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ARTICLE INFO ABSTRACT

Edited by Dr. A.M Tsatsaka Species differences in hepatic metabolism of thyroxine (T4) by uridine diphosphate glucuronosyl transferase
(UGT) and susceptibility to thyroid hormone imbalance could underlie differences in thyroid carcinogenesis
caused by hepatic enzyme inducers in rats and humans. To investigate this hypothesis we examined profiles of
hepatic UGT induction by the prototypical CAR activator phenobarbital (PB) in rat and human liver 3D
microtissues. The rationale for this approach was that 3D microtissues would generate data more relevant to
humans. Rat and human liver 3D microtissues were exposed to PB over a range of concentrations (500 u M - 2000
u M) and times (24—96 hr). Microarray and proteomics analyses were performed on parallel samples to generate
integrated differentially expressed gene (DEG) datasets. Bioinformatics analysis of DEG data, including CAR
response element (CRE) sequence analysis of UGT promoters, was used to assess species differences in UGT
induction relative to CAR-mediated transactivation potential. A higher proportion of human UGT promoters
were found to contain consensus CREs compared to the rat homologs. UGTs 1a6, 2b17 and 2b37 were upre-
gulated by PB in rat liver 3D microtissues, but unaltered in human liver 3D microtissues. By contrast, human
UGTs 1A8, 1A10 and 2B10 showed higher levels of induction (RNA and /or protein) compared to the rat ho-
mologs. There was general concordance between the presence of CREs and the induction of UGT RNA. As UGT1A
and 2B isoforms metabolise T4, these results suggest that differences in UGT induction could contribute to
differential susceptibility to CAR-mediated thyroid carcinogenesis in rats and humans.
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1. Introduction [8], making rats more sensitive to changes in thyroxine metabo-

lism/clearance. However rat hepatocytes also show greater induction of

Rat thyroid pathology is a common occurrence in 2 year cancer
bioassays resulting in thyroid tumours [1]. A frequent mechanism of
thyroid carcinogenesis in rats is the response to CAR activators, which
has been shown to involve the induction of phase 2 enzymes uridine
diphosphate glucuronosyltransferase (UGTs). This effect increases the
metabolism of thyroxine which down-regulates a negative feedback loop
via the pituitary resulting in TSH-mediated thyroid hyperplasia [2-5].
The process underlying this mechanism involves transcriptional acti-
vation of UGT gene promoters via CAR response elements (CREs) [6,7].

The mechanism of rat thyroid carcinogenesis downstream of CAR
activation and UGT induction, exemplified by the prototypical CAR
activator phenobarbital, is not considered relevant to humans in part
because rats lack thyroxine-binding globulin, and consequently the half-
life of thyroid hormone is much shorter and TSH levels are higher in rats
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thyroxine glucuronidation in response to enzyme inducers than human
primary hepatocytes [9]. Many of the substrates of human UGTs are also
glucuronidated by rat UGT family enzymes [10,11], and this is also re-
flected in the ability of UGT isoforms to metabolise thyroxine [12]. In
addition, the UGT isoforms that possess thyroxine glucuronidation ac-
tivity differ in their kinetic parameters (Km, Vmax) for metabolism of
this substrate [9,13]. Hence there is a solid rationale for investigating
differences in the profile of UGT induction as a hypothesis to explain in
part species differences in thyroid carcinogenesis in response to CAR
activators. To investigate this hypothesis, we have for the first time
examined the profile of UGT isoform induction at the RNA and protein
level in rat and human 3D liver microtissues by investigating the ability
of the prototypical CAR activator phenobarbital (PB), a rat thyroid
tumour promoter [2], to alter the expression of UGT isoforms. To date
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most of the historical data on CAR-mediated UGT induction has been
reported in rat hepatocytes or rat in vivo studies [13]. We used rat and
human 3D liver microtissues in order to investigate possible species
differences in this response by utilising a model which displays nuclear
hormone receptor induction responses more like the in vivo situation
[14]. The idea was to form a "bridge to humans’ in what is considered to
be a more physiologically relevant model, in order to assess potential
species differences at the level of UGT induction using a comparable 3D
culture system.

2. Materials and methods
2.1. Liver microtissues

Human liver microtissues each containing approximately 1000 cells
(manufactured by InSphero using a patented 3D select™ technology)
consisted of primary hepatocytes mixed with Kupffer cells and human
liver endothelial cells (NPCs). Rat liver microtissues also contained he-
patocytes, Kupffer cells and rat liver endothelial cells (InSphero white
papers: https://insphero.com/science/publications/white-papers/). We
chose to perform the study with rat and human liver 3D microtissues in
order to utilise a model that had been shown previously to respond to
nuclear hormone activators at the level of phase 1 and phase 2 enzyme
induction in a manner more representative of the in vivo situation, when
compared to 2D cultures of primary hepatocytes [14]. Human primary
hepatocytes in the liver 3D microtissues were derived from pooling
primary hepatocytes from 5 male and 5 female donors. Rat liver 3D
microtissues were made with primary hepatocytes, Kupffer cells and
endothelial cells from Sprague Dawley rats. As the same cell types were
included in the rat liver microtissues as in the human liver microtissues
the models were comparable at the cellular level.

2.2. Liver microtissue treatments

InSphero rat liver 3D microtissues (primary hepatocytes, co-cultured
with NPCs (InSphero #MT-02—00104) and human liver 3D microtissues
(multi-donor primary hepatocytes, co-cultured with NPCs (InSphero
#MT-02—302-04) were treated with a stock solution of 200 mM PB in
fresh 3D Insight rat liver maintenance medium (InSphero #CS-07—002-
01) and 3D Insight human liver maintenance medium-AF (InSphero
#CS-07001a-01), respectively, to give final concentrations of 500 u M,
750 u M, 1 mM and 2 mM according to previously published methods
[15]. The concentrations of PB were chosen based on previous studies
examining phase 1 enzyme induction and proliferation in rat primary
hepatocytes [16,17]. The choice of this liver 3D microtissue model was
based on our previous investigations [15] which showed that the effects
of PB on hepatocyte proliferation were consistent with published results
from rat and human hepatocytes [16]; specifically phase 1 and phase 2
enzyme induction was observed in both rat and human liver 3D
microtissue hepatocytes, consistent with CAR activation, whilst in the
rat liver 3D microtissue hepatocytes, there was also a significant
dose-dependent increase in hepatocyte proliferation. This indicated that
the liver 3D microtissue model responds to PB in a way that is consistent
with the known species differences between rat and human [8,18],
supporting the contention that this model lends itself to further explo-
ration of the reported species differences in CAR-mediated responses.

Rat and human liver 3D microtissues were exposed, one spheroid per
well, in a 96 well gravity trap™ plate to PB dissolved in rat or human
liver maintenance medium, respectively, for four different time periods:
24 h, 48 h, 72 h and 96 h. We exposed 4 separate liver 3D microtissues in
individual wells and 30 separate liver 3D microtissues, also in separate
individual wells, for each treatment and time point for transcriptomics
and proteomics analysis, respectively (total 4 x 96 well plates per spe-
cies). After incubation of the spheroids for the appropriate periods of
time, liver 3D microtissues were fixed in 4% paraformaldehyde [Pierce
16 % paraformaldehyde (Thermo Fisher Scientific #28,908) for 30 min
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at room temperature after which they were rinsed in PBS and then either
wax embedded in a microTMA mold prior to sectioning/H&E/histopa-
thology analysis, or harvested for transcriptomics/proteomics analysis
using previously published methods [15]. Experiments were performed
at least twice on different batches of spheroids.

2.3. Spheroid Tissue Microarray (microTMA) construction, H&E and
histopathological analysis

Histopathological analysis of H&E sections was performed from a
microTMA constructed using a previously published method [19].
Briefly, fixed spheroids were loaded into the wells of a 2% agarose mold
containing 96 wells, maintaining the same orientation as used in the 96
well plate, and sealed using molten 0.7 % agarose. We embedded 12
spheroids per treatment in the microTMA mold. The agarose mold
containing spheroids was dehydrated for a minimum of 12 h in 70 %
ethanol and the microTMA mold was processed to paraffin wax in a
tissue processor (Thermo Citadel 1000). Following wax embedding the
microTMA block was sectioned (we cut approximately 10 x 6 u M
sections per microTMA) using a microtome (Reichert Jung) onto glass
microscope slides. Parallel sections of the liver 3D microtissue micro-
TMAs were stained with H&E to facilitate histopathological
examination.

2.4. Assessment of liver 3D microtissuehistopathological changes and
cytotoxicity

Histopathological changes in the liver 3D microtissues were assessed
by examining x20 images of H&E stained sections of the spheroids
generated by tile scanning the entire H&E stained microTMA slide.
These images were reviewed by a board certified pathologist to assess
histopathological changes caused by the treatment.

ATP levels were measured in whole liver 3D microtissue spheroids
according to a previously published method [15].

2.5. RNA extraction and transplex labelling

RNA was extracted from 2 to 4 fixed rat or human liver 3D micro-
tissues from each treatment (2 replicates per treatment) using the Qia-
gen miRNeasy FFPE Kit and labelled using the Agilent SureTag DNA
labelling Kit according to previously published methods [15].

2.6. Microarray hybridisation and scanning

Cy3 labelled cDNA purified from the SureTag labelling was hybri-
dised on Agilent Rat or Human Whole genome microarrays in an Agilent
G2545A Hybridisation Oven according to previously published methods
[15]. The gene specific 60 mer oligonucleotide probes on the Agilent rat
and human whole genome arrays span conserved exons across the
transcripts of the targeted full-length genes. We chose microarray
analysis over q-PCR primarily so that we could efficiently perform whole
genome transcript profiling analysis which is impractical to perform
using q-PCR. This approach facilitated integration with global prote-
omics data thus facilitating corroboration of the differential RNA
expression data at the protein level. The microarrays were scanned on an
Agilent C scanner and Agilent Feature Extraction Software was used to
extract raw microarray data from TIFF image files. Raw microarray data
was normalised using a quantile algorithm and processed to Log2 fold
change data using R according to previously published methods [15].

2.7. Proteomic analysis

Proteins from rat and human liver 3D microtissues (23-30 spher-
oids/sample, 4 replicates per treatment) were extracted using the
Qproteome FFPE Tissue kit (QIAGEN), TMT labelled, and analysed on a
Fusion Orbitrap LC MS/MS to raw data according to previously
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published methods [15]. We used 4 x 96 well plates of rat and 4 x 96
well plates of human liver 3D microtissues for the proteomics analysis,
of which 2 plates per species were controls and 2 were PB treated. The
analysis was performed for control and PB 750 uM treated samples as we
had previously observed pronounced induction of CAR regulated phase
1 and phase 2 genes at this dose in the microarray analysis (see results
section below).

Protein abundances were measured from the normalised TMT re-
porter ion intensities. Peptide mapping was performed using Thermo
Proteome Discoverer software against global databases of rat and human
proteins.

2.8. Statistical analysis of transcriptomics and proteomics data

Log 2 Fold change values in the transcriptomics analysis were
calculated in R software using a linear model for microarray data
analysis (LIMMA), and Benjamini Hochberg multiple test correction was
applied to p values derived from the T test analysis to derive q values
[false discovery rate (FDR) adjusted p values] for these alterations.This
process was used to identify a list of differentially expressed genes (DEG
list), relative to control, for each of the treatments using a cut off point
for the g value derived from the LIMMA T test of ¢<0.05. Proteomics
data was analysed in Proteome Discoverer 2.1 and Microsoft Excel. Raw
intensity values for each peptide were normalised by taking the channel
(isobaric tag) in the 8 plex analysis with the highest total peptide
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abundance value and then correcting all the other channels by a con-
stant factor so that all channels had the same total abundance value.
These normalised values were then scaled for every peptide so that the
average of all channels had an intensity of 100 intensity units. A fold
change and p value were calculated from 4 replicate data points for each
treatment using t-test in Microsoft Excel.

2.9. UGT promoter analysis

A search of NCBI was performed for the various isoforms of rat and
human UGT genes to see if any of the promoter sequences had been fully
characterized in the literature. This literature was cross checked with
the experimentally validated promoters listed on the Eukaryotic Pro-
moter Database (https://epd.epfl.ch). For those isoforms for which
neither of these resources offered UGT promoter sequences, a 1000 base
pair sequence directly upstream of the UGT transcription start site was
taken from the Ensembl genome database (http://www.ensembl.org/i
ndex.html). We chose to examine this region of the UGT promoters
because historical data based on genome wide human ChIP-chip data
has shown that in general transcription factor binding is focused in a
region within 1000 bp of the transcription start site (TSS), [20].

Using experimentally-validated sequences for the CAR response el-
ements (CREs) [21], the promoter sequences obtained (as above) were
examined for the presence of CREs using Snapgene gene viewer
software.

Fig. 1. H&E histopathological analysis of rat
and human liver 3D microtissue microTMAs.

The liver microtissues were treated with
increasing concentration of phenobarbital (see

% % % % methods section). (A) H&E ‘maps’ of one
) 1; :; - example of the rat and human liver microtissue
= O b experiments; the microTMAs were ~90 % effi-
R L g cient in that greater than 90 % of all the
® o < spheroids in the 96 well plate are contained on
e & each section of the microTMA; (B) Enlarged
& (x25) H&E images of control and PB treated rat
®00 @ liver 3D microtissues and (C) Enlarged (x25)
5 S H&E images of control and PB treated human
@ @ @ liver 3D microtissues. Histopathological anal-
e g ® © 9O @ ysis revealed some vacuolation of hepatocytes

in both species in both control and PB treated
liver spheroids, however since there was the
expected phasel and phase 2 enzyme induction
and hepatocyte proliferation response to PB this
effect was not considered significant.
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2.10. Integration of rat and human proteomic and transcriptomic data

Processed transcriptomic and proteomic fold change data were in-
tegrated into a single Excel spreadsheet using an R script and uploaded
to IPA for bioinformatics analysis according to previously published
methods [15].

3. Results
3.1. Liver 3D microtissue histopathology and cell viability

Histopathological examination of H&E stained microTMA slides
from control and PB treated (500 u M, 750 u M, 1000 u M, 2000 u M) rat
and human liver 3D microtissues revealed some vacuolation of hepa-
tocytes in rat and human control and PB treated liver spheroids, Fig. 1.
The reasons for this vaculoation is unknown; however, the finding is not
considered of significance because their functional response to PB was
unaffected, as evidenced by the induction of CAR regulated genes at the
RNA and protein level (rat and human liver 3D microtissues), Table 1,
and the expected proliferative response of rat liver 3D microtissues to PB
treatment, indicating that the 3D liver microtissue model is suitable for
assessing human/rat species differences at this level (BrdU LI% data
previously published [15]). The levels of ATP in rat and human liver 3D
microtissues were also similar in both controls and in those treated with
PB (data previously published [15]).

Table 1

Toxicology Reports 8 (2021) 155-161
3.2. UGT promoter analysis

Promoter sequences obtained for all rat and human UGT1 and 2
isoforms were characterized to assess the presence or absence of CREs,
Table 1, Column 4. Within these sequences, CAR response elements
(CREs) were found in all human UGT isoform promoters (with the
exception of UGT2B7), whilst the rat promoter sequences showed a
smaller proportion of isoforms containing CREs, Table 1 Column 5. A
higher proportion of human UGT promoters were also found to contain
multiple CREs compared to the rat promoters Table 1, Column 6.

3.3. Species differences in UGT RNA induction

There was a marked species difference in PB treatment-mediated
Ugt2b10, Ugt2b17, Ugtla6 and Ugt2b37 RNA and/or protein induc-
tion between rat and human liver 3D microtissues both in terms of fold
change and temporality, Table 1, Fig. 2. Ugtla6, Ugt2b10 and Ugt2b17
RNA induction in rat liver 3D microtissues was dose-dependent at the 48
h/72 h time points, however the induction of these genes returned to
approximately control levels by 96 h, Fig. 2. The magnitude of UGT1A6
induction in human liver 3D microtissues was lower than in rat, Fig. 2.
UGT1A8, UGT2B4 and UGT2B10 were up-regulated relative to control
in human liver 3D microtissues compared to rat, where they were either
unchanged or only slightly induced, Fig. 2. Ugt2b7 and UGT2A3 RNA
levels were unaltered relative to control by PB treatment, Table 1.

Summary of bioinformatics, transcriptomics and proteomics data showing species differences (yellow highlights) between rat and human liver 3D microtissues at the

level of UGT promoters, RNA and protein induction.

1. Gene 2. 3. Upregulated 4. Study 5. Promoter 6. 7. CRE is 8. RNA 9. RNF P 10. RNF 11.Protein  12.

Name* Species by CAR/PXR Reference Characterisation Sequence AGGTCA Fold Val at 48 Q Val at Fold Protein
Activator in Method contains or Change at  h/PB3 48 h/ Change** Change P
Literature? CRE? AGTTCA? 48 h/PB3 PB3 Val**

UGT1A1 Human Yes - [26,27] Ensembl Yes Both NF NF NF ND ND
Upregulated

Ugtlal Rat Yes - [22,28] NCBI No NF NF NF 1.2 0
Upregulated

Ugtla2 Rat NA Ensembl Yes AGGTCA NF NF NF 1.14 0.29

UGT1A4 Human Yes - [28] EPD Yes AGTTCA NF NF NF 0.99 0.99
Upregulated

UGT1A6 Human  Yes - [28] EPD Yes AGTTCA 1.08 0.17 0.43 1.24 0.04
Upregulated

Ugtla6 Rat Yes - [7]1 Ensembl No 7.33 0.00001 0.001 ND ND
Upregulated

UGT1A8 Human NA EPD Yes AGGTCA 1.53 0.00001 0.0002 ND ND

Ugtla8 Rat Yes - [13] Ensembl No 0.88 0.28 0.57 ND ND
Upregulated

UGT1A9 Human Yes - [29] EPD Yes AGGTCA NF NF NF ND ND
Upregulated

Ugtla9 Rat NA NCBI No 1.25 0.03 0.15 1.37 0.2

UGT1A10 Human NA EPD Yes AGGTCA NF NF NF 1.43 0.01

UGT2A1 Human NA EPD Yes AGTTCA 0.98 0.65 0.85 ND ND

Ugt2al Rat Yes - [22] Ensembl Yes AGTTCA 0.97 0.74 0.89 ND ND
Upregulated

UGT2A3 Human NA EPD Yes AGTTCA 1.05 0.37 0.65 1.22 0.07

Ugt2a3 Rat NA EPD Yes Both NF NF NF ND ND

UGT2B4 Human NA EPD Yes AGGTCA 1.45 0.0001 0.002 1.61 0.01

Ugt2b4 Rat NA EPD Yes AGGTCA NF NF NF 1.15 0.14

UGT2B7 Human NA EPD No NF NF NF 1.46 0.07

Ugt2b7 Rat NA Ensembl Yes AGTTCA 1.09 0.30 0.59 ND ND

UGT2B10 Human NA EPD Yes AGGTCA 0.55 0.0001 0.002 ND ND

Ugt2b10 Rat NA Ensembl Yes AGTTCA 1.32 0.03 0.15 1.2 0.48

UGT2B11 Human NA EPD Yes AGGTCA 0.62 0.001 0.009 ND ND

UGT2B17 Human NA EPD Yes Both NF NF NF 1.13 0.47

Ugt2b17 Rat Yes - [22] EPD Yes AGTTCA 10.48 0.000001 0.001 1.97 0.002
Upregulated

UGT2B15 Human NA EPD Yes Both 1.00 0.93 0.97 2.25 0.01

Ugt2b37 Rat NA Ensembl Yes Both 2.62 0.00003 0.002 1.23 0.16

*A bold gene name indicates this gene has a direct rat equivalent (homolog). **Proteomics data obtained from 96 h at PB2 (750 u M) dose.
EPD = Eukaryotic promoter database: https://epd.epfl.ch//index.php. NA = no data available; NF = probe not found on the microarray; ND = not detected.
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Fig. 2. Effects of PB treatment over time on the induction (fold change) of UGT genes (RNA).

Histograms show fold change data (relative to control) derived from microarray analysis of control and PB-treated liver 3D microtissues. Results are mean fold
change values (n = 2).
(A) rat Ugtla8; (B) rat Ugtla6; (C) rat Ugt2b10; (D) rat Ugt2b17; (E) human UGT1AS; (F) human UGT1A6; (G) human UGT2B10; (H) human UGT2B4. * fold change
values significantly different from control (q<0.05). PB1 = phenobarbital 500 u M; PB2 = phenobarbital 750 u M; PB3 = phenobarbital 1000 u M.

3.4. Species differences in UGT protein induction

Ugt2b17 was upregulated at the protein level in rat but not in
human. UGT1A10, UGT2B4, UGT1A6 and UGT2B15 were upregulated
at the protein level in human but not in rat liver 3D microtissues,

Table 1.

4. Discussion

The finding that Ugtla6, Ugt2b17, Ugt2b37, UGT1A10, UGT2B4 and
UGT2B15 (RNA and/or protein) were differentially induced by PB
treatment in rats and humans suggests that UGT induction could
contribute to species differences in thyroid carcinogenesis observed with
this compound. Previous investigations have shown that rat hepatocytes
produce higher basal levels of thyroxine-glucuronide metabolites than
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human hepatocytes and PCB153, a phenobarbital-like PCB, induces T4G
metabolism (~2 fold) in rat but not in human hepatocytes [9]. Hence
historical data would suggest that rat hepatocytes are more inducible
than human hepatocytes with regards to T4 glucuronidation.

Rat and human Ugt2b17/UGT2B17 promoters were both found to
contain CREs. There were no probes for UGT2B17 on the human
expression microarray so we were unable to determine whether or not
this isoform was induced at the RNA level in human liver 3D micro-
tissues. However there was no change in the level of this isoform at the
protein level in human liver 3D microtissues indicating the species dif-
ference for the PB-mediated induction of this isoform was at the protein
level. Ugt2b17 was also induced in rat liver by a series of conazole
antifungal agents which are known CAR activators [22]. As UGT2B17
glucuronidates thyroxine, this difference could account in part, for dif-
ferences in thyroxine clearance observed previously between rat and
human hepatocytes [9] in response to exposure to CAR activators.

Ugtla6 was also markedly induced by PB in rat liver 3D microtissues
but only slightly induced in human liver 3D microtissues. The absence of
rat Ugtlab6 protein induction following PB treatment suggests that RNA
induction of this gene in rats is not translated to protein. UGT1A6 has
been found to metabolise thyroxine to a glucuronide conjugate [9] so
the present data suggests that species differences in the induction of this
isoform could also contribute to differences in thyroxine metabolism
caused by PB treatment.

Studies with recombinant UGT enzymes have shown that UGT2b17
has a higher activity for metabolising T4 than Ugt1A6 [23]. As the basal
level of Ugt2b17 in rat liver is higher than other Ugt isoforms (Vassel
and Klassen 2002), it is plausible that the effect of PB treatment on the
levels of T4 metabolism caused by induction of this isoform could be
more profound in rat compared to human hepatocytes. Hence the
greater effects of PB and other CAR activators at the level of thyroid
carcinogenesis could be partly explained by differential induction of
Ugt2b17.

As the induction of human UGTs 2B4 and 2B15 was of a lower
magnitude than observed for rat isoforms Ugt2b17 and 1a6, the human
UGT changes would likely contribute less to species differences in T4
metabolism than the rat UGT changes.

Our previous investigations have shown that rat and human liver 3D
microtissues respond to PB treatments at the level of phase 1 metabolic
enzyme induction and hepatocyte proliferation in a similar way to liver
in vivo and primary hepatocytes in vitro [15,24,25]. Hence as it appears
that liver 3D microtissues recapitulate in vivo responses to CAR acti-
vators, it is feasible to consider using these in vitro models for screen-
ing/risk reduction in compound selection for early key events in terms of
potential liver/thyroid carcinogenesis. As 3D cultures of primary hepa-
tocytes retain responsiveness to enzyme inducers for longer than 2D
hepatocytes, it is possible that liver 3D microtissues may provide a more
efficient screening model that better represents the in vivo situation [14,
25], and one that is more cost effective (InSphero online webinar:
https://insphero.com/science/digital-media/webinars/#dili). Process-
ing liver 3D microtissues within a microTMA offers the potential of
running multiple assays from a single experiment. By analysing parallel
sections it is possible to look at histological/phenotypic and genomic
endpoints [19].

In conclusion, we have found that differential induction of rat and
human UGT isoforms by the CAR activator PB could help to explain
species differences in susceptibility to thyroid carcinogenesis in response
to PB and other CAR activators. This approach offers the potential for
cross-species risk assessment of such compounds. The use of microTMA-
based assays can also be used to assess this pathway (AOP162 https://a
opwiki.org/aops/162) and other adverse outcome pathways (AOPs) in a
similar time frame, offering the potential for effective screening at early
stages in the discovery process, reducing later stage attrition rates.
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