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ABSTRACT

The human UDP-glucuronosyltransferases (UGTs) represent an
important family of drug-metabolizing enzymes, with UGT1A1 target-
ing the conjugation and detoxification of many exogenous substan-
ces, including pharmaceutical drugs. In this study we generated
humanized UGT1A1 mice expressing the human UGT1A1 gene in
either liver (hWUGT1A1"EP) or intestine (hUGT1A1%), enabling experi-
ments to examine tissue-specific properties of UGT1A1-specific glu-
curonidation. Hepatic and intestinal tissue-specific expression and
function of UGT1A1 were demonstrated. Although the liver is con-
sidered a major organ for detoxification, intestinal UGT1A1 is an
important contributor for drug clearance. Mice were challenged with
irinotecan (CPT-11), a prodrug hydrolyzed by carboxylesterases to
form the active metabolite 7-ethyl-10-hydroxycamptothecin (SN-38)
and detoxified by UGT1A1. Humanized UGT1A1"%F mice that have
no intestinal UGT1A1 displayed a greater lethality rate when
exposed to CPT-11 than hUGT1A1%' mice. When exposed to a low
dose of CPT-11 (10 mg/kg), hUGT1A1"EP mice displayed greater
intestinal inflammatory (IL-18 and IL-6) insult in addition to p53-trig-
gered apoptotic responses. In vitro studies with intestinal crypt
organoids exposed to CPT-11 confirmed the results observed

in vivo and indicated that CPT-11 impacts stemness, apoptosis, and
endoplasmic reticulum (ER) stress in organoids deficient in
UGT1A1. When we examined the induction of ER stress in organoids
with thapsigargin, an inhibitor of sarco/endoplasmic reticulum Ca®*
ATPase, apoptosis and the caspase surge that occurred in hUG-
T1A1"E" mice were blocked in hUGT1A1% organoids. This study
reveals the importance of intestinal UGT1A1 in preventing inflamma-
tion, apoptosis, and loss of stemness capacity upon systemic chal-
lenge with an important chemotherapeutic agent.

SIGNIFICANCE STATEMENT

Hepatic and intestinal UGT1A1 play a key role in the metabolism and
detoxification of endogenous and exogenous compounds. The use of
tissue-specific humanized models expressing UGT1A1 in liver or intes-
tine has confirmed the relevance of the intestinal tract in the detoxifica-
tion of irinotecan. Mechanistic studies using intestinal organoids
highlighted the importance of UGT1A1 in reducing inflammation, apo-
ptosis, and loss of stemness. These new models provide valuable tools
for studying tissue-specific glucuronidation of substances that are
metabolized by human UGT1A1.
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Introduction

UDP-glucuronosyltransferases (UGTs) catalyze the conjugation of the
glycosyl group of glucuronic acid to many lipophilic endogenous and
exogenous compounds (Tukey and Strassburg, 2000). The UGTs are
involved in the metabolism and detoxifications of bile acids, steroids,
hormones, environmental pollutants, chemical carcinogens, and a host of
different xenobiotics (Tukey and Strassburg, 2000; Miners et al., 2004).
The human UGTs have been documented to be expressed in a unique tis-
sue-specific pattern (Strassburg et al., 1997a,b, 1998a,b, 1999a,b), provid-
ing an overall glucuronidation capacity that is unique to each tissue.
Among the UGT1A subfamily of proteins (Mackenzie et al., 2005),

ABBREVIATIONS: Atf5, activating transcriptional factor 5; CC1, cleaved caspase 1; Cdknla, cyclin-dependent kinase inhibitor 1; CHOP,
C/EBP homologous protein; CPT-11, camptothecin/irinotecan; DMEM, Dulbecco’s modified Eagle’s medium; DPB, days postbirth; DPBS, Dul-
becco’s phosphate-buffered saline; ER, endoplasmic reticulum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Gl, gastrointestinal;
HRP, horseradish peroxidase; hUGT1 mice, human UGT7 locus expressed in Ugt?™~ mice; hUGT1A1¢ mice, human UGTTA7T gene
expressed in the gastrointestinal tract of Ugt? '~ mice; hUGT1A1"EF mice, human UGT1AT gene expressed in liver of Ugt? '~ mice; IEC, intes-
tinal epithelium cell; ISC, intestinal stem cell; PCR, polymerase chain reaction; RT-qPCR, reverse-transcription quantitative PCR; SN-38, 7-
ethyl-10-hydroxycamptothecin; SN-38G, SN-38 glucuronide; Tg, transgenic; TGN, thapsigargin; TOP1, topoisomerase 1; Tnfx, tumor necrosis
factor alpha; TSB, total serum bilirubin; UCSD, University of California San Diego; UGT, UDP-glucuronosyltransferase.
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UGT1AL is of particular interest for its unique function in bilirubin clear-
ance (Bosma et al., 1994). Although UGT1A1 has a significant role in
hepatic glucuronidation, it is present in many extrahepatic tissues, includ-
ing the intestinal tract (Tukey and Strassburg, 2000). In humanized
UGTI (hUGTTI) mice, where we have expressed the human UGT] locus
in a Ugt]™" background, the UGTIA genes are expressed in a tissue-
specific pattern very similar to that observed in human tissues (Fujiwara
et al., 2010, 2018). Newborn hUGTI mice develop severe neonatal
hyperbilirubinemia as a result of silenced liver gene expression and
developmental delay in expression of intestinal UGT1A1, providing indi-
rect evidence that intestinal expression is a significant event in bilirubin
metabolism. The importance of intestinal expression was further con-
firmed after targeted deletion of the Ugt/ locus in either the liver or gas-
trointestinal tract. Targeted deletion of the murine Ugt! locus in liver
(Ugt1*"EP) led to mild induction of total serum bilirubin (2 mg/dl) in
neonatal mice (Chen et al., 2013) compared with greater than 15 mg/dl
in global Ugt!™~ mice (Nguyen et al., 2008) resulting in 100% neonatal
lethality. These findings confirm that extrahepatic UGT1A1 metabolism
plays an important role in controlling the development of neonatal hyper-
bilirubinemia and demonstrates that bilirubin glucuronide can be actively
excreted from intestinal epithelial cells into the lumen of the intestine.

Camptothecin (CPT)-11 (irinotecan) is a chemotherapeutic prodrug
used for the treatment of solid tumors. CPT-11 is the first-line therapeu-
tic agent in the treatment of metastatic colorectal cancer, but its efficacy
and safety can be compromised because of its severe side effects, such
as gastrointestinal injury/inflammation, severe diarrhea, and nausea (Ma
and McLeod, 2003; Stein et al., 2010). Given intravenously, CPT-11
enters tissues, such as the liver and intestinal tract, and is hydrolyzed by
carboxylesterase activity to the active topoisomerase 1 (TOP1) inhibitor
SN-38. Along with chemotherapeutic properties as a TOP1 inhibitor,
free SN-38 is toxic and can disrupt cell function by inducing apoptosis.
This toxicity is prevented by UGT1Al glucuronidation of SN-38 to
form the glucuronide (SN-38G). After liver UGT1A1 glucuronidation,
SN-38G is excreted into the bile and reaches the intestinal tract where it
is susceptible to f-linkage cleavage producing free SN-38, where it can
be reabsorbed into the intestinal tract. With glucuronidation of SN-38 in
liver serving as a source of detoxification, the more SN-38G delivered
to the intestinal tract the greater the absorption of SN-38 into the intesti-
nal tract, providing a greater resource of TOP1 at the site of tumorigen-
esis. However, patients who carry the homozygous UGTIAI*28 alleles,
identified as Gilbert’s syndrome, have reduced hepatic UGT1A1 expres-
sion (Tukey and Strassburg, 2000; Toffoli et al., 2006), would deliver
less SN-38G through enterohepatic recirculation, and yet are more sen-
sitive toward the intestinal toxic actions of SN-38 (Toffoli et al., 2006;
Palomaki et al., 2009).

The intestinal epithelium represents the fastest renewing tissue, and
the intestinal stem cells located in the deep bottom crypts play a crucial
role in directing the renewal and regeneration of the villi-crypt structure
(Umar, 2010). It is known that many chemotherapeutics cause entero-
toxicity, a phenomenon that is usually associated with rapid crypt apo-
ptosis (Keefe et al., 2000; Bowen et al., 2007). To examine the role of
human UGT1A1 in SN-38 toxicity protection, we have developed trans-
genic human UGT1A1 mouse models that express UGT1A1 in either
the intestinal tract (hUGTIAI®" mice) or in hepatocytes (hUGTIAI HEPy
Both hUGTIAI®" and hUGTIAI"™® mice were generated on a Ugtl-
null background (Nguyen et al., 2008), allowing us to examine the con-
tribution of liver and intestinal human UGT1A1 glucuronidation activity
on the process of SN-38—elicited toxicity. We will assess the tissue-spe-
cific role of human UGT1A1 in CPT-11-induced intestinal toxicity by

evaluating its impact on different aspects of intestinal physiology, such
as inflammation, apoptosis, and intestinal stem cell protection.

Materials and Methods

Chemical Reagents. CPT-11 was supplied in 5-ml vials that contain 100 mg
of irinotecan hydrochloride (20 mg/ml) under the trade name Camptosar ready-
to-use solution by Pfizer. SN-38 glucuronide was obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Thapsigargin was obtained from Sigma-Aldrich
(St. Louis, MO). Matrigel basement membrane matrix was purchased from
Corning (Tewksbury, MA). Advanced DMEM/F12 medium and the supple-
ments, including GlutaMax, HEPES, penicillin streptomycin, mouse EGF, N2,
and B27 supplements, were purchased from Thermo Fisher Scientific (Waltham,
MA); mouse Noggin was from PeproTech (Rocky Hill, NJ). Human embryonic
kidney 293 cells producing R-Spondin 1 protein (293T-HA-Raspol_Fc cell line)
was a generous gift from the Dr. Calvin Kuo laboratory at Stanford University
(Ootani et al., 2009). The cells were cultured and passaged following a standard
protocol. For collecting R-Spondin 1 conditioned media, 293T-HA-Raspol_Fc
cells at approximately 75% confluency were changed to advanced DMEM/F12
medium and cultured for another week. Medium was then collected by passing

through 0.22-mm sterile filter.
Generation of the Tissue-Specific UGT1A1 Mouse Models. To generate

transgenic founders, plasmids containing human UGT1Al c¢DNA driven by
either a villin or albumin promoter were microinjected into pronuclei of fertilized
mouse eggs and then were implanted in the oviduct of pseudopregnant recipient
mice. Pronuclear microinjection was performed by the Transgenic Mouse Core
at University of California San Diego. Transgenic (Tg) founders were identified
by genotyping with specific primers (forward: AACAAGGAGCTCATGGCC
TCC, reverse: GTTCGCAAGATTCGATGGTCG) and mated with Ugt“ ~ mice
in a C57BL/6 background to obtain TgUGTIAI"™/Ugt*’~ and TgUGTIAI®Y
Ugr™~ mice, respectively. Through backcrossing, we obtained fully humanized
TgUGTIAI"™*/Ugt1™~ (WUGTIAI"™P) and TgUGTIAI®Y/Ugtl™~ (hUG-
TIAI%") mice (see Fig. 1A). All animals were housed at the University of Cali-
fornia San Diego (UCSD) Animal Care Facility. All the procedures and
protocols were approved by the UCSD Animal Care and Use Committee and

were conducted in accordance with federal regulations.
Bilirubin Measurements. Blood was collected from the submandibular vein

and centrifuged at 16,000g for 2 minutes. Serum samples were immediately mea-
sured for total serum bilirubin (TSB) levels using Unistat Bilirubinometer
(Reichert, Depew, NY).

Animal Treatment with CPT-11. All mouse experiments and procedures
were approved by the UCSD Animal Care and Use Committee and were con-
ducted in accordance with federal regulations. For survival studies, four different
doses of CPT-11 (50 mg/kg, 25 mg/kg, 15mg/kg, and 10 mg/kg) were adminis-
tered to mice once per day for 4 constitutive days by intraperitoneal injection.
Ten age-matched male mice (8 weeks old) per group were used for these experi-
ments. For biologic studies, 3—5 adult male mice per group were treated with 10
mg/kg of CPT-11 or PBS once per day for 4 consecutive days by intraperitoneal
injection, and tissues were collected on day 5 for further analysis.

Isolation of Crypt Cells, Organoid Cultures, and Exposures. Intestinal
crypt cell isolation and organoid culturing were carried out according to previous
publications (Sato et al., 2009; Sato and Clevers, 2013) with several modifica-
tions. Mouse small intestine was dissected, cut longitudinally, and washed with
ice-cold Dulbecco’s phosphate-buffered saline (DPBS). The tissue was further
dissected into small pieces and incubated in DPBS containing 2 mM EDTA at
4°C on a rocking tube platform for 30 minutes. The EDTA solution was
removed, and 10% fetal bovine serum in DPBS buffer was added followed by
vigorously shaking the tissue to release villi and crypt cells. The cell solution
was filtered through a 70-mm cell strainer. The filtrate was centrifuged at 1000g
for 7 minutes at 4°C, and the cell pellet was resuspended in DPBS. Crypt cells
were counted. Approximately 500 crypts were suspended into 25 pl ice-cold
Matrigel and plated into prewarmed 24-well culture plates. Twenty minutes after
the incubation, 0.5 ml of complete growth medium (advanced DMEM with Glu-
taMax, HEPES, penicillin/streptomycin, N2, and B27 supplements, with 2.5 mM
N-acetylcysteine, 0.1 mg/ml mouse Noggin, 0.05 mg/ml mouse EGF, and 10%
of R-Spondinl—conditioned medium) was added. The growth of crypt organoids
was monitored. Mouse EGF was added every other day. Fresh medium was
added every 3 days. Cells were normally ready for passage every 4-5 days.

%20z ‘6T |11d uosjeuinor 134S Y e Bio's[euuno fidse pwip woJy pepeojumoq


http://dmd.aspetjournals.org/

Humanized UGT1A171 Mice and Irinotecan Toxicity 35

hUGT1A1¢!

0.6k 0.8k
B-glabin B-globin
intron intron

Villin Promoter 12.4K UGT1A1 cDNA 1.6K

Poly (A)
hUGT1A1"EP
0.6k 0.8k
Bglobin B-globin
intron intron

UGT1A1 cDNA 1.6K

Albumin Promoter 12.4K

Poly (A)

1 23 4 4 5
Ugt1/ 5 — S ——- - — - ——
Neo

hUGT1A1¢ hUGT1A1HEP

Liver Sl Colon Liver Sl Colon

UGT1A1 | Rl l_J
GAPDH |"= e e es o) | a e e e e e
E
1.0
n

)

="

E’§ 0.5 n .

m 3 .

0w

= o .

o = o —

1 I
hUGT1A1% hUGT1A1"EF

59 kDa
37 kDa

B hUGT1A1¢ hUGT1A1HEP
Fkk
dekekk
Fekk
1.5 + _— 1.5 4
T =)
2 1.0 © 1.0+
€ <
I <
= 05 S 0.5
8 3
0 0

Liver Sl Colon Liver Sl Colon

hUGT1A1%

*k
*kdk
N .
1
0 0 -

Liver Sl Colon Liver Sl Colon

hUGT1A1HEP

w)

- -

o w

| |
*
*
*

(pmol/min/mg)
¢
]
(3]
1

SN-38G formation
(pmol/min/mg)

SN-38G formation

> 1

|

-2
N

- ?*
A

weight (g)
8 weeks
[
o
1

-h
(3]
1

10— T T T
hUGT1A1% hUGT1A1" hUGT1A19 hUGT1A 1"

Fig. 1. Development and expression of human UGT1AI. (A) Generation of mice expressing the human UGTIAI gene in the gastrointestinal tract (hUGTIA1%") and liver
(hUGTIAI"™™"Y) in a Ugt] null background. (B) RT-qPCR for UGTIAI in liver, small intestine (SI) and colon from hUGTIAI® and hUGTIAI" mice (mean + S.EM;
n = 4). (C) Western blot analysis showing tissue specific expression of UGT1A1 in different tissues of hUGTIAI®! and hUGTIAI"®F mice (n = 2). (D) SN-38G forma-
tion in liver, SI, and colon from hUGTIAI®' and hUGTIAI"®" mice (mean + S.EM.; n = 4). (E) TSB measured in adult (8 weeks old) hUGTIAI®' and hUGTIAI"**
mice (mean = SEEM.; n = 21). (F) Body weights registered in adult (8 weeks old) male and female mice (mean + S.EM.; n = 20 per sex and genotype). Statistical dif-
ferences between groups were evaluated by one-way ANOVA, Tukey’s multiple comparison test; **P < 0.01, ***P < 0.001, and ****P < 0.0001.

When passaging for maintenance, organoids were dissociated by vigorous pipet-
ting. Organoids were exposed to various chemicals [CPT-11 and thapsigargin
(TGN)] on day 3, and after 24 hours, the cells were collected for further analysis.
For the percentage of malformed organoid assay, cells were exposed on day 3 to
TGN (0.1 M) for 24 hours, and the malformed organoids were examined using
4x objective on inverted microscope Nikon ECLIPSE Ts2 with Nikon DS-Fi3
camera, and data are expressed as percentage (%) of malformed organoid relative
to control (TGN 0 wM). Reverse-transcription quantitative polymerase chain
reaction (RT-qPCR) experiments were performed in triplicate. Western blot
experiments were obtained from extracts pooled from three wells. Data are repre-

sentative at least by two independent experiments.
RT-qPCR. Tissue samples and organoid cells were homogenized in 1 ml TRI-

zol Reagent (Thermo Fisher Scientific), and total RNA from whole tissues was iso-
lated using a previous protocol (Yoda et al, 2017). Using iScript Reverse
Transcriptase (Bio-Rad Laboratories, Hercules, CA), 1 g of total RNA was used
for the generation of cDNA in a total volume of 12 wl as outlined by the manufac-
turer. After cDNA synthesis, quantitative PCR was carried out on a CFX96 gPCR
system (BioRad) by using SsoAdvanced SYBR Green Supermix (BioRad). The
list of primers used in this study is listed in Supplemental Table 1.

Western Blot Analysis. Pulverized tissues (0.1 mg) and organoids were
homogenized in 0.4 ml and 0.05 ml RIPA lysis buffer (EMD Millipore, Billerica,
MA) supplemented with a protease and phosphatase inhibitor cocktail (Sigma-
Aldrich), respectively. The samples were centrifuged 16,000g for 20 minutes at
4°C, and the supernatants were transferred to a new tube and kept at —80°C until
analysis. Western blots were performed by using NuPAGE 4%—12% BisTris-
polyacrylamide gels (Invitrogen) with the protocols described by the manufac-
turer. Protein (30 wg) was electrophoresed at 170 V for 60 minutes and trans-
ferred at 20 V for 60 minutes to polyvinylidene difluoride membranes (EMD
Millipore). Membranes were blocked with 5% nonfat milk at room temperature
for 1 hour and incubated with primary antibodies at 4°C overnight. Membranes
were washed and exposed to horseradish peroxidase (HRP)-conjugated second-
ary antibodies (anti-mouse IgG, anti-rabbit IgG) for 1 hour at room temperature.
Protein was detected by the ECL Plus Western blotting detection system (Bio-
Rad) and was visualized by the BioRad Chemidoc Touch Imaging System. Anti-
bodies used were UGT1A1 (Ab-170858), GAPDH (sc-32233), cytochrome-c
(11940; Cell Signaling), cleaved caspase 3 (9661; Cell Signaling), cleaved cas-
pase 7 (9491; Cell Signaling), p53 (2524; Cell Signaling), Lgr5 (A10545; Abclo-
nal), anti-mouse IgG HRP-conjugated antibody, and anti-rabbit IgG HRP-
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conjugated antibodies were obtained from Cell Signaling Technology, Inc. (Dan-
vers, MA). All primary antibodies were diluted 1:1000, whereas secondary anti-
bodies were diluted 1:3000. Band quantification of target proteins was quantified

using Image Laboratory 5.2.1 software and normalized to GAPDH.

Histology Analysis. Mice were sacrificed, and duodenum samples were dis-
sected. Tissues were fixed for subsequent paraffin embedding. Paraffin-embedded
sections were used for routine H&E staining, which were performed at the
UCSD Cancer Center Histology Core. Slides were examined using a 20x Plan-
Apochromat objective (numeric aperture, 0.8) on an upright Imager A2 micro-
scope (Carl Zeiss Microscopy, LLC, White Plains, NY) with an Axiocam 506
color camera and ZEN2012 imaging software.

Glucuronidation Assays. Liver, small intestine and colon tissue (50 mg)
homogenates were prepared in PBS-Dithiothreitol 0.5 mM. Fifty micrograms of
homogenates was then incubated in a previously reported glucuronidation assay
buffer (Verreault et al., 2006) in the presence of SN-38 (10 mM) for 30 minutes
at 37°C. After incubation, assays were quenched with 100 pl of MeOH-HCL
0.026 M solution and centrifuged for 10 minutes at 13,000 rpm. The formation
of SN-38 glucuronide was quantified by liquid chromatography coupled to elec-
trospray ionization—tandem mass spectrometry as previously reported (Lu et al.,
2017), using a Synergi hydro-RP column (100 x 4.6mm, 4 wM; Phenomenex,

Torrance, CA). The formation of glucuronide conjugates is expressed in ng/ml.
Statistical Analyses. Data are represented as mean + S.E.M. Statistical dif-

ferences were determined by Student’s 7 test (two groups) and one-way ANOVA
followed by Tukey’s multiple comparison test (more than two groups). P values
<0.05 were considered statistically significant, and statistically significant differ-
ences are indicated with *P < 0.05; **P < 0.01; ***P < 0.001 and
*xxEP < 0.0001. Statistical analyses were performed using Prism 9 (GraphPad,
San Diego, CA).

Results

Tissue-Specific Expression of UGT1A1. Neonatal Ugr/ ™~ mice,
which are absent the functional UGT1A proteins, including UGT1Al,
develop severe neonatal hyperbilirubinemia with levels of unconju-
gated bilirubin that exceed 15 mg/dl (Nguyen et al., 2008), resulting in
unconjugated bilirubin-induced toxicity, which is lethal 5-7 days after
birth. In this study, we humanized Ugtl™~ mice with the human
UGT1A1 cDNA. Expression of human UGT1Al in either liver (hUG-
TIAI™E) or the gastrointestinal tract (hUGTIAI®Y rescued the mice
from the lethality caused by absence of Ugtlal gene in Ugtl ™'~ mice.
Both models displayed mild hyperbilirubinemia compared with
Ugt]™™ mice at 7 days postbirth (DPB) (Supplemental Fig. 1A). At
14 DPB, hUGTIAI®" mice showed lower TSB levels than in
hUGTIAI"™™ mice, whereas at 21 DPB both models exhibited TSB
values that were near zero (Supplemental Fig. 1A). Western blot analy-
sis revealed that human UGT1A1 protein expression is detected at day
3 in both mouse models, with higher UGT1A1 levels detected in the
intestine of "UGTIAI®" mice after 15 DPB compared with hepatic lev-
els observed in AUGTIAI™E? mice (Supplemental Fig. 1B).
hUGTIAI®" mice showed UGTIA1 mRNA and protein expression
only in small intestine and colon, even though we found significantly
lower levels in colon compared with the small intestine (Fig. 1, B and
C). On the contrary, hUGTIAI™" mice expressed UGT1AI specifi-
cally in liver with undetectable levels of expression in small intestine
and colon (Fig. 1, B and C). Subsequently, the catalytic activity of
UGT1A1 was examined using the exogenous substrate SN-38. The
metabolism of SN-38 by glucuronidation follows the same metabolic
pathway as bilirubin glucuronidation and is mainly metabolized by
UGT1A1 (Ruggiero et al., 2009). The glucuronidation of SN-38 was
measured in liver, small intestine, and colon tissues from hUGTIA1™EP
and hUGTIAI®" mice (8 weeks old) (Fig. 1D). Expression of
UGT1AL1 in the GI tract resulted in SN-38G formation only in that tis-
sue, with no activity in liver tissue. When we examined expression of
UGT1Al-dependent SN-38 glucuronidation in AUGTIAI"™* mice,
SN-38G was only detected in liver tissue. TSB values at 8 weeks old

were comparable between hUGTIAI™® and hUGTIAI®" mice
(Fig. 1E), with no differences in body weight between hUGTIAI™"
and hUGTIAI®" male mice and female mice (Fig. 1F). Expression of
UGT1ALl in either the liver or intestines while serving as the only
UGT1A protein in these mice had no impact on growth or reproduction

and eliminated any potential TSB toxicity issues.
The Impact of CPT-11 Treatment. hUGTIAI"®” and hUGTIAI®!

mice (8 weeks old) were treated with CPT-11 for 4 consecutive days.
CPT-11-induced lethality was determined over a time course of 21 days,
and body weight was monitored over a 15-day period. Survival curves
and weight loss kinetics were generated for the different doses of CPT-
11. When mice were treated with the 50-mg/kg dosage, Kaplan-Meier
survival cures showed that this dose was lethal for all the hUGTIAI™E"
mice between days 6 and day 8 after the initial treatment, whereas
hUGTIAI®" mice had a survival rate of 20% (Fig. 2A). Weight loss was
observed in both AUGTIAI™E" and hUGTIAI®" mice by 24 hours after
the first administration. Significant differences were observed at day 7
when hUGTIAI™® mice reached an average loss of 35.9% compared
with 19.6% registered in hUGTIAI®" mice (Fig. 2B). The hUGTIAI
mice that survived the initial treatment recovered their weight loss within
15 days (Fig. 2B). When the dosage was reduced to 25 mg/kg, we
observed a survival rate of ~40% in hUGTIAI®" mice compared with
10% in hUGTIAI™E? mice (Fig. 2C). The treatment with 25 mg/kg of
CPT-11 did not show significant differences in terms of weight loss
between the two mouse models, with highest loss (>25%) registered at
day 7. However, the weight of the mice surviving the treatment recovered
more slowly in the AUGTIAI"™ mice than the hUGTIAI®' mice
(Fig. 2D). When CPT-11 dosage was further lowered to 15 mg/kg, hUG-
TIAI® mice showed a survival rate of 60% compared with 40% in
hUGTIAI"™" mice (Fig. 2E). At 15 mg/kg both models showed a similar
weight loss range, although hUGTIAI™®” mice had a significantly slower
body weight recovery from day 11 (Fig. 2F). At the lowest dose of 10
mg/kg, hUGTIAI®' mice displayed 90% survival against 80% survival
for hUGTIAI™ mice (Fig. 2G). At this concentration, both mouse
models showed a weight loss lower than 20% with =80% of the mice
surviving with a return to normal weight within 15 days (Fig. 2H). These
findings confirm an important role for intestinal UGT1Al in serving to
protect against CPT-11-induced toxicity.

Intestinal UGT1A1 Protects against CPT-11-Induced Inflam-
mation and p53-Dependent Apoptosis. Based upon our dose-
response studies of CPT-11 measuring survival and the body weight
loss, htUGTIAI™E" and hUGT1A1°" mice were treated with either phos-
phate-buffered saline (PBS) or CPT-11 at 10 mg/kg for 4 consecutive
days and were sacrificed on day 5 after the initial dose. Small intestinal
tissue was collected for histology (H&E staining), RNA isolation, and
cellular protein preparations. As shown in Fig. 3A, H&E staining indi-
cated that duodenum samples from CPT-11—treated hUGTIAI™®" and
hUGTIAI" mice presented moderate/severe damage with shortened
villi compared with the control groups. However, the structure of the
villi in CPT-11-treated hUGTIAI™®" mice was severely damaged.
Damage to the intestinal tract resulted in significantly decreased length
in treated AUGTIAI™®* mice (Fig. 3B) when compared with
hUGTIAI®" mice. The accelerated intestinal toxicity in hUGTIAI"EP
mice was presented with a higher rate of tissue inflammation, as evident
from increased IL-6 and IL-1f (Fig. 3, C and D).

CPT-11 and other anticancer drugs alter cell cycle control as
well as cellular apoptosis, thus suppressing tumor development. In
hUGTIAI™EF mice treated with CPT-11, there was a significant induc-
tion of cyclin-dependent kinase inhibitor 1 (Cdknla), a pS3 downstream
gene (Fig. 3E), which would prevent phosphorylation of cyclin-depen-
dent kinase substrates leading to blockage of cell cycle progression.
CPT-11 treatment leads to induction of p53 in the intestinal tissue of

%20z ‘6T |11d uosjeuinor 134S Y e Bio's[euuno fidse pwip woJy pepeojumoq


http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.121.000644/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.121.000644/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.121.000644/-/DC1
http://dmd.aspetjournals.org/

Humanized UGT1A171 Mice and Irinotecan Toxicity 37

A CPT-11 (50 mg/kg)
100 — hUGT1A1®
£ — hUGT1A1"=F
s
2
Z 50
-
w
P10
0
TTTT T 1
1234 7 14 21
Time (days)
C CPT-11 (25 mglkg)
__100- — hUGT1A1¢
s — hUGT1ATHEP
©
2
Z 50
3
w
1111
0 TTTT T T 1
1234 7 14 21
Time (days)
E CPT-11 (15 mglkg)
1004 — hUGT1A1%
< — hUGT1AT7"E
w
2 .
Z 50-
=
(7]
(|
0 TTTT T T 1
1234 7 14 21
Time (days)

(0]

CPT-11 (10 mglkg)

T ——

=

®

fr

2 50

=]

L — hUGT1A1¢
[N — hUGT1AT1"EP

U T 1
1234 7 14 21
Time (days)

B CPT-11 (50 mglkg)
10-
i 5 10 15
= days
£ -10-
[
8 -20-
5 -30-
5
= -40- . - hUGT1A1%
-50- - PUGT1ATHEP
D CPT-11 (25 mg/kg)
10-
5 10 15
0 = 1 L T
z days
o 101
]
k]
£ -20+
)
[
= =301 -+ hUGT1A1®
-40- -+ PUGT1ATHEP
F 10, CPT-11 (15 mg/kg)
o ; 10
R days
]
8 104
E
o
S -201
2 = hUGT1A1%
.30 —+ hUGT1A1HEP
H CPT-11 (10 mglkg)

5 10
days

Vyeighlt loss (%)
- - N
b L~

-= hUGT1A1%
-+ hUGT1A1"*

-204
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both hUGTIAI"™" and hUGTIAI®" mice, but the induction resulted in
far greater p53 expression in hUGTIA®E? mice where there was no
expression of UGT1Al, which was necessary to protect the tissue
against SN-38 toxicity. In line with p53 induction, the apoptotic bio-
markers caspase-3 and -7 were also induced in AUGTIAI™EF mice
along with cleaved caspase 1 (CC1) (Fig. 3, F and G). The release of
cytochrome ¢ from the mitochondria into the cytosol is known to activate
the apoptotic intrinsic pathway. When we examined cytochrome ¢ protein
expression, it was found to be more abundant in the small intestine from
hUGTIAI™EP mice treated with CPT-11 than in "UGTIAI®" mice (Fig.
3, F and G). The health of the intestinal tract is based upon the ability of
the tissue to regenerate new intestinal epithelial cells (IECs), which origi-
nate from stem cells at the base of the intestinal crypts. When we

examined Lgr5 protein expression, a selective marker of intestinal
stem cells, there was reduced expression in the intestinal tissue from
CPT-11-treated hUGTIAI™ mice, indicating that CPT-11 treatment
impacts the regeneration of the absorptive and secretory IEC pathways
(Fig. 3, F and G).

The Impact of CPT-11 Exposure to hUGTIAI™®" and
hUGT1AI® Organoids. To gain insight into the effects of CPT-11
toxicity in presence/absence of UGT1A1, we isolated crypt organo-
ids from both hUGTIAI®" and hUGTIAI™® mice (Fig. 4A). The
mouse model characteristics were maintained in vitro, as UGT1A1
gene and protein expression were found only in the hUGTIAI®
strain (Fig. 4B). Organoids were exposed to serial concentrations of
CPT-11 for 24 hours. A greater degree of inflammatory insult, as
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decrease (%) (mean += S.EM.; n = 4). (C-E) RT-qPCR for [I-6, Ii-1f3, and Cdknla (mean + S.E.M.; n = 4). (F) Western blot analysis on whole extract from SI
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caspase 3; CC7, cleaved caspase 7; Cyt-c, cytochrome-c.

measured by tumor necrosis factor alpha (Tnfx) and Cdknla gene
expression (Fig. 4, C and D), was statistically more significant in
organoids that were absent intestinal UGTIAl (hUGTIAI"E"
mice). With the lower doses of CPT-11 (0.1-1.0 uM), there is far
greater reduction in the deep crypt biomarker Lgr5 in hUGTIAIE?
organoids, indicating toxicity is being protected by UGT1A1. How-
ever, at 10 uM CPT-11, Lgr5 expression was equally impacted in
organoids from both h"UGTIAI®" and hUGTIAI™®" mice, indicat-
ing that this dose overrides the protective effects of UGT1Al
expression. The changes observed in inflammatory markers and
stem cell markers after CPT-11 exposure are also reflected in evi-
dence of greater apoptosis. At 0.1 and 1 uM CPT-11 exposures,
caspase 3 cleavage was sensitive in AUGTIA 1" mice, in addition

to increased protein expression of cytochrome-c (Fig. 4, F and G).
Matching gene expression, Western blot analysis confirms greater
expression of Lgr5 in h(UGTIAI" mice than in AUGTIAIPE® mice,
lending additional support to the findings that UGT1A1 expression

protects against CPT-11 toxicity.
Implications that UGT1A1 Protects against Endoplasmic

Reticulum-Induced Apoptosis. Our findings regarding CPT-
l1-induced apoptosis in intestinal tissue from hUGTIAI®' and
RUGTIAI"E? mice with cleavage of caspase 3 and 7 along with
increased expression of cytochrome-c implicates activation of
endoplasmic reticulum (ER) stress and induced apoptosis (Hu
et al., 2019). These events are protected in hUGTIAI®! mice, a
result that can be linked to the metabolism of SN-38 by UGT1A1.
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To examine more specifically the actions of ER stress, intestinal
organoids from AUGTIAI®" and hUGTIAI®E® mice were treated
with thapsigargin (TGN), an inhibitor of sarco/endoplasmic reticu-
lum Ca*>* ATPase. Calcium depletion in the ER leads to ER stress,
activation of the unfolded protein response, and apoptosis (Den-
meade and Isaacs, 2005). A central mediator of ER stress—regulated
apoptosis induced by caspase activation and mitochondria damage
is the transcription factor C/EBP homologous protein (CHOP),
which when activated can induce apoptosis through several differ-
ent regulatory pathways (Hu et al., 2019). The induction of ER
stress after TGN treatment leads to disorganization of the organo-
ids, with greater disruption in h"UGTIAI"EY mice (Fig. 5A). When
we examined Chop and activating transcriptional factor 5 (A#f5)
gene expression after TGN exposure, there was considerable

induction in organoids from hUGTIAI®" and hUGTIAI™" mice
that was elicited through a dose-response effect, with greater induc-
tion in AUGTIA I mice (Fig. 5B and C). TGN was found to also
impact on cellular stemness, as suggested by a decrease of Lgr5
expression in both models (Fig. 5D). Western blot analysis of pro-
tein biomarker levels indicated stronger apoptosis (cleaved caspase
3 and 7) in hUGTIAI™E? mice. However, caspase 3 and 7 activa-
tion, the major signaling events underlying the caspase surge, was
dramatically reduced in the organoids from hUGTIAI® mice that
express UGT1A1 (Fig. 5, E and F). This surprising result indicates
that expression of UGT1Al plays an important role in stabilizing
the downstream effects of ER stress, supporting previous studies
that the lack of the UGTIA proteins causes higher intestinal ER
stress (Liu et al., 2016). Thus, the protection afforded the intestinal
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Band quantification of target proteins normalized to GAPDH. For (A), significance

was assessed using unpaired Student’s ¢ test; ¥*P < 0.05. For (B-D), statistical differences between groups were evaluated by one-way ANOVA, Tukey’s multiple

comparison test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. For

(F), significance was assessed using two-way ANOVA followed by Tukey’s multi-

ple comparison test; *P < 0.05; *P < 0.001. Data represent at least two independent experiments. CC3, cleaved caspase 3; CC7, cleaved caspase 7.

tract by expression of UGT1Al may serve a dual role. First,
UGT1AL1 is involved in the metabolism of SN-38, preventing intes-
tinal tissue damage. Second, UGT1Al plays a role in stabilizing
the ER in a mechanism that is currently not defined, leading to
reduced cell damage and apoptosis.

Discussion

Molecular and immunohistochemical studies evaluating UGT expres-
sion patterns have shown that UGT1A1 along with other UGT1As are
present in human small and large intestine and colon epithelial cells
(Strassburg et al., 1998a, 1999a, 2000). Two tissue-specific humanized
animal models expressing UGT1AL in liver (2UGTIAI™E) or intestine

(hUGTI1AI") have been developed in a Ugt! null background. Previous
studies using humanized UGT1 (hUGTI) mice showed that the expres-
sion of the UGTIAI gene rescued early neonatal lethality observed in
Ugtl ~~ mice (Chen et al., 2005; Nguyen et al., 2008; Fujiwara et al.,
2010). The presence of human UGT1ALl in liver or intestine rescued
these mice from bilirubin toxicity and death, demonstrating that metabo-
lism of bilirubin in either tissue is sufficient for clearance of serum bili-
rubin. This finding supports previous findings from our laboratory when
we demonstrated that the deletion of the murine Ugt/ locus in liver tis-
sue had little impact on overall metabolism of serum bilirubin (Chen
et al., 2013), supporting the concept that extrahepatic bilirubin metabo-
lism is sufficient to protect against bilirubin toxicity. This evidence sup-
ports the importance of intestinal UGT1A1 in bilirubin clearance, as
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originally indicated with the hUGTI mouse model (Fujiwara et al.,
2010). We had previously reported that in neonatal intestine, the expres-
sion of UGT1A1 distributes quite evenly in both the longitudinal axis
and the crypt-villi axis. We also demonstrated that UGT1A1 expression
was significantly upregulated after the villin-Cre—driven IEC-specific
deletion of nuclear receptor corepressor-1 (NCoR1). These results sup-
port the concept that human UGT1A1 expression in IEC-enriched with
the villin promoter-driven UGT1A1 expression mimics the physiologic
condition associated with expression of human UGT1Al.

Along with the unique role that UGT1Al plays in bilirubin metabo-
lism, UGT1A1 is also fundamental for the detoxification of many envi-
ronmental toxicants, xenobiotics, and drugs (Kiang et al., 2005; Lv
et al., 2019). A key example of this is the detoxification of the chemo-
therapeutic drug camptothecin (CPT)-11 (irinotecan), a prodrug that is
metabolized by carboxylesterase activity in tissues to the active topo-
isomerase inhibitory metabolite SN-38, which is then inactivated by
UGT1A1-dependent glucuronidation. The effectiveness of CPT-11 as a
solid tumor chemotherapeutic agent toward colon cancer has been
exploited, since delivery of SN-38 to the tissue occurs both through
enterohepatic circulation and directly through absorption of CPT-11
from the basolateral surface. For many years, the metabolism and detox-
ification of SN-38 have been linked primarily to hepatic metabolism,
with clinical findings in patients with Gilbert’s being at greater risk of
CPT-11-induced colon toxicity. The toxicity affiliated with Gilbert’s
syndrome has been linked to reduced expression UGT1A1 in hepatic
tissue. However, this rationale is flawed since the concentrations of SN-
38G excreted into the intestinal tract from the liver in Gilbert’s would
be substantially less than in normal patients. One would have to specu-
late that under clinically relevant concentrations of CPT-11 in Gilbert’s
syndrome, reduced metabolism of SN-38 in liver would leave greater
concentrations of systemic CPT-11 available for absorption into the
colon. For toxicity to develop, glucuronidation of SN-38 would have to
be saturated. This has never been demonstrated, and the underlying
importance of human UGT1Al in liver and intestine as a modulator of
CPT-11 efficacy has not been mechanistically elucidated.

Expression of human UGT1A1 in either the intestinal tract or liver
results in sufficient glucuronidation of SN-38 using whole tissue
extracts, indicating that human UGT1A1 will metabolize SN-38 in vivo
after the administration of CPT-11. Dose-response analysis of CPT-11
documenting weight loss and overall survival has confirmed that expres-
sion of UGT1A1 in the intestinal tract protects from CPT-11 toxicity.
Although our lowest dose of CPT-11 (10 mg/kg) showed little differ-
ence in weight loss or survival in comparing hUGTIAI! and hUG-
TIAI™EF mice, this dose displayed significant induction of intestinal
inflammatory cytokines, histologic damage to the villi, shortening of the
intestinal tract, and induction of proapoptotic proteins when UGT1ALl is
absent (hWUGTIAI™" mice). SN-38 has been shown to increase DNA
damage via activation of p53 (Takeba et al., 2007), and this occurs in
intestinal tissue in the absence of UGT1A1l. These findings are associ-
ated with increased release of mitochondrial cytochrome-c into the cyto-
sol, all factors that facilitate the activation of effector caspases, such as
caspase-3 and -7. Although, caspase 3 and 7 are known to display func-
tional overlap, and several observations have suggested their nonredun-
dant role in apoptosis (Slee et al., 2001; Walsh et al., 2008). Indeed,
biochemical evidence showed that caspase-7 is a direct substrate of cas-
pase-1 (Lamkanfi et al., 2008), supporting the role of caspase-7 during
the inflammation process (Lamkanfi and Kanneganti, 2010). These find-
ings document that when intestinal UGT1A1 is reduced, low concentra-
tions of CPT-11 can stimulate intestinal inflammation and apoptosis and
further tissue damage. If metabolism of accumulating concentrations of
intestinal SN-38 is critical to combat the toxic actions of CPT-11 treat-
ment, therapeutic induction of intestinal UGT1A1 through PXR (Chen

et al., 2012), CAR (Cai et al., 2010), LXRa (Hansmann et al., 2020), or
PPARo (Senekeo-Effenberger et al., 2007) using selective nuclear
receptor agonists prior to CPT-11 chemotherapy may reduce intestinal
toxicity.

We have shown previously that deletion of the murine Ugtl locus
(UgtI™EC mice) in wild-type mice sensitizes intestinal organoids toward
exposure to increasing concentrations of CPT-11. With hUGT1AI mice,
deletion of UGT1Al in intestinal organoids leaves them more suscepti-
ble to CPT-11-induced inflammation and apoptosis. Very low levels of
CPT-11 (0.1 uM) lead to dramatic activation of activated caspase-3 and
-7, with a reduction in the deep crypt marker Lgr5. This finding indi-
cates that very low concentrations CPT-11 are capable of altering stem
cell function, which is critical for the generation and regeneration of
intestinal epithelial cells that are aligned with either the absorptive or
secretory lineage. The induction of activated caspase-3 and -7 along
with reduction in stemness in AUGTIAI™EF organoids indicates that
CPT-11 is inducing ER stress. To compare the impact of CPT-11 on
RUGTIAI"™" and hUGTIAI® organoids with agents known to induce
ER stress, the organoids were treated with TGN, which induces ER
stress through loss of calcium. Key markers associated with apoptosis,
inflammation, and stemness were like those characterized when organo-
ids were treated with CPT-11. Of particular interest was the observation
that the induction of ER stress by TGN was much more resistant in
organoids isolated from AUGTIAI®' mice, as highlighted by gene
expression of A#f5 and Chop. Since UGT1A1 does not target the metab-
olism of TGN, this finding indicates that the physical presence of
UGTI1AL1 in the ER is important in resisting the onset of ER stress.
There is precedence that the presence of the UGT1A proteins plays a
key role in protecting against ER stress, as we had demonstrated previ-
ously confirming that deletion of the Ugt/ locus in intestines (Ugt/ AIEC
mice) potentiated ER stress after the induction of ulcerative colitis by
dextran sodium sulfate treatment (Liu et al., 2016). Thus, expression of
intestinal UGT1A1 serves a dual purpose in intestinal tissue after CPT-
11 treatment; it serves to metabolize SN-38 to limit toxicity while it
also prevents the onset of ER stress. These findings indicate that overex-
pression of UGT1A1 in intestinal tissue may be highly beneficial for
the efficacy of CPT-11 treatment while also preventing severe intestinal
toxicity.
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