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BACKGROUND



BACKGROUND

Cancer and diabetes are the major leading metabolic disorders worldwide (1, 2). Runt
related transcription factors (RUNX) family of proteins are one of the major drivers of cancer
(3, 4). Apart from cancer progression RUNX2 is also involved in diabetes induced bone
adiposity (5). Metformin, is the most widely used anti-glycemic biguanide for treatment of
type 2 diabetes. Apart from regulation of glucose metabolism, metformin was known to have
anti-proliferative (6) as well as osteo-protective functions, however the molecular pathways
underlying were undeciphered. The current work is an effort to shed light on the molecular
players involved in metformin induced anti-cancerous effects. The hallmark of both cancer and
diabetes is altered metabolism, which aids in the progression of these disorders. The major
nutrient sensors present in the cell that can alter metabolism are mTORC1, mTORC2 and
AMPK.

mTORC1 and mTORC2

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase which is present
in two distinct complexes mMTORC1 and mTORC2, defined by their interacting partners.
mTORC1 mainly consists of mTOR, which is the kinase domain, raptor (regulatory-associated
protein of mTOR), DEPTOR (DEP domain-containing mTOR-interacting protein)
GBL/mLSTS, Ttil/Tel2, and PRAS40 (proline-rich Akt substrate 40 kDa) (7). PRAS40 is a
negative regulator of mMTORC1 activation (8) and raptor is the essential scaffold of the complex
mMTORC1 which determines the substrate phosphorylations (9). The downstream targets for
MTORC1 pathway include activation of global cap-dependent protein translation through
phosphorylation of p70S6K1/2 and 4E-BP1/2 ; inhibition of autophagy through
phosphorylation of unc-51 like kinase (ULK) (10, 11); promotes fatty acid and sterol
biosynthesis through activation of sterol regulatory element binding proteins (SREBPs) (12);
promotes mitochondrial biosynthesis (13). Activation of mMTORC1 is biphasic, dependent on
both growth factor signaling like insulin-like growth factor (IGF), EGF and on availability of
nutrients like amino acids. Growth factor signaling acts through activation Akt (Protein kinase
B), which inhibits tuberous sclerosis (TSC) complex resulting in hyper activation of mTORCL1
(14, 15), whereas amino acids like glutamine, leucine activate mMTORCL1 through increase in

active GTP- bound Ras homolog enriched in brain (Rheb) (16). Amino acid stimulation
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increases the docking of mMTORC1 at lysosomes through Rag GTPases (17) and p62 (18).
Amino acids can hyperactivate mTORC1, independent of growth factor signaling (19, 20).

mMTORC2 mainly consists of mTOR, rictor (Rapamycin-insensitive companion of
mammalian target of rapamycin) (21), mSIN1 (22), DEPTOR (23), Protor (24), PRR5L (25)
and mLST8 (GBL). The stability of the mTORC2 complex is mainly defined by rictor and
SIN1, where loss of either one results in disassembly of mMTORC2. The well-established
downstream targets of mTORC2 include AGC (Protein kinases A, G and C) family kinases
(26). Of which the well-studied targets are Akt (27, 28), SGKs (Serum gluco-corticoids) (29)
and PKCs (Protein kinase C) (30, 31). These substrates target pathways that are involved in
actin filament formation (32), cytoskeleton reorganization (33) and cell migration which has a
great impact in promoting metastasis of cancer cells (32), at the same time these pathways are
implicated in regulation of nutrient uptake through regulation of exo and endocytosis by the
cell which has implication in diabetes. In contrast to mTORC1, not much is known with regards
to activation of mMTORC2. However, activation of mTORC2 by PI3Ks is a well-established
concept in the recent times (34, 35). Recent findings shed possibility that nutrient depletion
especially amino acid starvation can activate mTORC2, albeit the mechanisms are
undeciphered. The current work is an effort to unravel the possible mechanism involved in
activation of mTORC2 in response to varying glucose and glutamine levels in cancer and

diabetes.

AMPK and Metformin

The other energy sensor of the cell is AMPK, a serine/ threonine kinase which gets
activated under starved conditions through AMP. AMPK consists three subunits alpha, beta
and gamma. Gamma subunit is responsible for the kinase activity. The downstream targets
include ACC (Acetyl-coA Carboxylase) which results in stimulation of fatty acid beta
oxidation, TBC1D1 and D4 (TBC1 domain family member 1 and 4) which regulate GLUT4
vesicle trafficking, TSC2 and raptor which leads to inhibition of cap-dependent protein
translation, PGC1-a (Peroxisome proliferator-activated receptor-gamma co-activator 1-alpha)
which is a key transcriptional co-activator for mitochondrial biogenesis. The kinase activity of
AMPK depends on the phosphorylation status of AMPK and the two major kinases involved
include LKB1 (Liver Kinase B1) and CAMKK (Calcium/ Calmodulin dependent Kinase
Kinases) (36). Metformin activates AMPK through LKB1 mediated phosphorylation at thr 172
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residue. The dynamics between mTORC1, C2 and AMPK dictate the energy homeostasis of
the cell. The current study is an aim to unravel the dynamics between these in context of cancer

and diabetes.

RUNX family of proteins

RUNX family consists of three members namely RUNX1, RUNX2 and RUNX3. All
the members of the family share the common DNA binding runt homology domain present at
the N terminus which recognizes TGt/cGGT motif present on target genes. Apart from runt
domain, VWRPY and PY motifs are highly conserved. The valine-tryptophan-arginine-
proline-tyrosine (VWRPY) motif is involved in interaction with co-repressors like
Groucho/transducing like enhancer protein (TLE), while the proline-tyrosine motif is needed
for interaction with WW domain that is present in several modular proteins involved in various
signal transduction. Adjacent to the runt domain all members have nuclear localization
sequence (NLS) and nuclear matrix target sequence (NMT) (Fig 1) which is responsible for
their nuclear translocation and transactivation (3, 37). Both NLS and NMT are also highly
conserved across the RUNX family. Hitherto, only RUNX2 consists of a small amino acid
stretch of poly glutamine and alanine residues just before runt domain (Fig 1), whose exact
function is yet to be determined, but it is speculated to play a role in protein aggregate
formation. The RUNX proteins form heterodimers with CBFf, which increases their DNA
binding affinity. Along with runt domain the transactivation domain present at the c-terminus
is involved in interaction with CBFp. RUNX proteins vary greatly in their regulatory regions

which bestows specificity towards diverse targets.

RUNX proteins also share a similar genomic architecture, where RUNX1 is located on
chromosome 2122.12 spanning over 1,216,867 bases with 9 exons and 12 isoforms. RUNX2
is located on chromosome 6p21.1 spanning over 336,193 bases with 8 exons and 12 possible
isoforms. RUNX3 is located on chromosome 1 spanning over 65,648 bases with 6 exons and
2 possible isoforms. All the RUNX genes have two promoters proximal (P1) and distal (P2).
The presence two distinct promoters form an additional level of regulation for RUNX protein
expression. Though all the RUNX proteins share same DNA binding element, their expression
is tissue specific, with RUNX1 playing a major role in differentiation of erythroid and
lymphoid lineages and in maintenance haemopoietic stem cell population, one of the reasons

for haemopoietic specific lineage expression of RUNX1 is due to the binding of tissue specific
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enhancers (regulatory elementl and 2) which facilitate binding of erythroid and lymphoid
specific proteins. RUNX2 transcription is regulated by covalent histone modifications and is
expressed mainly during mesenchymal differentiation towards osteogenic and myoblastic
lineages. RUNX3 is mainly involved in development of gastric epithelium. It is of worth to
note that both RUNX1 and RUNX3 P2 promoters have interspersed CpG islands.

Apart from regulating differentiation, RUNX proteins also play an important role in
cancer. Though debatable, in most scenarios RUNX proteins act as oncogenes with few
exceptions where RUNX haploinsufficiency predisposes cells to leukemia or gastric cancers.
Aberrant expression of RUNX proteins is noted in various cancers like RUNX2 in breast,
prostrate, lung and osteosarcoma; RUNX3 in pancreatic ductal adenocarcinoma (PDAC),
gastric cancer, esophageal cancer; RUNX1 is mainly involved but not limited to leukemia.
RUNX proteins have an emerging role in invasion and metastasis of solid tumors. RUNX point
mutations and translocations are also frequently reported in cancers, especially RUNXZ1 fusion
proteins like RUNX1-ETO, RUNX1-EVI1, TEL-RUNX1, ETV6-RUNX1 play a key role in
progression of leukemia. Taken together it seems that RUNX proteins can act either as tumor
suppressors or as oncogenes depending on cues and this double-edged ability of RUNX

proteins is mainly due to their vast repertoire of targets and interacting partners.

______7_TIIFS M_\\ / I \.mgf___
{N |:. J {\ ,‘ \ q [j‘ il  FIGURE 1: RUNX family protein structure. The
"‘——j_ —— — S above figure summarizes the known motifs present
{N- |‘ |'T’ | l \]'M - in all RUNX family members, along with the
— '\ J \ L1 highly conserved motifs.
RD: runt homology domain, TAD: trans-activation
F_WIT \|| ‘, "'| ‘.-’/ T{PC‘ WAL domain, ID: inhibitory domain, QA: poly alanine
L W\ /) \ /) AN glutamine motif, NLS: nuclear localization

domain, NMTS: nuclear matrix targeting signal,
PY: proline-tyrosine motif, VWRPY: valine-

tryptophan-arginine-proline-tyrosine motif.

The other major disorder in which RUNX proteins play a critical role is diabetes
induced secondary disorders like bone adipogenesis, proliferative diabetic retinopathy and
cardiovascular diseases. Expression of RUNX proteins in response to high glucose conditions

is context dependent; where it was seen that RUNX2 expression is decreased in bone leading
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to loss of bone mineralization and increased adipogenesis in response to high glucose, it was
also observed that in smooth muscle cells RUNX2 expression was increased under diabetic
conditions leading to arterial calcification (38). Hitherto, RUNX1 and 3 expression was
increased in retinal vascular endothelial cells and in endothelial progenitor cells exposed to
high glucose (39, 40). These possible variations in RUNX protein levels towards same cue
could be due to differences in expression pattern of regulators like kinases or E3 ligases or
miRNAs (40) involved in RUNX protein regulation. In the current study we have investigated
the role of one such regulator AMP activated protein kinase (AMPK) involved in RUNX
protein stability with respect to varying physiological scenarios like diabetes, breast cancer and

leukemia.
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HYPOTHESIS

Initial invitro analysis of RUNX proteins using phospho motif finder 3.0 and NET phos
tools have revealed the presence of AMPK binding sites on RUNX proteins in the runt
homology domain. In our earlier work it was seen that RUNX2 was a novel substrate of AMPK
in MSCs. Thus, we have hypothesized that RUNX1 could also be a possible AMPK substrate,
since all the RUNX proteins had conservation of AMPK binding motif (Fig 2). Also,
metformin, an activator of AMPK could be involved in regulation of RUNX proteins. Since
metformin was reported to induce cell cycle arrest in cancers, and RUNX deregulation is
involved in progression of cancer and secondary diabetic complications, we have hypothesized
that RUNX induced malignancy or metformin mediated cell cycle arrest could be due to

modulation of RUNX protein functional activity due to phosphorylation by AMPK.

As, AMPK substrate domain resides in the DNA binding runt domain, AMPK mediated
RUNX phosphorylation may affect DNA binding ability as well as protein-protein interactions
of RUNX proteins. Owing to the vast target repertoire of RUNX proteins, AMPK induced
RUNX phosphorylation can affect various cellular pathways like cell cycle progression, cell
death, drug uptake, transport of cellular metabolites like lactate, glucose uptake etc., Keeping
in the view of these various processes which could be affected by RUNX phosphorylations we

have designed the following objectives.
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A)

Position Motif Score Significance Kinase
RUNX1 94 VRTDSPNFL 0.928 YES Unsp
RUNX2 118 VRTDSPNFL 0.928 YES Unsp
RUNX3 85 VRTDSPNFL 0.928 YES Unsp
B)
Protein name PositionofS [ 4 -3 2 A '] +1 +2 +3 =
RUNX1a 67 v R T D [ P N F
RUNX1b 67 v R T D [ P N F
RUNX1 ¢ 04 v R T D E P N F
RUNX1T1 67 v R T D [ P N F
RUNX1-MECOM 94 m v R T D -] P N F
RUNX3 p46 85 v R T D E P N F
RUNX3 p44 7 m v R T D E P N F
RUNX2 118 B v R T D E P N F
C)
Species Position H 4 -3 2 A B +1 +2 +3 +4]
Homo sapiens 94 \ R T D | P N L]
Mus musculus 81 \ R T D | P N L]
Rattus norvegicus 82 \ R T D -] P N m
Pan troglodytes 81 \ R T D -} P N F L]
Macaca mulatta 94 \% R T D -] P N F m
Bos taurus 94 \ R T D | P N F L]

FIGURE 2: Insilico analysis showing AMPK binding motif prediction on RUNX1. A) List of putative
AMPK binding motif present on RUNX proteins along with the scores, predicted using phospho motif finder.
B) Conservation of putative AMPK binding motif across RUNX family splice variants and fusion proteins. C)

Conservation of putative AMPK binding motif present on RUNX1 across species.
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OBJECTIVES

7

1. Understanding the role of AMPK and RUNX interactions on progression of

cancer.

1.
2.
3.
4.

Is RUNX1 a physiological substrate of AMPK?

Analyzing the role of AMPK substrates on drug sensitivity of CML subjects.
Analyzing the effect of RUNX1 and AMPK interactions in MDS.

Analyzing the effect of RUNX2 and AMPK interactions in bone metastasis of

breast cancer.

2. Understanding the effect of AMPK activation on glucose and glutamine

metabolism in cancer and diabetes.

1.
2.

Analyzing the effect of metformin on glucose metabolism in CML.
Analyzing the effect of metformin on expression of GLUT1 and GLUT 4 in breast

cancer.
Analyzing the effect of metformin treatment in diabetes induced bone

adipogenesis.
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OBJECTIVE -1

Understanding the role of AMPK and
RUNX interactions on progression of

cancer.



OBJECTIVE 1.1
Is RUNX1 a physiological substrate of AMPK?

1.1.1. LITERATURE REVIEW

RUNX1 is the major transcription factor involved in HSC maintenance and lineage
commitment (41). RUNX1 and RUNX1 somatic mutations are involved in progression of CML
(42), it is a hotspot for chromosomal translocations resulting in generation of fusion proteins
like RUNX1-ETO, RUNX1-EVII etc., Initial school of thought on function of these fusion
proteins was that they would act as negative regulators for wild type RUNX1, resulting in loss
of function, which enables in progression of CML to blast crisis (BC) phase by generation of
drug resistance (43-46). However, recent studies have shown that even in absence of fusion
proteins RUNX1 acts as an oncogene by co-operating with BCR-ABL to induce BC phase like
phenotype in CML cases. There is growing evidence suggesting oncogenic role of wild type
RUNX1 in case of CML, nevertheless the underlying molecular mechanisms remain elusive
(47, 48). One of such mechanisms is suppression of expression of SOCS3 (49, 50), which is a
negative regulator of JAK/ STAT pathway (51). JAK/STAT is one of the major pathways that
drives CML along with RUNX1 (52). Consistent activation of BCR-ABL results in activation
of JAK/STAT pathway through phosphorylation which in turn activates cascade of genes that
are involved in proliferation and anti-apoptotic signaling resulting in generation of IR (53, 54).
Thus, there is a need for development of new drugs capable of targeting RUNX1 and
JAK/STAT pathway inorder to treat CML. Metformin is an anti-glycemic drug which, recently
emerged as an anti-leukemic drug owing to its ability in inhibiting mTORC1 through AMPK
activation (54, 55). However, role of metformin in inhibiting JAK/STAT pathway and in

overcoming CML is unexplored.
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1.1.2. MATERIALS and METHODS
1.1.2.1. Cell culture

K562 wild type (WT) cells were cultured in RPMI-1640 (Gibco, USA) medium
supplemented with 10% FBS, 1% pen-strep. HEK-293 T cells were cultured in DMEM (Gibco,
USA) medium supplemented with 10% FBS (Gibco, USA), 1% pen-strep (Gibco, USA). All
cell lines were maintained in 5% CO> incubator at 37°C. Sub culturing for adherent cells was
done using 0.5% trypsin-EDTA (HiMedia, India).

1.1.2.2. Chemicals

Metformin, Isopropyl p-D-1-thiogalactopyranoside (IPTG) and dorsomorphin
(compound C) were purchased from Sigma (USA).

1.1.2.3. Sub cloning

RUNX1 cDNA (NM_001754.4) was purchased from DNASU (USA) (HS
CD00630733). RUNX1 site directed mutants RUNX1 S94 A, D along with WT were
subcloned into pDsRed1-N1 (Clonetech, USA) containing red fluorescent protein for
mammalian expression. For bacterial protein expression RUNX1 WT, R 91 A and S 94 A
constructs were sub-cloned into GST-tagged vector pGEX-4T1. The list of primers used for

sub-cloning were:

Target Forward primer (5’-3’) Reverse primer (5°-3°)

RUNX1 WT | GGAAGATCTATGGCTTCAG | GAAGTTGGGGTCGTCGGTGCG

(pPGEX-4T1) ACACAGCATA
RUNX1 WT | CCGCTCGAGATGGCTTCAG | GGAATTCATTCAGTAGGGCCT
(pDsRed1-N1) AC CCA

RUNX1 S94 D CGCACCGACGACCCCAACT | GAAGTTGGGGTCGTCGGTGCG

TC
RUNX1/3S94 A | CGCACCGACGCCCCCAACT | GAAGTTGGGGGCGTCGGTGC
TC G

RUNX1/3R91 A | GAGCTGGTGGCCACCGACA | GCTGTCGGTGGCCACCAGCTC

GC
RUNX3  WT | CGCGGATCCATGGCATCGA | CCGCTCGAGTCAGTAGGGCCA
(PGEX-4T1) ACAGCATC CAC
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1.1.2.4. Bacterial protein expression and purification

GST-tagged fusion proteins RUNX1-WT, R 91 A and S 94 A were transformed in to
rosetta strain and induced for protein expression by 1mM IPTG at 18°C and cells were pelleted
by centrifuging at 8,000 rpm for 15 minutes at 4°C, the pellet was resuspended in lysis buffer
and sonicated for 1 minute at 20% power, until a clear solution was obtained. The solution was
then centrifuged at 8,000 rpm for 15 minutes at 4°C. The supernatant was then purified using
GST beads (GE health care, USA).

1.1.2.5. AMPK kinase assay Invitro

For kinase assay, reaction mixture was prepared containing 5 pg of RUNXI1-WT or
RUNX1- R 91 A or RUNX1- S 94 A along with kinase buffer (20 mM HEPES (pH 7.4), 100
uM ATP and 5 uM AMPK, 1 mM dithiothreitol, 10 mM magnesium acetate) and 100 ng of
AMPK purified enzyme (Cat #14-840 — EMD Millipore, USA) which was incubated for 30
minutes at 37°C. After incubation the complex was subjected to SDS-PAGE analysis.

1.1.2.6. Nuclear and cytosolic extraction

Cells were treated with indicated drugs for 6 hours and cells were collected in 1X PBS.
Following which they were resuspended in buffer A (20 mM Tris-HCI, pH-7.4, 10 mM NacCl,
3 mM MgCly) (Sigma, USA) for 15 minutes on ice and 10% NP-40 was added with vortexing
at high speed, then subjected to centrifugation for 10 minutes at 8,000 rpm at 4°C. The
supernatant represents cytosolic fraction. To the pellet buffer B (10mM Tris- HCI, pH-7.4, 2
mM Na3V04, 0.5 mM DTT, 100 mM NacCl, 1% Triton- X-100, 1ImM EDTA, 5% glycerol,
0.1% SDS, 1 mM NaF, 1 mM EGTA, 0.5% deoxycholate) (Sigma, USA) was added and
incubated on ice for 30 minutes with vortexing at 5 minutes interval, then subjected to
centrifugation at 14,000 rpm for 20 minutes. The supernatant represents nuclear fraction.

1.1.2.7. Electrophoretic mobility shift assay (EMSA)

Cells were treated with indicated drugs and nuclear extracts were prepared as
mentioned above. The RUNX1 or RUNX2 or STAT3 binding consensus on target promoters
was taken as wild type probe and mutant probe was designed with mutations in critical sites.
Both wild type and mutant probes were labelled with y-32P using TAPNK (NEB, USA) enzyme

following manufacturer’s instructions. The labelled probe was then purified using G50 Spin
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columns (Sigma, USA) following manufacturer’s manual and estimated. The binding reaction

was prepared as mentioned below:

Labelled probe: 10 ng,
Nuclear extract: 3-5 ug,
Poly (dI. dC): 2 ng,
Purified BSA: 1 ug,
Antibody: 1 pg,

2X gel shift buffer: 2 pL, the reaction was set up for 20 uL and remaining volume was made
up using millig water and the mixture was incubated at 37°C for 45 minutes. Then it was
incubated on ice for 10 minutes. To the mixture 4X purple loading dye was added and the
samples were loaded on to non-denaturing 6% TBE- native gel. Post to pre-run at 200V for 30
minutes. After running, the gels were vacuum dried at 70°C for 30-60 minutes. Later, the gels
were exposed to X- ray films.

Promoter | Wild type probe (5°-3°) Mutant probe (5°-3°) Position

SOCS3 TAGAGACGAGGTTTCAC | TAGAGACCAAAATTCACC | -2.07Kb
C

1.1.2.8. Plasmid transfection

For transfection cells were seeded in six well plate and were grown to a confluency of
50 %. 2 pg of purified plasmid (RUNX1 WT or S 94 A or S 94 D) was diluted in 500puL of
OPTI-MEM medium and incubated for 5 minutes. Concomitantly 1.5 uL of Lipofectamine-
3000 (Thermo Fischer, USA) was diluted in 500uL of OPTI-MEM medium and incubated for
5 minutes. The diluted plasmid mixture was added to lipofectamine and incubated for 20
minutes and then added to cells. The cells were grown in OPTI-MEM for six hours, post to

which the medium was replaced with complete medium and grown for 48 hours.
1.1.2.9. Immunoblotting

Suspension cells were collected by centrifuging at 3,000 rpm for 5 minutes and washed
twice with ice cold 1X PBS following addition of 1X RIPA (with protease and phosphatase
inhibitor cocktails (Sigma, USA)) and adherent cells were scrapped in 1X RIPA and subjected
to vortexing for 60 minutes with interval of 10 minutes. Protein isolation was carried out by
centrifugation at 14,000 rpm for 30 minutes at 4°C. Equal amounts of protein (60ug) were taken

using Bradford’s assay and subjected to SDS-PAGE. Post to transfer, blocking was done using
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5% milk solution. Primary antibodies were incubated either over night at 4°C or for 2 hours at
room temperature. RUNX1/AML1, GST, SOCS3, Cyclin D1, AMPK, B-actin antibodies were
procured from Santa Cruz Biotechnology Inc., USA. p-STAT3(Y705), STAT3, Lamin B1 were
purchased from Abcam, USA. Paxillin, p-AMPK, p-AMPK substrate motif specific antibodies
were procured from Cell Signaling Technologies, USA. Corresponding HRP (horseradish
peroxidase enzyme) linked secondary antibodies were procured from GeNel labs, India and
incubated for 1 hour at room temperature. The signal was detected by Clarity Western ECL
blotting substrates (Bio-Rad, USA) and images were processed using Bio-Rad Chemidoc MP

system.
1.1.2.10. Immunoprecipitation (IP)

In case of suspension cultures, cells were collected by centrifuging at 3,000 rpm for 5
minutes and washed twice with ice cold 1X PBS then resuspended in IP lysis buffer (buffer 1:
25mM Tris (pH-7.4), 150mM NaCl, 1% NP-40, 1ImM EDTA, 5% Glycerol, 1mM PMSF and
leupeptin along with phosphatase inhibitor cocktail (Sigma, USA) for RUNX and AMPK
interactions or buffer 2: 25mM Tris (pH-7.4), 100mM NacCl, 1% NP-40, 1ImM EGTA, 0.5mM
EDTA, 10% Glycerol, 1ImM PMSF and leupeptin along with phosphatase inhibitor cocktail for
RUNX and STAT3) and for adherent cultures cells were directly scrapped in IP lysis buffer of
choice and subjected to protein isolation by centrifuging at 14,000 rpm for 30 minutes. For pull
down 750pg (incase of cell lines) of protein was taken along with 1 pg of antibody (p-AMPK,
STAT3 or RUNX1) and left at 4°C overnight for binding. Protein agarose-A-G plus beads
(Santa Cruz Biotechnology Inc., USA) were used for pulling down antigen antibody complex.
Prior to subjecting for binding beads were equilibrated using 1X TBST (Triton-X-100, 1M
Tris-base pH-7.4, 1M NaCl), by centrifuging at 5,000 rpm for 5 minutes at 4°C and was
repeated for 3 times. Beads were kept for binding for 3 hours at 4°C. Post to pull down the
lysates were suspended in 1X SDS loading dye and subjected to SDS-PAGE followed by
immunoblotting. However, the secondary antibodies used were TrueBlot antibodies conjugated
to HRP (Rockland Immunochemicals, USA).

1.1.2.11. RNA isolation and real time PCR (RT-PCR)

Suspension cells were centrifuged at 3,000 rpm for 5 minutes and were washed twice
with ice cold 1X PBS. TRIzol (Thermo Fisher Scientific, USA) was then added to the pellet,
whereas for adherent cultures cells were directly lysed in TRIzol. The cells were incubated in
TRIzol for 10 minutes on ice, followed by addition of chloroform (Sigma, USA) (0.2 ml for 1
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ml of TRIzol) and inverted 3-4 times and incubated on ice for 5 minutes, prior to centrifugation
at 14,000 rpm for 15 minutes at 4°C. The upper aqueous phase is collected into a new tube and
isopropanol (Finar, India) (0.5 ml for 1 ml of TRIzol) is added and incubated for 15 minutes
on ice prior to centrifugation at 14,000 rpm for 30 minutes at 4°C. Discard the supernatant and
wash the pellet with 75% ethanol (Sigma, USA) by centrifuging at 10,000 rpm for 5 minutes
at 4°C. The pellet was then air dried and dissolved in 30 pL of nuclease free water. Equal
amounts of RNA (1ug) were taken and cDNA synthesis was carried out by iSCRIPT Bio-Rad
c-DNA synthesis kit (Bio-Rad, USA). Real-time PCR was carried out by Bio-Rad SYBR
Green QRT- PCR Master mix (Bio-Rad, USA). The quantification of real time data was done

using 22 4T method. The sequences of primers used were:

Target Forward primer (5°-3”) Reverse primer (5’-3°)

Cyclin D1 AGGTCTGCGAGGGAACAGAAGTG | TGCAGGCGGCTCTTTTTC

Cyclin D3 CTGGCCATGAACTACCTGGA CCAGGAAATCATGTGCAATC
BCL2 ATGTGTGTGGAGAGCGTCAACC TGAGCAGAGTCTTCAGAGACAGCC
SOCS3 GGAGACTTCGATTCGGGACC GAAACTTGCTGTGGGTGACC
Actin GAGAGGGAAATCGTGCGTGAC CATCTGCTGGAAGGTGGACA

1.1.2.12. Confocal microscopy

Suspension cells were grown on cover slips coated with poly- lysine (Sigma, USA) followed by
treatment with drugs, for indicated timepoints and were washed with PBS before fixing in 4%
formalin for 10 min at room temperature. Cells were washed twice in 1X PBS. Prior to blocking
cells were permeabilized in 0.2% TRITON-X-100 (Sigma, USA) for 15 minutes followed by
washes with 1X PBS. Bocking was done in 5% bovine serum (Hi-media, India) for 1 hour at
room temperature. Cells were stained with primary antibodies AMPK, RUNX1/AML1 or
STAT3 for 2 hours at room temperature, followed by respective fluorescence secondary
antibody staining (Alexa Flour 488 and 546, Invitrogen, USA)). Cells were counterstained with
4’ 6-diamino-2-phenylindole (DAPI) (Thermo Scientific, USA) for nuclei and images were
captured using laser scanning confocal microscope (LSM 780, Carl Zesis, Germany).

1.1.2.13. Statistical analysis
All data points are represented as mean + SEM. Statistical analysis was done using one-

way ANOVA. P < 0.05 was considered to be statistically significant. All data points were done
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in duplicates and a minimum of set of three independent experiments were carried out for all

in-vitro studies and patient data.
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1.1.3. RESULTS
1.1.3.1. RUNX1 is a physiological substrate of AMPK

In order to validate the AMPK binding motif, present on RUNX1, invitro AMPK kinase
assay was carried out in a cell free system. Indeed, RUNXZ1 serves as a substrate of AMPK and
this phosphorylation occurs on Ser residue present at 94™" position, as confirmed by site directed
mutagenesis of RUNX1 (Fig 3A). The prerequisite for phosphorylation of RUNX1 by AMPK
is physical interaction between them. We have used K562 cells to confirm the phosphorylation
of RUNX1 by AMPK. Upon metformin treatment of K562 cells, enrichment of p-AMPK in
RUNX1 immunoprecipitates was observed, which was not seen when cells were treated with
compound C (an inhibitor of p-AMPK) (Fig 3B). The phosphorylation of RUNX1 by p-AMPK
was confirmed by immunoblotting with AMPK substrate-specific antibody on RUNX1
immunoprecipitated lysates (as p-RUNX antibody was commercially unavailable). AMPK
substrate-specific antibody signal was enriched in metformin-treated lanes post to
immunoprecipitation by RUNX1 (Fig 3B), suggesting RUNXL1 as a physiological substrate of
AMPK. The interaction between RUNX1 and p-AMPK was further validated by
immunoprecipitation of p-AMPK, following treatment with either metformin or compound C.
Enrichment of RUNX1 in metformin-treated lysates indicating RUNXL1 as a substrate of
AMPK (Fig 3C) was observed. This interaction was further confirmed by immunofluorescence
analysis of K562 (wild type) cells post to treatments with either metformin or compound C
(Fig 3D &E).

1.1.3.2. RUNX1 Ser 94 phosphorylation inhibits nuclear localization of RUNX1

We, next analyzed the effect of RUNXL1 Ser 94 phosphorylation on nuclear localization
and transactivation function of RUNX1. K562 (wild type) cells were treated with either
metformin or with compound C and subjected to subcellular fractionation. Upon metformin
treatment, nuclear localization of RUNX1 was reduced along with increased cytoplasmic
retention (Fig 3F &SF 1B), which was not seen in compound C treated cells. Similar trend was
observed in STAT3 localization (Fig 3F &SF 1C). We then analyzed the levels of
phosphorylated RUNX1 present in nuclear compartments, for this K562 WT cells were treated
with metformin and subjected to immunoprecipitation by RUNX1 in nuclear fraction.
Phosphorylated RUNX1 was greatly reduced in metformin treated lanes (Fig 3G). As AMPK
induced phosphorylation was observed on the DNA binding domain of RUNX1, we next
analyzed the DNA binding ability of phosphorylated RUNX1. Since RUNX1 was known to
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FIGURE 3: AMPK phosphorylates RUNX1 at Ser 94 position. A) Invitro phosphorylation of RUNX1 by
AMPK at Ser 94 position detected by p-AMPK substrate specific antibody. B &C) Immunoprecipitation analysis
of endogenous RUNX1 with AMPK in K562 WT cells post to treatment with either metformin (10mM) or
treatment with compound C (5uM) for 12 hours, showing increased physical interaction in metformin treated
lane. D) Co-localization analysis showing increased physical interaction between endogenous RUNX1 (Alexa
488) and AMPK (Alexa 546) in the presence of metformin treatment, following same treatment regime as
mentioned earlier. E) Quantification of Immunofluorescence data using Image J software on three independent
fields and experiments. F) Sub- cellular fractionation of K562 WT cells showing decreased nuclear localization
of RUNX1 and STAT3 in metformin treated conditions (following same treatment regime as above). G) K562
WT cells were subjected to immunoprecipitation analysis of endogenous RUNX1 with p-AMPK substrate-
specific antibody post to nuclear fraction isolation, showing decreased phospho-RUNX1 in metformin treated
lanes. H) K562 WT nuclear extracts were isolated post to treatment with either metformin (10mM) alone or with
compound C (5uM) alone or none for 6 hours and subjected to EMSA with SOCS3 probe, showing decreased
binding in metformin treated lanes. 1) HEK-293 T cells were transfected with RUNX1 WT, S94 Aand S 94 D,
with or without metformin (10mM) treatment post to transfection (after 48 hours) for 6 hours and nuclear extracts
were subjected to EMSA, showcasing decreased binding in phospho mimic mutant. N=3, Mean £ S.E.M.
*p<0.05 versus control or as indicated, NSp>0.05 versus control or as indicated.

Cont: control, Met: metformin, comp C: compound C, CE: cytoplasmic extract, NE: nuclear extract, WT: wild

type, IP: immunoprecipitation, 1B: immunoblotting.

promote STAT3 activation through suppression of SOCS3, we have assessed the effect of
RUNX1 Ser 94 phosphorylation on SOCS3 expression. Analysis of SOCS3 promoter revealed
the presence of RUNXL binding consensus at -355 bp upstream. Thus, we have analyzed
RUNX1 binding on SOCS3 promoter in response to metformin treatment. Upon metformin
treatment, RUNX1 binding on SOCS3 promoter was lost (Fig 3H). The role of RUNX1 Ser 94
phosphorylation was further confirmed by transfecting HEK-293 T (which were known to have
either low or no endogenous RUNX1 levels) cells with RUNX1 wild type, RUNX1 S 94 A
(phospho-null mutant) and RUNX1 S 94 D (phosphor-mimetic mutant) variants and nuclear
extracts were subjected to EMSA. It could be seen that RUNX1 WT and phospho-null mutant
had a potent binding to SOCS3 promoter compared to RUNX1 WT treated with metformin or
phospho-mimetic mutant (Fig 3I).

1.1.3.3. AMPK inhibits STAT3 activation through RUNX1 Ser 94 phosphorylation

In our earlier section it was observed that metformin treatment resulted in increased
cytoplasmic retention of both RUNX1 and STAT3. Thus, we analyzed the interaction between

RUNX1 and STAT3 through immunoprecipitation, since one of the reasons behind increased
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FIGURE 4: Phospho- RUNX1 inhibits STAT3 phosphorylation in K562 WT cells. A) Immunoprecipitation
analysis of endogenous RUNX1 with STAT3 in K562 WT cells showing increased physical interaction post to
treatment with metformin (treatment regime is same as above). B) Immunoprecipitation analysis of ectopically
expressed RUNX1 site directed mutants with endogenous STAT3 in HEK-293 T cells in the presence of
metformin (10mM, for 12 hours, given 48 hours after transfection) showing increased physical interaction in
metformin treated lane and phospho mimic mutant lane. C) Co-localization analysis showing increased physical
interaction between endogenous RUNX1 (Alexa 488) and STAT3 (Alexa 594) in the presence of metformin. D)
Quantification of Immunofluorescence data using Image J software on three independent fields and experiments.
E) Immunoblot analysis of K562 WT showing levels of p-STAT3, STAT3, SOCS3 and Cyclin D1 in response
to metformin treatment alone for 12 hours or a with treatment of compound C (5uM). F) Immunoblot analysis of
HEK-293T cells transfected with either RUNX1 WT or RUNX1 S 94 A or RUNX1 S 94 D with or without
metformin (10mM) treatment post to transfection (after 48 hours) for 12 hours showing levels of p-STATS,
STAT3, SOCS3 and Cyclin D1. N=3, Mean + S.E.M. *p<0.1 versus control or as indicated. The
immunofluorescence and quantification experiments were carried out on three independent fields.

Cont: control, Met: metformin, comp C: compound C, CE: cytoplasmic extract, NE: nuclear extract, WT: wild

type, IP: immunoprecipitation, IB: immunoblotting.

cytoplasmic retention could be physical sequestration of RUNX1 and STAT3. Enrichment of
STAT3 in immunoprecipitated lysates of RUNX1 was observed in metformin-treated cells but
not in compound C treated cells (Fig 4A). The effect of RUNX1 Ser 94 phosphorylation on
interaction between RUNX1 and STAT3 was further established by transfecting HEK 293T
cells with RUNX1 wild type, phospho-null and phosphomimic variants followed by IP with
RUNXZ; Enrichment of STAT3 was seen in RUNX1 wild type treated with metformin and in
phosphomimic mutant which was lost in case of phospho-null mutant (Fig 4B). The interaction
between RUNX1 and STAT3 was further established in K562 (wild type) cells by
immunofluorescence (Fig 4C &D). Metformin treatment resulted in reduced nuclear
localization of both RUNX1 and STATS3, resulting in reduced expression of their target genes
like Cyclin D1, D3 and BCL2 at both m-RNA (SF 1A) and protein level (Fig 4E; SF 1D &E).
The role of RUNX1 Ser 94 phosphorylation in mediating the inhibitory effects of AMPK was
confirmed by transfecting HEK 293T cells with RUNX1 wild type, phospho-null and
phosphomimic variants, followed by immunoblotting for STATS3 targets. It was observed that
activation of STAT3 signaling (measured through p-STAT3) and expression of STAT3 targets,
was lost in RUNX1 wild type treated with metformin and in phosphomimic mutant whereas it

was increased in phospho-null mutant. Correlating with the phosphorylation status of STATS3,
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SOCS3 levels were increased in RUNX1 wild type treated with metformin and in

phosphomimic mutant but were decreased in phospho-null mutant (Fig 4F &SF 1F).
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1.1.4. DISCUSSION

RUNX1 is a novel substrate of AMPK and AMPK phosphorylates RUNX1 at Ser 94
position, resulting in decreased nuclear localization of RUNX1. The increased cytoplasmic
retention of RUNX1 decreases the transactivation of RUNX1 and at the same time increases
its binding with STAT3. RUNX1 negatively regulates SOCS3 (49, 50), which is a repressor of
STAT3 signaling (51) and this repression was lost owing to cytosolic retention of RUNX1 due
to metformin treatment which was reversed when treated with compound C. Metformin
treatment resulted in cytoplasmic retention of both RUNX1 and STATS3, resulting in
downregulation of their target genes. The downstream targets of RUNX1 and STAT3 include
players critical for cell proliferation like Cyclin D’s (56, 57) and anti-apoptotic regulation like
BCL2, MCL1 etc.,(58, 59). The RUNX1 phospho-mimic and phosho-null mutants have further
established the effect of RUNX1 Ser 94 phosphorylation on inducing RUNX1 interaction with
STATS3, where the phospho-null and WT clones had minimal interaction with STAT3, whilst
phospho mutant and WT treated with metformin had increased interaction with STATS3.
Metformin through AMPK/ RUNX1 Ser 94 phosphorylation upregulated SOCS3, which
results in dephosphorylation of STAT3, that is key to activation of STAT3 pathway (60).
Metformin treatment along with RUNX1 WT clone resulted in absence of RUNX1 binding to
SOCS3 promoter similar to phosphor-mimic mutant whilst RUNX1 WT and phosphor-null
mutant had binding to SOCS3 promoter. These findings reflected in suppression of STAT3
targets when ectopically expressed in HEK-293 T cells. Summarizing the results, it sheds light
on inhibitory effect of metformin on STAT3 activation by upregulation of SOCS3 expression

and phospho- RUNX1 mediated physical sequestration in K562 cells (Fig 5).
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Mechanism showing 1) RUNX1 and 2) SOCS3 in

regulating STAT3 nuclear localization

FIGURE 5: Metformin
inhibits STAT3 activation and
nuclear localization. Under
normal  conditions STAT3
signaling is activated through
tyrosine  phosphorylation  of
STAT3 resulting in nuclear
localization and transcriptional
activation of STATS.
Metformin inhibits STAT3
phosphorylation by 1)
cytoplasmic retention of STAT3
through RUNX1 Ser 94
phosphorylation mediated
physical  sequestration and
through 2) upregulation of
SOCS3 expression.
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OBJECTIVE 1.2
Analyzing the role of AMPK substrates on drug

sensitivity of CML subjects.



1.2.1. LITERATURE REVIEW

Imatinib is the golden standard of CML treatment, where imatinib blocks the ATP
binding domain of BCR-ABL, which is needed for carrying out kinase activity of BCR-ABL
(61, 62). However, imatinib treatment is not free of generation of drug resistance in CML
subjects (63-66). BCR-ABL aids in progression of CML by phosphorylating several down
streams signaling molecules like JAK1/2 (Fig 6), ERK1/2 that are involved in cell cycle
progression and anti-apoptotic signaling (67, 68). ABL consists of catalytic kinase domain
which is involved in phosphorylation of downstream targets. For sustained CML growth
constitutively active BCR-ABL is a prerequisite (69). Thus, there is a need to explore other

alternative drug targets for CML treatment, which can be used in combination with imatinib

for treatment.
‘ ’ FIGURE 6: STATS3 activation and TKI
resistance. Under normal conditions
0 0 STAT3 signaling is activated through
/ m tyrosine phosphorylation of STAT3 by
BCR. \ growth factor activated phosphorylated

.|. JAK, resulting in nuclear localization and

transcriptional activation of STATS3.

Imatinib / However, in context of CML, BCR-ABL
is involved in phosphorylation of JAK

resulting in aberrant activation of STATS,

AN anunntt o . . .

which in turn activates genes involved in

generation of TKI resistance and cell

Cell survival .
TKI resistance survival.

One such targets is HSP-90, being a chimeric fusion protein BCR-ABL requires HSP-
90 for its stabilization. Thus, HSP-90 inhibitors like geldanamycin (or 17-AAG) have a
potential in CML treatment (70-72). Hitherto, HSP-90 clinical trials have displayed mixed
results (73, 74), owing to activation of heat shock response and multi drug response in cancer
cells (75). HSP-90 inhibits activation of heat shock response by physical sequestration of HSF-
1 (76). Thus, upon HSP-90 inhibition by geldanamycin, HSF-1 is indirectly activated which
then results in activation of HSP-70, 27 etc., (75, 77) which can aid in progression of CML.
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So, targeting of heat shock response through HSF-1 can be a promising target for overcoming

geldanamycin resistance.

In order to understand the effect of metformin in improving drug sensitivity of CML
subjects we have developed imatinib and geldanamycin resistant K562 lines. Our earlier work
has shown that there is a co-evolution of imatinib resistance in K562 cells along with
geldanamycin resistance. Where in K562-GR1 cells which were never exposed to imatinib
throughout their screening for geldanamyecin resistance have developed imatinib resistance also
(78). Recent works and our earlier data, have shed light on anti-leukemic activity of metformin
(79, 80). So, we have analyzed the role of metformin in overcoming imatinib-geldanamycin

dual resistance.
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1.2.2. MATERIALS and METHODS
1.2.2.1. Cell culture

K562 wild type (WT), imatinib resistant (IR1, IR2, GR1, IR2-GR1 (IGR1) and IR2-
GR2 (IGR2)) cells were cultured in RPMI-1640 (Gibco, USA) medium supplemented with
10% FBS, 1% pen-strep. Additionally, for IR1 & IR2 0.25 uM imatinib was added to growth
medium, while GR1, IGR1 and IGR2 were cultured in the presence of 0.25 uM geldanamycin.
HEK-293 T cells were cultured in DMEM (Gibco, USA) medium supplemented with 10% FBS
(Gibco, USA), 1% pen-strep (Gibco, USA). All cell lines were maintained in 5% CO>
incubator at 37°C.

1.2.2.2. Chemicals

Metformin, imatinib, 5-aminoimidiazole-4-carboxamide ribonucleotide (AICAR),
MG-132 and dorsomorphin (compound C) were purchased from Sigma (USA). Geldanamycin
(17-AAG) was procured from TCI chemicals (Japan). Imatinib, MG-132 and geldanamycin
were dissolved in DMSO (Finar, India).

1.2.2.3. Isolation of PBMCs from CML patients

Samples from human subjects were collected with prior approval from institutional
ethics committee and informed patient consent by adhering to approved protocols
(EC/NIMS/2350/2019). Whole blood (~10ml) from each CML patient and age matched
normal individuals as controls were collected in heparinized vacutainers (BD, USA) along with
duly signed consent forms. Peripheral blood mononuclear cells (PBMCs) were isolated using
histopaque (Sigma, USA). 10 mL of histopaque was added to a 50 ml tube an hour before the
initiation of isolation by slowly adding equal volumes of blood without disturbing the
histopaque layer and centrifuged at 400 x g for 30 minutes with zero break in a swing bucket
rotor centrifuge. After centrifugation, upper layer was discarded, interphase was collected
separately and washed twice with 1X PBS. The pellet was resuspended to make a single cell
suspension and grown in RPMI-1640 medium supplemented with 10% FBS, 2mM L-glutamine
(HiMedia, India), 1% non-essential amino acids (Gibco, USA) 1% sodium pyruvate (Gibco,
USA) and 1% pen-strep.

1.2.2.4. shRNA transduction and permanent line generation

ShRNA’s for RUNXI1 were shRNA 1 (TRCN0000338427), shRNA 2
(TRCNO0000338492) (Sigma, USA) along with Scr shRNA were transfected into HEK-293T
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cells using Lipofectamine 3000 (Thermo Fischer, USA) as described above. 48 hours post to
transfection the medium containing lenti viral particles was collected and stored in -80°C. K562
cells were plated in a 96 well plate and treated with puromycin to determine final concentration
of puromycin to be used for selection. Lenti viral particles were thawed on ice and added to
K562 cells and were centrifuged at 800Xg for 30 minutes at room temperature in medium
containing polybrene (8pg/mL) (Sigma, USA). The pellet was resuspended in fresh medium
without polybrene and seeded in a six well plate. 72 hours post transduction medium was
replaced with medium containing puromycin and maintained until death was observed in

control cells.
1.2.2.5. Nuclear and cytosolic extraction

Was performed as mentioned in the earlier section (1.1.2.6).
1.2.2.6. Plasmid transfection

For ectopic expression of RUNX and its mutants, RUNX1 knock-down cells were
transfected with 2ug of purified plasmid (RUNX1 WT or S 94 A or S 94 D) using
Lipofectamine-3000 (Thermo Fischer, USA) as described in 1.1.2.8 methods section.

1.2.2.7. Cell viability assay

4,000 cells per well in a 96 well plate was seeded either with or without indicated drugs
to RPMI-1640 medium of 250uL final volume and were grown for 3 days. AlamarBlue
(Invitrogen, USA) was then added and incubated for 4 hours. Following incubation,
fluorescence was measured (excitation at 560nM and emission at 590nM).

12.2.8. Immunoblotting

Protein isolation and SDS-PAGE was done as described in 1.1.2.9 methods section.
The blots were probed for antibodies HSF1, BCR-ABL, MDR-1, HSP-70, Ubiquitin,
RUNXI1/AML1, GST, CDHI1, SOCS3, Cyclin DI, AMPK, p-actin (Santa Cruz
Biotechnology Inc., USA.) p-STAT3(Y705), STAT3, BCL2, Lamin B1 (Abcam, USA.) p-
AMPK, p-AMPK substrate motif specific antibodies (Cell Signaling Technologies, USA.)

1.2.2.9. Immunoprecipitation (IP)

Cells were collected as described earlier. For pull down 750ug (incase of cell lines) or

500 pg (incase of PBMCs or tissues) of protein was taken along with 1 pg of antibody (p-
AMPK, STAT3, RUNX1 or HSF1) and left at 4°C overnight for binding. Protein agarose-A-G
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plus beads (Santa Cruz Biotechnology Inc., USA) were used for pulling down antigen antibody

complex.
1.2.2.10. RNA isolation and real time PCR (RT-PCR)

RNA isolation and quantification was carried out as described in earlier section

(1.1.2.11). The sequences of primers used were:

Target Forward primer (5’-3’) Reverse primer (5’-3’)

HSF1 GGAAAGTGGTCCACATCGAG TTCACTCTCCCGCAGGATGG
HSP70 AGCTAAAGGCCCGTCTATCG AACACCCCCACACAGGAGTA
Actin GAGAGGGAAATCGTGCGTGAC CATCTGCTGGAAGGTGGACA

1.2.2.11. Confocal microscopy

Cells were stained with primary antibodies AMPK, RUNX1/AML1, STAT3 or HSF1
for 2 hours at room temperature, followed by respective fluorescence secondary antibody
staining (Alexa Flour 488 and 546, Invitrogen, USA)). Cells were counterstained with 4°,6-
diamino-2-phenylindole (DAPI) (Thermo Scientific, USA) for nuclei and images were captured

using laser scanning confocal microscope (LSM 780, Carl Zesis, Germany).

1.2.2.12. Statistical analysis

All data points are represented as mean + SEM. Statistical analysis was done using one-
way ANOVA. P < 0.05 was considered to be statistically significant. All data points were done
in duplicates and a minimum of set of three independent experiments were carried out for all

in-vitro studies and patient data.
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1.2.3. RESULTS
1.2.3.1. RUNX1 serves as an AMPK substrate in imatinib resistance cells

RUNX1 is one of the key drivers involved in imatinib resistance. So, we analyzed if
RUNX1 and AMPK interactions hold true even in imatinib resistant cell lines. For this we have
used imatinib resistant K562 cells, namely K562-1R1 and K562- IR2 (here after referred as IR1
and IR2) both having a differential sensitivity towards imatinib (IC50: 1.2 £ 0.2 uM and 2.2 +
0.1 uM respectively). Both IR1 and IR2 were treated with either metformin or compound C
and subjected to IP by RUNX1. Both in IR1 and IR2 there was an enrichment of p-AMPK in
metformin treated lysates and which was lost in compound C treatment (Fig 7A).
Immunoblotting with p-AMPK substrate specific antibody revealed that indeed RUNX1 was a
substrate of AMPK in both IR1 and IR2 (Fig 7A). This interaction was further confirmed by
immunofluorescence in both IR1 (SF 2A &B) and IR2 (Fig 7B &C) cells. We then analyzed if
RUNX1 Ser 94 phosphorylation is inhibiting the nuclear localization of RUNX1 and STAT3
in imatinib resistant cells. Upon treatment with metformin alone or in combination with
imatinib, there was a decrease in nuclear localization of both RUNX1 and STAT3 in IR1 (Fig
7D; SF 2C &D) and IR2 (Fig 7E; SF 2E &F). However, when treated with imatinib alone,
nuclear localization of RUNX1 and STAT3 was high compared to untreated in IR1 (Fig 7D;
SF 2C &D) and IR2 (Fig 7E; SF 2E &F). Both RUNX1 and STATS3 regulate cell proliferation
thus, we next analyzed the effect of metformin treatment on viability of K562 WT, IR1 and
IR2 cells. K562 cells were treated with imatinib alone or in combination with metformin (1C50:
0.25 = 0.05 mM) and cell viability was assessed. It was observed that compared to wild type
both IR1 and IR2 were resistant to imatinib alone treatment whereas in presence of metformin
the sensitivity of both IR1 and IR2 towards imatinib has increased, since the IC50 for IR1 came
down to 0.75 = 0.1 uM from 1.2 + 0.2 uM (Fig 7F) and for IR2 it changed to 0.7 £ 0.2 uM
from 2.2 + 0.2 uM (Fig 7G).

1.2.3.2. RUNX1 Ser 94 phosphorylation inhibits STAT3 activation in imatinib resistant cells

IR1 and IR2 cells were treated with either metformin or imatinib, either alone or in
combination, and subjected to immunoprecipitation by RUNX1. STAT3 enrichment was
observed in lysates treated with either metformin alone or in combination with imatinib
compared to untreated and imatinib alone (Fig 8A). This was further validated by
immunofluorescence in both IR1 (SF 3A &B) and IR2 (Fig 8B &C) cells. IR1 and IR2 cells

treated with either metformin or imatinib alone or in combination were subjected to
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FIGURE 7: Metformin improves imatinib sensitivity of resistant lines (IR1 and IR2) through p-AMPK/
RUNX1 axis. A) Immunoprecipitation analysis of endogenous RUNX1 with p-AMPK in K562 IR1 and IR2
cells post to treatment with either metformin (10 mM) alone or with compound C (5 uM) for 12 hours, showing
increased physical interaction in metformin treated lane. B) Quantification of Immunofluorescence data using
Image J software on three independent fields and experiments. C) Co-localization analysis showing increased
physical interaction between endogenous RUNX1 (Alexa 488) and AMPK (Alexa 594) in the presence of
metformin in K562 IR2 cells (treatment regime is same as above). D) Sub- cellular fractionation of K562 IR1
cells showing with metformin (10mM) alone or with imatinib (1puM) or none or both (imatinib 1puM; metformin
10mM) for 6 hours, showcasing decreased nuclear localization of RUNX1 and STAT3 in metformin treated
conditions. E) Sub- cellular fractionation of K562 IR2 cells following similar treatment conditions, showing
decreased nuclear localization of RUNX1 and STAT3 in metformin treated conditions. F) Cell viability analysis
of K562 IR1 cells in response to imatinib treatment alone or along with metformin (0.25 mM) for 72 hours with
K562 WT as control, showing decreased cell viability in presence of metformin. G) Cell viability analysis of
K562 IR2 cells in response to imatinib treatment alone or along with metformin (0.25 mM) for 72 hours with
K562 WT as control, showing decreased cell viability in presence of metformin. N=3, Mean + S.E.M. *p<0.05
versus control or as indicated. The immunofluorescence and quantification experiments were carried out on three
independent fields.

Cont: control, Met: metformin, comp C: compound C, Ima: imatinib, CE: cytoplasmic extract, NE: nuclear

extract, WT: wild type, IP: immunoprecipitation, IB: immunoblotting.

immunoblotting. Following metformin treatment, either alone or in combination with imatinib,
the activation of STAT3 (Fig 8D &SF 3G) and its downstream targets like Cyclin D1 and
BCL2 were reduced compared to untreated and imatinib alone (Fig 8D; SF 3C-F). However,
SOCS3 levels were increased in metformin treatment alone or in combination with imatinib
(Fig 8D & SF 3C-F). We next analyzed the role of RUNX1 in mediating the anti-proliferative
effects of metformin. RUNX1 knockdown was carried out in both IR1 and IR2 cells using
shRNA’s mediated RUNX1 knockdown stable cell lines. Out of shRNA 1 and shRNA 2, the
efficiency of knockdown by shRNA 2 was significant, thus we have used ShRNA 2 stable lines
for all further experiments (SF 4A &B). Upon RUNX1 knockdown, the anti-proliferative
effects of metformin were lost (Fig 8E &SF 4G). IC50 for imatinib has increased to 1 + 0.2
uM for IR1from 0.3 + 0.1 uM (calculated for imatinib treatment along with metformin) post
RUNX1 knockdown, which is similar to imatinib alone treated scenario (SF 4G). Similar
results were observed in IR2 where IC50 has increased to 1.25 £ 0.2 uM from 0.75 £ 0.1 uM
(Fig 8E). In both IR1 and IR2 RUNX1 knockdown has resulted in marginal reduction of cell
viability, as RUNX1 WT is known to promote cell proliferation in leukemia (81). To decipher
the role of RUNX1 Ser 94 phosphorylation in mediating metformin effects, RUNX1 WT,
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FIGURE 8: Metformin inhibits STAT3 phosphorylation through RUNX1 Ser 94 phosphorylation. A)
Immunoprecipitation analysis of endogenous RUNX1 with STAT3 in K562 IR1 and IR2 cells post to treatment
with either metformin (10 mM) alone or imatinib (1 uM) alone or none or both for 12 hours, showing increased
physical interaction in metformin treated lane. B) Co-localization analysis in K562 IR2 cells with similar
treatment conditions as above for metformin and imatinib, showing increased physical interaction between
endogenous RUNX1 (Alexa 488) and STAT3 (Alexa 594) in the presence of metformin. C) Quantification of
Immunofluorescence data using Image J software on three independent fields and experiments. D) Immunoblot
analysis of K562 IR1 and IR2 cells showing levels of p-STAT3, STAT3, SOCS3, Cyclin D1 and BCL2 in
response to metformin (10 mM) treatment alone or along with imatinib (1 pM) or none for 12 hours. E) Cell
viability analysis of K562 IR2-RUNX1 KD cells in response to imatinib treatment alone or along with metformin
(0.25 mM) for 72 hours with K562 WT as control, showing decreased cell viability in presence of metformin
which was reversed upon RUNX1 KD. F) Cell viability analysis of K562 IR2-RUNX1 KD, RUNX1 WT,
RUNX1 S 94 A and RUNX1 S 94 D transduced cells in response to imatinib treatment alone or along with
metformin (0.25 mM) for 72 hours with K562 WT as control, showing decreased cell viability in presence of
metformin and in RUNX1 S 94 D cells which was reversed upon RUNX1 KD and in RUNX1 WT and RUNX1
S 94 A. N=3, Mean * S.E.M. “p>0.05 versus control, *p<0.05 versus control or as indicated. The
immunofluorescence and quantification experiments were carried out on three independent fields.

Cont: control, met: metformin, Ima: imatinib, WT: wild type, Scr: scrambled, KD: knock down, IP:

immunoprecipitation, IB: immunoblotting, NS: non-significant.

RUNX1 S 94 A and RUNX1 S 94 D were expressed in RUNX1 knockdown IR1 and IR2 cells
(SF 4C-F), followed by treatment with imatinib alone or in combination with metformin.
RUNX1 KD resulted in reduction of imatinib 1C50 by a factor of 0.25, which was reverted to
original when RUNX1 WT expression was restored in both IR1 (SF 4H) and IR2 (Fig 8F).
However, when treated with metformin along with imatinib in RUNX1 WT overexpressed
cells, imatinib sensitivity has improved as IC50 values changed to 0.3 = 0.1 uM and 0.75 *
0.18 uM for IR1 and IR2 respectively. But when cells were transfected with phospho-null
variant, there was a decrease in imatinib sensitivity as IC50 values were near to that of control
(scrambled) in both IR1 and IR2 cells. The effect was reversed when IR1 and IR2 were
transfected with phosphomimic variant, which followed the trend similar to K562 WT (SF 4H
& Fig 8F). In line with reduced cell proliferation, STAT3 phosphorylation was reduced in both
IR1, and IR2 transfected with RUNX1 shRNA 2 and RUNX1 S 94 D, with contaminant
increase in SOCS3 expression (SF 4C-F).
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1.2.3.3. Metformin improves imatinib sensitivity in imatinib resistant subjects through
AMPK/RUNX1 S 94 axis

From the above observations, it was clear that metformin could increase imatinib sensitivity
through the p-AMPK/ RUNX1 axis by inhibiting activation of the STAT3 pathway. Thus, here
we intend to validate the same observation using peripheral blood monocytes (PBMCs) derived
from CML subjects and age-matched healthy subjects of sample size n=17, where healthy
subjects (controls) (n=4: Subj 1, 6, 7 &14), imatinib-sensitive subjects (IM ™) (n=9: Subj 2,
4,8-12, 16, 17) and imatinib-resistant subjects (IM ") (n=4: subj 3, 5, 13 &15) were treated
with either imatinib alone or in combination with metformin and cell viability was assessed.
Metformin treatment resulted in increased imatinib sensitivity of both imatinib subjects as well
as imatinib resistant subjects as well as in control subjects (Fig 9A-C; SF 5A &B). However,
the fold by which imatinib sensitivity was increased is high in imatinib resistant (IM Res*)
subjects where the IC50 was decreased by 4-6-fold upon metformin treatment. IC50 for
imatinib in control and imatinib sensitive subjects (IM 5¢™) was decreased by 1.25- 2 folds in
both groups, which is low compared to imatinib resistant subjects (Fig 9C). Since, metformin
improved imatinib sensitivity we then analyzed the activation of STAT3 pathway. There was
a decrease in STAT3 activation in PBMCs derived from both imatinib sensitive and imatinib-
resistant subjects post to metformin (10mM for 12 hours) treatment (Fig 9D; SF 5C, 9A-D).
Simultaneously, there was an increase in SOCS3 expression (Fig 9D; SF 4E&F). Next,
RUNX1/AMPK and STATS3 interactions were analyzed. Upon treatment with metformin, it
was seen that there was an enrichment of p-AMPK and RUNX1 phosphorylation as assessed
by p-AMPK substrate-specific antibody in RUNX1-antibody pull-down lysates and along with
STAT3 enrichment (Fig 9E).

1.2.3.4. Metformin inhibits expression of HSP70 and p-STAT3 in imatinib-geldanamycin

double resistant lines

Since metformin treatment could improve imatinib sensitivity of imatinib resistant lines,
we next went on to confirm the effect of metformin on imatinib-geldanamycin double
resistance, as there was a co-evolution of imatinib-geldanamycin double resistance. For thus
we have used K562-GR1, IGR1 and IGR2 cell lines which were previously shown to exhibit
varying degrees of double resistance (78). HSP70 and STATS3 are the major pathways involved
in generation of imatinib-geldanamycin double resistance (75, 77). Thus, we have first
analyzed the levels of HSP70 and p-STAT3 in imatinib-geldanamycin double resistance lines
compared to K562-WT. It could be seen that compared to WT all the three resistant lines GR1,
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IGR1 and IGR2 had higher levels of both HSP70 and p-STAT3 (Fig 10A). Next, we have
treated K562 WT and double resistant lines with metformin or with compound C and the
expression of HSP-70 and p-STAT3 were analyzed. It was seen that post to metformin
treatment in both K562 WT (SF 6A &B) and double resistant lines (Fig 10B &C) expression
of HSP-70 was decreased at both protein as well as mRNA levels. In line with HSP-70
expression, phosphorylation of STAT3 was also reduced post to metformin treatment (Fig
10B). Phosphorylation of STAT3 is a prerequisite for transcriptional activity of STAT3; thus,
we next analyzed the expression of STAT3 targets CYCLIN D1 and BCL2. It was observed
that expression of CYCLIN D1 and BCL2 was reduced post to metformin treatment at both
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FIGURE 10: Metformin inhibits expression of HSP70 and p-STAT3 in imatinib-geldanamycin double
resistant lines. A) K562-WT and double resistant cell lines were subjected to immunoblot analysis to assess
HSP70, p-STAT3 and MDR1 levels. B) K562- GR1, IGR1 & IGR2 cells were subjected to metformin (10 mM
for 12 hours) or compound C (5 uM for 12 hours) or none and immunoblot analysis was carried out to assess
levels of STAT3 activation and its targets. K562- GR1, K562- IGR1 and IGR2 cells were treated with either
metformin (10 mM) or with compound C (5 uM) or none for 6 hours and subjected to RT- PCR analysis to
analyze levels of C) HSP70, D) CYCLIN D1 and E) BCL2. K562- GR1, K562- IGR1 and IGR2 cells were
treated with either F) geldanamycin or G) imatinib or H) metformin at indicated concentrations for 72 hours
and cell viability was assessed by alamar blue. Mean + S.E.M.; N=3, **p<0.005 versus control, ***p<0.0005
versus control, NS p>0.05 versus control.

Cont: control, Met: metformin, Comp C: compound C, UT: untreated, NS: non-significant.

protein and mRNA levels all double resistant lines (Fig 10B, D &E). All the above observed
results were reversed when treated with compound C, indicating the specificity of HSP70 and
p-STATS3 repression to activation of AMPK (SF 6A &B; Fig 10B-E). As, metformin treatment
resulted in reduction of CYCLIN D1 and BCL2 levels we, further assessed the viability of
K562 WT and double resistant cells post to treatment with geldanamycin (Fig 10F) or imatinib
(Fig 10G) or metformin (Fig 10H). It was seen that only when treated with metformin the

viability of double resistant lines followed a trend similar to that of K562 WT.

1.2.3.5. Metformin inhibits HSF1 protein stability through AMPK-mediated proteasomal

degradation

It was seen that HSP70 mRNA levels were also reduced following metformin treatment
(Fig 10C), indicating a transcriptional repression of HSP70. So, we assessed the levels of
HSF1, which is a transcription factor of HSP70 (82). K562 WT and double resistant lines were
treated with metformin or with compound C. Post to metformin treatment HSF1 mRNA levels
were unaffected in both K562 WT (SF 6B) and double resistant lines (Fig 11A). However,
HSF1 protein expression was decreased following metformin treatment and the scenario was
reverted when treated with compound C in both K562 WT (SF 6A) and double resistant lines
(Fig 11B). Since, there was a decrease in protein levels without altering mRNA levels,
proteasomal degradation could be one of the possible mechanisms involved thus, we have
treated K562 WT and double resistant lines with either metformin alone or with MG-132
(inhibitor of proteasomal degradation) alone or in combination. It was seen that post to
combination treatment with MG-132 the protein levels of HSF1 were restored in both K562
WT (SF 6F) and double resistant lines (Fig 11C). Dai et al has shown that HSF1 serves as a
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FIGURE 11: Metformin inhibits HSF1 protein stability through AMPK-mediated proteasomal
degradation. A) HSF1 mRNA levels were analyzed in K562- GR1, K562- IGR1 and IGR2 cells post to
treatment with either metformin (10 mM for 6 hours) or compound C (5 uM) or none. B) K562- GR1, IGR1
and IGR2 cells were subjected to metformin (10 mM for 12 hours) or compound C (5 uM for 12 hours) treatment
or none and subjected to immunoblot analysis to assess HSF1 levels. C) K562- GR1, IGR1 and IGR2 cells were
subjected to metformin (10 mM for 12 hours) or MG-132 (3 mM for 12 hours) or both treatments or none and
immunoblot analysis was carried out to assess HSF1 levels. D) K562- GR1 and E) K562- IGR1 and IGR2 cells
were subjected to immunoprecipitation by HSF1 to assess HSF1 interaction with p-AMPK post metformin (10
mM for 12 hours) or compound C (5 uM for 12 hours) treatment or none. F) Quantification of
immunofluorescence data using ImageJ. G) K562- GR1 cells were treated with either metformin (10 mM) or
with compound C (5 uM) or none for 12 hours and subjected to immunofluorescence by anti-HSF1 (Alexa 488)
and anti-AMPK (Alexa 594) antibodies counter stained with DAPI. Mean = S.E.M.; N=3, **p<0.005 versus
control, NSp>0.05 versus control. The immunofluorescence and quantification experiments were carried out on
three independent fields and experiments.

Cont: control, Met: metformin, comp C: compound C, IP: immunoprecipitation, IB: immunoblotting, NS: non-

significant.

direct substrate of activated AMPK and this phosphorylation primes HSF1 for ubiquitination
under proteotoxic stress response scenario (83). Taking from here, we have analyzed if this
mechanism holds true in context of CML. For this, both K562 WT and double resistant lines
were treated with metformin or with compound C and subjected to IP by HSF1 pull down. It
was observed that after metformin treatment interaction between HSF1 and p-AMPK was
enhanced and this enrichment was lost under compound C treatments in both K562 WT (SF
6C) and double resistant lines (Fig 11D &E), immunoblotting with p-AMPK substrate specific
antibody supported the idea of HSF1 being a substrate of AMPK. The physical interaction
between AMPK and HSF1 was further confirmed by immunofluorescence analysis of both
K562 WT (SF 6D &E) and double resistant lines (Fig 11F &G; SF 7A-D).

1.2.3.6. Metformin inhibits STAT3 phosphorylation through AMPK/RUNX1/SOCS3 axis in

imatinib-geldanamycin double resistant lines

As observed earlier along with upregulation of HSP70 there was also increase in STAT3
phosphorylation in all double-resistant cell lines (Fig 10A) which was reduced post to
metformin treatment (Fig 10B). Our earlier work we have shown that metformin through
AMPK induced RUNX1 Ser 94 phosphorylation, has resulted in down regulation of STAT3
phosphorylation in imatinib resistant CML subjects (Fig 9C &D). Thus, we have analyzed if

the same holds true even in the context of double resistant cell lines. For this, K562 double
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resistant cells were treated with AICAR, metformin and compound C and SOCS3 levels were
analyzed. It was noted that upon treatment with AMPK activators SOCS3 expression was
increased at both protein and mRNA level and this induction was lost when treated with
compound C (Fig 12A &B). As reported earlier, SOCS3 upregulation requires AMPK induced

RUNX1 phosphorylation in context of K562-WT and imatinib resistant lines, so we next
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FIGURE 12: Metformin inhibits STAT3 phosphorylation through AMPK/RUNX1/SOCS3 axis. A)
SOCS3 levels were assessed in K562- GR1, IGR1 and IGR2 cells post to treatment with either AICAR (0.5
mM) or metformin (10 mM) or compound C (5 uM) or none for 12 hours and subjected to immunoblot analysis.
B) SOCS3 mRNA levels were assessed in K562- GR1, K562- IGR1 and IGR2 cells post metformin (10 mM)
or compound C (5 uM) treatment or none for 6 hours and subjected to RT- PCR analysis. C) K562- GR1, IGR1
and IGR2 cells were treated with either metformin (10 mM) or with compound C (5 pM) or none for 12 hours
and subjected to immunoprecipitation by RUNX1 to assess RUNXL interaction with p-AMPK. D)
Quantification of immunofluorescence data using ImagelJ. E) K562- GR1 cells were treated with either
metformin (10 mM) or with compound C (5 uM) or none for 12 hours and subjected to immunofluorescence
by anti-RUNX1 (Alexa 488) and anti-AMPK (Alexa 594) antibodies counter stained with DAPI. Mean +
S.E.M.; N=3, **p<0.005 versus control, NSp>0.05 versus control. The immunofluorescence and quantification
experiments were carried out on three independent fields.

Cont: control, Met: metformin, comp C: compound C, IP: immunoprecipitation, IB: immunoblotting, NS: non-

significant.

analyzed if RUNX1served as a substrate for AMPK in K562 double resistant cells. K562
double resistant cells were subjected to IP by RUNXL1 pull down, by treating cells with
metformin or with compound C for 12 hours. It was observed that after metformin treatment
interaction between RUNX1 and p-AMPK was enhanced and this enrichment was lost under
compound C treatment in all double resistant lines (Fig 12C), immunoblotting with p-AMPK
substrate specific antibody indicated RUNX1 was a substrate of AMPK. The physical
interaction between AMPK and RUNX1 was further confirmed by immunofluorescence
analysis in all double resistant lines (Fig 12D &E; SF 8A-D).

1.2.3.7. Metformin improves sensitivity of K562 cells towards geldanamycin and imatinib
through inhibition of HSP70 and MDR1

From above data it was evident that metformin when given alone could inhibit both HSF1
as well as STAT3 phosphorylation. So, we next sort to find out if metformin can be used in
combination with geldanamycin or imatinib and still be capable of eliciting anti-proliferative
effects. For this, the cell viability of K562 double resistant cells was assessed under
geldanamycin or imatinib alone treatment or in combination with metformin along with K562-
WT as a reference. In line with above observations metformin treatment reduced the 1C50 of
both geldanamycin as well as imatinib for all K562 double resistant cells (Fig 13A-F). Next,
we assessed the molecular players involved in improving the drug sensitivity of K562 double

resistant cells, post to metformin treatment. K562 double resistant cells were treated with either
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FIGURE 13: Metformin improves sensitivity of K562 cells towards geldanamycin and imatinib
through inhibition of HSP70 and MDR1. A) K562- GR1, B) K562- IGR1 and C) K562- IGR2 cells were
treated with metformin (0.25 mM) and indicated levels of geldanamycin for 72 hours and cell viability was
assessed by alamar blue. D) K562- GR1, E) K562- IGR1 and F) K562- IGR2 cells were treated with
metformin (5 mM) and indicated levels of imatinib for 72 hours and cell viability was assessed by alamar
blue. G) K562- GR1, IGR1 and IGR2 cells were treated with either geldanamycin (0.5 uM) or metformin

(10 mM) or both or none for 12 hours and subjected to immunoblot analysis to assess levels of HSP70 and
BCR- ABL. H) K562- GR1, IGR1 and IGR2 cells were treated with either metformin (10 mM) alone or with

imatinib alone (1 pM), or both (metformin- 10 mM; imatinib- 1 uM) or none for 12 hours and subjected to

immunoblot analysis to assess levels of MDR1. Mean + S.E.M.; N=3.

Cont: control, Met: metformin, Gel: geldanamycin, Ima: imatinib.
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geldanamycin alone or metformin alone or in combination or none for 12 hours. It was observed
that geldanamycin alone treatment upregulated expression of HSP70 in all double resistant
cells (Fig 13G), whereas in K562- WT their expression was inhibited (SF 9A), but when treated
with metformin alone or in combination with metformin the upregulation observed in double
resistant cells was lost (Fig 13G). The direct downstream effector of HSP90 is BCR-ABL,
where in inhibition of HSP90 results in destabilization and ubiquitination of BCR-ABL (84,
85). Since, we could see that metformin could improve geldanamycin sensitivity of resistant
K562 cells, we have checked if this was also translated to stability of BCR-ABL. It could be
seen that metformin to certain extent could reduce BCR-ABL levels but when used in
combination the stability of BCR-ABL was reduced to a greater extent (Fig 13G & SF 9A). As
seen earlier metformin could improve even imatinib sensitivity of K562 cells, thus we have
looked into the possible molecular players involved. Review of literature has shown MDR1 as
one of the major transporters in generation of imatinib resistance (86) and in our earlier sections
we have observed that indeed there is an increased expression of MDR1 in K562 double
resistant cells (Fig 10A). Thus, we have checked the effect of metformin treatment in
combination with imatinib by treating K562 cells (WT and double resistant cells) with either
imatinib alone or with metformin alone or in combination for 12 hours. It was observed that
compared to imatinib alone treatment, imatinib along with metformin in K562 double resistant
cells had more potent inhibition of MDRL1 levels (Fig 13H). Whereas imatinib alone or with
metformin showed significant inhibition of MDR1 compared with K562 WT (SF 9B).

1.2.3.8. Metformin improves geldanamycin sensitivity of CML subjects through
AMPK/HSF1/ HSP70 axis

From above results it was evident that metformin could improve geldanamycin sensitivity
of K562 double resistant cells through downregulation of HSF1 by AMPK induced
phosphorylation, thus inhibiting activation of heat shock response, which otherwise could help
in CML progression. To further validate our results, we have isolated PBMCs from CML
subjects (n=13, h=4) and assessed their viability in response to geldanamycin treatment alone
or in combination with metformin. It was observed that metformin treatment resulted in
reduction of IC50 values for geldanamycin in all CML subjects (Fig 14A &B; SF 10E &F)
irrespective of their degree of response to geldanamycin treatment alone. Further, PBMCs were
subjected to immunoblot analysis post to metformin treatment to examine levels of HSF1 and
HSP70. It was observed that metformin treatment resulted in reduction of HSF1 levels, due to
which HSP70 mRNA levels (SF 10A-D) as well as protein levels (Fig 14C &SF 10G) were
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reduced in all CML subjects. Since, HSF1 levels were downregulated in response to metformin
treatment, we then analyzed if HSF1 served as a physiological substrate of AMPK in CML
subjects. Upon, IP with HSF1, there is an enrichment of p-AMPK in metformin treated lanes
in CML subjects. Immunoblotting with p-AMPK substrate specific antibody established HSF1
being a substrate of AMPK in CML subjects (Fig 14D &SF 10H).
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FIGURE 14: Metformin improves geldanamycin sensitivity of CML subjects through AMPK/HSF1/
HSP70 axis. A-C) Cell viability of PBMCs isolated from CML subjects was assessed by alamar blue, post to
treatment with geldanamycin alone or along with metformin (0.25 mM) at indicated concentrations for 72 hours.
D-G) PBMCs isolated from CML subjects were treated with either metformin (10 mM) or none for 12 hours and
subjected to immunoblot analysis to assess HSF1 and HSP70 levels. H & 1) PBMCs isolated from CML subjects
were treated with either metformin (10 mM) or none for 12 hours and subjected to immunoprecipitation by HSF1
to validate HSF1 interaction with p-AMPK. Mean + S.E.M.; N=3.
Cont: control, Met: metformin, Subj: subject, IP: immunoprecipitation, IB: immunoblotting, Control: healthy

subjects, IM Ses*: imatinib sensitive subjects, IM Res*: imatinib resistant subjects.
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1.2.4. DISCUSSION

The current work highlights the possibility of metformin to be used as a therapeutic
alternative for treatment of CML. Though, metformin was shown to inhibit the growth of CML
cells by inhibition of mMTORC1 (79), the role of metformin in overcoming drug resistance in
CML was unknown. Above work sheds light on possible mechanisms involved in generation
of double resistance in CML as well as the potential of metformin in bypassing them. From our
earlier works and in the current study it could be seen that there is co-evolution of resistance
towards imatinib and geldanamycin (78). The major pathways involved in generation of
imatinib resistance are JAK/STAT pathway and increased expression of MDR1(86). Whereas
upregulation of HSFlowing to inhibition of HSP90 could be the possible mechanism
responsible for generation of geldanamycin resistance. Active HSF1 upregulates genes
involved in heat shock response like HSP70, HSP27, HSP40, HSP20 etc., which are involved
in over riding replicative senescence (87), increasing cell proliferation, inhibition of apoptosis
(88), bypassing DNA damage check points and finally in immunosuppression (89) to aid in
tumor growth (90). We, have shown that both RUNX1 and HSF1 are direct substrates of
AMPK in context of CML and these phosphorylation primed HSF1 for ubiquitination and
induced cytoplasmic retention and interaction with STAT3 for RUNXL. Similar results were
reported by Dai et al that under proteotoxic stress response HSF1served as a substrate for
AMPK (83). Owing to down regulation of HSF1 by AMPK, HSP70 levels were also reduced.
Finally, metformin showed to inhibit geldanamycin induced HSF1 and HSP70 activation and
reduced the IC50 values of geldanamycin (as seen by cell viability plots) in CML subjects.
Metformin could be used in combination with geldanamycin, where geldanamycin treatment
would destabilize BCR-ABL expression (as shown by us (Fig 13G; SF 9A) and several others
(84, 91)) and metformin could suppress activation of heat shock response arm, which otherwise
would be activated due to inhibition of HSP9O0.

Both our cell line data (78) and data from PBMCs have brought forth the concept of
co-evolution of resistance towards geldanamycin and imatinib. It could be seen that CML
subjects that were resistant to imatinib treatment also had higher 1C50 values for geldanamycin
treatment, despite never being exposed to geldanamycin. One, of the possible reasons behind
dual resistance to imatinib and geldanamycin could be attributed to higher expression of MDR1
in double resistant cells (Fig 10A) (P-glycoprotein), which acts as an efflux pump for both
imatinib and geldanamycin (92). The drug bio-availability inside cell depends on influx to
efflux ratio. Imatinib is mainly routed in to cells through OCT1 (93) and MATE1 (94).

62



However, MATEL1 also acts as an efflux pump for metformin and it was seen that in
imatinib non-responders MATEL1 levels were very low, but OCT1 levels were unaltered or with
little decrease (94). Metformin entry is mainly facilitated by OCT’s including OCT1, 2 & 3
(95-97), but its efflux is routed through MATEL and MATEZ2- K (98). Reduced MATEL1 levels
with little to no change in OCT levels (94) could increase the intracellular concentration of
metformin, thus increasing metformin’s effectiveness and aid in treatment of dual resistant
CML subjects. However, further studies are warranted to understand the generation of multi

drug resistance seen during progression to blast crisis (BC)-phase of CML.

Additionally, STAT3 activation which played a major role in generation of imatinib
resistance (99-101) was inhibited by metformin treatment through AMPK/ RUNX1/ SOCS3
axis. Where in AMPK mediated RUNX1 Ser 94 phosphorylation resulted in relieving of
SOCS3 from RUNX1 mediated transcriptional repression. It also resulted in cytoplasmic
retention of both RUNX1 and STAT3 resulting suppression of their target genes which
otherwise would aid in cell proliferation. In conclusion, the current study established the
potential mechanisms involved in generation of dual resistance towards geldanamycin and

imatinib and the role of metformin in overcoming this dual resistance (Fig 15).
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FIGURE 15: Schematic representation of metformin as a therapeutic alternative for treatment of imatinib
resistant CML cases. The current figure summarizes the findings from the presented paper along with already
known facts inregards with evolution of resistance towards imatinib and geldanamycin. The entry of imatinib is
facilitated through OCT1 and MATE1 and efflux of imatinib and geldanamycin is carried out by MDR1. Once,
inside imatinib inhibits BCR-ABL kinase activity and geldanamycin disrupts HSP90 interaction with BCR-ABL.
Active BCR-ABL aids in STAT3 activation by JAK2 phosphorylation. phosphorylated STAT3 enters in to nucleus,
upregulation expression of CYCLIN D1 and BCL2 and other targets involved in cell proliferation and anti-
apoptosis. Active HSP90 inhibits HSF1 expression, which otherwise would translocate to nucleus activating heat
shock response (upregulation of HSP70, HSP27 etc.,). Geldanamycin treatment results in activation of HSF1.
Metformin enters into cell through OCT’s and effluxes through MATE1. Metformin activates AMPK inside the
cell through phosphorylation. RUNX1 and HSF1 are substrates of AMPK. AMPK mediated RUNX1
phosphorylation inhibits RUNXZ1 nuclear localization and HSF1 phosphorylation by AMPK primes HSF1 for
ubiquitination. Active RUNX1 suppresses SOCS3 transcription. SOCS3 is a STAT3 dephosphorylase which
inhibits STAT3 activation.
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OBJECTIVE 1.3

Analyzing the effect of RUNX1 and AMPK
Interactions in MDS



1.3.1. LITERATURE REVIEW

Myelodysplastic syndrome (MDS or pre-leukemic stage) is a heterogenous group of
hematological disorders characterized by dysplastic bone marrow resulting in ineffective
hematopoiesis (102, 103). The symptoms depend on the type of cell lineage effected, which
include but not limited to fatigue, anemia etc., (103). Incidences of MDS are rare and usually
occur in elderly people, however in India it is mostly reported in younger population (104).
About one- third of MDS cases progress to acute leukemia (105). Cytogenetics of MDS include
several chromosomal translocations like deletions of chromosomes 5, 7 and or del 20q (106,
107) or presence of Philadelphia chromosome (generated due to translocation between
chromosomes 9 and 22 resulting in generation of fusion protein BCR-ABL), of which the latter
is highly associated with poor prognosis of MDS (108-111). Though rare, about 2% of MDS
cases are reported to be positive for Philadelphia chromosome and these cases are usually
resistant to conventional chemotherapy employing Tyrosine Kinase Inhibitors (TKIs) like
imatinib (112), possibility due to expression of multi drug resistant gene 1 (MDR1) (113). The
mechanisms present behind manifestation of MDS and its progression to leukemia are
unknown. As, of now the treatment options for MDS include blood transfusions and bone
marrow transplant which can only help to manage the syndrome but not cure (114). Thus, there

is an immediate requirement to develop alternative strategies to treat MDS.

Recent studies by Hayashi et al have shown that normoxic stabilization of HIF1-a to
be a driving factor present behind generation of MDS and knockdown of HIF1-a could reverse
MDS phenotype (115). But the mechanisms involved in such aberrant stabilization of HIF1-a
are unexplored. Studies on hematopoietic stem cells (HSCs) isolated from MDS subjects
revealed overexpression of STAT3 and correlated with cytogenic abnormalities culminating in
poor prognosis (116). Earlier we have observed the potential of metformin to inhibit STAT3
activation through upregulation of SOCS3 expression. Thus, we have tested the possibility of

metformin to treat MDS.
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1.3.2. MATERIALS and METHODS
1.3.2.1. Cell culture

MDS-L cell lines were a kind gift from Dr. Kaoru Tohymama. MDS-L cell were grown
in RPMI-1640 medium supplemented with 40% FCS (Gibco, USA), 25ng of IL-3 (Bio legend,
USA) and 1% pen-strep. K562 wild type (WT), IR2 and HEK-293 T cells were cultured as
described earlier. All cell lines were maintained in 5% CO2 incubator at 37°C. Sub culturing

for adherent cells was done using 0.5% trypsin-EDTA (HiMedia, India).
1.3.2.2. Chemicals

Metformin, MG-132, 5-aminoimidiazole-4-carboxamide ribonucleotide (AICAR),
imatinib, and dorsomorphin (compound C) were purchased from Sigma (USA). IL-3 was

procured from Bio-legend (USA).
1.3.2.3. Isolation of PBMCs from CML patients

Was performed as mentioned in the earlier section (1.2.2.3).
1.3.2.4. Cell viability assay

3,000 cells per well in a 96 well plate was seeded either with or without indicated drugs
to RPMI-1640 medium of 250uL final volume and were grown for 3 days. assay was performed

as described in earlier section (1.2.2.7)
1.3.2.5. Nuclear and cytosolic extraction

Was performed as mentioned in the earlier section (1.1.2.6).
1.3.2.6. Electrophoretic mobility shift assay (EMSA)

Cells were treated with indicated drugs and nuclear extracts were prepared as
mentioned in earlier section. The STAT3 binding consensus present on HIF1-o promoter at -
355 upstream was taken as wild type probe and mutant probe was designed with mutations in
critical sites. Both wild type and mutant probes were labelled with y-32P using T4PNK (NEB,
USA) enzyme following manufacturer’s instructions. The labelled probe is then purified using
G50 Spin columns (Sigma, USA) following manufacturer’s manual and estimated. The binding

reaction is set up as mentioned earlier.

Promoter | Wild type probe (5’-3°) Mutant probe (5°-3°) Position
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HIFla ACCGCCTTCCTTCGGAG | ACCACGAGTATTCGGAGA | -355hp
A

1.3.2.7. Plasmid transfection

HEK-293 T cells were seeded in six well plate and were grown to a confluency of 50
%. 3ug of purified plasmid (RUNX1 WT or S 94 A or S 94 D) was transfected using
Lipofectamine-3000 (Thermo Fischer, USA) as described in earlier section (1.1.2.8).

1.3.2.8. Immunoblotting

Suspension cells and adherent cells were collected as mentioned earlier. Equal amounts
of protein (60 ug) were subjected to SDS-PAGE. Blots were probed for HIF-PHD2 (Santa Cruz
Biotechnology Inc., USA.), HIF1-a and HIF1-a-OH (Cell Signaling Technologies, USA.)

antibodies as described in earlier section (1.1.2.9).
1.3.2.9. Immunoprecipitation (IP)

Cells were collected as described earlier. For pull down 750ug (incase of cell lines) or
500 pg (incase of PBMCs or tissues) of protein was taken along with 1 pg of antibody (PHD2
or HIF1-a or RUNX1) and left at 4°C overnight for binding. Protein agarose-A-G plus beads

(Santa Cruz Biotechnology Inc., USA) were used for pulling down antigen antibody complex.
1.3.2.10. Confocal microscopy

Was performed as mentioned earlier section (1.1.2.12).
1.3.2.11. RNA isolation and real time PCR (RT-PCR)

RNA isolation and quantification was carried out as described in earlier section
(1.1.2.11). The sequences of HIFl-a primers used were FP: 5’
GAAAGCGCAAGTCTTCAAAG 3°, RP: 5> TGGGTAGGAGATGGAGATG 3.

1.3.2.12. Statistical analysis
All data points are represented as mean + SEM. Statistical analysis was done using one-
way ANOVA. P <0.05 was considered to be statistically significant. All data points were done

in triplicates.

69



RESULTS

70



1.3.3. RESULTS

1.3.3.1. Metformin inhibits expression of HIF1-a and MDRI in pre-leukemic and leukemic

lines

Expression of HIF1-a and MDR1 was assessed in MDS-L (pre-leukemic), K562-WT and
IR2 (leukemic wild type and imatinib resistant respectively) cell lines. It was observed that
expression of both HIF1-a and MDR1 was high in MDS-L and K562-1R2 cells compared to
K562-WT, whereas HIF1a-OH and p-AMPK levels were high only in K562- WT (Fig 16A).
Since, activation status of AMPK and expression pattern of HIF1-o and MDR1 seems to follow
a reciprocal relation, we then examined the effect of AMPK activation on expression of HIF1-
a. MDS-L, K562-WT and IR2 cells were treated with AMPK activators and inhibitor and
subjected to immunoblot analysis. It could be seen that AMPK activation resulted in loss of
HIF1-a expression, mostly due to increased HIF1l-a. hydroxylation and the scenario was
reversed upon inhibition of AMPK by compound C (Fig 16B-D). In addition to suppression of
HIF1-a at protein level, HIF1-a mRNA levels were also reduced post to activation of AMPK
(Fig 16E-G). In line with HIF1-a expression, MDRI1 levels were also suppressed post to
metformin treatment (Fig 16H &I). As both HIF1-a and MDR1 are involved in improving cell
viability despite imatinib treatment; we next assessed the viability of MDS-L, K562-WT and
IR2 cells in response to treatment with metformin and imatinib at given concentrations. It was
observed that post to metformin treatment viability of all the three lines was reduced and MDS-
L and K562-IR2 followed trend similar to K562-WT (Fig 16J). However, post to imatinib
treatment MDS-L and K562-IR2 cell viability was higher than compared to K562-WT (Fig
16K).

1.3.3.2. Metformin promotes HIF1-a ubiquitination through PHD2 mediated HIFI-a
hydroxylation

Since metformin treatment resulted in loss of HIF1-a expression, we then examined if this
loss is mediated by proteasomal degradation. For this MDS-L, K562-WT and IR2 cells were
treated with either metformin alone or with MG-132 alone or in combination or none for 12
hours. It was observed that metformin induced loss of HIF1-a expression was rescued when
treated in cells were treated with MG-132, indicating ubiquitination to be one of the plausible
reasons (Fig 17A-C). Prerequisite for HIF1-a ubiquitination is hydroxylation of HIF1-o at
proline residues by prolyl hydroxylases (PHD’s). Thus, we next checked if metformin
treatment alters interaction between HIF1-a and PHD2. MDS-L, K562-WT and IR2 cells were
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treated with either metformin or with compound C or none and subjected to IP by HIF1-a. It

was noted that PHD2 interaction with HIF1-o was enhanced post to metformin treatment and
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FIGURE 16: Metformin inhibits expression of HIF-1e. and MDR-1 in pre-leukemic and leukemic lines. A)
MDS-L, K562- WT and K562-1R2 cells were subjected to immunoblot analysis and levels of p-AMPK, HIF1-a,
MDR1 and HIF1-0-OH were analyzed. B) MDS-L, C) K562- WT and D) K562-IR2 cells were treated with
metformin (10 mM for 12 hours) or AICAR (0.5 mM for 12 hours) or compound C (5 uM for 12 hours) or none
and subjected to immunoblot analysis and levels of p-AMPK, HIF1-a and HIF1-a-OH were analyzed. E) MDS-
L, F) K562-WT and G) K562-1R2 cells were subjected to metformin (10 mM) or compound C (5 uM) treatment
or none for 6 hours and RT-PCR analysis was carried out to assess HIF1-o mRNA levels. H) K562- WT cells
were treated with metformin (10 mM) or compound C (5 uM) or none for 6 hours and subjected to immunoblot
analysis and levels of p-AMPK and MDR1 were analyzed. I) p-AMPK, and MDR1 were analyzed in MDS-L
and K562-1R2 cells post metformin (10 mM for 12 hours) or compound C (5 uM for 12 hours) treatment or none
and subjected to immunoblot analysis. J) MDS-L, K562- WT and K562- IR2 cells were treated with metformin
at indicated concentrations for 72 hours and cell viability was assessed. K) MDS-L, K562- WT and K562- IR2
cells were treated with imatinib at indicated concentrations for 72 hours and cell viability was assessed. Mean +
S.E.M.; N=3, **p<0.005 versus control, N5p>0.05 versus control.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant.

the reverse was observed when treated with compound C. Also, HIF1-a hydroxylation was
high in metformin treated panel, validating increased PHD2 interaction with HIF1-o (Fig 17D-
F).

1.3.3.3. AMPK induced RUNX1 Ser 94 phosphorylation alters PHD2 substrate affinity

As noted in earlier section metformin treatment increased PHD?2 interaction with HIF1-a
and the mechanism involved seems to be related to AMPK activation. Thus, we have set out to
identify the possible AMPK substrates that can bind to PHD2. Literature review revealed
involvement of RUNXS3 in altering PHD2 substrate affinity towards HIF1-a in context of
gastric cancer. It was reported that runt-homology domain of RUNX3 plays a key role in
HIF1a-PHD2 interaction (117). As, runt homology domain is conserved across the RUNX
family and RUNX1 was also an AMPK substrate, we analyzed if RUNXL1 can interact with
PHD2 and alter affinity towards HIF1-o. MDS-L, K562-WT and IR2 cells were treated with
either metformin or with compound C or none and subjected to IP by RUNXL. It was noted
that PHD?2 interaction with RUNX1 was enhanced upon metformin treatment and the reverse
was observed when treated with compound C. Also, the RUNX1 interacting with PHD2 served
as a substrate of AMPK (verified by immunoblotting with p-AMPK substrate specific
increased interaction between PHD2 and HIF1-a (Fig 18 A-C). The interaction between PHD2,
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antibody) and phosphorylated RUNX1 has enhanced interaction with PHD2, this in turn
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FIGURE 17: Metformin promotes HIFl-a ubiquitination through PHD2 mediated HIF1-a
hydroxylation. A) MDS-L, B) K562-WT and C) K562-IR2 cells were subjected to metformin (10 mM) or
MG-132 (3 mM) or both treatments or none for 12 hours and subjected to immunoblot analysis. IP analysis by
HIF1-a pull down was carried out in D) MDS-L, E) K562- WT and F) K562-1R2 cells post metformin (10 mM)
or compound C (5 uM) treatment or none for 12 hours and levels of PHD2, HIF1-a and HIF1-a-OH were
assessed. Mean + S.E.M.; N=3.

Cont: control, Met: metformin, Comp C: compound C, IP: immunoprecipitation, IB: immunoblotting.

RUNX1 and HIF1-a was further established by subjecting MDS-L, K562-WT and IR2 cells to
IP by PHD2 post to metformin or compound C or none. Enrichment of RUNX1 and HIF1-a
with PHD2 was observed in metformin treated lanes compared to control and compound C
lanes (Fig 18D-F). The role of RUNX1 Ser 94 phosphorylation was further established by
transfecting HEK-293 T cells with RUNX1 WT, S 94 A and S 94 D clones. It was observed
that upon transfection with RUNX1 WT or RUNXL1 S 94 A HIF1-a expression was high and
HIF1-a hydroxylation was low compared to control or metformin treated lanes. On the other
hand, metformin treatment or transfection with RUNX1 S 94 D resulted in loss of HIF1-a
expression and increased HIF1-a hydroxylation (Fig 18G). Next, influence of RUNX1 Ser 94
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FIGURE 18: AMPK induced RUNX1 Ser 94 phosphorylation alters PHD2 substrate affinity. A) MDS-L, B)
K562- WT and C) K562-IR2 cells were subjected to metformin (10 mM) or compound C (5 uM) treatments or none
for 12 hours and subjected to IP analysis by RUNX1 pull down and levels of PHD2, RUNX1, p-AMPK substrate
and HIF1-a were analyzed. D) MDS-L, E) K562-WT and F) K562-1R2 cells were subjected to metformin (10 mM)
or compound C (5 uM) treatments or none for 12 hours and subjected to IP analysis by PHD2 pull down and levels
of PHD2, RUNX1 and HIF1-a were analyzed. G) HEK-293 T cells were transfected with either RUNX1 WT or
RUNX1 S 94 A or RUNX1 S 94 D, with or without metformin (10 mM) treatment for 12 hours post to 48 hours of
transfection and subjected to immunoblot analysis and levels of p-AMPK, HIF1-a, RUNX1-RFP and HIF1-a-OH
were analyzed. H) HEK-293 T cells were transfected with RUNX1 S 94 D or none, along with or without MG-132
(3 mM) treatment for 12 hours post to 48 hours of transfection and subjected to immunoblot analysis and levels of p-
AMPK and HIF1-a were analyzed. 1) HEK-293 T cells were transfected with either RUNX1 WT or RUNX1 S 94 A,
along with or without metformin (10 mM) treatment for12 hours post to 48 hours of transfection and subjected to IP
analysis by RUNX1 pull down and levels of HIF1-a, RUNX1-RFP and PHD2 were analyzed. Mean £ S.E.M.; N=3.
Cont: control, Met: metformin, Comp C: compound C, IP: immunoprecipitation, IB: immunoblotting, EV: empty

vector.

RUNX1 S 94 D resulted in loss of HIF1-a expression, we treated HEK-293 T cells with MG-
132 post to transfection with RUNX1 S 94 D. It was seen that MG-132 treatment rescued HIF1-
a expression (Fig 18H), confirming role of phospho RUNX1 in promoting HIFl-a
ubiquitination. The role of phospho RUNX1 in altering PHD2 affinity towards HIF1-a was
analyzed by subjecting HEK-293 T cells to IP by RUNX1, post to transfection with RUNX1
WT, S 94 A clones along with or without metformin treatment. It was observed that upon
transfection with RUNX1 WT accompanied by metformin treatment there was an enrichment
of PHD?2 interaction with HIF1-a which was lost when transfected with RUNX1 WT alone or
RUNX1 S 94 A (Fig 18l).

1.3.3.4. Metformin inhibits STAT3 mediated transcription of HIF1- «

As seen in our earlier panel, metformin treatment resulted in reduction of HIF1-a mRNA
indicating apart from post translation regulation of HIF1-a, metformin regulates HIF1-a at
transcript level also. Literature review revealed presence of STAT3 binding elements on HIF1-
a promoter(118). So, we first analyzed the effect of metformin treatment on STAT3 activation
in MDS-L cells. MDS-L cells were treated with metformin or compound C or none and
subjected to immunoblot analysis. Post to metformin treatment STAT3 phosphorylation was
repressed and so were the levels of STAT3 targets CYCLIN D1 and BCL2. Repression of
STAT3 phosphorylation can be due to increase in SOCS3 expression (Fig 19A). STAT3

nuclear localization requires activation of STAT3 through tyrosine phosphorylation and as seen
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metformin repressed STAT3 phosphorylation, subsequently STAT3 nuclear localization was

also reduced upon metformin treatment and this were reversed upon compound C treatment
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FIGURE 19: Metformin inhibits STAT3 mediated transcription of HIF1- o in MDS and inhibits HIF1- a and
MDR1 expression in PBMCs. A) MDS-L cells were subjected to metformin (10 mM) or compound C (5 uM)
treatment or none and immunoblot analysis was carried out to assess levels of p-STAT3, STAT3, p-AMPK, SOCS3,
CYCLIN D1 and BCL2. B) MDS-L cells were treated with metformin (10 mM) or compound C (5 uM) or none and
subjected to cell fractionation and immunoblot analysis was carried out to assess levels of STAT3. C) STAT3 binding
consensus on HIF1-a promoter at -355 bp. D) MDS-L cells were treated with metformin (10mM) or compound C
(5uM) or none and nuclear extracts were taken and subjected to EMSA. E-H) PBMCs were isolated from CML
subjects and subjected to immunoblot analysis to assess levels of HIF1-o. and MDRI1. 1) & J) PBMCs were treated
with metformin (L0mM) or none and subjected to immunoblot analysis to assess levels of HIF1-a, HIF1-a-OH and
MDR1. Mean + S.E.M.; N=3.

Cont: control, Met: metformin, Comp C: compound C, CE: cytoplasmic extract, NE: nuclear extract, Subj: subject.

(Fig 19B). Analysis of HIF1-a promoter revealed presence of STAT3 binding element at -355
bp upstream. So, we then analyzed effect of metformin on occupancy of HIF1-o promoter by
STATS. It was seen that STAT3 binding to HIF1-a promoter was lost post to treatment with
metformin (Fig 19C &D).

1.3.3.5. Metformin promotes HIF1-a hydroxylation and MDRI1 suppression in PBMCs of
CML subjects

Since, metformin treatment could suppress expression of HIF1-a and its target MDRI1,
through HIF1-a hydroxylation in MDS-L and K562-WT, IR2 cell lines. We sort to validate if
similar effects could be elucidated by metformin on PBMCs isolated from CML subjects.
Firstly, PBMCs were isolated from a total of 13 CML subjects along with their age matched
controls (n=4). Expression of HIF1-a and MDR1 were analyzed in all CML subjects. It was
seen that expression pattern of HIF1-a and MDRI1 correlated with clinical manifestation of
imatinib resistance in these subjects; wherein imatinib resistant CML subjects 3, 5, 13 and 15
had higher expression of HIF1-a and MDR1 compared to their counter parts (Fig 19E-H). Next,
PBMCs from HIF1-a expressing CML subjects were treated with metformin and subjected to
immunoblot analysis. It was observed that post to metformin treatment HIF1-o expression was
suppressed owing to increased HIF1-a hydroxylation. Concomitantly MDR1 expression was

also reduced owing to metformin treatment (Fig 191 & J).
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1.3.4. DISCUSSION

Though rare MDS cases with positive Philadelphia chromosome translocation are
difficult to treat and MDS alone itself has limited options for treatment. As of now, the
molecular mechanisms involved in onset of MDS and progression of MDS towards leukemia
are unknown. However, recent work by Hayashi et al has shown key role of normoxic
stabilization of HIF1-a in onset of MDS (115). Apart from aiding in onset of MDS, HIF1-a

plays a pivotal role in generation of imatinib resistance in CML (119). Thus, HIF1-a targeting
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FIGURE 20: Schematic representation of metformin promoting HIF1- a hydroxylation and MDR1
suppression. The current figure integrates the findings from present work with already known facts about MDS
and CML. Persistent IL-3 signaling helps in maintenance of MDS-L cell lines. IL-3 mediated activation of
STATS3 results in normoxic stabilization of HIF1-o. In case of CML, BCR- ABL takes over need of IL-3
signaling in activating STAT3 and through HIF1-a promotes expression of MDR1, which is involved in
imatinib efflux. Intracellularly, imatinib inhibits BCR-ABL kinase activity. Metformin, enters through OCTs
and activates AMPK through phosphorylation. RUNX1 is a substrate of AMPK and this phosphorylation results
in cytoplasmic retention of RUNX1, which otherwise would inhibit expression of SOCS3, which is a negative
regulator of STAT3 phosphorylation. RUNX1 Ser 94 phosphorylation results in increased binding of RUNX1
to PHD2 and altering its affinity towards HIF1-a. PHD2 was bound to HIF1-a results in HIF1-a hydroxylation,

which acts as signal for HIF1-a ubiquitination.
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would be promising in treatment of both MDS as well as Philadelphia chromosome positive
MDS and imatinib resistant CML. The current study has shown the potential of metformin in
treatment of both MDS and imatinib resistant CML through suppression of HIF1-a at both
transcript and protein level. HIF1-a normoxic stabilization mainly involves inhibition of HIF1-
a post translational modifications that can prime HIF1-a for ubiquitination by PHDs. PHDs
induce HIF1-o hydroxylation which culminates in ubiquitination of HIF1-a. RUNX1 alters
PHD2 substrate affinity to induce enhanced binding to HIF1a. Compared to unphosphorylated
RUNX1, RUNX1 Ser 94 phosphorylation induced by activated AMPK had enhanced binding
to PHD2/ HIF1-a. complex.

HIF1-o transcription occurs mainly in response to hypoxic cues. However, the
normoxic transcriptional regulation of HIF1-a was less explored. Literature review showed
that STAT3 activity is needed for hypoxia induced HIF1-oo mRNA expression in melanoma
cells. MDS-L cell line needs persistent IL-3 signaling for its maintenance and in case of CML,
BCR-ABL takes over the job of IL-3 for providing persistent STAT3 activating signals. In both
cases HIF1-a expression was high. HIF1-a stability depends on vVHL binding to hydroxylated
HIF1-a, it was reported that STAT3 could disrupt HIF1-a-vHL association by occupying VHL
binding sites on HIF1-a. Thus, we speculated the involvement of STAT3 signaling in normoxic
stabilization of HIF1-a in MDS context. In line with our speculation HIF1-a promoter indeed
had STAT3 binding elements and this binding was disrupted upon metformin treatment. As,
reported in above sections AMPK induced RUNX1 Ser 94 phosphorylation resulted in
inhibition of STAT3 nuclear localization and subsequently repression of STAT3 transcriptional
activity. This repression was in part mediated by SOCS3 activation in RUNX1 Ser 94
phosphorylation specific manner. Thus, metformin through RUNX1 Ser 94 phosphorylation
inhibited HIF1-a expression at both transcript as well as protein level (Fig 20). HIF1-a target
MDR1 plays a key role in active efflux of imatinib from cell (120), aiding in generation of
imatinib resistance and metformin by virtue of HIF1-a inhibition suppressed MDR1

expression, aiding in improving imatinib sensitivity as reported in earlier.
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OBJECTIVE 14
Analyzing the effect of RUNX2 and AMPK

interactions in bone metastasis of breast cancer



1.4.1. LITERATURE REVIEW

Breast cancer is the second leading cancer worldwide and the major cause of death
worldwide (121). RUNX2 is highly expressed in breast cancer (122) and more prominently
in aggressive tumors (123). RUNX2 has a vast target repertoire which affects several
pathways including but not limited to cell cycle progression, DNA damage response etc.,
which play a key role in cancer transformation (124). Expression of RUNX2 can confer
osteoblast like phenotype by upregulation of bone specific proteins like osteopontin (125),
osteonectin (126) etc., which helps breast cancer cells to home, colonize andsurvive in bone
causing osteolytic lesions and initiation of secondary tumors (127-129). It was also seen that
ectopic expression of RUNX2 confers drug resistance to cancer cells which makes RUNX2 a

potent druggable target for cancer treatment (127).

Metformin gained attention as a potent anti-cancer agent owing to its effect on
activation of AMP-activated kinase (AMPK), cellular energy sensor which is involved in
regulation of energy homeostasis by either inhibiting pathways involved in energy
consumption (like cap-dependent protein synthesis (130)) and gluconeogenesis (131). Recent
studies using cell culture and animal models have shown that metformin has the ability to
inhibit cell proliferation and tumor growth through AMPK/ P53 axis (6, 132, 133). However,
clinical trials carried out to investigate metformin’s anti-cancer ability were not promising in
case of solid tumors especially breast cancer and the molecular mechanisms underlying were
not clear (134, 135).

Our recent work on regulation of RUNX2 in bone and adipogenic development
revealed that RUNX2 is a novel substrate of AMPK, an immediate effector molecule of
metformin’s action. It was also seen that AMPK mediated phosphorylation of RUNX2
increased the transcriptional activity of RUNX2 (136) .With the knowledge on RUNX2
protective function of metformin in context of osteogenesis, in the current study we aimed to

understand dynamics of this relation in breast cancer progression and metastasis.
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1.4.2. MATERIALS AND METHODS
1.4.2.1. Cell culture

MDA-MB-231 were grown in L-15 medium (Gibco, USA) along with 15%FBS
(Gibco, USA) and 1% Pen-Strep (Gibco, USA) in no COz incubator at 37°C; MCF-7 in RPMI-
1640 medium (Gibco, USA) along with 10% FBS (Gibco, USA) and 1% Pen-Strep (Gibco,
USA) in 5% CO2 incubator.

1.4.2.2. Chemicals

Metformin, dorsomorphin (compound C), MG-132 and LiCl were procured from
Sigma, USA.

1.4.2.3. Sub-cloning

RUNX2 cDNA (NM_001024630.3) was procured from Genecopoeia, USA. RUNX2
site directed mutants S118 A, D along with WT were subcloned into pDsRed1-N1 (Clonetech,
USA) containing red fluorescent protein. List of the primers used for site directed mutagenesis

were:

Target Forward primer (5’-3) Reverse primer (5’-3°)

RUNX2 | CCGCTCGAGACCATGGCATC | GGAAGATCTCGATATGGTCGCCAA
WT AAACAGCCTCTTCAGC ACAGATTCATC

RUNX2 | CGCACCGACGACCCCAACTTC | GAAGTTGGGGTCGTCGGTGCG
S118D

RUNX2 | GTCCGCACCGACGCCCCCAA | CAGGAAGTTGGGGGCGTCGGTGC
S118 A CTTCCTG GGAC

1.4.2.4. Nuclear and cytosolic extraction

Cells were treated with indicated drugs for 6 hours and cells were collected in 1X

PBS and processed as described earlier (1.1.2.6).

1.4.2.5. Electrophoretic mobility shift assay (EMSA)
Cells were treated with indicated drugs and nuclear extracts were prepared as

mentioned above. The RUNX2 binding consensus on RICTOR promoter was taken as wild
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type probe (5° TTAGGTACCACAGACATG 3’) and mutant probe (5’
TTAGGTATTACAGACATG 3’) was designed with mutations at critical sites. Both wild type
and mutant probes were labelled with y-32P using T4PNK (NEB, USA) enzyme following
protocol described earlier.

1.4.2.6. Plasmid transfection

MCEF-7 cells were seeded in six well plate and were grown to a confluency of 50 %.
2ug of purified plasmid (RUNX2 WT or S 118 A or S 118 D) was transfected using
Lipofectamine-3000 (Thermo Fischer, USA) as described in earlier section (1.1.2.8).

1.4.2.7. siRNA transfection

The siRNA for rictor (S105109048), raptor (S100698677) and RUNX2 (Hs.535845)
were purchased from Qiagen (Netherlands) and Thermo fisher scientific (USA) respectively.
All the transfections were carried out using RNAifect (Qiagen, Netherlands) following the
manufacturer’s instructions. In brief, 1pug of siRNA and 3uL of RNAifect were diluted in
200puL of plain DMEM medium (0.5 % FBS) individually and incubated for 5 minutes; later,
both were mixed and incubated for 30 minutes before adding the combined solution to cells.

Cells were replaced with fresh regular medium after 6 hours of transfection.
1.4.2.8. Immunoblotting

Cells were lysed in 1X RIPA supplemented with protease and phosphatase inhibitor
cocktails (Sigma, USA). Equal number of proteins were subjected for SDS-PAGE followed by
blotting using a-RUNX2, a-p-AMPK, a-p-AMPK substrate motif-specific antibody, p-S6K,
S6K, rictor, raptor, p-Akt (Ser 473), cofilin, p-cofilin (Ser 3), paxillin (Cell signaling
technologies, USA), MMP-9, pan- Akt, VEGF, PKC, ubiquitin, GSK3a/p, CDH11, AMPK and
p-PKCp (Santa Cruz, USA.) Lamin B1, p-GSK3p (Ser 9) and E-cadherin (Abcam, USA.)

antibodies as described in earlier section (1.1.2.9).
1.4.2.9. Immunoprecipitation

Cells were lysed in IP lysis buffer (Thermo Scientific, USA) supplemented with
protease and phosphatase inhibitor cocktails (Sigma, USA) and equal amounts of protein (500
Hg) were incubated with 1 ug of a-RUNX2 or a-p-AMPK (Cell signaling technologies (CST),
USA) at 4°C overnight. Protein A/G Plus- agarose beads (2.5mg/sample) (Santa Cruz, USA)
were used to pull down the immunoprecipitated protein complexes and latter were subjected

to immunoblotting. For immunoprecipitation TrueBlot secondary antibodies from Rockland
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Immunochemicals (USA) were used. The signal was detected by Clarity Western ECL
blotting substrates (Bio-Rad, USA) and images were processed using Bio-Rad Chemidoc MP
system.

1.4.2.10. Confocal analysis

Cells were grown upto confluency (80%) on coverslips followed by treatment for
indicated timepoints and were washed with PBS before fixing in 4% formalin for 10 min at
room temperature. Cells were stained for primary antibodies a-RUNX2 (CST, USA), AMPK,
GSK30/B (Santa Cruz, USA) and Rhodamine; followed by respective fluorescence secondary
antibodies as described in earlier section (1.1.2.12).

1.4.2.11. RT-PCR analysis

Total RNA isolation was carried out by TRIzol (Thermo Fisher Scientific, USA)

method following protocol as described previously (1.1.2.11). The quantification of real time

data was carried out by A ACT method. The sequence of primers used were:

Target Forward primer (5’-3) Reverse primer (5°-3°)
MMP9 ATAGACTACTACAGGCT TAGCACGGATAGACCA
Rictor CTGATGGAGTCCGAAATGC TCATCCGATCCTTCATCCT
POSTN TGCCCAGCAGTTTTGCCCA CGTTGCTCTCCAAACCTCT
CTSK CTTCCAATACGTGCAGCAGA CTTCAGGGCTTTCTCGTTC
COL1A1 TCTGCGACAACGGCAAGGT ACGCCGGTGGTTTCTTGGT
VEGF AGTTAGTCACACTGGAGATTGAC ATAGGATCGACAGTTGTAACC
RUNX?2 CTCTGCACCAAGTCCTTTTAA | AGGAGGGGTAAGACTGGTCAT
TC AG
CDH11 CAATATCGTTGATGGAGACGG ACATTGGCGGCCTCTATCTT
E-cadherin GGTTTTCTACAGCATCACC CTTCCCCATTTGATGACAC
Actin GAGAGGGAAATCGTGCGTGAC CATCTGCTGGAAGGTGGACA

1.4.2.12. Trans-well migration assay

MCF-7 cells were seeded in a six well plate and transfected with RUNX2 WT, S 118A,
D and treated with or without metformin (15 mM) for 12 hours post to transfection. Post
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transfection cells were trypsinized and approximately 2x10° cell per well were diluted in
serum free medium and added to upper chamber of transwell plate., The insert was coated
with 100uL of type I collagen (Thermo fisher scientific, USA) dissolved in 0.1% acetic acid
(Finar, India) and left at 37°C 2 hours for solidification. The insert was then washed twice in
1X PBS after removing excess collagen. 24 hours before, HEK-293 T cells or U20S cells
were seeded in lower chamber of the transwell plate in DMEM medium supplemented with
10% FBS and 1% pen-strep. The set up was then placed in incubator at 37°C for 16 hours.
Now, the medium from inserts was aspirated and cells were washed twice in 1X PBS followed
by fixation in 3.7% formaldehyde (HiMedia, India) (dissolved in PBS) for 5 minutes.
Followed by PBS washes. Cells were then permeabilized by 100% methanol (Sigma, USA)
for 20 minutes at room temperature, followed by PBS washes. Cells were then stained by
Giemsa (Sigma, USA) for 15 minutes at room temperature in dark. Excess stain was removed
and washed twice with PBS. The non -invasive cells were removed by cotton swabs from the
upper chamber. The number of invasive cells present on the other side of the insert were

counted under bright filed microscope.
1.4.2.13. Breast tumor samples

Breast tumor along with adjacent normal tissues were obtained from SRMC, Chennai,

India, abiding by the norms of the institutional ethics committee.
1.4.2.14. Statistical analysis

All data points are represented as mean = SEM. Statistical analysis was done using
one-way ANOVA. P values less than 0.05 were considered statistically significant. A
minimum set of three independent experiments was carried out for all the cell line data and

for tumor samples experiments were done in duplicates due to tissue availability.
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1.4.3. RESULTS
1.4.3.1. RUNX2 is a substrate of AMPK in breast cancer cells

MDA-MB-231 cells were treated with metformin and compound C and analyzed the levels
of RUNX2 by immunoblotting and RT-PCR. Upon treatment with metformin, there was an
increase in RUNX2 levels (Fig 21A), however the mRNA levels were not affected (Fig 21B)
and this increase in RUNX2 protein levels was lost upon treatment with compound C (Fig
21A) which is an inhibitor of AMPK kinase activity. Next, we analyzed whether AMPK and
RUNX2 interactions were sustained in MDA-MB- 231 cells. For this RUNX2 was subjected
to IP in MDA-MB-231 cells and immunoblotted with p-AMPK and p-AMPK substrate
specific antibody, post to treatment with metformin, AMPK and RUNX2 interaction was
enhanced (Fig21C). Inorder to validate this interaction IP was carried out by pulling down p-
AMPK and immunoblotted for RUNX2 where RUNX2 interaction with p-AMPK was
enhanced upon metformin treatment and was lost when cells were treated with compound C
(Fig 21D). To confirm interactions between RUNX2 and AMPK, RUNX2 was over expressed
in MCF-7 and IP was carried out in the presence and/or absence of AMPK activators and
inhibitors. Consistent with above results, p-AMPK interaction with RUNX2 was seen when
the cells were treated with metformin and was lost upon treatment with compound C (Fig 21E).
The interaction of p-AMPK and RUNX2 was confirmed and quantified by
immunofluorescence analysis where physical interaction between RUNX2 and p-AMPK was

evident upon metformin treatment (Fig 21F &G).

1.4.3.2. AMPK mediated phosphorylation of RUNX2 results in increased nuclear

localization and transcriptional activity of RUNX2

Since RUNX2 is a transcription factor and AMPK phosphorylates RUNX2 in the DNA binding
domain, we next analyzed the effect of AMPK induced RUNX2 phosphorylation on nuclear
localization and function of RUNX2. Inorder to study nuclear localization of RUNX2
cytoplasmic and nuclear fractionation was carried out post to metformin and compound C
treatment. Metformin treatment enhanced nuclear localization of RUNX2 and the scenario was
reversed upon compound C treatment (Fig 22A). Inorder to confirm the role of Ser 118
phosphorylation in enhanced nuclear localization, we performed IP of RUNX2 in nuclear
extracts which revealed the presence of high levels phospho-RUNX2 in nuclear fraction upon
treatment with metformin (Fig 22B). Analysis of RUNX2 transcriptional targets that aid in

breast cancer metastasis revealed, regulation of mMTOR promoter by RUNX2 (137).
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FIGURE 21: RUNX2 is a substrate of AMPK in breast cancer cells. MDA-MB-231 cells were subjected to
either metformin (15 mM) or compound C (5 uM) treatment for 12 hours or none and A) immunoblot analysis
and B) RT-PCR analysis was done. MDA-MB-231 cells were subjected to metformin (15 mM) or compound
C (5 uM) treatment for 12 hours or none and IP by C) RUNX2 pull down and levels of RUNX2, p-AMPK
substrate and p-AMPK were analyzed or by D) p-AMPK pull down and levels of RUNX2, p-AMPK were
analyzed. E) MCF-7 cells were transfected with either RUNX2 WT or RUNX2 S 94 A or RUNX2 S 94 D or
none, along with or without metformin (15 mM) treatment for 12 hours post to 48 hours of transfection and
subjected to IP analysis by p-AMPK pull down and levels of p-AMPK and RUNX2-RFP were analyzed. F)
MDA-MB-231cells subjected to metformin (15 mM) or compound C (5 uM) treatment for 12 hours and
immunofluorescence by anti-RUNX2 (Alexa 594) and anti-AMPK (Alexa 488) antibodies counter stained with
DAPI was done. G) Quantification of immunofluorescence data using ImageJ. Mean + S.E.M.; N=3. *p<0.05
versus control, NSp>0.05 versus control. The immunofluorescence and quantification experiments were carried
out on three independent fields.

Cont: control, Met: metformin, Comp C: compound C, IP: immunoprecipitation, IB: immunoblotting, EV:

empty vector, WT: wild type, NS: non-significant.

It was also seen that mMTORC2 (mammalian target of rapamycin complex 2) is regulated by
RUNX2, but the mechanism was unclear (138). Bioinformatic analysis of rictor (a key
component in mTORC2) promoter revealed the presence of RUNX2 binding consensus
(ACCACA, which is known as Osteoblast Specific cis acting Element 2 (OSE2)) at -1884 kb.
The role of RUNX2 Ser 118 phosphorylation on regulation of rictor was further confirmed by
transfecting MCF-7 cells with RUNX2 wild type, RUNX2 S 118 A (phosphonull mutant) and
RUNX2 S 118 D (phosphomimic mutant) variants and nuclear extracts were subjected to
EMSA. It could be seen that RUNX2 WT treated with metformin and phosphomimic mutant
had a potent binding to rictor promoter compared to RUNX2 WT or phosphonull mutant (Fig
22C). Next, we checked the effect of RUNX2 phosphorylation on its transcriptional activity
by measuring the mRNA and protein levels of its target genes like rictor, VEGF (139) and
MMP-9 (140). MDA-MB-231 cells were treated with metformin and or compound C and
protein and mRNA levels of rictor, VEGF and MMP-9 were assessed. Upon treatment with
metformin there was upregulation of rictor, MMP-9 and VEGF at both protein and mRNA
levels which was lost in case of treatment with compound C (Fig 22D &E). Inorder to confirm
the role of RUNX2 in metformin mediated upregulation of rictor, VEGF and MMP-9; We
performed knockdown of RUNX2 in MDA-MB-231 cells and analyzed rictor, VEGF and
MMP-9 levels. Upon knockdown of RUNX2 even in the presence of metformin there was no

upregulation of these genes indicating that RUNX2 is required for metformin mediated
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FIGURE 22: AMPK mediated phosphorylation of RUNX2 results in increased nuclear localization and
transcriptional activity of RUNX2. MDA-MB-231 cells were exposed to metformin (15 mM) or compound
C (5 uM) for 6 hours or none and subjected to nuclear- cytoplasmic extraction followed by A) immunoblot
analysis and B) IP analysis of nuclear extracts by RUNX2 pull down and levels of RUNX2, p-AMPK substrate
and p-AMPK were analyzed. C) MDA-MB-231 cells were exposed to either metformin (15 mM) or compound
C (5 uM) treatments for 6 hours or none and nuclear extracts were subjected to EMSA. MDA-MB-231 cells
were exposed to either metformin (15 mM) or compound C (5 uM) for 12 hours and subjected to D) immunoblot
analysis. MDA-MB-231 cells were exposed to either metformin (15 mM) or compound C (5 uM) for 6 hours
and subjected to E) RT-PCR analysis. MDA-MB-231 cells were transfected with RUNX2 siRNA with or
without metformin (15 mM) treatment for 12 hours and 6 hours respectively and subjected to F) immunoblot
analysis and G) RT-PCR analysis. MCF-7 cells were transfected with either RUNX2 WT or RUNX2 S 94 A or
RUNX2 S 94 D or none, along with or without metformin (15 mM) treatment for 12 hours and 6 hours
respectively post to 48 hours of transfection and subjected to H) immunoblot analysis and 1) RT-PCR analysis.
Mean + S.E.M.; N=3. *p<0.05 versus control, **p<0.005 versus control, ***p<0.0005 versus control, N5p>0.05
versus control. The immunofluorescence and quantification experiments were carried out on three independent
fields.

Cont: control, met: metformin, Comp C: compound C, CE: cytoplasmic extract, NE: nuclear extract, RUNX2-
KD: RUNX2 knock down by siRNA, Scr: scrambled, EV: empty vector, WT: wild type, NS: non-significant.

upregulation of rictor, VEGF and MMP-9 (Fig 22F &G). Inorder to validate the role of ser
118 phosphorylation in RUNX2 mediated upregulation of rictor, VEGF and MMP-9, we
expressed RUNX2 WT, S118 A & S118 D in MCF-7 cells and checked the target expression
levels. In case of metformin treated WT and phosphomimic mutant of RUNX2 there was
upregulation of the RUNX2 targets, however this was lost or reduced when transfected with
phosphonull mutant or WT in absence of metformin treatment (Fig 22H &I) which clearly
indicates the role of RUNX2 Ser 118 phosphorylation in upregulation of rictor, VEGF and
MMP-9.

1.4.3.3. mTORC2 is crucial for AMPK/RUNX2 axis

Rictor which was upregulated upon treatment with metformin in a RUNX2 dependent manner,
is a key component required for activation of mTORC2 (28). mTORC2 is in turn involved in
RUNX2 regulation through inhibition of GSK3f (141), which is one of downstream targets of
mTORC?2 that is involved in RUNX2 repression. GSK3f also phosphorylates RUNX2 in the
runt domain, but this phosphorylation has an inhibitory effect on RUNX2 activity (142). So,
we then analyzed the effect of p-AMPK/RUNX2 axis on RUNX2 interaction with GSK3p.

Inorder to understand the role of mMTORC2 in RUNX2 regulation; rictor and raptor (which are
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key components of mMTORC2 &C1 respectively) were knocked down by siRNA treatment and
RUNX2 levels were analyzed. It was seen that RUNX2 downregulation was specific to rictor
knockdown but not raptor (Fig 23A) which indicates that mMTORC?2 is critical for RUNX2
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FIGURE 23: mTORC?2 is crucial for AMPK/RUNX2 axis. MDA-MB-231 cells were transfected with
SiRNA’s against rictor and raptor or none and 48 hours post transfection subjected to A) immunoblot analysis
and B) IP analysis by RUNX2 pull down and levels of RUNX2, GSK3p and p-AMPK were analyzed. MDA.-
MB-231 cells were transfected with siRNA’s against rictor and raptor or none and 48 hours post transfection
subjected to C) Quantification of immunofluorescence data using ImageJ. D) immunofluorescence by anti-
RUNX2 (Alexa 594) and anti-GSK3p (Alexa 488) antibodies counter stained with DAPI. E) MDA-MB-231
cells were transfected with rictor siRNA with or without metformin (15 mM) treatment for 12 hours and
subjected to IP by RUNX2 pull down and levels of RUNX2, GSK3p and p-AMPK were analyzed. F) MDA-
MB-231 cells were transfected with rictor SiRNA with or without metformin (15 mM) or LiCl (0.5 M) or MG-
132 (3 mM) treatment for 12 hours and subjected to immunoblot analysis. Mean £ S.E.M.; N=3. *p<0.05 versus
scrambled, NSp>0.05 versus scrambled. The immunofluorescence and quantification experiments were carried
out on three independent fields.

Cont: control, Met: metformin, Comp C: compound C, IP: immunoprecipitation, 1B: immunoblotting, Scr:

scrambled, Rap: raptor, Ric: rictor, NS: non-significant.

stability and acts possibly upstream of AMPK activation. To further validate role of mMTORC2
in RUNX2 regulation; RUNX2 IP was carried out upon raptor and rictor knock down and
RUNX2 interaction with p-AMPK and GSK3p were analyzed. RUNX2 and p-AMPK
interaction was lost upon rictor knockdown and at the same time RUNX2 interaction with
GSK3p was enhanced whereas in case of raptor knock down there is an increased interaction
between RUNX2 and p-AMPK along with reduced interaction between RUNX2 and GSK3p
(Fig 23B). GSK3p interaction with RUNX2 was further validated by immunofluorescence in
presence or absence of rictor (Fig 23C &D). To further understand the effect of mMTORC2 on
RUNX2 and p-AMPK interaction, cells were subjected to IP by RUNX2 upon rictor
knockdown in the presence or absence of metformin. Metformin treatment had no effect on
RUNX2 interaction with GSK3p in the absence of rictor and upregulated p-AMPK was also
unable to bind to RUNX2 in the absence of rictor; However, the scenario was reversed in the
presence of rictor (Fig 23E). To further confirm that mTORC2 action is indeed mediated
through GSK3p, cells were treated with LiCl (inhibitor of GSK3 kinase activity), metformin
and MG-132 along with downregulation of rictor. RUNX2 levels were downregulated upon
rictor knockdown and were rescued when treated with either LiCl or with MG-132 but not upon
metformin treatment (Fig 23F) indicating that mTORC?2 is upstream of AMPK/ RUNX2 axis
and is crucial for AMPK/RUNX2 interaction.

1.4.3.4. Metformin promotes EMT and induces osteoblast like phenotype to breast cancer
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cells thorough p-AMPK/RUNX2/mTORC2 axis

Bone metastasis is the most common anomaly associated with advancement of breast
cancer (143). Most of these cells express osteoblast like genes inorder to metastasize and home
in bone (144). The bone microenvironment not only provides them with growth factors
required to support proliferation but also in helps in development of drug resistance (145).
Several studies have shown that metformin is a potent therapeutic candidate for cancer
treatment (146). Hitherto, effect of metformin on bone metastasis of breast cancer cells is
poorly understood. Recent studies have shown that RUNX2 (147) as well as mTORC2 (148)
play a key role in breast cancer metastasis. Thus, we analyzed the effect of metformin treatment
on induction of EMT and osteoblast like phenotype in breast cancer cells.

The first event in induction of EMT is transcriptional repression of E- cadherin (Fig 24).
Metformin treatment of MDA-MB-231 cells resulted in transcriptional repression of E-
cadherin in RUNX2 dependent manner (Fig 25A-D). To confirm the role of Ser 118
phosphorylation in suppression of E-cadherin, MCF-7 cells were transfected with
phosphomutants and E-cadherin levels were analyzed with or without metformin treatment. E-
cadherin suppression was high in cells transfected with RUNX2 WT along with metformin
treatment and in RUNX2 S 118 D mutant (Fig 25E &F). The next important step in EMT is
expression of appropriate mesenchymal markers which in this case is CDH11 (149).CDH11
levels were increased in MDA-MB-231 cells post to metformin treatment, which was lost
when cells were subjected to RUNX2 knock down (Fig 25A-D). The role of RUNX2 Ser 118
phosphorylation in CDH11 upregulation was established when MCF-7 cells were transfected
with RUNX2 variants. RUNX2 transfected cells had CDH11 upregulation, which was lost
when transfected with phosphonull mutant (Fig 25E &F), confirming the importance of
RUNX2 Ser 118 phosphorylation in CDH11 regulation. Finally, to home in bones the cancer
cells should express bone specific surface markers (like CDH11), ECM proteins (like type |
collagen (COL1A1), periostin (POSTN), cathepsin K (CTSK) etc.,) and bone remodeling
transcription factors (like RUNX2). It was reported that nearly 57 BRG’s were expressed in
bone metastasizing breast cancer patients (137). So, inorder to check if metformin can induce
osteoblast like phenotype in breast cancer cells, we have treated MDA-MB-231 cells with
AMPK activator metformin and its inhibitor compound C and analyzed expression of
COL1A1,POSTN and CTSK by RT-PCR. It was seen that all the three genes were upregulated
in metformin treated samples and this upregulation was lost upon treatment with compound C
(Fig 25G). Metformin mediated upregulation of COL1A1, POSTN and CTSK was dependent
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on RUNX2 expression which was seen from loss of expression when RUNX2 was knocked
down, even in presence of metformin (Fig 25H). Indeed, the upregulation was also dependent
on S 118 phosphorylation as seen through MCF-7 cells transfected with RUNX2 variants (Fig
251).

Primary tumor site
FIGURE 24: Schematic

representation of steps involved in
formation of secondary tumor.
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1.4.3.5. Metformin promotes chemotaxis/ metastasis of transformed breast cancer cells

Next, step involved in cancer progression post to EMT is metastasis/cell motility.
Activation of metastasis needs digestion of ECM proteins which can be achieved by
upregulation of MMP’s, other major event is actin reorganization to aid in cell movement
(150). mTORC?2 is the major regulator of cytoskeleton organization (30) and it was seen
earlier, that metformin treatment resulted in upregulation of mMTORC2 through rictor, so the
downstream effectors of mMTORC2 were analyzed; PKCs and AKT are well known targets of
mTORC2 that are involved in activation of Racl, which finally leads to cofilin
phosphorylation and actin severing (148). Metformin treatment activated PKCP and AKT
through phosphorylation which resulted in phosphorylation of cofilin (Fig 26A), in a RUNX2
and mTORC2 dependent manner (Fig 26B). Involvement of RUNX2/AMPK axis in actin
reorganization was further established when, MCF-7 cells transfected with RUNX2 Ser 118

phosphorylation variants also exhibited similar result (Fig 26C). The formation of actin stress
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FIGURE 25: Metformin promotes EMT and induces osteoblast like phenotype to breast cancer cells thorough
p-AMPK/RUNX2/mTORC?2 axis. MDA-MB-231 cells were exposed to either metformin (15 mM) or compound C
(5 uM) for 6 and 12 hours respectively and subjected to A) RT-PCR analysis and B) immunoblot analysis. MDA.-
MB-231 cells were transfected with siRNA against RUNX2 or none and 48 hours post transfection with or without
metformin (15 mM) treatment for 6 and 12 hours respectively and subjected to C) RT-PCR analysis and D)
immunoblot analysis. MCF-7 cells were transfected with either RUNX2 WT or RUNX2 S 94 A or RUNX2 S 94 D
or none, along with or without metformin (15 mM) treatment for 6 and 12 hours respectively post 48 hours of
transfection and subjected to E) RT-PCR analysis and F) immunoblot analysis. G) MDA-MB-231 cells were exposed
to either metformin (15 mM) or compound C (5 pM) for 6 hours or none and subjected to RT-PCR analysis. H)
MDA-MB-231 cells were transfected with siRNA against RUNX2 or none and 48 hours post transfection with o or
without metformin (15 mM) treatment for 6 hours and subjected to RT-PCR analysis. 1) MCF-7 cells were transfected
with either RUNX2 WT or RUNX2 S 94 A or RUNX2 S 94 D or none, along with or without metformin (15 mM)
treatment for 6 hours post to 48 hours of transfection and subjected to RT-PCR analysis. Mean + S.E.M.; N=3.
*p<0.05 versus scrambled or control, **p<0.005 versus scrambled or control, ***p<0.0005 versus scrambled or
control, N5p>0.05 versus scrambled or control. The immunofluorescence and quantification experiments were carried
out on three independent fields.

Cont: control, met: metformin, Comp C: compound C, IP: immunoprecipitation, IB: immunoblotting, Scr: scrambled,
RUNX2KD: knock down of RUNX2 using siRNA, WT: wild type, NS: non-significant, POSTN: periostin, CTSK:
cathepsin K, COL1A1: type | collagen.

fibers is a prerequisite for cell migration (151) and metformin treatment of MDA-MB-231
cells resulted in formation of f-actin stress fibers which were absent in both control and
compound C treatment sets (Fig 26D &E). Post to formation of stress fibers is chemotaxis of
cells towards favorable secondary niche, which in this case is bone. We next evaluated the
role of AMPK induced RUNX2 Ser 118 phosphorylation on bone specific movement of MCF-
7 cells transfected with RUNX2 WT or S118 A or S118 D with or without metformin
treatment. It was observed that MCF-7 cells transfected with RUNX2 WT along with
metformin treatment and phosphomimic mutant had higher number of migrated cells then
compared to RUNX2 WT alone or phosphonull mutant (Fig 26F). Migration of MCF-7 cells
was lost when the lower chamber was seeded with HEK-293 T cells, indicating AMPK
induced RUNX2 Ser 118 phosphorylation mediated chemotaxis to be specific for bone
microenvironment (Fig 26G).
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FIGURE 26: Metformin promotes chemotaxis/ metastasis of transformed breast cancer cells. A) MDA-
MB-231 cells were exposed to either metformin (15 mM) or compound C (5 uM) for 12 hours or none and
subjected to immunoblot analysis. B) MDA-MB-231 cells were transfected with siRNA against rictor or none
and 48 hours post transfection with or without metformin (15 mM) treatment for 12 hours and subjected to
immunoblot analysis. C) MCF-7 cells were transfected with either RUNX2 WT or RUNX2 S 94 A or RUNX2
S 94 D or none, along with or without metformin (15 mM) treatment for 12 hours post to 48 hours of transfection
and subjected to immunoblot analysis. D) MDA-MB-231 cells were treated with either metformin (15 mM) or
compound C (5 uM) for 12 hours or none and subjected to immunofluorescence stained using Rhodamine-
phalloidin (540), counter stained by DAPI. E) Quantification of fluorescence signal using Imagel. F)
Quantification of number of migrated cells by electron microscopy. G) MCF-7 cells were transfected with either
RUNX2 WT or RUNX2 S 94 A or RUNX2 S 94 D or none, along with or without metformin (15 mM) treatment
for 12 hours post to 48 hours of transfection and subjected to migration through collagen coated membrane, with
lower chambers coated with either HEK-293 T cells or U20S cells. Breast tumor tissue along with adjacent
normal tissue were subjected protein isolation followed by H) immunoblot analysis and 1) IP by RUNX2 pull
down and levels of p-AMPK, RUNX2 and p-AMPK substrate specific motif were analyzed. Mean = S.E.M.;
N=3. *p<0.05 versus control or WT, NSp>0.05 versus control. The immunofluorescence and quantification
experiments were carried out on three independent fields.

Cont: control, Met: metformin, Comp C: compound C, IP: immunoprecipitation, 1B: immunoblotting, Scr:

scrambled, EV: empty vector, WT: wild type.

1.4.3.6. AMPK induced RUNX2 Ser 118 phosphorylation is highly expressed in breast

tumor tissues

Our in vitro data was validated in tumor tissue along with adjacent normal tissues samples.
It was seen that p-AMPK and RUNX2 levels were high in tumor samples compared to normal
samples. In line with high levels of RUNX2, the downstream targets were also had higher
expression like rictor and AKT-473, also tumors had high expression of CDH11and decreased
expression of E- cadherin compared to normal samples (Fig 26H &SF 11A). RUNX2 Ser 118
phosphorylation by AMPK was assessed through IP pull down of RUNX2 in both normal and
tumor tissues and IB with p-AMPK and p-AMPK substrate specific antibody. It was observed
that only in tumor samples RUNX2 and p-AMPK interactions were maintained and RUNX2
was phosphorylated, as seen by p-AMPK substrate specific antibody (Fig 261; SF 11B &C).
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1.4.4. DISCUSSION

Survival rates for breast cancer vary from 80% to 40 % depending on the stage of
cancer with aggressive stage having lowest survival rate (152). Bone metastasis is the most
common occurrence associated with aggressive stage which is one of the reasons for drug
resistance (153). Metformin has gained attention as a potent anti-cancer drug (154), owing to
its ability to inhibit mMTORC1 through p-AMPK, which is a major regulator of cap-dependent
protein synthesis and autophagy (155); However, effect of metformin on EMT and bone
metastasis remains unclear. Our earlier report on metformin’s osteoprotective function has
revealed that metformin can stabilize RUNX2 under diabetic conditions through p-AMPK
dependent phosphorylation of RUNX2 at S118 position (78). With this background we have
investigated whether RUNX2 and p-AMPK interaction was maintained in breast cancer cells
expressing RUNX2. It was observed that p-AMPK and RUNX2 interactions were maintained
upon metformin treatment in both triple negative and hormone receptor positive breast cell
lines (MDA-MB-231 and MCF-7 expressing RUNX2). p-AMPK phosphorylates RUNX2 at
runt homology domain, which is responsible for DNA binding ability of RUNX2, resulting in
enhanced nuclear localization of RUNX2, post to metformin treatment. It was previously
reported that RUNX2 is a major activator of metastasis in cancer cells, owing to its vast
transcriptome repertoire (147). Some of the targets that are involved in EMT and metastasis
include MMP-9 (156), VEGF (157), rictor and E-cadherin (158) where it either activates or
represses them based on interacting partners. So, we examined the effect of metformin on
RUNX2 mediated EMT and metastasis and observed that metformin treatment upregulated
MMP-9, VEGF and rictor which play a key role in activating EMT by dissolving the ECM,
initiating formation of new vascular capillaries and cytoskeletal reorganization to facilitate cell

migration respectively.

GSK3p, 1s another kinase which phosphorylates RUNX2 in runt homology domain
(142). But this phosphorylation has a negative effect on RUNX2. mTORC2 which is one of
the downstream targets of RUNX2 is a known inhibitor of GSK3p (159). So, we pursued the
role of MTORC2 on p-AMPK and RUNX2 interaction. We observed that in the absence of
rictor, RUNX2 interaction with GSK3p was enhanced and metformin treatment had no effect
on this interaction, indicating that mTORC?2 acts upstream of p-AMPK. Rictor knockdown
resulted in RUNX2 downregulation which was rescued upon LiCl treatment which is an
inhibitor of GSK3p. This shows that mMTORC2 and RUNX2 have a feed forward relation and
MTORC2 is critical for metformin’s action on RUNX2.
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FIGURE 27: Schematic representation of metformin mediated stabilization of mMTORC2/RUNX2 axis
promotes bone metastasis of breast cancer cells.

1)The first involved in formation of secondary tumor is invasion of basement membrane at the primary tumor
site through AMPK / RUNX2 axis mediated repression of E-cadherin and induction expression of MMP’s
which can digest the cell-to-cell connections. 2) Followed by intravasation and cell migration aided by AMPK/
RUNX2/ mTORC?2 axis mediated cytoskeleton reorganization. 3) Then circulation in blood vessels followed
by 4) Extravasation at suitable secondary tumor site and finally 5) colonization and homing of tumor cells

through expression of BRGs (bone related genes).

Post to metastasis inorder for cells to establish a successful secondary tumor, the
metastatic cells need to express genes that are native to invading tissue. In case of bone
metastasis, the invading breast cancer cells need to acquire an osteoblast like phenotype (128,
144). Metformin mediated stabilsation of RUNX2 resulted in generation of osteoblast like
phenotype in breast cancer cells, indicating that metformin treatment can promote bone

metastasis of these cells.
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Taken, together our data demonstrates that metformin treatment results in stabilization
of RUNX2 through p-AMPK and these interactions are mMTORC2 dependent. RUNX2 and
MTORC?2 stabilization by metformin results in activation of EMT and bone metastasis of
breast cancer cells (Fig 27). The current work depicts as to why there is a different scenario in
metformin clinical trials when compared to other cancer types. It also emphasizes that
metformin treatment may not be the best clinical strategy, at least in case of breast cancer.

However, further studies are warranted in this direction to reach a clear conclusion.
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Understanding the effect of AMPK activation
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OBJECTIVE 2.1

Analyzing the effect of metformin in altering glucose
metabolism in CML

2.1.1. LITERATURE REVIEW

Metabolic rewiring is a prerequisite for cancer cells to support their high proliferative
rates (160). Several nutrient transporters and nutrient responsive pathways were shown to be
aberrantly activated in cancers (161). Of these, lactate has recently gained immense importance
owing to lactate shuttle theory in cancer (162). Lactate is produced and exported at a higher
rate in imatinib resistant cells than that of their wild type counter parts (163). Thus, exported
lactate can function either as source of energy or can act as a signaling molecule that can
activate G-protein coupled receptors (GPCRs) and induce expression of several angiogenic
factors and cytokines that can alter cell signaling and metabolism (164). High lactate producing
cells usually have increased dependency on glucose and have enhanced rates of glucose uptake
and glycolysis. Cancer cells often overexpress glucose transporters such as GLUT1 and also
key enzymes involved in glycolysis such as hexokinase-11 (HK-I1). High expression of GLUT1
and HK-11 correlates with poor survival rate of cancer patients (165-167). Thus, it is important
to selectively inhibit glucose metabolism in cancer cells (168). Metformin is a widely used
anti-glycemic drug for the treatment of type-2-diabetes. Preliminary studies have shown that
metformin exhibits anti-leukemic properties (169). However, the molecular mechanisms by
which metformin elicits its anti-leukemic effects remain elusive (170). In the current study, we
report a novel mechanism by which metformin inhibits glucose uptake and lactate export and
consequent changes in cell signaling in wild type and drug resistant K562 cell lines as well as
in PBMCs of CML patients.
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2.1.2. MATERIALS AND METHODS
2.1.2.1. Cell culture

Wild-type (WT) and imatinib-resistant (IR2, GR1, IR2-GR1(IGR1l) and IR2-
GR2(IGR2)) K562 cell lines were cultured in RPMI-1640 (Gibco, USA) medium
supplemented with 10% FBS (Gibco, USA) and 1% pen-strep (Gibco, USA) as reported in our
earlier study (78). IR2 cells were cultured in 0.25 uM imatinib, while GR1, IGR1 and IGR2
cells were cultured in the presence of 0.25 uM geldanamycin.

2.1.2.2. Chemicals

Imatinib, metformin and dorsomorphin (compound C) were procured from Sigma
(USA). Geldanamycin was procured from TCI chemicals (Japan). Imatinib, geldanamycin and
dorsomorphin were dissolved in DMSO (Finar, India), whereas metformin stocks were made
in PBS.

2.1.2.3. Isolation of PBMCs from CML patients

Was performed as mentioned in the earlier section (1.2.2.3).
2.1.2.4. Cell viability assay

Was performed as mentioned in the earlier section (1.2.2.7).
2.1.2.5. Lactate assay

A total of 5 X 103 cells per well were seeded in a 96-well plate in RPMI-1640 medium
and treated with the indicated drugs for 12 hours. After treatment, lactate levels were measured
using an L-lactate assay kit (#ab65330, Abcam, USA) following the manufacturer’s
instructions. Prior to lactate estimation, samples were subjected to deproteinization by the
PCA/KOH method, and fluorescence was measured (excitation at 535 nM and emission at 587
nM).

2.1.2.6. Glucose uptake assay

A total of 5 X 103 cells per well were seeded in a 96-well plate in RPMI-1640 medium
and treated with the indicated drugs for 12 hours. After treatment, glucose levels were
measured using a Glucose Uptake-Glo Assay kit (#J1342, Promega, USA) following the
manufacturer’s instructions. In brief, 24 hours prior to assay, cells were grown in OPTI-MEM
(Gibco, USA), and 3 hours before assay, cells were transferred to RPMI-1640 medium without
FBS. Cells were washed in PBS, and 50 puL of 1 mM 2-deoxyglucose (2DG) was added and
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incubated for 10 minutes. Twenty-five microliters of stop buffer and neutralization buffer were
added. Then, 100 puL of 2DG6P detection reagent was added and incubated for 1 hour, and

luminescence readings were taken.
2.1.2.7. ATP assay

A total of 5 X 102 cells per well were seeded in a 96-well plate in RPMI-1640 medium
and treated with the respective drugs for 12 hours. Following treatment, ATP levels were
measured using a CellTiter-Glo luminescent cell viability assay kit (#G7570, Promega, USA)

according to the manufacturer’s instructions, and luminescence readings were recorded.
2.1.2.8. RNA isolation and real time PCR (RT-PCR)

RNA isolation was carried out as mentioned in earlier sections (1.1.2.11). Real-time
PCR was carried out by Bio-Rad SYBR Green QRT- PCR Master mix (Bio-Rad, USA). The
quantification of real-time data was carried out by the 2"2ACT method. The sequences of primers

used are
Target Forward primer (5°-3°) Reverse primer (5°-3)
MCT1 TACCTCCAGACTCTCCTGGC GTCCCCTCCGCAAAGTCTA
MCT4 CGTTCTGGGATGGGACTGAC ATGTGCCTCTGGACCATGTG
GLUT1 CTGCTCATCAACCGCAAC CTTCTTCTCCCGCATCATCT
HK-11 TGATCGCCTGCTTATTCACG AACCGCCTAGAAATCTCCAGA
Actin GAGAGGGAAATCGTGCGTGAC CATCTGCTGGAAGGTGGACA

2.1.2.9. Immunoblotting

Following the inhibitor treatments, protein was isolated from cells and subjected to
SDS-PAGE followed by immunoblotting as described in earlier section (1.1.2.9). Blots were
probed using p-P70S6K (ab2571), P70S6K1/2 (ab32359), GLUT1 (ab115730), GLUT2
(Ab54460), GLUT3 (ab41525), GLUT4 (ab33780) and GLUT5 (ab41533) (Abcam, USA).
HK-I1 (sc-374091), ubiquitin (sc-166553) and HIF1-a (sc-53546) (Santa Cruz Biotechnology
Inc., USA) and p-AMPK (mAb#2535) and B-actin (mAb#4967) (Cell Signaling Technologies,

USA.) antibodies as described in earlier section.

2.1.2.10. Plasmid transfection
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SLC2A1 (NM_006516) (Cat. No- RC222696) was procured from Origene (USA). 2ug
of purified plasmid (SLC2A1 or empty vector) were transfected using Lipofectamine-3000
(Thermo Fischer, USA) as described earlier (1.1.2.8).

2.1.2.11. siRNA transfection

The siRNA for raptor (S100698677) were purchased from Qiagen (Netherlands). All
transfections were carried out using RNAifect (Cat. No- #301005) (Qiagen, Netherlands)
following the manufacturer’s instructions. In brief, 1 pg of SIRNA and 3 pL of RNAifect were
diluted in 200 pL of plain DMEM (0.5% FBS) and incubated for 5 minutes; later, both were
mixed and incubated for 30 minutes before adding the combined solution to cells. Cells were

replaced with fresh regular medium after 6 hours of transfection (171).
2.1.2.12. Statistical analysis

All data points are represented as mean £ SEM. Statistical analysis was performed using
one-way ANOVA. P values less than 0.05 were considered to be statistically significant. All
data points were performed in triplicate, and a minimum of three independent experiments were

carried out for all in vitro studies and patient data.
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2.1.3. RESULTS
2.1.3.1. Metformin treatment inhibits lactate export in K562 (WT and resistant) cell lines

To understand the metabolic adaptations in drug resistance, we measured intra- and
extracellular levels of lactate in wild-type (WT) K562 and imatinib-resistant cell lines. When
compared with the WT cell line, all the imatinib-resistant cell lines showed high extracellular
lactate levels with no to slight increase in intracellular lactate levels (Fig 28A & C). Since
metformin was proposed to have an antileukemic effect, we then analyzed the effect of
metformin on lactate export. Metformin treatment (10 mM for 12 hours) led to increased
intracellular (Fig 28B) and reduced extracellular (Fig 28D) lactate levels in both the WT and
imatinib-resistant cell lines, which was not seen when these cells were treated with compound
C (an AMPK inhibitor) (5 uM for 12 hours) (Fig 28B &D). We then, assessed the effect of
metformin treatment on the viability of WT and imatinib-resistant cell lines. As reported earlier
(78), imatinib-resistant cell lines displayed higher survival percentage towards imatinib (BCR-
ABL inhibitor) (Fig 28E) or geldanamycin (HSP90 inhibitor) (Fig 28F) treatment compared to
WT cells. Importantly, metformin treatment inhibited the growth of resistant cell lines to a
higher extent than WT (Fig 28G), suggesting the potential of metformin in overcoming

imatinib resistance.

2.1.3.2. Metformin exerts anti-leukemic effect by inhibiting the expression of MCT1 &
MCT4 through p-AMPK

Since lactate export was increased in resistant cells, we next checked the expression levels
of lactate transporters. While MCT1 is primarily involved in import, MCT4 is responsible for
the export of lactate (172). The expression of both MCT1 and MCT4 was significantly higher
in all imatinib-resistant cell lines than in WT cells (Fig 29A); however, the increased expression
of MCT4 in imatinib-resistant cell lines was markedly higher than that of MCT1. These results
thus indicate the possibility that lactate efflux by MCT4 out-competes with its import by
MCT1, leading to reduced lactate accumulation in imatinib-resistant cells. Importantly,
metformin treatment led to a reduction in MCT1 and MCT4 expression, which was similar to
the respective controls when treated with compound C (Fig 29B &C), suggesting the potential
of metformin to interfere with lactate efflux, leading to lactate accumulation and consequent
induction of cell death (Fig 28G). Earlier studies suggest that the function of MCT1 is regulated
by mTORCL1 (173) and that of MCT4 is regulated by hypoxia (174). Notably, all the imatinib-
resistant cell lines displayed higher activity of mTORCL1, as evident by increased phospho S6K
levels (Fig 29D &E) and increased levels of HIF1-a compared to those of the WT cells (Fig
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FIGURE 28: Metformin treatment inhibits lactate export of K562 (WT and imatinib-resistant) cell lines.
K562 WT, IR2, GR1, IGR1 and IGR2 cells were subjected to either metformin (10 mM) alone or with compound
C (5 uM) or none for 12 hours and A) & B) intracellular lactate levels were measured along with C) & D)
extracellular lactate levels. K562 WT, IR2, GR1, IGR1 and IGR2 cell viability was measured when treated with
either E) imatinib, or F) geldanamycin or G) metformin. Mean £ S.E.M.; N=3, *p<0.05 versus control or WT,
**p<0.005 versus control or WT, Np>0.05 versus control or WT.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant, WT: wild type.
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FIGURE 29: Metformin through p-AMPK results in suppression of MCT1 & 4 in K562 (WT and
resistant) cell lines. K562 WT, IR2, GR1, IGR1 and IGR2 cells were subjected to A) RT-PCR analysis for
MCT1 & 4. K562 WT, IR2, GR1, IGR1 and IGR2 cells were treated either with metformin (10 mM) alone or
with compound C (5 uM) or none for 6 hours and subjected to RT-PCR analysis for B) MCT1 and C) MCT4.
K562 WT, IR2, GR1, IGR1 and IGR2 cells were subjected to D) immunoblot analysis. Quantification of
immunoblot data using Image J for E) p-S6K and F) HIF1-a. K562 cells were subjected to either metformin (10
mM) or compound C (5 pM) or none for 12 hours and immunoblot analysis was performed in G) WT, IR2,
GR1, IGR1 and IGR2. Quantification of immunoblot data using Image J for H) p-AMPK, 1) p-S6K and J) HIF1-
a. Mean = S.E.M.; N=3, *p<0.05 versus control or WT, **p<0.005 versus control or WT, ***p<0.0005 versus
control or WT, NSp>0.05 versus control or WT.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant, WT: wild type.

29D &F). When treated with metformin (Fig 29G &H), both the activity of mTORCL1 (as
assessed by phospho S6K levels) (Fig 291) and the levels of HIF1-a (Fig 291) were reduced in
both WT and resistant cells compared to their respective untreated controls, thus establishing
the role of the mTORC1-MCT1 and HIF1-a-MCT4 axes in regulating lactate levels in
imatinib-resistant cell lines (Fig 29G-J).

2.1.3.3. Metformin attenuates glucose uptake in WT and resistant cells by inhibition of
GLUT1

Increased lactate production depends on the uptake of glucose and the extent of its
oxidation through glycolysis. Further experimental analysis revealed increased glucose uptake
(Fig 30A) and ATP production (Fig 30C) in all imatinib-resistant cell lines compared to the
WT-K562 cell line. Moreover, a reduction in glucose uptake and generation of ATP was
observed under metformin-treated (10 mM for 12 hours) conditions in both WT-K562 and
imatinib-resistant cell lines (Fig 30B &D). Expression analysis revealed a higher expression of
GLUTL in imatinib-resistant cells than in WT cells in comparison with other GLUT isoforms
(Fig 30E &G; SF 12A). Additionally, higher expression levels of HK-1I (Fig 30E & H; SF
12B), a key enzyme in glycolysis, were observed in imatinib-resistant cells than in WT cells,
confirming the enhanced rate of the glycolytic pathway. Interestingly, metformin treatment
(Fig 301) reduced the mRNA expression (SF 12C &D) and protein levels (Fig 30I-L) of both
GLUTL1 and HK-II, suggesting a role of AMPK activity in regulating enhanced glucose

metabolism.
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FIGURE 30: Metformin suspends glucose uptake in resistant and WT cells by inhibition of GLUT1. K562
WT, IR2, GR1, IGR1 and IGR2 cells were subjected to metformin (10 mM) or compound C (5 uM) or none for
12 hours, and A) & B) glucose uptake was measured along with C) & D) ATP levels. K562 WT, IR2, GR1,
IGR1 and IGR2 cells were subjected to E) immunoblot analysis. Quantification of immunoblot data using Image
J for F) p-AMPK, G) GLUT1 and H) HK-II. K562 WT, IR2, GR1, IGR1 and IGR2 cells were subjected to either
metformin (10 mM) alone or compound C (5 pM) treatment or none for 12 hours and subjected to quantification
of immunoblot data using Image J for 1) p-AMPK, J) GLUT1, K) HK-II and L) immunoblot analysis. Mean +
S.E.M.; N=3, *p<0.05 versus control or WT, **p<0.005 versus control or WT, ***p<0.0005 versus control or
WT, NSp>0.05 versus control or WT.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant, WT: wild type.

2.1.3.4. Activated AMPK results in suppression of HIF1-a

Activation of AMPK is known to inhibit mMTORC1 by phosphorylation of raptor, a key
component of MTORCL (175). To understand the regulation of HIF1-o by AMPK, we assessed
the MRNA levels of HIF1-o. The mRNA levels of HIF1-a were high in imatinib-resistant cell
lines compared to WT cells (Fig 31A). However, post metformin treatment (10 mM for 6
hours), HIF1-a transcript levels were reduced, and HIF1-o was unaffected in compound C
treated (5 uM for 6 hours) conditions compared with the control (Fig 31B). Concurrent with
the transcript levels, HIF1-a protein levels were also reduced in metformin-treated cells (Fig
29G &J). Therefore, we next assessed the involvement of p-AMPK in the regulation of HIF1-
a at the posttranslational level. When K562 cells were treated with MG-132 (an inhibitor of
proteasomal degradation) along with metformin, HIF1-a levels were rescued in both WT and
imatinib-resistant cells (Fig 31C-E), indicating the possibility of AMPK involvement in HIF1-
a protein degradation.
2.1.3.5. Metformin inhibits lactate export through mTORC1 in WT and imatinib-resistant
cells

As discussed above active AMPK could inhibit mTORC1, but to what extent mTORC1
was involved in regulation of lactate export was unclear. So, we have knocked down mTORC1
(by using siRNA directed against rictor, which is a key component of mMTORC1 (175)) in K562
WT as well as imatinib-resistant lines and analyzed its effect on lactate export. It was seen that
MTORC1 knock down resulted in high intracellular lactate levels in both WT and imatinib-
resistant lines and this increase in intracellular lactate levels was similar to when cells were

treated with metformin (Fig 32A). Similarly, there was a decrease in the extracellular lactate
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levels when cell was subjected to mMTORC1 knock down which was in line with observations
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FIGURE 31: Activated AMPK results in suppression of HIF1-a. K562 WT, IR2, GR1, IGR1 and IGR2
cells were subjected to A) RT-PCR analysis of HIF1-a. K562 WT, IR2, GR1, IGR1 and IGR2 cells were
treated either with metformin (10 mM) alone or with compound C (5 pM) or none for 6 hours and subjected
to B) RT-PCR analysis of HIF1-a. K562 WT, IR2, GR1, IGR1 and IGR2 cells were subjected to either
metformin (10 mM) alone or MG-132 alone (10 uM) or both or none for 12 hours and subjected to C)
immunoblot analysis. Quantification of immunoblot data using Image J for D) p-AMPK and E) HIF1-a. Mean
+ S.E.M.; N=3, *p<0.05 versus control or WT, **p<0.005 versus control or WT, ***p<0.0005 versus control
or WT, NSp>0.05 versus control or WT.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant, WT: wild type.
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seen when cells were treated with metformin alone (Fig 32B). When cells were treated with
metformin along with mTORCL1 knock down there was no further addition to the inhibitory
effect observed when cells were subjected to mTORC1 knock down alone, indicating that
metformin mainly acts through suppression of mMTORCL1 to exert an inhibitory effect on lactate
export (Fig 32A &B). Since, metformin treatment could inhibit glucose uptake and ATP
production of WT and imatinib-resistant cells (Fig 30B &D), we next analyzed the effect of
mTORC1 knock down in inhibiting glucose uptake and ATP production. mMTORC1 knock
down resulted in inhibition of both glucose uptake and ATP production of WT as well as
imatinib-resistant cells and this inhibition was similar to when cells were treated with
metformin alone or in combination with mTORC1 knock down (Fig 32C &D). As, mMTORC1
knock down resulted in inhibition of lactate export as well as glucose uptake and ATP
production, we next analyzed the effect of knock down on the molecular players involved. It
was evident that mMTORC1 knock down resulted in decreased expression of GLUT1 and HK-
Il along with a reduced expression of HIF1-a (Fig 32E-K), which were key players involved
in regulation of glucose and lactate metabolism. Inhibition of mMTORC1 also resulted in
downregulation of HIF1-a expression as, mTORCL is required for HIF1-a translation (176),
this resulted in reduced expression of both MCT1 (Fig 32L) and MCT4 levels (Fig 32M).

2.1.3.6. GLUT1 overexpression renders metformin resistance to K562 WT and imatinib-
resistant cells

Metformin could inhibit the lactate export and reduce the viability of K562 WT and
imatinib-resistant cells through suppression of mMTORC1 and HIF1-a. Thus, we next validated
if over expression of any of the downstream targets of mMTORCL1 and HIF1-a could affect the
metformin sensitivity of K562 WT and imatinib-resistant cells. GLUT1 (SLC2A1) which is
one of such downstream targets was over expressed in K562 WT, K562- IGR1 and K562-
IGR2 lines (Fig 33A & B). It was seen that over expression of SLC2A1 resulted in increased
glucose uptake (Fig 33C) by K562 WT, K562- IGR1 and K562- IGR2 lines along with
increased ATP production (Fig 33D). In line with increased glucose uptake there was an
increase in lactate production which was reflected as increased intra (Fig 33E) and extra cellular
lactate levels (Fig 33F). However, the overexpression resulted in reduced metformin sensitivity
of K562 WT, K562- IGR1 and K562- IGR2 lines when compared to control and mTORC1
knock down lines (Fig 33G-H).

z7



A B [
45p, Ser mSer+Met WRapKD ORp KD+ Met Loy
pxx LX% 3D BScr oScr+Met mRap KD oRap KD + Met ; 30| OScr @Scr+Met @Rap KD ORap KD + Met
~ ' g 3
fg_100 £ 20 & 20
8 ® 3
B © £
o 50 T 10 a10
3 3 2
i g # i E
0 — = -0 30
D WT IR2 GR1 IGR1 IGR2 E WT IR2 GR1 IGR1 IGR2 c
— X
2 50 BScr @Scr+Met ®mRap KD ORap KD + Met :62 aCent @Scr oScr Met WRap KO napKD+Met gz
x 2 g
3 g @
Z g &
8 25 £1 %1
ﬂ:J g >
: : :
£ 5 2
E r : : gl sal '
3 0Uan lnwl ] L T R o R o R G
WT Rz GR1 IGR1 IGR
G
K562 WT K562 IR2 K562 GR1 K562 IGR1 K562 IGR2
k] ® B ° ko
= = -3 = =
3 + ] + w + 2 + < +
o o o o o o oan [ =]
. f ¥ ¥ f ¥ ¥ E ¥ ¥ f:c X f ¥ ¥
s 5 5 8 8855 Ek 5 & 8 5§ 8§ 5 § 8
KDaL ® o & ¥ O ¢ v ¥ ¢ [0 4 ¥ K [ 4
150 — ——— -— - Raptor
To— [ SRS K

N e .o
2 WEe® -5 o S

0 I e
42 - - v s | e e o

——n—am W RS p-AVPK

= e

-GLUT1

—— an an owm - [-actin

H 6 % 0OCont BScr @Scr+Met mRapKD DRap KD +Met I 4 oCont @Scr @Scr+Met mRap KD oRap KD +Met J 4 oCont @Scr @Scr+Met mRap KD aRap KD + Met
¥ B . | ha
-
s : L 3 :
< I U
a g 8
g3 52 52
p 3 E:
2 5 g
K ° 7]
& oL : . : « 0 « oL ik =
WT IR2 GR1 IGR1  IGR2 WT IR2 GR1 IGR1 IGR2 WT IR2 GR1 IGR1 IGR2
K L M
aCont @Scr aScr+Met @Rap KD Rap KD+ Met ; @Scr 0Scr+Met @mRap KD ORap KD + Met E @Scr DScr+Met @Rap KD oORap KD + Met
2 o1.2 012
= = 2
¥ K| o
I 3 g
I 208 2038
51 % % "
[} ! *
2 E04 S| W .. Eo. : i
[} o . KA o ok e @ ‘
E 2 [k ki g T ***';
4 s = I
0 ] ok | [ wen g B : : 8| 5 i
WT  IR2Z GR1 IGR1 IGR2 ¥  WT IR2Z GR1 IGRT IGR2T

zz



FIGURE 32: Metformin inhibits lactate export through mTORC1 in WT and imatinib-resistant cells.
K562 WT and imatinib-resistant cells were transfected with either Scr or raptor siRNA and 48 hours post to
transfection were treated with metformin (10mM) alone or none for 12 hours and A) intracellular lactate levels,
B) extracellular lactate levels, C) glucose uptake levels and D) ATP levels were measured. K562 WT and
imatinib-resistant cells were transfected with either Scr or raptor siRNA and 48 hours post to transfection were
treated with metformin (10mM) alone or none for 12 hours and subjected to quantification of immunoblot data
using Image J for E) raptor and F) p-S6K. G) immunoblot analysis. Quantification of immunoblot data using
Image J for H) p-AMPK, 1) HIF1-a, J) GLUT1 and K) HK-Il. K562 WT and imatinib-resistant cells were
transfected with either Scr or raptor siRNA and 48 hours post to transfection were treated with metformin
(10mM) alone or none for 6 hours and subjected to RT-PCR analysis of L) MCT1 and M) MCT4. Mean +
S.E.M.; N=3, *p<0.05 versus control, **p<0.005 versus control, ***p<0.0005 versus control.

Cont: control, met: metformin, Scr: scrambled, RAP KD: raptor knock down through siRNA, RLU: relative

luminescence units.

2.1.3.7. Metformin attenuates glucose uptake and lactate export in PBMCs derived from
CML subjects

We further validated the above findings in clinical samples. PBMCs were isolated from
age-matched healthy and confirmed CML human subjects with a sample size of n=17, which
included healthy subjects (n=4), imatinib-sensitive subjects (n=9) and imatinib-resistant
subjects (n=4). PBMCs subjected to metformin (10 mM) or compound C (5 uM) for 12 hours.
In line with the above observations, after metformin treatment, intracellular lactate levels were
increased (Fig 34A, SF 13A, 14A &15A), with a concomitant decrease in extracellular lactate
levels (Fig 34B, SF 13B, 14B &15B) in PBMCs isolated from healthy imatinib-sensitive and
imatinib-resistant subjects, whereas the same was not observed in compound C-treated
conditions, implying role of AMPK activation in mediating metformin induced effects on
lactate export. Additionally, post metformin treatment (10 mM for 12 hours), there was a
decrease in glucose uptake (Fig 34C, SF 13C, 14C &15C) and ATP generation (Fig 34D, SF
13D, 14D &15D), which was not seen in compound C treatment (5 uM for 6 hours). In addition,
PBMCs were treated with metformin for 12 hours, and the mTORC1 and HIF1-o pathways
were analyzed. Post to metformin treatment, there was reduction in expression of GLUT1 (Fig
34E &F) and HK-II (Fig 34E &G) along with inhibition of HIF1-a (Fig 34E &H) and HIF1-a
(Fig 34E &J) in healthy, imatinib-sensitive and imatinib-resistant subjects (Fig 34E-J & SF
13E, 14E &15E). In line with reduced mTORCL1 activity and HIF1-a levels, the expression of
MCT1 and MCT4 were reduced following metformin treatment (Fig 34K & L; SF 13F &G,
14F &G, 15F &G) in PBMC samples of both imatinib-sensitive and imatinib-
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FIGURE 33: GLUT1 overexpression renders metformin resistance to K562 WT and imatinib-resistant
cells. K562 WT and imatinib-resistant cells were transfected with either empty vector or with SLC2A1 and
subjected to A) immunoblotting. Quantification of immunoblot data using Image J for B) GLUT1. K562 WT and
imatinib-resistant cells were transfected with either empty vector or with SLC2A1 and C) glucose uptake levels,
D) ATP levels, E) intracellular lactate levels and F) extracellular lactate levels were measured. Cells were
transfected with either empty vector or SLC2A1 or siRNA against raptor or with scrambled siRNA and viability
was measured post to treatment with metformin for 3 days in G) K562-WT, H) K562-IGR1 and 1) K562-IGR2.
Mean + S.E.M.; N=3, **p<0.005 versus control, ***p<0.0005 versus control, N5p>0.05 versus control.

EV: empty vector, SLC2A1 OVX: SLC2AL over expression, Scr: scrambled, RAP KD: raptor knock down
through siRNA, RLU: relative luminescence units.

resistant subjects. Increased extracellular lactate levels, glucose uptake and ATP levels (Figure
34A-D; SF 13A-D, 14A-D &15A-D) in PBMCs isolated from imatinib-resistant subjects were
observed compared to healthy and imatinib-sensitive subjects, further confirming the
mechanistic role of enhanced glycolysis in secondary resistance, as seen in imatinib-resistant
cell lines. Furthermore, the viability of PBMCs was assessed following metformin treatment.
Similar to our earlier observation seen in cell line models, both imatinib-sensitive and imatinib-
resistant clinical subjects exhibited cell death towards metformin treatment (Fig 34M-O; SF
13H-J, 14H-J & 15H-)J).
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2.1.4. DISCUSSION

One of the major adaptations by cancer cells is metabolic rewiring by which they
sustain high proliferative rates. Here in we explore the effect of metformin on metabolic
adaptations by cancer cells, more specifically in drug resistant cases. It was observed from our
work and by others that cancer cells have high glucose consumption rate and glycolysis along
with production of high amounts of lactate (177). It is of importance that lactate produced
should be exported out of cell, else it can lead to cell death by lowering the pH of the cell.
Intracellular acidification results in activation of JNK/c-JUN pathway, which results in
upregulation of BAX induced apoptosis(178). The cancer cells overcome this hurdle by

increasing the expression of lactate exporters MCTs (179).

It was seen from our current work and also by others that MCT1 & 4 are expressed
highly in cancer cells which can aid in rapid clearance of lactate (180). Lactate once sent out
can act either as a source of energy or can activate GPCRs depending on the cell type (181).
So, it is of primary importance to inhibit lactate export, inorder to hamper cancer cell growth
(182). From the above data it can be seen that metformin treatment resulted in inhibition of
lactate export by PBMCs and reduced their viability, even in cases where current
chemotherapeutic drugs failed to elute cytotoxic effects. In accordance with our work there
were earlier reports that metformin can induce cell death when used alone or in combination
with current chemotherapy regime (55, 183). But the mechanisms involved were unclear. From
current study it could be seen that inhibition of cell growth could be achieved by inhibiting
lactate export by cell, which was achieved by inhibiting expression of MCT1 & MCT4, whose

expression was reported to correlate with poor survival of cancer patients (180).

The molecular player present behind inhibition of MCT1 & 4 was activation of AMPK
which resulted in suppression of mMTORC1 activity and HIF1-o expression. Hyperactivity of
MTORC1 and induction of hypoxia are common phenomenon noted in aggressive cancers
(184, 185), which can aid in metabolic adaptation of cancer cell to sustain their high
proliferative rates (186) and metformin by suppressing them could rewire the metabolic
adaptation of cancer cells culminating in reduced proliferation index. HIF1-o activation occurs
in response to hypoxic conditions (187), but it can also be activated by insulin and insulin like
growth factor signaling(188, 189). However, expression of HIF1l-a is under tight post-
translational control where it depends on the metabolic status of the cell to either activate or
inhibit activity of prolyl hydroxylases (PHDs). PHDs once activated hydroxylate HIF1-o,

priming it for ubiquitination. Succinate, fumarate and 2-oxoglutarate (2-OG) which are
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FIGURE 34: Metformin suspends glucose uptake and lactate export in PBMCs derived from CML subjects.
PBMCs were isolated from CML subjects and treated with either metformin (10 mM) alone or with compound C (5
uM) or none for 12 hours, and A) intracellular lactate levels, B) extracellular lactate levels, C) glucose uptake levels
and D) ATP levels were measured. PBMCs were treated with either metformin alone (10 mM) or none for 12 hours
and subjected to E) immunoblot analysis. Quantification of immunoblot data using Image J for F) GLUT1, G) HK-
I, H) HIF1-a, I) p-AMPK and J) p-S6K. PBMCs were treated with either metformin alone (10 mM) or none for 6
hours and subjected to RT-PCR analysis of K) MCT1 and L) MCT4. The viability of PBMCs was measured after
treatment with either M) imatinib, N) geldanamycin or O) metformin for 3 days. Mean + S.E.M.; N=3, *p<0.05
versus control, **p<0.005 versus control, ***p<0.0005 versus control, NSp>0.05 versus control.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant, Subj: subject IM Se"*: imatinib sensitive

subjects, IM Res*: imatinib resistant subjects.

considered as oncometabolites can inhibit PHDs resulting in aberrant stabilization of HIF1-a
(190). Parallelly, P53 was shown to promote HIF1-a degradation (191). It could be seen from
our work that metformin could inhibit HIF1-a protein levels by promoting its degradation
through proteasomal pathways. As, to how this degradation is achieved is an unanswered
question. Whether metformin affects the levels of any of the oncometabolites or activates
P53/MDM-2 axis or it is uses a different pathway to promote HIF1l-o degradation is

unexplored.

However, from our present work it could be seen that apart from promoting HIF1-a
degradation, metformin also reduced HIF1-a mRNA levels, so it is highly possible that
metformin through activation of AMPK regulates transcription factors involved in HIF1-a
expression. Literature review revealed that STAT3 activation plays critical role in inducing
HIF1-a expression in retinal endothelial cells (118) and we have seen earlier that metformin
inhibited STAT3 expression through RUNX1 Ser 94 phosphorylation. In contrast, to our results
SN Jung group has observed that in prostate cancer AMPK is a prerequisite for transcriptional
activation of HIF1-a under ROS mediated activation (192). So, may be the dynamics of
AMPK/ RUNX1 and HIF1-a are tissue specific.

Along with inhibition of lactate export, metformin also reduced glucose uptake and
glycolysis rate of cells. Hitherto metformin was known to promote glucose uptake by skeletal
muscles through its action on GLUTA4, an insulin dependent glucose transporter presents mostly
in insulin responsive tissues (193). However, the effect of metformin on other glucose
transporter isoforms like GLUT1 was less studied (194). In contrast to GLUT4, GLUTL is

more ubiquitous in its distribution with most of the blood cells expressing GLUT1 and has a
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higher affinity to glucose (195). Expression of GLUT1 is hypoxia inducible and is often
reported to be overexpressed in cancers (174). GLUT1 expression correlates with overall poor
clinical outcome (196). It could be seen that metformin by inhibiting expression of HIF1-a
resulted in suppression of GLUT1 levels resulting in lowered glucose uptake by PBMCs.
Glucose once entered is subjected to reduction by glycolysis and one of the first reactions in
glycolysis is catalyzed by HK-11 (197), whose expression is again hypoxia inducible (198). So,
inhibition of HIF1-a resulted in low expression levels of HK-Il which finally resulted in low
ATP levels. Albeit lactic acidosis is commonly observed in diabetic patients on metformin
regime, so there was an initial school of thought that metformin induces lactic acidosis in these
patients. Hitherto recent studies have proven that there is no direct correlation between lactic

acidosis generation and metformin usage (199).

Taken together our data demonstrate that metformin can induce anti-leukemic effects
by altering the overall glucose metabolism of cell by inhibiting three out of the four key steps
involved in glycolytic flux regulation (197) which are, firstly inhibition of glucose uptake by
GLUT1 then downregulation of HK-II resulting in reduced glycolytic flow and finally
inhibition of lactate import and export by inhibiting MCT1 & MCT4 (Fig 35). It sheds light on

possible mechanisms involved in anti-leukemic effects of metformin.
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FIGURE 35: Schematic representation of metformin’s effect on lactate export and import in CML. Glucose
entry is mediated through glucose transporters (GLUT1). Glucose is catabolized through glycolysis, where in
conversion of glucose to glucose- 6- phosphate, catalyzed by Hexokinase-1l is a rate limiting step. Cancer cells
have high consumption of glucose and high rates of glycolysis resulting in increased production of lactate through
LDH-A. Lactate export from cell is mediated by MCT4 and uptake of lactate is facilitated by MCT1. BCR-ABL
potentiates activity of mTORC1 and HIF1-a, which in turn upregulate expression of GLUT1, HK-1I, MCT1 &
MCT4. Imatinib inhibits kinase activity of BCR-ABL. HSP-90 stabilizes BCR-ABL, whose activity is inhibited
by geldanamycin. Metformin enters into cell through OCTs. Metformin activates AMPK through phosphorylation,

which results in inhibition of GLUT1, HK-Il, MCT1 & 4 expressions.
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OBJECTIVE 2.2

Analyzing the effect of metformin on expression of
GLUT1 and GLUT4 in breast cancer.
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2.2.1. LITERATURE REVIEW

Metabolic rewiring is one the hallmark characteristics of cancer, especially more
prevalent in aggressive tumors. Compared to normal tissue, cancerous cells have a higher
demand for glucose owing to their increased proliferations rates, which need continuous pool
of ATP and ribose sugars for DNA replication. Often cancer cells meet this demand by over
expressing glucose transporters. The glucose transporters mainly belong two major families:
the sodium dependent glucose co-transporters (SGLTs) and facilitative glucose transporters
(GLUTS). Of the two, the latter is frequently over expressed in breast cancer cells. GLUTs
consist of 14 different isoforms, with varying affinity towards glucose. Only GLUT1, 3 and 4
have high affinity for glucose, where they can transport high amounts of glucose into cells
irrespective of glucose concentrations in blood. This facilitates cancerous cells to have higher
rates of glucose uptake under normal physiological conditions. GLUT1 is highly expressed in
breast tissues and the expression correlates with aggressive grade tumor with poor prognostic
outcome. GLUTL1 expression is regulated by HIF1-a/ mTORCL1 axis. GLUT3 is also highly
expressed in breast cancer and follows GLUTL in correlation with poor prognostic outcome of
breast cancer patients, it is regulated by MAPK pathway. On the other hand, GLUT4 is
responsible for basal glucose uptake in breast cancer cells. GLUT4 is regulated by insulin and
insulin-like growth factors. With the view of metformin’s inhibitory effect on GLUT1 in CML,

metformin’s role in modulating glut’s expression in breast cancer cells was analyzed.
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2.2.2. MATERIALS AND METHODS
2.2.2.1. Cell culture

MDA-MB-231 and MCF-7 cells were grown as described previously. Sub culturing
for adherent cells was done using 0.5% trypsin-EDTA (HiMedia, India).

2.2.2.2. Chemicals

Metformin, dorsomorphin (Compound C), 5-aminoimidiazole-4-carboxamide

ribonucleotide (AICAR) and Lithium chloride were purchased from sigma, USA.
2.2.2.3. siRNA transfection

The siRNA for rictor (S105109048) and raptor (S100698677) were purchased from
Qiagen (Netherlands). All the transfections were carried out using RNAifect (Qiagen,
Netherlands) following the manufacturer’s instructions. In brief, 1 pg of sSiRNA and 3 pL of
RNAifect were diluted in 200 pL of plain DMEM medium (0.5 % FBS) individually and
incubated for 5 minutes; later, both were mixed and incubated for 30 minutes before adding
the combined solution to cells. Cells were replaced with fresh regular medium after 6 hours of

transfection.
2.2.2.4. Cell viability assay

6,000 cells per well in a 96 well plate was seeded either with or without indicated drugs
to RPMI-1640 medium of 250 uL final volume and were grown for 3 days. The assay was

performed as described in earlier section (1.2.2.7).

2.2.2.5. Glucose uptake assay

5,000 cells per well in a 96-well plate were seeded in RPMI-1640 medium and treated
with respective drugs for 3 days. Post to treatment glucose levels were measured using Glucose

Uptake-Glo Assay kit (#J1342, Promega, USA) following manufacturer’s instruction.
2.2.2.6. Immunoblotting

Cell lysates were subjected to SDS-PAGE followed by immunoblotting as described in
earlier section (1.1.2.9) Blots were probed using p-4EBP1, 4EBP1, p-elF2-a and elF2-a
(Abcam, USA.) AKT, p-AKT-Ser 473, p-P70S6K, P70S6K, rictor, raptor, p-AMPK, p-raptor
substrate motif specific, GLUT1 and GLUT4 (Cell Signaling Technologies, USA.) B-actin, p-
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AKT-308 (Santa Cruz Biotechnology Inc, USA.) antibodies as described in earlier section
(1.1.2.9).

2.2.2.7. Statistical analysis
All data points are represented as mean + SEM. All data points were done in duplicates

and a minimum of set of three independent experiments were carried out.
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2.2.3. RESULTS
2.2.3.1. Insulin and nutrients induce expression of GLUT1, but not GLUT4 in breast cancer

Effect of insulin on induction of GLUT1 and 4 expressions in hormone positive and triple
negative breast cancer cells were analyzed. It was seen that in response to insulin GLUT1
expression was upregulated in both hormone positive and triple negative breast cancer cells
(Fig 36A &B), whilst this upregulation was lost upon serum starvation. However, GLUT4
expression doesn’t correlate with insulin presence, as GLUT4 levels were high under serum
starved conditions, but were seen to be down regulated when insulin was added back. Insulin
mediated activation of GLUT1 correlates with activation of mTORC1 through AKT-308 axis,
whereas AKT-473 phosphorylation was seen correlating with GLUT4 and independent of
insulin mediated activation (Fig 36A &B). Apart from insulin nutrients also are reported to
activate mTOR complexes. Thus, we next analyzed the role of mTOR complexes in induction
of GLUT1 and 4. Upon with drawl of glucose and glutamine GLUT1 expression was reduced
in both hormone positive and triple negative breast cancer cells, correlating with loss of
mTORC1activation as seen through 4EBP1 phosphorylation, which is a key component of
cap-dependent protein synthesis (Fig 36C &D). Hitherto, GLUT4 expression was induced
upon with drawl of either glucose or glutamine and was reduced when high levels of either
glucose or glutamine was present (Fig 36C &D). Deprivation of glucose or glutamine was
known to activate GCN2/ elF2-a pathway. It was seen that GLUT1 translation depends on
mTORC1 activation, whereas GLUT4 expression was correlating with elF2-o (Fig 36C &D).

2.2.3.2. GLUT1 expression was dependent on mTORC1, whereas GLUT4 was dependent
on mTORC2

The role of mMTOR complexes in regulating GLUT expression was further established,
when raptor and rictor were knock down in both hormone positive and triple negative breast
cancer cells. Cells were subjected to raptor knock down and then treated with high glutamine
levels. It was observed that GLUT1 expression which was increased upon high glutamine
conditions was subdued when mTORC1 was inhibited through raptor knock down, whereas

GLUT4 expression was unaltered upon raptor knock down and was reduced upon increased
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FIGURE 36: Insulin and nutrients induce expression of GLUT1, but not GLUT4 in breast cancer. A)
MCF-7 cells were subjected to serum starvation in RPMI-1640 medium with 0.5% FBS for 6 hours and insulin
(25ng/mL) was added and incubated for given time points, post to which subjected to immunoblot analysis
and mTORC1 and mTORC2 pathways were analyzed. B) MDA-MB-231 cells were subjected to serum
starvation in L-15 medium with 0.5% FBS for 12 hours and insulin (25ng/mL) was added and incubated for
given time points, post to which subjected to immunoblot analysis and mMTORC1 and mTORC2 pathways
were analyzed. Cells were grown in DMEM medium without glucose and glutamine supplemented with

varying concentration of glucose and glutamine and subjected to immunoblot analysis in C) MCF-7 and D)

MDA-MB-231. Mean + S.E.M.; N=3.

Cont: control, Ser: serum.
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glutamine concentration (Fig 37A &B). Activation of mMTORC?2 leads to inhibition of GSK3[
through AKT-473 phosphorylation. Active GSK3f inhibits GCN2 mediated elF2a activation.
We analyzed role of mMTORC?2 in induction of GLUT4, for this cell were treated with LiCl
along with rictor knock down. Rictor knocks down resulted in inhibition of GLUT4 but not
GLUT1. Upon treatment of LiCl, GSK3p was inhibited irrespective of mMTORC?2 activation.

MCF-7

A)

¢
|
2
i

No glutamine
2.5 mM glutamine|
2.5mM glutamine

Normal

p-4EBP1

EBP1

LUT1

LUT4

B-ACTIN

MDA-MB-231
B)

:
%

12.5 mM glutamine
12.5 mM glutamine

No glutamine

Normal
Normal

=
g

g

p-4EBP1

5

4EBP1

5

GLUT1

&

B-ACTIN

-
LX]

. MDA-MB-231

€) —Ser—  —RICKD— D) ——Scr—  —RICKD—

£ £ 35 E g B

o o [s] o Q

kma S 2 0§ 5 wa 8 2% S X
200

g

o
o

3

3

e o

N
c N
- Q
-

&

-
~

-
~

-
N

7¢0

RICTOR

8

& 8

5

-
o

-
~

-

ha]
[%]
3
=

-
~N



FIGURE 37: GLUT1 expression was dependent on mTORC1, whereas GLUT4 was dependent on mTORC2.
Cells were subjected to raptor knock down and were grown under in either normal medium or in high glutamine
(12.5mM) or no glutamine conditions for 48 hours post to which cells were subjected to immunoblot analysis in A)
MCF-7 and B) MDA-MB-231 cells. Cells were subjected to rictor knock down and were grown under in either
normal medium or in LiCl (0.5 mM) conditions for 48 hours post to which cells were subjected to immunoblot
analysis in C) MCF-7 and D) MDA-MB-231 cells. Mean + S.E.M.; N=3.

Cont: control, Scr: scrambled, RAP KD: raptor knock down.

elF2a phosphorylation was observed when treated with LiCl and GLUT4 induction was seen
to follow a similar trend (Fig 37C &D) establishing role of mMTORC2/ GSK3p axis in GLUT4

regulation.
2.2.3.3. Metformin treatment inhibits GLUT1 expression, but promotes GLUT4 induction

As metformin was seen to have anti- cancer effects, at the same time involved in increase
of glucose uptake in muscles. We then analyzed effect of metformin on expression of GLUT1
and GLUT4 in breast cancer cells. Post to treatment with AMPK activators mTORCL1 activity
was inhibited through phosphorylation of raptor by AMPK which resulted in inhibition of
GLUT1 expression in both hormone positive and triple negative breast cancer cells. However,
GLUT4 levels were increased post to treatment with AMPK activators along with increased
MTORC?2 activity (Fig 38A &B). Treatment with rapamycin for longer times inhibits both
MTORC1 and C2 resulting in suppression of expression of both GLUT1 and 4 (Fig 38A &B).
Glucose uptake was increased in both hormone positive and triple negative breast cancer cells
post to metformin treatment (Fig 38C) despite suppression of GLUT1 expression, possibly
mediated through GLUT4.
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2.2.4. DISCUSSION

Metabolic rewiring is a key phenomenon needed for breast cancer progression and
development of drug resistance. Metformin has a dual functionality where it inhibits cell
proliferation in certain cancers and at the same time aids in glucose uptake in muscles. One of
the common observations in cancer cells is, they have a high uptake of glucose inorder to meet
the need of continuous supply of ribose back bone for DNA replication. So, how metformin
can elicit the proclaimed anti-cancerous effects were unclear. The metformin clinical trials in
breast cancer scenario also yielded mixed results.
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FIGURE 38: GLUT1 expression was dependent on mTORC1, whereas GLUT4 was dependent on mTORC?2.
Cells were treated with either AICAR (0.5mM) or metformin (20 mM) or compound C (5 uM) or rapamycin (20
uM) for 12 hours post to which cells were subjected to immunoblot analysis in A) MCF-7 and B) MDA-MB-231
cells. C) MCF-7 and MDA-MB-231 cells were treated with metformin for 72 hours at given concentrations and
viability was assessed by MTT assay. Mean + S.E.M.; N=3.

Cont: control, Met: metformin, Comp C: compound C, Rap: rapamycin.

In the above objectives we have seen that metformin functions to promote bone
metastasis of breast cancer cells through RUNX2 stabilization. Here in, it was seen that though
metformin could inhibit GLUT1 expression through inhibition of mTORCZ1; metformin also
resulted in activation of mMTORC2 through inhibition of mMTORCL1 by raptor phosphorylation.
Activation of mTORC2 results in AKT 473 phosphorylation, which in turn inhibited GSK3p.
Active GSK3p results in inhibition of elF2-o Ser 51 phosphorylation and activation of cap-
dependent protein synthesis. mMTORCL1 once activated either through insulin signaling or by

4.
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nutrients results in inhibition of 4EBP1, which otherwise inhibits global cap-dependent protein
translation by sequestering elF4E. Metformin treatment results in inhibition of mMTORC1, thus
indirectly activating 4EBP1 and activation of mTORC2 facilitates elF2- o Ser 51
phosphorylation, which finally culminates in inhibition of global cap-dependent protein
translation and activation of ATF4 specific protein translation. Close analysis of GLUT1 and
4 mRNA reveals presence of large 5> UTR on GLUT1 which was absent in the latter. Work
done by Tai et al has shed light on converse control of insulin on translation of GLUT1 and 4.
Together with our results it could be seen that GLUT1 translation occurs mainly through
MTORC1 mediated cap-dependent protein translation whereas GLUT4 translation is
independent of cap-dependent protein synthesis and follows trend similar to ATF4 mediated
translation. Metformin though inhibits GLUT1 expression, but due its activation effect on
MTORC2 results in upregulation of GLUT4 and finally results in increase in net glucose uptake
by breast cancer cells (Fig 39).
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FIGURE 39: Metformin promotes glucose uptake in breast cancer cells through induction of GLUT4
expression. GLUT1 expression is mediated through mTORC1 mediated activation of cap-dependent protein
synthesis by 4EBP1. Both insulin (by AKT-308 phosphorylation) and nutrients result in activation of mTORC1,
which results in inhibition of 4EBP1 through phosphorylation. Active 4EBP1 sequesters elF4E and inhibits
cap-dependent protein translation. Serum starvation or nutrients deprivation can activate mTORC2, which
inhibits GSK3p through AKT-473 phosphorylation. Active GSK3p inhibits elF2-a Ser 51 phosphorylation.
Active elF2- o along with eIF2B and eIF4E helps in cap-dependent protein translation. Deprivation of nutrients
can activate GCN2 which results in elF2-a Ser 51 phosphorylation and inhibition of cap-dependent protein
synthesis. Metformin through raptor phosphorylation inhibits mTORC1 activity and through activation of
MTORC?2 results in elF2-a Ser 51 phosphorylation, thus increasing GLUT4 expression and inhibiting GLUT1

expression.

145



OBJECTIVE 2.3

Analyzing the effect of metformin treatment on
diabetes induced bone adipogenicity.
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2.3.1. LITERATURE REVIEW

High glucose-induced bone fragility (5) and adipogenesis (200) are the leading
secondary complications associated with diabetes, characterized by the loss of bone
mineralization (201) and increase in the adipogenic commitment of precursor mesenchymal
stromal cells (MSCs) (200). Nutrients, especially glucose and glutamine, influence the insulin
secretion of pancreatic-f cells and their imbalance is associated with diabetes and diabetes-
related complications (202, 203). Despite being a major disorder, the molecular mechanisms
underlying the biochemistry of nutrient metabolism in diabetes remain elusive and recent
studies are directed towards new dimensions of physiology. It was hypothesized that nutrient
regulation can improve diabetes management, but there are many niches to be explored in order
to understand the nutrient control of cell fate and role of nutrients in diabetes management
(204). mTOR complexes (MTORC1 and mTORC2) are key players in integrating external
cues, such as metabolic and nutrient signals, to downstream pathways. mTOR is present as two
different multi-protein subunit complexes namely, mTORC1 (characterized by RAPTOR,
PRAS40, deptor, mLST8, and mTOR) and mTORC2 (characterized by rictor, mSIN1, and
protor). Growth factor signaling and nutrients activate mTORC1, though little is known about
MTORC2 activation (205).

Several studies have revealed that mTORCL is critical in glucose metabolism, insulin
secretion, and energy homeostasis. Hyperactivation of mTORC1 due to chronic conditions,
such as chronic high glucose exposure or diabetes, or over-expression of any one of the
components of the mTORC1 complex lead to the destruction of B-islet cells, insulin resistance,
loss of glucose homeostasis, and obesity (206). Under similar conditions, mTORC1
hyperactivation is also linked to decreased mMTORC2 function and impaired AKT signaling,

leading to a loss of mitogenic signaling (207, 208).

Glutamine is a potent activator of mMTORC1, and its function in promoting adipogenesis
was thought to be carried out through hyperactivation of mMTORC1 (209). There are conflicting
reports on the involvement of glucose or glutamine in mTORCL1 activation since the levels of
both seems to be high in diabetes; however, studies by Moloughney et al. and others
demonstrated that under glucose-depleted conditions, the presence of glutamine rescues
mTORC1 activation, whereas other amino acids did not show much significance. Further, these
studies also revealed that mTORC2 was activated when glutamine levels were decreased (210,
211).
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The plasma glutamine levels of diabetic patients, though ambiguous, tend to be higher
than in matched controls (212, 213). High levels of glucose were shown to inhibit osteogenesis
mainly through the suppression of RUNX2 levels (214) . Our earlier studies demonstrated that
p-AMPK drives MSCs to become osteocytes, whereas under diabetes conditions, the loss of
AMPK activity correlates with ubiquitination of RUNX2 and favors adipogenesis. We also
demonstrated that metformin attenuates diabetes-induced bone adipogenesis and bone loss in
a mouse model, which correlates with the epidemiological data that indicate that diabetes
patients who are on metformin have healthier bones than those on non-metformin drugs. Recent
reports have also shown that mTORCL is indispensable for insulin-mediated adipogenesis
(215-218), whereas mTORC2 seems to be crucial for osteogenesis (219, 220) and high levels
of glucose increased the adipogenic commitment of MSCs, but it is unclear which critical
molecular players are involved in this cross-talk (221). Taking all these into consideration, the
current study aims to unravel the molecular mechanisms involved in the differential regulation
of MSC fate by glucose and glutamine and their roles in the regulation of mMTORCL1 and
mTORC?2 signaling and their cross-talk under diabetes conditions.
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2.3.2. MATERIALS AND METHODS
2.3.2.1. Cell culture

C3H10T1/2 (Cat. No-CCL-226), hereafter called murine MSCs, C2C12 (Cat. No-CRL-
1772) (murine skeletal muscle cells), and U20S (Cat. No-HTB-96) (human bone osteosarcoma
epithelial cells) were procured from ATCC (USA). All the cell lines, including BM-MSCs,
were maintained in IMDM (Cat. No-12200069) (Gibco, USA) supplemented with 10% FBS
(Cat. N0-10082147) (Gibco, USA) and 1% pen-strep (Cat. N0-1514022) (Gibco, USA) in 5%
COs- incubator at 37°C. For the glucose and glutamine treatments, media without glucose or
glutamine (Cat. N0-A1443001) (Gibco, USA), respectively was used. BM-MSCs from
BALB/c male mice, 6-8 weeks of age, were isolated and characterized by florescence assisted
cell sorting using CD44*, CD90" and CD45" as markers. A more detailed information about
BM-MSCs isolation and characterization was previously described in our earlier paper (136).
The cells were maintained in IMDM supplemented with 1% minimum essential amino acids
(Cat. N0-11140050) (Gibco, USA) acids for 5 days. The medium was changed every
alternative day and subcultured using 0.25% trypsin-EDTA (Cat. No-25200056) (Gibco,
USA).

2.3.2.2. Chemicals

MG-132 (Cat. No-M8699), L-ascorbic acid (Cat. N0-A92902), dexamethasone (Cat.
N0-D4902), 3-isobutyl-1- methylxanthine (IBMX) (Cat. No-15879), rosiglitazone (Cat. No-
R2408), metformin (Cat. No0-1396309), glucose (Cat. No-1181302), oil-red-o (Cat. No-
00625), alizarin-red-s (Cat. No-A5533), B-glycerophosphate (Cat. No-G9422), and LiCl (Cat.
No0-L9650) were purchased from Sigma (USA). Insulin (Cat. No-12585014), L-glutamine (Cat.
N0-25030081) and Human BMP-2 (Cat. No-#PHC7141) were purchased from Gibco (USA).

2.3.2.3. Ethics statement

All experiments involving animals were conducted according to the ethical policies and
procedures approved by the ethics committee of the Institutional Animal Ethics Committee
(IAEC)-University of Hyderabad, India (Approval no. IAEC/UH/151/2016/11/BMR/P3).

2.3.2.4. Streptozotocin-induced diabetic model

Male BALB/c mice, 6-7 weeks of age, were used for the study as previously described
by adhering to norms instituted by the Institutional Animal Ethics Committee-University of

750



Hyderabad, governed by the CPCSEA-Govt of India. Diabetes was induced by low doses of
streptozotocin (Cat. No-S0130) (Sigma, USA) in citrate buffer pH 4.5 given for 5 days and the
control group were administered with citrate buffer alone. At the fifth day the blood glucose of
mice was estimated using glucometer and mice having blood glucose greater than 300 mg/dL
were considered diabetic (136). Mice were sacrificed at 10 weeks of age after confirmation of
diabetes. Metformin control and treated mice were given 60 mg/kg body weight metformin

daily (intraperitoneal) for 10 weeks.
2.3.2.5. Differentiation and transdifferentiation protocols

Murine-MSCs and BM-MSCs were differentiated into adipocytes by treating them with
0.5 mM IBMX, 20 nM insulin, and 0.1 uM dexamethasone, along with IMDM medium and
10% FBS, for 48 hours. After 48 hours, the cells were maintained for an additional 8 to 21 or
16 days in growth medium supplemented with 20 nM insulin. The medium was changed on
alternate days. Murine-MSCs were differentiated into osteocytes using 0.5 mM IBMX, 0.1 uM
dexamethasone, and 1 mM L-ascorbic acid, along with IMDM medium and 10% FBS, for 7
days or until they reached 80% confluence. On the 7" day, 1 mM B-glycerophosphate was
added and maintained for 21 days; the medium was changed on alternate days. C2C12
transdifferentiation to the osteogenic lineage was performed using BMP-2 at a concentration
of 200 ng/mL in growth medium, along with 10% FBS, and maintained for 14 days with a
change in medium every 48 hours. U20S cells were transdifferentiated into adipocytes using
1 uM rosiglitazone in growth medium, along with charcoal-stripped FBS (Cat. No-#12676029)
(Gibco, USA), for 14 days.

2.3.2.6. Oil- red-o staining

Oil-red-o stock of 0.5% was prepared in isopropanol (Finar, India). Working solution
was prepared in distilled water at 6:4 ratio. After differentiation, the medium was aspirated and
cells were washed twice with 1X PBS and fixed in 10% formalin (Finar, India) for 1 hour at
room temperature, followed by another 1X PBS wash. After the wash, the cells were incubated
in 60% isopropanol for five minutes, followed by staining with the oil-red-o working solution
for five minutes. The excess stain was removed by washing with water 3-4 times and visualized
under a microscope. Quantification was done by eluting oil-red-o in isopropanol and the

absorbance was measured at 500 nM.

2.3.2.7. Alizarin-red-s staining
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Alizarin-red-s stain (2%) was prepared in water by adjusting the pH to 4.1 with an
ammonium hydroxide solution and then the stain solution was filtered. After differentiation,
cells were washed twice with 1X PBS and fixed in 10% formalin (Finar, India) for 1 hour at
room temperature, followed by another 1X PBS wash. Afterward, cells were stained with
alizarin-red-s for 45 minutes, and then washed with water 3-4 times and visualized under a
microscope. Quantification was done by adding 10% acetic acid (Finar, India) to each well and
incubating the cells for 30 minutes. Cells were then scraped and vortexed for 30 seconds
followed by brief heating at 85°C. Afterward, they were incubated on ice for 5 minutes,
followed by centrifugation at 14,000 rpm for 20 minutes. For the absorbance measurement,
200 pL of 10% ammonium hydroxide was added to 500uL of supernatant and the absorbance

was measured at 405 nM.
2.3.2.8. siRNA transfection

Was performed as mentioned in the earlier section (1.4.2.7).
2.3.2.9. RNA isolation and real-time PCR (RT-PCR)

For the RT-PCR analysis, total RNA isolation cDNA synthesis and RT-PCR were

carried out as described previously (1.1.2.9). The sequences of the primer sets used were:

Target Forward primer (5’-3’) Reverse primer (5’-3°)
OCN GGAAAGTGGTCCACATCGAG TTCACTCTCCCGCAGGATGG
PPAR-y AGCTAAAGGCCCGTCTATCG AACACCCCCACACAGGAGTA
Adipo Q AGTTAGTCACACTGGAGATT ATAGGATCGACAGTTGTA
Actin GAGAGGGAAATCGTGCGTGAC CATCTGCTGGAAGGTGGACA

2.3.2.10. Immunoblotting

Protein isolation and SDS-PAGE was done as described in 1.1.2.9 methods section.
The blots were probed for antibodies p-P70S6K (Cat. No- #9205), P70S6K1/2 (Cat. No-
#9202), a-RUNX2 (Cat. No- #8486), a-p-AMPK (Cat. No- #2523), raptor (Cat. No- #2280),
rictor (Cat. No- #2114), p-AKT (473) (Cat. No- #9217) and AKT (Cat. No- #6703) (Cell
Signaling Technologies (USA)); GSK3a/p (Cat. No- sc-7291) and B-actin (Cat. No- sc-47778)
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(Santa Cruz Biotechnology Inc. (USA)); p-GSK3p (Ser 9) (Cat. No- ab107166) and PPAR-y
(Cat. No- ab272718) (Abcam (USA)) as described in earlier section (1.1.2.9).

2.3.2.11. Immunoprecipitation (IP)
Cells were processed as described earlier (1.1.2.10).
2.3.2.12. Confocal microscopy

Cells were grown to confluence (80%) on coverslips, treated for the indicated time

points, and processed as mentioned in earlier sections (1.1.2.12).
2.3.2.13. Statistical analysis

All data points are represented as mean = SEM. Statistical analysis was performed with
Student's t-test by comparing the differences between mean values of controls with the
experimental sets individually. P values less than 0.1 were considered statistically significant.
A minimum set of two to three independent experiments was carried out for all the in vitro
studies using cell lines except freshly isolated BM-MSCs and immunoprecipitation
experiments due to limitations in the use of animals, whereas each mouse was considered one

subject for the in vivo experiments.
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2.3.3. RESULTS
2.3.3.1. mTORC1, but not mTORC2, is indispensable for adipogenesis and vice versa

MSCs have the capacity to give rise to a repertoire of lineages, including osteocytes and
adipocytes. Several molecular players, like RUNX2 (for osteogenesis) and PPAR-y
(adipogenesis), were known to play a critical role in lineage commitment (136, 222). However,
little is known whether mTOR complexes are involved in regulating the fate of MSCs. Here,
we first analyzed the activation of mMTORC1 and mTORC?2 during osteogenic and adipogenic
differentiation and transdifferentiation. Our data shows that mMTORC2/AKT-473 pathway was
activated during C3H10T1/2 (MSCs) osteogenic differentiation along with increase in levels
of RUNX2, whereas mTORCL1 activity (as measured through p-70S6K levels) was at basal
level (Fig 40A) during osteogenic commitment. The osteogenic differentiation was further
confirmed by analysis of key regulators like RUNX2 and OCN at mRNA level (Fig 40B).
Similar results were established in C2C12 (myoblasts) transdifferentiation model (Fig 40C
&D). Whereas, the mTORC1/p-70S6K pathway was activated under C3H10T1/2 adipogenic
differentiation along with increase in PPAR-y levels and reduced mTORC2 activity (as
measured through p-AKT473 levels) (Fig 40E). To further confirm the adipogenic
differentiation PPAR-y, Adipo Q levels at mRNA were measured (Fig 40F). Similar results
were established in U20S transdifferentiation (Fig 40G &H).

2.3.3.2. mTORC1 promotes the adipogenic lineage through inhibition of the mTORC2/AKT-
473/RUNX2 axis

The lineage commitment of MSCs is a mutually exclusive process where suppression of one
lineage promotes the activation of another lineage specific commitment. It was shown that
commitment to adipocytes is accompanied by suppression of osteogenic differentiation and
they have quite distinct diversification processes (223). Since RUNX2 is the master regulator
of osteogenesis, we first analyzed the effects of knockdown of raptor (for mMTORC1 KD) and
rictor (for mTORC2 KD) on RUNX2 expression levels in undifferentiated MSCs. Raptor, but
not rictor, knockdown resulted in increased RUNX2 expression, whereas rictor knockdown
resulted in a reduction in RUNX2 levels (SF 16A), indicating that mTORC1 negatively
regulates RUNX2, whereas mTORC2 seems to positively regulate RUNX2. Next, we checked
the importance of raptor and rictor knockdown of mMTOR complexes in MSC differentiation.

These results suggested that knockdown of raptor resulted in loss of adipogenesis, whereas the
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loss of rictor enhanced adipogenesis, as shown by immunoblot (Fig 41A), RT-PCR (SF 16B-
F), Alizarin red S staining (Fig 41B &C) and oil red O (Fig 41D &E) analyses. Our results
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FIGURE 40: mTORCL, but not mTORC?2, is indispensable for adipogenesis and vice versa. Murine
MSCs (C3H10T1/2) were subjected to osteogenic differentiation and lysates were collected at indicated time
points and proceeded for A) immunablot analysis using the indicated antibodies and B) RT-PCR. C) C2C12
(skeletal myocytes) were subjected to osteogenic transdifferentiation and cell lysates were subjected to
immunoblot and D) RT-PCR. Murine MSCs were subjected to adipogenic differentiation and cell lysates were
collected at indicated time points and E) subjected to immunoblotting and F) RT-PCR as indicated. U20S
cells were subjected to adipogenic transdifferentiation and cell lysates were collected and G) subjected to
immunoblot analysis and H) RT-PCR analysis as indicated. Mean = S.E.M.; N=3, *p<0.1 versus control,
**p<0.01 versus control; ***p<0.001 versus control.

RUNX2: runt-related transcription factor 2, OCN: Osteocalcin, Adipo Q: adiponectin Q, PPAR-y: peroxisome
proliferator-activated receptor gamma.

demonstrated that mMTORCL1 knockdown (through anti-raptor siRNA) not only resulted in the
suppression of adipogenic differentiation (Fig 41D) but also increased the levels of RUNX2
(Fig 41A &SF 16A) protein and RUNX2 downstream signaling targets, such as OCN and ALP
(SF 146 &C) (224); However, there was no effect on RUNX2 transcript levels (SF 16F),
indicating posttranslational control of RUNX2 by mTORCL1. These effects were accompanied
by a gain of osteocyte-like features by MSCs, as shown by RT-PCR (SF 16B &C) and Alizarin
red staining of differentiated MSCs (Fig 41B &C), and a reduction in adipogenesis (Fig 41D
&E). Hitherto, mTORC2 knockdown (through siRNA against rictor) resulted in increased
adipogenesis, as shown by oil red O staining (Fig 41D &E), along with loss of RUNX2 (Fig
41A &SF 16A) and osteocyte-like features by MSCs (SF 16B &C) with no effect on RUNX2
MRNA levels (SF 16F), indicating possible posttranslational control of RUNX2 by mTORC2.
Based on these results, we hypothesized that mTORC1 was involved in the suppression of
osteogenesis of MSCs through RUNX2 suppression. Since GSK3p is a well-known regulator
of the ubiquitination of several key proteins involved in osteogenesis and acts downstream of
the mMTORC2/AKT-473 axis and involved in adipogenesis (159), we checked the involvement
of GSK3p in the posttranslational regulation of RUNX2 in the differentiation of MSCs. Our
studies on the interaction between RUNX2 and GSK3f, by immunoprecipitation of RUNX2
in MSCs followed by mTORC1 and C2 knockdown, demonstrated that the interaction between
RUNX2 and GSK3p was reduced upon knockdown of mMTORC1, whereas the same was
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FIGURE 41: mTORCL1 promotes adipogenic lineage through inhibition of the mMTORC2/AKT-473/RUNX2
axis. MSCs were transfected with siRNAs against rictor and raptor after which they were induced to adipogenic
differentiation and subjected to A) immunoblot analysis. B) Alizarin-red-s-stained calcium deposition of ECM in
murine MSCs induced to adipogenic differentiation post-transfection at indicated time points and C) quantification
of the same. D) Oil-red-o-stained murine MSCs that were induced to adipogenic differentiation post-transfection at
indicated time points and E) quantification of the same. F) Immunoprecipitation analysis of transfected murine MSCs
with or without induction to adipogenic differentiation. Complexes with anti-RUNX2 were pulled down and
immunoblotted with anti-GSK3p and anti-RUNX2. G) Confocal images of transfected murine MSCs induced to
adipogenic differentiation for 8 days, co-stained with anti-RUNX2 (Alexa 488) and anti-GSK3p (Alexa 594) and
counter-stained with DAPI (400). Quantification of confocal staining by ImageJ analysis for H) RUNX2, 1) GSK3f3
and J) Pearson’s correlation index. Mean + S.E.M.; N=3, *p<0.1 versus control, **p<0.01 versus control.

AM: adipogenic medium, Scr: scrambled siRNA, RAP KD: raptor knockdown with siRNA, RIC KD: rictor
knockdown with siRNA, UND: undifferentiated, ALP: alkaline phosphatase.

enhanced upon mTORC2 knockdown (Fig 41F). Similar results were confirmed by confocal
analysis (Fig 41G-J).

2.3.3.3. mTORC2 stabilizes RUNX2 through the AKT-473/ GSK3p axis

As mTOR complexes appears to regulate RUNX2 stabilization and the osteogenic
commitment of MSCs through GSK3 [, we investigated the role of GSK3f in the RUNX2
interaction and its regulation during adipogenic differentiation. MSCs were subjected to
mTORC2 knockdown in the presence or absence of LiCl and instigated for adipogenesis. LiCl
treatment rescued the mTORC2 knockdown-mediated loss of RUNX2 expression (Fig 42A)
without altering RUNX2 mRNA levels (Fig 42B). Since it was seen earlier that mTORC2
knockdown resulted in increased adipogenesis, we analyzed if this increase in adipogenesis
was indeed mediated through GSK3p. Our differentiation model in MSCs confirmed that, upon
treatment with LiCl, there was a decrease in adipogenesis due to the suppression of GSK3f
(Fig 42C &D). Since post-translational regulation of RUNX2 was obvious and it is known that
GSK3p regulates several keys signaling molecules by ubiquitination, we analyzed the role of
GSK3p in the proteasomal degradation of RUNX2. Our experiments in MSCs with or without
MG-132 treatment (an inhibitor of proteasomal degradation) and with or without mTORC2
knockdown demonstrated that the loss of RUNX2 protein levels upon mTORC2 knockdown
was redeemed upon exposure to MG-132. These results, along with the interaction of RUNX2
and GSK3, indicate that GSK3p is involved in RUNX2 ubiquitination (Fig 42E).
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FIGURE 42: mTORC?2 stabilizes RUNX2 through the AKT-473/ GSK3p axis. Murine MSCs were treated
with LiCl (0.5 mM), with or without siRNA against rictor, along with adipogenic induction and A) subjected
to immunoblot analysis and B) RT-PCR as indicated. C) Oil-red-o-stained images of murine MSCs treated with
LiCl (0.5 mM), with or without siRNA against rictor, along with adipogenic induction as indicated and D)
quantification of oil-red-o stain by spectrophotometry. Murine MSCs were transfected with siRNA against
rictor in the presence or absence of MG-132 for 48 hours after transfection and E) immunoblot analysis was
performed after 48 hours for the indicated antibodies. Mean + S.E.M.; N=3, *p<0.1 versus control, **p<0.01
versus control, NSp>0.1versus control.

AM: adipogenic medium, Scr: scrambled siRNA, RIC KD: rictor knock down with siRNA, NS: not significant.
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2.3.3.4. Diabetes-induced RUNX2 loss is mediated through the mTORC1/p-70S6K/GSK3f

axis

We and others have shown that diabetes-induced high glucose levels resulted in a loss of
RUNX2; however, the molecular mechanisms involved in high glucose-mediated RUNX2
ubiquitination remained elusive (136). As our data suggests mMTORC1 and C2 regulate RUNX2
ubiquitination through GSK3p, we asked whether RUNX2 is ubiquitinated by mTOR -GSK3p
axis in diabetes condition. To test this, C3H10T1/2 cells were grown in high- and low-glucose
conditions and analyzed the activity of mTORC1 (measured through S6K phosphorylation
status) and mTORC2 (measured through AKT-473 phosphorylation). Under low-glucose
conditions (which mimics starved physiological conditions) mTORC1 activity is reduced,
owing to activation of p-AMPK. Whilst mTORC2 activity increased resulting in inhibition of
GSK3p through Ser 9 phosphorylation, thus stabilizing RUNX2 levels (Fig 43A). However,
under high-glucose conditions (which correlates with physiological diabetic conditions),
inhibition of mMTORC2 activity was observed, owing to hyperactivation of mMTORC1. Low
levels of AKT-473 lead to GSK3p activation, resulting in low levels of RUNX2 (Fig 43B).
Similar to RUNX2 protein levels under high-glucose conditions, there was decrease in the
ECM calcification of MSCs, which was increased under low-glucose and GSK3p-inhibited
conditions (Fig 43C &D). Owing to the high mTORCL activity under high-glucose conditions,
there was increase in the adipogenesis of MSCs, whereas under low-glucose conditions,
MTORC1 activity was reduced resulting in inhibition of GSK3p and stabilization of RUNX2,
which resulted in decreased adipogenesis (Fig 43E &F). Similar results were recapitulated in
experiments with primary bone marrow-MSCs (BM-MSCs) (Fig 43G). In order to delineate
the role of GSK3p in high-glucose-triggered RUNX2 loss, we next inhibited GSK3p in MSCs
with LiCl and subjected MSCs to adipogenic differentiation in normal and high-glucose
conditions. The results showed that the loss of RUNX2 protein levels observed in high-glucose
conditions was attenuated when the MSCs were exposed to LiCl (Fig 43H). Similarly, there
was increase in ECM calcification (Fig 43C &D) and decrease in adipogenesis (Fig 43E &F)
in the presence of LiCl.

2.3.3.5. High glucose induced glutamine sparring triggers RUNX2 loss under diabetic

conditions

Under high-glucose conditions, mTORCL1 is hyperactivated, which results in feedback
inhibition of MTORC2 through p-70S6k and finally a loss of RUNX2 protein levels; However,

the mechanism behind hyperactivation of mMTORCL1 with increasing glucose concentrations is
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unclear. Recent studies have shown that under high-glucose conditions, glutamine sparing from
mitochondria increases mTORCL activity (225-227). Therefore, we hypothesized that a similar

phenomenon could occur in the context of diabetes. To test our hypothesis, we subjected MSCs
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FIGURE 43: Diabetes-induced RUNX2 loss is mediated through the mTORC1/p-70S6K/GSK3p axis.
Murine MSCs were subjected to adipogenic differentiation in the presence of either low (5.5 mM) or high (25
mM) levels of glucose in the medium and subjected to A) & B) immunoblot analysis as indicated. C)
quantification of alizarin-red-s stain by spectrophotometry and D) Alizarin-red-s-stained images of murine MSCs,
which were induced to adipogenic differentiation with either low (5.5 mM) or high (25 mM) levels of glucose
and with or without LiCl (0.5 mM) treatment, as indicated. E) Oil-red-o-stained murine MSCs, which were
subjected to adipogenic differentiation in the presence of either low (5.5 mM) or high (25 mM) levels of glucose
and with or without LiCl (0.5 mM) treatment, as indicated, and F) quantification of oil-red-o stain by
spectrophotometry. G) Bone marrow-derived MSCs (BM-MSCs) were subjected to adipogenic differentiation in
the presence of either low (5.5 mM) or high (25 mM) levels of glucose and cell lysates were collected and
subjected to immunoblot analysis as indicated. Murine MSCs treated with LiCl (0.5 mM) with or without
treatment by high glucose (25 mM) and H) immunoblot analysis, as indicated. Mean + S.E.M.; N=3, *p<0.1
versus control, **p<0.01 versus control, NSp>0.1versus control.

AM: adipogenic medium, LG: low glucose, HG: high glucose, NS: not significant.

to adipogenic differentiation under high-glucose conditions with or without glutamine. We
found that upon withdrawal of glutamine, even in presence of high glucose mTORC1
hyperactivation was lost and so was inhibition of the mTORC2/AKT-473 axis, resulting in a
resurrection of RUNX2 levels that otherwise were repressed (Fig 44A) hinting upon glutamine
sparing by high glucose. The role of glutamine in RUNX2 regulation was further established
by treating MSCs with low levels of glucose along with high or normal levels of glutamine in
adipogenic differentiation medium. The levels of glutamine were determined by a dose
responsive treatment of MSCs with varying levels of glutamine and mTORCL1 activity was
measured (SF 17A). mTORC2 activity was aborted upon addition of high glutamine levels due
to the hyperactivation of mMTORC1 by glutamine sparing and culminated in a loss of RUNX2
expression (Fig 44B), along with a reduction in ECM calcification (Fig 44C &SF 17B) and
increase in adipogenesis (Fig 44D &SF 17C). The high-glucose-instigated increase in
adipogenesis was also subdued upon withdrawal of glutamine (Fig 44D &SF 17C) and the
reverse was seen in the case of ECM calcification (Fig 44C &SF 17B). In order to confirm that
glutamine’s action indeed mediated through mTORC1, MSCs were subjected to mMTORC1
knockdown and then exposed to high glutamine concentrations, which resulted in activation of
the mTORC2/AKT-473 axis and subsequently stabilized RUNX2 levels (Fig 44E), indicating
that glutamine indeed acts through mTORCL. In our earlier section, we have observed that
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FIGURE 44: High glucose induced glutamine sparring triggers RUNX2 loss under diabetic conditions.
Murine MSCs were subjected to adipogenic differentiation A) in the presence of high glucose (25 mM) with or
without glutamine (4 mM) and B) in the presence of low glucose (5.5 mM) with or without high glutamine (20
mM) followed by immunoblot analysis at indicated intervals. C) Quantification of alizarin-red-s stain by
spectrophotometry. D) Quantification of oil-red-o stain by spectrophotometry. Murine MSCs were subjected to
adipogenic differentiation in the presence of high glutamine (20 mM), with or without RAPTOR siRNA, and
cell lysates were subjected to E) immunoblot analysis as indicated. F) Immunoprecipitation analysis of murine
MSCs induced to adipogenic differentiation under varying glucose and glutamine concentrations and anti-
RUNX2 complexes were pulled and immunoblotted with anti-GSK3p and anti-RUNX2. G) Confocal images of
murine MSCs induced to adipogenic differentiation under varying glucose and glutamine concentrations for 8
days and stained with anti-RUNX2 (Alexa 488) and anti-GSK3p (Alexa 594) and counter-stained with DAPI
(400). H) Quantification of confocal images by ImageJ software. Mean + S.E.M.; N=3, *p<0.1 versus control,
**p<0.01 versus control; ***p<0.001 versus control, NSp>0.1versus control.

Glut: glutamine, HGIlut: high glutamine, AM: adipogenic medium, LG: low glucose, HG: high glucose, IP:

immunoprecipitation, IB: immunoblotting, NS: not significant.

RUNX2 loss was due to increased physical interaction between GSK3p and RUNX2, so the
same was examined under varying glutamine and glucose concentrations. Immunoprecipitation
by RUNX2 and immunoblotting with GSK3f in MSCs revealed elevated levels of interaction
between RUNX2 and GSK3p in high-glutamate conditions (Fig 44F). The same results were

confirmed by immunofluorescence with confocal microscopy (Fig 44G &H).

2.3.3.6. Metformin rescues the mMTORC2/RUNX2 axis by inhibition of the mTORC1/p-
70S6K pathway

Metformin is the most widely used anti-glycemic drug and is known to activate p-AMPK
and regulate glucose uptake by cells. Metformin is also known to have osteoprotective
functions through the p-AMPK/RUNX2 axis (136). Here, we examined the effects of
metformin under high-glutamine conditions in MSCs. It was observed that metformin
treatment resulted in the abrogation of glutamine-triggered mTORCL1 activation, resulting in
increased mMTORC2 activity, thus stabilizing the AKT-473/RUNX2 axis (Fig 45A). The
inhibition of glutamine-induced mTORCL1 activation by metformin was further validated in
BM-MSCs, whose results were the same as those seen in MSCs (Fig 45B). The role of the
mTORC2/GSK3B/RUNX2 axis was further analyzed in streptozotocin-induced diabetic mice
with or without metformin treatment. It could be seen that mTORC2 activity was down-

regulated under diabetic conditions and was rescued when treated with metformin. Under
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diabetic conditions, GSK3p was active due to mTORC?2 inhibition, which resulted in the down-
regulation of RUNX2 and the situation was reversed upon metformin treatment (Fig 45C). The
interaction between RUNX2 and GSK3f was further confirmed in protein lysates of diabetic
muscle tissues, where the interaction was greater in diabetic samples than in controls and
metformin-treated diabetic mouse tissues. These results can be taken to mean that under
diabetic conditions, the interaction between RUNX2 and GSK3f was enhanced due to a loss

of mMTORC2 regulation on GSK3f, which was reversed upon metformin treatment (Fig 45D).
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FIGURE 45: Metformin rescues the mTORC2/RUNX2 axis by inhibition of the mTORC1/p-70S6K
pathway. A) Murine MSCs and B) BM-MSCs were subjected to adipogenic differentiation in the presence of high
glutamine (20 mM), with or without metformin (10 mM), and proceeded for immunoblot analysis as indicated.
Normal and diabetic BALB/c male mice, with and without metformin treatment, were sacrificed and muscle tissue
was excised from the hind limbs and subjected to C) immunoblot analysis with anti-GSK3-f and anti-RUNX2 and
D) immunoprecipitation by anti-RUNX2. Mean £ S.E.M.; N=3.

IP: immunoprecipitation, IB: immunoblotting, HGlut: high glutamine, Met: metformin.
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DISCUSSION

The lineage commitment of MSCs is a dynamic process carried out under the tight
regulation of growth factors, hormones, and available nutrients (228). In recent times, the role
of nutrients like glucose and glutamine in MSC regulation has gained significance since
activation of the nutrient sensors mTORC1 and mTORC2 was shown to direct MSC
commitment towards specific lineages. (220). Activation of specific mMTOR complexes to
maintain the homeostasis of lineage commitment under normal physiological and metabolic
conditions was a known phenomenon, but its significance in selective commitment is still
elusive. The preference for adipogenesis over osteogenesis under deregulated metabolic
conditions and the influence of excess nutrients, such as glucose, glutamine, and their
metabolites/catabolites, leading to differential commitment of MSCs are critical in the
management of secondary diabetic complications and aging. The current study discloses the
role of nutrients in activating mTORC1/p-70S6K-induced adipogenesis while inhibiting
osteogenesis and role of mMTORC2/AKT-473 in maintaining osteogenesis, and impact of
negative regulation of mMTORC1 on mTORC2 levels and increased adipogenesis of MSCs.
Both the mTOR complexes exerted their effects in part through RUNX2 regulation, where
mTORC?2 stabilizes RUNX2 by inhibiting GSK3p, which would otherwise induce RUNX2
ubiquitination. It is well known that active mTORC2 inhibits GSK3p by inhibitory
phosphorylation at serine 9 GSK3p. On the other hand, mTORC1 hyperactivation by insulin
or glutamine resulted in activation of GSK3p (due to the loss of inhibitory phosphorylation) by
inhibiting mTORC2 through p-70S6K, which culminated in the repression of RUNX2 and

osteogenic commitment of MSCs.

Diabetes-induced high glucose levels were known to down-regulate RUNX2, but
the similarly differential regulation of mMTOR complexes in the regulation of RUNX2 under
high-glucose conditions, thus resulting in a loss of osteogenesis, was not clear. From our
studies, it was observed that mTORC2 was inhibited under diabetic conditions due to
hyperactivation of mMTORC1, and as a result RUNX2 was suppressed. However, glucose as
such has no direct role in activating mTORCL1. From this study, it was observed that increased
intracellular glutamine levels were the cause of mMTORCL1 activation under high-glucose
conditions and the absence of glutamine resulted in an abrogation of mMTORC1 hyperactivation.
Our studies show that irrespective of glucose levels, an increased glutamine concentration in
the medium was sufficient to trigger adipogenesis over osteogenesis. How increasing glucose

levels could result in increased intracellular levels of glutamine is not clear. It could be possible
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that at higher concentrations, glucose would spare glutamine entry into the tri-carboxylic-acid
(TCA) cycle, which resulted in high glutamine levels intracellularly (226). The crucial step for
glutamine entry into the mitochondrial TCA cycle is the conversion of glutamine to glutamate,
catalyzed by glutamine synthetase (GLS) (229). Active GSK3p can inhibit GLS by inhibiting
c-MYC, which otherwise would activate glutamine oxidation by upregulating GLS expression
(230). Inhibition of GLS by GSK3p results in increased intracellular glutamine levels and can
potentiate the hyperactivation of mTORC1, which would result in adipogenesis. Parallel to
this, GSK3p also ubiquitinates rictor, thus resulting in a loss of mMTORC2 and inhibition of

osteogenesis (231).

Active mTORC2 favors osteogenesis by inhibiting GSK3f through AKT-473, which
results in the stabilization of RUNX2, the master regulator of osteogenesis. Inhibition of
GSK3p activates GLS, and thus glutamine oxidation, in cells, which could result in low
intracellular glutamine levels, thereby downregulating mTORC1 hyperactivation and
adipogenesis. GSK3p, once active, can induce RUNX2 ubiquitination and thus downregulate
osteogenesis. Any aberrations in glucose and glutamine levels were shown to influence
mTORC?2; Similarly, our data showed that low levels or the absence of glucose and glutamine,
respectively, could activate mTORC2, which then paved a path for the osteocyte-like signature
of MSCs, even in the absence of osteogenic-inducing medium (OM). Despite the absence of
OM, MSCs have shown osteocyte-like signatures when the mTORC2 pathway was activated,
either by altering glucose or glutamine levels or by downregulating the mTORCL1 axis. This
sheds light on the importance of cross-talk between the mTOR complexes in MSC fate
regulation. The mTORCL1 activation was clearly mediated either by amino acids, like
glutamine, or by growth factor and insulin signaling, whereas the mTORC2 activation process
was not clear until now. Here we have shown that nutrient limitation, either glucose or
glutamine, could activate mTORC2. The major difference between adipogenic- and
osteogenic-inducing media is the presence of insulin in the earlier case, which could drive MSC
fate towards adipogenesis by hyperactivating mTORC1, leading to inhibition of mTORC2
(232). Thus, this signals to us that activation of mMTORC2 occurs prior to insulin signaling
cascade activation. Insulin signaling activates mTORC1 by inhibition of TSC2 through AKT-
308 phosphorylation and at the same time it inhibits the rise of cCAMP levels (233), whereas
components like IBMX, dexamethasone, and ascorbic acid, which are among the components
of OM, were shown to increase CAMP levels (234-236). cAMP was known to trigger insulin

secretion upon sensing high glucose levels and is involved in energy homeostasis through PKA
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and other important signaling mediators (237). Therefore, it will be interesting to see the role
of such an important secondary messenger, CAMP, in interconnecting mTORC1 and mTORC2

homeostasis in the normal physiological setup.
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FIGURE 46: Schematic representation of mTOR cross-talk in RUNX2 regulation. This figure summarizes,
along with the findings from the current study, where, at physiological levels, activation of MTORC2 by PIP2 resulted
in activation of AKT by phosphorylation at Ser473. pSer473AKT inhibits GSK3 by phosphorylation at Ser9.
Inhibitory/in-active Ser-9GSK3p fails to interact with RUNX2, and thus RUNX2 is stabilized from its degradation.
Active RUNX2 can enhance ECM calcification and promote osteogenesis of MSCs. Increasing levels of glucose and
glutamine or insulin can hyperactivate mTORC1, through which p-70S6k inhibits mMTORC?2. Inhibition of mMTORC2
results in destabilization of RUNX2 through the loss of pSer473AKT, which leads to activation of GSK3p. Active
GSK3p interacts with RUNX2 and primes it for ubiquitination. mTORCI also activates lipogenesis and helps to
increase adipogenesis. Metformin activates AMPK by phosphorylation at Thr172, which inhibits mTORC1 and

rescues mTORC2 under high-glucose and/or high-glutamine conditions.

Metformin is a common anti-glycemic drug which was shown to have osteoprotective

effects (238). It could be seen in the present study that, metformin, through activation of p-
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AMPK, repressed mTORC1 hyperactivation under high-glutamine conditions and thus
activated the mTORC2/AKT-473/RUNX2 axis. p-AMPK inhibits mTORCL1 activation by
phosphorylating RAPTOR, which interferes with mTORC1 complex assembly (239).
Activated AMPK can also alter glutamine oxidation through mitochondria (240), thus affecting
intracellular glutamine levels and mTORCL1 activation. Diabetic patients were shown to have
reduced glutamine oxidation and low levels of GLS activity (241), which can induce high
intracellular glutamine levels and result in hyperactivation of mMTORC1 and inhibition of
mTORC?2, resulting in bone adipogenesis. From our work, it could be seen that when treated
with metformin, glutamine-induced mTORC1 hyperactivation was subdued, resulting in rescue
of the mMTORC2/AKT-473 axis. Activation of mTORC2 by metformin through AMPK resulted
in the activation of AKT by phosphorylation at the Ser 473 position, which inhibits GSK3§,
due to which RUNX2 was rescued from ubiquitination. Metformin, by activating AMPK and
inhibiting GSK3p, could modulate the intracellular levels of glutamine through GLS.

Taken together, our data indicate that RUNX2 is stabilized directly by the
MTORC2/AKT-473 axis by inhibiting GSK3p. Under an excess of nutrients like glutamine
and/or glucose, mTORCI1 is hyperactivated, resulting in activation of GSK3f, which
destabilizes RUNX2 and suppresses the osteogenic fate of MSCs, leading to bone loss and
adipogenesis. The current work emphasizes the important cross-talk between the mTOR

complexes in directing MSC fate under normal and diabetic conditions (Fig 46).
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Along with RUNX2, RUNX1 also serves as a novel substrate of AMPK under
physiological conditions.

Metformin aids in treatment of CML through AMPK mediated RUNX1 Ser 94
phosphorylation.

RUNX1 Ser 94 phosphorylation results in inhibition of STAT3 activation, which is a
major driver of imatinib resistance in CML.

Metformin treatment results in inhibition of HSF1 activation, through AMPK mediated
phosphorylation; HSF1 activation results in generation of geldanamycin resistance.
AMPK induced RUNX1 Ser 94 phosphorylation induces HIF1-a ubiquitination
through PHD2 mediated ubiquitination and down regulation of MDR1, thus improving
drug sensitivity of CML subjects.

AMPK induced RUNX2 Ser 118 phosphorylation results in upregulation of rictor and
drives bone metastasis of breast cancer cells.

AMPK through inhibition of MCT1 and MCT4 inhibits lactate fluxes in CML, along
with inhibition of glycolysis.

AMPK also inhibits GLUT1 driven glucose uptake in breast cancer cells.

AMPK induced stabilization of mTORC2 results in stabilization of RUNX2 under
diabetic conditions by inhibiting GSK3.
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SIGNIFICANCE

Imatinib resistance is one of the growing phenomena among CML patients and current
work highlights the potential of metformin to be used in the treatment regime of CML patients
either alone or in combination with imatinib. MDS or pre-leukemia stage lack proper treatment
regimen and from our current work it could be seen that metformin has a potential in treatment
of MDS, through inhibition of HIF1l-a facilitated by AMPK mediated RUNX1
phosphorylation. The current study also sheds light on the possible mechanism of why
metformin breast cancer clinical trials were not encouraging, owing to AMPK mediated
RUNX2 stabilization in breast cancer. Low bone mineral density and bone adiposity are
common occurrences seen among diabetic subjects. The current works highlights the osteo-

protective phenomenon of metformin under diabetic condition (Fig 47).
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FIGURE 47: Schematic representation of AMPK substrates affecting progression of CML, bone
metastasis of breast cancer cells and commitment of MSCs. This figure summarizes the findings from the
current study, where metformin treatment results in activation of AMPK through phosphorylation at Thr 172
resulting in phosphorylation of AMPK substrates, RUNX1, HSF1, RUNX2 and raptor. Phosphorylation of
RUNX1 by AMPK results in increased interaction and cytoplasmic retention of STAT3 and inhibits activation
of STAT3. AMPK mediated RUNX1 phosphorylation also results in inhibition of HIF1-o on one hand by
promoting the latter’s ubiquitination and on the other through STAT3 inhibition. AMPK induced phosphorylation
of HSF1 promotes destabilization and inhibition of HSF1 activity. HSF1, STAT3 and HIF1-a together promote
CML progression and aid in generation of TKI resistance. AMPK mediated inhibition of mMTORC1 and HIF1-a
results in down regulation of glucose metabolism and lactate export, which in turn aid in generation of TKI
resistance and CML progression. AMPK mediated phosphorylation of RUNX2 results in stabilization of
RUNX2, which facilitates bone metastasis of breast cancer cells through activation of mMTORC2 in a phospho-
RUNX2 dependent manner. mTORC?2 in turn stabilizes RUNX2 through inhibition of GSK3p, which is involved
in RUNX2 ubiquitination. RUNX2/ mTORC?2 axis also plays a key role in promoting osteogenic commitment
of MSCs whereas mTORC1/ GSK3p axis is involved mainly in adipogenic commitment of MSCs. High glucose/
glutamine levels regulate the switch in MSCs through altering the activation of AMPK.
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The AMPK motif present in the runt domain of RUNX proteins is conserved across all
the fusion proteins generated from RUNX1 translocations. So it would be of great potential
use, validate if RUNX1 fusion proteins would also serve as AMPK substrates and if so, what
would be the effect of AMPK induced phosphorylations on their transcriptional activation.
Analyzing along these lines could aid in a better understanding of the potential role metformin

as an anti-leukemic drug.

In the current work we have observed that AMPK induced RUNX phosphorylation had
diverse effects when it came to modulating the nuclear localization and transcriptional
activation of RUNX proteins, where on one hand in case of RUNX1 it resulted in reduced
nuclear localization and activation, whereas in case of RUNX2 it resulted in increased nuclear
localization and stabilization of RUNX2. Looking closely into structural differences present
between RUNX1 and RUNX2, the major contributing factor for such differences is presence
of QA domain. Understanding the reason behind the observed opposing effects seen in case of
RUNX1 and RUNX2 could help in our better understanding of protein structure to function
relationship.

We have also observed the opposing effects of AMPK activation on mTOR complex
activation and also on GLUT1 and GLUT4 expression. Further analysis of the
AMPK/mTOR/GLUT axis will help us to understand the dynamics of GLUT regulation in cells
which can help in better treatment of diabetes.
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SUPPLEMENTARY FIGURE 1: A) RT-PCR analysis of K562 WT cells showing levels of SOCS3, BCL2,
Cyclin D1 and D3 in response to metformin (10mM) treatment alone or with compound C (5uM) for 6 hours. B)
Quantification of RUNX1 immunoblot data of WT cells post metformin and compound C treatment where nuclear
values are normalized against Lamin B1 and cytoplasmic values against paxillin. C) Quantification of STAT3
immunoblot data of WT cells post metformin and compound C treatment. D) Quantification of immunoblot data
of WT cells post metformin and compound C treatment for 12 hours showing levels of p-AMPK, RUNX1, SOCS3
and Cyclin D1 normalized to actin. E) Quantification of p-STAT3 immunoblot data of WT cells post metformin
and compound C treatment for 12 hours normalized to STAT3. F) Quantification of immunoblot data of HEK-
293T cells transfected with either RUNX1 WT or RUNX1 S 94 A or RUNX1 S 94 D with or without metformin
(10mM) treatment following transfection (after 48 hours) for 12 hours showing levels of p-AMPK, RUNX1,
SOCS3 and Cyclin D1 normalized to actin G) and p-STATS3 levels normalized to STAT3. N=3, Mean + SEM
*p<0.05 versus control, **p<0.005 versus control, ***p<0.0005 versus control, N5p>0.05 versus control.

Cont: Control, Met: Metformin, Comp C: Compound C, EV: empty vector, WT: wild type, Nuc: nuclear extract,

Cyto: Cytoplasmic extract, NS: non-significant.
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SUPPLEMENTARY FIGURE 2: A) Co-localization analysis showing increased physical interaction between
endogenous RUNX1 (Alexa 488) and AMPK (Alexa 546) up on metformin (10mM for 6 hours) treatment than
compound C (5uM for 6 hours) in K562 IR1 cells. B) Quantification of immunofluorescence data in K562 IR1
cells, using Image J software on three independent fields and experiments. K562 IR1 cells treated with metformin
(10mM) alone or with imatinib (1uM) or none or both (imatinib 1uM; metformin 10mM) for 6 hours and
subjected to quantification of immunoblot data for C) RUNX1 and D) STAT3. K562 IR2 cells treated with
metformin (10mM) alone or with imatinib (1uM) or none or both (imatinib 1pM; metformin 10mM) for 6 hours
and subjected to quantification of immunoblot data for E) RUNX1 and F) STAT3. N=3, Mean + SEM *p<0.05
versus control, **p<0.005 versus control, ***p<0.0005 versus control, NSp>0.05 versus control.

Cont: Control, Met: Metformin, Comp C: Compound C, Ima: imatinib, Nuc: nuclear extract, Cyto: Cytoplasmic
extract, NS: non-significant.
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SUPPLEMENTARY FIGURE 3: A) Co-localization analysis showing increased physical interaction between
endogenous RUNX1 (Alexa 488) and STAT3 (Alexa 546) up on metformin (10mM for 6 hours) treatment than
compound C (5uM for 6 hours) in K562 IR1 cells. B) Quantification of immunofluorescence data in K562 IR1
cells, using Image J software on three independent fields and experiments. RT-PCR analysis of C) K562 IR1 and
D) K562 IR2cells showing levels of SOCS3, BCL-2, Cyclin D1 and D3 in response to metformin (10mM) and or
imatinib (1uM) alone or both or none for 6 hours. E) K562 IR1 cells treated with metformin (10mM) alone or with
imatinib (1uM) or none or both (imatinib 1puM; metformin 10mM) for 12 hours and subjected to quantification of
immunoblot data for SOCS3, BCL-2, Cyclin D1 and p-AMPK. F) K562 IR2 cells treated with metformin (10mM)
alone or with imatinib (1uM) or none or both (imatinib 1uM; metformin 10mM) for 12 hours and subjected to
quantification of immunoblot data for SOCS3, BCL-2, Cyclin D1 and p-AMPK. G) K562 IR1 and IR2 cells treated
with metformin (10mM) alone or with imatinib (1uM) or none or both (imatinib 1uM; metformin 10mM) for 12
hours and subjected to quantification of immunoblot data for p-STATS3.

Mean + SEM *p<0.05 versus control, **p<0.005 versus control, ***p<0.0005 versus control, NSp>0.05 versus
control.

Cont: Control, Met: Metformin, Ima: imatinib, NS: non-significant.
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SUPPLEMENTARY FIGURE 4: A) Immunoblot analysis of K562 IR1and IR2 cells, showing efficiency of
knock down of RUNX1 by shRNAs. B) Quantification of immunoblot data. C) Immunoblot analysis of K562
IR1 or IR2-RUNX1 KD (with shRNA 2), RUNX1 WT, RUNX1 S 94 A and RUNX1 S 94 D transduced cells
showing levels of p-STAT3, STAT3, SOCS3, RUNX1 and RUNX1-RFP. D-F) Quantification of immunoblot
data. G) Cell viability analysis of K562 IR1 cells transduced with either Scr or RUNX1 KD with or without
metformin along with imatinib treatment, using WT as control. H) Cell viability analysis of K562 IR1-RUNX1
KD, RUNX1 WT, RUNX1 S 94 A and RUNX1 S 94 D transduced cells in response to imatinib treatment alone
or along with metformin (0.25mM) for 72 hours with K562 WT as control, showing decreased cell viability in
presence of metformin and in RUNX1 S 94 D cells which was reversed upon RUNX1 KD and in RUNX1 WT
and RUNX1 S 94 A. N=3, Mean £ S.E.M. *p<0.05 versus control, **p<0.005 versus control, ***p<0.0005
versus control N5p>0.05.

Cont: control, met: metformin, Ima: imatinib, WT: wild type, UT: untreated, Scr: scrambled, KD: knock down,

NS: non-significant.
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SUPPLEMENTARY FIGURE 5: A &B) Cell viability analysis of PBMCs post to treatment with imatinib
alone or in combination with metformin (0.25mM) for 72 hours showing increased imatinib sensitivity. C)
Immunoblot analysis of healthy and CML subject’s PBMCs showing levels of p-STAT3, STAT3 and SOCS3 in
response to metformin (10mM) treatment for 12 hours. N=3, Mean + S.E.M.

Control: healthy subjects, IMSe"*: Imatinib Sensitive CML subjects, IM R¢s*: Imatinib resistant subjects, Met:
metformin.
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SUPPLEMENTARY FIGURE 6: A) K562-WT cells were subjected to metformin (10 mM for 12 hours) or
compound C (5 uM for 12 hours) treatment or none for 12 hours and immunoblot analysis was carried out to
assess levels of HSF1 and HSP70. B) K562-WT cells were treated with either metformin (10 mM) or with
compound C (5 uM) or none for 6 hours and subjected to RT-PCR analysis to assess levels of HSF1 and HSP70.
C) K562-WT cells were treated with either metformin (10 mM) or with compound C (5 uM) or none for 12 hours
and subjected to IP by HSF1 to assess HSF1 interaction with p-AMPK. D) K562-WT cells were treated with
either metformin (10 mM) or with compound C (5 uM) or none for 12 hours and subjected to
immunofluorescence by anti-HSF1 (Alexa 488) and anti-AMPK (Alexa 594) antibodies counter stained with
DAPI. E) Quantification of immunofluorescence data using ImageJ. F) K562- WT cells were treated with either
metformin (10 mM) or with MG-132 (3 mM) or both or none for 12 hours and subjected to immunoblot to assess
HSF1 levels. The immunofluorescence and quantification experiments were carried out on three independent
fields. N=3, Mean + S.E.M.; **p<0.005 versus control, ***p<0.0005 versus control, N5p>0.05 versus control.

Cont: control, Met: metformin, Comp C: compound C, IP: immunoprecipitation, IB: immunoblotting, NS: non-

significant, WT: wild type.
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SUPPLEMENTARY FIGURE 7: A) K562- IGR1 cells were subjected to metformin (10 mM) or compound C
(5 uM) treatment or none for 12 hours and immunofluorescence by anti-HSF1 (Alexa 488) and anti-AMPK (Alexa
594) antibodies was carried out, counter stained with DAPI. B) Quantification of immunofluorescence data using
ImageJ. C) Quantification of immunofluorescence data using ImageJ. D) K562- IGR2 cells were subjected to either
metformin (10 mM) or compound C (5 uM) or none for 12 hours and subjected to immunofluorescence by anti-
HSF1 (Alexa 488) and anti-AMPK (Alexa 594) antibodies counter stained with DAPI. The immunofluorescence
and quantification experiments were carried out on three independent fields. N=3, Mean + S.E.M.; *p<0.05 versus
control, **p<0.005 versus control, N5p>0.05 versus control.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant.
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SUPPLEMENTARY FIGURE 8: A) K562- IGR1 cells were subjected to metformin (10 mM) or with
compound C (5 uM) or none for 12 hours and subjected to immunofluorescence by anti-RUNX1 (Alexa 488) and
anti-AMPK (Alexa 594) antibodies counter stained with DAPI. B) Quantification of immunofluorescence data
using ImageJ. C) Quantification of immunofluorescence data using ImageJ. D) K562- IGR2 cells were exposed
to either metformin (10 mM) or with compound C (5 uM) or none for 12 hours and subjected to
immunofluorescence by anti-RUNX1 (Alexa 488) and anti-AMPK (Alexa 594) antibodies counter stained with
DAPI. The immunofluorescence and quantification experiments were carried out on three independent fields.
N=3, Mean + S.E.M.; **p<0.005 versus control, N5p>0.05 versus control.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant.
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SUPPLEMENTARY FIGURE 9: A) K562- WT cells were treated with either geldanamycin (0.5 uM) or
metformin (10 mM) or both or none for 12 hours and subjected to immunoblot analysis to assess levels of HSF1,
HSP70 and BCR- ABL. B) K562- WT cells were treated with either metformin (10 mM) alone or with imatinib

alone (1 uM), or both (metformin- 10mM; imatinib- 1 uM) or none and subjected to immunoblot analysis to assess
MDR1 levels. N=3, Mean + S.E.M,;

Cont: control, Met: metformin, Ima: imatinib, Gel: geldanamycin.
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SUPPLEMENTARY FIGURE 10: A-D) PBMCs isolated from CML subjects were treated with metformin
(10 mM) for 6 hours and HSP70 mRNA levels were assessed by RT-PCR analysis. E & F) Cell viability of
PBMCs isolated from CML subjects was assessed by alamar blue, post to treatment with geldanamycin alone or
along with metformin (0.25 mM) at indicated concentrations for 72 hours. G) PBMCs isolated from CML
subjects were treated with either metformin (10 mM) or none for 12 hours and subjected to immunoblot analysis
to assess HSF1 and HSP70 levels. H) PBMCs isolated from CML subjects were treated with either metformin
(10 mM) or none for 12 hours and subjected to immunoprecipitation by HSF1 to validate HSF1 interaction with
p-AMPK. N=3, Mean + S.E.M.;

**p<0.005 versus control, ***p<0.0005 versus control.

Cont: control, Met: metformin, IP: immunoprecipitation, IB: immunoblotting, Control: healthy subjects, 1M Sens*:

imatinib sensitive subjects, IM R&*: imatinib resistant subjects.
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SUPPLEMENTARY FIGURE 11: Breast tumor tissue along with adjacent normal tissue were subjected
protein isolation followed by A) immunoblot analysis and B &C) IP by RUNX2 pull down and levels of p-
AMPK, RUNX2 and p-AMPK substrate specific motif were analyzed. N=3.

IP: immunoprecipitation, 1B: immunoblotting.
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SUPPLEMENTARY FIGURE 12: K562 WT, IR2, GR1, IGR1 and IGR2 cells were subjected to A) immunoblot
analysis. K562 WT, IR2, GR1, IGR1 and IGR2 cells were subjected to B) RT-PCR analysis of GLUT1 and HK-
I1. K562 WT, IR2, GR1, IGR1 and IGR2 cells were treated either with metformin (10 mM) alone or with compound
C (5 uM) or none for 6 hours and subjected to RT-PCR analysis of C) GLUT1 and D) HK-II. Mean * S.E.M;
N=3, *p<0.05 versus control or WT, **p<0.005 versus control or WT, NSp>0.05 versus control or WT.

Cont: control, Met: metformin, Comp C: compound C, NS: non-significant, WT: wild type.
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SUPPLEMENTARY FIGURE 13: PBMCs were isolated from CML subjects and exposed to either metformin
(10 mM) alone or with compound C (5 uM) or none for 12 hours, and A) intracellular lactate levels, B)
extracellular lactate levels, C) glucose uptake levels and D) ATP levels were measured. PBMCs were treated
with either metformin alone (10 mM) or none for 12 hours and subjected to E) immunoblot analysis. PBMCs
were treated with either metformin alone (10 mM) or none for 6 hours and subjected to RT-PCR analysis of F)
MCT1 and G) MCT4. The viability of PBMCs was measured after treatment with either H) imatinib, I)
geldanamycin or J) metformin for 3 days. Mean + S.E.M.; N=3, *p<0.05 versus control, **p<0.005 versus

control, ***p<0.0005 versus control, NS p>005 versus control.
Cont: control, Met: metformin, Comp C: compound C, NS: nonsignificant, RLU: relative luminescence units.

Control: Healthy, IM Sens+: Imatinib sensitive, IM Res+: Imatinib resistant subjects.
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SUPPLEMENTARY FIGURE 14: PBMCs were isolated from CML subjects and exposed to metformin (10
mM) alone or with compound C (5 uM) or none for 12 hours, and A) intracellular lactate levels, B) extracellular
lactate levels, C) glucose uptake levels and D) ATP levels were measured. PBMCs were treated with either
metformin alone (10 mM) or none for 12 hours and subjected to E) immunoblot analysis. PBMCs were treated
with either metformin alone (10 mM) or none for 6 hours and subjected to RT-PCR analysis of F) MCT1 and G)
MCT4. The viability of PBMCs was measured after treatment with either H) imatinib, 1) geldanamycin or J)
metformin for 3 days. Mean = S.E.M.; N=3, *p<0.05 versus control, **p<0.005 versus control, ***p<0.0005
versus control, N5p>0.05 versus control.

Cont: control, Met: metformin, Comp C: compound C, NS: nonsignificant, RLU: relative luminescence units.

Control: Healthy, IM Sens+: Imatinib sensitive, IM Res+: Imatinib resistant subjects.
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SUPPLEMENTARY FIGURE 15: PBMCs were isolated from CML subjects and subjected to metformin (10
mM for 12 hours) treatment or with compound C (5 uM) or none for 12 hours, and A) intracellular lactate levels,
B) extracellular lactate levels, C) glucose uptake levels and D) ATP levels were measured. PBMCs were treated
with either metformin alone (10 mM) or none for 12 hours and subjected to E) immunoblot analysis. PBMCs
were treated with either metformin alone (10 mM) or none for 6 hours and subjected to RT-PCR analysis of F)
MCT1 and G) MCT4. The viability of PBMCs was measured after treatment with either H) imatinib, I)
geldanamycin or J) metformin for 3 days. Mean + S.E.M.; N=3, *p<0.05 versus control, **p<0.005 versus

control, ***p<0.0005 versus control, NSp>0.05 versus control.
Cont: control, Met: metformin, Comp C: compound C, NS: nonsignificant, RLU: relative luminescence units.

Control: Healthy, IM Se"*: Imatinib sensitive, IM Res*: Imatinib resistant subjects.
y ]
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SUPPLEMENTARY FIGURE 16: MSCs were transfected with sSiRNAs against RICTOR and RAPTOR and
subjected to A) immunoblotting. MSCs were transfected with siRNAs against RICTOR and RAPTOR, after
which they were induced to adipogenic differentiation and subjected to total RNA isolation. The mRNA levels
of B) OCN, C) ALP, D) Adipo Q, E) PPAR-y and F) RUNX2 were analyzed. Mean + S.E.M.; n=3, *p<0.1

versus control, **p<0.01 versus control; ***p<0.001 versus control, NSp>0.1versus control.
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SUPPLEMENTARY FIGURE 17: Murine MSCs were subjected to adipogenic differentiation in the
presence of high glucose (25mM) with or without glutamine (4mM) and in the presence of low glucose
(5.5mM) with or without high glutamine (20mM) followed by A) Alizarin- red-s-staining and B) Oil-red-
o-staining. N=3, Mean = S.E.M.

AM: adipogenic medium, HG: high glucose, LG: low glucose, Glut: glutamine, HGlut: high glutamine.
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