Society of

SOT | sy

www.toxsci.oxfordjournals.org

OXFORD

TOXICOLOGICAL SCIENCES, 149(2), 2016, 289-299

doi: 10.1093/toxsci/kfv233
Advance Access Publication Date: October 30, 2015
Research Article

Monomethylarsonous acid (MMA*3) Inhibits IL-7
Signaling in Mouse Pre-B Cells

Peace C. Ezeh, Huan Xu, Fredine T. Lauer, Ke Jian Liu, Laurie G. Hudson, and

Scott W. Burchiel*

Department of Pharmaceutical Sciences, College of Pharmacy, University of New Mexico, Albuquerque, New

Mexico, 87131-0001

1To whom correspondence should be addressed at Department of Pharmaceutical Sciences, College of Pharmacy, University of New Mexico, Albuquerque,
New Mexico, 87131-0001, USA. Fax: (505) 272-6749. E-mail: sburchiel@salud.unm.edu

ABSTRACT

Our previously published data show that As™> in vivo and in vitro, at very low concentrations, inhibits lymphoid, but not
myeloid stem cell development in mouse bone marrow. We also showed that the As™ metabolite, monomethylarsonous
acid (MMA "), was responsible for the observed pre-B cell toxicity caused by As*3. Interleukin-7 (IL-7) is the primary growth
factor responsible for pre-lymphoid development in mouse and human bone marrow, and Signal Transducer and Activator
of Transcription 5 (STATS5) is a transcriptional factor in the IL-7 signaling pathway. We found that MMA "3 inhibited STATS
phosphorylation at a concentration as low as 50 nM in mouse bone marrow pre-B cells. Inhibition of STATS
phosphorylation by As™> occurred only at a concentration of 500 nM. In the IL-7 dependent mouse pre-B 2E8 cell line, we
also found selective inhibition of STATS phosphorylation by MMA ™3, and this inhibition was dependent on effects on JAK3
phosphorylation. IL-7 receptor expression on 2ES8 cell surface was also suppressed by 50nM MMA ™ at 18 h. As further
evidence for the inhibition of STATS, we found that the induction of several genes required in B cell development, cyclin D1,
E2A, EBF1, and PAX5, were selectively inhibited by MMA*2, Since 2E8 cells lack the enzymes responsible for the conversion
of As™® to MMA " in vitro, the results of these studies suggest that As"® induced inhibition of pre-B cell formation in vivo is
likely dependent on the formation of MMA*® which in turn inhibits IL-7 signaling at several steps in mouse pre-B cells.
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Arsenic exposure has been associated with many diseases includ-
ing immunosuppression, hematotoxicity, and carcinogenesis
(Kozul et al., 2009; Li et al., 2010). Trivalent inorganic arsenic (As*?)
and its metabolite, monomethylarsonous acid (MMA *3), have also
been associated with many toxicities in mammalian systems
(Styblo et al., 2000). Several studies have examined mechanisms
associated with high dose acute exposures to As"® with resultant
DNA damage and alterations of DNA repair systems (Qin et al.,
2012; Wang et al., 2013; Wei et al., 2009). In general, several factors
including oxidative stress (Flora, 2011), chromosomal aberration
(Oya-Ohta et al., 1996), inhibition of DNA repair and PARP activity
(Qin et al., 2012), and altered gene expression could collectively
contribute to As*? toxicity.

Only a few studies have attempted to address mechanisms as-
sociated with As™® toxicity from physiological, long term, low

dose, and environmentally relevant exposures. Our lab previously
observed that low doses of As™ inhibited mouse bone marrow
(BM) lymphoid but not myeloid progenitor cell development
in vivo (Ezeh et al., 2014). We attributed the in vivo toxicity of As'?
to one of its primary organic metabolites, MMA ™3, which is
formed by the liver and kidneys (Aposhian et al, 2000). We
showed that MMA 2 inhibited pre-B development from hemato-
poietic stem cells at concentrations that can be achieved with en-
vironmental exposures.

For the selective targeting of mouse pre-lymphoid stem cells
found in BM, we hypothesized that As*® and MMA ** could mod-
ulate the BM microenvironment, leading to alteration of IL-7
signaling which is critical for lymphoid cell formation and ex-
pansion. The cytokine, IL-7 has been shown to specify B-cell
fate from the common lymphoid to the pre-pro B stage (Kikuchi
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et al., 2005). It is also required for further differentiation of B and
T lineage cells. We utilized both primary mouse BM cells and
2E8 cells, an IL-7-dependent mouse pre-B cell line, to elucidate
the mechanism(s) by which As™® and MMA*2 could target the
lymphoid progenitors in the BM. Using similar concentration
ranges of As™® and MMA™"? that were previously studied in BM
primary cells, we conducted studies to determine whether
As™® and/or MMA"? alter STATS activation and IL-7 signaling in
mouse pre-B cells.

MATERIALS AND METHODS

Reagents and chemicals. Hanks Balanced Salt Solution from Lonza
(Walkersville, Maryland), Dulbecco’s phosphate buffered saline
w/o Ca*? or Mg*? (DPBS"), Iscoves Modified Dulbecco’s Medium
(IMDM) purchased from American Type Culture Collection
(ATCC, Manassas, Virginia), Penicillin/Streptomycin 10 000 (mg/
ml)/10 000 (U/ml) (Pen/Strep) Life Technologies (Grand Island,
New York), p-Mecaptoethanol, Sigma Aldrich (St Louis, Missouri),
1mg/ml mouse IL-7 (mIL-7) purchased from Peprotech, Fetal
Bovine Serum (FBS) Atlanta Biologicals (Flowery Branch, Georgia),
sodium arsenite (CAS 774-46-5, NaAsO,) purchased from Sigma-
Aldrich (St Louis, Missouri); MMA "2 was the generous gift of Dr
Terry Monks and Dr. Todd Camenisch at the University of
Arizona Superfund Center and the Southwest Environmental
Health Science Center. Alexa Fluor 488 Rat Anti-Mouse CD45R
(Cat. No. 560733) and PE-Cy 7 Rat Anti-Mouse CD127 (Cat. No.
560733), Alexa Fluor 488 Rat Anti-Mouse CD127 Clone SB/199
(Cat. No. 561533), and Alexa Fluor 488 Rat IgG2b Isotope Control
(Cat. No. 4003598) were purchased from BD Biosciences (San Jose,
California). Anti-Hu/Mo pSTATS (Y694) PE (Cat. No. 12-9010-42)
and Mouse IgG1l Iso Conttrol (Cat. No. 12-4714-42) were pur-
chased from eBioscience (San Diego, California). STATS (clone
3H7, Cat. No. 9358). Phospho-STATS (Tyr694) (clone C11C5, Cat
No. 9359), phospho-JAK1 (Tyr1022/1023) (Cat. No.3331), phos-
phor-JAK3 (Tyr 980/981) (Cat. No. 5031), JAK3 (Cat. No. 3775), and
anti-rabbit IgG -HRP secondary antibodies (Cat. No. 7074) were
purchased from Cell Signaling Technology (Danvers,
Massachusetts). Purified mouse anti-JAK1 (Cat. No. 610231)
monoclonal antibody was obtained from BD Transduction
Laboratories (Franklin Lakes, New Jersey).

BM cell in vitro treatments and flow cytometry assay. BM cells were
isolated according to the procedure described by Ezeh et al.
(2014) from 3 C57BL/6] male mice purchased at 8 weeks of age
from Jackson Laboratory (Bar Harbor, Maine) and pooled. All
animals were handled in accordance to procedures and proto-
cols approved by the Institutional Animal Use and Care
Committee at the University of New Mexico Health Sciences
Center in our AAALAC-approved animal facility. Cells were
treated with As™ or MMA™® in medium consisting of IMDM,
10% FBS, 1 % Pen/Strep, and 0.05 pM B-mecaptoethanol. Briefly,
1x 10° BM cells were suspended in 200 ul of DPBS™ and incu-
bated with 1 pg of CD45R and CD127 antibodies for 30 min at RT
in dark. Cells were fixed by adding 200 ul of IC fixation buffer
(eBioscience) and incubated for 30min at RT in dark. After
washing with DPBS™, cells were incubated in 200pl of 90%
methanol for 30min at 4°C in dark. After another wash with
DPBS™ cells were resuspended in 100 ul of DPBS™ and stained
with 5pl of pSTATS (Y694) antibody or isotope control and
incubated for 30 min at RT in dark. Cells were washed twice
with DPBS™ and analyzed using an AccuriCé Flow Analyzer (BD
Biosciences).

Cell culture and treatments. The 2E8 cell line was purchased from
ATCC and was first described by Ishihara et al. (1991). 2E8 cells
were grown and maintained in our laboratory following ATCC’s
protocol using complete medium consisting of IMDM 1ng/ml
mlIL-7, 20% FBS, 1% Pen/Strep, and 0.05puM p-mecaptoethanol.
As*® and MMA "2 were prepared in sterile water, as 1000x stock
solutions and used to treat 2E8 cell preparations at final concen-
tration ranges of 5-500nM. mlIL-7 was prepared as 10pug/ml
stock solution and used to treat 2E8 cell preparations at a final
concentration of 10ng/ml in treatment medium or 1ng/ml in
culture medium. Cells were first seeded at 5 x 10° cells/ml, in
T75 flasks using complete 2E8 medium with 1ng/ml mIL-7 for 3
days, then washed twice in DPBS™ to remove all mIL-7. Cells
were re-suspended in 2E8 medium without mIL-7 and treated
with As™® or MMA** overnight (approximately 24h.). mIL-7 was
re-introduced to treated cells at 10ng/ml and cells were
incubated for an additional 30min to evaluate signaling. Post
incubation, cells were harvested into 50ml centrifuge tubes
containing equal volume of ice cold DPBS™ and washed twice by
centrifugation at 400 x g, 4°C for 10 min. Washed cells were used
for Total RNA extraction or stored at —80°C for protein extrac-
tion and immunoblotting.

Cell proliferation and viability. To determine cell proliferation and
IL-7 dependence, 2E8 cells were grown at starting concentra-
tions of 2.5 x 10° cells/ml in 2E8 medium with or without mlIL-7
for 5 days. IL-7 was not replenished, and medium was not
changed during the 5-day period. Cell counts were obtained in
triplicate for each sample each day for 5 days, using the
Nexcelom Cellometer Auto 2000 cell counter. Viability counts
were also obtained using the same instrument with Acridine
Orange/Propidium Iodide (AO/PI) staining. To test the sensitivity
of 2E8 cells to treatment, proliferation, and viability were also
determined daily during the 5-day period for cells exposed to
different concentrations of As*® or MMA'® in complete
medium.

2E8 protein extraction and immunoblotting analyses. Treated and
washed cell pellets were re-suspended at 2 x 10° cells/ul in
radioimmune precipitation assay buffer (50mM Tris, 150 mM
sodium chloride, 0.5 % sodium deoxycholate, 1% Triton X-100,
0.1% sodium dodecyl sulphate, pH 8.0) with added protease
inhibitors including one 25mg protease inhibitor mini tablet
(Roche Diagnostics), 1% sodium orthovanadate (NasVO4), and
200 mM phenylmethylsufonyl fluoride. Samples were sonicated
for 10s on ice and centrifuged at 20 000 x g. Total protein (the
supernatant) from each sample was quantified using the
Bicinchoninic Acid protein assay procedure (Pierce, Thermo
Scientific). The protein extracts were resolved by electrophore-
sis on Criterion TGX precast gels (Bio-Rad) and transferred to
nitrocellulose membranes. Antibodies against STATS, pSTATS,
JAK1, pJAK1, JAK3, pJAK3 were used to identify these proteins by
immunoblotting. Using the Super Signal West Femto Maximum
Sensitivity Substrate kit (Thermo Scientific), protein bands were
resolved on the FLuorChem R ProteinSimple imager and ana-
lyzed with Image ] (1.48v) software. Protein molecular weights
were determined using the Precision Plus Protein Pre-stained
Standards (Bio-Rad).

CD127 expression by flow. 2E8 cells were treated with As*® or
MMA" for 4 and 18h 1x 10° cells from each treatments were
washed and stained with 0.5 ug of Rat Anti-Mouse CD127 antibody
or Rat IgG2b Isotope Control for 30 min in dark. Cells were washed
and with DPBS™ and analyzed using an AccuriCé Flow Analyzer.
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Total RNA isolation. Total RNA was isolated from treated and
washed triplicate samples using RNeasy Mini Kit and Shredder
(Qiagen, Valencia, California) following manufacturer’s
instructions. Briefly, treated and washed cells were pelleted
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in 15-ml centrifuge tubes, resuspended in 600 ul RLT cell lysis
buffer (contained in kit) with 10 ul/ml 8-mercaptoethanol and
mixed by vortex. Each sample was transferred into a labeled
QIA Shredder column and centrifuged at 20 000 x g for 2 min.
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FIG. 1 Inhibition of STATS phosphorylation by As*® and MMA*® in mouse pre-B cells in vitro detected using multiparameter flow cytometry. A, Gating of CD127 and
CD45R stained BM cells and isotope control for pSTATS intracellular staining. B, Phospho-STATS signaling Mean Channel Fluorescence was measured in mouse BM
pre-B cells identified by CD45R (B220) and CD127 surface markers. Error bars are + SD. *Significantly different compared with control.
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The isolation process was completed by following subsequent
steps in the kit instructions, with final elution of total RNA
using 50 ul, nuclease-free water. Total RNA concentration was
calculated using the Nanodrop procedure for RNA quantitation.
Results ranged from 3.7 to 7.5 pg/sample.

Synthesis of cDNA from total RNA. cDNA samples were synthe-
sized from the isolated total RNA by reverse transcriptase reac-
tion using High Capacity cDNA Archive Kit (Applied Biosystems)
according to kit instructions. A 2 x Master mix (MM) was pre-
pared with 10 x buffer, 25 x ANTP, 10 Random primers, nucle-
ase-free water and multiscribe and was placed into each
polymerase chain reaction (PCR) tube. The samples were placed
in PCR tubes containing equal volumes of the 2 x MM and cen-
trifuged for approximately 10s before incubating on to the
Thermal Cycler DNA Machine set at 25°C for 10min, 37°C for
2h. The cDNA samples were stored at —80°C for later use.

Quantitative real-time PCR. Synthesized cDNA was used as tem-
plate to amplify gene and measure the fold change in induction
of PAXS5 (Applied Biosystems, Assay ID: MmO00435501_m1), E2A
(Applied Biosystems, Assay ID: Mm01175588_m1), EBF1 (Applied
Biosystems, Assay ID: Mmo00432948_m1), Cyclin D1
(Applied Biosystems, Assay ID: Mm00432359_m1), Cyclin D2
(Applied Biosystems, Assay ID: MmO00438070_m1). Using cDNA
template (from 18 ng total RNA) and the TagMan Universal PCR
MM (Applied Biosystems), the PCR reactions were set up for the
detection and quantification of mRNA. GAPDH was used as the
endogenous housekeeping gene and the control or untreated
samples as the calibrator. The parameters for the PCR reactions
thermal profile were Activation 50°C for 2min, 95°C for 10 min,
95°C for 155, and 60°C for 1min for 40 cycles. The quantitative
real-time (qRT)-PCR was carried out using the 7900 HT system
(Applied Biosystems) with 384-well block. For relative mRNA
quantification, we used the Comparative Cr method. The ACr
values between the test and housekeeping genes and the fold
difference (272*“") in the expressions for all the samples were
determined and plotted as a bar or line graph in Sigma Plot.

Statistics and data analysis. All data were analyzed with
SigmaPlot version 12.5, using one way analyses of variance and
Dunnetts t test where applicable, for the determination of dif-
ferences between control and treatment groups. For immuno-
blotting, samples were treated and ran in triplicates as shown
on the blots. Image J (1.48v) software (NIH download from web-
site: http://rsb.info.nih.gov/ij/) was used to obtain band inten-
sities for treatment and control samples. For the gRT-PCR
studies, samples were treated in triplicate and each replicate
was run in triplicate to obtain 9 data points per sample. The
ACT and 2 *““T was used to plot the fold change in induction
between control and treatment samples.

RESULTS

MMA +3 Inhibits STAT5 Phosphorylation at Lower Dose than As+3
in Mouse pre-B Cells

Based on our previous work, we know that MMA™? inhibits pre-B
cell formation in mouse BM in vivo and in vitro (Ezeh et al., 2014).
The activation of the transcriptional factor, STATS, is required
for pre-B cell development in mouse BM. Therefore, we deter-
mined whether STATS phosphorylation is inhibited by As*> and
MMA 3 exposure using multiparameter flow cytometry. Primary
mouse BM cells were treated in vitro with 5, 50, and 500 nM As*3

or MMA "2 for 24 h. CD45R (B220) and CD127 were used as surface
markers to identify the low abundance pre-B cell population in
the BM (Matthias et al., 2005, Figure 1A). STATS signaling was
detected by the presence of intracellular p-STAS5. STATS phos-
phorylation was detected in both IL-7 treated and nontreated BM
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FIG. 2. Five-day cell proliferation (cells/ml) and viability (%) by automated cell
counter and trypan blue exclusion. Cell culture in medium with or without 1ng/
ml IL-7 (A); in medium containing IL-7 and different concentrations of As*> (B);
in medium containing IL-7 and different concentrations of MMA " (C). Error bars
are + SD.
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pre-B cells, suggesting that either STATS phosphorylation is con-
stitutively present in these pre-B cells or that there are cellular
sources of IL-7 or other cytokines that signal STATS. STATS5 phos-
phorylation decreased significantly in pre-B cells exposed to 50
and 500nM MMA ™ and at 500nM As*? (Figure 1B). Thus, these
results show that in primary BM pre-B cells STATS5 signaling is
inhibited by MMA*3at 50nM in vitro, which is more potent than
AS+3

Comparative Effects of As+3 and MMA+3 on 2E8 Cell Growth
Mouse 2E8 cells are a cloned and differentiation-limited pre-B
cell line that maintains its responsiveness to IL-7 (Ishihara et al.,
1991). To determine the suitability of 2E8 for the proposed IL-7
signaling studies, we first determined the IL-7 dependence of
the cells grown in culture. As shown in Figure 2A, 2E8 cells were
found to have an absolute growth factor dependence on IL-7.
When IL-7 was removed from the media, 2E8 failed to grow and
began to lose cell viability measured using AO/PI, 4 days after
seeding cultures.

As'? did not modify the growth of 2E8 cells in the presence
of IL-7 until cytotoxic concentrations (500 nM) were used (Figure
2B). However, MMA "3 was found to inhibit cell growth at con-
centrations as low as 50nM on days 3-5 (Figure 2C). The effects
of MMA ** were not due to an increase in cytotoxicity on day 3.
We therefore postulated that MMA*® was interfering with IL-7
signaling.

MMA+ 3 Decreases STAT5 Activation in 2E8 Cells, but Does not
Inhibit JAK1 Activation

IL-7 signals cell growth and differentiation through a STATS
pathway involving phosphorylation of tyrosine 694 (Clark et al.,
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2014). We found that STATS5 activation was dependent on the
presence of IL-7, as the levels of STATS phosphorylation were
almost undetectable when cells were incubated overnight
(approximately 24h) in the absence of IL-7 (Figure 3A and C).
STATS signaling might be downregulated in noncycling cells. To
examine the effects of As™> and MMA™® on STATS5 activation,
we analyzed the phosphorylation of STATS via Western blots.
MMA 2 inhibited IL-7-induced STATS phosphorylation in a con-
centration-dependent manner (50-500nM), as determined by
the density of band images obtained in triplicate (Figure 3C and
D). STATS signaling was IL-7 dependent and 50 nM MMA** was
unable to modify STATS phosphorylation in the absence of IL-7.
In contrast to MMA "3, As™® had no effect on pSTAT in the con-
centration range of 5-500nM (Figure 3A and B). These results
clearly demonstrate that the effects of arsenic on IL-7 signaling
in vitro is associated with MMA " and not As >,

Activation of JAK1 and JAK3, the immediate upstream acti-
vator of STATS, was also examined under identical conditions
used to evaluate the effects of MMA "2 and As*® on STATS acti-
vation. 500nM As? only inhibited JAK3 phosphorylation, while
500nM MMA *? inhibited both JAK1 and JAK3 phosphorylation
(Figs. 4 and 5). MMA 3 at 50 nM also suppressed JAK3 phosphor-
ylation while As*® had no effect at this dose (Figs. 4A and C and
5A and C). Therefore, these results clearly demonstrated that
MMA"? has a stronger suppressive effects on JAK1 and JAK3
phosphorylation, the upstream signal for STATS activation,
comparing to As*? in vitro.

MMA +3 Suppressed IL-7 Receptor Expression on Cell Surface
Because JAK1 and JAK3 activation was inhibited by MMA "3, IL-7
receptor was very likely to be affected. Therefore, we stained 2E8
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FIG. 3. Effect of As"® and MMA "> on STATS activation in 2E8 cells (by Western). A, blot of pSTATS and total STATS in As*? treated 2ES8 cells. B, pSTATS band intensity to
STATS band intensity ratio in (A). C, blot of pSTATS and total STATS in MMA™® treated 2E8 cells. D, pSTATS band intensity to STATS band intensity ratio in (C).Cells
were incubated overnight (approximately 24 h),in medium without IL-7, but containing 0-500nM As"* or MMA ", then washed twice and treated with 0 or 10 ng/ml IL-7
and incubated for 30 min Error bars are = SD. *Significantly different compared with control.
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FIG. 4. Effect of As*® on JAK1 and JAK3 activation in 2E8 cells. A, pJAK1, JAK1, pJAK3, and JAK3 blots. B, pJAK1 to JAK1 band intensity ratio. C, pJAK3 to JAK3 band inten-
sity ratio. Cells were incubated overnight (approximately 24 h) in medium without IL-7, but containing 0-500nM As*?, then washed twice and treated with 0 or 10ng/
ml IL-7 and incubated for 30 min. Error bars are + SD. *Significantly different compared with control.

cells treated with As*® at 5-500nM and MMA™® at 0.5-500nM
in vitro. IL-7 receptor expression is significantly inhibited by
500nM MMA "3 not As*® at both 4 and 18h (Figures 6A and B),
suggesting that the suppression of JAK1, JAK3, and STATS activa-
tion may be the results of the absence of IL-7 receptor expression
on cell surface after exposure to MMA"3, 50nM MMA** also
inhibited IL-7 receptor expression, which correlates with the sup-
pression of STATS5 and JAK3 activation with the same dose.

MMA*3 Inhibits Multiple Genes Associated with STAT5 Activation
and B-Cell Development

E2A, EBF, and PAXS are three major factors in B cell development
(Liu et al., 2014; Rothenberg and Taghon 2005). There is also evi-
dence indicating that STATS inhibition alters the expression of
cell cycle genes such as Cyclin D1 (de Groot et al., 2000). We deter-
mined the mRNA expression of E2A, EBF, PAXS, Cyclin D1, and
Cyclin D2 genes using qPCR to see if As*> or MMA™® induced
PSTATS inhibition will lead to alterations in these genes. PAX5
and E2A gene expression were inhibited by MMA " in a concen-
tration-dependent manner there was a trend towards inhibition
in the range of 50-200nM (Figure 7A). Early B cell factor gene,
EBF1 and Cyclin D1 were found to be suppressed by both removal

of IL.-7 and 200nM MMA*? exposure, indicating that these genes
are highly regulated by pSTATS in the IL-7 signaling pathway.
Interestingly, 500nM As " significantly increased the expression
of EBF1, indicating that As™® induced STATS phosphorylation
inhibition may occur through a different mechanism. In Figure
7B, we demonstrate the Ebfl protein expression by 2E8 cells was
very IL-7-dependent, and it was inhibited by MMA*® in the 50~
100nm range. Interesting Ebfl protein expression was increased
at 500nM As*3, which is consistent with the mRNA results
shown in Figure 7A.

DISCUSSION

Numerous diseases including cancers, vascular diseases, lung
diseases, and diabetes have been linked to environmental expo-
sures to As*? in drinking water and food (Argos et al., 2010, 2014;
Chen et al., 2003, 2011; Navas-Acien et al., 2005, 2006). Although
numerous mechanisms of As"? toxicity in cells have been pro-
posed, most studies have used extremely high levels of As*? for
in vivo and in vitro studies. At micromolar concentrations, As*>
is well known to produce oxidative stress that impacts many
cellular pathways (Flora et al., 2011; Kitchin and Conolly, 2010).
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FIG. 5. Effect of MMA " on JAK1 and JAK3 activation in 2E8 cells. A, pJAK1, JAK1, pJAK3, and JAK3 blots. B, pJAK1 to JAK1 band intensity ratio. C, pJAK3 to JAK3 band
intensity ratio. Cells were incubated overnight (approximately 24 h) in medium without IL-7, but containing 0-500 nM MMA 3, then washed twice and treated with 0 or
10ng/ml IL-7 and incubated for 30 min. Error bars are + SD. *Significantly different compared with control.

Previous studies have examined DNA damage and repair path-
ways that are associated with the genotoxicity of As™® (Cooper
et al., 2013; King et al., 2012). However, there have been few stud-
ies that have examined nongenotoxic pathways associated with
cell signaling.

Immune and inflammatory diseases could play a role in
many chronic diseases associated with arsenic exposures.
Prenatal arsenic exposures have been linked to immune sup-
pression and altered lymphoid cell development (Ahmed et al.,
2012; Nadeau et al., 2014). We have previously observed selective
targeting of murine BM lymphoid progenitors by extremely low
doses of As™? in vivo and MMA " in vitro administered at envi-
ronmentally relevant exposure levels (Ezeh et al., 2014). MMA ">
is formed through a series of metabolic reactions via the action
of arsenite-3-methyltransferase (AS3MT), which is expressed in
the liver and a few other extrahepatic tissues (Aposhian et al.,
2000). AS3MT is not found at appreciable levels in lymphoid
cells. Thus, for in vitro studies, it is necessary to add MMA™?
directly to cell cultures to observe its effects on lymphoid cell
function. It is important to understand the effects of MMA™> on
lymphoid cells because they are very sensitive to low exposure
levels. Also, we know that AS3MT is polymorphic in humans
and has been causally linked to many arsenic-induced environ-
mental diseases (Pierce et al., 2012).

This study assessed the role of As "> and one of its key metabo-
lites, MMA "3, on lymphoid progenitor cell activation. Beginning
from the Pre-pro B to the large B cell stage, lymphoid progenitors
express the IL-7 receptor alpha (IL-7Ra, CD127) and respond to IL-7
(Clark et al., 2014; Peschon, et al., 1994). IL-7 is a cytokine growth
factor produced by the BM stromal cells (Fry and Mackall, 2001)
and it is associated with proliferation, survival, and differentiation
of B and T cells (Corfe et al., 2012). Humoral immune responses,
which we have shown are extremely sensitive to in vivo As'?
exposure (Ezeh et al., 2014), utilize the ability of the lymphoid pro-
genitors to expand following antigen challenge. Inhibition of B cell
differentiation and proliferation by environmental pollutants can
negatively impact the humoral immune responses, leading to
decreased immunity and increased susceptibility to disease.

The IL-7R consists of the IL-7Ra (CD127) which is specific for
IL-7 ligand, and the v, chain (CD134) usually shared by other cyto-
kines. Early B cells express CD127 for IL-7 signaling. Upon IL-7
binding to CD127 in a B cell, a cascade of phosphorylation initially
begins with the receptor-associated Janus Kinases 1 and 3 (JAK1
and JAK3), and results in the phosphorylation of intracellular
Signal Transduction and Activator of Transcription 5 (STATS5)
molecules on tyrosine residues Y694 and Y699. These phosphory-
lated STATS molecules dimerize and translocate to the nucleus to
drive the transcription of genes responsible for commitment
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maintenance, further differentiation, proliferation, and survival
of the B lineage cells. It has been shown that deletion of total
STATS protein (STAT5a/5b) in cultures of fetal liver cells inhibited
IL-7-induced lymphoid expansion (Dai et al., 2007). Although
STATS activation could occur with several other cytokines, it is
predominantly activated by IL-7 (Snow et al, 2002). STATS is
highly activated by IL-7 in our cloned pre-B 2E8 cell system.
Downstream of STATS, the transcription factor, early B factor
(Ebf1) and cyclin D1, in concert with E2A upregulate PAXS gene
expression (O'Riordan and Grosschedl, 1999). Due to the observed
minimal levels of PAXS5 in pre-pro B cells (Nut et al., 1999; Rolink
et al., 1999), it has been suggested that pre-pro B cells Inhibition of
STATS phosphorylation and PAXS gene expressions could lead to
a diversion from the B lineage commitment and unbalanced
immune responses. Our studies show that Enfl expression in 2E*
cells is very dependent on IL-7 signaling, and that Ebfl protein
expression induced by IL-7 is inhibited at low levels of MMA "2
(50-100 nm).

This studies show that MMA*® inhibits phosphorylation of
STATS at low (50nM) concentrations that are not cytotoxic to
primary pre-B cells and 2E8 cells. MMA™ also inhibited JAK1
and JAK3 activation, and suppressed IL-7 Ra (CD127) expression
on cell surface. Although the activation of STATS is known to be
dependent on both JAK1 and JAK3 phosphorylation, it is sug-
gested that JAK3 is not a primary activator of STATS, but func-
tions as a stabilizer of pJAK1 (Haan et al., 2011). In this study,

MMA 2 at 50nM only inhibited JAK3 phosphorylation, resulting
in a slight suppression of STATS activation, while 50 nM MMA 3
inhibited both JAK1 and JAK3 activation, leading to a more sig-
nificant suppression of STATS5 (Figs. 4 and 5). Also, the possibil-
ity that MMA™® may directly inhibit STATS phosphorylation by
acting on sites recently shown for direct inhibitors of STATS
activation cannot be excluded (Behbod et al., 2003; Page et al.,
2012).

The different responses of STATS and some STATS regu-
lated genes such as PAXS to As*® and MMA " could be due to a
number of reasons including differences in the cysteine resi-
due content of the peptides, and the presence or absence of
other thiol-containing amino acids in these proteins. As™? is
known to bind peptides that contain 3 (C3) and 4 (C4) cysteine
residues whereas MMA ' is capable of binding peptides con-
taining 2 (C2) cysteine residues (Zhao et al., 2012; Zhou et al.,
2011). Thus, MMA™ has a different spectrum of action than
does As ™2,

In summary, our studies demonstrate important differences
between the immunotoxicity of MMA " and As*® on mouse pre-
B cells. We demonstrate that MMA*? can inhibit pre-B cell
development through alteration of IL-7 signaling and STATS
pathways that may interfere with B cell development, prolifera-
tion, or survival. MMA *® acts at several stages including inhibi-
tion of IL-7R(o) expression, activation of Jaks, and direct
inhibition of STATS activation. The specific stage of pro-pre-B or
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FIG. 6. Effect of As*® and MMA™"* on IL-7R cell surface expression in 2E8 cells. 2E8 cells were exposed to 5-500nM As*> or 0.5-500nM MMA™** for 4 and 18h, IL-7R
expression was measured by CD127 mean channel fluorescence. A, 4h; B, 18 h. Error bars are + SD. *Significantly different compared with control.
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FIG. 7. STATS transcriptionally regulated mRNA and protein induction after exposure to As*>

and MMA >, A, Fold change in p-STATS responsive B cell development

factors (EBF1, E2A, PAXS) and cell cycle gene (CYCD1, CYCD2) expression in As™> or MMA“>-treated cells (by qPCR). B, Effect of As™ or MMA 3 on Ebf1 total protein (by
Western). Cells were incubated overnight (approximately 24 h) in medium without IL-7, but containing 0-500nM As "3, or 0-200nM MMA 3, then washed twice and
treated with 0 or 10ng/ml IL-7 and incubated for 30 min. Error bars for fold change are = SD.

pre-B cells affected, and the specific pathways altered by
MMA*? that interact with IL-7 and STAS signaling are yet to be
determined, but they likely involve other signaling pathways
acting through direct and indirect mechanisms (Boller and
Grossched], 2014). Finally, because MMA™> B cell formation and
IL-7 signaling at extremely low concentrations of arsenic that
are environmentally relevant, the importance of nongenotoxic
pathways in the action of arsenic is demonstrated.
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