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Abstract

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor. Triple negative
breast cancer (TNBC) is the most aggressive breast cancer subtype. TNBC expresses AHR and
AHR ligands have anti-cancer activity in TNBC. The aggressiveness of TNBC is due in part to
JAG1-NOTCH1 signaling. ITE is a putative endogenous AHR ligand. We show that ITE reduces
the expression of JAG1 the amount of Notch 1 intracellular domain (NICD1) and the
phosphorylation of STAT3 (at tyrosine 705) in TNBC MDA-MB-231 cells. The STAT3 inhibitor
STATTIC also reduced JAG1. STATS3, thus, mediates regulation of JAG1 in MDA-MB-231 cells.
Reducing the expression of JAG1 with short interfering RNA decreases the growth, migration and
invasiveness of MDA-MB-231 cells. JAG1, therefore, has cellular effects in MDA-MB-231 cells
under basal conditions. We consequently evaluated if exposing cells to greater amounts of JAG1
would counteract ITE cellular effects in MDA-MB-231 cells. The results show that JAG1 does not
counteract the cellular effects of ITE. JAGL, thus, has no effect on growth or invasiveness in
MDA-MB-231 cells treated with ITE. JAGL, therefore, has context dependent roles in MDA-
MB-231 cells (basal versus ITE treatment). The results also show that other pathways, not
inhibition of the JAG1-NOTCH1 pathway, are important for mediating the growth and invasive
inhibitory effect of ITE on MDA-MB-231 cells.
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1. Introduction

Breast cancer is comprised of different subtypes that have distinct disease prognoses and
treatment responses. Triple negative breast cancer (TNBC) is an aggressive breast cancer
subtype that does not express estrogen, progesterone or HER-2 receptors [1-3].
Consequently, drugs that target estrogen and HER2 receptors have no effect on TNBC [1-3].
The lack of targeted therapy for TNBC in part explains why this cancer subtype has high
rates of cancer relapse and poor clinical outcomes [1-3]. The JAG1-NOTCH1 pathway is an
embryonic pathway that controls cell fate [4]. NOTCH signaling is activated via cell-to-cell
interactions through binding of one of the four NOTCH receptors (NOTCH1, 2, 3, and 4)
with one of five NOTCH ligands (JAG1 and JAG2 and Delta-like 1, 2 and 4) [4]. The JAG1-
NOTCH pathway is over-expressed in TNBC [5-9]. Among breast cancer subtypes, JAG1-
NOTCH signaling is significantly higher in TNBC than luminal hormone receptor positive
breast cancer [5,8,9].

JAG1-NOTCH signaling supports several aspects of TNBC. JAG1 induces cyclin D1
transcription in TNBC cells via NOTCH signaling [5]. Cyclin D1 is a cell cycle regulator
that stimulates TNBC cell proliferation [5]. JAG1 via NOTCH also induces TNBC cell
invasiveness by stimulating the transcription of Urokinase-Type Plasminogen Activator
(uPA) [10]. NOTCH signaling also plays an important role for the selfrenewal of normal and
cancer stem cells in breast [9,11-17]. In clinical studies, high expression of JAG1 and
NOTCH in breast tumors is associated with poor breast cancer outcomes [6,18,19]. Thus,
JAG1 binding to NOTCH is a tumor promoter of TNBC [5,6,10,15,17].

The AHR is a ligand-activated transcription factor [20-22]. TCDD, a polychlorinated
dibenzo-p-dioxin has high affinity and selectivity for AHR and is highly stable and toxic
[20-22]. TCDD inhibits breast cancer progression [21,23]. Perhaps most importantly TCDD
inhibits TNBC progression [21,24,25]. TCDD also inhibits the progression of hormone
receptor positive breast cancer [26-29]. The obvious limitation of TCDD for cancer therapy
is its toxicity [21,30-32]. Fortunately, AHR binds to many different types of ligands and less
toxic AHR ligands suitable for cancer therapy have been identified [21,33-35]. 2-(1’H-
indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) is an indole compound
that is derived from tryptophan [36—38]. Prior reports have provided data showing that ITE
functions as a putative endogenous AHR ligand [36—38]. ITE suppresses the growth and
invasiveness of ovarian cancer cells and inhibits the growth of glioblastoma tumorspheres
[38,39]. The cellular effects of ITE on TNBC have not been reported.

In this study, we asked if ITE regulates JAG1 signaling in breast cancer cells. The impetus
for this line of investigation stems from our prior RNA-Seq analysis that showed the
expression of JAG1 is lower in MCF7 breast cancer cells treated with TCDD compared with
vehicle [40]. We have deposited the full list of TCDD-regulated genes in MCF7 cells in
Gene Expression Omnibus (GSE98515). Herein, we report the effect of ITE on JAGL,
NOTCH1 and the phosphorylation of STAT3 in the TNBC MDA-MB-231 cell line. We also
show that ITE decreases cell growth, migration and invasiveness of MDA-MB-231 cells.
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2. Materials and methods

2.1. Reagents and cell culture

2,3,7,8 tetrachlorodibenzo-p-dioxin (TCDD) in dimethyl sulfoxide (DMSO) was purchased
from Cambridge Isotopes Laboratory (Andover, MA). 2-(1H-Indol-3-ylcarbonyl)-4-
thiazolecarboxylic acid methyl ester (ITE) was purchased from Tocris Bioscience (Bristol,
United Kingdom). STATTIC and recombinant human JAGGED1 were purchased from R&D
Systems (Minneapolis, MN). Non-targeting short interfering RNA (SiRNA)
(D-001810-01-20), ON-TARGETplus siRNA against AHR (J-004990-08-0010) and JAG1
(J-011060-11-0005) were purchased from GE Dharmacon (Lafayette, CO). The following
supplies were purchased from ThermoFisher Scientific (Pittsburgh, PA): Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12), fetal bovine serum (FBS),
phosphate buffered saline (PBS), penicillin/streptomycin (P/S), dimethyl sulfoxide (DMSO),
TrypLE Express and Lipofectamine RNAIMAX. Sodium dodecyl sulfate (SDS), 30%
acrylamide/bis solution, ammonium persulfate, Tween-20, 2-mercaptoethanol and
polyvinylidene difluoride (PVVDF) membranes were obtained from BIO-RAD (Hercules,
CA). Cell lines were purchased from the American Type Culture Collection (Manassas, VA)
and cultured in DMEM:F-12 supplemented with 10% FBS and P/S at 37 °C with 5% CO,.

2.2. Reverse transcription and real-time polymerase chain reaction (RT-qPCR)

For JAG1 mRNA measurement experiments, cells were plated at a density of 250,000 cells/
well in a 6-well plate with DMEM:F12 supplemented with 10% FBS 24 h before treatment.
Cells were replenished with vehicle or ITE (10 uM) in DMEM/F12 supplemented with 10%
FBS every 12 h. The rational for replenishing cells with ITE every 12 h was based on prior
report showing that ITE is rapidly metabolized by cells [38]. The justification for 10 uM ITE
in our study was based on a prior report showing that ITE has cellular effects at this
concentration in human cancer cell lines [38]. Cells were treated with 10 uM STATTIC [41].
Total RNA extracted with RNA purification columns (Qiagen) was reverse transcribed using
cDNA synthesis kits (Applied Biosystems (Foster City, CA)). Real-time PCR was conducted
with the StepOnePlus (Applied Biosystems) and SYBR Green master mix (Applied
Biosystems) in accordance with the suppliers’ protocols. Samples were run in triplicate and
the average was normalized to B-actin loading control. Relative changes in gene expression
were quantitated using the 222CT formula. B-actin primers used were: forward 5” -
CTCGCCTTTGCCGATCC-3’, reverse 5'- TCTCCATGTCGTCCCAGTTG-3” and JAG1
primers used were: forward 5'-GAGCCCGGCCTCCTTTTATT-3’, reverse 5'-
GCGTCATTGTGTTACCTGCG-3’.

2.3. Western blotting

Cells were plated at a density of 250,000 cells/well in a 6-well plate with DMEM:F12
supplemented with 10% FBS 24 h before treatment. Cells were replenished with vehicle
(DMSO) or ITE (10 uM) in DMEM:F12 supplemented with 10% FBS every 12 h. Since
TCDD (10 nM) is relatively stable, cells were replenished with vehicle (DMSO) or TCDD in
DMEM:F12 with 10% FBS every 2 days. The justification for using 10 nM TCDD is based
on prior reports showing that TCDD at this concentration suppressed the proliferation and
invasiveness of MCF7 and MDA-MB-231 cells [42,43]. Cells were treated with 10 uM
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STATTIC [41]. Treatments were ended by aspirating medium and rinsing cells with cold
PBS. Total cellular extract was isolated by scraping cells in radioimmunoprecipitation assay
(RIPA) supplemented with halt protease and phosphatase inhibitor cocktail (ThermoFisher
Scientific). Protein concentration were determined by protein assay (BIO-RAD protein assay
kit). Extracts were heat denatured in Laemmli sample buffer (BIO-RAD). Proteins were
separated by SDS/PAGE and transferred to polyvinylidene difluoride membranes. For
TNBC cell lines (MDA-MB-231, MDA-MB-157 and MDA-MBA436), blots were probed
with anti-JAG1 antibody (1:1000 dilution) for 16 h. For MCF7 cells, which express low
levels of JAG1 compared with TNBC cells (Figs. 1 and 2), blots were probed with anti-JAG1
antibody (1:500) for 72 h. Blots were then probed with secondary antibody (diluted 1:5000)
for 1 h at room temperature. Western signals were detected using chemiluminescence
(Millipore, Billerica, MA). Loading controls (GAPDH or B-actin) were used to confirm
equal loading of protein. Antibodies were purchased from Cell Signaling Technology
(Danvers, MA). The Che-miDoc MP Imaging System (image lab 4.0) was used to quantify
band density and acquire western blot images (Bio-Rad). Automatically detected bands were
analyzed for volume intensity, which is the sum of all intensities with in the lane boundaries,
without background subtraction (image lab 4.0).

2.4. Cleaved NOTCH1 ELISA

JAG1-induced NOTCHL1 receptor is cleaved to release NOTCH1 Intracellular Domain 1
(NICD1) [4]. Cleaved NICD1 is transcriptional activator and downstream effector of
activated NOTCHL1 signaling [4]. The levels of cleaved NICDL1 in cells were measured by a
Cleaved Notch1 (Vall744) Sandwich ELISA Kit (Cell Signaling Technology) in accordance
with the suppliers’ protocols.

2.5. Scratch migration assay

Cells were plated on 12 well tissue culture plates in DMEM:F-12 with 10% FBS at a
concentration of 50,000 cells per well 24 h prior to treatment. Cells were replenished with
DMSO or ITE (10 uM) every 12 h for 5 days. A pipette tip was used to make a scratch
through the cell monolayer. Cells were then replenished with DMSO or ITE (10 uM). Cells
at the edge of the scratch were photographed at time 0 and then at 24 h post scratch using the
Leica Microscope. The width of the scratch was measured by ImageJ analysis software. The
JAG1 siRNA knockdown experiments were conducted using methods that we have
published. Cell migration was measured 48 h after cells were transfected with non-targeting
or JAGL1 targeting siRNA.

2.6. Effective concentration causing a 50% inhibition (IC50)

Cells (100,000 cells/well) were plated on 6-well plates 24 h prior to treatment. Cells were
replenished every 12 h with vehicle or ITE (10 uM) in DMEM:F12 supplemented with 10%
FBS. After 5 days of treatment, cells were trypsinized and live cell number was determined
by trypan blue staining and automated cell counting by Countess 1l (ThermoFisher). For
EC50 determination, data were fit with non-linear regression, and analyzed as log [ITE]
versus response (three parameter equation) without subtraction of any basal (or background)
response using GraphPad Prism (8.3.1) (GraphPad Software, Inc). Mean values from N = 3
were plotted to get a single EC50. Statistical differences between ITE groups and the vehicle
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group and sample variability were determined by ANOVA followed by Dunnett’s multiple
comparison tests (GraphPad Software, Inc). Day 1, 3, 5 time course growth inhibition
experiments were conducted using the same approach as the EC50 experiments, and the
Student’s test was used to determine statistical differences between vehicle and ITE groups
treated for the same time duration.

2.7. Invasion assay

Cells (200,000/per well) were plated on a 6-well tissue culture plate for 24 h before
treatment. Cells were replenished with vehicle or 10 uM ITE every 12 h in DMEM/F-12
with 10% FBS. Treated cells were detached from the 6-well tissue culture plate and
transferred (100,000 cells/500 pL) to the upper chamber of a Matrigel-coated transwell
(Fisher Scientific). Cells were transferred to the upper chamber in DMEM:F12 with 0.1%
FBS and DMSO or ITE (10 uM). The chemoattractant (20% FBS) was added to the lower
chamber in DMEM:F12. Cells were incubated in the Boyden chamber for 36 h. Cells that
invaded through the Matrigel-based membrane (8 um pore size) were stained with crystal
violet. Cells stained with crystal violet were rinsed several times with tap water. Crystal
violet stained cells were lysed in DMSO for 10 min with rotation. The relative amount of
crystal violet was determined by measuring the absorbance of the cell lysate at 560 nm using
a BioTek Synergy HTX multi-mode plate reader.

2.8. Exposing cells to greater amounts of JAG1

We exposed cells to greater amounts of JAG1 by attaching JAG1 to protein G-coated tissue
culture plates prior to plating cells. This method for expressing JAG1 on tissue culture plates
has been published [44,45]. Briefly, cell culture plates were coated with 50 ug/ml Protein G
(R&D Systems) for 16 h. Plates were then rinsed three times with PBS and blocked with
bovine serum albumin (10 mg/mL in PBS) for 2 h. Recombinant Jagged1-FC chimera (R&D
Systems) was applied to protein G coated plates at a concentration of 3 pg/ml in 0.1%
BSA/PBS for 3 h at room temperature [44,45]. Cells were plated on JAG1-coated plates 24 h
before treatment. Cells were replenished with vehicle or ITE every 12 h in DMEM:F12
supplemented with 10% FBS. Cell number and cell invasiveness were assayed using
methods detailed above.

2.9. Shortinterfering RNA transfection

Cells were transfected with non-targeting or targeting short interfering RNAs using
Lipofectamine (ThermoFisher Scientific) using methods that we have published [40,46].

2.10. Statistics

The Student—-Newman—Keuls test was used to determine statistically significant differences
among groups following one-way analysis of variance (ANOVA). Two-tailed, paired t tests

with confidence intervals of 95% were used to determine statistically significant differences
between two groups.

Biochem Pharmacol. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Piwarski et al. Page 6

3. Results
3.1. TCDD and ITE reduce JAG1 and NOTCH signaling in TNBC cells

We first verified that TCDD reduces JAGL1 protein in a 5-day time course experiment where
we extracted protein from MCF7 and MDA-MB-231 cells on Days 1, 3 and 5 and performed
immunoblot analysis. The levels of JAG1 protein were significantly higher (~10- to 15-fold)
in MDA-MB-231 than MCF7, which is in agreement with the findings of a prior report [5]
(Fig. 1). Analysis of the TCDD receptor, AHR, showed that its levels were also higher (~2—
3-fold) in MDA-MB-231 than MCF7 (Fig. 1). In MDA-MB-231, JAG1 protein levels
increased through the 5-day time course and this was significantly reduced by TCDD (Fig.
1). Reductions in JAG1 in TCDD-treated MDA-MB-231 cells was apparent after 1 day,
reached statistical significance by day 3, and was most apparent by day 5 of treatment (Fig.
1). TCDD is known to reduce AHR and ER protein via the ubiquitin-proteasome pathway in
MCF7 and TNBC cells [24,29,40,47]. Accordingly, TCDD reduced AHR and ER protein
levels in our experiment (Fig. 1). As expected, the luminal ER positive MCF7 cells
expressed ER and the TNBC cell line (MDA-MB-231) did not (Fig. 1). We confirmed equal
protein loading (30 ug per sample) through the 5-day time course by probing blots with two
loading controls, GAPDH and beta-actin (Fig. 1).

As noted, AHR binds to structurally diverse ligands [21]. ITE is a tryptophan-derived indole
compound and hypothesized endogenous ligand of AHR [36,37] that suppresses the growth
of ovarian cancers and glioblastoma tumorspheres [38,39]. Since the effect of ITE on breast
cancer cells has not been reported, we investigated if ITE could reduce JAG1 expression. We
repeated the 5-day time course with ITE. Prior reports indicate that ITE is rapidly
metabolized by cells [38]. We therefore replenished cells with vehicle or ITE (10 uM) every
12 h [38]. ITE effects were similar to the observed TCDD effects, because ITE reduced
AHR, ER and most importantly, JAG1 (Fig. 2).

We verified ITE-stimulated reductions in JAG1 protein in MCF7 and MDA-MB-231 cells
and tested two additional cell lines. The three TNBC cell lines (MDA-MB-231, MDA-
MB-436, MDA-MB-157) showed reduced JAG1 and AHR in response to ITE (3-day
treatment) (Fig. 3A). We also verified that ITE reduced JAG1 protein in the luminal MCF7
cell line (Fig. 3A). Because the results in Fig. 1 and Fig. 2 showing very little expression of
JAG1 protein in MCF7, we enhanced JAG1 protein detection by doubling the amount of
MCFT7 protein extract per western blot (~60 ug) and incubating blots with anti-JAG1
antibody (dilution of 1:500) for a longer period (three days instead of 16 h). As shown in
Fig. 3A, ITE reduced JAG1 protein in MCF7 cells. The downstream effector of JAG1 in
TNBC cells is Cleaved NOTCH Intracellular Domain 1 (NICD1) [8]. Upon JAG1 binding to
NOTCH1, NICDL1 is cleaved by a disintegrin-metalloprotease (ADAM) and gamma-
secretase [4]. This proteolytic cleavage releases NICD1 from the Notch1 receptor, and
NICDL1 translocates to the nucleus where it acts as a transcriptional regulator [4]. We
therefore measured NICDL1 levels as a readout of JAG1 signaling. We used a very sensitive
NICD1 ELISA to detect NICD1 in cells. While NICD1 was barely detectable in MCF7 and
MDA-MB-436, ITE significantly reduced NICD1 protein levels in MDA-MB-231 and
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MDA-MB-157 cells (Fig. 3B). Thus, these data indicate for the first time that in TNBC cells,
ITE reduces JAG1 expression and NICD1 signaling.

3.2. ITE-stimulated reductions in JAG1 are mediated by reductions in phospho-STAT3

Prior reports have identified that HES-1 [48,49], phosphorylated ERK (P-ERK) [8] and
phosphorylated STAT3 (P-STAT3) [50] are upstream regulators of JAG1. We therefore asked
if these three regulators of JAG1 are regulated by ITE. Mechanistic studies were conducted
in MDA-MB-231, because this TNBC cell expresses high levels of JAG1, P-ERK and P-
STAT3 under basal conditions (Fig. 4). Although ITE had no effect on HES1 and P-ERK, it
significantly reduced (by ~50%) P-STAT3 (at Tyr705) on Day 1 and Day 3 post treatment
(Fig. 4). ITE-stimulated reductions in P-STAT3 were correlated with significant reductions
(by ~50%) in JAG1 (Fig. 4). The levels of total STAT3 were not reduced by ITE (Fig. 4).
Therefore, ITE reduces the process of phosphorylating STAT3 without reducing STATS3.
Next, we sought to verify that specifically inhibiting the phosphorylation of STAT3 (at
Tyr705) with a specific STAT3 inhibitor would be sufficient to reduce JAGL1. To this end, we
treated cells with the STAT3 inhibitor, STATTIC [41]. This inhibitor inhibits activation,
phosphorylation (at Tyr705) and DNA binding activity of STAT3 [41]. Selective reductions
in the phosphorylation of STAT3 (at Tyr705) by STATTIC has been reported in MDA-
MB-231 cells [41]. Further, STATTIC is selective for STAT3, because it does not affect the
levels of P-ERK, phosphorylated-SRC or phosphorylated-JNK in MDA-MB-231 [41].
Based on this prior report [41], we asked if STATTIC (10 uM) reduces JAG1 in MDA-
MB-231 cells. The results showed that STATTIC extinguished P-STATS3 to levels that were
undetectable, and it significantly reduced (by ~60%) JAG1 protein expression (Fig. 5A). We
conducted real-time PCR to establish that ITE and STATTIC decrease JAG1 mRNA. The
findings showed significant reductions in JAG1 mRNA in response to ITE and STATTIC (by
~30% and 60%, respectively) (Fig. 5C). These data show that AHR and STAT3 are
regulators of JAG1 mRNA in MDA-MB-231 cells treated with ITE. It is possible that
observed effects on JAG1 mRNA in response to ITE are due to reductions in JAG1
transcription and/or destabilization of JAG1 mRNA.

3.3. ITE reduces JAGI1 via AHR in MDA-MB-231 cells

We postulated that ITE reduces JAG1 by functioning as an AHR ligand. To address this
question, we reduced AHR expression with short interfering RNA (siRNA) prior to treating
cells with vehicle or ITE. Control cells were transfected with non-targeting siRNA before
treatment. Experiments were conducted in MDA-MB-231 cells, because this cell line
expresses high levels of AHR and JAG1 (Figs. 1 and 2). Transfecting MDA-MB-231 cells
with AHR-siRNA (AHRi) reduced AHR to levels that were not detectable by western blot
(Fig. 6). As expected, ITE treatment reduced JAG1 and AHR protein levels in control cells
(cells transfected with non-targeting sSiRNA (cCRNAI) but not in AHR knockdown cells (Fig.
6A). Thus, in MDA-MB-231 cells, ITE relies on AHR to reduce JAG1 protein (Fig. 6).

3.4. Effect of ITE on cell growth, migration and invasion

We conducted a 1-, 3-, 5-day time course experiment with MDA-MB-231 cells to investigate
if ITE reduces the growth of this TNBC cell line. ITE treatment significantly reduced the
number of MDA-MB-231 cells on day 3 and day 5 (Fig. 7A). The effect of a range of ITE
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concentrations (0.0001-10 pM) on MDA-MB-231 and MDA-MB-157 cells on day 5 post
treatment was evaluated to determine the inherent sensitivities of TNBC cell lines. ITE (10
uUM) reduced MDA-MB-231 and MDA-MB-157 cell growth by approximately 50% (Fig. 7B
& C). ITE-stimulated reductions in cell number were concentration dependent (Fig. 7B &
C). Based on IC50 values, MDA-MB-231 cells were more sensitive to ITE-stimulated
growth inhibition than MDA-MB-157 (Fig. 7B & C). Given that ITE reduces JAG1
expression, we examined whether siRNA-mediated reduction in JAG1 would decrease cell
growth. Transfecting cells with JAG1-siRNA effectively reduced JAG1 protein by ~90% in
MDA-MB-231 (Fig. 7D). Silencing JAG1 expression significantly reduced (by ~40%)
MDA-MB-231 cell number 3 days post transfection (Fig. 7E).

Next, we tested the effect of ITE on cell migration and invasiveness in the MDA-MB-231,
which is an invasive cell line. Cells were pretreated with vehicle or 10 uM ITE and plated in
transwell chambers coated with matrigel to determine the effect on invasive activity. ITE
effects were variable after one day of treatment, but ITE significantly reduced invasive
activity by day 3 (by ~40%) and day 5 (by ~40%) (Fig. 8A). We sought to determine if
reductions in cell invasiveness were correlated with reductions in cell migratory activity. The
scratch assay was used to evaluate cell migration, and the results showed that 10 uM ITE
significantly inhibited (by ~50%) the migration of MDA-MB-231 cells (Fig. 8B). We
investigated if targeted silencing of JAG1 would resemble the ITE effects of MDA-MD-231
migration and invasiveness. The results showed that JAG1-siRNA significantly decreased the
invasiveness (by ~50%) and migratory (by ~70%) activity of MDA-MB-231 cells (Fig. 8C &
D).

Since JAG1 expression appears to be required for invasiveness and cell migration, we asked
if exposing MDA-MB-231 cells to a greater amount of JAG1 protein would counteract the
cellular effects of ITE. We relied on a published method [44,45], which involves plating
cells on tissue culture plates that are coated with recombinant JAG1. Cells were then
replenished with vehicle or ITE (10 uM) for three days and we measured changes in cell
growth and invasiveness. To insure that JAG1-coated plates stimulated NOTCH signaling in
cells, we measured the induction of HES1 by western blot. HES1 is a direct transcriptional
target of JAG1-NOTCH signaling [51] and its expression was significantly induced (by ~4-
fold) by extracellularly expressed JAG1 (Fig. 9A). Induction of HES1 expression by
recombinant JAG1 occurred in vehicle and ITE treated cells (Fig. 9A). Exposing MDA.-
MB-231 cells to greater amounts of JAG1 did not reverse ITE effects on MDA-MB-231 cells
(Fig. 9C & D). Indeed, the growth inhibition and reductions in cell invasiveness in response
to ITE occurred equally well in control and JAG1-stimulated MDA-MB-231 cells (Fig. 9B
& C).

4. Discussion

We show in this report the putative endogenous AHR ligand ITE reduces the expression of
JAG1, the amount of NICD1 and the phosphorylation of STAT3 (at tyrosine 705) in MDA-
MB-231 cells (Figs. 1-6). The STAT3 inhibitor STATTIC reduced the phosphorylation of
STAT3 and also decreased JAG1 expression in MDA-MB-231 cells (Fig. 4). Based on these
findings, we conclude that (1) ITE decreases JAG1 expression in an AHR dependent fashion
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and (2) STAT3 mediates the regulation of JAG1 expression in MDA-MB-231 cells. We
demonstrate that reducing the expression of JAG1 with short interfering RNA decreases the
growth, migration and invasiveness of MDA-MB-231 cells (Figs. 7 and 8). JAG1 must
therefore be required for these cellular processes under basal conditions in MDA-MB-231
cells. However, when we exposed ITE-treated MDA-MB-231 cells to greater amounts of
JAG1, inhibition of cell growth and invasiveness by ITE was not reversed (Fig. 9). We
therefore conclude that ITE may have cell context-specific effects (basal versus ITE
treatment) in MDA-MB-231 cells and that the inhibitory effect of ITE on cell growth and
cell invasiveness is mediated by disruption of other signaling pathways and not by
reductions in the JAG1-NOTCH pathway.

Prior reports have shown that HES1, P-ERK and P-STAT3 are upstream regulators of JAG1
expression [8,48-50]. HES1 is unique, because of its negative feedback relationship with
JAG1 [48,49]. Specifically, JAG1 via NOTCH increases HESL1 transcription [51]. In turn,
HESL directly suppresses JAG1 transcription (in mouse embryonic cells) [48,49]. It was
possible that ITE has its effect by inducing HES1 which could downregulate JAG1.
However, we found that ITE does not induce HES1 in MDA-MB-231 cells (Figs. 4 and 9).
Based on this result, we sought alternative mechanisms by which ITE could reduce JAG1 in
MDA-MB-231 cells. The compound U0126 is a selective inhibitor of MEK1 and MEK2 and
therefore inhibits ERK activation [52]. A prior report has shown that treating MDA-MB-231
cells with U0126 significantly reduced (to levels that were barely detectable by western blot)
JAG1 protein expression [8]. However, when we tested ERK phosphorylation in the
presence of ITR, we found that ITE (day 1 and 3) did not reduce the levels of P-ERK in
MDA-MB-231 cells (Fig. 4). A prior report showed that trastuzumab resistance in human
gastric cancer cells (NCI-N87) was marked by a robust increase in the levels of P-STAT3
caused by increases in IL-6 production [50]. In turn, IL-6 via P-STAT3 induced JAG1 in the
NCI-N87 cells [50]. The P-STAT3 inhibitor, WP1066, reduced P-STAT3 and JAG1 (by
100%) in NCI-N87 cells stimulated with IL-6 [50]. We therefore evaluated P-STAT3 levels
and found its levels were significantly reduced (by ~50%) by ITE (day 1 and 3) in MDA-
MB-231 cells (Fig. 4). To verify that ITE-stimulated reductions in P-STAT3 lead to
reductions in JAG1, we treated MDA-MB-231 cells with the P-STAT3 inhibitor STATTIC
[41]. As anticipated, STATTIC reduced P-STAT3 (by 100%) and JAG1 (by 60%) (Fig. 5A &
B). Further, ITE and STATTIC reduced JAG1 mRNA (Fig. 5C). Considering that P-STAT3
is a transcription factor [53], the observed reduction in JAG1 mRNA (Fig. 5C) in response to
STATTIC (and ITE) is likely due to decreases in JAG1 transcription.

We investigated the mechanism by which ITE reduces JAG1 in MCF7 cells (data not
shown). We found that ITE regulation of JAG1 in MCF7 is very different from ITE
regulation of JAG1 in MDA-MB-231. MCF7 cells fail to express P-STAT3 and thus the
phosphorylation of this transcription factor is not likely to control the expression of JAG1 in
MCF7 cells (data not shown). In contrast to MDA-MB-231, ITE increased (by ~2-fold)
HESL1 protein in MCF7 cells. When we completely suppressed ITE-stimulated increases in
HES1 with HES1-siRNA, we found that ITE reduced JAG1 equally well in control and
HES1 siRNA knockdown MCF7 cells (by ~50%) (data not shown). ITE-induced HES1
therefore does not mediate reductions in JAG1 in MCF7 cells. We also asked if ITE reduced
JAG1 via AHR in MCF7 cells. Interestingly, the results identified a requirement of
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endogenous AHR for stabilizing basal JAG1 protein in MCF7 cells. Indeed, the levels of
JAG1 were significantly (P < 0.05) reduced (by —50%) in AHR knockdown cells compared
with control cells (under vehicle conditions) (data not shown; N = 3). Collectively, our
findings indicate that ITE (and AHR) regulation of JAG1 differs greatly in MCF7 compared
with MDA-MB-231 and we have not identified the mechanism by which ITE (or AHR)
regulates JAG1 in MCF7.

Prior reports have shown that TCDD has signaling effects in MDA-MB-231 cells. For
instance, the phosphorylation of retinoblastoma (RBI) protein is necessary for MCF7 and
MDA-MB-231 proliferation [42]. TCDD induces hypophosphorylation of RBI in these two
cell lines, causing a slowing of MCF7 and MDA-MB-231 proliferation [42]. TCDD has also
been reported to inhibit MDA-MB-231 invasiveness by increasing the expression of
microRNA-335 [24]. Considering that TCDD and ITE are AHR ligands, perhaps these
reported TCDD signaling effects play roles in mediating the cellular effects of ITE in MDA-
MB-231 cells.

ITE anti-cancer effects extend to additional human cancers. ITE reduced the proliferation
and migration of human ovarian cancer cell lines (OVCAR-3 and SKOV-3) [39]. In addition
to reducing cancer cell growth in cell culture, the authors showed that dosing mice with ITE
suppressed OVCAR-3 tumor growth in vivo, without inducing long-term (36 days)
reductions in mouse body weight [39]. In vivo injections of ITE suppresses U87
(glioblastoma), HEPG2 (liver cancer), and LNCAP (prostate) tumor grafts in mice [38]. ITE
also stimulated the differentiation of U87 stem-like cells, which in turn inhibited the
formation of U87 tumor spheres [38]. Mechanistically, ITE induced U87 differentiation by
inhibiting the expression of the pluripotency transcription factor, OCT4 [38]. Given our
observations of the effects of ITE on TNBC cell lines, the potential utility of ITE could be
extended to the treatment of breast cancer.
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TCDD reduces JAG1 in MDA-MB-231 cells. Cells were treated with vehicle or 10 nM
TCDD for the indicated time points. Total cellular extracts were collected and analyzed by
western blot. Densitometric quantifications of target proteins over p-actin loading control
are indicated as the mean signal + SEM (error bars). Statistically significant changes
induced by TCDD compared with vehicle controls treated for the same period of time, based
on analysis of one-way ANOVA and Student Newman Keuls multiple comparisons test are

indicated by *P < 0.05 (n = 3).
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Fig. 2.

ITgE reduced JAG1 in MDA-MB-231 cells. Cells were replenished with vehicle or 10 uM
ITE every 12 h for the indicated time points. Total cellular extracts were collected and
analyzed by western blot. Densitometric quantifications of target proteins over p-actin
loading control are indicated as the mean signal + SEM (error bars). Statistically significant
changes induced by ITE compared with vehicle controls treated for the same period of time,
based on analysis of one-way ANOVA and Student Newman Keuls multiple comparisons
test are indicated by *P < 0.05 (n = 3).

Biochem Pharmacol. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Piwarski et al. Page 16

JAG] R S | | c—
Arr| G o | [—
GAPDH [ | [ —— | - | |ou® o

JAGI protein expression

1.4 -
»
> 1.2 4 l
-
g 14 .I. i i
-
£ 08 -
— *
G 0.6 1 *
= *
v 0.4 -
E *
.‘73 0.2 1 -
. L
{l T L] L) L T Ll L)
A I Y I \Y I \Y I
MCF7 MDAA436 MDA231 MDA157
B NICD! protem levels
2.5 1
E 2 4 L
£
e ]
& 1.5 *
B 1-
Z
2 05 -
E i
x (] [II T - T [—] T . T L] T T
\' I v I Vv I \' |
MCF7 MDAA436 MDA231 MDA157

Fig. 3.
ITE regulation of JAG1 and NICD1 in breast cancer cells. A, One luminal ER positive

(MCF7) and three TNBC cell lines (MDA-MB-231, MDA-MB-436, MDA-MB-157) were
replenished with vehicle (V) or 10 uM ITE (1) every 12 h for 3 days. Total cellular extracts
were collected and analyzed by western blot. Densitometric quantifications of JAG1 over
GAPDH loading control are indicated as the mean signal £ SEM (error bars). Statistically
significant changes induced by ITE compared with vehicle controls treated for the same
period of time, based on Student’s #test analysis, are indicated by *P < 0.05 (n = 3). B, Cells
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were replenished with vehicle or 10 uM ITE every 12 h from three days. Total cellular
extracts were collected and analyzed by NICD1 ELISA. Spectrophotometry readings are
indicated as the mean signal + SEM (error bars). Statistically significant changes induced by
ITE compared with vehicle controls treated for the same time period, based on Student’s #
test analysis, are indicated by *P < 0.05 (n = 3).
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Fig. 4.

ITgE reduced P-STAT3 and JAG1 in MDA-MB-231 cells. Cells were replenished with
vehicle or 10 uM ITE every 12 h for the indicated number of days. Total cellular extracts
were collected and analyzed by western blot. Densitometric quantifications of JAG1, P-
STAT3, STAT3 and HES1 over GAPDH loading control are indicated as the mean signal £
SEM (error bars). Statistically significant changes induced by ITE compared with vehicle
controls treated for the same period of time, based on Student’s #test analysis, are indicated
by *P <0.05 (n = 3).
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Fig. 5.

STATTIC reduces JAG1 expression in MDA-MB-231 cells. A, MDA-MB-231 cells were
treated with vehicle (V) or 10 uM STATTIC for 3 days. Total cellular extracts were collected
and analyzed by western blot. Densitometric quantifications of JAG1, P-STAT3 and STAT3

over GAPDH loading control are indicated as the mean signal + SEM (error bars).
Statistically significant changes induced by STATTIC compared with vehicle controls

treated for the same period of time, based on Student’s #test analysis, are indicated by *P <
0.05 (n = 3). Non-detectable (ND). B, MDA-MB-231 cells were treated with vehicle, 10 uM
ITE (replenished every 12 h) or 10 uM STATTIC for 3 days. Total RNA was extracted and
gene expression was analyzed by qRT-PCR. Relative changes in gene expression (JAG1/
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Beta-actin) are indicated as the mean £ SEM (error bars). Statistically significant changes
induced by ITE and STATTIC compared with time matched vehicle controls based on one-
tailed paired T test analysis are indicated by *P < 0.05 (n = 3).
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Fig. 6.
ITE regulation of JAG1 via AHR in MDA-MB-231 cells. A, MDA-MB-231 cells transfected

with short interfering RNAs that were either non-targeting (con)) or AHR targeting (AHR-
knockdown (AHR-KD)) were replenished with vehicle (V) or 10 uM ITE (1) for 3 days.
Total cellular protein was then isolated and analyzed by western blot. Densitometric
quantifications of JAG1, AHR over GAPDH loading control are indicated as the mean signal
+ SEM (error bars). Statistically significant changes induced by ITE compared with time-
matched vehicle controls, based on Student’s test analysis, are indicated by *P < 0.05 (n =
3).
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Fig. 7.

ITE reduces the growth of breast cancer cells. A, MDA-MB-231 cells were replenished with
vehicle or 10 uM ITE every 12 h and the number of viable cells was determined by cell
counting after 1, 3 and 5 days. B &C, Cells were replenished with increasing concentrations
of ITE every 12 h and the number of viable cells was determined by cell counting on day 5.
D, MDA-MB-231 cells were transfected with short interfering RNAs that were either non-
targeting (con) or JAG1 targeting (JAG1-knockdown (JAG1-KD)). Total cellular extracts
were collected and analyzed by western blot with JAG1 and GAPDH antibodies. £, The
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number of live MDA-MB-231 cells (con versus JAG1-KD) was determined on day 3 post
transfection. Statistically significant changes induced by ITE, compared with vehicle
controls treated for the same period of time, based on analysis of one-way ANOVA and
Dunnett’s multiple comparison tests are indicated by *P < 0.05 (n = 3). Statistically
significant changes induced by JAG1-KD compared with controls, based on Student’s #test
analysis, are indicated by #P < 0.05 (n = 3).
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Fig. 8.

ITE reduces the migratory and invasive activity of MDA-MB-231 cells. A, Relative fold
change in MDA-MB-231 invasiveness. MDA-MB-231 cells were replenished with vehicle
or 10 UM ITE every 12 h for the indicated number of days and then analyzed for
invasiveness by transwell chambers coated with matrigel. Statistically significant changes
induced by ITE compared with vehicle controls treated for the same period of time, based on
Student’s #test analysis, are indicated by *P < 0.05 (n = 3). B, Relative fold change in
MDA-MB-231 migration. MDA-MB-231 cells were replenished with vehicle or 10 uM ITE
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every 12 h for 5 days and then analyzed for migratory activity by the scratch assay.
Significant changes induced by ITE compared with vehicle controls treated for the same
period of time, based on Student’s #test analysis, are indicated by *P < 0.05 (n=3). C & D,
MDA-MB-231 cells were transfected with short interfering RNA that was non-targeting
(con) or JAGL1 targeting (JAG1-knockdown (JAG1-KD)) and relative changes in migratory
and invasive activity was determined on day 3 post transfection. Significant changes in
induced by JAG1-KD compared with control (con) for the same period, based on Student’s
ttest analysis, are indicated by #P < 0.05 (n = 3).
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Fig. 9.

Recombinant JAG1 fails to reverse ITE effects. A-D. MDA-MB-231 cells were plated on

tissue culture plates coated with protein G or protein G bound to recombinant JAG1 (JAG1).

Cells were then replenished with vehicle (V) or 10 uM ITE (1) for 3 days. A & B, Total
cellular protein was isolated and analyzed by western blot. Densitometric quantifications of
HES1 over GAPDH loading control are indicated as the mean signal £ SEM (error bars). C,
Relative MDA-MB-231 growth was determined by counting the total number of live cells.
D, Relative MDA-MB-231 invasive activity was determined by matrigel-coated transwell
chamber assays. A. Statistically significant changes induced by exposing cells to higher
levels of JAG1 (JAGL), compared with control plates, based on Student’s ~test analysis, are
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indicated by #P < 0.05 (n = 3). Statistical significant reductions by ITE, compared with
vehicle, based on Student’s #test analysis, are indicated by *P < 0.05 (n = 3).

Biochem Pharmacol. Author manuscript; available in PMC 2021 April 01.



	Abstract
	Introduction
	Materials and methods
	Reagents and cell culture
	Reverse transcription and real-time polymerase chain reaction (RT-qPCR)
	Western blotting
	Cleaved NOTCH1 ELISA
	Scratch migration assay
	Effective concentration causing a 50% inhibition (IC50)
	Invasion assay
	Exposing cells to greater amounts of JAG1
	Short interfering RNA transfection
	Statistics

	Results
	TCDD and ITE reduce JAG1 and NOTCH signaling in TNBC cells
	ITE-stimulated reductions in JAG1 are mediated by reductions in phospho-STAT3
	ITE reduces JAG1 via AHR in MDA-MB-231 cells
	Effect of ITE on cell growth, migration and invasion

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.

