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Mutations in X-linked methyl-CpG-binding protein 2 (MECP2) cause Rett syndrome (RTT). To identify functional pathways

that could inform therapeutic entry points, we carried out a genetic screen for secondary mutations that improved pheno-

types in Mecp2/Y mice after mutagenesis with N-ethyl-N-nitrosourea (ENU). Here, we report the isolation of 106 founder

animals that show suppression ofMecp2-null traits from screening 3177Mecp2/Y genomes. Whole-exome sequencing, genetic

crosses, and association analysis identified 22 candidate genes. Additional lesions in these candidate genes or pathway com-

ponents associate variant alleles with phenotypic improvement in 30 lines. A network analysis shows that 63% of the genes

cluster into the functional categories of transcriptional repression, chromatin modification, or DNA repair, delineating a

pathway relationship with MECP2. Many mutations lie in genes that modulate synaptic signaling or lipid homeostasis.

Mutations in genes that function in the DNA damage response (DDR) also improve phenotypes in Mecp2/Y mice.

Association analysis was successful in resolving combinatorial effects of multiple loci. One line, which carries a suppressor

mutation in a gene required for cholesterol synthesis, Sqle, carries a second mutation in retinoblastoma binding protein 8,

endonuclease (Rbbp8, also known as CtIP), which regulates a DDR choice in double-stranded break (DSB) repair. Cells from

Mecp2/Y mice have increased DSBs, so this finding suggests that the balance between homology-directed repair and nonho-

mologous end joining is important for neuronal cells. In this and other lines, two suppressor mutations confer greater im-

provement than one alone, suggesting that combination therapies could be effective in RTT.

[Supplemental material is available for this article.]

Mouse genetics is a powerful tool to identify molecular mecha-
nisms that are important for disease suppression. By using a mod-
ifier screen, a dominant mutation can be isolated by its ability to
alter the presentation of a recessive or dominant trait to discover
genes that act in a given developmental or biochemical pathway.
Modifier screens have been rare in themouse; however, usingmas-
sively parallel sequencing technologies, candidate mutations can
now be efficiently identified without extensive breeding andmap-
ping. Mutagenesis screens that focus on disease suppression may
identify unrecognized pathways of pathogenesis as alternative
therapeutic entry points.

Rett syndrome (RTT) is a prototype disease for which a modi-
fier screenwouldbebeneficial and representative forotherdiseases.
RTT is a nearlymonogenic disorder with >95%of patients carrying
mutations in methyl-CpG-binding protein 2 (MECP2), a gene not
present in invertebrates.MECP2 is central to neurological function

and is associatedwith other diseases, including intellectual disabil-
ities, autism, neuropsychiatric disorders, and lupus erythematosus
(Neul and Zoghbi 2004; Bienvenu and Chelly 2006). The type of
MECP2 mutation does not always correlate with disease severity,
in part, because of skewing of X Chromosome inactivation in het-
erozygous females (Shahbazian et al. 2002). Hemizygous males
with truncating or loss of function mutations in MECP2 usually
die by two years of age (Bienvenu and Chelly 2006).

Mousemodels recapitulatemanyof the pathologic features of
RTT and are crucial for understanding the molecular and cellular
basis (Chen et al. 2001; Guy et al. 2001). Male mice that lack
Mecp2 are normal through three weeks of age, but they develop
hypoactivity, limb clasping, tremors, and abnormal breathing as
early as four weeks, depending upon the allele and the genetic
background (Katz et al. 2012). The symptoms become progressive-
ly worse, leading to their death at 6–12 wk. RTT has historically
been considered a neurological disease (Jellinger and Seitelberger
1986). MECP2 is expressed at near histone levels in neurons, and
neurons ofMecp2/Y mice show a number of deficits, including de-
layed transition into mature stages, altered expression of
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presynaptic proteins, and reduced dendritic spine density (Xu et al.
2014). However, MECP2’s expression outside the nervous system
leads to a number of systemic issues, including metabolic syn-
drome (Kyle et al. 2016, 2018; Ross et al. 2016).

Multiallelic contributions or environmental effects may
cause the wide degree of phenotypic variation that is common
to many human diseases (Enikanolaiye and Justice 2019). Rare fa-
milial cases of RTT suggest that genetic modification can alter the
severity of symptoms (Ravn et al. 2011; Grillo et al. 2012), but for
any rare disorder, finding themolecular basis for phenotypicmod-
ification in humans is daunting. Identifying genes that when mu-
tated ameliorate the phenotype in a mouse model would help to
focus efforts toward understanding the functions of MECP2 and
how the disease ensues upon its loss. Further, identifying the genes
that improve the RTT-like phenotype in mice may allow for the
discovery of pathways that inform therapeutic strategies in hu-
mans. In a preliminary dominant suppressor mutagenesis screen
using the supermutagen N-ethyl-N-nitrosourea (ENU), we isolated
five modifier loci, named suppressor of methyl CpG binding pro-
tein (Sum) 1–5, which suppress or ameliorate the phenotype in
Mecp2/Y male mice (Buchovecky et al. 2013). We previously re-
ported that the lesion responsible for disease amelioration at the
Sum3Jus locus is a stop codon mutation in a rate-limiting enzyme
in cholesterol biosynthesis, squalene epoxidase (Sqle). This finding
led to the discovery that cholesterol and lipid homeostasis is per-
turbed inMecp2male and female mice, and that statin drugs ame-
liorate symptoms as well (Buchovecky et al. 2013). This discovery
suggested that finding additional modifiers would lead to a better
understanding of Mecp2’s functions and how its mutation could
lead to pathological changes. Our overarching goal was to identify
a large number of suppressors such that a list of potential therapeu-
tic targets could be developed for RTT.

Results

Two suppressor screens produce 106 founders with trait

improvement

ENU-treated C57BL/6J males were bred to female
129.Mecp2tm1.1Bird/+ mice (Fig. 1A). Male offspring in the first gen-
eration (N1), asymptomatic at weaning, were genotyped for pres-
ence of mutant Mecp2 and examined for amelioration of disease
phenotypes by a dominant mutation. In total, 3177 relevant gam-
etes were screened for phenotype improvement. The preliminary
screen 1 produced 2963 animals of which 679 were Mecp2/Y (Fig.
1A, gray; Buchovecky et al. 2013). This number is close to one ge-
nome’s equivalent, because the mutation rate for the 3 ×100 mg/
kg dose of ENU is about one new mutation per gene in every 655
gametes screened (Hitotsumachi et al. 1985). In screen 1, 10 lines
showing suppression of traits were identified, but only six of these
bred naturally and one (1527) was reconstituted by in vitro fertili-
zation (IVF) of fresh sperm. A scoring system was used to individ-
ually assess limb clasping, tremors, body weight, and activity. In
general, improvement of these scores indicated improved longev-
ity as evidenced by the long lifetime of the founders and their off-
spring (Buchovecky et al. 2013).

In screen 2, an additional 10,069 animals, of which 2498were
Mecp2/Y, produced 96 additional N1 founder males that showed
suppression of one or more traits. In screen 2, sperm from each
founder was frozen, and of 23 lines mated, nine bred naturally be-
fore they were sacrificed, whereas 14 were reconstituted using IVF
of frozen sperm. In screen 2, all N1 mice were evaluated weekly

starting at P35 for four subjective health parameters that have pre-
viously been noted in Mecp2/Y mice (Guy et al. 2001): hindlimb
clasping, tremors, activity, and general body condition. Muscle
tone was also assessed, because it was also an important indicator
of health. Each subjective parameter was scored out of 2, whereby
0 indicated the health trait was equivalent to wild type, 1 if inter-
mediate, or 2 if severe. Bodyweightswere also obtainedweekly and
were scored 0 if <29 g, 1 if between 30 and 34 g, and 2 if >35 g.
These five subjective health parameters and quantitative
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Figure 1. Overview of two dominant suppressor ENU mutagenesis
screens in a Mecp2tm1.1Bird mouse model. (A) Male C57BL/6J male mice
were treated with ENU and mated to 129.Mecp2tm1.1Bird/+ females.
Numbers obtained from screen 1, already published, are in gray, and
screen 2 in black. A subset of N1 male founder mice (N1) carrying the mu-
tant Mecp2 allele and showing suppression of disease phenotypes were
bred (naturally or by IVF) for inheritance. N2 offspring were mated to
129.Mecp2tm1.1Bird/+ females or 129S6/SvEvTac males to generate N3s,
of which DNAs from at least two animals from different N2 families that
showed trait improvement were whole-exome sequenced (WES). N3 off-
spring were genotyped to analyze for linkage or association. (B) The
WES was analyzed for 71 founder lines, producing 3601 potentially caus-
ative variants. Variants ranged in number from 20 to 135, with a mean of
50. (C) The types of ENU-induced lesions generated were mostly nonsy-
nonymous missense mutations (3310, 92%), followed by nonsense muta-
tions (152, 4%) and splicingmutations (124, 3%). Frameshiftmutations or
the loss of a STOP codon accounted for the remainder (1%). (D) The most
common types of mutations induced by ENU were A to G and T to C tran-
sition mutations (22% and 18%, respectively), closely followed by trans-
versions (A to T [11%] and T to A [16%]), whereas the fewest were C to
G and G to C transversions (<1%). (E) The majority of genes with new
ENU-induced lesions were unique, with 2588 genes carrying only one mu-
tation. A single gene, titin (Ttn), had 20 alleles.
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parameter body weight were totaled to obtain a score out of 12. In
screen 2, animals were classified as improved if their summed
health score totaled <8 at 8 wk of age, and they were maintained
generally until 12–14 wk, when they were sacrificed for sperm
cryopreservation. N3 animals were evaluated using the same crite-
ria. The Mecp2/Y animals from the strains maintained at the two
institutions had different life spans, possibly owing to differing
pathogen status. Therefore, Mecp2/Y animals from screen 1 were
classified improved if they lived ≥14 wk, while those from screen
2 were classified improved if they lived ≥10 wk and had improved
scores on assessed health traits.

Whole-exome sequencing identifies candidate genes

in founder males

When the firstmodifiers were isolated in screen 1,WESwas not yet
available, so the first line was sequenced by custom capture rese-
quencing of a mapped region (line 352). WES was carried out on
lines 856, 895, 1395, and 1527, but the sequence was analyzed
only in the regionswith positive LOD scores obtained bymapping,
and only one candidate gene, Sqle, from line 895 was reported
(Buchovecky et al. 2013). The WES of 69 of the founder N1 males
from the second screen was analyzed for all potential contributing
mutations throughout the genome (Supplemental Table S1).
Naturally occurring single-nucleotide polymorphisms (SNPs) that
were specific to the 129S6/SvEv and C57BL/6J strains were filtered
by comparing with parental and all sequenced founder male ge-
nomes, and variants predicted to be tolerated were excluded. The
remaining potentially causative 3601 variants ranged in number
from 20 to 135 in each N1 founder male, with a mean of 50 (Fig.
1B). These variants were largely nonsynonymous missense muta-
tions (92%) (Fig. 1C), which were primarily transition mutations
(A toG andT toC) (Fig. 1D). Each of 2588 genes had only one allele
found in the N1 males, each of 380 genes had different alleles in
two lines, 52 genes had three alleles, 13 genes had four, five genes
had five, and a single large gene, titin (Ttn), had 20 alleles (Fig. 1E).

Confirming the candidate lesions shows complex inheritance of

traits

The inheritance of traits was determined by mating 30 N1 foun-
ders from both screens (seven from screen 1 and 23 from screen
2) to 129.Mecp2/+ females. Their N2 female offspring, carrying
theMecp2mutation inherited from their father, were mated again
to 129S6/SvEvTacmales, whereas N2male offspringweremated to
129.Mecp2/+ females. In screen 1, each line was mapped to narrow
the suppressor locus to a chromosomal location using SNP panels
before sequencing (Neuhaus and Beier 1998;Moran et al. 2006). In
screen 2, SNPswere not used formapping.Whenpossible, up to 10
N2 offspring from each family were mated to produce approxi-
mately 10 Mecp2/Y N3 offspring, which were assessed for pheno-
type and aged. If the modifier was inherited in a Mendelian
fashion, 50% of the N2 animals should have inherited the trait
and 50% should pass it on to their N3 offspring; thus, only 25%
of the total N3 offspring are expected to inherit the suppressor trait
(Table 1). Of 30 lines, 23 showed evidence for inheritance of dis-
ease improvement (Supplemental Table S2). Nineteen of the 23
lines segregatedmodifier loci in a non-Mendelian fashion, suggest-
ing involvement ofmore than one locus (Table 1). In lines 856 and
895, the pattern of inheritance suggested that either locus con-
ferred improvement, whereas the inheritance of both loci suggest-
ed additive health improvement. In contrast, although all families
in line 520 had at least one animal with trait improvement, none

showed greatly improved health scores, suggesting that the two
loci may have influenced health traits independently. Seven lines,
137, 591, 722, 933_15N, A_87N, A_120N, and A_134L, were not
solved because so few Mecp2/Y N3 animals showed trait improve-
ment (fewer than eight), possibly because two or more loci must
be inherited together to see an effect. It is also possible that a genet-
ic combination resulted in decreased health or longevity, rather
than improvement.

To identify candidate genes in screen 2, the exome from a
minimum of two N3 offspring that showed the largest degree of
improvement and were from different N2 parents was also se-
quenced. Lesions that occurred in the N1 founder and these two
offspring were regenotyped in individuals from families that in-
herited trait improvement (Fig. 1A; Supplemental Table S2).
Common SNPs identified in WES were used to genotype N3 ani-
mals to confirm the location after candidate loci were identified.

Statistical analysis of candidate genes shows support for a sol-
ution in 13/23 lines (Tables 1, 2; Supplemental Table S3). Within
these 13 lines, 22 genes are supported by association analysis as
candidates for suppression of a variety of traits. Eight additional
lines carry alleles of these 22 candidate genes, and 11 lines carry
mutations in a related pathwaymember orMecp2 corepressor com-
plex member. Some lines carry multiple associative mutations,
thus, candidate genes have been identified in 30 of the lines
(Tables 1, 2). The screen 2 loci that are supported by mating and
association analysis are named Sum 6–21 (Table 1). Candidate
genes are identified for two of the lines from screen 1
(Prdm15Sum1-Jus and Zzz3Sum2-Jus), and a second suppressor was
found in line 895 from screen 1 (Rbbp8Sum6-Jus).

Candidate genes fall into similar functional pathways

Genes with supported or pathway lesions were integrated into bi-
ological networks using Cytoscape (v3.7) (Shannon et al. 2003)
and its accompanying applications GeneMANIA (v3.5.1) (Warde-
Farley et al. 2010) and clusterMaker (1.3.1) (Morris et al. 2011).
A functional enrichment map (network) generated by coexpres-
sion, shared protein domains, physical interactions or predictions
was further clustered into biological pathways, confirming that
most of the genes fall into three major pathways; lipid homeosta-
sis, synaptic function, and DNA damage (Fig. 2). Gene Ontology
(GO) analysis revealed that the top 16 enriched terms in this net-
work included MECP2-associated biological processes involved in
transcriptional corepressor activity and chromatin-associated
functions. However, it also revealed novel GO terms such as
DNA recombination, double-strand break repair, and regulation
of DNAmetabolic processes. Thus 20/32 or 63% of the genes clus-
ter into the general category of “Regulation of DNA Activity,”
which is expected for a functional relationship with MECP2. The
genes with unknown function (Clint1, Dennd4a) fall outside the
functional pathways.

Chromatin structure and transcriptional regulation

Several candidate genes are predicted to alter chromatin structure:
These include PR domain containing 15 (Prdm15), zinc finger ZZ
domain containing 3 (Zzz3), and lysine (K)-specific demethylase
4A (Kdm4a). The PR domain proteins,many of which have histone
methyltransferase activity and others that recruit methyltransfer-
ases to DNA, play roles as molecular switches in many develop-
mental processes (Fog et al. 2012; Hohenauer and Moore 2012;
Mzoughi et al. 2017). ZZZ3 is a part of the Ada-Two-A-containing
(ATAC) histone acetyltransferase complex, which widely regulates
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gene expression (Mi et al. 2018). KDM4A is important for the
structure of heterochromatin during embryonic development,
and it influences neuropathic pain through brain derived neuro-
trophic factor (BDNF) expression (Sankar et al. 2017; Zhou et al.
2017). The corepressors Ncor1, transducin (beta)-like 1X-linked re-
ceptor 1(Tbl1xr1), Rcor1, and Sin3a are transcriptional repressors
that act with MECP2, yet missense mutations in these genes oc-
curred in lines that were not mated, so they are included in
Table 2 but are not given Sum designations.

Lipid homeostasis

Four mutations (Aacs, Apoa5, Atp8a1, Tm7sf2) support previous
publications that lipid metabolism is a primary pathway for path-
ogenesis (Buchovecky et al. 2013; Justice et al. 2013; Segatto et al.
2014; Kyle et al. 2016). The founding lesion in this pathway oc-
curred in Sqle, a rate-limiting enzyme in cholesterol synthesis.
MECP2 anchors a protein complex containing the master meta-
bolic regulator nuclear receptor co-repressor 1 (NCOR1) to DNA.

Table 1. Assessment of Mendelian inheritance of suppressor loci

Line
Families with
improvement

Number of N3
Mecp/Y improved/

total Inheritance (P-value) Solved MGI: ID

352a,b 6/6 1.00 36/129 0.28 <0.001 Prdm15Sum1-Jus MGI:5489912
856a,b 10/10 1.00 76/165 0.46 0.003 Zzz3Sum2-Jus MGI:5489913
895a,b 8/9 0.89 32/109 0.29 <0.001 SqleSum3-Jus

Rbbp8Sum6-Jus
MGI:5489914
MGI:6367664

520 8/8 1.00 19/116 0.16 <0.001 Cd22Sum7-Jus

Clint1Sum7i-Jus

Kdm4aSum8-Jus

MGI:6367718
MGI:6367719
MGI:6367720

4654a 5/9 0.56 8/81 0.10 <0.001 Tm7sf2Sum9-Jus

Dennd4aSum9i-Jus

Gtf3c5Sum10-Jus

MGI:6367721
MGI:6367722
MGI:6367723

4751a 5/6 0.83 13/81 0.16 <0.001 Arhgef15Sum11-Jus

Spin1Sum12-Jus
MGI:6367724
MGI:6367725

4799a 4/7 0.57 8/70 0.11 <0.001 AacsSum13-Jus

Atp8a1Sum14-Jus
MGI:6367726
MGI:6367727

918_15La 3/6 0.50 7/60 0.12 <0.001 Celsr3Sum15-Jus MGI:6367728
J_57L 7/9 0.78 18/108 0.17 <0.001 Hcn2Sum16-Jus

Apoa5Sum17-Jus
MGI:6367729
MGI:6367730

A_27R 3/10 0.30 8/103 0.08 <0.001 Tet1Sum18-Jus MGI:6367732
A_333N 3/8 0.38 9/62 0.15 0.009 Fan1Sum19-Jus MGI:6367733
M_199LLa 4/5 0.80 9/52 0.17 0.002 Birc6Sum20-Jus

DbnlSum20i-Jus
MGI:6367734
MGI:6367735

M_333Ra 5/6 0.83 10/88 0.11 <0.001 Zbtb41Sum21-Jus MGI:6367737
1395a,b 6/6 1.00 70/196 0.36 <0.001 Chr 7: Sum4M1Jus MGI:5489915
1527b 13/14 0.93 61/190 0.32 <0.001 Sum5M1Jus MGI:5489916
136a 7/11 0.64 12/104 0.12 <0.001 Tet1Sum18-2Jus MGI:6367738
137a 7/10 0.70 7/101 0.07 <0.001
591 7/9 0.78 7/114 0.06 <0.001 Tet1Sum18-3Jus MGI:6367739
722 4/10 0.40 8/102 0.08 <0.001
933_15N 4/10 0.40 5/118 0.04 <0.001
A_87N 4/9 0.44 8/95 0.08 <0.001
A_120N 3/7 0.43 8/70 0.11 0.002
A_134La 3/5 0.60 8/84 0.10 <0.001
A_230RR NM Arhgef15Sum11-2Jus MGI:6367741
604 NM Celsr3Sum15-2Jus MGI:6367747
A_347N NM Celsr3Sum15-3Jus MGI:6367758
A_83L NM Birc6Sum20-2Jus MGI:6367762
620 NM Birc6Sum20-3Jus

Ncor1
Brca1

MGI:6367772

S_165N NM Ncor1
A_189N NM Brca1
J_157N NM Tbl1xr1
J_136N NM Zbtb41Sum21-2Jus MGI:6367777
M_420L NM Mre11a
M_79N NM Rad50
A_173N NM Brca2
920_39R NM Cyp46a1
4633 NM Rcor1
272 NM Sin3a

Complex versus Mendelian inheritance was assessed from breeding data as described in Methods (Supplemental Table S2). The second column in
“Families with Improvement” and in “Number of N3 Mecp2/Y improved/total” represents the ratio of the numbers in the first column. Column 4 pre-
sents the P-value of the Fisher’s exact test for testing the Mendelian hypothesis calculated based on 106 Monte Carlo simulations. A P-value < 0.001
provides sufficient evidence to reject the Mendelian hypothesis. Bold indicates lines in which a candidate gene was associated with one or more im-
proved traits. Loci that had an effect only in the presence of another supported suppressor locus are named interacting loci (i).
aLine mated naturally, (NM) not mated.
bLines from screen 1.
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WhenMECP2 is absent, NCOR1 does not suppress its lipid synthe-
sis targets, including Sqle, leading to lipid accumulation in the
brain and liver of Mecp2-mutant males and females, resulting in
metabolic syndrome (Buchovecky et al. 2013; Kyle et al. 2016).
Acetoacetyl-CoA synthetase (Aacs) is another target of the
NCOR1 corepressor complex (Knutson et al. 2008), which allows
ketone bodies to be used as an energy source (Hasegawa et al.
2012a,b). Transmembrane 7 superfamilymember 2 (Tm7sf2) func-
tions just downstream from Sqle in the cholesterol biosynthesis
pathway, and its function is linked to liver X receptor (LXR) and
NF-kB signaling, suggesting roles in both lipid homeostasis and in-
flammation (Bellezza et al. 2013). Apolipoprotein A-V (Apoa5) is a
key regulator of triglyceride metabolism (Gonzales et al. 2013).
ATPase, aminophospholipid transporter (APLT), class I, type 8A,
member (Atp8a1) is part of an ATPase-coupledmembrane complex
involved in vesicle trafficking and the transport of aminophospho-
lipids (Paterson et al. 2006). A mutation in line 920_39R occurred

in the neuron-specific cytochrome P450,
family 46, subfamily a, polypeptide 1
(Cyp46a1), which produces 24S-OHC, a
molecule essential for cholesterol turn-
over and a biomarker for abnormal cho-
lesterol homeostasis in the Mecp2 brain
(Lund et al. 2003; Buchovecky et al.
2013).

Synapse function

Mutations that affect synaptic function
are expected from previous studies of
RTT patients and Mecp2-mutant mice
(Chao et al. 2007; Shepherd and Katz
2011; Bellini et al. 2014). A mutation in
cadherin, EGF LAG seven-pass G-type re-
ceptor 3 (Celsr3) was supported by mat-
ing and association analysis, and two
additional lines (604, A_347N) carried al-
leles. CELSR3 has a role in glutamatergic
synapse formation and neuronal devel-
opment (Feng et al. 2016; Thakar et al.
2017; Wang et al. 2017). Moreover,
Celsr3 is a target of the REST/Co-REST
complex, which recruits other proteins
including histone deacetylases (HDACs)
and the transcriptional regulator SIN3A
to mediate long-term gene silencing of
target genes in neurons (Ballas et al.
2005; Mandel et al. 2011; Monaghan
et al. 2017; Hwang and Zukin 2018).
Similarly, drebrin-like (Dbnl) is a REST
target involved in vesicular trafficking
and synapse formation in neurons
(Haeckel et al. 2008). Although line
4633 was not mated, it carries a missense
mutation in co-REST, Rcor1, which binds
and corepresses target genes withMECP2
(Ballas et al. 2005). Other candidate
genes that are predicted to function at
the synapse are the hyperpolarization-ac-
tivated, cyclic nucleotide-gated K+ 2
(Hcn2) and the Rho guanine nucleotide
exchange factor (GEF) 15 (Arhgef15).

Hcn2 is a target of cAMP that regulates neuronal extension
(Mobley et al. 2010), and mice that lack Arhgef15 have increased
excitatory synapse formation (Margolis et al. 2010). CD22 antigen
(Cd22) is a canonical B-cell receptor that clusters in synaptic
function because mutations in Cd22 increase the ability of micro-
glia to clear myelin debris and remodel dendrites (Pluvinage et al.
2019).

DNA damage response

Another group of mutations affects the DNA damage response
(DDR). Three lines carried mutations in tet methylcytosine dioxy-
genase 1 (Tet1). TET1modifiesmethylatedCpGdinucleotides to 5-
OHmethylated bases in the first step of demethylation by base ex-
cision repair (BER) (Weber et al. 2016). Tet1 plays a role in chromo-
somal stability and telomere length in embryonic stem cells
through methylation (Yang et al. 2016). Although only one of

B

A

Figure 2. A functional network analysis of proteins encoded by candidate genes. (A) A network enrich-
ment map showing the relationships between proteins with supported or pathway lesions. Proteins are
represented as black dots or nodes, and the relationships between them are represented as colored lines
or edges, in which purple lines denote coexpression, pink lines denote physical interactions, orange lines
denote predicted interactions, blue lines denote colocalization, and green lines denote shared protein
domains. Further clustering (indicated by colored ovals) revealed that most of the proteins group into
the broad categories of lipid metabolism and homeostasis (yellow), synaptic function (green), and
DNA damage response (blue). Several proteins are also involved in transcriptional repression (purple).
Sixty-three percent are included in the broad category regulation of DNA activity (pink). (B) The most
enriched Gene Ontology (GO) terms in this network, as determined by their false discovery rate
(FDR)-adjusted q-value, are double-strand break repair, transcriptional repressor complex, negative reg-
ulation of histone acetylation, and regulation of chromatin organization. The percentage coverage indi-
cates the proportion of genes within a given GO ID that are also present in the network.
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Table 2. Mutations in modifier lines

Gene,
chromosome Supported lesion Improvement p≤0.5 Allele or pathway lesion

DNA damage response
Birc6, Chr 17

NM_007566
exon49:c.9611G>A:p.R3204Q

(M_199LL)
Health, weight
Birc6⇔Dbnl longevity

exon23:c.4784G>A:p.S1595N (A_83L)
exon66:c.13516G>A:p.A4506T (620)

Brca1, Chr 11
NM_009764

exon10:c.679T >A:p.F227I (620)
exon4:c.148A>G:p.K50E (A_189N)

Brca2, Chr 5
NM_001081001

exon11:c.2107G>T:p.D703Y (A_173N)

Fan1, Chr 7
NM_177893

exon10:c.2392T >C:p.S798P (A_333N) Longevity, limb clasping, health

Mre11a, Chr 9
NM_018736

exon17:c.1915T >A:p.Y639N (M_420L)

Rad50, Chr 11
NM_009012

exon16:c.2717A >G:p.K906R (M_79N)

Rbbp8, Chr 18
NM_001081223

exon15:c.2227C>T:p.Q743X (895) Longevity
Rbbp8⇔Sqle longevity

Spin1, Chr 13
NM_146043

exon4:c.696C>A:p.Y232X (4751) Longevity, limb clasping

Tet1, Chr 10
NM_027384

exon1:c.241A>T:p.M81L (A_27R) Longevity, muscle tone, activity exon2:c.1909G>T:p.V637F (136)
exon1:c.1636T >C:p.S546P (591)

Lipid metabolism
Aacs, Chr 5

NM_030210
exon8:c.770T>C:p.V257A (4799) Longevity, health, limb clasping

Atp8a1⇔Aacs longevity, health
Apoa5, Chr 9

NM_080434
exon4:c.1061A>T:p.D354V (J_57L) Limb clasping, muscle tone, activity

Hcn2⇔Apoa5 muscle tone
Atp8a1, Chr 5

NM_009727
exon22:c.2037T >A:p.N679K (4799) Health, limb clasping, muscle tone,

activity
Atp8a1⇔Aacs longevity, health

Cyp46a1, Chr 12
NM_010010

exon3:c.263C>T:p.T88M (920_39R)

Sqle, Chr 15
NM_003129

exon6:c.1195C>T:p.R399X (895) LOD 3.03 longevity
Rbbp8⇔Sqle longevity

Tm7sf2, Chr 19
NM_028454

exon6:c.697T>C:p.Y233H (4654) Limb clasping, muscle tone, activity
Dennd4a⇔Tm7sf2 longevity

Synapse function
Arhgef15, Chr 11

NM_177566
exon2:c.275A>G:p.D92G (4751) Limb clasping, muscle tone, activity exon2:c.181A>T:p.I61F (A_230RR)

Cd22, Chr 7
NM_009845

exon13:c.2414A >G:p.Q805R (520) Health, limb clasping
Cd22⇔Clint1 longevity, muscle tone,

activity
Celsr3, Chr 9

NM_080437
exon22:c.7415T >A:p.V2472E

(918_15L)
Longevity, health, limb clasping exon17:c.6459C>A:p.C2153X (604)

exon4:c.4604T >A:p.V1535E (A_347N)
Dbnl, Chr 11

NM_001146308
exon8:c.709T>A:p.S237T (M_199LL) ns

Birc6⇔Dbnl longevity
Hcn2, Chr 10

NM_008226
exon1:c.502C>T:p.R168C (J_57L) Longevity, muscle tone, activity, weight

Hcn2⇔Apoa5 muscle tone
Kdm4a, Chr 4

NM_001161823
exon4:c.396T>A:p.Y132X (520) Longevity, health, limb clasping

Regulation of DNA activity
Gtf3c5, Chr 2

NM_148928
exon9:c.1169A>G:p.D390G (4654) Longevity, muscle tone, activity

Prdm15, Chr 16
NM_114604

splicing, c.2099257392 A>G (352) LOD 4.82 longevity

Zbtb41, Chr 1
NM_172643

exon3:c.1236C>A:p.N412K (M_333R) Longevity exon11:c.2344C>A:p.Q782K (J_136N)

Zzz3, Chr 3
NM_108946

exon4:c.1682C>T:p.T1303I (856a) LOD 3.61 longevity

Transcriptional repression
Ncor1, Chr 11

NM_177229
exon9:c.866T>C:p.M289T (620)

Ncor1, Chr 11
NM_001252313

exon17:c.2043A >T:p.Q681H (S_165N)

Rcor1, Chr 12
NM_198023

exon8:c.650A>T:p.Q217L (4633)

Sin3a, Chr 9
NM_001110350

exon13:c.1907C>T:p.A636V (272)

Tbl1xr1, Chr 3
NM_030732

exon12:c.1081G>T:p.G361C (J_157N)

(continued)
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the Tet1 lesions is supported bymating and association analysis in
line A_27R, all three are missense mutations that lie in evolution-
arily conserved amino acids near the CpG binding domain
(Supplemental Fig. S1A). Mutations in the E2/E3 ubiquitin ligase
baculoviral IAP repeat-containing 6 (Birc6, also called BRUCE)
were also found in three lines (Supplemental Fig. S1B), and one
in line M_199L was confirmed by mating and association analy-
sis. BIRC6 stabilizes TRP53 in a first step toward inhibiting apo-
ptosis (Ren et al. 2005), but BIRC6 also regulates the BRIT1-
SWI-SNF double-strand break (DSB) response (Ge et al. 2015).
BIRC6-depleted cells display reduced homologous recombination
repair, and Birc6-mutant mice show repair defects and genomic
instability (Lotz et al. 2004; Ren et al. 2005). The mutation in
Spindlin 1 (Spin1) lies within its third TUDOR-like domain
(Supplemental Fig. S2), which binds methylated histone H3, a
mark associated with DDR (Chew et al. 2013; Choi et al. 2017;
Shanle et al. 2017).

Additional mutations lie in components of the DSB repair
pathway. A mutation in retinoblastoma binding protein 8, endo-
nuclease (Rbbp8) occurred in exon 15, which results in a prema-
ture stop codon that predicts a truncated protein in the critical
C-terminal domain (Fig. 3A). RBBP8 acts with BRCA1 to regulate
the DSB repair choice between homologous recombination direct-
ed repair (HDR) or nonhomologous end joining (NHEJ) (Huertas
2010; Escribano-Díaz et al. 2013), supporting the initial steps of
DNA resection and recruiting other DNA repair proteins in divid-
ing cells (Makharashvili et al. 2014). When RBBP8 is absent, NHEJ
is the preferred choice for DDR repair. A survival curve shows that
Mecp2/Y mice carrying the Rbbp8 suppressor mutation show sig-
nificantly improved longevity (Median survival of 112 d for
Mecp2/Y;Rbbp8+/− vs. 77 d for Mecp2/Y;Rbbp8+/+) (Fig. 3B).
Moreover, Rbbp8 expression is increased in Mecp2/Y mouse brain
at a symptomatic time point of 8 wk (Fig. 3C). Together, these
data suggest that elevated RBBP8 in Mecp2-null mice may cause
pathology that is ameliorated by reducing the amount of the
protein.

Previous reports show that mesenchymal and neural stem
cells derived from Mecp2/Y mice have elevated DSBs (Squillaro
et al. 2010; Alessio et al. 2018). DSBs are initially detected by the
MRE11-RAD50-NBN (MRN) sensor complex, which activates the
ATM or ATR kinases, leading to the phosphorylation of several
downstream targets (Falck et al. 2012). RBBP8 also plays a role in

the removal of topoisomerase II (TOP2)-inducedDNADSBs, where
it partners with BRCA1 to initiate DNA resection before repair (Fig.
3D; Aparicio et al. 2016). Many other factors are involved in the
resolution of the DSB, including BRCA2 and FANCD2/FANCI-as-
sociated nuclease 1 (FAN1) (Orthwein et al. 2015). Two mutations
in Brca1 and one in each of Mre11a, Rad50, Fan1, and Brca2 were
also observed (Table 2; Supplemental Fig. S2). To examine the ex-
tent of involvement of the DDR pathway, the expression of several
components of theHDR (Mre11a, Rad50, Atr, Nbn, Cdk1, Rpa2) and
NHEJ (Xrcc5, Trp53bp1, Prkdc) pathways were also assessed in the
brains of 8-wk-old Mecp2/Y and +/Y mice. Expression of Nbn, as
well as Atr, which transduces signals from the MRN complex, in-
creased inwholeMecp2/Ymouse brain. Conversely, the expression
of Trp53bp1 decreased (Fig. 3D). TRP53BP1 functions in a manner
antagonistic to RBBP8, blocking resection to promote NHEJ
(Escribano-Díaz et al. 2013).

Combinatorial mutations that improve health fall into different

pathways

Association analysis of pairwise gene–gene interactions reveals six
lines in which the presence of more than onemutation confers in-
creased improvement in individual health traits (Fig. 4A;
Supplemental Tables S2, S3). In line 520, the improvement segre-
gated independently, suggesting two suppressors, so four N3 ani-
mals instead of two were sequenced. Consistently, mutations in
both Cd22 and Kdm4a independently improved traits, but did
not further improve traits when inherited together. However,
the combined Cd22 and Clint1 mutations improved activity
and muscle tone, although Clint1 did not improve traits when in-
herited alone. Similarly, a mutation in Gtf3c5 in line 4654 im-
proved longevity, activity, and muscle tone independently of
Tm7sf2. The mutation in Tm7sf2 improved limb clasping, activ-
ity, and muscle tone, yet longevity was not improved unless
the animals also carried a mutation in Dennda. Dbnl did not im-
prove phenotypes alone in line M_199L, yet improved longevity
when a mutation in Birc6 was present. The combination of mu-
tations in Hcn2 and Apoa5 in line J_57L is associated with im-
proved muscle tone. In most cases, the associated genes
belonged to different pathways (Fig. 4A). The exception is line
4799 where the combination of Aacs and Atp8a1 improves

Table 2. Continued

Gene,
chromosome Supported lesion Improvement p≤0.5 Allele or pathway lesion

Unknown
Clint1, Chr 11

NM_001045520
exon12:c.1730T >C:p.M577T (520) ns

Cd22⇔Clint1 longevity, muscle tone,
activity

Dennd4a, Chr 9
NM_001162917

exon15:c.1778C>T:p.A593V (4654) Dennd4a⇔Tm7sf2 longevity

Association scores are in Supplemental Table S3, and LOD scores were previously published.
Candidate genes fall into three primary functional pathways: DNA damage response, lipid metabolism, synapse function. Other candidate genes fall
into the categories of regulation of DNA activity or transcriptional repression. Column 2 shows the mouse line that carries the mutation in brackets.
Animals were improved for longevity, additive subjective health score, limb clasping, activity, or muscle tone scores individually combined over 3 wk or
body weight at 8 wk. The tremor score did not change significantly for any line, so is not included individually. The grooming score did not accurately
reflect health, so is not included individually.
(ns) Not significant; (⇔) indicates that pairwise interaction of candidate genes influenced the phenotype.
aLine 856 also revealed linkage with Mmu Chr 6, LOD 3.9.
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longevity and health, but both genes are predicted to function in
different aspects of lipid homeostasis–namely, energy utilization
and lipid trafficking.

The founder of line 895 showed extreme longevity and was
sacrificed at the age of 14 mo. The pattern of inheritance of line
895 indicated that he carried two different suppressor mutations
(Table 1). One, a nonsense mutation in Sqle, was first identified
by linkage (Chromosome 15, LOD 3.03). N3 males from line 895
that had a longer life were bred to segregate and identify the sec-
ond locus by backcrossing again to 129S6/SvEv animals to gener-
ate N4 and N5 generations (Supplemental Table S2). Genotyping
and segregation analysis revealed that a nonsense mutation in
Rbbp8 (Chromosome 18) was consistent with trait improvement.
Subsequent genotyping of animals from line 895 for Sqle and
Rbbp8 showed that although either mutation alone was associated
with improved longevity, the presence of both mutations con-
ferred extreme longevity (Fig. 4B). Seven animals from the N3
and N5 generations inherited both loci, and all lived longer than
29 wk, with a range of 29–116 wk (203–812 d). These data suggest

that combiningmutations fromdifferent
pathways may further improve health in
Mecp2/Y mice.

Discussion

Genetic modifier screens are mainly car-
ried out in fruit flies, worms, yeast, and
bacteria to discover genes that are mem-
bers of a developmental or biochemical
pathway. The suppressor screen reported
here represents the largest screen yet
carried out in the mouse, and, by using
massively parallel sequencing and associ-
ation analysis, the screen identifies the
largest number of candidate genes.
Applications of modifier screens in the
mouse are powerful (Carpinelli et al.
2004; Matera et al. 2008; Westrick et al.
2017). Even so, the mutations are identi-
fied based on their ability to suppress or
enhance a mutant phenotype. Conse-
quently, at least two mutations must be
segregated to follow the phenotype, re-
quiring an extensive amount of breed-
ing. In the screen reported here, most
lines showed evidence for complex trait
inheritance, predicting that more than
one modifier segregated. In a recent pub-
lished modifier screen for thrombosis,
very few candidate genes were identified,
likely because of the lack of power in
finding linkages using standard quantita-
tive trait mapping strategies (Tomberg
et al. 2018). Here, statistical tests that as-
sessed association instead of linkagewere
used to identify multiple interacting loci
in six lines, three of which had an effect
only in the presence of other modifiers.
These data show the power of ENU for in-
ducing and identifying complex genetic
interactions. However, the screen has
limitations, of which the most relevant

to RTT is the restriction of assessments to male mice, rather than
females, whose variable penetrance and late onset of phenotypes
preclude efficacy in a high-throughput screen.

ENU is expected to induce mutations randomly, but large
genes are likely to havemoremutations than small ones.Ttn ismu-
tated in nearly every ENU screen because of its size (the cDNA is
81,843 base pairs, encompassing 192 exons), and 20 alleles were
isolated here. Therefore, we cannot be certain that some genes
had mutations because of their size, rather than their ability to
modify Mecp2. Tet1 had three alleles, and is a relatively small
gene, which has 13 exons. Birc6 also had three alleles, yet has 73
exons. Therefore, although alleles are called, some of the lesions
may not suppress phenotypes. This scenario shows that mating
all lines for inheritance and segregation is ideal. However, all of
the founder lines reported here were not mated owing to time,
cost, and animal space limitations. Our hope was that by identify-
ing pathways, the number of animals used in breeding could be re-
duced. Candidate genes in any line can be confirmed after
reanimation by IVF or by using CRISPR/Cas9 genome editing.

B

A C

D

Figure 3. The DNA damage response (DDR) pathway is implicated in aMecp2/Y mouse model of Rett
syndrome. (A) An ENU-induced nonsense mutation occurs at position p.Q743X within the critical C-ter-
minal double-strand break (DSB) repair domain (blue) of RBBP8, also called CtBP interacting protein CtIP
or SAE2 in yeast. Amino acid alignments generated using Clustal Omega show that this glutamine residue
is well conserved among organisms from Xenopus to human. (B) Mecp2/Y;Rbbp8Sum6-Jus/+ mice (gray)
have increased longevity (n=35, Median survival 112 d) when compared to Mecp2/Y mice (blue) (n=
94, Median survival 77 d) without secondary mutations (P<0.0001 byMantel-Cox test). (C ) Rbbp8 tran-
scripts are elevated in symptomatic at 8 wk Mecp2/Y (blue) brain compared to +/Y (black), but un-
changed at 3 wk. Results are representative of three independent experiments (P<0.01 by the two-
sample Student’s t-test, +/Y: n=5, Mecp2/Y: n=5); error bars represent SEM. (D) Double-strand break
repair by homologous recombination involves the recruitment of RBBP8 to the site of the break in an
MRN/BRCA1-dependent manner. RBBP8 partners with BRCA1 to initiate DNA resection. Transcript
levels of genes involved in HR, nibrin (Nbn) and ataxia telangiectasia and Rad3 related (Atr) are elevated
at 8 wk inMecp2/Y (blue) brain, whereas NHEJ gene transformation related protein 53 binding protein 1
(Trp53bp1) is decreased compared to +/Y (black) (P<0.05 by the two-sample Student’s t-test, +/Y: n=5,
Mecp2/Y: n=5); error bars represent SEM.
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All of the potential modifiers were not identified. First, the
screening relied on subjective health parameters and did not in-
clude a quantitative test for neurological function. Thus, modifier
traits could be overlooked and/or misjudged. Although this may
imply a need for more prescriptive assessments of RTT-like pheno-
types, time and cost preclude such evaluations in a high-through-
put screen. DNA variants could also be missed; as evidence, line
856 had a strong LOD score for a second modifying locus on
Chromosome6, yetWES did not identify a candidate in the region.
Many factors can influence the observation thatWES falls short of
identifying all lesions, in part because DNA quality can influence
depth of coverage, making heterozygous mutations difficult to
call. Moreover, genome annotation in the mouse remains incom-
plete, with missing segments and incompletely annotated exons.
For example, the suppressor in line 1395mapped to an unannotat-
ed region ofmouse Chromosome 7. Finally, loci present in the two
inbred strains used here may also influence the penetrance of
traits, yet modifying loci in the strain backgrounds were not a pri-
ority for identification.

The inheritance of haplotypes can also make linked ENU-in-
duced mutations difficult to sort as causative (Neuhaus and Beier
1998). In line A_333N, two mutations had very strong association
scores as potential modifiers: A mutation in SH3 and multiple

ankyrin repeat domains 1 (Shank1) was
a strong candidate gene based on its au-
tism associations, whereas a mutation
in Fan1 would be consistent with the
DDR pathway. However, these two genes
lie only 20 Mb apart on Chromosome
7. Nine animals showed crossovers be-
tween the two loci, suggesting that the
mutation in Fan1 was the more strongly
supported modifier, and there was no as-
sociation with their inheritance togeth-
er. In contrast, although Aacs and
Atp8a1 lie 60 Mb from each other on
Chromosome 5, the mutations in each
showed strong association with trait im-
provement, and their inheritance togeth-
er further improved the traits. These data
show that in these small family data sets
without additional fine structure map-
ping crosses, candidate genes could be re-
solved by recombination and association
analysis. However, the associative candi-
date genes are not confirmed by fine
mapping, complementation, or func-
tional studies, so should be confirmed
by additional experiments.

An unbiased modifier approach has
implicated several pathways in RTT path-
ogenesis, one of which supports the idea
of improving synaptic signaling for treat-
ment, as expected from published evi-
dence. Even so, our study suggests
additional avenues for intervention. For
example, CD22 responds to 2-hydroxy-
propyl-beta-cyclodextrin, which is in
phase 2 and 3 clinical trials for
Niemann–Pick disease, to reduce micro-
glia-associated defects (Cougnoux et al.
2018), and antibodies directed against

CD22 reduce microglial impairment in aging brains (Pluvinage
et al. 2019). In addition, other pathways suggest that alternative
avenues for intervention should be considered when studying
RTT pathogenesis. Lipid homeostasis is directly regulated by an in-
teraction between MECP2 and the NCOR1 corepressor complex
(Kyle et al. 2016). Mutations in MECP2’s NCOR interaction
domain (NID) cause classical RTT in humans (Heckman et al.
2014) and RTT-like phenotypes in mice (Lyst et al. 2013), high-
lighting the importance of the NCOR1 interaction with MECP2
in RTT pathology. The NCOR complex is a master regulator of me-
tabolism, playing roles in lipid biogenesis, glucose utilization, and
mitochondrial energy efficiency (Mottis et al. 2013). It follows that
metabolism, which is a highly druggable target, should be careful-
ly examined in Mecp2 mice and in RTT patients.

This work suggests a role for DDR in RTT pathology for the
first time. The genomic DNA of all cells must be protected from
detrimental changes (Madabhushi et al. 2014), and MECP2’s ab-
sence is associated with the accumulation of genetic damage
(Muotri et al. 2010; Squillaro et al. 2010; Alessio et al. 2018).
DSBs occur in all neural precursor cells and are important for nor-
mal neuronal development. However, the role of DNA integrity in
mature neurons is less thoroughly understood. In neurons, topo-
isomerase II-mediated DSBs occur to relieve topological stress

B

A

Figure 4. Combinatorial effects of multiple mutations on health and longevity. (A) Multiple lines (895,
520, 4654, 4751, 4799, J_57L, and M_199L) carry lesions in more than one gene that either indepen-
dently or additively improve health. Kdm4a and Cd22 in line 520, Tm7sf2 and Gtf3c5 in line 4654,
and Arhgef15 and Spin1 in line 4751 show independent effects on health, whereas the other mutations
show positive combinatorial effects on Mecp2/Y health. (B) Mecp2/Y mice from line 895, carrying muta-
tions in Sqle and/or Rbbp8, show increased longevity when both mutations are present (Mecp2/Y;
Rbbp8+/−;Sqle+/−; n=7, median survival 277 d) when compared to Mecp2/Y mice carrying either muta-
tion alone (Mecp2/Y;Rbbp8+/−;Sqle+/+; n=35, median survival 112 d or Mecp2/Y;Rbbp8+/+;Sqle+/−; n=
47, median survival 88 d). For Mecp2/Y;Rbbp8+/+;Sqle+/+; n=94, the median survival was 77 d. (P<
0.0001 by Mantel-Cox test, for each comparison of Mecp2/Y;Rbbp8+/+;Sqle+/+ to any of the three
groups). These data include the founder 895, N3 animals (genotyped for both Rbbp8 and Sqle) and
all of the N5 animals generated.
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during transcription (Suberbielle et al. 2013; Madabhushi et al.
2015). This in turn impacts gene expression, especially of neuronal
early response genes important for synapse development andmat-
uration, neurite outgrowth, the balance between excitatory and
inhibitory synapses, and learning and memory. Robust mecha-
nisms must be in place to rapidly and efficiently repair these
DSBs; when these mechanisms fail, the accumulation of DSBs in
the brain is a contributor to number of neurological diseases
(Frappart and McKinnon 2008; Merlo et al. 2016). It is likely that
elevated RBBP8 in Mecp2-null cells is a result of increased DSBs,
making increased HDR and/or decreased NHEJ inMecp2-null neu-
rons important for understanding RTT pathology.

Altogether, theMecp2 suppressor mutations paint a picture of
altered metabolism and DNA damage that modulate synaptic
function to cause pathology in Rett syndrome. FAN1 is also amod-
ifier of Huntington’s disease phenotypes in humans (Genetic
Modifiers of Huntington’s Disease (GeM-HD) Consortium 2019);
thus, the modifiers found here could be common to other neuro-
logical diseases. Many of the lines with the largest degree of symp-
tom improvement carry at least twomodifiers, whichmay reflect a
lack of quantitative phenotyping. Even so, combining modifiers
often improves symptoms, suggesting that combination therapies
for RTT will be more effective than any single therapy. The results
underscore the power of a genetic screen for understanding RTT
biology because they demonstrate how a modifier screen in mam-
mals is possible, especially for disease genes that are not present in
more tractable genetic organisms. With new sequencing technol-
ogies and statistical approaches, such a screen should be amenable
for nearly any gene for which phenotypes can be clearly assessed.
Modifier screens inmodel organismsmay thus help to identify the
multitude of genetic variants that influencehumandisease presen-
tation, as theymay point to therapeutic entry points (Enikanolaiye
and Justice 2019).

Methods

Animals

All animal experiments were conducted under protocols approved
by local Animal Care and Use Committees at Baylor College of
Medicine (BCM) or at The Centre for Phenogenomics (TCP) ac-
credited by the American Association for Laboratory Animal
Care (AALAC) and Canadian Council on Animal Care (CCAC), re-
spectively. Congenic 129.Mecp2tm1.1Bird/+ female mice were main-
tained by backcrossing females to males of the 129S6/SvEvTac
strain. 129.Mecp2tm1.1Bird/Y (Mecp2/Y, which are Mecp2-null) and
age matched wild type (+/Y) littermate controls were housed in
plastic Tecniplast cageswith corncob bedding in rooms alternating
12-h and 12-h periods of light and dark, were provided acidified
water and a Harlan Teklad 2920X diet ad libitum (19.1% protein,
6.5% fat; 0% cholesterol) (BCM) or Harlan Teklad 2919 (19% pro-
tein, 9% fat) (The Center for Phenogenomics-TCP). The BCM col-
ony allowed helicobacter, whereas mice were embryo rederived
into TCP, which allows no common pathogens. C57BL/6J males
were obtained from The Jackson Laboratory (Bar Harbor, ME) at
six weeks of age, and injected with three weekly doses of 100
mg/kg ENU at 8 wk as described (Kile et al. 2003). After recovery
of fertility, ENU-treated males were mated to 129.Mecp2tm1.1Bird/+

females, and their N1 male offspring were genotyped for the
Mecp2 mutation according to The Jackson Laboratory standard
protocol using an Applied Biosystems thermocycler and resolution
on a QiAxcel (Qiagen).

For 30 of the founder lines, N1 males showing signs of im-
provement were mated to 129S6/SvEvTac females, or sperm was
frozen and IVF was performed with oocytes from 129S6/SvEvTac
females by the Cryopreservation and Recovery Core, TCP.

Sequencing pipeline

DNA was extracted from mouse tails using standard methods
(Supplemental Methods). For sequencing by The Centre for
AppliedGenomics (TCAG), 500 ng of genomicDNAwas fragment-
ed to 200 bp on average using aCovaris LE220 instrument. Sheared
DNA was end-repaired and the 3′ ends adenylated before ligation
of adapters with overhang-T. PCR amplified genomic libraries
were exome captured, pooled, and sequenced with the TruSeq
SBS sequencing chemistry using a V4 high-throughput flowcell
on a HiSeq 2500 platform following Illumina’s recommended pro-
tocol. Approximately 6–8 gb of raw paired end data of 126 bases
were generated per exome library. Inbred strain polymorphisms
as well as systematic sequencing artifacts, were removed from con-
sideration if identified in the parental strains, dbSNP, or other
founder males sequenced in this study, and detrimental variants
were called using standard tools and custom scripts (Supplemental
Code) (Li et al. 2009; Li and Durbin 2010). Candidate lesions were
confirmed by Sanger sequencing before genotyping N3 animals
(Supplemental Fig. S3). Primer sequences for each locus are in Sup-
plemental Table S4.

Quantitative reverse transcription polymerase chain reaction

(qRT-PCR)

Whole brain tissue was homogenized and total RNA isolated
(Qiagen RNeasy Lipid Tissue Mini Kit) for qRT-PCR analysis (Kyle
et al. 2016). Expression was normalized to TATA-binding protein
(Tbp) as an internal control and results analyzed using the
2−(ΔΔCT) method. Primer sequences are in Supplemental Table S5.

Statistics

Complex versus Mendelian inheritance was assessed from the
number of animals that inherited trait improvement or longevity
in each N2 family (Supplemental Table S2). For each line, the
decomposition of N3 improved cases across N2 families is tested
for the Mendelian hypothesis by generating data conditional on
whether or not N2 animals inherited the trait given the presence
(with probability 0.50) or absence (with probability 0.25) of an
N3 offspringwith improvement in the family. The P-value is calcu-
lated considering the number of as-or-more extreme cases under
the same family configuration than the one observed.

In screen 2, associations of genetic loci with outcomes based
on subjective health parameters were assessed using cumulative
link models (CLM) suitable for ordinal data (Agresti 2011; https
://cran.r-project.org). The health score, limb clasping, tone, activ-
ity, and tremor scores were fitted to separate models. Association
with body weight at 8 wk was inferred using linear models. In ei-
ther model, random effects were included to account for potential
clustering of outcomes within families. However, in almost all cas-
es, random effects had a negligible variance suggesting that there
was no significant clustering of the outcomes, allowing for the fit-
ted models to include only fixed effects. The associations of genet-
ic loci with the longevity (time to sacrifice) were assessed using
parametric survival models, in which the final model for each
line was selected using the Akaike Information Criterion (AIC)
(Akaike 1974). For each line, marginal effects of each gene were in-
vestigated, as well as pairwise gene–gene interactions on each trait
and the survival models. All association analyses were performed
using the R statistical programing software (R Core Team 2019),
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along with the packages ordinal (https://cran.r-project.org), lme4
(Bates et al. 2015), and flexsurv (Jackson 2016).

Kaplan-Meier survival curves in Figures 2B and 4Bwere gener-
ated in GraphPad Prism 8 followed by the Mantel-Cox test (log-
rank comparison). Comparisons between two groups, as in qPCR
experiments, were carried out in GraphPad Prism 8 using the
two-sample Student’s t-test.

Data access

The N1 founder whole-exome sequencing data generated in this
study have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession
number PRJNA603006.
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