SCIENTIFIC REPLIRTS

Screening a small molecule library
“to identify inhibitors of NF-xB
‘inducing kinase and pro-labor

e’ genes in human placenta

Published online: 26 J 2018 . . . . .
Hhlishied onfine: <5 Jahtaty Bingbing Wang?, Nataliya Parobchak?, Adriana Martin?, Max Rosen’, Lumeng JennyYu?,

Mary Nguyen'?, Kseniya Gololobova' & Todd Rosen!

. The non-canonical NF-xB signaling (RelB/p52) pathway drives pro-labor genes in the human placenta,

. including corticotropin-releasing hormone (CRH) and cyclooxygenase-2 (COX-2), making this a potential

. therapeutic target to delay onset of labor. Here we sought to identify small molecule compounds from

: apre-existing chemical library of orally active drugs that can inhibit this NF-«B signaling, and in turn,
human placental CRH and COX-2 production. We used a cell-based assay coupled with a dual-luciferase
reporter system to perform an in vitro screening of a small molecule library of 1,120 compounds for
inhibition of the non-canonical NF-xB pathway. Cell toxicity studies and drug efflux transport MRP1
assays were used to further characterize the lead compounds. We have found that 14 drugs have
selective inhibitory activity against lymphotoxin beta complex-induced activation of RelB/p52 in

- HEK293T cells, several of which also inhibited expression of CRH and COX-2 in human term trophoblast.

. Weidentified sulfapyridine and propranolol with activity against CRH and COX-2 that deserve further

. study. These drugs could serve as the basis for development of orally active drugs to affect length of
gestation, first in an animal model, and then in clinical trials to prevent preterm birth during human
pregnancy.

. Preterm birth is arguably the greatest risk facing pregnant women and their newborns, and one of the greatest
. health problems facing the populations in the United States and countries around the world. It is the leading
- cause of neonatal morbidity, with two-thirds (67.0%) of all infant deaths in the United States occurring after a
. preterm delivery. In 2013, the mortality rate for very preterm infants was 88 times greater than for those born at
© term; even at 32-33 weeks of gestation, the risk for death was nearly 9 times greater than those born full term'.
. The annual societal economic burden associated with preterm birth in the United States was at least $26.2 billion
in 2005, or $51,600 per infant born preterm? Despite the tremendous health and economic costs associated with
. preterm birth, therapies to prevent early deliveries remain largely ineffective and new approaches to this problem
are necessary.
: The placental endocrine system plays a central role in onset of human parturition®. Corticotropin-releasing
. hormone (CRH), produced by syncytiotrophoblast, may be part of a clock that determines length of human gesta-
: tion*”. Prostaglandins (PGs), produced by COX-2 in the placenta and fetal membranes, contribute to initiation of
* both term and preterm labor®®. Recently, we have shown that the non-canonical NF-kB signaling pathway, func-
. tioning in human placenta under influence of glucocorticoids and progestins, regulates CRH and COX-2!%13,
: The non-canonical by NF-xB-inducing kinase (NIK). NIK phosphorylates the inhibitory-xB kinase-o (IKK )
. complex that, in turn, phosphorylates the IKB (inhibitory kB) domain of NF-xkB2 (p100). p100 is then degraded
- by the proteasome after its phosphorylation and ubiquitination to release p52'. The liberated p52 forms a het-
. erodimer with RelB and subsequently translocates into the nucleus to regulate target genes. Activation of this
. pathway may be triggered by a subset of TNF receptor family members, and in select tissues like activated B
: lymphocytes' and neurons'é, it may be constitutively active. Interestingly, we have found in a previous study, that
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Figure 1. Schematic presentation of strategy of drug screening. (A) Initial screening. HEK293T cells were
transiently transfected with a mixture of firefly luciferase (FL) reporter and renilla luciferase (RL) reporter
vectors. 48 hours later, the transfectants were exposed to individual compound (drug) for 2hours, and in turn,
lymph toxin- alb2 (LT-a132) for 4 hours prior to dual-luciferase assay. Each chemical compound was run in
triplicates and the averages of FL and RL in triplicates were obtained, respectively. With normalization to RL,
the individual compound with >90% of FL inhibitory effect compared with the vehicle control was considered
as a hit for inhibition of the non-canonical NF-xB signaling activity. (B) Secondary screening. HEK293T cells
were transiently transfected with a mixture of vectors as described in (A). 48 hours later, the transfectants were
exposed to individual hits from the initial screening, and in turn, TPA for 4 hours prior to dual-luciferase assay.
Each chemical compound was run in triplicates and the averages of FL and RL in triplicates were obtained,
respectively. With normalization to RL, the individual compound with <10% of FL inhibitory effect compared
with the vehicle control was considered as the specific inhibitor for the non-canonical NF-kB signaling activity.
(C) Screening of kinase inhibitors. HEK293T cells were transiently transfected with a mammalian expression
vector for ectopic expression of an individual kinase (K), which was followed by a mixture of vectors as
described in (A). Then the transfectants were treated with LT-a132 (for NIK and IKKa) or TPA (for IKK(3).
Each experiment was run in triplicates. With normalization to RL activity, the individual compound with
de-repressed FL activity compared with the empty vector control (p < 0.05) was considered as a candidate for
inhibition of this kinase. (D) Representative gel pattern and analysis were obtained from 3 independent term
placentas by Western blotting with abbreviations described in Table 1. The cropped gels from different Western
blot analysis were divided by white space with full-length blots shown in Supplementary Fig. 1. Western blot
results were quantified with use of Image]. The number below each lane representing relative protein levels of
CRH or COX-2 treated with the individual drug relative to DMSO with normalization to 3-actin was derived
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from the following formula: (peak area of CRH or COX-2 of each drug)/(peak area of 3-actin of the same
lane) of/(peak area of CRH or COX-2 of DMSO)/(peak area of 3-actin of the same lane) x 100%. The relative
abundance of CRH or COX-2 in the lane of DMSO was considered 100%.

like plasma cells and select neurons, the non-canonical NF-xkB pathway is also constitutively activated in term
cytotrophoblast under the persistent influence of glucocorticoid'.

We hypothesized that targeting the non-canonical NF-kB pathway and by inhibiting kinases that regulate
its activity, would modulate the activity of hormones posited to play a role in human parturition. In an effort to
identify specific inhibitors of non-canonical NF-&B activity, and in turn CRH and COX-2, in vitro studies were
performed on 1,120 drugs in the Prestwick chemical library, a collection of small molecular inhibitors composed
of FDA-approved drugs and natural products'’. We identified 14 small molecule compounds that were specific
inhibitors of non-canonical NF-&B activity. 4 of these 14 agents were neither actively transported out of the pla-
centa nor toxic to cultured cytotrophoblast and are candidates for further study in vivo as potential therapies to
modulate the placental clock, and in turn, potentially prevent some cases of preterm birth. Two agents may be
worthy of studying in vivo in a non-human primate model.

Results

In vitro screen for inhibitors of the non-canonical NF-kB pathway. Initial screening of inhibitors
of the non-canonical NF-xB activity from the Prestwick Chemical Library was performed in HEK293T cells by
using a dual-luciferase reporter system (Fig. 1A). A mixture of pGL4.32 (in which NF-&B response elements drive
transcription of the firefly luciferase reporter gene) and pRL-CMV (in which the CMV promoter drives expres-
sion of the Renilla luciferase reporter gene) vectors was transiently co-transfected into HEK293T cells. 48 hours
later, the transfectants were exposed to individual compounds at a concentration of 20 pM for 2 hours, and then
100 ng/mL lymphotoxin-al32 (LT-a1(32) for 4hours. LT-a132 selectively activates RelB/p52 and induces DNA-
binding at NF-kB response elements'®. The lymphotoxin-beta receptor (LTBR) is constitutively expressed in
HEK293T cells"”. DMSO was used as a control. Experiments were performed in triplicate for each compound.
The percentage inhibition was derived with use of the formula: [1-(mean FL activity of triplicates of individual
inhibitor/mean RL activity of triplicates of individual inhibitor)/(mean FL activity of triplicates of vehicle/mean
RL activity of triplicates of vehicle)] x 100. Supplementary Table 1 lists the 58 small molecule inhibitors that
were identified based on inhibition of >90% LT-a132-induced NF-kB (RelB/p52)/FL activity at 20 pM of the
candidate drug.

To assess whether the drugs identified in the initial screening were specific to the non-canonical NF-kB path-
way or pan-NF-kB activity inhibitors, we took advantage of a similar strategy as described in the initial screening.
In this experiment, HEK293T cells were treated with 12-O-tetradecanoylphorbol-13-acetate (TPA) at 10 ng/mL
(Fig. 1B). TPA selectively induces canonical NF-xB signaling and induces nuclear translocation of RelA/p50 het-
erodimers®. As shown in Table 1, 14 of 58 drugs identified as inhibitors of the non-canonical NF-xB pathway did
not demonstrate activity against the canonical pathway and were studied further because of their more selective
activity against the target pathway.

Modulation of kinase activity is an active field of study in the pharmaceutical industry because of the role of
kinases in cellular function and communication. There are at least 4 different kinases combined in various oli-
gomers involved in activation of NF-kB; trimeric IKKo/IKK3/NEMO for the canonical pathway, and NIK-IKKa/
IKKo dimers for the non-canonical pathway. We investigated whether the 14 selective non-canonical NF-xB
inhibitors disrupted NIK and/or IKKa activity. We also assessed activity against IKK3(which activates the canon-
ical pathway) as a control. HEK293T cells were transfected with a mammalian expression vector for 48 hours,
allowing ectopic expression of individual kinases, prior to being treated with the individual chemical compound
and in turn LT-aalB2 (for NIK and IKKa) or TPA (for IKK3) (Fig. 1C). Wedelolactone, a validated IKKo
inhibitor?', and staurosporine, a pan-kinase inhibitor??, were used as the positive controls. In Supplementary
Table 2, we demonstrate that 7 drugs inhibited IKKa based on IKKa overexpression-induced de-repression of
FL activity, compared with that transfected with an empty vector (p < 0.05). 3 drugs inhibited NIK based on
NIK overexpression-induced de-repression of FL activity (p < 0.05). 2 agents, sulfapyradine and propranolol
hydrochloride, inhibited both IKKa and NIK. None of the 14 drugs had a significant effect on FL activity when
HEK293T that over-expressed IKK(3 were stimulated with TPA (p > 0.05). As expected, staurosporine inhibited
all kinase activity, and wedelolactone selectively inhibited IKKo and IKKS.

Effects of candidate inhibitors on expression of CRH and COX-2 in human placenta. To exam-
ine whether these chemical compounds are capable of inhibiting CRH and COX-2, we treated primary cultures
of cytotrophoblast from term human placentas with the each of the 14 selective non-canonical NF-«kB path-
way inhibitors separately at a concentration of 20 pM for 24 hours. Western blot assays were used to assess the
effects of each selective non-canonical NF-«kB pathway inhibitor against CRH and COX-2. As shown in Fig. 1D,
Supplementary Fig. 1, and Supplementary Table 3, 12 of the 14 drugs effectively repressed expression of both
CRH and COX-2 in the human placenta.

Effects of candidate inhibitors on efflux transporter MRP1 and cell viability of term human
cytotrophoblast. Drug efflux transporters in the human placenta can significantly influence the
maternal-fetal transfer of a diverse array of drugs and other xenobiotics, which are exemplified by ATP binding
cassette protein C1 or multidrug resistance-associated protein 1 (MRP1). MRP1 has been found to localize on the
basal membranes of human term placental trophoblast®. It is a unidirectional efflux transporter, and the major
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Pheniramine maleate PM
Minaprine dihydrochloride MD
Cyproheptadine hydrochloride CH
Verapamyl hydrochloride VH
Flutamide FT
Nimesulide NS
Alprenolol hydrochloride AH
Deferoxamine mesylate DM
Sulfapyridine SP
Meglumine MG
Tyloxapol X
Megestrol acetate MC
(R)-Propranolol hydrochloride PH

Table 1. Candidate inhibitors of LT-132- but not TPA-induced NF-&B activity.
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Figure 2. Assays of efflux transporter MRP1 and cell viability. (A) This ATPase assay was performed in

the basic way as detailed in Materials and Methods. The bars indicate the average of OD (595 nm) against

each individual hit with error bars representing the standard deviation from experiments performed in 3
independent term placentas. *p < 0.01. (B) Primary term cytotrophoblast were treated with the individual
compound and cell viability was measured with use of the CellTiter-Blue cell viability assay kit (Promega). The
bars indicate the average ration of OD 560/590 (nm) against each individual hit with error bars representing the
standard deviation from experiments performed in 3 independent term placentas. *p < 0.01.

roles of MRP1 include efflux of xenobiotic and endogenous metabolites, transport of inflammatory mediators,
and development of drug resistance in a variety of diseases?***. To determine whether the candidate drugs were
potential substrates of MRP1, we incubated primary term cytotrophoblast with the individual compound at 20
pM for 24 hours and then assessed efflux by measuring ATP hydrolysis with use of an ATPase Assay Kit according
to the MRP1 protocol (Solvo Biotechnology). As shown in Fig. 2A, 3 of the 14 drugs, verapamyl, alprenolol, and
deferoxamine mesylate demonstrated significantly higher ATP hydrolysis, indicating that they may be substrates
of MRP1. These agents would be lesser candidates for further study.

To investigate toxicity of the hits on human placenta, we incubated primary cytotrophoblast with each indi-
vidual compound at 20 uM for 24 hours and measured the number of viable cells with use of the CellTiter-Blue
cell viability assay kit (Promega). As shown in Fig. 2B, 4 of 14 drugs, cyproheptadine, verapamil, alprenolol, and
deferoxamine mesylate were toxic to the human term placenta.
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Figure 3. Co-localization of NIK and sulfapyridine or propranolol in HEK293 cell. (A) HEK293 cells were
treated with Alexa Fluor 647 cadaverine (AlexaFluor-647) or Alexa Fluor 647 cadaverine-labeled sulfapyridine
(AlexaFluor-647-Sul) for 24 hr, followed by IF staining. (B) HEK293 cells were treated with AlexaFluor-647 or
Alexa Fluor 647 cadaverine-labeled propranolol (AlexaFluor-647-Pro) for 24 hr, followed by IF staining. Each
experiment was repeated three times. Arrows indicate co-localization.

NIK co-localizes with sulfapyridine and propranolol.  Sulfapyridine and propranolol were perhaps the
most interesting candidate drugs because they selectively inhibited both NIK and IKKa, were not substrates of
drug transporter MRP1, and they were not toxic to cytotrophoblast, so we chose to assess these agents further. To
investigate whether they co-localized with NIK, we treated HEK293T cells with fluorescently (Alexa Fluor 647
cadaverine) labeled drug, which were subsequently subjected to immunofluorescence (IF) staining. As expected,
we did not find any co-localization between cadaverine and NIK. In contrast, a strong co-localization between
NIK and cadaverine-labeled sulfapyridine or propranolol was observed, which was confirmed by repeated exper-
iments (Fig. 3).

We modeled docking of NIK (PDB accession code: 4IDV) and select candidate ligands (Supplementary
Fig. 2). The GOLD docking results have shown an increased binding affinity of sulfapyridine and propranolol
versus the controls including ZINC-1601221, previously described as a specific inhibitor to NIK?.

Taken together, these data strongly support that sulfapyridine or propranolol inhibits NIK activity by direct
interaction.

Dose-dependent effects of sulfapyridine or propranolol on expression of COX-2 and CRH. We
performed a dose-response experiment for sulfapyridine and propranolol against the pro-labor genes COX-2 and
CRH in trophoblast and used Western blot analysis to assess the candidate drug effects on protein levels. Figure 4
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Figure 4. Dose-dependent effects of sulfapyridine or propranolol on COX-2 and CRH in primary
cytotrophoblast. Human primary cytotrophoblast were treated with sulfapyridine (A) or propranolol (B) at
concentrations as indicated for 24 hrs. The total cell lysates were subjected to Western blot analysis (N =3
individual experiments). The full-length blots are shown in Supplementary Fig. 3. Western blot results were
quantified with use of Image]J (right panels). The relative protein levels of CRH or COX-2 treated with each drug
at different concentrations relative to non-treatment (0) with normalization to 3-actin were derived from the
following formula: (peak area of CRH or COX-2 of each concentration)/(peak area of 3-actin of the same lane)
of/(peak area of CRH or COX-2 of non-treatment)/(peak area of 3-actin of the same lane) x 100%. The relative
abundance of CRH or COX-2 in the lane of non-treatment was considered 100%. *p < 0.01, **p < 0.05.

and Supplementary Fig. 3 demonstrate that both COX-2 and CRH protein levels gradually decreased as the drug
concentrations increased.

Discussion

We have shown that the non-canonical NF-xB signaling pathway positively regulates pro-labor genes of human
placental origin including CRH and COX-2'2%, and may be a central regulator of the clock that governs length
of pregnancy. As such, inhibition of this pathway is a target for drug therapy to modulate the placental clock, and
can serve as a basis to develop new therapies to prevent spontaneous preterm birth.

In the current study, we screened 1,120 small molecule inhibitors and found 58 agents that had activity against
the non-canonical NF-xB pathway. 14 of these 58 drugs selectively inhibited the non-canonical pathway and not
the canonical NF-xB pathway. 12 of these 14 drugs also reduced abundance of CRH and COX-2 in cultures of
cytotrophoblast from term human placentas. Sulfapyridine and propranolol appeared to inhibit NIK and IKKa,
2 essential kinases in the non-canonical pathway, while having no effect on IKK(3,a key mediator of the canoni-
cal pathway. Pheniramine maleate selectively inhibited NIK, while flutamide, tyloxapol, and nifuroxazide only
had activity against IKKo. Drugs that inhibit both NIK and IKKa might have the greatest activity against the
non-canonical pathway in animal studies, but because the role of non-canonical signaling in fetal development is
not well characterized, selective NIK or IKKa inhibitors could have fewer unintended consequences, and as such,
remain drugs of interest. None of these six agents (sulfapyridine, propranolol, pheniramine, flutamide, tyloxapol,
or nifuroxide) was identified to be toxic to cytotrophoblast, and none was a substrate of the MRP1 transporter,
so they could have activity on placental function in vivo. Additional in vitro studies to assess effects on other
placental efflux transporters (e.g. BCRP1) would be required before determining which drugs might be studied
in animal models.

Among these six drugs, sulfapyridine may be the most interesting candidate for further study. Sulfapyridine
is a short-acting sulfonamide antibiotic and a metabolite of the non-steroidal anti-inflammatory drug sulfasala-
zine, which is safe for use during pregnancy and unlikely to increase the fetal morbidity or mortality?. It is read-
ily absorbed orally and does not appear to be teratogenic or cause other harmful fetal effects. Interestingly in our
study, and consistent with previous reports®, sulfasalazine inhibited the canonical NF-xB pathway in addition to
the non-canonical pathway, while its metabolite sulfapyridine selectively inhibited only the non-canonical pathway.
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In a 2007 Danish study of women with Crohn’s disease, women treated with sulfasalazine had larger babies
than women with Crohn’s who did not require medication or those treated with azathioprine, prednisone, or
both because of fewer preterm births in the sulfasalazine treated women. In fact, none of the 179 women treated
with sulfasalazine delivered prior to 34 weeks gestational age, while women in the non-treated and azathioprine/
prednisone groups delivered as early as 27 weeks of gestation®. Similarly, a 1981 United States study of the effects
of inflammatory bowel disease on pregnancy found that women treated with sulfasalazine had lower preterm
birth rates than women in the general population. These data from population studies add to the hypothesis that
sulfapyridine may be potentially useful in preventing some cases of preterm birth.

Propranolol, a beta-adrenergic blocker, and pheniramine maleate, an antihistamine, may be worth further
study, but both have a weak association with adverse pregnancy outcomes®*2. The finding that a beta-blocker
could slow the placenta clock is interesting given that clinicians have used beta-adrenergic agonists to toco-
lyze preterm labor?. The target of beta-mimetic therapy for tocolysis is the beta-adrenergic on the receptor on
the uterus, and not the placenta. Beta-mimetics are among the least effective therapies to prolong pregnancy in
women with preterm labor*, perhaps because of the opposing effects on the uterus and placenta. Further char-
acterization of the effects of propranolol and pheniramine to prevent preterm birth in vivo might serve as a basis
for future drug design. Unlike sulfasalazine, we were unable to find any previous studies linking these two agents
to a reduced incidence of preterm delivery.

Flutamide, tyloxapol, and nifuroxazide are poor candidates to prevent preterm birth for different reasons.
Flutamide is a nonsteroidal antiandrogen used in the treatment of prostate cancer. Administration during preg-
nancy resulted in adverse effects on male genital development in experimental animals®. Tyloxapol is adminis-
tered by nebulizer to aid in removal of bronchopulmonary secretions and human systemic absorption has not
been characterized. Nifuroxazide has poor oral absorption and other drugs of the nitrofurans family are known
to be substrates of the BCRP transporter’ and are actively effluxed from the placenta.

It should be noted that, of the 14 inhibitors that selectively blocked non-canonical NF-xB activity, 6 had no
activity against NIK or IKKa, and 4 were toxic to cytorophoblast. But nimesulide, meglumine, and megestrol
acetate inhibited CRH and COX-2 and were not cytotoxic. The non-canonical NF-xB pathway is regulated at
multiple steps, such as proteasomal degradation of tumor necrosis factor receptor-associated factor-3 (TRAF3)
or at the C-terminal of p100 to generate p52'%. We suspect that the non-toxic drugs that had activity against the
non-canonical pathway and inhibited CRH and COX-2 in cytotrophoblasts, but did not alter NIK or IKKa inhib-
ited the proteasome at another step in activation of the non-canonical NF-kB pathway. Because less is known
about the mechanisms of action of these agents against the target pathway, they would be of more interest for in
vivo assessment when their mechanism of action is further characterized.

Interestingly, none of the drugs that inhibited IKKa blocked TPA-induced NF-kB activation (RelA/p50), even
though IKK is involved in signaling activation of the canonical NF-xkB pathway. These results suggest that inhi-
bition of IKK« alone in the trimeric IKK3/IKKa/NEMO complex may not be sufficient to alter activation of the
canonical NF-kB pathway in these systems. We also observed that treatment with minaprine or deferoxamine
blocked non-canonical NF-kB signaling in HEK293T cells, but did not reduce expression of CRH and COX-2
in primary culture of cytotrophoblast. This could be a result of differences in the biology of HEK293T cells and
cytotrophoblast. For example, these agents could be a substrate of a placental efflux transporter(s) other than
MRP1 such as BCRPY.

These data could have implications outside of our study of non-canonical signaling in the placenta. For
example, aberrant non-canonical NF-kB activation has been linked to multiple myeloma®** and other cancers,
and the agents characterized here could have activity against some malignancies. Indeed, propranolol has been
found to reduce lifetime cancer risk in several studies**-*2. This effect has been presumably mediated by the
beta-adrenergic receptor, but the data we have presented here suggests that this effect could also be mediated
through the non-canonical NF-kxB pathway. The role of the non-canonical NF-kB pathway in other disease states
is being actively investigated!*.

Methods

Study approval. All patients signed a written informed consent for their specimen to be used for this study
in a protocol approved by the Institutional Review Board of Rutgers Robert Wood Johnson Medical School and
all methods were performed in accordance with the relevant guidelines and regulations.

Primary term cytotrophoblast cell culture. Human placentas between 37 and 41 weeks estimated ges-
tational age were collected with informed consent. Inclusion criteria were healthy women between the ages 18 to
45 years with a singleton gestation harvested during a cesarean section prior to the onset of labor. Purification of
primary term cytotrophoblast was performed as recently described!®!>#, Cells were cultured in DMEM media
containing 10% FBS at 37 °C and 5% CO, for >24hours prior to experimental conditions.

Small molecule chemical library and reagents. The Prestwick Chemical Library, containing 1,120
small molecule chemical compounds, was obtained from The Cellular Screening Center, University of Chicago.
pGL4.32 vector containing 5 copies of an NF-xB response element (NF-xB-RE) that drives transcription of firefly
luciferase (FL) reporter gene, pRL-CMV vector containing CMV promoter that drives expression of Renilla lucif-
erase (RL) reporter gene, and Dual-Glo Luciferase Assay System were purchased from Promega, Madison, WL
We used plasmids pUNO-hIKKa (InvivoGen, San Diego, CA), pPCMV4-HA-NIK (Addgene, Cambridge, MA),
and pRK7-IKK2/IKKb (Addgene) for ectopic expression of IKKa, NIK, and IKK3 in HEK293T cells, respec-
tively. Antibodies used in Western blot assays included anti-CRH (Abnova, CA) and anti-COX-2 (Cell Signaling,
Danvers, MA).
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Transfections of plasmid DNAs. HEK293T cell line (ATCC, USA) were cultured at 37 °C and 5% CO, in
96-well plates. Plasmid DNA transfection was performed when cells reached confluence. For each transfection,
we first incubated 0.5 pL of Lipofectamine 2000 (Invitrogen) with 0.1 ug of plasmid DNA vector as specified in 25
pL of serum-free media for 30 min at room temperature. The transfection mix was then transferred into each well.

Dual-luciferase assay. HEK 293 T cells were lysed with 1x passive buffer and dual luciferase assays were
performed according to the manufacturer’s protocol (Promega). Briefly, FL activity was measured by adding LAR
I (30 pL) into one well of a 96-well white plate (PerkinElmer, Waltham, MA) and read in a Victor® V Microplate
Reader (PerkinElmer) for 5sec. RL activity was measured by adding Stop & Glo (30 pL, Promega) to each well
and reread for 5 sec.

Western blot analysis. The total lysates were resuspended in 1x SDS loading buffer, boiled at 95 °C for
5min, and centrifuged. Supernatants were resolved on SDS-10% PAGE and transferred onto PVDF membranes
(Bio-Rad). Membranes were blocked in 5% nonfat milk powder in Phosphate Buffered Saline Tween (PBST)
(10 mM phosphate buffer, pH 7.2; 150 mM NaCl; and 0.1% Tween 20) for 60 min, washed twice with PBST, and
incubated with antibodies as indicated in 1% nonfat milk powder-PBST 20 at 4 °C overnight. The blots were
probed with (3-Actin antibody (Sigma) as the loading control. Membranes were washed 3 times with PBST, incu-
bated with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch) at 1:5,000 in
1% nonfat milk powder-PBST, and developed by Immun-Star HRP Substrate (Bio-Rad). The Western blot results
were quantified with use of Image]J program.

Efflux transporter assay. To assess whether the tested chemicals may be substrates of efflux transporters in
the human placenta, we used the PREDEASY-MRP1 ATPase assay kit (Solvo Biotechnology, Cambridge, MA).
Primary cytotrophoblasts were seeded in a 96-well plate at approximately 1 x 10* cells/per well and cultured for
24 hours. Cells were then treated with the individual chemical compound (20 pM) with DMSO as the vehicle
control for an additional 24 hours. ATPase assay was performed in duplicates according to the manufacturer’s
protocol with the OD read at 595 nm in a microplate reader (Bio-Rad, CA).

Cell viability assay. To examine effects of small molecule chemical compounds on viability of placental
trophoblast, we used the CellTiter-Blue Cell Viability Assay kit (Promega), which provides a homogeneous, fluo-
rometric method for estimating the number of viable cells present in multiwell plates. Primary term trophoblast
(~1 x 10* cells/per well in 96-well plate) were cultured for 24 hours and then treated with individual chemical
compounds at a concentration of 20 pM for another 24 hours. Cell viability assay was performed according to the
manufacturer’s instructions with OD read at both 560 nm and 590 nm in the microplate reader (Bio-Rad).

Immunofluorescent staining.  Sulfapyridine and propranolol were fluorescently labeled by first incubating
3 pL of each drug (20 pM) with 2 pL of N-Ethyl-N-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC,
Sigma-Aldrich) at 500 uM, 3 pL of Alexa Fluor 647 Cadaverine (Thermo Fisher Scientific), and 2 pL of water for 2
hrs at room temperature. Cytotrophoblast cells in 200 pL culture media were treated with 3 pL of this mixture or 1
pL Alexa Fluor 647 Cadaverine for 24 hrs. Then cells were fixed with 4% paraformaldehyde and permeabilized in
0.5% Triton X-100 in PBS at room temperature followed by incubation with primary antibody to NIK overnight
at 4°C and fluorophore-conjugated secondary antibodies (Alexa Fluor 488 goat anti-rabbit IgG, Invitrogen) for
1 hr at room temperature. The cells were counterstained with DAPI (Invitrogen) for 20 min at room temperature
and visualized under a fluorescence microscope (Nikon, Japan).

In silico evaluation of NIK inhibitors. The availability of the published structure of NIK domain
co-crystallized in the Protein data bank (PDB) with a small molecule ligand enabled the investigation of the
active site residues (20) utilizing molecular modeling and ligand receptor docking techniques. The scoring of
binding was assessed using GOLD (Genetic Optimization for Ligand Docking) tool (21). Structural coordinates
for the protein NIK was extracted from PDB structures 4IDV and optimized with MMFF94 force field and atomic
charges, corrected, energy minimized and docked**-*6. Water molecules were removed and hydrogen atoms were
added to molecular structure of NIK before dockings were performed. The default algorithm speed was selected
and number of poses for each ligand was set to 10. The ligand-binding site was defined as receptor site residues
within 10 A of the centroid of co-crystallized small molecule structure originally docked. The 10 individual bind-
ing poses were ranked according to GOLD scores. This process was performed in triplicate. Typically, the higher
the GOLD score, the greater the binding affinity of the ligand for the receptor site.

Statistical analysis. Each experiment was repeated a minimum of three times. We used one-way ANOVA
and Student t test (one-tailed) to test significance among > three and between two groups, respectively. P < 0.05
was considered statistically significant.
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