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Abstract

As it is a hard-wired system for responses to microbes, innate immunity is particularly susceptible 

to classical genetic analysis. Mutations led the way to the discovery of many of the molecular 

elements of innate immune sensing and signaling pathways. In turn, the need for a faster way to 

find the molecular causes of mutation-induced phenotypes triggered a huge transformation in 

forward genetics. During the 1980s and 1990s, many heritable phenotypes were ascribed to 

mutations through positional cloning. In mice, this required three steps. First, a genetic mapping 

step was used to show that a given phenotype emanated from a circumscribed region of the 

genome. Second, a physical mapping step was undertaken, in which all of the region was cloned 

and its gene content determined. Finally, a concerted search for the mutation was performed. Such 

projects usually lasted for several years, but could produce breakthroughs in our understanding of 

biological processes. Publication of the annotated mouse genome sequence in 2002 made physical 

mapping unnecessary. More recently we devised a new technology for automated genetic 

mapping, which eliminated both genetic mapping and the search for mutations among candidate 

genes. The cause of phenotype can now be determined instantaneously. We have created more than 

100,000 coding/splicing mutations. And by screening for defects of innate and adaptive immunity 

we have discovered many “new” proteins needed for innate immune function.
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Forward genetics and its use in studying the innate immune system

Forward genetics operates rather as Gregor Mendel might have hoped it would. One begins 

with a phenotype and seeks to find its physical cause, embodied in differences at the level of 

the gene. Classical geneticists, including Mendel and his many successors, have always 

sought exceptions to the norm and set out to explain them. Morgan (1) and Muller (2) each 

realized that mutagens could increase the frequency at which variant phenotypes were 
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observed. And this classical approach has not nearly run its course, for in no organism has 

saturation been achieved where all biological processes of interest are concerned.

In the relatively new era of innate immunity, marked by the discovery of receptors that sense 

microbial infections of all kinds, mutations have been particularly illuminating. For 

example, two distantly related strains of mice, C3H/HeJ and C57BL/10ScCr, were each 

found to be refractory to lipopolysaccharide (LPS) (3;4), apparently as the result of allelic 

mutations (5). This made it seem certain that a single protein, very likely a receptor capable 

of recognizing structurally diverse LPS molecules from most Gram-negative organisms, was 

needed to mount an inflammatory response to infection (6). There was a great sense of 

urgency about finding this protein. But there was only a phenotype: nothing more. No trace 

of a difference between either refractory strain and closely related controls could be 

discerned using the best of biochemical or immunological methods (7;8).

Positional cloning: rigorous and slow

How does one find the cause of a heritable phenotype? At one time, only a biochemical 

solution to the question could be achieved. The causes of primaquine sensitivity (9), 

alkaptonuria (10), and sickle cell disease (11;12) were determined prior to the advent of 

molecular cloning and DNA sequencing technologies. But more often a biochemical 

solution remained elusive, and with it, the cause of the phenotype itself.

In the 1980s, positional cloning offered a way forward. It was accomplished in three steps 

(Figure 1). First, high-resolution genetic mapping was necessary to establish a critical 

region within which the genetic cause of the phenotype was proven to reside. This critical 

region had to be relatively small (if possible well under one centiMorgan) given the fact that 

both the number and location of genes in the genome were unknown, and it was impractical 

to clone large tracts of mammalian DNA. Second, in a physical mapping step, it was 

necessary to clone all of the critical region as large, overlapping pieces of DNA. Cosmids, 

yeast artificial chromosomes, and bacterial artificial chromosomes each played a part in this 

process. When polymerase chain reaction could be used to identify unique sequences near 

the ends of genomic DNA clones, the search for overlapping pieces of DNA was much 

facilitated, though still difficult and relatively slow. Third, in a final mutation identification 
step, it was necessary to determine the gene content of the critical region and find the 

mutation. Knowing the gene content initially depended on exon trapping, or direct 

hybridization of cDNA molecules to the DNA of the critical region. Later, as databases of 

RNA sequences (expressed sequence tags, or ESTs) became comprehensive, it depended on 

sequencing DNA from the critical region and performing in silico searches for homology 

with ESTs. Finding the mutation itself depended on sequencing DNA from all candidate 

genes (whether in humans or in mice), and identifying a mutation that unerringly 

distinguished the normal from aberrant phenotype.

A great number of disease phenotypes were solved in both humans and mice. In humans, 

most of the classical monogenic diseases that had long been etiologically elusive were 

solved. Among these were cystic fibrosis (13–15), Huntington’s disease (16;17), Rett’s 

syndrome (18), and Duchenne’s muscular dystrophy (19;20), to cite but a few examples. In 
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mice, where invasive phenotypic analysis was more a possibility than it was in humans, 

classical diseases were solved as well. But so too were more “academic” phenotypes that led 

to enhanced understanding of specific biological questions. For example, mutations causing 

massive obesity (21), failure of LPS sensing (22), and disorders of circadian rhythms (23) 

were identified. Each told a story that applied in humans as well as mice.

Back to forward genetics: deliberately creating phenotypes in order to 

explain them

While there was something magical about finding the cause of a phenotype, whether that 

phenotype was quantitative (e.g., body weight, or the magnitude of the TNF response) or 

qualitative (e.g. coat color, or the presence of a tremor), the process remained slow. 

Confident that the situation would improve with the promised sequence of the human and 

mouse genomes, some investigators persevered. There was a shortage of phenotypic 

variation within common inbred strains of mice and their closely related substrains. 

Therefore, we and others created new phenotypes at random using the chemical mutagen N-

ethyl-N-nitrosourea (ENU) (24–26). Many of these ENU-induced phenotypes were solved 

(23;27–35). It became apparent that ENU-induced phenotypes almost always emanated from 

changes in coding sense (missense, makesense, nonsense, start loss, or splicing errors).

But despite much success, there were limitations. One could not know how much damage 

was done to the genome using ENU, and therefore, one could not be confident of the 

saturation achieved with a given amount of mutagenesis. And more importantly, one could 

create far more phenotype than could be solved.

The golden age begins

The speed of positional cloning improved as a result of two breakthroughs. First, the 

annotated mouse genome sequence was published as a draft in 2002 (36). This eliminated 

the second step in positional cloning: physical mapping. Second, it became possible to 

sequence whole mammalian genomes, and eventually whole mammalian exomes (37;38). In 

mice, at least, this allowed one to see all the candidate mutations that might be responsible 

for a phenotype in a given pedigree.

But the genetic mapping step remained necessary and arduous. In general, mapping required 

the creation of a homozygous stock, outcross of the stock to a marker strain and backcross to 

the homozygous stock. Then, in the F2 generation, phenotypic analysis combined with 

genotyping at a panel of markers in linkage with all points in the genome could establish a 

critical region. Certain refinements made mapping a bit quicker over time. In order to 

prevent the disappearance of phenotype as a result of modifying mutations present in distant 

strains, the closely related C57BL/10J strain was used to map mutations that had been 

induced on a C57BL/6J background. Using microsatellite markers and later SNPs identified 

by high throughput sequencing, an adequate panel was devised for this purpose (39). 

Mapping by bulk segregation analysis, pioneered by plant geneticists (40), could also be 

used to map mouse mutations. It permitted mixtures of DNA from many F2 mice to be 

analyzed at each locus to confine the location of a mutation responsible for a phenotype 
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(39;41–44). Despite all these innovations, mapping remained the bottleneck in the forward 

genetic process.

During the latter half of 2013, our laboratory developed a technology for highly automated 

genetic mapping (Figure 2). This technology depends on the identification of all ENU-

induced mutations in every pedigree by whole exome sequencing of each G1 mouse; then 

upon genotyping to determine the zygosity of each mutation in all G2 and G3 mice prior to 

phenotypic screening. G2 mice may be either REF (homozygous reference allele) or HET 

(heterozygous), while G3 mice may be either REF, HET, or VAR (homozygous variant 

allele) at each of the ancestral mutation sites. With this information in hand, data gathered 

from the phenotypic analysis of G3 mice could be computationally analyzed to identify 

statistically significant associations between phenotype and genotype using recessive, 

additive, and dominant models of inheritance. The process would only declare phenotypes 

that were heritable, and would simultaneously display the causative mutation along with 

information about the affected protein. This “instant positional cloning” method was a 

tremendous breakthrough, as it allowed the resolution of phenotype in real time (45;46). 

Phenotypes could be solved as quickly as they were detected. Moreover, the amount of 

saturation of the genome was, for the first time, calculable within definable limits. As of this 

writing, about 28% saturation of the genome has been achieved. Saturation is defined as the 

outright destruction of genes or damage of genes to the point of phenotypic detection, with 

observation of mutated alleles three times or more in the homozygous state.

The identification of new components of the innate immune system

When mapping is essentially “free of charge,” it is logical to perform all the informative 

screens one possibly can. We developed automated mapping technology primarily to 

examine aspects of innate and adaptive immune function in the mouse, but did not ignore 

other phenotypes. Metabolic, neurobehavioral, developmental, and metabolic phenotypes 

were pursued as well. At present, a total of 851 phenotypic variants have putative mutational 

solutions, with mutations falling into 617 genes. Not all of these mutational solutions will 

ultimately prove to be correct. Most are examined by CRISPR/Cas9 targeting for 

verification. But the great majority have already been found to be correct or will ultimately 

be found to be correct.

The positional cloning such a large number of induced phenovariants, including quantitative 

rather than qualitative traits, would have seemed laughable three years ago. Now it is a 

practical reality. So too is the mutating to approach saturation, screening for complex traits, 

and solving models of rather common human phenotypes as diverse as allergy, inflammatory 

colitis, and drug addiction. One may also begin to consider deep saturation screens aimed at 

disease suppression. This approach will likely yield actionable drug targets.

An example can be seen in the steady analysis of TLR signaling defects identified over the 

last several years (Figure 3). By keeping six of the TLRs under surveillance and screening 

for TNF and type I IFN production in response to TLR ligands, we have identified a total of 

70 mutations in 34 genes that interfere with TLR signaling. Nine of these mutations were 

considered highly novel and are described briefly below.
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Signal transduction from TLRs ultimately induces the expression of numerous genes 

required for the inflammatory response, including inflammatory cytokines, chemokines, and 

costimulatory molecules important for adaptive immune activation. At the level of the 

receptors, we identified CD36 as a co-receptor for TLR2/TLR6 (47). We also discovered 

several proteins necessary for the proper localization of nucleic acid sensing TLRs in the 

subcellular compartments from which they signal: By analysis of the 3d phenotype, we 

showed that trafficking of TLR3, TLR7, and TLR9 from the endoplasmic reticulum to 

endosomes requires UNC93B1 (48). The feeble phenotype, specific to plasmacytoid 

dendritic cells, revealed that the amino acid transporter Slc15a4 is necessary for TLR7 and 

TLR9 signaling (49); Slc15a4 (49) and TLR9 itself (50) must be trafficked to lysosome-

related organelles, a process dependent on the AP-3 complex, dysbindin, and Hps5. Recently 

we found that HCFC2, a protein of previously unknown function, is required to permit the 

expression of Tlr3. In the absence of HCFC2, TLR3 and several other proteins related to the 

antiviral response are poorly expressed, leading to susceptibility to influenza virus, mouse 

cytomegalovirus (MCMV), and perhaps other pathogens (51).

Directly downstream from receptor activation, four adapter proteins, MyD88, TIRAP (also 

called MAL), TICAM-1 (also called TRIF), and TICAM-2 (also called TRAM), bind to 

activated TLRs and recruit necessary signaling components. The function of TICAM-1 as an 

adapter for TLR3 and TLR4 was first revealed through our analysis of the Lps2 mutation 

(52). Further downstream, following NF-κB activation and cytokine gene expression, the 

protein iRhom2 is necessary for TNF secretion, as revealed by the sinecure phenotype (53); 

iRhom2 chaperones TACE, the TNF processing enzyme, to the ER to release bioactive TNF.

The advantages of ENU saturation mutagenesis for discovery of gene 

function

It is sometimes assumed that all gene function will be deciphered by genetic analysis of 

humans, coupled with human phenotyping. Why study mice when one can infer the causes 

of inherited diseases directly from humans?

In part, the answer is that one can’t always do so. Humans are genetically diverse, whereas 

mouse mutagenesis is performed on a defined (minimally variable) genetic background. 

Therefore one may study the effects of small parcels of mutations at a time, pedigree by 

pedigree, and solve Mendelian phenotypes (and even digenic phenotypes, rare though they 

may be) with high confidence. In humans, the situation is far different. Large pedigrees 

cannot be constructed at will, millions of genetic differences distinguish the two parents that 

contribute genetic information to a proband, and many overtly damaged genes exist in each 

of us in either a homozygous or complex heterozygous state. It is not at all simple to find 

new causes of clinical phenotypes, even if one may safely identify known causes.

GWAS studies, in which attempts are made to link common polymorphisms to clinical 

phenotypes, have been spectacularly unsuccessful in achieving that goal. This reflects many 

complicating facts. Identical clinical phenotypes sometimes result from mutations at many 

loci. Much of the pathogenic mutation load is of recent rather than ancient mutational origin. 

Therefore, even if only mutations at a single locus are capable of causing a given clinical 
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phenotype, many different mutations on different backgrounds may do so. GWAS, which 

does not interrogate every nucleotide pair as sequencing does, often cannot assign 

culpability to a particular gene even if linkage is strong (many genes fall under suspicion). 

Even when sequencing is the tool that is used rather than GWAS, the challenge of 

determining the cause of phenotype is far greater in humans than it is in mice.

Beyond this, humans cannot be subjected to invasive phenotyping as mice can be. They 

cannot be inoculated with lethal infectious agents, given dangerous toxins, subjected to 

severe physical stresses, nor isolated for long periods of time. Some phenotypes simply 

cannot be approached in humans. But it is as well to acknowledge that some phenotypes, 

perhaps fewer, cannot be approached in mice.

Summary

Innate immunity has been partly demystified although full mechanistic understanding 

remains beyond our grasp. Innate immunity has had a cancer connection, best exemplified 

by the TNF story (54). Adaptive immunity also has its link to cancer, increasingly prominent 

with the still evolving use of checkpoint inhibitors. All cancers are genetic diseases, with 

somatic mutations occurring within a particular germline genomic context. We may still 

learn much about cancers using the tools of classical genetics. How do malignant cells 

interact with host cells and tissues? When a particular cancer is introduced into a syngeneic 

host with a defined genome, do specific host mutations influence its course? Are there 

mutations that prevent metastasis or augment it? What pathways mediate paraneoplastic 

effects? These questions are more accessible than ever before, and may perhaps become 

even more accessible in the near future.
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Figure 1. 
Positional cloning, exemplified here by the stages used in the cloning of the Lps locus, 

consisted of genetic mapping, physical mapping, and candidate and mutation identification 

steps. In genetic mapping, the phenotype was proved to emanate from a point between a 

proximal and distal marker on the chromosome, based on phenotypic documentation of 

crossover(s) between each of these markers and the causative mutation. In physical mapping, 

all of the genomic DNA was captured in a set of overlapping BAC and/or YAC clones 

spanning the critical region. In the candidate identification step, these clones were examined 

for gene content. Ultimately, the causative mutation was identified because it was present 

only in the mutant strain, and not in control strains.
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Figure 2. 
Pipeline for mutagenesis, screening, and mapping to identify causative mutations in real 

time. (A) Male C57BL/6J mice mutagenized with ENU are bred to produce 30–50 third 

generation (G3) mice carrying mutations in homozygous and heterozygous state. (B) The G1 

male founder of each pedigree is subjected to exome sequencing, and (C) data are used to 

generate Ampliseq panel primers for amplification of mutated loci from G2 and G3 mouse 

DNA, followed by Ion PGM 200-bp sequencing. Genotyping data are uploaded to the 

database prior to (D) phenotypic screening. Quantitative phenotype data are also entered into 

the database and used with genotype data for (E) mapping by Linkage Analyzer, a program 

developed in the lab. (F) Confirmation of candidate genes depends on duplication of the 

mutant phenotype by a second allele, which may be generated by CRISPR/Cas9 targeting.
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Figure 3. 
The TLR signaling pathway and ENU-induced mutations that impair TLR-dependent TNF 

or type I IFN secretion. Following receptor activation, the TLRs recruit combinations of the 

adapter proteins MyD88, TICAM-1, TICAM-2, and TIRAP. In the MyD88-dependent 

pathway utilized by all TLRs except TLR3, MyD88 recruits a complex containing the IRAK 

serine kinases, which then recruits the E3 ubiquitin ligase TRAF6. TRAF6 adds K63-linked 

polyubiquitin (small white ovals) to itself and to NEMO. The TRAF6 complex recruits 

TAK1, TAB1, and TAB2, and activation of TAK1 leads to activation of MAP kinase 

cascades and the IKK complex. The IKK complex phosphorylates IκB, p105, and TPL2, 

resulting in IκB and p105 ubiquitination and degradation (small pink circles), and thereby 

releasing NF-κB into the nucleus and permitting TPL2 to become activated, respectively. 

Activation of p38, ERK, and JNK kinases leads to CREB and AP1 activation, and their 

subsequent activation of transcription. In plasmacytoid dendritic cells, TLR7 and TLR9 

activate a pathway resulting in IRF7-dependent production of type I IFN. The TICAM-1-

dependent pathway is utilized only by TLR3 and TLR4, and activates both NF-κB and IRF3 

to produce proinflammatory cytokines and type I IFN, respectively. In addition, necroptosis 

may be induced via RIP3 and MLKL. ENU-induced mutations (red italics) and the genes 

they affect (black italics) were identified in our lab by forward genetic analysis, first through 

positional cloning and recently through real-time automated genetic mapping.
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