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1. Metabolic interplays between glycolysis and OXPHOS

Overall, glycolysis, glucose oxidation and fatty acid oxidation inhibit each other.  In detail, aerobic glycolysis and glucose oxidation compete with each other as the same pyruvate molecules are used in both pathways.  Moreover, both glucose and fatty-acid oxidations produce acetyl-CoA before they enter the TCA cycle.  However, excessive acetyl-CoA prevents pyruvate from becoming acetyl-CoA, and inhibits glycolysis and fatty-acid oxidation in cytosol. Thus, glucose and fatty-acid oxidations inhibit each other as well, also known as the Randle cycle (1).



2. Details of the core AMPK:HIF-1:ROS circuit

In the core AMPK:HIF-1:ROS circuit, AMPK and HIF-1 are directly associated with mitochondrial OXPHOS and glycolysis respectively.  In response to various metabolic stresses, AMPK, once activated through phosphorylation, induces fatty acid and glucose metabolism (2,3). In particular, AMPK increases glucose uptake in mitochondria by increasing GLUT-4 translocation (4) and induces fatty acid oxidation by phosphorylating and inactivating ACC, as well as activating PPARA and PGC-1 (5).  HIF-1 activates enzymes that are required in the glycolytic pathway and induces glycolysis (6,7).

AMPK and HIF-1 regulate each other through mutual inhibition because AMPK down-regulates HIF-1 through inhibiting mTOR complex (8), and HIF-1 directly inhibits the transcription of AMPK (9). The activation of AMPK also leads to enhanced ATP production through OXPHOS, while excessive ATP inhibits the phosphorylation of AMPK, thus forming an indirect AMPK self-inhibition.  In addition, HIF-1 promotes glycolysis and the glycolytic products, such as pyruvate and lactate, stabilize HIF-1, thus forming an indirect HIF self-activation (10-12).

Moreover, AMPK and HIF-1 also highly interact with ROS.  HIF-1 promotes noxROS production through targeting NOX, and inhibits mtROS production by decreasing OXPHOS and activating glycolysis (13). On the other hand, AMPK promotes mtROS production by OXPHOS (14,15) and increases mtROS scavenging activity through the AMPK-FOXO pathway that upregulates thioredoxin (Trx) expression (16-19). In cytosol, AMPK inhibits noxROS production by regulating NOX (20,21). ROS, including both mtROS and noxROS, stabilizes HIF-1α and activates AMPK, respectively (22-26).

Abbreviations:

AMPK: 5' AMP-activated protein kinase
pAMPK: phosphorylated AMPK
HIF-1: Hypoxia-inducible factor 1
NOX: NADPH oxidase
GLUT1: Glucose transporter 1
HK: Hexokinase
FASN: Fatty Acid Synthase
PPAR: Peroxisome proliferator-activated receptor alpha
PGC1: Peroxisome proliferator-activated receptor gamma coactivator 1



3. Mathematical model for the core AMPK:HIF-1:ROS circuit

The core circuit was modeled by the following deterministic rate equations: 

   
                                                                                                                                           (eq. S1.1)

	       (eq. S1.2)

                             							       (eq. S1.3)


                                                                                                                                           (eq. S1.4)

                         
                                                                                                                                           (eq. S1.5)

Here, we followed the computational modeling approach presented by Lu et al. (27). In the equations,, , , represent the levels of mtROS, noxROS, pAMPK and HIF-1 respectively; , ,, are the synthesis rate of mtROS, noxROS, pAMPK and HIF-1 respectively; , ,, represent the degradation rates of mtROS, noxROS, pAMPK and HIF-1 respectively.  We used the shifted Hill-function  for excitatory regulations,  for inhibitory regulations, and  for competitive regulations by two genes/metabolites.  

In the equations, the shifted Hill-function  and the competitive regulations  are expressed by the following equations:

                                                                                                              (eq. S1.6)
, where  

                        (eq. S1.7)

 
                                                                                                                                                               (eq. S1.8)                                                                                                                                  

As described in Eq. S1,  represents excitatory regulations and  represents inhibitory regulations, which correspond to  and  respectively. In Eq.S1.6,  represents the concentration of the protein or metabolite, such as pAMPK, HIF-1, and ROS (, and  in Eq. S1).  represents the threshold of the Hill function,   represents the maximum fold change of the corresponding protein or metabolites, and  represents the Hill coefficient. In Eq. S1.1 and Eq. S1.2, we used a competitive model to describe the competitive regulations from AMPK and HIF-1 to mtROS (Eq. S1.7) and noxROS (Eq. S1.8).  



4. Mathematical model for the core AMPK:HIF-1:ROS circuit driven by MYC

To model the regulation of glycolysis and OXPHOS by MYC, we included two shifted Hill functions -  and to the production term of pAMPK (Eq. S1.4) and degradation term of HIF-1 (Eq. S1.5) respectively to represent the contribution of MYC to the production of pAMPK and the stabilization of HIF-1. The modified equations for MYC are shown in (Eq. S1.9) and (Eq. S1.10).
  				        (eq. S1.9)

                     			                                                                                                       (eq. S1.10)

We rescaled the two shifted Hill functions -  and
  by  and , so that when the level of MYC () is equal to the thresholds (), the behavior of the AMPK:HIF-1:ROS circuit is exactly the same as shown in previous cancer case (Figure 3A). The MYC relevant parameters can be found in Table S4.


5. Mathematical model for the core AMPK:HIF-1:ROS circuit driven by c-SRC

To model the regulation of glycolysis and OXPHOS by c-SRC, we included two shifted Hill functions -   and  to the production term of AMPK (eq. S1.4) and production term of noxROS (eq. S1.2) respectively, to represent the contribution of c-SRC to the production of pAMPK and noxROS. The modified equations for c-SRC are shown as (eq. S1.11) and (eq. S1.12).
 				       (eq. S1.11)
	                               (eq. S1.12)

We rescaled the two shifted Hill functions -and   by  and  respectively, so that when the level of SRC () is equal to the thresholds (), the behavior of the AMPK:HIF-1:ROS circuit is exactly the same as shown in previous cancer case (Figure 3A). The c-SRC relevant parameters can be found in Table S5.



6. Mathematical model for the core AMPK:HIF-1:ROS circuit driven by RAS

To model the regulation of glycolysis and OXPHOS by RAS, we considered the contribution of RAS to the production of pAMPK, HIF-1 and mTOR, which is inhibited by AMPK and promotes the production of HIF-1. The rate equation for mTOR is shown as (eq. S1.13).

                           								     (eq. S1.13)

When considering the effects of RAS, the rate equations for AMPK and HIF-1 are modified as follows:

                           		     (eq. S1.14)

                                                  (eq. S1.15)

We rescaled the three shifted Hill functions - , and   by () and () respectively, so that when the level of RAS () is equal to the thresholds (), the behavior of the AMPK:HIF-1:ROS circuit is similar as shown in previous cancer case (Figure 3B). The RAS relevant parameters can be found in Table S6. In this case, we included the details that AMPK inhibits HIF-1 by first inhibiting mTOR, which in turn activates HIF-1. Thus we rescaled the basal production rate of HIF-1 from 15 nM/h to 8 nM/h as shown in Table S6.

7. Principal component analysis (PCA) of RNA-seq data from the TCGA

In this section, we explain how we quantified the activities of AMPK and HIF-1 by using RNA-seq data from the TCGA database.  Unlike genes in a transcription regulatory network, AMPK is typically regulated by phosphorylation, while HIF-1 is regulated by protein degradation.  Therefore, the transcription levels of AMPK and HIF-1 may not be effective in indicating the activities of these genes.  Here, instead of directly using their expressions, we examined the expressions of the downstream targets of AMPK and HIF-1, and quantified their activities by a special PCA-based method, as shown below.

(1) AMPK and HIF-1 signatures
pAMPK can up-regulate three major transcriptional factors – PGC1, CREB and FOXO (28), whose downstream target genes (29-31) are chosen to evaluate the activity of AMPK.  HIF-1 itself is a transcriptional factor, therefore its downstream target genes (32) are also chosen to evaluate the activity of HIF-1.

AMPK downstream gene list (84 genes): ACADL, ACADM, ACOX1, ACOX3, ACSL1, ACSL3, ACSL4, ACSL5, ANGPTL4, APOC3, APOE, ATF4, ATF5, BAX, BCL2L11, BTG2, CAT, CCND1, CCND2, CLU, CPT1A, CPT1B, CPT2, CREM, CYP27A1, CYP4A11, CYP7A1, DDB1, DGAT1, DNMT1, EGR1, EHHADH, ELN, FADS2, FASLG, FOS, FOSB, FOSL1, FOXA2, G6PC, G6PC2, G6PC3, GADD45A, GADD45B, GADD45G, GK, HES1, HNF4A, HSPD1, ID1, ID3, JUNB, JUND, KLF5, LPL, MAFA, MAPK9, MECR, MMP9, NCOA2, NR1H3, NR4A1, NR4A2, NUP155, NUP88, NUP98, OLR1, ONECUT1, ONECUT2, PCK1, PCK2, PDK4, PDX1, PRMT1, PRMT3, RUVBL1, SCD, SLC2A4, SOD2, SORBS1, SP1, STAT5A, TOB1, TXNIP.
	
HIF-1 downstream gene list (59 genes): ADM, ALDH4A1, ALDOA, ALDOC, ARHGEF1, ASPH, BHLHE40, BNIP3, BTAF1, CA9, CCNB1, CITED2, CP, DDIT4, EDN1, EGLN1, EGLN3, ENO1, EPRS, ETS1, FN1, GLCCI1, GRK6, HACD3, HSP90B1, IVNS1ABP, KDM3A, MECOM, MET, MXD1, MYLK, NAMPT, NDRG1, NOS2, NOS3, P4HA1, P4HA2, P4HTM, PDGFA, PFKL, PGAM1, PGK1, PLOD1, RARA, RBPJ, RNF165, RRAGD, RSBN1, SERPINE1, SLC31A1, SLC7A6, SOX6, SSRP1, STC2, TFRC, TGFB3, TMEFF1, TMEM45A, VEGFA.

We first examined the RNA-seq data of liver hepatocellular carcinoma from the TCGA database (373 samples).  The liver cancer was first picked because liver is known to play a crucial role in metabolism of human body.  The RNA-seq data of the aforementioned AMPK and HIF-1 downstream genes were extracted and compiled into two separate datasets.  For each dataset, the RSEM expression level of each gene first undergoes log2 transformation and standardization, i.e.



where  represents the expression for the gene,  is the mean of the log2 transformed value and  is the standard deviation of the log2 transformed value.


Each of the processed expression datasets (AMPK-related data or HIF-1-related data) was subject to PCA.  Here, the cancer dataset was assumed to be diverse enough to cover samples with both strong and weak metabolisms.  Therefore, we can use first principal components (PC1s) of the AMPK and HIF-1 datasets to quantify the activities of AMPK and HIF-1, respectively.  For this liver cancer TCGA data, we found the contribution of the AMPK PC1 is about 18%, and the contribution of the HIF-1 PC1 is about 12%.  Nevertheless, we already observed a significant anti-correlation between the values of these two axes (Figure S4B), even through the two PC1s were obtained independently.

We further improve the axes by picking the most relevant genes and performed PCA again.  To do this, for each dataset (AMPK or HIF-1), we selected top 40% of the genes according to the absolute values of the corresponding components in the previously obtained PC1 (Figure S4A).  With the updated sets of genes for both AMPK and HIF-1 (Table S9), we redid PCA for the RNA-seq data of liver hepatocellular carcinoma.  By using the updated genes, we found the contribution of the new AMPK PC1 is dramatically increased to 41%, and the contribution of the new HIF-1 PC1 is about 26%.  The eigenvalues of the PC1 (13.5 for AMPK and 5.9 for HIF-1) is significantly larger than the eigenvalues of the PC2 (2.7 for AMPK and 2.8 for HIF-1).  As shown in Figure S4C, the downstream genes of AMPK and HIF-1 from the refined gene lists have similar contribution to the PC1s and there is no dominant case, which further validates our approach to include many downstream genes instead of only a few of them.  Using these updated gene sets, we got a similar anti-correlation between the values of the two new axes (Figure S4D). We propose that the AMPK and HIF-1 activities can be quantified by the AMPK and HIF-1 PC1s, respectively.  

For the other cancer types, we also applied the PCA-based method to obtain the AMPK and HIF-1 signatures using the updated gene sets.  As shown in Table S7 and Table S8, the PC1s obtained from different cancers are mostly similar to one another.  In addition, we evaluated lung adenocarcinoma data using the AMPK and HIF-1 axes obtained from liver hepatocellular carcinoma (Figure S3).  Similar anti-correlations were observed for the lung adenocarcinoma data using both sets of axes.  Moreover, the three clusters (Figure S3A) obtained from k-mean clustering using the axes derived from the lung adenocarcinoma data can also be observed in the plot using the axes derived from the liver hepatocellular carcinoma data (Figure S3B).  All of these suggest that the PCA-based method is robust in quantifying the activities of AMPK and HIF-1.

(2) Evaluation of AMPK and HIF-1 activities for different subtypes of invasive breast carcinoma.
To evaluate the AMPK and HIF-1 activities for Luminal A, Luminal B, Her2+ and triple negative subtypes of invasive breast carcinoma from TCGA, we revised the aforementioned standardization step to taking into account the possible bias caused by different number of samples in each subtype. The RSEM expression level of each gene first undergoes log2 transformation and then is standardized by the weighted mean and the weighted standard deviation, i.e.  where  represents the expression for the gene,  is the weighted mean of the log2 transformed value and  is the weighted standard deviation of the log2 transformed value, i.e. ,  , where  is the weight factor,  , and  is the total number of samples in that subtype.

(3) Comparison of the AMPK and HIF-1 activities of different types of tumors. 
Here we uniformed the averaged expression level of ACTB (Figure 5E), TUBB (Figure S6A) and GAPDH (Figure S6B) from different types of tumors and then rescaled the other gene expression accordingly. We combined RNA-seq data from different types of tumors together and analyzed their relative AMPK and HIF-1 activities following the aforementioned procedure.

(4) Evaluation of the AMPK and HIF-1 activity using single-cell RNA-seq data of lung adenocarcinoma.
The RNA-seq data is analyzed following the same procedure as explained in (1). Details of the data processing are presented in the caption of Fig S10. 

8. Quantification of the activities of MYC, c-SRC and AKT.

We applied an existing set of MYC, c-SRC and AKT signatures from a previous study (33).  Each of the signatures contains a list of upregulated genes (Table S12) identified in both human breast cell cultures and prostate tumors.  The RNA-seq data of the genes from each signature were extracted from TCGA for each sample and underwent log2 transformation and standardization.  For each oncogene pathway, we assigned an oncogenic score by the number of genes whose normalized expression is positive.   The oncogenic score was applied to evaluate the activities of the MYC, c-SRC and AKT pathways in samples with different metabolic states – W, W/O and O (Figure 5).  Here, we identified the samples whose oncogenic scores are among the top 20% and evaluated their enrichments in each metabolic state (W, W/o and O) (Figure 5).  Similarly, we also identified the samples whose oncogenic scores are among the bottom 20% and evaluated their enrichments in each metabolic state (Figure S7).

9. Modeling the effects of metabolic therapy to the core metabolic regulatory circuit

In the main text, we showed the one-parameter and two-parameter bifurcations for the response of various treatment strategies on the dynamic behaviors of the AMPK:HIF-1:ROS core circuit. Specifically, we modeled the administration of metformin, 3BP, hyperbaric oxygen, the combination of metformin and 3BP, and the combination of metformin and the hyperbaric oxygen.  Here, we describe how we modeled the effects of the therapy to the circuit dynamics as follows.

Hyperbaric oxygen therapy: The hyperbaric oxygen mainly influences the HIF-1 degradation by directly binding to Prolyl hydroxylases (PHDs), which is crucial for HIF-1α hydroxylation(34). However, ROS (such as H2O2), can decrease the binding of oxygen and PHDs, thus stabilizes the HIF-1 (35). Therefore, we can simplify the chemical reactions as follows:	




 ,

where HO represents the HIF-1 that binds to oxygen, and HR represents the HIF-1 that binds to ROS. Here, we assume the sum of the HIF-1 related products is a constant. By assuming  and   at equilibrium, we obtain





Therefore, . Hence, under the influence of oxygen, the dynamics of HIF-1 levels can be expressed as:

    ,                                           (eq. S2.1)

where ,  is the basal degradation rate of HIF-1, k1, k2, k3 together represent the contributions of the oxygen and ROS for HIF-1 degradation. 
Hence, the dynamics of HIF-1 levels in the circuit can be expressed as:
                                                                              (eq. S2.2)

Here, α is a constant parameter, which is chosen so that Eq. S2.2 is equivalent to Eq.S1.5. Therefore,  for any level of ROS. As a result, there are only two non-redundant parameters among ,  and . 

Metformin-based therapy: As we mentioned in the main text, metformin not only activates AMPK but also inhibits HIF-1 in an AMPK-independent way(36).  Therefore, we used a shifted Hill functions  to model the pAMPK generation and to model the HIF-1 degradation under the influences of metformin. In addition, metformin can also induce high mtROS production by altering the mitochondrial potential(37). Hence, we modeled the increase in the mtROS production rate to be proportional to the level of metformin.

                                                                            (eq. S3)

Here, is the generation rate of mtROS under the influence of metformin, and   is a weighting factor for the mtROS production by metformin.
Therefore, we used the following equations to model the dynamics of pAMPK and HIF-1levels under the influence of metformin, 
 
                                              (eq. S4)  
         
   						        
                                                                                                                                              (eq. S5)
 
3BP (or 2DG) therapy: Since 3BP inhibits glycolysis, it decreases the strength of HIF-1 self-activation.  Thus, we modeled the effects of 3BP as
                                                                                           (eq. S6)

Here, is the maximum fold change due to HIF-1 self-activation under the influence of 3BP (or 2DG), and   is a constant representing the extent of the glycolysis reduction.

The parameters and the corresponding references involved in the treatment modeling are shown in Table S11.


10. Statistical test for the association of oncogenic pathways with metabolic states

In Figure 5, we compared the fraction of the top 20% samples with high activity of either MYC, c-SRC or AKT among all the samples of each metabolic group (‘W’, ‘W/O’ and ‘O’).  To evaluate the statistical significance of the comparison, we constructed a 2x2 contingency table for any pair of metabolic groups (‘W’ versus ‘W/O’, ‘W’ versus ‘O’ and ‘W/O’ versus ‘O’).  The table lists the number of samples for each metabolic group within the top 20% category or the rest samples.  Chi-square test was applied to the contingency table to calculate the p-values.  Only those pairs whose p-values are below 0.05 are labeled by a line in the figure.  Similarly, we also performed the statistical test for the fraction of the bottom 20% samples, as shown in Figure S8.


Supplemental Tables

Table S1. Experimental evidences for the requirement of OXPHOS for cancer metastasis.
	References
	Cell Lines

	(10)
	SiHa human cervix squamous cell carcinoma, WiDr human colorectal adenocarcinoma, FaDu human pharynx squamous cell carcinoma, HeLa human epithelial cervix cancer, and HCT116 human colorectal carcinoma cancer cells

	(38)
	SiHa-F3 human cervix squamous cell carcinoma

	
(39)

	4T1 mouse mammary adenocarcinoma, B16F10 mouse melanoma, MDA-MB-231 human mammary adenocarcinoma,  and MDA-MB-435 human melanoma cell lines

	(40)
	A459 non-small cell lung carcinoma cells

	(41)
	MDA-MB-231 human metastatic breast cancer cells, HepG2 human hepatocellular carcinoma cells, PC3 human metastatic prostate cancer cells, B16F10 mouse metastatic melanoma cells and NIH-3T3 mouse embryonic fibroblast cells

	(42)
	Mice and human pancreatic cancer cells

	(43)
	Melanoma cells

	(44)
	Breast cancer MCF-7, glioblastoma U87, colon cancer HCT116 cell lines

	(45)
	Human breast cancer cell lines (MDA-MB-231, MDA-MB-468, MDA-MB-453)


10. 

Table S2. Experimental evidences for the metabolic regulatory network and core AMPK:HIF-1:ROS regulatory circuit.

	Regulations
	Involved 
Molecules/
Metabolisms
	References
	Cell lines

	HIF-1 inhibits AMPK
	ROS
	(9)
	Caenorhabditis elegans

	AMPK inhibits HIF-1
	ROS 
Raptor
mTOR
	(9)
(8)
(46)
	Caenorhabditis elegans, liver cells, human cervical epithelial adenocarcinoma cells 

	HIF-1 self-activation
	Glycolysis
Pyruvate
Lactate 
	(11)
(12)
(10)
	Human vascular muscle cells, human gliomas cells

	AMPK self-inhibition
	ATP
Fatty acid oxidation
	(47)
(5)
(14)
	Escherichia coli cells, skeletal muscle cells 

	AMPK promotes mtROS
	Fatty acid oxidation
	(15)
	Kidney cortical tubules 

	AMPK inhibits mtROS
	FOXO3
Glutathione
Thioredoxin
	(48)
(17) 
(16)
	Human aortic endothelial cells, MEFs, HT1080, and HeLa cells 

	AMPK inhibits nox ROS
	NADPH oxidases
	(20)
(21)
	Vascular smooth muscle cells, blood cells

	HIF-1 inhibits mtROS
	Mitochondrial metabolism
	(49)
(13)
	Lung cancer cells, UT-7/TPO cells

	HIF-1 promotes noxROS
	NADPH oxidase-2
	(50)
(24)
	PC12 cells, human umbilical endothelial cells 

	mtROS activates AMPK
	Mitochondrial metabolism
AMP/ATP
	(25)
(22)
(51)
	Rat heart cells, vascular smooth muscle cells 

	mtROS stabilizes HIF-1
	Oxygen
Mitochondria
	(52)
(53)
	Breast cancer cells, human immortalized hepatocyte cells, human lung cells

	noxROS activates AMPK
	H2O2
	(26)
	Human embryonic kidney cells (HEK 293)

	noxROS stabilizes HIF-1
	NOX
PDH
	(23)
	HL-7702 immortalized human hepatocyte cells 

	HIF-1 activates SNAIL
	Direct transcriptional regulation
	(54)
(55)
	Human pancreatic cancer cell lines, human HCC cell lines HepG2 and SMMC-7721, human embryonic kidney cell line HEK293 

	HIF-1 activates TWIST
	Direct transcriptional regulation
	(56)
	Human hypopharyngeal carcinoma (FaDu), embryonic kidney (293T) cell lines, breast cancer (MCF-7), lung cancer (H1299) and tongue cancer (SAS) cell lines 

	AMPK inhibits TGF-β
	p300
	(57)
(58)
	Human primary mesangial cells (HMC), Hepatic stellate cell (HSC)

	TWIST inhibits AMPK
	mTOR
	(59)
	H1299 and A549 non-small cell lung carcinoma cells

	TGF-β elevates OXPHOS
	Fatty acid synthesis
Fatty acid oxidation
	(40)
	A459 non-small cell lung carcinoma cells

	MYC stabilizes HIF-1
	VHL complex
posttranslational modifications
	(60)
(61)
	IMEC epithelial cells MCF7 cells

	MYC activates AMPK
	ATP, ROS
	(62)
	MEF cells

	c-SRC activates noxROS
	NADPH oxidase/Rac pathway
	(63)
	293 and HeLa cells

	c-SRC activates AMPK
	PKCα, PLCγ, LKB1
	(64)
	OVCAR3 and A431 cells

	RAS activates HIF-1
	Raf/MEK/ERK pathway
	(65)
(66)
	HEK 293 cells

	RAS activates AMPK
	B-raf, Erk, LKB1
	(66)
	Lung cancers and cervical cancers

	RAS activates mTOR
	PI3K/AKT pathway
	(66)
(67)
	Pancreatic ductal adenocarcinomas (PDAC)

	AMPK inhibits mTOR
	Tuberous sclerosis complex (TSC) 1 and 2
	(68)
	HEK293 cells

	mTOR activates HIF-1
	Glucose- and reoxygenation-dependent manner
	(46)
	HeLa cells




Table S3. Parameters for modeling the AMPK:HIF-1:ROS regulatory circuit.

	Parameters
	Value
	Unit
	Description
	Reference(s)

	AMPK

	
	30
	nM/h
	Production rate of AMPK
	

	
	0.2
	
	Degradation rate of AMPK
	

	
	350
	nM
	Threshold for self-inhibition
	(19)

	
	250
	nM
	Threshold for HIF-1 inhibition
	(19)

	
	350
	nM
	Threshold for mtROS inhibition
	(19)

	
	150
	nM
	Threshold for mtROS activation 
	(19)

	
	150
	nM
	Threshold for noxROS inhibition
	(19)

	
	0.2
	-
	Fold change for self-inhibition
	

	
	0.1
	-
	Fold change for HIF-1 inhibition
	

	
	0.25
	-
	Fold change for mtROS inhibition
	(9,48)

	γ*
	3
	-
	Fold change for mtROS activation
	

	
	0.2
	-
	Fold change for noxROS inhibition
	

	
	2
	-
	Hill coefficient for self-inhibition
	

	
	1
	-
	Hill coefficient for HIF-1 inhibition
	

	
	2
	-
	Hill coefficient for mtROS inhibition
	

	
	4
	-
	Hill coefficient for mtROS activation
	

	
	2
	-
	Hill coefficient for noxROS inhibition
	

	HIF-1

	
	15
	nM/h
	Production rate of HIF-1
	(69)

	*
	0.25
	
	Degradation rate of HIF-1
	(69)

	
	80
	nM
	Threshold for HIF-1 self-activation
	(35)

	
	250
	nM
	Threshold for AMPK inhibition
	(35)

	
	200
	nM
	Threshold for mtROS inhibition
	(35)

	
	250
	nM
	Threshold for noxROS activation
	(35)

	
	0.1
	-
	Fold change for HIF-1 self-activation
	

	
	0.1
	-
	Fold change for AMPK inhibition
	

	
	5
	-
	Fold change for noxROS activation
	

	
	4
	-
	Hill coefficient for HIF-1 self-activation
	

	
	1
	-
	Hill coefficient for AMPK inhibition
	

	
	2
	-
	Hill coefficient for mtROS inhibition
	

	
	2
	-
	Hill coefficient for noxROS inhibition
	

	ROS

	
	150
	M/min
	Production rate of mitochondrial ROS
	(35,70)

	
	40
	M/min
	Production rate of NOX derived ROS
	(35,70)

	
	0.2
	-
	Basal cytosol ROS
	

	
	5.0
	/min
	Degradation rate of mitochondrial ROS
	(35,70)

	
	5.0
	/min
	Degradation rate of NOX derived ROS
	(35,70)

	
	100
	M
	Threshold for AMPK activation
	(26,35,70)

	
	300
	M
	Threshold for HIF-1 activation
	(26,35,70)

	*
	8
	-
	Fold change for AMPK activation
	(26)

	
	0.2
	-
	Fold change for HIF-1 activation
	

	
	4
	-
	Hill coefficient for AMPK activation
	

	
	4
	-
	Hill coefficient for HIF-1 activation
	


* and  are different for normal cells and cancer cells, which has been discussed in details in the main text part (see Methods). The values in the table are corresponding to the cancer cells. For normal cells, the values of these two parameters are 3, 0.3/min respectively.

Table S4. Parameters for modeling the regulation of MYC on the AMPK:HIF-1:ROS regulatory circuit. The other parameters in SI section 4 are taken from Table S3.

	Parameters
	Value
	Unit
	Description

	MYC activation on AMPK

	
	500
	nM
	Threshold for MYC regulation on AMPK production

	
	2
	-
	Fold change for MYC regulation on AMPK production

	
	3
	-
	Hill coefficient for MYC regulation on AMPK production

	MYC stabilization on HIF-1 

	
	500
	nM
	Threshold for MYC regulation of HIF-1 degradation

	
	0.2
	-
	Fold change for MYC regulation of HIF-1 degradation

	
	3
	-
	Hill coefficient for MYC regulation of HIF-1 degradation





Table S5. Parameters for modeling the regulation of c-SRC on the AMPK:HIF-1:ROS regulatory circuit. The other parameters in SI section 5 are taken from Table S3.

	Parameters
	Value
	Unit
	Description

	c-SRC activation on noxROS

	
	500
	nM
	Threshold for c-SRC regulation on noxROS production

	
	6
	-
	Fold change for c-SRC regulation on noxROS production

	
	3
	-
	Hill coefficient for c-SRC regulation on noxROS production

	c-SRC activation on AMPK

	
	500
	nM
	Threshold for c-SRC regulation on AMPK production

	
	3
	-
	Fold change for c-SRC regulation on AMPK production

	
	1
	-
	Hill coefficient for c-SRC regulation on AMPK production








Table S6. Parameters for modeling the regulation of RAS on the AMPK:HIF-1:ROS regulatory circuit. The other parameters in SI section 6 except for  are taken from Table S3.

	Parameters
	Value
	Unit
	Description

	RAS activation on AMPK

	
	500
	nM
	Threshold for RAS regulation on AMPK production

	
	2
	-
	Fold change for RAS regulation on AMPK production

	
	3
	-
	Hill coefficient for RAS regulation on AMPK production

	RAS activation on HIF-1

	
	500
	nM
	Threshold for RAS regulation on HIF-1 production

	
	2.5
	-
	Fold change for RAS regulation on HIF-1 production

	
	3
	-
	Hill coefficient for RAS regulation on HIF-1 production

	RAS activation on mTOR

	
	500
	nM
	Threshold for RAS regulation on mTOR production

	
	2
	-
	Fold change for RAS regulation on mTOR production

	
	1
	-
	Hill coefficient for RAS regulation on mTOR production

	mTOR

	
	100
	-
	Production rate of mTOR

	
	0.5
	
	Degradation rate of mTOR

	HIF-1

	
	8
	nM/h
	Production rate of HIF-1 (69)

	AMPK inhibition on mTOR

	
	150
	nM
	Threshold for AMPK regulation on mTOR production

	
	0.3
	-
	Fold change for AMPK regulation on mTOR production

	
	3
	-
	Hill coefficient for AMPK regulation on mTOR production

	mTOR activation on HIF-1

	
	150
	nM
	Threshold for mTOR regulation of HIF-1 production 

	
	2
	-
	Fold change for mTOR regulation of HIF-1 production

	
	3
	-
	Hill coefficient for mTOR regulation of HIF-1 production




Table S7. Comparison of the first AMPK principal components (PC1s) derived from the TCGA data of different types of cancer.
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The first principal component (PC1) of 33 AMPK downstream genes expression is used to evaluate the activity of AMPK for each cancer type. To evaluate the similarity between different PC1s, we calculated the dot product of any pair of PC1s derived from different cancer types. For most of the cancer types, the AMPK PC1s are quite consistent with dot product between most pairs of PC1s close to 1.




Table S8. Comparison of the first HIF-1 principal components (PC1s) derived from the TCGA data of different types of cancer.
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The first principal component (PC1) of 33 HIF-1 downstream genes expression is used to evaluate the activity of HIF-1 for each cancer type. To evaluate the similarity between different PC1s, we calculated the dot product of any pair of PC1s derived from different cancer types. For most of the cancer types, the HIF-1 PC1s are quite consistent with dot product between most pairs of PC1s close to 1.

*Since the RNA-seq data of gene TMEFF1 in stomach adenocarcinoma is not available from the TCGA database, we removed the components for the gene TMEFF1 in the PC1 eigenvectors from other cancer types.  The PC1s were normalized again before we computed the dot products.

Table S9. Downstream gene lists for both AMPK and HIF-1 and the reference to support the up- and down-regulations.
	Downstream genes of AMPK
	Reference(s)
	Downstream genes of 
HIF-1
	Reference(s)

	Up-regulated genes
	
	Up-regulated genes
	

	ACADL
	
	ALDOA 
	(71)

	ACADM 
	(72)
	BHLHE40
	

	ACOX1 
	(73)
	CA9
	

	ACSL1 
	(74)
	CCNB1
	

	ACSL5
	
	DDIT4
	

	ANGPTL4
	
	EGLN3
	

	APOC3
	(75)
	EPRS
	

	APOE
	
	ETS1
	

	CAT
	
	IVNS1ABP
	

	CPT1A 
	(76,77)
	KDM3A
	

	CPT2
	
	MECOM
	

	CYP27A1
	
	MXD1
	

	CYP4A11
	
	PGK1 
	(78)

	CYP7A1
	
	SERPINE1
	

	EHHADH
	
	SSRP1
	

	FOXA2
	
	STC2
	

	G6PC 
	(79)
	TFRC
	

	GADD45A
	
	TGFB3 
	(80)

	GADD45G
	
	TMEFF1
	

	HNF4A 
	(72)
	TMEM45A
	

	ONECUT2
	
	VEGFA 
	(81)

	PCK1
	
	Down-regulated genes
	

	PCK2
	
	ALDH4A1 
	(82)

	PDK4 
	(76)
	BNIP3 
	(83)

	TOB1
	

	Down-regulated genes
	

	CCND2 
	(84,85)

	DNMT1
	

	G6PC3
	

	MMP9 
	(86)

	PRMT1
	

	RUVBL1
	

	ATF4 
	(87)

	BAX 
	(88)






Table S10. Cancer treatment experiments targeting cancer cellular metabolism.

	Drug
	Effects to metabolic genes/pathways
	Cell Lines

	AICAR
	Activating AMPK
	Cervix, prostate, liver  (89)

	Metformin
	Activating AMPK, inhibiting HIF-1, promoting ROS production
	Breast cancer (90)

	FTS
	Inhibiting HIF-1
	Mice pancreatic tumor (91)

	2DG
	Inhibiting glycolysis
	Bovine aortic endothelial cells, human umbilical vein endothelial cells (92), Colon carcinoma cell lines (93), mive hepatocellular carcinoma (94)

	3BP
	Inhibiting glycolysis
	Mice hepatocellular carcinoma (94,95), colon carcinoma cell lines (93)

	Tiron
	Scavenging ROS
	Calu-6 human pulmonary adenocarcinoma cell line (96)

	mitoTEMPO
	Scavenging mtROS
	B16F10 murine melanoma tumor cells (38)

	FTS+2DG
	Inhibiting HIF-1 and glycolysis
	Human pancreatic cancer cell line (97)

	Metformin+2DG
	Inhibiting glycolysis, Activating AMPK, promoting ROS production
	LNCap and P69 cells (98), human gastric and esophageal cell lines (37)





Table S11. Parameters for modeling the therapeutic treatment.
	Parameters
	Value
	Unit
	Description
	Reference(s)

	Hyperbaric Oxygen

	
	0.2
	-
	HIF-1 fold change due to ROS
	(99)

	
	1.8
	-
	HIF-1 fold change due to oxygen
	(35,99)

	
	2
	-
	Hill coefficient for HIF-1 inhibition
	

	
	5
	%
	Threshold for AMPK activation
	(69,99,100)

	Metformin

	
	2
	-
	Fold change for AMPK activation
	(19)

	
	0.5
	-
	Fold change for HIF-1 inhibition
	(36)

	
	2
	-
	Hill coefficient for AMPK activation
	

	
	2
	-
	Hill coefficient for HIF-1 inhibition
	

	
	300
	μM
	Threshold for AMPK activation
	(19,36,37,98,101)

	
	300
	μM
	Threshold for HIF-1 inhibition
	(19,36,37,98,101)

	
	0.025
	/μM
	Influence on mtROS maximum fold change
	

	3BP

	
	0.0005
	/μM
	Influence on HIF-1 fold change due to self-activation
	




Table S12. Downstream upregulated gene list for MYC, c-SRC and AKT (33).
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Supplemental Figures
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Figure S1. The parameter sensitivity analysis. 20000 sets of parameters were generated by randomly choosing all parameters (except for  and  ) within the range of ±25% of the original values.  The plots show the distributions of the stable steady states for the normal cells (panel A) and the cancer cells (panel B).  The color bar on the right side represents the gene expression level in the logarithm scale. The proportions of the ‘W’ state, ‘W/O’ state and the ‘O’ state in normal cells are 49.02%, 2.13% and 48.84% respectively (panel A). The proportions of the ‘W’ state, ‘W/O’ state and the ‘O’ state in cancer cells are 36.16%, 13.19% and 50.42% respectively (panel B). In future, the landscape approach (102-106) could be utilized to quantify the stabilities of and transition processes among OXPHOS, glycolysis and hybrid metabolism phenotypes.



[image: ]
Figure S2. (A) Two-parameter bifurcation diagram of the metabolic circuit, as the function of  and .  The circuit allows different phases for different values of  and .  Each phase (represented by different colors) allows a different combination of co-existing metabolic phenotypes. For example, the yellow area is the phase allowing all three possible metabolic phenotypes (‘W’, ‘W/O’ and ‘O’). (B-C) The one-parameter bifurcation diagrams of the core AMPK:HIF-1:ROS circuit in response to the changes in  . The y-axis is the level of pAMPK and HIF-1 respectively. All the other notations are the same as those in Figure 4.
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Figure S3. Evaluation of the AMPK and HIF-1 activities using TCGA data from lung adenocarcinoma by the AMPK axis and HIF-1 axis generated from liver hepatocellular carcinoma. (A) The anti-correlation between AMPK and HIF-1 activity in lung adenocarcinoma. Using the RNA-seq data from lung adenocarcinoma, we calculated the AMPK and HIF-1 axes of lung by PCA (detailed gene list is shown in Table S9 and detailed procedure in shown in SI section 5). (B) The anti-correlation between AMPK and HIF-1 activities in lung adenocarcinoma evaluated by the AMPK axis and HIF-1 axis generated from liver hepatocellular carcinoma. 
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Figure S4. AMPK and HIF-1 PC1s from liver hepatocellular carcinoma. Using 84 AMPK downstream genes and 59 HIF-1 downstream genes: (A) Corresponding coefficient of each downstream gene of AMPK and HIF-1 in the PC1 eigenvectors.  Top 40% of genes were selected according to the absolute values (cutoff values indicated by the read dotted lines) of the corresponding components in the PC1 eigenvector.  (B) Anti-correlation between the AMPK and HIF-1 activities.  Using sorted 33 AMPK downstream genes and 23 HIF-1 downstream genes: (C) Corresponding coefficient of each downstream gene of AMPK and HIF-1 in the PC1 eigenvectors. (D) Anti-correlation between the AMPK and HIF-1 activities.
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Figure S5. Evaluation of the AMPK and HIF-1 activities using TCGA data from stomach adenocarcinoma (n=265), acute myeloid leukemia (n=173), pancreatic adenocarcinoma (n=179), kidney renal clear cell carcinoma (n=534) and prostate adenocarcinoma (n=498). The activities of AMPK and HIF-1 were quantified by the RNA-seq data of their downstream gene targets (See Table S9 for details). Each point in the figures represents the AMPK and HIF-1 activities for one sample from the corresponding cancer type. For each data set, the Pearson correlation coefficient was calculated. The anti-correlation of the AMPK and HIF-1 activities has been observed in stomach adenocarcinoma (A), acute myeloid leukemia (B) and pancreatic adenocarcinoma (C), but not so clear in clear cell renal cell carcinoma (CCRCC) (D), and there is a positive-correlation in prostate adenocarcinoma (E).  We found that most of the ccRCC samples maintain a high HIF-1 activity, which is consistent with the experimental observation that the upregulation of HIF-1 contributes to aerobic glycolysis in ccRCC (107).  For prostate adenocarcinoma, it is unclear why the HIF-1 activity correlates positively to the AMPK activity.  One possible explanation is that the activation of an oncogenic pathway forces the up-regulation of both glycolysis and OXPHOS.  The hypothesis might be worth to investigate in the future. For colorectal adenocarcinoma, both AMPK and HIF-1 activity are relatively low, which is consistent with the experimental observation that fatty acid metabolism is dominant over glucose in colorectal adenocarcinoma (108).
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Figure S6. Comparison of the AMPK and HIF-1 activities of liver hepatocellular carcinoma (HCC, n=373, purple stars), clear cell renal cell carcinoma (CCRCC, n=534, grey stars) and pancreatic adenocarcinoma (PAC, n=179, red stars).  To do the comparison, the expression of ACTB (Figure 5E), TUBB (A) and GAPDH (B) levels were rescaled to the same level and the other gene expression were rescaled accordingly. The comparison results here are consistent with experimental observation that glycolysis is pathognomonic in pancreatic adenocarcinoma (PAC) given low vascularity (109) and clear cell renal cell carcinoma (CCRCC)  (110) and liver hepatocellular carcinoma (HCC) can vary metabolism phenotypes given various microenvironment (111).
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Figure S7. The fraction of samples with low oncogene score in liver hepatocellular carcinoma (n=373) (A), lung adenocarcinoma (n=517) (B) and breast invasive carcinoma (n=971) (C). Left panels: each point represents the AMPK and HIF-1 activities for each cancer case. There are consistent anti-correlations between the AMPK and HIF-1 downstream gene expressions across liver hepatocellular carcinoma (panel A), lung adenocarcinoma (panel B), breast invasive carcinoma (panel C). For each data set, the standard k-mean analysis was applied to group the cases into the ‘W’, ‘W/O’ and ‘O’ states.  Right panels: the MYC, c-SRC and AKT scores were applied to identify the bottom 20% of samples with low activities in these oncogenic pathways. each panel shows the fraction of these bottom 20% samples among all the samples of each metabolic group (‘W’, ‘W/O’ and ‘O’). Chi-Square test (See SI section 10) is used to analyze the significance of difference among ‘W’, ‘O’ and ‘W/O’ state. ‘*’ represents P value < 0.05, ‘**’ represents P value < 0.01, ‘***’ represents P value < 0.001. 
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Figure S8. The fraction of single LUAD cells (n = 77) with low (A) and high (B) oncogene score. The MYC, c-SRC and AKT scores were applied to identify the top 20% of single cells with low activities (A) and high activities (B) in these oncogenic pathways. (A) and (B) show the fraction of these top 20% cells in the high risk group and low risk group respectively (112). Chi-Square test (See SI section 10) is used to analyze the significance of difference among ‘W’, ‘O’ and ‘W/O’ state. ‘**’ represents P value < 0.01, ‘***’ represents P value < 0.001. 
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Figure S9. (A) Evaluation of the metabolism state of the bulk tumor, that was the source for single cells analysis, using the AMPK and HIF-1 axes generated by TCGA lung adenocarcinoma data. To do the evaluation, the expression of TUBB levels in bulk tumor were rescaled to the same averaged level of TUBB of TCGA data. The bulk tumor for single cells has a mixed glycolysis/OXPHOS metabolism phenotype. (B-D) Comparison of the metabolism state of bulk cells with corresponding single cells. To do the comparison, the average levels of TUBB (B), ACTB(C) and GAPDH (D) of the single cells were rescaled to the same levels as that in bulk cells. LC-PT-45-Re represents the repeated experiment for single-cell isolation and RNA-seq. The single-cell data were obtained from (112).



[image: SI_normalization%20for%20single%20cell.png]

Figure S10 Evaluation of the AMPK and HIF-1 activities of single LUAD cells (n=77). Two groups of single cells – LC-PT-45 (n=34) and LC-PT-45-Re (n=43), from the same cell source were isolated and sequenced (112). Considering the potential batch effect, we normalized the averaged expression of ACTB (B), GAPDH (C) and TUBB (D) to the same scale respectively and then rescale the expression of the other genes accordingly. Consistently, we observed the anti-correlation between the AMPK and HIF-1 activities in these single LUAD cells, as shown in (A) (no normalization by ACTB, GAPDH or TUBB), (B) and (C). There is no significant correlation when the averaged expression of TUBB was used to do the normalization (D). Histogram represents the distribution of single cells projected to the first principal component of their AMPK and HIF-1 signatures.
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Figure S11 Fitting of the histogram of single LUAD cells with multiple Gaussian distributions. (A) the histogram is best fitted by three Gaussian distributions – two of them have similar mean values but distinct variances, and the other one has larger mean; (B) a possible fitting result with two Gaussian distributions – the fitted curve matches worse to the histogram in the region of positive PC1 values; (C) an alternative fitting result with two Gaussian distributions – the fitted curve does not capture the long tail in the region of negative PC1 values.
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Figure S12. The bifurcation diagram of the AMPK:HIF-1:ROS circuit in response to the levels of two external signals for combinatorial therapies.  (A) Two-parameter bifurcation diagram of the circuit in response to the signal of metformin (y-axis) and hyperbaric oxygen (x-axis) therapies. The red lines and blue dashed lines with arrows illustrate three different treatment strategies for the patients with cancer cells in the (‘W’, ‘W/O’, ‘O’) phase, and three different treatment strategies for the patients with cancer cells in the (‘W’) phase respectively: the line r1 or b1 is the treatment with metformin only; the line r2 or b2 is the treatment with hyperbaric oxygen only; the line r3 or b3 is the treatment with a combination of both hyperbaric oxygen and metformin. The administration of metformin alone could be risky for the patients in this case, as it cannot reduce cancer metabolic plasticity. Here, metformin inhibits ETC but induces beta-oxidation, therefore inducing high mtROS production, which drives cancer cells into the hybrid phenotype. (B) Two-parameter bifurcation diagram of the circuit in response to the signal of metformin (y-axis) and 3BP (x-axis) therapies. Different colors represent the corresponding phases that allow different combinations of co-existing phenotypes (as denoted by texts in the panels).
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Figure S13. Assessment of different therapeutic strategies with the AMPK:HIF-1:ROS model.  (A) hyperbaric oxygen therapy; (B) 3BP; (C) metformin; (D) combined therapy of both hyperbaric oxygen and metformin; (E) Combined therapy of both metformin and 3BP.  In both D and E, the two drugs are administered simultaneously.  See Figure S9 for results on the treatment where two drugs are administered alternatively in different days.  In each figure, the left diagram shows the dynamical trajectories in the phase plane, two axes are pAMPK (nM) and HIF-1(nM).  As in Figure 3, the light red line shows the nullcline of , and the light blue line shows the nullcline of  (see SI Eq.S1).  The steady states are shown as solid green circles (stable) and empty green circles (unstable).  The black, red, navy and brown lines with arrows represent the trajectories of the treatment on the phase planes.  The diagrams on the upper right show the levels of drugs administered every day. The session of different therapies is shown in different colors. Hyperbaric oxygen therapy is presented in light blue (panel A); 3BP is presented in light red (panel C and E) and metformin is presented in light green (panel B D and E). The diagrams on the lower right show the time evolutions of the levels of the activated AMPK (blue line) and HIF-1 (red line).  The dashed vertical lines separate the regions correspond to the states ‘W’ (left), ‘W/O’ (middle) and ‘O’ (right), respectively.  
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Figure S14. Assessment of two-drug therapeutic strategies using the AMPK:HIF-1:ROS model. (A) The treatments where metformin and 3BP are administrated alternatively each day. (B) The treatments where metformin and hyperbaric oxygen are administrated alternatively each day. In the main text, we have shown the cases in which patients are administrated by either single therapy or two therapies simultaneously in the same day (Fig. 6). We found that the strategy of alternative administration is less efficient than the strategy of simultaneous administration. As we showed in the main text (Figure S13), 3BP and hyperbaric oxygen are less efficient in driving the phenotype from ‘W’ to ‘W/O’, and metformin is much less efficient in driving the phenotype from the ‘W/O’ to ‘O’ compared to the therapies targeting glycolysis. Therefore, cells stay in the hybrid ‘W/O’ state longer.
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Figure S15. Final outcomes from different therapeutic strategies and administration lengths. After a complete session of a treatment (x-axis) of certain length (y-axis), cells could eventually stay in the ‘W’ state (magenta), the ‘W/O’ state (green), or the ‘O’ state (blue). There are five groups of treatment strategies, each of which contains three different doses.  From left to right, group A: hyperbaric oxygen therapy (15%, 20%, 25%); group B: metformin-based therapy (300μM, 350μM, 400μM); group C: 3BP-based therapy (250μM, 300μM, 350μM); group D: combined therapy using both hyperbaric oxygen and metformin (10% and 250μM, 15% and 300μM, 20% and 350μM); group E: combined therapy using both 3BP and metformin (both are 250μM, 300μM and 350μM).
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