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SUMMARY
The biguanide metformin attenuates mitochondrial oxidation and is proposed as an anti-cancer therapy.
However, recent clinical studies suggest increased proliferation and fatty acid b-oxidation (FAO) in a sub-
group of patients with breast cancer (BC) after metformin therapy. Considering that FAO can activate Src ki-
nase in aggressive triple-negative BC (TNBC), we postulate that low-dose biguanide-driven AMPK-ACC-FAO
signaling may activate the Src pathway in TNBC. The low bioavailability of metformin in TNBC xenografts
mimics metformin’s in vitro low-dose effect. Pharmacological or genetic inhibition of FAO significantly en-
hances the anti-tumor properties of biguanides. Lower doses of biguanides induce and higher doses sup-
press Src signaling. Dasatinib and metformin synergistically inhibit TNBC patient-derived xenograft growth,
but not in high-fat diet-fed mice. This combination also suppresses TNBC metastatic progression. A combi-
nation of biguanides with Src inhibitors provides synergy to target metastatic TNBC suffering with limited
treatment options.
INTRODUCTION

Triple-negative breast cancer (TNBC) is an aggressive subtype

of breast cancer (BC) associated with high metastasis and mor-

tality.1 Since targeted therapies are limited for patients with

TNBC, there is an urgent need to identify promising targets

and treatment regimens for TNBC.

Metabolic reprogramming of tumors is increasingly recog-

nized in primary and metastatic sites due to different energy

needs and nutrient microenvironments.2 Aggressive tumors

exhibit plasticity in carbon source utilization to support bioener-

getic demands.3 Despite elevated glycolysis in cancer cells, they

also utilize mitochondrial respiration to generate significant

ATP.4,5 Our previous studies suggest that reprogramming to

mitochondrial fatty acid b-oxidation (FAO) is a dominant meta-

bolic pathway in TNBC.6,7 Recent studies have identified the

presence of a metabolic hybrid state in cancer cells that can uti-

lize both glycolysis and oxidative phosphorylation (OXPHOS)

pathways.8–13 This metabolic hybrid state in cancer cells is crit-
Cell Reports Medicine 6, 101941, Febr
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ical for tumor progression and adaptation tometastatic niches.14

Therefore, targeting mitochondrial metabolism remains an

attractive treatment option in TNBC therapy.15

Biguanides like metformin, the first-line drug of choice for type

2 diabetesmellitus (T2DM), have been recently indicated for anti-

cancer therapies. The decreased cancer incidence in diabetic

patients on metformin therapy encouraged multiple clinical trials

of metformin in various cancers, including TNBC.16–20 However,

metformin failed to reach an effective concentration in tumors

and did not inhibit proliferation or provide a survival benefit at

clinical doses.18,21 Thus, it is imperative to find suitable thera-

peutic combinations to counter the limited effect of biguanides

due to poor bioavailability. Suppression of OXPHOS by inhibiting

complex I activity of the mitochondrial electron transport chain

(ETC) is the primary proposedmechanism for the anti-cancer ac-

tivity of biguanides.22,23 Several recent publications discussed

the metabolic modulations after biguanide treatments in can-

cer.24–26 Importantly, a clinical study by Lord et al. identified

two distinct metabolic subgroups of tumors with contrasting
uary 18, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Low-dose biguanides activate the AMPK-ACC pathway in TNBC

(A) Growth curve of PDX-2147 and PDX-4013 tumors in SCID/Beige mice treated with vehicle (VEH) (n = 5) or 200 mg/kg metformin (MET) (n = 5).

(B) Upper: in vitro cellular concentration of MET in 4T1 cells after in vitro treatment with VEH (n = 3) or MET (n = 3) for 1 day. Lower: in vivo tissue concentration of

MET in 4T1-xenografts treated with VEH (n = 11) or MET (200mg/kg) for 7 days in BALB/c mice. Tumors were collected 3 (n = 6) and 24 h (n = 5) after the last MET

treatment.

(C and D) Mathematical modeling of the expected fold changes in pAMPK level (C) and ATP production rate from FAO (FAO-ATP) (D) in cancer cells upon

treatment with increasing concentration of MET (0.005, 0.0125, 0.025, 0.0375, 0.05, 0.0625, 0.075, 0.1, 0.125, 0.1875, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, and

1 mM).

(E) Change in ETC complex I activity in SUM159 cells after treatment with increasing concentrations of MET (n = 3). The p value is calculated against 0 mM.

(F–I) Western blot (WB) of pACC (S79) and pAMPK (T172) levels in SUM159 or MDA-MB-231 cells after treatment (1 day) with increasing doses of MET or

phenformin (PHN). The ratio of pACC/ACC and pAMPK/AMP is shown below.

(J) WB for pACC (S79) and pAMPK (T172) levels in PDX-4013 tumors treated long term with VEH or MET (200 mg/kg). The below graphs represent the quan-

tification of pACC/ACC and pAMPK/AMPK ratios calculated using ImageJ.

Data on all panels are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA (A), one-way ANOVA (E), or two-tailed unpaired t test (J).

See also Figure S1.
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clinical outcomes in patients with BC onmetformin therapy27: an

OXPHOS transcriptional response (OTR) group with increased

transcription of OXPHOS genes and a fluoro-deoxy-D-glucose

(FDG) response group with increased 18-FDG uptake. The

OTR group of tumors showed increased cell proliferation and

drug resistance after metformin therapy.27 Their further analysis

confirmed that metformin treatment of primary BC at therapeutic

dosing increased FAO in the OTR tumors, and FAO activation

correlated with increased proliferation.28 Therefore, we hypothe-

size that identifying companion targets of metabolic reprogram-

ming in TNBC upon biguanide treatment is critical to developing

an effective therapeutic combination.

This study presents a comprehensive analysis using multiple

models to unravel metformin-induced crosstalk of mitochondria

and oncopathway in TNBC. Our data reveal that low-dose met-

formin reprograms TNBCmetabolism to activate the FAO-Src ki-

nase signaling pathway in vivo. We propose a therapeutic strat-

egy wherein the clinical dose of metformin synergizes with the
2 Cell Reports Medicine 6, 101941, February 18, 2025
Src inhibitor, dasatinib, to effectively regulate tumor growth

and metastasis in patients with TNBC.

RESULTS

Biguanides fuel the dichotomous growth of TNBC by
modulating the AMPK-FAO pathway
In vivo experiments using TNBC patient-derived xenograft (PDX)

and cell line xenograft models suggested that the clinically rele-

vant metformin dose18 is insufficient in effectively reducing the

TNBC tumor growth (Figures 1A, S1A, and S1B). Since bigua-

nides have anti-proliferative effects in vitro,29 we measured met-

formin concentration in in vitro cell line and in vivo xenograft

models of the 4T1 cell line to compare metformin’s in vitro and

in vivo bioavailability. In contrast to in vitro treatment, metformin

bioavailability of in vivo xenografts was rapidly cleared after

in vivo treatment and reduced to low-dosemetformin concentra-

tion levels (Figure 1B). Computational modeling of the dose
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dependency of metformin using our previously published meta-

bolic model11 predicted a steady increase of phosphorylation of

AMP-activated protein kinase (AMPK), the upstream signaling

pathway of FAO, upon increasingmetformin concentrations (Fig-

ure 1C). However, modeling of FAO-mediated change in ATP

levels showed that while lower concentrations were predicted

to induce mitochondrial ATP production, higher metformin con-

centrations suppressed this activity, suggesting a dose-depen-

dent dichotomous metabolic regulation (Figure 1D). We then

analyzed the mitochondrial ETC complex I activity in SUM159

cells to validate this dichotomous metabolic regulation. While

higher doses of metformin suppressed complex I activity, the

lower doses induced complex I activity (Figure 1E). As expected,

the tricarboxylic acid cycle enzyme citrate synthase did not

follow this activity pattern (Figure S1C). Western blot analyses

confirmed that even at very low concentrations, biguanides in-

crease pACC and pAMPK levels in TNBC cells in vitro

(Figures 1F–1I and S1D–S1G). We then validated the change in

phosphorylation of acetyl-CoA carboxylase (ACC) and AMPK

in TNBC PDX tissues after long-term metformin therapy. As ex-

pected, in vivo metformin therapy also induced pAMPK and

pACC in TNBC PDX tumors (Figure 1J). AMPK is predominantly

regulated by upstream kinases, liver kinase B1 (LKB1), and cal-

cium/calmodulin protein kinase kinase 2 (CaMKK2 or CaMKKb).

LKB1-mediated AMPK activation is a well-studiedmechanism in

metformin therapy.30 However, CaMKK2 can also activate

AMPK in response to increases in cellular Ca2+ without any sig-

nificant change in ATP/ADP/AMP levels.31 Thus, we analyzed if

CaMKK2 is activated at low doses of biguanides. As expected,

we observed an increase of pCaMKK2 in low-dose biguanide-

treated cells (Figures S1H and S1I). Since the AMPK-ACC

pathway is upstream of FAO,11,32 we analyzed the FAO pathway

after metformin therapy. ThemRNA and protein expressions and

enzymatic activity of carnitine palmitoyltransferase 1 (CPT1), the

rate-limiting enzyme of FAO, were induced at lower doses of bi-

guanides (Figures 2A, S2A, S2B, 2B, and S2C). Since cellular

levels of carnitines and its metabolites are an indication of fatty

acid shuttle across the mitochondrial membrane and the abun-

dance of FAO intermediates, we performed metabolomic ana-

lyses of different carnitine metabolites in SUM159 cells after

treating with varying doses of metformin. Metabolomic data sug-

gest that while lower doses of metformin induce, high doses

decrease carnitine levels, confirming a dichotomous regulation

of FAO activity (Figure 2C). We further validated the metformin-

mediated activation of the FAO pathway in previously published

RNA sequencing data (GSE95298) generated from metformin-

resistant cells.33 The gene enrichment analysis identified a pos-

itive correlation between FAO and the post-metformin-resistant

cells (Figure 2D), confirming the activation of the FAO pathway

after metformin therapy.

We then analyzed the functional significance of the activation

of FAO after treatment with lower doses of biguanides in TNBC

cells. Interestingly, while higher doses of biguanide have an

anti-proliferative effect as expected, lower doses of biguanides

promoted TNBC cell growth (Figures 2E–2H and S2D). To

confirm the necessity of functional mitochondrial ETC in this

dichotomous cellular growth after biguanide therapy, we

compared the clonogenic potential between the wild-type
SUM159 cells and its mitochondrial (mt) DNA-depleted Rho0

cells.6 Lack of increase in colony formation after low-dose met-

formin therapy in the Rho0 cells confirmed that low concentra-

tion-induced clonogenic potential requires functional mitochon-

dria (Figures 2I and S2E). We then performed a similar analysis in

trans-mitochondrial cybrid models,6 where benign (C-A1N4) and

cancer (C-SUM159) mitochondria were transferred to the

SUM159 Rho0 cells. As expected, compared to C-A1N4, the

low-dose metformin-induced clonogenic potential was more

evident in C-SUM159 with cancer mitochondria (Figure 2J). We

also validated the clonogenic potential in MTB-TOM basal BC

cells that contain doxycycline (DOX)-inducible Myc that acti-

vates mitochondrial FAO activity (Figures S2F and S2G).7 Lower

doses of metformin significantly enhanced colony formation in

the presence of DOX, suggesting a critical role for FAO in low-

dose metformin-induced colony formation in TNBC (Figure 2K).

Collectively, our data suggest that lower doses of biguanides

activate the AMPK-ACC-FAO pathway and induce TNBC

growth.

Inhibition of FAO enhances the anti-cancer effects of
biguanides in TNBC
Since lower doses of biguanides induce FAO and tumor proper-

ties in TNBC, we investigated if the FAO inhibitor etomoxir (ETX)

would enhance the anti-cancer function of biguanides. Utilizing

multiple approaches such as clonogenic (proliferation), mammo-

sphere (stemness), andwound healing (metastasis) assays in hu-

man and mouse TNBC cells (SUM159, MDA-MB-231, SUM149,

and 4T1), we confirmed a significant reduction in TNBC tumor

properties when ETXwas treated in combination with biguanides

(Figures 3A–3F and S3A–S3G). To rule out the potential off-target

effects of ETX, we validated this finding using a clinically

approved FAO inhibitor, ranolazine (RNL). As observed with

ETX, the combination of metformin and RNL also considerably

reduced the clonogenic potential of SUM159 and MDA-MB-

231(Figures S4A and S4B). To avoid any FAO-targeting

drugs, we used a genetic approach by short hairpin RNA

(shRNA)-mediated knockdown (KD) of CPT1 and CPT2 genes in

MDA-MB-231 cells to deplete CPT1 or CPT2, the essential trans-

portersof long-chain fattyacids, into themitochondria (Figure4A).

As observed with the FAO inhibitors, compared to the scrambled

shRNAcells,KDofCPT1orCPT2genesignificantly enhanced the

anti-cancer effect of biguanides (Figures 4B, 4C, and S4C–S4E).

The combinationofmetforminwithETXalso significantly reduced

the organoid number in two PDX-derived organoids (PDXOs)

generated from BCM-3936 and BCM-3561 TNBC PDX models

(PDXO-3936andPDXO-3561) (Figures 4Dand4E). The combina-

tion effect of metformin and ETX on in vivo tumor growth was

confirmed using the BCM-4013 TNBC PDX model (Figure 4F).

Overall, our data indicate that preventing FAOactivation is critical

for biguanide’s anti-cancer activity in TNBC.

Biguanide-induced FAO activates the Src kinase
pathway
Our previous studies demonstrated that metabolic reprogram-

ming to FAO in TNBC activates Src kinase by Y419 autophos-

phorylation (pSrc(Y419)).6 Analysis of BC data from The Cancer

Genome Atlas (TCGA) showed a strong positive correlation
Cell Reports Medicine 6, 101941, February 18, 2025 3
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Figure 2. Low-dose biguanides activate mitochondrial FAO and cell growth in TNBC

(A) WB of CPT1 in SUM159 and MDA-MB-231 cells treated with VEH or MET for 1 day.

(B) CPT1 enzymatic activity assay after treatment with VEH or MET for 1 day (n = 3). The p value is calculated against 0 mM.

(C) Metabolomic analysis of carnitine metabolites in SUM159 cells treated with low and high doses of MET (n = 4).

(D) Gene set enrichment analysis of the post-MET-resistant cells (GSE95298) showing an enrichment of FAO pathway in MET-resistant cells.

(E–H) SRB cell viability assay of SUM159 or MDA-MB-231 cells treated with VEH or increasing concentrations of MET or PHN (n = 6). p value is calculated

against 0 mM.

(I) Quantification of the relative percentages of colonies from the clonogenic assay of SUM159 parental cells and mtDNA-depleted SUM159 Rho0 cells after

treatment with increasing concentrations of MET (n = 3). p value is calculated against 0 mM.

(J) Quantification of the relative percentages of colonies from the clonogenic assay of SUM159 trans-mitochondrial cybrid (C-)models. C-A1N4 has benign (A1N4)

and C-SUM159 has cancer (SUM159) mitochondria. Cybrids were treated with increasing concentrations of MET (n = 3). p value is calculated against 0 mM.

(K) Quantification of the relative percentages of colonies from the clonogenic assay of DOX-inducible MYC-driven MTB-TOM TNBC cells. Cells were treated with

increasing concentrations of MET (n = 3) in the presence or absence of DOX. p value is calculated against 0 mM.

Data on all panels are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (B and E–K).

See also Figure S2.
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between AMPK and Src signatures (Figure 5A). Since higher

doses of metformin directly inhibit ETC complex I,34 we per-

formed an RNA sequencing analysis after treatment with a high

concentration (5 mM) of metformin in MDA-MB-231 cells. Tran-

scriptomic data confirmed that Src signature is one of the most

significantly downregulated pathways after high-dosemetformin

treatment in TNBC cells (Figure 5B). Higher dose of metformin

also affected other pathways including the cell cycle, Wnt,

YAP1, and Notch pathway (Figures 5B and S5A). Since we pre-

viously confirmed the significance of c-Src as a major down-

stream oncopathway in TNBC,6 we validated the activation of

pSrc(Y419) after treatment with different metabolic inhibitors.

While the glycolytic inhibitor 3-bromopyruvate (3BP) shows

limited downregulation, biguanides (metformin and phenformin),

ETC inhibitors (rotenone and antimycin A), and the FAO inhibitor

(ETX) considerably reduced pSrc(Y419) levels (Figure 5C). A

combination of biguanide and ETX further reduced pSrc(Y419)

levels in TNBC cells (Figures S5B and S5C).
4 Cell Reports Medicine 6, 101941, February 18, 2025
We then analyzed if lower doses of biguanide-induced FAO

also activate c-Src. In line with the activation of the AMPK-

ACC-FAO pathway shown in Figures 1 and 2, lower doses of bi-

guanides increased and higher doses decreased pSrc(Y419) in

TNBC cells (Figures 5D, 5E, and S5D). To confirm the specificity

of biguanides in regulating Src phosphorylation, we tested the

effect of two drugs recently approved for treating T2DM. Treat-

ment with tirzepatide, which is a glucagon-like peptide-1

(GLP-1) and glucose-dependent insulinotropic polypeptide re-

ceptor agonist,35 or canagliflozin, a sodium-glucose co-trans-

porter 2 (SGLT2) inhibitor,36 did not inhibit pSrc(Y419) in TNBC

cells (Figure S5E). Moreover, tirzepatide or canagliflozin did not

affect the low-dose metformin-induced pSrc(Y419) in TNBC

cells (Figure S5F). We then evaluated the PDX tumors harvested

after a long-term in vivo treatment with vehicle or metformin. Tu-

mor analyses of pSrc(Y419) suggest that metformin-treated

in vivo PDX tumors mimicked the low-dose biguanide-treated

in vitro cell models with increased pSrc(Y419) levels compared
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Figure 3. Inhibition of FAO potentiates the anti-cancer effect of biguanides

(A and B) Representative images and the quantification of clonogenic assay of SUM159 (A) andMDA-MB-231 (B) cells treatedwith etomoxir (ETX) and biguanides

(n = 3).

(C and D) Representative images and the quantification of time-lapse images of wound healing assays using the Cytation 5 cell imager. 4T1 (C) andMDA-MB-231

(D) cells treated with ETX and biguanides (n = 3). Scale bar indicates 200 mm.

(E and F) Representative images and quantification of mammosphere assay of SUM159 (E) andMDA-MB-231 (F) cells treated with ETX andMET (n = 4). Scale bar

indicates 400 mm.

Data on all panels are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (A, B, E, and F) or two-way ANOVA (C and D).

See also Figure S3.
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to the vehicle-treated tumors (Figure 5F). These data support

metformin’s limited in vivo tumor bioavailability, as shown in

Figure 1B.

A combination of metformin and dasatinib
synergistically inhibits in vivo tumor growth and
metastasis of TNBC
Weanalyzed if a combination ofmetformin with an Src inhibitor is

a beneficial therapeutic option in TNBC. Combining biguanides

with the clinically approved Src inhibitor (Figure S5G), dasatinib,

significantly inhibited the clonogenic potential (colony formation

assay), metastasis (wound healing assay), migration (transwell

assay), tumorigenicity (soft agar colony formation), and stem-

ness (mammosphere assay) properties in multiple TNBC cell

lines (Figures 6A–6H and S6A–S6G). We also confirmed that

the combination of biguanides and dasatinib induces a cellular

apoptotic marker (cleaved PARP) and inhibits the cell prolifera-

tion marker CDK4 (Figure S6H).

Considering the excellent in vitro combination effect of bigua-

nides and the Src inhibitor in cell lines, we validated this combi-

nation ex vivo in organoids using multiple TNBC PDXO models

generated from TNBC PDX models. As expected, the combina-

tion of metformin with dasatinib significantly decreased the

PDXO numbers compared to single-drug therapy (Figures 7A,
7B, and S7A–S7C). We then confirmed this finding in vivo using

TNBC PDX models. As expected, treatment with a combination

of metformin and dasatinib significantly decreased tumor growth

and significantly prolonged the survival (to the endpoint) of TNBC

PDX-bearing mice (Figures 7C, 7D, 7F, and 7G). However, no

considerable body weight change was observed (Figures S7D

and S7E). Synergism analysis confirmed that the combination

of metformin and dasatinib is a synergistic combination in

TNBC (Figures 7E and 7H). Immunohistochemistry (IHC) analysis

confirmed a significantly reduced proliferative index in combina-

tion-treated tumors (Figures 7I and S7F). Several reports have

shown that a higher dietary fat intake remarkably increases

death from BC.37–40 Since FAO is a key regulator of Src, we hy-

pothesized that the synergistic effect of metformin and dasatinib

observed inmice with a regular diet may not be feasible in a high-

fat diet scenario due to the increased fat transport. As expected,

the high-fat diet attenuated the synergistic effect and the survival

benefit of biguanides and Src inhibitor combination therapy in

the TNBC PDX model (Figures 7J–7L). We then evaluated the

significance of this combination in TNBC metastasis using the

4T1 spontaneous metastasis model. After a short-term drug

therapy, the primary tumors were resected at a similar tumor

size, and lung metastasis was evaluated after treatment for

about 3 weeks (Figures S7G and S7H). Importantly, the
Cell Reports Medicine 6, 101941, February 18, 2025 5
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Figure 4. Genetic or in vivo suppression of FAO enhances the anti-cancer effect of biguanides
(A) WB confirming the shRNA-mediated stable knockdown of CPT1 and CPT2 proteins in MDA-MB-231 cells.

(B and C) Quantification of the relative percentages of colonies from the clonogenic assay of control (shScr), CPT1, or CPT2 shRNA-transfected MDA-MB-231

cells. Cells were treated with MET (B) or PHN (C) (n = 3).

(D and E) Representative images and quantification (R200 mm) of PDXO-3936 (D) and PDXO-3561 (E) treated with ETX and MET (n = 4). Scale bar indicates

300 mm.

(F) Tumor growth curve of PDX-4013 in SCID/Beige mice treated with ETX (50 mg/kg) and MET (200 mg/kg) (n = 6).

Data on all panels are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (B–E) or two-way ANOVA (F).

See also Figure S4.
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combination of metformin and dasatinib dramatically reduced

lung metastatic nodules compared to the single drugs

(Figures 7M and 7N). Overall, our combinatory approach utilizing

the mitochondria-oncopathway crosstalk provides a repurpos-

ing significance for two established and economically viable

drugs in targeting metastatic TNBC that currently suffers from

limited therapeutic options.

DISCUSSION

There was substantial enthusiasm for repurposing metformin to

prevent or treat TNBC based on initial reports indicating that pa-

tients with T2DM treated with metformin were observed to expe-

rience reduced TNBC incidence, increased time to develop can-

cer, reduced mortality from cancer, or reduced risk of distant

metastases.41 However, a different population-based study re-

ported that a history of diabetes, use of diabetes medications,

and use of metformin specifically were positively associated

with TNBC incidence.42 These conflicting findings raise the

concern that metformin treatment at certain doses possibly in-

creases the risk of at least some patients with TNBC.

As a single agent, clinically relevant doses of metformin

(�35 mg/kg) routinely used to treat patients with T2DM have

failed to consistently provide anti-neoplastic activity in mouse

models.43,44 Only supra-pharmacological metformin doses
6 Cell Reports Medicine 6, 101941, February 18, 2025
ranging from 150 to 500mg/kg/day inmice have shown substan-

tial anti-cancer effects in vivo.45,46 Another biguanide, phenfor-

min, showed great promise but failed in clinical trials because

of lactic acidosis and increased cardiac mortality.47 Thus, there

is an urgent need to identify the resistance mechanisms behind

metformin therapy in TNBC and develop therapies of clinically

accepted doses ofmetformin with scientifically relevant and clin-

ically feasible combination drugs that are relevant in TNBC.

Overall, the findings from this study confirm that themetformin

dose-dependent dichotomous regulation of FAO and mitochon-

drial ETC function is critical in activating the Src pathway and tu-

mor progression in TNBC. Our findings concur with a clinical

study conducted in patients with primary BC, in which transcrip-

tomic and metabolomic analyses of paired tissues were

collected before and after metformin therapy.27 Tumor analysis

identified two types of tumors post treatment with increased

OXPHOS or glycolysis signature.27 Though that study was not

exclusively focused on the TNBC subtype, a follow-up publica-

tion28 confirmed that an increase in the expression of a compos-

ite mitochondrial FAO gene expression profile in the OXPHOS

group correlated with an increased proliferation gene signature.

This study confirms this clinical finding of increased proliferation

after low-dose metformin therapy and suggests that the

increased FAO from low tumor availability of metformin induces

Src oncopathway after in vivo metformin therapy.
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Figure 5. Biguanide-induced FAO activates Src kinase

(A) Analysis of BC patient data from TCGA suggests that Src upregulated gene signatures are positively correlated with AMPK signature.

(B) Oncopathway signature analysis of RNA-seq data (GSE222767) from VEH or MET (5 mM)-treated MDA-MB-231 cells for 1 day (n = 3).

(C) WB of pSrc(Y419) in SUM159 and MDA-MB-231 cells treated for 1 day with metabolic inhibitors. MET (5 mM) and PHN (0.5 mM), ETC complex I inhibitor:

rotenone (1 mM), complex III inhibitor: antimycin A (10 mM), glycolysis inhibitor: 3BP (10 mM), and FAO inhibitor: ETX (100 mM).

(D and E) WB of pSrc(Y419) in SUM159 (D) or MDA-MB-231 (E) cells after treatment (1 day) with increasing doses of MET or PHN. The average ratios of pSrc/Src

from three independent WB experiments calculated using ImageJ are shown below.

(F)WB of pSrc(Y419) and quantification of pSrc(Y419)/Src ratio of PDX-4013 tumors treatedwithMET (200mg/kg). *This experiment was performed together with

the WB data shown in Figure 1J.

Data on all panels are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (D and E) or two-tailed unpaired t test (B and F).

See also Figure S5.
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We have previously reported that FAO activates Src onco-

pathway in TNBC by autophosphorylation of Src at Y419.6 The

discovery of the low-dose metformin-induced AMPK-ACC-

FAO-Src axis in this study has major therapeutic potential for

TNBC. The Src pathway is one of the most frequently upregu-

lated pathways in TNBC tumors48 and is also associated with

increased metastasis.49 Dasatinib is among the most clinically

studied Src inhibitors.50,51 However, its effect as a single drug

failed to provide an overall benefit in multiple clinical trials.52–56

Metformin is well known to exert its effects by multiple path-

ways, including inhibition of mitochondrial respiration and

AMPK-dependent inhibition of hepatic gluconeogenesis.18,47

While its exact mechanisms in patients with cancer remain

controversial, inhibition of mitochondrial ETC complex I is re-

garded as the major anti-cancer mechanism.17 Complex I inhibi-

tion alters AMP/ATP and ADP/ATP ratio to activate AMPK

signaling.57 Our dose-escalation experiments suggested that a

low dose of metformin is sufficient to activate the AMPK-ACC

pathway to induce FAO and ETC functions in TNBC. Thus, the

activation of AMPK-ACC-FAO signaling by metformin in TNBC

occurs without compromising ETC activity. Studies reported

alternate mechanisms of AMPK activation regardless of the

mitochondrial AMP levels.45,58,59 A recent study by Ma et al. re-
ported that metformin binds to the presenilin enhancer 2 (PEN2)

subunit of g-secretase present in the lysosomes at clinical doses

leading to the activation of AMPK without any change in AMP

levels.60 Similarly, a major upstream kinase of AMPK, the cal-

cium-triggered signaling kinase CaMKK2, is also known to acti-

vate AMPKwithout sensing the cellular energy status.31 Interest-

ingly, previous studies have shown that metformin treatment can

induce calcium signaling.61,62 Thus, low-dose metformin may

not require the inhibition of ETC complex I to activate AMPK-

ACC signaling. In vitro treatment with the GLP-1 agonist tirzepa-

tide and the SGLT2 inhibitor canagliflozin did not inhibit Src

phosphorylation in TNBC cells. Moreover, they did not influence

the low-dose metformin-induced pSrc (Y419) in combination

treatment. However, while these T2DM drugs likely do not

have the same direct effects as metformin on TNBC cells, further

in vivo studies may be necessary to confirm if they will over-

shadow metformin’s indirect effects on Src regulation.

Our finding is very important from an in vivo therapeutic

point because the concentration of metformin available within

the tumor cells is a critical deciding factor for its pro- or anti-

tumor properties in TNBC. Measuring tumor concentration of

metformin suggests that even after 3 h, the concentration of

metformin in the xenografts was lower than the observed
Cell Reports Medicine 6, 101941, February 18, 2025 7
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Figure 6. Dasatinib potentiates the anti-cancer effect of biguanides
(A and B) Representative images and the quantification of clonogenic assay of SUM159 (A) and MDA-MB-231 (B) cells treated with dasatinib (DAS) and bi-

guanides (n = 3).

(C and D) Representative images and the quantification of time-lapse images of wound healing assays using the Cytation 5 cell imager. 4T1 (C) andMDA-MB-231

(D) cells treated with DAS and biguanides (n = 3). Scale bar indicates 200 mm.

(E) Representative images and quantification of transwell migration assay of 4T1 cells treated with DAS and MET (n = 3). Scale bar indicates 200 mm.

(F) The quantification of soft agar colony assay of 4T1 cells treated with DAS and biguanides (n = 3).

(G and H) Representative images and quantification of mammosphere assay of SUM159 (G) and MDA-MB-231 (H) cells treated with DAS and biguanides (n = 4).

Scale bar indicates 400 mm.

Data on all panels are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (A, B, and E–H) or two-way ANOVA (C–D).

See also Figure S6.
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metformin-driven activation of the FAO-Src axis in vitro. A high

dose of dasatinib has side effects, and many clinical trials in

solid tumors had to reduce the dose of dasatinib to improve

tolerability.50,51 We used the lowest reported doses (10–

20 mg/kg) of dasatinib compared to other preclinical studies

(10–50 mg/kg).63–65 Even low-dose dasatinib provides a syner-

gistic effect when combined with metformin in TNBC. Thus,

this study reveals that a synergistic combination of low-dose

dasatinib with a clinically relevant dose of metformin, one of

the most prescribed and inexpensive drugs with an estab-

lished safety profile, has high clinical significance in TNBC

therapy.

To conclude, considering the limited effective therapeutic op-

tions currently available for patients with TNBC, our study pro-

vides potentially faster clinical translation by repurposing two

Food and Drug Administration-approved drugs that failed to pro-

vide clinical benefit when used as monotherapy.

Limitations of the study
AMPK pools have been known to exist in multiple intracellular

compartments.66 This study does not provide the detailedmech-

anisms of low-dose metformin-mediated AMPK activation
8 Cell Reports Medicine 6, 101941, February 18, 2025
without inhibiting the OXPHOS activity. Moreover, the role of

low-dose metformin on CaMKK2 activation also requires further

investigation. The effect of metformin on other Src family kinases

in TNBC has not been investigated in this manuscript. Though

preclinical experiments in this manuscript show a lack of inhibi-

tion of Src autophosphorylation after in vivo metformin therapy,

this needs further validation in tissues from patients with

TNBC. While the GLP-1 agonist or SGLT2 inhibitor did not inhibit

Src phosphorylation in vitro, further in vivo studies are required to

confirm the systemic effect of these drugs on Src regulation. The

role of immune factors that contribute to the synergistic effect of

metformin and dasatinib has not been addressed in this manu-

script. Further studies are necessary to understand the role of

metformin and its combination with Src inhibitors in regulating

the tumor microenvironment of TNBC.
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Figure 7. MET and DAS combination synergistically regresses tumor growth and metastasis

(A and B) Representative images of PDXO-3936 (n = 4) (A) and PDXO-3561 (n = 4) (B) treatedwithMET andDAS (These experiments were performed together with

Figures 4D and 4E, respectively). Scale bar indicates 300 mm.

(C–E) Tumor growth curves (C), tumor endpoint survival graph (D), and the synergism analysis (E) of PDX-3561 in SCID/Beige mice were treated with MET

(200 mg/kg) and DAS (10 mg/kg) (n = 4).

(F–H) Tumor growth curves (F), tumor endpoint survival graph (G), and the synergism analysis (H) of PDX-3204 in SCID/Beige mice were treated with MET

(200 mg/kg) and DAS (20 mg/kg) (n = VEH: 7 and drugs: 5).

(I) Representative IHC images and quantification of BrdU (G) staining of PDX-3204 tumor tissues from Figure 4F (n = 3 tumors3 4 representative areas). Scale bar

indicates 200 mm.

(J–L) Tumor growth curves (J), tumor endpoint survival graph (K), and the synergism analysis (L) of PDX-3204 in SCID/Beige mice fedwith high-fat diet (HFD) were

treated with MET (200 mg/kg) and DAS (20 mg/kg) (n = 5).

(M) Representative images of spontaneous lung metastasis of 4T1 cells after the BALB/c mice treated with MET (200 mg/kg) and DAS (20 mg/kg). The heatmap

represents the number of lung metastatic nodules in the individual mouse. VEH, MET and DAS (n = 7), and its combination (n = 8).

(N) H&E images of lungs after in vivo spontaneous lung metastasis from 4T1 cells. The arrows indicate metastatic nodules. Scale bar indicates 1 mm.

Data on all panels are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (I), two-way ANOVA (C, F, and J), bliss method (E, H, and L), or Mantel-

Cox test (D, G, and K).

See also Figure S7.
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Materials availability

All unique/stable reagents generated in this study are available from the lead

contact with a completed materials transfer agreement.

Data and code availability

d RNA-seq data have been deposited at NCBI GEO, and metabolomics

data have been deposited at the Metabolomics Workbench (https://

doi.org/10.21228/M8CC1G). Accession numbers are listed in the key

resources table. Data generated in this study are available from the

lead contact upon request.

d This paper does not report the original code.

d Any additional information required to reanalyze the data in this work pa-

per is available from the lead contact upon request.
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Fairchild, J., Sy, O., and Goldstein, L.J. (2011). Dasatinib as a single agent

in triple-negative breast cancer: results of an open-label phase 2 study.

Clin. Cancer Res. 17, 6905–6913. https://doi.org/10.1158/1078-0432.

CCR-11-0288.

55. Mayer, E.L., and Krop, I.E. (2010). Advances in targeting SRC in the treat-

ment of breast cancer and other solid malignancies. Clin. Cancer Res. 16,

3526–3532. https://doi.org/10.1158/1078-0432.CCR-09-1834.

56. Zhang, S., and Yu, D. (2012). Targeting Src family kinases in anti-cancer

therapies: turning promise into triumph. Trends Pharmacol. Sci. 33,

122–128. https://doi.org/10.1016/j.tips.2011.11.002.

57. Viollet, B., Guigas, B., Sanz Garcia, N., Leclerc, J., Foretz, M., and

Andreelli, F. (2012). Cellular and molecular mechanisms of metformin:

an overview. Clin. Sci. 122, 253–270. https://doi.org/10.1042/CS2

0110386.

58. Zhang, C.S., Hawley, S.A., Zong, Y., Li, M., Wang, Z., Gray, A., Ma, T., Cui,

J., Feng, J.W., Zhu, M., et al. (2017). Fructose-1,6-bisphosphate and

aldolase mediate glucose sensing by AMPK. Nature 548, 112–116.

https://doi.org/10.1038/nature23275.

59. Larsen, S., Rabøl, R., Hansen, C.N., Madsbad, S., Helge, J.W., and Dela,

F. (2012). Metformin-treated patients with type 2 diabetes have normal

mitochondrial complex I respiration. Diabetologia 55, 443–449. https://

doi.org/10.1007/s00125-011-2340-0.

60. Ma, T., Tian, X., Zhang, B., Li, M., Wang, Y., Yang, C., Wu, J., Wei, X., Qu,

Q., Yu, Y., et al. (2022). Low-dose metformin targets the lysosomal AMPK

pathway through PEN2. Nature 603, 159–165. https://doi.org/10.1038/

s41586-022-04431-8.

61. Nascimento Da Conceicao, V., Sun, Y., Chai, X., Ambrus, J.L., Mishra,

B.B., and Singh, B.B. (2023). Metformin-induced activation of Ca(2+)

signaling prevents immune infiltration/pathology in Sjogren’s syndrome-

prone mouse models. J. Transl. Autoimmun. 7, 100210. https://doi.org/

10.1016/j.jtauto.2023.100210.

62. Loubiere, C., Clavel, S., Gilleron, J., Harisseh, R., Fauconnier, J., Ben-

Sahra, I., Kaminski, L., Laurent, K., Herkenne, S., Lacas-Gervais, S.,

et al. (2017). The energy disruptor metformin targets mitochondrial integ-
12 Cell Reports Medicine 6, 101941, February 18, 2025
rity via modification of calcium flux in cancer cells. Sci. Rep. 7, 5040.

https://doi.org/10.1038/s41598-017-05052-2.

63. Hekim, C., Ilander, M., Yan, J., Michaud, E., Smykla, R., Vähä-Koskela, M.,
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Rabbit monoclonal anti-phospho-AMPKa(Thr172) Cell Signaling Technology Cat#2535S; RRID: AB_331250

Mouse monoclonal anti-AMPKa Cell Signaling Technology Cat#2793S; RRID: AB_915794

Mouse monoclonal anti-CPT1A Cell Signaling Technology Cat#12252S; RRID: AB_2797857

Rabbit polyclonal anti-c-Myc Cell Signaling Technology Cat#9402S; RRID: AB_2151827
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EGF Gemini Cat#300-110P

FGF 7 (human) Peprotech Cat#100-19

FGF 10 (human) Peprotech Cat#100-26

EGF Peprotech Cat#AF-100-15

Noggin (human) Peprotech Cat#120-10C

A83-01 Tocris Cat#2939

Y-27632 Abmole Cat#Y-27632

SB202190 Sigma-Aldrich Cat#S7067

B27 supplement Gibco Cat#17504-44

HEPES Invitrogen Cat#15630-056

Primocin Invivogen Cat#Ant-pm-1

GlutaMax 100x Invitrogen Cat#35050061

Advanced DMEM/F12 Invitrogen Cat#12634028

Matrigel phenol red free Corning Cat#356231

Collagenase Sigma-Aldrich Cat#C9407
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Red blood cell lysis buffer Roche Cat#11814389001

Corning� cell strainer Corning Cat#352360

Tween 20 VWR Life Science Cat#97062-332

Nitrocellulose membrane Bio-Rad Cat#162-0097

High-fat diet chow Research Diets Inc Cat#D12492

DNase I Sigma-Aldrich Cat#4716728001

Liquid DAB+substrate chromogen system Dako Cat#K3468

Tirzepatide Selleck Chemicals LLC Cat#P1206

Canagliflozin Selleck Chemicals LLC Cat#S2760

Critical commercial assays

Seahorse XFp cell mito stress test kit Agilent Cat#103010-100

Bicinchoninic Acid (BCA) protein assay Kit GenDEPOT Cat#P8100

QIAamp DNA Mini Kit Qiagen Cat#51304

RNeasy Plus Mini Kit Qiagen Cat#74134

Live/Dead fixable dead cell stain kit Invitrogen Cat# L34962

Deposited data

RNA-Seq data for MET treatment MDA-MB-231 GEO: GSE222767

Metabolomics data for MET treatment SUM159 NMDR: ST003651

Experimental models: Cell lines

Human: SUM149 N/A

Human: SUM159 N/A

Human: MDA-MB-231 N/A

Mouse: MTB-TOM N/A

Mouse: 4T1 N/A

Human cybrid: C-A1N4 N/A

Human cybrid: C-SUM159 N/A

Human Rho0: SUM159 N/A

Experimental models: Organisms/strains

Mouse: SCID The Jackson Laboratory Cat#001303

Mouse: Balb/c The Jackson Laboratory Cat#000651

Oligonucleotides

Primer: Human nuclear Forward:

CGACGGGAGGGTCGGGACAA,

Reverse: GCCCCGCGAA

AGAGCGGAAG

N/A

Primer: Human mitochondria Forward:

GTCAACCTCGCTTCCCCACCCT,

Reverse: TCCTGCGAATAGG

CTTCCGGCT

N/A

Primer: Human CPT1A Forward:

TCCAGTTGGCTTATCGTGGTG,

Reverse: TCCAGAGTCCGATT

GATTTTTGC

N/A

Primer: Human CPT2 Forward:

CATACAAGCTACATT

TCGGGACC, Reverse:

AGCCCGGAGTGTCTTCAGAA

N/A

Primer: Human b-actin Forward:

AGCACTGTGTTGGCCTACAG, Reverse:

AGAGCTACGAGCTGCCTGAC

N/A
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Software and algorithms

Prism 8 GraphPad https://www.graphpad.com/scientific-software/prism/

Wave Desktop and Controller 2.6 Software Agilent https://www.agilent.com/en/product/cell-analysis/

real-time-cell-metabolic-analysis/xf-software/

seahorse-wave-controller-software-2-6-1-740904

ImageJ Schneider et al.67 https://imagej.nih.gov/ij/

R R Core Team https://www.r-project.org/

Other

PCA of Src and AMPK signature Yu et al.14 and Creighton et al.68 N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells
MDA-MB-231 and 4T1 cell lines were from the American Type Culture Collection (ATCC). SUM149 cell line was kindly gifted from Dr.

Debeb (MD Anderson Cancer Center) and SUM159 cell line was purchased from BioIVT and also provided from Asterand Bioscience

by Dr. Dave. c-Myc overexpressing MTB-TOM cell was provided by Dr. Goga (UCSF). Rho0 cell and TNBC cybrid cells, C-A1N4 and

C-SUM159, weremaintained as previously published.6 MDA-MB-231, 4T1, SUM149, SUM159, and TNBC cybrid cells were cultured

in DMEMmedium containing 5% FBS and 1% penicillin-streptomycin and Rho0 cell was cultured in DMEMmedium containing 5%

FBS, 1% penicillin-streptomycin and 50 ng/ul uridine. MTB-TOM cell was maintained in DMEMmedium containing 5% tet-free FBS

and 1% penicillin-streptomycin. All cells were incubated at 37oC with 5% CO2.

PDX-derived organoid (PDXO)
PDXOs were developed from the xenografts of already established TNBC PDX models obtained from the PDX core facility at Baylor

College of Medicine. The PDXOsweremaintained in BC organoidmedium (Advanced DMEM/F12with 250 ng/mLR-spondin-1, 5 nM

neuregulin-1, 5 ng/ml FGF-7, 20 ng/ml FGF-10, 5 ng/mL EGF, 100 ng/mL noggin, 500 nM A83-10, 5 mMY27632, 500 nM SB202190,

1X B27 supplement, 1.25 mM N-acetylcysteine, 5 mM nicotinamide, 1X Glutamax, 10 mM HEPES, 50 mg/ml primocin, and 1%

Penicillin/Streptomycin). After drug treatment, the organoid growths were monitored under a microscope. All PDXOs were incubated

at 37oC with 5% CO2.

Animal experiments
All animal studies were conducted in accordance with the standard protocol (AN-6102) approved by the Institutional Animal Care

and Use Committee of Baylor College of Medicine and conformed to relevant standards as described in Use of Laboratory An-

imals, the Guide for the Care and Use of Laboratory Animals. Animals were housed in specific pathogen-free conditions under

standard laboratory conditions (20�C–22oC with defined light/dark cycle). For mammary transplantation assay, 2 x 105 SUM159

cells were transplanted into the fourth mammary fat pads of 4–5 weeks old SCID/Beige female mice. For the treatment study, the

mice were treated with vehicle or phenformin (20 mg/kg) through IP on every alternative day. For the PDX models, small tumor

pieces from PDX (BCM-2147, 2665, 3204, 3561, and 4013) were transplanted into the fourth mammary fat pads of 4–6 weeks old

SCID/Beige female mice and the mice were treated with vehicle, metformin (100 or 200 mg/kg), phenformin (20 mg/kg), and ETX

(50 mg/kg) through IP, and dasatinib (10 or 20 mg/kg) through oral gavage every two days. Tumors were monitored and

measured manually by caliper. For spontaneous metastasis assay, 104 4T1 cells were transplanted into the fourth mammary

fat pads of 4–5 weeks old Balb/C female mice. After tumors start to form, once the tumor size reaches approximate

500 mm2, primary tumors were surgically removed. The mice were treated with vehicle, metformin (200 mg/kg), dasatinib

(20 mg/kg) or its combination. The metastasis was monitored by animal observation and luciferase bioluminescence imaging

(IVIS Lumina XR).

METHOD DETAILS

Mathematical modeling
The mathematical model was executed as described previously.11 During the calculation of the average level of regulatory proteins

(e.g., pAMPK) and metabolic pathway rates (e.g., FAO), as one set of parameters can enable n (i.e., multiple) stable states and a

weight factor 1/n was added to each of the n solutions.
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The correlation of Src and AMPK signature
We have previously published the gene lists of Src signature68 and the AMPK signature.14 From the TCGA RNA-seq data of the basal

subgroup of breast cancer patients, the AMPK signature and Src-upregulated gene expressions were obtained. The RSEM expres-

sion level of each gene first underwent log2 transformation, followed by Z score normalization across the patients. The correlation

between AMPK signature and Src up-regulated signatures was quantified using the average normalized expression of all genes in

the corresponding signature.

Protein isolation and western blot analysis
Cells or tumor tissues were lysed or homogenized in ice-cold RIPA buffer with a protease inhibitor cocktail (GenDEPOT) followed by

centrifugation for 10 min at 14000 rpm at 4�C. The supernatant was collected and quantified using a BCA assay kit (GenDEPOT). The

samples were prepared in 1X Laemmli buffer (GenDEPOT) containing b-mercaptoethanol, and 30 mg cell lysates were loaded onto

the SDS-PAGE. The electrophoresis and Western Blots were performed, followed by blocking in either 5% skimmed milk (Sigma) or

3% BSA (GenDEPOT) for 60 min. The nitrocellulose membranes were incubated with the primary antibodies (for pSrc(Y419), Src,

pACC(S79), ACC, pAMPKa(T172), AMPKa, CPT-1, c-Myc, pCaMMK2(S511), CaMMK2, Non-phospho (Active) b-catenin(S33/

37,T41), b-catenin, Notch2, pYAP1(S127), YAP1, CDK4, Vinculin, and b-actin) in 1:2,000 dilutions and further with secondary anti-

body conjugated HRP in 1:10,000 dilutions. Next, the membrane was washed three times with TBS-T buffer (GenDEPOT) and devel-

oped by ECL solution (GenDEPOT) using Azure 600 (Azure Biosystems).

RNA isolation and qRT-PCR
Total RNA was extracted using the RNeasy kit (Qiagen), and complementary DNA synthesis was performed using the amfiRivert

cDNA Synthesis Platinum system (GenDEPOT) according to the manufacturer’s instructions. mRNA levels were measured with

gene-specific primers using the Mx3000P qPCR System (Stratagene). Relative expression was normalized to b-actin or glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH).

RNA-seq analysis
Total RNA was extracted using the RNeasy Kit (Qiagen) by the manufacturer’s instructions. RNA purity and concentration were

measured using Nanodrop. Preparation of RNA library and transcriptome sequencing was conducted by Novogene Corporation

Inc. The datasets were processed and analyzed using Illumina NovaSeq 6000 Sequencing System. Signatures for oncopathways

such as MYC, p53, Kras, Notch, Wnt, YAP1, Cell Cycle, and Src were computed as previously described.68,69

Seahorse analysis
Metabolic flux was measured using XFp seahorse (Seahorse Biosciences). OCR was measured as previously described6 with minor

modifications. Cell Mito Stress kit (Seahorse Biosciences) was used for the assay. Basal OCR andATP production were calculated by

Report Generator Version: 4.03 (Seahorse Biosciences).

Cell viability assay
Cell viability was monitored after different drug treatments using the sulforhodamine B (SRB)-based colorimetric assay.6

Wound healing assay
For the wound healing assay, we used Cytation 5 (BioTek). The experiment was conducted as previously reported with minor mod-

ifications.6 2 X 104 cells were seeded into 96-well plates and incubated for overnight. Wounds were created using the wound maker

and then monitored by Cytation 5.

Proliferation assay
Using the IncuCyte ZOOM technique or Cytation 5, a real-time proliferation assay was performed. About 2,000 cells were plated into

96-well plate and monitored for 72 h. Cell confluence was analyzed using the IncuCyte ZOOM or Cytataion 5 software.

Clonogenic assay
Clonogenic assays were performed as described previously.70,71 In a 12 or 6-well plate, 500 or 2,000 cells were seeded in trip-

licates. After 24 h incubation, cells were treated with drugs and further incubated for 10 days. To measure lung metastasis

from primary tumor in vivo, a clonogenic assay using in vivo lung tissues was conducted in the presence of 6-thioguanine,72

Lung samples were finely minced and digested in 2 mL of enzyme cocktail containing 1 mg/mL collagenase for 2–3 h at 4�C
on rotating wheel, followed by filtering through 70-mm nylon cell strainers, then washing three times with 1X PBS. The resulting

cells were resuspended and plated serially diluted on 10-cm tissue culture dishes in a medium containing 60 mM 6-thioguanine

for clonogenic growth. 6-thioguanine-resistant tumor cells formed foci within 10–14 days. The clones were fixed with a solution

containing 10% acetic acid and 10% methanol and then stained with 0.5% crystal violet solution for 10 min, followed by three

rinses with tap water to remove excess dye. After counting the number of clones, they were dissolved in a 10% acetic acid so-

lution to measure absorbance at 590 nm.
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Soft agar colony formation assay
Soft agar colony formation assay was performed as previously published6 with minor modifications. 10,000 cells were seeded onto

top agar of six-well plates. Colonies were counted at different intervals using the GelCount colony counting system (Oxford Optronix)

according to the manufacturer’s instructions.

Mammosphere forming assay
To generate mammospheres, 1,000 cells were seeded and grown in serum-free mammosphere media containing EGF, bFGF, Hep-

arin, and B27 supplement in a 24-well low attachment plates. The suspension cultures were incubated for 2–3 weeks. Mammo-

spheres were counted with an automated gel counter (Oxford Optronix).

Migration assay
The migration assay was performed using 5 x 104 cells in the 24-well Transwell inserts (Corning),6 Medium containing 10% FBS was

used as the chemo-attractant in the lower chamber. Cells which have migrated through the membrane were fixed with 100%meth-

anol, stained with 1% crystal violet, and counted.

Immunohistochemistry staining
For H&E, Ki-67, and BrdU staining, PDX tissues were fixed in 4% paraformaldehyde overnight at 4�C and switched to 70% ethanol

before embedding into paraffin blocks for sectioning. H&E staining and IHC staining were performed by Breast Center Pathology

Core at Baylor College of Medicine.

CPT1 activity assay
CPT1 activity was measured by spectrophotometric assay as described previously with modifications.73 Whole-cell lysates in a lysis

buffer with 20 mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM EDTA, and 0.2% Triton X-100 were prepared. Then, the protein concen-

tration is determined by BCA assay. 100 mg lysates were mixed with a lysis buffer containing 1 mM 5,50-dithiobis-(2-nitrobenzoic
acid) (DTNB). After 30 min pre-incubation at 30�C, the reaction was initiated for the baseline. And then, with adding the substrates

of 250 mMPalmitoyl-CoA and 1mML-carnitine, the reaction was resumed by an immediate measurement at 412 nm. The calculation

of CPT1 activity was based on absorbance and normalized with protein concentrations.

Complex I activity assay
The activities of complex I (NADH:ferricyanide reductase) was measured as previously described.74 Cells were sonicated in cell son-

ication solution (250mMSucrose, 2mMEDTA, and 100mMTris-HCl(pH7.4)) and the protein quantification of lysates was performed

by Bradford assay. The activity of complex I from ETC and citrate synthase (CS) from TCA cycle was measured using appropriate

electron acceptors/donors according to published procedure75 by a Tecan Infinite M200microplate plate reader. The assay is based

on the kinetics for the conversion of substrates of individual enzyme. NADH was used as a substrate for complex I. Acetyl-CoA and

oxaloacetate were used as substrates for CS. The enzyme activity data were normalized to the protein concentration.

Mitochondrial (mt) DNA copy number
Total genomic DNA was extracted from cells. To quantify mtDNA copy number, qPCR by nuclear (ND1) and mitochondrial (B2M)

specific primers was performed using SYBR on�3 ng genomic DNA according to published procedures.76 Briefly, after determining

the cycle threshold (Ct) value of a mitochondrial-specific and nuclear-specific targets, we calculated mtDNA copy number/haploid

genome using the relative DCt value.

PDXO generation
For PDXO preparation, PDX tumor chunks were incubated in AdDF+++ media (Advance DMEM/F12 with 1X Glutamax, 10 mM

HEPES, and 1% Penicillin/Streptomycin) for 10 min and washed with PBS. Minced PDX tissues were digested in BC organoid me-

dium (Advanced DMEM/F12 with 250 ng/mL R-spondin-1, 5 nM neuregulin-1, 5 ng/ml FGF-7, 20 ng/ml FGF-10, 5 ng/mL EGF,

100 ng/mL noggin, 500 nM A83-10, 5 mM Y27632, 500 nM SB202190, 1X B27 supplement, 1.25 mM N-acetylcysteine, 5 mM

nicotinamide, 1X Glutamax, 10 mM HEPES, 50 mg/ml primocin, and 1% Penicillin/Streptomycin) with collagenase. After digestion,

organoids were collected through 100 mm cell strainer and cultured using Matrigel domes in 48 well plate as previously published.77

Mediumwas exchanged every 3 to 4 days, and, once mature, cultures were passaged by incubating in dispase solution (20% FBS in

dispase with Y-27632), followed by a wash step with base medium and a dissociation step in TrypLE Express. Single cells were

seeded at 200,000–400,000 cells per dome.

Quantification of metformin
For quantification of metformin levels in tumors, tumor tissues (40 mg) were transferred to vials containing 600 mL of water. Samples

were homogenized using homogenizer and centrifuged at 5,000 rpm for 10 min. Each sample was mixed with 1.2 mL of acetonitrile,

and vortex for 5 min21 After centrifugation, the sample was transferred to mass spectrometry vials. Metformin calibration standard

(0.003–100 ng/mL) was used for generating the standard curve and determine the concentration of metformin. Metformin separation
Cell Reports Medicine 6, 101941, February 18, 2025 e6
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was achieved on XDB-C18 (50 mm 3 4.6 mm, 1.8 mm) analytical column (Agilent Technologies, Santa Clara, CA) maintained at

ambient temperature. The mobile phase used was acetonitrile: 0.1% formic acid (40:60, v/v) delivered at a flow rate of

0.5 mL/min with an injection volume of 10 mL. The total LC run time was 5 min78 The mass spectrometer was operated positive

ESI mode. Quantification was accomplished through using multiple reaction monitoring (MRM) of the transitions of mass-to-charge

ratio m/z 130.11 / 71.2, and m/z 130.11 / 43.2 for metformin using Agilent 6495B Triple Quadruple (Agilent, USA). The following

mass spectrometry parameters were set: gas temperature = 250�C, gas flow = 14 min/L, nebulizer gas = 20 psi, sheath gas temper-

ature = 350�C, sheath gas flow= 12min/L. The integration of the peak and data were analyzed using AgilentMassHunter Quantitative

Analysis software (Agilent Technologies, Santa Clara, CA).

Metabolomics
Metabolomics for carnitines from SUM159 cells treated with metformin was performed as previously described.79 This study is avail-

able at the NIH Common Fund’s National Metabolomics Data Repository (NMDR) Website, the Metabolomics Workbench,80 https://

www.metabolomicsworkbench.org where it has been assigned Study ID ST003651. The data can be accessed directly via its Project

DOI: https://doi.org/10.21228/M8CC1G.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless stated otherwise, data are mean ± SEM, and the two-tailed unpaired Student’s t test, one-way ANOVA, two-way ANOVA, or

Mantel-Cox test was used to assess statistical significance using the GraphPad PRISM 8 software with p < 0.05 being regarded as

significant. Statistical details of experiments were described in the figure legends. The synergism analysis of PDX tumor growth (last

date) by drug combination was calculated using ‘invivoSyn’ package in R considering the bliss method as described in a previous

publication by Mao B et al.81
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