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Abstract

Catechol-O-methyltransferase (COMT) has been shown to be a key regulator of pregnancy
outcomes in mouse, and its deficiency is causative in the development of a preeclampsia-like
disease process. Preeclampsia is a human pregnancy disorder associated with failure of
intrauterine trophoblast cell invasion and trophoblast-guided uterine spiral artery remodeling,
which are not well-developed in mouse. The purpose of this study was to investigate COMT in rat,
a species with deep intrauterine trophoblast invasion. To accomplish this task, we used clustered
regularly interspaced short palindromic repeats/Cas9-mediated genome editing of the rat Comt
gene. A Cominull rat model was established and its fertility characterized. Cominull male and
female rats were viable and fertile. COMT deficiency did not significantly impact pregnancy
outcomes, including litter size, placental and fetal weights, Mendelian and sex ratios, or
pregnhancy-dependent adaptations to hypoxia. Collectively, our findings indicate that pregnancy-
associated phenotypic outcomes of COMT deficiency are not equivalent in mouse and rat. In rat,
COMT is not required for a successful pregnancy outcome.
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Introduction

Catechol-O-methyltransferase (COMT) is an enzyme involved in the catabolism of
catecholamines and other molecules possessing a catechol structure, including estrogens.
COMT catalyzes the transfer of a methyl group from S-adenosyl-L-methionine (SAM) to a
hydroxyl group of catechol-like compounds [1-5]. The COMT gene is highly conserved
across species. COMT maodifies 2-hydroxyestradiol to 2-methoxyestradiol (2ME) [4, 5], a
compound with biological functions implicated in regulatory processes associated with
pregnancy and placentation [6]. COMT and 2ME have been demonstrated to contribute to
the regulation of angiogenesis, trophoblast development, and adaptations to hypoxia [7-12].

Deficits in COMT and 2ME have been implicated in the etiology of preeclampsia [6, 11, 13,
14]. Specific COMT polymorphisms have also been linked to preeclampsia [15-20].
Furthermore, a key report implicating COMT in the etiology of preeclampsia was published
over a decade ago [8]. Using a COMT mutant mouse model [21], Kalluri and colleagues
showed that deficits in COMT resulted in pregnancy complications characterized by a
preeclampsia-like phenotype linked to the absence of 2ME [8]. Subsequently, COMT-
deficient mouse models have been routinely used to interrogate molecular mechanisms
underlying preeclampsia and fetal growth restriction [9, 22-27]. Unfortunately, more recent
investigations exploring the connection between COMT in human pregnancy and its
dysregulation in preeclampsia have not supported earlier observations [28-32]. Thus,
uncertainty exists regarding the relative importance of COMT in pregnancy and in the
etiology of diseases such as preeclampsia, and most notably, the merits of the COMT mutant
mouse as a model for preeclampsia research.

Preeclampsia is a pregnancy disease best characterized in the human, where it is associated
with failed deep trophoblast invasion [33, 34]. Mouse exhibits shallow trophoblast invasion
and is not an optimal model for investigating placentation events linked to preeclampsia [35-
37]. In contrast, rat shows deep placentation and robust intrauterine trophoblast invasion and
is an excellent model for examining regulatory events at the uterine—placental interface [36,
38-40]. Implementation of appropriate animal models for research on human health-related
issues, such as pregnancy and preeclampsia, is essential. Although mouse mutagenesis via
gene targeting in embryonic stem cells has been a technique available for 30 years [41],
routine manipulation of the rat genome has only been available for about a decade [42].

In this report, we sought to evaluate the involvement of COMT on preghancy outcome in rat,
a species characterized by extensive intrauterine trophoblast cell invasion. Clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9 genome editing was used to
generate a COMT-deficient rat model. Fertility and reproductive phenotypes were analyzed
and compared between wild type and COMT null rats, including assessment of fetal and
placental growth. We conclude that there are prominent species differences in the
involvement of COMT in determining pregnancy outcomes.
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Materials and Methods

Animals and Tissue Collection

Holtzman Sprague—Dawley rats were purchased from Envigo (Indianapolis, IN) and
maintained under specific pathogen-free conditions in an Association for Assessment and
Accreditation of Laboratory Animal Care—accredited animal facility at the University of
Kansas Medical Center (KUMC). Rats were fed standard rat chow and water ad libitum and
maintained in a 14-h light:10-h dark photoperiod (lights on at 0600 h). Time-mated
pregnancies were established by co-housing adult female rats (8—12 weeks of age) with adult
male rats (> 10 weeks of age). Detection of sperm or a seminal plug in the vagina was
designated gestation day (gd) 0.5. Pseudopregnant females were generated by co-housing
adult female rats (8—12 weeks of age) with adult vasectomized male rats (> 10 weeks of
age). At the time of euthanasia, litter sizes and the viability of conceptuses were recorded,
and tissues used for histological analysis were frozen in dry ice—cooled heptane and stored at
- 80 °C until processed, whereas tissues used for biochemical analyses were frozen in liquid
nitrogen and stored at — 80 °C until processed [43]. All animal procedures were approved by
the KUMC Institutional Animal Care and Use Committee.

Transcript Analysis

Total RNA was extracted from tissues using TRIzol reagent (Cat. No. AM9738, Thermo
Fisher, Waltham, MA). cDNAs were synthesized from total RNA (1 ug) for each sample
using SuperScript 2 reverse transcriptase (Cat. No. 18064014, Thermo Fisher), diluted ten
times with water, and subjected to reverse transcriptase quantitative PCR (RT-gqPCR) to
estimate mRNA levels. RT-gPCR primer sequences are presented in Supplemental Table 1.
Real-time PCR amplification of cDNAs was carried out in a reaction mixture (20 pL)
containing SYBR GREEN PCR Master Mix (Cat. No. 4309155, Applied Biosystems, Foster
City, CA) and primers (250 nM each). Amplification and fluorescence detection were
carried out using the ABI QuantStudio PCR system (Applied Biosystems). The delta—delta
Ct method was used for relative quantification of the amount of mRNA for each sample
normalized to 18S RNA.

Generation of a Comt Mutant Rat Model

Targeted mutations were generated using genome editing as previously described by our
laboratory [44-46] with some modifications. In brief, 4- to 5-week-old donor rats were
intraperitoneally injected with 30 units of equine chorionic gonadotropin (Cat. No. G4877,
Sigma-Aldrich, St. Louis, MO), followed by an intraperitoneal injection of 30 units of
human chorionic gonadotropin (Cat. No. C1063, Sigma-Aldrich) ~ 46 h later, and
immediately mated with adult male rats. Zygotes were flushed from oviducts the next
morning (gd 0.5) and maintained in M2 medium (Cat. No. MR-015-D, EMD Millipore,
Burlington, MA) supplemented with bovine serum albumin (Cat. No. A9647, Sigma-
Aldrich) at 37 °C in 5% CO, for 2 h. CRISPR RNAs (crRNAs) were designed to target
Exon 2 (CATTCTGCTGCACGTAGCGCAGG) and Exon 4
(GAAGGTAGCGGTCTTTCCAGTGG) of the rat Comtgene (NM_012531.2). crRNAs
were annealed with tracrRNA in equimolar concentrations to generate crRNA:tracrRNA
duplexes (guide RNA). Guide RNAs were incubated with Cas9 nuclease to form
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ribonucleoprotein (RNP) complexes. RNP complexes were microinjected into 0.5-day
zygotes at a concentration of 25 ng/uL in Tris-EDTA buffer (pH 7.4). Genome editing
reagents were obtained from Integrated DNA Technologies (Coralville, 1A). Microinjections
were performed using a Leica inverted microscope (Buffalo Grove, IL) and an Eppendorf
Microinjection system (Hauppauge, NY). Manipulated zygotes were transferred to oviducts
of pseudopregnant rats (20-30 zygotes per rat). Offspring were screened for deletions within
the Comt gene. Deletion boundaries were verified by Sanger DNA sequencing. PCR primers
used for genotyping of the genetically altered rats are listed in Supplemental Table 2.
Germline transmission of the mutated gene was determined in Fq rats by backcrossing Fg
founder rats with wild type rats. Detection of a mutation in F4 rats identical to the mutation
present in the parent Fy rat was considered successful germline transmission. The Comt
mutant rat model is available at the Rat Resource & Research Center (RRRC No. 882;
University of Missouri, Columbia, MO; www.rrrc.us).

Western Blotting

Histological

Liver tissue was collected in radioimmunoprecipitation assay lysis buffer (Cat. No.
sc-24948A, Santa Cruz Biotechnology, Santa Cruz, CA) containing a protease inhibitor
cocktail (Cat. No. 11697498001, Sigma-Aldrich, St Louis, MO). Protein (20 ug) was
separated on SDS-PAGE gels and transferred to Immun-Blot polyvinylidene difluoride
membranes (Cat. No. 10600023, GE Healthcare, Milwaukee, W1) for 1 h at room
temperature. Membranes were blocked in 5% non-fat milk in Tris buffered saline (pH 7.4)-
0.1% Tween 20 (TBST) for 1 h at room temperature. Antibodies against COMT (1:4000
dilution, Cat. No. 611970, Clone 4/COMT/RUO, BD Biosciences, Franklin Lakes, NJ;
1:5000 dilution, Cat. No. A6200 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
1:10,000 dilution, Cat. No. AM4300, Thermo Fisher)) were diluted in 5% non-fat milk in
TBST and incubated at 4 °C overnight. Secondary antibodies were horseradish peroxidase—
conjugated goat anti-rabbit 1gG (1:8000 dilution, Cat. No. 7074S, Cell Signaling
Technologies, Danvers, MA) and horseradish peroxidase—conjugated rabbit anti-mouse 19gG
(1:10,000 dilution; Cat. No. 7076S, Cell Signaling). Detection of protein expression was
catalyzed by Luminata™ Crescendo Western HRP substrate (EMD Millipore).

and Immunohistochemical Analyses

Immunohistochemical analyses were performed on 10-um frozen tissue sections using
indirect immunofluorescence. Primary antibodies to vimentin (Cat. No. V6630, Sigma-
Aldrich) and pan-cytokeratin (1:1000 dilution, Cat. No. F3418, Sigma-Aldrich) were used in
the analyses. Goat anti-mouse 1gG conjugated with Alexa 488 (1:1000 dilution, Cat. No.
A11029, Thermo Fisher) and goat anti-mouse IgG conjugated with Alexa 568 (1:400
dilution, Cat. No. A11031, Thermo Fisher) were used to detect primary antibodies.
Fluoromount-G™, with 4’6-diamidino-2-phenylindole (DAPI, Cat. No. 00-4959-52, Thermo
Fisher), was used to visualize nuclei and as mounting medium. 3-amino-9-ethylcarbazole
(AEC, Cat. No. SK-4200, Vector Laboratories, Burlingame, CA) was used for chromogenic
staining. Processed tissue sections were examined, and images were captured with a Nikon
Eclipse 80i upright microscope equipped with a charge-coupled device camera (Nikon,
Melville, NY).

Reprod Sci. Author manuscript; available in PMC 2021 April 29.


http://www.rrrc.us

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Igbal et al.

Page 5

Hypoxia Exposure

Female Comtnull and wild type rats, aged 8 to 12 weeks, were mated in the evening with
males of the corresponding genotype. Pregnant rats were randomized to prenatal hypoxia
(10.5% O,) or ambient oxygen conditions (21% O,) from gd 6.5 to 18.5. Rats assigned to
the prenatal hypoxia group were placed inside a gas-regulated chamber (Biospherix, Lacona,
NY) that maintained an internal concentration of oxygen at 10.5 + 0.3% [44]. Pregnant rats
exposed to ambient conditions served as controls.

Statistical Analysis

Results

All of the normally distributed data are expressed as mean + standard error of the mean and
were compared using the Student #test or analysis of variance that included genotype and
treatment as sources of variation followed by post hoc tests. A Pvalue < 0.05 was
considered statistically significant.

Expression of Comt Transcripts in Rat Placentation Sites

Comttranscripts were abundantly expressed in the rat placenta and the highest during the
later stages of gestation (Fig. 1). Comttranscripts were expressed in both the junctional and
labyrinth zones of the placenta. As gestation progressed, Comttranscript levels were more
prominent in the labyrinth zone than in the junctional zone (Fig. 1).

Generation and Characterization of a Comt Null Rat Model

CRISPR/Cas9-mediated genome editing was used to generate Comt-targeted mutations.
Genome editing resulted in a 1047-bp deletion, which included a partial deletion of Exon 2,
complete deletion of Exon 3, and partial deletion of Exon 4 (Fig. 2a). The mutation led to
complete removal of nucleotide sequence encoding the SAM-dependent methyltransferase
domain and SAM-binding domain (Fig. 2b). These domains are critical for functional
activity of the COMT enzyme [2]. Furthermore, the deletion resulted in a frameshift,
premature appearance of a stop codon, and absence of detectable COMT protein in the liver
of Comt mutant homozygotes (Fig. 2c). The Comt mutation was successfully transmitted
through the germline and a colony established and maintained through Comt heterozygote
breeding. Experimentation was performed on wild type and Comthomozygote littermates.

Effect of Comt Disruption on Fertility and Pregnancy

We next proceeded to evaluate the importance of COMT in fertility and pregnancy
outcomes. Comtheterozygote intercrosses generated litters of expected size and Mendelian
ratio (Table 1). At birth, rats of all Comt genotypes exhibited similar size and appearance.
Consequently, phenotypic comparisons proceeded on wild type intercrosses versus
homozygous Cominull intercrosses. Phenotypic assessments were made at gd 13.5 and gd
18.5. Litter size did not differ between Cominull pregnancies and wild type pregnancies
(Fig. 3a). Additionally, the organization of gd 13.5 placentation sites was not significantly
affected by COMT deficiency (Fig. 3b). Junctional zone and labyrinth zone compartments
were well-defined in both genotypes, as was the extent of intrauterine trophoblast invasion at
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gd 18.5. Postnatal litter size and developmental outcomes were similar among wild type
intercross breeding and COMT-deficient intercross breeding. Thus, COMT deficiency does
not adversely affect fertility or pregnancy outcomes.

Effect of Hypoxia on Pregnancy in COMT-Deficient Animals

In mouse, there is evidence that COMT deficiency adversely affects pregnancy-dependent
adaptations to hypoxia [26]. Consequently, we compared prenatal exposure (gd 6.5 to 18.5)
to ambient oxygen (~ 21.0% O5) or hypoxia (10.5% O5,) in wild type versus COMT-
deficient pregnancies (Fig. 4a). Placental and fetal weights did not differ based on genotype
in either ambient or hypoxic environments. However, placental and fetal growth were
similarly affected by hypoxia in wild type and COMT-deficient pregnancies. Placental
weights were significantly greater and fetal weights significantly smaller following hypoxia
exposure (Fig. 4b). Thus, in rat, COMT does not significantly affect placental or fetal growth
and is not essential for pregnancy-dependent adaptations to hypoxia.

Discussion

COMT is a multi-faceted enzyme in cell signaling. Methylation of catechol substrates can
result in the activation or inactivation of ligands with important roles in the regulation of
numerous physiological processes [2-5]. In this report, we successfully generated a COMT-
deficient rat model using CRISPR/Cas9 genome editing. The primary driver for our efforts
was to further explore a role for COMT in pregnancy, as previously observed in mouse [8, 9,
23-27, 47]. In contrast to mouse, COMT deficiency in rat does not adversely affect
pregnhancy outcomes (present study). Litter size, placental and fetal development, and
adaptations to a physiological stressor were similar in wild type and COMT-deficient
pregnancies.

Kalluri and coworkers first reported that disrupting COMT in mouse results in pregnancies
exhibiting a preeclampsia-like phenotype [8]. Pregnant COMT-deficient mice show
decreased decidua/placenta weights, increased fetal lethality, elevated blood pressure,
proteinuria, and kidney pathology. These pregnancy complications could be reversed by
treating pregnant COMT null pregnant mice with 2ME [8]. The relationship of COMT
deficiency with fetal growth restriction, proteinuria, and an assortment of vascular
pathologies has similarly been reported by others [9, 23-25, 27, 47]. Mechanistic findings in
mouse support correlative data linking COMT and 2ME deficits with human pregnancy
complications [6]. Thus, the implication from this body of research was that the involvement
of COMT in pregnancy-associated events was conserved and required for a healthy
pregnancy.

Foundational support for viewing COMT as a regulator of human pregnancy is buttressed on
mechanistic observations in mouse. However, the critical nature of COMT involvement in
pregnancy does not extend to a closely related species, the rat, presenting a conundrum.
There are few possible explanations. Rat is unique when compared with mouse and human
and can exhibit adaptations that compensate for COMT deficiency, resulting in normal
pregnhancy outcomes, as observed in this report. These adaptations may include the existence
of other methyltransferases that can substitute for COMT or, alternatively, regulatory
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pathways affecting pregnhancy that bypass the need for 2ME. A second possibility is that
mouse may be the outlier and demonstrate heightened sensitivity to deficits in COMT during
pregnancy. This assessment is consistent with our observations with rat (present study) and a
subset of reports failing to establish a linkage between COMT and human pregnancy
dysfunction [28-32]. A third potential explanation may be more complicated. The genetic
backgrounds of the mouse and rat models used in the analyses may be relevant in
interpreting the COMT mutant phenotypes [48, 49]. Mouse research on COMT and
pregnancy utilized mice possessing a mixed C57BL/6/SV129 genetic background [8, 9, 24]
or a C57BL/6 genetic background [23, 25-27, 47], whereas analysis of COMT in rat used
the Holtzman Sprague—Dawley outbred rat (present study). Consequently, the existence of
strain-specific co-morbidities may be central to a potential role for COMT in pregnancy
outcome. Hypoxia exposure was used as a physiological challenge in the present report but
was ineffective in eliciting a role for COMT in pregnancy-dependent adaptations.
Nevertheless, our findings in rat indicate that a measure of caution should be the rule in
extrapolating roles for human genes based on results from mutant animals that may not best
model the human developmental or disease process under investigation.

Finally, the focus of our experimentation was notably biased by previous research
implicating COMT in regulatory events transpiring at the uterine—placental interface [6, 8,
9]. Itis evident that COMT is not an essential contributor to pregnancy outcome in rat.
However, based on the expression profile of COMT during pregnancy, a role for COMT at
the placental-fetal interface may reveal insights into its contribution to pregnancy. COMT
expression was prominently upregulated within the labyrinth zone as gestation advanced.
The labyrinth zone has a prominent barrier function [50-52]. Thus, COMT may be serving a
protective role in preventing excessive catecholamine exposure during critical periods of
fetal development, which may impact postnatal physiology or pathophysiological
adaptations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Expression profile of Comttranscripts in the rat placenta during the second half of gestation.

a Schematic representation of the rat placenta. b RT-qPCR was used to measure Comt
transcript levels in the entire placenta (gestation day 11.5) and in the junctional zone (JZ)
and labyrinth zone (LZ) of the rat placenta from gestation days 13.5, 15.5, 18.5, and 20.5 (n
= 6/group, ***P < 0.001, one-way analysis of variance followed by Tukey’s post hoc test)
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Fig. 2.
Generation of Comtnull rat using CRISPR/Cas9. a Schematic representation of the

organization of the Comt gene, the engineered deletion (A1047 bp), and location of two
guide RNAs used to generate the Cominull rat. b Genotyping of wild type and Comt mutant
alleles. Genomic DNA was isolated, PCR performed, and resolution of DNA fragments
determined by agarose electrophoresis. ¢ Wild type and COMT mutant amino acid
sequences. The transmembrane (TM) is shown in red. The S-adenosylmethionine (SAM)-
dependent methyltransferase domain (MTase) is shown in green. The SAM-binding site is
shown in brown. The frameshift sequence in the COMT mutant sequence is shown in blue. d
Western blot analysis of COMT protein in wild type and Comtnull rat liver tissue
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Fig. 3.

Prggnancy outcomes in wild type and Cominull rats. a Litter sizes from wild type males
mated to wild type females (WT) and Cominull males mated to Comt null females (Null) (n
= 6/group). b Histological structure of WT versus Comtnull (Null) placentas. Vimentin
staining of gestation day 13.5 placentation sites is shown in the upper panels, and pan-
cytokeratin staining within the uterus proximal to the placenta at gestation day 18.5 is shown
in the lower panels. Vimentin demarcates the placental compartments (JZ, junctional zone;
LZ, labyrinth zone; Dec, decidua), whereas pan-cytokeratin staining within the uterus
proximal to the placenta identifies invasive trophoblast cells (SA, spiral artery)
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Effects of COMT deficiency on pregnhancy-dependent adaptations to hypoxia. a Ambient
and hypoxia exposure schemes for pregnancy outcome experiments. b Placental and fetal
weights in ambient and hypoxic conditions. Bar values with different letters indicate
statistically significant differences among the groups (one-way analysis of variance followed

by Tukey’s post hoc test: < 0.0001), 7=8-10
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Table 1

Mendelian ratio of Comt*'~ x Comt'~ breeding outcomes

Outcome  Comt** Comt*~ Com™~

#observed 39 (22.67%) 92 (53.58%) 41 (23.83%)
#expected 43 (25%) 86 (50%) 43 (25%)
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