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ABSTRACT

The human UDP-glycosyliransferase (UGT) gene superfamily gen-
erates 22 canonical transcripts coding for functional enzymes and
also produces nearly 150 variant UGT transcripts through alterna-
tive splicing and intergenic splicing. In the present study, our anal-
ysis of circRNA databases identified backsplicing events that
predicted 85 circRNAs from UGT genes, with 33, 11, and 19
circRNAs from UGT1A, UGT2B4, UGTS, respectively. Most of
these UGT circRNAs were reported by one database and had low
abundance in cell- or tissue-specific contexts. Using reverse-
transcriptase polymerase chain reaction with divergent primers
and cDNA samples from human tissues and cell lines, we found
13 circRNAs from four UGT genes: UGT1A (three), UGT2B7 (one),
UGT2B10 (one), and UGT8 (eight). Notably, all eight UGT8
circRNAs contain open reading frames that include the canonical
start AUG codon and encode variant proteins that all have the
common 274-amino acidN-terminal region of wild-type UGT8
protein. We further showed that one UGT8 circRNA (circ_UGT8-1)
was broadly expressed in human tissues and cell lines, resistant
to RNase R digestion, and predominately present in the cyto-
plasm. We cloned five UGT8 circRNAs into the Zinc finger with

KRAB and SCAN domains 1 vector and transfected them into
HEK293T cells. All these vectors produced both circRNAsand lin-
ear transcripts with varying circular/linear ratios (0.17-1.14).West-
ern blotting and mass spectrometry assays revealed that only
linear transcripts and not circRNAs were translated. In conclusion,
our findings of nearly 100 circRNAs greatly expand the complexity
and diversity of the UGT transcriptome; however, UGT circRNAs
are expressed at a very low level in specific cellular contexts, and
their biologic functions remain to be determined.

SIGNIFICANT STATEMENT

The human UGT gene transcriptome comprises 22 canonical
transcripts coding for functional enzymes and approximately
150 alternatively spliced and chimeric variant transcripts. The
present study identified nearly 100 circRNAs from UGT genes,
thus greatly expanding the complexity and diversity of the UGT
transcriptome. UGT circRNAs were expressed broadly in hu-
man tissues and cell lines; however, most showed very low
abundance in tissue- and cell-specific contexts, and therefore
their biological functions remain to be investigated.

Introduction

The human UDP-glycosyltransferase (UGT) superfamily
includes 22 functional enzymes that are divided into four
subfamilies (UGT1, 2, 3, 8) (Meech et al., 2019). The UGT1
(1A1, 1A3-1A10) and UGT2 (2A1, 2A2, 2A3, 2B4, 2B7, 2B10,
2B11, 2B15, 2B17, and 2B28) enzymes use UDP-glucuronic
acid to conjugate numerous endogenous and exogenous lipo-
philic compounds (e.g., steroid hormones, carcinogens, and
drugs), thus rendering them more water-soluble and facilitat-
ing their excretion (Mackenzie et al., 2005). These UGTSs are
highly expressed in drug metabolism-relevant tissues (liver,
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kidney, and intestine), reflecting their major role in systemic
drug metabolism and clearance (Hu et al., 2014a). We have
recently characterized the function of three other UGT en-
zymes (UGT3A1, UGT3A2, UGTS8) and showed that they use
alternative UDP-sugars to conjugate a variety of endogenous
and exogenous substrates (e.g., ursodeoxycholic acid, bile
acids, and ceramide) (MacKenzie et al., 2008, 2011; Meech et
al., 2015). Given their overall importance in drug metabolism
and signaling molecule homeostasis, UGT genes are tightly
regulated at transcriptional (Lu et al., 2005; Hu et al.,
2014a,b; Hu et al., 2015), splicing (Tourancheau et al., 2016;
Hu et al., 2018), post-transcriptional (Dluzen et al., 2014,
Margaillan et al., 2016; Papageorgiou et al., 2016; Papageor-
giou and Court, 2017; Wijayakumara et al., 2017), and post-
translational (Basu et al., 2005, 2008; Hu et al., 2019) levels.
Precursor mRNAs (pre-mRNAs) of protein-coding genes
undergo canonical forward splicing (often called cis-splicing)
that removes introns and joins exons in their genomic order

ABBREVIATIONS: aa, amino acid; BSJ, backsplicing junction; CIRC, circular RNA; CircP, circRNA-encoded protein; circRNA, circular RNA;
IRES, internal ribosome entry site; LinearP, linear RNA-encoded protein; MCS, multiple cloning site; ORF, open reading frame; PCR, polymer-
ase chain reaction; pre-mRNA, precursor mRNA; RT-PCR, reverse-transcriptase polymerase chain reaction; RT-gPCR, reverse-transcriptase
quantitative real-time polymerase chain reaction; TNBC, triple negative breast cancer; UGT, UDP-glycosyltransferase; ZKSCAN1, Zinc finger
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to generate linear RNA transcripts; however, thousands of
human protein-coding pre-mRNAs also undergo backsplicing
that produces circRNAs through the splicing of a downstream
donor splice site to an upstream acceptor splice site (Wilusz,
2018). circRNAs can be classified into three subgroups: exonic,
exonic/intronic, and intronic (Memczak et al., 2013). circRNAs
have a covalently closed loop structure and therefore lack a 5'-
Cap and a 3'-poly(A) tail. Hence, circRNAs are refractory to
exonucleases and more stable than linear transcripts. circRNA
biogenesis is tightly regulated by cis-elements and ¢rans-
acting factors (Wilusz, 2018). circRNA formation is frequently
mediated by base pairing between two inverted Alu elements
in flanking introns, which brings two splice sites into close
proximity (Jeck et al., 2013). Several trans-acting factors have
been reported to regulate circRNA synthesis, such as Quaking
(QKI) (Conn et al., 2015), Muscleblind (Ashwal-Fluss et al.,
2014), ADARI1 (adenosine deaminase acting on RNA) (Ivanov
et al., 2015),and DExH-Box helicase 9 (Aktas et al., 2017).
circRNAs may serve as sponges for miRNAs (e.g., ciRS-7, Sry,
circZNF91) (Hansen et al., 2013; Kristensen et al., 2018b) and
RNA-binding proteins (Abdelmohsen et al., 2017), or serve as
templates for protein synthesis, such as circFBXW7 (Yang et
al., 2018), circSHPRH (Zhang et al., 2018a), circPINT (Zhang
et al., 2018b), circMbl3 (Pamudurti et al., 2017), circf3-catenin
(Liang et al., 2019), and circZNF609 (Legnini et al., 2017).
However, the biologic function of most circRNAs remains
unknown.

In addition to 22 wild-type mRNAs, UGT genes generate
over 130 variant transcripts via alternative splicing (Girard
et al., 2007; Levesque et al., 2007; Tourancheau et al., 2016).
Briefly, the nine functional UGT1A enzymes are produced by
the splicing of unique first exons (exons 1) to a set of common
exons (exons 2-5) (Mackenzie et al., 2005). Alternative splic-
ing of exon 5b generates two sets of nine variant UGT1A pro-
teins (Fig. 1) (Girard et al., 2007; Levesque et al., 2007).
Similarly, the UGT2A family has three functional enzymes
(2A1, 2A2, 2A3), two of which, UGT2A1 and UGT2A2, are
produced by splicing of a unique exon 1 to a set of common
exons 2—6 (Mackenzie et al., 2005; Sneitz et al., 2009). The
skipping of exon 3 generates two variant proteins: UG-
T2A1_i2 (Bushey and Lazarus, 2012) and UGT2A2_i2 (Bush-
ey et al., 2013). Extensive alternative splicing of the seven
UGT2B family genes is also well characterized (Tourancheau
et al., 2016; Hu et al., 2019), including unusual intergenic
splicing of adjacent UGT genes generating chimeric tran-
scripts (Hu et al., 2018). Alternatively spliced transcripts
from the UGT3A and UGTS8 genes have also been reported
(Hu et al., 2019; Meech et al., 2015, 2019). Many of the re-
ported alternatively spliced and chimeric UGT transcripts
encode C-terminally truncated UGT proteins that have no
glucuronidation activity, but they can inhibit the activity of
wild-type UGT enzymes via protein-protein interactions (Bel-
lemare et al., 2010a,b; Bushey and Lazarus, 2012; Bushey et
al., 2013; Tourancheau et al., 2016; Hu et al., 2018). Howev-
er, whether circRNAs are generated from UGT genes re-
mains to be investigated.

In the present study, we provide bioinformatic and experi-
mental evidence for circRNAs generated from UGT genes.
Our analyses of circRNA databases identified backsplicing
events that predicted 85 circRNAs from UGT genes. Using
RT-PCR with divergent primers, we found 13 circRNAs in
human tissues and cell lines from four UGT genes: UGTIA,
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UGT2B7, UGT2B10, and UGTS8. We further assessed the ex-
pression profiles and coding and translational potential of
UGTS8 circRNAs. Our findings of nearly 100 circRNAs from
UGT genes greatly expand the complexity and diversity of
the UGT transcriptome.

Materials and Methods

Human Tissues and Cancer Cell Lines. Total RNA samples
from a panel of human tissues were purchased from Thermo Fisher
Scientific (Ambion brand; Waltham, MA). Human cancer cell lines
were purchased from American Type Culture Collection (Manassas,
VA) and maintained under media conditions recommended by Amer-
ican Type Culture Collection.

Discovery of UGT circRNAs from circRNA Databases. Pre-
vious bioinformatic analysis of large-scale RNA-seq data sets from
numerous normal and cancerous human tissues and cell lines has
led to the establishment of many publicly accessible circRNA data-
bases (Vromman et al., 2021). These circRNAs are predicted based
on backsplicing junctions (BSJ) detected by bioinformatic software,
such as CIRCexplorer2 (Zhang et al., 2016), MapSplice (Wang et al.,
2010), ACFS (You and Conrad, 2016), find_circ (Memczak et al.,
2013), DCC (Cheng et al., 2016), CIRI2 (Gao et al., 2018), and circ
RNA_finder (Westholm et al., 2014). Therefore, very few of these pre-
dicted circRNAs are experimentally verified, nor are their full-length
sequences determined. Hence, several circRNA databases name
circRNAs using only their BSJ genomic coordinates, such as CSCD
(Xia et al., 2018), TSCD (Xia et al., 2017), and CircRic (Ruan et al.,
2019b). Despite this, circRNA databases represent the primary re-
sources for preliminary analysis of circRNAs for genes of interest.

To find circRNAs from UGT genes, we searched nine frequently
used circRNA databases: MiOncoCirc (Vo et al., 2019), CircRic (Ruan
et al., 2019b), CircNet (Liu et al., 2016), exoRBase (Li et al., 2018), Cir-
cAtlas (Wu et al., 2020), TSCD (Xia et al., 2017), CSCD (Xia et al.,
2018), circBase (Glazar et al., 2014), and CIRCpedia (Dong et al.,
2018). As summarized in Supplemental Table 1, these databases pre-
dicted circRNAs through bicinformatic analyses of large-scale RNA-seq
data sets from major projects (e.g., Encyclopedia of DNA Elements, the
Cancer Cell line Encyclopedia, European Bioinformatics Institute), as
well as numerous independent NCBI (National Centre for Biotechnolo-
gy Information) Gene Expression Omnibus data sets. For example,
CircRic collected circRNAs from 935 Cancer Cell lines (Ruan et al.,
2019b), and MiOncoCirc collected circRNAs from more than 20 differ-
ent types of cancers (>2000 tumor samples) (Vo et al., 2019).

Most circular RNA databases provided a name and the BSJ geno-
mic coordinates for every circRNA. Some databases also provided the
BSJ reads for every circRNA and the tissues and cell lines in which
circRNAs were detected. There was no consensus on circRNA nomen-
clature among these databases. For consistency, we named each
UGT circRNA with the prefix (circ), the gene symbol, and a unique
number. The number was from one to the total number of circRNAs
found for that gene. The order of the numbers was assigned from the
5'- to the 3’-genomic location of the gene according to circRNA BSJ
genomic coordinates. All UGT circRNAs are named using this system
and listed in Supplemental Table 2.

RNA Preparation. Total RNA was extracted from cell lines using
TRIzol reagents according to the manufacturer’s protocol (Invitrogen/
Thermo Fisher Scientific, Carlsbad, CA). Nuclear and cytoplasmic
RNA samples were prepared from cell lines using the PARIS kit (Am-
bion, Carlsbad, CA) as previously reported (Errichelli et al., 2017,
Ruan et al., 2019a). RNase R treatment was conducted as previously
reported (Pandey et al., 2019) at 37°C for 30 minutes in a 20-ul reac-
tion containing 1x RNase R reaction buffer, 5 ng total RNA, 10 units
of RNase R (Epicentre), 20 units of RiboLock inhibitor (Thermo Scien-
tific), and 1 unit of DNase I (Thermo Scientific). RNase R-treated
RNA samples were then purified using RNeasy MinEluteCleanup kit
(QIAGEN) according to the manufacturer’s protocol.
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Fig. 1. circRNAs of the UGT1A gene identified by circRNA databases and RT-PCR with divergent primers. (A) A schematic diagram showing the
UGTIA gene structure and the locations and genomic coordinates (GRCh38/hg38) of 33 circRNAs identified from circRNA databases. The three
circRNAs found by divergent RT-PCR are highlighted in RED. (B) A schematic diagram showing the UGT1A1 gene, three sets of forward-spliced
linear transcripts (v1, v2, v3), and three backspliced circRNAs identified in HT-29 cells using RT-PCR with divergent primers (red arrows) target-
ing exon 3. The lengths (nt) of exons and introns of the UGT1A1 gene are given. Sequencing chromatograms show the backsplicing junctions (ge-
nomic coordinates, GRCh38/hg38) of the three circRNAs identified by divergent RT-PCR: A (E2/E3/E4), B (E3/E4), and C (E2/E3/E4/E5b-v/E5a-v).

A (Circ_UGTI1A-26)



Reverse Transcription. Reverse transcription was conducted
using Invitrogen reagents as previously reported (Hu et al., 2018).
Briefly, total RNA (1 ug) was treated with DNase I at room tempera-
ture for 15 minutes and then reverse-transcribed using random hex-
amer primers (50 ng) and Superscript III (50 units) at 50°C for 50
minutes in a 20-pl reaction containing 50 mM Tris-HCI (pH 8.0), 75
mM KCIl, and 3 mM MgCl,. The resulting cDNAs were diluted in 80
ul RNase-free HyO prior to polymerase chain reaction (PCR) or real-
time quantitative PCR.

Divergent RT-PCR and Cloning of the Resultant Ampli-
cons into the pCR Blunt Vector. We designed four pairs of diver-
gent primers targeting UGT'1A exon 3 (UGT1A E3-F/UGT1A E3-R),
UGT2B exon 3 (UGT2B E3-F/UGT2B E3-R), UGT8 exon 2 (UGT8
E2-F/UGT8 E2-R), or UGTS8 exons 2 and 5 (UGT8 E5-F/UGT8 E2-R)
(Supplemental Table 3). PCRs were conducted using cDNA samples
from human tissues or cell lines (as indicated) and Phusion High-Fi-
delity DNA polymerase (New England Biolabs Ltd., Hitchin, UK).
PCR products were verified on agarose gels (Supplemental Fig. 1),
purified using QIAquick PCR purification kit (QIAGEN, Hilden, Ger-
many), and cloned into the pCR Blunt vector using Zero Blunt PCR
cloning kit (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. Inserts were sequenced using primers M13F and
M13R (Thermo Fisher Scientific). The Supplemental Figs. 2—-14 show
the sequencing chromatograms of the clones representing 13 differ-
ent UGT circRNAs identified in the present study.

Quantitative Real-Time Polymerase Chain Reaction. Re-
verse-transcriptase quantitative real-time polymerase chain reaction
(RT-qPCR) was conducted using ¢cDNAs of human tissues and cell
lines and GoTaq qPCR master mix (Promega, Madison, WI) as previ-
ously reported (Hu et al., 2018). Briefly, we developed a standard cal-
ibration curve for each qPCR analysis using four serial 10-fold
dilutions containing known copy numbers (e.g., 6000, 600, 60, and 6)
of a plasmid carrying the amplicon. For quantification of circRNAs,
we prepared the calibration curves using the pCR Blunt vectors car-
rying the backsplicing junctions of the respective circRNAs. For
quantification of the linear transcripts generated from circRNA ex-
pression vectors (below), we prepared the calibration curves using
the respective circRNA expression vectors. The standard curves al-
lowed calculation of the absolute copy numbers of each transcript
(circRNA or linear RNA) in the experimental samples (Hu et al.,
2018). The primers for RT-qPCR are given in Supplemental Table 3.

Preparation of the ZKSCAN1 UGTS8 circRNA Expression
Vectors. The pcDNA3.1 (+) ZKSCAN1 multiple cloning site (MCS)
vector was reported to express circRNAs with high efficiency (Kramer
et al., 2015). This vector carries a 53-base pair MCS that is flanked by
inverted Alu elements from the human ZKSCAN1 gene for facilitating
circRNA synthesis. However, cloning through this MCS site introdu-
ces two or more restriction sites between the BSJ of the resultant
circRNAs, which alters the circRNA coding frame at the BSJ site. To
avoid this, we cloned UGT8 circRNAs into this vector using In-Fusion
technology. Briefly, we amplified the ZKSCAN1 vector with primers
that excluded the MCS site using the empty ZKSCAN1 MCS vector as
template (6701 base pairs) and the UGTS8 circRNA ¢cDNA sequence
from brain cDNA. The amplified vector and circRNA ¢cDNA were then
fused together using In-Fusion HD Cloning Kit (Takara Bio USA,
Inc., Mountain View, CA). Using this strategy, we prepared seven
ZKSCAN1 UGTS circRNA vectors for expressing circRNA B (CIRC B,
FLAG/CIRC B, FLAG/CIRC B/HA), circRNA C (CIRC C), circRNA D
(CIRC D), circRNA E (CIRC E), and circRNA F (CIRC F).

A FLAG epitope sequence (5'-GACTACAAAGACGATGACGA-
CAAG-3') was inserted in front of UGTS8 exon 1c in both FLAG/CIRC
B and FLAG/CIRC B/HA vectors, resulting in the in-frame fusion of
a C-terminal FLAG tag to the protein translated from circRNA B
(designated FLAG/CircP B, Fig. 6B). An HA epitope sequence (5'-
TACCCATACGATGTTCCAGATTACGCT TGA-3', stop codon under-
lined) was inserted in the FLAG/CIRC B/HA vector between the 21st
and 22nd nucleotides of the ZKSCAN1 donor splice signal sequence,
resulting in the in-frame fusion of a C-terminal HA-tag to the protein
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translated from the linear transcript (designated HA/LinearP B,
Fig. 6B).

The identities of all UGT8 circRNA expression vectors were con-
firmed by DNA sequencing. The sequences of the cloning primers are
provided in Supplemental Table 1. However, it is not possible in this
table to specify which primers were used for cloning specific circRNA
expression vectors. For clarity, we describe below the specific pairs of
primers for cloning individual expression vectors.

1. CIRC B: PCR of 1) vector (UGT8 E2/ZKSCAN1-F; ZKSCAN1/
UGTS8 Elc-R) and 2) CIRC (ZKSCAN1/UGTS Elc-F; UGT8 E2/
ZKSCAN1-R)

2. CIRC C: PCR of 1) vector (UGT8 E2/ZKSCAN1-F; ZKSCAN1/
UGTS Elc-R) and 2) CIRC (ZKSCAN1T/UGTS8 Elc-F; UGT8 E5/
ZKSCAN1-R)

3. CIRC D: PCR of 1) vector (UGT8 E2/ZKSCAN1-F; ZKSCAN1/
UGTS8 E2-R) and 2) CIRC D (ZKSCAN1/UG E2-F; UGT8 E5/
ZKSCAN1-R)

4. CIRC E: PCR of 1) vector (UGT8 E2/ZKSCAN1-F; ZKSCAN1/
UGTS8 E2-R) and 2) CIRC E (ZKSCAN1/UG E2-F; UGT8 E6/
ZKSCAN1-R)

5. CIRC F: PCR of 1) vector (UGT8 E2/ZKSCAN1-F; ZKSCAN1/
UGTS8 Elc-R) and 2) CIRC F (ZKSCANV/UG Elc-F; UGT8 E6/
ZKSCAN1-R)

6. FLAG/CIRC B: PCR of 1) vector (UGT8 E2/ZKSCAN1-F;
ZKSCAN1/FLAG/UGT8 Elc-R) and 2) CIRC (ZKSCANV/
FLAG/UGTS Elc-F; UGT8 E2/ZKSCAN1-R)

7. FLAG/CIRC B/HA: PCR of 1) vector (UGT8 E2/ZKSCAN1-F;
ZKSCAN1/FLAG/UGTS Elc-R) and 2) CIRC (ZKSCAN1/FLAG/
UGTS8 Elc-F; UGT8 E2/ZKSCAN1/HA-R)

Quantification of circRNAs and Linear Transcripts Gen-
erated from UGT8 circRNA Expression Vectors Using RT-
qPCR. HEK293T cells were plated into six-well plates at 50% conflu-
ence and incubated overnight. Cells were then transfected with 2 pg of
one ZKSCAN1 UGTS8 circRNA expression vector using Lipofect-
AMINE 2000. At 48 hours post-transfection, total RNA extraction and
RT-qPCR were conducted as described above. Supplemental Table 1
lists the primers for gPCR of 1) CIRC B (UGT8 E2-F/UGT8 Elc-R), 2)
CIRC C (UGT8 E5 qPCR-F/UGT8 Elc-R), 3) CIRC D (UGT8 E2
qPCR-R/UGT8 E5 qPCR-F), 4) CIRC E (UGT8 E2 qPCR-R/UGT8
E6-146 qPCR-F), and 5) CIRC F (UGT8 E146 qPCR-F/UGTS8 Elc-R);
Supplemental Table 1 also lists the primers for qPCR of the linear
transcripts generated from UGTS circRNA expression vectors, includ-
ing 1) CIRC B (UGT8 E2 qPCR-F/ZKSCAN1 qPCR-R), 2) CIRC C/D
(UGT8 E5 qPCR-F/ZKSCAN1 ¢PCR-R), and 3) CIRC E/F (UGT8
E6-146 qPCR F/ZKSCAN1 qPCR-R). The ZKSCAN1 qPCR-R primer
targets the vector sequence after the HA-tag.

Investigation of the Translational Potential of UGTS
circRNAs Using Western Blotting and Mass Spectrometry
Assays. HEK293T cells were transfected with UGT8 circRNA ex-
pression vectors as described above. At 48 hours post-transfection,
whole-cell lysates were prepared in radioimmunoprecipitation assay
buffer [50 mM Tris-HCl (pH 8.0), 1% NP40, 150 mM sodium chloride,
0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate]. Protein
concentrations were measured using the Bradford Protein Assay
(Bio-Rad, Gladesville, NSW, Australia). In total, 35 pg of protein of
each whole-cell lysate was run on SDS-polyacrylamide gels (10%)
and transferred to nitrocellulose membranes. Membranes were incu-
bated with a primary antibody and then with a horseradish peroxi-
dase—conjugated donkey anti-rabbit (or goat anti-mouse) secondary
antibody (NeoMarkers; Fremont, CA). Immunosignals were imaged
using the SuperSignalWest Pico Chemiluminescent kit (Thermo
Fisher Scientific) and an ImageQuant LAS 4000 luminescent image
analyzer (GE Healthcare, Chalfont St. Giles, UK). Three primary
antibodies were rabbit anti-UGTS8 (17982-1-AP; ProteinTech), mouse
anti-FLAG (F1804; Sigma), and rabbit anti-HA (H6908; Sigma).

For mass spectrometry assays, the gel piece containing the protein
was excised from the gel, and the resultant proteins were digested
using trypsin (Sigma) or elastase (Sigma) and then subjected to mass
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spectrometry analysis using the Orbitrap Exploris 480 Mass Spec-
trometer (ThermoFisher Scientific). Data analysis was conducted us-
ing Peaks Studio 10.5 (build 202000219) (Bioinformatics Solutions
Inc, Waterloo, ON, Canada).

Cloning of UGT8 CIRC D into pGL3 Luciferase Reporter
and Luciferase Assays. The UGT8 CIRC D (exons 2-5, 1264 nt) se-
quence was amplified from HT-29 ¢DNA using forward (5 TGAGTCTAG
ACTATGAAGTCTTACACTC3') and reverse (5GCAGTCTAGACTGG
GATTATTGATAACCTS') primers and cloned downstream of the pGL3
reporter (Promega) via the Xbal site. miRNA mimics corresponding to
miR-214-3p, miR-761, miR-3619-5p, and a negative control mimic were
purchased from Shanghai GenePharma (Shanghai, China). Luciferase
assays were performed in the breast cancer MDA-453 cell line as previ-
ously reported (Wijayakumara et al., 2015). Briefly, cells were plated in
96-well plates at 60% confluency in RPMI media containing 5% fetal bo-
vine serum. After overnight culture, cells were transfected in triplicate
with 100 ng of a luciferase reporter (either pGL3/CIRC D vector or empty
pGL3 vector), 5 ng of the control pRL-null vector, and miRNA mimics at
30 nM or the negative control miRNA. At 48 hours after transfection,
cells were assayed for firefly and Renilla luciferase activities using the
Dual-Luciferase Reporter Assay System (Promega) according to the man-
ufacturer’s instructions. The firefly luciferase activity was normalized
first to the Renilla activity and then to that of cells transfected with the
empty pGL3 vector, and finally presented relative to that of cells trans-
fected with the negative control miRNA (set as a value of 100%).

Statistical Analysis. Statistical analysis was conducted by one-
way analysis of variance with the Tukey’s multiple comparison tests
or two-way analysis of variance with Bonferroni’s multiple compari-
son tests when appropriate using GraphPad Prism 8.0 software
(GraphPad Inc., La Jolla, CA). A P value of less than 0.05 was con-
sidered statistically significant. According to recently published
guidelines for displaying data and reporting data analysis and statis-
tical methods in experimental biology (Michel et al., 2020), the find-
ings reported in Figs. 4 and 5C and Supplemental Fig. 19B are all
considered exploratory.

Results

circRNAs of UGT Genes Predicted Based on the
Backsplicing Events from circRNA Databases. The hu-
man UGT gene superfamily has thirteen genes (UGTI1A,
2A1/2A2, 2A3, 2B4, 2B7, 2B10, 2B11, 2B15, 2B17, 2B28,
3A1, 3A2, and UGTS8) that produce 22 canonical mRNAs en-
coding functional enzymes (Meech et al., 2019). Our analyses
of nine circRNA databases (Supplemental Table 1) identified
85 circRNAs that were derived from all UGT genes except for
UGT2B28 (Supplemental Table 2). Three UGT genes
(UGT1A, UGT2B4, UGTS8) generated the highest number
(33, 11, 19, respectively) of circRNAs. All UGT circRNAs are
schematically presented in Figs. 1 and 2 and Supplemental
Figs. 15 and 16. UGT circRNAs were detected in a wide
range of human normal and cancerous tissues and cell lines;
however, most of them were reported by only a single circ
RNA database in tissue- and cell line—specific contexts with
very low BSJ reads (Supplemental Table 2). Only six circ
RNAs were reported by two or more databases—namely, cir-
¢_UGT1A-28 (CSCD, TSCD, CIRCpedia v2, MiOncoCirc,
exoRBase), circ UGT1A-31 (CSCD, CIRCpedia v2), cir-
¢_UGTS8-1 (circbase, CIRCpedia v2, exoRBase), circ UGT8-7
(TSCD, CIRCpedia v2, MiOncCirc 2), circ_UGTS8-14 (circAtlas
v2, MiOncCirc 2), and circUGT8-19 (Circbase, CIRCpedia v2)
(Supplemental Table 2). For example, circ_UGT8-7 (CIRC D)
was detected in normal tissues (stomach, intestine) and a vari-
ety of cancers (BRCA, CHOL, ESCA, HNSC, KDNY, OV,
PAAD, PRAD, SECR).

UGT circRNAs can be classified into exonic, exonic/intronic,
and intronic circRNAs, with exonic circRNAs being the most
common form. Most exonic circRNAs were generated through
the backsplicing of canonical donor/acceptor splice sites and
contained one or more canonical exons, including a single exon
(e.g., A1-27, 2A3-5, 2B10-2, 2B15-2, UGTS8-4), two exons (e.g.,
1A-28, 2B4-3, 2B4-7, UGTS-1), three exons (e.g., 1A-26, 2B4-4,
UGTS8-6, UGT8-14), or four exons (e.g., 2B4-5, 2B10-3). How-
ever, cryptic donor/acceptor splice sites within exons were also
frequently involved in backsplicing, leading to production of
exonic circRNAs that contain partial exon sequence (e.g., 1A-
29, 2B4-1, 2B7-2, 2B4-8, UGT8-15, UGT8-18). Intronic circ
RNAs were all generated via cryptic splice sites within in-
trons. Approximately 99% of exons in human protein-coding
genes bear the conserved dinucleotide AG and dinucleotide GT
at their acceptor and donor splice sites, respectively (Burset et
al., 2000). Most cryptic acceptor/donor splice sites for UGT
circRNA formation conform to this AG/GT rule, supporting an
authentic backsplicing origin. For example, UGT1A6 exon 1
was involved in the formation of five circRNAs (UGT1A-4, -5,
-6, -7, -8, Fig. 1A) that used cryptic splice sites within exonic
and adjacent intronic sequences that all conformed to the AG/
GT rule (Supplemental Fig. 17A). Alternative backsplicing
was observed for many UGT genes in which a donor/acceptor
splice site was involved in forming multiple different circ
RNAs, such as UGT1A (E2, E3), UGT2B4 (E2, E3, E4), and
UGTS8 (Elc, E2, E5). Collectively, circRNA databases reported
a large number of UGT circRNAs with diverse exon struc-
tures. To independently verify some of these circRNAs and po-
tentially identify new circRNAs, we performed divergent
RT-PCR using primers targeting UGT genes as described
below.

Discovery of circRNAs from the UGT1A Gene Using
RT-PCR with Divergent Primers Targeting Exon 3.
Six UGT1A circRNAs (1A-26, -27, -28, -29, -30, -31, -33) re-
ported in databases contained exon 3 (Fig. 1A), two (1A-28,
-30) of which were detected in normal kidney and colorectal
cancer HT-29 cells (Supplemental Table 2). To validate these
circRNAs, we performed RT-PCR with divergent primers
(UGT1A E3-F/UGT1A E3-R) targeting exon 3. Multiple simi-
lar amplicons were obtained from kidney and HT-29 cells, as
well as two other tissues (brain, colon) (Supplemental Fig.
1A). Cloning and sequencing of the amplicons from HT-29
cells revealed BSJs representing three different circular
RNAs (Supplemental Figs. 2—4). circRNA A (circ_UGT1A-26)
contained three exons (E2/E3/E4) and was previously re-
ported in bladder cancer by MiOncoCirc; circRNA B
(circ_UGT1A-28) contained two exons (E3/E4) and was previ-
ously reported in various tissues and cell lines by four
circRNA databases (Supplemental Table 2). circRNA C
(circ_UGT1A-33) contained five exons (E2/E3/E4/E5b-v/
E5a-v) and was not previously reported by any circRNA data-
base. Within circRNA C, the first 317 nt (termed E5a-v) of ca-
nonical exon Eb5a (1,044-nt) was backspliced to the exon 2
acceptor splice site via a cryptic donor splice site. The
UGTIA gene generates three sets of nine transcripts (v1, v2,
v3) through forward splicing (cis-splicing) (Fig. 1B) (Girard et
al., 2007; Levesque et al., 2007). The classic v1 transcripts
have E5a (1,038 nt) as the terminal exon; v2 transcripts have
E5b (2,185-nt) replacing E5a; v3 transcripts have the first
134-nt of exon E5b (termed E5b-v hereafter) spliced between
exons E4 and E5a. Like the forward-spliced v3 transcripts,
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Fig. 2. circRNAs of UGT2B7 and UGT2BI0 identified by circRNA databases and RT-PCR with divergent primers. (A and B) Two UGT2B7
circRNAs (A) and three UGT2B10 circRNAs (B) were identified in circRNA databases. One UGT2B7 circRNA containing exons 2-3 (A) and one
UGT2B10 circRNA containing exon 3 (B) were found in liver cDNA using RT-PCR with divergent primers (red arrows) targeting exon 3. Sequencing
chromatograms show the backsplicing junctions (genomic coordinates, GRCh38/hg38) of these two circRNAs.

circRNA C uses the same cryptic donor splice site to fuse
E5a-v and E5b-v that all conform to the AG/GT rule
(Supplemental Figs. 17, B and C).

Discovery of circRNAs from the UGT2B Genes Using
RT-PCR with Divergent Primers Targeting Exon 3. As
all seven UGT2B genes (2B4, 2B7, 2B10, 2B11, 2B15, 2B17,
2B28) have six exons with high sequence similarity, we per-
formed RT-PCR using pan-UGT2B divergent primers targeting
exon 2, exon 3, or exon 4. Most UGT2B circRNAs reported by
circRNA databases were detected in liver (Supplemental Table
2). PCR of liver cDNA samples with divergent primers (UGT2B
E3-R/UGT2B E3-F) targeting UGT2B exon 3 produced amplicons
that appeared as a faint smear on agarose gels (data not shown).
Cloning and sequencing of the PCR products identified BSJs rep-
resenting two different circular RNAs (Supplemental Figs. 5 and
6). One circRNA (circ_UGT2B10-2) contained UGT2B10 exon 3,
and it was previously detected in liver by CircPdia (Fig. 2B;
Supplemental Table 2). The other circRNA (circ. UGT2B7-3) con-
tained UGT2B7 exons 2-3 (Fig. 2A) and was not previously re-
ported by any circRNA database.

Discovery of circRNAs from the UGT8 Gene Using
RT-PCR with Divergent Primers Targeting Exons 2
and 5. Of the 19 UGTS circRNAs reported by circRNA data-
bases, eight (UGTS8-1, -2, -3, -4, -5, -6, -7, -8) contained exon
2, and seven contained exon 5 (UGTS8-5, -7, -8, -14, -15, -16,
-18) (Supplemental Fig. 15). Many of these circRNAs were
detected in the brain (Supplemental Table 2), consistent with
high UGT8 mRNA expression in this tissue (Hu et al., 2019).

RT-PCR was performed using divergent primers targeting
exon 2 (UGT8 E2-R/UGT8 E2-F) or exons 2 and 5 (UGT8
E2-R/UGT8 E5-F) (Fig. 3A). Multiple amplicons were ob-
tained from brain cDNA; however, similar but less abundant
amplicons were also generated from kidney ¢cDNA but not
from HT-29 ¢cDNA (Supplemental Fig. 1, B and C). The PCR
products from brain cDNA were cloned and sequenced, iden-
tifying BSJs representing eight different circular RNAs (Fig.
3; Supplemental Figs. 7-14).

circRNA A and B were detected by the primers targeting exon
2. circRNA B (circ. UGT8-1), comprising Elc and E2, was re-
ported by four circRNA databases (Supplemental Table 2). circR-
NA A (circ_UGT8-20) contained three exons (1c, 1d, 2), and it
was not previously reported by any circRNA database. Both
circRNA A and B had the same backsplicing junction (E2/E1c),
but circRNA B contained an additional exon (1d), indicating al-
ternative splicing (Fig. 3B). Of the six circRNAs (C-H) detected
by the primers targeting exon 2/exon 5, two (D, E) were previous-
ly reported by circRNA databases (Supplemental Table 2).
circRNAs D (circ. UGT8-7) and E (circ UGT8-8) contained exons
2-5, but circRNA E had an additional exon (6v) (Fig. 3B).
circRNAs C (circ_UGT8-21), F (circ UGT8-22), and G (cir-
¢_UGT8-23) all had the same five exons (1¢/2/3/4/5); however,
circRNA F also had exon 6v, whereas circRNA G contained three
additional exons (6v/6a/6b) (Fig. 3B). circRNA H (circ_UGTS8-24)
contained seven exons (2/3/4/5/6v/6a/6d). Four UGT8 exons (lc,
2, 5, 6v) showed alternative backsplicing, with the exon 1c in-
volved in forming five circRNAs (A, B, C, F, G) (Fig. 3A).
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Fig. 3. circRNAs of the UGTS8 gene identified by RT-PCR with divergent primers. (A) A schematic diagram showing the exon/intron structure of
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by a single clone). However, three UGTS8 circRNAs (B, D, F)
were observed repeatedly by multiple clones with the same
BSJs, thus suggesting relatively high abundance. circRNA B
(CIRC B) was also previously reported by four databases
(Supplemental Table 2). Therefore, we performed RT-qPCR to

Expression Profile, Cellular Localization, and RN-
ase R Resistance of UGTS8 circRNA B (CIRC B). Most
UGT circRNAs from databases were detected by very low BSJ
reads; similarly, most circRNAs that we identified by diver-
gent PCR, cloning, and sequencing were rare (e.g., represented
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assess the CIRC B expression profiles in 22 human tissues
and 22 human cancer cell lines (Fig. 4). CIRC B was detected
in all tissues except for the placental, with the highest expres-
sion in stomach, kidney, colon, intestine, thyroid, and brain
(Fig. 4A). CIRC B was also found in 14 cell lines, with the
highest levels in Caco-2, HEK293T, U118, HK-2, HT-29, and
VCaP (Fig. 4B). The expression ratio of the CIRC B to the ca-
nonical UGT8 mRNA (CIRC B/UGT8 mRNA) was less than
5% in cell lines (Fig. 4D) but was relatively higher in tissues,
with the highest ratio (nearly 60%) observed in the thyroid
(Fig. 4C).

Linear mRNAs are degraded by exonucleases such as RNase
R, whereas circRNAs are resistant because of their covalently
closed loop structure (Wilusz, 2018). RNase R treatment signifi-
cantly reduced linear UGT8 mRNA levels in RNA samples from
brain and cell lines (Caco-2, HEK293T, U118, HT-29, VCaP)
(Fig. 4F); however, circRNA B levels remained unchanged in
RNA samples from four cell lines (Caco-2, HEK293T, U118, HT-
29) and was significantly increased in RNA samples from VCaP
cells and brain (Fig. 4G). DNA sequencing verified that the RT-
gPCR amplicons from RNase R-treated samples had the CIRC
B BSJ (Supplemental Fig. 18).

The cellular location of circRNAs is proposed to relate to bi-
ologic function. Cytoplasmic circRNAs may serve as transla-
tion templates or miRNA sponges, whereas nuclear circRNAs
could be involved in transcription regulation (Wilusz, 2018).
Using the PARIS kit, we prepared cytoplasmic and nuclear
RNA samples from four cell lines (HEK293T, HT-29, U118,
VCaP) with the highest CIRC B expression (Fig. 4B) and per-
formed RT-qPCR to quantify CIRC B. CIRC B was detected
in the cytoplasm but not the nucleus in U118 and VCaP cells,
and CIRC B levels were significantly higher in the cytoplasm
than in the nucleus in HEK293T and HT-29 cells (Fig. 4E).
The localization of UGTS circRNAs to the cytoplasm suggests
possible roles in miRNA sponging or translation that were in-
vestigated as described below.

The Expression Correlation between UGT8 CIRC B
and Wild-Type UGT8 mRNA in Human Tissues and
Cell lines. Of the assayed 44 human tissues and cell lines
(Figs. 4, A and B), 27 expressed both UGT8 CIRC B and wild-
type UGT8 mRNA. Correlation analysis showed that the expres-
sion of CIRC B and UGT8 mRNA was positively correlated in
these samples (Fig. 4H). UGTS is reported to attenuate the sul-
fatide-«V5 axis and thus suppress tumor progression in basal-
like breast cancer, including triple negative breast cancers
(TNBC) (negative for estrogen receptor, progesterone receptor,
human epidermal growth factor receptor 2) (Cao et al., 2018).
Our preliminary screening of 44 breast cancer tumors showed
that higher expression of both UGT8 mRNA and CIRC B in
TNBC compared with other types of breast cancers (data not
shown). This positive correlation between UGT8 CIRC B and
UGT8 mRNA was in contrast to previous reports that the ex-
pression of circRNAs and their cognate linear mRNAs are either
uncorrelated (Barrett and Salzman, 2016; Kristensen et al.,
2018a,b) or negatively correlated (Ashwal-Fluss et al., 2014).
This positive correlation of CIRC B with UGT8 mRNA suggests
that it might serve as a biomarker for UGT8 expression.

The ZKSCAN1 UGTS Expression Vectors Expressed
Both circRNAs and Linear Transcripts. Plasmids de-
signed to express circRNAs generally produce both back-
spliced circRNAs and unbackspliced linear transcripts
(Kramer et al., 2015). We used the ZKSCAN1 plasmid, which
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is reported to produce a high circular/linear RNA expression
ratio (Kramer et al., 2015), to prepare seven vectors express-
ing five UGTS8 circRNAs: B (CIRC B, FLAG/CIRC B, FLAG/
CIRC B/HA), C (CIRC C), D (CIRC D), E (CIRC E), and F
(CIRC F), as described in Materials and Methods. We trans-
fected these vectors into HEK293T cells and performed
RT-qPCR to quantify both circRNAs and linear transcripts.
All seven vectors generated linear transcripts (Fig. 5B), but
only five vectors produced expected circRNAs (CIRC B,
FLAG/CIRC B, FLAG/CIRC B/HA, CIRC C, CIRC D) (Fig.
5A). The nonspecific PCR products with larger sizes than the
expected circRNAs (Fig. 5A, lanes 1, 2, 3, 5, 9 11) might rep-
resent other unexpected cryptic backsplicing events as previ-
ously reported (Starke et al., 2015; Pamudurti et al., 2017).
The vector CIRC D had the highest circular/linear RNA ex-
pression ratio (1.14); the four other vectors (CIRC B, FLAG/
CIRC B, FLAG/CIRC B/HA, CIRC C) had significantly re-
duced ratios (0.17-0.41) (Fig. 5C).

The Coding and Translational Potential of UGTS8
circRNAs. The UGTS8 gene codes for a 541-aa protein with a
start AUG codon in exon 2 and a stop UGA codon in exon 6
(Fig. 6A). Exon 2 (824 nt) encodes the UGT8 274-aa N-termi-
nal region. All eight UGT8 circRNAs (A-H) contain ORF's
that include exon 2, and they are predicted to encode a series
of variant UGTS8 proteins (CircPs) of varying sizes that all in-
clude the 274-aa N-terminal domain. Predicted CircPs A (274
aa), B (274 aa), G (469 aa), H (469 aa) would all share the
common 274-aa N-terminal region. Three CircPs [C (432 aa),
D (451 aa), and F (535 aa)] would share a common 420-aa N-
terminal region (encoded by exons 2-5) with specific C-termi-
nal peptides [C (12 aa), D (31 aa), F (115 aa)]. circRNA E
(1410 nt) contains an infinite ORF without a stop codon and
thus could potentially generate a concatemer (470 aa per
monomer) through rolling cycle translation (Abe et al., 2015;
Mo et al., 2019). Translatable circRNAs often have an inter-
nal ribosome entry site (IRES) motif for translation initiation
(Lei et al., 2020). As shown in Fig. 6A, exon 1lc¢, which is up-
stream of the start codon in five UGTS8 circRNAs (A, B, C, F,
G), has two reported functional IRES motifs [(5’-UUCCUUU-
3') and (5'-UAUCCAG-3')] (Nicholson et al., 1991; Weingart-
en-Gabbay et al., 2016). Based on these observations, we as-
sessed the translational potential of UGT8 circRNAs using
CIRC B (which includes the exon 1c IRES motifs) and CIRC D
(which lacks these IRES motifs) as described below.

We prepared three ZKSCAN1 CIRC B expression vectors
to express the predicted CircP B in either an untagged (CIRC
B, 274 aa) or FLAG-tagged CircP B (FLAG/CIRC B, FLAG/
CIRC B/HA, 282 aa) form. The FLAG/CIRC B/HA vector was
also predicted to express HA-tagged LinearP B (290 aa) from
the linear transcript (Fig. 6B) as described in Materials and
Methods. We transfected these three vectors in HEK293T
cells and performed Western Blotting assays using an anti-
FLAG or anti-HA antibody. As shown in Fig. 6C (left panel),
FLAG-tagged CircP B was not observed in HEK293T cells
transfected with any of the three vectors: CIRC B (lanes
4-5), FLAG/CIRC B (lanes 6-7), FLAG/CIRC B/HA (lanes
8-11); for positive control, HEK293T cells transfected with
the FLAG-UGT2B15 vector produced the expected FLAG-
tagged protein (50 kDa) (lane 2). By contrast, the HA-tagged
LinearP B (29 kDa) was observed in HEK293T cells trans-
fected with the FLAG/CIRC B/HA vector (lanes 8-10).
This HA-tagged protein was not seen in HEK293T cells
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Fig. 4. Expression profile, cellular location, and RNase R resistance of UGT CIRC B. (A-D) RT-qPCR analysis of 22 human normal tissues (A) and 22
cancer cell lines (B) shows broad expression of UGT8 CIRC B. The CIRC B expression levels are presented as the CIRC B copies per 10° copies of 18S
rRNA (A and B) or are presented relative to those of the canonical UGT8 mRNA (set as a value of 100%) (C and D). Data are the means + 1 S.D. from
three independent experiments. (F and G) RT-qPCR analysis of UGT8 mRNA and CIRC B in RNA samples with or without RNase R treatment. The ex-
pression levels of UGT8 mRNA (F) and CIRC B (G) in the RNase R-treated RNA samples are presented relative to those (set as a value of 100%) in
RNA samples without RNase R treatment. Data are the means + 1 S.D. from three independent experiments. (E) RT-qPCR analysis of CIRC B in cyto-
plasmic RNA and nuclear RNA fractions. Cytoplasmic RNA and nuclear RNA were extracted from cell lines as described in Materials and Methods. The



transfected with any other vector (lanes 1-2, 4-7) or in
HEK293T cells transfected with an empty ZKSCAN1 vector
(lane 3) or untransfected (lane 12). Taken together, these
data strongly suggested that proteins can be translated from
the linear transcripts that are produced by the CIRC B
ZKSCAN1 vector, but not from the circRNAs.

The CIRC D vector generated both circRNA (CIRC D) and
linear transcripts, but with a significantly higher circular/lin-
ear RNA expression ratio than the CIRC B vectors (Fig. 5, A
and B). The CIRC D circRNA and linear transcripts were
predicted to encode CircP D (451 aa) and LinearP D (421 aa),
respectively (Fig. 7A). Both CircP D and LinearP D contain
the common 420-aa N-terminal region (encoded by exons
2-5). HEK293T cells were transfected with the CIRC D vec-
tor or the empty ZKSCANT1 vector and analyzed by Western
blotting assays with an anti-UGT8 antibody that recognizes
the common region of CircP D and LinearP D. Proteins with
molecular masses of about 42-45 kDa were detected only in
cells transfected with the CIRC D vector (Fig. 7B, lane 2),
consistent with the translation of either CircP D (451 aa) or
LinearP D (421 aa). The endogenously expressed UGTS8 pro-
tein (about 51 kDa) was detected in both transfected cells
(lanes 1-2). The gel piece containing putative CircP D and/or
LinearP D proteins was excised, digested with trypsin or elas-
tase, and analyzed by mass spectrometry as described in Mate-
rials and Methods. Eight peptides were detected in trypsin-
digested samples (GHHTVFLLSEGR, DIAPSNHYSLQR,
NTGVYLISR, GMGILLEWK, YLSEDIANK, YNILPEK,
MNLLQR, ELYEALVK), and three peptides were detected in
elastase-digested samples (SFLVLPK, YNLLPEKS, SPLPE
DLQR). All eleven peptides were derived from the common N-
terminal region of CircP D and LinearP D. No peptides were
identified that were derived from the CircP D—specific 31-aa C-
terminal region, suggesting that the protein observed on im-
munoblots was translated from the linear transcript and not
the circRNA.

Alu Elements in the UGT8 Gene and Their Poten-
tial for circRNA Biogenesis. circRNA formation is often
mediated by complementary inverted Alu pairs flanking the
circularized exons (Jeck et al., 2013). Using RepeatMasker
(Chen, 2004; Tarailo-Graovac and Chen, 2009), 20 Alu ele-
ments were identified in UGTS introns (Fig. 8). The AluSg in
intron 1b has 70%—-83% similarity to nine downstream in-
verted Alu elements that are present in intron 2 (AluSz,
AluY, AluSx1, AluY), intron 6a (AluSx, AluSz), intron 6¢
(Aludr), and intron 6d (AluYb9, AluSp). Five circRNAs (A, B,
C, F, G) (Fig. 5) used the exon 1c splice acceptor site, and
three others (D, E, H) used the exon 2 acceptor splice site.
The AluSg is the only Alu element located upstream of exon
1lc and exon 2, suggesting that the alternative formation of
complementary inverted Alu pairs between AluSg and nine
downstream Alu elements might be involved in UGTS8 circR-
NA biogenesis. However, which of the downstream Alu ele-
ments forms a complementary inverted Alu pair with the
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AluSg in the formation of a specific circRNA remains to be
determined.

The miRNA-Sponging Potential of UGTS8 circRNAs.
circRNAs with many binding sites for a single miRNA have
been reported to act as miRNA sponges, includingciRS-7, Sry,
and circZNF91 (Hansen et al., 2013; Kristensen et al., 2018b).
Using UGTS circular RNAs as examples, we assessed whether
UGT circRNAs might act as miRNA sponges. Custom analysis
using miRDB (http:/mirdb.org) (Chen and Wang, 2020) identi-
fied potential miRNA binding sites in six (Elc, E2, E3, E5,
E6v, E6b) of the 10 exons that are present within UGTS circR-
NAs (Supplemental Fig. 19A). Exon 2 (824 nt), which is pre-
sent within all eight circRNAs, has predicted binding sites for
44 miRNAs. Most of these miRNAs have a single binding site;
however, three miRNAs (miR-214-3p, miR-761, miR-3619-5p)
that share the same seed sequence (5'cagcagg3d’) each have
three predicted seed binding sites (5'ccugcug3’) in exon 2.

To test the binding of these miRNAs to UGTS8 circRNAs,
we generated a luciferase reporter in which the UGT8 CIRC
D sequence (exons 2-5, 1264 nt) was inserted downstream of
the luciferase gene in the pGL3 vector. Breast cancer MDA-
MB-453 cells were cotransfected with the pGL3/CIRC D re-
porter vector and mimics corresponding to miR-214-3p, miR-
761, miR-3619-5p, or a negative control miRNA. Both miR-
214-3p and miR-3619-5p mimics significantly reduced the ac-
tivity of the pGL3/CIRC D reporter, with miR-214-3p having
the largest effect (Supplemental Fig. 19B). We also examined
previously published PARCLIP data to determine whether
Argonaute proteins, core components of (mi)RNA-induced si-
lencing complexes, bind to the exon 2 region of UGTS8 tran-
scripts. Argonaute proteins were reported to bind to UGT8
exon 2 within the region spanning the three predicted
miR-214-3p binding sites (data not shown) (Kishore et al.,
2011; Memczak et al., 2013). Based on these findings and the
fact that all eight UGTS circRNAs contain exon 2, we hypoth-
esize that they may jointly sponge same miRNAs (e.g.,
miR-214-3p). This hypothesis awaits further investigation.

Discussion

The UGT transcriptome comprises of 22 canonical tran-
scripts coding for functional enzymes and approximately 150
alternatively spliced and chimeric variant transcripts (Girard
et al., 2007; Levesque et al., 2007; Bushey and Lazarus, 2012;
Bushey et al., 2013; Tourancheau et al., 2016; Hu et al., 2018,
2019). The present study identified 85 UGT circRNAs from
circRNA databases and 13 UGT circRNAs using divergent
RT-PCR (including seven not reported by circRNA databases),
thus greatly expanding the complexity and diversity of the
UGT transcriptome. UGT circRNAs were detected in a wide
range of human normal and cancerous tissues and cell lines;
however, most of them were expressed at very low levels in
tissue- and cell-specific contexts. Many alternatively spliced
(Bellemare et al., 2010a,b; Bushey and Lazarus, 2012; Bushey
et al., 2013; Tourancheau et al., 2016) and chimeric UGT

CIRC B expression levels in nuclear RNA samples are presented relative to those in corresponding cytoplasmic RNA samples (set as a value of 100%).
Data are the means + 1 S.D. from three independent experiments. Two-way analysis of variance and Bonferroni’s multiple comparison tests. A P value
of less than 0.05 was considered statistically significant. *P < 0.05; ***P < 0.001; ND, not detected; ns, not significant. (H) Spearman’s correlation
analysis (GraphPad Prism 8.0) between UGT8 mRNA and UGT8 CIRC B expression from 27 tissues and cell lines that expressed both UGT8 mRNA
and CIRC B (A and B). The Spearman coefficient r and 95% confidence interval (CI) are given. A P value of less than 0.05 was considered statistically

significant.
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Fig. 5. RT-qPCR analysis of circRNAs and linear transcripts generated
from UGTS8 circRNA expression vectors. ZKSCAN1 UGTS8 circRNA ex-
pression vectors were transfected into HEK293T cells, RNA was ex-
tracted, and RT-qPCR was performed using primers that specifically
quantify either circRNAs or linear transcripts. (A) Agarose gel separa-
tion of circRNA-derived PCR amplicons from HEK293T cells transfected

transcripts (Hu et al., 2018) code for variant proteins that in-
hibit the activity of wild-type enzymes through protein-to-pro-
tein interactions. As discussed in detail below, we found no
evidence for translation of UGT circRNAs into CircPs that
might negatively regulate glucuronidation in a similar mecha-
nism. However, we have provided preliminary evidence that
UGTS circRNAs may function as regulatory ncRNAs by spong-
ing specific miRNAs. Notably, one of the miRNAs that ap-
peared to bind to UGTS8 circRNAs, miR-214-3p, is regarded as
a key hub that controls tumor proliferation, stemness, angio-
genesis, invasiveness, extravasation, metastasis, and chemo-
therapy resistance (Penna et al., 2015). High miRNA-214-3p
expression is associated with unfavorable survival in patients
with TNBC (Kalniete et al., 2015). These data together with
our preliminary observation of high expression of UGT8 CIRC
B in TNBC suggest that UGT8 circRNAs may impact survival
of patients with TNBC through sponging miRNAs such as
miR-214-3p. This hypothesis awaits further investigation.

All UGT genes except for UGT2B28 generate circRNAs
(Supplemental Table 2). The diversity of UGT circRNAs is ex-
panded by both alternative backsplicing and forward-splicing
events (Zhang et al., 2016). Alternative 5’ backsplicing occurs
when multiple downstream donor splice sites are backspliced
to the same upstream acceptor splice site. The eight UGT8
circRNAs identified by the present study were all generated
by this mechanism, including five circRNAs (A, B, C, F, G)
using the same exon 1lc acceptor splice site and three circR-
NAs (D, E, H) using the same exon 2 acceptor splice site (Fig.
3A). Alternative 3’ backsplicing occurs when the same down-
stream donor splice site is backspliced to multiple upstream
acceptor splice sites. The donor splice sites of three UGT8
exons (E2, E5, E6v) (Fig. 3A), UGTI1A exon 4 (Fig. 1A), and
UGT2B4 exon 4 (Supplemental Fig. 16A) were all backspliced
to two different upstream acceptor splice sites, generating two
circRNAs via this mechanism. The alternative backsplicing of
the UGT8 pre-mRNA may be partly explained by the alterna-
tive pairing between the upstream AluSg element and differ-
ent downstream inverted Alu elements (Fig. 8). Finally, UGT
genes also produce circRNAs via alternative forward-splicing
events, resulting in multiple circRNAs with the same BSJ but
a unique set of central exons. For example, UGT8 circRNAs A
and B have the same BSJ (E2/E1c), but the former had an ad-
ditional alternative exon 1d (Fig. 3B).

In almost all exonic circRNAs, only internal exons are sub-
ject to backsplicing, with the first and the last exons excluded
because of the lack of acceptor and donor splice sites, respec-
tively (Zhang et al., 2014, Wilusz, 2015). We found that the

with the circRNA vectors FLAG/CIRC B (lane 1), CIRC B (lane 2),
FLAG/CIRC B/HA (lane 3), CIRC C (lane 5), CIRC D (lane 7), CIRC E
(lane 9), or CIRC F (lane 11). Reference standard amplicons were gen-
erated using pCR Blunt vectors containing the BSdJs of the respective
circRNAs as templates; these standards are designated as Controls B
(lane 4), C (lane 6), D (lane 8), E (lane 10), and F (lane 12). (B) Agarose
gel separation of linear transcript—-derived PCR amplicons from
HEK293T cells transfected with the circRNA vectors described in (A).
Reference standard amplicons were generated using the respective
ZKSCAN1 circRNA expression vectors as templates; these standards
are designated as Controls B (lane 4), C/D (lane 7), and E/F (lane 10).
(C) circRNA and linear transcript levels were quantified in HEK283T
cells transfected with various circRNA vectors using RT-qPCR; data
are presented as a ratio of circRNA to linear RNA (the latter set at
100%). Data are the means + 1 S.D. from three independent experi-
ments. One-way analysis of variance and Tukey’s multiple comparison
tests. A P value of less than 0.05 was considered statistically signifi-
cant. ***P < 0.001.
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Fig. 6. Prediction of ORFs for UGT8 circRNAs and assessment of circRNA B (CIRC B) translational potential. (A) A schematic diagram shows
that all eight UGTS8 circRNAs have exon 2 with the canonical start AUG codon and encode for variant UGTS8 proteins with the common 274-aa
N-terminal region encoded by exon 2. Two IRES motifs (5'-UUCCUUU-3, 5-UAUCCAG-3’) are present upstream of the start AUG in five circ
RNAs (A, B, C, F, G). (B) A schematic diagram shows the locations of FLAG and HA tags inserted in the ZKSCAN1 circRNA B (CIRC B) vector.
In backspliced circRNAs, the CIRC B OREF is placed in frame with the FLAG sequence, encoding the predicted FLAG/CircP B protein (282 aa). In
linear transcripts, the CIRC B ORF is contiguous with the first 21 nucleotides of the donor splice signal and in frame with the HA-tag sequence,
encoding the predicted HA/LinearP B protein (290 aa). (C) Immunoblotting assays were performed with anti-FLAG (left panel) or anti-HA
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Fig. 7. Prediction of ORF for UGTS8 circRNA D and assessment of translational potential. (A) The UGT8 CIRC D vector contains UGT8 exons E2-
5 cloned between the acceptor and donor splice sites of the ZKSCAN1 MCS plasmid. This vector generates both circRNA and linear transcripts
that are predicted to encode CircP D (451 aa) and LinearP D (421 aa), respectively. CircP D and LinearP D share the 420-aa N-terminal region
encoded by exons 2-5. Because of the backsplicing of exon 5 to exon 2, the 3’ end of the ORF within circRNA D extends into the 5’ end of exon 2
in an alternate frame and reaches a stop codon at nucleotides 92-94 (T'GA); hence, this predicted protein (CircP D) contains a novel 31-aa C-ter-
minal peptide. The ORF within the linear transcript reaches a stop codon at the first nucleotide (G) of the donor splice signal; hence, this pre-
dicted protein (LinearP D) has a single Arg residue appended at the C-terminal end. (B) HEK293T cells were transfected with the empty
ZKSCANT1 vector (lane 1) or the CIRC D vector (lane 2). At 48 hours post-transfection, whole-cell lysates were prepared from transfected cells and
subjected to immunoblotting assays using an anti-UGTS8 antibody targeting the common region of CircP D and LinearP D.

first 317 nt (E5a-v) of the last exon (E5a) of the UGT'1A gene was also backspliced into circ_UGTS8-8 and circ_UGT8-22 via
was backspliced into circ-UGT1A-33 (Fig. 1B) through a cryp- a cryptic exonic donor splice site (Fig. 3B). The cryptic donor
tic exonic donor splice site (Supplemental Fig. 17). Similarly, splice sites for both exon E5a-v and E6v have the conserved
the first 146 nt (E6v) of the last exon (E6) of the UGTS8 gene splicing signal dinucleotide GT, which conforms to the AG/

(right panel) antibodies using lysates of HEK293T cells transfected with 1) two independent vectors that encode untagged CircP B (lanes 4-5) or
FLAG/CircP B (6-7) and 2) four independent vectors (lanes 8-11) that encode both FLAG/CircP B and HA/LinearP B. As positive controls,
HEK293T cells were transfected with a vector expressing FLAG/UGT2B15 (lane 2) or the canonical UGT8 ¢cDNA (lane 1); as negative controls,
HEK293T cells were transfected with the empty ZKSCAN1 vector (lane 3) or untransfected (lane 12).
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Fig. 8. The Alu elements within the UGTS8 gene may facilitate circRNA biogenesis. A schematic diagram shows the locations of 20 Alu elements
in the UGTS8 gene and the backsplicing events (A-H) that generate eight circRNAs identified in the present study. The AluSg element has high
sequence similarity to the nine inverted Alu elements (indicated by red arrows) located downstream of exon 2 and may pair with them to facili-

tate circRNA biogenesis.

GT splicing rule. Taken together, our data indicate that a ter-
minal exon (the first or last exons of known RefSeq genes)
can be backspliced into circRNAs through the use of exonic
cryptic splice sites.

Exonic circRNAs have thousands of so-called circRNA-pre-
dominant cassette exons that are very rarely present in the host
mRNAs (Zhang et al., 2016). These exons are generally located
in the 5 and 3 flanking region of known RefSeq genes. We
found five such exons (E1d, E6a, E6b, E6c, E6d) (Fig. 3) within
the UGT8 gene locus that are incorporated into circRNAs but
not into any of the five known UGTS8 transcripts (Hu et al.,
2019). All five exons are short [E1d (34 nt), E6v (146 nt), E6a
(68 nt), E6b (140 nt), E6¢v (80 nt), and E6d (76 nt)] and have
conserved acceptor and donor splice sites that conform to the
splicing AG/GT rule (Supplemental Fig. 20). The UGT8 gene
(RefSeq, NM_001128174) spans ?79 kb of genomic DNA, includ-
ing three 5’ untranslated exons (1a/1b/1c) and five coding exons
(2/3/4/5/6) (Hu et al., 2019). The discovery of five additional exons
(one upstream and four downstream of the coding exons) ex-
tends this gene approximately 15 kb in the 3’ direction (Fig. 3).

Approximately 16,000 human circRNAs contain ORFs of
>100 amino acids that might encode proteins, and nearly half of
them have a predicted IRES motif that could drive cap-indepen-
dent circRNA translation (Chen et al., 2016). However, to date,
there is firm evidence for in vivo translation of only several en-
dogenously expressed circRNAs (Wilusz, 2018). AUG circRNAs
are a group of circRNAs that contain the canonical translational
start AUG codon of the host protein-coding mRNAs. A recent
study used ribosome profiling, proteomic analysis, and heterolo-
gous circRNA expression to comprehensively assess AUG

circRNAs and found no evidence for translation of AUG circR-
NAs (Stagsted et al., 2019). All eight UGTS circRNAs (A-H) are
AUG circRNAs that encode predicted proteins with the common
274-aa N-terminal region of wild-type UGT8 protein (Fig. 6A).
Moreover, five circRNAs (A, B, C, F, G) contain exons 1c¢, which
bears known IRES motifs (5-UUCCUUU-3’; 5-UAUCCAG-3')
(Nicholson et al., 1991; Weingarten-Gabbay et al., 2016). We as-
sessed the translational potential of two UGTS circRNAs (B, D)
in a heterologous circRNA expression system (Kramer et al.,
2015) using a combination of epitope tagging, immunoblotting,
and mass spectrometry analysis. Our results did not provide any
evidence for the translation of these two circRNAs, suggesting ei-
ther that translation does not occur or that its efficiency in this
system is below the threshold for detection. Indeed, a previous
study suggested that circRNAs may be translated much less effi-
ciently (by ?100-fold) than corresponding linear transcripts in
heterologous expression systems (Legnini et al., 2017).

Both the synthesis and translation of circRNAs may be en-
hanced in tissue-specific contexts by the expression of trans-act-
ing factors that promote backsplicing or cap-independent
translation events (Wilusz, 2018). Notably, the UGT8 gene is
widely expressed in human tissues (Hu et al., 2019), especially
in glial cells in the brain and spinal cord, where it is essential
for myelination during development. Overall, although our re-
sults are broadly consistent with the report that AUG circRNAs
are not translated (Stagsted et al., 2019), the possibility that
UGTS8 CircPs are generated in specific cellular/developmental
contexts warrants further investigation. Production of an anti-
body with specificity for the novel C-terminal region of the pre-
dicted CircP D protein could allow interrogation of endogenous
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UGTS8 circRNA translation in brain and other tissues during
development.

The study of circRNA function continues to be hampered by
the limitations of commonly used experimental tools. Loss-of-
function studies using siRNA require targeting of the BSJ, with
limited opportunity to optimize the siRNA sequence for efficien-
cy or specificity. For example, an siRNA (GACUUCAUAG-
CUGGGAUUAUDU) that we designed to target the BSJ of UGTS8
circRNA D did not significantly reduce circRNA levels (data not
shown). Gain-of-function studies are limited by the lack of ap-
propriate overexpression vectors that express circRNAs with
high efficiency and specificity. As discussed previously (Kramer
et al., 2015), almost all reported circRNA expression vectors gen-
erated both backspliced circRNAs and unbackspliced linear
transcripts, with the circular/linear RNA expression ratio often
less than 20% (Hansen et al., 2013; Ashwal-Fluss et al., 2014;
Zhang et al., 2014; Starke et al., 2015). Some circRNA expres-
sion vectors may also produce trans-spliced linear transcripts
(Ho-Xuan et al., 2020). Given that linear transcripts produced
from circRNA expression vectors generally contain the full se-
quence as the expected circRNAs, they are likely to have similar
biologic functions, including miRNA sponging and translation.
As an example, the seven UGTS8 circRNA vectors generated in
the ZKSCAN1 MCS vector (Kramer et al., 2015) produced both
circRNAs and linear transcripts, with only one (CIRC D) produc-
ing more than 50% circRNAs (Fig. 5). Moreover, the linear tran-
scripts generated from the UGT8 circRNA expression vectors
were robustly translated. Overall, our findings suggest the need
for caution when investigating circRNA functions (including
translation) using circRNA expression vectors, particularly
when there is no evident strategy to distinguish the activities of
the linear transcripts and circRNAs. Improving the efficiency
and specificity of circRNA synthesis from expression vectors is
an important future direction, and a recent report suggests that
intron-mediated enhancement may be one strategy to achieve
this (Mo et al., 2019).

In conclusion, our discovery of nearly 100 UGT circRNAs
greatly expands the complexity and diversity of the UGT tran-
scriptome. With the exception of UGT8-derived circRNAs,
most UGT circRNAs appear to be expressed at very low levels
in tissue- and cell-specific contexts, although the possibility of
heterogeneity at the single-cell level, and/or upregulation in re-
sponse to specific signals or developmental events, remains to
be assessed. The biologic functions of UGT circRNAs are yet to
be determined, with the present studies suggesting significant
limitations of currently applied gain- and loss-of-function ap-
proaches and reaffirming a growing consensus that improved
circRNA expression systems with a high specificity for circRNA
synthesis are necessary for functional characterization.
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