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Abstract 

Although the Factor V Leiden (FVL) gene variant is the most common genetic 

risk factor for venous thrombosis, only 10% of these individuals will experience such an 

event in their lifetime. In order to identify potential FVL modifier genes contributing to 

this incomplete penetrance, we performed a sensitized dominant ENU mutagenesis 

screen, based on the perinatal synthetic lethal thrombosis previously observed in mice 

homozygous for FVL (F5L/L) and haploinsufficient for tissue factor pathway inhibitor 

(Tfpi+/-). Whole exome sequencing was applied to DNA from 107 viable F5L/L Tfpi+/- 

progeny (‘rescues’) to identify candidate genes that are enriched for ENU mutations. A 

total of 3481 potentially deleterious candidate ENU variants were identified in 2984 

genes. After correcting for gene size and multiple testing, Arl6ip5 was identified as the 

most enriched gene but did not meet genome-wide significance and validation of the top 

6 genes using independent CRISPR/Cas9 induced mutations failed to demonstrate 

clear rescue phenotype. Linkage analysis conducted in 3 largest pedigrees generated 

from the rescue mice using ENU-induced coding variants as genetic markers did not 

map the corresponding suppressor loci. However, in one of the pedigrees, a maternally 

inherited (not ENU-induced) de novo mutation (Plcb4R335Q) exhibited significant co-

segregation with the rescue phenotype (p=0.003).  
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Introduction 

Venous thromboembolism (VTE) affects 1:1000 individuals in the US each year and is 

highly heritable [1, 2]. The most common known genetic risk factor for VTE is a single 

nucleotide variant (SNV) in the F5 gene, referred to as Factor V Leiden (FVL, 

Arg506Gln) [3]. Although the FVL variant is present in ~25% of VTE patients [4], only 

~10% of individuals heterozygous for FVL develop thrombosis in their lifetime. 

 

To identify genetic variants potentially modifying the FVL, we recently employed a 

dominant ENU screen [5] in mice sensitized for thrombosis. Mice homozygous for the 

FVL mutation (F5L/L) and haploinsufficient for tissue factor pathway inhibitor (Tfpi+/-) die 

of perinatal thrombosis [6]. After ENU mutagenesis, 98 G1 F5L/L Tfpi+/- progeny survived 

to weaning (‘rescues’) and 16 of them exhibited successful transmission of the ENU-

induced suppressor mutation. However, subsequent efforts to genetically map the 

corresponding suppressor loci were confounded by complex strain-specific differences 

introduced by the required genetic outcross [5]. Similar genetic background effects have 

complicated previous mapping efforts [7] and have been noted to significantly alter other 

phenotypes of interest [8, 9]. Additional challenges of such mapping approach include 

the requirement for large pedigrees and limited mapping resolution, with candidate 

intervals typically harboring tens to hundreds of genes and multiple closely linked 

mutations. 
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The emergence of high throughput sequencing methods has greatly enabled the direct 

identification of ENU-induced mutations and removed the necessity for outcrossing to 

introduce genetic markers for mapping [10, 11]. We now report the application of this 

approach to a total cohort of 107 rescue mice (including 50 mice from the previously 

reported ENU screen). Mutation burden analysis of whole exome sequencing (WES) in 

this cohort identified mutations in Arl6ip5 as the top candidate suppressor locus, but an 

independent CRISPR/Cas9-generated Arl5ip5 mutant allele did not demonstrate a clear 

rescue of F5L/L Tfpi+/- lethal phenotype. In addition, a maternally inherited (not ENU-

induced) de novo mutation (Plcb4R335Q) exhibited significant co-segregation with the 

rescue phenotype (p=0.02) in an expanded pedigree. 

 

Results and discussion 

F5L/L Tfpi+/- mice exhibit reduced survival and smaller size 

A previously described [5] sensitized ENU-mutagenesis for thrombosis modifiers was 

extended to screen for dominant suppressors of the perinatal lethal F5L/L Tfpi+/- 

genotype (Fig 1A). 2834 G1 offspring were generated from mutagenized C57BL/6J 

F5L/L males crossed to unmutagenized C57BL/6J F5L/+ Tfpi+/- females, with a total of 76 

viable F5L/L Tfpi+/- rescue progeny identified at weaning. Approximately 50% of the 

rescue mice died by 6 weeks of age, with no significant survival difference observed 

between females and males (Fig 1B, p=0.077). Females were underrepresented 

compared to males during the initial genotyping (28 females compared to 48 males, 

p=0.022). F5L/L Tfpi+/- rescues were on average 25-30% smaller than their littermates at 

2-3 weeks of age (p=7x10-13, Fig 1C-D). The proportion of identified rescues among G1 
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offspring, their smaller weight compared to littermates, and fewer overall females 

among rescues, were all consistent with our previous report [5]. 

 

WES identifies 6771 ENU-induced variants in 107 rescues 

In order to identify all/most exonic ENU mutations, a total of 107 G1 rescues (57 from 

the current ENU screen and an additional 50 rescues from the previous screen [5]) were 

subjected to WES (S1 Table). From ~1.5 million initially called variants, 6735 SNVs and 

36 insertions-deletions (INDELs) within exonic regions were identified as potential ENU-

induced mutations, using an in-house filtering pipeline (see Materials and methods). 

The most common exonic variants were nonsynonymous SNVs (47%), followed by 

mutations in 3’ and 5’ untranslated regions (31%) and synonymous SNVs (15%). The 

remaining variants (7%) were classified as splice site altering, stoploss, stopgain, or 

INDELs (Fig 2A). T/A -> C/G (47%), and T/A -> A/T (24%) SNVs were overrepresented, 

while C/G -> G/C (0.8%) changes were greatly underrepresented (Fig 2B), consistent 

with previously reported ENU studies [12, 13]. Since ENU is administered to the G0 

father of G1 rescues, only female progeny are expected to carry induced mutations on 

the X chromosome, while males inherit their only X chromosome from the 

unmutagenized mother. Among the called variants, all chromosomes harbored a similar 

number of mutations in both sexes, with the exception of the X chromosome where a 

>35 fold increase in SNVs per mouse was observed in females (Fig 2C). The average 

number of exonic ENU mutations for G1 rescues from the current and previous screens 

was ~65 SNV per mouse (Fig 2D), consistent with expected ENU mutation rates [10, 
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13]. Sanger sequencing validated 36 of the 37 variants in 12 chosen genes (S2 Table). 

These data suggest that most called variants are likely to be of ENU origin.  

 

Mutation burden analysis identifies potential candidate thrombosis suppressor 

genes 

WES data for 107 independent rescue mice were jointly analyzed to identify candidate 

genes that are enriched for potentially deleterious ENU-induced variants including 

missense, nonsense, frameshift, and splice site altering mutations (3481 variants in 

2984 genes, S2 Table). The majority of genes harbored only a single ENU-induced 

variant with 15 SNVs identified in Ttn, the largest gene in the mouse genome (Fig 2E). 

After adjusting for coding region size and multiple testing (for 2984 genes), the ENU-

induced mutation burden was significantly greater than expected by chance for 3 genes 

(FDR<0.1, Arl6ip5, Itgb6, C6) and suggestive for 9 additional genes (FDR<0.25). Yet a 

more stringent multiple testing approach accounting also for genes that did not get hit 

by ENU in those 107 mice (20,586 genes used in the simulation) suggested no 

significant enrichment (Arl6ip5 FDR=0.68, Fig 3). 107 rescue mice (1.9-2.7% of 

expected mice, Fig 1A) represent approximately 900-1400 (25%) tested F5L/L Tfpi+/- 

conceptuses. Assuming ~65 exonic mutations per mouse (Fig. 2D), this correlates with 

approximately 3-4X genome coverage which is further reduced when considering only 

potentially damaging mutations. The power to map the underlying genes is further 

compromised by the previously reported background survival rate for the rescue mice 

[6]. 
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Simultaneous targeting of 6 genes using CRISPR-Cas9 resulted in >100 new 

alleles. 

To test if the above-identified candidates would validate as thrombosis suppressor 

genes, independent null alleles were generated with CRISPR-Cas9. From 294 

microinjected zygotes with pooled guide RNAs against top six candidate genes (Arl6ip5, 

C6, Itgb6, Cpn1, Sntg1 and Ces3b; Fig 3) we obtained 39 progeny. CRISPR-Cas9 

genome editing was assed by Sanger sequencing around the sgRNA target sites. 

Approximately 190 independent targeting events were observed across the 6 genes in 

36 mice including small INDELs, single nucleotide changes, and several large (>30bp) 

deletions or inversions. Targeted alleles were either homozygous, heterozygous, or 

mosaic. While the number of editing events varied greatly for different sgRNAs (2.5-

85%) the strategy to simultaneously target multiple genes [14] proved successful and 

cost-effective. 

Independent alleles for the candidate genes did not validate as thrombosis 

suppressors 

Two or more different CRISPR-Cas9-induced alleles for each of the candidate genes 

(S3 Table) were bred to isolation but maintained on F5L background for validation. The 

progeny of F5L/L Tfpi+/+ mice crossed with F5L/+ Tfpi+/- mice (one additionally carrying the 

CRISPR-Cas9-induced allele) were monitored for survival of F5L/L Tfpi+/- offsprings 

(Table 1, S4 Table). 

Table 1. Validation of survival with CRISPR-Cas9-induced alleles 
Gene Total mice 

tested 
No. of rescues 

w/o allele 
No. of rescues 

with allele P-value* 
Arl6ip5 179 1 5 0.36 
Itgb6 144 1 1 1 
C6 105 0 0 1 
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Cpn1 122 0 1 0.46 
Sntg1 210 3 4 0.68 
Ces3b 219 2 1 1 

*Fisher’s exact test 

Over 100 progeny were generated for each of the candidate genes with no obvious 

rescue effect. A slight increase in rescues carrying F5L/L Tfpi+/- Arl6ip5+/- genotype was 

noted, although after surveying 179 mice it remained non-significant (Table 1). Still, we 

cannot exclude the possibility of our top candidate gene rescuing the lethal phenotype 

at lower penetrance (<55%). Our previously mapped thrombosis modifier F3 also 

rescued the phenotype with incomplete penetrance [5]. For most of the other candidate 

genes, the number of observed F5L/L Tfpi+/- mice reflected the expected background 

survival rate for this genotype (2 F5L/L Tfpi+/- mice from 94 total) [6]. Slightly higher 

numbers of rescues was observed for the Sntg1 gene, both with and without the Sntg1 

loss of function allele. As 6 of the seven F5L/L Tfpi+/- rescues were descendants of the 

same CRISPR-Cas9 edited mouse, we entertained the possibility that we had missed 

identifying a large deletion (extending the borders of the PCR primers) in the original 

mouse in one of the other candidate genes (e.g. Arl6ip5) that could explain the higher 

number of rescues. All gRNA editing sites were assessed using qPCR to capture 

discrepancies in expected copy-numbers, yet none were found. Nevertheless, a 

CRIPSR/Cas9-induced variation may still exist beyond the qPCR primer sequences. 

While the median deletion size using single sgRNA is 9bp, larger deletions as well as 

more complex rearrangements have been introduced by CRISPR/Cas9 in mice and 

would be missed with conventional genotyping approaches [15]. Alternatively, the 

slightly higher background in rescues for that founder mouse could be explained by an 

off-target effect or just normal variation. 
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Rescue pedigrees exhibit reduced fertility and incomplete penetrance 

In addition to focusing on the variation in G1 progeny, the 42 G1 F5L/L Tfpi+/- mice alive 

at 6 weeks of age were mated to F5L/L mice to test the heritability of the survival 

phenotype. Twenty-one of these 42 mice generated at least one litter and 15 (1 female, 

14 males) produced ≥1 offspring with the F5L/L Tfpi+/- genotype (Table 2). Across all 

pedigrees, mice beyond G1 (≥G2) continued to exhibit reduced survival with more 

pronounced underrepresentation of females (p=0.002; Fig 1E), and an average ~22% 

lower body weight compared to littermates at the time of genotyping (p=2x10-16; Fig 1F). 

In the previous screen [5], rescues were outcrossed to the 129S1/SvImJ strain to 

introduce genetic diversity required for subsequent mapping experiments. However, 

complex strain modifier gene interactions confounded this analysis and resulted in a 

large number of “phenocopies” (defined as viable rescues despite lacking the original 

rescue mutation). To minimize this problem in the current screen, rescue pedigrees 

were maintained exclusively on the C57BL/6J background. While half of the pedigrees 

(8/16) previously generated on the mixed 129S1/SvImJ-C57BL/6J background 

generated >45 rescue progeny per pedigree [5] all pedigrees on the pure C57BL/6J 

background in the current study yielded <36 rescue mice, with the majority of pedigrees 

generating ≤5 rescues (Table 2). Significantly smaller pedigrees in comparison to the 

previous screen (p=0.010, S1 Fig) is likely explained by a general positive effect of 

mixing 129S1/SvImJ-C57BL/6J strain background either directly on rescue fertility 

(hybrid vigor) or indirectly by reducing the severity of the F5L/L phenotype. C57BL/6J 

and 129S1/SvImJ strains have been shown to exhibit significant differences in a number 
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of hemostasis-related parameters including platelet count, TFPI and TF expression 

levels [16]. Variation in genes underlying such strain specific differences may have 

contributed as modifiers to the rescue pedigrees in the previous screen [5]. 

 

Table 2. Overview of successfully progeny tested rescues 

Pedigree Mouse ID Sex Total # 
progeny # Rescues Penetrance* 

1 60654 M 208 23 24.9% 
2 82147 M 34 2 12.5% 
3 82723 M 91 5 11.6% 
4 83071 F 50 2 8.3% 
5 83217 M 4 1 66.7% 
6 83457 M 191 22 26.0% 
7 83737 M 18 3 40.0% 
8 83796 M 19 3 37.5% 
9 83875 M 39 8 51.6% 

10 83882 M 4 1 66.7% 
11 10382 M 25 3 27.3% 
12 11241 M 32 5 37.0% 
13 11954 M 157 35 57.4% 
14 19193 M 29 2 14.8% 
15 20000 M 16 3 46.1% 

*Penetrance is calculated as follows: #Rescues / (Total # of progeny - #Rescues) / 2 
 

Linkage analysis with coding ENU variants fails to map suppressor loci 

The three largest pedigrees (1, 6, and 13) were still poorly powered (29.6%, 21.7% and 

39.4%, respectively) to identify the rescue variants by linkage analysis (S2-S4 Figs A). 

A total of 86 candidate ENU variants across the three pedigrees were validated by 

Sanger sequencing (S5 Table). Sixty-nine variants present in G1 rescue but not in their 

parents (G0) were further genotyped in all other rescue progeny in respective 

pedigrees. As expected from the power estimations, none of the 19 ENU variants tested 

in pedigree 1 (S2 Fig B), showed linkage with a LOD-score >1.25 (S3 Fig C). Similarly, 
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26 and 24 variants analyzed in pedigrees 6 and 13, respectively (S3,S4 Figs B) also 

failed to demonstrate a LOD-score >1.5 (S4,S5 Figs C). Failure to map the causal loci in 

any of these pedigrees was likely due to the lack of genetic power for mapping. 

However, we cannot exclude contribution from a non-ENU-induced variant [17] or 

insufficient marker coverage. While WES has been successfully applied to identify 

causal ENU variants within inbred lines [18] and in mixed background lines [19, 20], 

~3000 ENU variants identified by whole genome sequencing (WGS) provide a much 

denser and more even coverage of the entire genome and expectedly outperforms 

WES in mapping [11]. On the other hand, WGS approach requires sequencing multiple 

pedigree members [10], or pooled samples at high coverage [11] and may present the 

challenge of interpreting causality from many closely linked non-coding variants. 

 

A Plcb4 mutation co-segregates with the rescue phenotype in 3 G1 siblings and 

their rescue offspring 

The number of G1 rescues produced from each ENU-treated G0 male is shown in Fig 

4A. Though most of the 182 G0-s yielded no or very few G1 rescue offspring, a single 

G0 produced 6 rescues out of a total of 39 offspring (p<5x10-5, Fig 4A). This observation 

suggests a potential shared ‘rescue’ variant rather than 6 independent rescue mutations 

in the same G0 founder. A similar observation of 7 independent ENU pedigrees with an 

identical cardiac edema phenotype mapped to the same genetic locus was previously 

reported and hypothesized to result from a single shared mutation [7]. 
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Our in-house pipeline for ENU-induced variant analysis (see Methods) filters out all 

variants shared between 2 or more G1 rescue mice based on the assumption that ENU-

induced variants should be unique in each individual G1. However, rescue siblings 

could theoretically originate from the same mutagenized spermatogonial stem cell and 

share ~50% of their induced mutations [21]. Among 107 whole exome sequenced G1 

mice, 38 were siblings (13 sib-pairs and 4 trios, S1 Table). 190 heterozygous variants 

present in 2-3 mice (representing sibpairs or trios) out of 107 rescues were examined, 

with 15 found to be shared by siblings (S6 Table). Of the 7 sibs/trios sharing an 

otherwise novel variant, none shared >10% of their identified variants – inconsistent 

with the expected 50% for progeny originating from the same ENU-treated stem cell. 

 

Three protein-altering variants (Plcb4R335Q, Pyhin1G157T, and Fignl2G82S) were shared 

among 2 or more of the 6 G1 rescues originating from the common G0 founder male 

(S6 Table). Plcb4R335Q was detected as a de novo mutation in one of the G0 females 

(Fig 4B) and was present in 3 out of 6 G1 rescue siblings. Plcb4 is located 

approximately 50 megabases upstream of the Tfpi locus on chromosome 2, with 

predicted recombination rate of ~14.1% (Fig 4C) [22, 23]. While non-rescue littermates 

exhibited close to the expected rate of recombination (20.2%) between the Plcb4R335Q 

and Tfpi loci, all 43 rescue mice (3 G1s and their 40 ≥G2 progeny) were non-

recombinant and carried the Plcb4R335Q variant. This co-segregation between the 

Plcb4R335 variant and the rescue phenotype is statistically significant (p=0.003; Fig 4C). 

Plcb4R335Q lies within a highly conserved region of Plcb4 (Fig 4D) and is predicted to be 

deleterious by Polyphen-2 [24]. The other identified non-ENU variants (Pyhin1G157T and 
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Fignl2G82S) did not segregate with the rescue phenotype. F5L/L Tfpi+/+ Plcb4+/R335Q mice 

we additionally crossed to F5L/+ Tfpi+/- to ensure independent segregation of the Tfpi and 

Plcb4 alleles. Out of 228 progeny, we genotyped 9 rescues carrying the Plcb4 allele and 

4 that did not (p=0.15, S7 Table). While an excess number of F5L/L Tfpi+/- Plcb4+/R335Q 

rescues was observed throughout the experiment (at times the difference being 

statistically significant), the final numbers were not as optimistic and an additional >100 

mice would have been required to establish clear statistical difference from the 

background survival rate. 

 

Although the estimated de novo mutation rate for inbred mice (~5.4 x 10-9 

bp/generation) is >50X lower than the ENU mutation rate [25], other de novo variants 

have coincidentally been identified in ENU screens [26]. Mutations identified by DNA 

sequencing of offspring from ENU screen will not distinguish between an ENU-induced 

and de novo origin, though the former is generally assumed, given its much higher 

prevalence in the setting of a mutagenesis screen. De novo mutations originating in the 

G0 paternal or maternal lineages will be identified by analysis of parental genotypes, as 

was the case for the Plcb4R355Q variant. However, this variant was originally removed 

from the candidate list by a filtering step based on the assumption that each ENU-

induced mutation should be unique to a single G1 offspring. This filtering algorithm has 

been very efficient for removing false positive variants in our and previous screens [20]. 

However, our findings illustrate the risk for potential false negative results that this 

approach confers. 
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In conclusion, we performed a dominant, sensitized ENU mutagenesis screen for 

modifiers of thrombosis. Mutation burden analysis of 107 WES-d rescue mice 

highlighted Arl6ip5 as a potential thrombosis suppressor gene. While the burden 

analysis lacked sufficient power to reach genome-wide significance for any of the 

candidates, it demonstrated a promising approach for mapping in the future using larger 

sample sizes. 

 

Materials and methods 

Mice 

Mice carrying the murine homolog of the FVL mutation (F5L; B6.129S2-F5tm2Dgi/J, 

Jackson Laboratories stock #004080) [27] or the TFPI Kunitz domain deletion (Tfpi-) 

[28] were generated as previously described. Mice were genotyped using PCR assays 

with primers and conditions as previously described [27, 28], and maintained on the 

C57BL/6J background (Jackson Laboratories stock #000664). All animal care and 

procedures were performed in accordance with the Principles of Laboratory and Animal 

Care established by the National Society for Medical Research. Institutional Animal 

Care and Use Committee (IACUC) at University of Michigan has approved the protocol 

number 05191 used for current study. The University of Michigan is fully accredited by 

the Association for Assessment and Accreditation of Laboratory Animal Care, 

International and the animal care and use program conforms to the standards of “The 

Guide for the Care and Use of Laboratory Animals” (Revised 2011). All animal 

procedures were approved by the University of Michigan IACUC. 
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ENU screen 

ENU mutagenesis was performed as previously described [5], with all mice on 

C57BL/6J genetic background. Briefly, 189 F5L/L male mice (6-8 weeks old) were 

administrated three weekly intraperitoneal injections of 90 mg/kg of ENU (N-ethyl-N-

nitrosourea, Sigma-Aldrich). Eight weeks later, 182 surviving males were mated to F5L/+ 

Tfpi+/- females and their G1 progeny were genotyped at age 2-3 weeks to identify viable 

F5L/L Tfpi+/- offspring (‘rescues’). F5L/L Tfpi+/- G1 rescues were crossed to F5L/L mice on 

the C57BL/6J genetic background and transmission was considered positive with the 

presence of one or more rescue progeny. Theoretical mapping power in rescue 

pedigrees was estimated by 10,000 simulations using SIMLINK software [29]. 

 

Whole exome sequencing 

Gender, age, whole exome sequencing (WES) details, and other characteristics for 108 

rescue mice are provided in S1 Table. Genomic DNA (gDNA) extracted from tail 

biopsies of 56 G1 offspring from the current ENU screen and from an additional 50 F5L/L 

Tfpi+/- mice on the C57BL/6J background from the previous screen [5] were subjected to 

WES at the Northwest Genomics Center, University of Washington. Sequencing 

libraries were prepared using the Roche NimbleGen exome capture system. DNA from 

an additional two rescue offspring was subjected to WES at Beijing Genomics Institute 

or Centrillion Genomics Technologies, respectively (S1 Table). These two libraries were 

prepared using the Agilent SureSelect capture system. 100 bp paired-end sequencing 

was performed for all 108 exome libraries using Illumina HiSeq 2000 or 4000 

sequencing instruments. Two WES mice represented rescue pedigree 1: the G1 
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founder and a G2 rescue offspring. The latter was used for linkage analysis, but 

excluded from the burden analysis (S1 Table). 

 

WES data analysis 

Average sequencing coverage, estimated by QualiMap software [30], was 77X, and 

>96% of the captured area was covered by at least 6 independent reads (S1 Table). All 

generated fastq files have been deposited to the NCBI Sequence Read Archive (Project 

accession number #SUB2922422). A detailed description of variant calling as well as in-

house developed scripts for variant filtration are online as a GitHub repository 

(github.com/tombergk/FVL_mod). In short, Burrows-Wheeler Aligner [31] was used to 

align reads to the Mus Musculus GRCm38 reference genome, Picard [32] to remove 

duplicates, and GATK [33] to call and filter the variants. Annovar software [34] was 

applied to annotate the variants using the Refseq database. All variants within our 

mouse cohort present in more than one rescue were declared non-ENU induced and 

therefore removed. Unique heterozygous variants with a minimum of 6X coverage were 

considered as potential ENU mutations. 

 

Mutation frequency estimations 

All ENU-induced variants predicted to be potentially harmful within protein coding 

sequences including missense, nonsense, splice site altering SNVs, and out-of-frame 

insertions-deletions (INDELs), were totaled for every gene. The number of potentially 

damaging variants per gene was compared to a probability distribution of each gene 

being targeted by chance. Probability distributions were obtained by running 10 million 
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random permutations using probabilities adjusted to the length of the protein coding 

region. A detailed pipeline for the permutation analysis is available online 

(github.com/tombergk/FVL_mod). Genes that harbored more potentially damaging 

ENU-induced variants than expected by chance were considered as candidate modifier 

genes. FDR statistical correction for multiple testing was applied as previously 

described [35]. 

 

Variant validation by Sanger sequencing 

All coding variants in pedigrees 1, 6, and 13 as well as all variants in candidate modifier 

genes from the burden analysis were assed using Sanger sequencing. Variants were 

considered ENU-induced if identified in the G1 rescue but not its parents. All primers 

were designed using Primer3 software [36] and purchased from Integrated DNA 

Technologies. PCR was performed using GoTaq Green PCR Master Mix (Promega), 

visualized on 2% agarose gel, and purified using QIAquick Gel Extraction Kit (Qiagen). 

Sanger sequencing of purified PCR products was performed by the University of 

Michigan Sequencing Core. All PCR primers (named: gene name+’_OF/OR’) and 

internal sequencing primers (named: gene name+’_IF/IR’) are listed in S8 Table. 

 

Guide RNA design and in vitro transcription 

Guide RNA target sequences were designed with computational tools [37, 38] 

(http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design or http://genome-

engineering.org) and top predictions per each candidate gene were selected for 

functional testing (S9 Table). Single guide RNA (sgRNA) for C6, Ces3b, Itgb6, and 
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Sntg1 were in vitro synthesized (MAXIscript T7 Kit, Thermo Fisher) from double 

stranded DNA templates by GeneArt gene synthesis service (Thermo Fisher) while 

sgRNA for Arl6ip5 was in vitro synthesized using Guide-it sgRNA In Vitro Transcription 

Kit (Clontech). The Cpn1 sgRNA target was cloned into plasmid pX330-U6-

Chimeric_BB-CBh-hSpCas9 (Addgene.org Plasmid #42230) [14]. The sgRNAs were 

purified prior to activity testing (MEGAclear Transcription Clean-Up Kit, Thermo Fisher). 

Both the Wash and Elution Solutions of the MEGAclear Kit were pre-filtered with 0.02 

μm size exclusion membrane filters (Anotop syringe filters, Whatman) to remove 

particulates from zygote microinjection solutions, thus preventing microinjection needle 

blockages. 

 

in vitro Cas9 DNA cleavage assay 

Target DNA for the in vitro cleavage assay was PCR amplified from genomic DNA 

isolated from JM8.A3 C57BL/6N mouse embryonic stem (ES) cells [39] with candidate 

gene specific primers (S9 Table). In vitro digestion of target DNA was carried out by 

complexes of synthetic sgRNA and S. pyogenes Cas9 Nuclease (New England 

BioLabs) according to manufacturer's recommendations. Agarose gel electrophoresis of 

the reaction products was used to identify sgRNA molecules that mediated template 

cleavage by Cas9 protein (S5 Fig). Arl6ip5 was assayed separately, with one out of four 

tested sgRNAs successfully cleaving the PCR template (data not shown). 

 

Cell culture DNA cleavage assay 
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Synthetic sgRNAs that targeted Cpn1 were not identified by the in vitro Cas9 DNA 

cleavage assay. As an alternative assay, sgRNA target sequences were subcloned into 

pX330-U6-Chimeric_BB-CBh-hSpCas9 and co-electroporated into JM8.A3 ES cells as 

previously described [40]. Briefly, 15 μg of a Cas9 plasmid and 5 μg of a PGK1-puro 

expression plasmid [41] were co-electroporated into 0.8x107 ES cells. On days two and 

three after electroporation media containing 2 μg/ml puromycin was applied to the cells; 

then selection free media was applied for four days. Surviving ES cells were collected 

and genomic DNA was purified. The Cpn1 region targeted by the sgRNA was PCR 

amplified and tested for the presence of indel formation with a T7 endonuclease I assay 

according to the manufacturer’s directions (New England Biolabs). 

 

Generation of CRISPR-Cas9 gene edited mice 

CRISPR-Cas9 gene edited mice were generated in collaboration with University of 

Michigan Transgenic Animal Model Core. A premixed solution containing 2.5 ng/μl of 

each sgRNA for Arl6ip5, C6, Ces3b, Itgb6, Sntg1, and 5 ng/μl of Cas9 mRNA (GeneArt 

CRISPR Nuclease mRNA, Thermo Fisher) was prepared in RNAse free microinjection 

buffer (10 mM Tris-Hcl, pH 7.4, 0.25 mM EDTA). The mixture also included 2.5 ng/μl of 

pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid containing guide Cpn1-g1 and a 2.5 

ng/ul of pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid containing guide Cpn1-g2 

targeting Cpn1 (S9 Table). The mixture of sgRNAs, Cas9 mRNA, and plasmids was 

microinjected into the male pronucleus of fertilized mouse eggs obtained from the 

mating of stud males carrying the F5L/+ Tfpi+/- genotype on the C57BL/6J background 

with superovulated C57BL/6J female mice. Microinjected eggs were transferred to 
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pseudopregnant B6DF1 female mice (Jackson Laboratories stock #100006). DNA 

extracted from tail biopsies was genotyped for the presence of gene editing. 

 

Genotyping CRISPR alleles 

Initially, sgRNA targeted loci were tested using PCR and Sanger sequencing (primer 

sequences provided in S9 Table). Small INDELs were deconvoluted from Sanger 

sequencing reads using TIDE software [42]. A selection of null alleles from >190 editing 

events were maintained for validation (S3 Table). Large (>30 bp) deletions were 

genotyped using PCR reactions that resulted in two visibly distinct PCR product sizes 

for the deletion and wildtype alleles. Expected product sizes and genotyping primers for 

each deletion are listed in S3 Table. All genotyping strategies were initially validated 

using Sanger sequencing. Should we describe the qpcr here as well? Need Emilee to 

write that up. 

 

Statistical analysis 

Kaplan-Meier survival curves and log-rank test to estimate significant differences in 

mouse survival were performed using the ‘survival’ package in R [43]. A paired two-

tailed Student’s t-test was applied to estimate differences in weights between rescue 

mice and their littermates. Fisher’s exact tests were applied to estimate deviations from 

expected proportions in mouse crosses. Benjamini and Hochberg FDR for ENU burden 

analysis, Student’s t-tests, and Fisher’s exact tests were all performed using the ‘stats’ 

package in R software [44]. Linkage analysis was performed on the Mendel platform 

version 14.0 [45] and LOD scores ≥3.3 were considered genome-wide significant [46]. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 9, 2017. ; https://doi.org/10.1101/174086doi: bioRxiv preprint 

https://doi.org/10.1101/174086
http://creativecommons.org/licenses/by/4.0/


	 21	

 

Acknowledgments 

We acknowledge Wanda Filipiak, Galina Gavrilina, Elizabeth Hughes, and Michael 

Zeidler for assistance in the preparation of CRISPR-Cas9 reagents and gene edited 

transgenic mice in the Transgenic Animal Model Core of the University of Michigan’s 

Biomedical Research Core Facilities. We thank the University of Michigan DNA 

Sequencing Core and the Northwest Genomics Center at the University of Washington, 

Department of Genome Sciences for sequencing services. 

 

Figure Captions 

Figure 1. A sensitized ENU suppressor screen for thrombosis modifiers 

A) The ENU screen strategy is depicted here, along with the total numbers of G1 

offspring by genotype. B) Survival curves for G1 rescue mice. Survival for females is 

slightly reduced compared to males (p=0.077). C-D) Weight at genotyping (at 14-21 

days) for G1 rescues compared to control littermates. E) Survival of rescue mice 

beyond G1 (≥G2) is also reduced, with worse outcome in females (p=0.002). F) ≥G2 

rescue offspring also exhibit reduced weights compared to their littermates at 

genotyping. 

Figure 2. Distribution of ENU-induced mutations in WES data from 107 G1 

rescues 

A) Overview of mutation types for the 6771 observed ENU-induced exonic variants. B) 

Distribution of missense mutations by nucleotide substitution type. C) Distribution of 

ENU-variants by chromosome. D) The average number of exonic SNVs is ~65 for both 
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the current (G1-new) and previous (G1-old) screens. E) Number of genes (x-axis) 

sorted by the number of protein-altering ENU-induced mutations observed per gene (y-

axis). Most genes (2567) carry only 1 mutation. In contrast, the ~0.1 megabase coding 

region of Ttn carries a total of 15 independent ENU variants. 

Figure 3. Mutation enrichment per gene in WES data from 107 G1 rescues 

All genes with potentially deleterious ENU mutations are sorted by their chromosomal 

position on x-axis, with the y-axis indicating the statistical significance (negative log of 

the p-value) of each gene’s enrichment based on 106 permutations normalized to 

coding region size. Each dot represents a gene and the diameter is proportional to the 

number of mutations observed. Grey dotted lines represent FDR values of 0.1 and 0.25 

(normalized to 2984 genes carrying mutations). Red dotted line represents FDR value 

0.8 (normalized to all 20,586 genes in the simulation). 

Figure 4. Plcb4R335Q co-segregates with the rescue phenotype in pedigrees 12 and 

13 

A) One ENU mating exhibited a significantly higher number of rescue progeny (n=6) 

compared to all ENU matings (p<5x10-5) and compared to ENU matings with ≥1 rescue 

progeny (p<0.05). B) One female in this ENU mating carried a de novo SNV (R335Q) in 

Plcb4 gene that was inherited by 3 of the G1 rescues. C) Plcb4 gene is loosely linked to 

the Tfpi locus on chromosome 2 and the expected recombination rate is 14.1%. No 

recombination was observed in 40 rescues from pedigree 12 and 13, while their 

littermates (n=149) showed close to expected recombination levels. D) The Plcb4R335Q 

mutation lies in a highly conserved region in exon 13. 
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Figure 4. 
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