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Abstract

We characterized the effects of a newly developed STAT3 inhibitor, LLL12 in multiple myeloma
(MM) cells. LLL12 specifically inhibited STAT3 phosphorylation, nuclear localization, DNA
binding activity, down-regulated STAT3 downstream genes, and induced apoptosis in MM cells.
Importantly, LLL12 significantly inhibited STAT3 phosphorylation, induced apoptosis in primary
MM cells which came from patients that were clinically resistant to lenalidomide and bortezomib.
LLL12 is a potent inhibitor of cell proliferation with 1Cgg values ranging between 0.26pM and
1.96uM in MM and primary MM cells. LLL12 also inhibited STAT3 phosphorylation induced by
interleukin-6 (IL-6) and interferon-o but not STAT1, STAT2, STAT4, and STAT6
phosphorylation induced by interferon-a, interferon-y, and interleukin-4 indicating the selectivity
of LLL12 for STAT3. The selectively of LLL12 on STAT3 was further demonstrated on 21
protein kinases, which LLL12 had ICgq values 73.92uM. In addition, the pre-treatment of LLL12
blocked the promotion of the cell proliferation and resistance to lenalidomide by IL-6.
Furthermore, LLL12 significantly blocked tumor growth of MM cells in mouse model. Our results
indicate that LLL12 blocks constitutive STAT3 and IL-6 induced STAT3 signaling and may be a
potential therapeutic agent for MM.
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Introduction

Multiple Myeloma (MM) is the second most common hematologic malignancy and accounts
for about 20,000 new diagnoses annually in the United States 1. The incidence of the disease
is rising and, despite the advent of novel agents including lenalidomide and bortezomib, the
disease remains mostly incurable and new therapies are desperately needed.

Signal Transducers and Activators of Transcription (STAT) proteins are transcription factors
which normally mediate orderly and tightly regulated signaling processes initiated through
extracellular cytokines and growth factors 2-4. On the other hand, constitutive activation of
STATSs has been demonstrated to contribute to oncogenesis 2 °, and STAT3 in particular, is
considered to be an oncogene due to its ability to promote malignancy 3 % 6. STAT3
activation occurs through phosphorylation of the tyrosine 705 (Tyr705) residue, leading to
dimerization and translocation from the cytoplasm to the nucleus > 7- 8, In the nucleus,
STAT3 binding to target genes induces the transcription and up regulation of proliferation
and anti-apoptotic associated proteins 3: % 6.9, STAT3 can also dimerize via reversible lysine
acetylation which is independent of tyrosine phosphorylation and thus could also be
essential for cell transformation, particularly for IL-6 independent tumors 10.

Prior work has demonstrated that constitutively active STAT3 is sufficient for inducing
cellular transformation 6 and resistance to transformation was observed in STAT3 deficient
cells 1112, STAT3 is frequently activated in many types of human solid and blood cancer
and contribute to cancer progression 2 4. The STAT3 signaling pathway is especially
important in the proliferation, chemoresistance, and survival of MM cells through
constitutive phsophorylation of STAT3 or in response to interleukin (IL)-6 produced by
cells in the bone marrow microenvironment or by MM cells, per se 1314, Inhibition of
constitutive STAT3 signaling by a dominant-negative mutant, a JAK2 inhibitor (AG490),
and other strategies leads to apoptosis in MM cells 13. 14,

While STAT3 may be important for normal embryologic development, it appears to be less
important for the function of differentiated tissues 11 12: 1517 For example, no obvious
deleterious effects were observed when STAT3 antisense therapy was used to deplete
protein from normal cells in mice 1°. Furthermore, fibroblasts deficient in STAT3 exhibited
similar proliferative capacities compared to their wild-type counterparts, similar survival in
vitro, and responded appropriately to several growth factors 12. This supports the notion that
in relatively differentiated cell types, STAT3 function is not required to maintain basal cell
survival. Moreover, inhibition of STAT3 signaling in immune cells may enhance
surveillance and cytotoxicity against MM tumor targets 18. Taken together, these findings
suggest that development of agents directly inhibiting the STAT3 pathway could represent a
novel form of “targeted therapy” for MM.

Using structure-based drug design, we developed a novel STAT3 inhibitor, named LLL12
(Chemical structure depicted in Supplemental Figure 1). LLL12 is an optimal structural
analog of our previously reported STAT3 inhibitors LLL3!® and STA-2120, Computer
models with docking simulation showed that LLL12 binds directly to the phosphoryl
tyrosine 705 (pTyr705) binding site of the STAT3 monomer 21, Herein, we characterize the
effects of LLL12 on MM tumor cells. We demonstrate that LLL12 exhibits high specificity
for inhibiting STAT3 phosphorylation and leads to down regulation of STAT3-modulated
proliferation and survival genes. LLL12 inhibits proliferation and induces apoptosis of
primary, human MM cells in vitro, even in samples procured from patients with relapsed/
refractory MM, including prior therapies with lenalidomide and bortezomib 22. LLL12
suppresses in vivo MM tumor growth in a mouse xenograft model. These findings strongly
support further development of LLL12 as a novel therapeutic agent for MM.
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Materials and Methods

Cell lines and primary MM tumor cells

Human MM cell lines (U266, ARH-77, IM-9, MM.1S and RPMI8226) were purchased from
the American Type Culture Collection (Manassas, VA). MM cell lines were maintained in
RPMI11640 medium supplemented with 10% Fetal Bovine Serum (FBS), 4.5 g/L L-
glutamine, sodium pyruvate, and 1% penicillin/streptomycin and maintained in a humidified
37°C incubator with 5% CO,. CD138(+) cells from patients with MM were obtained with
written informed consent under Ohio State University IRB-approved procurement protocol
and isolated by positive selection utilizing EasySep CD138(+) magnetic nanoparticles per
manufacturer’s instructions (StemCell Technologies, VVancouver, BC). The majority of
CD138+ cells in the marrow of MM patients are myeloma cells.

Small molecular JAK2, STAT3 inhibitors and Lenalidomide

LLL12, anew STAT3 inhibitor 21, and WP1066 23, a JAK2 inhibitor, were synthesized at
The Ohio State University (P-K Li, College of Pharmacy). AG490, a JAK2 inhibitor 24,
Stattic 2° and S31-201 26, two STAT3 SH2 inhibitors, were purchased from Calbiochem
(Darmstadt, Germany). Lenalidomide was purchased from LC Laboratories (Woburn, MA).
Drugs were dissolved in sterile dimethyl sulfoxide (DMSO) to make 20mM stock solution,
stored at —20° C until use.

Protein kinase activity assay

The effects of LLL12 on twenty one purified human protein kinases were performed at
Millipore UK Limited (Dundee, UK) using a validated kinase profiler assay as described in
detail by the manufacturer. In short, assays contained a peptide substrate, purified
recombinant human protein kinases to be tested, and gamma-labeled ATP, magnesiumion.
Radioactive phosphorylated product was measured and quantitated via a scintillation
counter. Appropriate kinase inhibitor, which gave half-maximal inhibitory concentrations
(ICsp) values at nM ranges was used as a positive control. The ICgq inhibitory values of
LLL12 on the kinase activity of each protein kinase were determined using 10 different
concentrations of LLL12 (up to 100 uM).

Cell viability assay

U266, ARH-77, and primary MM cells (3,000-5,000/well in 96-well plates) incubated with
indicated concentrations of compounds in triplicate at 37 C for 72 hours. 3-(4,5-
Dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT) viability assay was performed
according to manufacturer’s protocol (Roche Diagnostics, Mannheim, Germany). The
absorbance was recorded at 595 nm. I1Csq values were determined using Sigma Plot 9.0
Software (Systat Software Inc., San Jose, CA). CD138+ and CD138- marrow fraction were
from a patient with MM and were cultured in DMSO or LLL12 (10pM) for 24h. Cell
viability was measured by MTS assay (5 replicates per condition). The synergy of LLL12
and lenalidomide in the inhibition of U266 cell growth was determined as previously?L.
Calcusyn software (Biosoft, Ferguson, MO) was used to determine the combinational index
(CI) for combination. A Cl value of less than 1 represents synergism. A Cl value equal to 1
represents additive effects. A Cl value greater than 1 represents antagonistic effects.

Nuclear staining

To examine whether LLL12 inhibits STAT3 nuclear localization, the immunofluroence
staining was performed according to the protocol from the Cell Signaling Technology.
Briefly, after wash once with Phosphate Buffered Saline (PBS) buffer, U266 MM cells were
blocked with 5% normal goat serum for 1 hour and incubated with rabbit polyclonal anti-
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humanSTAT3 antibody (Cell Signaling Technology, Beverly, MA, 1/100 dilution)
overnight. Then cells were washed and incubated with goat anti-rabbit IgG Alexa Fluor 594
(1/200) for 1 hour and counterstained for nuclei with Hoechst (50 ng/ml) for 5 min. Stained
slides were mounted with mounting medium (Vector Laboratories, Burlingame, CA) and
analyzed under a fluorescence microscope (Zeiss Axioskop microscope, Carl Zeiss,
Gottingen, Germany). Pictures were captured using an AxioCam HRc camera and
Axiovision 3.1 software (Carl Zeiss, Gottingen, Germany).

Western blot analysis

MM cells were treated with LLL12 (2.5, 5 or 10uM) or DMSO for 24 hours before cells
were collected for Western blot analysis. For interferon-a (IFN-a), interferon-y (IFN-v),
IL-4, and IL-6 stimulation experiments, IM-9 and MM.1S MM cells were serum-starved for
24 hours and left untreated or pre-treated with LLL12 (2.5-10 uM), Stattic (2.5-20 uM) or
DMSO for 2 hours. Then, 25ng/ml IFN-a, IFN-y, or IL-4 was added, the cells were
harvested for Western Blot analysis 30 minutes later. MM cells were lysed in cold RIPA
lysis buffer containing protease inhibitors and subjected to SDS-PAGE. Proteins were
transferred on to PVDF membrane and probed with antibodies. Antibodies (Cell Signaling
Technology, Beverly, MA) against phospho-specific STAT1 (Tyrosine 701), phospho-
specific STAT2 (Tyrosine 690), phospho-specific STAT3 (Tyrosine 705), phospho-specific
STAT4 (Tyrosine 693), phospho-specific STAT6 (Tyrosine 641), phospho-specific ERK1/2
(Threonine 202/Tyrosine 204), phospho-specific Src (Tyrosine 416), phospho-specific
MTOR (Serine 2448), cleaved Poly (ADP-ribose) polymerase (PARP), cleaved caspase-3,
cleaved caspase-8, phospho-independent STAT3 cyclin D, Bcl-2, DNMT1, survivin, and
GAPDH were used for western blots. Membranes were analyzed using enhanced
chemiluminescence Plus reagents and scanned with a Storm Scanner (Amersham Pharmacia
Biotech Inc, Piscataway, NJ).

STAT3 DNA binding activity

U266 and ARH-77 MM cells were treated with LLL12 (2.5uM and 5uM) or DMSO for 24
hours. The nuclear extracts were analyzed for STAT3 DNA binding activity using a STAT3
Transcription Factor Kit (Clontech Inc, Mountain View, CA). Statistical significance (p <
0.05) relative to DMSO (vehicle control) is designated by an asterisk in figures.

Reverse transcriptase-Polymerase chain reaction (RT-PCR)

U266 and ARH-77 MM cells were treated with LLL12 (2.5 and/or 5 uM) or DMSO for 24
hours. RNAs of ARH77, U266 and MM.1S cells were collected using RNeasy Kits (Qiagen,
Valencia, CA). Primer sequences and source information of STAT3 downstream target
genes can be found in Supplemental Table 1. PCR amplification was done under the
following conditions: 5 min at 94°C followed by 25 cycles of 30 seconds at 94°C, 30 sec at
55°C, and 30 seconds at 72°C with a final extension of 5 min at 72°C. Primer sequences are
shown in Supplemental Table 1.

Flow cytometry

Apoptotic cell death induced by LLL12 was quantified by flow cytometry with Annexin-V/
propidium iodide (PI) double staining (BD Pharmingen, San Jose, CA). After treatment with
LLL12 or DMSO for 24 hours, U266 and ARH-77 MM cells were harvested and washed
with cold PBS. The cell pellet was re-suspended in 1x binding buffer at a concentration of 1
x 108 cells/ml. 100 pl of cell suspension was transferred into another tube. 5 pl of Annexin
V-FITC and 5 pl of Pl were added for 15 minutes at room temperature (RT) in darkness, and
then analysed by flow cytometry (Becton Dickinson, Franklin Lakes, NJ) within 1 hour.
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Mouse xenograft model

Animal studies were conducted in accordance with the principles and standard procedures
approved by IACUC at the Research Institute at Nationwide Children’s Hospital. 2x 107
ARH-77 MM tumor cells were injected subcutaneously into the right flank of 4- to 5- week-
old female NOD/SCID mice (Harlan Laboratories, Indianapolis, IN, USA). After 12 days,
mice were divided into two treatment groups (n=6 each): (a) control vehicle (100% DMSO)
and (b) 5mg/kg of LLL12. LLL12 or DMSO was administered via intraperitoneal injection.
Tumor growth was determined by caliper-measured the length (L) and width (W) every
other day, and tumor volume was calculated on the basis of the following formula: volume =
(n/6) LW2. Bodyweights of mice were measured daily during 14 days period treatments.

Statistical analysis

Results

The Mann-Whitney non-parametric test was used for the evaluation of differences of
STAT3 DNA binding activity, percentage of apoptosis, and tumor volume between DMSO-
and LLL12-treated experiments. 1Csq values were determined using Sigma Plot 9.0
Software (Systat Software Inc., San Jose, CA).

LLL12 specifically inhibited STAT3 phosphorylation and induces apoptosis in MM cells

In the human MM cell lines U266 and ARH-77, which express elevated levels of STAT3
phosphorylation, LLL12 inhibited STAT3 phosphorylation at tyrosine residue 705 (Tyr 705)
(Figures 1A and 1B). Inhibition of STAT3 phosphorylation was associated with induction of
apoptosis, as evidenced by PARP, caspase-3, and caspase-8 cleavage (Figures 1A and
Figure 1B). LLL12 also inhibited STAT3 phosphorylation and induced apoptosis in primary,
human MM cells from three different patients (Figure 1C). Importantly, patients M.M.P. 2
and M.M.P. 3 were clinically resistant to prior therapy with lenalidomide and bortezomib.
These primary MM cells were all found to have constitutively active STAT3. Thus, therapy
targeting STAT3 inhibition may be an effective treatment for patients with lenalidomide and
bortezomib resistant disease.

We also detected the effects of LLL12 on the phosphorylation of mTOR, Src and ERK(1/2).
The phosphorylation of mTOR and Src were not reduced significantly. In U266 MM cells,
the phosphorylation of ERK(1/2) was even increased (Figure 1A). In ARH-77 MM cells, the
phosphorylation of ERK(1/2) and mTOR were slightly reduced by LLL12 at higher
concentration (5uM) (Figure 1B). In order to characterize the specificity of these effects of
LLL12 in MM cells further, we examined whether LLL12 exhibited inhibitory effects on 21
other human protein kinase activities using a standardized, validated kinase profile. LLL12
did not inhibit BMX, BRK, CSK, Fgr, Fyn, JAK3, LcK, Lyn, or ZAP-70 which contain an
SH2 domain (Table 1) at achievable, relevant in vivo concentrations (ICsq are at least 57.19
uM to > 100 uM). Furthermore, LLL12 exhibited no relevant inhibition against other protein
kinases, including AKT2, CDK1/cyclin B, FAK, FGFR2, IKKp, JNK1, JNK2, PAK1,
PAK2, PDGFR-a, PKC-a, and PKC-§ (ICsq are 91.76 uM to > 100 uM, Table 1).
Staurosporine was used as positive control on these kinase assays (ICsq between <0.001 and
0.456 pM). These results support the selectivity of LLL12 to inhibit STAT3 and thus induce
pro-apoptotic effects in MM specifically through STAT3 inhibition.

LLL12 inhibited STAT3 but not other STATs phosphorylation induced by interleukin-6,
interferon-a, interferon-y, and IL-4

The relationship between the ambient microenvironment and MM tumor cells is crucial to
maintaining and perpetuating the tumor cell clone via cytokine-mediated signaling in
particular, 1L-6 13: 27, The MM1.S human MM cell line, which expresses very lower
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constitutively phosphorylated STAT3, was utilized to determine whether or not LLL12 is
capable of inhibiting cytokine-induced STAT3 phosphorylation. Pretreatment of MM.1S
multiple myeloma cells stimulated by I1L-6 and IFN-a respectively with LLL12 prevented
phosphorylation of STAT3, but not STAT1 or STAT2 (Figure 1D and Figure 1E). Another
reported STAT3 inhibitor, Stattic 25 was found to be much less potent than LLL12 in
inhibiting IL-6 or IFN-o mediated STAT3 phosphorylation (Figure 1D and Figure 1E).
LLL12 also inhibited STAT3 phosphorylation induced by IFN-o but did not or much less to
inhibit the stimulation STAT1 and/or STAT2 phosphorylation by IFN-a or IFN-y in IM-9
multiple myeloma cells (Supplemental Figure 2). Similarly, LLL12 did not prevent
phosphorylation of STAT4 or STAT6 by IL-4 in IM-9 human MM cells (Supplemental
Figure 2). These results further highlight the specificity of LLL12 for STAT3 inhibition
without associated effects on other members of the STAT signaling protein family.

LLL12 inhibited STAT3 nuclear localization, STAT3 DNA binding activity and the
expression of STAT3 downstream target genes

To confirm the inhibition of STAT3 signaling by LLL12, we examined whether or not
LLL12 inhibits STAT3 nuclear localization, because the main function of STAT3 is to
function as a transcription factor in nucleus. In U266 MM cells treated with DMSO, STAT3
was mainly observed localized in nuclei (Left panels, Supplemental Figure 3). However, in
U266 cells treated with LLL12, most STAT3 was retained in cytoplasm and absent in nuclei
(Right panels, Supplemental Figure 3). We also examined the effect of LLL12 on STAT3
DNA binding activity in U266 and ARH-77 MM cells. LLL12 caused a statistically
significant inhibition (approximately 30-33% reduction with 2.5uM and 58-69% reduction
with 5uM) of STAT3 DNA binding activity in U266 and ARH-77 MM cells (Figure 2A).
These findings demonstrated that inhibition of STAT3 phosphorylation by LLL12
consequently impaired STAT3 function in MM cells.

To characterize further the functional effects of LLL12-induced STAT3 inhibition, we
examined the transcription of STAT3 downstream target genes involved in proliferation and
survival of MM cells by reverse transcriptase PCR, including cyclin D1, survivin, DNMT1,
and Bcl-2 6 28-30 U266 and ARH-77 MM cell lines were treated with LLL12 or DMSO for
24-h. Reverse Transcriptase PCR was run for cyclin D1, survivin, Bcl-2, Bel-XL, and
DNMTL. LLL12 treatment resulted in an inhibition of the transcription of all five of these
STAT3-regulated genes in both MM cell lines (Figure 2B). These downstream target
proteins of STAT3 were also down regulated by LLL12 (Figure 2C), which confirm the
results of the inhibition at mMRNA levels (Figure 2B). The expression of STAT3
downstreatm target genes, such as survivin, Bcl-2, Bel-XL, was increased after stimulated
by IL-6 (2.5-10 ng/ml) for 48 hours (Figure 2D). 2.5uM of LLL12 also reduced the
expression of these genes to lower than the basal level (Figure 2D).

LLL12 impaired MM cell proliferation and viability

Cell viability assays were conducted to examine the inhibitory affect of LLL12 on U266
ARH-77 human MM cell lines and primary MM cells from two patients. I1Csq values after
72 hours of treatment were calculated for LLL12 and compared to other previously
characterized compounds: JAK2 inhibitors: WP1066 23 and AG490 24, and STAT3
inhibitors: Stattic 2%, LLL3 31, and S31-201 26, Results summarized in Supplemental Table 2
show that ICgq values for LLL12 are 0.49uM and 1.96 uM in U266 and ARH-77 MM cells
respectively, suggesting greater or comparable inhibitory potency of LLL12 than other
inhibitors tested and comparable to the activity of Stattic (Supplemental Table 2). LLL12 is
also potent in primary multiple myeloma cells (M.M.P.4 and M.M.P5) isolated from two
patients that are clinically resistant to lenalidomide and bortezomib (Supplemental Table 2).
In contrast, LLL12 has little effects on normal human peripheral blood lymphocytes
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(Supplemental Figure 4A) and normal human marrow [CD138(—)] cells (Supplemental
Figure 4B). We also examined the effect of LLL12 on survival of IL-6 independent MM cell
lines RPMI-8226. LLL12 did not induce cleaved caspase-3 and cleaved PARP in this cell
line (Supplemental Figure 4C). The phosphorylation of STAT3 at tyrosine residue 705 (Tyr
705) of this cell line was too low to be detected (Supplemental Figure 4C).

To quantify the apoptotic effects of LLL12, U266 and ARH-77 MM cell lines were cultured
in LLL12 or DMSO for 24 hours and stained with Annexin V and PI. Representative
findings are shown in Figure 3A. LLL12 led to a dose-dependent increase in apoptosis as
shown in Figure 3B and Figure 3C. Apoptosis was observed in 38.2% (+/— 7.5%, p < 0.05
compared to DMSQ) in U266 MM cells at LLL12 (2.5uM) and 53.3% (+/— 7.1%, p < 0.05
compared to DMSQO) at 5uM (Figure 3B). Apoptosis of 70.8% (+/— 1.7%, p < 0.05
compared to DMSQ) of ARH-77 cells was seen at LLL12 (2.5uM) and 73.5% (+/—4.1,p <
0.05 compared to DMSO) at 5uM (Figure 3C).

IL-6 promoted cell viability, confers resistance to growth inhibition induced by
lenalidomide and is suppressed by LLL12 in MM1.S human MM cells

To explore the proliferation/cell viability promoting role of IL-6 in MM cells, MM1.S MM
cells were stimulated with IL-6 for 48 hours and cells viability was detected by MTT assay.
IL-6 can increase cell proliferation/viability by two-fold which could be blocked by small
molecular STAT3 inhibitor, LLL12 (Figure 4A). This is consistent with the stimulation of
STATS3 phosphorylation by IL-6 and inhibited by LLL12 in MML.S cells (Figure 1D).
Treatments of MM1.S cells with Ienalidomide caused a dose-dependent reduction of cell
viability (Figure 4B). This inhibition of cell viability was reversed with IL-6 treatment.
However, pre-treatment of MM1.S cells with LLL12, further reversed the rescue of
lenalidomide-mediated inhibition of cell viability by I1L-6 (Figure 4B). Therefore, these
results suggest that IL-6 conferred resistance to growth inhibition by lenalidomide and this
activity was blocked by small molecular STAT3 inhibitor, LLL12.

LLL12 enhanced the activity of lenalidomide in U266 human MM cells with higher levels of
IL-6/P-STATS3

We also examined the effects of lenalidomide on U266 human MM cells. It was reported
that IL-6 plays an important role in myeloma cell proliferation, survival, and drug
resistance 1332, So we compared the level of 1L-6/P-STAT3 pathway in U266 and MM.1S
cell lines. ELISA assay showed that the level of IL-6 in the medium of U266 cells is higher
than MM.1S cells (Figure 4C). U266 cell line also has higher level of IL-6 gene expression
as detected by RT-PCR (Figure 4D). Western blot results also showed the phosphorylation
of STAT3 (Tyr 705) in U266 is higher than MM.1S cell line (Figure 4E). Because U266
cells express higher levels of 1L-6 and STAT3 phosphorylation than MM.1S cells, we
predicted that U266 cells may be more resistant to certain drugs. Our results demonstrated
that U266 cells were indeed more resistant to lenalidomide compared to MM.1S cells
(Figure 4F). Furthermore, LLL12 could increase the sensitivity of U266 cells to
lenalidomide treatment (Figure 4G). The Combinational Index (ClI) for LLL12 and
lenalidomide was calculated. The CI value of all the combinations of treatments were less
than 1, indicating synergism between LLL12 and lenalidomide. Therefore, LLL12 is likely
to enhance the effects of lenalidomide through the inhibition of IL-6/STAT3 pathway in
U266 multiple myeloma cells.

LLL12 suppressed MM tumor growth in vivo

A murine xenograft model was utilized to determine the in vivo anti-MM effects of LLL12.
10 days after subcutaneous implantation of 2x107 ARH-77 MM tumor cells in NOD/SCID
mice, subjects were randomized to receive daily via intraperitoneal administration of 5 mg/
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kg LLL12 (6 mice each group) or DMSO vehicle control (6 mice each group). As shown in
Figure 5, LLL12 significantly suppressed tumor volume (Figure 5A and 5C, p < 0.05 for all
comparisons indicated), tumor weight (Figure 5B, p < 0.05), and inhibited STAT3
phosphorylation (Figure 5D) compared with DMSO-treated controls. The bodyweights of
LLL12-treated mice were not reduced and similar to that of the vehicle-treated mice
suggesting that LLL12 toxicity was minimal (Figure 5E). These results demonstrate that
LLL12 is potent in suppressing tumor growth of human MM cells in vivo.

Discussion

MM remains mostly incurable despite the advent of novel therapies and, with the incidence
of the disease rising, new treatments are urgently needed. STAT3 plays a crucial role in
MM, proliferation, resistance to apoptosis, and survival 3335 and represents an important
molecular target for the development of novel therapies 2 4 33-35_ However, to date, the
translation of anti-STAT3 therapies into clinical trials has been difficult 33 36, Previous
methods aimed at blocking STAT3 have included the use of RNA interference, STAT3
antisense oligonucleotides, and dominant negative STAT3 7+ 37: 38, Although the stated
approaches have been successful limitations apply to the RNA or antisense oligonucleotides
delivery and stability 39 40. To our knowledge, no direct STAT3 inhibitors have begun
assessment in clinical studies to date. The purpose of the present work was to characterize a
novel STAT3 inhibitor, LLL12, as a potential therapy for MM, and as research tools to
study the STAT3 pathway in cancer.

LLL12 is a novel small molecule inhibitor of STAT3 with high specificity to the Tyr705
residue mediating activation of STAT3 signaling via phosphorylation. Herein, we present
the first data characterizing LLL12 as a promising, novel therapy for MM. We show that
LLL12 prevents phosphorylation of STAT3 and this effect is associated with caspase-
mediated apoptosis in MM cells. The phosphorylation of ERK(1/2) was increased in U266
cells but slightly reduced in ARH-77 cells by LLL12. In addition to suppressing constitutive
activity of STAT3 in MM cell lines and primary tumor samples, our data show that LLL12
prevents STAT3 activation induced through cytokine stimulation, including IFN-a and IL-6.
These effects appear STAT3-specific, in that no inhibitory effects of LLL12 on other STAT
family members such as STAT1 induced by IFN-o and IFN-y, STAT2 by IFN-a, and
STAT4, STAT6 by IL-4 stimulation.

In blocking STAT3 phosphorylation, we demonstrate that LLL12 prevents STAT3 nuclear
localization as well as DNA binding activity. Additionally, LLL12 leads to down regulation
of expression of downstream targets of STAT3 known to be involved in proliferation and
survival of MM cells providing further mechanistic detail regarding the pro-apoptotic effects
of LLL12 in MM. These effects culminate in statistically significant, deleterious effects on
MM cell in vitro viability as well as impaired in vivo MM tumor cell growth in a murine
model.

Two limitations of the present dataset include the relatively high in vitro concentrations of
LLL12 utilized as well as the lack of pharmacodynamic and pharmacokinetic data in the in
vivo model. Further, ongoing work with LLL12 will address these issues which could
represent limitations to clinical translation. None-the-less, these data provide additional
proof-of-principle that STAT3 may be an attractive target for drug development in MM and
LLL12 does warrant further research as a potentially promising novel therapy for patients
with MM.

IL-6 is a key cytokine mainly produced by myeloma cells and a verity of other cells in the
marrow microenvironment. A high IL-6 serum level is often associated to worse

Int J Cancer. Author manuscript; available in PMC 2013 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 9

progression-free survival and overall survival in myeloma. IL-6 exerts its biological effects
through binding to two signal transducing receptor subunits gp130 and IL-6R. IL-6 binding
results in gp130 and IL-6R dimerization and in the subsequent activation of Janus kinases/
STAT3 pathway. We observed that IL-6 can increase cell proliferation/viability in MM1.S
cells and this is inhibited by small molecule, LLL12. This is consistent with the stimulation
of STAT3 phosphorylation by IL-6 and inhibited by LLL12 in MML1.S cells. Treatments of
MML.S cells with lenalidomide also caused a dose-dependent reduction of cell viability and
were reversed with IL-6 treatment. However, pre-treatment with LLL12 reversed the rescue
of lenalidomide-mediated inhibition of cell viability by IL-6. We also observed U266 cells
express higher levels of 1L-6 and STAT3 phosphorylation compared to the MM.1S cells.
Interestingly, U266 cells are also more resistant to lenalidomide than MM. 1S cells.
Treatment of LLL12 blocked lenalidomide-resistant in U266 cells suggesting that LLL12 is
likely to enhance the effects of lenalidomide through the inhibition of IL-6/P-STAT3
pathway in U266 cells. Therefore, these results support that IL-6 conferred resistance to
lenalidomide and this promoting activity was blocked by STAT3 inhibitor, LLL12.

Constitutive STAT3 activity has also been implicated in chemoresistance against a number
of effective anti-MM therapies 13 34,3541 More recently, it has been suggested that STAT3
is also implicated in emergent resistance to lenalidomide and bortezomib 42 43. A number of
studies, by members of our group and others, have demonstrated that curcumin, a natural
product derived from Curcuma longa, may enhance the effects of anti-cancer agents against
MM and other cancers through STAT3 inhibition 3% 43. 44 However, curcumin also has a
number of off-target effects in addition to STAT3 inhibition and doses associated with
biologic activity are associated with clinical toxicities #4. In contrast, LLL12 is not a
derivative from curcumin and the inhibitory effects of LLL12 appear STAT3-selective, in
that no effects of LLL12 on twelve other human protein kinases were observed.
Interestingly, in samples procured from patients with disease clinically-resistant to
lenalidomide and bortezomib, we still observed potent anti-STAT3 effects with LLL12 and
related induction of apoptosis, suggesting by inhibiting STAT3 survival pathway, LLL12 is
active in lenalidomide and bortezomib resistant myeloma cells, at least in the in vitro
experiments.

In conclusion, our findings suggest LLL12 holds promise for further development as a novel
therapy for MM. As constitutive and/or IL-6-mediated activation of STAT3 is a common
occurrence in MM, the pathway represents an attractive target for development of targeted
therapies. Inhibition of STAT3 in normal cells yields no apparent deleterious

effects 13. 20, 4547 g ggesting that blocking STAT3 signaling may not be grosslytoxic in
normal cells. Moreover, STAT3 inhibition in immune effector subsets may enhance anti-
tumor cytotoxicty 48. These data support ongoing translational work with LLL12 as a novel
therapy for MM.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LLL12 inhibited constitutive and cytokine-induced STAT3 phosphorylation, reduced
expression of downstream STAT3 targets, and exhibitd high specificity for STAT3

(A, B) The human MM cell lines U266 and ARH-77 exhibit constitutively phosphorylated
STAT3. LLL12 (2.5uM or 5uM) inhibited STAT3 phosphorylation at Tyr705, resulting in
induction of apoptosis as indicated by cleaved PARP, caspase-3 and caspase 8. Other
signaling pathways were not affected by LLL12 (mTOR, Src, and ERK1/2). GAPDH is
shown as a loading control. (C) LLL12 blocked STAT3 phosphorylation in purified, freshly
isolated primary, human MM tumor cells from multiple myeloma patient (M.M.P.,
representative result in n=3 independent patient samples) leading to PARP and caspase-3
cleavage. (D) LLL12 was more potent than Stattic (2 hours pre-treatment) in inhibiting IL-6-
induction of STAT3 phosphorylation in the MM.1S cell line. (E) LLL12 inhibited STAT3
but not STAT1 and STAT2 phosphorylation induced by interferon-oa(IFN-a, 25ng/ml) in the
MM.1S cell line. The potency of LLL12 was better than Stattic. Cells were pre-treated with
LLL12 and/or Stattic for 2 hours, then were stimulated with 1L-6 or interferon-afor 30-
minutes in the presence or absence of LLL12.
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Figure 2. LLL12 inhibited STAT3 DNA binding activity and expression of downstream targets
associated with proliferation and survival of MM tumor cells

(A) U266 and ARH-77 MM cells were treated in LLL12 (2.5uM) or DMSO for 24 hours
and nuclear extracts were examined for DNA binding activity. LLL12 induced statistically
significant (*) reductions in STAT3 DNA binding activity, results are representative of two
independent experiments in each cell line. (B) U266 and ARH-77 human MM cell lines
were cultured in LLL12 (5 uM) or DMSO for 24 hours. Reverse transcriptase PCR revealed
decreased expression of STAT3 target genes in LLL12-treated cells as compared to DMSO
control following treatment with LLL12. (C) Downstream STATS3 target proteins, Cyclin
D1, Survivin, Bcl-2, and DNMT1 were downregulated by LLL12 as shown by western blot
analysis. (D) MM.1S cells were stimulated with IL-6 (2.5-10 ng/ml) for 48 hours in the
presence or absence of LLL12 (2.5uM) for the last 24 hours. Reverse transcriptase PCR
showed IL-6 enhanced expression of STATS3 target genes, which was blocked by LLL12.
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Figure 3. LLL12 induced apoptosis in U266 and ARH-77 multiple myeloma cells

(A). Representative histograms of U266 and ARH-77 MM cells cultured for 24 hours in
DMSO or LLL12 (2.5uM or 5uM) following annexin V/PI staining and flow cytometric
analysis. (B, C) LLL12 led to dose-dependent, statistically significant (*p < 0.05) increase in
apoptosis of MM cells, in all instances, results are representative of at least 3 independent
experiments.
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Figure 4. LLL12 inhibited cell proliferation induced by IL-6 and blocked IL-6 mediated drug
resistance in human MM cells

(A) MM.1S cells were treated with 1L-6 (25ng/ml) with or without LLL12. IL-6 can
increase cell proliferation, which could be blocked by LLL12. (B) Treatments of MM1.S
cells with lenalidomide caused a dose-dependent reduction of cell viability. IL-6 reversed
lenalidomide induced inhibition of cell viability. Pre-treatment of MML1.S cells with LLL12,
further reversed the rescue of lenalidomide-mediated inhibition of cell viability by IL-6. (C)
U266 cells secreted higher levels of 1L-6 than MML.S cells. (D) U266 cells expressed higher
levels of IL-6 than MML.S cells. Both MM cell lines expressed similar levels of IL-6R and
Gp130. (E) U266 cells expressed higher levels of STAT3 phosphoryltion than MML.S cells.
(F) U266 cells were more resistance to lenalidomide than MML1.S cells. (G) LLL12
enhanced lenalidomide-mediated inhibition of cell proliferation in U266 MM cells.
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Figure 5. LLL12 abrogated in vivo MM tumor cell growth

ARH-77 MM flank tumors were established in 12 NOD/SCID mice, then randomized to
receive intraperitoneal injection with 5mg/kg of LLL12 or DMSO. Tumor volume was
measured every other day and tumor mass was determined after 26 days. (A-C) LLL12
statistically significantly (*, all comparisons shown p < 0.05) impaired MM tumor cell
growth as assessed by serial volume measurements and tumor mass. (D) Western blotting
demonstrated inhibition of STAT3 phosphorylation in response to LLL12 therapy. (E) The
body weights of LLL12-treated mice were not decreased and similar to that of the vehicle-
treated mice over 15-day of treatments.
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