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Abstract

In exploration of congenital heart defects produced by TCE, Hepatocyte Nuclear Factor 4 alpha
(HNF4a) transcriptional activity was identified as a central component. TCE exposure altered gene
transcription in the chick heart in a non-monotonic pattern where only low dose exposure inhibited
transcription by HNF4a. As the chick embryo is non-placental, we examine here HNF4a as a
target of TCE in developing mouse embryos. Benfluorex and Bi6015, published agonist and
antagonist, respectively, of HNF4a were compared to low dose TCE exposure. Pregnant mice were
exposed to 10ppb (76 nM) TCE, 5uM Benfuorex, 5uM Bi6015, or a combination of Bi6015 and
TCE in drinking water. Litters (E12) were collected during a sensitive window in heart
development. Embryonic hearts were collected, pooled for extraction of RNA and marker
expression was examined by quantitative PCR. Multiple markers, previously identified as sensitive
to TCE exposure in chicks or as published targets of HNF4a transcription were significantly
affected by Benfluorex, Bi6015 and TCE. Activity of TCE and both HNF4a-specific reagents on
transcription argues that HNF4a is a component of TCE cardiotoxicity and likely a proximal target
of low dose exposure during development. The effectiveness of these reagents after delivery in
maternal drinking water suggests that neither maternal metabolism, nor placental transport is
protective of exposure.
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Trichloroethylene (TCE) is an industrial solvent with widespread distribution in the
environment including Superfund sites, military bases, and manufacturing facilities. TCE is
identified as a potential cardiac teratogen by the EPA! and is designated as a contaminant of
concern by the Department of Defense (GAO-07-1042). Reports of TCE cardiac
teratogenicity first reported from studies of children in Tucson, Arizona.2 The defects seen
in children exposed to up to 270 ppb (parts per billion) TCE in drinking water in utero
included aortic stenosis, valvular, septal and muscular defects and the odds ratio (O.R.) for
all heart defects was 3.02 and 2.53. Additional links between TCE and human heart defects
were investigated in Milwaukee, Wisconsin and Endicott, NY related to vapor exposure.*®
Although the epidemiological support for cardiac teratogenicity in humans is limited, animal
and mechanistic studies establish that TCE exposure can produce cardiac malformations and
perturb normal developmental gene expression.!

The mechanisms of cardiac defect formation in exposed embryos appear to be complex. At
varying exposure levels, there is either inhibition of the formation of valve precursors®, or
proliferation and overgrowth of cardiac valves.”8 Low dose exposure also perturbs
cardiomyocyte contraction.®10 Low dose TCE exposure affects transcription of a large
number of genes including regulators of calcium homeostasis in rat, mouse and chicken
heart tissues.>~14 An issue with studies of TCE toxicity is the non-monotonic dose curve
observed in vitro and in vivo. Doses in the 8-10 ppb range produce greater effects than seen
in the 800ppb- 1 ppm range as measured both by gene transcription an intracellular calcium
fluxes.12:15 The reduction in calcium flux corresponds with a deficit in myocyte contraction
and a reduction in shear stress markers in the heart.?

Studies show perturbation of gene transcription by TCE exposure in rat, mouse and chick
embryonic hearts as well as cell lines in culture.11-15 Based upon a microarray and
interactome analysis of chick embryos exposed to 8ppb TCE in ovo, the transcription factor,
Hepatocyte Nuclear Factor 4 alpha (HNF4a) and several additional molecules were linked to
TCE exposure.18 HNF4a was not previously associated with the developing heart but recent
studies in the chick embryo showed that HNF4a is expressed in the heart during the window
of sensitivity to TCE and that HNF4a is transiently expressed in human IPSCs during
differentiation into cardiomyocytes.10.17

Small molecule screens identified molecules, Benfluorex and BI6015, with specific agonist
or antagonist activities towards HNF4a.1819 In ovo exposure in the chick showed that
Benfluorex and TCE both inhibited expression of three genes associated with TCE exposure
at low levels of exposure.19 As chick embryo exposures have no link to maternal metabolism
nor utilize placental transport during exposure, it is important to evaluate the role of HNF4a
in response to both TCE and HNF4a-specific reagents in the context of mammalian heart
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development. Maternal metabolism and placental transfer may alter exposure of the embryo
to TCE or a metabolite to reduce exposure.

To test HNF4a transcriptional activity and TCE exposure during heart development, we
treated pregnant mice with TCE, Benfluorex or Bi6015 in drinking water and compared a
panel of marker genes known to be sensitive to TCE or as targets of HNF4a transcriptional
activity in the hearts of the exposed embryos. TCE, Benfluorex and Bi6015 all perturbed the
panels of marker genes associated with HNF4a or previously identified as significant targets
of TCE. However, while low dose exposure to TCE, produced an inhibition of markers as
seen in vitro, both Benfluorex and Bi6015 produce an upregulation of marker gene
expression in vivo. These data show that maternal metabolism and transport across the
placenta have little or no influence on TCE-perturbed gene transcription. Further, the data
suggest that HNF4a-mediated transcription is a significant target of TCE in the developing
heart in this mammalian model.

Materials and Methods

In vitro analysis

Human HepG2 cells (ATCC, HB-8065) were grown in DMEM media with 10% bovine
serum and 1% pen/strep. For exposure to HNF4a reagents they were incubated with either
Benfluorex Hydrochloride (5uM) (sc-291931, Santa Cruz Biotechnology) or Bi6015 (5uM)
(CAS# 93987-28- 2, Tocris Bioscience, Bristol, UK). RNA was collected after a six hour
treatment using the E.Z.N.A Total RNA Kit 1 (R6834-02, Omega-BioTek).

In utero exposure and embryo analysis

Wild type 129/Sv mice were obtained from Harlan Sprague Dawley and bred in the
University of Arizona Animal Facility. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of the University of Arizona
and approved by the Animal Ethics Committee of the University of Arizona Institutional
Animal Care and Use Committee (IACUC). Presence of a vaginal plug was designated as
day EO. Pregnant mice were provided with TCE (10ppb) or Benflorex HCI (5uM) or Bi6015
(5uM) in combination with TCE (10ppb) in their drinking water and provided ad libitum
from EO to E12. To reduce loss of volatile and light sensitive TCE, stainless steel water
bottles were used and exposure solutions were prepared and replaced on a daily basis from a
1000x stock solution. The bottles were completely filled each day to minimize head space
and loss of TCE. A previous study! showed no aversion to low dose TCE exposure in
drinking water by mice but dehydration was monitored for all groups to verify normal
drinking behavior. Three to four independent litters were obtained for each exposure group.
Mothers were sacrificed and litters were collected at E12. Litter sizes varied between 7 tol1l
embryos and there was no observed bias in litter size by treatment. Embryonic hearts were
dissected from the body, pooled by litter and stored in RNAlater (ThermoFisher) until RNA
extraction. Pooled tissues were extracted for mMRNA using an E.Z.N.A Total RNA Kit 1
(R6834-02, Omega-BioTek). If the RNA yield was or quality was poor, hearts from the
fourth dam were utilized.
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Quantitative real-time RT PCR

Total RNA from mice embryo hearts was treated with DNasel (E1091-02, Omega-BioTek).
cDNA was transcribed using the iScript cDNA synthesis kit (Bio-Rad). Total cDNA was
used to normalize quantitative PCR reactions as we have previously published (Mercado-
Pimentel; Tavares). cDNA was sensitively measured in each reaction using Quanti-iT
Oligreen ssDNA reagent (011492, Invitrogen) with a fluorometer (Turner Biosystems).
Equal aliquots of cDNA (10ng) were dispensed in each PCR tube for measurement.
Quatitative PCR was performed on a Rotorgene Instrument (Qiagen) using a SensiFAST
SYBR buffer (Bio-98002, Bioline). Cycling parameters used a 60°C annealing temperature
and 72° C for elongation and data collection. Primers were designed for mouse and human
marker genes using NCBI Primer-Blast and selected for pairs that gave melting curves with
a single peak. Primers sequences are displayed in Table 1.

Gene Expression Measurement and Statistical Analysis

Results

Pregnant dams were treated via drinking water, and heart tissue of offspring was excised and
pooled by litter. Three technical replicate gPCR measurements were made for each litter,
and a minimum of three litters were tested for each chemical exposure and for control
treated dams. Expression in technical replicates was normalized relative to the mean of
control treated litters and averaged to produce one relative expression value per litter for
each gene reported. Hypothesis tests comparing each chemical exposure to control were
conducted using Student’s t-test. We evaluate each test at 0.05 significance. Because we are
evaluating specific genes identified previously in a different animal model, we do not adjust
p-values for multiple comparisons.

In vitro analysis of HNF4a reagents.

Previous studies identified a large number of genes with transcription perturbed in the heart
by low dose exposure to TCE in mouse and chick embryos.11.16 Interactome analysis
suggested HNF4a as a significant target of TCE toxicity by linkage to a large percentage of
identified transcripts.1® Studies in the chick embryo showed that transcription of CYP2C45,
HNF4a and NFKBIE were sensitive to both TCE and Benfluorex and that both HNF4a and
CYP2C45 showed a switch between inhibition of expression at 10ppb (76nM) or below and
induction at ppb (0.76uM) or greater.19 To explore the significance of the observation, we
selected additional genes identified as transcriptional targets of TCE toxicity from a
microarray analysis of TCE exposure in the mouse embryo heart.11 As cardiomyocytes
express HNF4a only transiently during developmentl’, we first tested their expression in a
human liver tumor cell line that expresses HNF4a (HepG2).20 Both Benfluorex and B16015
perturb HNF4a transcriptional activity. Bi6015 was identified as an antagonist of HNF4a
activity that binds in its ligand-binding pocket.1® Benfluorex was identified as an agonist of
HNF4a by a high throughput screen.19 HepG2 cells were treated for 6 hr with Benfluorex
(5uM) or Bi6015 (5uM) and then extracted for RNA. RT-PCR was performed to measure
changes in marker transcripts. Figure 1 shows that all of the TCE-sensitive genes tested were
responsive to both reagents compared to untreated control cells. The majority of markers
were inhibited by both reagents but Cyp2C4A1 transcription was upregulated by Bi6015.
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Although Benfluorex was identified as an agonist of HNF4a activity in cultures at high
concentrations (20 and 80 uM:;19), we found it to be an inhibitor of marker gene expression
in vitro at 5uM here and in ovo in the chick embryo.19 As Bi6015 showed more variation in
response, Benfluorex was chosen for the majority of analysis in mouse embryos after
drinking water exposure in pregnant mice.

Analysis of TCE and HNF4a reagent exposure to hearts in utero

To explore TCE and HNF4a-specific reagents in vivo, mice were mated and drinking water
exposure was initiated when a vaginal plug was observed. Experimental exposures were 10
ppb TCE, 5uM Benfluorex, 5uM Bi6015, or a combination of TCE and Bi6015 delivered in
maternal drinking water. Hearts were dissected from each embryo on day E12, pooled by
litter and extracted for RNA. For each treatment, three litters were exposed. Quantitative
PCR was performed on each litter (7—11 embryos) and averages were compiled for the three
litters. Initial gPCR measurements were made of gene transcripts selected from the list of
most highly linked genes in the interactome developed from the chick embryo microarray.16
Data was normalized to the average expression and standard error of the mean of an
untreated litter after verification that there was no significant difference in marker expression
between three control litters. Figure 2 shows significant down-regulation of these genes by
TCE exposure (10ppb = 76 nM) in this mouse model. An additional set of markers, selected
from known HNF4a targets (HBEGF, INSR) as well as genes strongly down-regulated by
TCE in previous mouse or chick microarray data (EP300, SEPW1, ZMAT2, FXYD§,
ALDOC) were inhibited by low dose TCE exposure in the developing heart (Figure 3). Gene
identification and primer pairs used for each marker are shown in Table 1.

To compare the responses of the 14 selected TCE-sensitive markers, we examined
expression in the Benfluorex-exposed embryonic hearts. Figure 4 shows the interactome-
selected markers are all up-regulated by Benfluorex, consistent with its reported activity as
an agonist.19 Though the majority of markers are downregulated in culture when exposed at
a defined level, they are consistently up-regulated when exposure is provided by maternal
drinking water provided ad libitum at the same initial concentration. All of the markers
identified as the major targets in the TCE interactome showed an increased expression of 5—
11 fold. In addition to the targets identified by the interactome, we examined the set of genes
selected as TCE targets (Figure 5). All but one of these genes is significantly upregulated by
Benfluorex. The one gene that is more modestly upregulated (less than 2-fold) was the
transcript for SEPW1 a ubiquitous selenoprotein of largely unknown function that binds to
14-3-3 proteins.?!

Additional litters of mice were exposed to the antagonist Bi6015 or to a combination of
Bi6015 and TCE. The E12 hearts were pooled from a single litter of each and comparison
was made with a subset of markers. As it was seen that the SIKE1 (Suppressor of IKBKE)
was altered by both TCE and Benfluorex exposure, primers to examine IKBKE were added.
The data in Figure 6 show that both Bi6015 and Benfluorex acted as agonists of marker
transcription with the exception of IBKE where the effects of Bi6015 were inhibitory. The
combination of TCE and Bi6015 produced a greater upregulation of marker expression than
Bi6015 alone except in the example of the Insulin Receptor (INSR).
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HNF4a is known to regulate its own transcription® but our original microarray data showed
no significant change in expression despite its highly linked position in the interactome.
HNF4a showed both a change in expression and altered phosphylation in HepG2 cells in
vitro.18 Exposure to TCE in the chick embryo was dose sensitive with inhibition of HNF4a
expression at exposures of less than 10 ppb and an increase at 100 ppb and 1 ppm. Here,
HNF4a transcript levels were up-regulated by both Benfluorex and Bi6015. The
combination of TCE and Bi6015 was no more effective than Bi6015 alone. In contrast, TCE,
by itself did not produce significant change in expression at the 10ppb dose tested here. (Fig.
7)

Discussion

The link between congenital heart defects and TCE exposure is an area of controversy.22-26
The controversy persists, in large part, due to the lack of established adverse outcome
pathways (AOP) and the complexity of heart development. The early studies of Dawson et
al.2” and Johnson et al.28 focused on high dose exposures and the gross examination of more
than 2000 exposed embryos for morphologically detectable defects. While their studies drew
attention to an apparent cardiac-specific response to TCE, the exposures they examined
(1100 ppm-1.5ppm) were 2—4 orders of magnitude greater than the first reported
environmental exposure.2 More recent work has explored environmentally relevant exposure
levels to TCE in the parts per billion (ppb) range.”-11: 29, Together, these studies show non-
monotonic dose responses as measured by marker gene transcription, thousands of
transcripts sensitive to low dose exposure and functional effects on calcium homeostasis and
muscle contraction in response to TCE (reviewed in Selmin et al.16). The data shown here
and in Harris et al.10 support an interaction between TCE and HNF4a as a molecular
interaction consistent with an initiation of a novel AOP leading to cardiac defects. We do not
exclude that there are likely additional AOPs involved in development of the valves or the
proliferation of valvular fibroblasts with increased exposure levels.68

TCE exposure produces a significant alteration of gene transcription in both animal embryos
and cells at low doses.11-13.16 Although formation of valves is sensitive to TCE®7,
comparison of transcript identities and numbers between cell types suggested that myocytes
were more significantly perturbed by low dose TCE exposure.12:13 As perturbation of
myocardial function is capable of producing cardiac malformation3!, we focused on several
genes that mediate calcium homeostasis and regulation of contraction. Serca2 and Ryr2 were
among the molecules whose expression was altered by TCE exposure in embryonic hearts.
13,31 |_oss of these molecules alters regulated release and uptake of calcium in myocytes.
Using HIC2 myoblasts, exposure to TCE at levels down to 10 ppb showed a 40% reduction
in the calcium flux produced by vasopressin.12 This was followed by studies that showed a
corresponding reduction in the rate of contraction in cardiomyocytes from exposed embryos
and a reduction of shear stress markers in exposed hearts.? Though other pathways of
significance in the developing heart are altered by TCE exposure®:34, the effects of TCE on
calcium homeostasis may be sufficient for teratogenesis due to altered hemodynamics.3°

Studies in several laboratories and with different species and models found that low dose
exposures of TCE produced greater effects on morphology and gene expression than at
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elevated exposures.8-9-33-34 This suggests that the biphasic response is evolutionarily
conserved. At 10ppb TCE, H2C9 cells show a larger reduction calcium homeostasis that at
100 ppb or 10 ppm exposures2. We first speculated that low dose TCE exposure might be
more toxic because phase | and 11 enzymes might not be induced at lower exposure levels.
Higher exposures could be less toxic through induction of metabolizing enzymes. However,
an examination of cytochrome p450 expression in the early chick embryo revealed that
cytochromes were exclusively expressed in the embryonic heart during a sensitive window
to TCE exposure. Surprisingly, induction of several cytochromes was greater at 8—10ppb
than at 800 ppb.1° The data confirmed the non-monotonic dose response by another sensitive
measure of gene transcription but did not explain the basis for this effect.

Microarray analysis of chick embryo hearts exposed to 8ppb TCE injected in ovo showed
changes in approximately 4000 genes. The data were examined against a chick interactome
database to explore linkage.1 Interactome analysis of the dataset found that the highest
linkage was to the transcription factor, HNF4a.16 Though HNF4a, itself, was not
significantly perturbed, it was linked to 75% of the nodes (genes). An examination of
HNF4a expression and its most highly linked targets in the developing chick embryo showed
that HNF4a was transiently expressed in the heart during the developmental window that
coincides with sensitivity to TCE exposure.10:33 A nonmonotonic dose response was
observed in expression of TCE-sensitive markers in the chick along with a functional effect
on cardiac contraction.10

Though an established model of heart development, the chick is not a conventional
toxicology model and this was raised in the controversy related to TCE.3° Here, we
investigated selected genes identified in the TCE interactome as well as identified targets of
HNF4a.11.16 A substantial overlap between TCE-sensitive and HNF4a target genes is
consistently observed, suggesting that HNF4a is a central target of gene transcription in the
heart. A similar examination of TCE effects on larval zebrafish hearts exposed to 10 ppb
TCE was recently published.32 They identified 70 genes with significantly altered
transcription. Though they focused on the effects of TCE of the FAK signaling pathway, we
observe that human homologues of 53 of the 70 genes are targets of HNF4a as judged by the
presence of 4 or more HNF4a binding motifs in their promoter region.2°

HNF4a is a transcription factor that is abundantly found in adult liver and pancreatic islets,
where almost 40% and 11% of genes, respectively, have an HNF4a response element.36
HNF4a has not been widely identified in the heart. The Mouse Genome and the Mouse Gene
Expression databases (www.informatics.jax.org) show no expression in E14 or older fetal or
adult hearts although an HNF4a reporter shows prominent expression in the E13.5 heart.37
In addition to microarray data, HNF4a was confirmed in mouse (E11) and stage 15-22 chick
embryonic heart tissue by PCR analysis, western blot and immunostaining.1916 HNF4a is
transiently expressed during development of human IPS cells into cardiomyocytes.1” The
impression is that HNF4a expression in the heart is limited to stages prior to embryonic liver
development when the heart is developing and cytochrome p450 enzymes are expressed. As
the HNF4a null mouse is embryonic lethal by E10.5 with a loss of mesoderm and increased
apoptosis in the primitive streak, no direct role for HNF4a in heart development has been
explored.3?
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HNF4a is a transcription factor that binds fatty acids, primarily linoleic acid, as its natural
ligand.3% HNF4a is linked to regulation of cytochrome p450 expression, hepatic
differentiation, hepatic cancer and maturity onset of diabetes.*%-42 By interaction with
insulin regulation, Bi6015 and Benfluorex were identified as having antagonist or agonist
activity, respectively, towards HNF4a. Our data suggest that both Bi6015 and Benfluorex act
similarly and as agonists or antagonists depending on concentration. HepG2 cells treated
with 5uM Benfluorex showed inhibition of all marker transcripts while 5uM Bi6015 showed
both agonist and antagonist activity. Since Benfluorex inhibits marker transcription acutely
in vitro and is stimulatory when provided in drinking water, the difference could be due to
chronic exposure or to a differing final concentration.

The data here support the idea that HNF4a is an early or proximal target of TCE toxicity.
Low dose (8-10ppb) TCE exposure, via maternal drinking water, perturbs the transcription
of more than 1000 genes in mouse while injection in ovo perturbs more than 4000 in the
chick.11:18 Gene ontological analysis identifies a wide variety of pathways and processes
including stress proteins, nucleic acid repair as well as calcium homeostasis, differentiation
and cell migration.11.13 The diversity of effects is complex and while we focused on a
calcium homeostatic process in relation to cardiac function it is clear that additional
mechanisms are operating. The present data confirm TCE-sensitivity of targets such as
SepW1, Zmat? as well as established targets of HNF4a including INSR and HBEGF.
SEPW!1 was previously identified in chick heart microarrays as the most strongly down-
regulated transcript after TCE exposure (16 and unpublished data). Benfluorex and Bi6015
have complete overlap with TCE- sensitive genes in perturbing transcription although TCE
appears to be consistently an antagonist while Bi6015 and Benfluorex show both agonist and
antagonist activity. Importantly, the most highly linked genes in the TCE interactome are
linked to HNF4a by sensitivity to HNF4a-specific reagents and by identification of HNF4a
response elements in their promoters.29 While Benfluorex and Bi6015 may have additional
effects other than acting on HNF4a, the similarity of their effects produced and the overlap
with TCE targets is consistent with HNF4a as a target of TCE exposure. This view is
supported by the data showing that both Benfluorex and TCE directly perturb HNF4a-
mediated transcription in HepG2 cells. Strikingly, TCE exposure produced a hon-monotonic
dose response in HNF4a reporter transcription.10

In published chick embryo experiments, TCE and Benfluorex show a similar, concentration
dependent, shift between inhibition and induction of marker expression.19 Data here show
that TCE is inhibitory and that both Benfluorex and BI16015 are stimulatory of marker
expression. As the effect on expression is concentration dependent and higher concentrations
are stimulatory in the chick, we speculate that the persistence of exposure in this model is
important. Our data reinforce the observation that 8-10ppb are more toxic than 100-800
ppb.12.15 Exposure in the chick embryo model was for one day with a single injection of
either TCE or Benfluorex. In thie present study, pregnant mice were exposed for twelve
days, with consistent drinking water exposure. Due to its volatility and potential metabolism,
we suggest that the concentration of TCE in the tissues does not accumulate to sufficient
quantities to induce gene expression. In contrast, the non-volatile reagents, Benfluorex and
B16015, may accumulate over the 12 day exposure to reach a concentration that is inductive
of HNF4a transcription rather than inhibitory. Alternatively, Benfluorex or Bi6015 may
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interact differently with mammalian HNF4a or its endogenous endogenous ligand, linoleic
acid to alter the activity of the HNF4a transcription complex.3°

During the window of TCE toxicity in the heart, HNF4a both regulates expression of
cytochromes and mediates calcium homeostasis.*143 A mis-regulated cascade of gene
transcription from HNF4a in the heart could lead to a variety of altered pathways involving
TCE metabolism and altered calcium homeostasis with impaired contraction. Impaired
contraction cardiac output is sufficient to produce heart defects.3% Concomitant with liver
development and the loss of HNF4a expression in the heart during embryonic development,
metabolism of TCE in the embryo would shift from the heart to the liver and the window of
cardiac sensitivity to TCE would close. Though TCE may alter regulation of HNF4a in other
tissues, misregulation of this molecule may not lead to permanent defects in differentiation
as seen in the developing heart.

In summary, a body of literature shows that TCE can alter cardiac differentiation in several
animal models consistent with reports in exposed human populations. Controversy exists
due to an inconsistency in effects but may be entirely due to the nonmonotonic-like dose
curve. The data here show that exposure in embryonic mouse hearts, to reported agonists or
antagonists of HNF4a produces a perturbation of marker expression. Markers sensitive to
HNF4a perturbation are also sensitive to TCE. We also show that exposure of HepG2 cells
(expressing HNF4a) to either Benfluorex or Bi6015 similarly inhibits the same markers.
Together these data support both a previous bioinformatic analysis identifying HNF4a as an
early or proximal target of TCE exposure and studies in the chick embryo showing the
temporal expression of HNF4a during the window of sensitivity to TCE. Importantly, the
data describe HNF4a as a target of TCE exposure in the mammalian embryo and a novel
component in the formation of cardiac defects. This appears to be a novel AOP unrelated to
a TCE-mediated effect on valve and septal formation but may be upstream of the altered
gene transcription associated with defects in calcium homeostasis. As responses in the chick
and mouse embryo models are similar, maternal metabolism and placental transfer do not
appear to be significant barriers to cardiac teratogenicity in mammals although it remains
possible that placental metabolism is involved in the final exposure levels.44
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Figure 1. HepG2 cell marker expression after drug exposure.
Human HepG2 cells were treated with 5uM Benfluorex or 5uM Bi6015 for 6 hours and

RNA was collected and measured by gPCR. The data show the average relative
amplification of three independent experiments performed with 3 technical repeats for each
experiment and are normalized to untreated HepG2 cells. Benfluorex (red bars) significantly
inhibited expression of each of the tested markers compared to untreated cells. Bi6015
showed a significant upregulation of Cyp2C4AL1 and non-significant effects on Map3K3 and
HBEGF. Significance calculated by Student’s T Test for values obtained with the same
primer pair for treatments and controls. *p>.05, **p>.005..
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Figure 2. TCE effects on markersidentified by theinteractome in mouse embryo hearts.
Six of the nine highest linked genes in the TCE interactome other than HNF4a were tested

and found to be present in the heart at E12.5. TCE exposure in utero significantly reduced

MRNA expression of all of these markers in the heart. Data show the average and SEM of

the three litters exposed to 10ppb TCE and are normalized to the average measure of each

primer pair with three untreated control litters. All transcriptional changes were significant
as evaluated by Student’s T Test (unpaired, two-tailed). *p>.05, **p>.005.

Environ Sci Process Impacts. Author manuscript; available in PMC 2021 March 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

Page 15
< ® L & o“
& & é?'b 8 ﬁ\\x ?‘FL N
1
0.9 -
C 08 -
S
=07
3
£ 06
£ o5
2 04
©
o 0.3
&
02
01 -
04

Figure 3. TCE effectson identified HNF4a and TCE markersin mouse embryo hearts.
HBEGF and INSR are known targets of HNF4a activity while the remaining markers tested

were chosen from among the most significantly affected genes in a microarray analysis of
exposure in the developing chick heart. All markers were significantly downregulated by
exposure to TCE in utero. Data show the average and SEM of the three litters exposed to
10ppb TCE and are normalized to the average measure of each primer pair with three
untreated control litters. All transcriptional changes were significant as evaluated by
Student’s T Test (unpaired, two-tailed). *p>.05, **p>.005.
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Figure 4. Benfluorex effects on interactome markersin mouse embryo hearts.
The markers shown in Fig. 2 were examined after in utero treatment with Benfluorex in

maternal drinking water. Expression of each marker mRNA was analyzed by gPCR and
normalized to its expression in untreated control embryo hearts (set at 1). Data show the
average and SEM of the three litters exposed to 5 uM Benfluorex. After ad libitum exposure
in drinking water, marker gene expression was elevated in a range of 5-10 fold. All
transcriptional changes were significant as evaluated by Student’s T Test (unpaired, two-
tailed). *p>.05, **p>.005.
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Figure 5. Benfluorex effects on identified HNF4a and TCE markersin mouse embryo hearts.
Markers shown in Fig. 3 were examined after exposure to Benflorex in utero. All but 1

marker, the transcript of SelenoproteinW1, were significantly elevated by exposure. Data
show the average and SEM of three litters compared to measures in 3 pooled, untreated
litters. Significance was evaluated by Student’s T Test (unpaired, two-tailed). *p>.05,
**p>.005.
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Figure 6. Comparison of the effects of TCE with Bi6015, Benfluorex or a combination of TCE
and Bi6015 on selected marker expression.

gPCR measurements of selected markers were compared on RNAs extracted from pooled
hearts and controls. Measurements were normalized to control litter measurements for each
marker (set at 1.0) and are the average of three independent repeats. TCE and Benfluorex
data is repeat of previous figures but compared here to Bi6015 and TCE with Bi6015. Scale
is logarithmic to capture the large changes seen with the combination of TCE and Bi6015
exposure with MAP3K3 and ZMAT2 markers. While Benfluorex was a consistent agonist of
these markers, both Bi6015 and TCE showed agonist or antagonist activity against specific
markers. The combination of Bi6015 and TCE showed substantial effects on the expression
of some markers but little difference from Benfluorex alone with others. Significance was
evaluated by Student’s T Test (unpaired, two-tailed). *p>.05, **p>.005.
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Figure 7. Effects of HNF4a reagents on HNF4a mRNA expression.
HNF4a is potentially autoregulatory although our original microarray data showed no direct

effect of TCE on HNF4a RNA expression. Measurement of HNF4a by gPCR showed that
both Bi6015 and Benfluorex are significant agonists of HNF4a expression while TCE had no
significant effect. Significance was evaluated by Student’s T Test (unpaired, two-tailed).
*p>.05, **p>.005.

Environ Sci Process Impacts. Author manuscript; available in PMC 2021 March 11.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Chen et al. Page 20
Table 1
Marker gene identity and qPCR primer sequences @

Mouse Gene Name GenelD FW Sequence RW Sequence HNF4a

Genes target*

INSR Insulin receptor NM_ 010568.2 CCCCACCCTTTGAGTCTGAT CGTTGTGCAGGTAATCCTCG Y

MAP3K3 Mitogen- NM_011947.3 TGAGTGCTCTGGAGTGTGAG TGAGTGCTCTGGAGTGTGAG Y
activated protein
kinase kinase
kinase 3

EP300 E1A binding NM_177821.6 AACAGCAGCTCAGCCATCTA CAGGATCCGGAGTGGGAAAT Y
protein p300

HNF4a Hepatocyte NM_008261.2 AGCCAACGATCACCAAGCAA ACTGGTCCCTCGTGTCACAT Y
Nuclear Factor 4,
alpha

TRAF6 TNF receptor NM_009424 CTCGGAGTGCCGTGTATGTA ACACACACAACCCGATCGTA Y
associate factor 6

SIKE1 Suppressor of NM_025679.3 ACAAACCCATTCAGGGGTGG AGCTTGCTCTACCCTCAGGA
IKBKE

HSPA8 Heat shock NC_000075.6 GGGTTGCAGACTTTCTCCAGT AAGGCTGAGGATGAGAAGC Y
70kDa Protein 8 A

PRKAB1 Protein Kinase NM_031869 CTTCCTTGTGTCCCTGCAGAT TTCGGAGTGGAAGATGTCGG
Activated Beta-1

YWHAG | 14-3-3 gamma NM_018871.3 AGACGTGGCCCTGTATTTGG TTGGCGTCATGTATGGCTGT

SEPW1 Selenoprotein NM_009156.2 GTGACAGTAGCCGGGAAGTT TGATGGCGGTCACCAGTTTC
w1

ZMAT2 Zinc Finger, NM_025594.3 AGTGCGAGTTTTCCCCTCTG AGCCTGAATAACCCAGTGCC Y
Matrin-Type 2

ALDOC Aldolase C NM_001303423. TGGACCGAGCTAATCAGAGGA | TGAGTGGGGCATGATGACA Y

1 G

FXYD6 FXYD Domain NM_022004.6 GGTTGGTGTTTGCTGTGGTC CCGCAGCGTTTGTAGTGATG Y
Containing lon
Transport
Regulator 6

IKBKE Inhibitor of NM_019777.3 CCACTTGGAGTGCAGGAAGA TTTCGGGCCTTGTACACACT Y
Kappa Light
Polypeptide Gene
Enhancer in B
Cells, Kinase

guman Gene Name GenelD FW Sequence RW Sequence

enes

EP 300 E1A binding NM_001429 GCAGTGTGCCAAACCAGATG GGGTTTGCCGGGGTACAATA Y
protein p300

HNF4a Hepatocyte NM_001287184 AGGGATTAACTCTGCCCAGC ACATCCTCCTCCTGCTGCTA Y
Nuclear Factor 4-
alpha

CYP1B1 Cytocrhome P450 | NM_000104 AACAAGGACCTGACCAGCAG CCCTGAAATCGCACTGGTGA Y
family1,subfamil
yb1l

CYP24A | Cytochrome NM_001128915 ACCCAAAGGAATTGTCCGCA CAAAACGCGATGGGGAGTTC

1 P450, family 24,
subfamily A,
polypeptide 1

INSR Insulin receptor XM_006722744.1 | GTGACAGACTATTACGTCCCGT | CCATCTGGCTGCCTCTTTCT Y
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MAP3K3 | Mitogen- NM_203351 TTGGACAGGTCAGCAGACAG GGTTCCACCTTTGACCCCTT Y
activated protein
kinase kinase
kinase 3
HBGEF Heparin binding DQ480720 TTGAGTGAGAAGAGCCAAGG AGGCCTCTTTCATCACAGGA Y
EGF like growth G C

factor
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