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Abstract

Glands of the uterus are essential for the establishment of pregnancy in mice and their 

products regulate embryo implantation and stromal cell decidualization critical for pregnancy 

establishment. Forkhead box A2 (FOXA2) is expressed specifically in the glands and a critical 

regulator of their differentiation, development and function. Progesterone and FOXA2 regulate 

members of a serine proteinase gene family (Prss28 and Prss29). Here, CRISPR-Cas9 genome­

editing was used to create mice with a heterozygous or homozygous deletion of Prss28 or/and 

Prss29 to determine their biological roles in uterine function. Female mice lacking Prss28 and 

Prss29 or both developed normally and were fertile without alterations in uterine histoarchitecture, 

uterine gland number, or and gene expression. Thus, Prss28 and Prss29 are dispensable for female 

fertility and do not impact endometrial gland development or uterine function mice.
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1 INTRODUCTION

Uterine glands and, by inference, their secretions regulate embryo implantation and 

pregnancy establishment in mice (Kelleher, Milano-Foster, Behura, & Spencer, 2018). 

Infertility in leukemia inhibitory factor (Lif) null mice and uterine gland knockout mice 

and sheep established the importance of the endometrial glandular epithelia (GE) and, by 

inference, their secretions and products for embryo implantation (Cooke et al., 2012; Filant 

& Spencer, 2013; Gray, Burghardt, Johnson, Bazer, & Spencer, 2002; Gray et al., 2001; 

Jeong et al., 2010; Stewart, 1994; Stewart et al., 1992). Recent evidence indicates that 
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uterine glands impact stromal cell decidualization (Kelleher, Behura, et al., 2019; Kelleher, 

DeMayo, & Spencer, 2019; Kelleher et al., 2018; Kelleher et al., 2017). Additionally, uterine 

glands have direct connections to the developing placenta in mice (Arora et al., 2016; Yuan 

et al., 2018) and humans (Burton, Watson, Hempstock, Skepper, & Jauniaux, 2002). Thus, 

products and secretions of endometrial glands are hypothesized to control development and 

growth of embryo and placenta throughout pregnancy (Dhakal, Kelleher, Behura, & Spencer, 

2020; Kelleher, DeMayo, et al., 2019).

In the uterus, FOXA2 is expressed specifically in the endometrial GE of mice (Filant, 

Lydon, & Spencer, 2014; Filant & Spencer, 2013; Jeong et al., 2010) and humans (Villacorte 

et al., 2013). Adult FOXA2 conditional knockout (cKO) mice lacked expression of LIF, a 

gland-specific factor induced by estrogen from the ovary on gestational day (GD) 4 (Bhatt, 

Brunet, & Stewart, 1991; J. R. Chen et al., 2000). LIF is critical for embryo implantation 

(Bhatt et al., 1991; Stewart et al., 1992) with pleiotropic effects on the uterine epithelium to 

regulate uterine receptivity (J. R. Chen et al., 2000; Fouladi-Nashta et al., 2005). In addition 

to Lif, a number of progesterone-induced genes expressed in the uterine glands (e.g., Prss28, 

Prss29) were not expressed in the uterus of adult FOXA2 cKO mice (Kelleher et al., 2018; 

Kelleher et al., 2017). Notably, ChIP-seq established that Prss28 and Prss29 have FOXA2 

binding sites in their gene promoter/enhancer regions (Filant et al., 2014).

The Prss28 and Prss29 genes, also known as implantation serine proteinase 1 (Isp1) and 

2 (Isp2), respectively, are within a tryptase cluster in chromosome 17 of mouse genome 

(Tang & Rancourt, 2005) and were initially hypothesized to have a biological role in 

embryo hatching (O’Sullivan, Rancourt, Liu, & Rancourt, 2001). Both genes are expressed 

specifically and abundantly in GE of the mouse uterus and induced by progesterone 

(O’Sullivan et al., 2004). Of note, expression of both genes starts about GD 5.5, correlating 

to when glands influence pregnancy establishment via effects on stromal cell decidualization 

(Kelleher, DeMayo, et al., 2019).

The objective here was to test the hypothesis that Prss28 and Prss29 have biological roles 

in uterine function to support establishment and maintenance of pregnancy. CRISPR-Cas9 

genome-editing was used to generated mono- and bi-allelic deletions of Prss28 and Prss29 in 

mouse embryos. Studies were then performed to determine the effects of Prss28 and Prss29 
deficiency on female fertility and uterine function.

2 Materials and methods

2.1 Animals

Animal procedures were approved by the Institutional Animal Care and Use Committee of 

the University of Missouri and were conducted according to the NIH Guide for the Care and 

Use of Laboratory Animals. C57BL/6J inbred mice (stock no. 000664) were obtained from 

Jackson Laboratory, and outbred CD-1 mice (stock no. 022) were purchased from Charles 

River. Mice were housed in the vivarium of Division of Animal Science at University of 

Missouri under 10 hours dark and 14 hours light cycles.
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Prepubertal 3 to 4 weeks old C57BL/6J were superovulated by i.p. injection of 5 IU 

Pregnant Mare Serum Gonadotropin (ProSpec, HOR-272) at 1300 hours followed by 5 

IU Human Chorionic Gonadotropin (hCG, Sigma, CG5 5000 IU) i.p. injection after 48 

hours. These females were placed with fertile C57BL/6J males after the hCG injection. The 

following day morning, plugged C57BL/6J were euthanized and zygotes were collected, and 

the cumulus cells were removed with 10 IU/ml hyaluronidase (Sigma, 385931) in M2 media 

(Millipore Sigma, MR-051-F). Pronuclei stage zygotes were selected for electroporation. On 

the day of electroporation, adult (8–10 weeks old) CD-1 females on proestrus determined by 

vaginal smear were placed with tested vasectomized CD-1 males and used as recipients for 

electroporated C57BL/6 embryos.

2.2 Guide RNA design

A pair of guide RNAs was designed using freeware from Integrated DNA Technologies 

(IDT) (https://www.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE) that are 

unique in the genome to avoiding any predicted off-target effects. The 20 nucleotide 

plus PAM sequence ALT-R® CRISPR-Cas9 crRNAs (Guides) were purchased from 

Integrated DNA Technologies. Guide RNAs for Prss28 were selected on second exon 

after the start codon on exon 2 (GAACACGGTACTTTCCAGACAGG) and on exon 4 

(TCGACTCCACTGACCAGTGTTGG) (Figure 1). Guide RNAs for Prss29 were selected 

right before the start codon on intron 1 (TATATATTGAGGCACAAGGGTGG) and another 

was located on exon 4 (ACACGGATCCGAAAGACTGATGG).

2.3 Ribonucleoprotein (RNP) assembly

The RNP assembly was performed just before electroporation according to Nepagene 

(NEPA21) recommended protocol for zygote electroporation. ALT-R® CRISPR-Cas9 

tracrRNAs (Catalog # 1072523) and ALT-R® S.p. Cas9 Nuclease V3 (Catalog # 1081058) 

were purchased from IDT. First, tracRNA and each of the two crRNA for a gene were mixed 

at the 100 μM concentration each with nuclease free water and crRNA:tracRNA duplex was 

made by annealing the mixture on a thermal cycler at 95°C for 5 min. The duplex mix 

was then cooled to room temperature. RNP complex for each targeted gene was made of 

crRNA:tracRNA duplex (6 μM final) and Cas9 Nuclease (1.2 μM final) constituted in in a 

total volume of 60 μl with Opti-MEM (ThermoFisher, 31985070) and incubated at room 

temperature for 20 min. Fifty (50) μl RNP mix was used for electroporation.

2.4 Electroporation of pronuclear-stage embryos

We applied electroporation with repeated pulses to first pore the zona pellucida and then 

transfered RNPs intracellularly by NEPA 21 electroporator (NEPA GENE Co. Ltd., Chiba, 

Japan). A glass chamber with 8 mm gap platinum plate electrodes (NEPA GENE Co. Ltd, 

CUY505P5,) was filled with 50 μl of RNPs in Opti-MEM. The impedance was adjusted to 

0.5 kΩ. Between 50 and 80 zygotes were aligned in the center line of the chamber, avoiding 

contacts between zygotes. Electroporation program was set to 225 V, 2 msec pulse length, 

50 msec pulse interval, 4 rounds of pulses, 10% decay rate and + polarity for the poring 

pulse and 20V, 50 msec pulse length, 50 msec pulse interval, 5 rounds of pulses, 40% 

decay rate and ± polarity for the transfer pulse. After the electroporation, embryos were 
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washed and transferred in EmbryoMax Advanced KSOM Embryo Media (Millipore Sigma, 

MR-101-D).

2.5 Embryo culture, transfer and genotyping

Intact 25–30 zygotes were placed in a 30 μl advanced KSOM droplets in petri dish (Corning, 

351008) covered with mineral oil (Irvine Scientific, 9305) and incubated overnight under 

5% CO2 at 37°C. Embryos that developed to two cell stage in next day were selected. 

Pseudo pregnant CD-1 females that were mated with vasectomized males were anesthetized 

under isoflurane and of 8–10 two cell stage embryos were surgically placed in each oviduct 

at the bulging near the first coiling from the infundibulum, directing towards the ampulla. 

Pregnancy was monitored and after the pups were delivered, tail snips were taken before 

weaning age to isolate the genomic DNA. High quality DNA was purified using Gentra 

Puregene Mouse Tail Kit (Quiagen, 158267) and PCR amplification was performed with 

sequencing primer set (Supplemental Table 1) that encompass the targeted loci of the gene. 

The DNA product corresponding to the mutant band in the gel was purified with Qiaquick 

Gel Extraction Kit (Qiagen 28704) and Sanger sequencing was performed at the DNA 

core of University of Missouri. The mutant founder mice were back crossed, and germline 

transmission was confirmed in F1 pups with genotyping primers (Supplemental Table 1). 

Regular genotyping was performed in tail snips using a rapid KOH-EDTA digestion method.

2.6 Fertility test

Male and female Prss28, Prss29 and Prss28/Prss29 null matings were setup and monitored 

for six months.

2.7 Histology and immunofluorescence analyses

Vaginal smearing was performed on wild type, Prss28 null and Prss29 null adult females 

to detect female mice in proestrus. Uteri were harvested, placed in chilled heptane on dry 

ice and embedded in OCT media (Fisher, 22363554). The uteri were cryosectioned at 6 μM 

thickness, mounted on Superfrost Plus microscope slides (Fisher, 22037246), and stored at 

−20°C. Slides with tissue sections were dried at room temperature for 10 min and fixed 

in ice cold methanol (Fisher, A452) for 10 min. Slides were washed thrice (10 min each) 

with PBS and antigen retrieval was performed in boiling reveal decloaker solution (BioCare 

Medical, RV1000M) for 20 minutes and left to cool. The slides were then washed thrice 

with PBS and blocked with 10% normal goat serum (Life Technologies, 50062Z) for 1 

h. Sections were then incubated with a cocktail of primary antibodies to Cytokeratin 8 

(TROMA-1; 1:50 dilution of rat monoclonal, University of Iowa Developmental Studies 

Hybridoma Bank) and FOXA2 (1:400 dilution, Abcam, ab 108422) in 10% normal goat 

serum overnight at 4°C. After thoroughly washing thrice (PBS for 10 min each), a cocktail 

of Alexa Fluor conjugated secondary goat anti-rat and anti-rabbit antibodies (1:400 dilution 

of Invitrogen A-11006 and A-21429) in PBS containing 1% BSA was applied to each 

section for 1 h at room temperature. After washing thrice (10 min each) with PBS, 

nuclei were stained for 5 min with Hoechst 33342 (2 μg/ml; Life Technologies H3570). 

A final wash was performed with water twice (5 min each). Fluoromount-G (ThermoFisher, 

495802) mounting media was placed on each section before affixing a coverslip that was 

sealed with nail polish. Processed tissue sections were inspected for fluorescence and images 
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recorded with a Leica DM5500 B upright microscope using the Leica Application Suite X 

(LAS X). Of note, gland number was quantified in 40 non-sequential sections of proestrus 

uteri from WT, Prss28 null and Prss29 null mice.

2.8 qRT-PCR

Total RNA was extracted from proestrus uteri using TRIzol reagent (Thermo Fisher, 

AM9738). Total RNA (1 μg) was used to synthesize cDNAs for each sample using a High­

Capacity cDNA Reverse Transcription Kit (Thermo Fisher, 18064014). The cDNA was 

diluted ten times with water, and subjected to quantitative reverse transcriptase quantitative 

PCR (qRT-PCR) to estimate mRNA levels. qRT-PCR primer sequences are presented in 

Supplemental Table 1. Real-time PCR amplification of cDNAs was carried out in a reaction 

mixture (10 μL) containing SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 

1725274) and primers (250 nM each). The delta delta Ct method was used for relative 

quantification of the amount of mRNA for each sample normalized to 18S RNA.

2.9 Statistical analyses

Student’s t-test was applied to compare the litter size to the controls. One-way analysis 

of variance followed by Tukey’s post hoc test was applied to compare gene expression 

differences within each line of mice.

3 Results

3.1 Generation of Prss28 null mice

CRISPR-Cas9 genome-editing was used to generate targeted mutations. The Prss28 gene 

has six exons and two guides were used to target exon 2 and exon 4. The coding sequence 

starts from the second exon of the gene. The first guide created a DNA break in the first 

intron at 138 bases upstream of the start codon in exon 2. The second guide created a cut 

in the fourth exon right at the PAM junction of the guide RNA (Figure 1). The combination 

of both guides created a deletion of 876 basepairs that encompassed the start codon of 

the gene (Figure 1). Germline transmission was confirmed in the progeny by genotyping 

(Supplemental Figure 1). Breeding was performed with heterozygous males and females to 

create Prss28 null mice.

3.2 Generation of Prss29 null mice

The Prss29 gene also has six exons and the coding sequence starts with the second exon. 

Two guides were designed to target the first intron and exon 2 boundary and exon 4. The 

first guide created a break in the first intron 18 bases upstream of the start codon, and the 

second guide cut 20 bases downstream of the beginning of the fourth exon. This approach 

created a large deletion of 627 basepairs in the gene (Figure 1). Interestingly, sequencing 

of PCR products found that a GA sequence was inserted randomly during the repair. After 

confirming germline transmission in progeny (Supplemental Figure 1), Prss29 null mice 

were generated by breeding heterozygous males and females.
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3.3 Fertility characterization of the mutant mice

Heterozygous 8 week old females and 3 month old males were setup in cages and breeding 

was monitored for 6 months. Genotyping with specific primer sets (Supplemental Table 

1) was used to identify wild type (WT; +/+), heterozygous (+/−) and null (−/−) pups. 

As illustrated in Figure 2A, the genotypic distribution of pups from Prss28 and Prss29 
heterozygote matings displayed Mendelian inheritance. Pups of all genotypes in Prss28 and 

Prss29 litters survived to weaning and reached sexual maturity.

Next, a breeding trial was conducted to compare the reproductive performance of Prss28 and 

Prss29 mutant lines to WT controls. There was no difference (P>0.10) in the litter size in 

the null-null matings of Prss28 (6.1 ± 1.8) and Prss29 (6.1 ± 1.9) mice as compared to the 

WT-WT matings (6.0 ± 1.3) (Figure 2B). Since there was no obvious litter size phenotype 

in the females of both Prss28 and Prss29 null genotype, a double null genotype female 

was generated by crossing Prss28 null and Prss29 null mice to eliminate any functional 

redundancy and compensation of these two genes. When the double homozygote Prss28 and 

Prss29 mutant females were bred with WT males, the litter size of Prss28/Prss29 null-null 

matings (5.9 ± 2.4) was not different (P>0.01) than WT-WT matings (Figure 2B).

3.4 Uterine histology

Uteri of WT, Prss28 and Prss29 null females were collected at two months of age during 

proestrus phase of the estrous cycle, as those genes are abundantly expressed at that stage 

(O’Sullivan, Rancourt, et al., 2001). As illustrated in Figure 3A, the proestrus uteri of adult 

Prss28 and Prss29 null females displayed a normal histoarchitecture similar to WT uteri. 

The number of FOXA2 positive glands were not different (P>0.10) in the uteri of WT, 

Prss28, and Prss29 null females (Figure 3B).

3.5 Uterine gene expression

As summarized in Figure 4, Prss28 mRNA was undetectable in the proestrus Prss28 null 

uteri, and Prss29 mRNA was not detected in proestrus Prss29 null uteri as expected. Prss28 
and Prss29 was not altered in any genotypes of the Prss29 and Prss28 lines, respectively.

4. Discussion

Uterine glands and, by inference, their secretions are indispensable for embryo implantation 

and pregnancy success (Dhakal et al., 2015; Filant, Zhou, & Spencer, 2012; Kelleher, 

Burns, Behura, Wu, & Spencer, 2016; Kelleher et al., 2018; Kelleher et al., 2017). The 

FOXA2 transcription factor is specifically expressed in the GE of the endometrium and 

has pleiotropic effects on gland development and adult uterine function. Utilizing stage and 

cell-type specific models of FOXA2 deficiency, we previously discovered that Lif is not 

expressed in the absence of FOXA2. LIF is a critical gland specific cytokine expressed 

in response to nidatory estrogen and is required for embryo implantation in mice (Stewart 

et al., 1992). Supplementation of recombinant LIF was able to rescue pregnancy in adult 

FOXA2 cKO mice that contained glands (Kelleher et al., 2018; Kelleher et al., 2017), 

however there were notable effects on the transcriptome of the decidua as well as differences 

in fetoplacental growth (Dhakal et al., 2020). Integration with published data identified 
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Prss28 and Prss29 as the topmost differentially regulated genes in LIF-replaced FOXA2­

deficient mice that are explicitly expressed in the uterine glands (Kelleher et al., 2017).

Utilizing CRISPR-Cas9 genome-editing we generated individual knockouts of Prss28 and 

Prss29 and characterized their fertility. Breeding trials consisting of heterozygous males and 

females generated normal litter sizes with the expected genotypes with normal patterns of 

Mendelian inheritance. Similarly, knockout breedings produced litter sizes comparable to 

wildtype and heterozygous breeding controls. As expected, there was no difference in the 

uterine histoarchitecture in Prss28 and Prss29 null mice when compared to WT. Further, 

Prss28 and Prss29 null uteri appeared normal from the perspective of gene expression of 

Esr1, Pgr, Foxa2, and Spink1. Based on the similarity in expression of Prss28 and Prss29, 

as well as their 46% similarity in DNA sequence, conserved histidine-aspartic acid-serine 

active site moieties, and highly conserved 5′-UTRs, we hypothesized that Prss28 and 

Prss29 may be functionally redundant (O’Sullivan et al., 2004; Tang & Rancourt, 2005). 

To circumvent the possibility of compensation, we crossed the two lines and created Prss28 
and Prss29 double homozygous null females. When double knockout females were bred 

with fertile males there was no deviation from normal litter size. Thus, Prss28 and Prss29 
are dispensable for fertility and do not have a role embryo development or uterine functions 

for pregnancy.

A potentially important consideration is that the experiments in this study were conducted 

in standard vivarium where the hygiene is tightly controlled. Of note, proteases are involved 

in host defense mechanisms involved in the maintenance of pregnancy (Salamonsen & Nie, 

2002). During infection, dysregulation of protease activation can result aberrant processing 

of inflammatory mediators, altering their function in vivo, and ultimately causing excessive 

inflammation and damage to cells and tissue systems leading to increased morbidity and 

mortality (Marshall, Finlay, & Overall, 2017). Our studies did not explore the role of Prss28 
and Prss29 in mice challenged with pathogens commonly found in human reproductive 

tract (Reese et al., 2016). Thus, a pregnancy phenotype could emerge in Prss28 and Prss29 
knockout mice in a more natural setting.

In conclusion, we utilized a Crispr-Cas9 gene editing approach to directly test the function 

of two FOXA2-dependent progesterone-induced genes in female reproduction. Prss28 and 

Prss29 single and double null females are fertile and exhibit no overt fertility phenotype. 

Thus, we conclude that Prss28 and Prss29 are dispensable for reproduction under standard 

husbandry conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic representation of Prss28 and Prss29 gene organization and approach used 

to generate mutant mice using CRISPR/Cas9 genome editing. The position of guide RNAs 

is denoted by red triangles along with their sequences. Positions of forward and reverse 

primers used for genotyping are indicated by blue and green triangles, respectively. (B) PCR 

was performed on genomic DNA from the tail snips of Prss28 and Prss29 F0 generation 

pups to identify mutant animals. Mutant animal number 2 (Mut2) with Δ876 bp and Δ627 

bp deletions in Prss28 and Prss29, respectively, were bred to propagate and establish gene­

edited lines.
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Figure 2. 
Aspects of pregnancy outcomes in wild type (WT), Prss28 null, and Prss29 null mice. 

(A) Genotype distribution of pups from Prss28 and Prss29 heterozygous male and female 

matings (n= 15 each). (B) Litter size in matings of wild type (WT), Prss28 null, Prss29 null, 

and Prss28/Prss29 double null females (n = 8 each). Data is expressed as number of pups per 

litter.
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Figure 3. 
(A) Uterine histoarchitecture and FOXA2 localization in proestrus uteri from wild type, 

Prss28 null, and Prss29 females at 2 months of age. Bar, 250 μm. (B) Gland number in 

sections of uteri from proestrus wild type, Prss28 null and Prss29 null mice (n = 6 mice per 

genotype).
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Figure 4. 
Effects of Prss28 and Prss29 gene deletion on gene expression in the uterus of 

proestrus mice. Real-time qPCR analysis was conducted using uteri from wild type (+/+), 

heterozygous (+/−), and null (−/−) mice (n = 5 per genotype). Data are expressed relative to 

mRNA levels in wild type (+/+) mice. *P<0.01, **P < 0.001, and ***P<0.0001.
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