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Abstract

Aberrant reactions of signal transducer and traponal activator (STAT) are frequently detected multiple myeloma (MM)
cancers and can upregulate the expression of heultjenes related to cell proliferation, survivaletastasis, and angiogenesis.
Therefore, agents capable of inhibiting STAT adtovacan form the basis of novel therapies for MMtignts. In the present study,
we investigated whether the potential anti-candéscts of Formononetin (FT), a naturally occurrimpflavone derived from
Astragalus membranaceus, Trifolium pratense, Glycyrrhiza glabra, andPueraria lobata, against MM cell lines and human multiple
myeloma xenograft tumors in athymic nu/nu mice nhcgle mediated through the negative regulation DAE3 and STAT5
pathways. Data from the vitro studies indicated that FT could significantly inhitell viability, and induce apoptosis. Interegfiy

FT also suppressed constitutive STAT3 (tyrosingdues 705 and serine residue 727) and STATS (tyeosesidue 694/699)
activation, which correlated with the suppressiéthe upstream kinases (JAK1, JAK2, and c-Src) M klls, and this effect was
found to be mediateda an increased production of reactive oxygen sp&€EExS) due to GSH/GSSG imbalance. Also, FT abrogated
STAT3 and STAT5 DNA binding capacity and nucleamslocation. FT induced cell cycle arrest, downlagd the expression of
STAT3-regulated anti-apoptotic, angiogenetic, amdliferative gene products; and this correlatedhwitduction of caspase-3
activation and cleavage of PARP. Intraperitoneahiagstration of FT significantly suppressed the tungrowth in the multiple
myeloma xenograft mouse model without exhibiting aignificant adverse effects. Overall, our findSnigdicate that FT exhibits
significant anti-cancer effects in MM that may bianparily mediated through the ROS-regulated inldlitof the STAT3 and STATS
signaling cascade.
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1. Introduction

Multiple myeloma (MM) is a malignant B-cell neoptaghat is characterized by the accumulation of gmaint plasma cells
in the bone marrow, accounting for about 10% ofhalnatologic malignancies [1-5]. The clonal B aedbplasm proceeds through
different phases: an inactive phase in which tucells are non-proliferating mature plasma cells;aative phase with a small
proportion (1%) of proliferating plasmablastic selland a fulminant phase with the frequent occueenf extramedullary
proliferation and an increase in plasmablasticscf]. Homing and expansion of the malignant plasrells to occupy the bone
marrow niche, monoclonal protein production, anemgieolytic bone lesions, renal failure, and impdaficiency are major clinical
features of MM patients [7-9]. Despite the introtloic of several new treatment protocols, includipgpteasome inhibitors,
immunomodulatory agents, corticosteroids, and alikyy) agents, for the treatment of MM patients Wwhwee recently been diagnosed,
MM remains an incurable and fatal disease [10-12].

Signal transducer and activator of transcriptiomA®) proteins, firstly discovered as latent cytaptdc transcription
factors about two decades ago [13-16], consiseeéis diverse members, STAT1 to STAT6, STAT5a, andTSb [17], which have
been found to play a critical role in both inflamina and tumorigenesis [18]. Among the differentAS5, STAT3 and STATS5 are
often constitutively active in various human casgcesuch as multiple myeloma (MM), leukemia, lymplapnhepatocellular
carcinoma (HCC), breast cancer, prostate cancea) cll carcinoma (RCC), head and neck squamodiga®inoma, and several
other malignancies [19-24], and control the expozssof multiple genes involved in cancer initiatjoprogression, and
chemoresistance [23, 25-30]. Normally, STAT3 isspré in an inactive form as a monomer in the cysml;, once the STAT
monomer is phosphorylated by the receptor-assacigt®sine kinases, Janus activated kinases (JAKK1, JAK2, JAK3, and
TYK2 [13, 20, 31-33], it can induce active dimergdahen migrate into the nucleus to undergo DNAdlrig and subsequent gene
transcription [18, 33, 34]. STAT3 and STAT5 hasrbdéeund to regulate the expression of a plethorgesfes involved in anti-
apoptosis, proliferation, and angiogenesis in MN-88]. Thus, identification of novel pharmacolodiegents that inhibit STAT3
and STAT5 activation has promise and potentiahefrevention and therapy of cancer [39].

Currently, several strategies have been reportebldok the action of the kinase signaling pathwiaguding natural
compounds, peptidomimetic compounds, and small coéds. The discovery of novel anti-cancer agentsveleé from existing
natural sources provides an enormous opportunitgnioance the existing standard of care for vartmusan cancers [40-45].
Formononetin (7-hydroxy-3-(4-methoxyphenyl) chrorfenne) is a naturally occurring isoflavone, whizdn be found in the roots
of Astragalus membranaceus, Trifolium pratense, Glycyrrhiza glabra, andPueraria lobata. Preclinical studies demonstrate that FT is
associated with inhibition of cancer cell proliféoa, and can induce apoptosis in diverse canagh as prostate, bladder, breast,
cervical, lung, colorectal, nasopharyngeal, andkdenia [46-55]. Furthermore, it possesses anti-ajggi@ activity in human colon
cancer cells and tumor xenograft [56]. Interestingdw concentration of FT has been reported togite the proliferation of
nasopharyngeal carcinoma cell line by upregulaBo2 and p-ERK1/2 expression [57], and it has dlsen found to exert pro-
angiogenesis effects through and=&hanced ROCK-II signaling pathways [58]. Howewata on the influence of FT on MM cells
and the underlying mechanisms are yet to be fillgigated.

Hence, the discovery of novel therapeutics or mdéectargeting therapies for multiple MM remaingréority. Targeting
apoptotic pathways appears as a promising approgutevent and treat cancers. Previous reports shioigh frequency of increased
STAT activation in MM cells [21, 30, 59]. Becausé the pivotal role of STATs in tumor cell survivaproliferation, and
angiogenesis, we hypothesized that STATs could heval therapeutic target for MM. Thus, in our studie examined whether FT
can mediate its anti-cancer effects in part thrathghabrogation of the STAT activation pathway.



2. Materials and methods

2.1.1 Reagents

Formononetin (FT) was purchased from Selleck Chalmi¢Houston, TX). 3-(4,5-dimethylthiazol-2-yl)-2¢phenyltetrazolium
bromide (MTT), propidium iodide (PI), Tris baseyghe, NaCl, sodium dodecylsulfate (SDS), bovineuse albumin (BSA), N-
acetyl-L-cysteine (NAC), glutathione (GSH), andiiahine sulfoximine (BSO) were purchased from Sighhdrich (St. Louis, MO).
RPMI 1640, fetal bovine serum (FBS), antibioticiamytcotic mixture, and LightShift Chemiluminescent EMSA kit, cell-permeant
2',7-dichlorodihydrofluorescein diacetate {BICF-DA) were obtained from Thermo Fisher Scientific. (Waltham, MA). 5'-
biotinylated STAT3 and STAT5 were obtained from iBéer Corporation (Daejeon, Korea). Alexa FfudB8 donkey anti-goat 1gG
(H+L) antibody, Alexa Fludt 594 donkey anti-rabbit IgG (H+L) antibody, and %.4rypan blue vital stain were obtained from Life
Technologies (Grand Island, NY). IL-6 was obtairdean R&D Systems (Minneapolis, MN). Anti-phospho/T3(Tyr705), anti-
phospho-STAT3(Ser727), anti-phospho-JAK1(Tyr10228)0 anti-JAK1, anti-phospho-JAK2(Tyr1007/1008), tialAK2, anti-
phospho-Src(Tyr416), anti-Flag, anti-cleaved casffsanti-CDK2, anti-CDK4, anti-Cyclin E, anti-CyelD1, and anti-glutathione
reductase (GR) antibodies were purchased from &ighaling Technology (Beverly, MA). Anti-STAT3, aphospho-STATS5(Tyr
694/Tyr 699), anti-STAT5, anti-Src, anti-Bcl-2, aBurvivin, anti-lIAP-2, anti-VEGF, anti-Cyclin Blanti-Ki-67, anti-CD31, anti-
caspase-3, anti-PARP, afitiactin, and horseradish peroxidase (HRP)-conjugatmindary antibodies were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-GSH aantiies were obtained from Abcam (Cambridge, MA).tBpomib (Bor) was
obtained from LC Laboratories (Woburn, MA). STAT3FH&g pRc/CMV were obtained from Addgene (Cambrjdda).

2.1.2 Cdll lines

Human multiple myeloma cell line U266 and human loy® cell line RPMI 8226 were obtained from the Aiten Type Culture
Collection (Manassas, VA). U266 and RPMI 8226 ceMse cultured in RPMI 1640 medium containing 10B&SFMedia were also
supplemented with 100 U/ml of penicillin and 40g'ml of streptomycin.

2.1.3 I solation of human peripheral blood mononuclear cells (PBMC)

Human peripheral blood mononuclear cells (PBMC)ewisolated from the blood of healthy adult voluntdenors by density
gradient centrifugation on Lymphoprep (Axis-Shi®ldC AS, Oslo, Norway).

2.1.4 Western blotting

After the cells were treated with the indicated camirations of FT, the cells were lysed and thel tptotein concentrations were
determined by Bradford reagent (Bio-Rad, Hercul®). Equal amounts of lysates resolved on sodiuntedgl-polyacrylamide gel
electrophoresis (SDS-PAGE) were transferred tdragellulose membrane, and the membrane was bloskbdlx TBS containing
0.1% Tween 20 and 5% skim milk or 2% BSA for 1 hr@dm temperature. After the blocking, the membsawere incubated
overnight at 4 with the respective primary antibodies. The memésanere washed twice and incubated with dilutedédradish
peroxidase (HRP)-conjugated secondary antibodid9@D0) for 1 h at room temperature. After threeshes, the membranes were
detected using an enhanced chemiluminescence (EQWillipore, Bedford, MA).

2.1.5 EMSA for STAT3 and STAT5-DNA hinding

STAT3 and STAT5-DNA binding was analyzed by an &tggzhoretic mobility shift assay (EMSA) using alibtinylated STAT3
oligonucleotide (5'-GATCCTTCTGGGAATTCCTAGATC-3’ ane-GATCTAGGAATTCCCAGAAGGATC-3’) and 5'-

biotinylated STAT5 oligonucleotide (5-AGA TTT CT&GA ATT CAA TCC-3’ and 5-GGA TTG AAT TCC TAG AAA TCT-3)).
Briefly, nuclear extracts were prepared from FTatee cells and incubated with the 5’-biotinylatedA$3 and STATS
oligonucleotide probes. The DNA-protein complexiied was separated from free oligonucleotide on &five polyacrylamide gels
and transferred to a positively charged nylon memér The membrane was detected following the matufa’s instructions using
LightShift® Chemiluminescent EMSA kit (Waltham, MA).

2.1.6 Immunocytochemistry for STAT3 and STATS localization

After the U266 cells were treated with 100 of FT, the cell suspension was put into a cytospid the assembly was placed into
the rotor. Thereafter it was centrifuged for 5 ratriv50 rpm. The cells were attached to the slidkaralyzed under a microscope to
determine if a monolayer spread of cells was obthirThe cells were fixed in 4% paraformaldehydeAPfor 20 min at room
temperature and then washed three times in PBScélleewere permeabilized with 0.2% Triton X-100ABS for 20 min, washed
three times in PBS, and then blocked with 5% bowasum albumin in PBS for 1 h at room temperatiitee cells were then
incubated overnight at‘@ with anti-phospho-STAT3(Tyr705) (1:100; Cell Sigingl Technology), anti-STAT3, anti-phospho-
STAT5(Tyr 694/Tyr 699), and anti-STAT5 (1:100; Sar€ruz), washed three times, and then incubated Miexa Fluof 488
donkey anti-goat IgG (H+L) antibody and Alexa Ffti&94 donkey anti-rabbit IgG (H+L) antibody for ahroom temperature. Next,
the cells were stained withplg/ml DAPI solution and mounted on glass slides gigthuorescent Mounting Medium (Golden Bridge
International Labs, Mukilteo, WA). Using an Olymp&tuoView FV1000 confocal microscope (Tokyo, JapddiAPIl and FITC
fluorescence were excited (Ex: 405 nm and 488 md)detected (Em: 461 nm and 519 nm) with 2.1% laseismissivity and 5.0%
laser transmissivity, respectively.

2.1.7 STAT3 luciferase reporter assay

The cells were transfected using the Neon™ TratisfeSystem (Invitrogen, Carlsbad, CA). Transfectafficiency was measured
by Western blot analysis. RPMI 8226 cells were pre@ for transfection after the cells were resudpdrwith 120ul of Neon
Resuspension Buffer R for every one million cellhie STAT3-responsive elements linked to a luciferaeporter gene were
transfected with wildtype or dominant-negative SBAY705F (STAT3F). These plasmids were aliquoted asterile
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microcentrifuge tube. A Neon Tip was inserted ithe Neon Pipette and the cell-plasmids mixture asgirated into the tip,
avoiding air bubbles. The Neon Pipette was theartad into the Neon Tube containing 3 ml of Neoackblytic Buffer E in the
Neon Pipette Station. Cells were pulsed once witloltage of 1,200 and a width of 20 ms. After 4®fhiransfection, cells were
treated with 50, 75, and 1QM of FT for 6 h and then stimulated with IL-6 (10 ng/mL) fo6 min. Whole-cell extracts were then
prepared and analyzed for luciferase activity.

2.1.8 Transfection of plasmids

U266 cells were prepared for transfection aftetscelere resuspended with 120 of Neon Resuspension Buffer R for every one
million cells. For each electroporation, U266 celith 1 ug of STAT3-C Flag pRc/CMV or empty vector plasmigdsre aliquoted
into a sterile microcentrifuge tube. A Neon Tip viaserted into the Neon Pipette and the mixture agmérated into the tip avoiding
air bubbles. The Neon Pipette was then insertedtive Neon Tube containing 3 ml of Neon Electralguffer E in the Neon Pipette
Station. U266 cells were pulsed twice with a vadtarf 1,150 and a width of 30. After 48 h of trawsifen, cells were seeded for
Western blotting and MTT assay.

2.1.9 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Cells were washed and suspended in Trizol reagesial RNA was extracted according to the manufaetsrinstructions
(Invitrogen, Life Technologies, Carlsbad, CA). Omgcrogram of total RNA was converted to cDNA by ergeript reverse
transcriptase and then amplified by a Taq polyneetasng reverse transcription polymerase chaintima¢RT-PCR) (TAKARA,
Tokyo, Japan). The relative expressions BEL-2 and Survivin were analyzed using PCR with glyceraldehyde-3-phatsgp
dehydrogenase (GAPDH) as an internal control. Tdilewing pairs of forward and reverse primer sewravusedBCL-2, 5'-
TTGTGGCCTTCTTTGAGTTCGGTG-3’ and 5-TACAGTTCCACAAAGGATCCCAG-3.. Survivin, 5
ATGGGTGCCCCGACGTT-3' and 5-TCAATCCATGGCAGCCAG-3The cDNA reaction was performed at'@5for 60 min and
95T for 5 min. PCR products were run on 1% agarosegelthen stained with Loading Star (Dynebio, SeangrKorea). Stained
bands were visualized under UV light and photogeaiph

2.2 Cdll cycle analysis

To determine apoptosis, cell cycle analysis wasopmed using Pl. After treatment with 1Q0 of FT, the cells were collected,
washed with cold PBS, fixed with 70% ethanol, andubated for 30 min at 37 with 0.1% RNase A in PBS. Cells were then
washed, resuspended, and stained in PBS contaibipg/ml of P1 for 30 min at room temperature. Celltdimition across the cell
cycle was analyzed with flow cytometry (Becton-Digdon, Franklin Lakes, NJ). Acquisition and anadysif the data were
performed using Cell Quest 3.0 software.

221 MTT assay

Cell viability was measured by an MTT assay to defADH-dependent dehydrogenase activity. Thirtgnoliters of MTT solution
(2 mg/ml) in x phosphate-buffered saline (PBS) was directly addetle cells, which were then incubated for 3 laltow MTT to
metabolize to formazan. Absorbance was measurddamitautomated spectrophotometric plate readematvalength of 570 nm.
Cell viability was normalized as relative percemtsign comparison with untreated controls.

2.2.2 ROS detection

Cells were collected and washed with PBS, followgdstaining with 5uM H,DCF-DA for 30 min. ROS generation was measured
via the developed fluorescence product, dichlom#scein, an oxidized product of dygDCF-DA. Fluorescence was measured
using flow cytometry (Becton-Dickinson, Franklinkes, NJ). Acquisition and analysis of the data vdormed using Cell Quest
3.0 software.

2.2.3 H,0, and glutathione measurement

The cellular HO, and glutathione levels were measured by ROS-Glo®, Assay and GSH/GSSG-Glo Assay (Promega) according
to the manufacturer’s protocol.

2.2.4 Cdllular Glutathione Reductase (GR) determination

Cellular GR activity was measured with the Glutatie Reductase Assay kit (Abcam) according to theufa&turer’'s protocol.

2.2.5 Measurement of GR activity

All kinetics were carried out in GR assay buffe® (M potassium phosphate buffer, pH 7.6), whichtaimms 200 mM KCI and 1
mM EDTA, at 25C. The standard assay mixture contained IIONADPH and 0.5-1 U/ml GR. FT was allowed to refartat least
30 min before the addition of 1 mM GSSG, and theogfition decrease at 340 nm due to NADPH consumpias monitored over 3
min. Determination of the GR activity was achievsd measurement of the initial rates of disappeaafcNADPH, determined
spectrophotometrically at 340 nm.

2.2.6 Live/dead assay

To assess cytotoxicity, we used a live/dead asggynkitrogen, Carlsbad, CA), which determinesauellular esterase activity and
plasma membrane integrity. This assay uses calgigina polyanionic, green fluorescent dye that isireed within live cells, and a
red fluorescent ethidium bromide homodimer dye ti@at enter cells through damaged membranes andtdindcleic acids but is
excluded by the intact plasma membranes of livis.cel

2.2.7 Animals

All procedures involving animals were reviewed aagproved by KHU Institutional Animal Care and Usen@nittee
[KHUASP(SE)-16-007]. Five week-old athymic nu/nurigle mice (NARA Biotech, Korea) were implanted auboeously in the
right flank with U266 cells. The animals were hali$é mice/cage) in standard mice plexi glass cagagoom maintained at
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constant temperature and humidity under 12 h laid dark cycle, and fed with regular autoclaved seochow with watead
libitum. None of the mice exhibited any lesions and altetl@ pathogen-free. Before initiating the experithar acclimatized all
mice to a pulverized diet for 3 days.

2.2.8 Subcutaneous implantation of U266 cells

U266 cells were harvested from sub-confluent cekurwashed once in serum-free medium, and resusgeind PBS. Only
suspensions consisting of single cells, with >9G8&bility, were used for the injections. U266 cdllsx 107100 L PBS:Matrigel
(1:1)] were injected subcutaneously into the rifiabk of the mice. To prevent leakage, a cottontswes held cautiously for 1
minute over the site of injection.

2.2.9 Experimental protocol

When tumors reached 0.5 cm in diameter, the mige vwandomized into the following treatment groups=(6/group). Group | was
given PBS (20QuL, i.p. thrice/week), group Il was given FT (20 kg/body weight, i.p. thrice/week), group Il wasrgn FT (40
mg/kg body weight, i.p. thrice/week). Therapy wastiued for 20 days, and the animals were eutkdniz week later. Primary
tumors were excised and the final tumor volume massured as V = 4 /&% where r is the mean radius of the three dimesssion
(length, width, and depth). Half of the tumor tissuas fixed in formalin and embedded in paraffinifomunohistochemistry. The
other half was snap frozen in liquid nitrogen atwed at -8(C.

2.3 Immunohistochemical analysis of MM tumor samples

Solid tumors from control and treatment groups wixed with 10% phosphate buffered formalin, preses and embedded in
paraffin. Sections were cut and deparaffinized yteme, dehydrated in graded ethanols, and finajlgrdted in water. Antigen
retrieval was performed by boiling the slide in 1®/ sodium citrate (pH 6.0) for 30 min. Immunohidtemistry was performed
following the manufacturer’s instructions (Vectoahoratories InmPRESY REAGENT KIT). Briefly, endogenous peroxidases
were quenched with 3% hydrogen peroxide. Non-sjgetiinding was blocked by incubation in the blockineagent in the
ImmPRESSY REAGENT KIT (Vector Laboratories, Burlingame, CAgcording to the manufacturer’s instructions. S®stiwere
incubated overnight with primary antibodies asda: anti-Ki-67, anti-CD31, anti-p-STAT3(Tyr705)ntap-STATS(Tyr 694/Tyr
699), and anti-GSH (each at 1:100 dilutions). Slideere subsequently washed several times in PBSwand incubated with
IMmPRESSY reagent according to the manufacturer's instrmstiolmmunoreactive species were detected using -3, 3
diaminobenzidine tetrahydrochloride (DAB) as a s$tatie. Sections were counterstained with Gill's htarylin and mounted under
glass coverslips. Images were taken using an OlgrB{b1 microscope (magnification, 20x).

2.3.1 GSH level analysisin tumor tissues

Tumor tissues were homogenized in 5% metaphosphoiit (0.1 g/ml tissue), and then centrifuged a0@6x g at 4Cfor 15 min.
Supernatants were collected and analyzed for GSkenbusing a GSH/GSSG ratio assay kit (Abcam, Calge, MA) as per the
manufacturer’s protocol.

2.3.2 Western blot analysis for tumor tissues

MM tissues (75-100 mg) from control and experimentace were minced and incubated on ice for 30 meigun 0.5 ml of ice-cold
T-PER Tissue Protein Extraction Reagent (Piercekfod, USA). The minced tissue was centrifuged&0D00x g at 4C for 20
minutes. The proteins were then fractionated by -BIA&E, electrotransferred to nitrocellulose membrsrblotted with each
antibody, and detected by enhanced chemiluminesg@&tL) kit (GE Healthcare, Waukesha, USA).

2.3.3 Statistical analysis

All numeric values are represented as the mean .xSgHistical significance of the data comparedhwiite untreated control was
determined using the Mann-Whitney U test. Signiftawas set at P < 0.05.



3. Results

3.1.1 FT inhibitsthe STAT activation cascadein MM cells.

To investigate the potential effect of FT on theAFTsignaling pathway, we used diverse moleculatdgy techniques. Previous
studies have shown that STAT is a key point of ipldtoncogenic signaling pathways [33, 60, 61]. fivet analyzed whether FT
inactivated STAT3 in U266 cells by detecting p-STXTyr705) and p-STAT3(Ser727) levels using Westdat analysis. As shown
in Fig. 1B, we found that both constitutive p-STAT$r705) and p-STAT3(Ser727) levels were substintiduced upon FT
treatment in a dose- and time-dependent manner.ekeny FT had no effect on the expression of STAT&gn (Fig. 1B,third
panel). Whether FT inhibits the activation of anotherASTfamily isoform, STAT5 in U266 cells was also estigated. We noticed
that FT substantially reduced STAT5 activation iml@se- and time-dependent manner, without affeciingl STATS levels, as
analyzed by Western blot analysis (Fig. 1&irth andfifth panel).

3.1.2 FT reduces binding capacity of STAT3 and STAT5 to the DNA.

Because tyrosine phosphorylation causes the diateizof STATs and their translocation to the nuslewhere they bind to DNA
and regulate gene transcription [13, 61, 62], walyaed whether FT can reduce the DNA-binding abilif STAT3 and STATS5.
EMSA analysis of nuclear extracts prepared from@J@éls showed that FT reduced STAT3 and STAT5-Oiding activities in a
dose- and time-dependent manner (Fig. 1C and D3sd& hesults show that FT abrogates the DNA bindnitity of STAT3 and
STATS.

3.1.3 FT down-modulatesthe nuclear pool of p-STAT3 and p-STAT5 in U266 cells.

Because the active dimer of STATSs is capable afstoating to the nucleus and inducing transcriptid specific target genes [61,
62], we next analyzed whether FT can suppress autlanslocation of p-STAT3 and p-STAT5. Using immaaytochemistry, Fig.
1E and F clearly demonstrate that FT reduced #mslivcation of p-STAT3 and p-STATS to the nucleubl266 cells.

3.1.4 FT inhibits activation of upstream kinasesinvolved in the STAT3 signaling cascadein MM cdlls.

Janus kinases (JAK) and Src families are the mapstream tyrosine kinases that can regulate STATi8adion [33]. In order to
determine which upstream signaling molecules avelwied in FT-mediated STAT3 inactivation, we exaetrthe effects of FT on
the phosphorylation of JAK1, JAK2, and Src in Uzf#ls. As shown in Fig. 1G, JAK1 and JAK2 was cinsvely active in U266
cells, and treatment with FT clearly reduced thegpiorylation in a dose- and time-dependent marter .expression levels of total
JAK1 and JAK2 remained unchanged under the samgéntent conditions (Fig. 1Gecond andfourth panel). Previous studies have
shown that STAT3 is activated by soluble tyrosimeakes of the Src kinase families [63]. Accordingi next conducted a study the
effect of FT on constitutive activation of Src kiigain U266 cells. FT downregulated the activatibSm@ kinase in a concentration-
and time-dependent manner in MM cells (Fig. 1G).

3.1.5 FT reducesinducible STAT3/5 and upstream kinases of STAT3 in RPM| 8226 cells.

To investigate IL-6-mediated intracellular signglinve first detected STAT3 phosphorylation in RP32P6 cells. As shown in Fig.
2A, IL-6 activated phosphorylation of STAT3(Tyr70%nd the response peaked at 15 min, then decred&edext determined
whether FT could also inhibit IL-6-induced STAT3phosphorylation in RPMI 8226 cells that displayatilely low levels of
constitutively active STAT3/5. Interestingly, we saoved that IL-6-induced STAT3 as well as STATS ggtwrylation was
suppressed by FT in a time-dependent manner. Expadicells to FT for 6 h was sufficient to subsially suppress IL-6-induced
STAT3(Tyr705 and Ser727) and STAT5 phosphorylatioRPMI 8226 cells (Fig. 2B). Also, we found thal Ean abrogate IL-6
induced JAK1/2 and Src phosphorylation in RPMI 8228s (Fig. 2C). These results clearly suggedt fifacan also downregulate
inducible STAT3/5 activation in MM cells.

3.1.6 FT suppresses|L-6-induced STAT 3-dependent reporter gene expression.

Our results up to this point showed that FT inleihithe phosphorylation, nuclear translocation, BNé\ binding activity of STAT3.
We next determined whether FT affects STAT3-dependene transcription. When cells transiently tfacted with the p-STAT3-
Luc construct were stimulated with IL-6, STAT3-mat@id luciferase gene expression significantly iaseel. Dominant-negative
STATS3 blocked this increase, indicating specificityhen the cells were pretreated with FT, IL-6-ioeld STAT3 activity was
inhibited in a dose-dependent manner (Fig. 2D).

3.1.7 Ectopic expression of STAT3 rescued FT-induced inhibition of cell viability.

To further confirm if the abrogation of STAT3 acttion was crucial in FT-mediated inhibition of celability, U266 cells were
transiently transfected with a STAT3C-expressingistaict before FT treatment. Western blotting dsltawed that transient
transfection of the STAT3C-expressing construcUR66 cells resulted in a remarkable increase in BXAnd p-STAT3(Tyr705)
expression (Fig. 2E). As expected, upon the ovessgion of STAT3 in U266 cells, the observed irtbityi effect of FT on cell
viability was rescued as compared to the cellssfeanted with the empty vector alone (Fig. 2F).

3.1.8 FT downregulatesthe expression of various proteinsinvolved in anti-apoptosis, angiogenesis, and proliferation.

Because Bcl-2, Survivin, and IAP-2 have been aasediwith apoptosis and mitochondrial malfunctiom next examined the
effects of FT on the constitutive expression ofsthenRNA and proteins. As shown in Fig 3A and 3B, faend that FT
downregulates the expression of anti-apoptotic mR&U&ls and gene products, and proteins linked eéthangiogenesis (VEGF) in
a dose-dependent manner. Also, FT repressed thesskpn of cell proliferation proteins (CDK2, CDKahd Cyclin E) (Fig. 3C).
3.1.9 FT activates caspase-3 and causes PARP cleavage in U266 cells.

In order to investigate the effect of FT on apojstasduction, caspase-3 activation was examine@bsgtern blot analysis. As shown
in Fig. 3D first panel, we found a substantial ddependent activation of caspase-3 by FT in U2@l6.c&ctivation of downstream
caspase led to the cleavage of a 116 kDa PARPipiate 87 kDa fragments (Fig. 3Becond panel).
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3.2 FT negatively affectsthe cell cyclein MM cells.

We next tried to determine the effect of FT on cglile progression in U266 and RPMI 8226 cellseA&T treatment for 24 h, cells
were labeled with Pl and analyzed by flow cytome#yg shown in Fig. 3E, FT induced an increased mcdation of the cell
population in sub-G1 phase contents to 21 % at @d0f FT, compared to untreated control (3 %) in B2&lls. In RPMI 8226
cells, accumulation of the S phase cell populatmmeased to 15 %, compared to untreated contrélbY8and G2 phase cells
increased from 21% to 32%.

3.2.1 FT reducesthe expression of Cyclin D1 and Cyclin B1 associated with cell cycleregulation.

Since the cell cycle arrest effects by FT wereedéht in U266 and RPMI 8226 cells, we conductedtimhdl experiments to address
this issue. Because Cyclin D1 is associated withGli phase [64] and Cyclin B1 is known to be linkeith G2/M phase [65], we
next examined the effects of FT on the expressiothese proteins by Western blotting. As shown ig. BF, we found that FT
downregulates the expression of Cyclin D1 (U26&) @gclin B1 (RPMI 8226) in a dose-dependent manner.

3.2.2 FT inhibits cell viability in MM cells.

To clearly investigate the effects of FT on U26& &PMI 8226 cell viability, the cells were treatadth 50, 75, or 100uM
concentrations of FT, and then cell viability waslyzed using an MTT assay. As shown in Fig. 3Gskghificantly suppressed cell
viability in MM cells in a time-and dose-dependenénner. In addition, to compare the cytotoxicityFdf to healthy cells, MTT
assay for PBMC was performed. As shown in Fig. BR,significantly inhibited the viability of U266 ie in a dose-dependent
manner, but not of PBMC. The results indicate thhibition of cell viability by FT may be cell typspecific.

3.2.3 Antioxidantsreverse FT-induced STAT 3 inhibition and cellular apoptosis.

N-acetyl-L-cysteine (NAC) and glutathione (GSH) @&ne major thiol-related antioxidants [66, 67]. éngstingly, pretreatment of
U266 cells with these two antioxidants substantiatholished STAT3 abrogation caused by FT treatr(feigt 4A and 4B), thereby
indicating that oxidative stress may be involvedhe inhibitory effect of FT on STAT3 in U266 MM It Furthermore, NAC/GSH
pretreatment was also found to significantly redcekular apoptosis induced by FT, as observed egtéfn blot analyses (Fig. 4C
and 4D) and flow cytometry (Fig. 4E), further derstrating that oxidative stress may also contriliatéhe observed pro-apoptotic
effects of FT.

3.2.4 GSH/GSSG imbalance contributesto FT-induced reactive oxygen species production.

To further validate whether FT can induce oxidastress in MM cells, reactive oxygen species (R@®)Is were measured in U266
cells by staining with EDCF-DA. We observed a significant increase of R@&lpction upon FT treatment (Fig. 5A), but not in
PBMC (Fig. 5B), suggesting that FT can indeed irdoxidative stress in MM cells.

The GSH/GSSG system is one of the major intragellahtioxidant systems [68]. The ratio of GSH taded glutathione
(GSSG) is an indicator of cellular oxidative str¢69]. To explore the possible mechanism(s) of éased ROS production, we
analyzed the effect of FT on the GSH/GSSG systemsiown in Fig. 5C and D, a significant decreas&8H and an obvious
increase of GSSG were observed in U266 cells ugatrnhent, thereby indicating that exposure of #iks ¢o the drug resulted in an
imbalance of the GSH/GSSG system. In addition, lamost twofold elevation of the GSSG/GSH ratio wédrserved (Fig. 5E),
demonstrating that FT can induce oxidative stred3266 cells. To further investigate the role ofHESSSG imbalance in mediating
FT-induced oxidative stress, both the GSH synthalsisker buthionine sulfoximine (BSO) and GSH praggNAC were employed.
We found that pretreatment with NAC significantlgepented FT-induced ROS production, while BSO enhdrROS production
(Fig. 5F).

To further clarify the type of ROS involved, we rsaeed the KO, level in FT treated cells. As shown in Fig. 5Gjase-
dependent increase ot®, was observed, compared to untreated control. thikegeneral ROS, increasedd production was also
prevented by NAC and enhanced by BSO (Fig. 5H).s&€hesults demonstrate that(d is the major ROS induced by FT in MM
cells.

In addition, BSO enhanced FT-induced cellular apsistwhen applied in combination with FT, and theréased apoptosis
could also be attenuated by NAC pretreatment (Biy. providing strong evidence(s) that GSH/GSSG atahce primarily
contributes to the FT-induced oxidative stressitmdbserved anti-cancer effects in U266 cells.

3.2.5 FT inhibitsthe glutathione reductase protein expression in U266 cells

Glutathione reductase (GR) catalyzes the reduaifo8SSG to GSH to resist oxidative stress [70].wes observed a significant
alteration in the GSH/GSSG ratio, we next invesddawhether this imbalance may be due to a dishadan GR activity. We
treated the cells with FT and collected the celinbgenates to measure cellular GR activity. A daggeddent reduction of GR
activity was observed (Fig. 6A). Furthermore, wetrexamined the effects of FT on the expressio@Rfprotein. As shown in Fig
6B, we found that FT downregulates the expressioth® GR protein, indicating that GR inhibition By is mediated through
negative regulation of its protein expression.

To clarify how FT downregulates GR, we next invgatéd the interaction between GR and FT in a ced-hssay system.
GR was incubated with FT in the presence of NADBH30 min, and then the substrate GSSG was addeditte the reaction. As
shown in Fig. 6C, no change was observed in thea@Rity on FT treatment. These results demonstteeFT directly suppresses
GR by inhibiting its protein activity.

3.2.6 FT potentiatesthe STAT3 inhibitory effects of chemotherapeutic drugsin MM cells..

Bortezomib (Bor) is the most effective anticanceugdused in the treatment of variety of cancers.dBtermine whether FT
potentiates the apoptotic effect of anticancer dweytreated U266 cells with FT combined with Bamd then examined the Western
blotting and Live/dead assays. FT and Bor comlmatieatment suppressed the p-STAT3 (Tyr705), p-B3X(8er727), and p-
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STATS (Tyr 694/Tyr 699) in U266 cells and had nteef on the expression of total STAT3 and STAT5t@iroin whole-cell protein
lysates (Fig. 6D). Furthermore, we found that corabon treatment enhanced U266 cell death as cadptar the individual
treatment (Fig. 6E), thereby indicating that FT oateed potentiate drug-induced apoptosis.

3.2.7 FT induces anti-tumor effectsin a xenograft MM model.

We examined the therapeutic potential of FT ongtwvth of subcutaneously implanted human MM U26sda nude mice. The
experimental protocol is depicted in Fig. 7A. U2&8ls were implanted subcutaneously in the rigintkl of nude mice. When tumors
have reached 0.5 cm in diameter after a week, the were randomized into 3 groups and the treatmwastcommenced as per the
experimental protocol. The tumor diameters weresueal at 4-day intervals. The treatment was coetirffor 3 weeks and animals
were sacrificed after 4 weeks. The tumors weresextiand the tumor diameters were measured. Wel fitnan the tumor volume
increased rapidly in the control group comparedhwhie other treatment groups (Fig. 7B). We fourat B, when given at 40 mg/kg
body weight, considerably inhibited the growth loé tumor at Day 24 after treatment (Fig. 7C andNlize body weights increased
during the drug treatment period (Fig. 7E).

3.2.8 FT suppressesthe growth of human MM in vivo and inhibits STAT3/5 activation from tumor tissues.

We also tested the anti-tumor potential of Filvivo via intraperitoneal administration in a subcutarseeowdel of human MM
xenograft in nude mice. We evaluated the effecF6fon constitutive p-STAT3 and p-STATS levels in Midmor tissues by
immunohistochemical analysis and found that FT ifitantly downregulated the expression of p-STAT3/btumor tissues
compared with the control group (Fig. 8A). Furthersy to determine whether FT decreases MM tumowtrdoy inhibiting
proliferation, we examined the expression of Ki-G#&Hs in MM tumors from mice. A Ki-67+ index wased as a marker for cell
proliferation. Our results showed that FT decreabedexpression of Ki-67 in tumor tissues in a ddspendent manner (Fig. 8B,
upper panel). Also, to evaluate whether FT suppresses MM tugrnowth by inhibiting angiogenesis, we examinedékpression of
the microvessel density marker CD31+ in MM tumorsnf nude mice. Our results showed that FT signmfiyareduced the
microvessel density. (Fig. 8Bower panel). In addition, we performed immunohistochemicahlggis to examine the expression
levels of GSH by FT, and confirmed the decreagberexpression level of GSH in MM tumor tissueg(FC).

3.2.9 FT reducesthelevelsof GSH in tumor tissues.

The effect of FT on the GSH content in MM tumosties was also measured. The data showed that tHdeB& was significantly
decreased (~50% decrease) in the 40 mg/kg of Rintent group compared to the vehicle group (Fig, 8ich is in line with the
cell line data where the cellular GSH content wetkuced upon FT treatment.

3.3 FT abrogatesthe activation of STAT3 and STAT5 in tumor tissues.

We also investigated the effect of FT on phosplatiyh level of STAT3 (Tyr705 and Ser727) and STARBIM tumor tissues. Fig.
8 D showed that FT was quite effective in suppresshe expression of p-STAT3 (Tyr705), p-STAT3(S81)7 and p-STATS5 in a
concentration-dependent manner.

3.3.1 FT activates caspase-3 and causes PARP cleavagein MM tumor tissues.

In order to evaluated the effect of FT on apoptosgisiction in tumor tissues; caspase-3 activatioth RARP cleavage was examined
by Western blot analysis. As shown in Fig. &t panel, we found a substantial concentration-dependditagion of caspase-3 by
FT in MM tumor tissues. Activation of downstreanspase led to the cleavage of a 116 kDa PARP prat@n87 kDa fragments
(Fig. 8E,second panel).

3.3.2 FT down-regulates expression of various proteinsinvolved in apoptosisin tumor tissues.

Next, we examined whether FT can down-modulatee#tpgession of anti-apoptotic proteins in tumoruess which was determined
by Western blot analysis. We found that FT supmasthe expression of Bcl-2, Bcl-xL, Survivin, IAR-and VEGF in a
concentration-dependent manner (Fig. 8F).



4. Discussion

We found that FT exerted its potent inhibitory etéeon both constitutive and IL-6-inducible STAT@résine residue 705
and serine residue 727) and STATS5 (tyrosine res@4#eand 699) activation in MM cells, concomitarithathe inhibition of JAK1,
JAK2, and c-Src activation. We further found th@t&dso modulated the GSH/GSSG system and theralsedeaoxidative stress that
mediated its observed STAT3 inhibitory effects iMMells. FT further down-regulated the expressibrarious STAT3-regulated
gene products, caused inhibition of cell prolifemaf induced substantial apoptosis, and inducedifsignt suppression of the growth
of MM in a xenograft mouse model.

We first noted that FT could suppress constituB¥&T3 (both at Tyr705 and Ser727 residue) and STpA&sphorylation
(Tyr 694/Tyr 699 residue), in U266 multiple myeloroalls. Also, we observed that FT inhibited the DHNiAding affinity and
nuclear translocation of both STAT3 and STAT5. Nexdw FT affects the STAT3 and STATS5 signaling pathh was also
investigated in detail. The activation of JAK ha&eh closely linked with STAT3 and STAT5 activatidd] and we observed that FT
inhibited the activation of constitutively activé\KI1l, JAK2, and Src in U266 MM cells. JAKs are edsanfor the tyrosine
phosphorylation of STAT3 in response to growth dastand cytokines [71]. STAT3 and STATS5 phosphdiytaclearly plays a
pivotal role in the proliferation and survival ofvdde variety of tumor cells, and blockade of JAKAS's signals can provide a
potent therapeutic strategy for MM [32, 36, 72]. \ether observed that FT could also inhibit ILs&tuced STAT3/5 and its
upstream protein tyrosine kinase (JAK1, JAK2, ang) Bhosphorylation in RPMI 8226 cells in a timepdadent manner that display
relatively low levels of constitutively active STA15.

We also found evidence that FT can downregulateettiression of several STAT3-regulated genes; detu anti-
apoptotic gene products (Bcl-2, Survivin, and IAR-hducers of angiogenesis (VEGF), and cell pesdifion and cell-cycle
regulators (CDK2, CDK4, and cyclin E). Constitutivactive STAT3/5 is closely associated with onauegs by protecting cancer
cells from apoptosis [73], possibly through the resggion of Bcl-2, Survivin, and IAP-2 [74-76]; thiseans that inhibition of
STAT3/5 activation by agents such as FT could pterapoptosis. The inhibition of cyclin E expression FT correlated with
suppression in proliferation and arrest of the cgtlle. Bcl-2 can also obstruct cell death indubgda variety of chemotherapeutic
agents, in parallel with an increase in chemorases [77]. The down-regulation of the expressioBdf2, Survivin, and I1AP-2 is
likely linked with the ability of FT to induce aptysis in MM cells. Also, our findings are in padraement with a recent study in
which FT was found to induce apoptosis in human-small cell lung cancer via induction of cell cy@gest [52], and in a human
osteosarcoma cell line by regulating the expressfdBcl-2, Bax, and MiR-375 [78]; although its détd mechanism of action was
not investigated in this report.

Interestingly, we found that the FT-induced cellud@optosis as well as STAT3/5 abolishment coulddwersed by the
ROS scavengers, NAC and GSH. Under normal physidbgonditions, ROS remain at physiological levalsd perform the
function of anti-oxidative systems [79, 80]. In geal, low levels of ROS contribute to cell survieald proliferation. However, when
ROS accumulate at elevated non-physiological canagons, they can lead to apoptotic cell deatlough damage of cellular
macromolecules such as DNA and proteins [81]. Wpothesized that both FT-induced STAT3 inhibitiord aapoptosis were
abolished by ROS scavengers, suggesting that RQ9enmvolved in STAT3 inhibition and anti-cancéfeets of FT. We definitely
observed a significant increase of ROS (to be fipetl,O,) in MM cells upon FT treatment, supporting our bifgesis that FT can
induce ROS production in U266 MM cells. The capgbidf FT to induce ROS production was further desstoated by the twofold
increase of the GSSG/GSH ratio, which is an indicef cellular oxidative stress. Increased ROS petidn by FT can be caused by
an imbalance of the GSH/GSSG system. The disrumtfahis system will limit its ability to remove R®and result in increased
ROS production. We observed a significant GSH desmreand a GSSG increase in FT-treated cells conhparantreated cells,
suggesting that FT treatment actually interferethulie GSH/GSSG system. GSH decrease was alsovelserthe mouse tumor
tissue obtained 24 days after treatment with F§.(BC). In addition, supplementation of GSH with GlAabrogated FT-induced
ROS/HO, production and apoptosis, while inhibition of GShkinthesis by BSO showed the opposite effects. Thadathione
system disturbances contribute to FT-induced R@8uymtion and anti-cancer effects.

Next, we measured the GR activity by FT, sinceitibition of GR by FT may cause an imbalance oHBSSSG, and we
observed a significant GR reduction by FT treatmdime GSH levels can be supplemented by GR, whath # catalyze the
conversion of GSSG to GSH [80]. GR kinetic actiwitgts not inhibited by FT when incubated with thbsttates NADPH and GSSG.
GR inhibition may be due to a reduction in the GRvity, as we observed a reduction in GR proteqpression.

We also analyzed potential effects of FT adminigtraon tumor growth in a xenograft mouse model. dignificantly
suppressed MM growth, down-regulated the expressfophospho-STAT3/STATS5, and increased the levélsaspase-3 in FT
treated group as compared with control. Immunohfstmical analysis of tumor tissues indicated that isoflavone exerted i
vivo anti-cancer effects by down-modulating p-STAT3 gqn8TATS5 expression, which correlates well with disservedin vitro
effects. The down-modulation of Ki-67 and CD31 exgsion in tumor tissues by FT also emphasizedntigoeoliferative and anti-
angiogenic potential of FT in MM, an aspect whielguires further detailed investigation. Moreover,pmior studies with FT have
been reported using a MM mouse model, and ourrgsliclearly indicate that FT has definite potentialthe treatment of MM
through the suppression of the STAT3/STATS actorati
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Overall, ourin vitro andin vivo experimental observations clearly indicate thataht-cancer effects of FT in human MM
are mediated through the suppression of the STAEBSTATS activation cascade and its-regulated oecizggene products. Taken
together, these results provide a strong ratioiwalpursuing the use of FT to enhance treatmertaay in MM patients.
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7. Figurelegends

Fig. 1. FT shows dose- and time-dependent inhibition of STAT3 and STATS5 phosphorylation in MM. (A) The chemical
structure of Formononetin (FT(B) U266 cells (1x 10° cells/well) were seeded onto 6-well plates, intebaat 37C with various
indicated concentrations of FT for 6 lef{ panel), and treated with 10AM of FT for various time intervalgight panel). Thereafter,
equal amounts of lysates were analyzed by Westetnabalysis using antibodies against p-STAT3 (D)7 p-STAT3(Ser727),
STAT3, p-STAT5(Tyr694/Tyr699), and STAT5. The sabilets were stripped and reprobed wifactin antibody to verify equal
protein loading. The results shown here are reptatee of three independent experiments. Imageag employed to quantify the
relative expression of p-STAT3 (Tyr705), p-STAT3(B&7), and p-STAT5(Tyr694/Tyr699) normalized to fBectin loading
control (optical density). Data are shown as thame SD (**P < 0.01, ***P < 0.001).(C and D) FT suppresses STAT3 and STAT5
binding activity in U266 cells. After U266 cells ¢4 10° cells/well) were seeded onto 6-well plates, intebaat 37C with the
indicated concentrations of FT for 6 llef{ panel) and treated with 10QM of FT for various time intervalgight panel), they were
analyzed for nuclear STAT3 and STATS5 levels by EMSKe results shown here are representative ofetlimdependent
experiments. Image J was employed to quantify ¢tetive expression of STAT3 and STAT5 normalizethsdrug-treated/control
groups B-actin loading control (optical density). Data al®wn as the mean + SD % 0.01, **P < 0.001).(E and F) FT causes
inhibition of translocation of STAT3 and STATS5 tfeetnucleus. After 6 h of FT treatment, the cellsenfexed and permeabilized. p-
STAT3 (green) was immunostained with Alexa FfudB8 donkey anti-goat IgG (H+L) antibody, STAT3dyevas immunostained
with Alexa Fluof’ 594 donkey anti-rabbit IgG (H+L) antibody, and thelei (blue) were stained with DAPI. The fourténgls show
the merged images of the first, second, and thémtefs. The results shown are representative ofitdependent experiment&s)
U266 cells (1x 10 cells/well) were seeded onto 6-well plates, in¢ethat 37C with various indicated concentrations of FT for 6 h
(left panel), and treated with 10QM of FT for various time intervalsright panel). Thereafter, equal amounts of lysates were
analyzed by Western blot analysis using antibodigainst p-JAK1(Tyr1022/1023), JAK1, p-JAK2 (Tyrl@DG08), JAK2, p-
Src(Tyr416), and Src. The same blots were strippeti reprobed witlff-actin antibody to verify equal protein loading.€eTtesults
shown here are representative of three indepergeriments. Image J was employed to quantify ehative expression of p-JAK1
(Tyrl1022/1023), p-JAK2(Tyr1007/1008), and p-Src@8) normalized to th@-actin loading control (optical density). Data are
shown as the mean + SD @% 0.01, **P < 0.001).

Fig. 2. FT inhibits inducible STAT3/5 and upstream kinases of STAT3 in RPM| 8226 cells. (A) RPMI 8226 cells (1x 1¢°
cells/well) were treated with IL-6 (10 ng/mL) fdrd indicated time intervals, and whole-cell exsagere prepared. Thereafter, equal
amounts of lysates were analyzed by Western blalyais using antibodies against p-STAT3(Tyr705) &Td\T3. The same blots
were stripped and reprobed wihactin antibody to verify equal protein loading.dge J was employed to quantify the relative
expression of p-STAT3 (Tyr705) normalized to fiactin loading control (optical density). Data ahl®wn as the mean + SD (*®*

< 0.001).(B and C) RPMI 8226 cells (% 10 cells/well) were treated with 1QfM of FT for the indicated times and then stimulated
with IL-6 (10 ng/mL) for 15 min. Whole-cell extraciwvere prepared and equal amounts of lysates wialgzad by Western blot
analysis using antibodies against p-STAT3(Tyr70pSTAT3(Ser727), STAT3, p-STAT5(Tyr694/Tyr699), ST# p-
JAK1(Tyr1022/1023), JAK1, p-JAK2(Tyr1007/1008), JAKp-Src(Tyr416), and Src. The same blots wer@std and reprobed
with B-actin antibody to verify equal protein loading.€Ttesults shown here are representative of threpandent experiments.
Image J was employed to quantify the relative esgiom of p-STAT3(Tyr705), p-STAT3(Ser727), p-STAT$694/Tyr699), p-
JAK1(Tyr1022/1023), p-JAK2(Tyr1007/1008), and p{Syr416) normalized to th@-actin loading control (optical density). Data
are shown as the mean + SD ¥« 0.01, **P < 0.001).(D) RPMI 8226 cells (Ix 1¢° cells/well) were transfected with STAT3-
luciferase (STAT3-Luc) plasmid, incubated for 48&hd treated with 50, 75, and 108 of FT for 6 h and then stimulated with IL-6
(10 ng/mL) for 15 min. Whole-cell extracts were rihprepared and analyzed for luciferase activitye Tesults shown are
representative of three independent experiméB)sU266 cells were transiently transfected with STAT3ag pRc/CMV or empty
vector plasmids. Then, equal amounts of lysate \wesdyzed by Western blot analysis using antibodginst p-STAT3(Tyr705),
Flag, and STAT3. The same blots were stripped aptdobed withB-actin antibody to verify equal protein loading.dge J was
employed to quantify the relative expression of TAS3(Tyr705) normalized to th@-actin loading control (optical density)F)
U266 cells were transiently transfected with STAT¥ag pRc/CMV or empty vector plasmids. Then,ratfte transient transfection
U266 cells (1x 10" cells/well) were seeded into 96-well plates, ®dawith indicated concentrations of FT for 24 heTell viability
was thereafter measured using MTT assay.

Fig. 3. FT induces apoptosis, causes accumulation of the cell cycle, and suppresses cell proliferation in MM cells. (A) U266
cells (1x 10 cells/well) were seeded onto 6-well plates, intetaat 37C with various indicated concentrations of FT for 124
Thereafter, equal amounts of lysates were analpge@/estern blot analysis using antibodies agairedt2B Survivin, 1AP-2, and
VEGF. The same blots were stripped and reprobell paitctin antibody to verify equal protein loading.eTresults shown here are
representative of three independent experimentagénd was employed to quantify the relative exprassft Bcl-2, Survivin, 1AP-2,
and VEGF normalised to thHgactin loading control (optical density). Data at®wn as the mean + SD @*% 0.01).(B) U266 cells

(1 x 10° cells/well) were treated with indicated concerinag of FT for 24 h. Total RNA was isolated, BchBd Survivin mRNA
expression was examined by RT-PCR analysis. GAPRH performed to control for a similar initial cDNdntent of the sample.
The results shown are representative of three er#gnt experiments. Image J was employed to qyahgf relative expression of
Bcl-2 and Survivin normalized to the GAPDH loadicantrol (optical density). Data are shown as thame SD (***P < 0.001).
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(C and D) Cells (1x 1 cells/well) were seeded onto 6-well plates andté&® with various indicated concentrations of FTZ4 h.
Whole-cell extracts were prepared, equal amountgsates were analyzed by Western blot analysis tlen probed with antibodies
against CDK2, CDK4, Cyclin E, caspase-3, and PAREescribed in the Materials and methods. The ddate were stripped and
reprobed withp-actin antibody to verify equal protein loading. eThesults shown here are representative of thréependent
experiments. Image J was employed to quantify ¢tegtive expression of CDK2, CDK4, Cyclin E, cleaveaspase-3, and cleaved
PARP normalized to th@-actin loading control (optical density). Data at®wn as the mean + SD @*% 0.01, ***P < 0.001).(E)
U266 and RPMI 8226 cells (1 1P cells/well) were treated with 100M of FT for 24h. Then, the cells were fixed and lgmed
using flow cytometry. The results shown here apgasentative of three independent experimgrisU266 and RPMI 8226 cells (1
x 10° cells/well) were seeded onto 6-well plates, intebaat 37C with various indicated concentrations of FT for 24Thereafter,
equal amounts of lysates were analyzed by Westetrabalysis using antibodies against Cyclin D1 &@ydlin B1. The same blots
were stripped and reprobed witkactin antibody to verify equal protein loading.eTtesults shown here are representative of three
independent experiments. Image J was employedanotify the relative expression of Cyclin D1 and @y®1 normalised to th@-
actin loading control (optical density). Data anewn as the mean + SD @®*< 0.01, ***P < 0.001).(G) After U266 and RPMI 8226
cells (1x 10" cells/well) were seeded onto 96-well plates, tiveye left non-treated (N'®), treated with FT at 50M (o), 75uM (v),
and 100uM (2) for the indicated time intervals. The cell viatyiwas measured using an MTT ass@y) After U266 and PBMC (X
10" cells/well) were seeded onto 96-well plates, theeye treated with indicated concentrations of FT2é h. The cell viability was
measured using MTT assay.

Fig. 4. NAC and GSH reverse the STAT3 inhibition and apoptosis induced by FT. (A and B) U266 cells (1x 10° cells/well)
were pretreated with indicated concentrations ofONér GSH for 30 min, and then exposed to FT (L&) for 6 h. Whole cell
extracts were prepared and subjected to Westetnabllysis using antibodies against p-STAT3 (Ty)7@88d STAT3. The same
blots were stripped and reprobed wjtactin antibody to verify equal protein loading.€Ttesults shown here are representative of
three independent experiments. Image J was employgdantify the relative expression of p-STAT3 (A§5) normalised to thg-
actin loading control (optical density). Data ah@wn as the mean + SD (< 0.01, ***P < 0.001).(C and D) U266 cells (1x 1¢°
cells/well) were pretreated with NAC (5 mM) or G$B5 mM) for 30 min, and then exposed to FT (100 for 24 h. Thereafter,
whole cell extracts were prepared and subjected/éstern blot analysis using specific antibodiestfer indicated proteins. The
results shown are representative of at least timndependent experiments. Image J was employeddontify the relative expression
of cleaved caspase-3, and cleaved PARP normaliztiebB-actin loading control (optical density). Data al®wn as the mean = SD
(*** P < 0.001).(E) U266 cells (1x 10 cells/well) were pretreated with NAC (5 mM) or G&245 mM) for 30 min, and then exposed
to FT (100uM) for 24 h. Then, the cells were fixed and anatiymsing flow cytometry. The results shown hererapresentative of
three independent experiments.

Fig. 5. GSH/GSSG imbalance mediates the FT-induced ROS production. (A) U266 cells (1x 10° cells/well) were treated with
indicated concentrations of FT for 24h. Then, teliscwere incubated at 37 with H,DCF-DA for 30 min and analyzed using flow
cytometry. The results shown here are represestafithree independent experimerf®) PBMC (1 x 10 cells/well) were treated
with 100uM of FT for 24h. Then, the cells were incubate@a€ with H,DCF-DA for 30 min and analyzed using flow cytometry
The results shown here are representative of fhoEpendent experiment&C-E) U266 cells (5x 10° cells/well) were treated with
indicated concentrations of FT for 24 h, and thesaged for GSH, GSSG, and GSSG/GSH with a GSH/GSBGAssay kit, as
described in the Materials and Methods sect{BhU266 cells were exposed to BSO (28@) with or without NAC (5 mM) for 30
min, and then treated with FT (1Q®1) for 24 h. The cells were incubated at@#vith H,DCF-DA for 30 min and analyzed using
flow cytometry. The results shown here are reprisiere of three independent experimeli@) U266 cells (1x 10* cells/well) were
treated with indicated concentrations of FT for2dnd then subjected to assay fgOHanalysis(H) U266 cells (1x 10* cells/well)
were pretreated with or without BSO (26M) or NAC (5 mM) for 30 min, and then treated wkfi (100uM) for 24 h. The cells
were then subjected to assay faOsanalysis. HO, levels were expressed as the value relative tantreated cellgl) U266 cells
were exposed to BSO (2%M) with or without NAC (5 mM) for 30 min, and thereated with FT (10@M) for 24 h. The cells were
fixed and analyzed using flow cytometry. The ressliown here are representative of three indepérdpariments.

Fig. 6. FT directly suppresses GR activity. (A) U266 cells (1x 10° cells/well) were exposed to indicated concentratiof FT for 24
h, and then collected for investigation using dutal GR assay kit following the manufacturer'stinstions.(B) U266 cells (1x 1P
cells/well) were seeded onto 6-well plates, inceblaat 37C with various indicated concentrations of FT for24Thereafter, equal
amounts of lysates were analyzed by Western blatlysis using antibodies against GR. The same hlets stripped and reprobed
with B-actin antibody to verify equal protein loading.€Ttesults shown here are representative of thréepandent experiments.
Image J was employed to quantify the relative esgiom of GR normalized to tifzactin loading control (optical density). Data are
shown as the mean + SD (*P*< 0.001).(C) GR was incubated with 1mM FT and NADPH for 30 mand then GR activity was
measured with GSSG addition. The results shownrepeesentative of three independent experimgts.U266 cells (1x 10°
cells/well) were seeded onto 6-well plates, incabait 37C with indicated concentrations of FT and Bor for.6Thereafter, equal
amounts of lysates were analyzed by Western blalyais using antibodies against p-STAT3 (Tyr7055TAT3(Ser727), STAT3,
p-STAT5(Tyr694/Tyr699), and STATS5. Image J was empt to quantify the relative expression of p-STA{3/r705), p-
STAT3(Ser727), and p-STAT5(Tyr694/Tyr699) normatize the STAT3 and STAT5 loading control (opticahdity). Data are
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shown as the mean + SD (*®*< 0.001).(E) Cells were treated with FT in the absence or pesef Bor for 24 h. The cells were
stained with a Live/Dead assay reagent for 30 mohthen analyzed under a fluorescence microscopesasibed in “Materials and
methods.”

Fig. 7. Effectsof FT on MM growth in xenograft mouse model. (A) Schematic representation of experimental protoestdbed
in Materials and Methods. U266 cells X110’ cells/mice) were injected subcutaneously intorthkt flank of the mice. The animals
were randomized after 1 week of tumor cell injectioto three groups based on tumor volume. Growpd given PBS (20(L, i.p.
thrice/week), group Il was given FT (20 mg/kg boslgight, i.p. thrice/week), group Il was given FA0(mg/kg body weight, i.p.
thrice/week).(B) Necropsy photographs of mice bearing subcutanednngianted multiple myeloma tumor&C) Tumor volumes in
mice measured during the course of experiment atwllated using the formula V = 4 8 (D) Tumor weight was measured at the
end of the experiment. Columns, mean; bars,(EPBody weight changes in FT treated mice.

Fig. 8. FT exerts inhibitory effects against tumor cell proliferation and angiogenesis in MM tumor tissues. (A)
Immunohistochemical analysis of p-STAT3 and p-STAm%human multiple myeloma tumor tissues. Tumaosuges embedded in
paraffin blocks were cut into Em tissue sections and probed for p-STAT3 and p-SH Afmunoreactivity as described in the
Materials and Methods sectiofB) Immunohistochemical analysis of proliferation marké-67 indicates the inhibition of human
multiple myeloma cell proliferation in FT treatedogps of animalsupper panels). Immunohistochemical analysis of CD31 for
microvessel density in human multiple myeloma twnimdicates the inhibition of angiogenesis in F@ated groups of animals
(lower panels). (C) Immunohistochemical analysis of GSH in human mldtipyeloma tumor tissuefd) GSH content in MM tumor
tissues treated with FT for 3 weeks. Data are shasvthe mean + SD (*P < 0.001).(E-G) Western blot of p-STAT3(Tyr705), p-
STAT3(Ser727), STAT3, p-STAT5(Tyr694/Tyr699), STATEspase-3, PARP, Bcl-2, Bcl-xL, Survivin, IAPahd VEGF in lysate
from vehicle control, and FT treated mice. Tumestie lysate was prepared and Western blot analgsiperformed as described in
the Materials and Methods section. The same blet® stripped and reprobed witkactin antibody to verify equal protein loading.
Image J was employed to quantify the relative esgiom of p-STAT3(Tyr705), p-STAT3(Ser727), STAT3,- p
STATS5(Tyr694/Tyr699), STAT5, caspase-3, PARP, BcB2I-xL, Survivin, IAP-1, and VEGF normalized tbetB-actin loading
control (optical density). Data are shown as thameSD (**P < 0.01, ***P < 0.001).
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HIGHLIGHTS

Formononetin (FT) attenuated constitutive STAT3 and STAT5S activation in MM cells
via an increased production of reactive oxygen species (ROS) due to GSH/GSSG
imbalance.

FT significantly attenuated the tumor growth in the multiple myeloma xenograft
mouse model without exhibiting any significant adverse effects.

FT also downregulated the expression of STAT3 regulated gene products in tumor
tissues obtained from xenograft mouse model.



