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The Collaborative Cross mouse genetic reference population
designed for dissecting complex traits
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[ Abstract]  Complex traits are multifactorial traits controlled by polygenic host factors. These trait-related
phenotypic characteristics and performance including body weight, blood chemistry, immune cell profiles, as well host
susceptibility to infectious and chronic diseases. In recent years, tremendous efforts were invested aiming to map the host
genetic factors attribute to these traits and subsequently clone the gene/s underlying these loci. In parallel to human
studies, a number of mouse models and approaches were developed aimed to enhance the mapping process and the gene
cloning. These include of using resources such as F2, backcross, advanced intercross lines, outbred populations,
consomic, congenic and recombinant inbred lines (RIL). The constraints of these approaches were the limited resolution
mapping of genomic regions of the quantitative trait loci (QTL) associated with the trait of interests, and the limited genetic
diversity observed in the parental founders. To overcome these limitations, a new genetically highly diverse recombinant
inbred lines of mouse population was established, namely the Collaborative Cross (CC) , created from full reciprocal mating
of 8 divergent strains of mice: A/J, C57BL/6J, 12951/Svim], NOD/LtJ, NZO/HiLt], CAST/Ei, PWK/PhJ, and WSB/
EiJ. By intercrossing these eight founders to generate the different CC lines, the genetic makeup of the newly developed
resource is completely different from the eight parental lines, and will show heterosis, which subsequently will response
differently comparing with their original founders. Finally, our results suggest that it is not essential to defining the

phenotypic response of the eight parental lines, prior of assessing the CC lines, because it is believed that genetic
interaction of the new genetic makeup of the new lines will reveal new phenotypic response, which completely different from
the parental lines. In this report, we present to the community the power of the CC for dissecting variety of complex traits
including host susceptibility to infectious and chronic diseases as well body performance traits. Based on our results from a
variety of studies, we recommend to the community, that the best strategy of using this population is to aim of phenotyping
about 50 and more of CC lines, with limited number of biological replicates (3 —4 mice per line) , and subsequently using
the publicly available high dense genotype information of the CC lines as well the sequence database of the eight founders,
it will be possible performing QTL mapping to a unprecedented precision genomic regions less than 1 MB, subsequently
lead to identify potential strong candidate genes. These achievements are believed cannot be obtained with any other
currently available mouse resource populations.
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challenges, and since susceptibility itself is

Background

Controlled and standardized investigations of the
genetics of susceptibility towards complex disease with
complex etiologies, including infectious and chronic
diseases are almost impossible to be performed in
humans due to multiple limitations. Major limitations

are due to difficulty of controlling environmental

“complex trait” , meaning that, it is controlled by the
cumulative effect and interactions of numerous genetic
loci and environmental factors. In crosses between

genetically defined strains of mice, chromosomal
regions responsible for the genetic variance of complex
traits can be mapped as quantitative trait loci ( QTL)

in experimental populations available for precise study
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under defined conditions ( Iraqi et al. 2000a and
2000b). Importantly, comparative mapping shows that
the majority of murine genes have known homologues in
the human genome emphasizing the relevance of QTL
analysis and gene identification in the mouse model for
understanding complex disease in humans. Once QTL
or the corresponding genes have been identified in the
mouse, genetic analysis can then be extended
successfully to humans. It is well know that the usage
of mouse models is tightly established in research of
human medicine ( Klopocki et al. 2010; Rankinen et
al. 2006; Wicker et al. 2005). In recent years,
evidence of genetic loci controlling a wide variety of
complex traits has accumulated through QTL mapping
studies in mice and other species; yet for the most
part, albeit with some important exceptions, the genes
underlying these mapped loci remain unknown. This
resulted in the realization that a new model-population
dedicated to genetic analysis of complex traits was

needed to understand complex human diseases. After
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much discussion in the genetics community the
Collaborative Cross ( CC) was designed to provide a
new mouse resource for high resolution analysis of
complex traits, with particular emphasis on traits
relevant to human health in its broadest aspects
(Threadgill et al. 2002; Churchill et al. 2004 ). This
unique reference genetic resource will eventually
comprise a set of approximately 350 recombinant inbred
lines (RIL) created from full reciprocal matings of 8
divergent strains of mice; A/J, C57BL/6J, 12951/
SvlmJ, NOD/LtJ, NZO/HiltJ, CAST/Ei, PWK/PhJ,
and WSB/Ei]J. Controlled randomization was performed
during the breeding process to break up large linkage
disequilibrium blocks and to recombine the natural
genetic variation present in these inbred strains with
the aim to create a unique and inexhaustible resource
of RI strains exhibiting a large phenotypic and genetic
diversity ( Roberts et al. 2007). Figure 1 shows the
development of an individual CC line and the ultimate

mosaic genotype structure after a series of inbreeding
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Fig.1 Single CC line (CC784) funnel breeding scheme by eight founder strains. Each CC line

originates from an independently breeding funnel of the eight CC founders so that every

recombination site in the CC population is, uniquely generated. In this example,

a CC line is produced from the breeding line with laboratory code. [ Threadgill and Churchill 2012 ]
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generations.

Based on simulation studies, the 100 RIL being
developed at our lab should allow mapping a QTL
explaining a total of 5% of the RIL phenotypic
variation ( equivalent to 2. 5% of F2 variation) to an
average mean location error of 3.5 ¢M ( Valdar et al.
2006 ). Initially, all CC mice were genotyped with
mouse diversity array ( MDA ) that consist 620, 000
SNP markers ( Yang et al. 2009). We filtered out all
SNPs with heterozygous or missing genotypes in the 8
CC founders, or that were not in common between the
arrays, leaving 170, 935 SNPs. The SNPs were
mapped onto build 37 of the mouse genome. The
HAPPY HMM ( Mott et al. 2000) computed a descent
probability distribution for each of the 170,935 SNPs
intervals, which we reduced to 8533 intervals by
averaging the matrices in groups of n =20 consecutive
SNPs. This reduction reduced further the effects of
genotyping error and made analysis faster. Mean
heterozygosity was computed across each window of 20
SNPs. Figure 2 shows the genomic reconstruction of a
CC line after genotyping with the MDA and using
HAPPY software ( Mott et al. 2005). Recently, all
mice were regenotyped at an advanced generations with
new 7500 custom design SNP array, mouse universal
genotype array ( MUGA) , which provided the genome
architecture of the CC lines (Iraqi et al., 2011).

Finally, after 5 advanced generations, all CC lines

were genotyped with MegaMUGA | and the genotypes of
the three SNP arrays were merged to prepare a single
genotype file, which was used in QTL mapping ( Levy
et al. 2015).

Three founders of the CC ( CAST/EiJ, PWK/
PhJ, and WSB/EiJ) are wild-derived, representing
the subspecies M. m castaneus, M. m musculus and M.
m. domesticus respectively, and which contribute a
large number of sequence variants not segregating
descended from M. m.

among classical strains

domesticus ( most classical strains differ from the
reference C57BL/6] at about 4 million SNPs, whereas
PWK and CAST each differ at about 17 million SNPs,
and WSB at 6 million ( Keane et al. 2011).

Consequently quantitative trait locus ( QTL )
mapping using the CC succeeded to uncover novel
QTLs involving contrasts between the wild-derived
strains, as shown in a pilot experiment in which we
fine-mapped QTLs
infection by Aspergillus fumigatus, we mapped eight

associated with survival after
QTLs, five of which involved contrasts with wild-
derived strains and which would not have been present
in a cross between classical laboratory inbred strains
(LIS) (Fig. 3).

phenotyping a relatively modest number of CC lines

These studies confirm that by

(around 70 lines), with sufficient replication, it is

possible to map QTLs to a resolution of about 1Mb
(Valdar et al. 2006).
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Fig.2 Reconstructions of the genomes of representative CC lines IL — 18 and IL — 507 from the hidden
Markov model (HMM) implemented by HAPPY program. The X-axis shows the 19 autosomes,

the Y-axis shows 8 parental founder strains of the CC lines. The black horizontal bands

represent genetically fixed loci, contributed only by one founder, while gray bands

represent loci with residual heterozygosis [ Durrant et al. 2011 ].
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Fig.3 Estimated effects on survival time after Aspergillus fumigatus infection, for the eight CC founder

strains for each of seven QTLs identified in a screen of 66 CC lines. Effects are shown as deviations

relative to WSB/EiJ, which is arbitrarily assigned the trait effect of 0. The X-axis of each plot shows

the founder strains. The Y-axis shows the estimated effect on survival for the haplotype of the

corresponding CC founder. QTLs A, B, C, G and to some extent D all involve a contrast between

a wild-derived strain ( CAST, PWK or WSB) and the other founders. [ Durrant et al. 2011 ].

In a recent study, we have shown that the genetic
background of the CC mice is the main determinant of
gut microbiome diversity (Kovacs et al. 2011). These
results are another strong proof that the genetic makeup
of the CC is unique and can lead to understand their
effect on host response and performance.

Further, by incorporating variation data from the
genome sequences of the CC founders — available from
the Sanger Mouse Genomes Project ( Keane et al.
2011)
differences across the founders are consistent with the
pattern of action of the QTL ( Yalcin et al. 2005) , the

list of candidate genes under QTLs can be significantly

— and restricting attention to variants whose

refined. These studies confirm that by phenotyping a
relatively modest number of CC lines ( around 70
lines) , with sufficient replication, it is possible to map
QTLs to a resolution of about 1 Mb ( Durrant et al.
2011; Vered et al. 2014; Levy et al. 2015; Aylor et
al. 2011; Philip et al. 2011; Kelada et al. 2011;
Xiong et al. 2014; Ram et al. 2014; Gralinski et al.
2015; Rogala et al. 2014; Phillippi et al. 2014;
Ferris et al. 2013 ; Thaisz et al. 2012 ; Bottomly et al.
2012; Mathes et al. 2011; 2011;
Zombeck et al. 2011).

Mouse Genetic Resource populations ( GRPs) are

Gelinas et al.

popular for the study of complex traits and biological
systems in both medical and life sciences applications

because genotyping is only required once ( what has

been described as the “ genotype once, phenotype
many times” paradigm ), replicate individuals can be
produced with the same genotype at will allowing for
optimal case/control and gene-by-environment designs
( Broman 2005).

Herein we demonstrate our various studies using
the CC mouse population for dissecting the genetic
phenotypic  variation

architecture underlying the

observed among certain, populations, defined as
complex trait in either basic biological/physiological
differences or host response towards infectious or
chronic diseases. Infectious disease studies in our lab
scanned independently the CC population response
towards various known pathogens, such as Aspergillus

2011 ), Klebsiella

pneumoniae ( Vered et al. 2014 ), co-infection with

Sfumigatus ( Durrant et al.
Porphyromonas gingivalis and Fusobacterium nucleatum
( Shusterman et al. 2013), Pseudomonas aeruginosa
( Lore et al.
microbial toxins ( LPS/LPA) for study of sepsis. As

well, complex chronic diseases, cancer and behavioral

2015 ), and host response towards

diseases with complex etiologies were studies at our lab
using the power of the CC population. Including study
of high-fat diet induced type 2 diabetes (T2D) and
2016 ),

development of colon cancer ( Dorman et al. 2016),

metabolic  syndrome ( Atamni et al.

and autism. Additionally, we are scanning the CC

population for genetic factors underlying basic
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phenotypic variation in normal state without disease in
the background, this includes influencing immune
response cell lineages in peripheral blood, body
composition  traits  using  dual-energy
absorptiometry ( DEXA ).

susceptibility to all of these complex traits is important

X-ray
Understanding the host

since all affecting all systems under the same genetic
background.
Published

Cross population

Results Using Collaborative

1 Infectious diseases

1.1 Map host

Jumigatus infection

susceptibility to Aspergillus

Invasive disseminated aspergillosis is a serious
disease in humans, inflicting severe damage to the
kidneys, liver, spleen, brain, heart and other organs
(Latgé 1999, Soubani and Chandrasekar 2002 ). The
risk of acquiring invasive pulmonary aspergillosis is
also higher in individuals with defective immune
systems, such as those suffering from neutropenia.
Users of corticosteroids or other immunosuppressive
therapies, such as those used to prevent rejection
following organ transplantation, and late-stage human
immunodeficiency virus infection are also at higher
risk. Towards mapping of host succeptability to
Aspergillus fumigatus ( AF ), in previous study we
from 66 CC lines for
susceptibility to Aspergillus fumigatus infection. The

phenotyped 371 mice

survival time after infection ranged from 4 to 28 days

and varied significantly between CC lines (P <0.05).

40 =

Survival time (days)
]
1

Figure 4 shows the mean survival profile of the CC
lines after infection with AF. Broad sense heritability
was 0.18. QTL mapping based on survival analysis
and ancestral haplotype reconstruction of the CC
genomes identified genome-wide significant QTLs on
chromosomes 2, 3, 8, 10 (two QTL), 15 and 18.
QTL mapping resolution varied between 2 and 11.6
Mb. Use of variation data from the genomes of the CC
founder strains refine these QTLs further and suggest
several candidate genes ( Durrant et al. 2011). To our
knowledge this was the first report mapping
susceptibility loci for invasive aspergillosis in immune-
competent mice.

1.2  Map host susceptibility to Klebsiella
pneumoniae infection.

Klebsiella pneumoniae (Kp), is one of the major
pulmonary pathogens causing severe pneumonia and
sepsis mainly in immunocompromised patients. Using
the Collaborative Cross population as a high genetically
diverse reference and intraperitoneal injection of Kp as
infectious challenge, enabled us dissecting the genetic
architecture contributing to Kp host susceptibility at
different time points during the challenge. For this
purpose, 328 mice generated from 73 CC lines were
challenged with K -2, strain of Kp, at concentration
of 10*CFU/ml ( Colony forming units per ml) injected
intraperitoneally (IP). Mice response towards the
infection was monitored daily following the challenge
for 15 days, at terms of body weight and survival. In
Vered et al. 2014 we have published our findings,

while body weight variation between the CC lines were

0~

Fig.4 Mean survival time (days) of different CC lines in response to Aspergillus fumigatus infection. The X-axis represents the different

CC lines while Y-axis represents the mean survival days ( £+ SEM). Full details of the analysis are presented in Durrant et al. 2011.
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not significant during the infection period, significant
variation (P <0.05) was observed in mean survival
time between the different CC lines ( Fig. 5A ).
Survival time following the Kp infection varied among
the C lines to result in survival between 2 to 15 days
post infection, importantly we noticed that mice that
survived more than 7 days could survive the complete
challenge period, which might be critical time point for

the disease. The wide variation observed in response to

infection proves that host response to infection is highly
Indeed broad sense
heritability (H*) confirm this, where H* was 0. 45.

Next step aimed to map the genetic regions underlying

heritable, controlled by genes.

the significant variances of the mean survival time at
different time points between days 1 to 2. Using only
48 CC lines of the unique mouse model of CC
population enables successful mapping of at least three

QTLs associated with host susceptibility to Klebsiella
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Fig.5 Genetic dissection of host response to Klebsiella pneumonia infection. Fig. 5 A. shows phenotypic profile of mean survival

time (days) of the different CC lines and four inbred strains after infection with Klebsiella pneumonia. X-axis represents the CC lines

Y-axis represents the mean survival time in days ( £ SEM). Fig. 5 B and C present the QTL mapping results using the phenotypic and

genotypic data of the CC lines. In total results revealed three significant QTLs associated with survival time after infection with Kp, on
days QTL on chromosome 4 named Kprll (Fig. 5 B) and on day 8 two QTLs named Kprl2 and Kpri3 on chromosomes 8 and 18,
respectively (C). The X-axis shows the 19 chromosomes, Y-axis logP of the linkage analysis. [ Vered et al.2014 ]
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pneumonia ( Fig. 5B). Linkage analysis has confirmed
QTLs,

Klebsiella pneumonia resistant locus 1, 2, and 3

the mapping of three significant named
(Kpril, Kprl2 and Kpri3) , located on chromosomes 4 ,
8, and 18, respectively. The mapped QTLs were
specific to certain time points during the infection,
( genes ) changing
during response progress (Chr. 4 - day 2 and Chr. 8
and 18 for day 8).

The mentioned QTLs demonstrate the power of the

suggesting different “ players ”

CC population to enable fine mapping with high
resolution suggesting narrow genomic intervals ( less
than 0. 6 Mb) , whereas the wild derived strains were
the main contributors for the genetic variance for the
hosts susceptibility. Gene browse results of the
significant QTLs for candidate genes, confirmed their
relevance towards the complex trait of susceptibility
towards Klebsiela pneumonia. Candidate genes located
within the QTLs intervals included known protein
coding genes that are involved in cell adhesion and
cytoskeleton structure, which plays major role
phagocytosis and for eliminating bacterial infection
(Kprll QTL; candidate genes Ikbkap - Inhibitor of
kappa light polypeptide gene enhancer in B-cells,
kinase complex-associated protein, Actl7a and Actl7b -
actin-like 7Ta and 7h, while for Kpril QTL; Cinnall -
catenin alpha-like 1 gene).

This was the first report of mapping multiple host
susceptibility loci for Kp in immune-competent mice,
which demonstrate significantly the complexity of host
response to Kp infection despite the fixed
conditions.  QTL

multiple Kp-specific regions on the genome, that differ

environmental analysis  suggests
from the QTL in response to Aspergillus fumigatus,
involving genes with different roles during infection and
host response. All these results and success of fine
mapping with unique resolution have confirmed the
valuable use of the three wild derived strains, as
founders of the CC population.

1.3 Map host susceptibility to oral mixed
infection ( P. gingivalis and F. nucleatum)

Periodontal infection ( periodontitis) is the most

common chronic inflammatory disease in humans,

which results in destruction of tooth-supporting tissues
and eventually leading to tooth loss. This process is
characterized by destruction of the periodontal
of periodontal pockets, and

1990 ). The

disease is initiated by periodontal pathogenic bacteria,

ligament, formation

alveolar bone resorption ( Williams.

which accumulate as subgingival biofilm and stimulate
an inflammatory response in the host gingiva ( Wilson.
1995). An excessive or sustained response leads to
chronic inflammation, which is a potent amplification
system for recruiting humoral and cellular components
of the immune system. Recently, several lines of
evidence suggest that there is a significant genetic
component associated with the susceptibility to chronic
periodontitis (Baker et al. 2000 and 2002). We use
the oral mixed infection system ( of the two anaerobic
gram negative bacteria Porphyromonas gingivalis and
Fusobacterium nucleatum) as was previously described
by Polak ( Polak et al. 2009 ). The phenotype is
measured as the residual alveolar bone volume, in
mm’ , after infection using the micro-CT scan, which
provides an accurate measurement of the attachment
loss around the animal teeth ( Wilensky et al. 2005).
As a step towards identifying and subsequently cloning
these genetic factors, we have assessed a total of 272
mice (103 females and 169 males) generated from
randomly selected 23 CC lines used as genetic
reference  ( genotype )  and  infection  with
Porphyromonas gingivalis and Fusobacterium nucleatum
as environmental challenge for bone loss evaluation
The study cohort consisted of two
1) Control -
phosphate buffered-saline ( PBS ) without bacteria
(CBV = control bone volume) and 2) Challenge -

infected with oral mixed infection ( P. gingivalis and

( phenotype ).

experimental groups; treated with

F. nucleatum), each CC line representative in both
groups. The bone loss phenotype in response to
infection was calculated by differences between the
bone volumes among these two groups for each CC
line. The study findings as published in Shusterman et
al. 2013, reveals highly significant variation (p <
0.05) in bone loss phenotype among the CC lines in

response to infectious challenge ( Fig. 6). The CC
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lines were clustered by sub-groups based on their
response to the infection in terms of bone volume,

25% of the

“ Infectious

susceptible, resistant and intermediate.

scanned CC lines were considered
Susceptible” since they showed bone loss in response
to the challenge (1126 / 1157 / 11.72 / TL182 / 1L196
and IL711), the rest 75% of the scanned CC lines
were either resistant or moderately susceptible with no
significant difference in bone volume. Estimated broad
sense heritability ( H>) was 0.4 for both CBV and
RBV, while 0.2 for LBV.

These finding strongly affirms existence of strong
genetic  background  underlying development of
periodontitis and confirms the usefulness of the CC
lines for QTL mapping for susceptibility to periodontal
infection. Therefore, the study was extended to the
assessment of ~ 100 CC lines for periodontitis using
this protocol, and recently we mapped QTL associated
with host susceptibility to periodontitis ( unpublished
data).

1.4 Map host susceptibility to Pseudomonas
aeruginosa.

Pseudomonas aeruginosa ( P. aeruginosa ) is

listed among the WHO ( World Health Organization )
0.012 -

0.01

0.008

Alveoler Bone Volume m"m3
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leading resistant pathogens with greatest public health
concern, to be one of major bacterial infections (10 —
15% of cases) in hospitals and healthcare systems
worldwide. Severe infection with P. aeruginosa is
typical among intensive care unit patients (ICU) with
high risk for development of ventilator-associated
pneumonia ( VAP) and Sepsis ( Gellatly and Hancock
2013). Wide variations are observed in host response,
mainly individuals at risk and Cystic Fibrosis patients
towards P. aeruginosa infection. So far many efforts
were invested in dissecting P. aeruginosa genotypic
features that might be underlying the variations in host
response leading to differential disease phenomenon’ s
and pathogenesis ( Bianconi et al. 2011 ; Cigana et al.
2009; Bragonzi et al. 2009;
2006). Yet,

instead on dissecting the host genetic background that

Nguyen and Singh

recent study approaches are focused

might be playing crucial role controlling the variations
in response severity ( Weiler and Drumm 2013 ).

address this approach, various studies in murine
models assessed multiple mice strains infected by P.
aeruginosa and repeatedly the results confirmed
significant variation in infection response between the

inbred strains ( Bragonzi 2010, De Simone et al.

ECBY WRBV

\.-5»"\5;»" 6‘? é;a &° @% q;\- &

Fig.6 Collaborative Cross ( CC) lines alveolar bone volume changes in response to oral mixed infection. A dark Gary column

presents control bone volume (CBV) and a light Gray column presents residual bone volume (RBV). Labeled with asterisk ( * )
are 6 CC lines of total 23 CC lines (1126, 1157, 172, 1L182, TL196, and IL711) showing a significant bone loss ( P <0.05) and

considered to be susceptible to the infection. X-axis represents the CC lines, Y-axis represents the alveolar bone volume mm’

( Shusterman et al. 2013).
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2014). As step forwards fine mapping of these regions
in the genome using the CC mouse population, Lore’ et
al. 2015 assessed total of 92 mice (50 males, 42
females) generated from 17 CC lines and challenged by
P. aeruginosa infection ( intratracheal injection ),
following the infection with P. aeruginosa, host
response was determined for 7 days in terms of survival
time (days) and body weight ( gram) changes. As
reported by Lore’ et al. 2015, the CC lines varied
significantly in their survival time ( Fig. 7A) ranging
between lethal response ( survival 1.5 days ) to
complete resistance ( 100% survival ). As well, the
CC lines varied in their body weight changes following
the challenge, where few CC lines showed significant
decrease in body weight and others showed recovery of
BW after day 5. Summarizing the mean survival time
(MST) and percentage change in body weight of day 1
(CBWI1) (Fig.7B).

CC population we demonstrate the role of strong genetic

Hereby, using few lines of the

components controlling the host response despite fixed

and strictly controlled environmental conditions.
Certainly estimated broad sense heritability calculations
shown to be high for both traits of the response post
infection, survival time with H* = 0.54 and body
weight loss with H> =0.28. Due to these promising
findings, number of CC lines were extended, and
mapped QTL
susceptibility to P. aeruginosa infection (unpublished

data).

recently we associated with host

Days post infection
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Fig.7 CC lines response to P.

1.5 Map host
( unpublished ) .

susceptibility to sepsis

Sepsis is a severe health complication, usually
triggered by immune response of the body against
infectious disease ( Levy et al. 2003). Usually, sepsis
is treated with antibiotic therapies together with

aggressive  operative intervention and  supportive

treatments for the body systems in intensive care unit
(ICU).
therapies and medical support, high morbidity and

Despite continues advances in antibiotic

mortality of sepsis are reported ( Friedman et al.
1998 ). Sepsis pathogenesis is studied from multiple
directions, one is based on dissecting the microbial
factors contributing to the disease and another is host
factors contributing to the sepsis development and
progress. Focusing on host response, so far studies
show that septic response of the host is triggered mainly
by microbial toxins, primarily Lipopolysccharide
components ( LPS) in gram negative bacteria and
lipoteichoic acid (LTA) in gram positive bacteria ( van
der Poll and Opal 2008 ; Mattsson et al. 1993). Due
to variations in sepsis incidence and severity among
populations, it is evident that strong genetic factors
might be controlling the development of sepsis in
response to interaction with microbial toxins during

infectious disease. Dissecting the genetic architecture

underlying the sepsis development and severity is

necessary for prevention and development of

personalized  implementations to  combat  sepsis
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aeruginosa airway infection. Fig. 7A shows the mean survival time (MST) in days ( £ SEM).

Fig. 7B show the percentage changes in body weight (CBW1) following the infection. X-axis represents the CC lines, Y-axis

represents the mean survival time in days ( £ SEM) in Fig.

”

“A” and % change in body weight in Fig.

« B”.
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deterioration. Hence, ongoing study in our lab using
the CC lines population as different host genetic
and LPS/LTA

environmental challenge for host exposure to microbial

references separately injections as
toxins. Hitherto, 296 mice generated from 16 CC lines
were given an i. p. injection of LPS ( dissolved in
PBS), thereafter host response was monitored for 72

body

changes.

hours in terms of survival time ( hours ),
temperature (° C) and weight ( gram )
showed ( Fig. 8A) a

significant variation in survival time, where some CC

Preliminary data analysis

lines exhibited increased LPS susceptibility and died
after an average of 30 hours in contrast with the LPS-
resistant CC lines that survived the 72 hours challenge.
More importantly, two way ANOVA of sex effect cross
CC lines revealed a significant sex effect (P <0.05),
in which for most of the scanned CC lines, males were
more prone to septic shock than females of the same
CC line (Fig.8B). At the level of thermal response,

A

Mean Survival (i
5

B A I g gt S
IS Y Y FIITITE Y 4

CC Line

A the imitial bty

1 3 4 ¢ ET I "I R T
Tiwe (Hr)

main response during the first 30 hours following the
LPS injection was characterized by hypothermia for
most of the CC lines, afterwards the CC lines varied in
either  hyperthermia or

their response towards

hypothermia ( Fig. 8C ).
observed in body weight changes after the challenge
(Fig.8D).

Our the

significance of variation in host response to the toxic

Similar variations were

preliminary data analysis confirms
microbial component LPS in terms of survival time and
also parameters of body temperature and weight
changes, suggesting the involvement of multiple body
systems to be controlled by strong genetic components.
Meanwhile, further CC line are being assessed with
LPS challenge to enrich the phenotypic data reference
and enable fine mapping of the genomic regions
responding to LPS. As well, similar experiment is

ongoing with LTA stimulation.

Vean Sarvial (Mo}
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Fig.8 CC lines septic response towards the microbial toxic component lipopolysccharide ( LPS). Fig. 8A

shows CC lines mean ( + SEM) survival time (Hr) profile during the 72 hours after the infection. Fig. 8B

shows the data split by sex in each CC line due to significant sex effect, X-axis represents the CC lines, Y-

axis represents the mean survival time in hours ( = SEM), in in Fig. B- white column for females, blue

column for males. Fig. 8C and D presents multiple patterns of temperature ( C) and body weight (D)

changes during the 72 hours post infection. Changes in temperature and body weight were calculated as

percentage of initial value. X-axis represents time after LPS injection ( Hr) , Y-axis represents percentage of

the initial body temperature (Fig. C) / weight (Fig. D).
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2 CC lines for study of Colorectal cancer

One form of the inherited colorectal cancer is
familial adenomatous polyposis ( FAP) syndrome, a
rare dominant genetic disease, which is characterized
by multiple intestinal polyps ( Moser et al. 1993,
Rubinfeld et al. 1993; Sheng et al. 2010; Silverman
et al. 2003 ; Suraweera et al. 2006). It is caused by a
functional mutation in the adenomatous polyposis coli
(Apc) gene. In order to investigate the syndrome in

. Min +/ —
vivo, Apc™"

mouse was developed, imitating the
polyp phenomenon in humans ( Joslyn et al. 1991;
Kinzler et al. 1991; Dietrich et al. 1993; Harada et
al. 1999; Hirohashi and Kanai 2003 ). In previous
studies, Min*"~ mouse was used for identifying the
genes (modifiers) affecting the function of Apc gene.
Currently, a number of chromosomal regions associated
with modifiers of Apc gene were mapped ( MOM 1 -
10), but failed to identify the actual genes in these
loci that affect the function of Apc gene, due to the low
resolution mapping of these regions ( Lawrence et al.
2007 ; Cormier et al. 2000; Morin et al. 1997 ; Moser
et al. 1992; Oikarineny et al. 2009 ; Silverman et al.
2002 ) The CC mice are a powerful tool for high
resolution mapping of loci associated with complex
traits, and can lead to suggest strong candidate genes
underlying these loci. As proof of concept about the
use of CC mouse population for mapping modifiers of
Apc, we have generated a ( CC-C57BL/6 lines carrying

Min/ +

the Apc mutation ) F1 mouse population, by

Min +/ -

crossing male mice of C57Bl/6] carrying Apc with

females of advanced inbreeding generations of CC

lines. The study cohort consisted of 27 F1 CC-C57BL/

Min/+ pmutation. The litters from

6 lines carrying the Apc
these mating were tested by polymerase chain reaction
(PCR) in order to distinguish the litter carrying Apc
mutant genes from the wild type. F1 heterozygous
mouse carriers for the mutated Apc gene were housed
and kept for a five-month period on a 12 — hour light/
dark cycle. During this period, body weight ( gram)

was monitored bi-weekly. At the terminal time point,

mice were sacrificed, packed cell volume was
measured (anemia indicator) and spleen and intestine
were removed. The spleen weight was measured
(inflammation indicator) and Intestines were divided
into small intestine and colon for further
characterization of length, weight and polyp count.
The number and sizes of polyps in the small intestine
and colon were recorded after fixation in 10% neutral
buffered formalin ( NBF) overnight, and stained with
methylene blue. Findings of the study were recently

2016,

significantly wide variation of all the phenotypic

published at Dorman et al. revealing a
parameters including total number of polyps ( Fig. 9)
among the CC-C57BL/6 lines carrying the Apc™™ ™
mutation,  despite  the  constant  environmental
conditions for the overall population. Hence, these
significant variations are suggested to be attributed by
the variation of the CC lines genetic backgrounds. And
indeed, a heritability calculation certifies this
statement with high H® value of 0.64 for the total
number of polyps. Additionally, Durman et al. 2016
assessed secondary effects of the disease, such as body
weight changes, anemia and splenomegaly ( enlarged
spleen). Estimated Pearson correlations ( Table 1)
reports significant negative correlation between the
number of polyps and packed cell volume (r = -

0.84, P <0.01), i e.

cancer) the lower packed cell volume (anemia), and

the more polyps ( colon

positive significant correlation between number of
polyps and Spleen % weight (r=0.74, P <0.01), i.
e. the more polyps (colon cancer) the larger spleen
(Splenomegaly ). As for body weight changes, it is
apparent that although when compared to control CC
lines most of the CC-C57BL/6 lines carrying the Apc
M’ * mutation gain less weight during the five months
period, and yet there is a significant variation in
patterns of body weight gain between the CC lines. At
the time of writing this report, linkage analysis was
performed and modifier for Apc genes and their ability

to induce colorectal cancer were mapped (unpublished

data).
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Fig.9 Average number of polyps ( £ SEM) in the 27 F1 CC-C57BL/6 — Min lines (n =1 - 16 mice/line).

X-axis represents CC lines and the C57BL/6 strain which is Apc "™ * mutation

carrier (first black column from the left) , Y-axis represents number of polyps. [ Dorman et al. 2016 ]

Tab.1 Pearson correlation values between traits: total polyps, intestine length, intestine % weight, % PCV, spleen %

weight and polyps per cm. * Correlation is significant at P <0.05 ™ Correlation is significant

at P <0.01. [ Dorman et al. 2016]

Table 1 / Trait | TotalPolyps | Intestine Length | Intestine %Weight %PCV | Spleen %Weight | Polypspercm
Total Polyps 1 0.589** 0.695** -0.841** 0.743** 0.998**
Intestine Length 0.589** 1 0.266 -0.457* 0.317 0.539**
Intestine %Weight 0.695** 0.266 1 -0.769** 0.815** 0.714**
%PCV -0.841** -0.457* -0.769** 1 -0.846%* -0.852**
Spleen %Weight 0.743** 0.317 0.815** -0.846"* 1 0.764**
Polyps percm 0.998** 0.539** 0.714** -0.852** 0.764** 1

3 CC lines for Type 2 Diabetes study

The prevalence of type 2 diabetes (T2D), in the
past decades, has increased into epidemic proportions,
and in year 2000 was 150 million and it is expected to
double by the year 2025. Several lines of evidence
provide support for the role of genetic variation in the

In this
context, diabetes can be considered as a complex

pathogenesis of T2D and insulin resistance.

disease, where the challenge is the Western diet and
CC lines as genetic reference. Recent publication of our
study by Atamni et al. 2016, introduces the powerful
utility of CC lines population for understanding the
genetic bases of high fat (42% fat) diet-induced T2D
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(HFD induced T2D). Study cohort consisted of 683
mice generated from 21 CC lines; mice were divided
into two experimental groups: 1) Control - maintained
on Chow standard rodents’ diet and 2) Challenge group
HFD, each CC
representative in both groups. The dietary challenge

- maintained on line was

started at age of 8 weeks old lasting for 12 weeks, in
which body weight ( gram) and size (length, waist

circumference ) were assessed bi-weekly. At the
terminal time point, an intraperitoneal glucose tolerance
test ( IPGTT ) was performed to evaluate the

diabetogenic status of the mice in response to the
dietary challenge, compared between CC lines within
each group ( genetic effect) and also between groups
(diet effect). Published findings at Atamni et al. 2016
presents an extensive variations of all the measured
phenotypes between the CC lines, importantly body
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diabetogenic and weight response to HFD challenge
significantly influenced by the host genetic background
with strong sex effect in each CC line, indicating that
males and females from the same CC line experience
the disease differently. CC lines showed multiple
patterns for glucose clearance ( Fig. 10), in which

different outcomes are observed including resistibility,

susceptibility and moderate intermediate response.
Some CC lines were highly susceptible towards
consumption of HFD showing impaired glucose

tolerance when compared to mice from control group of
the same CC line. Similar finding at the level of body
weight changes, showing multiple patters, some towards
continues gain, some towards moderate gain and some
even showed high body weight resistance keeping their
body weight balanced despite HFD consumption ( Fig.
10).
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Fig. 10 Kinetics of glucose clearance for 17 CC lines (split by sex) as assessed during the 180 minutes
intraperitoneal glucose tolerance test (IPGTT) after 12 weeks on Chow diet (CH, 18 % fat) and on high fat
diet (HFD, 42 % fat). The dark central line shows average glucose levels (mg/dL) across lines. Chart A,
Males-Chow; B, Males-HFD; C, Females-Chow; D, females-HFD. [ Atamni et al. 2016 ]
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The bottom line of this comprehensive study is
that “one size does not fit all” in context of diets,
genetic background of host plays critical role in body
response towards HFD or standard diet. Therefore,

the

susceptibility or resistibility will bring us closer towards

discovering candidate genes involved in
personalized diets for prevention and treatment of
obesity and T2D development.
Quantitative trait loci ( QTL)
susceptibility to HFD challenge, as expressed in body
total of overall

glucose ( IPGTT )
phenotypes were identified recently to be published

that determine

weight and area under curve

intraperitoneal tolerance  test
Furthermore, precise QTL mapping for
individual time points during the TPGTT and body
weight accumulation was performed and QTL mapped

(unpublished data) .

soon.

4 CC lines for fundamental Body traits

4.1 Dissecting genetic background of body
composition (unpublished )

In this study, we aim to determine the genetic
factors underlying the body composition using the CC
population and the power of the DEXA scan technique.
The following phenotypes were recorded by the DEXA
scan; 1) bone tissue features; bone area (cm”) , bone
mineral content ( BMC ), bone mineral density
(BMD), 2) Soft tissues; fat (gram), lean (gram),
percentage fat ( % fat). Using the phenotypic data and
genotypic data of the CC lines will enable genome-wide
scan analysis for identifying quantitative trait loci
associated with these traits. Additionally, body length
(BL = distance in cm between nose and anus), waist

circumference, body weight ( BW), the body mass
index ( BMI = BW/BL?) were measured for each
mouse, which will also be used as a phenotype for
determining the variation between the different CC
lines. On average 4 — 10 individuals of 18 to 20 — week
old mice of both sexes from each randomly used 15 CC
lines, which were maintained on standard rodent diet,
were analysed. Figure 12. A to D show the profiles of
the different tested traits of different CC lines using
DEXA scan. The statistical analysis of the phenotypic
results have shown significant (P < 0.05) variations
between the different CC lines.
observed with the different tested traits.
4.2  Genetic background of Immune response
( unpublished )

Mapping quantitative trait loci ( QTLs) effecting

Sex effect was also

the immune response cells lineages in the peripheral
blood the
underlying these QTL can lead to better understanding

and subsequently identifying genes
of the host response to these different infectious
diseases. For this purpose, we initiated a study aimed
of mapping the genes, which control the production of
various subsets of cells that are participating in the host
defense. Here, we present the immune profiles data on
15 CC mouse lines by quantification of the amount of
peripheral blood T, B, and macrophages cells of
mature mice (3 —5 mice per line of 10 weeks old).
The immunophenotyping was performed using flow
cytometry analysis using fluorescence activated cell
staining ( FACS ) technology.

collected from the orbital venous plexus of mice. Blood

Blood samples were

samples from individual mice were incubated with
specific antibodies including anti CD3e (T cells) , anti
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Fig. 11 Kinetics of body weight (g) means ( + SEM) of females (A) and males (B) of 21 CC lines during

12 weeks on high fat dietary challenge (HFD, 42 % fat).[ Atamni et al. 2016 ]
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Fig. 12 Phenotypic profiles of the body composition complex traits assessed by DEXA scan of different CC

lines. X-axis represent the CC lines,
«p”

. . . 2
represents bone mineral density in gram/cm”.

weight in gram,

CD19 (B
(Fig. 13).
the relative proportions of different cells in the different

cells), and anti CD11b ( macrophages ).
Our study revealed marked differences in
CC mouse lines. The relative proportions varied
between 13.5 —43% for B lymphocytes and between
6.5 = 36% for T lymphocytes.
their proportion value range was 10.6 —39% in the
different CC lines.
which

commercially available inbred mouse strains.

As for macrophages

Our results are compatible with the
different
Thus,

these results form the basis for extending the study of

results , already  published for

more CC lines, and recently using phenotypic data

Y-axis represent phenotypic trait value;

represents percentage Fat (% ),

“A”

“C” represents bone mineral content in gram,

represents body tissue
“p”

from 63 lines, we were able to map QTL associated

with the immune profile cells (unpublished data).

4.3 Map QTL for trabecular bone microarchitecture
Microarchitecture of trabecular bone structure is

considered as complex trait controlled by multiple

genetic factors. Therefore, microstructure of trabecular

bone is known to differ among populations resulting in

of

osteoporosis and bone fractures ( mechanic strength).

phenotypic  variations  towards  development

Trabecular bone microstructure variations can lead to
fracture risk variations between individual despite their

similar bone mineral density ( BMD) , indicating that
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Fig. 13 Percentage of T, B and macrophage immune cells in 15 naive CC mouse lines. The X-axis represents the CC lines,

Y-axis represents the percentage, including standard errors of the three tested immune cells in CC lines at age of 8 —9 week

old mice. The percentage of T, B and macrophage immune cells in peripheral blood was assessed by FACS analysis.
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additional bone features, such as trabecular bone

microstructure determines the bone strength ( Chappard
et al. 2011).
background underlying these features,
2015, scanned the femoral distal metaphysic of 160
mice generated from 31 CC lines for trabecular traits

In attempts to characterize the genetic
Levy et al.

measured by microtomographic ( CT) analysis. The
measured trabecular traits comprised of trabecular bone
volume fraction ( BV/TV ), number ( Th. N ),
thickness (Th. Th) , and connectivity density ( Conn.
D). And indeed, using relatively small number of CC
lines, Levy et al. 2015 succeeded in mapping six
quantitative trait loci, where 4 loci on chromosomes 2
and 7 for BV/TV and Th. Th (2 loci for each trait) ,
two additional loci on chromosomes 8 and 14 for Th. N
and Conn. D, respectively ( Fig. 14) (1% false
discovery rate). Genome browse of the mapped QTLs
suggest newly genes with relevance to skeletal biology
to be further validated. Heritability values of these
traits confirmed their high genetic component ranging
from 0.6 to 0.7. In this study, Levy et al. 2015
demonstrates for the first time significant genetic
linkage between multiple genetic loci and trabecular
microstructural features, suggesting new candidate
genes to be further validated for their contribution in
microstructure trabecular bone traits.

Conclusions

The Collaborative Cross ( CC ) is a next-

generation mouse genetic reference population designed

by the mouse genetics community for high resolution
mapping of genetic factors of relevance to human
health, such as susceptibility to infectious and chronic
diseases, and response to medical interventions.
However, it is a very flexible resource with very wide
potential application to complex traits of interest for
human medicine and livestock agriculture.

The CC will eventually consist of a set of about
350 recombinant inbred lines are currently available for
study. These lines were generated by reciprocal crosses
including among them 5
and 3

lines derived from recent wild accessions ( two Mus

between 8 founder lines,
relatively unrelated classical laboratory strains,

subspecies , and one Mus domesticus). The CC resource
contains extremely wide genetic diversity relative to
existing mouse genetic resources, and has already
demonstrated unprecedented power for high resolution
QTL mapping. Genotypes and all generated phenotypes
will be stored centrally and made publicly available
making the CC a *

Phenotypic distribution of CC lines is also

Genotype once, phenotype once”
resource.
consistent with the presence of very large variation
among them in quantitative traits as well.

The estimated heritability ( H2) effects of the
different assessed phenotypic traits recorded on CC
mice (Tab.2), have confirmed that the genetic factors
are the major player underlying this phenotypic
variations. The published and unpublished results
highlighted the usefulness of this mouse GRPs to

identify complex genetic traits, which may lead to
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Fig.14 QTL haplotype mapping of trabecular bone traits using the CC lines. On the left side; phenotypic profile of the
trabecular bone features BV/TV, Tb. N, Tb. Th and Conn. D. X-axis represents CC lines and Y-axis represents the
phenotypic trait value. On the right side; QTL mapping results revealing 6 significant QTLs using the phenotypic and
genotypic data of the CC lines at HAPPY software. [ Levy et al. 2015 ]
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Tab.2 Estimated heritability of variety of phenotypic traits assessed in the CC mice

Topic Challenge Trait H?
Aspergillus fumigatus Survival time (days) 0.78
Klebsiella pneumonaie Survival time (days) 0.45
CBV 0.4
Infostions di P. gingivalis and F. nucleatum RBV 0.4
nfectious diseases LBV 0.2
Peoud . Survival time ( days) 0.54
seudomonas aeruginosa Body weight loss ( ar) 0.28
Lipopolysccharide (LPS) Survival time ( Hr) 0.19
Total polyps number 0.64
Tumorigenesis CC — C57BL/6 lines carrying Apc Min/ + mutation % Packed Cell volume 0.51
% Spleen weight 0.53
IPGTT Total AUC 0.43
Type 2 Diabetes diabetes High fat diet (42% ) : IPGTT TZtZI AUC 0.37
? Body Weight gain 0.53
Obesit High fat diet (42
ey igh fat diet (42% ) S Body Weight gain 0.38
.. Body % Fat 0.44
Body composition DEXA scan T . )
Bone mineral density (BMD gr/cm”) 0.00
T cells 0.34
Immune system FACS analysis B cells 0.30
Macrophages 0.16
BV/TV 0.63
Trabecular Micro ¢ oy s Th. N 0.71
bone microarchitecture fero Tomograptly sean Th. Th 0.56
Conn. D 0.67

IPGTT = intraperitoneal glucose tolerance test; AUC = area under curve.

Trabecular bone volume fraction (BV/TV), number (Tb. N), thickness (Th. Th), and connectivity density ( Conn. D)

translation to human diseases. A number of previous

studies have shown the knowledge gained in the mouse

experimental systems can be applied to humans. This

research will continue to make major discoveries in

biomedical research and, thus, contribute to a better

understanding and treatment of human and livestock

diseases.
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