015) are gaining ground. In this regard, our group and

others have observed that AMPK turns off canonical Hh signaling

by phosphorylating and inhibiting Gli1 (Di Magno et al., 2016; Li

et al., 2015), leading to the assertion that pharmacological acti-

vation of AMPK could represent a promising avenue for inhibiting

Hh signaling and counteracting Hh-dependent tumors.

Here we demonstrate a mechanism for phenformin-mediated

suppression of tumor growth that is independent of both com-

plex I and AMPK. We show that phenformin inhibits Shh MB

tumor growth via an interplay between metabolism and tran-

scriptional repression.

RESULTS

Clinical Doses of Phenformin Elicit a Therapeutic Effect
on Hh-Dependent Tumors
We tested the effect of metformin and phenformin on the growth

of Med1-MB cells, a tumor cell line in which developmental Hh

signaling is aberrantly activated (Hayden Gephart et al., 2013;

Tang et al., 2014; Goodrich et al., 1997). Both biguanides were

tested within the micromolar range (1–100 mM) in media contain-

ing 5.5 and 0.75 mM glucose, corresponding to the average

physiological plasma fasting and estimated cancer tissue

glucose concentrations, respectively (Birsoy et al., 2014). To pre-

vent glucose depletion, medium was replaced every 6 h. Expo-

sure of Med1-MB cells to metformin did not cause significant

change of tumor growth in either glucose regimen (Figure 1A,

top) at any of the concentrations tested, likely a reflection of

low levels of metformin OCT1 and OCT3 transporters in these

cells, as observed in other tumors (Jackson et al., 2017; Segal

et al., 2011). Conversely, the more permeable phenformin

induced significant inhibition of cell growth starting from doses

as low as 1–5 mMat both glucose concentrations, with a stronger

effect at 0.75 mM glucose (Figure 1A, bottom; Figure S1A).

Similar data were observed in primary cultures of Shh MB, ob-

tained from Math1-CRE;Ptch1loxP/loxP mice (Yang et al., 2008).

Micromolar doses of phenformin also caused a reduction of tu-

mor cell growth in this model, confirming the inhibitory effect in

cell culture (Figure S1B).

It was previously shown that biguanides inhibit tumor growth

in cells with defective mitochondrial function or impaired glucose

Figure 1. Phenformin Treatment Inhibits Shh MB Growth at Clinical Concentrations

(A) Med1-MB cells were treated with metformin (top) or phenformin (bottom) at different concentrations, as indicated in the figure, in media containing 5.5 mM

(left) or 0.75 mM (right) glucose. Data are representative of three independent experiments, each performed in triplicate.

(B) Blood phenformin levels following oral gavage (o.p.) administration in C57BL/6J mice (n = 6). Blood samples were collected 30 min, 1 h, and 2 h after

administration of phenformin (100, 200, and 400 mg/kg, respectively) and analyzed by high-performance liquid chromatography (HPLC).

(C) HPLC analysis of circulating blood plasma phenformin from C57BL/6J mice (n = 4) after tail vein injection, at the indicated concentrations.

(D) HPLC analysis of phenformin in circulating blood plasma from C57BL/6J mice (n = 6). Blood plasma samples were analyzed after 10 days of ad libitum

administration of phenformin (300 mg/kg/day) in the drinking water. Vehicle, water.

(E) Top, left: growth curves of allograft tumors after injection of primary MB cells from Math1-CRE;Ptch1loxP/loxP mice in CD1-nude mice treated with vehicle

(water) or phenformin (300 mg/kg/day) ad libitum per os. Tumor volume (in cubic centimeters) was measured at the indicated times. Tumor volume (top,

middle) and weight (bottom, middle) were measured at the end of the experiment. Right: representative images of allografted mice and isolated tumors at the

end of the experiment. Ki-67 staining in excised Med1-MB allograft tumor tissues in phenformin-treated mice or the untreated group is shown. n = 6. Scale

bar, 150 mm.

(F) HPLC analysis of phenformin concentration in MB tissues fromMath1-CRE;Ptch1loxP/loxP mice (n = 4) following i.v. administration of phenformin (12.5 mg/kg)

at the indicated time points.

(G) Phenformin concentration in MB tissues derived fromMath1-CRE;Ptch1loxP/loxP mice (n = 4) treated with vehicle (water) or phenformin (200 mg/kg) for 7 days

via o.p., as determined by HPLC.

(H) Kaplan-Meier curve of Math1-CRE;Ptch1loxP/loxP mice treated with vehicle (water) (n = 8) or phenformin (300 mg/kg, n = 8) in the drinking water. p = 0.044 as

determined by log-rank test.

All data are represented as the mean ± SD of three independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, by unpaired t test.

See also Figure S1.
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utilization (Birsoy et al., 2014). Thus, we wondered whether our

cells were also characterized by any of these defects. Analysis

of publicly available gene expression data showed a significant

decrease of the glucose utilization signature in Shh MB (Fig-

ure S1C). These results were supported by the low levels of

glucose transporter GLUT1 and/or of all tested glucose utiliza-

tion signature genes in primary Shh MB, compared with normal

cerebellum, or in Med1-MB cells, compared with tumor cells

with intact glucose utilization (Figures S1D and S1E). Altogether,

these results suggest that Shh MB and Med1-MB cells have

glucose utilization defects.

We next sought to determine the most appropriate concentra-

tion of phenformin usage by measuring the plasma levels of the

drug in mice (Figure S1F). Similar to a previous report (Bando

et al., 2010), we administered increasing amounts of phenformin

via oral gavage andmeasured the blood concentration at various

time points. As shown in Figure 1B, the highest concentration

detected after 1 h from oral administration of 400 mg/kg of

drug did not exceed 5 mM, while higher doses were not tolerated

by the animals. Similar results were observed when we adminis-

tered increasing amounts (1–12.5 mg/kg) of phenformin via tail

vein injections (Figure 1C).We also evaluated average circulating

concentrations of phenformin reached in a cohort of mice

treated with 300 mg/kg/day in the drinking water, corresponding

to the maximum administrable dose in this model (Appleyard

et al., 2012; Huang et al., 2008). Under these conditions, the

plasma concentration of the drug following 10 days of treatment

was about 1.4 mM (Figure 1D), which corresponds to the average

plasma concentration observed in diabetic patients treated with

phenformin (Nattrass et al., 1980). Thus, we established 1–5 mM

as the proper therapeutic range (hereafter called the therapeutic

dosage) of phenformin concentrations to be used in the subse-

quent analyses.

We grafted tumor cells from freshly isolated ShhMB, obtained

from the Math1-CRE;Ptch1loxP/loxP mice described earlier, into

the flanks of immunodeficient athymic nude mice. When the

average tumor volume reached 100 mm3, mice were treated

with 300 mg/kg/day phenformin per os (Appleyard et al., 2012),

and growth of the tumor masses was measured every 3 days.

Compared with controls, phenformin-treated tumor growth

slowed markedly, resulting in a significant decrease in tumor

size and weight and of cellular proliferation, as assessed by Ki-

67 staining (Figure 1E). To determine the effect of phenformin

on spontaneously generated intracranial Shh MB, we measured

the intratumor concentrations of the biguanide after oral gavage

or intravenous (i.v.) administration in Math1-CRE;Ptch1loxP/loxP

mice. In all conditions, the drug was detected in the tumors,

reaching a maximum concentration of 1.4 mM within 0.5 h of

treatment (Figures 1F and 1G), indicating that the drug crosses

the blood-brain barrier (BBB) to access intracranial tumors. We

also studied the effect of oral administration of phenformin on

overall survival in these mice. Although control littermates had

median survival of 49 days from the beginning of the treatment,

the survival of mice treated with phenformin was increased by

almost 40% (68 days after treatment), indicating the preclinical

efficacy of this drug on intracranial, spontaneously generated tu-

mors (Figure 1H).

Phenformin Inhibits Hh Signaling Independent of the
Energy-Sensing Machinery
Because aberrant Hh signaling is a key tumorigenic driver in the

Shh MB subgroup, we hypothesized that the observed inhibitory

effect could result from an inhibition of this pathway. Accord-

ingly, we found that treatment of primary cultures of mouse

Shh MB and Med1-MB cells with therapeutic concentrations of

phenformin downregulated mRNA levels of Gli1, a well-estab-

lished Hh target gene (Figure 2A). We also tested the drug

on DAOY cells, an Hh-responsive MB cell line (Götschel

et al., 2013). Treatment of these cells with the Smoothened

agonist (SAG) (Götschel et al., 2013) increased Gli1 levels, and

this effect was prevented by the biguanide treatment (Figure 2B).

A decrease ofGli1mRNA levels was also observed in intracranial

Figure 2. Phenformin Inhibits Hh Signaling Independent of AMP-Mediated Mechanisms

(A) RelativeGli1mRNA expression levels in primary tumorspheres derived fromMath1-CRE;Ptch1loxP/loxP mice (left) and Med1-MB cells (right) as determined by

qPCR. Cells were treated with vehicle (DMEM) or phenformin at the indicated concentrations in media containing 0.75mMglucose for 48 h. Gli1 protein levels are

shown. Tubulin was used as loading control.

(B) Gli1 levels from DAOY cells treated with SAG or DMSO and phenformin (5 mM) for 48 h. Tubulin was used as loading control.

(C) RelativeGli1mRNA expression levels in intracranial MB derived fromMath1-CRE;Ptch1loxP/loxP mice from Figure 1G. Data were normalized to the expression

of L32 mRNA and are represented as fold change relative to control (vehicle) sample.

(D) Left: relative expression of Gli1, Ptch1, and CyclinD2 mRNA in vehicle-treated (DMEM) or phenformin-treated (5 mM) primary tumorspheres from Math1-

CRE;Ptch1loxP/loxP mice, as evaluated by qPCR. Expression levels were normalized to L32 mRNA and represented as fold change relative to control (vehicle)

sample. Right: western blot analysis of the indicated targets inMed1-MB cells after 48 h of treatment with phenformin (5 mM) or vehicle (DMEM). Vinculin was used

as loading control.

(E) Western blot analysis of DAOY cells stably transduced with control (shCtrl) or SuFu-specific (shSuFu) shRNAs and treated with phenformin (5 mM) or KAAD-

cyclopamine (KAAD, 1 mM) for 48 h. Gli1 and SuFu protein levels are shown. Vinculin was used as loading control. Non-contiguous lanes are indicated.

(F) Western blot analysis of tumor tissues from CD1-nude mice allografted with primary MB cells from Math1-CRE;Ptch1loxP/loxP mice. Mice were treated with

phenformin (12.5 mg/kg, i.v.) for 1, 2, and 4 h, and samples were collected at the end of each time point. Lysates were immunoblotted with the indicated an-

tibodies. Densitometric analysis was performed and phosphorylated to total protein ratios calculated.

(G) (Left) Proliferation assay and (right) western blot analysis of Med1-MB cells expressing control (shCtrl) or AMPKa1-specific (shAMPK) shRNAs and treated

with phenformin (5 mM) for 48 h. Gli1 and AMPK protein levels are shown. Vinculin was used as loading control.

(H) Gli1 phosphorylation in Med1-MB cells transfected with human FLAG-Gli1 and treated with phenformin at the indicated concentrations for 1 h. After FLAG

immunoprecipitation, Gli1 phosphorylation was detected by immunoblotting with anti-phospho serine AMPK substrate antibody.

All data are represented as themean ±SD of three independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant, by

ANOVA and unpaired t test.

See also Figure S2 and Tables S1 and S2.
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Shh MB from Math1-CRE;Ptch1�/� mice treated with phenfor-

min, further demonstrating the ability of the drug to cross the

BBB and accumulate to levels sufficient for inhibition of Hh

signaling (Figure 2C).

Phenformin also inhibited Ptch1, cyclin D2, cyclin D1, cyclin A,

and cyclin E and increased p21 levels, indicating that this drug

antagonizes Hh-dependent activation of key cell-cycle targets

(Che et al., 2013; Kenney and Rowitch, 2000; Plaisant et al.,

2011) at therapeutic doses (Figure 2D).

Next, we examined whether additional tumor types with mo-

lecular pathology similar to Shh MB would respond to bigua-

nides. Two additional tumor cell lines were examined: ASZ001

(basal cell carcinoma) and TC71 (Ewing sarcoma), both charac-

terized by aberrant alteration of Hh signaling and upregulation of

Gli1 (Aszterbaum et al., 1999; Beauchamp et al., 2009, 2011).

Consistent with the results in Shh MB, phenformin inhibited tu-

mor growth and Gli1 mRNA in both cell types (Figure S2A), sug-

gesting the conservation of the mechanism in tumors dependent

on the Hh/Gli pathway.

To establish the molecular mechanism by which phenformin

regulates the Hh pathway, we knocked down the cytoplasmic in-

hibitor SuFu from DAOY cells. As predicted (Gruber et al., 2018),

suppression of SuFu augmented Hh transcriptional activity inde-

pendent of Smo receptor, as evidenced by the increased levels

of Gli1 that were not reduced by the Smo inhibitor KAAD-cyclop-

amine. Conversely, phenformin treatment resulted in significant

inhibition of Gli1 protein in SuFu-deficient cells, indicating that

the drug acts downstream of Smo, likely by affecting Gli activity

(Figure 2E). Studies show that canonical Hh signaling can be in-

hibited by AMPK-dependent Gli1 phosphorylation (Di Magno

et al., 2016; Li et al., 2015). Based on the reported ability of phen-

formin to activate AMPK, we examined whether our observa-

tions of phenformin-dependent suppression of tumor growth

could be attributed to this mechanism.

Time-dependent treatment of Med1-MB cells with therapeutic

doses of phenformin failed to activate AMPK, as determined by

the phosphorylation of T172-AMPK (pAMPK) or phosphorylation

of ACC (pACC) and phosphorylation of Raptor (pRaptor), two

well-known substrates of AMPK. By contrast, treatment with a

higher dose (1 mM) of phenformin robustly increased phosphor-

ylation of all three proteins (Figure S2B). To determine the phys-

iological relevance of this observation, we studied pAMPK,

pACC, and pRaptor in tumor tissues frommice treated at various

time points (1, 2, and 4 h) with the maximum tolerated dose

(12.5 mg/kg) of phenformin (Figure S2C). Supporting the

in vitro data, AMPK signaling remained unchanged in tumors

from phenformin-treated mice compared with mice treated

with vehicle (Figure 2F). Similar results were observed in the liver

of the same mice (Figure S2D), in keeping with previously pub-

lished results (Madiraju et al., 2018). Conversely, analysis of

AMPK signaling in the lung (the first tissue reached after tail

vein injection) showed increasedpAMPKandpACC (Figure S2E),

according to previous work (Shackelford et al., 2013).

Because biguanides are known to accumulate in the mito-

chondrial matrix over time, we tested the effect of long-term

exposure of the drug. We incubated Med1-MB cells for 2, 6,

and 12 days with therapeutic concentrations of phenformin, re-

placing the drug every day. However, despite these prolonged

treatments, phenformin did not change pAMPK and pACC

levels, ruling out the possibility of an accumulation-dependent

effect on this signaling (Figure S2F).

Consistent with the in vitro data, the phosphorylation status of

AMPK and its targets in tumor tissues was not modified by

chronic oral administration of phenformin in mice (Figure S2G).

Altogether, these data demonstrate the absence of phenfor-

min-dependent AMPK signal activation irrespective of time,

dose, and/or conditions of treatment.

To further address the involvement of the AMPK-Gli1 axis in

the observed effect, we depleted Med1-MB cells of AMPKa1,

the only AMPK catalytic isoform expressed in these cells (Fig-

ure S2H). The efficacy of knockdown was ascertained by the

loss of pACC and pRaptor in AMPK-deficient cells treated with

1 mM phenformin (Figure S2I). As shown in Figure 2G, 5 mM

phenformin treatment resulted in inhibition of endogenous Gli1

expression and a decrease in cell proliferation. Both effects

were comparable and independent of AMPK expression.

Notably, phenformin failed to induce the AMPK-mediated phos-

phorylation of exogenous Gli1 at the therapeutic doses, an effect

that could instead be observed at 1 mM concentration (Fig-

ure 2H). Altogether, these data indicate that the inhibitory effect

of therapeutic doses of phenformin on Hh signaling and tumor

growth is independent of AMPK-mediated inhibition of Gli1.

In most cases, the antitumor properties of biguanides have

been attributed to their ability to directly or indirectly inhibit

mTOR, a kinase often upregulated in tumors that also modulates

Gli activity (Wang et al., 2012). Thus, we investigated the involve-

ment of mTOR by analyzing the phosphorylation levels of its sub-

strates S6 and 4E-BP1 in Med1-MB and in tumor samples of

mice (from Figure 1E). Phosphorylation of S6 (pS6) and phos-

phorylation of 4E-BP1 (p4E-BP1) were not affected by phenfor-

min at the micromolar concentrations in either Shh MB cell lines

(Figure S2J) or tumor samples from mice acutely or chronically

treated with phenformin (Figure 2F; Figure S2K). However, bi-

guanide treatment reduced pS6 and p4E-BP1 levels at 1 mM

(Figure S2J), demonstrating that under therapeutic conditions,

phenformin exerts its antitumor effect through mTOR-indepen-

dent mechanisms.

Because it was found that biguanides also affect protein kinase

A (PKA) activity in the liver by depleting AMP and thus cyclic AMP

(cAMP) levels (Miller et al., 2013),wealso tested the levels ofphos-

phorylated CREB (pCREB), a PKA target that may play a role in

tumorigenesis (Steven and Seliger, 2016). Phenformin did not

modify pCREB levels at the concentrations tested (Figure S2L).

Altogether, these observations indicate that at the established

therapeutic concentrations, phenformin does not affect the pre-

viously characterized AMP-dependent targets.

The Antitumor Effect of Phenformin Is Mediated by
mGPD-Dependent Changes of the Redox State
Because biguanides are believed to exert most of their actions

by inhibiting mitochondrial respiratory complex I (Dykens et al.,

2008; El-Mir et al., 2000; Owen et al., 2000), we studied whether,

under our experimental conditions, the activity of this complex is

affected by the drug. Inhibition of complex I leads to a decrease

in oxidative phosphorylation and a concomitant reduction of ox-

ygen consumption and energy balance, with a parallel increase

1740 Cell Reports 30, 1735–1752, February 11, 2020
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Figure 3. Phenformin Increases the Redox State in Shh MB Cells

(A and B) OCR (A) and ATP (B) content in Med1-MB cells treated with phenformin (5 mM; 6, 24, and 48 h) in media containing 0.75 mM glucose. Results were

normalized for protein content. ATP content is expressed as relative luminescence units (RLUs).

(legend continued on next page)
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of the redox state, due to the lack of oxidation of the reducing

equivalents.

In contrast with this scenario, time-dependent (6, 24, and 48 h)

treatment with therapeutic doses of phenformin showed an oxy-

gen consumption rate (OCR) that was not significantly altered

(Figure 3A), whereas it was strongly inhibited by the standard

complex I inhibitor rotenone or by 1mMphenformin (Figure S3A).

Consistent with these data, ATP content was also not modified

by phenformin, while it was significantly reduced by rotenone

(Figures 3B; Figure S3B). However, the lactate/pyruvate ratio

and the total NADH content were significantly increased in phen-

formin-treated cells, documenting an increase of the intracellular

redox state (Figures 3C and 3D). Similar alterations were

observed in mice with allografted (from Figures 1E and 2F) or

spontaneously generated Shh MB tumors chronically or acutely

treated with phenformin per os or i.v. These tumor samples

showed a significant increase in the lactate/pyruvate ratio and

NADH content, while the ATP levels were unchanged (Figure 3E;

Figures S3C and S3D), further indicating the exclusive modifica-

tion of the redox state in phenformin-treated tumors in vivo.

To specifically address the requirement of complex I in this

context, we transduced MB cells with retroviruses expressing

NDI1, a budding yeast NADH-quinone oxidoreductase. NDI1

transfers electrons from NADH to ubiquinone in the respiratory

chain and functionally complements respiratory chain complex

I in mammalian cells (Seo et al., 1998), rendering NDI1 cells inde-

pendent of complex I for respiration and insensitive to rotenone

inhibition (Ota et al., 2009; Seo et al., 1999).

Analysis of OCR revealed that NDI1-expressing Med1-MB

cells did not show change in basal respiration compared with

controls (Figure S3E). Because NDI1 expression increases basal

OCR in cells with impaired respiration (Birsoy et al., 2014), these

data ruled out mitochondrial dysfunctions in Med1-MB cells.

As expected, rotenone failed to inhibit OCR and ATP produc-

tion, and no change was observed in pAMPK, pACC, and

pRaptor in NDI1-expressing Med1-MB cells (Figures 3F and

3G; Figure S3F). Similarly, supra-physiological (100 mM) doses

of phenformin increased pAMPK and its targets in wild-type

(WT) cells, but not in NDI1-expressing cells (Figure S3G). There-

fore, these experiments confirmed that NDI1-expressing Med1-

MB cells are independent from complex I for respiration.

Remarkably, phenformin treatment continued to inhibit tumor

growth and expression of Gli1 mRNA in NDI1-expressing MB

tumors in mice and in cultured Med1-MB cells (Figure 3H; Fig-

ure S3H). In addition, in cells lacking complex I (stably express-

ing short hairpin RNA [shRNA] against mammalian NDUFS3, a

subunit of mammalian complex I) but expressing NDI1, phenfor-

min still inhibited cell growth and Gli1 expression (Figures S3I

and S3J), indicating that phenformin displays its antitumor ef-

fects in the absence of complex I.

Altogether, these observations demonstrate that phenformin

antitumor effects in vitro and in vivo are independent of complex

I in this context and point to an alternative target that alters the

redox balance while mediating antitumor properties at therapeu-

tic concentrations of phenformin.

Relevant to this study, a previous report demonstrated that

biguanides inhibit enzymatic activity of the mitochondrial glycer-

ophosphate dehydrogenase (mGPD) enzyme, a component of

the glycerophosphate shuttle, inhibition of which leads to an in-

crease of the redox state, accumulation of lactate, and suppres-

sion of hepatic gluconeogenesis (Madiraju et al., 2014).

We examined whether mGPD was similarly affected in our tu-

mor models, and mGPD activity was assessed in Shh MB tumor

extracts treated with phenformin or its corresponding control. In

keeping with the previous report, we observed that therapeutic

concentrations of phenformin inhibited the activity of immunoaf-

finity-purified mGPD from ShhMB and liver, as demonstrated by

a change in absorbance at 600 nm using 2,6-dichloroindophenol

(DCIP) substrate (Figure 4A; Figure S4A). Phenformin treatment

also caused an increase of glycerol-3-phosphate (G3P), the

mGPD substrate, in MB from Math1-CRE;Ptch1loxP/loxP mice

and in Med1-MB cells (Figure 4B; Figures S4B and S4C).

Conversely, the complex I inhibitor rotenone failed to induce

change in G3P content (Figure 4C), indicating the specificity of

the increase of this metabolite in response to mGPD inhibition.

Next, we examined whether direct inhibition of mGPD could

reproduce the effect of phenformin in Shh MB cells, using

shRNA-mediated lentiviral knockdown of mGPD. Ablation of

mGPD caused a significant increase in G3P, the lactate/pyruvate

ratio, and NADH (Figure 4D; Figure S4D), indicating that mGPD

deficiency mimics the effect of phenformin on the redox balance

in tumor cells. In keeping with this finding, ablation of mGPD, but

not of the cytoplasmic GPD (cGPD), caused a significant

decrease of Med1-MB cell proliferation (Figure 4E; Figure S4E),

and cells were refractory to the growth inhibitory effect of phen-

formin, clearly indicating that mGPD is required for tumor growth

and is likely the critical target for phenformin. Supporting our ob-

servations that phenformin-mediated inhibition of growth is

(C and D) L-lactate production (C) and NADH (D) content were determined in Med1-MB cells following treatment with phenformin (5 mM) and rotenone (1 mM) for 6

h. L-lactate production is expressed as the lactate/pyruvate ratio.

(E) ATP content (left), L-lactate production (middle), and NADH production (right) in allografted tumors (from Figure 1E), measured at the end of chronic phen-

formin treatment (300 mg/kg/day, per os).

(F and G) OCR (F) and pACC, pRaptor, and pAMPK (G) in Control-Med1-MB and NDI1-Med1-MB cells following treatment with rotenone (40 nM) for 1 h. Vinculin

was used as loading control. OCR results were normalized for protein content. Non-contiguous lanes are indicated.

(H) Top, left: growth curves of allograft tumors after injection of Control-Med1-MB and NDI1-Med1-MB cells into the flanks of non-obese diabetic (NOD)/severe

combined immunodeficiency (SCID) mice. Mice were treated for 24 days with vehicle (water) or phenformin (300 mg/kg/day) ad libitum per os. n = 5. Bottom, left:

average tumor volumes (in cubic centimeters). Middle: representative images of excised allografted tumors at the end of the experiment. Top, right: Gli1 protein

levels and vinculin (loading control) in tumor lysates. Bottom, right:Ndi1mRNA levels of Control-Med1-MB and NDI1-Med1-MB cells at injection into the flanks of

NOD/SCID mice and in excised allografted tumors at the end of the experiment. Data were normalized to L32 mRNA expression levels.

All data are represented as themean ±SD of three independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant, by

ANOVA and unpaired t test.

See also Figure S3.
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independent of mTOR signaling, p4E-BP1 and pS6 levels were

notmodified by either phenformin ormGPDdepletion inMB cells

(Figure 4F).

Considering the importance of mGPD in cellular metabolism,

we examined whether phenformin treatment or depletion of

mGPD altered the metabolic profile of Med1-MB cells using un-

targeted quantitative 1H-NMR spectroscopy. A total of 27 me-

tabolites were detected, but only a few were significantly

changed upon short hairpin mGPD (sh-mGPD) lentiviral knock-

down or phenformin treatment. Interestingly, we observed a

significant correlation between the two groups (Figure 4G; Fig-

ure S4F). Both conditions caused significant elevation of lactate

and fumarate, likely a consequence of FAD+ accumulation and

due to a block of the glycerophosphate shuttle (see Figure 4D),

which correlates with an increase in the redox state. Glutami-

nolysis metabolites, as well as nucleotides, amino acids, and

phospholipid metabolites, was not significantly modified in

either group. However, independence from complex I and en-

ergy balance was evident by the absence of significant change

in the intermediates of the tricarboxylic acid (TCA) cycle,

including aspartate, a marker of electron transport chain integ-

rity (Birsoy et al., 2015; Cardaci et al., 2015).

Together with the rest of the data, these overlapping metabo-

lomic profiles of mGPD-depleted and phenformin-treated cells

indicate that phenformin mediates its growth inhibitor effects

through mGPD inhibition (Figure 4G).

Both mRNA and protein levels of Gli1 were reduced upon

knockdown of mGPD, and the lack of mGPD prevented further

reduction of Gli1 by phenformin, thereby linking phenformin to

Hh-dependent gene expression (Figure 4H) via mGPD. Finally,

treatment of MB cells with a selective mGPD agonist, iGP-1

(Orr et al., 2014), resulted in significant inhibition of tumor growth

and Hh signaling (Figure 4I), and this effect was not augmented

by phenformin cotreatment.

Altogether, these studies provide strong evidence for mGPD

as a key target for phenformin-dependent inhibition of tumor

growth and Hh signaling.

The NADH-Dependent Transcriptional Corepressor
CtBP2 Mediates Phenformin-Induced Hh Inhibition
Having found that mGPD mediates the phenformin effects in

tumors by inducing accumulation of NADH, we examined

whether such a shift in redox imbalance could drive the inhibition

of Hh-dependent gene expression and tumor growth. Because

phenformin inhibits Hh-mediated transcription downstream of

SuFu, we reasoned that a corepressor with the ability to sense

the NADH levels and to inhibit Hh signaling could mediate the

observed effect, possibly by associating with Gli.

We hypothesized that the transcriptional repressors C-termi-

nal binding protein 1 and 2 (CtBP1 and CtBP2), which sense

and link changes in NADH levels to transcriptional inhibition,

may play a role in Gli1-mediated repression of downstream tar-

gets (Chinnadurai, 2002).

In coimmunoprecipitation assays, we observed that Gli1 binds

to CtBP2, but not CtBP1, in Med1-MB cells (Figure 5A).

Conversely, CtBP2 did not associate with Gli2 and Gli3, other

two Hh-regulated transcription factors (Figure S5A). Further-

more, phenformin treatment augmented the association be-

tween CtBP2 and Gli1 or its well-known partner HDAC2 (Zhao

et al., 2006, 2009) (Figure 5B). This increased association was

detected after 30min of phenformin treatment and remained sta-

ble for the subsequent time points. The levels of pAMPK and

pACC were unchanged under these conditions, confirming the

lack of involvement of this signaling in the observed mechanism.

CtBP2 recruitment over the Gli target gene Ptch1 was also

increased (Figure 5C), indicating a drug-induced complex forma-

tion at the chromatin level. Supporting the specific ability of

CtBP2 to limit Hh activity at a downstream level, ectopic expres-

sion of CtBP2 specifically reduced Gli1-responsive reporter

activity, an effect abrogated by small interfering RNA (siRNA)-

mediated knockdown of Gli1 (Figure 5D).

To prove the functional connection of CtBP2 with mGPD, we

used a dual lentivirus-mediated knockdown strategy in Med1-

MB cells. Ablation of mGPD caused significant inhibition of cell

growth (Figure 5E) andHh signaling (Figure 5F) thatwas prevented

Figure 4. Inhibition of mGPD Mimics the Phenformin Effect in Tumor Cells

(A) Enzyme assay onmGPD purified fromMBmitochondrial lysate derived fromMath1-CRE;Ptch1loxP/loxP mice (n = 3). Incubation was performed with or without

phenformin (5 mM) in the presence of DCIP as the electron acceptor. Activity was determined as loss of absorbance at 600 nm and expressed as a percentage of

control (untreated) sample. Immunoprecipitated levels of mGPD are shown.

(B) G3P levels in MBs from Math1-CRE;Ptch1loxP/loxP mice after long-term phenformin treatment (200 mg/kg/day, o.p.). n = 3.

(C) G3P levels in Med1-MB cells following treatment with phenformin (5 mM) or rotenone (1 mM) for 6 h.

(D) G3P concentration (left), L-lactate production (middle) and NADH content (right) in shControl (shCtrl)-expressing and sh-mGPD-expressing Med1-MB cells.

Gli1 and mGPD protein levels are shown. Vinculin was used as loading control.

(E) Proliferation assay on Med1-MB cells expressing shCtrl or cGPD- and mGPD-specific shRNAs and treated with phenformin (5 mM) for 72 h.

(F) Med1-MB cells expressing shCtrl or mGPD-specific shRNAs were treated with phenformin (5 mM) for 1, 2, and 4 h. Lysates were analyzed by immunoblot for

the indicated proteins.

(G) Correlation between phenformin-treated and mGPD-knockdown Med1-MB cell metabolites, expressed as the ratio of individual metabolites to all NMR

metabolites and normalized to control samples. Spearman’s correlation coefficient and significance are shown. Colored dots indicate metabolites with p < 0.05 in

both groups (green, L-lactate; red, fumarate).

(H) Expression of Gli1mRNA (left) and Gli1 protein levels (right) in vehicle-treated (DMEM) or phenformin-treated (5 mM) Med1-MB cells expressing shCtrl or sh-

mGPD as determined by qPCR andwestern blot. Expression levels were normalized to L32mRNA levels, and tubulin levels are shown as control. Non-contiguous

lanes are indicated.

(I) Left: proliferation assay on Med1-MB cells treated with phenformin (5 mM) or iGP-1 (100 mM) alone or in combination for the indicated time points. Right: qPCR

of the Gli1 gene in Med1-MB cells collected at the end of the experiment (72 h). mRNA levels were normalized to the expression of L32.

All data are represented as the mean ± SD of three independent experiments, each performed in triplicate. **p < 0.01, ***p < 0.001, ns, not significant, by ANOVA

and unpaired t test.

See also Figure S4 and Tables S1 and S2.
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Figure 5. CtBP2 Acts as a Downstream Phenformin Mediator and Inhibits Gli1

(A) Immunoprecipitation assay on Med1-MB cells transiently transfected with hemagglutinin (HA)-tagged CtBP1 or FLAG-tagged CtBP2 plasmids. Lysates were

immunoprecipitated with FLAG or HA antibodies, and western blot analysis was performed. Coimmunoprecipitated endogenous Gli1 protein levels are shown.

Antibodies saturated with FLAG peptide and HA peptide before immunoprecipitation (IP) were used as negative controls.
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by CtBP2 knockdown, clearly demonstrating the requirement of

the redox sensor CtBP2 for the antitumor effect of mGPD.

To evaluate the pathophysiological relevance of this mecha-

nism, we studied the phenformin response in CtBP2-deficient

tumors. We transducedMed1-MB cells with lentiviruses express-

ing shCtBP2 or shControl shRNAs and tested their response to

the biguanide. As shown in Figures S5B–S5D, phenformin failed

to suppress tumor cell growth andGli1 expression in cultured cells

lacking CtBP2. We then grafted CtBP2-deficient or control Shh

MB cells into immunodeficient nude mice until the tumor volumes

reached 100 mm3. Mice were divided in two groups (Figure S6A):

one was treated with 300 mg/kg/day per os, and the other group

was left untreated. The growth rate, tumor volumes, and weights

were significantly reduced by phenformin in control Shh MB but

were not affected by the drug in CtBP2-deficient tumors (Figures

6A and 6B). Supporting these results, Gli1 and Ki-67 levels (Fig-

ures 6C and 6D) were reduced by phenformin in control tumors

but were unchanged in samples lacking CtBP2.

We also ruled out the involvement of mTOR signaling, as

demonstrated by the unmodified p4E-BP1 and pS6 in CtBP2-

deficient tumors from mice treated with phenformin at early

and late time points (Figures 6C and 6E). Furthermore, CtBP2

levels were not modified by phenformin treatment (Figure S6B).

Altogether, these data demonstrate that the Gli1-CtBP2 com-

plex formation, induced by mGPD-mediated increase of NADH,

is a key event underlying the inhibitory effect of phenformin onHh

signaling and tumor growth (Figure 6F).

DISCUSSION

In this work, we have demonstrated that tumors characterized by

inappropriate activation of the Hh pathway are markedly vulner-

able to phenformin. A critical and controversial aspect for under-

standing the mechanism underlying growth inhibitory effects of

phenformin has been selection of a dosage range that accurately

reflects dosage used in therapeutic settings. Based on previous

observations in patients, observations in mice and our own ana-

lyses, we have established that 1–5 mM is the appropriate con-

centration range to achieve therapeutic benefit of phenformin.

Circulating levels beyond these values were not tolerated in

our animal models and, to our knowledge, have never been re-

ported in patients. Another important parameter that we have

carefully evaluated is the glucose concentration, which was

maintained within the physiological range. In this regard, a previ-

ous work (Birsoy et al., 2014) showed that glucose utilization de-

fects or impaired respiration are important determinants for tu-

mor cell sensitivity to biguanides and glucose limitations

(Birsoy et al., 2014). Consistent with those observations, we

found that Shh MB tumor cells are more sensitive to phenformin

under low glucose conditions and show markers of glucose uti-

lization defects, but not of impaired respiration.

In some tumors, the therapeutic properties of biguanides have

been attributed to their ability to lower insulin/insulin growth fac-

tor 1 (IGF1) signaling (Algire et al., 2011; Goodwin et al., 2008)

through a systemic, indirect effect. However, this mechanism

appears to be of particular relevance to hyperinsulinemic tumor

patients, whose cancer may be growth-stimulated by insulin

(Algire et al., 2011; Pollak, 2012). We ruled out contribution of

the insulin/IGF1 pathway in our studies by using normoglycemic

animals and by ascertaining that insulin signaling was not altered

in Shh MB tumors from phenformin-treated mice (data not

shown).

In this study, we have also demonstrated that the antitumor ef-

fect of phenformin on Shh MB is independent of respiratory

complex I and the associated perturbations of the energy bal-

ance. Complex I has been a topic of extensive debate and was

demonstrated to be an important mechanism for biguanide ac-

tion in several studies (Fontaine, 2018; He and Wondisford,

2015; Rena et al., 2017). A major concern is that although the

concentrations of biguanides to inhibit purified complex I in

cell-free biochemical assays are within the supra-physiological

millimolar range (Bridges et al., 2014; Owen et al., 2000;

Wheaton et al., 2014), the mean plasma and tissue levels of

the drugs are hundreds of times lower, even after administration

of the maximum tolerated doses (Nattrass et al., 1980; Scheen,

1996). Studies have proposed a plausible explanation for this

apparent discrepancy. It has been observed that due to their

positive charge, biguanides tend to accumulate in the mitochon-

drial matrix in a voltage-dependent manner (Bridges et al., 2014).

In particular, it was shown that phenformin accumulates in the

mitochondria and reaches the maximum levels within 6 h, with

a half maximal inhibitory concentration (IC50) for complex I inhi-

bition within the micromolar range (Bridges et al., 2014).

Recently, using a methodology called 4-[18F]fluorobenzyl-tri-

phenylphosphonium (18F-BnTP PET) imaging, which allows

detection of in vivo changes of mitochondrial membrane poten-

tial, Momcilovic and colleagues showed that in lung cancer cells,

administration of phenformin decreases the uptake of the tracer,

(B) Med1-MB cells were transfected with FLAG-tagged CtBP2 and treated with phenformin (5 mM) for the indicated times. Cellular extracts were immunopre-

cipitated with FLAG antibody and analyzed by western blot. Endogenous Gli1 protein levels are shown.

(C) Chromatin immunoprecipitation (ChIP) assay on Med1-MB cells treated with vehicle (DMEM) or phenformin (5 mM) for 6 h. Immunoprecipitation was per-

formed with a CtBP2-specific antibody, and fold enrichment over immunoglobulin G (IgG) control was determined by qPCR analysis with primers encompassing

the Ptch1 promoter. Hprt was used as negative control.

(D) Effects of CtBP2 overexpression onGli1 transcriptional activity inMed1-MBcells expressing siControl (siCtrl) or Gli1-specific siRNA, evaluated as luciferase to

Renilla ratios. Non-contiguous lanes are indicated.

(E) Cell proliferation assay in Med1-MB cells stably transduced with lentiviruses expressing control (shCtrl), mGPD, and CtBP2-specific shRNAs alone or in

combination for 72 h.

(F) Top: Gli1, CtBP2, and mGPD protein levels from Med1-MB cells transduced as above were analyzed by western blot. Bottom: mGPD mRNA levels were

analyzed by qPCR.

All data are represented as the mean ± SD of three independent experiments, each performed in triplicate. **p < 0.01, ***p < 0.001, ns, not significant, by ANOVA

and unpaired t test.

See also Figure S5 and Table S1.
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indicating the ability of the biguanide to lower membrane poten-

tial (DJ), a consequence attributed by the authors to complex I

inhibition (Momcilovic et al., 2019).

In contrast with these studies, we found that when given at

therapeutic doses (i.e., 5 mM), phenformin did not affect complex

I activity, as assessed by several parameters. Despite the use of

multiple time and dose-dependent regimens, OCR, ATP levels,

and TCA cycle metabolites remained unmodified, and AMPK,

mTOR, and adenylyl cyclase activities were unchanged. More

importantly, phenformin continued to inhibit tumor growth and

Hh signaling even after inactivation of complex I and its substitu-

tion with the rotenone-insensitive NDI1.

Previous observations showed that expression of NDI1 abro-

gated the inhibitoryeffectofphenforminon tumorgrowth ingrafted

cancercell lines (Birsoyetal., 2014).However, thecells used in that

work carried mutations of mitochondrial complex I, and NDI1

expression was used to rescue this primary defect. Conversely,

becausemitochondrial function is intact in our ShhMBcells, while

glucose utilization is impaired, NDI1 expression is not expected to

rescue cell growth or Gli1 levels after phenformin treatment.

In keeping with our results, previous studies found that when

compared with control patients, TCA cycle metabolites and

pAMPK are not modified in tumor samples from biguanide-

treated breast cancer patients (Lord et al., 2018). Moreover, a

recent report showed that administration of therapeutic doses

of metformin induced an increase of cellular respiration in liver,

arguing against complex I inhibition as the main mechanism of

action of biguanides, at least in that context (Wang et al., 2019).

The differencebetween the observationsoncomplex I inhibition

canbedue tovarious reasons. First, emergingstudies are showing

that tumor cells display different permeability and retentioncapac-

ity for biguanides, resulting in various degrees of accumulation of

the drug in the mitochondria (Iversen et al., 2017). In addition, the

route of administration may lead to different tissue distributions

andconcentrationsof thedrug.Hence, the intracellular concentra-

tion reached in the various districts may depend on local perme-

ability and conditions used. In addition, the concentration of nutri-

ents in cell culture such as glucose or pyruvate may influence the

effectof thebiguanides (Birsoyetal., 2014)bychanging theactivity

ofmitochondria and thus thepotential differenceand thedegreeof

biguanide accumulation. Finally, even if the calculated low-micro-

molar IC50 of phenformin is close to the Cmax value observed after

administration of the maximum tolerated dose, this concentration

is not maintained for the subsequent hours and instead declines

quickly (Figures 1B and 1C). Pharmacokinetics studies show that

biguanidesenterbut donot accumulate in largeamounts in tissues

(Gormsenet al., 2016;Grahamet al., 2011). Thus, it is possible that

under physiological conditions, the average circulating concentra-

tion may be insufficient for mitochondrial accumulation and com-

plex I inhibition in certain tumors.

Although the energy balance seems to be unaffected, we have

shown that the key event underlying the effect of phenformin in

ShhMB is themGPD-mediated increase of the redox state, lead-

ing to an elevation of NADH levels. These results support the

findings byMadiraju et al. (2014, 2018), who showed that at ther-

apeutic doses, biguanides inhibit the glycerophosphate shuttle

in the liver, resulting in an accumulation of lactate and inhibition

of hepatic gluconeogenesis without changing in the energy bal-

ance or OCR. Biguanides inhibit mGPD activity in vitro with an

approximate inhibition constant (Ki) value close to the therapeu-

tic range of circulating levels observed in patients and animal

models (Hulea et al., 2018; Madiraju et al., 2014).

mGPD catalyzes the oxidation of G3P to dihydroxyacetone

phosphate (DHAP) and the parallel reduction of FAD+ to

FADH2. DHAP is in turn reduced to G3P at the expense of

NADH oxidation to NAD+ by the cytosolic cGPD enzyme. Both

cGPD and mGPD are part of a coupled mechanism responsible

for transferring reducing equivalents from the cytosol to themito-

chondria, because the mitochondrial membrane is impermeable

to NADH. Thus, inhibition of mGPD results in alterations of the

mitochondrial membrane voltage DJ (Orr et al., 2014).

The function of the hepatic GPD shuttle appears of particular

relevance when the body relies mostly on triglycerides (TG) to

maintain normal blood glucose levels. Conditions like fasting, in-

sulin resistance, and diabetes are characterized by increased TG

release from adipose tissue, which are in turn de-esterified in the

liver to release G3P. G3P is then oxidized into DHAP, a key inter-

mediate of gluconeogenesis. Thus, the availability of G3P from

TG represents a key determinant for GPD-mediated hepatic

gluconeogenesis, and this process is inhibited by biguanides

with consequent accumulation of lactate and cytoplasmic

NADH (Petersen et al., 2017).

Our observations indicate that inhibition of mGPD in tumor

cells leads to the same alterations observed in hepatocytes, sug-

gesting that Shh MB cells may also have elevated levels of G3P

available for oxidation. In this regard, a previous report showed

elevated content of TG in Shh MB cells as a consequence of

an E2F1-mediated induction of FASN (Bhatia et al., 2011).

Figure 6. CtBP2-Deficient Tumors Are Insensitive to Phenformin

(A) Med1-MB cells were transduced with a lentivirus expressing shCtrl or shCtBP2 and injected into the flanks of NOD/SCID mice, which were randomly divided

and treated with vehicle (water) or phenformin (300 mg/kg/day) in the drinking water. (Left) Measurements of tumor volumes over time. n = 5. (Right) Boxplots

representing the mean tumor burden following 4 weeks of treatment.

(B) Tumor weight (left) and volume (right) at the end of the treatment. (Bottom) Images of excised flank allografts from the treatment groups.

(C) Lysates from the tumor allografts described above were immunoblotted with the indicated antibodies (top), and Gli1 mRNA levels were analyzed by qPCR

(bottom).

(D) Immunohistochemical analysis of representative allograft tumors from above stained with the indicated antibodies or H&E. Scale bar, 70 mm.

(E) Med1-MB cells stably expressing shCtrl or shCtBP2 were injected into the flanks of NOD/SCIDmice, which were i.v. treated with vehicle (water) or phenformin

(12.5 mg/kg) for 2 h. Tumor lysates were immunoblotted with the indicated antibodies. n = 5.

(F) Model of the mGPD-CtBP2-mediated phenformin effect on tumor growth. Phenformin treatment inhibits mGPD, causing an increase of cellular NADH. The

altered redox state promotes an association between CtBP2 and Gli1, inhibiting Hh target gene expression and tumor growth.

All data are represented as the mean ± SD of three independent experiments, each performed in triplicate. *p < 0.05, ***p < 0.001, as determined by ANOVA test.

See also Figure S6 and Tables S1 and S2.
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Such an observation would be consistent with an increased

availability of G3P and an increased mGPD-mediated oxidation

to DHAP, a process inhibited by phenformin with consequent

NADH accumulation. Because DHAP is also generated from

glucose metabolism and an accumulation of DHAP would

reduce G3P oxidation, this metabolic scenario supports the

observation that phenformin displays higher efficacy when

glucose concentrations are low and glucose metabolism is

impaired, evidence also reported by other authors (Birsoy

et al., 2014). To reconcile our findings with previous observa-

tions, it could be hypothesized that cells with defects in

mitochondrial function or glucose utilization may engage

alternative compensatory mechanisms, such as the glycero-

phosphate shuttle, for their energy demand and thus become

sensitive to phenformin-mediated inhibition of mGPD. Experi-

ments to carefully distinguish between the role of complex I

versus the mGPD inhibition in different contexts will be required

to clarify this issue.

A central finding of this report is that the antitumor effect of

phenformin is linked to the elevation of the redox state, not to in-

hibition of respiration and energy balance. A key player of this

mechanism is the CtBP2 corepressor, which responds to the

raise in NADH increasing the binding with Gli1, leading to inhibi-

tion of Hh target genes.

CtBP1 and CtBP2 are conserved corepressors involved in

developmental processes that act as redox sensors through

their NADH-binding domain (Chinnadurai, 2002). Upon binding

to NADH, CtBPs undergo a conformational change that pro-

motes association with binding partners through a conserved

PXDLS motif present in several transcriptional factors (Kumar

et al., 2002; Zhang et al., 2000, 2002). CtBPs interact with tran-

scriptional repressors like HDAC1/2 and LSD1 through other

(non-PXDLS) binding regions (Blevins et al., 2017). Gli1 does

not have a conserved PXDLS motif, suggesting that it interacts

with CtBP2 via other interaction domains. Alternately, CtBP2

may associate with Gli1 indirectly within a protein complex

with HDAC1/2, previously reported to interact with Gli1 (Canet-

tieri et al., 2010). In agreement with this latter hypothesis, the

association of CtBP2 with HDAC2 is enhanced by phenformin.

CtBPs seem to play a context-dependent role in cancer by

either supporting or inhibiting tumorigenesis. Indeed, in some tu-

mors, such as prostate cancer and melanoma, CtBPs have been

described as a tumor suppressors, whereas in several other tu-

mors, CtBPs are upregulated and positively associated with pro-

tumorigenic functions (Blevins et al., 2017).

In our study, CtBP2 acts as a tumor suppressor by associating

with Gli1 and limiting its transcriptional activity in Shh MB cells.

CtBP2-Gli1 association and transcriptional repression is pro-

moted by phenformin at therapeutic doses that alter the redox

state unrelated to energy status of the cell.

The function of CtBP as a redox sensor has mostly been

examined using drugs or conditions like hypoxia or 2-deoxyglu-

cose (2DG), which affect both redox and energy states (Shen

et al., 2017; Zhang et al., 2006). In this study, phenformin treat-

ment or mGPD knockdown perturbs only the redox state, sug-

gesting a need for additional examination of such a decoupling

of CtBP activation from metabolism-driven mechanisms that

also have a profound impact on cancer cells.

An important question that arises from this study is the appli-

cability of this mechanism to other cancers. Tumors sustained

by the same molecular pathology, i.e., elevated Hh/Gli1

signaling, appear to operate by the same mechanism that we

have elucidated in this study. It is likely that in addition to Hh-

driven tumors, CtBPs might exert their antitumor effects in

other phenformin-sensitive tumors by associating with proteins

that affect tumorigenesis upon redox-induced conformational

change. A study of the CtBP-binding partners under conditions

of increased redox state will help to clarify this interesting

aspect.

Finally, our data show the significant preclinical efficacy of

phenformin on Shh MB through inhibition of Gli1. Of note, the

ability of phenformin to suppress Hh signaling in SuFu-deficient

MB cells suggests that this drug could potentially be a weapon

against Hh-dependent tumors resistant to Smo inhibitors.

Phenformin has shown stronger anticancer properties

compared with metformin in most tumors studied, likely due to

higher hydrophobicity and permeability (Janzer et al., 2014).

This is also believed to be the reason of the higher risk of lactic

acidosis, a primary concern associated with the use of this

drug. However, the remarkable inhibitory effect observed in

different types of cancers in preclinical settings has generated

renewed interest in using phenformin for treatment of other can-

cer patients. In this regard, it will be important to carefully estab-

lish the toxicity and tolerability of phenformin at various doses

and times in cancer patients. Although no trials are still being

carried out in patients with brain tumors, a phase Ib clinical trial

using a combination of phenformin with BRAF inhibitors in pa-

tients with metastatic melanoma is under way (Clincaltrials.gov

identifier NCT03026517). Results from this trial will provide use-

ful preliminary clinical information about the use of phenformin in

cancer patients.

In summary, we have identified a mechanism whereby the

direct antitumor effects of phenformin at the therapeutic plasma

concentrations depend on the inhibition of the glycerophosphate

shuttle, with consequent increase of the redox state. By contrast,

our data rule out the involvement of complex I and of the energy-

sensing machinery (i.e., AMPK and mTOR signaling) in the

tumor-inhibitory effect of phenformin. Based on our work and

previous observations, we propose that there could be more

than one antitumor mechanism for phenformin that operates

in vivo, depending on context.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Gli1 (L42B10) Cell Signaling Technology Cat# 2643; RRID: AB_2294746

Rabbit polyclonal anti-AMPKa Cell Signaling Technology Cat# 2532; RRID: AB_330331

Rabbit monoclonal anti-Phospho-AMPKa(Thr172)(40H9) Cell Signaling Technology Cat# 2535; RRID: AB_331250

Rabbit polyclonal anti-CtBP2 Cell Signaling Technology Cat# 13256; RRID: AB_2798164

Mouse monoclonal anti-CtBP2 BD Biosciences Cat# 612044; RRID: AB_399431

Mouse monoclonal anti-GPD2 (D-12) SantaCruz Biotechnology Cat# sc-390830

Goat polyclonal anti-GPD2 (K-14) SantaCruz Biotechnology Cat# sc-161680; RRID: AB_2279181

Mouse monoclonal anti-FLAG M2-Peroxidase (HRP) Sigma-Aldrich Cat# A8592; RRID: AB_439702

Mouse monoclonal anti-HA�probe (F7) HRP SantaCruz Biotechnology Cat# sc-7392 HRP

Mouse monoclonal anti-Tubulin (TU-02) SantaCruz Biotechnology Cat# sc-8035; RRID: AB_628408

Mouse monoclonal anti-Vinculin (7F9) SantaCruz Biotechnology Cat# sc-73614; RRID: AB_1131294

Rabbit monoclonal anti-Ki-67 Invitrogen Cat# MA5-14520; RRID: AB_10979488

Rabbit monoclonal anti-Phospho-4E-BP1(Ser65)(174A9) Cell Signaling Technology Cat# 9456; RRID: AB_823413

Rabbit monoclonal anti-4E-BP1(53H11) Cell Signaling Technology Cat# 9644; RRID: AB_2097841

Rabbit polyclonal anti-Phospho-S6 Ribosomal

Protein (Ser240/244)

Cell Signaling Technology Cat# 2215; RRID: AB_331682

Rabbit monoclonal anti-S6 Ribosomal Protein (5G10) Cell Signaling Technology Cat# 2217; RRID: AB_331355

Rabbit policlonal anti-Phospho-CREB Laboratory of Marc Montminy N/A

Rabbit polyclonal anti-Cyclin D1 (C-20) SantaCruz Biotechnology Cat# sc-717; RRID: AB_631336

Rabbit polyclonal anti-Cyclin A (H-432) SantaCruz Biotechnology Cat# sc-751; RRID: AB_631329

Mouse monoclonal anti-Cyclin E (E-4) SantaCruz Biotechnology Cat# sc-25303; RRID: AB_2070958

Mouse monoclonal anti-p21 (187) SantaCruz Biotechnology Cat# sc-817; RRID: AB_628072

Rabbit monoclonal anti-SUFU (C81H7) Cell Signaling Technology Cat# 2522; RRID: AB_2302728

Mouse monoclonal anti-Actin (C-2) SantaCruz Biotechnology Cat# sc-8432; RRID: AB_626630

Rabbit polyclonal anti-Gli1 (H-300) SantaCruz Biotechnology Cat# sc-20687; RRID: AB_2111764

Rabbit polyclonal anti-Phospho-Acetyl-CoA

Carboxylase (Ser79)

Cell Signaling Technology Cat# 3661; RRID: AB_330337

Rabbit polyclonal anti-Acetyl-CoA Carboxylase Cell Signaling Technology Cat# 3662; RRID: AB_2219400

Rabbit polyclonal anti-Phospho-Raptor (Ser792) Cell Signaling Technology Cat# 2083; RRID: AB_2249475

Rabbit monoclonal anti-Raptor (24C12) Cell Signaling Technology Cat# 2280; RRID: AB_561245

Rabbit monoclonal anti-Phospho-AMPK Substrate

Motif [LXRXX(pS/pT) MultiMab

Cell Signaling Technology Cat# 5759; RRID: AB_10949320

Mouse monoclonal anti-c-Myc (9E10) HRP SantaCruz Biotechnology Cat# sc-40 HRP; RRID: AB_627268

Rabbit polyclonal anti-HDAC2 (H-54) SantaCruz Biotechnology Cat# sc-7899; RRID: AB_2118563

Rabbit polyclonal anti-Glucose Transporter GLUT1 Abcam Cat# ab652; RRID: AB_305540

Chemicals, Peptides, and Recombinant Proteins

Dulbecco’s modified Eagle medium Sigma-Aldrich Cat# 6546

DMEM, no glucose GIBCO Cat# 11966025

Penicillin-Streptomycin Sigma-Aldrich Cat# P0781

L-Glutamine solution Sigma-Aldrich Cat# G7513

SAG AdipoGen Life Sciences Cat# AG-CR1-3506

D-Glucose solution Sigma-Aldrich Cat# G8644

Phenformin hydrochloride Sigma-Aldrich Cat# P7045

1,1-Dimethylbiguanide hydrochloride Sigma-Aldrich Cat# D150959

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rotenone Sigma-Aldrich Cat# R8875

Mitochondrial GPDH Inhibitor, iGP-1 Calbiochem Cat# 530655

Sodium Pyruvate Sigma-Aldrich Cat# S8636

Lipofectamine 2000 Transfection Reagent Invitrogen Cat# 11668019

Opti-MEM medium GIBCO Cat# 31985070

siGENOME Mouse Gli1 siRNA Dharmacon Cat# M-047917-01

Neurobasal-A Medium, no D-glucose, no sodium pyruvate GIBCO Cat# A2477501

B-27 Supplement (50X), minus vitamin A GIBCO Cat# 12587010

Polybrene Sigma-Aldrich Cat# H9268

Blasticidine-S-hydrochloride Sigma-Aldrich Cat# 15205

Puromycin dihydrochloride from Streptomyces alboniger Sigma-Aldrich Cat# P8833

Piperacillin Sigma-Aldrich Cat# BP1027

Seahorse XF base medium, without phenol red Agilent Cat# 103335-100

2,6-Dichloroindophenol sodium salt hydrate Sigma-Aldrich Cat# D1878

Critical Commercial Assays

Firefly & Renilla Luciferase Single Tube Assay Kit Biotium Cat# 30081-1

WesternBright ECL HRP Substrate Advansta Cat# K-12045-D50

SensiFAST cDNA synthesis kit Bioline Cat# BIO-65054

SensiFAST Sybr Lo-Rox Mix Bioline Cat# BIO-94020

Seahorse XF Cell Mito Stress Test Kit Agilent Cat# 103015-100

EnzyChrom NAD/NADH Assay Kit BioAssay Systems Cat# E2ND-100

CellTiter-Glo Luminescent Cell Viability Assay Promega Cat# G7571

Glycerol-3-Phosphate Colorimetric Assay Kit Sigma-Aldrich Cat# MAK207

Mitochondria/Cytosol Fractionation Kit Biovision Cat# K256-100

Experimental Models: Cell Lines

Human: DAOY cells ATCC HTB-186

Mouse: Med1-MB cells Laboratory of Yoon-Jae Cho N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Stock# 000664; RRID: SCR_004894

Mouse: Crl:CD1-Foxn1nu Charles River Laboratories Strain# 086; RRID: IMSR_CRL:086

Mouse: NOD.CB17-Prkdcscid/J Charles River Laboratories Strain# 634; RRID: IMSR_JAX:001303

Mouse: Math1-CRE;Ptch1loxP/loxP Laboratory of Robert

Wechsler-Reya

N/A

Oligonucleotides

Oligonucleotide: sh-mGPD Forward -

CCGGGCAGAGGTGAAATACGGCATTT

CTAGAAATGCCGTATTTCACCTCTGCTTG

This paper N/A

Oligonucleotide: sh-mGPD Reverse –

AATTCAAAAAGCAGAGGTGAAATACGGC

ATTTCTAGAAATGCCGTATTTCACCTCTGC

This paper N/A

Oligonucleotide: shCtBP2 Forward -

CCGGTACGAAACTGTGTCAACAAAGT

CTAGACTTTGTTGACACAGTTTCGTATTATTG

This paper N/A

Oligonucleotide: shCtBP2 Reverse -

AATTCAAAAATACGAAACTGTGTCAACAA

AGTCTAGACTTTGTTGACACAGTTTCGTA

This paper N/A

Oligonucleotides for AMPKa2, cGPD, NDUFS3,

see Table S1

This paper N/A

Primer: mGpd Forward - TGCGCGGTGCAAGGAT This paper N/A

Primer: mGpd Reverse - GCATTTGGCTCTCACGTCAA This paper N/A

(Continued on next page)
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Gianluca

Canettieri (gianluca.canettieri@uniroma1.it). All unique/stable reagents generated in this study are available from the Lead Contact

with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cultures
Med1-MB cells (kindly provided by Yoon-Jae Cho (Stanford, CA USA)) were obtained from a medulloblastoma spontaneously orig-

inated in Ptch+/�;lacZ mouse (Hayden Gephart et al., 2013; Tang et al., 2014) carrying a monoallelic inactivation of the inhibitory

receptor Patched1 gene, resulting in the constitutive activation of Hh pathway (Goodrich et al., 1997). These cells were, cultured

in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% FBS, 1 mM penicillin-streptomycin and 1 mM glutamine.

MB cultures were derived from spontaneous, intracranial MB from Math1-CRE;Ptch1loxP/loxP mice. Tumors were harvested, disso-

ciated and cultured as previously described (Di Magno et al., 2014). DAOY cells were obtained from ATCC (ATCC� HTB-186�) and

cultured as previously described (Coni et al., 2017; D’Amico et al., 2015; Di Magno et al., 2016). All cells were cultured in a humidified

incubator at 37�C and 5% CO2. For SAG treatment, DAOY cells were incubated overnight in serum-free medium containing 0.5%

BSA and glucose 0.75 mM and the exposed to SAG (200 nM, #AG-CR1-3506, AdipoGen Life Sciences) for 48 hours. ASZ001

and TC-71 cell lines were cultured as previously described (D’Amico et al., 2015; Infante et al., 2015). Phenformin (#P7045), metfor-

min (#D150959) and rotenone (#R8875) were purchased from Sigma-Aldrich, mitochondrial GPD inhibitor iGP-1 (#530655) was pur-

chased from Calbiochem and dissolved in DMSO. Treatments were performed in DMEM no glucose, no sodium pyruvate

(#11966025, GIBCO) supplemented with 10% FBS, 1mM penicillin-streptomycin, 1mM glutamine and glucose (25 mM or 5.5 mM

or 0.75 mM, as indicated in the text).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: Ctbp2 Forward - TTTGTGAAGGTATCCGCCC This paper N/A

Primer: Ctbp2 Reverse - GGTACATCATGGCACCCACA This paper N/A

Primers for mL32, hL32, mGli1, hGli1, cGpd, Ptch1,

CyclinD2, Ptch1 promoter, Hprt control, Ndi1, Ndufs3,

Eno1, Gapdh, Pkm, Slc2a1, Tpi1, see Table S2

This paper N/A

Recombinant DNA

HA-CtBP1 Laboratory of Ulupi Jhala N/A

FLAG-Myc-CtBP2 Origene Cat# TP324861

PMXS-NDI1 Birsoy et al., 2014 Addgene Plasmid #72876;

RRID: Addgene_72876

AMPKa1 MISSION shRNA Sigma-Aldrich TRC number: TRCN0000360841

SUFU MISSION shRNA Sigma-Aldrich TRC number: TRCN0000019464

MISSION pLKO.1-puro Sigma-Aldrich Cat# SHC002

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/download.html;

RRID: SCR_003070

ChemStation Agilent https://www.agilent.com/en/

products/software-informatics/

massspec-workstations/gc-msd-

chemstation-software; RRID: SCR_015742

Prism v.6.0 GraphPad https://www.graphpad.com/scientific-

software/prism/; RRID: SCR_002798

Other

Seahorse XFe96, FluxPak mini Agilent Cat# 102601-100

Protran Nitrocellulose Hybridization Transfer Membrane Perkin Elmer Cat# NBA085C001EA

Kinetex Biphenyl LC Column (150x4.6 mm; 5 mm

particle size)

Phenomenex Cat# 00F-4627-E0

HP-5ms fused-silica capillary column (30mx0.25 mm i.d.) Agilent J&W Cat# 19091S-433E
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In vivo mouse studies
Math1-CRE;Ptch1loxP/loxP mice were previously described (Yang et al., 2008). C57BL/6J mice were obtained from The Jackson Lab-

oratory (Bar Harbor, ME, USA). CD1-nude mice and NOD/SCID mice were purchased from Charles Rives Laboratories (Calco, LE,

Italy). All animals were housed with 12 hours light/darkness and standard chow diet at 23�C.
For the Kaplan Meier analysis (Figure 1H), female Math1-CRE;Ptch1loxP/loxP mice were divided into two treatment groups (n = 8): 1)

non treated control group and 2) group treated with phenformin at a concentration of 300mg/Kg/day, administered through the drink-

ing water (Appleyard et al., 2012). The treatment started when mice where 35 days old. The survival rate over time was estimated as

the number of life days from the start of pharmacological treatment. For short-term treatments (Figures 1C, 1F, 2F, and 6E; Figures

S2C, S2D, S3C, and S3D; scheme in Figure S1C), mice were i.v. injectedwith PBS or phenformin andwere euthanized at 0.5, 1, 2 and

4 hours post-injection, or treated with phenformin by o.p. (Figure 1B) and euthanized at 0.5, 1 and 2 hours post-treatment. Long-term

treatments consisted of 10 days (Figure 1D; Figure S1C) to four weeks (Figures 1E, 1I, 3E, 3H, and 6; Figures S2F and S2J) treatment

with ad libitum phenformin (300 mg/Kg/day) in the drinking water, or 5 to 7 days treatment (Figures 1G, 2C, and 4B; Figures S1C and

S4B) with phenformin (200 mg/Kg) via o.p. once a day.

Tumor allograft experiments were performed as previously described (Di Magno et al., 2014). Four weeks old female NOD/

SCID and CD1-nude mice were injected on each flank with 2 x 106 medulloblastoma cells deriving from Math1-CRE;Ptch1loxP/loxP

mice, or with 2 x 106 Med1-MB cells stably expressing shRNA-Control or shRNA-CtBP2. Tumors were grown until they reached

100 mm3 volume. Animals were randomly divided into two groups (n = 5) and administered with vehicle (water) or phenformin

(300 mg/Kg/day) in the drinking water (Appleyard et al., 2012).

For mouse experiments with NDI1-expressing MB cells, 23 106 Control-Med1-MB or NDI1-Med1-MB cells were injected into the

right and left flanks of 4weeks old female NOD/SCIDmice.When the tumors reached 100mm3 volumes,micewere randomly divided

into 4 experimental groups: Control-Med1-MB treated with (n = 5) or without phenformin (300mg/Kg) (n = 5), NDI1-Med1-MB treated

with (n = 5) or without phenformin (300 mg/Kg) (n = 5). Phenformin was delivered in drinking water.

Tumor volumes were measured with a caliper, using the following formula: V = (L x W2)/2 (Kim et al., 2013). All animal experiments

were approved by local ethics authorities.

METHOD DETAILS

Transfections and luciferase assays
Med1-MB cells were transfectedwith Lipofectamine 2000 (3 ml/mg of DNA, #11668019, Invitrogen) in Opti-MEMmedium (#31985070,

GIBCO). For luciferase assays, Med1-MB cells were seeded and transfected with siRNA against Gli1 (100 nM, #M-047917-01, Dhar-

macon) using Lipofectamine 2000 for 48 hours. After siRNA transfection, cells were re-seeded in 12-well plates and transfected with

the 12xGli-Luc luciferase reporter (50 ng), TK-renilla plasmid (10 ng) and FLAG-CtBP2 or FLAG-pcDNA3 (440 ng) expression vectors,

using Lipofectamine 2000 for 48 hours. Luciferase reporter assay was performed with the Firefly and Renilla Luciferase Single Tube

Assay Kit (#30081-1, Biotium). Relative luciferase activity is expressed as the ratio of luciferase and renilla activity in control and Gli1

knockdown cells expressing FLAG-CtBP2 or FLAG-pcDNA3 plasmids.

Determination of cell proliferation and tumorspheres size
23 104Med1-MB cells were seeded in 12-well plate and incubated overnight at 37�C. After 24 hours from seeding, cells were treated

with phenformin or metformin at the concentrations indicated in the text. Every 24 hours cells were trypsinized and counted by trypan

blue exclusion method.

Tumorspheres diameters were measured using ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health,

Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018). Briefly, tumorspheres were seeded in Neurobasal-A medium no

D-glucose (#A2477501, GIBCO) supplemented with B-27 supplement minus vitamin A (#12587010, GIBCO), 1mM penicillin-strep-

tomycin, 1mM glutamine and 0.75mM glucose and treated with phenformin (5 mM) for 48 hours. After incubation, tumorspheres

images were captured under an inverted microscope and diameters were measured.

Western blotting, immunoprecipitation and phosphorylation assays
Cells or tissues were collected at the end of the treatments and lysed in denaturing buffer containing 50 mM Tris-HCl, 2% SDS, 10%

Glycerol, 10 mM Na4P2O7, 100 mM NaF, 6 M Urea, 10 mM EDTA. Protein extracts were quantified and resolved by SDS–

polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane (#NBA085C001EA, Perkin Elmer). After blocking,

membranes were incubated with primary antibodies overnight and HPR-conjugated secondary antibodies. Detection of the horse-

radish peroxidase signal was performed using WesternBright ECL (#K-12045-D50, Advansta), according to the manufacturer’s

protocol. Signal intensity was quantified by ImageJ software. Immunoprecipitation and phosphorylation assays were performed

as previously described (Canettieri et al., 2010; Di Magno et al., 2016).

Plasmids and antibodies
HA-CtBP1 plasmid was a gift from Dr. Ulupi Jhala (PDRC, CA USA). FLAG-Myc-CtBP2 was purchased from Origene (#TP324861).

PCDNA3FLAG-Gli1, 12xGli-Luc, TK-renilla, FLAG-pcDNA3, Myc-GLI2 and FLAG-GLI3 were previously described (Canettieri et al.,

e4 Cell Reports 30, 1735–1752.e1–e7, February 11, 2020
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2009, 2010). PMXS-NDI1 was a gift from David Sabatini (Birsoy et al., 2014) (Addgene plasmid #72876; http://www.addgene.org/

72876/; RRID:Addgene_72876). The following antibodies were used: Gli1 (#2643 Cell Signaling, WB 1:1000), AMPKa (#2532 Cell

Signaling WB 1:1000), phospho-AMPKa (#2535 Cell Signaling, WB 1:1000), CtBP2 (#13256 Cell Signaling, WB 1:1000), CtBP2

(#612044 BD Biosciences, ChIP 1:1000), GPD2 (D-12) (#sc-390830 SantaCruz Biotechnology, WB 1:500), GPD2 (K-14) (#sc-

161680 SantaCruz Biotechnology, WB 1:1000), FLAG-HRP (#A8592 Sigma-Aldrich, WB 1:10000), HA-HRP (#sc-7392 HRP Santa-

Cruz Biotechnology, WB 1:10000), Tubulin (#sc-8035 SantaCruz Biotechnology, WB 1:1000), Vinculin (#sc-73614 SantaCruz

Biotechnology, WB 1:1000), Ki-67 (#MA5-14520 Invitrogen, IHC 1:100), phospho-4E-BP1 (#9456 Cell Signaling, WB 1:1000), 4E-

BP1 (#9644 Cell Signaling, WB 1:1000), phospho-S6 Ribosomal Protein (#2215 Cell Signaling, WB 1:1000), S6 Ribosomal Protein

(#2217 Cell Signaling, WB 1:1000), phospho-CREB (from Dr. Marc Montminy’s laboratory, Salk Institute, WB 1:2000), Cyclin D1

(#sc-717 SantaCruz Biotechnology, WB 1:1000), Cyclin A (#sc-751 SantaCruz Biotechnology, WB 1:1000), Cyclin E (#sc-25303

SantaCruz Biotechnology, WB 1:1000), p21 (#sc-817 SantaCruz Biotechnology, WB 1:1000), SuFu (#2522 Cell Signaling, WB

1:1000), Actin (#sc-8432 SantaCruz Biotechnology, WB 1:1000), Gli1 (H-300) (#sc-20687 SantaCruz Biotechnology, IHC 1:200),

phospho-ACC (#3661 Cell Signaling, WB 1:1000), ACC (#3662 Cell Signaling, WB 1:1000), phospho-Raptor (#2083 Cell Signaling,

WB 1:1000), Raptor (#2280 Cell Signaling, WB 1:1000), phospho-(Ser/Thr) AMPK Substrate (#5759, Cell signaling, 1:1000),

c-Myc-HRP (#sc-40 HRP SantaCruz Biotechnology, WB 1:5000), HDAC2 (#sc-7899 SantaCruz Biotechnology, WB 1:1000),

GLUT1 (#ab652 Abcam, WB 1:1000).

Lentiviral-mediated shRNA knockdown and retroviral delivery
shRNA knockdown was performed through lentiviral infection. HEK293 cells were transfected by calcium phosphate precipitation

with 20 mg of different pLKO.1 vectors (Sigma-Aldrich) together with 15 mg of pCMV-R 8.74, and 10 mg of pMDG, to produce lenti-

viruses. After 24 hours, themediumwas changed and supernatant containing recombinant lentiviruseswas collected 48 and 72 hours

after transfection. AMPKa1 (TRCN0000360841), SuFu (TRCN0000019464) and control shRNA (scrambled, #SHC002) were obtained

by Sigma-Aldrich. PLKO.1 vector expressing shRNA directed against AMPKa2, cGPD, mGPD and CtBP2 were cloned in PLKO.1

TCR vector with the oligos listed in Table S1. Virus titers were determined using quantitative real-time PCR as previously described

(Barczak et al., 2015). To perform lentiviral transduction, Med1-MB cells were seeded overnight in 60mm plates. The day after, 5MOI

of lentivirus were complexed with 5 mg/ml polybrene (#H9268, Sigma-Aldrich), added to the cells and left 24 hours before being

removed and replaced with standard medium. Knockdown efficiency was monitored by western blotting and/or qPCR.

For retroviral packaging, 2.5 X 106 Phoenix cells were seeded in 100mmcell culture dishes. 24 hours after plating, cells were trans-

fected with 20 mg PMXS-NDI1 or control vectors, using CaCl2 precipitation. After 20 hours, medium was replaced with fresh medium

and supernatant containing recombinant retroviruses was collected 48 hours after transfection. For retroviral infection, Med1-MB

cells were seeded at subconfluence and incubated with retroviral supernatant containing polybrene (5 mg/ml). The infection was

repeated three times at 12 hours intervals. Control-Med1-MB and NDI1-Med1-MB cells were isolated through antibiotic selection

(blasticidine-S-hydrochloride, #15205, Sigma-Aldrich, 2 mg/ml) for 7 days. Monoclonal cell lines were obtained by limiting dilution.

shRNA-mediated NDUFS3 knockdown was obtained through lentiviral infection. Control-Med1-MB and NDI1-Med1-MB cells

were infected with control (shCtrl) or NDUFS3-specific shRNA and selected by puromycin (#P8833, Sigma-Aldrich, 5 mg/ml).

Quantitative Real-Time PCR (qPCR) assay
Total mRNA was isolated from cells as previously described (Canettieri et al., 2010; Antonucci et al., 2014). Complementary DNA

(cDNA) was synthesized by the Sensifast cDNA synthesis kit (#BIO-65054, Bioline). Quantitative PCR was performed with SensiFast

Sybr Lo-RoxMix (#BIO-94020, Bioline), and transcript levels were quantified with the Applied Biosystems ViiA 7 Real-Time PCR Sys-

tem instrument. Each sample was normalized on L32 mRNA levels. Primer sequences are listed in Table S2.

Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation experiments were performed as described previously (Canettieri et al., 2010). Mouse polyclonal anti-

CtBP2 (#612044, BD Biosciences) antibody was used to precipitate endogenous CtBP2. Eluted DNA was PCR-amplified with

primers encompassing the Ptch1 promoter or Hprt gene as internal control.

Immunohistochemistry (IHC)
Immunohistochemical analysis of allografted tumor sections was performed as described (Coni et al., 2013). The following antibodies

and conditions were used: Ki-67 was diluted in PBS-T containing 1% serum, Gli1 (H300) was diluted in PBS-T containing 5% serum.

Antibodies were incubated for one hour at room temperature. Nuclei were counterstained with hematoxylin in accordance with stan-

dard procedures.

Determination of phenformin concentration
All chemicals were of analytical grade, readily available commercial products andwere obtained from Sigma-Aldrich (San Louis, MO,

USA). The HPLC-system was an Agilent Technologies 1200 Series equipped with a variable wavelength detector (VWD) operating at

a wavelength of 240 nm. All the operations, such as the injection cycle, were controlled by the ChemStation program; the data

obtained were analyzed with the ChemStation program (Agilent Technologies Deutschland GmbH, Waldbronn, Germany). Stock
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standard solutions of phenformin were prepared by dissolving 10 mg of analyte in 10 mL of water/methanol (50/50) to make a stan-

dard solution of 1mg/mL. Piperacillin internal standard stock solution was prepared by dissolving 10mg piperacillin in 10mL of water

to obtain a concentration of 1 mg/mL. The stock standards and internal standard solutions were aliquoted (200 mL) and stored at -

80�C until use. Calibration samples of phenformin (30-10000 ng/mL) and internal standard (200 mg/mL) were prepared by adding

varying volumes of standard stock solutions and fixed volume of internal standard stock solution into pooled drug-free plasma.

The peak area ratio of phenformin to internal standard was measured, and a calibration curve was obtained from the least-squares

linear regression of the peak area ratio with spiked concentrations.

The extraction procedure and HPLC analysis has been performed, with changes, as reported by Cheng and Chou (2001). Briefly,

up to 200 mL of blood samples were collected into a 0.2 mL capillary tube and transferred into micro-tubes, both containing sprayed

EDTA, and immediately centrifuged. The plasmawas stored at�80�C. Tissues sample were collected into 1mL tubes, sonicated and

stored at �80�C. Samples were prepared as follows: sample (100 mL) was spiked with 10 mL of the internal standard solution (piper-

acillin 200 mg/mL) and 10 mL of 1MHCl. After vortexing for 30 s, themixture was extractedwith 300 mL of acetonitrile by vortex for 30 s,

and then centrifuged at 13,000 rpm for 9 minutes. The organic phase was separated and evaporated to dryness at 30�C and under a

nitrogen stream. The extracts were reconstituted with 100 mL of water and washed with 150 mL of dichloromethane by vortex for 30 s.

After centrifugation at 13,000 rpm for 9minutes, 60 mL of aqueous layer was injected into a Kinetex Biphenyl LC column (150x4.6mm;

5 mm particle size; Phenomenex). Phenformin was isocratically eluted from the column using mobile phase acetonitrile:phosphate

buffer 30 mM pH 7.0, 25:75, v/v.

Retention time of phenformin was 2.715 minutes at 30�C and a flow rate of 1 mL/min. Total HPLC run time was 5minutes; re-equil-

ibration time was 0.3 minutes. The concentrations of phenformin were calculated according to the peak area and were compared

both with piperacillin as internal standard and with reference curves constructed with escalating concentration of phenformin

(30 to 10000 ng/mL).

Metabolic assays
Real time bioenergetics analysis of oxygen consumption rate (OCR) was performed using the XFe�96 Extracellular Flux Analyzer

(Seahorse Bioscience). Cells were seeded at a density of 4 3 103 cells/well in XFe-96 plates (Seahorse Bioscience) and cultured

in 200 mL Dulbecco’smodified Eagle’s medium containing 25mMglucose and 1mMglutamine for 24hr and treated with the indicated

drugs for 6, 24 and 48 hours in DMEM containing 0.75 mM glucose. Wells were washed and cells were incubated in a CO2-free incu-

bator to allow equilibration prior to loading into the XF-96 apparatus. OCR was measured in XF medium (non-buffered DMEM me-

dium containing 0.75 mM glucose and 1 mM glutamine). Perturbation profiling of the use of metabolic pathways was achieved using

the Seahorse XF Cell Mito Stress Test Kit (#103015-100, Agilent). The assay conditions in the Seahorse experiments were: 3 min of

mixture; 3 min of waiting; and 3 min of measurement.

Total cellular NADH and tissutal NADH were determined using the EnzyChrom NAD/NADH Assay Kit (#E2ND-100, BioAssay Sys-

tems) and following manufacturer’s instructions. Briefly, 13 105 cells or 20 mg of tissue were harvested and homogenized in 100 mL

NADH extraction buffer. After incubation at 60�C, samples were neutralized adding 100 mL NAD extraction buffer and 20 mL Assay

buffer. Sample were briefly vortexed and spinned down to remove cellular debris. The supernatant was used for NADHmeasurement

with OD at 565 nm using a spectrophotometer. Values were corrected for dilutions and protein content or weight of the samples.

Total cellular ATP and tissue ATP were determined using the CellTiter-Glo Luminescent Cell Viability Assay (#G7571, Promega).

Briefly, Med1-MB cells were seeded into 96-well plates (4 3 103 cells per well) and incubated for 24 hours. After incubation, cells

were treated with phenformin for 6, 24 and 48 hours. For tissue samples, ATP was extracted as previously described (Chida

et al., 2012). The luminescence assay was performed according to the manufacturer’s instructions.

Glycerol-3-phosphate wasmeasured using the Glycerol-3-Phosphate Colorimetric Assay Kit (#MAK207, Sigma-Aldrich), following

manufacturer’s reccomandations. Briefly, 13 106 cells or 10mg of tissue sample were harvested and homogenized in 100 mL of G3P

assay buffer. After incubation on ice for 10minutes, samples were centrifuged to remove insolublematerials. 40 mL of the supernatant

were used for glycerol-3-phosphate measurement with OD at 450 nm using a microplate reader. The amount of glycerol-3-phos-

phate (nmol/well) was extrapolated from a glycerol-3-phosphate standard curve. Values were normalized by protein content or

weight of the samples.

Analysis of metabolites by GC-MS
Lactic acid and pyruvic acidwere analyzed asmethoxime/tertbutyldimethylsilyl derivatives as previously described (Paik et al., 2008).

Briefly, cells were collected by centrifugation at 1000 rpm for 5minutes. 20 mL of supernatant were deproteinized by adding 100 mL of

acetonitrile and vortexed for 3 minutes. The mixtures were diluted 1:10 with distilled water and centrifuged at 15,000 rpm for 15 mi-

nutes at 4�C to pellet proteins. The deproteinized supernatant was used to quantify extracellular L-lactate by GC-SIM-MS analysis.

Aliquots of 0.25 mL of the supernatant layer spiked with the internal standard (IS) 3,4-dimethoxybenzoyc acid (final concentration

1000 ng ml�1) were added to 0.7 mL of distilled water and adjusted to pH R 13 with 7 M NaOH. Methoxymation was performed

by adding to the reaction mix methoxyamine hydrochloride (5 mg) at 60�C for 60 min. The samples were then washed with diethy-

lether (3 mL x 2) and the aqueous phase was adjusted to pH < 2 with concentrated sulfuric acid. The mixture was saturated with NaCl

and extracted with diethyl ether (3 ml) and ethyl acetate (2 ml). The organic extracts were combined in the presence of triethylamine

(10 ml) and dried under reduced pressure. The samples were then suspended in 30 mL of toluene subjected to the second
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derivatization step by adding 20mL of MTBSTFA (65�C for 30 min) and analyzed by GC-MS. Results were normalized on cell number

and expressed as fold change relative to control samples.

Cerebellum samples were homogenized in a ice-bath using an ultra-turrax T8 blender with the addition of 1mL water:acetonitrile

(9:1). The homogenized tissue was centrifuged at 13,000 g for 15 minutes at 4�C. 0.25 mL of the cerebellum extract were spiked with

internal standard (IS) 3,4-dimethoxybenzoyc acid (final concentration 1000 ng mL�1) and subjected to methoxymation/ tertbutyldi-

methylsilylation as described above. Results were normalized by tissue weight and expressed as fold change relative to control

samples.

GC-M analyses were performed with an Agilent 6850A gas chromatograph coupled to a 5973N quadrupole mass selective detec-

tor (Agilent Technologies, Palo Alto, CA, USA). Chromatographic separations were carried out with an Agilent HP5ms fused-silica

capillary column (30 m x 0.25 mm i.d.) coated with 5% phenyl-95%-dimethylpolysiloxane (film thickness 0.25 mm) as stationary

phase. Injection mode: splitless at a temperature of 280�C. Column temperature program: 70�C (1 min) then to 300�C at a rate of

20�C/min and held for 10 min. The carrier gas was helium at a constant flow of 1.0 mL/min. The spectra were obtained in the electron

impact mode at 70 eV ionization energy; ion source 280�C; ion source vacuum 10�5 Torr. MS analysis was performed simultaneously

in TIC (mass range scan fromm/z 50 to 600 at a rate of 0.42 scans s-1) and SIMmode. GC-SIM-MS analysis was performed selecting

the following ions: m/z 174 for pyruvate, m/z 261 for lactate and m/z 239 for 3,4-dimethoxybenzoic acid (internal standard).

mGPD activity assay
Mithocondria were isolated frommedulloblastoma or liver fromMath1-CRE;Ptch1loxP/loxP mice using Mitochondria/Cytosol fraction-

ation kit (#K256-100, Biovision) and following the manufacturer’s protocol. Briefly, tissue samples (20 mg) were homogenized in an

ice-cold dounce tissue grinder in 1X Cytosol Extraction Buffer mix. Homogenate was centrifuged 10 minutes at 700 g at 4�C to re-

move debris and the supernatant was centrifuged again at 10,000 g for 30minutes at 4�C to isolate mitochondria. mGPDwas purified

from 1mg of mitochondrial lysate by immunoprecipitation with anti-mGPD (D-12) antibody (10 mL/sample). mGPD activity assay was

performed as previously described (Madiraju et al., 2018). Immunoprecipitates were incubated with or without biguanides for 10 mi-

nutes at 37�C, and activity assay was conducted using 2,6-dichloroindophenol (DCIP) as electron acceptor at 38�C. Activity was

calculated as loss of absorbance at 600 nm. Immunoprecipitated mGPD protein levels were assayed by immunoblot with anti-

mGPD (K-14) antibody.

NMR metabolomics
For metabolite profiling, 2 3 107 Med1-MB cells expressing control or mGPD-specific shRNAs were cultured in media containing

0.75 mM glucose with or without phenformin (5 mM) for 48 hours. Lipid and polar metabolites were extracted using the dual-phase

extraction method (Glunde et al., 2005). Briefly, pelleted cells were extracted with ice cold methanol/chloroform/water (1:1:1). After

phase separation by centrifugation at 20,000 g at 4�C for 30 min, the polar water–methanol phase containing water soluble cellular

metabolites was evaporated using a rotary evaporator and then lyophilized, while the organic phase (lipid phase) was evaporated

under nitrogen gas. Both phases of cell extracts were stored at �20�C. High-resolution 1H NMR analyses were performed at

25�C at 400 MHz (9.4 T Bruker AVANCE spectrometer, Karlsruhe, Germany) on aqueous and organic cell extracts using acquisition

pulses, water presaturation, data processing and peak area deconvolution as previously described (Canese et al., 2019; Iorio et al.,

2010). Quantification of individual metabolites was obtained from peak areas applying the correction factors determined by exper-

iments at the equilibrium of magnetization (90o pulses, 30.00 s interpulse delay). Metabolite quantification was expressed as metab-

olite percentage relative to total metabolites. All data were calculated as means ± SD and further analyzed using t test.

Correlation analysis between metabolites was performed using nonparametric tests (Spearman’s correlation coefficient) by using

GraphPad Prism version 6.0. Differences were considered statistically significant at p < 0.05 and further stratified to p < 0.01 and p <

0.001.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism version 6.0 for Mac (GraphPad Software, La Jolla, California, USA, https://

www.graphpad.com/). Data were analyzed with a paired Student’s t test, ANOVA or log-rank test and expressed as mean ± SD p <

0.05 was considered statistically significant. ‘‘n’’ represents the number of cells or mice per group from independent experiments.

The statistical details of experiments and the criteria for significance can be found in the figure legends.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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