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Triple negative breast cancer (TNBC) patients have high kisof recurrence and
metastasis, and current treatment options remain limitedCancer stem-like cells (CSCs)
have been linked to cancer initiation, progression and cheotherapy resistance. Notch
signaling is a key pathway regulating TNBC CSC survival. Ement of TNBC with
PI13K or mTORC1/2 inhibitors results in drug-resistant, Nah-dependent CSC. However,
downstream mechanisms and potentially druggable Notch eéfctors in TNBC CSCs are
largely unknown. We studied the role of the AKT pathway and ridchondrial metabolism
downstream of Notch signaling in TNBC CSC from cell lines repsentative of different
TNBC molecular subtypes as well as a novel patient-derived adel. We demonstrate
that exposure of TNBC cells to recombinant Notch ligand Jaggd1l leads to rapid AKT
phosphorylation in a Notch1-dependent but RBP-k independent fashion. This requires
MTOR and IKKa. Jaggedl also stimulates mitochondrial respiration and fenentation
in an AKT- and IKK-dependent fashion. Notchl co-localizes h mitochondria in
TNBC cells. Pharmacological inhibition of Notch cleavageybgamma secretase inhibitor
PF-03084014 in combination with AKT inhibitor MK-2206 or IK-targeted NFkB
inhibitor Bay11-7082 blocks secondary mammosphere formabn from sorted CD9J"
or CD44°CD24'°% (CSCs) cells. A TNBC patient-derived model gave comparable
results. Besides mitochondrial oxidative metabolism, Jagedl also triggers nuclear,
NF-kB-dependent transcription of anti-apoptotic gene clAP-2.This requires recruitment
of Notchl, IKKa and NFkB to the clAP-2 promoter. Our observations support a model
where Jagged1 triggers IKKa-dependent, mitochondrial and nuclear Notchl signals that
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Hossain et al. Notch Regulates TNBC Mitochondrial Activity

stimulate AKT phosphorylation, oxidative metabolism and&nscription of survival genes
in PTEN wild-type TNBC cells. These data suggest that combation treatments targeting
the intersection of the Notch, AKT and NFkB pathways have potential therapeutic
applications against CSCs in TNBC cases with Notch1 and wildype PTEN expression.

Keywords: notch, jagged, triple-negative breast cancer, mi tochondria, NF- kB, cancer stem-like cells (CSCs)

BACKGROUND pharynx-defective-1 (APH-1) and APH-2 as reviewed in
(28. This sequential cleavage of Notch receptors results
Triple negative breast cancer (TNBC) is a heterogeneoup@bdu in release of a Notch-intracellular domain (NIC), which
clinically aggressive breast cancers, designated as pgitelly interacts with the CSL (CBF-1/Suppressor of Hairless/LAG-
negative for estrogen receptor (ER progesterone receptor 1) transcriptional regulator in the nucleus to de-repress
(PR ), and human epidermal growth factor receptor 2transcription of target-genes. These in turn regulate ca-f
ampli cation (HER2 ). TNBC patients have a high risk of decisions, including di erentiation, cell-cycle progressiand
recurrence and metastasis, and current treatment optiomsie  survival. Post-translational modi cations of Notch recept@an
limited (1). Mortality is generally due to the development of modulate their a nity for ligands as well as the intracellulaali-
metastatic or locally recurrent disease resistant to sieshd lives of NIC @3 29). Several classes of Notch-pathway inhibitors
chemotherapy and radiation. Increasing evidence suggeats t have been developed for clinical/pre-clinical investigation
cancer stem-like cells (CSCs), present at diagnosis or elolvincluding g-secretase inhibitors (GSIs), monoclonal antibodies
during treatment through epithelial-mesenchymal trarmiti to Notch ligands or Notch receptors, monoclonal antibodies
(EMT) and/or clonal selection are the driving force ofto Nicastrin, and Notch decoys4). However, monotherapy
tumorigenesis, chemo/radioresistance and metastaticaspre targeting of CSC is not likely to achieve sustained therapeuti
Therefore, CSC-targeted therapies are keenly sought. Tikeree cacy, due to signal redundancy, phenotypic plasticity and
strong evidence for the involvement of Notch signaling inBS  clonal evolution {). Rational, mechanism-based combination
(2-6). Expression of Notch1 and its ligand Jagged1 correlate witbf these agents with inhibitors of pathways downstream or
poor prognosis, and expression of Notchl mRNA correlates witlipstream of Notch in speci ¢ subtypes of CSC are most likely
poor survival in recurrent TNBC1-10). Gene expression studies to deliver sustained e ectiveness while preventing dose-imit
have led to the classication of TNBC into six (TNBCtype) toxicities.
(11) or more recently, four molecular subtypes (TNBCtype- In addition to canonical Notch signaling, a number of non-
4) (12), presenting unique molecular portraits and di erential canonical (CSL-independent) Notch signals have been deestri
response to chemotherapyLd). In particular, the basal-like 1 in oncogenesis and in ammation30-33). We and others have
(BL1) and mesenchymal stem-like (MSL, now merged with thelescribed activation of NkB via the IKK signalosome by
Mesenchymal subtype) subtypes of TNBC are characterized Bjotchl in T-ALL, cervical cancer and colorectal cancéfi~
dysregulation of Notch modulators Lunatic Fringe (LFng) or36). In cervical cancer35) as well as ER breast cancer cells
Manic Fringe (MFng) and elevated expression of Notch4-( (37), respectively, Notchl activates B-and ER-dependent
17). There is strong evidence supporting key roles of di erenttranscription and triggers recruitment of IKé&to the chromatin.
Notch paralogs in breast CSCs3-23). However, key knowledge Activation of the AKT pathway downstream of Notch through
gaps prevent the successful targeting of this pathway in TNB&uppression of PTEN expression and other mechanisms has been
CSCs. In particular, the downstream mechanisms and poténtialdescribed in thymocytes, T-ALL, and mature T-celig, (38, 39).
druggable Notch e ectors in TNBC CSCs are largely unknown. Association of Notchl with the mitochondria has also been
Notch signaling, an evolutionarily conserved cell fateobserved in glioma stem cell31), T-cells ¢0), and macrophages
determination pathway, is involved in multiple aspects of(41). Bhola et al. §) have shown that treatment of TNBC with
tumor biology, from angiogenesis to CSC maintenance t@ither PI3K or mTORC1/2 inhibitors results in drug-resistan
tumor immunity (4, 23). Humans and rodents express ve Notch-dependent CSC. However, it remains unknown how
canonical transmembrane Notch ligands [Delta-like ligahd Notch can overcome inhibition of the PI3K pathway and whether
(DLL1), DLL3, and DLL4, and Jagged 1 and Jagged Zhon-canonical Notch signaling contributes to this phenoroan
of which DLL3 serves a negative regulatdt4)( and four In this study, we describe twin non-canonical mechanisms
transmembrane Notch receptors (Notchl-4P5(27). The downstream of Jagged-1-mediated Notch1l activation thgger
interaction between a ligand on the surface of one celAKT phosphorylation, mitochondrial metabolism and NéB
and a receptor on an adjacent cell initiates a two-stepctivationin TNBC cells and CSC. Both pathways requiredkKK
proteolytic cleavage of the receptor. The rst step is carriedh potentially druggable kinase. We observed co-localizatio
out by a disintegrin and metallo-proteinase (ADAM), generallyof Notchl with mitochondria and metabolic activation in
ADAM10 (or ADAM17 in ligand-independent cleavage), and TNBC cells upon Jagged-1-mediated Notchl activation. We
the second is mediated lyrsecretase, a multi-subunit enzyme found increased Notchl expression, AKT phosphorylation and
complex which consists of Nicastrin, Presenilin, anteriormitochondrial metabolism in mammospheres derived from
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TNBC cells. Pharmacological inhibition of Notch cleavage MDA-MB-231 cells were transiently transfected a with
by gamma secretase inhibitor PF-03084014 in combinatiodominant negative form of MAML1 (DN-MAML1) as we
with AKT inhibitor MK-2206 or IKK inhibitor Bay11-7082 described earlier37). Brie y, cells were transfected with Xfect
inhibits secondary mammosphere formation from CM9@r Transfection Reagent (Clontech) according to the manufastsir
CD44° CD24°" (CSCs) sorted cells in TNBC cell lines as well ainstructions protocol.

PDX-derived secondary mammosphere formation in a patient- )

derived model. Our data suggest that: (1) activation of Aki#a Dual Luciferase Assay

mitochondrial metabolism is a consequence of non-candnicadMDA-MB-231 cells were transfected with scrambled siRNA
Notch activity in TNBC CSCs and (2) combination strategiesdr Notchl (N-1) siRNA (Santa Cruz Biotechnology) or an
targeting Notch and PI3K/AKT or IKK/NFkB have potential expression plasmid encoding intracellular Notchl (N1-IC) as

therapeutic applications in targeting TNBC CSCs. described 85, 37). Twenty-four hours later, cells were transfected
with NF-kB-luciferase reporter plasmid (NkB-Luc) and pTK-
Renilla luciferase plasmid as internal control. The e ects of

METHODS Notch signaling modulation on NKB transcriptional activity

Cell Culture and Western Blotting were assessed by monitoring MB-promoter-derived luciferase

All TNBC cell lines were purchased from ATCC and maintainedactivity. Luciferase assays (Dual-Luciferase Assay System
in DMEM or RPMI medium with 10% fetal bovine serum Promega) were performed according to the manufacturers
according to ATCC guidelines. For Western blots, cells wergrotocol. Luciferase activity was quanti ed by a luminonrete
collected and suspended in RIPA bu er containing 1 mM PMSF(Veritas, CA) and re y luciferase relative light emissiamits

1 mM sodium orthovanadate (Santa Cruz Biotechnology, SCByere normalized against Renilla luciferase activity. Re&ativ
and 1 mM Protease and Phosphatase Inhibitor Cocktail (Thermdlciferase activity was calculated considering 1.0 as thetgof
Scienti ¢). Protein concentration was determined by BiaeR Cells transfected with empty vector.

protein assay. Equal amounts of protein were analyzed by 7.5% o .

Criterion TGX Precast Gels (Bio-Rad) and transferred to frvp Quantitative Chromatin

membranes (Immobilon-FL Transfer Membrane, Millipore). Immunoprecipation (CHIP)

Odyssey blocking bu er (LI-COR) was used to block non-speci cQuantitative ChIP analysis was carried out as descrild&g (
binding sites and then membranes were incubated with primaryt2). Briey, MDA-MB-231 cells were crosslinked with 1%
antibodies to evaluate the expression of Notchl1 (C-20-R)¢chbt formaldehyde, lysed in nucleus lysis buer (1% SDS, 10mM
(H-225), plKKa (Thr 23), Total AKT (H-136), RBP-J (CSL), and EDTA, 50 mM Tris-HCI, pH 8.1) and sonicated on ice at 95%
b-actin (AC-15) (Santa Cruz Biotechnology); Ikkand pAKT total power for six cycles of 12 pulses each to achieve complete
(Serda73, DOE) (Cell Signaling Technology). After inculratiith ~ fragmentation of the DNA. These conditions were optimized
speci ¢ secondary antibodies (Goat anti-mouse 680RD or Godt pilot experiments to achieve optimal fragmentation. After
anti-Rabbit 800CW; LI-COR), protein expression was detectedentrifugation, supernatant was collected and then IP smiut

using LI-COR Odyssey imaging system. was prepared by adding 9 volumes of dilution bu er (10 mM
] . Tris-HCI, pH 8.1, 150 mM NaCl, 1 mM EDTA, 0.01% SDS, and
Metabolic Flux Analysis (Seahorse) 1% TritonX-100) to 1 supernatant volume. The IP solution

XF-24 Extracellular Flux Analyzer (Seahorse Bioscienceyas precleared with Salmon Sperm DNA/Protein G Agarose-
was used to evaluate Oxygen consumption rate (OCR) and50% Slurry (Upstate Biotechnology, VA) for 1 h atCiwith
extracellular acidi cation rate (ECAR) in MDA-MB-231 agitation. Following preclearing, the IP solution was inatéd
(Mesenchymal-like, MSL) cells and in mammospheres generatedth the indicated antibodies (Notchl, p50, p65, and BK
from them. For OCR, cells were analyzed under basal comditio overnight. The next day, immune complexes were recovered
and in response to M oligomycin, 1mM p-tri uoromethoxy- by incubation with Salmon Sperm DNA/Protein G Agarose-
carbonylcyanide-phenylhydrazone (FCCP), @M rotenone 50% Slurry for 2h with gentle rocking. Agarose beads were
and 0.1mM antimycin A (Sigma-Aldrich) using Mito-Stress test pelleted by centrifugation and washed for 5 min each & with
according to the manufacturer protocol (Agilent Technola)ie rocking with the following bu ers: one wash in Low Salt Immune
Complex Wash Bu er (0.1% SDS, 1% Triton X-100,2 mM EDTA,
siRNA and DN-MAML Transfection 150 mM NaCl, 20mM Tris-HCI (pH 8.0), one wash in High
MDA-MB-231 cells were transiently transfected with non-Salt Immune Complex Wash Bu er (0.1% SDS, 1% Triton X-
targeting scrambled siRNA, RBR-3iRNA, Notchl siRNA, or 100, 2 mM EDTA, 500 mM NacCl, 20 mM Tris-HCI (pH 8.0), one
IKKa siRNA (Santa Cruz Biotechnology) as per the standardvash in LiCl Wash Bu er (0.25M LiCl, 1% IGEPAL CA-630, 1%
manufacturer's protocol. Briey, siRNA was mixed to siRNA sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCI (pH 8.0),
Transfection Reagent (SCB) in siRNA Transfection Mediumand two washes in TE bu er (pH 8.0). After nal wash, the TE
(SCB). After 30 min incubation at room temperature this misgu  bu er was taken out by pipetting to ensure complete removal.
was added to cells for 6 h. Complete Medium (FBS) was Freshly prepared Elution Bu er (1% SDS, 0.1 M NaH§®as
added to cells and 48 h after transfection cells were hagde$he added to the beads at room temperature. Immune complexes
expression levels of target proteins was determined by Westewere eluted by rocking for 15min and collected. Elution was
blot as described above. repeated as described, and Proteinase K (Invitrogen, CA) was
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added to each sample. Samples were incubated overnight ratural killer (NK) cells. A tumor explant (3 3 mm?) was plated
65 C to break the formaldehyde crosslinks. The next dayin a 6-well plate with DMEM supplemented with 10% FBS, non-
DNA was recovered using the QIAquick PCR puri cation kit essential amino acids (NEAA), MEM amino acids, anti-antiq10
following manufacturer's instructions. Eluted DNA was &med  U/mL), sodium pyruvate and porcine insulin (1 10 19 mol/L)
by quantitative real-time PCR with the indicated primer pairs at 37 C in humidi ed 5% CO,. TU-BCx-2K1 was generated from
The amounts of products were determined relative to a stashdarcells that adhered to the dish weeks after the explant wasiplate
curve generated from a titration of input chromatif (). Primers
designed to amplify the NKB-site on clAP2 promoter were: Mammospheres Assays
(Forward) 5- TGTGTGGTTATTACCGCTGG-3 and (Reverse)Primary mammospheres were generated from MDA-MB-231
5-GCGAGTCTCACGCTGTCTTT-3; primers for NkB-site on  (Mesenchymal-like, MSL) or MDA-MB-468 (Basal-like, BL1)
A20 promoter were: (Forward) 5-CTGCAGAAAAACAACTG cells using MammoCult Human Medium Kit (STEMCELL
CGA and (Reverse) 5-GTGAGTCACCTGGGCATTTC-3. PCRTechnologies). Briey, after 7 days incubation on ultra-
was also performed with primers farglobin gene (Forward) C low attachment 6-well plate (Corning) in MammoCult
CAGCCTTATCCCAACCATA, (Reverse): TATCATGCCTCTT growth medium, P1 mammospheres were collected by gentle
TGCACCA as an internal control. centrifugation and then trypsinized for single cell suspension
Cells (10,000/well) were plated on ultra-low attachment 6-wel
plate (Corning) with complete MammoCult growth medium
Immuno uorescence and Confocal in the presence of GSI PF-03084014B) or AKT inhibitor
Microscopy _ MK-2206 (5mM) or IKK-targeting NFB inhibitor Bay11-7082
Immuno uorescence analysis was performed on MDA-MB-231(l mM) (Selleckchem, Texas) twice/week. Following 7 days of

and MDA-MB468 cells to evaluate the co-localization Nomh]incubation mammospheres (LOOMM) were counted manually
and mitochondria. Cells were grown on Lab-Tek chamberslideusing a I\’Iikon Eclipse Microscope. For CSCs entichment

(Ngnc) and then stained with a mit(_)chondrion-selective prObleCD44CCD24°W and CD96 cells were sorted from MDA-
(MltoTracker_-Red, 200 nM)_accordlng to the manufact_urers,le_231 cells using LSRIl Flow cytometer (BD Biosciences).
protocol (Invitrogen). Following a PBS wash, cells were ¥ed  gqteq cells were plated for mammosphere formation, followed

2% PFA followed by blocking in 5% normal goat serum. Notchly yreatments with GSI, AKT inhibitor or N inhibitor as
antibody (C-20, 1:50 dilution) (Santa Cruz Biotechnolo®gs  yoscribed.

added for overnight incubation at €. Following PBS wash, AF-

488 conjugated secondary antibody (1:200 dilution; Ingen) PDX Mammosphere Culture

was for detection. Slides were then washed in PBS, mountad WiMammosphereS were cultured in low Suspension media
DAPI (VeCtOf LabOfatOfieS), and visualized using a Confocacomposed of DMEM/F-12 media Supp|emented with B-27,
Microscope (Olympus FV1000). The colocalization indexegenicillin-streptomycin, broblast growth factor (FGF) and
Pearson's and Manders' coe cients were calculated using thepidermal growth factor (EGF) (Invitrogen, Carlsbad, CA).
ImageJ colocalization analysis plugin. The portions of thé ceMammospheres were created by plating TU-BCx-2K1 PDX cells
occupied by Notchl and mitochondria were calculated as thgs0,000) in low suspension DMEM/F-12 media supplemented
ratio of the uorochromes' areas (visualized by AlexaFH8  with FGF and EGF (20 ng/mL each) in low-attachment 6-well
and mito-Red, respectively) to the entire cell area (visedlizy plates (Thermo Fisher Scienti ¢, Waltham MA). Mammospheres
blue masking). After background subtraction, the meanmsiey  \vere treated with GSI PF-03084014, AKT inhibitor (MK-2206)

of each uorescence was used as a threshold to obtain binap |KK inhibitor, Bay11-70820 (Selleckchem, Texas) asriest
images on which the di erent areas were measune® (20 cells  garlier.

per group were analyzed).

_ RESULTS
Establishment of TU-BCx-2K1 : . , .
Patient-Derived Cell Line Non-canonical Notch Signaling Activates

The triple negative patient-derived tumor, designated as s AKT Phosphorylation in PTEN-Wild Type

acquired in collaboration with the Louisiana Cancer ResearcTNBC Cells of Some Molecular Subtypes
Consortium Biospecimen Core and processed in compliancBlumerous studies suggest that Notch1 activates or is reduar
with NIH regulations and institutional guidelines, and appexl  activation of the AKT pathway in various systems{45). The

by the Institutional Review Board at Tulane University. TheseAKT signaling pathway is involved in multiple cellular funct®n
experiments were performed at Tulane University. 2K1 wascluding promoting cell growth, increasing glucose uptake an
established and propagated inimmunocompromised SCID/Beigexidation, cell cycle progression and cell survivé, (47). In
mice. SCID/Beige mice(CB17.CgPrkdéCd ysPYCrl) were TNBC, resistance to PI3K or mTORC1/2 inhibitors is mediated
purchased from Charles River and are used to prevertty Notch through unknown mechanismss) Therefore, we
rejection of the xenografted human tumors. The autosomainvestigated whether Notchl causes AKT activation in TNBC
recessive SCID (Prk&d® mutation results in severe combined cells. Initial experiments were performed in the co-cultuystem
immunode ciency a ecting both the B and T lymphocytes. The we used to dissect the crosstalk of Notchl withaHR7). Co-
autosomal recessive beige (I%fsmutation results in defective culture of MDA-MB-231 cells with LTK-JAG broblasts does
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induce rapid phosphorylation of AKT (S473) as well as &K the slower kinetics. Jagged-induced AKT phosphorylation was
(S180) Supplemental Figures 1A,B However, the complexity inhibited by a gamma secretase inhibitor (GSI PF-308404d) a
of the cellular system used prevented us from determining theompletely abrogated by dual mMTORC1/mTORC2 inhibitor KU-
mechanism of this e ect. Notchl activation in a broblast- 0063794. Conversely, mTORC1-selective inhibitor Everdimu
free system using EDTA48 49 in MDA-MB-231 cells was had no e ect. Interestingly, IKK inhibitor Bay11-7082 was as
accompanied by S473 AKT and S180 KI§hosphorylation potent as GSI, suggesting that in this system, dK&r the
within minutes, which was suppressed by Notchl knockdownKK signalosome is upstream of AKT activatiofigure 1A).
(Supplemental Figure 1¢. Exposure to recombinant Jaggedlldentical results were obtained in HCC1143 cells (Basal-lik
for 1h induced phosphorylation of AKT at S473 in MDA- 1, PTEN wild type) Figure 1B) but not in MDA-MB-468
MB-231 cells Figure 1A). The kinetics of activation in this (Basal-like 1, PTEN-null)Rigure 10. Knockdown of Notchl
system was slower than with EDTA, presumably becaussippressed AKT phosphorylation following Jaggedl-activation
it requires re-attachment of suspended cells and productivéFigure 1D). Interestingly, Notchl knockdown also reduced
interaction with Jaggedl. In this system, induction of KKK total AKT levels. We do not know the mechanism of this
phosphorylation was not consistently observed, perhaps due ®ect. However, mTORC2-dependent phosphorylation of AKT

o
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A 8 E E D ° - F
I I > S =
g8 08 %o EE 3
T - S & & 2 2 S% 2% < <
E S o+ o+ o+ o+ 4+ + + Jagged1 g =z
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o £ £ £ J 2 =3 — =
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P — - € a
— - p- AKT . " Total-AKT S =
. e g w R SR S 7ota] AKT B . Notchl RBP-JK
— o — . s e B3t L B-Actin o— e (3-actin
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g w
B g R £ E 3
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5 3 = & & & 2 °@ =73 5 =
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EES= = o
MDA-MB-468 MDA-MB-231
FIGURE 1 | Notch activation induces AKT phosphorylation independety of RBP-Xk but dependent on IKKa in PTEN-wt TNBC cells.(A,B) MDA-MB-231 (MSL,
PTEN-wt) and HCC1143 (BL1, PTEN-wt) cells were plated on gatin (0.2%) (Control) or human recombinant Jaggedl (tg/ml) in gelatin (Jagged) coated plates in
the presence of indicated drugs (AKT inhibitor MK-2206, M), GSI PF-03084014 (5mM), BAY11-7082 (IKK inhibitor, 5nM), Everolimus (mTORCL1 selective inhibitor,
5mM), and KU-0063794 (dual mTORC1/mTORC?2 inhibitor, 5M) for an hour. Western blotting was carried out using wholedll lysates.(C) Similarly, MDA-MB-468
(BL1, PTEN null) cells were plated on control or Jagged1 coatl plates for an hour in the presence of indicated drugs and wa&tern blot was carried out using whole
cell lysates.(D,E) MDA-MB-231 cells were transfected with control siRNA or Nath1siRNA or IKKa siRNA. Forty-eight hours following transfection, equal maber of
cells were plated on Jagged coated plates for an hour and AKT @ivation was measured by Western Blot(F,G) RBP-Jk was silenced in MDA-MB-231 cells using
siRNA. RBP-X silenced and or control cells were plated on Jagged1 coated fates for an hour and phosphorylation of AKT was determinedsing Western Blot.
(H) MDA-MB-231 cells were transfected with a dominant negativéorm of MAML1 (DN-MAMAL1) or control vector. Cells were theplated on Jagged1 coated plates
for an hour and phosphorylation of AKT was determined using \@stern Blot.
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at T450 has been proposed to control AKT protein stability(57). Therefore, we explored whether the Notch-AKT pathway
(50. Whether Notchl regulates the T450 phosphorylation ofve describe herein regulates cellular metabolism in TNBC
AKT remains to be determined. We and others have showmells using a Seahorse Analyzer. Jaggedl-mediated Notch
that IKKa physically interacts with Notchl and functions activation increased cellular bioenergetics in MDA-MB-231
downstream of Notchl in cervical canceBy, T-ALL (34), cells as measured by OCR (Oxygen Consumption Rate)
ERC breast cancer37) and colorectal cancer3g 51). Xu and ECAR (Extracellular Acidication Rate)Figure 2A).
et al. 62) have shown that IKK and IKKb cause AKT Pharmacological AKT inhibition blocked both OCR and ECAR
activation by physical interaction and direct phosphorylationincreases induced by JaggedEig(re 2A). Knockdown of
of mMTORC2 subunit Rictor in a variety of cell lines. BabaewWotchl by siRNA decreased both OCR and ECAR under basal
et al. 63) have recently shown that genetic or pharmacologica{Supplemental Figure 3A and Jaggedl-induced conditions
inhibition of IKKa causes reduced mTORC?2 activity and AKT (Figure 2B). To avoid artifacts due to inhibition of growth
phosphorylation in macrophages, which results is increases survival by siRNA transfection, equal numbers of viable
sensitivity to apoptosis. Given the e ect of Bay11-7082 on AKTcells from control siRNA- or Notchl siRNA-transfected
phosphorylation, we investigated whether IKKhediates Notch- cells were plated for Seahorse experiments. Similarly,alKK
induced AKT phosphorylation in our system. Ikkknockdown knockdown decreased OCR and ECAR under both basal
decreased AKT phosphorylation in recombinant Jaggedl(Supplemental Figure 38 and Jaggedl-induced conditions
stimulated MDA-MB-231 cellsKigure 1. This indicates that (Figure 2Q). Importantly, there was no change in the
the expression of IKK is required for this e ect of Notchl. mitochondrial mass of Notchl siRNA or IK&K siRNA-
Complete knockdown of RBR«JIn MDA-MB-231 cells had no transfected cells Fgure 2D). Cumulatively, these ndings
e ect on Jaggedl-induced rapid AKT activatiokigure 1G).  support the hypothesis that Jaggedl regulates cellular
Similar results were obtained when we transfected MDA-MBhbioenergetics in some TNBC cells through Notchl, &K
231 cells with dominant negative MAML1 (DN MAML1) and AKT.
(Figure 1H), which lacks the domain responsible for co-activator
recruitment but binds to Notchl and CSL. Taken together, . . . L.
these results indicate that Jagged-induced rapid AKT aiiva NOtch1l Co-localizes With Mitochondria in
is a non-canonical phenomenon, which is Ixiependent TNBC Cells
and CSL/MAML1-independent. Our results do not rule outPerumalsamy et al.4() rst showed that Notch signaling
longer-term e ects on AKT signaling mediated by canonicalpromotes survival in T-cells via a non-nuclear AKT-mediated
transcriptional e ects. pathway that promotes mitochondrial integrity. The same
Next, we extended our observations to other TNBC cell linegroup also showed that Notchl-IC physically interacts with
representative of di erent molecular subtypesl(12). MDA-  Rictor/fmTORC?2 in T-reg cells58). More recently, Lee et al.
MB-231 cells are representative of the Mesenchymal/Stem-lilkemonstrated in glioma stem cells and Drosophila neural
(M/MSL) subtype, and are PTEN wild type. In these cellsstem cells that Notchl activates the mTORC2/AKT pathway
AKT phosphorylation was inhibited by GSI and abolished byby associating with Rictor on the mitochondrial surface, via
Bay11-7082Kigure 1A). Conversely, in PTEN-null, Basal-like 1 PINK1 (31). Association of Notch with the mitochondria
(BL1) MDA-MB-468 cells, AKT phosphorylation was insensitivehas been described also in T- celk0O( and macrophages
to either GSI or IKKa inhibition (Figure 1C. PTEN-mutant (41). One study suggests that Notchl may even regulate the
M/MSL BT549 cells were sensitive to IKkhibition butnot GSI  transcription of mitochondrial proteinsX9. Thus, we sought
(Supplemental Figure 2. In CDKN2A-mutant BL2 HCC1806 to determine whether Notchl associates with mitochondnia i
cells, AKT phosphorylation was sensitive to IKkhibition but ~ TNBC cells as well. Immuno uorescence staining of MDA-MB-
not GSI Supplemental Figure 2. Luminal androgen receptor 231 cells revealed the presence of Notchl in both nucleus and
(LAR) subtype TNBC cells MDA-MB-453 were moderatelycytoplasm Figure 3A). A signi cant fraction of the cytoplasmic
sensitive to IKK inhibition and GSI Supplemental Figure 2. Notchl signal co-localized with mitochondria even undesala
AKT phosphorylation in all the cell lines tested was sensitive conditions Figure 3A). We found similar results in MDA-
dual mTOR inhibitor KU-063794 but not Everolimus (mMTORC1 MB-468 cells as wellF{gure 30). We analyzed the Menders
inhibitor), consistent with the role of mMTORC2 in catalygin and Pearson's co-localization coe cients using the ImageJ
S473 AKT phosphorylation. These observations indicate thato-localization analysis plugin. The Pearson's co-lodéiza
the pathway we identi ed is active in some but not all TNBC coe cients in MDA-MB-231 and MDA-MB-468 cells were 0.408
cells, depending on PTEN status and possibly other molecular 0.019 and 0.368 0.027, respectivelyP(< 0.01), while the
features. Manders' coe cients were 0.629 0.016 and 0.570 0.024, in
MDA-MB-231 and MDA-MB-468 cells, respectively € 0.01),
. . supporting the co-localization of Notch with mitochondria. &V
Jagged1l Regulates Cellular Bioenergetics then analyzed a puri ed mitochondrial fraction of MDA-MB-
in a Notchl and IKK a Dependent Fashion 231 cells by Western blotting. Cleaved Notch1 (Notch1-I@sw
The AKT pathway is a major driver of glucose uptake andenriched in the mitochondrial fractionHigure 3B), consistent
aerobic metabolism5d4). Notchl has been reported to stimulate with the ndings of Lee et al. 1). PINK1, mTOR and IKka
glucose metabolism in thymocyte§85 56) and MCF-7 cells were also found in puri ed mitochondrial fractions along it
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FIGURE 2 | Jagged1 regulates Cellular Bioenergetics in Notch and Ikd&Kdependent fashion.(A) MDA-MB-231 cells were plated on control or Jaggedl coated XB4
Cell Culture plate in the presence or absence of AKT inhibitgMK-2206, 5mM). Cell energy phenotype pro le, mitochondrial respiratio as Oxygen Consumption Rate
(OCR) and fermentation as indicated by Extracellular Acidation Rate (ECAR) was measured using a Seahorse Analyzer aescribed in the Methods section.

(B,C) MDA-MB-231 cells were transfected with control siRNA or Nath1 siRNA or IKKa siRNA. Forty eight hours following transfection, equal nuber of live cells
were plated on Jaggedl coated XF24 cell culture plate and arlgzed for OCR and ECAR by Seahorse Analyzer. Basal OCR was théference between the OCR
before Oligomycin and after Rotenone & Antimycin A (R/A)D) Control and Notchl or IKKa siRNA transfected cells were stagd with 50 nM MitoTracker Green FM
(Invitrogen) to detect Mitochondrial Mass by Flow Cytometeaiccording to the manufacturer protocol. Data were analyzedising Beckman Coulter Kaluza Analysis
Software.

other cellular fractionsKigure 3B). Future studies will determine Consistent with the literatureX1, 61), we found increased
whether this mitochondrial localization is required for Mii1 to  Notchl and pAKT in passage 1 (P1) mammospheres generated
activate mTORC2-AKT. from MDA-MB-231 cells Figure 4A). P1 mammospheres
had increased basal and maximum mitochondrial respiration
compared to adherent cells, but no signi cant dierences
MDA'MB'ZS]‘_ Ma_mmOSphereS Have in extracellular acidi cation rate Kigure 4B). Mammospheres
Increased Oxidative Metabolism and Are also had increased reserve respiratory capacity compared
Sensitive to GSI, AKT, or IKK Inhibition to monolayer cells Rigure 4B), suggesting a switch toward
Mitochondria are indispensable for cellular respiration andoxidative metabolism. Pharmacological AKT inhibition twit
aerobic metabolism. Although aerobic glycolysis has beeg | allosteric inhibitor MK-2206 or IKK inhibition with Bay11-
recognized as a metabolic feature of many cancer cellsstored082 decreased both basal and maximum OE€ures 4C,D.

CSC have been shown to rely on enhanced oxidative metaholisiWe recently showed that among ve dierent GSls tested
contrary to their more di erentiated counterparts5(). Hence, in clinical trials, all of which demonstrate anti-CSC adifyyi

we sought to determine whether the pathway we describe herePF-03084014 had superior anti-mammosphere activiy).(

is active and therapeutically targetable in breast CSC. PF-03084014 also decreased both OCR and EGARIE 4B in
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FIGURE 3 | Notch1l co-localizes with Mitochondria in TNBC cells(A) MDA-MB-231 cells were grown on Lab-Tek Il chamber slides andtained with mitochondrial
tracer (MitoTracker), Notch1 (C-20) antibody, and DAPI (eieus) and co-localization of Notch and Mitochondrial wasigualized by confocal microscopy.

(B) Mitochondria were isolated form MDA-MB-231 cells using a Mochondria Isolation Kit for cultured cells (Abcam). Proteiexpression (indicated) was determined
from the mitochondrial lysate and the non-mitochondrial &ction by Western blotting.(C) Similarly MDA-MB-468 cells were stained with mitochondrigracer
(MitoTracker), Notch1l (C-20) antibody, and DAPI (nucleuahd co-localization of Notch1 and mitochondria was visuatied using a Confocal microscope.

P1 mammospheres. These results suggest that Notch inhibitid®F-03084014 is not exclusively due to inhibition of the KK
in combination with either AKT or IKK inhibition can be used AKT pathway, but it is signi cantly increased when either &ge
to target mammosphere metabolism in Notch-dependent TNBGn inhibited. We obtained virtually identical results wheme
cells. tested secondary mammospheres generated from CSCs ow-

sorted based either on CD%€D24°" (63) or CDIQJ" (64)

. . (Figures 5C,D. These data suggest that treatments with a GSl in

GSI PF-03084014 Has Anti-CSCs Activity in combination with either an AKT inhibitor or an IKK inhibitor
Combination With an AKT Inhibitor or an may be an attractive, mechanism-based anti-CSC strategy in

IKK Inhibitor some TNBCs.
We sought to determine whether a GSI alone or in combination
with AKT or IKK inhibition inhibits mammosphere growth. We

have shown in the past that several GSls inhibit mammospherg g (PF-03084014) in Combination With an
formation in patient-derived samples2{). As we recently Iy y
determined that PF-030840414 has superior anti-mammosphefA‘eKT Inhibitor or an IKK Inhibitor Is

activity among the GSIs we testegl], we evaluated this agent Effective Against PDX-Derived

alone or in combination with AKT inhibitor MK-2206 or IKK Mammospheres

inhibitor Bay11-7082. Equal numbers of P1 mammospheres weRatient-derived xenografts (PDX) are an evolving model for
plated in the presence of GSI PF-03084014 (GSI-PF) alone or éancer experimental therapeutics, which is thought to more
combination with MK-2206 or Bay11-7082 for another 7 daysclosely represent cancer clones existing in patients. To test
Each single treatment (GSI or AKT inhibitor or IKK inhibitpr whether the combination treatments we propose has activity
results in a signi cant decrease in mammosphere formatiorin a patient-derived TNBC model, we developed a PDX model
(Figure 5A) but did not abolish mammosphere formation. from a TNBC patient as described in Methods. A cell line was
However, the combination of GSI-PF with either an AKT or generated from PDX tissue (2K1T6) and tested as monolayer
an IKK inhibitor signi cantly abrogated mammosphere growth and mammospheres. These cells constitutively expressed Notchl
(Figure 5A). This e ect was not limited to MDA-MB-231 cells, (Supplemental Figure 64, like established TNBC cell lines.
as it was observed also in MDA-MB-468 cellBigire 5B), These PDX cells have constitutively active AKT phosphorytatio
although in these cells AKT phosphorylation is GSl-insemsiti which was not further increased by exposure to Jaggedl, but
These results suggest that the anti-mammosphere activiBsdf was virtually abolished by GSI, AKT inhibitor MK-2206 or dual
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FIGURE 4 | MDA-MB-231 Mammospheres have increased oxidative metab&m, which is sensitive to GSI, AKT inhibition or IKK inhibitio Mammospheres were
enriched from MDA-MB-231 cells using human Mammocult medias per the manufacturer's protocol (STEMCELL Technologigs(A) Expression of Notchl and AKT
phosphorylation was determined in mammospheres and monolger cell lysates by Western blotting(B) OCR including Reserve Capacity and ECAR were compared
between mammospheres and monolayer cells using a Seahorserfalyzer. Mammospheres were treated wit{C) AKT inhibitor (MK-2206, 5mM); (D) IKK inhibitor
(Bay11-7082, 1mM) or (E) GSI PF-03084014 (PF, 5mM) and then OCR and ECAR were measured using a Seahorse Anagiz

mTORC inhibitor KU-063794, and modestly inhibited by Bay11-of the oncogenic e ects of Notchl in colorectal cancég,(
7082 Figure 5B. As we observed in TNBC cell lines, single51). Hence, we sought to determine whether in addition to
agents GSI, AKT inhibitor or IKK inhibitor inhibited but did AKT activation, IKKa also mediates nuclear NEB-dependent
not abrogate mammospheres growth. GSI plus AKT inhibitortranscription in TNBC cells. We transfected MDA-MB-231 cells
or GSI plus IKK inhibitor treatment drastically inhibited with a plasmid expressing the active form of Notchl (Notchl-
mammospheres growth in this PDX-derived modElidure 5F intracellular, N1-IC). Overexpression of N1-IC led to a dose-
Supplemental Figure 6B. Taken together, these results reinforcedependent increase of NEB reporter activity Figure 6A).
the proposition that combinations of Notch inhibitors with Conversely, Notchl silencing by siRNA signi cantly decezhs
AKT or IKK inhibitors deserve further investigation as aa@SC  endogenous NKkB-driven luciferase activitysigure 6B).
treatments in TNBC. Next, we interrogated the role of Notchl in c-IAP2 expression
in TNBC cells. We had previously shown that Notchl regulates
NF-kB-induced c-IAP2 expression in cervical cancer cells in

NOtChl_A|_50 A_\Ctivates NF- kB-Dependent an IKKa-dependent fashion 35). Studies indicate that c-
Transcription in an IKK a-Dependent IAP2 is frequently overexpressed in cancers and contribtates
Fashion in MDA-MB-231 Cells tumorigenesis, chemoresistance and disease progressiyn (

Previously, we reported that Notchl associated with dkand ~ Synthetic clAP2 inhibitors cause massive apoptosis in MDA-
regulated NFkB activity in cervical cancer cell8%). In the MB-231 cells and complete remissions in MDA-MB-231-derived
same paper, we showed that Notch-1 and H&ssociate with Xenografts§6, 67). We studied clAP2 expression upon activation
the promoter of apoptosis inhibitor c-IAP2 in CaSki cells andof Notch signaling under the same conditions we used in
that in the presence of TNE; additional Notch-1 and IKl&  other models, by co-culturing MDA-MB-231 cells with mouse
are recruited at the c-IAP2 promoter. Subsequently, we showefroblasts engineered to express Notch ligand Jagged-1 (LTK-
that in luminal breast cancer cells, Notchl, and KKkKare JAG) or control vector-transduced parental broblast (LTK-
recruited to ER-responsive elements and activate ER-dependeftAR) as we previously reportedlq). Jagged1 exposure markedly
transcription in an estrogen-independent fashi@v), Similarly, ~induced clAP-2 expressiorF{gure 6Q. Knockdown of either
Espinosa et al., demonstrated that nuclear #4&a key mediator Notchl or IKKa suppressed this inductiorf-{gure 6C). Notch4

Frontiers in Oncology | www.frontiersin.org 9 December 2018 | Volume 8 | Article 575



Hossain et al. Notch Regulates TNBC Mitochondrial Activity

FIGURE 5 | GSI PF-03084014 has anti-CSCs activity in combination witln AKT inhibitor or an IKK inhibitor. Mammospheres from MDA-B231 (A) or
MDA-MB-468 cells (B) were treated with GSI PF-03084014 (PF, 5nM) or AKT inhibitor MK-2206 (MK, 5mM) or IKK inhibitor Bay11-7082 (Bayl11l, InM) as single
agents or in combinations including PF (51M) plus MK (5mM) or PF(5mM) plus Bay11(1mM) for 1 week (twice per week treatment). Following incubatn,
mammospheres were counted using a Nikon microscope. Cancestem like cells, (CD9ﬂ7i or CD44CCD24'°W) were sorted from MDA-MB-231 cells using a BD FACS
Avria Il as per the standard protocol. MDA-MB-231 sorted cell$C) CD90M or (D) CD44C CD24!°W were cultured in Mammocult media for 1 week and then P1
mammospheres were treated as indicated and counted as desdbed. (E) PDX:2K1cells were plated on control or Jagged1 coated plate for an hour in the presence
of the indicated drugs: AKT inhibitor MK-2206 (5nM), GSI PF-03084014 (5mM), IKK inhibitor BAY11-7082 (5nM), mTORC1 selective inhibitor Everolimus ¢&M), and
dual mMTORC1/mTORC2 inhibitor KU-0063794 (51M) for an hour, after which AKT phosphorylation (S476) was nasured by Western blotting.(F) PDX
mammospheres were enriched from PDX:2K1 cells as describedbove, and P1 PDX mammospheres were treated with indicatedmigs and counted as described
above. Data, mean SD; P-values: P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001.

knockdown had no e ect, suggesting that not all Notch paralogpromote NFkB transcriptional activity in MDA-MB-231 cells as

induce clAP-2 in this system. Transfection e ciency wasthey do in cervical cancer cells. Together with our data in loahi

validated by Western blot using the same lysates used ifehasie  breast cancer cell3{) and the observations of the Espinosa

experimentsfigures 6G—). group (36, 51), these observations suggest that EKKediates
We previously described that Notch1 and IKHkre recruited Notchl nuclear e ects in multiple cancer cell types, and may be a

to the clAP-2 promoter in cervical cancer cells5). Similarly, key, druggable mediator downstream of Notch in cancers where

co-culture of MDA-MB-231 cells with LTK-JAG broblasts Notchl is activated.

induced prominent recruitment of Notchl, p50, p65, and

IKKa to the clAP-2 promoter compared to parental LTK D|SCUSSION

broblasts (Figures 6D-F. Knockdown of Notch1 abrogated the

recruitment p50, p65, and IKK(Figures 6D—). Taken together, High expression of Notchl and /or Jagged1 has been correlated

these results suggest that Notchl and &Kooperatively with poor prognosis in TNBC 7). Dysregulation of canonical
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FIGURE 6 | Notchl activates NFkB-dependent transcription in an IKK-dependent fashion in MDA-MB-231 cells.(A) MDA-MB-231 cells were co-transfected with
NF-kB luciferase reporter plasmid plus pTK-Renilla plasmid as el as an expression plasmid encoding intracellular Notch(NIC). The effects of Notch signaling
modulation on NFkB transcriptional activity were assessed by monitoring NIikB promoter-driven luciferase activity. Relative lucifese activity was calculated
considering 1.0 as the activity of cells transfected with emty vector. (B) Cells were transfected with scrambled siRNA (SCB) or Notch-(N-1) siRNA. Twenty-four
hours later, cells were transfected with NF«B-luciferase reporter plasmid plus pTK-Renilla luciferasplasmid as an internal controls. NH«B transcriptional activity was
assessed by monitoring NFkB promoter-driven luciferase activity(C) MDA-MB-231 cells were transfected with either scrambled $NA (SCB), or Notch-1(N-1),
Notch-4 (N-4), IKKa siRNA. Following transfection, cells were co-cultured witmouse broblast parental LTK cells (PAR) or LTK cells overgressing Jagged-1 (JAG).
Relative transcript levels were determined by RT-PCRD,F) MDA-MB-231 cells were transfected with scrambled (SCB) or bitch-1 siRNA (N-1 siRNA) and 48 h later
co-cultured with PAR or JAG LTK cells. ChIP assays using speciantibodies were performed as described in the Methods secion. ChIP data were expressed as
relative fold enrichment of speci ¢ antibody over 1gG controlData were normalized to internal control: non-speci ¢ binéhg to a b-globin intron sequence.

(G-J) Overexpression of Notch-1 and knocking down of Notch-1, Noth-4, and IKKa by siRNA were validated by Western Blotting.

Notch signaling pathway has been also reported in manynore likely to deliver e cacy at sub-toxic doses of targeted
other tumors including breast cancer, and consequentlyagents.

several structurally and pharmacologically distinct GSls In the case of Notch inhibitors, only recently are clinical
have been investigated in preclinical and clinical settingstudies beginning to stratify tumors based on reliable taokers
particularly to target cancer stem cell§.(However, despite the of Notch activity. This strati cation must be tumor subtype-
recognized importance of Notch signaling in tumor biology,specic, as Notch signaling is highly context-dependent, and
clinical evidence of e cacy with Notch-pathway inhibitors very few Notch signaling pathway targets are uniformly valid
remains relatively limited. This is hardly uncommon for across tumor types. Additionally, the systemic toxicity ohno
targeted agents, which tend be selectively e ective only iselective GSls limits our ability to expose tumors to susthine
tumors that rely on the targeted pathways. Precision medicinand complete inhibition of Notch signaling. The identi catieof
approaches based on mutational status and/or gene or protekey, druggable pathway nodes upstream or downstream of Notch
expression proling are necessary to identify tumors mostsignaling in cancer cells or CSC could provide alternate egiat
likely to be sensitive to inhibition of specic pathways. to therapeutically target this crucial pathway, or at least to
Additionally, the phenotypic plasticity and clonal heterogéy  design rational combinations that allow more selectiveéting

of many tumors make sustained single agent e cacy unlikelyof the Notch pathway at lower doses of individual inhibitors.
Rational combination strategies based on mechanism aMe and others have identi ed IKK as a mediator of Notch
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oncogenic activities in a variety of malignancies, wher&dK have demonstrated that Notch activates it in numerous immaun
mediates non-canonical, NkB-dependent gene expressidéiad{ and neoplastic cells3p, 37, 78-80). Non-canonical Notch
36, 68 as well as E®dependent gene expressioi7]. The signaling has been shown to activate IL-6/JAK/STAT sigigali
data we describe here support a model wherebydKiediates in breast tumor cells in a NKkB dependent manner 8().
the activation of AKT and mitochondrial metabolism as wedl a This pathway is considered a promising therapeutic target in
NF-kB-dependent transcription of anti-apoptotic genes in someTNBC (82). We previously reported that Notch1 promotes clAP2
TNBCs. Importantly, IKK pharmacological inhibition decreas transcription by NFkB, and associates with IkKat NFkB-
AKT phosphorylation even in cells where GSI did not havedependent promoters in cervical cancer cell lings (The results
this e ect, suggesting that multiple pathways converge on theve present herein indicate that this pathway is not exclusive
IKKa-AKT axis. to the models we originally studied, and has broader relevance
The PIBK/AKT/mTOR pathway is one of the most activelyto other cancers where Notchl and NB- are active. Of note,
investigated oncogenic pathways, and drugs that target thihere are possible positive feedback mechanisms that could
pathway are in various stages of clinical developmeit),( reinforce these pathways. NdB can induce expression of Notch
including in TNBC (70, 71). Recently, a phase 1 clinical studyligand Jagged18@ 84), and AKT can further activate IK&
has evaluated targeting the PIBK/AKT/mTOR pathway usind46, 85-87). Moreover, mitochondrial stress can activate AKT1
rapamycin in combination with liposomal doxorubicin and and NFkB through mitochondrial retrograde signaling 89).
bevacizumab for the treatment of mesenchymal TNBQ).( This e ect may contribute to the increased AKT and NB-
Responses were limited to tumors with altered pathway activityactivity downstream of Notch1. Conversely, KB-can promote
Importantly, resistance to PI3K/AKT/mTOR inhibitors in TNB  oxidative metabolism in breast cancer cefl§)(
has been linked to NotchX®). Our ndings suggest two possible,  CSL-independent, non-canonical Notch signaling processes
non-mutually exclusive mechanisms for such resistancaatyya,  have been described in numerous systems, in neoplastic and non
activation of AKT by Notchl via IKlK and mTORC2 and neoplastic cells31-33, 81, 91). Our work indicates that IKl&
activation of NFkB-dependent survival pathwayBigure 7A  is a critical mediator of multiple non-canonical Notch sigsal
depicts our working model in diagram form. The AKT arm in TNBC cells and TNBC CSC, controlling AKT activation,
of this pathway is consistent with what has been describemhitochondrial metabolism and NkB-dependent transcription.
in glioma stem cells and Drosophila neuroblasts, wherebgZonsistent with our model, both Notchl and IKK(CHUK)
Notchl associates with PTEN-induced kinase 1 (PINK1) ommRNA expression are strongly associated with poor survival in
the mitochondrial surface to modulate mitochondrial fuim,  TNBC but not ER® breast cancers{gure 7B).
and activates mTORC2/AKT signaling3). In our model, We recently evaluated di erent GSls for anti-mammosphere
this process requires IKd& which activates mTORC2 by activity in TNBC models, and found that PF-3084014 was the
phosphorylating Rictor in a variety of other systemd,(53). In most potent 62). Using two di erent TNBC cell lines, one
turn, the activation of AKT modulates mitochondrial metdlson ~ PTEN-wild type and the other PTEN-null, we show here that
and oxidative phosphorylation in bulk TNBC cells as well acombinations including a GSI and AKT inhibitor MK2206 or GSI
mammospheres. Contrary to their non-CSC counterparts, whictand IKK inhibitor BAY-11-7082) potently inhibit mammosphere
rely largely on aerobic glycolysis for ATP production, bteasformation from sorted breast CSC and are more e ective than
CSC from multiple models including MDA-MB-231 have beenany of the single agents tested.
reported to have higher levels of mitochondrial activity and Dierent markers have been used to identify breast CSC,
ATP production from oxidative phosphorylation and less lactaténcluding CD44CD24°V (63), Aldehyde Dehydrogenase
production (60). This reliance on oxidative phosphorylation was(ALDH1) (92), and as well as CD80(64). Interestingly, using
attributed to the low proliferative activity of breast CSCurO public domain gene expression proles and Kaplan-Meier
ndings are consistent with those reported by Vlashi et &0)(  Plotter [http://kmplot.com/analysis/] we con rmed that C0
In our model, Notch1l, IKKa, and AKT are required for enhanced expression is more signi cantly correlated with poor prognosis
oxidative phosphorylation in mammospheres. The metabolitcn ER breast cancer patientsSgpplemental Figure 4, as
substrate(s) used for Notch-induced oxidative phosphorgtati described by Lu et al.6¢). Using the original Lehmann
in our system may include glucose but also glutamine. Of noteTNBC subtype {1) classication, we nd that CD90
Notchl induces glutaminolysis in T-ALL cell§4). Combined expression correlates with poor prognosis in mesenchymal,
inhibition of Notch cleavage and IKK activity, or Notch clege mesenchymal-stem like and luminal androgen receptor
and AKT activity results in virtual abolition of mammosphere subtypes but not in BL1, BL2, or immunomodulatory subtypes
growth in di erent models of TNBC, including a novel patient- (Supplemental Figure . The recent re nement of TNBC
derived line. Of note, this was also true in cells where G&hdt  molecular subtyping12) has uni ed the M and MSL subtypes
decrease pAKT, indicating that additional pathways dowrestre and eliminated the IM subtype, the latter resulting from immeu
of Notch contribute to CSC survival. Our data indicate thaeo cell in ltration of other subtypes. These data suggest that
of these pathways is NkB. cancer stem-like cell markers may not be uniformly applicable
Several studies have suggested thatkBFis important to all TNBCs. The two mechanism-based combinations
in breast cancer initiation and progression5-77). NF-kB  we explored in this study were highly e ective in blocking
promotes survival in numerous cancers cells, we and othesecondary mammospheres formation from sorted CHo6r
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FIGURE 7 | Role of Notch1 and IKKa in TNBC. (A) Working hypothesis: IKKa as a central mediator of mitochondrial and nuclear non-canwical Notch signaling in
TNBC. Diagram representing our working hypothesis whereby Jagg#l activates Notchl, which in turn acts through IKH to trigger two parallel and potentially
interacting non-canonical pathways: a mitochondrial pattvay culminating in mTORC2-dependent AKT activation and imeased oxidative phosphorylation and a
nuclear pathway whereby IKK binds to NF-kB-responsive elements and triggers transcriptional actation of survival genes, such as c-IAP2. Dashed arrows indite
possible secondary effects of AKT on NH«B activation and survival gene expression, which have beenadumented in the literature in other systems but not explor
in this study. (B) Expression of NOTCH1 and IKI& (Gene symbol (CHUK) signi cantly correlates with poor relae-free survival in TNBC but not ER breast cancers.
Using the Kaplan-Meier Plotter (http://kmplot.com/analys/; (73)) Breast Cancer 2017 dataset, the correlation between Refese Free Survival (RFS) and expression of
these two transcripts was determined. TNBC1§ D 801) and ERC tumors (h D 2565) were analyzed separately.

CD44 CD24% cells, as well as in a patient-derived xenografChIP experiments. SM supervised CS. LD developed protocols
model. for, performed and interpreted confocal microscopy experinsent
Selective IKHK inhibitors are not yet available. However, MM developed PDX model, performed experiments with
numerous small molecule IKK inhibitors have been developeit. MB developed PDX model. BC-B led PDX development
(93, and are a subject of active investigatiai)( particularly  protocol. AP analyzed data, supervised YP. LMM contributed
as anti-in ammatory agents. Our data indicate that suchrage to study design and data analysis, reviewed manuscript. TG
would have potential as anti-CSC agents in TNBC. AKTcontributed to GSI experiments design and analysis, rexdewe
inhibitors are currently in clinical development, and theemjwe manuscript. BO contributed to study design and analysis,
used in this study is in phase 2 clinical trials5. Overall, our reviewed manuscript. LM developed overall experimental plan,
data indicate that AKT inhibitors and particularly IKK inhitors ~ supervised experiments and data analysis, reviewed andledite
would have potential therapeutic applications in combinationmanuscript.
with or as substitutes for Notch inhibitors, targeting dcl
e ectors of Notch signaling in TNBC stem cells, and likely inEyNDING
other malignancies.
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Supplemental Figure 1| Co-culture of MDA-MB-231 cells with LTK-JAG or
Notch1 activation with EDTA induces AKT and IK& phosphorylation. (A)
MDA-MB-231 cells were co-cultured with mouse broblast parental LTK cells
(PAR) (P) or LTK cells overexpressing Jagged-1 (JAG) (J) fioe indicated times.
Whole cell lysates were analyzed by Western blottindB) Following co-culture as
described above, 1000 mg of cell lysate were immunoprecipitated with a
human-speci c IKKa antibody. PAR cell lysates were immunoprecipitated as a
negative control. S180 P-IKKa and human-speci ¢ IKKa were immunoblotted
following immunoprecipitation.(C) MDA-MB-231 cells were transfected with
scrambled siRNA or Notchl siRNA as described irrigure 7 . Forty-eight hours
after transfection, cells were treated with 5 mM EDTA for thindicated times.
Cleaved Notchl, S473 pAKT, total AKT, pIKi&/b, total IKKa and actin were
analyzed by Western blotting.

Supplemental Figure 2 | Jaggedl induces S476 AKT phosphorylation in some
but not all TNBC lines. BT-549 (Mesenchymal), MDA-MB-453 (Iminal Androgen
Receptor, LAR) and HCC1806 (Basal-Like 2) cells were platesh 0.2% gelatin
(Control) or human recombinant ing/ml Jagged1l in gelatin (Jagged)-coated
plates in the presence of the indicated drugs: AKT inhibitoMK-2206 (5 mM), GSI
PF-03084014 (5mM), IKK inhibitor BAY11-7082 (5mM), mTORC1 selective
inhibitor Everolimus (5mM), and dual mMTORC1/mTORC2 inhibitor KU-0063794 (5
mM) for an hour. Whole cell lysates were analyzed by Westernditing.

Supplemental Figure 3| MDA-MB-231 cellular metabolism is dependent on
Notchl and IKKa in basal condition. MDA-MB-231 cells were transfected with
control siRNA, Notch1siRNA or IKI& siRNA. Forty-eight hours following
transfection, equal numbers of live cells were plated on a Gurol XF24 cell culture
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