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METHODS OF DETERMINING DIFFERENTIAL AGING AND GENETIC
MODIFIERS OF GENES CORBELATED WITH A GENOTYPE OF INTEREST

{0001} This application claims the benefit of and priority to U.S. Application Scrial No.
62/471,632 filed March 15, 2017, and U.S. Application Serial No. 62/612188 filed December
29,2017, the entire contents of cach of which are hereby incorporated by reference in thewr

entireties.

180021 Al patents, patent applications and publications cited herein are hereby
mcorporated by reference in their entirety. The disclosures of these publications 1n their
entiretics are hereby incorporated by reference into this application in order to more fully
describe the state of the art as known to those skilled therein as of the date of the invention

described and claimed herein.

{8603} This patent disclosure contains matenal that is subject to copyright protection. The
copyright owner has no objection to the facsimile reproduction by anyone of the patent
document or the patent disclosure as it appears in the U.S. Patent and Trademark Office

patent file or records, but otherwise reserves any and all copvright rights.
BACKGROUND OF THE INVENTION

{0004] The progression of aging and its associated effects on the body 1s variable across the
human population. While research has primarily focused on understanding extreme aging
phenotypes or the identification of genetic changes associated with clear age-associated
phenotypes, hitle progress has been made to understand the normal variability observed
within the population.

SUMMARY OF THE INVENTION

[BB05]  The present invention provides methods of determining the biological age of a
sample from a subject. The present invention also provides methods of determining the
differential aging of a sarople from a subject. The present mnvention also provides methods of
determining a phenotype of a sample from a subject, wherein the phenotype 18 correlated with
a haplotype of interest. The present invention also provides methods of determining one or
more genetic modifies of a plurality of genes whose expression level is correlated with a

genotype of interest. The present imvention also provides methods of modifying a phenotype
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associated with aging and treating, preventing, or delaying the onset of aging and cognitive

dechne.

[0006]  In certain aspects, the invention provides a computer-implemented method of
determining a biological age of a samplc from a subject comprising: a) providing a gene
expression level of a plurality of genes in a sample from a subject; by determining, for cach
gene whose expression level 1s significantly correlated with chronological age, a residual
vatue, wherein the residual valae 1s determined by comparing the gene expression level of
said gene in the sample from the subject to a linear regression of the expression level of the
gene as a function of chronological age for a plurality of individuals; ¢) determining, for each
gene whose expression level is significantly correlated with chronological age, a ratio of the
residual value determined in step (b) to the hinear regression coefficient for the gene; d)
repeating steps (b} and {(c) for each gene whose expression level is significantly correlated
with chronological age; and ¢) integrating the ratios for each gene whose expression level s
significantly correlated with chronological age, wherein the integrated ratio corresponds to

the biclogical age of the sample from the subject.

10607} In some embodiments, the method further comprises comparing the bislogical age
1o a chronological age of the subject to determine a differential aging value for the subject. In
some embodiments, the plurality of individuals includes the subject. In some embodiments,

steps {¢) to (e} are performed for cach mdividual i the plurality of individeals.

[00608] In some embodiments, the method further comprises performing a genome-wide
association study (GWAS). In some embodiments, the GWAS identifies single-nuclectide
polymorphism (SNP) modificrs of the differential aging value in the plurality of ndividuals.
In some embodiments, the GWAS identifies genetic modifiers of the differential aging value

in the phirality of individuals.

[B0609]  In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level is the gene expression level in the
frontal cortex. In some embodiments, the gene expression fevel is the gene expression level

i the cerebelun.

{0018}  In certain aspects, the invention provides a computer-tmplemented method of
determining a biological age of a sample from a subject comprising: a) providing a gene

expression level of a plurality of genes in a sample for a phurality of individuals; b)
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performing a linear regression of the expression level of cach gene of the plurality of genes as
a function of chronological age of cach of the plorality of individuals to determine a linear
regression co-cfficient for cach gene of the plurality of geunes; ¢) selecting, from the plurality
of genes, the genes whose expression level 1s significantly correlated with chronological age;

d) determining, for each gene whose expression level 1s significantly correlated with

chronoclogical age selected in step (¢}, a residual value, wherein the residual value is
determined by comparing the gene expression level of said gene in the sample from the
subject to the lincar regression performed in step (b} for said gene; ¢) determining, for each
gene whose expression level 1s significantly correlated with chronological age, a ratio of the
residual vahie determined in step {d} tc the linear regression coeflicient determined in step
{b); ©) repeating stops {d) and (¢} for cach genc whose expression level is significantly
correlated with chronological age selected in step {¢); and g} integrating the ratios for cach
gene whose expression level is significantly correlated with chronological age, wherein the

mtegrated ratio corresponds to the biological age of the samplc from the subject.

{8611} In some embodiments, the method further comprises comparing the biological age
to a chronological age of the subject to determing a differential aging value for the subject. in
some embodiments, the plurality of individuals includes the subject. In some embodiments,

steps {d) to {g) are performed for cach mdividual in the plurality of individuals.

8612} Insome embodiments, the method further comprises performing a genome-wide
association study {GWAS). In some embodiments, the GWAS identifies single-nucleotide
polymorphism (SNP) modifiers of the differential aging value in the plurality of individuals.
In some embodiments, the GWAS 1dentifies genctic modifiers of the differential aging value

mn the plarality of individuals.

{8613} In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level is the gene expression level in the
frontal cortex. In some embodiments, the gene expression level is the gene expression level

m the cerebellum.

{8614} In certain aspects, the invention provides a computer program product for
determining a biclogical age of a sample from a subject comprising instructions which, when
the program is executed by a computer, cause the computer to carry out the steps of a)

providing a gene expression level of a plurality of genes in a sample for a plurality of

3
3
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mdividuals; b) determuning, for each gene whose expression level 1s significantly correlated
with chronological age, a residual value, whereimn the residual vahie 1s determined by
coraparing the gene expression evel of said gene n the sample from the subject to a lincar
regression of the expression level of the gene as a function of chronological age tora
plurality of tndividuals; ¢} determining, for each gene whose expression level 1s significantly
correlated with chronological age, a ratio of the residual valoe determined n step (b) to the
linear regression coctticient for the gene; d) repeating steps (b) and (¢) for cach gene whose
expression level 1s significantly correlated with chronological age; and ¢) integrating the
ratios for cach gene whose expression level is significantly correlated with chronological age,

wherein the integrated ratio corresponds to the biological age of the sample from the subject.

{08015] I some embodiments, the computer program product further comprises carrying
out the step of comparing the biological age to a chronological age of the subject to
determine a differential aging value for the subject. In some embodiments, the plurality of
mdividuals includes the subject. In some embodiments, steps (¢} to (¢) are performed for

cach individual 1o the plurality of individuals.

{0016]  In some embodiments, the computer program product further comprises carrying
out the step of performing a genome-wide association study (GWAS). In some
embodiments, the GWAS identifies single-nucleotide polyvmorphism (SNP) modifiers of the
differential aging value in the plurality of imdividuals. In some embodiments, the GWAS

wlentifies genetic modifiers of the differential aging value in the plurality of individuals.

10617 In some embodiments, the gooe expression lovel is the gene expression level in the
brain. In some cmbodiments, the gene expression level is the gene expression level in the
frontal cortex. In some embodiments, the gene expression level 1s the gene expression level

in the cerebellum.

[B8618] In certain aspects, the mvention provides a computer program product for
determining a biological age of a sample from a subject comprising instructions which, when
the program is executed by a computer, cause the computer to carry out the steps of® a)
providing a gene expression level of a plurality of genes in a sample for a plurality of
mdividuals; b} performing a lincar regression of the expression level of each gene of the
plurality of genes as a function of chronological age of cach of the phurality of individuals to

determine a linear regression co-cfficient for each gene of the plurality of genes; ¢} selecting,
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from the plurality of genes, the genes whose expression level s significantly correlated with
chronological age; d) determining, for each gene whose expression level is significantly
correlated with chronological age sclected i step (¢}, a residual value, wherein the residual
value is determined by comparing the gene expression level of said gene m the sample from
the subject to the hinear regression performed 1n step (b) for said gene; o) determining, for
cach gene whose expression level is significantly correlated with chronological age, a ratio of
the residual value determined in step (d) to the lincar regression coctficient determined 1n
step (b): 1) repeating steps (d} and (e} for each gene whose expression level is significantly
correlated with chronological age selected in step (¢); and g) integrating the ratios for each
gene whose expression level is significantly correlated with chronological age, wherein the

integrated ratio corresponds to the biological age of the sample from the subject.

{6619}  In some embodiments, the computer program product further comprises carrving
ouf the step of. comparing the biclogical age to a chronological age of the subject to
determine a differential aging value for the subject. In some embodiments, the plurality of
mdividuals includes the subject. In some embodiments, steps {d) to {g) are performed for

cach individual 1o the plurality of individuals.

{06206}  TIn some embodiments, the computer program product further comprises carrving
ouf the step of performing a genome-wide association study (GWAS). In some
embodiments, the GWAS identifics single-nucleotide polymorphism (SNP) modifiers of the
differential aging value in the plurality of individuals. In some embodiments, the GWAS

identifics genetic modifiers of the differential aging value in the plurality of individuals.

{0021} In some embodiments, the genc expression level 1s the gene expression level in the
brain. In some embodiments, the gene expression level s the gene expression level m the
frontal cortex. In some embodiments, the gene expression level is the gene expression level

m the cerebellum.

10622)  Io certain aspects, the invention provides a computer-implemented method of
determining a phenotype of a sample from a subject, wherein the phenotype 1s correlated with
a haplotype of interest, the method comprising: a) providing a gene expression level of a
plurality of genes in a sample for a plurality of individuals, wherein cach mdividual’s
haplotype of mterest is known, b) performing a linear regression of the expression level of

cach genc of the plurality of gencs as a function of the haplotype of interest for cach of the
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plurality of mdividuals fo determine a hinear regression co-cfficient for each gene of the
plurality of genes; ¢} selecting, from the plurality of genes, the genes whose expression level
is significantlv corrclated with the haplotype of interest; d) determining, for each gene whose
expression level is significantly correlated with the haplotype of interest selecied in step (), a
residual value, wherein the residual valoe 15 determined by comparing the gene expression
level of said gene in a sample from a subject to the lincar regression performed in step {b) for
said gene; ) determining, for cach gene whose expression level is significantly correlated
with the haplotype of interest, a ratio of the residual value determuned 1o step (d) to the hinear
regression coefficient determined m step (b); ) repeating steps (d) and (&) for each gene
whose expression level 1 significantly correlated with the haplotype of interest selected in
step {c); and g} udegrating the ratios for each gene whose expression level is significantly
correlated with the haplotype of mterest, wherein the micgrated ratio corresponds to the

phenotype of the sample from the subject.

18623} In some embodiments, the plurality of individuals includes the subject. In some

embodiments, steps {d} to (g} arc performed for cach ndividual in the phirality of individuals.

10624}  Io some embodiments, the method further comprises: h) performing a genome-wide
association study (GWAS). In some crabodiments, the GWAS identifies single-nucleotide
polymorphism (SNP) modifiers of the phenotvpe conrelated with the haplotype of nterest in
the plurality of individuals. In some embodiments, the GWAS identifies genetic modifiers of
the phenotype in the plurality of mdivideals. In some embodiments, the haplotype of interest
is defined as 0, 1, or 2 allele copies. In some embodiments, the allele copies are determined
by SNP genotyping. In some embodiments, the phenotype correlated with the haplotype of

mterest is an expression level of a plarality of genes.

{8625} In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level is the gene expression level in the
frontal cortex. In some embodiments, the gene expression level is the gene expression level

m the cerebellum.

{8626} In certain aspects, the invention provides a computer program product for
determining the phenotype of a sample from a subject, wherein the phenotype 1s correlated
with a haplotype of inferest, comprising instructions which, when the program is executed by

a computer, cause the computer to carry out the steps of) a) providing a gene expression level

-6~
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of a plurality of genes i a sample for a plurality of individuals, wherein each mdividual’s
haplotvpe of interest is known; b) performing a linear regression of the expression level of
cach genc of the plurality of gencs as a function of the haplotype of interest for cach of the
plurality of individuals to determine a lnear regression co-efficient for cach gene of the
plurality of genes; ¢} selecting, from the plurality of genes, the gences whose expression level
1 significantly correlated with the haplotype of interest; d) determining, for each gene whose
expression level is significantly correlated with the haplotype of interest sclected instep (¢}, a
residual value, wherein the residual value is determined by comparing the gene expression
level of said gene in a sample from a subject to the linear regression performed n step (b) for
said gene; ¢} deternuning, for cach gene whose expression level is significantly correlated
with the haplotype of interest, a ratio of the residual value determined in step (d) to the linear
regression coefficient determmed 1o step (b); ) repeating steps (d) and (e} for cach gene
whose expression level is significantly correlated with the haplotype of interest selected in
step {c}; and g} integrating the ratios for cach gene whose expression level is significantly
correlated with the haplotype of mitercst, wherein the infegrated ratio corresponds to the

phenotype of the sample from the subject.

{8627}  In some embodiments, the plurality of individuals mcludes the subject. In some
embodiments, wherein steps {d) to {g) are performed for cach individual in the plarality of

dividuals.

{8628} In some embodiments, the computer program product further comprises carrving
out the step of® h} performing a genome-wide association study (GWAS). In some
embodiments, the GWAS identifies single-nucleotide polymorphism (SNP) modifiers of the
phenotype in the plurality of individuals. In some embodiments, the GWAS identifies
genetic modifiers of the phenotvpe 1 the plurality of mdividuals. In some embodiments, the
haplotype of mterest 1s defined as €, 1, or 2 allele copies. In some embodiments, the allele
copies are determined by SNP genotyping. In some embodiments, the phenotype correlated

with a haplotype of inferest is an expression level of a plurality of genes.

[08629]  In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level is the gene expression level in the
frontal cortex. In some embodiments, the gene expression fevel is the gene expression level

in the cerebellum.



WO 2018/170289 PCT/US2018/022678

{8638} TIn certamn aspects, the invention provides a computer-implemented method of
wdentifying one or more genetic modifiers of a plurality of genes whose expression level is
correlated with a genotvpe of interest comprising: a) providing a gene ¢xpression level of a
plurality of genes in a sample for a plurality of individuals, wherein each mdividual’s
genotype of mterest is known; b} performing a linear regression of the expression level of
cach gene of the phlurality of genes as a function of the genotype of interest of each of the
plurality of mdividuals fo determine a hinear regression co-cfficient for each gene of the
plurality of genes; ¢ selecting, from the plurality of genes, the genes whose expression level
is significantly correlated with the genotype of interest; d} determining, for each gene whose
expression level is significantly correlated with the genotype of interest selected in step {c), a
residual value, wherein the residual value is determined by comparing the gene expression
level of said gene in a sample from a subject to the bincar regression performed in step (b} for
said gene; ¢ determining, for cach gene whose expression level is siganificantly correlated
with the genotype of interest, a ratio of the residual value deternined in step (d) to the lincar
regression coefficient determuned in step (b); ) repeating steps {d) and (¢) for each gene
whose expression level 1s significantly correlated with the genotype of interest selected in
step {c); g} integrating the ratios for cach gene significantly correlated with the genotype of
mnterest; h) performing steps (d} to {g) for cach mdividual 1n the plurality of individuals; and
1) identifying genetic modifiers that modulate the integrated ratio value determined n step

{g).

{8631} In some embodiments, the genetic modifiers that modulate the integrated ratio value
determined in step (g) are determined by performing a genome~-wide association study

{(GWAS). In some embodiments, the plurality of individuals includes the subject.

{0032]  In some embodiments, the GWAS wdentifics single-nucleotide polvmorphism (SNP)
modifiers of the integrated ratio value deternuned in step {(g) 0 the plurality of individuals.

In some embodiments, the genetic modifier is a single-nuclectide polymorphism (SNP). In
some embodiments, the genotype of interest is the risk allele of TMEMI06B. In some
cmbodiments, the risk allele of TMEMI06B is and A at SNP rs1990622. In sonme
embodiments, the genotype of interest 1s a nisk allele associated with a disease or disorder. In
some embodiments, the genotype of interest 1s a non-nisk allele. In some embodiments, the

genotype of mterest is a haplotype.
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{8633} In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level s the gene expression level in the
frontal cortex. In some embodiments, the gene expression level is the gene expression level

m the cerebellum.

10634} In some embodiments, the plurality of individuals are healthy individuals. In some
embodiments, the plurality of individuals have a disease or disorder. In some embodiments,
the plurality of individuals have a neurodegenerative disease. In some embodiments, the
neurodegenerative discase 1s Alzheimer’s Disease, Parkinson’s Discase, Huntington’s

Dhsease, or Fronto-temporal dementia.

10635} In certain aspects, the invention provides a computer program product for
identifving one or more genctic moditicrs of a plurality of genes whose expression level is
correlated with a genotype of intercst comprising instractions which, when the program is
executed by a computer, cause the computer to carry out the steps of! a) providing a gene
expression level of a plurality of genes in a sample for a plurality of individuals, whercin
each individual’s genotype of interest is known; b) performing a linear regression of the
expression level of each gene of the plurality of genes as a function of the genotype of
mterest of each of the plurality of individuals to determine a linear regression co-cfficient for
cach gene of the plurality of genes; ¢) selecting, from the plurality of genes, the genes whose
expression level 1s significantly correlated with the genotype of interest; d) determining, for
cach gene whose expression level is significantly correlated with the genotype of interest
selected n step (¢}, a residual value, wherein the residual value is determined by comparing
the gene expression fevel of said gene 1n a sampie from a subject to the linear regression
performed in step (b} for said gene; ¢} determining, for cach gene whose expression level s
signiticanthy correlated with the genotype of interest, a ratio of the residual value determined
i step (d) to the hnear regression coefficient determined in step (b), ) repeating steps (d) and
{¢} for cach gene whose expression level 1s significantly correlated with the genotype of
mterest selected in step {(¢); g} integrating the ratios for each gene sigmificantly correlated
with the genotype of interest; h) performing steps (d) to (g} for cach individual in the plurality
of individuals; and 3} identifying genetic modifiers that modulate the integrated ratio value

determined in step {g).

8635} In some embodiments, the genetic modifiers that modulate the integrated ratio value

determined in step (g) are determined by performing a genome-wide association study

-9.
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{GWAS). In some embodiments, the plurality of mdividuals includes the subject. In some
embodiments, the GWAS identifics single-nucleotide polymorphism (SNP) modifiers of the
ntegrated ratio value determined in step (g) in the plurality of individuals. In some
embodiments, the genetic modifier 1s a single-nucieotide polymorphism (SNP3. In some
embodiments, the genctype of intergst 1s the risk allele of TMEMI06B. In some
embodiments, the risk allele of TMEMIO6B 1s and A at SNP rs1990622. In some
embodiments, the genotype of interest is a nisk allele associated with a discase or disorder. In
some embodiments, the genotype of interest 1s a non-risk allele. In some embodiments, the

genotype of mterest 13 a haplotype.

{8837}  In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level is the gene expression level in the
frontal cortex. In some embodiments, the gene expression fevel is the gene expression level

i the cerebellunm.

{6638} In some embodiments, the plurality of individuals are healthy individuals. In some
embodiments, the plurality of mdividuals have a disease or disorder. In some embodiments,
the plurality of individuals have a neurodegencerative disease. In some cmbodiments, the
neurodegencrative discase is Alzheimer’s Discase, Parkinson’s Disease, Huntington’s

Discase, or Fronto~temporal dementia.

{0039]  In certam aspects, the mvention provides a method of modifving a phenotype
associated with a TMEM 1068 nisk allele 1n a subject in need thereof, the method comprising
adoministenng an effective amount of an 1.2 modulator, and IL2RA modulator, an IL2RB
modulator, an IL2RG modulator, an 1L 15 modulator, an {1.15RA modulator, or a

combination thereof to the subject.

[0046]  In some embodiments, the subject is administered an L2 modulator. In some
embodiments, the subject is administered an IL2ZRA modulator. In some embodiments, the
subject 1s administered an 1L2RB modulator. In some embodiments, the subject 1s
administered an IL2RG modulator. In some embodiments, the subject is administered an
1L 15 modulator. In some embodiments, the subject 1s administered an 1L 13RA modulator.
In some embodiments, the sabject is homozygous for the TMEMI106B risk allele. In some
embodiments, the subject 1s heterozygous for the TMEMI106B risk allcle. In some

embodiments, the TMEMI06B nisk allele ts an A at SNP 151990622, In some embodiments,

- 10-
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the subject 1s homozygous for the TMEMI106B protective ailele. In some embodiments, the
TMEM106B protective allele is a G at SNP 151990622, In some embodiments, the IL2RA
modulator increases expression of a IL2RA protective allele, or decreases expression of a
IL2RA nisk allele, or a combination thereof. In some embodiments, the IHL.2ZRA protective
alieleis an A at SNP rs12722515. In some embodiments, the IL2RA risk allele 1s an C at

SNPrs12722515.

{8041} In certain aspects, the invention provides a method of treating, preventing, or
delaving the onset of aging in a subject in need thereof, the method comprising administering
an effective amount of an 1L.2 modulator, and IL2RA modulator, an IL2RB modulator, an
IL2RG modulator, an IL15 modulater, an IL13RA modulator, a TMEM106B modulator, or a

combination thereof to the subject.

{8642} In certain aspects, the invention provides a method of treating, preventing, or
delaying the onset of cognitive decline in a subject in need thereof, the method comprising
administering an effective amount of an IL.2 modulator, and HL2RA modulator, an [L2RB
modulator, an IL2RG modulator, an [1.15 modulator, an IL15RA modulator, a TMEMI106B

modulator, or a combination thereof to the subject.

{8643} In some embodiments, the modulation increases expression of a TMEM106B
protective allele. In some embodiments, the modulation decreases the expression of the
TMEMI06B risk allele. In some embodiments, the TMEM1068 risk allele is an A at SNP
rs 1990622, In some embodiments, the TMEM106B protective allele 1s a G at SNP
rs1990622.

{8044} In some embodiments, the phenotype associated with a TMEMI106B risk allele is a
plurality of genes, and their expression levels, associated with the TMEMI06B risk allele. In
some embodiments, the phenotype associated with a TMEMI1068 risk allele is reduced and a
phenotype associated with a TMEM 106B protective allele is increased. In some
embodiments, the phenotype associated with a TMEM106B risk allelc is a plurality of genes

whaose expression level is correlated with the TMEM 1068 risk allele.

18645]  As would be apparent to one of ordinary skill in the art, any method or composition
described herein can be implemented with respect to any other method or composttion

described herem.
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{8646} These, and other, embodimenis of the invention will be betier appreciated and
understood when considered i conjunction with the following description and the
accompanyimg drawings. It should be understood, however, that the following description,
while mndicating various embodiments of the mvention and numerous specific details thereof,
ts given by way of illastration and not of hmitation. Many substitutions, modifications,
additions and/or rearrangements may be made within the scope of the invention without
departing from the spirit thereof, and the invention mcludes all such substitutions,

modifications, additions and/or rearrangements,
BRIEF DESCRIPTION OF THE FIGURES

{0047]  To conform to the requirements for PCT patent applications, many of the figures

presented herein are black and white representations of images ongmally created in color.

[0048]  Figs. 1A-B. Agimg rates are heterogeneous across individuals within a cohott. (A)
Schematic representation of variability in the relative rate and pattern of progression of age-
associated traits as a function of time. In thus hypothetical example, a generic aging trait
progresses more rapidly in individual 2 than individual 1, whereas mdividual 3 displays a
bimodal pattern. (B) Schematics representation of A-aging analvsis. Each dot represents, for
a single mdividual, the tissue expression level (x-axis) of a hypothetical age-dependent gene
as a function of chronological age {v-axis). In this example, expression levels are positively
correlated with chronological age across the cohort, as shown by the regression line.
Individuals that display an expression level higher than predicted for their chronological age,
such as the sample highlighted in red, exhibit an estimated biological age higher than their
chronological age (positive A-aging). In contrast, samples that display an expression level
lower than predicted for their chronological age, such as the sample highlighted in blue,
would be associated with an estimated biological age lower than the chronological age
{negative A-aging}. Integration across all age-associated genes constituies the aggregate A-
aging for that individual.

{0649} Figs. 2A-C. Transcriptome-wide analvsis identifies age-associated gene expression
changes in human brain. (A} Age-associated changes in the aggregated expression levels of
gene sets that typify different human CNS cell types i prefrontal cortex, as labeled.
Transcriptome-wide meta-analysis of age-associated gene exspression levels was conducted
using 4 prefrontal cortex datasets; n=716 neurodegencrative-disease free individuals > 23vo.

Mean age-associated fold-changes across gene sets members are plotted (n=21 per group).
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Ervor bars are SEM. #: p<0.05, ¥*:p<0.01, *¥*:p<0.001 for linear association between age
and aggregated expression levels in a meta-analysis across the 4 expression datasets. Neurons
{red): Z=-3.93 p=8 47x107 ; Neurons/OPCs (burgundy): 7=-4.24, p=2.24x10° ; OPCs
(purple} 7=-2.27, p=2 33x107? ; Neurons/Astrocvies {orange) Z=-1.89, p=5 8 Ix10? ;
Endothelial cells (pink) | Z=4.02, p=35 78x107 ; Microglia (vellow}: Z=2 .93, p=3 39x107 ;
Oligodendrocytes (green): Z=3 .97, p=7 31107, Astroeytes (blue): Z=329  p=1.235x107. (B)
(C) Expression levels of PNOC, a representative neuronal gene that 1s decreased in
expression with aging (B, red) and GFAP, a representative astrocyie gene that 1s increased in
expression with aging (C, bhue) as a function of age. Fach dot represents an mdividual
sample; n=128 individuals of age > 25vo from the Braincloud dataset; regression lines are
shown.

[0830] Figs. 3A-F. Genome-wide association study identifies a genetic determinant of
aging rafe in human frontal cortex at the TMEMI106B locus. {A) Schematic of the genetic
analysis of modifiers of A-aging in human trontal cortex.  (B) Tabular presentation of the
associations observed between 1990622 genotype at TMEM106B and A-aging through
stages of the GWARS. Effects are expressed in terms of years per munor allele load. See
Example 1 Methods for details on the statistical analyses.  (C) Manhattan plot representing
the association between A-aging, as quantified in frontal cortex tissue samples from older
adults, and each of 468,129 common SNP vanants (meta-analysis of 5 cohorts;
Discovery-+Replication as in Fig. 3B and Fig. 15; n=910)}. The red linc corresponds to a
threshold (p<1.06x107) for genome wide significance after Bonferront correction for the
multiple SNPs tested. Highlighted m ved are the SNPs in the region of interest
{chr7:11,783,787-12,783,787) surrounding the association peaks at the TMEMI106B
{rs1990622) and GRN loct. (D) Local Manhattan plot in the region of mterest of the
TMEM106B gene locus, representing the genome-wide association p-value between convmon
genetic variants and A-aging in older adults” frontal cortex samples m a meta-analvsis of §
cohorts {Discovery+Replication, =910} after local imputation. (E) Effect of 151990622 allele
load on A-aging value in a meta-analysis of 910 tissue samples from older neurodegenerative-
free individuals. Homozygosity for the nunor protective (PP) allele is associated with a 12~
year decrease in A-aging, relative to homozygosity of the risk (RR) allele. N==182, 438 and
290 for the PP, PR and RR genotvpes. Mean values are presented. Error bars are SEM. +++:
p= 2.74x102% for the cffect of "R allelic load on A-aging by Kruskal-Wallis test, chi-square

99.30 with 1 degree of freedom. {F) Schematic representation of the effect of TMEM106B
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rs 1990622 genotype on brain aging trajectories. Risk allele carriers display an accelerated
aging phenotype in late hife (>65 vo).

{0051  Figs. 4A-C. TMEMI106B and age affect cognitive function mn elderly individuals.
{A) (B) Carners of the TMEM106B A-aging risk-associated haplotype display age-associated
cognitive deficits, as assessed by Mini Mental State Examination in a cross-sectional cohort
{Long Life Study) of individuals. Consistent with the A-aging findings, the deficits are sec

n older (63 to 80vo)} but not younger {50 to 65yo) individuals. 151060700 was used a proxy
for 151990622 (pairwise hinkage disequilibnum: R2=1, D’=1 in the CEU 1000 Genomes
datasets). N=262, 744 and 541, N=192,429 and 321 for the homozygous protective allele
(PP), heterozygous (PR) and homozvgous risk (RR) genotypes in the 50-63yo and 65-80vo
age groups, respectively. Mean values are presented. Error bars are SEM. 4+ p<0.01 by
hinear regression for the additive allelic load, correcting for age, gender and 3 principal
eigenvectors for population stratification. (U} Carriers of the TMEMI106B A-aging risk-
associated haplotype display age-associated cogmitive deficits, as assessed by a memory
recall score in the Health and Retirement Study. The Differential-aging associated genotype
was queried using rs 1060700 as a proxy for rs1990622 {pairwise linkage disequilibrivnu
R2=1, ’=1 in the CEU 1000 Genomes datasets).

{0052 Figs. SA-C. The effoct of TMEMI1068B genetic vanant on the transcriptome appears
similar to the effect of age exclusively in elderly individuals. {A) Venn Diagram representing
the number of genes whose levels correlate with age or TMEM 1068 risk allele load in
cohorts of older (n=413) or vounger (n=303) adults from the “Discovery” datasets (with an
assoctation p-value<0.01 for each factor with same direction of changes, Fig. 3B, Fig. 15, and
meta-analysis). The cffect of the TMEMI106B nisk allele appears very different in vounger
versus older individuals: s impact on the transcrptome is potentiated in the mdividuals over
65 years old, in which 1ts global signature resembles the one associated to chronological age.
By contrast, the impact of chronological age appears marked in both individuals below or
above 65 yo. (BXC). Dot plots display, for each of 15,139 individual genes {cach represented
by a single dot), the degree to which gene expression 1s correlated with TMEM106B risk
atlele load (v-axis}) versus the degree to which gene expression is correlated with
chronological age (x-axis). Separate analyses are presented of older (b; n=413} or vounger
{c; =303} adults from the “Discovery” datasets {se¢ Figs. 3B and 15}, Z-scores represent the
statistical significance and direction of the age- or genotype-associated correlations. Z-values

of 1.96, 2.56 and 3.29 correspond to p-values of 0.05, 0.01 and 0.001 respectively.
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Regression lines {in red) show that in older mdividuals (C), those genes that are more hughly
correlated (positively or negatively) in expression with TMEM106b risk allele load (y-axis)
are also more highlv correlated with age (x-axis). individual genes characteristic of neurons
{red), astrocytes (blue) and microgha {vellow) are highlighted as examples.

[8833] Figs. 6A-D. TMEMI106B modulates innate immune cell mflammatory polarization.
(A} Schematic of the inflammatory polarization of myeloid celis by pro- or anti-
mflammatory factors. (B) Aggregate cerchral cortical expression levels of gene sets
associated with Ml-type (red, n=39 genes) or M2-type (green n=39 genes) nucroglia were
quantified for nevrodegenerative-disease free mdividuals homozygous for the risk (RR) or
protective (PP) alleles, or heterozvgous (PR) for these alleles, at the TMEM106B locus.
Expression was found to increase steadily in all groups over time (presented as percent
change per decade}); for the M2 gene sct, the increase was significantly less rapid i
homozygous carriers of the risk allele, relative carriers of the protective allele. For cach
group, median values across the datasets are presented, (n=4 datasets from the Discovery
stage, with 716 individuals in total; see Fig. 13). Error bars are SEM. 1% p<0.001, n.s:
p>0.05 for the effect of 31990622 risk allele load by ANGQVA, correcting for dataset-specific
effects (p=9 41x10*, F=21 41 for 1 degree of freedom and p=0.737, F= 0.119 for 1 degree of
freedom for M2 and M1 respectively). {(C) Effect of re 1990627 genotype or LPS treatment on
the aggregate expression fevels of Ml-selective and M2-selective genes in human monocyte-
derived dendritic cells, as quantified by Nanostring {GEQ GSES31635). Data are presented as
a ratio of the M 1/M2 aggregate levels; higher values are thus associated with a pro-
mflammatory state. Mean values are presented. Error bars are SEM. N=29/82/49 and
13/51/23 for the RR/PR/PP genotypes in the Unstimulated and LPS-treated groups,
respoctively.  *¥*¥: <0001 treatment effect, -+ p<0.03 allelic load association by Krugkal-
Wallis test (p=1 08x107%, chi-square= [41.78 for 1 degree of freedom and p=1.09x107, chi-
square= 9.02 for 1 degree of freedom respectively). (1) Effects of rs1990622 genotype or
LPS treatment on TMEM106B expression levels in human monocyte-derived dendritic cells,
as measured by Affymetrix Human Gene 1.0 8T Array (GSES3166). Mean values are
presented. Error bars are SEM. N=2/14/7 and 2/14/8 for the RR/PR/PP genotypes in the
Unstimulated and LPS-reated groups respectively. %% p<0.001 for treatment effect by
ANOVA, ++: p<0.01 for allelic load association in unstimudated by ANOVA {p=3 .0x1073,
F=9.85 for 1 degree of freedom and p=1.13x1072, F=96.624 for | degree of freedom).

[0854] Figs. TA-B. Non-genetic factors can modify A-aging. (A) A-aging values observed

in frontal cortex or cercbellum tissue samples denved from neurological disease-free, AD, or
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HD cohorts (Harvard Brain Bank). A-aging values are presented relative to the values
observed i unaffected individuals for each brain region. Mean values are presented. Error
bars are SEM. N=154,345170,124.269 and 140 ***: p<0.001, *: p<0.05 by Kruskal-Wallis
test followed by Dunn's multiple comparisons test with Und group in the same tissue; 11
p<0.001 by Kruskal-Wallis followed by Dunn's multiple comparisons test for comparison
with Frontal cortex tissue in the same disease category. (p=3.91x107% chi-square=91.12 with
5 degrees of freedom for Kruskal-Wallis, with Dunn's test p-values of p=3.72x107" and
9.36x10°® for AD vs Und and HD vs Und respectively in Frontal Cortex, p=1.74x 10 for AD
vs Und in Cerebellum and p=2.71x107 and 1.14x10" for Cerebellum vs Frontal Cortex in
AD and HD respectivelyy. (B) Longitudinal analysis of A-aging in serial muscle tissue
biopsies from elderly individuals before and after a 6mo-long vigorous excreise routing
program (GEQ GSEE479). Black dots represent musele samples from imdividaals that did
not perform an exercise routing; these data were used to define the pattern of age-associated
gene expression changes within the cohort. Red dots represent muscle samples taken tfrom
ciderly individuals before the exercise regimen, whereas blue dots represent muscle samples
from the same mdividuals after traming. The mean A-aging shift observed afier exercise
training is -24.43+1 .94 years (sem, n=14 individuals, p=1.14x10"® by paired two-tailed t-test).
[0055]  Figs. 8A-B. Related to Figs. 1A-B. (A) Determunation of delta-age for a given
gene. The delta-age for individaal 1 related to gene G (Ars )is determined as the ratio between
the residual value (oo ) for mdividual in a hinear it of o levels in function of age across
mdividuals onto the age axis, and the hinear regression coefficient (ag) of such fit. (B) The
global delta age for a given individual is evaluated by aggregating 1ts delia values related
mdividuals” genes across all the age-associated genes.

{0656} Fig. 9. Related to Figs. 3A-F. Effect of 151990622 allele load on Delta-ageing value
in individual datasets as indicated, in individuals aged of more or less than 63vo (upper and
lower panels respectively). Mean values are presented. Error bars are SEM. N as mdicated
on individual panels.

{6657}  Fig. 10. Related to Figs. 3A-F. Locus zoom Manhattan plot representing the
genome-wide association p-value between common genetic vanants and Delta-Age i older
adults” frontal cortex samples in 2 meta~-analysis of 5 cohorts (Discovery+Replication,
=010} after local imputation at the GRN locus, highlighted in blue on the genome-wide
analvsis presented in Fig. 3C.

[B0638] Fig. 11. Related to Figs. 3A-F. Dot-plot of apparent biological age as calculated by

the Delta-aging procedure in function of actual chronological age in individuals from the
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Discovery cohorts aged of more than 65 vo (n=413). Individuals are colored in function of
their TMEM106B 131990622 genotypes {green for the rs1990622 protective allele
homozygotes, red for the rs1990622 risk allele homozygotes, grov for the heterozygotes).
The effect of TMEMI106B rs1990622 genotype on brain aging trajectories in ndividuals s
highlighted by the linear regression lines {dashed lines with corresponding colors for each of
the 3 genotypes).

{0659} Figs. 12A-B. Related to Figs. SA-C. (A). Heat map representing the correlation
and associated p-value between age, TMEM 068 rs1990622 risk allele load (RAL) or gender
with levels of genes from 5 clusters, labelled yellow, bhue, green, brown and turquoise,
identified in a hypothesis-free fashion by WGUNA in a gene expression array dataset of 187
cortical brain samples from neurodegenerative disease-free older individuals, and found to be
enriched for genes associated with either microglia, astrocytes, oligodendrocytes, neuron
gene, with respective enrichment p-values of p=3 4x10-° 2 85x10°14, 534 x10°%, 6 6x10*
and p=1 2x107? (See Example 1 Methods). rs1990622 risk allele load, or increased age, was
associated with an upregulation of aggregated microglial gene cluster expression. Increased
age was also associated with an overall reduction in aggregated gene expression i the
neuronal cluster, whercas gender was not associated with an alteration in the expression of
any gene cluster. (B}, Radar plot displaving the correlation between the aggregate expression
levels of gene sets associated with different ONS cell types, as labeled, and cither
chronological age or 151990622 nisk-allele load.  Z-values (presented along the spokes, with
high correlation on the perimeter and high anti-correlation at center) for the linear
correlations with age in younger (in orange; n=303) or older adults (in green; n=413), or with
rs 1990622 risk allele load in vounger (blue; n=303) or clder (purple; n=413} adults is shown.
{0668} Figs. 13A-D. Related to Figs. 6A-D. {A) Heatmap presenting the effect on gene
expression of 181990622 genotype in human dendritic cells, or of M1-/M2- polarization in
human macrophages for genes that were found to be significantly affected by either M- or
M2Z- polarization and present in among the genes tested 10 human dendritic cells with the
Manostring assay. {BY{CYD): Effect of 151990622 genotype and different inflammatory
treatment on the combined expression levels of M1-macrophage genes (C) M2- (D) or over
M2 over M1 (B) macrophage genes in human monocyte-derived dendritic cells from
imdividual European ascent measured by Nanostring (GEO GSES53165). The effect of higher
values 1s associated to a proinflammatory effect. Mean values are presented. Error bars are

SEM. N=29,82.49; 13,51, 23; 28 71,50 25,73,45: 5,73, 43.
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{8661} Figs. 14A-F. Related to Figs. 7TA-B. Genome-wide Manhattan plots representing
the genome-wide association p-value between common genetic vanants and Delta-Age in
meta-analysis of 4 cohorts (BrainEgtl, HBTRC Discovery, HBTRC AD and HBTRC HD, o =
924} for which samples from both brain cortex and cerebelium were available from the same
donors. Association analysis were carried for either Delta-age values as defined in the frontal
cortex on the basis of the expression values observed in those samples (A-C), or in the
cerebellum {d-c}. Such analysis was carried either in all adults (A, B} or specifically among
older or vounger individuals (C, D and E, F respectively). The red bine corresponds to a
threshold (p<1.06x1077) for genome wide significance after Bonferroni correction for the
468.129 SNPs tested. Highlighted in green are the SNPs in the region of interest
{chr7:11,783,787-12,783,787) surrounding the association peak at rs1990622.

[00662] Fig 15, Associations observed between 151990622 genotype at TMEMI06B and
Differential-aging in the datasets. Effect are expressed in years per munor allele load.

{0663} Fig. 16. Individuals, represented as dots, are plotted as a function of their
chronological age (X-axis) and their measured expression for gene G (Y-axig). The dotted
kne corresponds to the regression line for Gene G expression levels as a function of
chronological age across the entire cohort.

[0064] Fig. 17, Lincar rogression across individuals of the expression level of a gene G in
function of chronological age viclds a regression line. For a given individual the expression
level of gene G is shown.

{0663} Fig. 18, Fora given individual the global delta-age is obtained by integration of all
the gene-specific Delta-Age over all genes whose expression levels are found to be correlated
with chronological age during the original lincar regression.

{0066} Fig. 19. Aging rate as a differential in an age-related trait. In red: individuals with
a level higher than one would expect for their age: “looking older.” In bluc: individuals with
a level lower than one would expect for their age: “looking vounger.”

10067] Fig. 28. Aging as a differcntial expression trait. In red: ndividuals with an
expression level higher than one would expect for their age: “apparently older.” In blue:
mdividuals with an expression level lower than one would expect for their age: “apparently
older.”

{0668} Fig. 21. Evaluating a delta age for a given gone.

{0069} Fig. 22, Model - Principle of aging as a complex expression trait. Left graph: Gene

posttively associated with age (expression level increasing with age). Center graph: Gene not
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associated with age. Right graph: Gene negativelv associated with age {expression level
decreasimg with age).

{0070} Fig. 23, Aging as a complex expression trait.  Combination across all the genes
associated with age for a given individual s achieved by integrating all the genes affected by
aging.

{0071} Fig. 24. Dclta-age in 2 gene expression datasets in a tissue affected by Alzheimer’s
Discase (prefrontal cortex). A samples —here used as proxies for accelerated aged samples -
display higher Deltas.

8672} Fig. 25, Effect of diet in mice on delta-age (left). Effect of exercise in human
musecle on delta-age {right}.

[0073] Fig. 26, Geoetic deternunants of aging rate in brain. Transcriptome-wide
gxpression data in brain cortex samples from genctyped, neurodegenerative-discases free
mdividuals.

[0074] Fig, 27A-B. Microgha M1 (Fig. 27A) and M2 (Fig. 278) gene sets. List of
microghal M1 and M2 genes used for Fig. 6B, taken from Supplementary Fig. 10B of
Butovsky et al. 2014,

{8675} Fig. 28. Genetic variants associated (o neurodegenerative discases association with
Ditferential-aging. Effect of genctic vanants associated to Alzheimer’s disease, Amvotrophic
Lateral Sclerosis, Hippocampal Sclerosis of aging, Parkinson’s Discase or Fronto-temporal
dementia on Differential-aging value, i a meta-analysis carried in either
Discovery-+Replication or Jiscase cohorts as defined in Fig. 3B.

108076 Fig. 29. Strategy overview for identifving TMEM risk vanants.

180771 Fig. 38. Local association for TMEM phenocopy in TMEM RR individuals at the
ILZRA/LISRA locus.

{0678} Fig. 31. Top hits with L.D-based proxics.

{0079 Fig. 32. Effect of IL2RA genotype on Delia-Age in TMEMI06B mdividuals.
10080] Fig. 33. Effect of TMEM rs1990622 on Delta-Age in the whole cobort, stratified by
discasc status.

10081] Fig. 34. Effoct of [LR2A rs12722515 on Delta-Age in the whole cohort, stratified
by discase status and TMEM106B genotype.

{0682} Fig. 35, Cross-sectional rate of cognitive decling measured by Mini-Mental Score

Exanination, stratified by TMEM 1068 and IL2RA genotypes.
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[0083] Fig. 36. Longitudinal rate of temporal atrophy, based on regional MR
measurements at baseline and after 24 months, stratified by TMEMI106B and IL2RA
genotypes.

[0084] Fig. 37. Effect of TMEM risk allele, aging and AD on [L2, ILR2RA, [L2RE,
IL2RG, IL1S and IL15RA.

{0085] Fig. 38. CNS cell type expression pattern of the identified genes of nterest and
their ligands.

[6686] Fig. 39. ONS cell type expression pattern of the identified genes of imterest and
thetr hgands.

{0087] Fig. 48. UNS cell type expression pattern of the identificd genes of interest and
their hgands.

{0088} Fig 41. Genetic modifiers of TMEM106B and the top hits using GWAS.

{0089 Fig. 42. Shows genes which show a pattern of expression similar to HLISRA in the
LPS datasct.

{8690} Fig. 43. Shows a strategy overview for genetic determinants of pathways of
iterest.

{8691} Figs. 44A-0. Shows the top 15 CC GO category decreased by TMEM1068B risk
allele. An enrichment plot 1s shown for (A) GO _SYNAPTIC MEMBRANE (B)

GO POSTSYNAPSE (C) GO _CATION CHANNEL COMPLEX (D)

GO POSTSYNAPTIC MEMBRANE (E) GO POTASSIUM CHANNEL COMPLEX (F)
GO NEURONAL POSTSYNAPTIC DENSITY (G) GO_PRESYNAPSE (H)

GO AXON PART () GO_NEURON PROJECTION TERMINUS (D

GO TRANSPORTER COMPLEX (K) GO_EXOCYTIC VESICLE MEMBRANE (L)

GO EXCITATORY SYNAPSE (M) GO EXOCYTIC VESICLE (N)

GO _PRESYNAPTIC MEMBRANE (0) GO_AXON. The top graph shows the enrichment
profile, with the v-axas showing the enrichment score (ES), the zero value 1s represented by a
thicker axis line with the axis shown in 0.1 increments. The middle vertical bars correspond
to hits. The bottom graph is the ranking metric scores, with the v-axis showing the ranked
fist metric (PreRanked) with a scale showing values of 5, 0, -5 and -10 and the x-axis
showing Rank in Ordered Dataset, with a scale starting at 0 and mercasing to 45,000 with the

axis shown in 5,000 mcroments. For example of enrichment plot axis see Fig. 45.
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{0092] Fig. 45. Ennchment plot: GO _SYNAPTIC MEMBRANE: Profile of the Running
ES Score & Positions of GeneSet Members on the Rank Ordered List. Fig. 45 shows detail
of the Synaptic Membrane gene set cnrichment.

[0093]  Fig. 46. Shows genes from the Synaptic gene set downregulated by TMEM 106B
risk allele underlying the enrichment.

10094}  Fig. 47. Shows genome-wide scan for genetic determinants of Synaptic genes
levels in human brain.

{8693} Fig. 48. Shows the effect of TMEM1068 genotype and disease status on
ageregated synaptic genes levels.

{8096} Fig. 49, Shows the effect of TMEMI106B genotype and age on aggregated synaptic
genes fevels in unaffected.

{66977 Fig, 5. Shows the effect of TMEMI06B genotype on specific synaptic genes from
the gene set.

[0098]  Figs. 31A-L. Shows the top CC GO categories mercased by TMEMIO06B rnisk
allele. An enrichment plot is shown for (&) GO LYSOSOMAL LUMEN (B) MHC
PROTEIN COMPLEX () GO VACUDLAR LUMEN (B} GO CELL SUBSTRATE
JUNCTION (B} CYTOSOLIC RIBOSOME (F) GO CYTOSOLIC SMALL RIBOSOMAL
SUBUNIT (G) GO PROTEIN COMPLEX INVOLVED IN CELL ADHESION (H) GO
BASEMENT MEMBRANE (1) GO BASAL PART OF CELL (J) GO ANCHORING
JUNCTION (K) GO ACTIN FILAMENT BUNBLE (L) GO MHC CLASS E PROTEIN
COMPLEX. The top graph shows the enrichment profile, with the v-axis showing the
enrichment score (ES), the zero value is represented by a thicker axis line with the axis
shown in 0.1 merements. The middle vertical bars correspond fo hits. The bottom graph is
the ranking metric scores, with the yv-axis showing the ranked list metric (PreRanked) with a
scale showing values of 5, 0, -5 and -10 and the x-axis showing Rank in Ordered Dataset,
with a scale starting at 0 and increasing to 45,000 with the axis shown m 5,000 increments.
For example of enrichment plot axis see Fig. 52.

{0099 Fig, 52. Enrichment plot GO_LYSOSOMAL LUMEN: Profile of the Running ES
Score & Positions of GeneSet Members on the Rank Ordered List; Ennichment plot:

GO MHC PROTEIN COMPLEX: Profile of the Runmning ES Score & Positions of GeneSet
Members on the Rank Ordered Last. Fig. 52 shows detail of the gene set enrichment.

{00100] Fig. 53, Shows genes underlving the enrichment.
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DETAILED DESCRIPTION OF THE INVENTION

{88161} The patent and scientific literature referred to heremn establishes knowledge that 1s
available to those skilled in the art. The i1ssued patents, applications, and other publications
that are cited hergin are hereby incorporated by reference to the same extent ag if cach was

specifically and individually indicated to be mcorporated by reference.

{86102} The singular forms “a”, “an” and “the” include plural reference unless the context
clearly dictates otherwise. The use of the word “a” or “an” when used in conjunction with

the term “comprising” i the claims and/or the specification may mean “one,” but it 1s also

consistent with the meaning of “one or more,” “at least one,” and “one or more than one.”

[863183] As used heremn the term “about” is used herein to mean approximately, roughly,
around, or in the region of. When the term “about” is used in conjunction with a numencal
range, it modifics that range by extending the boundaries above and below the numerical
values set torth. In general, the term “about” 1s used herein to modify a numerical value

above and below the stated value by a variance of 20 percent up or down (higher or lower).

[86184] The terms “animal,” “subject” and “patient” as used herein includes all members of
the animal kingdom mcluding, but not limited to, mammals, animals {e.g., cats, dogs, horses,
swing, ¢tc.) and humans. A subject, according to the invention includes, but is not limited to

a human.

{00193} The progression of human age-associated traits, such as cognitive dechine, 1s highly
variable across the population, with some ndividuals appearing older or younger than
expected at a given chronological age. In humans, age-associated phenotypes such as altered
cognition occur at variable rates in healthy individuals (Deary 1, ot al. Genetic contributions
to stability and change n inteliigence from childhood to old age. Nature. 2012 Feb
5:482(73843:212-215). The association between healthy aging and discase remains unclear;
for example, brains from health individuals show evidence of CNS amvloid plaques
associated with Alzheimer’s discase (Yu L et al. The TMEM 106B locus and TDP-43
pathology in older persons without FTLD. Neurclogy. 2015 Mar 3:84(9):927-934}. (enetic
factors have been associated with extreme age phenotypes, such as progeria. Genome-wide
association studies (GWAS) have associated complex traits with common genetic vanation
{Welter B et al., The NHGRI GWAS Catalog, a curated resource of SNP-tratt associations.

&

Nucleic Acids Res. 2014 Jan 1;42(D1):D1001-D1006}.
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[86186] Described herein 1s an unbiased method for quantifying age-associated individual
variability n biological traits, such as gene expression, called differential-aging (A-aging).
The method can further comprise subsequently performing a genome-wide association study
to identify genctic loct associated with differential aging. Differcntial-aging allows for
tissue- or age-range-specific assessment of phenotypes, unlike alternative methods that
assume the varable rate will be constant at all age ranges and in all tissues. The method can
recetve transcriptome data or other biological markers correlated with age as an input and
then determine which subset of markers represent variable aging, making the method
anbiased and flexible. In some embodiments, the method is used to analyvze transcriptome-
wide cercbral cortex gene expression. The method assesses an individual’s biological age
based on the biomarkers and determines if the computed age differs from true chronological

age. This results in the dentification of genetic variants related to aging.

{86107} Also described herein is the dentification of the TMEM 1068 gene locus as a
determinant of age-associated changes related to the braim. TMEMI10B6 was identified asing
the differential-aging method followed by a genome-wide association study in search of
genetic madificrs of A-aging. The method used cerebral cortex gene expression data to show
that the rate of human cortical aging depends on the TMEMIUG6B gene, a gene previously
associated with frontotemporal dementia. Therapeutics can be developed which target
TMEM1068 for the treatment of age-related cognitive decline. The TMEM 1068 genc locus
was identified as a determinant of A-aging in cerebral cortex with genome-wide significance
{(p=<<107"}, in a meta-analysis of several cohorts totaling 1904 autopsied human brain samples.
TMEM106B risk variants promote age-associated changes, such as mflammation, neuronal
loss, and cognitive deficits, even i the absence of known brain discase. Surprisingly, the
effect of the TMEMI06B risk allele on A-aging is highly selective for the frontal cercbral
cortex of older individuals (>65yv0}. These data suggest a mechanistic ink between

accelerated brain aging and neurodegeneration.
100108} Methods of determining biological age and differential aging

[88109] In certain aspects, the invention provides a computer-implemented method of
determuning a biological age of a sample from a subject comprising: a) providing a gene
expression level of a plurality of genes in a sample for a plurality of individuals; b)
performing a linear regression of the expression level of cach gene of the plurality of genes as

a function of chronological age of each of the plurality of individuals to detemmine a linear

1

.

Lok
l



WO 2018/170289 PCT/US2018/022678

regression co-efficient for cach gene of the plurality of genes; ¢ selecting, from the plurality
of genes, the genes whose expression level is significantly correlated with chronglogical age;
d} determining, for each genc whose expression level is significantly correlated with
chronological age selected n step {¢), a residual value, wherein the residual value 1s
determined by comparing the gene expression level of said gene in the sample from the
subject to the linear regression performed in step (b} for said gene; ¢) determining, for each
gene whose expression level 1s significantly correlated with chronological age, a ratio of the
residual value in step (d) to the linear regression coefficient in step (b); f) repeating steps (d)
and (g} for each gene whose expression level 1s significantly correlated with chronological
age selected in step (¢); and g} integrating the ratios for cach gene whose expression level s
significantly a correlated with chronological age, wherein the integrated ratio corresponds to

the biological age of the sample from the subject.

{86118} In some embodiments, the method further comprises comparing the biological age
to a chronological age of the subject to determime a differential aging value for the subject. In
some embodiments, the plurality of individuals includes the subject. In some embodiments,

steps {d}) to (g} are performed for each individual in the plurality of individuals,

{06111} Tn some embodiments, the method further comprises performing a genome-wide
association study (GWAS). GWAS 15 an observational study of a genome-wide set of
genetic variants in different individuals o identfy variants associated with a trait. GWAS
approaches often focus on associations between single-nuclectide polymorphismg (SNPg) and
atrait of tnterest. A SNP is a variation in a single nucleotide that occurs at a specific position
mn the genome. SNPs ofien underlie differences in susceptibility to diseases. For example,
SNPs cause a wide range of human discases. SNPs can also affect the seventy of itlness and
risk fovels for certain discases. For example, a SNP in the apolipoprotein E (APOE) gene is
associated with a higher risk for Alzheimer's discase. GWAS studies compare the DNA or
genomes of mdividuals having varving phenotypes for a particular trait or discase. These
mdividuals may be people with a discase, and similar people without the discase, or they may
be people with different phenotypes for a particular trait. For each individual a sample of
their DNA is provided, from which millions of genetic vanants are read using SNP arrays. If
one type of the variant {ong allele} 1s more frequent in people with the disease or people with
a particular phenotype or trait, the variant is said to be associated with the disease or with the

particular phenotype or trait. The associated SNPs are then considered to mark a region of the
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human genome that may influence the nisk of the disease whether an individual has a

particular phenotype or trait.

{00112}  In some embodiments, the GWAS identifies single-mucleotide polymorphism
(SNP)} modifiers of the differential aging value in the plurality of individuals. For exanmple, a
descnibed berein, GWAS studies can corapare the DNA or genomes of individuals have
varying A-aging values. The vanants more frequently associated with high or low A-aging
values can be identified. These associated SNPs identify genes and alleles that influence A-

aging valucs and thus biological aging in a subject.

106113] Io some embodiments, the GWAS wdentifies genetic modifiers of the differential
aging valuc in the plurality of individuals. Genctic modificrs can include genes whose
expression levels are correlated with the differential aging value in the plurality of

individuals.

[B8114] In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level is the gene expression level in the
frontal cortex. In some embodiments, the gene expression fevel is the gene expression level

i the cerebelun.

{00115) In certain aspects, the invention provides a computer-tmplemented method of
determining a biological age of a sample from a subject comprising: a) providing a gene
expression level of a phurality of genes n a sample from a subject; by determining, for each
gene whose expression level is significantly correlated with chronological age, a residual
value, wherein the residual value 18 determined by comparing the genc expression level of
said gene in the sample from the subject to a linear regression of the expression level of the
gene as a function of chronological age for a plurality of individuals; ¢} determining, for cach
gene whose expression level 1s significantly correlated with chronological age, a ratio of the
residual value deternuned in step b) to the linear regression coetficient for the gene; d)
repeating steps b} and ¢} for cach gence whose expression level 1s significantly correlated with
chronological age; and ¢) integrating the ratios for cach gene whose expression level is
significantly correlated with chronological age, wherein the mtegrated ratio corresponds to
the biological age of the sample from the subject. In some embodiments, the genes whose
expression levels are significantly correlated with chronclogical age can be determined

according to the methods disclosed heremn

1
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[86116] In some embodiments, the genes whose expression was significantly correlated with
chronological age are PNOC; TAC3, FKBPS, CRH; ITGB4. VIP, PVRL3; GMPR:
CIQTNF4, I'TPKB; RARRES3; GRIK 1, NPPA; NMU:, HBQ1; ACOTT, PENK,; OLFM1;
BZW2, ARPC2; ADRA2A; CA10; SSTR1, SLL24A3; LGI2; ACTR3B, MTMR 1 {;
CYP46A 1, ARHGEF6, KONFIL: PTPRR; NPCZ; RNASE4: ARHGAPR20; PDCD2; CALBI,
MAOB; CX3CLI; OTOS; NRXNI; LRRCI, SERPINA3Z; GNG3; NEK2; SCN3B; NFKBIE;
SLCIOA4; TTL; FBXO9; FGFI3; CAMK4; STMN1; SLC32A1; ING2; RFC3; PSMD7,
STYKT, DNAJIBS, BAD; RIMSI; HSF4; SRDSA L RPL39L; GRP; GPR26; SLC16AY:
ACPL, FAMSC, OGGL AQPLE, DCUNIDS; RUFY 1, NRXN3; AZGPI, SRRM2Z; PINT,
FLRT1, BCL1IA; UQCRFST;, CORT, VWF, TCEBI; DLX1; HAPLNI; TPPI; PTHLH;
TRAF, MRPL2ZS; UBEZES; EEFZK; HDACY; TACL, TASPL; CRYM; GNES; ERBRB2IP;
MALZ2, WDR19: COPS4; DOKo, CXCL14; SERINC3; DHRS3, FGFi2; GAD1, PRDXI;
TRAMI; CAPS; GALM,; TNFAIPSLY; ATPOVOD1, CHCHDS, SLCI4A 1, NCALD;

PHF14; NDN; PREKCZ; PHKAZ; RPH3A; GRASP, CYCS; SVOP; STXRPS, RPS27L; FUK;
SEC61A2; DGKI, BMP4; FBXW9, MMD:; MADZLIBPE, ACADVL; CIS, TRIPS; ATCAY,
ABIZ; CDd4; AP1G2; SLU22AS; LAMP2, HOMERT,; TS5C1; GPR61. PRKG2, SMPD3;
TPM3; PSTPIPL, YWHAZ, AEBP1; PRKX; HEBPZ; RELN; MFSD4; KCNK3; MS4AGA;
NXPHI, DOKS, TUBB2A; RHOBTRI, ZBTBI16; SIRTS, TMEM38A; RAPIGDS;
LARGE; ATP2AZ; PLSCR4; CACNAIG; CKAP4; DNAIB2; TLNT; TIMMI7A; MAGIT,
ROCDI1; KIF3B; CSRPL, FBXWT7, FCGBP, GRAMDS; FAM49A; CXADR,; CDC47;
CRYGS; HPSS; STATZ; PITPNA; SCGBID2; GLRAZ; RAB3C, FYCO1; RERE;
PLEKHB2; MEDS; CECR6; SSBP4; HSPBAPIL: PANK3, SETDBI, EPM2ATRPL CCNAL,
CALB2 TRPVL; AHCYLL; ATP3), CD200; VLDLR; EEF1B2; TRP(C3; EFHD 1 BDNF;
CBFB; TAZ: MKLNI; GSN; DDR1; FAMI9A2; DLL3; RIT2; MGAT4B, MTIF, IL17RB;
TUBB3, SYTL4; SPATSZ; APIST, GYPE, TYKZ; STK4; GAD2, VKORCIL1; NOL4,
PSRCIL FGF14; AFF1, LTBP3; LRRTM4: ADHIA; BCL2; EBP. IGF1, PLODI; SLC3%A3;
ANTXRZ, CDC4AZEP3; TRIMY; DUX;, PHKGI, GPM6A; GRIN3A; PPFIAT, MRPST;
COXS5AIDS; ARL4AD; PAKT7, TIPZ; ATP6VIG2; SLC25A28, MGLL; SPR; TRIM39;
SLC39A L, MRPSI2: NDUFAQ, HNT, CNTN4:; ATXNI0, MRPL37, MANIAL, CONC;
GSGL LRRCT, ID3; MYO3A; GABRE3, MED19: CBS; ZMATZ2: HRASLS: ELMOD1,
SCG2; CDKAORAP3, MNT; RGS12, NDUFS4; IL13RAT, RON2; MTIX, TXNIP; FAMS3E;
RASGRFZ; MYOT, COXBA, TFITM3; CSNK2A L, CDKN3: LHX6; CAPG; DCTN3; BEXI;
RASGRPI; FKBPIA; MRPS23; NPHP3, GSTA4; FBLN2; PLXNBI, PGAMI; NPM3;
MRPS33; CNTNAPS, LGMN; SHMT1; NUP214; HTRAZ: PCBP2; IFITMZ; LRPAPIL:
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CDK3R2: BAZ2B; HSPAS: CLK 1 DGKB; PAFAHIBI; LBH; PDESB: ELF2; TORIATPL:
CACNBI; DLX2: KCNG1: STAT3; DUSP14; UBE2V2: L8S; RGS6; FGF9: BINL:
ZC3HAV L CDKN2C: MRPL14: PRSS16; ERCC: COND2Z; NPYSR: EML3: BCL2L13:
PTPRO: SORBSI: STSSIAS; PKIG: SLC6AS; CIRL: CYP27A1; RASL12: SUBI: GRIKZ;
KAZALD1; ZAK: RPS6KA2; NLGN4X: MT1G: BBOX1; GUK1: CFH: GNA13; CDHY:
SAFB2: SLLC25A4; ANG:; NDUFB6; CBLNI: PILRB: KHDRBS2: SNX3; NBEA: MFSD3:
RPS6KA3: CDKN2D; CYP232; ALDHILL; PIPSKIB; RFX2; NNAT; VIM; GPHN:
MACF1; ADAM23: UCHL3; PDGFRA: HSPBPI; TM2D3; LMO3; MBD6; DLG3: DECI:
RTN4R; SP8: R3HDM1; KCNAB1; PTGES2; TGFBR3; ADHIB:; CNOT7: V8IG4; GABI,
IQGAPL: ECHDC2. SPATAI8: PARPY: KRTCAP2: SPEN: ANXAS: DYSF; CYP26AL;
LMBR1; MAP2: NUMAL: CDKS: ACO!: SLC16A2: KONN3: CDK5: RHOQ; BSDCL:
RRAGE: PITPNB; CRYAB; CAMSAP1; DUSP6; PHGDH: PIAS2: SOX4; SH3BP4:
LRRFIP2; CLEC4G: BAZ1B: SMOX; ANXA4: SORES3; PTS: DLAT. UBE2D2; VPS29;
ATPIB1; ACTR10: PRECD; CPS1: ZFYVE26; RAB3A: SLCOAY; LPINT: TIMMI3:
SLC24A6: CLCA4: TIMP2; TMEMG6; AQP4: LMO4; PMM1: PRPS1: IARS: KLF13;
EFNA1; FAM3C: CPTIB; BCAP29; PRELP; SIPA1L2; PPPIR14C: GPRCSB: SAVI;
TIP1; ARLAC; CAPN2: NHPZLI: CASB: WSB2: ADIPOR2: CDHS: BBS1: APEH:
MDM1; SIAH2: TBCID7; CRKL: ZNF277; PTGDS; MICA; GABRAS; FNBP1: SET:
CRMP1: MAZ; GOSR2; STRAP; HIF3A; B4GALT4; GSTK!; CHD4; FTCD: FANCG:
ATPSFI; CBLN4; MVP; SORT1; NEUROD6; STOM: PLTP; RAPGEF6; LCAT, PLD2,
DDIT4; CRYLY; RPS6KAT; HSPA2: PSATI: THOC: PCMTI: IFIT2; SMPD2; KCNI2:
SLCO?ZA1; ENSA; WDR17: MED12; AP3S1: PDK4; CACNB2; NMEL; HS6ST2: ADD1;
ZCCHC17; MYB; SNAPCS; SLC27A3: PKD2; UBE2V1; SLC30A3; JUP: ARHGEF7;
SLC38%A2: RNF130; CEP6%: TPD32L1; HOMER?: IL13RA2. VAMPS; DNMIL: NPTX2;
RTN2; CONDBP1; ACTL6SA; HZAFY, BRE: CAMK2NT: MRPL3; SARS: AHNAK;
GPM6B; LDOCIL; NECAP2: POGZ: BAI3; XRN1; HCLSI: GUCA1A; PLEKHA4;
CGREF1; TENC1: ACACBE; MAN2CE: MCTS1: SGIP1; ZXDC: TBL1X; DYNLL2:
KCNC2; GPT2; LPL; PSMA1; CRHBP; HIVEPZ; DTNA: HES4: SYT17; GPBPILI:
GLTSCR2; STATSA; ZNF329; SCRIB; IRF3; DLGAP4; SWAP70: PJAL; KPNA2:
DCLREIC: CASP6; PWP1L: TUSC3; NELL1; C7; SNTBI: S100A10; RAB3IL1; MARCKS;
WES1: FAHD!L; PPPIRI3L. BAZ1A; LANCL2: LEPR: NME7, SUCLA2: RYRI: KCNKI;
MTIM:; MEGF10; TXN; FLCN: TTC18; TNFRSF10B: UCN: SLC15A4; RDH12: RTN1;
SLC25A1; PILRA: MGST2; CP; NDUFB2: GABRG3: HMGCS1; PRDX6; ZNF393:
RTN4RL1; ATPSAL: NPL; ACSS2; PARP11; HSD11B2; FNDC4: ARRDC4; SLC25A5:
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KCNV1; PARPS: ARHGEF10; MX1: LRIGI:; CPSF1: SNURF; MRPL4: PLD3; LZTS2;
NKTR; MYO1B; PPPIR7; DIO2; RAF1: TMPRSS3: CASC3: SEC61G: HINTL: PBXIPI:
PCDH10: BGN; CHRNA4; PLEKHB1; KCNH7; DYRKZ; TBCID2B; STXIA: SLC25A3;
POP7; FZD7, CTDSP2; SLC37A3; NEBL: CIAPINI: PMP22; ANKRD39; MATN2;
LAMBI1: DOCK1: EGR1: FGFRL1; LSM3; GPC4; MAPILC3A; SCAND1: UBE2T:
MGSTI; PRODH: COL4A3; TFAM. ISLR; BCL6; SMYD3: PHACTR4; DNALIL, FNDC3;
CIZ1: RFX1: GYPC: IFTTM1; HAPLNZ: NAPIL1: SNX25; FHL2: HSD3B7: CACNAIH:
PIGN: BCAR3:; COMMDO; TPI1; SEPHS2; DSTN: CDCAS: PLOD3; ATPZB2: DLXS;
MRPL33: ANKFY 1; LIMK2; NSF; HMP19; CAMKK2: OTUB2; RYR3: NPC1; APC:
MAGEH1; METTL6: CHST3; SNRPD3: STEAP3; ZNF3: AADAT: ITGB1; PRSS23;
SLC39A11; MAPK I SNCA: NDUFA4; SHANK2: GALC; ATP6APZ: GTDC - TMEM43:
VAMPS: ENTPD3; RAB40C; LRRC20; HMGCR: ROM1: COMMD7; AKAP12: VPS23;
PLCD1: LGI4; OXCT1; RBM12; MAP3K6: PGAM2; ILK; FEN1; NLE1; NDUFB3;
ACVRZA: RARRES?2: STSGALNAC3: NGFRAPL; CSMD1: PDGFRL: ST3GALZ:
FBXO3; GUSBE: TACC2; ZNF436; FSTL3; CLASP1; SEHIL: KCMFI; SELL; CRTAP:
TRIM56; CAMK 1; PCDHB3; ZFAND2A; KONS3; FCHSD1, RAB2B; MTF1; FGR;
TNFRSF18: POLR3K: CHCHD2: MRPS17; PORCN: PPP2RSC; PC; CAST: FABP3:
SRPX: CDKSR1; RAPGEF3: PLCB1; LYPLAL: PDE4D; RTKN: RABLS: NCAM2:
RGS16: HEPH: BUB3; NFKB2; STS; FEZ1; LMNA; MDH2; GNRH!: LGALS3BP; SOXY;
WBP11: ASCCZ: IGF2R: SPATA7: KLHDC3; TTC21A: HERCS: NXF1: HSPBES; AQPI11;
WTAP: SMAD4:; CGN; WDR49; COLYAT: KCNMB2; KLKB1: POMC; SIN3A; PRPS2:
PAK1: MANBAL; CLSTN3; PPP3CB; PHLDA3; SLBP; CNTN6: ZC3HS: ABHD4; JAZFI:
BCAT2: GRB2: TNFAIP1: G3BP2: ERBB3: PPPICA; KATNALL: UBE2Q1: MYL3;
PGK1: MYQOB: NFKB1; ATP5G3; MRPLAS: RABEPK: APBA3; PSMAG: NUDTIS;
TIAPL; 42066; NRN1; PYGB; FCGRZA; CDH12: HSD17B4; ANKRD49; CDHI2; RPRM:
LMTKZ; NDUFS3: APOL3; CRYZL1; TRAPPC4A:; MKKS; SPG20; NFATC3: POMT2:
DVLZ; PSMBS; DABL; SYNGR3: KIFI3B; PPMIE; ARIHI: STRBP: TMLHE; SMPD1:
MAOA: RPL41; NTNGL; EHDI: SLCO3AL; TIMPI: TPDS52L2: CDS2: VRK3; COLTAL
ATRN; CACNG3; SRPK?Z; CDC40; GRM7; PDCDI0; SEMA3B; UCKL1; VGF; TMEFF;
EXOC6: HEY 1; CHDH: ACINT; MAP2K4: BCAS4: MAPK9; MAPK3; MRPS33;
LONRF2: SLC39A4; APOD: BBS2; SNAP23: ADD2Z: ZHX3; PAK2: SMAPL; PRKACB;
PAIP2; RGS7: EMP3: NSDHL; PLEKHA7: PPIH: FYN; SNTB2: TSFM: RPGR: VTIIB;
INPPSF; GRAMDIC; MUCT; TPST2; MRPL46: CLTA: ZRANB1; RHEB: COX6C:
TNFRSF11B; EPHAS; PDHX: KCNIP4; PRRT1; CHD9: OSBPLY: SMAD3: OSBPLIiL:
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POLE: ANKRD35: CDK7: PPPZRZB: RFX4: KCTDS; GOLPH3L; PPCS: DYNCZLIL;
CALCOCO1: LHFPL2Z; ATG7: KDELC2; UBE2G1: SLC12A9; HLA-DMA, REBMI8;
CDH19: ADCY 1 PIM2; RASEF: ABCA1; MRPL55: TMEM39A: SMADS; CDKNIC;
ADRE1: PDCD6; CAP2: CD163; UCK2; GNAL; WDFY2; SLC1SA3; DPF2; ARLSA:
VAMP2: NECAP1; ADK; LIFR: NETO1: SLC35B1: WDR20: TUBG1; RABI15: HDACI:
PSMAS; CWF19L2: HECTDZ; PDRGI: PCDHS: LRRTMI: METTLL; SPOCKI: ATP5GL;
GHITM; MOGAT1; QTRTI: CCKBR; ARAF: DPP7; STARD3: OR7AS: RALB: RAD3IC;
EGR2: PPP2CA; CHI3L2; ARFIP2; RNF135; SSH3; UROS; TIMMSA; EGR3; NEO1;
CTNNAZ; HMGA1; NDRG3; ITPK1; PITPNM2: HLA-DMB; QDPR: B3GALTS: ITGA2B;
SNAP25; MTM1; POLE2; CAV2; NFS1: USP47. RIOKI; RGS4: ADD3: MAT2ZA: NKX2-
2. LPP: LOMTI: ATPIF1; SUMO2; TFBIM: TL20RA; TFAP4; MLH3: RUNXIT1; EPHA4:
SLC26A11; SFXNT; SLC11A2: MAEL; CHCHD3: YAPL: EIF2AK2: GPR21; SLC29A1:
UBE4B. CHRNA7. ARHGAPS; NEDDS: UST: NAV3; PCDHA3; ZNF226; APHIB;
MRPL1; MAP3K13; MID1PL; GABBRI: MICB; COND3; MAPKAPKS: DDX23;
RNF175; PUS1; RASGRFL: LAMCL; NPAST; ATP6VOC: HLA-DPAL; INPPSA; STMNZ;
ERBB2; NDUFB5; ACATZ2; FIX1; DMXL2: CD86: CFLAR; SAEL SLC25A25; E2F5;
PRDXS: CITEDL: SYP: SLC30AS: DNASEZ: DDX10: ELAVL2: DPYSL3; LEMDZ:
SPTBN1: SMUG1T; LRRCSA; COPZ2: LITAF: DHDDS: UBE2W:; ARMCS: FMNL2:
ZNF692: TCEAL7: RAN: YWHAB; CNKSR3; CDA; CHL1: MCM2; ACOX2: HDC:
PACSINZ: ANXAZ; COMMDE: HSPB3: PYGL: MT2A; SLIT1: WASF2: SUPT6H. SQLE;
NCOA4; CHGB; RND1: TRIM22: IDH3B:; TRUB1: NLK; EDN3: TMOSF1: GNA12:
MAGED1: GSS: CREB5:; SNRPA; EX0OSC5: RBM6: NRIP2; HRAS: PSAP; PCP4; ASNS:
GIA1: CONH: PTPRN2; WDR6: HS6ST3: SLC30A7; DBL PPP2R1B; OGFR; SNX17;
PHF1; EEF1D. ANP32B: SDC4; ZNF217; UACA; AGGF1; PON2: RPAPL; NKIRASI;
RHOG: NDUFABI: BTN3A 1: LGRS; PKDIL2: SEC24C: GABRAL: CCDC28B: GDAPI:
FUT9: CGNLL; GDA; AGT; ACTN2: AKT1; MTFRI: DYRK1A: SREBF!; ME3: RENBP;
STX12: ELF1; CREB3LZ; CEPI35; PTTG1; CCPG1: UNG. MGEAS: LMNB2: CBLB;
PTPRU; TTC19: GSTP1: IFT140: RAP2B: TOB2; PRR7: SLC7A2; EEFIE!L: CCT6A:
KIF7: PFKFB2; SUSD1; PLCL2; EIF4E; RHOA; TNPO1; UPF3B; PANKI: UQCRC2;
KCNK4; SPA17: USP46; CBX6:; MRPS30; BOK: CBX4: MRPL36: UHRF1: RFK: OMA1;
GAP43; AKAPI3: CD22; ACVRL]: TRADD; CDO1; OCA2; SIX5; MUM3; PIAS3;
MPPED?2; EVIZB: EMX2: PONXL2; LZTRI: SLC25A15; STSSIA3; MTIE; EWSR1;
ABCCS: CLK3: ACBD6; B2F3; TPR; FAMSB: SLC44A3: TL15: DNAJC18; PARDGA
ANGPT1; SCARB2; RHBDF!: TRAFS; MT1H; SQRDL; ARF4; RPUSD3: MAPT;
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GDPD2; ANXA1; RXRA; SCO1; DUSP2: ADRAID: TNRC6A; SERPINFI: F$; SASHI;
TST; CHST6; ASXL1: SERPINB2; NKX6-2; TMCO4: CACNB3; NRG1; PDGFRB:
CCM2: ZNF384; PLXNB3: PMP2; COX10: DUSP3: TCEALI: ATHLI: PCDH7: MFAPI;
AP3B1. GPR17: DENND2D: GMNN; ZNF626: CTDSPL2: PTPRN; BNIP2; METAPI:
AK2: SFRP1; SEZ6L: ALDH2: CRYGD: CA11; RARB: EBNA IBP2; DDR2: ZMYMI:
TSPAN17. PPPIR3D: MAPK10; PSD4; SUPT4H1; PCF11; CDKN2A; DHX36: S100A11;
RUVBL2: SEZ6L2; ERP29; CLDN15: COL21A1; EYA2: TAF9; TP33BP1; CHSTI3:
STATSB; LRP10: SNXS; TFAP2E; RBL2; PPPIR10; COL24A1; RTN4: TNFRSF23;
CAPN3; KIAA0355; FXYD5: CRB2; STESIA2; NSUN6; TMPRSSS: RSBN1: DPM1;
PANKZ: FRMD4A: CNKSR2: TMED3: FXYD1; SLN; ABLIM1; NFKBIA: ARHGEFI;
TTGA6; ZIC2: TRHDE: ZNF175; ALPK 1, DPM2; SELENBP1: TCP1; ING3; CLIC4:
TLR2; NGEF; SYNCRIP: FCN3: SMS; SSPN; CHMPS; SLC4A 11 STAGL; SOX13;
SLO25A20; STAGALNACS; HSPA4: NSUNS; UCHLS; TUSC2, CTNNALI IFI35;
CAPNY: FGF2; SSFA2: CHRFAMTA: RFC4: RAB31; CCT2: SPTLCL: SYTI: PPPIROB;
RPL23A: RALGDS: EHMT1: CD300LB; PABPN1; STRC; NDFIPI: RNASET?: 1SG20:
SOCS2; ARPCSL: SCRN3: TNFSF4; ANKMY?2; TUBGCP6; ARHGEF17; CTNNEL;
MTX2: KIAAO195; RAPGEFL; CBR3:; ARRB1; PHF21A; CYP4F11; CTPS2. BAGALTS:
BMPR2: ACTRS: ARMCX3: CTTN: NCSTN: GIMAPL: AP2S1; GREM2; PPMIB;
MRPL12: NFATC1. CMAS; PHB: DPY 19L4: PRRG1; TMCC2; PPPIRIA: PKN1, IFTS8;
ZNF324: VPS13(: TMEM2; GRK5; MAPREL; LRRN1; DRP2. DST; CPNE6; PPIL1:
SLC44A2: FCER1G; PAICS; ZNF224: NNT: ABCAS: ZNF667: RPL19: S8SCA1; KONGS;
FMO4: EDN1; GDPD3: YPEL3: ZNF573; UQCRQ; ZNHIT3; SENPS: CNOT10; ACTGL:
PAK6S: LMAN2L: PRSS3: DOC2A; TROVE2; HTR2C: RFWD2: RBP4; KRAS; RASA3:
RNF11; S100A9: CLU; IF116; NABP1: SCAMP1:; SMO: SLCO4A1; APBBI1: GRIAL,
TXNL4A: TNIP2: TL17RC; PCSK1: PSMB6; DYNCILIL; FSDIL: CALDI: SLC25A18;
CLMN; LRRC48; NOTCHI: MMRN2: DUSP12; SCAMP2; DNM2; KIT; CYCI: BAIZ;
NADSYN1; LYSMD2; FKBP3; TBRGI; EPS&: DLGAPL; NEK3: CYP26B1: PDE1A;
LNX1; WNT7B: NTRK3; SERPINIL; CCNI: KIRREL2; OCIAD2: BAG3; WIPI1; ELP4;
RPS6; SLC35C1; AATF; USP37; VBPL; UCHLL: DOCKS; CAVL: YTHDC2; MAN2A2:
RBM17: 8SDK1: CLCN7; NDUFS6; ACADL: LRPS; AACS; CDS1; ALDH6A1; PRTN3;
PTEN13: XPO7; USP54: LY6GSC: VPS41, YPELL, ADCYAPI; CRK; HISTIHIC:
SERPINF2: MIERL; PDLIM3; RPS6KB1: FAM49B: KRTS: ADAM1S; TTC4: CD14;
NBL1; ZNF606: FIBP: RAB11FIP2; FAMI9AS: ARL15: WEEL: NPEPPS; ARX;
TBCID19: CUEDC2; IRF2BP2: GNL3: FANCC; PTPN3: SENP3: ST3GALS:
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GABARAPLI: PLA1A; THBS4: LDHB; CDHI; TMEMI4A; VDAC!; APLN; KCNHZ;
PCDHAC2; CELSR3; NRIP3; CTDSP1: NIPSNAP1; TLE4: CDC42SE2: HCN1: GNPTAB;
XKR6:; ETV4:; HELZ: SLC26A6: DLLI: AASDH; EHBPL: SYCEL: RGS14; HSBPI:
FPOR: CHUK. DFFB; GAS1; GLRB: ZNF189; ALDH3A2: SLC25A27: RBBPS: KCNK2;
CLN3; TEX14; KCNQ2: CEP164; GSTM3; SLITRK1: DYNCII; STARD13: SLC4A2;
RNF128; SLC44A1: TNFRSFIA: WDFY 1; NUDT18: KIF3A: DHRS1: MAGEF1;
NDUFC2: NDRG4: PRAML; DCE; BCLAF1; ZDHHC3: DIYX54; NOL3:; RPL34: PSMA4;
ACTAL: TCF12; TAGLN2; CACNB4: NDUFA11; PSMB7; RASSF4: ST3GAL3; TRIB3:
HIST3HZA; ECH1; STK36; IL4R; LSM4; DPH2; RTN4RL2; SDHB: NUBP1: PHFS;
ETV3; ZNF451; RNF14; ARHGAPI7, EXOSC6; ALDHOAL; TRMT1. ARRDC2;
SEC61A1: RHOC: DISP1; EPB41L4B: BFAR: PEX11A; ACSL5; FSTLS; USP7, KLHLS:
MXRAT: SPON2; PSMC1; SEC23A: HDAC6, MRPL15; CPNE3; SGCZ: HPCA:
PPPIR1B: OSBPL6; SCARA3; MRPLS4: ZFYVE21, FOGRT; SLC31A2; TOMM22:
PRDMI0; YIPF6: PSMC6: LRRN3; RASALL: SPONT; GLIS3: TTC23; MYO18A; HBG1:
ADAMTSS:; MAPKAPL: GSR; ANGPT2; PROS!; CHKA: AHCY: NEDD4: DERA;
COPS7A: EIFSB; ZNF146; TMEM14B:; GATAD1, WDR7S; IPG9; UTP11L; CNNM3:
PSMDS: YESI; SORBS2; CACNA2D1: TNFAIP2; POMTD1: FAM9SC; IVNSIABP;
LTA4H: RAB3B:; RPLTL1: DARS: CBR4; OFD1; GPR176; PLK2: INPPL1; C3; HMGB3;
LIPE: ASCL1; RPS26: ACY3; MEF2A; CHCHD1; HIBADH, WHSCI; ZBTB20; DGCR2:
MT1A; PPAP2C; AHSAZ; SYNGR4; TNK2: MAML1; ANKRD10; PCDHITY: ZNF710;
B2M; MRPL11: MYO7A: ATP6VIA: EIFSAZ; RNF103: PREP: IGSF3: SPAG!; SFTID3;
TEKT3: CNTH2: MRPL3S; STEGALNAC?; CREG2; AGTRAP; ST7; GMPR?; PLEKHFI;
CLIC1; CD109: MATR3; MRPL20; CSF3R; NDUFB1: STK25; TLRS: MAP2K1;
ZBTBROS: PROM2; CNTN1: TAGLN3: ANKRD46; LEPREL; $SX2IP; ALS2CL:
CHAF1B; KLHL24; GLUDI: GBP2: CDKN2B: FAM92A1; BBX; PEX11B: TCF7L2;
CAMKV; ABCAZ; NIPBL; PLOD2; NFE2L2; FLNB; RNFS; MEF2D: NRGN; SELT:
TNFRSF6B: KUNT2: DLD; SLC2A14: MAGEDZ: ZNF544; BTG, ELL: HTR2A:
RARRESI: BRD4:; NUDT22; EPHAZ: STARD3NL: GAS6; ARPC4; MXI1; PDK3: ETV1:
LICAM: CSPGS; CIDEA; IFNGR1I; KITLG: PGMZL1; TRAF3IP2; TMEM31: ECHDCL:
MRPL30: PIGM; TGM2; LLGL2; RAB10; PCDHA12; LCP1; TSC22D4; SMOC1; MAFIL:
ZBTB33: MAP3K S, SPRY4; FADS3; TRIM47; CLNS: HLA-DPB1; AUH: PCBD1: TEPI.
ACSL1; BAIAP3; NICN1; CIC: PPARGC1A; ENY2: NOVAL HAVCRZ; GPR3; SNRK;
CDK3: OMD; TIMM23: USP10; SLC25A37; OTOF: FANCE: PELI2; KONG3; PIGS:
PSMC4; NOG: TBC1D10A; APOBEC3B; SYT5; TCEA2; HPRTL; AAAS; CTRL: SRRM1;
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MRPL16: ZZZ3; HIVEP|: HLA-B; HK1; MANEAL: SEPN1: OGFRL]; SNRPDI1: AASS;
DYNLRB2Z: ILF2; LYPLA2: FBX02: DHX32: TUBEL; WDR61: PPPIR11; ANAPCT:
PDIAZ: NPM2: BYSL: TTGBS; SHC4; PURA; WASF1; USPI2: MADD: HEYL: PTPRT;
ZNF529: SDCCAG3: CD74; LRRCEB: ZFP36L1: TSPAN2: PPP2R2C: ADARBI;
PSMD13; AZINI: MRPL47; TNS1: MAMDC2: PCBD2; SLITRKS: RANBP3; PMPCB;
GTFIF1; LILRB3: ATXN1: TACCI; PINK1: CAND1; ST1%; SEMAGB: LIG4; ANKRDY:
HSD17B1; LYZL4: STABI: PLAGL2: RUVBLI: ACSL4; TRPCG6: PKN2: MLLT11;
TGDS; COQ2; BCM2; PCTP; RNF4; RACGAP; ATPSL: ZNF471; COL23A1; PSMD2;
DAAM2: NCOAL: HSPD1: MBD1: RCC2; FBN3; ZFHX4; C3AR]: HZAFY; OSBPL10:
PRKCSH: ABAT: SRGAPL; CD40: BHLHBY: LRRC32: CNTNAP2; KCNJ12: SLC1AG;
PSD2: TM6SF1; MYHY; SERPINA I: CDC42BPA; BCAN; ANXA3: STAMBPLL; ASH2L:
PACRG; COXTA2; AKRIBL; HTR5A: MAPIB; KHDRBS1, WDR77; LEPROT. SGSH;:
PPIL4; PCDHAIL; MOV10: SPTBN3; DACT1: PTPN6; UNN3: NINJ1; CALM1; CEBPB;
SLITRK4: CERK: NEGR1; IMP4; MAP7: SNAPC4: MAPK 14; DPYSL2; NR4AT:
CCRN4L; TSPAN32: TM9SF2: NUDT6: SYTL1: UPPL; STAT6: CHD1:; MCMS; 42064;
GAK: SNRPB2: TBCiD14; CD38; CDH10: AMPH: PLCEL: MESP1: PI16; POUSFI;
STK11: MORC4: NONO; UBL7; MAEA; XAB2; ANGPTL4: GALNTOY. MRPS34; NIN:
POU3F3; CNOT6: BIF4EBP2: TTCOC; TSPANL3; PITPNCI: TORIA: BNIP3; NFIA;
ANLN: B3GAT1; ARFS; TMEM63A: S100A6: ALDH4AL; ZBTB40; CLTB: UQCRC,
TRIMI7, CCDC34; RNASE2, HIFIA; SYNGR1; SIGLECS; SLC20A2; DNAJAL XPC;
RDX: DIRAS2: PLCB4: PDCD4: PGAPL: GALNTI4: TYRP1; ZNF330; GP9: MYO10:
CNTN2; SSR1; NBPF3; TGMI: SORCS1: TUBB6; POLDIP3: LYAR: SFPQ; TIMMSB:
PTPRA; CNR1: HS68T1: RANBP17: LRP2; PCGF5: PPP4R1; ZNF34; BCAS1; YWHAG:
TAF4; KCNJ11: TIMELESS: UBEZN: FNBP4; MCMS: COPS3: SOX5; WDR4T: ZNF303;
XPO4; UNCSCL: WSB1: ZNF491; C1QB: HOMER3; PXK: SYNGRZ; TRIM38; DOX1:
FGF17; RNF20; ZC3H11A; CAD; MECR; KHK: PYCRL; MRPLY: SPSB2; MAL:
ARID4A: LRRTM3; BTNZAL; PLCGL; GNAZ. VWAL KCNATL NEU3; ZMYND12;
COPS5: HNMT: COXTB; STXBP6; SLC2A13; ICMT: ZOWPW1: AKRIC3: ITPKA;
ZBTE39: RPL36; SSH2: IMPA1; STAUZ2; PPMIA: FBXL7; TSNAX; DPP9: AKAPSL:
PEA1S; TMEM47: TAF1C: PFN2: SUPV3L1: DPYSL4; SMARCALT, ZNF558; PTK2;
LY6E; NUDT4: NEXN: PHF15; BTBD3; MTMR3: SLC35F3: HSD11B1: SMARCCI;
KIF1B: POLR2D: CHML; ST6GALZ: UXT; GLTSD1; PRKCH; CDCI4A: ITPR2;
OSBPL2: PTPN4; TMEM39: GORASP1: ITPR3; CYBE: IGFBP7: STK32C; GNB2L1;
TRAM2; MARK 1; LPHN3; 8P1; PLEKHAL; KCTD9; NEDD1; VTN: MAFG: RTN3;
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RING1; TLR4; ACP3; ABCG1: GIMAP4; UNC3D; SMYD2; SLIT2; TOMM20; ADORA3;
PPFIAZ: HMOX1: HLF, NDUFA12; ARPC1A; GNB1; PLAGL1; RAVERI: FAMIOZA,
POU3F1; RASSFS: KONJI3: ZNF326; TTF2; TOPL; BPSIS: GGA2: ATPIA3: WDRSB;
LAMB2; MICALI: IKBKB; SCUBEL: PRKARIA: CCNEL: SAMDS; CUBN; CACYBP;
CXCL16; KALRN: TCF7L1; FAMS9A: SLC30AS: BCKDHB: TRIM28: GPRC5C: KTNI:
GPRASP2; BTD; ARNTL: EIF2B4: CD39: CALCR; ARL6: ROCK2; PDETB; LYPDI.
KCNA4: NDUFA7: CBLNZ: LDLRAPL: CC2DI1A; PTPLAD: TRAFD1: COLIA2:
MAPK13: KATNAL: CSNK1AL: SCPEPI; TP33BP2: GRIA4: CDSA; TAGLN: LRRC3B;
TRIM32; TBL2: PKIA; LRIG3: CAPZA2; OSTF1; ERCCS; RBM14; YTHDF1; RFXANK:
COL11AL; ZNF259; FOXQ1; PRSS12: RTP1: HMGB2; RHOT1; MKNK2; RRAS;
ILIRAP: KPNA4: OPRL1: KCNI6: UPF2: MOCS2: MXRAS; FADST: BCLY; SLCI2A4:
STK38L. HISTIH3: ZBTB17: AMPD2: EIFS; MRPL13; ZNF333: ATP1A1; WDR70;
COGS: SPG21. CRIPZ: BASP1, ZFP64: FBXO17; COL6A1; PFDNI: KIAA1033: AUPIL;
SLCSA3: TEX261: MAN2A I: RPL4; PRICKLEL: FBXW11; MRPL39; ANAPC4; PNRC1:
PPPIRI2C; BCL2L12; HAGH: LTBR; RANBPI; CDANI: CDTI; PIK3CB: LRRC36;
METAP2: GMDS; CDH26; PSME3: RBPMS2: ARIH2; ATG16L1; LRRC40; CCNB3;
MAP4K4: TMEMS5B; ITGAS: ARC; ZNF77; NMES: MRPSS: DUSP7; MBTPS1: NLN:
CTNS: POLE3: IPT81; NSMAF: STX6: NPAS3: MIF; KIAA0386; CDKSRAP2: TP33111;
FYTTD1; PTCD2: BST1, NXT2: RTN4IP1; BCHE: FOXIi: CBX7: CAMK2D; ABCCY;
HICZ: IPO7: PIGA: NMNATZ; ZCCHCS: FOXP2; MTCHZ: TRIMZ:; GABRAZ: RNFS;
NOTCH2; MRVIL: TFPT: ACSL3: FMO3; CHI3L1; CSH2; PDHB; CATSPERZ; CHPTI:
SMG1: SLC1AS; CD33: SOX8; TFCP2: TK2; SHQ1: ARID3A; DDX23; DPPE; VPS33A;
ZNF443: COPZ1; P2RX2; YTHDF2; SYMPK: EFTUD2; IL6; LIN7B; HIPK2: CYP2AT,
YIFIB; TULP3; GSTM2; P2RY2: ARNTL2: ZNF274; CD53. CD2BPZ; IDI1: DOCKZ;
CSNK1G3; MNST: S100A8; HMGN4; CDH23:; CLIC2; AFG3L2: ELK1: STX11: MIPOL1;
USP2; ADAM22; ZNF577: SYT11; USMGS: TSGA 10; FBXO16; SLCSA L, VPS54,
ZDHHC16; AMICA1; CHN1: KIF1C: GPR34: TFRC; ALK: ANTXR1; APZM1; TFEB;
TM2D2; NANOG: SLC25A35: ATP2CL; PCSK6; DCTNG: ZNF234; CONB1: GLYCTK:
GLRXS: HIPK4; ARL10; ACTL6B: GPR4: ACSLG; RNF185; VCAM!: PDESD; CLSPN:
ARPCS; B3GNTS, MAT2B; FGFR4; PACSINT: CLON4; VPS853; AK3: PXMP4:; HPCAL4:
TRAZA: RNF126: PVALB: UBEZA: CDC7: RDM1; CKAP2: MSH3: EFEMP2. PCCB;
CRTC2: FBLN1; LAMAS; TRIM21; AKT3: DANDS; ATE7IP2: NKIRAS2: DCTNZ;
SLC9AT: NLGNT; LRRCSD; TBK1: ZNF155: MYLK; ILKAP: FSCN{: SEMA7A: EFS;
LDB2: ADAMI9; CYBSR2: FDPS; SLC13A3; FBX030; LAX1; LMO7: JUND:; TAOK2;
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TIMP3; GPR146: RPP25; TOBL: PTMA: SULTIAL; BAGALTI: KIAA 1407, ZP4;
TBCID15; GPR37; PTPN23: RNPEP: LRCHI: FILIP1: HIP1; RPS6KAS; SLC25A26;
ABCC4: NAGLU: PCSK2: AQPS; EMILINT; GRIA2: PPAP2B; ARVCE; EIF4E2; H3F3A;
GOLGA4: IFT52; HLA-C: DDAHZ; ADAMTS20; LZTFL1: SPAG6; GTFZB: BICD2;
SPAGS; RGS9; SPSB1: TSPANG; MED31: RPLP1; KEAP1; NPDCL; LRBA: SAP30L,
SP110: TSPYLS: ANPEP; PPP3CA: YARS: ROST: GAL3ST3: LILRAS: BST2: GCLC;
GPRASPL; ACOT4: LIF: PKD1; TCERG: RANBP2: TBCIDI3: CSTB: RPS16: TDRD3;
CYP2F1; MYOZ3; GSK3B; DGATZ; SLC43A3; RPL6: RAB39B: DTX2: SH3GL1; AHR;
IL11; PPAL DNASEIL2; CDHI3; ZFPM2: IFIT3; NEFL: PHLDB1; CAPNS; PSMD14;
CSNKIGT NRCAM; SLC35D2:; ADRBKZ:; GNGS: CDY; PARP16; RAB3B: ZDHHCI:
POLR3H: SCGBIA1L: SLCTA6: NUP43; GARS: BNIPL; TARSL2; LCN12; COL8AI:
TRAPPC6B; NAPA: PPIC: SOX11; SIRT1; CSNK2A2; TMCO3; VASP: ADCY7:
SLUSA1L: C1QTNF6; CENPJ: CD300LF: ABL1: PROMI: FAM64A; SLC39A6; RRBPI:
BID; NR4A3; DRD4; ADAMI1; PKIB; TMEMS7A; SLC6A16; LHFPLS: SUCLG2: NDE1;
ZNF417; CLULL; PODN; DGKZ; KCNNT; TCIRG1; ACADSB; SLC35F2; SLC6A12: CS:
WDR33; OSBPL7; PAN3; WNK1: MRPS21; SLC43A2; ABCFI; TSPANT, PUMI;
DYNLTE; TRERF1: LYSH; APLP1: PAX6: NFKBIZ: NLGN3; LRRCU37B: LAPTM4A;
TRAF3IP1; GAB2: TECTA: TMEMS: MTX1: MORF4L1; DYRK4: GOTI: CANTL;
CHSY1: IMMT; CUL2; NABI: FLII; CXCL12; DCC; PTPN21: TMEM17: HDACY: HAL;
VPS16: SMARCC2, RBP7; DAB2; ZNF682: GOLGAT: CLTCL1; SLC16A4: DMTF1:
STK33; DDX42; GTF2A2: FAMBAL; NOL6: RABRB; RUNDC1; KONNZ: HINT2: F7:
RNF165; MTMRO; HISTIHZBD; F13A1: MAPKS; HEY2; ZNF383; CECRS; EPSSL2;
GLMN: NOS1AP, CYP2R1; DNAJCS: LAYN: FCRL3; POLM: GRMS5: GLTP, 50X15;
MYLK?2: PEX7: DMPK; VPS26B; MCRST: TRIB2. HPCAL1L: TM7SF2; RNMTL1:; RGR;
ZMYND19: BOC; CDC16; SIPAL; TGFA; ITSN2: GLTSD2: CLDN23; PDE2A: CNOT4:
NUDTI4; SLC9AS; PARP3; PPAPDCIB; POP4: PDIA4: VPS13D; NES; SERPINBI;
PLCD4; FBXO44; PSMEL OTUBL; PMS2. ATP30; PCDHB14; SQSTMI; BNIPL,
SLC1IAL: SNRPB: NSUN2; ZNF25: KONK 12: MRPL43; PTPLA: FBXO034: GPR62;
ASCLZ; SPRED2: FMO2: TPCN1; TNFRSF10D; ATPLIC; ZC3HC 1 GKAPL; MAGEL2;
ARRB2: ILIRL1; RASGEF1A; CLK2; MYD38: $818: CLYBL: GABPB2; KCNHI1;
NFATC2: SNX12: RNASEHI: GDPD4: ARL13B; QPRT. HZAFV: OTUD6B: PLEKHI1;
GUCY1B3: POLDI: BAIL; ARHGEFS; ATP2B4: ANKHD1: NTSR2:; NAGS; HSD17B3:
H2AFZ: ID4: RHOV: DRI: CCDC25; CYP20A 1 SCIN: CALMLS: APCDDI; EBI3;
SCFD2; GRM2; ETFA; DDAL; UBEZH: LEPREL1: LYSMD4: SMCR7; ADHIC: NME3:
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COLI8A1: ANKRD40; RHOJ, ANK2: GGN: HDACS: MAPKSIP; INSM2; ABO; FTSJ1;
TUB:; KRTAP21-2; HCST: HOOK 1; PRDM2; ALGS: MAPRE2; UBRZ; CASCS:
TBLIXRI: DDX26B: CMTM3: ALDH3B1; MLPH; SGCG: KLF6: FASTK: STAM:
PDCDGIP; SPCS1; ZNF354C:; NEK9; PCDHACT; CDK2: MYCT!: SLC37A4: SLCYA3RI:
MOXD1; GNB4; DGKE; RASL11B; RAB27B; SLC39A9: STAG2; LCELE: TGFB3;
STXBP1; MAPKSIPZ: AGXTZL1: TIGD6, TEADI; WDR7; GPCS: WIPI2: ACSS1;
TMEDS: PHE2; OPAL; PGSI: PTPRCAP: TTCS; EZHL; TRIP10; KLK6: GUCY1A2:
LSMI0: HS3ST1: ATXN7L2: PPMIK; CPD; FBX036; LRRC?; UBTDI: PLP2; NDUFV3;
ARHGAP26; EPB42: LHPP: OSBPL1A: ABI3BP; PPP2RSE; DNAJC19; COLECI2:
MAP3K3: TRAPL; CASP7: MSX1: ITGBI1BP1: SYT7; IRX3: GABRGZ: NAP1L2:
LMOD1: HPS4; ATPSH: USP14; CLEC2B; ABCF2; MYCN; ERBB4; SEC14L1: RBM15B;
[F130: WDFY3; CREB3L4; PIPOX; DNAH7; EPB41L5; GRPELIL; RPS29; ELOVLI;
MRPS36; PTPRI: ASGR2; NEU4: SORCS3: PLLP, CCDC15: NUDTS: KCNC4:; ROPNIL,
DYNCILI2: COIL; SLC22A17; FBXL2: SPATS1: NCOR2: FAH; B3GALT2: LRRC49;
KCNMB3; CAPN13; TRIMS52; TRIM6S; RPS27; TRIM23; ITIH4:; ARSD: PON3; CMTM4;
ACADY: BOLAL; PRKCA; ARMCXZ: PDCD7; CCT7, GNAO1; PRKDC; EIF4G2:
ZNF222: PEX5; PRDX3; CHRDL1: RANBP6; RNF2: BDH1: RPLP2; SHANK1: CYHRI;
DTNBPI: NXPH4; TSC22D1; SEMA4B: GOT2: YWHAE: HAX L ATP6VID: ATPRA2:
ZC3H10, GCCL: NDP; GIA4: PPMIG: KCNH4: ZNF184: GNAS: CACNGI: FZD3;
PPMIL: SLC6AL: SDF4; BANKI; RUNX3; SNX4; CTSS; GGT1; SSBP1; WARS:
TUBGCP2; CPXM2; ZBTBS; CTBS: ARMCX]: PRAF2: PLXDC2; GNAQ; MAP3KT:
NELLZ; ENC1; REX0O4: CASK: GALK 1; FEX022: EIF283; ZNF691; RAMPI: CACNG4:
CPEB2; TYMS; MLC1: FAM46B: CHTF18; LAT2; ACAD10, PTPRD: DSC2: BCL2L1O;
POSK4:; PHF23; PHLDAL; PHKB. KLF3; TRIT1: HON3: SETDB2: MOCS3; ACTN4:
RBM23: PLAZRI: CBFA2T2: CDK2AP2; ULK2: MYOIF; TUBG2: ENPP2; SKP2: NRM:
SMARCAZ; ZNF514; RNF26; GABRD; ADHFEL; APEX2: MGP; NDEL1; WNT7A;
HYALZ: ANKRDI3C; EXOSC10: YAF2; GLUL: CLCN6: TTC14; PONP; PRKAR2B;
ZNF584: BCL10: MOVI0L1; ST13: POLA2; 42068: CYP4B1: UBIAD1; RPS3: SGTB;
WDR76; SLPI; FOXP4: BAGALTS6; INSRR; RFC?; PAQRS; PQLC3: TREM2; CYBA,;
CYP3A5: NOV: NAT6; PARPS; SH3TC1: SLC25A23; NUDTI6L1; PIR: PHIP: FAP:
GRIN2D:; FOXP1; PIK3C2G: HES6; PIGH: UPF3A; MS4A7; PARP10; USPL1; CACHDI1;
CYP11A1; DNHD1; TRIOBP: VPS35: CHMP4B: GRTPL; ZWINT: HLA-E: GIMAPS;
RIPK 1 MTF2; ZNF41; OXR1; AR; GYLTLIB; MEF2C: SLC3A1; CABINI: IRAKS:
RCBTBI; PLXDC1; KREMEN2:; ATPSIZ; CYB5R3:; OXGR1; MTAL, ACAAZ:
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SLC25A24; PLA2G2D:; NPHS1: ZNF423; SNRPC; CLPB: LDHA; SNX7: C3; TMEMG65;
CDKN1B; CACNA2D3; WIFL: PRKAGI: DCXR: VNN2; 42069; GNG4: GPR37L1:
GRM3; SYNZ; CREB3; NMI; CYP2C18: TACC3: GTF3CS; FAM63A: GRHL1L: TALL:
TNIPL; CRELD1; ZNF675; TNNI3; ZNF646; GLO1; CHMPS; DNAJC!T: CRELDZ; NAV1;
CASKINZ; PLXNCI: NOTCH4; ADPGK; UCK1: OPA3; MTTP; FBN1; WDR54: RBMX;
SELK: FATEL; CCT4; PRPSAPI; AGPATZ; CRISPLD2: WNTIO0B; CHD2: CLN6: BTG4
ODF1: GRIN2C: GIMAPT: SEMAGA: UBE2M; RAB33B; CYP1A1; UNC93B1: TTLLI:
CDIPT; LETM1: FARP2: IL15: COROIB; POLR2F; GALK2: SH2D3C: AXL: AKI: FUT3;
XPA: CEL: MSRI: CASQ1: NDUFAS; TMEM60; SORL1; OSCAR: PTGES; BLOC1S2;
SYNJ1: NRXN2: ATP6VIH: DHFRL1: NUP35: CORO6; AKAPT: ARV GFM2: RELA.
NGFR; NIPA2; GLRX2; and TSPANS.

106117] In some embodiments, the gones whose expression are significantly correlated with
chronological age arc determined using a false discovery rate of < 3% by linear regression,

and after correction for gender and batch effects.

{06118} In some embodiments, the genes whose expression are significantly correlated with
chronological age are determined using microarray datasets from one or more cohorts or
plurality of individuals. In some embodiments, the microarray datasets are transeriptome-
wide microarray datasets. In some embodiments, the microarray datascts arc available in the
art, including, but not himited to, Tgen (Myers et al., 2007, Webster et al., 2009), BrainEgtl
{nibbs et al,, 2010), HBTRC (Zhang et al., 2013}, and BramCloud (Colantuoni et al., 2011).

1806119] Selecting genes associated with aging

106128] Io certain embodiments, the invention provides methods for identifying and
selecting genes correlated with chronological age. Chronological age refers to the actual age
of the mdividual at the time the sample from which the gene expression levels are determined

was taken.

{00121} In a given cobort (plurality of individuals), individual genes are identified which
exhibif expression levels that positively or negatively correlate with chronological age.
Linear regression can be used to characterize the cormrelation between chronological age and

gene expression levels. For example, the lincar correlation between chronological age and
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gene expression levels is assessed using R’s Imf) function. Gene expression 18 plotied as a
function of chronoclogical age for every mdividual in a given cohort for cach gene. In some
crbodiments, the genes whose expression is significantly correlated with chronological age
arc the genes p-values of less than 0.05, less than 0.01, or less than 0.001. In some
embodiments, the false discovery cut-off threshold for genes significantly correlated with

chronslogical age 15 1%, 5%, or 16%.

[86122] In certain embodiments, cohorts (plurahity of individuals} used in the methods
described herein are subdivided into selected age groups. For example, a late-hife cohort can
be studied independently from other age-based coborts. In some embodiments, the cohort
mcludes individual who are over 25 years old.  In some embodiments, the cohort includes
mdividual who are 25 vears old and under.  In some embodiments, the cohort includes
mdividual who arc over 40 vears old. In some emboduments, the cohort of includes
mdividual who are 43 vears old and under. In some embodiments, the cobort includes
mdividual who are over 45 vears old. In some embodiments, the cohort of inchides
imdividual who are 43 vears old and under. In some embodiments, the cohort mncludes
mdividual who are over 530 vears old. fn some embodiments, the cohort of includes
mdividual who are 55 vears old and under. In some embodiments, the cohort mchudes
mdividual who arc over 60 vears old. In some embodiments, the cohort of includes
mdividual who arc 60 vears old and under. In some embodiments, the cohort inclades
mdividual who are over 65 vears old. In some embodiments, the cohort of includes
mdividual who are 65 vears old and under. In some embodiments, the cohort tnclades
mdividual who are over 70 years old. In some embodiments, the cohort of includes
mdividual who are 75 vears old and under. In some embodiments, the cohort includes
mdividual who are over 80 years old. In some embodiments, the cohort mncludes individual
who are 80 years old and under. In some embodiments, the cohort inclades individoal who
arc over 85 vears old. In some embodiments, the cohort of includes individual who are 85
vears old and under. In some embodiments, the cohort includes individual who are over 90
vears old. In some embodiments, the cohort of inchudes individual who are 90 years old and
pader. In some embodiments, the cchort includes individual who are over 95 years okd. In
some embodiments, the cobort of includes individual who are 95 vears old and under. In
some embodiments, the cohort includes mdividuals who are between 60 and 63 years old. In
some embodiments, the cohort includes mdividuals who are between 65 and 80 years old. In

some embodiments, the cohort includes individuals who are between 80 and 90 vears old.
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[86123] In certain embodiments, cohorts (plurality of individuals} used in the methods
described herein are subdivided into selected discase statos. In some embodiments, the
cohort comprises individuals with or at risk of developing Alzheimer’s Disease. In some
embodiments, the cohort comprises individuals with or at risk of developing Amyotrophic
Lateral Sclerosis. In some embodiments, the cohort comprises individuals with or at nsk of
developing Hippocampal Sclerosis. In some embodiments, the cohort comprises individuals
with or at risk of developing Parkinson’s Discase. In some embodiments, the cohort
comprises ndividuals with or at risk of developing Fronto-temporal dementia.  In some

embodiments, the cohort comprises individuals that are healthy .

[88124] In certain embodiments, disease status of an individual is determined by any
suttable method, including but not limited to a physical examination of the subject. a
neurological examination of the subject, a bram scan, or a combination thercof. Suitable
methods for determining the disease status are those known to one of skill in the art. In some
embodiments, the subject s not diagnosed with any disease. In ancther embodiment, the
subject 1s diagnosed with a disease. In another embodiment, the subject is diagnosed with a

pre-disease state.

{66125} In onc embodiment, the method further comprises a physical examination of the
subject, a neurological exammation of the subject, a bram scan, or a combination thereof

Methods and types of physical examinations are known to one of skill in the art.
[006126] Determining 4-aging

{86127} In certain embodiments, the mvention provides methods for determining
differential-aging (A-aging). Differential-aging s defined as the difference between
predicted biological age (based on the aggregate of expression levels of age-dependent
transcripts} and chronological age for cach mdividual within a given cohort. Differential-

aging is expressed as a numerical value in fime units.

{00128} For cach given gene, the gene specific differential-aging value 1s the difference
between the apparent biological age, imputed based on the expression level of the gene, and
the actual chronological age. For example, gene expression as a function of chronological
age is plotted for a given cohort of individuals, and lincar regression is used to generate a
regression lime of a gene’s expression levels as a function of chronological age across the

entire cohort. The differential-age for an individual for a given gene is expressed as the ratio
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between the residual value (how much the expression of the given gene deviates from the
regression hing for that particular gene) and the coefficient obtained by linear regression of
the expression level of the given gene as a function of chronclogical age across the entire
cohort. The ratio for cach gene significantly correlated with chronological age in the cohort,
are aggregated by integration to provide the biological age of the sample of the subject.
Accordingly, the biological age represents the aggregate expression levels of the age-
dependent transcripts n a sample from an individual. The difference between the biological
age and the actual chronological age of the individual corresponded to the differential aging

or A-aging trait.

[08129] In certain embodiments, coborts {plurality of individuals) used in the methods
described herein are subdivided into selected age groups. For example, a late-life cohort can
be studied independently from other age-based cohorts. In some cmbodiments, the cohort
meludes ndividual who are over 25 vears old.  In some embodiments, the cohort includes
mdividual who are 25 vears old and under.  In some embodiments, the cohort includes
mdividual who are over 40 years old. In some embodiments, the cohort of inchudes
mdividual who are 43 vears old and under. fn some embodiments, the cohort inchudes
mdividual who are over 45 years old. In some embodiments, the cohort ot includes
mdividual who are 45 vears old and under. In some embodiments. the cohort imchudes
mdividual who arc over 50 vears old. In some emboduments, the cohort of includes
mdividual who are 33 vears old and under. In some embodiments, the cohort includes
mdividual who are over 60 vears old. In some embodiments, the cohort of inchides
imdividual who are 60 vears old and under. In some embodiments, the cohort mncludes
mdividual who are over 65 vears old. fn some embodiments, the cohort of includes
mdividual who are 65 vears old and under. In some embodiments, the cohort includes
mdividual who arc over 70 vears old. In some embodiments, the cohort of includes
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mdividual who arc 75 vears old and under. In somce embodiments, the cohort includes
mdividual who are over 80 vears old. In some embodiments, the cohort includes individual
who are 30 years old and under. In some embodiments, the cohort includes individual who
are over 85 vears old. In some embodiments, the cohort of includes individual who are 85
vears old and under. In some embodiments, the cohort includes individual who are over 90
vears old. In some embodiments, the cohort of includes individual who are 90 years old and

under. In some embodiments, the cohort includes mdividual who are over 95 vears old. In

some embodiments, the cohort of includes individual who are 95 years old and vnder. In
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some embodiments, the cohort includes individuals who are between 60 and 65 vears old. In
some embodiments, the cohort includes mdividuals who are between 65 and 80 vears old. In

some embodiments, the cobort includes mdividuals who are between 80 and 90 vears old.

106136] In certain embodiments, coborts {plurality of individuals} used in the methods
described herein are subdivided into sclected discase status. In some embodiments, the
cohort comprises mdividuals with or at nisk of developing Alzheimer’s Dhsease. In some
embodiments, the cohort comprises individuals with or at risk of developing Amyotrophic
Lateral Sclerosis. In some embodiments, the cohort comprises ndividuals with or at risk of
developmg Hippocampal Sclerosis. In some embodiments, the cohort comprises individuals
with or at risk of developing Parkinson’s Discase. In some embodiments, the cohort
comprises individuals with or at risk of developing Fronto-temporal dementia. In some

embodiments, the cobort comprises individuals that are healthy.

{86131} In certain embodiments, discase status of an individual 15 determined by any
suitable method, including but not imited to a physical examination of the subject, a
neurological examination of the subject, a bram scan, or a combination thereof. Switable
methods for determining the disease status are those known to one of skill in the art. In some
embodiments, the subject is not diagnosed with any discase. In another embodiment, the
subject 1s diagnosed with a disease. In another embodiment, the subject 1s diagnosed with a

pre-discase state.

[B86132] In one embodiment, the method further comprises a phyvsical exanunation of the
subject, a neurclogical examination of the subject, a brain scan, or a combination thereof

Methods and types of phvsical examinations are known to one of skill in the art.
186133] Modifiers of A-aging

106134] Io certain embodiments, the invention provides methods for determining geneatic
modifiers of biological aging using differential~aging as a quantitative trait. For example,
genetic modifiers and non-genetic modifiers, such as, but not linuted to environmental factors
and anti-aging interventions {e.g. exercise, diet, lifestyle) are identificd. GWAS can be vsed

to tdentify SNPs and genes with strong associations with the differential-aging trait,

[08135] As described heremn, the methods of the mvention provide improvements over prior

technology. Prior research has focused on identifying and selecting genes with clear age-
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associated phenotypes. The present invention 1s an improvement over current methods of
determining differential-aging which identifies age-associated traits in healthy individuals.
By identifving genes associated with differential-aging across the population and genctic
modifiers, age-associated disorders can be treated with genetic modulators. The method
described here provides an improved approach because it provides a quantitive trait, A-aging,
that aliows for the identification of genetic modifiers of the trait. The methods described
herein are unbiased and use no prior assumption on the nature of age-associated phenotypic
changes. Prior studies have been used {o identify age-associated phenotypes but most are

kkely secondary to aging and not causal.
100136} Computer program products for determining bivlogical age and differential aging

{86137} In certain aspects, the invention provides a computer program product for
determining a biclogical age of a sample from a subject comprising instructions which, when
the program is executed by a computer, cause the computer to carry out the steps of a)
providing a gene expression level of a plurality of genes in a sample for a plurality of
mdividuals; b} performing a linear regression of the expression level of cach gene of the
plurality of genes as a function of chronological age of cach of the plurality of individuals to
detornune a lincar regression co-cfficient for each gene of the plurality of genes; ¢) selecting,
from the plurality of genes, the genes whose expression level 1s significantly correlated with
chronological age; d) determining, for each gene whose expression level is significantly
correlated with chronological age selected in step (¢}, a residual value, wherein the residual
value is determined by comparing the gene expression level of said gene in the sample from
the subject to the hinear regression performed in step (b) for said gene; ¢) determining, for
sach gene whose expression level is significantly correlated with chronological age, a ratio of
the residual determined in step (d) to the hincar regression coctficient determined m step (b);
f} repeating steps {d) and (e} for each gene whose expression level is significantly correlated
with chronglogical age selected in step (¢); and g) integrating the ratios for cach gene whose
expression level is significantly correlated with chronclogical age, wherein the integrated

ratio corresponds to the biological age of the sample from the subject.

{00138} In some embodiments, the computer program product further comprises carrying
out the step of comparing the biological age to a chronological age of the subject to

determine a differential aging value for the subject. In some embodiments, the plurality of
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mdividuals includes the subject. In some embodiments, wherein steps (d} to (g} are

performed for each individual in the phirality of individuals.

{00139} In some embodiments, the computer program product further comprises carrying
out the step of performing a genome-wide association study {GWAS). In some
embodiments, the GWAS identifies single-nucicotide polvmorphism (SNP}) modifiers of the
differential aging value in the plurality of individuals. In some embodiments, the GWAS
wdentifies genetic modifiers of the differential aging value in the plurality of individuals. In
some embodiments, the gene expression level is the gene expression level in the brain. In
some embodiments, the gene expression level 1s the gene expression level in the frontal
cortex. In some embodiments, wherein the gene expression level is the gene expression level

it the cerebellum.

[8614¢] In certain aspects, the invention provides an apparatus configured to determine a
biclogical age of a sample from a subject. In certain aspects, the nvention provides an
apparatus contigured to determine differential aging of a sample from a subject. In some
embodiments, the apparatus is configured to a} provide a gene expression level of a plurality
of genes in a sample for a plurality of individuals; b} perform a hincar regression of the
expression level of cach gene of the plurality of genes as a function of chronological age of
cach of the plurality of individuals to determine a linear regression co-efficient for each gence
of the plurality of genes; ¢} select, from the plurality of genes, the genes whose expression
level 1s sigmificantly correlated with chronological age; d) determine, for each gene whose

expression level is significantly correlated with chronological age selected m step (¢}, a

residual value, wherein the residual value is determined by comparing the gene expression
evel of said gene i the sample from the subject to the hinear regression performed in step (b)
for said gene; ¢} determine, for cach gene whose expression lovel is signiticantly corvelated
with chronological age, a ratio of the residual determined in step (d) to the linear regression
coefficient determined m step (b); ) repeat steps (d) and {e} for each gene whose expression
level 1s signmificantly correlated with chronological age selected in step (c); and g) mtegrate
the ratios for each gene whose expression level is significantly correlated with chronological
age, wherein the integrated ratio corresponds to the biological age of the sample from the

subject.

[86141] In some embodiments, the apparatus further comprises carrying out the step of’

comparing the biclogical age to a chronological age of the subject to determine a differential
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aging value for the subject. In some embodiments, the plurality of ndividuals includes the
subject. In some embodiments, wherein steps (d} to (g) are performed for each individual in

the plurality of individuals.

106142] In some embodiments, the apparatus further comprises carrying out the step of
performing a genome-wide association study {GWAS). In some embodiments, the GWAS
identifies single-nucleotide polymorphism (SNP} modifiers of the differential aging value m
the plurality of individuals. In some embodiments, the GWAS identifies genetic modifiers of
the differential aging value in the plurality of mdividuals. In some cmbodiments, the gene
expression level is the gene expression level in the brain. In some embodiments, the gene
expression level is the gene expression level in the frontal cortex. In some embodiments,

wherein the gene expression level is the gene expression level in the cerebellum.

[86143] In certain aspects, the invention provides a system comprising an apparatus
configured to determine a biclogical age of a sample from a subject. In certain aspects, the
mvention provides a system comprising an apparatus configured to determine differential
aging of a sample from a subject. In some embodiments, the svstem comprises an apparaius
configured to a) provide 3 gene expression level of a phurality of genes 1o a sample fora
plurality of individuals; b} perform a himear regression of the expression level of cach gene of
the plurality of genes as a function of chronological age of cach of the plurality of individuals
to determine a linear regression co-efficient for each gene of the plurality of genes ¢ select,
from the plurality of genes, the genes whose expression fevel is significantly correlated with
chronological age; d) determine, for cach gene whose expression lovel is significantly
correlated with chronological age selected in step (¢}, a residual value, wherein the residual
value is determined by comparing the gene oxpression level of said gene in the sample from
the subject to the linear regression performed in step (b) for said gene; ¢) deternuning, for
cach gene whose expression fevel is significantly correlated with chronological age, a ratio of
the residual determined in step (d) to the bnear regression cogfficient determined i step (b},
f} repeat steps (d) and {e} for cach gene whose expression level is sigmficantly correlated
with chronclogical age selected in step (c); and g) mtegrate the ratios for cach gene whose
expression level 1s significantly correlated with chronological age, wherein the integrated
ratic corresponds to the biological age of the sample from the subject. In some embodiments,
the sysiem further comprises an apparatus configured to compare the biological age to a

chronological age of the subject to determine a differential aging value for the subject.
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[86144] In some embodiments, the svstem further comprises carrving out the step of!
comparing the biclogical age to a chronological age of the subject to determine a differential
aging value for the subject. In some embodiments, the plurality of individuals includes the
subject. In some embodiments, wherein steps (d} to (g} are performed for each individual in

the plurality of individaals.

{86145} In some embodiments, the svstem further comprises carrving out the step of
performing a genome-wide association study ({GWAS). In some embodiments, the GWAS
identifies single-nucleotide polymorphism (SNP) modifiers of the differential aging value in
the plurality of mmdividuals. In some embodiments, the GWAS identifies genetic modifiers of
the differential aging value in the plurality of mdividuals. In some embodiments, the gene
expression level is the gene expression level in the brain. In some embodiments, the gene
expression level is the gene expression level in the frontal cortex. In some embodiments,

wherein the gene expression level is the gene expression level in the cerebellum.

{00146} In certam aspects, the nvention provides a computer prograr product for
determining a biological age of a sample from a subject comprising instructions which, when
the program is executed by a computer, cause the computer to carry out the steps of a)
providing a gene expression level of a plurality of genes in a sample for a plurality of
mdividuals; b) determuning, for each gene whose expression level 1s significantly correlated
with chronological age, a residual value, whereimn the residual vahie 1s determined by
comparing the gene expression level of said gene m the sample from the subject to a linear
regression of the expression level of the gene as a function of chronoclogical age fora
plurality of individuals; ¢) deternuning, for each gene whose expression level is significantly
correlated with chronological age, a ratio of the residual valoe determined n step (b) to the
lincar regression coefficient for the gene; d) repeating steps (b} and (¢) for each gene whose
expression level 1s significantly correlated with chronological age; and ¢) integrating the
ratios for cach gene whose expression level is significantly correlated with chronological age,

wherein the integrated ratio corresponds to the biological age of the sample from the subject.

{00147} In some embodiments, the computer program product further comprises carrying
out the step of. comparing the biclogical age to a chronological age of the subject to
determine a differcotial aging value for the subject. In some embodiments, the plurality of
mdividuals includes the subject. In some embodiments, steps (¢} to (¢) are performed for

cach individual 1o the plurality of individuals.
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{00148} In some embodiments, the computer program product further comprises carrying
out the step of performing a genome-wide association study (GWAS). In some
crbodiments, the GWAS identifies single-nuclcotide polymorphiso (SNP) modifiers of the
differential aging value in the plurality of individuals. In some embodiments, the GWAS
wdentifies genetic modifiers of the differential aging value in the phuality of individuals. In
some cmbodiments, the gene expression level is the gene expression level in the brain. In
some cmbodiments, the gene expression level is the gene expression fevel in the frontal
cottex. In some embodiments, wherein the gene expression level is the gene expression level

in the cerebellum.

[88149] In certain aspects, the invention provides an apparatus configured to determme a
biclogical age of a sample from a subject. In certain aspects. the invention provides an
apparatus configured to determine differential aging of a sample from a subject. In some
embodiments, the apparatus is configured to a) provide a gene expression level of a plurality
of genes in a sample for a phurality of individuals; b) determine, for each gene whose
expression level is significantly correlated with chronclogical age, a residual value, wherein
the residual value is determined by comparing the gene expression level of said gene in the
sampie from the subject to a linear regression of the expression level of the gene as a function
of chronological age for a plurality of individuals; ¢} determine, for cach gene whose
expression level is significantly corrclated with chronological age. a ratio of the residual
value determuned in step (b) to the hnear regression coetficient for the gene; d) repeat steps
{b} and (¢) for each gene whose expression fevel is significantly correlated with chronological
age; and ¢) integrate the ratios for each gene whose expression ievel is significantly
correlated with chronological age, wherein the integrated ratio corresponds to the biological
age of the sample from the subject. In some embodiments, the system further comprises an
apparatus configured to compare the biclogical age 1o a chronological age of the subject to

deternine a differential aging value for the subject

{86158 In some embodiments, the apparatus further comprises carrying out the step of’
comparing the biological age to a chronological age of the subject {o determine a differential
aging value for the subject. In some embodiments, the plurality of individuals includes the
subject. In some embodiments, steps (¢} to {) are performed for each individual i the

plurality of individuals.
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[86151] In some embodiments, the apparatus further comprises carrying oui the step of
performing a genome-wide association study ({GWAS). In some embodiments, the GWAS
identifies single-nucleotide polymorphism (SNP) modifiers of the differential aging value in
the plurality of individuals. In some embodiments, the GWAS identifies genetic modifiers of
the differential aging value in the plurality of mdividuals. In some embodiments, the gene
expression level is the gene expression level in the brain. In some embodiments, the gene
expression level is the gene expression level in the frontal cortex. In some embodiments,

wherein the gene expression level is the gene expression level in the cerebellum.

[B8152] In certain aspects, the invention provides a system comprising an apparatus
configured to determine a biological age of a sample from a subject. In certain aspects, the
mvention provides a system comprising an apparatus configured to determine differential
aging of a sample from a subject. In some embodiments, the system comprises an apparatus
contigured to a) provide a gene expression level of a plurality of genes i a sample fora
plurality of individuals; b) determune, for each gene whose expression level is significantly
correlated with chronological age. a residual value, wherein the residual valoe is determined
by comparing the gene expression fevel of said gene in the sample from the subject to a linear
regression of the expression level of the gene as a function of chronological age tfor a
plurality of mndividuals; ¢} determine, for cach gene whose expression level is significantly
correlated with chronological age, a ratio of the residual value determined in step (b) to the
hinear regression coetficient for the gene; d) repeat steps (b) and (¢} for each gene whose
expression level is significantly correlated with chronological age; and ¢) integrate the ratios
for cach gene whose expression level is sigmificantly correlated with chronological age,
wherein the integrated ratio corresponds to the biological age of the sample from the subject.
In some embodiments, the svstem further comprises an apparatus configured to compare the
biological age to a chronclogical age of the subject to determine a differential aging value for

the subject.

{80153} In some embodiments, the system further comprises carryving out the step of
comparing the biological age to a chronological age of the subject {o determine a differential
aging value for the subject. In some embodiments, the plurality of individuals imchudes the
subject. In some embodiments, steps (¢} to {e) arc performed for each mdividual in the

plurality of individuals.
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[86134] In some embodiments, the system further comprises carrying out the step of
performing a genome-wide association study ({GWAS). In some embodiments, the GWAS
identifies single-nucleotide polymorphism (SNP) modifiers of the differential aging value in
the plurality of individuals. In some embodiments, the GWAS identifies genetic modifiers of
the differential aging value in the plurality of mdividuals. In some embodiments, the gene
expression level is the gene expression level in the brain. In some embodiments, the gene
expression level is the gene expression level in the frontal cortex. In some embodiments,

wherein the gene expression level is the gene expression level in the cerebellum.

[OB158] Methods of determining genetic modifiers of a phenotype associated with a

genotype of interest

[86136] Genome-wide association studies are used to probe the association between many
genotypes and a single vanable of intercst (Van Deerlin VM, et al. Comumon variants at 7p21
are associated with frontotemporal lobar degeneration with TDP-43 inclusions. Nat Genet.
2010 Mar; 42(3): pp. 234-9). While specific, causal mutations have been identified for many
complex diseases, vanants in other genes can act as genetic modifiers, also affecting the
presentation and severnity of the associated phenotypes {(Gallagher MD, et al. TMEMI06B s a
genetic modifier of frontotemporal lobar degeneration with C9or72 hexanucleotide repeat
expansions. Acta Neuropathol. 2014 Mar; 127(3): pp. 407-18.}. Moreover, causal genes arc
often not feasible direct pharmacological targets, and as such, there is a need for use of
transcriptome-wide gene expression analysis to systematically identify targetable genes and
pathways {Caberlotto L, et al. Integration of transcriptomic and genomic data suggesis
candidate mechamsms for APOE4-mediated pathogenic action m Alzheimer's discase. 5S¢

Rep. 2016 Sep; 6:32383).

[86137] Described herein 1s the use of transcriptonic techniques and approaches to discover
new druggable targets and pathways of interest for complex discases. Genes of interest
nclude those that mimic, potentiate, or ameliorate the phenotypes associated with variants of
known causative genes. Through the analysis of genotvpes and other factors that affect gene
expression levels of varioas gene sets in many mdividuaals, the nvention also allows for the
determination of the pathways that are the most modificd by genetic variants of intercst. The
reversion of the coordinated varniation in pathway gene expression to that of unaffected
mdividuals can provide a therapeutic option. For example, the invention has been used

wlentify HLR2ZA as a genetic modifier and synaptogenesis as a pathway of interest for
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mdividuals carrying the TMEM 1068 nisk allele, which 1s associated with increased svnaptic

loss in neuwrodegencrative disease.

[86158] In certain embodiments, the invention provides methods for determining delta-
genotype of nterest (A-genotvpe of interesty. Delta-genotyvpe of interest corresponds to the
difference between the aggregate of expression levels of cach gene in a plurality of gences
whose expression is correlated with the genotype of imterest tor an individual and the
ageregate of expression levels of each gene of the plurality of genes for a given cohort of
mdividuals with the known genotype of intercst. For cxample, the expression level of a given
set of genes may be correlated with a particular genotype (i.¢. a genotype of inferest has a
phenotype associated with it, wherein the phenotype corresponds to the expression level of a
particular sot of genes}. The aggregate expression levels of this set of genes can then be
determined as a quantitive trait that represents how much the phenotype of a sample is similar
or different to the phenotype associated with the genotvpe of inferest. The genctic modifiers

of the quantitative trait can then be determined.

{86159} For cach given gene, the gene specific delta~-genotype of imterest value 1s the
difference between gene expression level in a sample and regression line for that gene. For
example, gene expression as a function of a genotype of micrest is plotied for a given cohort
of individuals, and linear regression 1s used to generate a regression line of a gene’s
expression level as a function of the genotvpe of interest across the entire cohort. The delta-
genotype of interest for an individual for a given gene is expressed as the ratio between the
residual value (how much the expression of the given gene deviates from the regression line
for that particular gene) and the coefficient obtamed by lincar regression of the expression
evel of the given gene as a function of the genotype of interest across the entire cohort. The
ratio for each gene significantly corrclated with the genotype of interest in the cohort, are
aggregated by integration. Accordinglv, this guantitive trait represents the aggregate

expression levels of the genotype-dependent transcripts in a sample from an imdividual.

[B8166] In certain aspects, the invention provides a computer-implemented method of
identifving one or more genetic modifiers of a phenotype associated with a genotype of
miterest comprising: a) providing a gene expression level of a plurality of genes in a sample
for a plurality of individuals; b} performing a linear regression of the expression level of each
gene of the plurality of genes as a function of the genotype of nterest of each of the plurality

of individuals to determine a lincar regression co-efficient for cach gene of the plurality of
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genes; ¢ selecting, from the plurality of genes, the genes significantly associated with the
genotype of interest, wherein the gencs selected and their expression levels corresponds to the
phenotype associated with the genotvpe of interest; dy determining a residual value for cach
gene significantly associated with genotype of interest by comparing the gene expression
level of said gene in a sample from a subject to the hingar regression for said gene; ¢}
determuning a ratio of the residual value to the linear regression coefficient for cach gene
signiticantly associated with the genotype of interest; f) integrating the ratios for cach gene
significantly associated with the genotype of interest to determine a phenotvpe of the sample
from the subject; g} companing the phenotype of the sample to the phenotype associated with
the genotype of mterest to determine a differential genotype of interest value for the subject;
b} performing steps {(d} o (g} for cach individual in the plurality of individuals; and 1}

wdentifying genetic modifiers that modulate the differential genotype of interest value.

{86161} In some embodiments, the method further comprises performing a genome-wide
association study (GWAS). In some embodiments, the plurality of individuals mcludes the
subject. In some embodiments, the GWAS identifics single-nucleotide polvmorphism (SNP)
maodificrs of the differential genotype of interest value in the plurality of individuals. In some
embodiments, the genetic modifier 1s a single-nucleotide polymorphism (SNP). In some
embodiments, the genotype of interest is the risk allele of TMEM106B. In some
embodiments, the risk allele of TMEMI06E is and A at SNP 151990622, In some
embodiments, the genotype of interest is a nisk allele associated with a disease or disorder. In
some embodiments, the gene expression level is the gene expression level in the brain. In
some embodiments, the gene expression level is the gene expression level in the frontal
cortex. In some embodiments, the gene expression fevel is the gene expression level 1o the

cerebelhum.

[86162] In certamn aspects, the invention provides a computer-implemented method of
determining a phenotype of a sample from a subject, wherein the phenotype 1s correlated with
a haplotype of intergst, the method comprising: a) providing a gene expression level ofa
plurality of genes in a sample for a plurality of individuals, wherein cach mdividual's
haplotype of mterest 1s known; b) performing a linear regression of the expression level of
gach gene of the plurality of genes as a function of the haplotype of interest for each of the
plurality of mdividuals {o determine a linear regression co-cfficient for cach gene of the

plurality of genes; ¢ selecting, from the plurality of genes, the gencs whose expression level
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is significantly correlated with the haplotype of nterest; d) deternmuning, for each gene whose
expression level is significantly correlated with the haplotvpe of interest selected in step {¢),
residual value, wherein the residual value is determined by comparing the gene expression
level of said gene in a sample from a subject to the lincar regression performed n step (b) for
said gene; ¢ determining, for each gene whose expression level 1s significantly correlated
with the haplotype of interest, a ratic of the residual value determined 1o step (d) to the linear
regression coefficient deternuned in siep (b); ) repeating steps {d) and (¢} for cach gene
whose expression level 1s significantly correlated with the haplotype of interest selected in
step (¢}, and g) integrating the ratios for gach gene whose expression level 15 significantly
correlated with the haplotype of interest, wherein the integrated ratio corresponds to the

phenotype of the sample from the subject.

{06163} In some embodiments, the plurality of individuals mcludes the subject. In some

embodiments, steps (d) to (g) are performed for cach individual 1o the plurality of individuals.

{86164} In some embodiments, the method further comprises: h) performing a genome-wide
association study (GWAS). In some embodiments, the GWAS identifies single-nucleotide
potymorphism (SNP} modifiers of the phenotype correlated with the haplotype of interest in
the plurality of individuals. In some cmbodiments, the GWAS identifics genetic modifiers of
the phenotype in the plurality of individanals. In some embodiments, the haplotype of interest
is defined as 0, 1, or 2 allele copies. In some embodiments, the allele copies are determined
by SNP genotyping. in some embodiments, the phenotype correlated with the haplotype of

mnterest is an exprossion level of a plurality of genes.

{00165} In some embodiments, the genc expression level 1s the gene expression level in the
brain. In some embodiments, the gene expression level s the gene expression level m the
frontal cortex. In some cmbodiments, the gene expression level is the gene expression level

m the cerebellum.

106166] In certain aspects, the invention provides a computer-implemented method of
wdentifving one or more genctic modificrs of a plurality of genes whose expression lovel is
correlated with a genotype of interest comprising: a} providing a gene expression level of a
plurality of genes in a sample for a plurality of individuals, wherein cach mdividual’s
genotype of interest is known; b) performing a linear regression of the expression level of

cach gene of the plurality of genes as a function of the genotype of interest of each of the
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plurality of mdividuals fo determine a hinear regression co-cfficient for each gene of the
plurality of genes; ¢ selecting, from the plurality of genes, the genes whose expression level
is significantlv corrclated with the genotype of interest; dj determining, tor cach gene whose
expression level 1s significantly correlated with the genotype of interest selected in step (¢}, a
residual value, whergin the residual value ts determined by comparing the gene expression
level of said gene in a sample from a subject to the hinear regression performed in step (b} for
said gene; ) determining, for cach gene whose expression level is significantly correlated
with the genotype of interest, a ratio of the residual value determined in step (d) to the lmear
regression coefficient determined m step (b); ) repeating steps (d) and (&) for each gene
whose expression level is significantly correlated with the genotype of interest selected in
step (c); g} mtegrating the ratios for cach gene significantly correlated with the genotype of
mterest; h) performing steps (d) to (g) for each individual in the plarality of individuals; and
1) identifying genetic modifiers that modulate the integrated ratio value determined in step

().

{86167} In some embodiments, the genetic modifiers that modulate the integrated ratio value
determined in step (g) are determined by performing a genome~wide association study

{GWAR). In some embodiments, the plurality of individuals inchudes the subject.

{00168} In some embodiments, the GWAS identifies single-nucleotide polvmorphism (SNP)
modifiers of the mntegrated ratio value determined in step (g} in the plurality of imdividuals.

in some embodiments, the genetic modifier is a single-mucleotide polymorphism (SNP). In
some embodiments, the genotype of interest is the risk alicle of TMEMIOOB. To some
embodiments, the risk allele of TMEMI06B 1s and A at SNP rs1990622. In some
embodiments, the genctype of intergst 1s a nisk allele associated with a disease or disorder. In
some cmbodiments, the genotype of interest is a non-nisk allele. In some embodiments, the

genotype of mnterest 1s a haplotype.

{86169} In some embodiments, the gene oxpression level is the gene expression level in the
brain. In some embodiments, the gene expression level is the gene expression fevel in the
frontal cortex. In some embodiments, the gene expression level is the gene expression level

i the cerebellum.

186178 In some embodiments, the phurality of individuals are healthy individuals. In some

embodiments, the plurality of individuals have a discase or disorder. In some embodiments,

~51-



WO 2018/170289 PCT/US2018/022678

the plurality of individuals have a neurodegenerative disease. In some embodiments, the
neurodegenerative disease is Alzheimer’s Dhsease, Parkinson’s Disease, Huntington’s

Discase, or Fronto-temporal dementia.

106171] In certain embodiments, coborts {plurality of individuals} used in the methods
described herein are subdivided into selected age groups. For example, a late-life cohort can
be studied independently from other age-based cohorts. In some embodiments, the cohort
meludes individual who are over 25 vears old.  In some embodiments, the cohort includes
mdividual who are 23 vears old and under. o some embodiments, the cohort includes
mdividual who are over 40 years old. In some embodiments, the cohort ot includes
mdividiual who are 45 vears old and under. In some embodiments, the cohort tnclades
mdividual who arc over 45 vears old. In some embodiments, the cohort of includes
mdividual who arc 45 vears old and under. In somce embodiments, the cohort includes
mdividual who are over 50 vears old. In some embodiments, the cohort of includes
mdividual who are 55 vears old and under. In some embodiments, the cohort tnclades
mdividual who are over 60 years old. In some embodiments, the cohort of inchudes
mdividual who are 60 vears old and under. In some embodiments, the cohort includes
mdividual who are over 65 years old. In some embodiments, the cohort ot includes
mdividual who are 65 vears old and under. In some embodiments, the cohort mchudes
mdividual who arc over 70 vears old. In some emboduments, the cohort of includes

~
7
b

mdividual who are 73 vears old and under. In some embodiments, the cohort includes
mdividual who are over 80 vears old. In some embodiments, the cohort inchudes individual
who are 80 years old and under. In some embodiments, the cohort includes individual who
are over 85 years old. In some embodiments, the cohort of includes individual who are 85
vears old and under. In some embodiments, the cohort includes mdividual who are over 90
vears old. In some embodiments, the cohort of includes mdividual who are 90 vears old and
under. In some embodiments, the cobort includes mdividual who are over 93 vears old. fn
some embodiments, the cohort of includes individual who are 95 years old and under. In
some embodiments, the cohort includes individuals who are between 60 and 65 vears old. In
some embodiments, the cohort includes mdividuals who are between 65 and 80 vears old. In

some embodiments, the cobort includes mdividuals who are between 80 and 90 vears old.

106172] In certain embodiments, coborts {plurality of individuals} used in the methods

described herein are subdivided into selected disease status. In some embodiments, the
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cohort comprises mdividuals with or at risk of developing Alzheimer’s Discase. In some
embodiments, the cohort comprises individuals with or at risk of developing Amyotrophic
Lateral Sclerosis. In some embodiments, the cohort comprises individuals with or at risk of
developmg Hippocampal Sclerosis. In some embodiments, the cohort comprises individuals
with or at risk of developing Parkinson’s Discase. In some embodiments, the cohort
comprises individuals with or at risk of developing Fronto-temporal dementia.  In some

embodiments, the cobort comprises individuals that are healthy.

{86173} In certain embodiments, discase status of an individual is determined by any
suttable method, including but not limited to a phvsical exanunation of the subject, a
neurological examination of the subject, a brain scan, or a combination thereof. Suitable
methods for determining the disease status are those known to one of skill in the art. In some
embodiments, the subject is not diagnosed with any discase. In another embodiment, the
subject 1s diagnosed with a disease. In another embodiment, the subject 1s diagnosed with a

pre-discase state.

[88174] In one embodiment, the method further comprises a physical exanunation of the
subject, a neurclogical examination of the subject, a brain scan, or a combination thereof

Methods and types of phvsical examinations are known to one of skill in the art.

1881758 Computer program products for determining genctic madifiers of a phenotype

associated with a genotype of interest

166176} In certain aspects, the invention provides a computer program product for
identifving one or more genctic moditfiers of a phenotype associated with a genotype of
mterest comprising instructions which, when the program is executed by a computer, cause
the computer to carry out the steps of) 3} providing a gene expression level of a plurality of
genes in a sample for a plurality of individuals; b) performing a lincar regression of the
expression level of each gene of the plurality of genes as a function of the genotype of
mterest of cach of the plurality of individuals fo determine a linear regression co-efficient for
cach gene of the plurality of genes; ¢) selecting, from the plurality of genes, the geones
significantly associated with the genotype of mierest, wherein the genes selected and their
expression levels corresponds to the phenotype associated with the genotype of interest; d)
determining a residual value for each gene significantly associated with genotype of interest

by comparing the gene expression fevel of said gene i a sample from a subject to the hincar
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regression for said gene; ¢) determining a ratio of the residual value to the linear regression
coefficient for cach gene signmficantly associated with the genotype of nterest; f) integrating
the ratios for each gene significantly associated with the genotype of interest to determine a
phenotype of the sample from the subject; g) comparning the phenotype of the sample to the
phenotype associated with the genotype of interest to determine a differential genctype of
mterest value for the subject; h) performing steps (d) to (g) for cach individual in the plurality
of individuals; and 1) identifying genctic modificrs that modulate the differential genotype of

mterest value.

{88177} In certain aspects, the imvention provides a computer program product for
determining the phenotype of a sample from a subject, wherein the phenotype is correlated
with a baplotype of interest, comprising mstructions which, when the program is executed by
a computer, cause the computer to carry out the steps of) a) providing a gene expression level
of a plurality of genes m a sample for a plurality of individuals, wherein each mdividual’s
haplotvpe of interest is known; b) performing a linear regression of the expression level of
cach gene of the plurality of genes as a function of the haplotype of interest for cach of the
plurality of individuals to determine a hnear regression co-efficient for cach gene of the
plurality of genes; ¢) selecting, from the plurality of genes, the genes whose expression level
1 significantly correlated with the haplotype of interest; d) determining, for each gene whose
expression level is significantly correlated with the haplotype of interest selected in step {c), a
residual value, wherein the residual value is determined by comparing the gene expression
level of said gene in a sample from a subject to the linear regression performed n step (b) for
said gene; ¢} deternuning, for cach gene whose expression level 1s significantly correlated
with the haplotype of interest, a ratio of the residual value determined in step (d) to the linear
regression coetficient determined n step (b); ) repeating steps {d) and (e) for cach gene
whose expression level is significantly correlated with the haplotype of interest selected in
step {c}; and g} integrating the ratios for cach gene whose expression level s significantly
correlated with the haplotype of mterest, wherein the mntegrated ratio corresponds to the

phenotype of the sample from the subject.

{86178} In some embodiments, the plurality of individuals mncludes the subject. In some

embodiments, steps {d} to {g} are performed for cach individeal in the plorality of individuals.

180179} In some embodiments, the computer program product further comprises carrving

out the step of h} performing a genome-wide association stady (GWAS). In some
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embodiments, the GWAS identifies single-nucleotide polymorphism {(SNP} modifiers of the
differential aging value in the plurality of imdividuals. In some embodiments, the GWAS
identifies genetic modifiers of the phenotype in the plurality of individuals. In some
embodiments, the haplotype of interest is defined as 0, 1, or 2 allele copies. In some
embodiments, the allele copies are determined by SNP genotyping. In some embodiments,
the phenotype correlated with a haplotype of intergst is an expression level of a plurality of
genes. In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level s the gene expression level m the
frontal cortex. In some embodiments, wherem the gene expression level is the gene

expression level in the cergbellum.

106188] In certain aspects, the invention provides an apparatus configured to deteomine the
phenotype of a sample from a subject, wherein the phenotvpe is correlated with a haplotvpe
of interest. In some embodiments, the apparatus is configured to a) provide a gene
expression level of a plurality of gencs m a sample for a plurality of individuals, wherein
cach individual's haplotype of interest is known; b} perform a linear regression of the
expression level of each gene of the plurality of genes as a function of the haplotype of
mierest for cach of the plurality of individuals 1o determine a linear regression co-efficient for
sach gene of the plurality of genes; ¢) select, from the plurality of genes, the genes whose
expression level is significantly correlated with the haplotype of interest; d} determine, for
cach gene whose expression fevel is significantly correlated with the haplotvpe of interest
selected m step (¢}, a residual value, wherein the residual valoe 1s determined by comparing
the gene expression fevel of said gene in a sample from a subject to the lincar regression
performed in step (b) for said gene; ¢} determine, for cach gene whose expression level 1s
significantly correlated with the haplotype of mterest, a ratio of the residual value determined
i step {d) to the linear regression coefficient determined in step (b); ) repeat steps (d) and
(¢} for cach gene whose expression level 1s significantlv corrclated with the haplotype of
mterest selected in step {¢); and g) integrate the ratios for cach gene whose expression level 1s
significantly correlated with the haplotype of interest, wherein the integrated ratio

corresponds to the phenotype of the sample from the sabject.

[086181] In some embodiments, the plarality of individuals includes the subject. In some

embodiments, steps {d} to {g} are performed for cach individual in the plurality of individuals.
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[86182] In some embodiments, the apparatus further comprises carryving out the step of h)
performing a genome-wide association study ({GWAS). In some embodiments, the GWAS
identifies single-nucleotide polymorphism (SNP) modifiers of the differential aging value in
the plurality of individuals. In some embodiments, the GWAS identifies genetic modifiers of
the phenotype in the plurality of individuals. In some embodiments, the haplotype of interest
is defined as O, 1, or 2 allele copies. In some embodiments, the allele copies are determined
by SNP genotyping. In some embodiments, the phenotype correlated with a haplotype of
mterest is an expression level of a plurality of genes. In some embodiments, the gene
expression level is the gene expression level in the brain. In some embodiments, the gene
expression level is the gene expression level in the frontal cortex. In some embodiments,

wherein the gene expression level is the gene expression level in the cerebellum.

[06183] TIn certain aspects, the invention provides a system comprising an apparatus
contigured to determine the phenotvpe of a sample from a subject, wherein the phenotype is
correlated with a haplotype of interest. In some embodiments, the system comprises an
apparatus configured to a) provide a gene expression level of a plurality of genes m a sample
for a plurality of individuals, wherein cach individual’s haplotvpe of intercst is known; b}
perform a linear regression of the expression level of cach gene of the plurality of genes as a
function of the haplotype of interest for cach of the plurality of individuals to determine a
lincar regression co-ctficient for cach gene of the plurality of genes: ¢) select, from the
plurality of genes, the genes whose expression level is significantly correlated with the
haplotvpe of interest; d} determine, for cach gene whose expression level s significantly
correlated with the haplotype of interest selected 1n step {c), a residual value, wherein the
residual value is determined by comparing the gene expression level of said gene in a samople
from a subject to the hnear regression performed m step (b) for said gene; ¢) determine, for
sach gene whose expression fevel is significantly cormrelated with the haplotype of interest, a
ratio of the residual value determined in step (d) to the lincar regression coctlicient
determuned m step (b): ) repeat steps (d) and {¢) for each gene whose expression level is
significantly correlated with the haplotype of interest selected in step {¢}); and g} integrate the
ratios for cach gene whose expression level is significantly correlated with the haplotype of
nterest, wherein the integrated ratio corresponds to the phenotype of the sample from the

subject.
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[66184] In some embodiments, the plurality of individuals mcludes the subject. In some

embodiments, steps (d) to (g) are performed for each individual in the phurality of mdividuals.

[O8185]  In some embodiments, the system further compnses carrving out the step of' h)
performing a genome-wide association siudy {GWAS). In some embodiments, the GWAS
identifics single-nucleotide polymorphism (SNP) modifiers of the differential aging value in
the plurality of individuals. In some embodiments, the GWAS identifies genetic modifiers of
the phenotype in the plurality of mdividaals. In some embodiments, the haplotype of interest
is defined as 0, 1, or 2 allele copies. In some embodiments, the allele copies are determined
by SNP genotyping. In some embodiments, the phenotype correlated with a haplotype of
mterest is an expression level of a plurality of genes. In some embodiments, the gene
expression level is the gene expression level in the brain. In some embodiments, the gene
expression level is the gene expression level in the frontal cortex. In some embodiments,

wherein the gene expression level is the gene expression level in the cerebellum.

{00186} In certamn aspects, the nvention provides a computer prograr product for
wdentifving one or more genetic modifiers of a plurality of genes whose expression level is
correlated with a genotype of interest comprising instructions which, when the program is
executed by a computer, cause the computer to carry out the steps of! a) providing a gene
expression level of a plurality of gencs i a sample for a plurality of individuals, wherein
cach mdividual’s genotype of interest 1s known: b} performing a linear regression of the
expression level of each gene of the plurality of gengs as a function of the genotype of
mterest of each of the plurality of individuals to determine a linear regression co-efficient for
cach gene of the plurality of genes; ¢ selecting, from the plurality of genes. the genes whose
expression level is significantly correlated with the genotype of interest; d} determining, for
cach gene whose expression level is significantly correlated with the genotype of interest
selected 1o step (¢}, a residual value, wherein the residual value 1s determined by comparing
the gene expression level of said gene in a sample from a subject to the hinear regression
performed in step (b) for said gene; ¢} determining, for cach gene whose expression level ig
significantly correlated with the genotype of interest, a ratio of the residual value determined
mn step (d) to the linear regression coefficient determined i step (b); f) repeating steps (d) and
(e} for cach gene whose expression level is sigmficantly correlated with the genctype of
mterest selected in step (¢}, g) integrating the ratios for each gene significantly correlated

with the genotype of interest; b} performing steps (d) to (g} for cach individual in the plurality
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of individuals; and j} identifving genetic modifiers that modulate the integrated ratio value

determined in step (g).

[88187] In some embodiments, the genetic modifiers that modulate the mtegrated ratio value
determuned in step {g) arg determined by performing a genome-wide assooiation study
{(GWAS). In some embodiments, the plurality of individuals includes the subject. In some
embodiments, the GWAS identifies single-nucleotide polyvmorphism (SNP) modifiers of the
mtegrated ratio value determined in step (g) in the plurality of mdividuals. In some
crbodiments, the genetic modifier is a single-nucieotide polyvmorphism {SNP). In some
embodiments, the genotype of interest 1s the risk allele of TMEMI106B. In some
embodiments, the risk allele of TMEMI06B 1s and A at SNP rs1990622. In some
embodiments, the genctype of intergst 1s a nisk allele associated with a disease or disorder. In
some cmbodiments, the genotype of interest is a non-nisk allele. In some embodiments, the

genotype of mnterest 1s a haplotype.

[006188] In some embodiments, the gene oxpression level is the gene expression level in the
brain. In some embodiments, the gene expression level 1s the gene expression level in the
frontal cortex. In some embodiments, the gene expression level is the gene expression level

it the cerebelium.

{06189] In some embodiments, the phurality of individuals are healthy individuals. In some
cmbodiments, the plurality of individuals have a diseasc or disorder. In some embodiments,
the plurality of individuals have a neurodegenerative disease. In some embodiments, the
neurodegenerative discase is Alzheimer’s Disease, Parkinson’s Disease, Huntington's

Disease, or Fronto-temporal dementia.

{86196} In certain aspects, the invention provides an apparatus configured to identify one or
maore genetic modifiers of a plurality of gencs whose expression level is correlated with a
genotype of interest. In some embodiments, the apparatus is configured to a) provide a gene
expression level of a plurality of genes in a sample for a plurality of individuals, wherein
cach individual’s genotype of interest is known; by perform a linear regression of the
expression level of each gene of the plurality of genes as a function of the genotype of
mterest of each of the plurality of individuals to determine a lincar regression co-efficient for
cach gene of the plurality of genes; ¢} select, from the plurality of genes, the genes whose

expression level is significantly correlated with the genotype of interest; d) determine, for
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cach gene whose expression level is significantly correlated with the genotype of interest
selected m step (¢}, a residual value, wherein the residual valoe 1s determined by comparing
the gene expression level of said gene in a sample from a subject to the lincar regression
performed 1n step (b} for said gene; ¢} determune, for each gene whose expression level 1s
significantly correlated with the genotvpe of interest, a ratio of the residual value determined
i step {d) to the linear regression coefficient determined in step (b); ) repeat steps (d) and
(¢} for cach gene whose expression level is significantly corrclated with the genotype of
mterest selected i step {c); g) integrate the ratios for each gene significantly correlated with
the genotype of mterest; h) perform steps {d) to (g) for cach mdividueal in the plurality of
mdividuals; and j) identify genetic modifiers that modulate the integrated ratio value

determined in step (g).

{66151} In some embodiments, the genetic modifiers that modulate the mtegrated ratio value
determined m step {(g) are determined by performing a genome-wide association study
{GWAS}. In some embodiments, the plurality of individuals includes the subject. In some
embodiments, the GWAS identifies single-nucleotide polymorphism (SNP) modifiers of the
mtegrated ratio value determined in step (g} in the plurality of individuals. In some
embodiments, the genetic modifier 1s a single-nucleotide polymorphism (SNP). In some
embodiments, the genotype of interest is the risk allele of TMEM106B. In some
embodiments, the risk allele of TMEMI06E is and A at SNP 151990622, In some
embodiments, the genotype of interest is a nisk allele associated with a disease or disorder. In
some embodiments, the genotype of intergst is a non-risk allele. I some embodiments, the

genotype of interest is a haplotype.

106192] In some embodiments, the gooe expression lovel is the gene expression level in the
brain. In some cmbodiments, the gene expression level is the gene expression level in the
frontal cortex. In some embodiments, the gene expression level 1s the gene expression level

in the cerebellum.

{86193} In some embodiments, the plurality of individuals are healthy individuals. In some
embodiments, the plorality of individuals have a disease or disorder. In some embodiments,
the plurality of individuals have a neurodegencrative disease. In some cmbodiments, the
neurodegencrative discase is Alzheimer’s Discase, Parkinson’s Disease, Huntington’s

Discase, or Fronto-temporal dementia,

?
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[86194] In certamn aspects, the invention provides a system comprising an apparatus
configured to identify one or more genetic modifiers of a plarality of genes whose expression
level is correlated with a genotype of interest. In some cmbodiments, the system comprises
an apparatus configured to a) provide a gene expression level of a plurality of genes in a
sample for a phirality of individuals, wherein each individual’s genotype of mterest 1s known;
b} perform a lingar regression of the expression level of cach gene of the plurality of genes as
a function of the genotype of interest of each of the plurality of individuals to determine a
lincar regression co-efficient for each gene of the plurality of genes; ¢) select, from the
plurality of genes, the genes whose expression level is significantly correlated with the
genotype of interest; d) determine, for each gene whose expression level is significantly
correlated with the genotype of interest selected in step {¢), a residual value, wherein the
residual value 1s determined by comparing the gene expression level of said gene 1n a sample
from a subject to the linear regression performed o step (b} for saud gene; ¢) determine, for
cach gene whose expression level is significantly correlated with the genotype of interest, a
ratio of the residual value deternined in step (d) to the hinear regression coetficient
determined in step (b); ) repeat steps (d) and (¢} for each gene whose expression level s
significantly correlated with the genotype of interest selected in step (¢}, g) integrate the
ratios for cach gene significantly correlated with the genotype of nterest; h) perform steps {(d)
to {g) for each individual in the plurality of individuals; and 1} identify genetic modificrs that

modulate the integrated ratic value determined inostep (g).

[86195] In some embodiments, the genetic modifiers that modulate the integrated ratio value
determined in step (g) are determined by performing a genome-wide association study
{GWARS)}. In some embodiments, the plurality of individuals includes the subject. In some
embodiments, the GWAS identifies single-nucleotide polymorphism (SNP) modifiers of the
mtegrated ratio value determined in step {g) in the plurality of individuals. In some
embodiments, the genetic modifier 1s a single-nucicotide polyvmorphism (SNP). In some
embodiments, the genotype of interest 1s the risk allele of TMEMIO6B. In some
cmbodiments, the risk allele of TMEMI106B is and A at SNP 151990622, In some
embodiments, the genotype of interest is a risk allele associated with a disease or disorder. In
some embodiments, the genotype of interest is a non-risk allele. In some embodiments, the

genotype of interest is a haplotype.
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[66196] In some embodiments, the gene expression level is the gene expression level in the
brain. In some embodiments, the gene expression level is the gene expression level in the
frontal cortex. In some cmbodiments, the gene expression level is the gene expression fovel

m the cerebellum.

166197} In some embodiments, the plurality of individuals are healthy individuals. In some
embodiments, the plurality of individuals have a disease or disorder. In some embodiments,
the plurality of individuals have a neurodegenerative disease. In some embodiments, the
neurodegenerative discase 1s Alzheimer’s Disease, Parkinson’s Discase, Huntington’s

Dhsease, or Fronto-temporal dementia.
{06198] Gene expression levels

{86199 In certain aspects. nucleis acids isolated from the subject’s sample are
sequenced to determine the gene expression and identify genotvpes of mterest. Several
techniques known in the art can be used to detect or quantify DNA expression, RNA
expression, or nucleic acid sequences, which include, but are not hmited to, sequencing,
hybridization, aroplification, and/or binding to specitic ligands. Methods to quantify nucleic
acids from biological samples are known in the art.  Any suitable method to quantify nucleic
acids from biological samples are contemplated for use 1 the invention. In a non-limiting
embodiment, gene ¢xpression can be measured using RT-PCR, gPCR, microarrays, o

RNAseq. Other methods of measuring gene expression are known in the art.

{00200] Sequencing can be performed using techniques well known in the art, using
automatic sequencers. Sequencing can be performed on the complete gene or on specific

domains thereof.

{06201 For any of the gene transcripts to be quantified, suitable primers specific fora
gene may be designed by known methods in the art. In other embodiments, the skilled artisan
1s able to modify the sequences of the above-described primers by addition and/or deletion of
one or a few nucleotide(s) at the 3" and/or 5' end, for example but not hinuted to addition of

nucleotides at the 5" end of a primer,

[66202] In certain embodiments, gene transcripts may be quantified usmg specific
probes in the RT-gPCR. In certain embodiments, the probe is preferably labeled. Several

probe systems have been described for specifically measunng amplification of a target
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sequence. They are usually constituted of an oligonucleotide complementary to said target
sequence, which is bonded to pairs of fluorophore groups or fluorophore/quenchers, such that
hybndization of the probe to its target and the successive amplification cycles cause an
merease or reduction 1o the total fluorescence of the mixture, depending on the case,

proportional to the amplification of the target sequence.

[86263] Non-himiting exampies of labehing systems that can be used to carry out kinetic
PCR are the TagMan™ (ABLRTM.), the AmpliSensor™ (InGen), and the Sunrise™
{Oncor®, Appligene®) systeras. The skilled artisan can choose amongst these systems or

other any other labeling systems.

{00204] Apart from the primers and probe sequence, the skilled artisan can use general
knowledge concerning quantitative RT-PCR in order to determine the other parameters for
performing the method according to the invention, for example but not limited to, cyeling
parameters, and quantification having regard to a housckeeping gene. Examples of such

parameters are well known in the art.

[066205] In other embodiments, gene transcripts can be quantified using nucleic acid
microarrays and probes designed to detect specific transcripts. In other embodiments, gene
transcripts can be quantified using RNA sequencing (RNA-seqg) or whole transcriptome
shotgun sequences (WSS}, which uses next generation sequencing to quantify RNA present

in a biological sample. Methods of performing RNA-seq are known in the art.

[066206] Any suitable biological sample can be used to determine gene expression of
the genotype of interest. In some embodiments, the biological sample can be taken from
body fluid, such as urine, saliva, bone marrow, blood, and dernivative blood products {sera,
plasma, PBMC, circulating cells, circulating RNA). In some embodiments, the biological
sample can be taken from a human subject, from an animal, or from a cell culture. The
biological sample can be obtained m vivo, m vitro or ex vive. Non-himiting examples of
biological samples include blood, serum, plasma, cercbrospinal fluid, mucus, tissue, cells,
and the like, or any combination thereof. In a non-limiting embodiment, the biological
sample 1s blood. In a non-limiting embodiment, the biclogical sample 1s serum. In a non-
Emiting embodiment, the biological sample 1s plasma. In a non-limiting embodiment, the
biclogical sample is cercbellum blood. In a non-limiting embodiment, the biological sample
is a brain tissue sample. Any suitable method to 1solate nucleic acids from biological samples
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are contemplated for use in the mvention. Biological samples for analysis are stored under
suttable conditions. In non-hmiting examples biological samples are kept at about 4°C. In
non-limiting cxamples biological samples are kept at about -20°C. In non-limiting examples

biological samples are kept at about ~70-80°C.

1006207] Methods of modifving a phenotype associated with a genetic risk allele, treating
preventing, or delaying the onset of aging, and treating, preventing, or delaying the onset

of cognitive decline

[806208] In certain aspects, the mvention provides a method of modifying a phenotype
associated with a TMEM 1068 risk allele in a subject in need thereof, the method comprising
administering an cffective amount of an L2 modulator, and ILZRA modulator, an IL2RB
modulator, an IL2RG modulator, an 1L 15 modudator, an {L15RA modulator, ora

combination thercof to the subject.

{30209} In certain aspects, the invention provides a method of treating, preventing, or
delaying the onset of aging in a subject in need thereof, the method comprising administering
an effective amount of an 112 modulator, and IL2RA modulator, an ILZRE modulator, an
IL2REG modudator, an IL15 modulator, an IL1SRA modulator, 3 TMEMI106B modulator, ora

combination thercof to the subject.

{30210} In certain aspects, the invention provides a method of treating, preventing, or
delaying the onset of cognitive decline 1n a subject in need thereof, the method comprising
administering an cffective amount of an L2 modulator, and ILZRA modulator, an IL2RB
modulator, an IL2RG modulator, an [L15 modulator, an IL15RA modulator, a TMEMI06B

modulator, or a combination thereof to the subject.

[B8211] In some embodiments, the subject is administered an IL2 modulator. In some
embodiments, the subject is administered an H.2ZRA modulator. In some embodiments, the
subject is admunistered an {L.2REB modulator. In some embodiments, the subject is
adnunistered an [L2RG modulator. In some embodiments, the subject 1s adnunistered an

IL15 modulator. In some embodiments, the subject is administered an IL15RA modulator.

[B86212] In some embodiments, the subject is homozygous tor the TMEM 1068 nisk allele.
In some embodiments, the subject 18 heterozygous for the TMEMI06B risk allele. In some

embodiments, the subject is homozygous for the TMEM106B protective allele. In some
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embodiments, the TMEMI06B risk allele is an A at SNP 151990622, In some embodiments,
the TMEMI06B protective allele is a G at SNP 1990622,

[86213] In some embodiments, the IL2RA modulator increases expression of a IL2RA
protective allele, or decreases expression of a IL2RA risk allele, or a combination thereof. In

-
I
i

some embodiments, the ILZRA protective allele s an A at SNP 12722515, in some

embodiments, the IL2RA nsk allele 1s an C at SNP 12722515,

[88214] In some embodiments, the modulation increases expression of a TMEMIG6B

protective allele.

{86215} In some embodiments, the modulation decreases the expression of the TMEM 1068
risk allele. In some embodiments, the TMEMI106B risk alicie is an A at SNP 11990622, In
some embodiments, the TMEMI06B protective allele 15 a G at SNP 51990622,

{00216} In some embodiments, the phenotype associated with a2 TMEMI106B risk allele is a
plurality of genes, and their expression levels, associated with the TMEM106B risk allele. In
some embodiments, the phenotype associated with a TMEM 106B risk allele is reduced and a

phenotype associated with a TMEMI106E protective allele is mercased.
{80217 Modulators of the Invention

[86218] As used heremn, a modulator can be, but ts not limited 1o, a compound that interacts
with a gene, or protein, polypeptide, or peptide, and modelates its activity or its expression.
Some non-limiting examples of modulators include peptides (such as peptide fragments
corprnsing a polvpeptide encoded by a gene, or antibodies or fragments thercof), small
molecules, and nucleic acids (such as sikRNA or antisense RNA specific for a nucleic acid).
The modulator can either increase the activity or expression of a protein encoded by a gene,

or the modulator can decrease the activity or expression of a protein encoded by a gene.

{86219} The modulator can be an antagonist (¢.g., an inhibitor). Antagonists can be
molecules which, decrease the amount or the duration of the activity of a protein.
Antagonists and inhibitors include proteins, nucleic acids, antibodies, small molecules, or any

other molecules which decrease the activity of a protein.
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[86228] The modulator can be an agomist. Agonists of a protein can be molecules which,
merease or prolong the activity of a protein, agonists include, but are not limited to, proteins,

nucleic acids, small molecules, or anv other molecules which activate a protein.

1062211 Io one embodiment, a modulator can be a peptide fragment. Fragments include all
possible amino acid lengths between and including about 8 and about 100 amino acids, for
example, lengths between about 10 and about 100 anuno acids, between about 15 and about
100 amino acids, between about 20 and about 100 amino acids, between about 35 and about
100 amino acids, between about 40 and about 100 amino acids, between about 50 and about
100 amino acids, between about 70 and about 100 amino acids, between about 73 and about
100 amino acids, or between about 80 and about 100 amino acids. These peptide fragments
can be obtained commercially or synthesized via liguid phase or solid phase synthesis
methods (Atherton ef al, (1989) Solid Phase Peptide Syathesis: A Practical Approach. IRL
Press, Oxford, England). The peptide fragments can be isolated from a natural source,

genetically engineered, or chemically prepared. These methods are well known in the art.

{86222 A modulator, for example, an agonist or antagonist, can be a protein such as an
antibody {monoclonal, polvcional, humanized, chimeric, or fully human}, or a binding
fragment thercof. An antibody fragment can be a form of an antibody other than the full-
fength form and includes portions or components that exist within full-length antibodies, n
addition to antibody fragments that have been engineered. Antibody fragments can include,
but are not hnuted to, single chain Fv {scFv), diabodies, Fv, and (Fab')z, triabodies, Fe, Fab,
CDRI, CDR2Z, CDR3, combinations of CDR’s, variable regions, tetrabodics, bifunctional
hyvbrid antibodies, tframework regions, constant regions, and the like (see, Maynard ef o/,
{2000} Ann. Rev. Biomed. Fng 2:339-76; Hudson {1998) Curr. Opin. Biotechnol. 9:395-402},
Antibodies can be obtained commercially, custom gencrated, or synthesized against an
antigen of interest according to methods establiished in the art (Janeway er af., (2001)

Immunchiclogy, 5th ed., Garland Publishing).

[B06223] A modulator, for example, an agonist or antagonist, can be selected from the group
comprising: siRNA; interfering RNA or RNA1; dsRNA; RNA Polymerase HI transcribed
DNAg; ribozymes; and antisense nucleic acids, which can be RNA, DNA | or an artificial
nucleic acid. Antisense oligonucleotides, including antisense DNA, RNA, and DNA/RNA
molecoles, act to directly block the translation of mRNA by binding to targeted mRNA | and

preventing protein transiation. Antisense oligomucleotides of at least about 15 bases can be
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synthesized, ¢.g., by conventional phosphodiester techniques (Dallas ef af., (2006} Med. Sci.
Monit 12{4):RA67-74; Kalota et al , (20063 Handb. Fxp. Pharmacol. 173:173-96,;
Lutzelburger ef al., (2006} Handb. Fxp. Pharmacol 173:243-59). Antisense nucleotide
sequences include, but are not Himited to: morpholinos, 2°-O-methyl polyvnucleotides, DNA,

RINA and the like.

100224} «1RNA comprises a double stranded structure containing from about 15 to about 50
base patrs, for example from about 21 1o about 25 base pairs, and having a nucleotide
sequence identical or nearly identical to an expressed target gene or RNA within the cell.
siRNA comprises a sense RNA strand and a complementary antisense RNA strand annealed
together by standard Watson-Crick base-pairing interactions. The sense strand comprises a
nucleic acid sequence which is substantially identical to a nucleic acid sequence contained
within the target miRNA molecule. “Substantially wdentical” to a target sequence contained
within the target mRNA refers (o a nucleic acid sequence that differs from the target
sequence by about 3% or less. The sense and antisense strands of the siRNA can comprise
two complementary, single-siranded RNA molecules, or can comprise a single molecule in
which two complementary portions arc base-paired and are covalently linked by a smgle-
stranded “hairpin” area. See also, McManus and Sharp (2002) Nat Rev Genetics, 3:737-47,
and Sen and Blau (2006) FASEB J., 20:1293-99, the entire disclosures of which are herein

meorporated by reference.

{06225] The siRNA can be altered RNA that differs from naturally-occurming RNA by the
addition, deletion, substitution and/or alteration of one or more nucleotides. Such alterations
can mnclude addition of non-nucleotide matenial, such as to the end(s) of the siRNA or to one
or more internal nucleotides of the siRNA, or modifications that make the siRNA resistant to
nuclease digestion, or the substitution of one or more nucleotides in the siRNA with
deoxyribonucleotides. One or both strands of the stRNA can also comprise a 3 overhang. As
ased herein, a 37 overhang refers to at least one unpatred mucleotide extending from the 3°-
end of a duplexed RNA strand. For example, the siRNA can comprise at least one 3
overhang of from 1 to about 6 nucleotides (which includes nibonucleotides or
deoxyribonucleotides) in length, or from 1 to about 3 nucleotides in length, or from 1 to about
4 nucleotides in length, or from about 2 to about 4 nucleotides m length. For example, each
strand of the siRNA can comprise 37 overhangs of dithymidylic acid (“T'T™) or diuridylic acid

{“vu’”).
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[86226] siRNA can be produced chemically or biologically, or can be expressed from a
recombmant plasmid or viral vector (for example, see US. Patent No. 7,294, 504 and U S
Patent No. 7,422,896, the entire disclosures of which are herein incorporated by reference).
Exemplary methods for producing and testing dsRNA or siRNA molecules are described in
U.S. Patent Application Publication No. 2002/0173478 to Gewirtz, U.5. Patent Application
Publication No. 2007/0072204 o Hannon ef /., and 1n U.S. Patent Application Publication
MNo.2004/0018176 1o Reich ef ol the entire disclosures of which arc herein incorporated by

reference.

[606227] RNA polymerase i transcribed DNAs contain promoters, such as the U6 promoter.
These DNAs can be transcribed to prodoce small hatrpin RNAs in the cell that can function
as siRNA or lincar RNAgs that can function as antisense RNA. A modulator, for example, an
agonist or antagonist, can contain ribonucleotides, deoxvribonucleotides, synthetic
nucleotides, or any suitable combination such that the target RNA and/or gene 1s mhibited.

In addition, these forms of nucleic acid can be single, double, triple, or quadruple stranded.
{se¢ for example Bass (2001) Nature, 411, 428 429; Elbashir ef /., {2001) Nature, 411, 494
498 and PCT Publication Nos. WO 00/44895, WO 01/36646, WO 99/32619, WO 00/01846,
WO 01/29058, WO 99/07409, WO 00/44914).

[86228] A modulator, for examplie, an agomst or antagonist, can be a small molecule that
binds to a protein and disrupts 1ts function, or conversely, enhances its function. Small
molecuoles are a diverse group of syathetic and natural substances generally having low
molecular weights. They can be 1solated from natural sources (for example, plants, fungi,
microbes and the like), are obtained commercially and/or available as hibranes or collections,
or synthesized. Candidate small molecules can be identified via in sifico screening or high-
through-put (HTP} screcning of combinatonal libraries. Most conventional pharmaceuticals,
such as aspirin, penicitlin, and many chemotherapeutics, are small molecules, can be obtamed
commercially, can be chemically synthesized, or can be obtained from random or
combinatorial libranes as descnbed below (Werner ef @l , (2006) Brief Funct. Genomic

Proteomic 5{1}.32-6).

180229} Koowledge of the primary sequence of 2 molecule of interest, such as the aming
acid sequenee, and the similarity of that sequence with proteins of known function, can
provide information as to the inhibitors or antagonists of the protein of interest in addition to

agonists. Identification and screening of agonists and antagonists is further faciitated by
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determuning structural features of the protein, e.g., using X-ray crystallography, neutron
diffraction, nuclear magnetic resonance spectrometry, and other techniques for structure
determination. These technigues provide for the rational design or identification of agonists

and antagonisis.
1006236] Pharmaceutical Compasitions and Administration for Therapy

{80231} Treatments of the invention can be adnunisicred to the subject once {e.g., as a single
mjection or deposition}. Alternativelv, treatments of the imvention can be admimstered once
or twice datly to a subject in need thereof for a period of from about two to about twenty-
cight days, or from about seven to about ten days. Treatments of the invention can alsc be
administered once or twice daily to a subject foraperiod of 1,2,3,4,5,6,7,8,9, 10, 11, 12
times per year, or a combination thereof. Furthermore, treatments of the invention can be co-
administrated with another therapeutic. Where a dosage regimen comprises multiple
administrations, the effective amount of the treatment(s} admmistered to the subject can

coraprse the total amount of the treatment(s) administered over the entire dosage regimen.

[06232] Treatments can be adnunistered to a subject by any means suitable for delivering the
treatment to cells of the subject, such as brain tissue or newronal cells. For example,
treatments can be admimstered by methods suitable to transfect cells. Transfection methods
for cukaryotic cells are well known in the art, and include direct injection of a nucleic acid
into the nucleus or pronucleus of a cell; electroporation; hiposome transfer or transfer
mediated by hipophilic materials; receptor mediated nucleic acid delivery, bioballistic or
particle acceleration; caloium phosphate precipitation, and transfection mediated by viral

vectiors.

{86233} The compositions of this invention can be formulated and administered to redoce
the symptoms by anv means that produces contact of the active ingredient with the agent’s
site of action in the body of a subject, such as a human or amimal {e.g., a dog, cat, or horse).
Thev can be administered by anv conventional means available for use in conjunction with
phammaceuticals, either as individual therapeutic active ingredients or in a combination of
therapeutic active ingredients. Thev can be administered alone, but are generally
administered with a pharmaceutical carrier selected on the basis of the chosen route of

administration and standard pharmaceutical practice.
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[86234] The treatments of the mvention may be admunistered 1o a subject in an amount
effective to treat or prevent. (ne of skill in the art can readily determine what will be an
cffective amount of the treatments of the jnvention to be administered to a subject, taking into
account whether the modulator 18 bemg used prophylactically or therapeutically, and taking
mnto account other factors such as the age, weight and sex of the subject, anv other drugs that
the subject may be taking, any allergies or contraindications that the subject may have, and
the ike. For example, an cffective amount can be deternined by the skilled artisan using
known procedures, including analysis of titration curves established in vifro or in vive. Also,
one of skill in the art can determine the cffective dose from performing pilot expeniments in
suitable animal model species and scaling the doses up or dowan depending on the subject’s
weight cte. Effective amounts can also be determined by performing chinical trials in
mdividuals of the same species as the subject, for example starting at a low dose and
gradually increasing the dose and monitonng the effects on a neurodegencerative disorder.
Appropriate dosing regimens can also be deteroined by one of skill in the art without undue
experimentation, in order to determine, for example, whether to administer the agent in one
single dose or in multiple doses, and in the case of multiple doses, to determine an effective

mierval between doses.

106235] A therapeutically effective dose of a treatment can depend upon a number of factors
known 1o those of ordinary skill in the art. The dose(s) of the modulators can vary, for
example, depending upon the identity, size, and condition of the subject or sample being
treated, further depending upon the route by which the composition is to be administered, if
applicable, and the effect which the practitioner desires the modulator to have upon the target
of interest. These amounts can be readily determined by a skilled artisan. These amounts
melude, for example, mg or microgram {mg) amounts per kilogram (kg) of subject weight,
such as about 0.25 mg/kg, about 0.5 mg/kg, about 1 mg/kg, about 2 mg/kg, about 3 mg/kg,
about 4 mg/kg, about 5 mg/kg, about 6 mg/ke, about 7 mg/kg, about 8 mg/kg, about 9 mg/kg
or about 10 mg/kg, or between about 0.25 mg/kg to 0.5 mg/kg, 0.5 mg/kg to P mg/kg, |
me/kg to 2 mg/ke, 2 mg/kg to 3 mg/kg, 3 mg/kg to 4 mg/kg, 4 mg/kg to S mg/ke, 5 mg/kg to
6 mg/kg, 6 mg/kg to 7 mg/kg, 7 mgkeg to 8 mg/ke, S mg/kg to 9 mg/ke, or 9 mg/kg to 10
mg/kg, or any range in between. These amounds also include a unit dose of a modulator, for
example, mg or mg amounts, such as at least about 0.25 mg, 0.5 mg, 1 mg, 2 mg, Smg, 10
mg, 20 mg, 30 mp, 40 mg, 50 mg, 60 mg, 70 mg, 80 mg, 90 mg, 100 mp, 110 mg, 120 mg,
130 mg, 140 mg, 156 mg, 160 mg, 170 mg, 180 mg, 190 mg, 200 mg, 225 mg, 250 mg, 275
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mg. 300 mg, 325 mg, 350 mg, 375 mg, 400 mg, 425 mg, 450 mg, 475 mg, 500 mg, 5325 mg,

o ™ fot)

]

550 mg, 575 mg, 600 mg, 623 mg, 650 mg, 675 mg, 700 mg, 750 mg, 800 mg, 350 mg, 900
mg, or more. Any of the therapeutic applications described herein can be applied to any
subject in need of such therapy, including, for example, a mammal such as a dog, acat, a

cow, a horse, a rabbit, a monkey, a pig, a sheep, a goat, or 3 human,

{86236} For modulators that are antagonists or inhibttors, or agonists, or activators, of a
protein, or modulators that increase or decrease the expression of a gene or genes, the

mstructions would spectfy use of the pharmaccutical compaosttion.

106237] Pharmaceutical compositions for use in accordance with the invention can be
formulated in conventional manner using one or more physiologically acceptable cammiers or
exciptents. The therapeutic composttions of the mvention can be formulated for a variety of
routes of admunistration, including systemic and topical or localized administration.
Techniques and fornmlations generally can be found in Remmington’s Pharmaceutical
Sciences, Mcade Publishing Co., Easton, Pa (20 Ed., 2000}, the entire disclosure of which is
herein incorporated by reference. For systemic administration, an injection is useful,
mcluding ntranmuscuolar, intravenous, wntraperitoneal, and subcutaneous. For injection, the
therapeutic compositions of the invention can be formulated in hiquid solutions, for example
m physiologically compatible buffers such as Hank’s solution or Ringer’s solution. In
addition, the therapeutic compositions can be formulated 18 solid form and redissolved or
suspended immediately prior to use. Lyophilized forms are also included. Pharmaceutical
compositions of the present mvention are characterized as being at least sterile and pyrogen-

free. These pharmaceutical formulations mclude formulations for human and veterinary use.

{00238} According to the invention, a pharmaceutically acceptable carrier can comprise any
and all solvents, dispersion media, coatings, antibacterial and antifungal agents, 1sotomc and
absorption delaying agents, and the like, compatible with pharmaceutical administration. The
use of such media and agents for pharmaceutically active substances is well known 1 the art.
Any conventional media or agent that is compatible with the active modulator can be used.

Supplementary active modulators can also be ncorporated into the compositions.

[86239] A pharmaceutical composition containing a modulator of the invention can be
administered in conjunction with a pharmacecutically acceptable carrier, for any of the

therapeutic effects discussed herein. Such pharmaceutical compositions can comprise, for
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example antibodies direcied to polvpeptides encoded bv genes of interest or variants thereof,
or agonists and antagonists of a polvpeptide encoded by a gene of interest. The compositions
can be administered alone or in combination with at least one other agent, suchas a
stabilizing compound, which can be adminstered in any sterile, biocompatible
pharmmaceutical carrier including, but not hinuted to, saline, boffered saline, dextrose, and
water. The compositions can be admiunistered to a patient alone, or in combination with other

agents, drugs or hormones.

[00246] A pharmaceutical composition of the invention is formulated to be compatible with
its intended route of administration. Examples of routes of adnunistration include parenteral,
g.g., intravenous, intradermal, subcutancous, oral {e.g., inhalation), transdermal (topical},
transmucosal, and rectal administration. Solutions or suspensions used for parenteral,
mitradermal, or subcutancous applications can include the following components: a sterile
diluent such as water for injection, saline solution, fixed oils, polyethvlene glveols, glveerine,
propviene glycol or other synthetic solvents; antibacterial agents such as benzyl alcohol or
methvl parabens; antioxidants such as ascorbic acid or sodium bisulfite; chelating agents such
as cthylencdiaminetetraacetic acid; buffers such as acetates, citrates or phosphates and agents
for the adjustment of tonicity such as sodium chloride or dextrose. pH can be adjusted with
acids or bases, such as hydrochloric acid or sodium hydroxide. The parenteral preparation
can be enclosed in ampoules, disposable svringes or multiple dose vials made of glass or

plastic.

{60241} Pharmaceutical compositions suitable for injectable use melude sterile agueous
solutions (where water soluble) or dispersions and sterile powders for the extemporancous
preparation of sterile injectable solutions or dispersions. For intravenous administration,
suitable carriers include physiological saline, bacteriostatic water, Cremophor EM™ (BASF,
Parsippany, N.J.) or phosphate butfered saline (PBS). In all cases, the composition nust be
sterile and shoold be fluid to the extent that easy syringability exists. It must be stable under
the conditions of manufacture and storage and must be preserved against the contaminating
action of microorganisms such as bacteria and fungi. The carrier can be a solvent or
dispersion medium containing, for example, water, ethanol, a pharmaceutically acceptable
polyol like glycerol, propylene glycol, iquid polyethevlene glveol, and suitable mixtures
thereof. The proper fluidity can be maintained, for example, by the use of a coating such as

ccithin, by the maintenance of the required particle size in the case of dispersion and by the
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use of surfactants. Prevention of the action of microorganisms can be achieved by various
antibactenal and antifungal agents, for example, parabens, chlorcbutanol, phenol, ascorbic
acid, thimerosal, and the hike. In many cases, it can be useful to include isotonic agents, for
example, sugars, polvalcohols such as manmitol, sorbitol, sodium chionde in the composition.
Prolonged absorption of ijectable compositions can be brought about by ncorporating an

agent which delays absorption, for example, aluminum monostearate and gelatin,

[86242] Sternle injectable solutions can be prepared by incorporating the modulator (g, a
small molecule, peptide or antibody) in the required amount in an appropriate solvent with
one or a combination of ingredients enumerated herein, as required, followed by filtered
sterilization. Generally, dispersions are prepared by incorporating the active compound into a
sterile vehicle which contains a basic dispersion medium and the required other ingredienis
from those enumerated herein. In the case of stenile powders for the preparation of sterile
mjectable solutions, examples of useful preparation methods are vacuum drying and freeze-
drying which yields a powder of the active imgredient plus any additional desired mgredient

from a previously sterile-filtered solution thereof.

180243} Oral compositions generally inchude an inert diluent or an edible carner. They can
be enclosed n gelatin capsules or compressed into tablets. For the purpose of oral
therapeutic adnumnistration, the active compound can be incorporated with excipients and used
i the form of tablets, troches, or capsules. Oral compositions can also be prepared using a
fhud carnier for use as a mouthwagh, wherein the compound in the fhud carrier is applied

orally and swished and expectorated or swallowed.

{06244} Pharmaceutically compatible binding agents, and/or adjuvant materials can be
meluded as part of the composition. The tablets, pills, capsules, troches and the hike can
contain any of the following ingredients, or compounds of a similar nature: a binder such as
microcrystaliine celinlose, gum tragacanth or gelating an excipient such as starch or lactose, a
disintegrating agent such as alginic acid, Primogel, or comn starch; a lubricant such as
magnesium stearate or sterotes; a ghidant such as colloidal sibicon dioxide; a sweetening agent
such as sucrose or saccharin; or a flavoring agent such as peppermint, methyi salicvlate, or

orange flavoring.

{86245] Systemic administration can also be by transmucosal or transdermal means. For

transmucosal or transdermal administration, penetrants appropriate to the barrier to be

o



WO 2018/170289 PCT/US2018/022678

permeated are used m the formulation. Such penetrants are generally known m the art, and
melude, for example, for transmucosal administration, detergents, bile salts, and fusidic acid
derivatives. Transmucosal administration can be accomplished through the use of nasal
sprays or suppostiories. For transdermal administration, the active modulators are formulated
mnto ointments, salves, gels, or creams as generally known in the art. In some embodiments,
the modulator can be applied via transdermal delivery systems, which slowly releases the
active modulator for percutancous absorption. Permeation enhancers can be used to facilitate
transdermal penetration of the active factors in the conditioned media. Transdermal patches
are described in for example, U.S. Pat. No. 5,407,713; U.S. Pat. No. 3,352,456, U.S. Pat. No.
5,332,213, U.S. Pat. No. 5,336,168, U.S. Pat. No. 5,290,561, U5 Pat. No. 5,254,346, U S.
Pat. No. 5,164,189, U.S. Pat. No. 5,163,899, U.S. Pat. No. 5,088,977, U.8. Pat. No.
5.087.240; U.S. Pat. No. 5,008,110; and U.S. Pat. No. 4,921,475,

[86246] Administration of the modulator 15 not restricted to a single route, but may
encompass administration by multiple routes. For instance, exemplary admimistrations by
multiple routes include, among others, a combination of intradermal and intramuscular
administration, or intradermal and subcutancous administration. Multiple administrations
may be sequential or concurrent. Other modes of application by multiple routes will be

apparent to the skilled artisan,

[86247] The modulators of the wvention may be formulated mto compositions for
administration to subjects for the treatment and/or prevention. Such compositions may
comprise the modulators of the invention in admixture with one or more pharmaceutically
acceptable diluents and/or carners and optionally one or more other pharmaceutically
acceptable additives. The pharmaceutically-acceptable dilvents and/or carriers and any other
additives must be “acceptable” in the sense of being compatible with the other mgredients of
the composition and not deleterious to the subject to whom the composition will be
administered. One of skill in the art can readily formulate the modulators of the invention
mto compositions suitable for adounistration to subjects, such as human subjects, for example
using the feaching a standard text such as Remington’s Pharmaceutical Sciences, 18th ed.,
{Mack Publishing Company: Easton, Pa., 1990}, pp. 1635-36), and by taking into account the

selected route of debivery.

[86248] Examples of diluents and/or carrters and/or other additives that may be used

mehude, but are not limited to, water, glyeols, oils, alcohols, aqueous sclvents, organic

~ 73 -



WO 2018/170289 PCT/US2018/022678

solvents, DMSQ, saline solutions, physiological buffer solutions, peptide carriers, starches,
sugars, preservatives, antioxidants, coloring agents, pH buffering agents, granulating agents,
lubricants, binders, disintegrating agents, emulsificrs, binders, excipients, extenders, glidants,
solubilizers, stabilizers, surface active agents, suspending agents, fonicity agents, viscosity-
altering agents, carboxvmethyl cellulose, crystathine cellulose, glveernin, gum arabic, lactose,
magnesium stearate, methyl cellulose, powders, saline, sodivm alginate. The combination of
diluents and/or carriers and/or other additives used can be varied taking into account the
nature of the active agents used (for example the solubility and stability of the active agents),
the route of delivery (e.g. oral, parenteral, ¢tc.), whether the agents are to be delivered overan
extended period {such as from a controlled-release capsule), whether the agents are to be co-
administered with other agents, and various other factors. One of skill in the art will readily

be able to formulate the modulators for the desired use without undue experimentation.

{66249} The modulators of the mvention may be admnistered to a subject by any suitable
method that allows the agent to exert its effect on the subject in vivo, For example, the
compositions may be administered to the subject by kanown procedures mcluding, but not
limited to, by oral administration, sublingual or buccal administration, parenteral
administration, transdermal admunistration, via inhalation, via nasal delivery, vaginally,
rectally, and intramuscuiarly. The modulators of the invention mayv be administered
parenterally, or by epifascial, intracapsular, mtracutancous, subcutaneous, intradermal,
mtrathecal, mtramuscular, intraperitoneal, intrastemal, mtravascular, intravenous,
parenchyvmatous, or sublingual delivery. Belivery may be by injection, infusion, catheter
delivery, or some other means, such as by tablet or spray. In one cmbodiment, the
modulators of the invention are administered to the subject by way of delivery directly to the
brain tissue, such as by way of a catheter inserted into, or in the proxinuty of the subject’s
brain, or by using delivery vehicles capable of targeting the drug to the brain. For exarnple,
the modulators of the invention may be conjugated fo or adounistered in conjunction with an
agent that is targeted to the bram, or the spinal cord, such as an antibody or antibody
fragment. In one embodiment, the modulators of the invention arc administered to the
subject by way of delivery directly to the tissue of interest, such as by way of a catheter
mserted mto, or in the proximity ot the subject’s tissue of wterest, or by using delivery
vehicles capable of targeting the drug to the brain, or the spinal cord, such as an antibody or

antibody fragment.
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{86236} For oral administration, a formulation of the modulators of the invention may be
presented as capsules, tablets, powders, granules, or as a suspension or solution. The
formulation may contain conventional additives, such as lactose, mannitol, comstarch or
potato starch, binders, crystaliine cellulose, cellulose derivatives, acacia, comstarch, gelatins,
disintegrators, potato starch, sodiuvm carboxymethylcellulose, dibasic calcium phosphate,

anhydrous or sodium starch glycolate, lubricants, and/or or magnesium stearate.

[86251] For parenteral admimistration (7.e., administration by through a route other than the
alimentary canal}, the modulators of the invention may be combined with a sterile agueous
solution that 1s 1sotonic with the blood of the subject. Such a formulation may be prepared by
dissolving the active mgredient in water containing physiologically-compatible substances,
such as sodium chionde, glycine and the like, and having a buffered pH compatible with
physiological conditions, so as to produce an aqueous solution, then rendering the solution
sterile. The formulation may be presented m unit or multi-dose containers, such as scale
ampoules or vials. The formalation may be delivered by injection, infusion, or other means

known i the art.

1062521 For transdermal administration, the modulators of the invention may be combined
with skin penetration enhancers, such as propylene glycol, polyethyliene glveol, isopropanol,
cthanol, oleic acid, N-methylpyrrolidone and the like, which increase the permeability of the
skin to the modulators of the imvention and permit the modulators to penetrate through the
skin and indo the blocdstream. The modulators of the mvention also may be further
combined with a polymeric substance, such as ethylcellulose, hydroxypropyl cellulose,
cthylene/vinylacetate, polyvinvl pyvrrolidone, and the hike, to provide the composition in gel
form, which are dissolved in a solvent, such as methylene chloride, evaporated o the desired

viscosity and then applied to backing material to provide a patch.

{86253} In some embodiments, the modulators of the invention are provided in unit dose

form such as a tablet, capsule or single~dose injection or infusion vial.

106234} Vanous routes of administration and various sites of cell implantation can be
utthized, such as, subcutancous, intramuscular, or in brain tissue, or neuronal tissue, m order
to mtroduce ageregated population of cells into a site of preference. Once implanted in a

subject (such as a mouse, rat, or human}, the aggregated cells can then treat or prevent a

neurodegenerative disorder within the subject. In one embodiment, transfected cells (for
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example, cells expressing a protein encoded by a gene) are implanted in a subject to treat or
prevent Parkinson’s Discase and/or lysosomal toxicity caused by LRRK?2 kinase inhibitors
within the subject. In other embodiments, the transfected cells are cells derived from brain
tissue. In further embodiments, the transfected cells are neuronal cells. Aggregated cells (for
gxample, cells grown in a hanging drop culture) or transfected cells (for example, cells
produced as described herein) mamtained for | or more passages can be introduced (or

mmplanted) into a subject (such as a rat, mouse, dog, cat, human, and the like).

[B0255] “Subcutancous” administration can refer to admunistration just beneath the skin
{i.¢., beneath the demms). Generally, the subcutaneous tissue 1s a laver of fat and connective
tissue that houses larger blood vessels and nerves. The size of this layer varies throughout the
body and from person to person. The interface between the subcutancous and muscle layers

can be encompassed by subcutancous administration.

{86256] Adminstration of the cell aggregates i1s not restricted to a single route, but can
encompass administration by multiple routes. For mstance, exeraplary administrations by
multiple routes include, among others, a combmation of intradermal and intramuscular
administration, or intradermal and subcutanecus admimistration. Multiple administrations can
be sequential or concurrent. Other modes of application by multiple routes will be apparent to

the skilled artisan.

{80257} In other embodiments, this implantation method will be a one-time treatment for
some subjects. In further embodiments of the mvention, multiple cell therapy implantations
will be required. In some embodiments, the cells used for tmplantation will generally be
subject~-specific genctically engineered cells. In another embodiment, cells obtained from a
different species or another individual of the same species can be used. Thus, using such
cells can require administering an immunosuppressant o prevent rejection of the implanted
cells. Such methods have also been described in U8, Patent Publication US 2004/0057937

and PCT Publication No. W0 2001/32840, and are hereby incorporated by reference.
{006238] Gene Therapy and Protein Replacement Methods

186259 Dehivery of nucleic acids mto viable cells can be effected ex vivo, in situ, or in vivo
by use of vectors, such as viral vectors (¢.g., lentivirus, adenovirus, adeno-associated virus, or
a retrovirus), or ex vivo by use of physical DNA transfer methods (e.g., iposomes or

chemical treatments). Non-limiting techniques suitable for the transfer of nucleic acid into
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mammalian cells 7 vifro include the use of liposomes, electroporation, microinection, cell
fusion, DEAE-dextran, and the calcium phosphate precipitation method (See, for example,
Anderson, Narure, supplement to vol. 392, no. 6679, pp. 25-20 (1998}). Introduction of a
nucleic acid or a gene encoding a polyvpeptide of the mnvention can also be accomplished with
extrachromosomal substrates {transient expression} or artificial chromosomes (stable
expression}. Cells can also be cultured ex vivo in the presence of therapeutic compositions of
the present invention in order to proliferate or to produce a destred effect on or activity in

such cells. Treated cells can then be introduced i vive for therapeutic purposes.

{80266} Nucleic acids can be inserted mto vectors and used as gene therapy vectors. A
number of viruses have been used as gene transfer vectors, including papovavirases, e.g.,
SV40 (Madzak ef ol , 1992}, adenovirus {Berkner, 1992; Berkner ef o/, 1988; Gorziglia and
Kapikian, 1992; Quantin ef o/, 1992; Rosenfeld ef o/, 1992; Wilkinson ef o/, 1992
Stratford-Perricaudet ef of |, 1990}, vaccainia viras {(Moss, 1992}, adeno-associated virus
{Muozvezka, 1992; Oht ef ol , 1990}, herpesviruses inchiding HSVY and EBV (Margolskee,
1992; Johnson ef ¢f , 1992; Fink ef af ., 1992; Breakfield and Geller, 1987; Freese ef al.,
1990}, and retroviruses of avian (Biandvopadhbyay and Temin, 1984; Petropoulos ef af .,
1992}, murine (Miller, 1992; Miller ef o/, 1985, Sorge et of., 1984; Mann and Baltimore,
1985; Miller ef ¢/, 1988}, and human ongin {Shimada er o/, 1991; Helseth e7 @/, 1990, Page
et al., 1990; Buchschacher and Panganiban, 1992). Non-limiting examples of in vivo gene
transfer technigues include transfection with viral {e.g., retroviral) vectors (see 1.5, Patent
No. 5,252,479, which is incorporated by reference in its entirety} and viral coat protein-
liposome mediated transfection (Bzav er al, Trends in Biotechnology 11:205-210 (1993),
mcorporated entirely by reference). For example, naked DNA vaccines are generally known
mn the art; see Brower, Nature Biotechmology, 16:1304-13035 (1998}, which is mcorporated by
reference in its entirety. Gene therapy vectors can be delivered to a subject by, for example,
mtravenous mjection, local admiumistration (see, e.2., U.S. Patent No. 5,328,470) or by
stereotactic mjection {see, e.g2., Chen, et al., 1994, Proc. Natl. Acad Sci. USA 91: 3054-
3057}, The pharmaceutical preparation of the gene therapy vector can include the gene
therapy vector in an acceptable dilkient, or can comprise a slow release matrix in which the
gene delivery vehicle is imbedded. Alternatively, where the complete gene delivery vector
can be produced intact from recombinant celis, e g, retroviral vectors, the pharmaceutical

preparation can include one or more cells that produce the gene delivery system.
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{80261} For reviews of gene therapy protocols and methods see Anderson er al., Science
256:808-813 (1992); U.S. Patent Nos. 5,252,479, 5,747,469, 6,017 524, 6,143,290, 6,410,010
6,511,847, and U 8. Patent Publication Nos. US2002/0077313 and US2002/00069, which are
all hercby incorporated by refercnce in their entireties. For additional reviews of gene
therapy technology, see Friedmann, Science, 244:1275-1281 (1989}, Verma, Scientific
American: 68-84 (1990}, Miller, Nature, 357: 455-460 (1992); Kikuchi et al, J Dermatol Sci.
2008 May 50(2).87-98; Isaka er af., Lxpert Opin Drug Deliv. 2007 Sep;,4(5):561-71; Jager et
al., Curr Gene Ther. 2007 Aug 7(4).272-83; Wachler ef a/., Nat Rev Genet. 2007

Awpg 8(8):573-87; Jensen er al, Ann Med 2007.39(2):108-15; Herweijer ef al., Gene Ther.
2007 Jan; 14{2):99-107; Elivahu et o/, Molecules, 2005 Jan 31;10(11:34-64; and Altaras e/
al., Adv Biochem Eng Hiotechnol. 2005; 99:193-260, all of which are hereby incorporated by

reference in their entireties.

100262} In some embodiments, the gene therapy 15 a CRISPR-based gene therapy.
Introducing targeted modifications m the genome for therapeutic purposes, can require highly
cfficient systems that are able to alter the existing DNA pattem with great precision. The
CRISPR/Cas9 type U svstem consists of the Cas9 nuclease and a single guide RNA (sgRNA
or gRNA), which is a fusion of a CRISPR RNA (crRNA) and a trans-activating ctRNA
{tracrRNA} that binds Cas9 nuclease and directs 1t to a target sequence basedon a
complementary base-pairing rule. The target sequence must be adjacent to a protospacer-
adjacent motif (PAM) consisting of a canonical NGOG or NAG sequence. At the recognition
site, a double-strand break (DSB} is gencrated that can be repaired by non-homologous end
joining (NHED), resulting in small insertions or deletions usually associated with loss of
function (knockdown/knockout). In the presence of an exogenous donor DNA, by a
homologydirecied recombination {(HDR) mechanism, precise modifications can be achieved
at the targeted site, resulting in gain of function (knockin}. For additional review of CRISPR
cchnology, see Chira et al., Mol Thr. Nuc. Acids. 2017, Vol 7, p211, the contents of which

18 hereby incorporated by reference in its entirety.

{80263} Protein replacement therapy can increase the amount of protein by exogenously
miroducing wild-type or biologically functional protein by way of infusion. A replacement
polypeptide can be synthesized according to known chemical technigues or can be produced
and purified via known molecular biological techniques. Protein replacement therapy has

been developed for vartous disorders. For example, a wild-tvpe protein can be purified from
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a recombinant cellular expression system {e.g., mammalian cells or insect cells-see U.S.
Patent No. 5,580,757 to Desnick ef ¢/ ; U.S. Patent Nos. 6,395,884 and 6,458,574 to Selden of
afl.; U.S. Patent No. 6,461,609 to Calhoun ef a/.; U S. Patent No. 6,210,666 to Mivamura ef
al; U.S. Patent No. 6,083,725 to Sclden er of . U.8. Patent No. 6,451,600 to Rasmussen ef
al.: U.S. Patent No. 5,236,838 to Rasmussen ¢f /. and U.S. Patent No. 5,879,680 to Ginng ef
al ), homan placenta, or animal mitk {see U 8. Patent No. 6,188,045 to Reuser e o/}, or other
sources known in the art. Afier the infusion, the exogenous protein can be taken up by

tissues through non-specific or receptor-mediated mechanism.

[30264] A polypeptide encoded by a gene of interest can also be delivered i a controlled
release system. For example, the polvpeptide can be administered using intravenous
mfusion, an implantable osmotic pump, a transdermal patch, liposomes, or sther modes of
administration. In one embodiment, a pump can be used (see, i.¢., Langer, supra; Sefion,
CRC Cnit. Ref. Biomed. Eng. 14:201 (1987); Buchwald ¢t al., Surgery 88:307 (1980); Saudek
ctal, N. Engl J Med. 321:574 (1989)). In another embodiment, polyvmeric materials can be
used {sce Medical Applications of Controlled Release, Langer and Wise (eds ), CRC Pres |
Boca Raton, Fla. {1974); Controlied Drug Bioavailability, Drug Product Design and
Performance, Smolen and Ball {eds.), Wiley, New York (1984); Ranger and Peppas, 1.
Macromol. 5¢i. Rev. Macromol. Chem. 23:61 {1983); see also Levy et al, Science 228:190
{1985}, During et al., Ann. Neurol. 25:351 (1989); Howard et al., J. Neurosurg. 71:105
{1989)). In vet another embodiment, a conirotled release system can be placed in proximity
of the therapeutic target thus requiring only a fraction of the systemic dose {see, ¢.g.,
Goodson, in Medical Applications of Controlled Release, supra, vol. 2, pp. 115-138 {1984}).
Other controlled release svstems are discussed in the review by Langer (Science 249:1527-

1533 (1990)).

{80265} Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
mvention belongs. Exemplary methods and matenals are described below, although methods
and materials similar or equivalent to those described herein can also be used m the practice

or testing of the present mvention.
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[86266] Al publications and other references mentioned herein are incorporated by
reference in their entirety, as if cach individuoal publication or reference were specifically and
mdividually indicated to be incorporated by reference. Publications and references cited

herein are not admitted o be prior art.
EXAMPLES

{80267} Examples are provided herein to facilitate a more complete understanding of the
mvention. The tollowing examples illustrate the exemplary modes of making and practicing
the mvention. However, the scope of the mvention is not himited to specific embodiments
disclosed in these Hxamples, which are for purposes of tlustration only, since alternative

methods can be utilized to obtamn similar resulis.

{00268} Example § - Genetic determinants of aging in human brain

[86269] The progression of human age-associated traits, such as cognitive decline, is highly
variable across the population, with some individuals appearing older or younger than
expected at a given chronological age. Described hercin is an unbiased method, termed
Dnfferential-aging (A-aging), that quantifies age-associated mdividual variability, and apply
this approach to the analysis of transcriptome-wide cerebral cortex gene expression. A
subsequent genome-wide association study n search of genetic modifiers of A-aging
identified the TMEMUO06B gene locus, previously associated with frontotemporal dementia,
as determinant of A-aging in cercbral cortex with genome-wide significance (p<10-°), ina
meta-analysis of several cohorts totaling 1904 autopsied buman brain samples. TMEM106B
risk variants promote age-associated changes, such as mflammation, neuronal loss, and
cognitive deficits, even in the absence of known brain discase. Surprismgly, the effect of the
TMEMI06B risk allele on A-aging is highly selective for the frontal cercbral cortex of older
mdividuals (>65yo}. These data suggest a mechanistic link between aceelerated brain aging

and neurodegeneration.

{80276 Described herein is the identification of genetic and environmental factors that
determine whether an individual appears vounger or older than peers (A-aging). TMEMI106B
and GRN variants interact genetically in the regulation of A-aging. The role of TMEMI106B
i aging appears CNS region and life-stage selective. TMEM106B risk vanants modulate
CNS mflammatory and degenerative changes in the presence or absence of

neurodegenerative disease.
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1862718} Introduction

{88272} The rate at which human age-associated phenomena advance in otherwise healthy
mdividuals, termed healthy biclogical aging, is highly variable (Deary et al., 2012; Jones et
al., 2014; Prit and Kacberlem, 2015}, This has been hypothesized to be a consequence, 1n
part, of genetic heterogencity across the population. However, specific genctic factors that
determune the rate of normal biological aging remain 1o be clucidated. Rare Progeria
syndromes arg caused by single gene mutations, but these disorders are likely to be
mechanistically distinet from the conunon healthv aging process {Burtner and Kenvedy,
2010}, Poor studies have also identified genetic factors such as apolipoprotein E that modify
the hkelihood of extreme longevity, as with centenarians, using genome-wide association
studics (GWAS) {Deelen et al, 2014}, But such extreme longevity may reflect a selective
reduction in the incidence of some major causes of age-associated mortality, such as

atherosclerosis, rather than an altered rate of biological aging.

{80273} The relationship between physiological “healthy” aging and agimg-associated
discases is complex. Pathological hallmarks of Alzheimer’s disease (AD), whichis a
progressive dementia seen primanly in late life, mclude neurofibrillary tangles and amyioid
plagues 1o the CNS, but these changes can also be found m the UNS of adults without clinical
evidence of dementia, albeit 1o a lesser degree (Yu et al., 2015). Thus, it has been
hypothesized that some aspect of healthy brain aging may represent a prodromal state to
discase pathology. However, by functional criteria such as cognitive measures, changes
associated with healthy aging appear distinet from those see in neurodegencration (Small ot

al., 2011).

{86274} Described herein s a quantitative approach, termed Differential-aging (A-aging), to
evaluate the rate of aging across a cohort of tissue without prior assumption on the nature of
the age-associated phenotypic changes, based on transcriptome-wide gene expression
analvses. This A-aging trait reflects the difference between the apparent ("biological") age of
a tissue and the true ("chronological™) age of the individual from whom the sample was
dertved. Transcriptomic or epigenctic analyses have previously been used to identify age-
associated phenotypic changes in a hypothesis-free manner (Bocklandt et al |, 2011,
Colantuoni et al., 2011; de Magalhaes ¢t al., 2009; Glass et al,, 2013; Hannum et al., 2013;
Kangetal, 2011; Oriet al.; Zahn et al., 2007). However, most such changes are likely

secondary to the aging process, rather than causal. To address causality, a genetic approach
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is used. Specifically, A-agimg analysis was applied to large-scale gene expression datasets
from human brain tissue samples, and performed a genome-wide association study (GWAS).
This approach wdentified common variants at 2 genetic loci, TMEM 1068 and

Progranulin, associated with an increased rate of biological aging. The effect of TMEMI106B
risk variants was found to be selective to frontal cortex tissue in late life.  Further annotation
analyses revealed that the presence of TMEMI06B risk variants leads to an increased
mflanunatory polarization of innate immune markers, and a reduction in neuronal markers.
As the pro-inflammatory impact of the risk variants was seen even in the context of isolated
mnate immung cells, i was thought that this represents a proximal effect of the risk variant,
Analyas of tissue from individuals with neurodegenerative diseases, including AD, suggesta

broader role for TMEM106B in the CNS response to pathological or age-associated msults.
[00275) Results
180276} Dara-driven quantification of biological aging

1062771 In order to investigate potential determinants of the rate of biological aging, we
defined a quantitative trait - termed A-aging - that captures whether an individual appears
biologically vounger or older than s or her true chronological age (Fig. 1A). The A-aging
trait for a given individaal within a cohort ts a theoretical value defined as the difference
between the apparent biclogical age and the true chronological age of the individual, and thus

with the dimension of time (Fig. 1B).

{00278] To estimate the apparent biological age of a given individual within a cohort, we
used transcriptome~-wide gene expression data (but note that other biological datasets could
similarly be used). A-aging analysis of transcriptomic data 1s performed in two steps (Figs.
8A-B, detailed i Supplementary Methods): (i) all transcripts that are correlated in thewr
cxpression levels with the chronological ages of individuals within a given cohort of samples
are identified; (11} for each individual {or sample} within the cohort, the quantitative traif A-
aging is defined as the difference between a predicted “biological age”, that is based on the
aggregate cxpression levels of the age-dependent transcupts, and the actual “chronological”
age ot the mdividual (Fig. 1B, Fig. 8). To address non-hnear aspects of biclogic aging in the
most facile manner, cohorts may be subdivided into selected age ranges (such as late-life) to

be studied independently.
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{86279} In the most clementary case, A-aging for an individual may be quantified based on
the analysis of a single gene whose expression level is significantly correlated with age
within a given cohort (Fig. 1B, Fig. 8). However, such a limited analysis would most likely
reflect gene-specific variations across the cohort, rather than an aspect of aging. Thus, to
capture diverse age-assoctated phenotypes within a issue of interest, A-aging herein
represents an aggregated analysis of gene expression across the entire transeriptome of cach

mdividual (Fig. 8, sec Supplementary Methods for details).
[0028G] Age-associated changes in gene expression patterns in human frontal corfex

10062811 We initially sought to characterize the global effect of aging on transcriptome-wide
gene expression in post-mortem, autopsied prefrontal cortex tissue samples from individuals
free of known neuropathology (Fig. 2 A-C). The correlation between chronological age and
gene expression levels was gueried in transcriptome-wide microarray datasets from 4
mdependent cohorts (Tgen (Myers et al., 2007, Webster et al., 2009}, Brainkgr! (Gibbs et al |
2010y , HBTRC {(Zhang ct al, 2013) and BrainCloud {Colantuoni ¢t al., 201 1}; detailed in
Methods and Fig. 15). Meta-analvsis of the results obtained m the 4 datasets (=716
mdividuals >25 years old) identified 3329 genes that were significantly correlated in
expression with chronological age {false discovery rate [FDR|<3% by lincar regression, afier
correction for gender and batch effects, among the 10.474 genes present in all 4 datasets; see
Methods for details; meta-analysis). Functional annotation revealed an age-associated
decrease in the expression of neuronal genes and a parallel age-associated increase in the
cxpression of genes characteristic of astrocytes, microgha and oligodendrocyies, as defined
by the molecular signatures obtaimed by single-cell RNAseq from human bram (Darmanis et
al., 2015) (Fig. 2A). These observations are consistent with the progressive age-associated
loss of neurons and their processes, concomitant with astrogliosis and microghial expansion,
as described in neuropathological studies (Beach et al., 1989, Mosher and Wvss-Coray,

2014).

[00282] A detailed examination of individual genes whose expression levels are positively
or negatively correlated with chronological age -- such as the neuronal gene prepronocicentin
(PNOC) or ghal fibrillary acidic protein ({GFAP) - nonetheless revealed considerable
variability between tissue samples obtained from different individuals at any given age; (Fig.
2B and 2C and meta-analysis). Consistent with the A-aging theoretical model presented

above {Fig. 1B), we hypothesized that such vanability may in part reflect biological diversity
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i the aging process, due to genetic or non-genetic factors. In this model, for any given age-
associated gene, some mdividual tissue samples may display expression levels that are higher
or lower than expected for their chronological age, in part as a consequence of accelerated or

decelerated biological aging (Fig. 1B).

1006283] Genome-wide association study identifies TMEMI068 as a genetic determinant of

the rate of aging in human cerebral corlex

{00284 Using A-aging as a quantitative trait, we next undertook a GWAS (Fig. 3A) in
search of genetic modifiers of biclogical aging, in a meta-analysis across 4 transcriptome-
wide frontal cortox gene expression datasets (N=716 mdividuals without known brain
pathology, Fig. 15}, A strong association was observed between A-aging and the single
nucleotide polymorphism (SNP) vanant rs1990622, at the TMEM 068 gene locus i the
Discovery cohort {(p= 2.77x107, n=716, Figs. 3B, Fig. 9), that was replicated with genome-
wide significance in the Rephication cobort {p=1.68E-15, n=497, ROS-MAP cohoit, see
details below, Figs. 3B, Fig. 9}, leading to a combined association p-value of 1.5E-19 i 1213
sampies, (Figs. 3B). As this association appeared most prominently within a dataset
composed of older adulis only (565 vo; T'gen dataset; Fig. 3A, Fig. 15), we further refined the
entire meta-analysis by stratifving individuals as either vounger (<65yo) or older (>65vo)
adults within all datasets. Thas approach revealed a stnking age-dependence in the association
between rs1990622 and A-aging, that reached genome-wide significance in the older but not
the vounger cohorts (p=35 4x1071°, N=413 and p=8 0x10?, N=303 respectively; Fig. 3B, Figs.
8-9). Analvsis of an independent, population-bascd RNA-Seq gene cxpression dataset of
prefrontal cortex samples from older adults, that includes both unaffected individuals and
mdividuals with neurological diseases, replicated the association between rs1990622 and A-
aging (Religious Orders Study and Memory and Aging Project, ROS-MAF (Chan et al,
2015), P= 1.68x10°°, N=497 samples from individuals >65vo; Fig. 3B). Joint meta-analysis
that included all of the above datasets viclded a combined p-value of 2 5x107 for the
association between 151990622 and A-aging (8=910 samples; Fig. 3C-E}. In this meta-
analvsis, a second assoctation was observed at SNP rs708384 on chromosome 17, which falls
at the Progranulin gene locus, but this did not quuie reach genome-wide statistical
significance after correction for multiple testing (GRN: p=6.23x107 at rs708384, Fig. 3C).

Taken together, these findings strongly support the hypothesis that genetic {actors account for
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some of the vanability seen in the apparent rate of biological aging traits across the human

population.

{00285} Strikingly, the TMEMI06B SNP most strongly associated with increased A-aging in
the meta-analysis, 151990622, was previously also associated with FTD (Cruchaga ¢t al |
2011 Finch et al., 201 1; Van Decrlin et al., 2010). Specifically, the major allele at
rs1990622 (A; “Risk™; with a 59.2% allelic frequency 1n population of European ascent),
which in the meta-analysis above is associated to an increase i A-aging (Fig. 3A), had
previousiy been shown to increase the risk of FTD (Van Deerlin et al., 20103, as well to
reduce the age of onset comparably (Cruchaga et al., 2011; Finch et al,, 2011). Simslarly,
local imputation at the GRN locus revealed that the strongest association with A-aging was
observed for a variant (183848, p=1 85x10%, Fig. 10) previously identified as associated with
FTD as well as other neurodegenerative disorders (Chen et al |, 2015) (Rademakers et al |
2008, van Bhitterswijk et al., 2014} with the discase-associated risk allele being associated
with an increase i A-aging. Thus, the same genetic determinants that modify the rate of
apparent biclogical aging 1n the frontal cortex of otherwise healthy individuals also appear to

play a significant role in a rare neuwrodegenerative disorder of the frontal cortex.

[06286] We next sought to determing whether the effect of TMEM 1068 genetic vanation on
the A-aging endophenotype (Fig. 3F, Fig. 11) mught be reflected in functional measures of
brain aging. We thas querned the relationship between TMEMI106B haplotypes and cognitive
function, as assessed by Mini Mental State Exam (MMSE) in a large cross-sectional cohort of
genotyped individuals from the National fostitute on Aging (NIA) Long Lifc Fanuly Study
{(LLFS} (N=4953 mdividuals{Newman ¢t ai , 2011} (Barral ¢t al., 2012}). Remarkably, in
mdividuals without diagnosed dementia, the TMEMI06B haplotype associated with a
decreased rate of aging sclectively in individuals over 65vo in the analysis above was also
associated with better cognitive scores specifically in such older individuals (p=2.8x1073,
n=774, Fig. 4A-B; 131060700 was used a proxy for rs1990622 as these are co-inherited, see
Methods for details). Similar results were obtained in a second independent cross-sectional
cohort (Health and Retirement Study; N=12507 genotyped individuals; (Juster and Suzman,
1995} in which the TMEM106B haplotype associated with a decrease rate of aging 1n our
analysis above was again associated with improved scores in a memory test speeifically
among individuals over 65yo but not younger individuals (p=1.9x107 in the >65y0 age

group, n=3604; p=0.48, in the vounger individuals, 0=4432, Fig. 4C). These analyses of
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cognitive measures support the relevance of our transcriptomic-based A-aging studies of

human frontal cortex tissue.

1008287] The TMEMIOORB genctic variant modulates innate immune activation and neuronal

loss markers

[06288] To assess the impact of the TMEMI06B ra1990622 risk allele load (defined as 0, 1
or 2 nisk allele copies, as determined bv SNP genotyping) on corebral cortex gene expression
m detail, we next compared the transcriptome-~-wide gene expression changes observed n the
context of mereasimg risk allele load (termed the TMEM106B rnisk-associated transcriptomic
signature of change) to the gene expression changes associated with chronological aging
{termed the age-associated transcriptomic signature of change) in 4 independent gene
expression datasets from prefrontal cortex tissue of individuals free of known neuropathology
{Tgen, Brainligt!, HBTRC and BrainCloud, Fig. 13). A meta-analysis demonstrated that the
TMEM106B risk-associated transcriptontic signature of change was broadly correlated with
the age-associated transcriptomic signature of change. Furthermore, this correlation appeared
selective for tissue from older adults (>65 vo), relative to tissue from vounger adults (Fig.

SA-C, meta-analysis).

180289} To gamn msight mnto molecular mechanisms that act downstream of the TMEMI106B
risk variant, we next applied a gene co-expression network approach, termed whole genome
co-expression network analvsis (WGCNA) (Fuller et al | 2007 Langfelder and Horvath,
2008}, that can functionally probe transcriptomic patterns of change. WGCNA isa
computational tool that clusters genes in an unsapervised (hypothesis-free} manner based on
their correlated co-expression, and thus defines biologically relevant groups of gencs that
typically correspond to specific cell types or processes (Langfeider and Horvath, 2008).
WGCNA analysis of a frontal cortical gene expression dataset from older adults defined 5
gene clusters (Fig. 12A.; Ygen dataset; 179 individuals) that could be categorized in relation {o
major CNS cell tvpes: microglia, astroglia, oligodendroglia, and 2 different neuron-associated
groups. Asscssment of the effect size of the 131990622 genotype on the expression level of
gach of these gene clusters revealed the greatest impact to be on the microglia-associated
gene cluster, which overall s significanily increased in expression with increased risk allele
load. A similar patiem of transcriptome-wide gene expression change was observed with
chronological aging, as expected. In contrast, other factors -~ such as gender or post-mortem

mterval {PMI} to time of autopsy -- did not significantly affect these gene expression
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categories in a consistent manuer. In a complementary approach to WGCNA, we
functionally annotated the TMEM106B risk-associated transcriptomic signature, as well as
the age-associated transcriptonuc signature, using previously described human CNS single-
cell RN Aseq data (Darmams et al., 2015), This analvsis confirmed the microglia gene set to
be most increased i expression in the context of the 131990622 risk variant; again, the effect
was scen selectively 1o the older adult cobort (Fig. 12B, meta-analysis; N=716 unaffected

mdividuals from Tgen, Brainkgtl, HBTRC and BrainCloud cohorts).

{00290 Pror studies have associated pathological aging with an inappropriate polarization
of microgha and other innate immune myeloid cells towards an mereasingly pro-
mflammatory state (Deelen ot al, 2014; Gabuzda and Yankner, 2013, Hu et al, 2015;
Muosher and Wyss-Coray, 2014; Salminen et al , 2012). Given the altered expression of
microglia-associated genes in the context of the TMEMI106B risk haplotvpe, we hypothesized
that this may be associated with a selective change in the expression of microghal
mflammatory state-associated (“M17} or anti-inflammatory/repair state-associated ("M27)
genes (Fig. 6A}. Overall, both the M1- and M2-associated gene sets {detailed 1n Figs. 27A-
B}, as defined by RNAseq in polarized mouse microglia (Butovsky et al, 2014), were
generally increased in expression over the course of chronological aging (Fig. 6B).
TMEMI06B rs1990622 risk-allele carriers showed a significantly muted age-associated
merease in the expression of the M2 gene set (Fig. 6B, meta-analysis). M1 genes showed a
trend towards a potentiated age-associated increase in expression that did not reach statistical
significance in protective-allele carriers. Thus, taken together, the age-associated M1/M2
polanzation changes appeared significantly shified towards a pro-inflammatory state

cerchral cortex tissue from cammers of the TMEM 1068 nisk allele.

{00291} We extended this analvsis of mflammatory gene expression by additionally
querving the effect of the TMEMI06B 151990622 genotvpe on another human myeloid cell
hneage, dendritic cells. In a gene expression dataset from isolated, unstimulated human
monocyte-derived dendritic cells from genotyped tndividuals without known pathology
{GEO GSES53165 (Lee et al, 2014)), presence of the TMEMI06B A-aging risk allele was
again associated with an increased pro-mflammatory Mi-like gene expression signature.
Furthermore, the effect of the TMEMI106B nisk allele appeared non-additive with classical

pro-mflammatory stinvuli such as hpopolysaccharide (LPS) treatment (Fig. 6C, Fig. 13}
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{86292} An unexpected observation in the analysis of this dendritic cell dataset (Lec et al,
2014} was that LPS exposure led to a significant reduction in the gene expression level of
TMEMI106B (Fig. 6D). A similar effect of LPS exposure on TMEMI106B gene expression
was seen m 2 additional gene expression datasets from other 1solated human myeloid cell
lineages, monocytes and macrophages (decrease >50%; GSE3099 and GSE10316, N=15 and
60, Fig. SE-F). We further note that the TMEMI106B 151990622 risk allele was itself
siratlarlv associated with decreased expression of TMEM106B mRNA (Fig. 6D), suggesting
a potential direct molecular mechaniam for the effect of the TMEM 1068 risk haplotype on
TMEMI06B activity. Taken together, these findings suggest a regulatory circuitry, where
TMEM106B activity impacts mycioid cell inflammatory status, and conversely where
myeloid cell inflammatory status tmpacts TMEMI06B activity. Those data suggest an
“mflammaging” (Franceschi ¢t al., 2007; Guunta et al,, 2008) mechanism in which
TMEM106B activity modulates the innate immune response in brain specifically in elderly

mdividuals.
106293] TMEMIO06B, inflammaging and neurodegenerative disorders

1006294] To further explore the relationships between A-aging and age-associated
neurodegencrative discases, we next analyzed frontal cortex gene expression datasets from
mdividuals with a diagnosis of AD or Huntington’s discase (HD). Frontal cortex tissue from
such mndividuals demonstrated sigmficantly mcreased A-aging relative to unaffected
mdividuals {Fig. 7A, plus 18.8 and 15 .4 vears respectively; HBTRC datasets}, and thus
appeared significantly older than expected in terms of their transcriptomic profiles. As this
dataset also includes tissue samples from the cerebellum, we could further extend the analysis
of A-aging to this second brain region. The effoct of either AD or HD on A-aging appeared
selective for frontal cortex, relative to cercbellar tissue, consistent with the neuropathological

regional patierns that typify these disorders (Fig. 7A).

{00295] Further utilizing this cerebellar genc expression dataset, we extended the analysis of
the association between the TMEMI06B rnisk allele and A-aging to this brain region. The
mmpact of the TMEM106B allele on A-aging was significantly less robust in cerebellar cortex
tissue relative to frontal cortex, and a GWAS analysis in these datasets failed to identify an
assoctation of the TMEM 1068 alleles with A-aging in cercbellar tissue, in contrast to frontal

cortex tissue (Fig. 14 in older individuals from the same cohorts).
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{80296} We note that the effect of the TMEM106B nisk allele appeared additive with the
effect of AD on A-aging (Fig. 7A, Fig. 9}, rather than occlusive, suggesting that the
mechanisms are distinct. Cousistent with this, previous studies have established a lack of
association between TMEMI106B and AD nisk (Association p-values for rs1990622 of 0.26
and 0.87 in stage 1 and 2 respectively of the Alzheimer Discase Genetics Consortium
{ADGC) GWAS m more than 22 000 individuals (Harold et al, 2009}, Furthermore,
Apchpoprotein E (APOE) alleles -- which arc major genctic determinants of AD risk -- were

not associated with an alteration in A-aging (Fig. 28).

{80297} A broader analysis of 70 neurodegenerative disease-associated genetic varants (Jun
etal, 2015, Lambert et al,, 2013; McMillan et al | 2014; Nalls et al, 2014; Rollinson et al |
2011; van Es et al., 2009) did not reveal any sigmficant additional associations with A-aging,
bevond TMEM106B and GRN (Fig. 28). TMEM 1068 and GRN share a number of conunon
attributes: both have previously been associated with risk of FTD{(Cruchaga et al,, 2011,
Finch et al., 2011; Van Deerlin et al.| 2010}, with primary hippocampal sclerosis{Aoki et al,,
2015}, and with TDP-43 neuropathology in the absence of a clinical neurological diagnosis
{Dicksonetal., 2015, Yu et al,, 2015). Furthermore, both genes have been implicated
together i the regulation of lvsosomal tunction{Schwenk et al., 2014; Stagi et al., 2014}, and
TMEM106B has been reported to regulate Progranulin protein accumuiation {Chen-Plotkin ot
al., 2012). Consistent with a common pathway of action for these genes, the risk-associated
genetic variants at these 2 loci showed a significant genetic mnferaction in their modulation of
A-aging, in that the effect of GRN raS848 variants on A-aging was observed only in carriers
of the TMEMI106B nsk allele, where it reached genome-wide statistical significance
{p=1.91x107 and 0.48 with N=689 and 187 in rs1990622 risk allele carriers and non-carrier
respectively in Discovery+Replication cohorts, p=6.42x107 and 0.97 with N=1137 and 296

m Dhscovery-+Replication Dhsease cohorts, as defined in Fig. 3A and Fig. 15).

[86298] The fact that the TMEM106B genetic variant 1s not associated with AD nisk and that
AD genctic nisk factors such as APOE4 do not appear agsociated with A-aging would suggest
distinct phenomena. It moreover argues strongly against the possibility that we arc merely
observing a prodromal AD phenotype m the individuals with high A-aging values. The cffect
of the TMEMI106B risk variant on A-aging in AD patients is significant, but as these patients

display markers of accelerated aging, including inflammation and neuronal loss, even
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mdependent of TMEM1068B, the pathological relevance of TMEMI068B 1s likely to be

hmited in this context.
[808299] Non-genetic modifiers of aging

[86386] To extend the application of our approach to aging bevond the study of genetic
determinants, we further hvpothesized that interventions previously associated with healthy
aging, such as exercise, may decrease the apparent biclogical age, as quantified bv A-aging,
m contrast to the increased A-aging seen in pathological contexts such as AD (de Cabo et al,
2014}, As a proof of principle, we analyzed existing datasets from a longitudinal gene
expression study of serial human muscle tissue biopsies, sampled before and after vigorous
gxereise. A-aging analysis revealed that muscle tissue from individuals who undertock a
vigorous exercise regimen for 6 months displaved a significant reduction in A-aging, and thus
appeared significantly vounger than their chronological age (Fig. 7By, A-aging may thus

serve as a useful biomarker for the evaluation of anti-aging interventions.
106G301] {dscussion

180302} A-aging analysis allows for an unbiased quantification of an individual’s apparent
{biological} age, relative to other individuals within the same cohort. A-aging differs
qualitatively from other aging analysis frameworks such as the “epigenetic clock” (Bocklandt
etal, 2011; Lu etal., 2016), which assumes that aging impacts the expression of the same
genes, and the same cellular processes, through all stages of life and in every tissue or
context. By contrast, the A-aging analvsis allows a context-dependent identification of age-
associated genes, enabling tissue- or age- range-specific processes to be detected and taken
mto account. The absence of described association between TMEMI06B or GRN and
pleiotropic age-associated markers such as the “methviation clock” or telomers fength
suggests that TMEM 1068 and GRN mpact the rate of healthy aging i prefrontal cortex
mdependently of such factors, While we primarily used transcriptome-wide expression data
to study aging in brain, subsequent studies may apply this approach to other tissues, and other
data types and more systematically query the overlap with other aging-associated markers

and the tissuc-specificity of the cffect of TMEMI106B and GRN on healthy aging.

{00303] Our genome-wide association studies identified 2 genetic loct, at TMEMI1068B and
Progranulin, that function cooperatively to modify A -aging in the cercbral cortex of older

mdividuals. Our findings underscore the genctic differences between mechanisms that
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govern healthy aging 1n a given tissue and those that underlie extreme longevity. Genetic
variants previously associated with extreme longevity, such as APOE (Declen et al., 2014;
Deelen et al., 201 1), were not associated with the rate of healthy aging or with age-associated

mflammation in the present study.

[06304] The relationship between normal aging and neurodegenerative disorders appears
complex. The 2 gene loct we identified as modifving A-aging have previously been
associated with FTD nsk. B appears extremely unbkely that cur results are merely a
refloction of “earty onsct FTD™ m the cohorts we analyze for several reasons: Fust, FiD s an
extremely rare discase. Hs occurrence rate i3 10 per 100,000 mdividuals in the 60-69
mdividuals (Enopman et al, 2004, Knopman and Roberts, 201 1) the odds of the presence of
contanunating case of FTD — or even of prodeomal FTD - in any of the cohorts we studied
are thus very low, while the assaciation between TMEM 106B zenotvpe and Delta-aging is
seen sirongly 1n each and every of those cohornts, The fact that this association 15 observed
exchusively in mdividuals aged of more than 65vo makes such an explanation even lesa
Ekely, as FTD onset ocours typically between 40 and 65 vo {Knopman and Roberts, 20113
Furthermore, the “Unaffocted mdividuals”™ of these cohorts were nouropathologically
assessed; a P case would vory hikely have been wiontified and filtered out. A potential
explanation for the dual association of those loci with both FTD risk and Delta-aging is that
the proximate effect of these risk variants is to cause the tissue substrate for FTD -- frontal
cortex -- to appear older, and thus secondarily to increase the prevalence of FTD (as
prevalence of FTD is highly age-dependent). Although there are pathological critena that
differentiate healthy aging from disorders such as AD or FTD, certain processes are common,
such as mflammation. Furthermore, neurodegenerative disease hallmarks, such as TDP-43
aggregates, are seen even in apparently healthy mdividuals, albeit to a hmited extent
{Beecham et al |, 2014, Crary et al, 2014; Yu et al |, 2015). Indeed, TMEMI106B risk variants
have been associated with increased TDP-43 aggregates in neuropathology-based association
studies of apparently healthy older mdividuals (Dickson et al, 2015; Yu et al, 2013). We
hypothesize that the selective role of TMEMI106B in the aging frontal cortex may reflect
pnigue stressors present in this tissue late in life, such as the accomulation of mflammatory
cell debris or protein aggregates. The TMEM106B-Progranulin pathway may modulate the
response o such stressors both during healthy aging and in the context of newrodegenerative
discase (Fig. 6C) (Martens et al., 2012; Tanaka et al | 2013; Ym et al., 2010). Further studies

i model systems may help to voravel underlyimg cellolar mechanisms. Phenotypes
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assoctated with TMEMI06B genotype 1o myeloid cells (Fig. 6 A, C-B, Fig. 12} are of
particolar interest as they open the perspective of peripheral biomarkers of brain aging in
monocyies or macrophages. Although our analysis focuses on the role of TMEM106B in
mflammation, we do not exclude a function 1n neurons (Brady et al, 2013; Chen-Plotkin et

al., 2012; Schwenk et al., 2014).
186305} Experimenial Procedures

100306} Gene expression analysis in fmman brain. Gene expression datasets were
downloaded from GEQG (GEO GSE30272 and pha000417 for BrainEqt! and BrainCloud
respectively), Synapse {svnd505 and syn3388564 for HBTRC and ROS-MAP respectively)
or NIAGADS. All subsequent data manipulations and analyses were done using R statistical
software. Within each dataset independently of the others, expression level matrixes were
log-centered before further manipulation for homogenization. The effect of chronological age
on each probe/gene was assessed using R [m() function, with gender, batch and post-mortem
interval as correlates. The effect of 151990622 genotype was similarly studied, with age,
gender, batch and post-moriem interval as correlates. The effects are studied n either all
mdividuals {age > 25 vears old), i older adults {age > 65 years old for all datasets except
BrainCloud for which mdividuals with age > 50 vears old are included, as only n=9
mdividuals are aged of more than 63 vears) and in yvounger adulis {age > 23 vears old and
<63 vears old for all datasets except BramCloud for which individuals with age > 25 years
old and <50 vears old are included), as mdicated 1o logends. Meta-analysis across different

datasets were carried at a genc-level using Siouffer's weighted Z-score method.

100307} J-aging analysis. For cach individual sample an associated A-aging numerical
value, expressed in time units is evalvated. It corresponds to the aggregation of A-aging
values evaluated for each gene found to be significantly correlated with age in the studied
dataset (with fdr=5%). For such a given gene G, the gene-specific A-aging value in a sample
from mdividual I corresponds to the difference between the age as i would be imputed on the

sole basis of gene & expression level in the studied sample, and the actual chronological age

of {. Formally, it is expressed as , where 85 is the coofficient of the linear

regression analysis of gene G expression levels in function of age across samples of the

studied dataset and — S+ the residual expression level of gone G in individual T in the
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context of the above-mentioned linear regression. Integrating over the N genes with

expression levels significantly correlated with age in the dataset of interest, the A-aging value

' oy O3
S=— E}ﬂ —= . . .
a sgf . Detatled explanation as well as a, R script

|

for individual T is expressed as

used for the calculation are provided in Supplemental Matenal and Methods.

100308} Genotvpe association analysis. Genotypes datasets were downloaded from dbGap
{phs000249 and GSE30272 for Brainkgtl and BrainCloud respectively), NIAGADS
(NGO0029 and NGOO2E for ROS-MAPE and Tgen) or Synapse (phsQ00417 for HBTRC). All
subsequent data mamipulations and analyses were done using PLINK 1.9 software
{https://www .cog-genomics.org/plink?2, {Chang et al., 2015)}. Meta-analyses were carried
using Metal sottware (Willer et al., 2010). Manhattan plots were drawn using R gqgman
package or LocusZoom {Pruim ¢t al ., 2010). Genotvpe imputation af targeted loci was
performed using Impute? software(Howie et al., 2009) and 1000 Genomes Phase | integrated
haplotypes. For cognition association analvsis, genotypes and cognitive assessment
phenotypes datasets were downloaded from dbGap (phs000397 and phs000428 for Long Life
Family Study and Health and Retirement Stady respectively). Association between genotype
and coguitive scores were tested using phink with the following covariates: age, gender and 3

population cigenvectors as defined by PCA.

100309} Gene co-expression analysis. Unsupervised clustering was carried using R #GCNA
package (Langfelder and Horvath, 2008) with the following settings: power = 8, TOMType
= "signed”, minModuleSize = 40, reassignThreshold = 0.05, mergeCotHeight = 0.25
Enrichment analysis for the identified clusters was done using WGCNA R package built-in

userlistBnrichment function and associated brain cell types categorics.

{00318} Human dendritic cell analysis. Expression data from monocyie-derived dendritic
cells from the Immvar cohort (Lee et al., 2014) were downloaded from GEQ website
{(GSES7542); genotype for those cells were kindly shared by Dr. Philip L De Jager. Only
imdividuals described as from European ascent were included in the analvsis. The effects of
treatment and 151990622 on M1- or M2- related genes or on TMEM106B mRNA levels were
studied by R by Kruskal-Wallis test or ANOVA, depending on the normality of the
distribution and the sinilarity of variance between the groups as assessed using Shapiro and

Levene tests respectively.
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180311} Transcriptome-Wide Aging Meta-Analysis. Transcriptome-wide meta-analysis
results for the effect of age on gene expression levels m nevrodegenerative-disease free
buman prefrontal cortex saraples, carvied in 4 datasets: {gen, Brambgt!, HBTRC and
BrainCloud, described 1n Fig. 3B was performed. Analysis for all individuals of age >25vo,
for older adults only with age >65vo or for younger adults only 25vo<Age<65y0o was

performed.

186312] Transcriptome-Wide rs1990622 risk allele load Meta-Analysis. Transcriptome-wide
meta-analvsis results for the effect of TMEMI106B 151990622 risk allele (A) load on gene
expression levels in neurodegenerative-discase free human prefrontal cortex samples, carried
i 4 datasets: Tgen, Brainiigt, HBTRC and BrainCloud, described in Fig. 3B was performed.
Analysis for all individuals of age >25vo, for older adults only with age >63vo or for vounger

adults only 25vo<Age<65vo was performed.

186313] Transcriptome-Wide Aging Meta-Analysis Stratified by TMEMIOOR rsl 990622,
Transcriptome-wide meta-analysis results for the effect of age on gence expression levels in
neurodegenerative-disease free human prefrontal cortex samples, carried in 4 datasets: Tgen,
Brainkgtl, HBTRC and BrainCloud, described in Fig. 3B and stratified for TMEM106B
151990622 genotype was performed. Analvsis for mdividuals of age >25vo in the 3 genotype
eroups: nisk allele homozygotes (RR), protective allele homozygotes (PP) or heterozygotes

(PR} for the rs1990622 variant was performed.
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[00315] Supplemental Experimental Procedures

{06316} Theory and calculation of Delta-Age.

{86317} Pnnciple

106318] Atthe level of 3 gene whose expression level is positively correlated with age
within a given cobort, we define the Delta Age of a given individual as the difference
between the actual {(chronological) age and the biological age as 1s would be imputed for this

mdividual on the basis of gene G expression level data across the entire cohort.

[808319] Fig. 16 presents a theoretical case for llustration. Individuals, represented as dots,
are plotted as a function of their chronological age (X-axis) and their measured ¢xpression
level for gene G (Y -axis). The dotted line corresponds to the regression fine of Gene G
expression levels as a function of chronological age across the entive cobort. A graphical
mterpretation shows that dots that are above this regression hne {in red) correspond {o
mdividuals with expression levels of G higher than expected for their chronological age,
while those below {(in blue) to individual with G levels lower than cxpected for their

chronological age.

[86328] In Fig. 16, the biological age imputed on the basis of gene G expression level 1s

presented for 2 individuals by green arrows, corresponding to the projection on the age axis

through the regression line. The vellow lines correspond to the chronological age. and the
f=l f=) J &

Delta-age represents the difference.

106321] Formal calcolation of Delta-Age for a given mmdividual and 3 single gene.
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{86322} The linear regression across individuals of the expression level ofa gene G ("‘% i)
mn function of chronological age (Chrdge) viclds a regression line defined by the following

equation:
(1) Tapt ® e Cledge s &

{00323} Where %s and ¢ are respectively the factor and constant associated to gene G

cxpression levels in the linear regression in function of age.

100324} As graphically ilhustrated in Fig. 17, for a given individual / the expression lovel of

~ ‘5?4\:: T .
gene G, = FYa¥ can be expressed by both expression:

2 Taraan G o SR T W S B 5 . . .
(22) Se@tpe =™ Go-SeAF® ¥ 85 T 207 where 04 s the residual expression level of gene

G in individual | after the above-mentioned lincar regression
And

(2b) Bxpips ™ Sp-AEpd@tar ¥ 8 \here APAERE: g the apparent age of individual 1 for

gene (.
[B6325] As aconsequence:

3) B APpagegy = Clrdge, = :f;‘

The Dichta-Age for an individual 1 for a given gene G is expressed as the ratio between the
residual value for the mndividual and the cocfficient obtained by lincar regression of the
expression level of gene G in function of Age across individuals.

{00326] Formal calculation of Delta-Age across multiple genes (Fig. 18)

180327} Fora given individual L the global Delta-age 8 is obtained by integration of all the
gene-specific Delta-Age 2a¢ over all genes which expression levels are found to be

correlated with chronological age during the original linear regression:

T oeny WES
(4) ' E&‘ihc“ TE%"“-LE
100328] Computation of Differential-Aging using R, annotated code.

10632%] Delta calenlation
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{86336} ##Delta Calculation using a gene expression matrix FxprNumlog with expression

probes as rows, samples as columns and expression levels i a log-scale.

[806331] ## Age and Gender {or additional covartates) are provided as vectors corresponding

to the organization of the samples in the expression matrix columns.

180332} #4# Coord Temp defines which samples ~defined by their columm coordinates - are

to be included 1 the analysis. By default, all samples are included:
180333} Coord Temp<-1length(ExprNumbog{i.[)

Bxptee

[86334] ##The expression matrix 18 normed and centered. fts values correspond to

i equations (2a) and (2b) above.
[86335] Miemp<-CenireNormeDoubleGenesSdInd(ExprNumbog|,Coord Temp})

180336} ##A temporary matnis Genes RestdualsTemp s created to store the residual values
for cach probe/sample pair after linear regression analysis for age and gender (and other

potential experimental cofactors such as Pmi, Batch, ...}, This matrix has the same size and

structure as FxprNumLog. s values correspond to the &4 in equations (2a), (3) and (4)
above,

Genes_Residuals Temp<-matrix(0,length(Mtempi, 1]}).length{Coord_Temp))

[66337] ##3 matrices are created to store for cach probe the effect of age and gender.
Factor AgeGender, Stat AgeGender and Pval AgeGender will respectively storg 1n columns
1/2 the estimated coefficient, t-statistic and corresponding p-value of the association with
age/gender for the expression level of each probe, as deternined by R’s fm¢) function
summary. Those matrices have the same number of rows as FxprNumiog (1 per probe) and
2 columns (Age/Gender effects). The values stored in Factor AgeGender correspond to the
®5 in equations (13, (2a), (2b), (3) and (4) above.

Pval AgeGender<-matrix{WNA length{ Mtemp{,1]}).2)

Factor AgeGender<-matrix{NA length{Mtemp{,1}},2)

Stat_AgeGeonder<-matrix{NA length(Mtemp|,1]},2)

106338] ##Each probe/row of the centered-normed expression matrix Mfemp is queried for

the linear association of its levels with Age and Geunder using R’s /m¢) function. The results
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are stored 1n Genes ResidualsTemp, Pval AgeGender, Stat AgeGender and
Facior AgeGender.
for (1 in Lilength(Mitemp|. 1]}

§
1

[0633%] ##The hincar regression below corresponds to the one described in equation (1)
above, with the addition of Gender as a covanate. Other covanates could be added at this

stage (Batch, Pmi. ).

v<-lm{Mtempli,}~AgefCoord Temp|H+Gender{Coord Templ,na.action=na.exclude}

Genes ResidualsTemp{s, [<-residuals(y)

Pval AgeGender|i, | <-t{sumamarv{yv){[41}[2:3.4])

Stat AgeGenderfi, 1 [<~t(summary(v}{[411{2:3.3])

Factor AgeGender]i, 1 <t{summaryv(v){{41}2:3,11}

¥

100340} ##For cach sample, the Delta-Age value is calculated using the residual expression
levels afier lincar regression for age and gonder. This corresponds to equation (4} above. The
genes meluded in the calculation are the one found to be significantly associated with age in
the regression analysis. 3 false-discovery rate cut-off thresholds for the inclusion of genes are
considered: fdr=1%, 5% or 10%. Delta-Age values are caloulated independently for each of

them.

[06341] ## The expression SeuilPos{/ -p.adjust{Pval AgeGender/, ], method = "fdr"},0.99)
15 used to select the genes that are associated with age with fdi=1%: it returns a vector which
length equals the number of probes in the original expression matrix, with binary values of 1
if the probe’s level is lineardy correlated with age or 0 ifnot, for the considered significance
level

DeltaAge Div_Age Factors FDRI1pe<-

as mumeric({H{Genes ResidualsTemp)%* Yo(SeailPos(1-p adjust{Pval AgelGender], 1],
method = "fde"),0.99)/Factor Agel.1)/sum{ScuilPos(l-p.adjust(Pval_AgeGender], 1],
method = "fdr™),0.9910)

DeltaAge Div_Age Factors FDR3pe<-

as numeric{t{({Genes ResidualsTemp)%e* Y SewilPos(l-p adpust(Pval AgeGender |, 1],

method = "Hdr"),0.95)/Factor_AgeGender{, 1 )/sundSeuilPos(1-p adjust{Pval AgeGender}, 1],
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method = "fdr"L0.950)

DeltaAge Div_Age Factors FDR10pe<-

as numeric(t(t{Genes_ResidualsTemp)%* Yo(SeuilPos(1-p adjust(Pval _AgeGender|. 1],
method = "fdr"}, 0.9V Factor AgeGender|, 1 1/sum{SewilPos(1-p.adjust{Pval_AgeGender|, 1],
method = "fdr™),0.9)))

180342} ## Object such as Deltadge Div Age Factors FDRSpe are the final output, being
vector of length equal to the number of samples included in the analysis, containing the
Ditferential-Aging values for cach individual. Such values are later used as quantitative trait

m genetic analysis.

100343} ##Declta Calculation from a genc expression matrix FxprNumlin with expression
probes as rows, samples as columns and expression levels mn a Iincar-scale. The process is
similar to the one described into detail above, except for the creation of Mtemp at ine #2, for
which the function Cenfre Norme DoubleGenesiogSding is used instead of
CentreNormeloubleGenesSdind, with the consequence to first log-transforming of the

expression matrix before norming/centering it.

3

[00344] ##NOTE: due to the log-transformation step, lincar expression level matnx can
contain only strictly positive values. Among the strategics to enforce this: 1) Rows/probes
containing zero/negative values can be filtered out, 2) The whole expression matrix can be

offset by its muvmal valoe +1 (ExprNumlin<- FxprNumiin+min(ExprNumlin)+ 1}, ..

Coord_Temp<-llength(ExprNumLin{1,})
Mtemp<-CentreNormeDoubleGenesLogSdind{ExprNumbLin{,Coord_Temp])
GenesResidualsTemp<-matrix(0,length{Mtempi, 1]}.length{Coord_Temp}}
Pval AgeGender<-matrix{NA length(Mtemp]. 11}.2)

Factor AgeGender<-matrix{NA length{Micop{,11),2)
StatAgeGender<-matrix{NA length(Mtemp|,11}.2)

for (110 length{Micmp] 1]}

{

v<-lm{Mtempli, }~Age[Coord_Templ.na action=na.cxclude)
GenesResidualsTempl, J<-residuals(y}

Pval AgeGender|i, 1 |<-t(summarv{y{{41i{2.4)

Stat_AgeGender{t, 1 [<-t{summary(y}|[4]112.3])
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Factor AgeGender{i, 1 [<-t{summarv{v}{{4]}i2.11)

H

DeltaAge Div_Age Factors FDRIpe<-

as mumernc(i{(t{Genes_ResidualsTemp)®o* Yo(SenitPos(1-p adjust{Pval AgeGender], 1].
method = "{dr"),0.99)))

DeltaAge Div_Age Factors FDR3pe<-

as numeric(i{t{Genes_ResidualsTemp)%6* %(ScuilPos(1-p adjust(Pval_AgeGender{, 1],
method = "fdr"),0.95)/ Factor AgeGender], 1 Y/sum{SeatlPos{ 1-p adiust{Pval AgeGender}, 1],
method = "tdr"1,0.950))

DeltaAge Div_Age Factors FDR10pe<-

as mumeric(i{t{Genes ResidualsTemp)}%* Yo(SentlPos(1-p adjust{Pval AgelGender], 11,
method = "fde"),0.9)Factor Age(ender], 1)/sum{SeuilPos{i-p.adjust{Pval AgeGender], 1],
method = "fde"),0.9))

106345] Custom dependent functions:

106346] ## CentreNormeDoubleGenesSdind
CentreNommeDoubleGenesSdInd<~function {Matrix)
{

Mout <- Matrix

for (1 in iength{Matrix], 1])) {

A <- sum{Mout{i, [} iength{Mout[i, )
Moutfi, | <- (Mout]i, | - A)

k]

f

for (§ m 1length{Matrix{1, })) {

B << sum{Mout] j|¥length(Mout] i1}
Mout] 31 <- (Mout],ji - BY/sd(Mout{ i}

Nt

Mout

S
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186347} ## CentreNormeDoubleGenesbogSdind

CentreNormeDoubleGenest og SdInd<-function (Matrix)

{
Mout <~ Matrix
for (1 in length{Matrix|, 11}) {
Mout{i, | <- log{(Matrix{i, }}, 2}
A < sum{Mout[i, D/ength{Mout{i, |}
Moutfs, | <- (Mouts, | - A}
}
for {§ in LlengthMatrix{1, }3) {

B < sum{Mout] j]| ¥length(Mout] i])
Mout{ 1] <- (Moutl,ji - By/sd{Mout{j})

e

Mout

[00348] ##ScuilPos

SewmiPos-<-function{x s}
{m<-max{x narm=TRLUE)
Pos(ceiling{(x-3)/m}}}
{30349 #4Pos
Pos<-function{x}

{(x+abs())/2}

[6835G] Example 2

PCT/US2018/022678

1036351] The delta-aging method can be applied to other tissues in a more systematic manner,

for example, but not limited to, cerebeltum blood. Genetic determinants of the sub-

components of Delta-Aging can be determined. Detailed analysis of the effect of

TMEMI06B and HHIP can be performed sach as determining the transcriptomic effect of the

SNPs, experimental OFE/KD, and genetic interactors for Delta modulation. Extesnsion towards
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other phenotypes can be performed (for example ADNI mmaging, microRNA, methvlation,

proteing) either to expand the scope of application or to combine with RNA (noise reduction).

[806352] Fig. 19 shows the aging rate as a differential in an age-related trait. In red:
mdividuals with a level higher than one would expect for their age: “looking older.” In blue:
mdividuals with a level lower than one would expect for their age: “looking vounger.”
{00353] Fig. 20 shows aging as a differential expression trait. fn red: individuals with an
expression level higher than one would expect for their age: “apparently older.” In blue:
mdividuals with an expression level lower than one would expect for their age: “apparently

older.”
[86334] Fig. 21 shows evaluating a delta age for a given gene.

[88355] Fig. 22 shows the model - principle of aging as a complex expression trait. Left
graph: Gene positively associated with age {expression level increasing with age). Center
graph: Gene not associated with age. Right graph: Gene negatively associated with age

{expression level decreasing with age).

{00356] Fig. 23 shows aging as a complex expression trait. Combination across all the
genes associated with age for a given individual 1s achieved bv miegrating all the genes

affected by aging.

[86337] Fig. 24 shows the delta-age n 2 gene expression datasets in a tissue affected by
Alzheimer’s Disease {prefromal cortex). AD samples ~here used as proxies for accelerated

aged samples - display higher Dchias.

[06338] Fig. 25 shows the effect of diet in mice on delta-age (left). Effect of exercise in

human muscle on delta-age (right).

{00359 Fig. 26 shows genetic determinants of aging rate in brain. Transcriptome-wide
expression data in bram cortex samples from genotyped., neurodegenerative-discases free

individuals.

{86358 Stages to compute Arin a given expression dataset:
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{80361} 1) For each of the genes, proceed to a lincar regression of its expression level (log-

scale} in function of age and other cofactors {gender, pou, batch. .}

{00362} Provides: Residuals %6} for each individual/gene pair, and lincar regression

. B
coefficient ®F for each gene.

[B8363] 2) Select the genes whose level 1s significantly associated with aging, to be included

in the Delta calculation.

[86354] Provides: N genes to be included in As calculation.

Tgy

k> 73y

{00365] 3) Integrate for each individual the 3 terms across the selected genes.
0366 Provides: Arfor each individual.

{86367} Aging as a complex expression trait is determined using the following expression:

b= EG 1
[00368] 8,
{86369} where:
{86376] As: Delta Age for individual L

{03711 @G [ Residual for individual T of a linear fit of G levels in function of age across

individuals.

[86372] 3G . Lingar regression coefficient  of a hinear it of G levels in function of age
across individuals.

{86373} As described, the Delta approach combines for cach sample the effect of several
genes whose levels are affocted by age into a uni-dimensional factor that reflects an excess
(in one direction or another) in the age-related transcrintional signature by comparison to the

one expected for the sample’s age, interpreted as over- or under- aging.
Ll pad

<

{86374} The delta is expressed 1o the same time unit as the toput age {years, months,

weeks. ).

106375] It is a dataset-independent, data-driven process: the age-associated genes are

wdentified eropirically within the dataset.
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[86376] As a consequence the approach requires 1) enough samples 2) enough age diversity
to establish age/ expression levels relationships. The approach is species- and platform-
independent and can be applied to any collection metabolite with high-enough dimensionality

and dyvnamic range (for example using proteins by mass-spec, miRNAs by nucroarray).

{66377} The delta 1s predicted to reflect the biological age of the studied tissue (by contrast
with the chronological age of the organism), thus enabling the systematic spatio-temporal

study of aging and its determinants.

[88378] To test the biological relevance of the Delta and the validity of the prediction, 2
main points are tested. First, phenotypic relationships can be tested to determune if samples
harboring clinical cvidence of premature aging display increased Deltas. For example, 1n
cohorts of samples from individuals affected or not by aging-related pathology {¢.g.
Alzheimer’s Disease m bram, Macular Degencration in the eve, Pulmonary Fibrosis in the
hing), the delta can be calculated for all samples without knowledge of the phenotype and the
Delta-Phenotype relationship can be queried.  Second, organ specificity can be tested to ask
if samples from different tissues from the same orgamism display different Deltas. Whether

deltas relate to aging traits in an organ specific fashion can be queried.

[86379] Example 3 - Identification of genetic trans-modifiers of the phenotypes

associated with a genotype of interest

{00380} While some haplotypes, such as those identified by GWAS at TMEM106B, are of
clear therapeutic inferest, the identity of the gene impacted by the haplotvpe and how its
function 1s modulated are most ofien elusive. Even when the identity of the gene and 1ts

function are understood, the gene itself might not be casily druggable,

[606381] Without being bound by theory, the impact of a disease/trait-associated haplotype is
dependent on other genes that may offer better drug targets. Without being bound by theory,
the impact of a disease/trait-associated haplotvpe may be assessed qualitatively and
guantitatively in a hypothesis-free fashion using transcuptome-wide gene expression
analysis. Without being bound by theory, vanants of interest in such genes would phenocopy

the impact of the discasce/irait-associated haplotype.

[806382] Described herein is a method of identifving genctic variants modulating

TMEMI106B genotvpe impact. The targets of therapeutic interest are variants in druggable
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genes at the ILZRAALISRA locus phenocopying the effect of the TMEMI106B genotype

associated with FTD and aging.

[806383] Fig. 29 1s a strategy overview for identifying TMEM risk vanants. The approach
uses a combination of four cohorts with both unaffected and AD individuals: Myers, Harvard,
ROSMAP, and Mount Sinai (N~1.5k}. The same approach developed for Delta-Age (sec e.g.
Example 1) i1s applied using genotype mstead of age as a vanable of interest. The first step in
this approach is to identify which genes are modulated by TMEM allele load m unaffected
and AD individuals independently. Based on the levels of those genes, the next step is to
reverse-predict of TMEM risk allele load within each sample. Within a given TMEM
genotype, the next step is to identify which SNP would modulate the apparent TMEM risk
alicle load. GWAS is then run in cach genotype/disease group (Unaffocted TMEM RR,
Unaffected TMEM PR, Unaffected TMEM PP, AD TMEM RR, AD TMEM PR, AD TMEM
PP). Meta-analysis by TMEM genotype is then performed across the disease group. TMEM
RR corresponds to an individaal homozygous for the nisk allele of TMEM; TMEM PR
corresponds to an individual heterozygous for the visk/protective allele of TMEM; and

TMEM PP corresponds to an individual homozygous for the protective allele of TMEM
[0G384] Results

{06385] Using the above approach, SNPs at IL2RA were determined to phenocopy TMEM
m TMEM RR carmiers in a genome wide-~significant fashion (p~E-9) as well as modify Delia
Age specifically in TMEM RR. Thus, [L2RA 15 a genome wide modulator of Delta~-TMEM
i TMEM RR mdividuals. IL2RA 15 associated with Muluple Sclerosis (MS), Rheumatoid
Axthritis (RA), Crohn’s Disease (CD) and Irntable Bowel Disease (IBD). The nisk allele of
HL2RA for MS, CD and IBD 1s associated with lower Delta-Age. The risk allele of IL2RA
associated with RA s associated with increased Belta-Age. In addition, a SNP at 112 1s
associated with RA. It interacts with ILZRA specifically in the TMEM RR individuals
{Interaction p=9E-3 in TMEM RR. p=0.09 in the same dircction in the TMEM PR and
nothing in the TMEM PP}

180386} Fig. 30 depicts the local association with TMEM phenocopying in TMEM RR
mdividuals at the ILZRA/L15RA locus.

{00387} Fig. 31 depicts the top hits with LD-based proxies.
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[00388] Tig. 32 depicts the effect of IL2RA genotype on Delta-Age in TMEM 1068
mdividuals. In the TMEM RR homozvgotes, the IL2RA genotype modifies Delta-Aging by
up to 20 vears. 1L2RA is thus shown to be a therapeutic target for the TMEM RR.

100383} Fig. 33 depicts the effect of TMEM 151990622 on Delta-Age in the whole cohort,
stratified by disease status. Fig. 34 depicts the effect of ILR2A 1512722515 on Delta-Age 1n
the whole cohort, stratified by discase status and TMEMI106B genotype. The effect of
IL2RA genotype on Delta-Age was highly specific to TMEM106B RR mdividuals.

[808396] Fig. 35 depicts the cross-sectional rate of cognitive decline measured by Mint-

Mental Score Examination, stratified by TMEM 1068 and IL2RA genotypes.

1803591} g 36 depicts the longitudinal rate of temporal atrophy, based on regional MRI
measurements at baseline and after 24 months, stratified by TMEMI06B and IL2ZRA
genotypes. The effect of IL2RA genotype on Temporal atrophy was highly specific in
TMEM 1068 ndividuals.

1860392} The modulation of mRNA levels of the identified genes of mterest by TMEM
genotype, aging and AD was assessed. IL2RA is a component of the trimeric IL2 receptor,
together with subunits beta and gamma (IL2RB, ILRG), HL2RB and H.2REG can also
associate with IL15RA to form a trimeric receptor for [L15. The trimeric high atfmity 112
receptor 1s expressed and functions on cells acquirmg an IL-2 signal. Conversely, IL15RA 18
expressed and binds [L135 with bigh affinity per se already in the endoplasmic reticulum of
the IL.135 producing cells and it presents 1115 to cclls expressing IL2RB/ALZRG dimeric
receptor in trans. Thus, while [L.2 1s secreted almost exclusively by activated T cells and acts
as a free moleculde, IL-15 13 expressed mostly by mvelmd cells and works as a cell surface-

associated cytokine.

1803931 Fig. 37 depicts the effect of TMEM risk allele, aging and AD on 112, ILR2RA,
IL2RB, IL2RG, 115 and ILISRA. TLZRB, IL2RG. 115 and TL15RA show different
regulation by TMEM and age.

{00394 Fig. 38 depicts CNS cell tyvpe expression pattern of the identified genes of mterest
and their ligands. IL13RA was strongly upregulated by LPS and not by AD m microgha.

IL15 was upregulated in microglia and astrocyies.
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{80393} Fig. 39 presents another example of CNS cell type expression pattern of the
wdentified genes of interest and thewr ligands. IL2RA was upregulated by LPS and decreased

by AD in mucroglia. IL2 was not detected.

106396] Fig. 40 presents another example of UNS cell type expression pattern of the
wdentified genes of interest and their ligands. [L2RB and {L2RG was upregulated by LPS and

decreased by AD in microghia.

{30397} Fig. 41 depicts a table of genetic modifiers of TMEMI106B and the top hits using
GWAS.

100398} TFig. 42 shows genes which show a pattern of expression similar to IL15RA in the
LPS dataset. Genes include, but are not limited to, CCL2, TLRZ, PILRE, TREMI,
TMEM106A, TSPC.

106399 Example 4 - Genetic determinants of pathways of interest

[8048¢] The funchonal annotation of gene expression studies 1s conducted using gene sets
based on gene expression pattems {(multiple variables, corresponding to a large number of
genes). Descnbed herein are efficient tools of genome-wide association studies to query the
association between millions of genotypes and a smgle variable (either discase status ora

guantitative trait) across the genotyped samples.

[80481] Without being bound by theory, genes in a given pathway are likely to be co-
regulated. Coordinated vanation m a set of genes mvolved in a pathway of interest is an
ndicator of the activation of this pathway. Genetic variants in the genome may modify the

activity of key regulators of pathways of mterest.

{86402} Fig. 43 shows a strategy overview. All the 285 genes from the Synaptic Membrane
GO gene set were grouped 1nto | meta-gene representing the average levels of all s
members to visualize directly the effect of TMEM1068 genotype on aggregated synaptic
genes fevels. As shown in Figs. 44-46, the cellular compartment GO category the most

decreased by TMEMI106B nisk allele in human brain is Synaptic Membrane.

[06403] Fig. 47 shows genome-wide scan for genetic determinants of Synaptic genes levels
in human brain. TMEMI106B is the main genetic determinant of synaptic genes levels in

human brain.

- 114 -



WO 2018/170289 PCT/US2018/022678

180404} Figs. 48-49 show the effect of TMEMI06B genotype on aggregated Synaptic genes
levels in human brain. Fig. 48 shows the effect of TMEMI106B genotype and disease status
on aggregated synaptic genes levels. TMEMI106B nisk allele 1s associated with less synapses
m discase-free individuals, but also in AD or HID patients. Fig. 49 shows the effect of
TMEMI06B genotyvpe and age on aggregated synaptic genes levels i anaffected.
TMEMI106B risk allele is agsociated with increased age-associated rate of synaptic loss in

neurodegencartive-tree individuals.

[00405] Fig. 50 shows the cffect of TMEM 1068 genotvpe on specific synaptic genes from

the gene set.

[00406] Figs. 51-53 show that the cellular compartment GO category the most increased by

TMEM106B risk allele in human brain is Lysosomal Lumen.
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What is claimed is:

1. A computer-implemented method of deternuning a biological age of a sample from a
subject comprising:
a) providing a gene expression level of a plurality of genes 0 a sample from a subject;
b} determining, for cach gene whose expression [ovel s significantly correlated with
chronological age, a residual value, wherem the residual value 15 determined by
comparing the geng expression level of said gene m the sample from the subjectto a
lincar regression of the expression level of the gene as a function of chronological age
for a plurality of individuals;
¢) deternuining, for each gene whose expression level is significantly correlated with
chronological age, a ratio of the residual value determined in step (b) to the linear
regression cocfficient for the gene;
d} repeating steps {b) and (¢) for each gene whose expression level is significantly
correlated with chronological age; and
e} mtegrating the ratios for cach gene whose expression level is significantly
correlated with chronological age, wherein the integrated ratio corresponds to the

biological age of the sample from the subject.

2. A computer-implemented method of determining a biological age of a sample froma
subject comprising:
a) providing a gene expression level of a plurality of genes m a sample for a plarality
of individuals;
b} performing a lincar regression of the expression level of each gene of the plurality
of genes as a function of chronological age of each of the plurality of individuals to
determine a linear regression co~efficient for each gene of the plurality of genes:;
¢) selecting, from the plurahity of genes, the genes whose expression level is
significantly correlated with chronological age;
d} determining, for cach gene whose expression level is significantly correlated with
chronological age selected in step (¢), a residual value, wherein the residual value is
determined by comparing the gene expression level of said gene in the sample from

the subgect to the hinear regression performed in step (b} for said gene;
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¢) determining, for cach gene whose expression level is significantly correlated with
chronological age, a ratio of the residual valug determined in step (d) to the linear
regression coefficient determined in step (b);

) repeating steps {d) and (e) for cach gene whose expression level 1s significantly
correlated with chronological age selected in step (¢); and

g} integrating the ratios for cach gene whose expression level is significantly
correlated with chronological age, wherem the integrated ratio corresponds to the

biological age of the sample from the subject.

~

3. The method of claim 1 or 2, further comprising: comparing the biological age to a

chronoclogical age of the subject to determine a differential aging valoe for the subject.

4, The method of claim 1, 2, or 3, wherein the plurality of individuals includes the
subject.
5. The method of claim 1, wherein steps (¢} to (¢) are performed for each individual in

the plurality of individuals.

6. The method of claim 2, wherein steps {d) to (g) are performed for each individual m

the plurality of individuals.

7. The method of claim 1 1o 6, further comprising performing a genome-wide

association study (GWAS).

8. The method of claim 7, wherein the GWAS identifies single-nucleotide

polymorphism (SNP) modifiers of the differential aging value in the plurality of individuals.

g, The method of claim 7, wherein the GWAS identifies genctic modificrs of the

differential aging value in the plurality of individuals.

10 The method of claims | to 9, wherein the genc expression level is the gene expression
&

level in the bram.

11, The method of claim 10, wherein the gene expression level is the gene expression

level in the frontal cortex.

12, The method of claim 10, wherein the gene expression level is the gene expression

level in the cerebellum.



WO 2018/170289 PCT/US2018/022678

13.

A computer program product for determining a biological age of a sample from a

subject comprising instructions which, when the program 1s executed by a computer, cause

the computer to carry out the steps of;

14.

a) providing a gene expression level of a plurality of genes in a sample for a plurality
of individaals;

b} determining, for cach gene whose expression fevel is significantly correlated with
chronological age, a residual value, wherein the residual value is determined by
comparing the gene expression level of said gene in the sample from the subjectto a
hinear regression of the expression level of the gene as a function of chronological age
for a plurality of individuals;

¢} determiming, for cach gene whose expression level is significantly correlated with
chronological age, a ratio of the residual value determined in step (b) to the linear
regression coctficient for the gene;

d} repeating steps (b) and {(c) for cach gene whose expression level is significantly
correlated with chronological age; and

e} mtegrating the ratios for each gene whose expression level is significantly
correlated with chronological age, wherein the integrated ratic corresponds o the

biological age of the sample from the subject.

A computer program product for determining a biclogical age of a sample from a

subject comprising instructions which, when the program 1s executed by a computer, cause

the computer to carry out the steps of’

a) providing a gene expression level of a plurality of genes in a sample for a plurality
of individuals;

b) performing a lincar regression of the expression level of each gene of the plurality
of genes as a function of chronological age of each of the phurality of individuals to
determine a linear regression co~efficient for each gene of the plurality of genes:;

¢) selecting, from the plurality of genes, the genes whose expression level is
significantly correlated with chronological age;

d) determining, for cach gene whose expression level is significantly correlated with
chronological age selected in step (¢), a residual value, wherein the residual value is
determined by comparing the gene expression level of said gene in the sample from

the subgect to the hinear regression performed in step (b} for said gene;
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¢) determining, for each gene whose expression level is significantly correlated with
chronological age, a ratio of the residual value determined in step (d) to the linear
regression coefficient determined in step (b);

f) repeating steps (d) and (¢) for each gene whose expression level is significantly
correlated with chronological age selected in step (c); and

g) integrating the ratios for each gene whose expression level is significantly
correlated with chronological age, wherein the integrated ratio corresponds to the

biological age of the sample from the subject.

15.  The computer program product of claim 13 or 14, further comprising carrying out the
step of: comparing the biological age to a chronological age of the subject to determine a

differential aging value for the subject.

16. The computer program product of claim 13, 14, or 15, wherein the plurality of

individuals includes the subject.

17.  The computer program product of claim 13, wherein steps (c) to (e) are performed for

cach individual in the plurality of individuals.

18.  The computer program product of claim 14, wherein steps (d) to (g) are performed for

cach individual in the plurality of individuals.

19.  The computer program product of claim 13 to 18, further comprising carrying out the
step of performing a genome-wide association study (GWAS).

20. The computer program product of claim 19, wherein the GWAS identifies single-
nucleotide polymorphism (SNP) modifiers of the differential aging value in the plurality of

individuals.

21.  The computer program product of claim 19, wherein the GWAS identifies genetic

modifiers of the differential aging value in the plurality of individuals.

22.  The computer program product of claims 13 to 21, wherein the gene expression level

is the gene expression level in the brain.

23.  The computer program product of claim 22, wherein the gene expression level is the

gene expression level in the frontal cortex.

-119 -



WO 2018/170289 PCT/US2018/022678

24, The computer program product of claim 22, wherein the gene expression level is the

gene expression level in the cerchellom.

25. A computer-implemented method of deternuning a phenotyvpe of a sample from a
subject, wherein the phenotype is correlated with a haplotype of interest, the method
comprising;
a) providing a gene expression level of a plurality of genes in a sample for a plurality
of individuals, wherein each individual’s haplotype of interest i1s known;
b} performing a linear regression of the expression level of cach gene of the plurality
of genes as a function of the haplotype of interest for cach of the plurality of
mdividuals to determine a linear rogression co-efficient for cach gene of the plurality
of genes;
¢) selecting, trom the plurality of genes, the genes whose expression level is
signaficantly correlated with the haplotype of interest;
d} determining, for cach gene whose expression level is significantly correlated with
the haplotype of interest selected in step (¢}, a residual value, wherein the residual
value 1s determined by comparing the gene cxpression level of said gene 1o a sample
from a subject to the himear regression performed 1 step (b) for said gene;
¢y determining, for cach gene whose expression level is significantly correlated with
the haplotype of mierest, a ratio of the residual value determined in step {(d) to the
Iimear regression cocfficient determined in step (b);
) repeating steps {d) and (¢) for each gene whose expression level is significantly
correlated with the haplotype of interest selected i step {c}; and
¢} mtegrating the ratios for cach gene whose expression level is significantly
correlated with the haplotype of mterest, wherein the integrated ratio corresponds to

the phenotype of the sample from the sabject.

o
o)

The method of claim 25, wheremn the plurality of individuals mchudes the subject.

27, The method of claim 25, wheremn steps (d) to (g} are performed for cach individual m

the plurality of individaals.

28. The method of claims 25 to 27, further comprising: h} performing a genome-wide

association study (GWAS).

- 120 -



WO 2018/170289 PCT/US2018/022678

29. The method of claim 28, wheremn the GWAS 1dentifies single-nucleotide
polyvmorphism {(SNP) modifiers of the phenotype correlated with the haplotvpe of intergst in

the plurality of individuals.

30. The method of claim 28, wherein the GWAS dentifies genetic modifiers of the

phenotype in the plurality of individuals.

31, The method of claim 25 1o 30, wherein the haplotvpe of mterest 15 defined as 0, 1, or

2 allele copies.
32. The method of claim 31, wherem the allele copies are determined by SNP genotyping.

33 The method of claim 25 to 32, wherein the phenotype correlated with the haplotype of

mnterest is an expression level of a plurality of genes.

34, The method of claims 25 to 33, whercin the gene expression level is the gene

expression level in the brain.

35 The method of claim 34, whercin the gene expression level is the gene expression

level in the frontal cortex.

36. The method of claim 34, wherein the gene expression level is the gene expression

level in the cerebellum.

37 A computer program product for determining the phenotype of a sample from a
subject, wheretn the phenotype is correlated with a haplotype of interest, compnising
mstructions which, when the program is executed by a computer, cause the computer to carry
out the steps of:
aj providing a gene expression level of a plurality of genes in a sample for a plarality
of individuals, wherein each individual’s haplotype of interest is known
b} performing a linear regression of the expression level of cach gene of the plurality
of genes as a function of the haplotype of interest for cach of the plurality of
mdividuals to determine a linear rogression co-efficient for cach gene of the plurality

of genes;
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¢) selecting, from the plurality of genes, the genes whose expression level is
significantly correlated with the haplotype of interest;

d) determining, for cach genc whose expression level is significantly correlated with
the haplotvpe of interest selected in step {¢), a residual value, wherein the residual
value 1s determuned by comparing the gene expression level of said gene in a sample
from a subject to the hnear regression performed in step (b} for said gene;

¢) determining, for cach gene whose expression level 1s significantly corrclated with
the haplotype of interest, a ratio of the residual value determined in step (d) to the
linear regression cocfficient determined in step (b},

) repeating steps {d} and (¢} for each gene whose expression level is significantly
correlated with the haplotype of interest sclected i step {c); and

g} integrating the ratios for each gene whose expression level is significantly
correlated with the haplotype of interest, wherein the integrated ratio corresponds {o

the phenotype of the sample from the subject.

38, The computer program product of claim 37, wherein the plurality of individuals

includes the subject.

39, The computer program product of claim 37, wherein steps (d) to (g} are performed for

cach mdividual m the plurality of individuals.

40, The computer program product of clamms 37 to 39, further comprising carrving out the

step of: h) performung a genome-wide association study (GWAS).

41, The computer program product of claim 40, wherein the GWAS 1dentifies single-

nucleotide polvmorphism (SNP) modifiers of the phenotype i the phurality of individuals.

42, The computer program product of claim 40, wherem the GWAS identifies genetic

modifiers of the phenotype in the plurality of mdividuals.

43, The computer program product of claims 37 to 42, wherein the haplotype of interest is
defined as 0, 1, or 2 allele copies.
44 The computer program product of claim 43, wherein the allele copies are determined

by SNP genotyping.



WO 2018/170289 PCT/US2018/022678

45, The computer program product of claims 37 to 44, wherein the phenotype correlated

with a haplotype of interest is an expression level of a plurality of genes.

46.  The computer program product of claims 37 to 45, wherein the gene expression level

is the gene exprossion level in the brain,

47. The computer program product of claim 46, wherein the gene expression level 1s the

gene expression level in the frontal cortex.

43%.  The computer program product of claim 46, wherein the gene cxpression level is the

gene expression level in the cerebellum.

49 A computer-implemented method of identifving one or more genetic modifiers of a
plurality of genes whose expression level is correlated with a genotype of interest
comprising:
ay providing a gene expression level of a plurality of genes 1n 3 sample for a plurality
of individuals, wherein cach individual’s genotype of interest 1s known
b} performing a linear regression of the expression level of cach gene of the plarality
of genes as a function of the genotype of interest of each of the plarality of individuals
to determine a linear regression co-cfficient for each gene of the phurahity of genes;
¢} sclecting, from the plurality of genes, the genes whose expression level is
significantly correlated with the genotype of interest;
d) determining, for each gene whose expression level is significantly correlated with
the genotype of interest selected in step (¢}, a residual value, wherein the residual
value 1s determined by comparmg the gene expression level of said gene in a sample
from a subtect to the linear regression performed in step (b) for said gene;
e} determining, for each gene whose expression level is significantly corrglated with
the genotype of interest, a ratio of the residual value determined in step (d) to the
tinear regression coefficient determined n step (b):
) repeating steps {d) and (¢} for cach gene whose expression level is significantly
correlated with the genotype of mterest sclected i step (¢);
o) integrating the ratios for each gene significantly correlated with the genotype of
interest;

b} performing steps (d) to {g) for each individual in the plurality of individuals; and
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1) identifving genetic moditiers that modulate the integrated ratio value determined in
step (g).
50. The method of claim 49, wherein the genctic modifiers that modulate the integrated

ratio value determined 1o step {g) are determined by performing a genome-wide association

study (GWAS).
51 The method of claim 49, wheremn the plurality of individuals inchudes the subject.

52. The method of claim 30, wherein the GWAS dentifies single-nuclectide
polymorphism (SNP) modifiers of the integrated ratio value determined in step (g) 1n the

plurality of mdividuals.

53, The method of claim 49, wherein the genetic modifier is a single-nucleotide

polymorphism (SNP).

54, The method of claims 49 to 53, wherein the genotype of interest is the risk allele of

TMEMI06B.

35 The method of claim 54, wherem the nigk allele of TMEMI06E 15 and A at SNP
rs1990622.

56. The method of claims 49 to 53, wherein the genotype of interest is a risk allele

associated with a disease or disorder.

57. The method of claims 49 t¢ 53, wherein the genotype of interest is a non-nisk allele.
58. The method of claims 49 to 53, wherein the genotype of interest is a haplotype.
59, The method of claims 49 to 53, wherein the gene expression level is the gene

expression level in the brain.

60. The method of claims 49 to 53, wherein the gene expression level is the gene

expression level 1n the frontal cortex.

61 The method of claims 49 to 53, wherein the gene expression level s the gene

expression level in the cerebellum.
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62.  The method of claims 49 to 53, wherein the plurality of individuals are healthy

individuals.

63. The method of claims 49 to 53, wherein the plurality of mdividuals have a disgase or

disorder.

64.  The method of claims 49 to 53, wherein the plarality of individuals have a

neurodegenerative discase.

65, The method of claim 64, wherein the neurodegenerative disease is Alzheimer’s

Discase, Parkinson’s Disease, Huntington’s Disease, or Fronto-temporal dementia.

66. A compuier program product for identifving one or more genetic modifiers of a
plurality of genes whose expression level is correlated with a genotype of interest comprising
mstructions wiich, when the program is executed by a computer, cause the computer to carry
out the steps of!
a) providing a gene expression level of a plurality of genes in a sample for a plurality
of individuals, wherein each individual’s genotype of interest is known;
b} performing a linear regression of the expression level of each gene of the plarality
of genes as a function of the genotype of inderest of cach of the plurality of mndividuals
to determine a linear regression co-¢fficient for cach gene of the plurality of genes;
c) selecting, from the plurality of genes, the genes whose expression level is
significantly correlated with the genotype of interest;
d) determining, for cach gene whose expression level 1s significantlv correlated with
the genotype of interest selected in step {¢), a residual value, wherein the residual
value 18 determined by comparing the gene expression level of said gene in a sample
from a subject to the hinear regression performed in step (b) for said gene;
¢} determiming, for cach gene whose expression level is significantly correlated with
the genotype of miterest, a ratio of the residual value determined in step {d) o the
linear regression cocfficient determined m step (b},
) repeating steps {d) and (¢) for cach gene whose expression level is significantly
correlated with the genotype of mterest selected in step (c};
¢} mtegrating the ratios for each gene significantly correlated with the genotype of
mterest;

b} performing steps (d) to (@) for cach individual n the plurality of individuals; and
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1) identifving genetic moditiers that modulate the integrated ratio value determined in

step {g).

67. The computer program product of claim 66, wherein the genetic modificrs that
modulate the integrated ratic value determined in step (g) are determined by performing a

genome-~wide association study (GWAS).

68.  The computer program product of claim 66, wherein the plurality of individuals

meludes the subject.

69.  The computer program product of claim 67, whercin the GWAS identifics single-
nucleotide polymorphism (SNP) modifiers of the integrated ratio value determuned 1n step (g)

in the phirality of individuals.

70. The computer program product of claim 66, wherein the genetic modifier is a single-

nucleotide polymorphism (SNP}.

71, The computer program product of claims 66 to 70, wherein the genotype of interest is

the risk allele of TMEMI1068.

72. The computer program product of claim 71, wherein the risk aliele of TMEM106B is

and A at SNP rs1990622.

73, The computer program product of claims 66 to 70, wherein the genotype of interest is

a risk allele associated with a disease or disorder.

74, The computer program product of claims 66 to 70, wherein the genotype of interest is

anon-risk allele.

75 The computer program product of claims 66 to 70, wherein the genotype of interest is
a haplotype.
76.  The computer program product of claims 66 to 70, wherein the gene expression level

is the gene expression level in the brain.

77.  The computer program product of claims 66 to 70, wherein the gene expression level

ts the gene expression level m the frontal cortex.
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78.  The computer program product of claims 66 to 70, wherein the gene expression level

is the gene expression level in the cerebellum.

79. The computer program product of claims 66 to 70, wherein the plurality of individuals

are healthy individuals.

80. The computer program product of claims 66 to 70, wherein the plurality of individuals

have a disease or disorder.

81. The computer program product of claims 66 to 70, wherein the plurality of individuals

have a neurodegenerative discase.

82. The method of claim 81, wherein the neurodegenerative disease is Alzheimer’s

Disease, Parkinson’s Disease, Huntington’s Disease, or Fronto-temporal dementia.

83. A method of modifying a phenotype associated with a TMEM106B risk allele in a
subject in need thereof, the method comprising administering an effective amount of an 1L.2
modulator, and IL2ZRA modulator, an IL2RB modulator, an IL2RG modulator, an IL15

modulator, an IL15RA modulator, or a combination thereof to the subject.

84. A method of treating, preventing, or delaying the onset of aging in a subject in need
thereof, the method comprising administering an effective amount of an IL2 modulator, and
IL2RA modulator, an IL2RB modulator, an IL2RG modulator, an IL15 modulator, an
IL15RA modulator, a TMEM106B modulator, or a combination thereof to the subject.

85. A method of treating, preventing, or delaying the onset of cognitive decline in a
subject in need thereof, the method comprising administering an effective amount of an 1L.2
modulator, and IL2ZRA modulator, an IL2RB modulator, an IL2RG modulator, an IL15
modulator, an ILISRA modulator, a TMEM106B modulator, or a combination thereof to the

subject.
86. The method of claims 83-85, wherein the subject is administered an IL2 modulator.

87.  The method of claims 83-85, wherein the subject is administered an IL2ZRA

modulator.

88.  The method of claims 83-85, wherein the subject is administered an IL2RB

modulator.
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89.  The method of claims 83-83, wherein the subject 1s adoinistered an [L2RG
modulator.

50.  The method of claims §3-85, wherein the subject is administered an IL15 modulator.
91.  The method of claims 83-83, wherein the subject 1s admunistered an [L15RA
modulator.

52.  The method of claims §3-85, wherein the subject 1s homozygous for the TMEMI06B

risk allele.

93. The method of claims 83-83, wherein the subject 1s heterozygous for the TMEMI106B

risk allele.

94.  'The method of claim 83-85, wherein the subject is homozygous for the TMEM106B

protective allele.

G35, The method of claims 92-93, wherein the TMEM106B nisk allele is an A at SNP
rs19906272.

96. The method of claim 94, wherein the TMEM 1068 protective allele 1s a G at SNP
rs1990622.

97, The method of claims 83-85, wherein the IL2ZRA modulator increases expression of a
ILZRA protective allele, or decreases expression of a ILZRA risk allele, or a combination

thereof.

98. The method of claim 97, wherein the IL2ZRA protective allele 18 an A at SNP
7512722515,

§9. The method of claim 97, wherein the IL2RA risk allele 1s an C at SNP 12722515,

100.  The method of claims 83-85, wherein the modulation increases expression of a

TMEM106B protective allele.

101, The method of claim 83-85, wherein the modudation decreases the expression of the
TMEMI06B risk alicle.
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102, The method of claims 181, wherein the TMEM 1068 risk allele 1s an A at SNP
rs1990622.

103.  The method of claim 100, wherein the TMEMI06B protective allele 1s a G at SNP
rs1990622.

104.  The method of claim 83, wherein the phenotype associated with a TMEM106B risk
allele is a plurality of genes, and their expression levels, associated with the TMEMI06B risk

allele.

105, The method of claim 86, wherein the phenotype associated with a TMEM1068 risk
allele 18 reduced and a phenotype associated with a TMEM106B protective allele s

mereased.

106, The method of claim 83 wherein the phenotype associated with a TMEM 1068 risk
allele is a plurality of genes whose expression level is correlated with the TMEM 1068 risk

allele.
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ABCYARIRL  JADCYAR receptor type KADCYARIRY)
48 complerment 048 {Rodgars blood group{l4a)
Lol C-C raotlf chemokine ligand 200012
L3 CAC motif chemokine lgand 3{CCL3)
£l - maatif chemokine Hgand 44}
s C-C motif chamking ligand SICCLS)
2014 O molendn{Cliia)
CO8E CDEE molecuie{CDEE)
CHLI celf adhagion molecaie L1 Hke{CHLT)
LU clusteridCLR
ENN3 wigonm NN
FCGRIA Fe fragment of IgG receptor IMFUGRIA}
FONZ ficodin 2{FONZ)
LRGTY globoside aipha-1,3-N-acetyigalactosaminyltransferuse 1{GEGT1)
HAPALA heat shock grotein family & {Hsp70) member IAMIPALA)
IGF2 insulin ke growth faotor 2IGEY)
BB R R e ———————————————————————
H1A interfeukin 1 slphalilia)
ITGRAY intagrin subunit alpha BITSAS)
CONE potasshar voitage-gated channal subfamily D member JKCNDL
RCTRLZ patassium channet fetramerization domain containing 12{CTH12)
KL hlotho{KL}
LACLY faccase domain conteining HLALCEH
1Y96 tymphooyte antigen 95{LY36)
NRIACL nuclear receptor subfamily 3 group € member HNR3CL
RLRPL phospholipid phosphatase H{PLEPL)
PPPIRISA protein phosphatase 1 regudatory subunit 15A{PRFIRISA)
R&D pleckstan and Sec? domain containtag{PSDY
PTPRG protain tyrosing phosphatase, recaptor type GIFTPRG)
PTPRM oratein tyrosinge phosphatase, receptor t pe MIPTERM)
SOC53 supprassor of eytoking signaling (30053}
SPTENA spectrin heta, non-erythy aryt i H{SPTENG)
TGML transgiutaminass J{TGEML
TiRY toll ik receptor 1{TLR1}
YLRE taff ke racaptor H{TLRE}
TMEMAY fransmembrane profein 47{TMEM4T
TTR transthiyratin{TTR)
VAT vesicle aning transport 1 like{VATIL
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ARMGAP2Z Pho GTPase acthvating protefn 22{ARKGAP 1Y
BiN1 bridging integrator 1{BINT)
L1048 complement Clg A chain{CIQA)
CONDE cyctin DLH{OCNDL
LKR creatine kinase B{CKB)
£TSL cathapsin YCTSL
EGRZ early growth response HEGR2}
FGD2 FYVE, RhoQGEF and PH dismain containing 2{FGDI)
GARS growth arres! specific HGASE)
GTFIH2 ganeral transeription factor HH suburdt 2{GTFIH2}
HEXB haxosaminidase subunit betalHEXE
WGFL inautin like growth factor L{IGFL}
KENMAL potassium saldlurm-activated channe subfamily 8 alpha HKORNMAL
KHDRBSZ KH RNA bingding domaln containing, signal transduction associated FKHDEBS3)
LEMN legurnain{L GMN}
LTCA% teukotriane C4 synthasedLTUAS
MAFS MAF bZIP travacription factor BIMAFR)
MYC vy avian mvelooytomatinsis viral snvogene homolog{MYC)
NFIA nuclesr fack | A[NFIA)
NE N-acatyineuraminate pyruvate ase{NPL)
PALDT phosphatass domain containing, patadin 1{PALDT)
PLGFA rdatadet derivad growth factar subunit APRGEA}
PROST protein 5 {alpha}{PROSE)
RPTGFRN prostaglandin F2 recaptor inhibitar{PTGERN)
PTMS parathymasin FTMS)
BABILL RABIA interacting profein ke 1{RARIMLY)
RASGRP3 RAS guanyl releasing protein 3{RASGRPS)
RTN4RLL rediculon 4 receptor ke H{RTNARLI)
SEMAED semaphorin 6D{SERASD)Y
SLC30A4 sottte cardder family 30 nwmber 4NC30A4)
STABL stabifin H{ATARL)
TiMP2 TINMP metaliopamtidass inhibivar 2{TIMP S
TMWEMSB4 Transmembrane protein 64{TMEME4S)
TREMZ triggering receptor mypressed an myeloid cells ATREM2)
TRIMAGT tripartite motif containing A7{TRIMATY
TSPANT tetrasparin 7{TSPANT]
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Box No. 11 Qbscrvations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This intemational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claim's'[\{os.:

because_ithey relate to parts of the international application that do not comply with the prescribed requirements to such an™
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 4,7-12,16,19-24,28-36,40-48, 54-65,71-82,86-103
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
------ Go to Extra Sheet for continuation------

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable”™
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:] As only'some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:
te

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
Claims 1-3, 5, 6, 13-15, 17-18

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the:
payment of a protest fee.

L—_] The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specitied in the invitation.

I:I No protest accompanied the payment of additional search fees.
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continuation of Box Ill: Observations where Unity of Invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-3, 5, 6, 13-15, 17-18, drawn to a method of determining a biological age of a sample from a subject.

Group lI: Claims 25-27, 37-39, drawn to a method of determining a phenotype of a sample from a subject, wherein the phenotype is
correlated with a haplotype of interest.

Group lll: Claims 49-53, 66-70, drawn to a method of identifying one or more genetic modifiers of a plurality of genes whose expression
level is correlated with a genotype of interest.

Group IV: Claims 83-85, 104-106, drawn to a method of administrating one or more genetic modifiers to a subject.

The inventions listed as Groups I-IV do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule :
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

Group | has the special technical feature of determining for each gene whose expression level is significantly correlated with
chronological age, a residual value, not required by Groups II-IV.

Group | has the special technical feature of performing a linear regression of the expression level of each gene of the plurality of genes
as a function of the chronological age of each gene of the plurality of genes to determine a linear regression coefficient for each gene,
not required by Groups lI-1V.

Group | has the special technical feature where the chronological age of an individual or plurality of individuals is known, not required by
Groups lI- IV , ‘,'

Group | has the spectal technical feature of an integrated ratio that corresponds to the biological age of the sample, not required by
Groups II-V.

Group |l has the special technical feature of determining, for each gene whose expression level is significantly correlated with the
haplotype of interest, a residual value, not required by Groups |, Ili, IV.

Group Il has the sp'ecial technical feature of performing a linear regression of the expression level of each gene of the plurality of genes ~
as a function of the haplotype of interest for each of the plurality of individuals to determine a linear regression coefficient for each gene,
not required by Groups |, HI, IV.

Group Il has the special technical feature of providing a gene expression level of a plurality of genes in a sample for a plurality of
individuals, wherein each individual's haplotype of interest is known, not required by Groups |, I, IV.

Grohp Il has the special technical feature of an integrated ratio that corresponds to the phenotype of the sample, not required by Groups
1, 1, IV,

Group Il has:the specual technical feature of performing a linear regression of the expression level of each gene of the plurality of genes
as afunction of the genotype of interest for each of the plurality of individuals to determine a linear regression coefficient for each gene;
not required by Groups |, I, IV.

Group lIl has the special technical feature of determining, for each gene whose expression level is significantly correlated with the
genotype oflnterest a residual value, not required by Groups |, II, IV. .

Group lll has the spemal technical feature of providing a gene expression level of a plurality of genes in a sample for a plurality of
individuals, wherein each individual's genotype of interest is known, not required by Groups |, II, IV.

Group Il has the special technical feature of an integrating the ratios of each gene that correlates to the genotype of interest, not
required by Groups |, il, IV.

Group it has the special technical feature of identifying genetic modifiers that modulated the integrated ratio value, not required by
Groups |, 11, V.

Group IV has the special technical feature of administrating one or more genetic modifiers to a subject.

Form PCT/ISA/210 (extra sheet) (January 2015)
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Common Technical Features:
Groups I-lll share the common technical features of:

1. A computer implemented method or computer program product comprising instructions which, when the program is executed by a
computer, cause the computer to carry out specific steps.

2. Providing a gene expression level of a plurality of genes in a sample from a subject or plurality of subjects.

3. Determining, for each gene whose expression level is significantly correlated with a chosen parameter (e.g. chronological age,
genotype, phenotype, etc.), a residual value, wherein the residual value is determined by comparing the gene expression leve! of said
gene in the sample from the subject to a linear regression of the expression level of the gene as a function a chosen parameter, for a
plurality of individuals.

4. Determining for each gene that is correlated with a chosen parameter, a ratio of the residual value to the regression coefficient [i.e.
stope "m" of linear regression curve, y=mx + b] for the gene.

Grodps Il and 1V share the common technical feature of:
5. a genetic modifier or modulator of a gene or plurality of genes.

However, said common technical features do not represent a contribution over the prior art, and are obvious over WO 2001/020043 A1
to Affymetrix, Inc. (hereinafter "Affymetrix"), in view of the publication titled "Synchronized age-related gene expression changes across
multiple tissues in-human and the link to complex diseases" by Yang et al. (hereinafter "Yang") [published 18 October 2015 in Sci Rep
Vol 5 No 15145 Pages 1-16].

As to common technical feature #1, A computer implemented method or computer program product comprising instructions which, when
the program is executed by a computer, cause the computer to carry out specific steps, Affymetrix teaches (pg 14 In 22-32; "Some
embodiments of the computer program product of the invention contains computer codes for displaying data using the principal
component-method:of the invention. The computer program product comprises: a) computer code that receives a plurality of biological
profiles [i.e. gene:expression profiles], each of the profiles comprises a plurality of biological variables [i.e. individual genes]; b} computer
code that reduces the number of the biological variables to obtain a set of reduced profiles; ¢) computer code that performs a principal
component analysis of the reduced profiles; d) computer code that displays the biological variables according a first axis and a second
axis, wherein the first axis is the first component of the principal component analysis and the second axis is the second component of
the principal component analysis, and wherein the first axis is perpendicular to the second axis; and e) computer readable medium that
stores the computer codes. IV. Gene Expression Monitoring Methods").

As to common technical feature #2, Providing a gene expression level of a plurality of genes in a sample from a subject or plurality of
subjects, Affymetrix teaches (claim 1; "1. A method for analyzing a plurality of biological profiles comprising: a. providing said plurality of
biological profiles, wherein each of said profiles comprises a plurality of biological variables; b. reducing the number of said biological
variables to obtain a set of reduced profiles; and c. subjecting said reduced profiles to statistical analysis"; claim 15; "15. The method of
Claim 1 wherein said biological profiles are gene expression profiles and each of said biological variables represents the expression of a
gene"). i . .
Additionally, as to common technical feature #2, Yang teaches (pg 4 Fig. 2A; "Age-associated gene expression in subcutaneous
adipose tissue.:(a)jHeatmap of 1,134 age associated genes (row) on 94 samples (column). Colors represent normalized gene |
expression values: with blue for low expression and red for high expression. The age of each individual is displayed at the bottom and
also.illustrated in ¢olor bar at the top with dark green for young and yellow for old").

B e B
As to common technical feature #3, Determining, for each gene whose expression level is significantly correlated with a chosen o
parameter (e.g. chronological age, genotype, phenotype, etc.), a residual value, wherein the residual value is determined by comparing
the gene expression level of said gene in the sample (pg 6 para 2; "As shown in Fig.. 2a and Supplementary Fig.. $1, although the
chronological ages of the tissue donors are largely consistent with the "young" or "old" clustering, there are some apparent “outliers”.
For example, the 15th adipose sample (from the left) in Fig.. 2a is from an individual with an old chronological age of 70 but is clustered
with the "young" group where most donors range in age from 20 to 50. This indicated that the molecular age of adipose tissue from this
individual is about 30 years younger than its chronological age") from the subject to a linear regression of the expression level of the
gene as a function a chosen parameter, for a plurality of individuals (pg 10 para 7; "Linear regression model for aging gene detection. In
each tissue, we modelled gene expression using the following linear regression model*; pg 4 Fig. 2B; b) Scatter plot of 2 representative
age-associated gene expression patterns PYH1N1 and EIF5AL1 in adipose tissue. Pearson-R value in the title represents the Pearson
correlation coefficient between gene expression and age across all samples. The solid blue triangles plot male samples and solid red
circle female samples. Similarly, the btue and red lines denote the REGRESSION lines for male and female samples, respectively”)..

As to commnn technical feature #4. concerning determining for each gene that is correlated with a chosen parameter, a ratio of the
residual value to the regression coefficient [i.e. slope "m" of linear regression curve, y=mx + b] for the gene, based on the teaching or
Yang as presented:for common technical feature #3, it would have been obvious that from the residual value of "outlier” subject 15 in #3
above, the X-axis apparent age (as opposed to chronological age) of the subject tissue gene could have been calculated or determined
from where particular residual value as plotted on the X-axis where it intersected on the regression line of Fig. 2B.

f C
. ..

----- éontinued on next sheet------

Form PCT/ISA/210 (extra sheet) (January 2015)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US 18/22678

As to common technical feature #5, a genetic modifier or modulator of a gene or plurality of genes, Affymetrix teaches (pg 4 In 24-29; "In
an additional aspect of the invention, methods for studying a plurality of drugs are provided. In some embodiments, the expression of
more than 50 genes, preferably more than 1000 genes, more preferably more than 2000 genes and most preferably more than 4000
genes, in a biological sample in response to a plurality of drugs is measured, preferably by nucleic acid probe arrays, to obtain a plurality
of gene expression profiles, each of the profiles representing the response of the biological sample to one of the plurality of drugs”).

As the common technical features were known in the art at the time of the invention, they cannot be considered common special
technical features that would otherwise unify the groups. The inventions lack unity with one another.

Therefore, Groups I-IV lack unity of invention under PCT Rule 13 because they do not share a same or corresponding special technical
feature.

Note concerning claim 105: Claim 105 is written to depend from claim 86, but more appropriately should depend from claim 83, because
claim 83 has antecedent precedent. For the purposes of the International Search & Opinion, claim 105 is interpreted to depend from
claim 83.

Item.4 (contd.) . ¢
Clalms 4, 7-12, 16;:19-24, 28-36, 40-48, 54-65, 71-82, 86-103 are held unsearchable because they are not drafted according to the
second and.third sentences of PCT Rule 6.4(a).
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