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ABSTRACT
The oncogenic transcription factor signal transducer and activator of

transcription 3 (STAT3) is hyperactivated in most cancers and represents

a plausible therapeutic target. In the absence of STAT3-selective small-

molecule inhibitors, we sought to develop pSTAT3/1 high-content im-

aging (HCS) assays to screen for selective inhibitors of STAT3 pathway

activation in head and neck squamous cell carcinomas (HNSCC) tumor

cell lines. Based on the expression of the interleukin-6 (IL-6)Ra and

gp130 subunits of the IL-6 receptor complex and STAT3, we selected the

Cal33 HNSCC cell line as our model. After developing image acquisition

and analysis procedures, we rigorously investigated the cytokine acti-

vation responses to optimize the dynamic ranges of both assays and

demonstrated that the pan-Janus kinase inhibitor pyridone 6 non-

selectively inhibited pSTAT3 and pSTAT1 activation with 50% inhibition

concentrations of 7.19 – 4.08 and 16.38 – 8.45 nM, respectively. The

optimized pSTAT3 HCS assay performed very well in a pilot screen of

1,726 compounds from the Library of Pharmacologically Active Com-

pounds and the National Institutes of Health clinical collection sets, and

we identified 51 inhibitors of IL-6-induced pSTAT3 activation. However,

only three of the primary HCS actives selectively inhibited STAT3

compared with STAT1. Our follow-up studies indicated that the non-

selective inhibition of cytokine induced pSTAT3 and pSTAT1 activation by

G-alpha stimulatory subunit-coupled G-protein-coupled receptor ago-

nists, and forskolin was likely due to cyclic adenosine monophosphate-

mediated up-regulation of suppressors of cytokine signaling 3. Azelas-

tine, an H1 receptor antagonist approved for the treatment of seasonal

allergic rhinitis, nonallergic vasomotor rhinitis, and ocular conjunctivitis,

was subsequently confirmed as a selective inhibitor of IL-6-induced

pSTAT3 activation that also reduced the growth of HNSCC cell lines.

These data illustrate the power of a chemical biology approach to lead

generation that utilizes fully developed and optimized HCS assays as

phenotypic screens to interrogate specific signaling pathways.

INTRODUCTION

T
here is a large body of evidence implicating activation of the

signal transducer and activator of transcription 3 (STAT3)

signaling pathway in the development, progression, and

maintenance of many cancers.1–5 In preclinical models,

STAT3 is required by the viral oncogene vSrc to transform cells, and

transfection of fibroblasts or normal epithelial cells with a consti-

tutively activated mutant STAT3 is sufficient to transform these

cells.6–9 STAT3 is activated by phosphorylation at a single tyrosine

residue (Y705) of its C-terminal transactivation domain, and

pSTAT3-Y705 levels are elevated in most tumor-derived cell

lines.1,2,4,8,10 Human tumor biopsies exhibit elevated pSTAT3-Y705

levels that are frequently associated with a poor clinical prognosis in

several common malignancies.1,2,4,8,10,11 Although STAT3 mutations

resulting in constitutive activation have not been identified in tumors

in vivo, other STAT3 signaling pathway components that produce

elevated pSTAT3-Y705 levels are frequently altered in many cancer

types; over-expression and amplification of epidermal growth factor

receptor (EGFR) expression levels, EGFR mutations that result in

constitutive receptor tyrosine kinase (RTK) activation, over-
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expression of Src family kinases (SFKs), and mutations that hyper-

activate Janus kinases ( JAKs).4,5,8,10,12–15 Elevated levels of growth

factors and cytokines that engage receptor complexes which activate

STAT3 signaling have also been detected in the serum and/or tumor

microenvironments of patients with a variety of human malignan-

cies.1,5,8,11,16 For example, transforming growth factor alpha (TGFa)

or interleukin 6 (IL-6) produced in an autocrine or paracrine manner

may lead to inappropriate or sustained activation of the STAT3

pathway, which, in turn, promotes tumor development and/or sur-

vival.1,5,8,11,16 Despite the compelling data validating STAT3 as an

anti-cancer target and nearly two decades of research, a STAT3-

selective targeted anti-cancer therapy has yet to be approved.

The STAT3 signaling pathway is activated downstream of receptor

complexes for many extracellular inputs, including members of the

ErbB/HER family of growth factor receptors, cytokine receptors, and

G-protein-coupled receptors (GPCRs).5,7–10,12–15 In addition to mul-

tiple growth factors (EGF, TGFa, PDGF, and CSF1) and cytokines (IL-

6, LIF, CT-1, CNTF, IL-10, IL-11, and OSM), intracellular SFKs (Src,

Lck, Hck, Lyn, Fyn, and Fgr) either activate STAT3 directly, or do so

downstream of the activation of RTKs or GPCRs.5,7–9,12,14,17 In the

canonical STAT3 signaling pathway, latent STAT3 in the cytoplasm

is recruited to specific phospho-tyrosine (pY) docking sites on the

receptor subunits of cell surface receptor complexes that are acti-

vated by their cognate ligands.2,4,5,8,12,13,18 The recruitment and

docking of STAT3 is mediated through the interactions of the Src

homology 2 (SH-2) domain of STAT3 with receptor-pY sites, which

ultimately lead to phosphorylation of the tyrosine-705 residue of

STAT3.2,4,5,8,12,13,19 STAT3-Y705 phosphorylation can be mediated

by the intrinsic RTK activity of an activated growth factor receptor, a

JAK associated with an activated cytokine receptor, or by an acti-

vated SFK.2,4,5,8,12,13 Reciprocal interactions between SH-2 domains

of pSTAT3 monomers and the pY705 residue of another pSTAT3

partner lead to dimerization and translocation into the nucleus,

where pSTAT3 dimers bind specific DNA response elements in the

promoters of target genes to regulate transcription.2,4,5,8,12,13 STAT3

target genes inhibit apoptosis, promote cell proliferation and sur-

vival, stimulate angiogenesis and metastasis, and hinder anti-tumor

immune responses.1–3,8,20 Although STAT3 and STAT1 are highly

homologous and interact with very similar DNA binding sites, STAT1

target genes activate cell cycle arrest, promote apoptosis, and en-

hance anti-tumor immunity.17,20,21 Under physiological conditions,

STAT3 and STAT1 are regulated in a reciprocal manner to produce

opposing effects, and in the cancer context, activated STAT3 is an

oncogene while activated STAT1 behaves as a tumor suppres-

sor.4,20,21 Therefore, a selective inhibitor of STAT3 pathway activa-

tion that does not interfere with STAT1 signaling would seem to be a

highly desirable activity profile for an anti-cancer drug.4,20

Several strategies that are used to block STAT3 signaling have

been pursued: prevention of STAT3 activation, blockade of STAT3–

SH-2 interactions, inhibition of STAT3 translocation and/or entry

through the nuclear pore complex, and disruption of DNA binding.

The Food and Drug Administration (FDA) has approved the use of

EGFR monoclonal antibodies (mAbs; cetuximab and panitumumab)

for treating colorectal cancer and head and neck squamous cell

carcinomas (HNSCC).5,7,8,22 mAbs to the EGFR antagonizes ligand-

receptor interactions to disrupt downstream signaling and may also

induce activation of anti-tumor cellular immunity.5,7,8,22 Small-

molecule RTK inhibitors (gefitinib, erlotinib, and lapatinib) have been

approved by the FDA for pancreatic cancer and non–small-cell lung

cancer.5,7,8 Constitutive activation of STAT3 by the persistent acti-

vation of highly expressed EGFR levels in squamous carcinoma cells

has been linked to the aberrant growth of HNSCC tumors.5,7,8,16

Despite the occurrence of high EGFR expression levels and/or so-

matic EGFR mutations that constitutively activate the EGFR, the

clinical data indicate that many patients are refractory to EGFR in-

hibitor treatment.7,22 The emergence of secondary mutations in the

EGFR that prevent/alter either mAb binding or small-molecule RTK

inhibition, activating mutations of the Ras pathway, epithelial–

mesenchymal transition, and activation of alternative downstream

signaling pathways are potential mechanisms for the development of

resistance to EGFR-targeted therapies.22 Although several small-

molecule JAK inhibitors have been tested in preclinical tumor xe-

nograft models or have progressed into clinical cancer trials,15,23,24 to

date, the FDA has only approved JAK inhibitors for the treatment of

myelofibrosis (ruxolitinib) and rheumatoid arthritis (tofacitinib).

Dasatinib is a dual Src and BCR/ABL and tyrosine kinase inhibitor

that has been approved for use in patients with chronic myelogenous

leukemia (CML) after imatinib treatment, and for Philadelphia

chromosome-positive acute lymphoblastic leukemia.4,7 Several

small-molecule SFK inhibitors (dasatinib, saracatinib, and bosutinib)

are in clinical cancer trials for a variety of solid tumors, but thus far,

the efficacy of these drugs has not been impressive.4,7,25 Several

groups have pursued small-molecule inhibitors that disrupt STAT3–

SH-2 binding interactions through peptide- and peptidomimetic-

inspired rational design, by in silico computational approaches, and

by in vitro high throughput screening.2–4,8,26 Although these small

molecules inhibit STAT3 recruitment by activated receptors and/or

block the formation of transcriptionally active pSTAT3-Y705 di-

mers,2–4,8,26 to date, none of these molecules have progressed into

clinical trials. The search for small molecules that either block STAT3

translocation or transit through the nuclear pore complex are

emerging strategies which have not yet yielded compounds that

block STAT3 transcriptional activity.4,27,28 Double-stranded oligo-

deoxynucleotide (dsODN) decoys that mimic cis-elements within the

regulatory regions of STAT3 target genes block DNA binding, down-

regulate expression of STAT-3 target genes, restrict cell proliferation,

enhance apoptosis, and reduce tumor growth in mouse xenograft

models.2–4,8,21,29–31 An intramuscular injection of a STAT3 dsODN

decoy produced no observable adverse effects, while STAT3 target

gene expression was reduced at the site of injection.30 In a phase 0

pharmacodynamic clinical study, a single intra-tumor injection of a

STAT3 dsODN decoy in HNSCC patients abrogated the expression of

STAT3 target genes in the tumor.31

Head and neck cancer is the eighth leading cause of cancer

worldwide with an incidence of *36,000/year in the United

States.32–34 Recurrence, metastasis, and second primary cancers
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account for the 6,900 deaths that are estimated to occur annually

from this invasive cancer of the head and neck.32–34 Elevated levels of

constitutively activated STAT3 are frequently observed in HNSCC

tumor samples, and a number of mouse xenograft models that re-

spond to STAT3 inhibition have been developed with HNSCC tumor

cell lines.4,5,7,8,11,29,35 EGFR-independent constitutive activation of

STAT3 can be mediated by the autocrine/paracrine activation of the

IL-6 receptor complex that confers proliferative and survival ad-

vantages to HNSCC cells and may also contribute to the resistance to

EGFR-targeted therapies.16 We describe here the development and

validation of an IL-6–induced pSTAT3 high-content imaging (HCS)

assay to screen in a mechanistic unbiased manner for inhibitors of

STAT3 pathway activation in HNSCC cell lines along with an inter-

feron gamma (IFNg)–induced pSTAT1 pathway activation counter

screen conducted in the same cells. It is our expectation that a che-

mical biology screening campaign conducted in HNSCC cell lines

using these phenotypic HCS assays will identify selective inhibitors

of STAT3 pathway activation with improved therapeutic potential.

MATERIALS AND METHODS
Reagents

Methanol, formaldehyde, Triton X-100, Tween 20, Hoechst 33342,

azelastine, isoetharine, etomidate, forskolin, and ( - )-isoproterenol

were purchased from Sigma-Aldrich (St. Louis, MO). Dimethyl sulf-

oxide (DMSO) (99.9% high-performance liquid chromatography-

grade, under argon) was from Alfa Aesar (Ward Hill, MA).

Recombinant human IL-6 and IFNg were purchased from R&D Sys-

tems, Inc. (Minneapolis, MN). The mouse monoclonal anti-pSTAT3

Y705 (Cat# 612357) and mouse monoclonal anti-pSTAT1-Y701

(Cat# 612132) primary antibodies were purchased from Becton

Dickenson Biosciences (San Diego, CA). The secondary antibody goat

anti mouse-IgG conjugated with Alexa Fluor 488 was purchased

from Life Technologies (Grand Island, NY). Dulbecco’s Mg2 + and

Ca2 + free phosphate-buffered saline (PBS) was purchased from

Corning (Tewksbury, MA).

Cells and Tissue Culture
Four HNSCC cell lines Cal33,36,37 686LN,38 FaDu,39 and OSC1940

were utilized in these studies. All four HNSCC cell lines were cultured

in Dulbecco’s modified Eagle’s medium (DMEM) with 2 mM l-glu-

tamine (Life Technologies) supplemented with 10% fetal bovine se-

rum (FBS; Gemini Bio-Products, West Sacramento, CA), 100 mM

nonessential amino acids (Life Technologies), 100 mM sodium pyru-

vate (Life Technologies), and 100 U/mL penicillin and streptomycin

(Life Technologies).

Western Blotting Analysis of STAT3 Signaling Pathway
and IL-6 Receptor Complex Components in HNSCC Cell
Lines

To investigate endogenous STAT3 signaling pathway and IL-6

receptor complex components, we seeded HNSCC cells (686LN,

Cal33, OSC19, and FaDu) in a 10-cm dish (1 · 106 cells) and after 24 h

in culture, cells were harvested to obtain cell lysates. Forty micro-

grams of protein/lane were separated by 10% sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE), transferred to ni-

trocellulose, and then probed with rabbit anti-phospho-STAT3-Y705

mAb and rabbit STAT3 polyclonal antibody (Cell Signaling, Danvers,

MA), rabbit polyclonal IL-6Ra antibody (Santa Cruz Biotechnology,

Dallas, TX), and rabbit polyclonal gp130 antibody (Cell Signaling). b-

Tubulin was used as a loading control.

To investigate IL-6-induced activation of pSTAT3-Y705 in the

Cal33 HNSCC cell line, we seeded Cal33 cells (3 · 105 cells/well) in a

six-well plate. After 24 h in culture, the cells were serum starved for

24 h and then stimulated in the presence or absence of IL-6 (50 ng/

mL) for 15 min. Cells were harvested to obtain lysates, and 40 mg of

protein/lane were separated by 10% SDS-PAGE, transferred to ni-

trocellulose, and probed with anti-phospho-STAT3-Y705 mAb and

rabbit STAT3 polyclonal antibody. b-Tubulin was used as a loading

control.

Compound Libraries
The 1,280 compound Library of Pharmacologically Active Com-

pounds (LOPAC) purchased from Sigma-Aldrich was supplied at a

10 mM concentration in DMSO arrayed into 96-well microtiter

master plates. The 446 compound National Institutes of Health

clinical collection (NIH CC) purchased from the NIH was supplied by

Evotec (San Francisco, CA) at a 10 mM concentration in DMSO ar-

rayed into 96-well microtiter master plates. The LOPAC and NIH CC

compounds were assigned unique University of Pittsburgh Drug

Discovery Institute (UPDDI) substance identity numbers and were

handled and stored as previously described.41–43 384-well master

plates containing 100 mL (LOPAC) or 50 mL (NIH CC) of 10 mM

compounds in DMSO were prepared from four 96-well LOPAC or NIH

CC master plates mapped into the quadrants of a single 384-well plate

using the Bravo automated liquid handling platform (Agilent Tech-

nologies, Santa Clara, CA) outfitted with a 96-well transfer head.

Daughter plates containing 2mL of 10 mM compounds in DMSO were

prepared and replicated from the 384-well LOPAC and NIH CC master

plates using the Bravo outfitted with a 384-well transfer head. Alu-

minum adhesive plate seals were applied with an Abgene Seal-IT 100

(Rochester, NY) plate sealer, and plates were stored at - 20�C in a

Matrical MatriMinistore� (Spokane, WA) automated compound

storage and retrieval system. For screening, LOPAC and NIH CC

daughter plates were withdrawn from - 20�C storage, thawed to

ambient temperature, centrifuged at 1–2 min at 50 g, and the plate

seals were removed before the transfer of 98 mL of serum-free tissue

culture medium (SFM) into wells using the BioTek Microflo liquid

handler (BioTek, Winooski, VT) to generate a 200-mM intermediate

stock concentration of library compounds (2.0% DMSO). The diluted

compounds were mixed by repeated aspiration and dispensation

using a 384-well P30 dispensing head on the Evolution-P3 (EP3)

liquid handling platform (Perkin Elmer, Waltham, MA), and then,

5 mL of diluted compounds were transferred to the wells of assay

plates. In the LOPAC and NIH CC primary screen, compounds were

individually tested at a final concentration of 20 mM (0.2% DMSO).

After the diluted compounds had been transferred from the daughter
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plates to the primary HCS assay plates, aluminum adhesive plate seals

were applied and the diluted daughter plates were stored frozen at

- 20�C.

To confirm the active compounds identified in the primary screen,

we withdrew the LOPAC and NIH CC daughter plates containing the

200-mM intermediate concentration of library compounds (2.0%

DMSO) from - 20�C storage, thawed them to ambient temperature,

centrifuged them for 1–2 min at 50 g, and removed the plate seals. A

work list was generated to direct the Multiprobe Janus liquid-

handling platform (Perkin Elmer) to cherry pick 75 mL from the wells

of the diluted daughter plates that were flagged active in the primary

screen and to reformat these into a 384-well plate hit confirmation

daughter plate. Five microliter of primary HCS active compounds

were then transferred into triplicate wells of assay plates using a 384-

well P30 dispensing head on the EP3 liquid-handling platform

(Perkin Elmer).

For the determination of the 50% inhibition concentrations (IC50),

10-point twofold serial dilutions of test compounds in 100% DMSO

were performed using a 384-well P30 dispensing head on the EP3

liquid-handling platform. Daughter plates containing 2 mL of the

serially diluted compounds in DMSO were prepared and replicated

from the 384-well serial dilution master plates using the Bravo

outfitted with a 384-well transfer head. Aluminum adhesive plate

seals were applied, and plates were stored at - 20�C. For testing in the

bioassays, daughter plates were withdrawn from - 20�C storage,

thawed to ambient temperature, centrifuged 1–2 min at 50 g, and the

plate seals were removed before the transfer of 38 mL of SFM into

wells using the BioTek Microflo liquid handler (BioTek) to generate

an intermediate stock concentration of library compounds ranging

from 1.95 to 500 mM (5.0% DMSO). The diluted compounds were

mixed by repeated aspiration and dispensation using a 384-well P30

dispensing head on the EP3, and then, 5 mL of diluted compounds

were transferred to the wells of assay plates to provide a final con-

centration response ranging from 0.195 to 50 mM (0.5% DMSO).

Automated pSTAT3 and pSTAT1 HCS Assay Protocols
The HCS assay protocol for IL-6–induced pSTAT3-Y705 activia-

tion in HNSCC cells is summarized in Table 1. Cal33 HNSCC cells were

seeded at 2,000 cells/well in 45 mL of tissue culture media into un-

coated, black-walled, clear-bottomed (Greiner Bio-one Cat# 781091)

384-well assay plates on the Zoom dispenser liquid handler (Titertek,

Huntsville, AL) and cultured overnight at 37�C, 5% CO2, and 95%

humidity. Serum containing media was then exchanged for SFM on

the Bravo liquid handler equipped with a 384-well transfer head. For

24 h compound exposure screens, 5 mL of compounds diluted in SFM

were transferred to assay plates (20 mM, 0.2% DMSO final) on the

Bravo liquid handler equipped with a 384-well transfer head, and the

treated assay plates were cultured for 24 h in an incubator at 37�C, 5%

CO2, and 95% humidity. For 1 and 3 h compound exposure screens,

5mL of compounds diluted in SFM were transferred to assay plates

(20mM, 0.2% DMSO final) after the assay plates had been cultured in

SFM for 23 and 21 h, respectively. Compound wells and maximum

(Max) control wells were treated with 50 ng/mL IL-6 on the Bravo

liquid handler equipped with a 384-well transfer head and minimum

(Min) control wells received DMSO (0.2% final). The assay plate was

then centrifuged at 50 g for 1–2 min and returned to the incubator at

37�, 5% CO2, and 95% humidity. After 15 min, the cells were fixed in

prewarmed (37�C) 7.4% paraformaldehyde containing 2 mg/mL

Hoechst 33342 using the Elx405 plate washer dispenser (BioTek).

After 30 min at room temperature, fixed cell monolayers were wa-

shed 1 · with PBS, and then, the PBS was replaced on the Elx405 plate

washer dispenser. The PBS was aspirated, and then, fixed cells were

permeabilized by the addition of 95% ice-cold methanol using the

Elx405 plate washer dispenser. After 30 min on ice, the 95% meth-

anol was removed using the Elx405 plate washer dispenser; per-

meabilized cell monolayers were washed 1 · with Tween 20 blocking

buffer; and then, the Tween 20 blocking buffer was replaced on the

Elx405 plate washer dispenser. Permeabilized cells were incubated in

Tween 20 blocking buffer at room temperature for 15 min, and then, a

1:100 dilution of mouse anti-pSTAT3-Y705 or mouse anti-pSTAT1-

Y701 primary antibody was added to 384-well assay plates using the

Microflo bulk reagent dispenser and incubated for 1 h in the dark at

room temperature. Cell monolayers were then washed 1 · with Tween

20 blocking buffer, and then, the Tween 20 blocking buffer was re-

placed on the Elx405 plate washer dispenser. Goat anti-mouse IgG

secondary antibody conjugated to Alexa-488 was then added to 384-

well assay plates using the Microflo bulk reagent dispenser and in-

cubated for 1 h in the dark at room temperature. Cell monolayers

were then washed 1 · with PBS, and then, the PBS was replaced on

the Elx405 plate washer dispenser, plates were sealed with aluminum

foil seals on the Abgene plate sealer, and images were acquired on the

ImageXpress Ultra (IXU) automated imaging platform. Images were

then analyzed using Translocation Enhanced (TE) image analysis

module.

Image Acquisition on the ImageXpress Confocal Automated
Imaging Platform

The IXU platform (Molecular Devices LLC, Sunnyvale, CA) is a

fully integrated point-scanning confocal automated imaging plat-

form configured with four independent solid-state lasers providing

four excitation wavelengths of 405, 488, 561, and 635 nm. The IXU

was equipped with a Quad filter cube providing emission ranges of

417–477, 496–580, 553–613, and 645–725 nm and four independent

photomultiplier tubes (PMTs), with each dedicated to a single de-

tection wavelength. The IXU utilizes a dedicated high-speed infra-red

laser auto-focus system, has a four-position automated objective

changer with air objectives (10 · , 20 · , 40 · , and 60 · ), and the

detection pinhole diameter of the confocal optics was configurable in

the software. For the pSTAT3 and pSTAT1 HCS assays, the IXU was

set up to acquire two images using a 20 · /0.45NA ELWD objective in

each of two fluorescent channels that were acquired sequentially. For

the studies described here, the Hoechst channel laser autofocus Z-

offset was - 6.98 mm, the 405 laser was set at 10% power, and the

PMT gain was 550. The pSTAT3-Y705 FITC channel Z-offset from W1

(the Hoechst channel) was 12.96 mm, the 488 laser was set at 10%

power, and the PMT gain was 625. On average, the IXU scanned a
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Table 1. IL-6–Induced pSTAT3-Y705 Activation High-Content Screening Assay Protocol in Head and Neck Squamous Cell
Carcinoma Cells

Step Parameter Value Description

1 Plate cells 40 mL 2,000 Cal33 HNSCC cells in DMEM + 10% FBS

2 Incubate cells 24 h Tissue culture medium, 37�C, 5% CO2, and 95% humidity

3 Exchange medium 40 mL Exchange tissue culture medium for SFM

4 Incubate cells 24 h SFM, 37�C, 5% CO2, and 95% humidity

5 Library compounds/DMSO to control wells 5mL 20mM final concentration in well, 0.2% DMSO

6 Incubate plates 1 or 3 h At 37�C, 5% CO2, and 95% humidity

7 Add IL-6 to compound treated and maximum

controls, media to minimum controls

5mL 50 ng/mL IL-6 final in well of compound treated and maximum controls, media to

minimum controls

8 Incubate plates 15 min At 37�C, 5% CO2, and 95% humidity

9 Fix cells 60 mL 7.4% formaldehyde containing 2mg/mL Hoechest 33342 in Ca2 + and Mg2 + free

PBS prewarmed to 37 C

10 Incubate plates 10–30 min Ambient temperature

11 Aspirate fixative and wash 2 · with PBS 50 mL Aspirate fixative and wash twice with 50mL Ca2 + and Mg2 + -free PBS, 50 mL PBS

in well

12 Cell permeabilization 50 mL Aspirate PBS, add ice-cold 95% methanol, and incubate plates on ice for 30 min

13 Blocking buffer wash 50 mL 0.1% (v/v) Tween 20 in PBS (without Ca2 + and Mg2 + )

14 Blocking buffer incubation 50 mL 15 min in 0.1% (v/v) Tween 20 in Ca2 + and Mg2 + -free PBS at ambient temperature

15 Primary antibody incubation 25 mL 1 h with a 1:100 dilution of a mouse monoclonal anti-pSTAT3-Y705 antibody in Ca2 +

and Mg2 + -free PBS in dark at ambient temperature

16 Blocking buffer wash 50 mL 0.1% (v/v) Tween 20 in Ca2 + and Mg2 + -free PBS

17 Blocking buffer incubation 50 mL 15 min in 0.1% (v/v) Tween 20 in Ca2 + and Mg2 + -free PBS at ambient temperature

18 Secondary antibody incubation 25 mL 1 h of incubation with a 1:1,000 dilution of goat anti-mouse IgG antibody

conjugated to Alexa-488 in Ca2 + and Mg2 + -free PBS in dark at ambient temperature

19 PBS wash 2 · 50 mL Ca2 + and Mg2 + -free PBS, 50 mL PBS in well

20 Seal plates 1 · Sealed with adhesive aluminum plate seals

21 Acquire images 20 · /0.4NA objective Images of the Hoechst (Ch 1) and pSTAT3-Y705 (Ch 2) were sequentially acquired on

the IXU platform using the 405 and 488 nm excitation laser lines, a Quad filter cube

set, and individual photomultiplier tubes for each channel

22 Assay readout Average inner

intensity pSTAT3-Y705

Images were analyzed using the TE image analysis module using the Average Inner

Intensity parameter to quantify the nuclear pSTAT3-Y705 signal

Step Notes
1. 384-well, black-walled, clear-bottom plates, Greiner Bio-one Cat# 781091, Zoom liquid handler (Titertek), or BioTek Microflo (BioTek).

2. Incubate Cal33 HNSCC cells for 24 h at 37�C, 5% CO2, and 95% humidity in DMEM + 2 mM l-glutamine + 10% FBS + 100mM nonessential amino acids + 100mM

sodium pyruvate + 100 U/mL penicillin and streptomycin.

3. Serum-containing media exchanged for serum-free media using a Bravo (Agilent Technologies, Inc.) or an Evolution P3 (Perkin Elmer) automated liquid handler

outfitted with a 384-well transfer head.

4. Incubate Cal33 HNSCC cells in serum-free media for 24 h at 37�C, 5% CO2, and 95% humidity.

(continued)
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single 384-well plate, two images per channel, in 90 min using these

settings.

Image Analysis Using the TE Module
Hoechst 33342 was used to stain and identify the nucleus, and this

fluorescent signal from channel 1 (Ch 1) was used by the TE image

analysis module to define an ‘‘inner’’ nuclear mask and an ‘‘outer’’

cytoplasm mask in channel 2 (Ch 2). Objects in Ch 1 that exhibited the

appropriate fluorescent intensities above background and size

(width, length, and area) characteristics were identified and classified

by the image segmentation as nuclei. For Hoechst-stained Cal33 cells,

the following settings typically proved effective: objects defined as

nuclei had to exhibit fluorescent intensities > 1,500 gray levels over

background, and they had to have an approximate width of 10 mm

with a minimum area of 20 mm2, and not to exceed a maximum area

of 1,000 mm2. Objects that met these criteria were used to create

nuclear masks for each cell. The nuclear mask was eroded by 1 mm

from the edge of the detected nucleus to reduce cytoplasmic con-

tamination within the nuclear area, and the reduced ‘‘inner’’ mask

was used to quantify the amount of target Ch 2 fluorescence

(pSTAT3-Y705 or pSTAT1-Y701) within the nucleus. The ‘‘outer’’

cytoplasm mask was then established at 1mm from the edge of the

detected nucleus and the width of the outer mask was set at 3 mm, to

cover as much of the cytoplasm region as possible without going

outside the cell boundary. The ‘‘outer’’ mask was used to quantify the

amount of target Ch 2 fluorescence (pSTAT3-Y705 or pSTAT1-Y701)

within the cytoplasm. The TE image analysis module outputs quan-

titative data, such as the average fluorescent intensities of the

Hoechst-stained objects in Ch 1, the selected object or cell count in Ch

1, and the integrated and average fluorescent intensities of the Ch 2

signal in the nucleus (inner) or cytoplasm (outer) regions as an overall

well average value, or on an individual cell basis. The translocation of

an object from the cytoplasm to the nucleus was quantified using the

TE image analysis module, which provides a mean average

inner:outer (Nuc:Cyt) intensity ratio as an indicator of the relative

distribution of an object within the cytoplasm and nucleus, and is a

measure of translocation between these compartments.

HNSCC Cell Line Growth Inhibition Assays
The four HNSCC cell lines Cal33, 686LN, FaDu, and OSC19 were

cultured in an incubator at 37�C in 5% CO2 and 95% humidity in

DMEM supplemented with 10% FBS, nonessential amino acids, so-

dium pyruvate, penicillin, and streptomycin. On day 1, each cell line

was harvested, counted, and seeded into two 384-well assay plates, a

time zero (T0) and a time 72 h (T72) plate. Cal33, 686LN, FADU, and

OSC19 HNSCC cells were seeded at 1,000 cells/well in 45 mL of tissue

culture media into uncoated white opaque 384-well assay plates

(Greiner Bio-one Cat# 781080/1B) on the Zoom dispenser liquid

handler (Titertek) or the BioTek Microflo liquid handler (BioTek) and

cultured overnight at 37�C, 5% CO2, and 95% humidity. On day 2,

25 mL of the Cell Titer Glo (CTG; Promega Corporation, Madison, WI)

detection reagent was dispensed into the wells of the T0 assay plate

on the BioTek Microflo liquid handler, and the luminescence signal

was captured on the Envision (Perkin Elmer) microtiter plate reader.

In addition, on day 2, 5 mL of compounds diluted in SFM were

transferred into the test wells of the T72 384-well assay plates on the

Table 1. (Continued)

5. Twenty micromolar compounds added to wells in columns 3–22 using a Bravo (Agilent Technologies, Inc.) or an Evolution P3 (Perkin Elmer) automated liquid handler

outfitted with a 384-well transfer head.

6. Incubate treated Cal33 HNSCC cells 1–3 h at 37�C, 5% CO2, and 95% humidity.

7. IL-6 (50 ng/mL final in well) added to maximum controls and compound wells, media to minimum control wells using a Bravo (Agilent Technologies, Inc.) or an

Evolution P3 (Perkin Elmer) automated liquid handler outfitted with a 384-well transfer head.

8. Incubate Cal33 HNSCC cells – IL-6 15 min at 37�C, 5% CO2, and 95% humidity.

9. Aspiration of media and fixative addition automated on BioTek ELx405 (BioTek) plate washer.

10. Ten to thirty minutes of incubation at ambient temperature to fix cells and stain nuclei with Hoechst.

11. Aspiration of fixative and PBS wash steps automated on BioTek ELx405 (BioTek) plate washer.

12. Ice-cold 95% methanol permeabilization buffer added with the Microflo bulk reagent dispenser (BioTek).

13. Aspiration of permeabilization buffer and blocking buffer wash and addition steps automated on BioTek ELx405 (BioTek) plate washer.

14. Incubate for 15 min in blocking buffer at ambient temperature.

15. Blocking buffer aspirated on BioTek ELx405 (BioTek) plate washer and primary antibody added with the Microflo bulk reagent dispenser (BioTek) and incubated for 1 h

in dark at ambient temperature.

16. Aspiration of primary antibody and blocking buffer wash and addition steps automated on BioTek ELx405 (BioTek) plate washer.

17. Incubate for 15 min in blocking buffer at ambient temperature.

18. Blocking buffer aspirated on BioTek ELx405 (BioTek) plate washer and secondary antibody added with the Microflo bulk reagent dispenser (BioTek) and incubated for

45 min in dark at ambient temperature.

19. Aspiration of secondary antibody and PBS wash and addition steps automated on BioTek ELx405 (BioTek) plate washer.

20. Plates sealed with adhesive aluminum plate seals using the Abgene Seal-IT 100 plate sealer (Abgene).

21. Plates loaded into the IXU confocal HCS platform (Molecular Devices LLC) for scanning using a Catalyst robotic plate handler (Thermo Fisher Scientific, Waltham, MA).

22. Images analyzed using the Translocation Enhanced Image analysis module of MetaXpress (Molecular Devices LLC).

Ch 1, channel 1; Ch 2, channel 2; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; HCS, high-content screening; HNSCC, head and neck squamous cell carcinomas; IL-

6, interleukin-6; IXU, ImageXpress Ultra; SFM, serum free tissue culture medium; TE, translocation enhanced; PBS, phosphate-buffered saline; DMEM, Dulbecco’s modified

Eagle’s medium.
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Bravo liquid handler that was equipped with a 384-well transfer

head, and the compound-treated assay plates were cultured for 72 h

in an incubator at 37�C, 5% CO2, and 95% humidity. Control wells

received DMSO alone. On day 5, 25 mL of the CTG detection reagent

was dispensed into the wells of the T72 assay plate on the BioTek

Microflo liquid handler, and the luminescence signal was captured on

the Envision microtiter plate reader platform.

Data Processing, Visualization, Statistical Analysis,
and Curve Fitting

HCS data processing for the LOPAC and NIH CC screens and the

HNSCC growth inhibition assays were performed using ActivityBase�
(IDBS, Guildford, United Kingdom) and CytoMiner (UPDDI). Processed

data and HCS multi-parameter features were visualized using Spotfire�
DecisionSite� (Somerville, MA) software.41–43 An ActivityBase primary

HTS template was created that automatically calculated % inhibition

along with plate control signal-to-background ratios (S:B) and Z0-factor

coefficients. For the LOPAC and NIH CC screens, we utilized the mean

average inner intensity values (pSTAT3-Y705 or pSTAT1-Y701) of the

0.2% DMSO minimum plate control wells (n = 32) and the mean average

inner intensity values of the 50-ng/mL IL-6 (pSTAT3-Y705) or 30ng/mL

IFNg (pSTAT1-Y701) maximum plate control wells (n = 32) to normalize

the mean average inner intensity values (pSTAT3-Y705 or pSTAT1-

Y701) of the compound data and to represent 0% and 100% activation/

translocation of pSTAT3 or pSTAT1 to the nucleus, respectively.

For the HNSCC growth inhibition assays, we used the DMSO

control data from the T0 and T72 assay plates to assess the dynamic

range of the T0 to T72 cell growth, and to calculate S:B ratios and Z0-

factor coefficient statistics for the assay signal window (T0 to T72). To

normalize the 72-h compound exposure HNSCC growth inhibition

data, the signals from the compound treated wells were processed and

expressed as % of the T72 DMSO plate controls.

We also constructed an ActivityBase concentration-response

template to calculate percent inhibition along with plate control S:B

ratios and Z0-factor coefficients for quality control purposes.41–43

IC50 values were calculated using an XLfit four-parameter logistic

model, also called the Sigmoidal Dose–Response Model: y = (A + ((B -
A)/(1 + ((C/x)^D)))), where y was the percent activation and x was the

corresponding compound concentration. The fitted C parameter was

the IC50 and defined as the concentration giving a response half way

between the fitted top (B) and bottom (A) of the curve. For normalized

data, the A and B parameters were locked as 0 and 100, respectively.

For non-normalized concentration response data, we used GraphPad

Prism 5 software to plot and fit data to curves using the Sigmoidal

dose response variable slope equation:

Y = Bottom +
Top - Bottom

1 + 10( log EC50 - X )
· HillSlope

RESULTS
Selection of the HNSCC Cell Model

We first investigated the endogenous expression levels of total and

phosphorylated STAT3 and IL-6 receptor complex components in a

panel of four HNSCC cell lines by western blotting analysis using

specific antibodies for these proteins (Fig. 1). Although all four

HNSCC cell lines exhibited comparable total STAT3 signals, the en-

dogenous levels of pSTAT3-Y705 were elevated in Cal33 and 686LN

cells compared with FADU and OSC19 cells (Fig. 1A). The four

HNSCC cell lines also expressed the IL-6Ra (gp80) and gp130 sig-

naling subunits of the IL-6 receptor complex (Fig. 1B), but to varying

levels. While OSC19 cells exhibited barely detectable levels of the IL-

6Ra subunit, Cal33 and 686LN cells expressed readily detectable

levels of IL-6Ra, which were, in turn, higher than the levels observed

in FADU cells (Fig. 1B). For the IL-6Ra subunit, the rank order of

expression was Cal33 = 686LN > FADU > OSC19. Similarly, while all

HNSCC cell lines exhibited detectable levels of the gp130 signaling

subunit, the gp130 signals in Cal33 and OSC19 cells were stronger

than in 686LN and FADU cells (Fig. 1B). For the gp130 signaling

subunit, the rank order of expression was Cal33 = OSC19 > 686LN =
FADU. Since the Cal33 HNSCC cell line exhibited readily detectable

expression levels of IL-6Ra, gp130, and STAT3, we examined the

effects of IL-6 treatment on the activation of the STAT3 signaling

pathway (Fig. 1C). Treatment of Cal33 cells with 50 ng/mL of IL-6 for

15 min dramatically elevated the pSTAT3-Y705 signal without al-

tering total STAT3 levels (Fig. 1C). Based on the results, we selected

the Cal33 cell line as our HNSCC model for the development of an

HCS assay to screen for selective STAT3 pathway inhibitors.

Configuring an HCS Assay for pSTAT3 Pathway Activation
Cal33 cells that had been seeded into 384-well plates in serum-

containing medium were cultured overnight and then serum starved

for 24 h before a 15-min treatment – 50 ng/mL IL-6. The cells were

then fixed in 3.7% paraformaldehyde containing Hoechst, permea-

bilized with methanol, and stained with a monoclonal anti-pSTAT3-

Y705 primary antibody and an FITC-conjugated anti-mouse sec-

ondary antibody. We then utilized the IXU confocal automated im-

aging platform to sequentially acquire images for the Hoechst (Ch 1)

and FITC (Ch 2) fluorescent channels using a 20 · /0.45NA ELWD

objective. The Ch 1 laser autofocus Z-offset was - 6.98 mm, the 405

laser was set at 10% power, and the PMT gain was 550. The Ch 2 Z-

offset from Ch 1 was 12.96 mm, the 488 laser was set at 10% power,

and the PMT gain was 625. Fluorescent images of Hoechst-stained

nuclei from Cal33 cells acquired on the IXU were unaffected by

treatment with IL-6 (Fig. 2A). In contrast, the indirect immuno-

fluorescent pSTAT3-Y705 staining was dramatically higher in im-

ages acquired of Cal33 cells treated with IL-6 compared with those of

un-stimulated cells (Fig. 2A). The enhanced pSTAT3-Y705 staining

in IL-6-treated Cal33 cells is consistent with the elevated pSTAT3-

Y705 western blotting signals observed in IL-6-treated Cal33 cells

(Fig. 1C). A color composite overlay of the Ch 1 and Ch 2 fluorescent

images indicates that the increased immuno-fluorescent pSTAT3-

Y705 staining is predominantly localized within the nuclei of IL-6-

treated Cal33 cells (Fig. 2A). To extract and analyze quantitative data

from these digital images, we used the TE image analysis module of

the MetaXpress software on the IXU platform (Fig. 2B–H). The

Hoechst 33342 DNA staining in Ch 1 was used to identify the nuclei
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of Cal33 cells (Fig. 2B), and the TE image analysis module used this

fluorescent signal to define ‘‘inner’’ nuclear and ‘‘outer’’ cytoplasm

masks in Ch 2 (Fig. 2D). Objects in Ch 1 that exhibited the appropriate

fluorescent intensities above background, and morphology (width,

length, and area) characteristics were identified and classified by the

TE image segmentation as nuclei (Fig. 2B). For Hoechst-stained Cal33

cells, the following TE image analysis module settings typically

proved effective; objects defined as nuclei exhibited fluorescent in-

tensities > 1,500 gray levels over background, and had an approxi-

mate width of 10 mm with a minimum area of 20 mm2, and did not

exceed a maximum area of 1,000 mm2. Objects that met these criteria

were used to create nuclear masks for each cell in Ch 1. The Ch 1

nuclear mask was then eroded 1mm from the edge of the detected

nucleus to reduce cytoplasmic contamination within the nuclear

area, and the reduced Ch 2 ‘‘inner’’ mask (Fig. 2D, light green and red)

was established to quantify the amount of target pSTAT3-Y705

fluorescence (Fig. 2C) within the nucleus. A Ch 2 ‘‘outer’’ cytoplasm

mask was then established at 1 mm from the edge of the Ch 1 detected

nucleus, and the width of the outer mask was set at 3 mm, to cover as

much of the cytoplasm region as possible without going outside the

cell boundary (Fig. 2D, dark green and red). The Ch 2 ‘‘outer’’ mask

was used to quantify the amount of target pSTAT3-Y705 fluores-

cence (Fig. 2C) within this region of the cytoplasm. The TE image

analysis module outputs quantitative individual cell or well-aver-

aged data, including the average fluorescent intensities of the

Hoechst-stained objects in Ch 1 (data not shown), the selected object

or cell count per image in Ch 1 (Fig. 2E), the integrated (data not

shown), and average fluorescent intensities of the Ch 2 signal in the

cytoplasm (Fig. 2F) or nucleus (Fig. 2G) regions. The TE image

analysis module also provides a mean average inner:outer (Nuc:Cyt)

intensity ratio as an indicator of the relative distribution of an object

within the cytoplasm and nucleus, and a measure of translocation

between these compartments (Fig. 2H). While exposure to 50ng/mL of

IL-6 for 15 min had no significant effect on the cell counts per image

(Fig. 2E), the average fluorescent intensities of pSTAT3-Y705 in the

cytoplasm (Fig. 2F) and nucleus (Fig. 2G) regions were significantly

higher in IL-6-treated Cal33 cells compared with untreated cells. Al-

though IL-6 induced a 30% increase in the average fluorescent in-

tensity of pSTAT3-Y705 in the cytoplasm of Cal33 cells (Fig. 2F), the

corresponding increase in the average fluorescent intensity of

pSTAT3-Y705 in the nucleus was much more pronounced, typically

five to sevenfold higher than in untreated cells (Fig. 2G). Consistent

Fig. 1. Western blotting analysis of STAT3 signaling pathway and
IL-6 receptor complex components in HNSCC cell lines and acti-
vation by IL-6. (A) Endogenous levels of STAT3 and pSTAT3-Y705
in the 686LN, Cal33, FADU, and OSC19 HNSCC cell lines. HNSCC
cells (686LN, Cal33, OSC19, and FaDu) were seeded in a 10-cm dish
(1 · 106 cells) and after 24 h in culture, cells were harvested to
obtain cell lysates. Forty micrograms of protein/lane were sepa-
rated by 10% SDS-PAGE, transferred to nitrocellulose, and probed
with rabbit anti-phospho-STAT3-Y705 mAb and rabbit STAT3
polyclonal antibody (Cell Signaling). b-Tubulin (Abcam, Cambridge,
MA) was used as a loading control. (B) Endogenous levels of IL-
6Ra and gp130 in the 686LN, Cal33, FADU, and OSC19 HNSCC cell
lines. Cal33, FaDu, OSC19, and 686LN cells were seeded in a 10-cm
dish (1 · 106 cells) and after 24 h in culture, cells were harvested to
obtain cell lysates. Forty micrograms of protein/lane were sepa-
rated by 10% SDS-PAGE, transferred to nitrocellulose, and probed
with rabbit polyclonal IL-6Ra antibody (Santa Cruz Biotechnology,
Dallas, TX) and rabbit polyclonal gp130 antibody (Cell Signaling).
b-Tubulin was used as a loading control. (C) Activation of pSTAT3-
Y705 in the Cal33 HNSCC cell line by IL-6. Cal33 cells (3 · 105 cells/
well) were seeded into a six-well plate. After 24 h in culture, the
cells were serum starved and after an additional 24 h in culture
cells, cells were stimulated in the presence or absence of IL-6
(50 ng/mL) for 15 min. Cells were harvested to obtain lysates, and
40 mg of protein/lane were separated by 10% SDS-PAGE, trans-
ferred to nitrocellulose, and probed with anti-phospho-STAT3-Y705
mAb and rabbit STAT3 polyclonal antibody. b-Tubulin was used as
a loading control. The experiment was repeated thrice. HNSCC,
head and neck squamous cell carcinomas; IL-6, interleukin 6; mAb,
monoclonal antibody; SDS-PAGE, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis; STAT3, signal transducer and ac-
tivator of transcription 3.
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with these data, the mean average inner:outer intensity ratio of IL-6-

treated Cal33 cells was three to fourfold higher than in untreated cells

(Fig. 2H). Although both the average ‘‘inner’’ fluorescent intensity of

pSTAT3-Y705 in the nucleus and the mean average inner:outer in-

tensity ratio parameters provided usable assay signal windows (Fig.

2G, H), we selected the more robust

dynamic range of the average ‘‘inner’’

intensity of pSTAT3-Y705 from Ch 2 as

the primary indicator of STAT3 path-

way activation. Very similar data were

generated for the configuration of a

high-content STAT1 pathway activa-

tion assay in Cal33 cells using IFNg as

the stimulus and a monoclonal anti-

pSTAT1-Y701 primary antibody as the

detection reagent (data not shown).

Development and Optimization
of HCS Assays for pSTAT3 and
pSTAT1 Pathway Activation

Since our primary interest is to

identify selective inhibitors of STAT3

pathway activation, we proceeded to

co-develop and optimize a STAT1

pathway activation assay as a selec-

tivity counter screen (Fig. 3). HNSCC

cell lines have previously been shown

to synthesize and secrete growth fac-

tor and cytokines into culture medium

that can activate the STAT3 pathway

in an autocrine or paracrine man-

ner.5,8,11,16 In an attempt to control for

potential paracrine or autocrine acti-

vation of the STAT3 and STAT1 sig-

naling pathways, we incorporated a

medium exchange step into our pro-

tocols that involved multiple aspira-

tion and wash steps along with a 24-h

serum starvation period before cyto-

kine treatment. Since media aspiration

and multiple wash steps along with an

extended serum starvation period

have the potential to significantly

disrupt cell integrity and can be chal-

lenging to automate, we directly

compared this process with one in

which the cells were cultured undis-

turbed in medium containing 10% FBS

before cytokine administration to see

whether any of the medium exchange

and serum starvation steps could be

eliminated (Fig. 3A, D). Compared with

Cal33 cells processed by the medium

exchange and serum starvation protocol, undisturbed cells cultured in

medium containing 10% FBS for 48h exhibited both a higher back-

ground un-induced pSTAT3-Y705 signal and a reduced activation

response to IL-6 (Fig. 3A). The corresponding IL-6-induced pSTAT3

assay signal window collapsed from > 5-fold for the medium

Fig. 2. Quantifying IL-6-induced pSTAT3 activation in HNSCC cells by high-content analysis. (A)
Grayscale and color composite images of Cal33 cells – IL-6 treatment. Grayscale images of Hoechst
33342-stained nuclei (Ch 1) and pSTAT3-Y705 staining (Ch 2) and color composite images of
nonstimulated and IL-6-treated (50 ng/mL, 15 min) Cal33 HNSCC cells. (B) Enlarged grayscale
images of Cal33 Hoechst-stained nuclei. Enlarged grayscale images of Hoechst 33342-stained
nuclei (Ch 1) of nonstimulated and IL-6 treated (50 ng/mL, 15 min) Cal33 HNSCC cells. (C) Enlarged
grayscale images of Cal33 ofpSTAT3-Y705 staining. Enlarged grayscale images of pSTAT3-Y705
staining (Ch 2) from nonstimulated and IL-6-treated (50 ng/mL, 15 min) Cal33 HNSCC cells. (D)
Nucleus and cytoplasm masks generated by the TE image analysis module segmentation. Cor-
responding nucleus (inner, dark green or red) and cytoplasm (outer, light green or red) masks
generated by the TE image analysis module segmentation. (continued)

PSTAT3 AND PSTAT1 HCS ASSAYS

ª MARY ANN LIEBERT, INC. � VOL. 12 NO. 1 � JANUARY/FEBRUARY 2014 ASSAY and Drug Development Technologies 63



exchange and serum starvation protocol to around 2-fold in the

‘‘undisturbed’’ protocol. In contrast, the impact of these two protocols

on IFNg-induced pSTAT1 activation was much less pronounced (Fig.

3D). For pSTAT1 activation, Cal33 cells cultured in medium containing

10% FBS for 48 h did not exhibit a higher background un-induced

pSTAT1-Y701 signal, although their

activation response to IFNg was

slightly reduced and more variable

than in cells that had undergone the

medium exchange and serum starva-

tion protocol (Fig. 3D). Given our pri-

mary focus on screening for selective

inhibitors of STAT3 pathway activa-

tion, we elected to incorporate the

media exchange and serum starvation

steps into both the pSTAT3 and

pSTAT1 HCS protocols.

To evaluate the cytokine concen-

tration-dependent activation of the

pSTAT3 and pSTAT1 HCS assays, we

exposed serum-starved Cal33 cells to

the indicated concentrations of IL-6

(Fig. 3B) or IFNg (Fig. 3E) for 15 and

45 min, respectively. For IL-6-induced

activation of pSTAT3, the average

pSTAT3-Y705 ‘‘inner’’ intensity re-

sponse increased linearly through

20 ng/mL IL-6 and thereafter, the

magnitude of the increase in signal

with higher IL-6 concentrations ap-

peared to decline until a maximum

response was approached in the 50–

60-ng/mL range (Fig. 3B). For IFNg
activation of pSTAT1, the average

pSTAT1-Y701 ‘‘inner’’ intensity re-

sponse increased linearly through

2.5 ng/mL IFNg and thereafter, the

magnitude of the increase in signal

with higher IFNg concentrations ap-

peared to decline until a maximum

response was reached at 20 ng/mL,

which was maintained through 40 ng/

mL (Fig. 3B). To evaluate the time

course of cytokine-dependent activa-

tion of the pSTAT3 and pSTAT1 HCS

assays, we exposed serum-starved

Cal33 cells to 50 ng/mL IL-6 (Fig. 3C),

or 30 ng/mL IFNg (Fig. 3F) for the in-

dicated time periods. For IL-6-induced

activation of pSTAT3, the average

pSTAT3-Y705 ‘‘inner’’ intensity re-

sponse increased through 10 min of

cytokine exposure to reach a maxi-

mum plateau that was maintained through 20 min, and thereafter

declined steadily through 30 and 45 min even with continuous cy-

tokine exposure (Fig. 3C). For IFNg activation of pSTAT1, the average

pSTAT1-Y701 ‘‘inner’’ intensity response dramatically increased

through 15 min of cytokine exposure and thereafter exhibited a much

Fig. 2. (continued) (E–H) Quantitative data extracted from the digital images of the Hoechst-stained
nuclei and pSTAT3-Y705 staining in nonstimulated and IL-6-treated Cal33 HNSCC cells by the TE image
analysis module; (E) cell counts per image, (F) average pSTAT3-Y705 intensity in the outer cytoplasm
mask area, and (G) average pSTAT3-Y705 intensity in the inner nuclear mask area, (H) average in-
ner:outer (Nuc:Cyt) pSTAT3-Y705 intensity ratio. First, 2,000 Cal33 HNSSC cells were seeded into the
wells of 384-well microtiter plates in DMEM containing 10% FBS and cultured overnight in an incubator
at 37�C in 5% CO2 and 95% humidity. The cell culture medium was then aspirated, monolayers were
washed once with SFM, fresh SFM was added to the wells, and the plates were returned to the incubator
at 37�C in 5% CO2 and 95% humidity for an additional 24 h. Cal33 cells were treated with SFM (,) or
50 ng/mL of IL-6 (-) for 15 min at 37�C in 5% CO2 and 95% humidity and were then fixed and stained
with Hoechst and a mouse monoclonal anti-p-STAT3-Y705 antibody as described in Materials and
Methods (Table 1). Images of two fields of view for two fluorescent channels, Hoechst (Ch 1) and pSTAT3-
Y705-FITC (Ch 2), were acquired on the IXU confocal HCS platform using a 20 · /0.45NA objective, and
the quantitative data presented were extracted from the digital images using the TE image analysis
module as described in Materials and Methods. The images presented are representative of similar
images obtained in numerous independent experiments, and the data represent the mean – SD of
triplicate determinations from one of these independent experiments. Ch 1, channel 1; Ch 2, channel 2;
FBS, fetal bovine serum; HCS, high-content imaging; IXU, ImageXpress Ultra; SFM, serum-free tissue
culture medium; TE, translocation enhanced; DMEM, Dulbecco’s modified Eagle’s medium.
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slower rate of increase that was maintained through 60 min of con-

tinuous cytokine exposure (Fig. 3G). On the basis of these data, we

selected a 15-min exposure to 50 ng/mL IL-6 and a 30-min exposure

to 30 ng/mL IFNg, respectively, for all further pSTAT3 and pSTAT1

HCS assay development experiments. Using these optimized condi-

tions, we evaluated the effects of Cal33 cell seeding density on the

dynamic ranges of the pSTAT3 and pSTAT1 HCS assays (Fig. 3D, H).

The 384-well pSTAT3 HCS assay exhibited a robust and reproducible

separation between the untreated background signals and IL-6-in-

duced responses (Fig. 3D). At seeding densities of 1,000, 1,500, and

Fig. 3. Development and optimization of the pSTAT3-Y705 and pSTAT1-Y701 HCS assays. Treated Cal33 HNSSC cells were fixed and stained with
Hoechst and either a mouse monoclonal anti-p-STAT3-Y705 (A–D) antibody or a mouse monoclonal anti-p-STAT1-Y701 (E–H) as described in
Materials and Methods (Table 1). Images of two fields of view for two fluorescent channels, Hoechst (Ch 1) and either pSTAT3-Y705-FITC or
pSTAT1-Y701-FITC (Ch 2), were acquired on the IXU confocal HCS platform using a 20 · /0.45NA objective, and the quantitative data presented
were extracted from the digital images using the TE image analysis module as described in Materials and Methods. Serum-free media exchange,
(A) IL-6 and pSTAT3-Y705 and (E) IFNg and pSTAT1-Y701 HCS. First, 2,000 Cal33 HNSSC cells were seeded into the wells of duplicate 384-well
microtiter plates in DMEM containing 10% FBS and cultured overnight in an incubator at 37�C in 5% CO2 and 95% humidity. In one of the duplicate
plates, the cell culture medium was then aspirated, monolayers were washed once with SFM, fresh SFM was added to the wells, and the plates
were returned to the incubator at 37�C in 5% CO2 and 95% humidity for an additional 24 h. The other plate was left in the incubator untouched.
After 24 h, both the serum-containing and serum-free plates of Cal33 cells were then treated with SFM, 50 ng/mL of IL-6, or 30 ng/mL IFNg for
15 min at 37�C in 5% CO2 and 95% humidity and were then fixed and stained with Hoechst and either a mouse monoclonal anti-p-STAT3-Y705
antibody or a mouse monoclonal anti-p-STAT1-Y701 antibody as described in Materials and Methods (Table 1). The mean – SD (n = 6) average
inner (nuclear) intensities of the p-STAT3-Y705 or p-STAT1-Y701 signals from six wells treated with medium or cytokine in cells cultured in serum
containing (filled bars) conditions throughout, or serum starved for 24 h (hashed bars) before cytokine treatment are presented. Representative
experimental data from one of three independent experiments are shown. Cytokine concentration responses, (B) IL-6 and pSTAT3-Y705 and (F)
pSTAT1-Y701 HCS. First, 2,000 Cal33 HNSSC cells that had been serum starved for 24 h as described earlier were treated with the indicated
concentrations of IL-6 or IFNg for 15 min at 37�C in 5% CO2 and 95% humidity, and the treated cells were then fixed and stained with Hoechst and
either a mouse monoclonal anti-p-STAT3-Y705 antibody or a mouse monoclonal anti-p-STAT1-Y701 antibody as described in Materials and
Methods (Table 1). The mean – SD (n = 4) average inner (nuclear) intensities of the p-STAT3-Y705 (B, �) or p-STAT1-Y701 (F, �) signals from four
wells treated with each cytokine concentration are presented. Representative experimental data from one of four independent experiments are
shown. (continued)
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2,000 cells/well, the IL-6-induced pSTAT3 activation S:B ratios were

6.25, 5.66, and 5.53, respectively, but declined to < 5-fold with

higher seeding densities. The 384-well pSTAT1 HCS assay also

exhibited a reproducible separation between the untreated back-

ground signals and IFNg-induced responses (Fig. 3H), but had a

larger dynamic range than the pSTAT3 assay. Indeed, all of the

seeding densities tested exhibited IFNg-induced pSTAT1 activa-

tion S:B ratios >10-fold. To reduce the cell culture burden and be

consistent between the two assays, we selected a 384-well plate

seeding density of 2,000 cells/well for both.

Validation of the HCS Assay for pSTAT3 Pathway
Activation

Since our compound libraries are dissolved in DMSO, we needed to

determine the DMSO tolerance of the pSTAT3 and pSTAT1 HCS assays

(Fig. 4A, C). At DMSO concentrations greater than 1.25%, both the IL-6-

induced pSTAT3 (Fig. 4A) and IFNg-induced pSTAT1 (Fig. 4C) acti-

vation responses were dramatically inhibited in a concentration-

dependent manner. For the primary compound screen at 20mM, the

final DMSO concentration was 0.2%, and for concentration response

assays beginning at a maximal concentration of 50mM, the final

Fig. 3. (continued) Cytokine time courses, (C) IL-6 and pSTAT3-Y705 and (G) IFNg and pSTAT1-Y701 HCS. First, 2,000 Cal33 HNSSC cells that
had been serum starved for 24 h as described earlier were treated with 50 ng/mL of IL-6 or 30 ng/mL IFNg for the indicated time periods at
37�C in 5% CO2 and 95% humidity, and the treated cells were then fixed and stained with Hoechst and either a mouse monoclonal anti-p-
STAT3-Y705 antibody or a mouse monoclonal anti-p-STAT1-Y701 antibody as described in Materials and Methods (Table 1). The mean – SD
(n = 8) average inner (nuclear) intensities of the p-STAT3-Y705 (C, �) or p-STAT1-Y701 (G, �) signals from eight wells treated with each
cytokine concentration are presented. Representative experimental data from one of four independent experiments are shown. Cal33
HNSSC cell seeding density, (D) IL-6 and pSTAT3-Y705 and (H) IFNg and pSTAT1-Y701 HCS. Cal33 HNSSC cells that had been seeded into
the wells of 384-well microtiter plates at the indicated cell seeding densities in serum-containing medium for 24 h and then serum
starved for 24 h as described earlier were then treated with medium, 50 ng/mL of IL-6, or 30 ng/mL IFNg for 15 min at 37�C in 5% CO2

and 95% humidity, and were then fixed and stained with Hoechst and either a mouse monoclonal anti-p-STAT3-Y705 antibody or a
mouse monoclonal anti-p-STAT1-Y701 antibody as described in Materials and Methods (Table 1). The mean – SD (n = 6) average inner
(nuclear) intensities of the p-STAT3-Y705 (D, B medium, � IL-6) or p-STAT1-Y701 (H, B medium, - IFNg) signals from six wells treated
with each cytokine are presented. Representative experimental data from one of three independent experiments are shown. IFNg,
interferon gamma.
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DMSO concentration was 0.5%. To validate that the pSTAT3 and

pSTAT1 HCS assays could correctly identify inhibitors of these sig-

naling pathways, we exposed serum-starved Cal33 cells to the in-

dicated concentrations of the JAK inhibitor pyridone 6 for 3 h

before the addition of 50 ng/mL IL-6 (Fig. 4B) or 30 ng/mL IFNg
(Fig. 4D) for 15 and 45 min, respectively. Pretreatment of Cal33

cells with the pan-JAK inhibitor pyridone 644 inhibited both the IL-

6-induced pSTAT3 (Fig. 4B) and IFNg-induced pSTAT1 (Fig. 4D)

activation responses in a concentration-dependent manner. Pyridone

6 nonselectively inhibited the IL-6-induced pSTAT3 and IFNg-induced

pSTAT1 activation responses with IC50s of 7.193 – 4.082 nM and

16.382 – 8.453 nM, respectively (Fig. 4B, D).

To validate the compatibility of the pSTAT3 HCS assay with

screening, we ran our 3-day assay signal window and DMSO validation

tests.45 The 3-day assay signal window and Z-factor determination

consisted of three independent experiments of two full 384-well

plates each of the minimum (Min, 0.2% DMSO) and maximum (Max,

50ng/mL IL-6 in 0.2% DMSO) plate controls conducted on three sep-

arate days (Table 2). The Max and Min plate controls performed

very reproducibly, and their respective average pSTAT3-Y705 ‘‘inner’’

Fig. 4. DMSO tolerance and JAK inhibitor concentration responses of the pSTAT3-Y705 and pSTAT1-Y701 HCS assays. DMSO tolerance of
the (A) IL-6 and pSTAT3-Y705 and (C) IFNg and pSTAT1-Y701 HCS assays. First, 2,000 Cal33 HNSSC cells that had been serum starved for
24 h as described earlier were exposed to the indicated concentrations of DMSO for 3 h. Next, the DMSO-exposed cells were treated with
either medium, 50 ng/mL of IL-6, or 30 ng/mL IFNg for 15 min at 37�C in 5% CO2 and 95% humidity, and were then fixed and stained with
Hoechst and either a mouse monoclonal anti-p-STAT3-Y705 antibody or a mouse monoclonal anti-p-STAT1-Y701 antibody as described in
Materials and Methods (Table 1). The mean – SD (n = 3) average inner (nuclear) intensities of the p-STAT3-Y705 (A, B medium, � IL-6) or
p-STAT1-Y701 (C, B medium, � IFNg) signals from triplicate wells treated with medium or cytokine are presented. Representative
experimental data from one of three independent experiments are shown. Pyridone 6 concentration responses of the (B) IL-6 and pSTAT3-
Y705 and (D) IFNg and pSTAT1-Y701 HCS assays. First, 2,000 Cal33 HNSSC cells that had been serum-starved for 24 h as described earlier
were exposed to the indicated concentrations of the JAK inhibitor pyridone 6 for 3 h. Next, the cells were treated with either 50 ng/mL of IL-
6 or 30 ng/mL IFNg for 15 min at 37�C in 5% CO2 and 95% humidity, and were then fixed and stained with Hoechst and either a mouse
monoclonal anti-p-STAT3-Y705 antibody or a mouse monoclonal anti-p-STAT1-Y701 antibody as described in Materials and Methods
(Table 1). The mean – SD (n = 3) average inner (nuclear) intensities of the p-STAT3-Y705 (B) or p-STAT1-Y701 (C) signals from triplicate wells
in three independent experiments are presented: Experiment 1 (�), Experiment 2 (B), and Experiment 3 (-). DMSO, dimethyl sulfoxide;
JAK, Janus kinase.
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intensity population responses were well separated from

each other with S:B ratios of 6.1-, 6.3-, and 7.8-fold

on days 1, 2, and 3, respectively (Table 2). Overall,

the IL-6-induced pSTAT3 activation assay exhibited

intra-plate Z-factor coefficients on all 3 days ranging

between 0.38 and 0.72, with inter-plate Z-factors of

0.61, 0.69, and 0.35 on days 1, 2, and 3, respectively

(Table 2). The day 1–2 Z-factor coefficient was 0.61,

while the day 2–3 Z-factor coefficient was negative

because the responses on the two maximum plates

from day 2 were appreciably higher than on day 3, such

that the corresponding SDs and CVs for the day-to-day

comparison exceeded acceptable limits. Based on the

statistical indices of the pSTAT3 HCS assay (Table 2),

we selected a plate controls-based % inhibition data

processing method for the DMSO validation test and

set a preliminary active criterion of ‡ 50% inhibition

of IL-6-induced pSTAT3 activation. The 3-day five-

plate DMSO validation test mimics 3 days of automated

screening operations, and all fifteen 384-well plates

exhibited S:B ratios > 5-fold with only 3 of the 15

plates producing Z0-factor coefficients < 0.5 (Table 3).

All three plates were from day 1, and with Z0-factor

coefficients of 0.21, 0.29, and 0.41 and S:B ratios > 5-

fold, these assay plates still passed our QC criteria. The

% inhibition data from the 4,800 wells of the 15 · 384-

well DMSO plates closely approximated a normal dis-

tribution (data not shown), and only 11 wells exhibited

‡ 50% inhibition of IL-6-induced pSTAT3 activation

producing an estimated false-positive rate of 0.23%. An

analysis of variance (ANOVA) in the DMSO validation

data revealed no significant row/column effects or other

positional biases (data not shown). Based on the statis-

tical indices of the pSTAT3 HCS assay45 (Tables 2 and 3),

we elected to continue with a plate controls-based %

inhibition data processing method and a preliminary

active criterion of ‡ 50% inhibition of IL-6-induced

pSTAT3 activation. For quality control review purposes,

we failed plates that produced both an S:B ratio < 5-fold

and a Z0-factor coefficient < 0.25.

Screening the LOPAC and NIH CC
in the pSTAT3 HCS Assay

To confirm that our optimized pSTAT3 assay would

perform well in the presence of compounds, we screened

the 1,280-member LOPAC and the 446-member NIH CC

after a 24-h compound exposure at 20mM to identify

compounds that could inhibit IL-6-induced pSTAT3-

Y705 activation (Fig. 5). Figure 5A is a 4 · 384-well plate

overlay scatter plot of the % inhibition exhibited by the

LOPAC set, and Figure 5B is a 2 · 384-well plate overlay

scatter plot of the % inhibition exhibited by the NIH CC

set. In addition to 320 compound wells, each 384-well

Table 2. Three-Day Assay Signal Window and Z-Factor Coefficient
Determination for the IL-6–Induced pSTAT3-Y705 Activation
High-Content Screening Assay

Class/Day Plate Max/Min Mean SD CV PL to PL Z-factor S:B ratio

Intraplate

1 1 Max 10,690.4 1,102.6 10.3 1–3 0.59 5.73

2 Max 11,082.8 947.4 8.6 1–4 0.6 6.23

3 Min 1,866.0 103.3 5.5 2–3 0.66 5.94

4 Min 1,714.6 86.5 5.1 2–4 0.67 6.46

All plates All 0.61 6.08

2 1 Max 12,108.7 782.5 6.5 1–3 0.73 6.33

2 Max 11,697.7 920.4 7.9 1–4 0.72 6.39

3 Min 1,911.6 130.9 6.9 2–3 0.68 6.12

4 Min 1,894.3 161.3 8.5 2–4 0.67 6.18

All plates All 0.69 6.26

3 1 Max 7,038.9 1,079.8 15.3 1–3 0.38 6.93

2 Max 8,078.0 1,196.8 14.8 1–4 0.4 7.62

3 Min 1,015.9 174.7 17.2 2–3 0.42 7.95

4 Min 923.3 144.2 15.6 2–4 0.44 8.75

All plates All 0.35 7.8

Interplate

1 1 and 2 Max 10,886.6 1,046.3 9.6 0.61 6.08

3 and 4 Min 1,790.3 121.7 6.8

2 1 and 2 Max 11,903.2 878.5 7.4 0.69 6.26

3 and 4 Min 1,903.0 147.1 7.7

3 1 and 2 Max 7,558.4 1,252.5 16.6 0.35 7.80

3 and 4 Min 969.6 166.7 17.2

Day to day

1 and 2 All plates Max 11,394.9 1,091.5 9.6 0.61 6.17

Min 1,846.7 146.2 7.9

2 and 3 All plates Max 9,730.8 2,427.0 24.9 20.06 6.78

Min 1,436.3 492.5 34.3

The average inner intensity pSTAT3-Y705 Ch 2 data presented in the table was generated in

three independent experiments of 2 · 384-well plates each of the maximum (50 ng/mL IL-6 and

0.2% DMSO) and minimum (0.2% DMSO) plate controls conducted on three separate days.

S:B, signal-to-background ratio.
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plate had 32 · IL-6-induced Max plate control wells and 32 · 0.2%

DMSO Min plate control wells. The LOPAC set plate Z0-factor coeffi-

cients were 0.45, 0.56, 0.50, and 0.48, and the corresponding plate S:B

ratios were 5.94, 5.82, 5.61, and 5.67 for plates 1, 2, 3, and 4, re-

spectively (Fig. 5A). The NIH CC plate Z0-factor coefficients were 0.51

and 0.57, and the corresponding plate S:B ratios were 5.01 and 6.16 for

plates 1, and 2, respectively (Fig. 5B). These data indicated that the

pSTAT3 HCS assay performed very well and was compatible with

compound library screening. To identify compounds that behaved as

outliers compared with the other substances (n = 320) tested on the

assay plate, we utilized the z-score plate-based statistical scoring

method to analyze selected multi-parameter measurements output by

the image analysis module as previously described.41–43,46–48 Com-

pounds that met all of the following criteria were designated qualified

inhibitors of IL-6-induced pSTAT3 activation (Table 4): ‡ 50% inhi-

bition of IL-6-induced pSTAT3-Y705 activation, cell counts per image

> 250, an average fluorescent intensity in Ch 1 z-score > - 3 and < 3,

an integrated ‘‘outer’’ fluorescent intensity Ch 2 signal z-score < 3, an

average ‘‘outer’’ fluorescent intensity Ch 2 signal z-score < 3, and an

integrated ‘‘inner’’ fluorescent intensity Ch 2 signal z-score < 3. After

excluding 189 (11%) cytotoxic compounds and 36 (2.1%) compounds

that were fluorescent outliers in one or more of the intensity parameters

from the Hoechst and FITC channels, 51 (3%) compounds were desig-

nated qualified inhibitors of IL-6-induced pSTAT3-Y705 activation

(Table 4).

To confirm the qualified active compounds identified in the pri-

mary pSTAT3 screen, we cherry picked the 51 compounds into a 384-

well hit confirmation daughter plate and rescreened them at 20 mM in

triplicate wells in the IL-6-induced pSTAT3 assay and also the IFNg-
induced pSTAT1 counter screen (Tables 4 and 5). In addition to the

24-h compound exposure of the primary HCS, actives were also

tested in both assays after a 1-h compound exposure period (Table 5).

After a 24-h exposure, 24 (47.1%) of the compounds exhibited ‡ 50%

inhibition of IL-6-induced pSTAT3 activation, thereby confirming

their activity in the primary screen (Table 5). After1 h compound

exposure, however, an additional 15 compounds exhibited ‡ 50%

inhibition of IL-6-induced pSTAT3 activation (Table 5), giving a

total of 39 (76.5%) confirmed actives. Six (11.8%) of the compounds

exhibited ‡ 50% inhibition of IFNg-induced pSTAT1 activation after

a 24-h exposure, and an additional 14 inhibited the IFNg-induced

pSTAT1 activation assay by ‡ 50% after a 1-h exposure (Table 5).

Taking the pSTAT1 counter screening data into consideration, only

three compounds (3.9%) exhibited ‡ 50% inhibition of IL-6-induced

pSTAT3 activation at both compound exposures along with < 30%

inhibition of IFNg-induced pSTAT1 activation at both exposures:

azelastine, etomidate and a-methyl-norepinephrine.

Hit Characterization
Nineteen (48.7%) of the 39 compounds that inhibited IL-6-induced

pSTAT3 activation and/or IFNg-induced pSTAT1 activation are G-

alpha stimulatory subunit (Gs)-coupled GPCR agonists (Table 5).

Agonists of Gs-coupled GPCRs elevate cellular cyclic adenosine

monophosphate (cAMP) levels.49 In addition, forskolin, another of the

39 confirmed actives (Table 5), elevates cellular cAMP levels by direct

activation of adenylate cyclase.50 To determine whether forskolin or

the beta-adrenoreceptor (b-AR) agonist isoproterenol could inhibit

IL-6-induced pSTAT3 activation and/or IFNg-induced pSTAT1 acti-

vation, serum-starved Cal33 cells were exposed to 20mM forskolin or

isoproterenol for either 3 or 24 h and then treated with either medium,

50 ng/mL of IL-6, or 30 ng/mL IFNg for 15 min (Fig. 6). Pre-exposure

of Cal33 cells to 20mM forskolin or isoproterenol for 3 h significantly

inhibited the activation of both pathways by their respective

Table 3. Three-Day 5-Plate Dimethyl Sulfoxide Validation
of the IL-6–Induced pSTAT3-Y705 Activation
High-Content Screening Assay

Plate controls average inner

intensity pSTAT3-Y705 Ch 2

Plate performance

statistics

Plate ID

Mean_Max

(n = 32)

Mean_Min

(n = 32) Z0-factor S:B ratio

Day 1

1 8,526.2 1,111.5 0.53 7.67

2 8,444.2 1,113.7 0.41 7.58

3 6,887.6 1,104.6 0.21 6.24

4 8,444.2 1,188.2 0.53 7.11

5 7,282.1 1,169.3 0.29 6.23

Day 2

1 7,797.2 1,519.8 0.62 5.13

2 7,767.1 1,372.3 0.59 5.66

3 7,843.9 1,378.5 0.69 5.69

4 8,401.7 1,481.0 0.62 5.67

5 9,203.9 1,558.2 0.62 5.91

Day 3

1 8,466.3 1,388.0 0.64 6.10

2 7,889.1 1,368.2 0.53 5.77

3 7,893.8 1,381.0 0.57 5.72

4 8,020.5 1,351.9 0.55 5.93

5 9,018.4 1,553.3 0.67 5.81

The average inner intensity pSTAT3-Y705 Ch 2 data presented in the table

were generated in three independent experiments of 5 · 384-well DMSO

validation plates. These experiments were designed to mimic 3 days of

automated screening operations in the pSTAT3-Y705 activation HCS assay, save

that DMSO was added to wells instead of compounds. The average inner

intensity pSTAT3-Y705 Ch 2 data of the maximum (50 ng/mL IL-6 and 0.2%

DMSO, n = 32) and minimum (0.2% DMSO, n = 32) plate controls from each of

the 15 · 384-well plates are presented.
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cytokines (Fig. 6A, B). While a 24-h exposure to 20mM forskolin was

almost as effective as a 3-h exposure, a 24-h exposure to isoproterenol

was significantly less effective than a 3-h exposure (Fig. 6A, B).

To confirm the selective inhibition of the STAT3 pathway by

azelastine and etomidate, we purchased powdered samples and

conducted 10-point concentration response experiments in the

pSTAT3 and pSTAT1 HCS assays starting at a maximum of 50 mM

(Fig. 7). The newly purchased sample of etomidate failed to sig-

nificantly inhibit the activation of either cytokine pathway (Fig. 7).

In contrast, pre-exposure of Cal33 cells to azelastine for 3 h selec-

tively inhibited IL-6-induced pSTAT3 activation in a concentra-

tion-dependent manner (Fig. 7A, C), without significantly affecting

IFNg-induced pSTAT1 activation (Fig. 7B, D). We repeated the

azelastine concentration response experiments in the pSTAT3

(Fig. 8A) and pSTAT1 (Fig. 8B) HCS assays and in growth inhibition

assays conducted in four HNSCC cell lines: Cal33, 686LN, FaDu, and

OSC19 (Fig. 8C). Azelastine selectively inhibited the IL-6-induced

pSTAT3 activation response with an IC50 of 26.56 – 10.42mM (Figs. 7A

and 8A, D). In marked contrast, azelastine did not significantly inhibit

IFNg-induced pSTAT1 activation, even at 50mM of the highest con-

centration tested (Figs. 7B and 8B, D). Exposure of HNSCC cell lines to

azelastine for 72h inhibited their growth in a concentration-dependent

manner (Fig. 8C). Azelastine inhibited the growth of the four cell lines

with IC50s of 13.62 – 7.5, 38.82 – 5.15, 33.18 – 11.8, and 23.77 – 2.15mM

for Cal33, 686LN, FaDu, and OSC19 cells, respectively (Fig. 8C, D). The

chemical structure of azelastine hydrochloride, (( – )-1-(2H)-phthalazi-

none,4-[(4-chlorophenyl)methyl]-2-(hexahydro-1methyl-1Hazepin-4-

yl)-monhydrochloride), is presented along with a summary of its IC50

Fig. 5. The 384-well plate overlays of % inhibition of IL-6–induced pSTAT3-Y705 activation screen; (A) LOPAC and (B) NIH CC. Six 384-well
plates were seeded with 2,000 Cal33 HNSSC cells per well and then serum starved for 24 h as described earlier. Immediately after the
serum-free media exchange, diluted compounds were transferred from the 4 · 384-well LOPAC daughter plates and the 2 · 384 NIH CC
daughter plates into the assay plates to provide a final screening concentration of 20 mM (0.2% DMSO) and then incubated at 37�C, 5%
CO2, and 95% humidity for 24 h. Compound-treated wells and Max plate controls then received 50 ng/mL IL-6 in 0.2% DMSO (final), Min
controls received 0.2% DMSO (final) in media, and assay plates were then incubated at 37�C, 5% CO2, and 95% humidity for 15 min and
then fixed and stained with Hoechst and a mouse monoclonal anti-p-STAT3-Y705 antibody as described in Materials and Methods
(Table 1). Images of two fields of view for two fluorescent channels, Hoechst (Ch 1) and pSTAT3-Y705-FITC (Ch 2) were acquired on the IXU
confocal HCS platform using a 20 · /0.45NA objective, and the average inner ‘‘nuclear’’ intensity of pSTAT3-Y705 was derived from the
digital images using the TE image analysis module as described in Materials and Methods. The mean average innerpSTAT3-Y705 intensity
values of the 0.2% DMSO Min plate control wells (n = 32) and the 50-ng/mL IL-6 Max plate control wells (n = 32) were used to normalize the
mean average inner intensity pSTAT3-Y705 values of the compound-treated wells and to represent 100% and 0% inhibition of IL-6-induced
pSTAT3 activation, respectively. (A) Overlay scatter plot of the % inhibition of the average inner pSTAT3-Y705 intensity data from the
4 · 384-well assay plates of the 1,280 compound LOPAC screen; Max (�) controls, Min (�) controls, inactive ( < 50% inhibition) compound
treated wells (�), and active ( ‡ 50% inhibition) compound-treated wells (�). (B) Overlay scatter plot of the % inhibition of the average inner
pSTAT3-Y705 intensity data from the 2 · 384-well assay plates of the 446 compound NIH CC screen; Max (�) controls, Min (�) controls,
inactive ( < 50% inhibition) compound-treated wells (�), and active ( ‡ 50% inhibition) compound-treated wells (�). LOPAC, Library of
Pharmacologically Active Compounds; NIH CC, National Institutes of Health Clinical Collection.
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values in the IL-6-induced pSTAT3 activation assay, the IFNg-in-

duced pSTAT1 activation assay, the HNSCC growth inhibition assays,

and the results of a cross-target query of the biological activity of SID

46386661 in the PubChem database (Fig. 8D). A cross-target query of

PubChem indicated that azelastine had been tested in 454 bioassays,

but there were only 12 (2.6%) active flags recorded in the database.

DISCUSSION
Based on the IL-6 receptor complex and STAT3 protein ex-

pression data (Fig. 1), we selected the Cal33 cell line as our HNSCC

model for the development of the pSTAT3 and pSTAT1 HCS as-

says. The Cal33 HNSCC cell line was established

from a biopsy that had been extracted before

therapy from a moderately differentiated squa-

mous cell carcinoma of the tongue in a 69-year-

old male patient.37 Cal33 cells are of epithelial

origin that display chromosomal rearrange-

ments and copy number changes which mirror

the cytogenetic status of primary HNSCC.36 To

configure the pSTAT3 and pSTAT1 assays for the

IXU-automated HCS platform, we developed

sample preparation protocols, image acquisition

procedures, and image analysis settings such that

only minor adjustments to the laser power and/or

PMT gain were required to ensure that the

Hoechst stained nuclei and fluorescent pSTAT3/

pSTAT1 staining did not saturate the PMT de-

tectors. Similarly, after we had established and

optimized the parameter settings of the TE image

analysis module (Fig. 2), these settings were

saved to a protocol that was utilized to analyze

all of the images acquired in this study.

We illustrated the assay development process

by documenting the variables that directly im-

pacted the dynamic ranges of the pSTAT3 and

pSTAT1 HCS assays (Fig. 3). HNSCC cell lines

have previously been shown to synthesize and

secrete TGFa and IL-6 into culture medium that

can constitutively activate the STAT3 pathway in

an autocrine or paracrine manner.7,8,11,16 To

control for potential autocrine/paracrine activa-

tion of pSTAT3 and pSTAT1, we developed an

automated medium exchange and serum starva-

tion protocol. The IL-6-induced pSTAT3 assay

signal window collapsed from > 5-fold using this

protocol to around 2-fold in Cal33 cells cultured

‘‘undisturbed’’ in serum-containing medium, be-

cause un-stimulated pSTAT3-Y705 levels were

higher and the response to IL-6 was smaller in

serum- containing medium (Fig. 3A). In contrast,

the IFNg-induced pSTAT1-Y701 responses of

Cal33 cells were largely unaffected by these cul-

ture protocols (Fig. 3E). These data are consistent

with previous reports that IL-6 is a major autocrine/paracrine factor

secreted by HNSCC cells.16 To maintain consistency, we incorporated

the medium exchange and serum starvation steps into both the

pSTAT3 and pSTAT1 HCS protocols. The activation of both pSTAT3

and pSTAT1 was shown to be dependent on the concentrations of

their respective cytokines (Fig. 3B, F) and on the length of cytokine

exposure (Fig. 3C, G). A 15-min exposure to IL-6 50 ng/mL and a 30-

min exposure to IFNg 30 ng/mL were selected as the optimal condi-

tions for the pSTAT3 and pSTAT1 HCS assays, respectively. To reduce

the cell culture burden, we selected a 384-well plate seeding density

of 2,000 cells/well for both assays (Fig. 3D, H). Utilizing these

Table 4. Library of Pharmacologically Active Compounds and National
Institutes of Health Clinical Collection pSTAT3 Primary High-Content
Screening Summary

Compound library

No. of

compounds

% of

total

Compound information

LOPAC 1,280 74.2

NIH CC 446 25.8

Total 1,726 100

Cytotoxic and fluorescent outlier analysis

Ch 1: Average cell count/image < 250 189 11.0

Ch 2: Hoechst average nuclear intensity z-score > 3 8 0.5

Ch 2: Integrated inner intensity z-score > 3 7 0.4

Ch 2: Average outer intensity z-score > 3 15 0.9

Ch 2: Integrated outer intensity score > 3 6 0.3

Primary HCS actives at 20mM

% Inhibition of IL-6-induced pSTAT3 ‡ 50, 24 h exp. 51 3.0

Active confirmation at 20mM

Mean % inhibition of IL-6-induced pSTAT3 ‡ 50, 24 h exp. 24 47.1

Mean % inhibition of IL-6-induced pSTAT3 ‡ 50, 1 h exp. 35 68.6

Mean % inhibition of IFNg-induced pSTAT1 ‡ 50, 24 h exp. 6 11.8

Mean % inhibition of IFNg induced pSTAT1 ‡ 50, 1 h exp. 18 35.3

Selective inhibitors of IL-6-induced pSTAT3 activation at 20 mM

Mean % pSTAT3 inhibition ‡ 50% (24 and 1 h)

and mean % pSTAT1 inhibition < 30% (24 and 1 h)

3 5.9

HCS data represent % inhibition of compounds tested in a single well at 20mM, and confirmation data

represent mean % inhibition – SD (n = 3) of compounds tested in triplicate wells at 20 mM, after 1 or 24 h

of compound exposures.

IFNg, interferon-gamma; LOPAC, Library of Pharmacologically Active Compounds; NIH CC, National

Institutes of Health Clinical Collection.
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Table 5. Confirmation of the Library of Pharmacologically Active Compounds and National Institutes of Health
Clinical Collection Primary pSTAT3 High-Content Screening Actives

Compound information % Inhibition of IL-6-induced pSTAT3-Y705 % Inhibition of IFNc–induced pSTAT1-Y701

SID SL Name HCS Mean 24 h SD Mean 1 h SD Mean 24 h SD Mean 1 h SD

46386661 N Azelastine 82.6 90.4 4.8 96.2 14.5 24.2 18.1 29.6 41.4

53777461 L Dihydroouabain 97.8 84.2 6.2 4.7 16.9 81.3 8.0 - 55.5 19.0

53777973 L NF449 octasodium salt 85.2 72.6 5.2 96.9 2.7 90.3 7.8 96.1 1.4

46386563 N Desloratadine 72.9 72.0 1.5 111.3 1.0 27.4 22.2 73.5 8.5

53778225 L SB 205384 85.0 69.8 7.0 56.6 2.8 89.2 1.4 25.4 1.1

53778026 L Phenylephrine hydrochloride 51.6 69.5 4.7 85.4 1.3 40.2 4.6 75.9 5.3

53778265 L Trazodone hydrochloride 53.5 68.2 4.5 72.0 3.9 35.7 12.4 50.5 15.2

46387007 N R( + )-SCH-23390 HCl 63.4 66.4 5.5 77.1 2.5 30.5 23.8 65.6 3.1

53778017 L Nylidrin hydrochloride 59.8 66.1 8.7 72.4 3.6 20.7 12.0 45.7 16.9

53778204 L Albuterol hemisulfate 60.2 63.5 2.3 102.8 2.1 20.9 9.0 94.0 1.7

53777777 L Isotharine mesylate 52.1 59.1 9.5 23.0 2.3 - 11.0 5.5 - 29.6 13.2

53777593 L Forskolin 75.2 57.2 4.8 91.3 1.8 3.8 9.6 84.4 3.5

46386983 N Etomidate 61.3 56.7 7.1 65.8 8.1 17.1 22.3 13.4 7.8

53777746 L R( - )-Isoproterenol ( + )-bitartrate 64.4 56.1 1.8 52.8 4.8 27.0 5.2 44.6 12.2

53777650 L Fenoterol hydrobromide 61.5 56.0 10.0 107.5 1.7 7.5 16.2 97.0 1.2

46386731 N Cefpodoxime proxetil 55.1 54.6 1.1 99.0 3.3 13.1 18.6 94.0 2.7

53778255 L Tulobuterol hydrochloride 57.5 53.0 11.4 60.6 5.6 22.6 8.2 57.5 7.7

53778281 L Tyrphostin AG 879 59.1 52.4 6.9 27.8 10.6 53.5 10.6 52.4 20.6

53777778 L ( - )-Isoproterenol hydrochloride 69.4 52.2 9.3 66.2 7.2 25.2 22.2 52.2 16.6

53777840 L Metaproterenol hemisulfate 58.5 51.3 0.7 102.6 3.0 8.1 26.1 93.1 0.7

53777465 L ( - )-a-methylnorepinephrine 55.8 51.2 9.1 68.1 3.3 27.4 16.0 12.7 6.2

53778191 L ( – )-Synephrine 61.5 50.7 7.8 59.6 7.4 12.3 22.3 50.8 16.3

53777817 L ( – )-Isoproterenol hydrochloride 63.4 50.3 2.6 63.9 3.3 17.8 20.7 32.1 33.1

53778152 L Cortexolone maleate 57.1 50.3 6.2 46.5 3.5 5.6 21.3 - 35.5 30.4

53777595 L N-(3,3-diphenylpropyl)glycinamide 61.0 49.6 11.6 62.6 2.7 9.3 15.4 34.3 5.8

53778147 L Ritodrine hydrochloride 63.1 49.0 2.6 69.7 12.7 - 3.1 17.6 48.0 7.9

53778120 L Propantheline bromide 57.0 47.7 9.9 53.4 3.0 11.7 26.7 35.6 8.2

46386828 N Balsalazida 58.5 47.1 3.0 53.1 4.0 10.0 29.3 15.4 25.4

53778232 L Terbutaline hemisulfate 61.4 46.3 6.1 97.6 2.6 - 12.4 16.9 78.4 8.3

53778036 L Perphenazine 73.3 46.2 2.8 87.3 7.7 50.9 8.5 68.5 0.7

53777521 L 6,7-ADTN hydrobromide 52.8 45.7 6.3 50.4 9.4 19.1 19.6 32.8 3.6

(continued)
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Table 5. (Continued)

Compound information % Inhibition of IL-6-induced pSTAT3-Y705 % Inhibition of IFNc–induced pSTAT1-Y701

SID SL Name HCS Mean 24 h SD Mean 1 h SD Mean 24 h SD Mean 1 h SD

53777200 L L( - )-Norepinephrine bitartrate 55.8 40.5 10.9 61.9 2.2 34.3 23.7 39.1 10.9

46387005 N Salmeterol 63.2 38.5 4.8 110.4 1.4 2.8 26.3 90.0 1.9

53777665 L Guanidinyl-naltrindole di-trifluoroacetate 57.8 36.8 12.2 52.7 5.2 - 13.6 10.0 - 15.3 7.6

53777160 L Aurintricarboxylic acid 86.3 36.5 5.4 105.0 0.8 99.4 0.2 98.6 2.5

53777487 L 8-Cyclopentyl-1,3-dipropylxanthine 52.1 33.8 10.6 60.6 4.6 23.8 15.0 26.6 18.3

53777634 L cis-(Z)-flupenthixol dihydrochloride 79.0 30.8 10.1 72.3 5.3 13.3 13.2 15.5 23.4

53777608 L ( - )-Epinephrine bitartrate 62.1 24.7 11.4 58.0 7.4 1.6 16.5 11.1 15.7

53777159 L ( – )-Norepinephrine ( + )bitartrate 69.5 24.4 7.6 62.1 2.2 43.4 12.2 45.6 11.0

HCS data represent % inhibition of a single well, confirmation data represent mean % inhibition – SD (n = 3), 1 and 24 h of compound exposure data presented.

SID, PubChem substance identifier, SL, source library, L, LOPAC, N, NIH CC.

Fig. 6. Nonselective inhibition of pSTAT3 and pSTAT1 activation by forskolin and isoproterenol. First, 2,000 Cal33 HNSSC cells that had
been serum starved for 24 h as described earlier were exposed to the indicated concentrations of forskolin or isoproterenol for either 3 or
24 h and then treated with either medium, 50 ng/mL of IL-6, or 30 ng/mL IFNg for 15 min. Next, the cells were fixed and stained with
Hoechst and either a mouse monoclonal anti-p-STAT3-Y705 antibody or a mouse monoclonal anti-p-STAT1-Y701 antibody as described in
Materials and Methods (Table 1). (A) Inhibition of IL-6-induced pSTAT3 activation. The mean – SD (n = 3) average inner (nuclear) intensities
of the p-STAT3-Y705 in medium and 50 ng/mL IL-6 treated controls, or in IL-6-treated wells pre-exposed to either 20mM forskolin or 20mM
isoproterenol for 3 h (,) or 24 h (-). Representative experimental data from one of three independent experiments are shown. (B)
Inhibition of IFNg-induced pSTAT1 activation. The mean – SD (n = 3) average inner (nuclear) intensities of the p-STAT1-Y701 in medium and
30 ng/mL g-treated controls, or in IFNg-treated wells pre-exposed to either 20mM forskolin or 20 mM isoproterenol for 3 h (,) or 24 h (-).
Representative experimental data from one of three independent experiments are shown.
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Fig. 7. Concentration-dependent effects of primary HCS hits on (A) IL-6-induced pSTAT3 activation, (B) IFNg-induced pSTAT1 activation, (C)
composite images of Hoechst and pSTAT3-Y705-stained Cal33 cells in controls and 50mM Azelastin-treated wells, and (D) composite
images of Hoechst and pSTAT1-Y701-stained Cal33 cells in controls and 50 mM Azelastin-treated wells. First, 2,000 Cal33 HNSSC cells that
had been serum starved for 24 h as described earlier were exposed to the indicated concentrations of azelastine or etomidate for 3 h. Next,
the cells were treated with either 50 ng/mL of IL-6 or 30 ng/mL of IFNg for 15 min at 37�C in 5% CO2 and 95% humidity, and were then fixed
and stained with Hoechst and either a mouse monoclonal anti-p-STAT3-Y705 antibody or a mouse monoclonal anti-p-STAT1-Y701 antibody
as described in Materials and Methods (Table 1). The mean – SD (n = 3) average inner (nuclear) intensities of the p-STAT3-Y705 (A) or p-
STAT1-Y701 (B) signals from triplicate wells for each compound concentration are presented; azelastine (�) or etomidate (B). Re-
presentative experimental data from one of three independent experiments are shown. Representative composite images from control
wells and 50 mM-treated Cal33 HNSSC cells that were fixed and stained with Hoechst and either (C) a mouse monoclonal anti-p-STAT3-Y705
antibody or (D) a mouse monoclonal anti-p-STAT1-Y701 antibody as described in Materials and Methods (Table 1). Images of two fields of
view for two fluorescent channels, Hoechst (Ch 1) and either pSTAT3-Y705-FITC or pSTAT1-Y701-FITC (Ch 2) were acquired on the IXU
confocal HCS platform using a 20 · /0.45NA objective.
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optimized assay conditions, the dynamic range of the IL-6-induced

activation of pSTAT3-Y705 was typically > 5-fold, and typically

> 10-fold for IFNg-induced activation of pSTAT1-Y701.

The activation of both pSTAT3 and pSTAT1 was inhibited by

DMSO concentrations greater than 1.25% (Fig. 4A, C). DMSO has two

major effects on HCS assays.41–43,46–48,51 At DMSO concentrations

‡ 5%, there is a significant cell loss due to cytoxicity and/or reduced

cell adherence, and at concentrations > 1% but <5%, cells change

from a well-spread and well-attached morphology to a more rounded

loosely attached morphology that interferes with the ability of the

image analysis module to segment images into distinct cytoplasm

and nuclear regions.41–43,46–48,51 The DMSO tolerance data for the

pSTAT3 and pSTAT1 HCS assays indicated that we could conduct a

primary compound (20mM) screen at a final DMSO concentration of

0.2%, and confirm actives in concentration response assays at a final

DMSO concentration of 0.5%, without significantly impacting the

Fig. 8. Concentration-dependent effects of azelastine on (A) IL-6 induced pSTAT3 activation, (B) IFNg-induced pSTAT1 activation, (C) HNSCC cell
growth inhibition, and (D) azelastine chemical structure and biological activity summary. (A) Inhibition of IL-6-induced pSTAT3 activation, and
(B) inhibition of IFNg-induced pSTAT1 activation. First, 2,000 Cal33 HNSSC cells that had been serum starved for 24 h as described earlier were
exposed to the indicated concentrations of azelastine for 3 h. Next, those cells were treated with either 50 ng/mL of IL-6 or 30 ng/mL of IFNg for
15 min at 37�C in 5% CO2 and 95% humidity, and were then fixed and stained with Hoechst and either a mouse monoclonal anti-p-STAT3-Y705
antibody or a mouse monoclonal anti-p-STAT1-Y701 antibody as described in Materials and Methods (Table 1). The mean – SD (n = 3) average
inner (nuclear) intensities of the p-STAT3-Y705 (A) or p-STAT1-Y701 (B) signals from triplicate wells for each compound concentration are
presented. Representative experimental data from one of three independent experiments are shown.(C) HNSCC growth inhibition. First, 1,000
Cal33, 686LN, FaDu, or OSC19 HNSCC cells were seeded into 384-well assay plates and incubated at 37�C in 5% CO2 and 95% humidity for 24 h.
After 24 h, the indicated concentrations of azelastine were transferred into the test wells of the 384-well assay plates that were then incubated
at 37�C in 5% CO2 and 95% humidity for an additional 72 h. Control wells received DMSO alone. After 72 h of exposure to azelastine, Cell Titer
Glo detection reagent was dispensed into the wells of the assay plates, and the luminescent signal was captured on the Envision microtiter
plate reader. The mean – SD (n = 3) growth inhibition data from triplicate wells for each concentration of azelastine are presented as the % of
the DMSO plate controls; Cal33 (�), 686LN (B), FaDu (-), and OSC19 (,). Representative experimental data from one of three independent
experiments are shown. (D) Azelastine chemical structure and biological activity summary of the chemical structure of azelastine, (RS)-4-[(4-
chlorophenyl)methyl]-2-(1-methylazepan-4-yl)-phthalazin-1-one, is presented along with a summary of the IC50 values for azelastine in the IL-6-
induced pSTAT3 activation assay, the IFNg-induced pSTAT1 activation assay, and the HNSCC growth inhibition assays, and the results of a cross-
target query of the biological activity of SID 46386661 in the PubChem database. IC50, 50% inhibition concentration.
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dynamic ranges of either assay (Fig. 4A, C). The pan-JAK inhibitor

pyridone 644 inhibited both IL-6-induced pSTAT3-Y705 and IFNg-
induced pSTAT1-Y701 activation with IC50s of 7.19 – 4.08 and

16.38 – 8.45 nM, respectively (Fig. 4B, D). Two additional JAK in-

hibitors, AZD 1,480 and JSI-124 (cucurbitacin I), also inhibited IL-6

and IFNg-induced STAT pathway activation nonselectively (data not

shown). The lack of selectivity of the JAK inhibitors is not surprising,

as both cytokines activate canonical JAK/STAT signaling path-

ways.12,13,52 For the IL-6 signaling pathway, IL-6 first binds to the IL-

6Ra subunit, and the IL-6-IL-6Ra complex then recruits the gp130

signaling subunit, the gp130 subunit, and associated JAKs become

rapidly activated by phosphorylation. Nonphosphorylated STAT3 in

the cytoplasm is recruited to gp130 pY motifs through interactions

with the STAT3 SH domain, the gp130-associated JAK phosphory-

lates STAT3 at Y705, and pSTAT3-Y705 dimerizes and translocates to

the nucleus, where they bind to specific DNA sequences and activate

STAT3 target gene transcription.12,13 In the IFNg signaling pathway,

IFNg dimers bind to the IFNgR1 subunit, which then engage the

IFNgR2 subunit, causing JAK1 and JAK2 to cross-phosphorylate

each other and the receptor subunits. Nonphosphorylated parallel

STAT1 homodimers recruited to the receptors are phosphorylated by

the JAKs at Y701, the pSTAT1-Y701 homodimers reorient into an

anti-parallel configuration, translocate to the nucleus, where they

bind to gamma-activated sequence sites in the promoters of STAT1

target genes and activate transcription.52 Several small-molecule

JAK inhibitors have been tested in preclinical tumor xenograft

models or have been progressed into clinical trials for cancer: AG490,

LS-104, ICNB18424, and CEP701.4,15,23,24 To date, however, JAK in-

hibitors have only been approved for the treatment of myelofibrosis

(ruxolitinib) and rheumatoid arthritis (tofacitinib). JAK inhibitors have

also been associated with a mild myelosuppression and a mild but

frequent GI toxicity.4,15,23,24 It is our hypothesis that a selective inhibitor

of activation of the oncogenic STAT3 pathway which does not interfere

with activation of the tumor-suppressive STAT1 pathway would be a

more desirable anti-cancer drug profile. Since JAK inhibitors non-

selectively inhibit the activation of both STAT pathways, we would de-

prioritize even a novel JAK inhibitor. To identify nonselective STAT

pathway inhibitors, we, therefore, incorporated the IFNg-induced

pSTAT1 activation counter screen early in our HCS testing paradigm.

We conducted the 3-day assay signal window and DMSO vali-

dation tests to evaluate the robustness and reproducibility of the

pSTAT3 assay signal window, to determine Z-factor coefficients, to

establish quality control review parameters, and to select the most

appropriate data processing method and active criterion for

screening.45 The pSTAT3 HCS assay preformed robustly and re-

producibly in both tests; the assay signal window S:B ratio was

> 5-fold for all plates, the Z0-factor coefficients were > 0.5 for 20 of

the 27 plates tested, and only 1 of the 7 plate Z0-factor coefficients

was < 0.25 (Tables 2 and 3). For quality control review purposes, we

established the following criteria for failed plates: pSTAT3 plates

that produced both an S:B ratio < 5-fold and a Z0-factor coefficient

< 0.25 would be failed and scheduled for retesting. Eleven of the

4,800 wells in the 3 · 5-plate DMSO validation test exhibited ‡ 50%

inhibition of IL-6-induced pSTAT3 activation producing an esti-

mated false-positive rate of 0.23%. These false positives were likely

due to clogged tips that failed to deliver cells or primary or sec-

ondary antibodies during the automated process. Based on the

combined statistical indices from both tests,45 we selected a plate

controls-based % inhibition data processing method for the screen

and set an active criterion of ‡ 50% inhibition of IL-6-induced

pSTAT3 activation.

The pSTAT3 HCS assay performed very well in the LOPAC and

NIH CC screen conducted at 20 mM with a 24-h compound exposure

(Fig. 5). We selected a 24-h compound exposure for the pilot

screens, because pyridone 6, one of the three JAK inhibitors used to

validate the assay, was more potent after 24 h than at 1 h (data not

shown). All of the assay plates passed our quality control criteria

and after eliminating 189 (11%) cytotoxic and 36 (2.1%) fluorescent

outlier compounds, 51 (3%) compounds inhibited IL-6-induced

pSTAT3 activation by ‡ 50% (Table 4). The 51 HCS active com-

pounds were cherry picked and rescreened in triplicate at 20 mM in

both the IL-6-induced pSTAT3 and IFNg-induced pSTAT1 assays

that were exposed to compounds for either 1 h or 24 h before cy-

tokine administration (Tables 4 and 5). Although 39 compounds

(76.5%) were confirmed to inhibit IL-6-induced pSTAT3 activation

by ‡ 50%, only three compounds (3.9%) also exhibited < 30% in-

hibition of IFNg-induced pSTAT1 activation at both compound

exposures (Table 5): azelastine, etomidate and a-methyl-norepi-

nephrine. Twenty (51%) of the 39 compounds that were confirmed

to inhibit pSTAT3 and/or pSTAT1 activation elevate cellular cAMP

levels either because they are Gs-coupled GPCR agonists49 (17 b-AR

agonists, and 2 dopamine receptor 1 agonists) or they directly

activate adenylate cyclase50 (e.g., forskolin; Table 5). Pre-exposure

of Cal33 cells to 20 mM forskolin for 3 or 24 h inhibited the subse-

quent activation of both the pSTAT3 and pSTAT1 pathways by their

respective cytokines (Fig. 6A, B). In contrast, exposure to the b-AR

agonist isoproterenol for 24 h was less effective at inhibiting both

pathways than a 3-h exposure (Fig. 6A, B). Eighteen of the Gs-

coupled GPCR agonists that inhibited the pSTAT3 assay were active

after 1 h of exposure compared with only 15 after 24 h of exposure

(Table 5). In the pSTAT1 assay, 16 inhibited activation after 1 h of

exposure compared with only 2 after 24 h of exposure (Table 5).

After prolonged agonist exposures, GPCRs become desensitized,

most commonly due to receptor phosphorylation and internaliza-

tion.49,53,54 The apparent loss in efficacy of Gs-coupled GPCR

agonists at inhibiting pSTAT3 and/or pSTAT1 activation after 24 h

compound exposures would be consistent with receptor desensiti-

zation. The suppressors of cytokine signaling (SOCS) family of

proteins are endogenous regulators of cytokine activation of JAK/

STAT signaling pathways.55 SOCS3 blocks STAT3 and STAT1 sig-

naling by one of three mechanisms: by binding to and directly

inhibiting JAKs, by competing with the STATs for pY-binding sites

on activated receptor chains, or by targeting bound signaling pro-

teins for proteasomal degradation.55 In addition to being a STAT3

target gene and classical feedback inhibitor of STAT3 activation,55

SOCS3 expression levels are also regulated by STAT independent
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mechanisms.50,56–58 Agents that elevate intracellular cAMP levels

up-regulate SOCS3 levels and inhibit STAT3 activation.50,56–58

Forskolin treatment of HUVEC cells elevated intracellular cAMP

levels that led to the induction of SOCS3 and inhibition of IL-6-

induced pSTAT3 activation.58 Forskolin treatment of the MDA-

MB-231 breast cancer cell line elevated intracellular cAMP levels

that inhibited leptin-induced pSTAT3 activation, an effect which

was mediated through protein kinase A (PKA) activation.50 T47D

breast cancer cells that were treated with forskolin or prosta-

glandin E2 (PGE2), an agonist of the Gs-coupled PGE2-receptor,

activated the cAMP/PKA pathway and up-regulated SOCS3 ex-

pression which blocked lipopolysaccharide induced STAT3 acti-

vation.56Treatment of primary rat hepatocytes or transfected

HepG2 cell with the a1B-adrenergic receptor agonist phenylephrine

inhibited IL-6-induced STAT3 pathway activation.57 It is likely,

therefore, that the nonselective inhibition of cytokine-induced

JAK/STAT pathway activation by Gs-coupled GPCR agonists

and forskolin was mediated by cAMP-dependent up-regulation

of SOCS3. Since a-methyl-norepinephrine is an agonist of Gs-

coupled adrenoreceptors, we did not pursue this compound further.

In addition, a dry powder sample of etomidate that was purchased

from commercial sources failed to inhibit either cytokine pathway

in concentration response assays (Fig. 7).

In contrast, a dry powder sample of azelastine selectively inhibited

the IL-6-induced pSTAT3-Y705 activation response with an IC50 of

26.56 – 10.42mM (Figs. 7A, C and 8A, D) without affecting IFNg-in-

duced pSTAT1-Y705 activation, even at the highest concentration

tested, 50mM (Figs. 7B, D and 8B, D). Exposure of actively prolifer-

ating HNSCC cell lines to azelastine for 72 h inhibited their growth with

IC50s of 13.62 – 7.5, 38.82– 5.15, 33.18– 11.8, and 23.77 – 2.15mM

for Cal33, 686LN, FaDu, and OSC19 cells, respectively (Fig. 8C, D).

Intranasal formulations of azelastine hydrochloride ((– )-1-(2H)-

phthalazinone,4-[(4-chlorophenyl)methyl]-2-(hexahydro-1me-

thyl-1Hazepin-4-yl)-monhydrochloride) have been approved in the

United States for the treatment of seasonal allergic rhinitis or non-

allergic vasomotor rhinitis, and ophthalmic formulations for ocular

conjunctivitis.59,60 Outside the United States, oral formulations are

available for the treatment of allergic rhinitis, asthma, and urticar-

ia.59,60 Azelastine is very well tolerated, and the most frequently

reported adverse events that are either mild or moderate in the ma-

jority of cases are bitter taste, somnolence, and nasal burning.59,60

Azelastine is oxidatively metabolized by the cytochrome P450

(CYP450) system to an active metabolite desmethylazelastine and

two inactive carboxylic-acid metabolites.59,60 Azelastine and des-

methylazelastine were shown to bind to plasma protein at*88% and

97%, respectively.59,60 Intranasal azelastine has a systemic bio-

availability of 40%, and Cmax levels are achieved in 2–3 h, while oral

azelastine has an elimination half life of 22 h.59,60

Azelastine is a high-affinity histamine H1-receptor antagonist (Ki

6.4 nM) with some affinity for H2 receptors that blocks histamine

release in mast cells and basophils, and inhibits the response of air-

way H1 receptors to histamine.59–61 In addition, in vitro studies have

shown that azelastine causes a significant inhibition of the synthesis

and release of leukotrienes (LTC4 and LTD4) from lung tissues,

polymorphonuclear leukocytes, and eosinophils with IC50s in the 2–

50-mM range, and blocks the leukotriene-induced contraction of

guinea pig ileum with IC50s of 1–2 mM range.59,60,62 It has, therefore,

been suggested that azelastine may also inhibit phospholipase A2 and

leukotriene C4 synthase activity.59,60 Our cross-target query of the

PubChem database revealed that although azelastine had been tested

in 454 bioassays, there were only 12 (2.6%) active flags in the da-

tabase (Fig. 8D), and the only confirmed (concentration dependent)

active flag was for an assay to identify inhibitors/substrates of

CYP450 3A4, a major liability for drug development. The PubChem

data are consistent with published reports that azelastine is oxida-

tively metabolized by the CYP450 system,59,60 and they also suggest

that azelastine has a selective biological activity profile. In vitro

treatment of human peripheral blood lymphocytes and monocytes

with 10 mM azelastine suppressed the mRNA and protein expression

levels of pro-inflammatory cytokines by 33%; tumor necrosis factor

alpha (TNFa), IL-1b, granulocyte-macrophage colony-stimulating

factor, and IL-6.63 Azelastine treatment (10 mM) also suppressed re-

active oxygen intermediate and nitric oxide production, and de-

creased total cellular protein tyrosine phopsphorylation levels.63 In

vivo, azelastine causes decreases in circulating blood levels of IL-4,

IL-8, and nitric oxide.59,60 The studies reported here demonstrate that

azelastine selectively blocks the IL-6-induced activation of the on-

cogenic STAT3 signaling pathway in HNSCC cells without affecting

the IFNg-induced activation of the STAT1 tumor suppressor path-

way, and that exposure of HNSCC cell lines to azelastine inhibits their

growth (Figs. 7 and 8). However, given the relatively modest potency

of azelastine at inhibiting STAT3 activation and HNSCC growth

(*25 mM), it is unlikely that it would be a candidate for drug re-

purposing as a cancer therapeutic.

In conclusion, we have described the development, optimization,

and validation of pSTAT3 and pSTAT1 HCS assays to screen for

selective inhibitors of STAT3 pathway activation in HNSCC cell

lines. The IL-6-induced pSTAT3 HCS assay has the potential to

discover inhibitors that block activation of oncogenic STAT3 sig-

naling at any step between the engagement and activation of the IL-

6 receptor complex to entry of pSTAT3-Y705 into the nucleus of

Cal33 HNSCC cells. By incorporating the IFNg-induced pSTAT1

HCS assay as a counter screen early in our testing paradigm, we can

identify and de-prioritize nonselective inhibitors of STAT signaling

that would also block STAT1 tumor suppressor function. A small

pilot screen of 1,726 compounds from the LOPAC and NIH CC sets

identified 51 compounds that inhibited pSTAT3 activation, but only

3 of these selectively inhibited STAT3 compared with STAT1 in our

confirmation studies. Azelastine, an H1 receptor antagonist which

was approved for the treatment of seasonal allergic rhinitis, non-

allergic vasomotor rhinitis, and ocular conjunctivitis,59,60 was

subsequently confirmed as a selective inhibitor of IL-6-induced

pSTAT3 activation that also inhibited the growth of HNSCC cell

lines. These data illustrate the power of a chemical biology ap-

proach to lead generation that utilizes fully developed and opti-

mized HCS assays as phenotypic screens to interrogate specific

PSTAT3 AND PSTAT1 HCS ASSAYS

ª MARY ANN LIEBERT, INC. � VOL. 12 NO. 1 � JANUARY/FEBRUARY 2014 ASSAY and Drug Development Technologies 77



signaling pathways. We have completed an HCS campaign of

100,000 compounds in this testing paradigm and are using the

pSTAT3 and pSTAT1 HCS assays to support a lead an optimization

effort for four selective pSTAT3 inhibitor series identified in the

screen (manuscript in preparation).
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