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Multiscale causal networks identify VGF as a key
regulator of Alzheimer’s disease
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Though discovered over 100 years ago, the molecular foundation of sporadic Alzheimer’s

disease (AD) remains elusive. To better characterize the complex nature of AD, we constructed

multiscale causal networks on a large human AD multi-omics dataset, integrating clinical

features of AD, DNA variation, and gene- and protein-expression. These probabilistic causal

models enabled detection, prioritization and replication of high-confidence master regulators of

AD-associated networks, including the top predicted regulator, VGF. Overexpression of neu-

ropeptide precursor VGF in 5xFAD mice partially rescued beta-amyloid-mediated memory

impairment and neuropathology. Molecular validation of network predictions downstream of

VGF was also achieved in this AD model, with significant enrichment for homologous genes

identified as differentially expressed in 5xFAD brains overexpressing VGF. Our findings support

a causal role for VGF in protecting against AD pathogenesis and progression.
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Late-onset Alzheimer’s disease (AD) results in progressive
loss of cognitive function and memory, affects more than 5.8
million Americans, and its incidence is projected to double

in the next 20 years1. The brains of AD patients have hallmark
senile plaques in the neuropil and around brain blood vessels,
composed of accumulated amyloid beta (Aβ) and neurofibrillary
tangles (NFT) inside neurons, which comprises microtubule-
associated hyperphosphorylated Tau protein2. While therapeutic
strategies targeting Aβ and Tau pathologies have been aggres-
sively pursued, failure to deliver efficacious treatments has
increased the urgency to identify different mechanisms under-
lying AD, including a focus on the immune system, through
microglial cells, that has been shown to play a key role in AD3–9.

Genome-wide association studies (GWAS) have identified over
20 AD risk loci falling mainly in noncoding regions of the gen-
ome10–13, revealing a complex neurobiology with no single
genetic cause. For most AD risk loci, target gene(s) and their
pathways are difficult to identify and validate, and the broader
networks they form remain largely uncharacterized. Integrative
biology approaches, combining large-scale, high-dimensional
data (e.g., DNA variation, and gene and protein expression)
generated in disease and control cohorts, complement GWAS-
like approaches by employing advanced computational modeling
techniques that incorporate multiple levels of data into prob-
abilistic causal models of disease (or wellness). These enable
molecular traits correlated with disease to be distinguished from
those that are causally related (Supplementary Table 1). These
causal relationships can be inferred with enhanced power by
incorporating DNA-based variations (expression quantitative
trait loci, eQTL) as a systematic perturbation source (Supple-
mentary Table 1). By integrating DNA variation with additional
types of molecular and clinical data, more complex, holistic
models of disease can be constructed and mined to elucidate
regulatory and mechanistic drivers of disease and points of
therapeutic intervention.

Here, we employed probabilistic causal reasoning to organize
different scales of data (DNA, RNA, protein, and clinical data)
generated as part of the Accelerating Medicines Partnership-AD
(AMP-AD; https://www.synapse.org/#!Synapse:syn2580853/wiki/
409840) on a population of late-onset AD individuals and con-
trols, to construct a predictive “multiscale” network model of AD
that provides a comprehensive characterization of the complex
architecture of AD in the human brain. Causal links among nodes
comprising these multiscale networks can be mined to identify
gene- or protein-expression traits whose changes in expression
are predicted to modulate network states driving AD. Identifi-
cation of these causal regulators of disease networks provides an
objective, data-driven way to uncover novel key drivers (KDs) of
disease. Strikingly, among the KDs we identified was VGF, a
nerve growth factor (NGF) and a brain-derived neurotrophic
factor (BDNF)-inducible gene encoding a protein and neuro-
peptide precursor, the actions of which are in part BDNF/TrkB
dependent14,15. Although VGF has been reported to regulate fear
and spatial memories in mouse models14,16,17, and has previously
been shown to correlate with AD (VGF-derived peptides are
reduced in cerebral spinal fluid (CSF) of AD patients)18–22, VGF
has not previously been causally associated with AD. We deter-
mined through our network models that VGF was the only
downregulated KD for AD that was conserved across the RNA,
protein, and combined RNA and protein networks we con-
structed. We replicated these findings in other brain regions23

and in an independent dataset24,25, and observed association of
VGF expression to the genome-wide risk for AD in the I-GAP
(The International Genomics of Alzheimer’s Project) AD
GWAS10. Utilizing three independent models of VGF over-
expression in the 5xFAD mouse model of familial AD (FAD), we

provide molecular and functional validation of our multiscale
causal network analyses, and conclude that VGF is a KD of AD
pathophysiology, and that VGF-linked genes and clinical features
provide novel insights into the mechanisms underlying AD risk
and pathogenesis.

Results
Overview of strategy. Our overall strategy for elucidating the
complexity of AD is depicted in Fig. 1 (and in Supplementary
Fig. 1) and is centered on the objective, data-driven construction
of causal network models of AD that can be queried to identify
components associated with AD. The causal regulators mod-
ulating the state of these AD-associated network components can
be readily identified from the network model. We previously
developed and applied network reconstruction algorithm, RIM-
BANET, which statistically infers causal relationships between
DNA variation, gene expression, protein expression, and clinical
features scored in hundreds of individuals (Supplementary
Table 1). The inputs required for these analyses are molecular
(i.e., genotype and gene or protein expression) and clinical data,
and direct relationships between them, such as QTLs and causal
relationships among traits inferred by causal mediation analysis
that uses mapped QTL as a source of perturbation. These rela-
tionships are input to the network construction algorithm as
constraints on the network topology (referred to as structure
priors), boosting the power to infer causal relationships at the
network level (Supplementary Table 1).

The Mount Sinai Brain Bank (MSBB) Study population and
data quality control. AD and control populations profiled in this
study are part of the MSBB23. From the >2000 participants within
MSBB, 143 definitive AD cases were selected, along with 135
possible and probable AD cases, and 86 non-demented controls23

(Supplementary Data 1). The selection criteria were neuro-
pathological evidence of AD by CERAD (Consortium to Establish
a Registry for Alzheimer’s Disease)26 classification or no neuro-
pathological evidence of AD. Donors with neuropsychiatric dis-
ease and/or comorbid neurodegenerative diseases, and/or
neuropathologically significant cerebrovascular disease, were
excluded. DNA, RNA, and protein were isolated from BM10 for
molecular profiling (Fig. 1b). The DNA- and RNA-sequencing
(RNA-seq) data were processed using standard pipelines,
including quantification of gene expression, variant detection,
and quality control (QC) for the RNA-seq data27 (“Methods”).

Identifying an AD-centered gene set to construct a causal
model of AD. To construct AD-centered causal network models,
we constrained the number of inputs into the reconstruction
process to those supported by the MSBB data as associating with
AD. This reduction in dimensionality also provided a computa-
tionally tractable path for the network constructions. We first
identified gene- and protein-expression traits associated with AD
(Fig. 1b). To cast the most comprehensive net for AD-associated
features, we examined the association between molecular-
expression traits and clinical/neuropathological features used to
characterize AD. Given the complexity of AD, six clinical and
neuropathologic characteristics were used to define the severity of
disease in patients, including clinical staging with clinical
dementia rating (CDR), pathological staging of NFTs or Braak
score (bbscore), clinical neuropathology diagnosis (PATH.Dx),
CERAD neuropath criteria (CERJ), neuropathology cate-
gory (NP-1), and mean cortical neuritic plaque density (Plaque-
Mean). We characterized differences and similarities specific to
each of these disease traits by examining their canonical corre-
lation structure with one another in the MSBB population
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(Fig. 2a). While they were highly correlated, visible variation
among them highlights their complementary nature, with non-
overlapping signals that may represent different aspects or sub-
types of AD (Fig. 2a). Thus, we constructed differential
expression (DE) signatures for each of these clinical AD features.

As defined in Supplementary Table 2, we computed DE
signatures for AD by comparing controls against individuals with
any level of dementia or pathology, and then controls against
individuals with neuropathologically proven AD (definite AD).
This way, we generated signatures across the range of disease. We
detected significant DE signatures at a false discovery rate (FDR)
< 0.05 for most traits across the disease spectrum (Figs. 1b and
2b). The PlaqueMean disease trait generated the largest DE
signature (Fig. 2c, d), with Gene Ontology (GO) term “respiratory
electron transport chain” (fold enrichment (FE)= 4.9, FDR=
4.42e− 5) as the most enriched pathway. From the log fold-
change (log(FC)) distribution (Fig. 2c) of PlaqueMean signature,
the gene VGF, NGF inducible, has the largest negative log(FC)
(more highly expressed in controls than cases). VGF was
previously shown to be downregulated in patients with FAD28,
which is consistent with our findings here. DE signatures for
other disease traits (Supplementary Data 2) are depicted in
Supplementary Fig. 2a.

We also ran DE analysis to identify AD signatures from the
protein-expression data (Fig. 2e, Fig. 1b, Supplementary Fig. 2b)

and found that significant associations were identified for all AD
clinical features, with PlaqueMean giving rise to the most
significant signature (Fig. 2e). For each clinical and neuropatho-
logical trait, the protein with the highest log(FC) was Aβ (mass
spectrometry measurement, referred throughout the paper as
Aβ), followed by other known AD proteins such as MAPT,
GFAP, HSPB1, RPH3A, SYT1, and PADI2 (Supplementary
Table 3). Strikingly, as with the gene DE signature, the protein
with the lowest log(FC) was VGF, highlighting the strong
dysregulation of the gene/protein product in AD brains (Fig. 2f).
Several protein DE signatures were enriched for GO terms
(Fig. 2d), with “cellular respiration” as the most significant
one for the PlaqueMean protein DE signature (FDR= 8.3e− 15,
FE= 2.4). Electron transport chain and AD KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways from MsigDB
(The Molecular Signatures Database) and KEGG databases,
respectively, were also significantly enriched for the PlaqueMean
protein DE signature (Fig. 2g, Supplementary Data 2).

To validate the AD signal contained within our data, we
compared our DE results to previously published AD gene- and
protein-expression signatures, assembling published study-
specific sets of DE for significantly up- and downregulated genes
and proteins (Supplementary Table 1). Supplementary Figure 2c
(genes) and 2d (proteins) shows the FEs of our DE products for
published AD signatures, readily recapitulating them and their
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Fig. 2 Characterization of AD traits, and brain gene and protein expression. a Canonical correlation heatmap of disease traits. The intensity of the red
color indicates the strength of correlation between traits; the canonical correlation is indicated in each box. The x- and y-axis represent the traits: clinical
dementia rating (CDR), Braak score (bbscore), clinical neuropathology (PATH.Dx), neuropathology category (NP.1), CERAD neuropath criteria (CERJ), and
mean neocortical plaque density (number of plaques/mm2, PlaqueMean). b, e Breakdown of DE genes (b) and proteins (e). This figure shows the UpsetR
plot (“Methods”) of the DE genes or proteins overlapping across tests. The bars represent the size of the DE sets and the points represent the category to
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the plot. d GO term enrichment across all signatures. The heatmap depicted represents the −log 10(FDR) of the top 5 most significant GO terms
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directionality. Additionally, despite the low number of loci
associated with AD in the latest AD GWAS13, DE signals for a
subset of our AD traits for both genes and proteins are enriched
for GWAS mapped genes and for all genes in topologically
associated domains that contain the genome-wide significant loci
(Supplementary Fig. 2c, d), thereby confirming the validity of our
signal.

The union of genes and of proteins across all DE signatures
(788 genes and 1016 proteins at FDR < 0.05, respectively) formed
preliminary sets of AD-associated input features for network
reconstructions. Only 55 features overlapped between these two
signatures, demonstrating the highly complementary nature of
gene- and protein-expression data. These resulting sets of 788
genes and 1016 proteins are referred to as the AD DE
signature sets.

DE analyses provide the most straightforward way to uncover
patterns of expression associating with AD; however, power is
limited with respect to small to moderate expression differences.
To complement DE analysis to identify AD-associated genes, we
clustered genes and proteins into data-driven, functional
biological groups by constructing gene and protein co-
expression networks (GCN and PCN), which have enhanced
power to detect co-regulated sets of genes (modules) likely to be
involved in common biological processes. Co-expression modules
enriched for genes associated with AD implicate all genes in said
module as potentially AD associated, even if they were not
identified as DE.

The GCN was comprised of 24,865 genes and 29 modules
(Fig. 1b, Supplementary Data 3), while the PCN consisted of 2692
proteins organized into nine modules (Fig. 1b, Supplementary
Data 3), with most modules (26 and 8, respectively) having
significant GO term enrichments at a Bonferroni-adjusted p value
<0.05 (Fig. 3a, c). To assess which sets of modules were associated
with AD, we projected the DE signature sets onto the G/PCN
modules (Figs. 1b and 3b, d). We identified four modules from
the GCN with significant enrichment for the gene AD DE
signature set (Fig. 3b) and for GO terms “induction of positive
chemotaxis” (greenyellow, FDR= 3.0e− 2), “histone modifica-
tion” (peru, FDR= 1.7e− 3), “mitochondrion organization”
(pink, FDR= 1.9e− 5), and “synaptic transmission” (yellow,
FDR= 1.6e− 5) (Supplementary Data 3). For the PCN, we
identified three modules enriched for the protein AD DE
signature set (Fig. 3d) and for “synaptic transmission” (blue,
FDR= 4.6e− 15), “response to molecule of bacterial origin”
(green, FDR= 5.9e− 3), and “energy derivation by oxidation of
organic compounds” (yellow, FDR= 2.8e− 14) (Supplementary
Data 3). We note that co-expression networks constructed by
combining gene and protein expression did not result in clear
connections between these data types (Supplementary
information).

To form the most comprehensive set of AD-associated genes
supported by our data, we expanded the DE signature set of input
genes for the predictive network constructions by taking its union
across all gene co-expression modules enriched for the DE
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signature sets, resulting in 3918 genes, referred to here as the
expanded DE signature set (Fig. 1b).

Genetic modulation of gene and protein expression in the
prefrontal cortex. Integration of QTLs as a systematic source of
perturbation to enhance causal inference among molecular traits,
an approach we and others have demonstrated across a broad
range of diseases and data types (Supplementary Table 1), is
central to our approach to construct predictive network models.
QTL mapping identifies DNA loci associating with quantitative
traits (i.e., gene- and protein-expression), enabling the identifi-
cation of regulatory and mechanistic relationships among genes
and proteins, and providing critical insights into biological pro-
cesses related to the functioning of cells and their association to
disease. Since gene- and protein-expression traits were scored in
this study, we mapped eQTL (N= 188 samples) and protein
quantitative trait loci (pQTL) (N= 192 samples) for all molecular
traits to identify significant QTL as additional inputs into the
network reconstruction process.

We found 4224 genes with at least one eQTL (eGenes) and 158
proteins with at least one pQTL (eProteins), at FDR < 0.05
(Supplementary Data 4). To assess their degree of conservation
across RNA and protein domains and to help illuminate AD
genetics, we characterized the number of QTLs overlapping the
expanded AD DE signatures (Fig. 1c, Supplementary Fig. 3a). Of
these, we identified 83 proteins with pQTLs and 683 genes with
eQTLs, including seven genes and proteins with both eQTL and
pQTL. Supplementary Figure 3b exemplifies GSTM3, whose
cortical gene- and protein-expression levels are associated with a
shared single-nucleotide polymorphism (SNP), rs133201829.
Given the relationship between transcripts and the proteins they
encode, we applied a causal mediation test30,31 to assess whether
changes in gene expression induced by eQTLs were causal for the
corresponding changes in protein expression for the 33 product
pairs under control of the same SNPs. Interestingly, causal
mediation supported 26 products of gene and protein expressions
as being independently regulated by cis variation (Supplementary
Data 4), suggesting that translational events may be influenced by
the same cis variation impacting transcription, albeit in an
independent fashion, perhaps partially explaining the low
correlation we and others have observed between gene and
protein expressions (Supplementary information).

Of the e/pQTLs identified, 766 corresponded to genes and
proteins overlapping the expanded AD DE signature and were
included as inputs into the network constructions.

Identification and prioritization of KD genes identified from
predictive network models of AD. To elucidate the structure of
the complex interactions represented in the expanded AD DE
signature set and associated QTL, we employed a Bayesian net-
work (BN) modeling approach (Fig. 1d). BNs are graphical
models that capture relationships (depicted as edges)
among nodes (gene- or protein-expression traits) systematically
across high-dimensional datasets. BNs not only capture linear
correlations and higher-order correlations among nodes (like co-
expression networks), but can also capture nonlinear relation-
ships and infer causal links that define information flow, thereby
providing a richer, more informative context for discovery
(Supplementary Table 1). Because the number of possible net-
works to search through to identify the best data fit grows
exponentially with the number of nodes included, a brute
force search of all networks is not feasible32. Heuristics are used
to constrain the size of the search space and to efficiently search
it33. Thus, we constructed an AD-focused seeding gene set
to reduce search space, with the core of this set comprised of the

AD DE signatures (Supplementary Data 1) expanded to include
all genes in the co-expression network modules significantly
enriched for these core AD signature genes (Supplementary
Data 3).

A limitation of this empirically determined gene set is that it may
miss important genes due to nonlinear interactions not captured by
co-expression networks, a lack of power to detect all relevant
genes in the gene expression data, or genes active in tissues or stages
of disease that were not as well captured in the MSBB
population. To account for this, we further expanded the seeding
gene set (3918 genes) with previously published knowledge using
the PEXA algorithm34, which enables inclusion of genes from
literature-derived pathways linked to the core genes or genes
interacting with coding products of the core gene set in
protein–protein interaction (PPI) networks. Application of PEXA
resulted in the identification of 1796 additional genes, bringing our
final list of genes for BN reconstructions to 5714 genes (Fig. 1b,
Supplementary Data 3), compared to 24,865 transcripts expressed
in the dataset. This final gene list included previously identified AD
GWAS genes (six genes and five protein products)10, thereby
integrating AD genetics into our causal network models that further
implicate causal genes for AD. From the seeding gene set we
constructed three BNs, one for each data type and one multiscale
BN combining gene and protein expressions (Figs. 1d and 4a,
Supplementary Data 3). Figure 4a illustrates subnetwork structure
around AD risk factor apolipoprotein E (APOE), in addition to
other AD genes.

Since the resulting BNs infer the causal flow of information,
they can be queried to find major points of regulatory control
(Supplementary Table 1). We analyzed each BN to catalog master
causal regulators (referred to as key driver genes/proteins, or
KDs) predicted by the network to modulate its state. Key driver
analysis (KDA)35 was developed to identify network nodes
predicted to either modulate a significantly enriched proportion
of nodes comprising a subnetwork of interest (local KD), or a
larger number of downstream targets outside the local network
neighborhood (global KD). To ascertain the global structure of
the networks with respect to their predicted global KD, we
assessed whether network structures were validated by known
biology. We consider a KD as molecularly validated if network
genes predicted to change in response to changes in the KD
significantly overlap genes observed to change in an experimental
perturbation carried out on the KD. For this, we used published
and curated single-gene perturbation experiments from the
Enrichr database36, extracting 341 unique single-gene perturba-
tions from 420 gene expression signatures in tissues relevant to
AD (central nervous system (CNS) and immune system). While
these perturbations were performed in several models and under
different conditions, we found that up to 40% of KDs had
predicted gene perturbation signatures that were significantly
overlapping (FDR < 0.05) with the corresponding perturbation
signatures (Supplementary Fig. 3c, e), validating the predictive
power of our network. Interestingly, protein network KDs were
not validated by gene expression signatures represented in
the Enrichr database, potentially reflecting the differences
described earlier between gene and protein expressions. As
previously shown37, we observed that expression states of genes
closely connected to KDs were more accurately predicted to
change in response to changes in KDs, when compared to non-
KD genes (Supplementary Fig. 3d, f). Finally, we observed that
while taking edge direction into account in validating KDs
decrease the network neighborhood size, and therefore
the percentage of nodes with significant enrichment given
the subsequent decrease in power (Supplementary Fig. 3c, e),
edge direction enables more accurate predictions for KDs
(Supplementary Fig. 3d, f). This demonstrates the importance
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AL450226. 2

DRP2
TCEAL3RANBP3LRP11-856B14 .1
SRSF9

GATAD2B
ZNF19

MGST2 EGLN1

ATP1B3 NTN1 MDFIC
NDUFB9 ARG2SASS6 AP000721. 4

FOXO1
HMGB2

TCF7

COX6A1
EXOSC4

METTL7A

BCHE
RP11-574O16. 1

UQCRBPRR36

ANXA2

CAMK2B
RPS24

TPD52

PADI2

EDA2RPTPLA

WNT1
RAB31CHPT1

PGD
GBE1C9orf4 3

ACAT2UQCRC1

SYT7

HIST1H3D

PPP3R2HAR1A

KIAA168 3LCAT

PDGFRA
AL603831. 1

BCKDHB
PRKAG1

ADCYAP1

ANKRD33B-IT 1

RP11-773D16 .1

SQLE

MYL6
KRT8P43

PPAP2B
H2AFV

PDLIM5

C11orf7 0

NT5E

PKM
PXN

GTF2H3PMPCB
WDR49

RP11-635N19 .1

C2orf1 5

CPEB4

ARMCX3-AS 1RP11-539L10. 3RP11-110H10. 2

RP11-266L9 .3
GATS

ZNF215
RP11-293I14. 2

HN1PCYT1B

GNG11

ALDH7A 1

MRPL30

PPP1CC

APEX1

GNE
CSMD1

GLTP

ATIC

CRTC3

EFNB2
CLDN5ZDHHC2 3

POLE3

CTNNB1

NPAS3

EEF1A1
MTX2

MRO
ETF1

FDFT1GLRX3
RNPS1P1

PIFO

MECOM
NT5 M

HSDL2HES4
SLC25A2 0

STK33
SNAP23

SCARNA12

C7orf7 3

GRAMD1C
ID4

FGF1

ATP5F1C19orf7 7RP11-265N6. 1

DBI
RP11-315I14. 2

NOXA1

RP4-673D20. 3

PSPHNCKIPSD
HDHD 2SMURF2

LCLAT1
SMAD6

PRDX6

RP11-368N21 .2
RP11-446E9. 1

BBOX1HNRNPH2

AK3
SORT1

GLYCTK

PCSK5RP11-275H4 .1NDRG2
RP11-15B17. 1

LEF1

RP11-169K16. 7

FBLN7

RAB5B
C4orf3 2

ASAH1

CYP20A1
SLC12A6

NME1-NME 2

RERG

MARS

OSBPL11

SNHG7MIR129 2

ACSS1PIGY
HTR2C FTLP6

IQCC

TNNT2
GDAP1AP3D1TP53I11

HIST2H2BE
ACSS1

PAK3

LINC0033 9

GNA13

DHFR

NME2

PCSK7

AC034102 .1IPO9

CSNK1A1EFHC2ZNF320
GALNT7

ROBO2

GNPDA1

GLI3

PPP1R3C

XPO1
LRP5

C16orf6 2LOXL4CTNNA2FSCN1

PAX6

SFMBT2AGPAT2

RP11-91 G21.2RP11-507J18. 2GATC
PALB2

CSRP1 CPQ
UBE2Q1-AS1FHL2

HK1
GPAMMPP5THOC7

CTNNA2
GNAQ

CYBRD1
MYL12ACD10 9

RP11-49K24. 8

CYP3A7

TMEM21 8FYN
PMM2KTI1 2

PREX2

HADHA

BNIP2
RP1-67K17. 3

SEPHS1NEU3

NDUFA1ANO6

FZD4PYROXD2

AC090425 .1VLDLR
SUMO2

DPCDSPTBN1
RHOA

U2SURPSLC18B1GPER

ALDH5A 1
ARRB1WBP11

B9D1OXCT1

ACP1
EIF3D

ZNF697CYGB

LINC0017 3
C10orf1 2

LYRM4

FAM175A
ATP5H

NXT1

OPRM1DGKB

ZNF484

DHFRL1

EGFL7

ATF4

HEATR5A

RPE
FUT2

RGS2

PARD6B
SLC4A4TRABD2A

SMPD1

EIF4A2

OGT

MOCS2
MEF2BNB

PTPN7RRM2B

IVD
HIST1H4A

BTBD7SMAD5ATL3RP11-21N7. 2 OPA3
DOCK1

ELOVL2 SUCLA2

BIRC2
AARS2

RP11-594N15 .3

HECA
FARSA

GLUD1CSNK2A1RNASEK-C17orf4 9

COX8A

UQCR10SERPINB9
C1QBP XPOT

GCH1SLC25A5 1SH3GLB1DLATJMJD4

PABPC5

RDH11

GSTO1
SUCLG1

PTPRVPCAT

POLR2J3

ZNF790

ARPC5L

ETV1
G6PC3

IGFL4PCYT2
ATP6V0E1ZNF710ANXA1CTC-425 F1.2SLC7A11-AS 1

VIM

ITKUGDHCDKN2CRMRP

USP53
SYT9FAM126B

STMN1
MEIS2

MSI1

SYT1

ERMN

NSRP1P1
CTD-3193 O13 .14

CRYAB
OXCT2

AXIN1
PGAM5

RP11-222A11. 1
CTD-2554C21 .2

RP11-371E8. 4
DNAJC3

RP11-252 P19.1

KIF7

ABHD5

ITPR2

SMAD3
ARHGAP18

CRYL1
TMBIM6

PDE9AUBE3B

RP11-176H8 .1
RP11-240D10 .2

BTN3A3
P4HA1

IDH3 APCYT2

PPP2CB
THBS1LY86-AS 1

PHB2

DCT

RP11-85O21. 5
CHL1 -AS2

RAB21

CTNND2TPP1

VEGFA

PPP3CBLAMTOR2

DHRS11
MYO19

MOCS1

TYRO3P

NDUFAB1ELAVL1SLC7A11 PYDC1

SLC25A26BPGM

CTD-2011F17. 2

PLXNA3
MAP3K5

NTRK3

PTGDS

GCSH

ARHGEF6CKMT2

CNTFR

GNAT2

RANPIGX

ADCY2

PMS1MRPL41
C22orf4 6TAF9

CTD-2095E4. 2
TIMM23 B

LAT

CC2D2 A

RDH10

RP11-339B21 .9

PDE8BTANK

RP11-792D21 .2

BCL2

POLR3E

EIF2S1

NEDD8-MDP 1

GGT7MGST3

SGPL1
AKR1C3

HCFC1R1
E2F3

POLR2K

NARS
AFF1
CSNK2A2

PRDM1

HAS2

HSD17B10

GMPS
PTMAPIP4K2BRDXCARHSP1

KRT17P1GLIPR1L2PDE4CCAMK4HPDL

PGBD1
CRAT

AGT CADM3

AC016644 .1MRTO4
Metazoa_SRPPTGS1

ENDOD1

FERMT2USMG5
MAGOH

MYO1D
YARS

RLTPRALDOBCYFIP1
GNB2L1ADCY2
SVIP

DMRTA1

CDC42BPA
SUGT1APRTPRRT2MRPS26HMGCS1C2CD2LACADL

TNRANK2
CAMLGAC026310 .1UQCRC2FAM20 A

ACER2ETFAXPOT
CLDN1 1PGM1DDTPECR

HTT
HARSNDUFB8

CLEC2D
DNM 1ATP5B
SPG20OSPOLR2E

HRAS
TMEM14 1

ELMO1SRSF7P2RY1MPI

SORBS2
C11orf9 5

NCK2

XBP1CTD-2085 J24.4

DGKG

PSPC1RP11-618 G20.1

FAM157 C
TEAD4ATP2B2SNHG15C16orf9 3

C1DP1

CNTN1
RP11-809O17. 1

EIF2AK1
CD4 7

HSD17B6

OPALIN
ADCY1

CDS2

ACYP2

RP11-566K19. 6

CAMK4MYC
SLC12A5

NTRK2TBR1

AHCYL1

LARP1TMEM13 6
TMEM178 A

LIX1
RP11-108K14. 4

TNFRSF10D

RP11-323J4. 1
ITGB8 PRMT1AHCYL2

LIPERP11-661A12. 9VARS
SLC4A4

KLC2
VPS13D

VWA3B

LTA4H
SRSF1

CTD-2616J11 .9

ACAA2
MED19

BOLA3 C11orf5 4
TMEM65

ATP6V1H

CASP8

FLT1

PGA5
SEC31BAOC3

VAMP2TRIM69
ZNF274

CAP1CXCR4

SIRT2LCMT2
RP11-88H9 .1C21ORF59KLF4

RTN1
TPM2

RP11-271M1. 2

ARHGAP15
RP11-81N13. 1

PTPRZ1

F2RL1
SNX6FAM169ASTRA13DDTL

ATIC

AC006160 .8
GPD1CDC37

TRO
TOMM 70A

CERS5
CNDP2CSST3GAL5GRHPR

UBE2Q2P1
VSNL1

WDFY3-AS2

ARFGEF2
DNAJB2

TLN1COL5A1

IMPDH2
ANGPTL1

HMGCR

MYEOV2GLUL

AP2A2
DDIT4LRP11-391M20 .1

SPTLC3

LYNX1

ZYX

MYH9LINC0056 5N6AMT 2

PMAIP1INPP1APOOL

RDH12

SERPINI2 SYN1

CTC-429P9 .3STOX1
BEND5

AGXT2L1

HLA- WVCAN-AS 1

VAV3
MCU

PPP1R3DRP5-997D24. 5

QDPREFEMP1GFAP
CYP26B1

PRPF4

GNPTG

VAT1CD8 1IGF2
DLGAP1

COL20A1 POLE4RRAS ANKFY1

EPAS1

MIR61 1

PON2MT3

MRPL51

TFPT MVP MSRB2
CXor f59

RP11-923I11. 3
ENTPD1

CTD-3065 J16.9

STX1AHPRT1

ACBD7 TNCACO1

ZNF622

DPY19L3

RP11-100M12 .3

GGT5

CFLARPAK2

OMG

DDX60 LBCAS1

ADD 3

JAM2
TCF7L1CYP2C8

IL12RB2FANCE

RP11-429 G19.2

RP11-158M2. 5

CTGLF11P

BEX5
LATS2PAN3-AS1MID 1

PRELID1IL4R
HEPH

PELI2PLA2G12A

AC103681 .1

RP11-88H9 .2
SPPL3 ITPKC

CNP
PCBP2PPP6C

RP11-923I11. 1

VPRBP

GLS2

CPT1ACA1 1
AP2B1

LPCAT3

HNRNPUL2

AQP4

ETFBMLYCD

PDXP

PNPLA6

RPS8P6

ENPP3PFKMMYLK4
AHCYL1

CTD-3138B18 .5EPHA1-AS1 VCANDCXR
CTB-50L17 .7ATP1A2

SDC2
CTBP1

CUL1
GSNTERF2

NDUFC2-KCTD1 4TNFRSF14
CXCL5

LAMTOR4

TBCCD1

DTHD1

STXBP1
EGFRSPESP1

KIAA104 5

SLC35D1

CISH

TRPM3

IFT43UQCR11ABT1

TSHZ3

RP11-282O18. 3

STAT6
AC021593 .1

LIG3

FLNA

FAM192A

RP11-38P22. 2
CTD-2616J11.1 1

MEF2CGNG5
TELO2

SARS
SHC1

FAM198BCMPK1

IL6ST

SPATA6OAT

ZFX

ANTXR1
CLDN4CHUK

GADD45 AGRIA2

DGKQ

YJEFN3PPP1R1B

PIGA
PRKRIP1 ZHX1

TRPS1
CDK2AP1PTCH1

SEC23ASNTB1
BRAF

IMPA1 GADD45B
MAPRE2

ATL1MTMR2

PLD2
DGKI ZFHX4-AS1

ME1 CDC42

A4GALT
PAQR3

EP300

B3GALNT1

PDHBEIF4E2MOB1B

AGER

GPR161
MYL6BPRDX5MIR94 3

MITF
PLEKHF2PIGQ

ETNK2

UPRT

AC083884 .8GNA14ZFP106
FIS1AL049829. 1

ABL1SCN2AZNF664
CLASP1

MED13L

GFOD1

FOS

C5

RP11-98D18 .15

AC089999 .1
PLCD3YWHAG

YY1

FGD5-AS1

RP11-64K12. 8

GNG7PIK3C2A

ACADVL
GORASP2

INPP5E
PLXNB2

TBL1XR1IL3RA

ARHGAP32
AC012065 .7

RYR2MRPL2
RP11-278A23. 2

UNC5BGNPAT
WASF2

H2AFV

NOD1

MRPL9

YWHAQ

DHODH
C20orf2 7

MPDZ

SUGT1

POLR3F

AMD 1

CNN3

CTNNA1SDHD

AC012379 .1

NRN1

ZMYM4-AS 1

UBQLN2

EEF2K
RELA

NDUFB7

SSRP1RP4-541C22 .4

DBI

CYP2S1

SPCS1
TTC2 9

RP4-773N10. 5
ZNF280BSNX27

PIK3CD
TSR2KIAA024 7

ASCC1
MZT2B

PLXNA2

PIK3CB

NFIA EEF1A2

PLXNB1
AKT3SMG7

SHOC2
RNPS1

MAP2K1

GFAP
SMG5

DDX4 1

GRIN1CYP7B1

GBGT1

ISOC1

MAP3K1 1CLTC

SESN1

POU3F2

AC061961 .2
HOPX

PNMT

WWTR1
SIDT1

RP11-397 P13.6
SRRM5

PPP1CB

GALT

KIF2A

LYPLA1

LAMA5

DIMT 1

MYL12BAGAP2

TMEM170 A

CALM2

CMTM4

SESN3

SP1

GNPNAT1LCOR
TNFRSF1ACREB1

CCSCERS2

WASL
SH2B1RAPGEF5

POLR1ACHID1NDUFV1

SHH PVRL3

VWA5B2FER
STRIP1RP11-309L24. 4

RP11-767N6. 7PADI2

SLC32A1VPS16RP11-737O24. 2KIAA0319 L
FOXN3

ARL4DEIF1AX
AGPAT6

C1orf2 7

ZFYVE16

SGMS1

PEG10
GALNT11

POLD2

MAVS

SGSH

CCNL1IL4I 1

ENTPD2 MBD2
YJEFN3

TRAF2
POLR2BNAMPTZNF562 SLC44A3

GHRUPF2MRPS24

ARPC5
SAT1

PSAT1
POLR2HLEPROTPOLA1MTMR6NFATC2IP

PDE4B
NEDD4
KCMF1

RGS22

ATF2IRAK2

NNT

ARPC3

CARKDRPS6KB1
CSNK1DSHROOM4

SLC30A7

MAP3K2
CERS6

RP11-143K11. 1CERS1

ABLIM1

RP11-92A5 .2

PNPLA2

FUT8

PDGFRBPPP2R5A

UNC5A

BABAM1

UCKL1
GAMT

HSD17B10 IQCK

CHGA

DERA

MAPK9

CLDN1 5

MGAT1MYD88

FAM65C
AC011625 .1

COMT
DTD 1

TJP2

FLVCR1

RP11-977G19.1 1

C9orf9 1

GJA1

IL6R

RP1-178 F10.1

GLS
SNRPN

KIAA049 4

ARPC1B
AC093818 .1

SHANK2CYFIP2NOP58
UQCRH

ADCYAP1R1

SIPA1

GPCPD1

GAS7

SLC25A11

SOS2ZFP36L2

RP11-227B21 .2

MSNRP11-688 G15.3MCEE
PAFAH1B1DLGAP2

CYLDTMA 7

AKIP1BOLA3-AS1

TJP2RP11-420A23. 1SELL

SIRT1

ADH 5MYBPC1

PGK1
RUNX1GPI

KCTD1 7

DAGLB

ARRDC4

MGAT5B

RP11-575A19. 2
RP11-466 P24.2MSI2SNRPD2

C16orf7 4

SRGAP1LDHAL6A

ETFA
SAR1B

GAP43

CCDC6

YAP1

PRPS2

KAT2B
DGKARESTPDE10AIGFBP5

GSDMD

PARD3PPP2R5C

JAKMIP1

SNORD116- 9

CNPY2

ARHGDIG

RP11-325 P15.3

AL122015. 1
SRRM4

POLR2C

sept-0 2SUV39H2

NFKB2BBS2

ABAT

CNPY2PTPN11

LPL

SC5DL

SYTL3

PTDSS1

RP11-664H17. 1

ZBTB43

NUDT1 2

TP53INP1
RND1

DGKZ

GK

CBLBIFNGR2

EPHB4

TTC7B

ATP6V0BRP6-109B7. 2

GUCY1A2GCLCEIF2AK2

SLC16A1

DVL2
MAP2K4

PARD3B

RHOBTB3

EAF1

MCC

MAP2K3

NDUFA2

ITGA5

ITGB1
CFL2

NGFRAP1
RFTN2
MRPS21

POMT2
TEAD1

MBOAT2

PGAM1

ACAT1AGK

PRPF38B TRAPPC2L
DIAPH3

PPP1R3BATP6V1G2-DDX39 BCIITADOCK3
SIRPACIRBP-AS1

IL28RA

MADD

PNP

TLN1

RP1-67M12. 2PPP2R5E
STX3

ITGA6

TCP11L1

KIAA043 0

AL031666. 2

CCDC16 0

MPST
GMPS

AKT1KCNB1

RAPGEF2

ENOPH1

NFYC

DAZAP1

UGP2

VASP
MAGT1 PHKA1

ZFP36L1

PLCG1
AHNAK

PPP2R2B

ZNF813

ACIN1ARHGAP22
GPR158-AS 1NCDN

ADAR AP3M2PSMC5
BMP2K PRKCE

KLF3

GNG12
ITPR3FERMT2

RP11-411B10 .4

LAGE3GCNT4
SLC25A5
ZNF259

KLFAM181A-AS 1TP53

ARHGAP35
NDUFS5

GALCDDX39B

B4GALNT1

PDK4

MIR56 8 POLR2A

PYCRL

PRKACB
NRSN1

HIF1A

ASAH1
SH3GLB2PSMD8

TXNRD2

AMOT

ADD 2

NFYB
BCAT1

BCAP31
TOM1

SDR16C5
SGTA

TSPYL2

RP11-553L6 .5

SMPD4

Z97634 .5HS6ST1
STK38LERVK3-1

MLF2OR13J1

CBFB

RP11-517C16 .2

ACACBKIF1B
GUCY1B3 SOCS3KALRN

SIPA1L1
RAB3A

ARHGAP44BTG1

PFN2SLC25A3
ACO2

CNOT1HADH

CLTC
ICAM1

TPI1FGF2
ERI1RP11-307B6. 3KCNK2

GNAQ
PI4KA

CDH2 0
MTHFD2

VPS52
MSANTD4 AC007246 .3

RP11-123M6. 2

RP11-392A14. 7

ADAMTS2
DGUOKCSDA

GMPPB

PFDN4
PGM2

WDR96CRCP
CAMK2G

PSMA5
M6PRRPN2RP11-152N13 .5

SLKEXOSC3

HSP90AB4P
MTHFD1

RAB5B

RBM8A
CHMP4B

ICAM5TRPC4
ACOT9

RPS15
PDE6A

DNAJA2TRIM3
TTYH1APOA1BPZADH2AC068533 .7C9orf13 1SPON2

ARFIP2YWHAZNCAM1STAM
RAP1AAPRT

CTSK
GPR137B

ATP5J

INSIG1

SRP68P2S100A10

HSD17B12

ILK

MAK
IFNGR1

SQSTM1

TOR1AIP1H2AFXSBDS

ANXA5HAAO

GAD2FAM70 AMPP1RP11-793H13. 3FRRS1

C19orf5 3

RP1-228H13 .5

ROMO1

C21orf3 3
ARRB1

PNMA5
RP11-12J10. 3

SF3B3SNCATHY1
NUMBLCAPZA1PACS1

DNAJB1

KCTD1 6
GPR37L1

HNF4G
CTC-444N24. 8

DNAJC5TPD52L1CPNE5RAB1ABMX
GDACDC42KIF3BITGB8EPB41L1NEDD8-MDP 1NPLOC4
CTD-3214H19 .4

RP5-1042 K10.12PGA3

AKR1C1TRIM6-TRIM3 4CTD-2325P2. 4C12orf3 9
EEF1GAL136419. 6

ARSB

TMEM71
SOGA3GRK4UPF3A

SDS
DBX2

PSMD8

PLXNA2

PKP4SELENBP1PLN

ATP6V1G1S100A11
LAMTOR1SLIRPFAM133CP

TPM4PPFIA2SLC32A1WASL
RFKSTX7

RP11-693J15. 5

ZNF730PITPNC1
RP11-119F19. 2TUBB2A

DYNLL1
PMM1

CTNND1FN3KRPCXor f69
DAAM 2WDR76BASP1

IQGAP2

AC116050 .1LANCL2TECRTJP1
LZICENHO

URODPRKCBADD 2
PGM2L1

FMO3
STXBP5
PSD3

KCNMB3RP11-486O12. 2

CTSF

CAMK2A

AL132780. 1
TUBB8

EHHADH

CPETOM1
RARSFXYD1SRGAP3MPP2

IL17RD
IAH1HMGCL

RBMX2PPFIA4BOC
HAR1B

EHD1

GALE
PRKCGVAMP1SYCP3ATP1B3COG4TSC22D2EIF4HTRIM45

RP11-166B2. 5AMPHCAMKVRPS27APPAP2BCAPNS1

BSG
ALDH2
RP11-481 G8.2

USP6NL
CYSTM1
SLC25A4 5

SLC2A11CBR1RP11-156K13. 1 GLTPD2
BTN3A1

FBXL12INMTRNH1DYNC1I2AL008733. 1SFXN5
EXOC4RTN1

CYB5D2

LNP
RP11-537 A6.7

GPM6ASTAT3
PGM1

AGAP1
RPN1PEX11A

MSMO1

CFDP1
GNB2L1FOXG1PHB

LAPTM4A

NECAB1
ALDH6A 1

GNG7
NCBP2

LAMA2
FAM213A

CTB-47B11. 3

STMN2

RP11-582J16. 3

TTC1 8

GRIPAP1

AC005614 .5
RP11-998D10 .2

DCN

BCL10
ALX4

EIF2AK2
RAB12

0

ADSSL1
AC008676 .1

PLD3

AL450307. 1

CTD-2008 A1.2

RGNRP11-385 F5.4
SDC4

RP11-56M3. 1
ALCAMLSAMP

RASA1CAPZB

COMT
RP11-672L10. 2

ASS1HIST1H1E
MTMR8ERLIN2

RP11-545M17 .1

PLP1
MRAS

EPHA3
AGPAT3

STRCP1

CLIC1

LGALS3
ARPC1APTBP1

SORD

C11orf6 8IGBP1CRMP1RP11-296L22. 8CITMAP1SABI1RAB1BTRIM6
MAGI2PCBP2

RPS28LY6H
SCYL1

CD20 0
ANKS1B

RP11-574F21. 2

RP11-363E7. 4
ADRM1EPHX2

L1CAM
PHACTR1PSMD4RP11-702L15. 2

LRATMIR118 1

RP11-886H22. 1
EFNA4CXor f30POLR2D

ACSL6
PFDN1

GADL1

PMP2
GCLC
SNAPIN

FTL
sept-0 8

RRAGA

KAT8

TWIST1

EPHX2MCTS1
MYH7REPS1AXDND1

SPARCL1RP4-755D9. 1DDT

EIF1AX
HPSESLC24A2

TRIM34H1F0EEF1D
UTRNCOX5BAADAT

DMC1SPRYD4AK2PRUNEZNF33AP1EXOC2ENPP6TRNT1SRP9 FTH1
ETFB

PSMA2
OPA3 MYL6ATP5C1

AP001055. 7

NDUFS3

FAM21 D

RP11-340 I6.6
EPB41L2
C1QBP

KCNMA1

RPL9P7

AKR1A1 ERO1L

RP11-443A13. 5

MTAP

HYAL2

RP11-874J12. 4

ST6GALNAC6
ARPC2

NTRK2RAB3GAP2PDK3
ANG

ARMCX4
FOXP1ZNF114VPS13A

EXOSC10GABRB2MACROD1SOCS2AJ006998. 2RBMX
NDUFA13STXBP3

ACOX1
HIST2H2AA 4QKI
AC092835 .2AL163636. 6RP11-219B17 .1NDUFA11ICAM2

IFI44L
RP11-936 I5.1PRKCE
ACAA1

LPHN1MASP2
NCEH1EXOC8

TCEB2GNL1

ARPC4

SLC25A5

RP4-614O4.1 1

ATP6V1B2NKD2

ADCY4

EPHB2

SEC13

AC008443 .1

BRD7
LIMD2

CASK

KCTD1
RP11-410L14. 2ADCY7B3GALT5

GJB6RP11-134 G8.6

KIAA0494-A S1

MAPKAP1

SAMD9L

ISYNA1

PFN1

MYO5AZFPM2GYG1

VDAC1

TUBB3

TRIM52DVL1GALNT4RP1-12G14. 6TTC4 0

CAMKK1

AGPAT5

CTC-527H23 .1

B4GALT2

MRPS12
AL161915. 1AC133528 .2RRM1

CHST2

CTTN
DFFADIAPH1

RPL6
SNX1
HNRNPDSNX29P2NPTNKHSRPNCK2GUSBP4SLC12A8

CTD-2258A20. 4ADPRM
RAB2B

SH3BGRL2CREG1
NDUFA5

MT-ND 2DDX19BPSPC1
PSMF1TUBGCP3

PM20D2
TOX3CCT8ESYT2TUBB6SNX27

SNRNP70VPS11LIN7CBLOC1S4SETDB1

EIF2S3

UBXN6

IPO9MMS22LPRKAG2RP11-31L22 .3CTC-444N24.1 3CCT4AL450992. 2 UXS1
IFIT3NPDC1NUDT2

PRPSAP2

ETFDH

HPCAL4
PPP3R1

ITFG1
RNASE4
ARG1

IQSEC2
RRM1-AS 1

NOP56
NPTX1MARC2

ACTL6B
NME1NDUFS5

RBM14GRIN3A
PSORS1C1RAP1BSNORA64RAP1GAP2RPL17RAB39B

CCT2RP11-49 I11.1
NRG3

RAB18

AP1M1

MRPL55 ARHGEF7MBOAT7
ESYT1
TRIM35

RP11-434C1 .1
RP11-1220K2. 2RP11-504 P24.2

NUP43
VAT1L

COX5AACOT4

SLC2A13SLC44A2RAB5C
PDE1BPEF1SUMO2ZNF100

GPX3

RP11-11N9. 4RP11-347C12 .2
RP11-818O24. 3

TBCEPRKAG1
TPT1ABCD3

RP11-13L2. 2
UPF1RPL12P11

TMEM30A
SEC61A1TOMM20OR13D1RANBID

ARL6IP5

CHST9
DHRS3

GLI2

MRPL28
MRPS31P4NFKBIARPS6KA1

GRM8
SERBP1

C22orf2 6

PGP
LXN

ZNF2

DCSTAMP

IRAK3NDUFB8
KLHL7-AS 1

GADD45GRAP1B HMGCL

HSD11B2

GNB3
NUDT6FGRRP11-57 A19.2

OLFM1CTC-453 G23.8IQSEC1HSPA8 ATL2

ESR1RP11-203J24. 9RBBP4PRKACBITPR1ZNF561RAB9BB3GALTL

ARPC2BRK1
SLC8A1

DYNLRB1
OGFRL1CD5 9

RP11-274H2 .5TNPO3
NDRG4GABARAPL2FIS1

ACOT1
WDR47KIF2A

CPNE4
DDI2
ATP8A1

SLC25A6TMCO3
LOH12CR1

RP4-612J11. 1

COX7A2L

ISOC1CASKIN1
CACNA2D3WNT8A

RP4-800M22. 2
RSC1A1

HSDL1RAB5A

PLCD3

DDX6MYEF2CEP170PRAF2SYNPREARS2HIN1L
RHOT1RP11-5N11. 1

SPTLC1
UCK1

BIRC3
ACSL5RP1-59M18. 2

API5 MTMR1RAP1AARHGAP26
FAM182A

PAK3DYRK4FRY-AS1
RPH3AHTR4

RNASE4 ADH1BRP11-723D22 .3
TUFT1

MASP1
ARL6IP6

COQ6
QRSL1 RTP4MIR67 1FMNL2

PTPRANCKAP1TUBA3D
RP11-345J13. 1FIBIN

TRAK2

BACH1- IT1DBTCLASP1ROR1
PIK3R3
GRN

PRIM1
ATP2A2

RP11-474N24 .2
AP4B1-AS 1

DHX3 3
AC005104 .3

ST6GAL1

AP4B1

TIMP3
ACSS3

NSF
AGPAT9

SERGEFAP001816. 1NDUFB8
VCL

OCIAD2

NEBL
WDR11

CCDC84ERBB2

ACOT2MEGF9

HPS5TRPC3

POLD4EEF1B2P3
PTCD2FCHSD2RGS14
DDX6 0

EIF4A1

MIR470 7NCLN
VTA1CAMK2G

CDC42EP4
CHMP6SCCPDHRP11-547D24 .1

PTPLAD1LRSAM1
MPC2ACTN4NDUFS7

GANABTMPO

PPP3CAHAUS4
MYH3

RP11-26O3. 1NCAM1SAR1BATP6AP2BTF3L4
SLC25A12RP11-173 P15.5

U6
PSMD2ZFAND4

GOT1

RP11-236J17. 5

NDUFS8
RPS7

CCT5
RP5-1056L3 .3

DARS2
STX18

PTPN23

TTI1

FN3KTRIO
ZBTB34

BCAS3

GHDC

CTD-2062F14. 3ARL8BDDX3XPTPN20AZNF816C3orf5 8KLHDC9UNC13A
CDON

MPG
TPTE2P5

CAMKK1

TXN2
ARHGAP26
AC006111 .1

MT3
WDFY1

TRAPPC3AKT3KPNA6
COPE TPM1

NME3
PPIB PDIA6
TRAP1
ARF6NEFHSNX9COX6B1
PLD4

MAP4K1
NT5DC 1

ANXA7OXCT1
ACOX1
CNTN2
ABHD10
FSD1

SUCLA2NFATC2

RP11-775D22 .3
MAPRE1RP13-895J2. 7C6orf8 9

MRE11AHUWE1

PALM2RP11-139J15. 2

CHMP5RHEB
ABLIM1

RDH14CRYM
POLR2JSRP68OATERC2

EIF5
TIMM 44CCDC3
SAR1A

RPS6

LYPLA2ATP6V1F
RP11-709A23. 1

ERP44NICN1-AS 1

TAF15
GSTM3ABHD16 AFABP7CHORDC1MT-ND 4HSPA6

EIF3JDNAJA1

APOL2
PLCG1PFKFB2LGI1

HOOK3POLR2L
AC006116 .24

PNMA6A
SCP2

TBC1D17
SIAH3GABARAPABHD12

SLC25A4CEBPA

ATG7
SLC25A1 1SET

PIP5K1CDYNC1I1LRRC8ANUDCD2
IGSF21

RAB22AGLUD1

MARCKSL1PFN2SLC25A4 6
CHMP7GLRX5ASTN1

ATP6AP1LTC4S

GSTP1AHSA1
PVRL1ELAVL4PSMB2RP11-298 I3.1

H1FX

FRAT2

GSPT2C16orf5 8RP11-214O14. 1
ATL3

ACTN2NDUFAB1KLK7
C1orf19 2

ENTPD3

ARPC5ADCYAP1R1

PPA1
HSPH1DOCK3RPL28METELOVL6

PIN1

PLEKHJ1
HAGHL

CSF3R

RP11-712 P20.2
CTD-2647L4 .4

ITGA9

RP11-13J10. 1
VSTM2LRXRB

AP1G1
HMOX2MAP1LC3ASNRPGPSMD10SYNCRIP

MYO18 AEIF3F
FRAT1

C19orf7 3
GAD1UBA6GLULCDS2

PAK1TCEANCPI4K2ACYTH3PNMA6BSGPP2

TRPC5
RFXANK

KIAA1211 LAPOL2DCX
CDK5RP11-4 O1.2FSTL4

GSTM3
PLCD4

CDHR1TUBB1

ADCY6

MIR501 0CSNK2A1
ME3RP11-96D1. 7

RP4-655C5 .1

ZNF193

RP11-85O21. 2 SYPOGTPDDC1COL6A3 HSP90AA1CDC20P1

HUNK

PABPC1L
BST1

PSAPNMRK1BAATRP4-717 I23.3

CITED1

MED1
ATP1B1LAMC3FDX1L

KIF3A

PARP14

LCP2

TLX2
CASC3

MAGEF1

BRCC3DMXL2

BMPR2

TANC2IL18R1PLCH1
SPARC

PPARGC1APBX1 PLCD1

MTMR3
AC093726 .6

NLRC4
CAMK2ANME7

FAM120 CPABPC1L2A

UST

EPT1FCGR1A

TOR3APHGDH

GRIN2BUQCR11

AC009133 .14

PPP3CB
PABPC4

ERP29
ZNF804 A

TNFRSF10C
APEH

TUBA1AFABP6
MBPITPA AL035406. 1PITRM1AL138815. 2

TK2 PRPH2WSCD2

ARNT2
EIF3AMTOR

EMC9
CNTN4-AS 1CAMK1DRP11-453F18__B. 1

BAX
RAB26NUP107IRAK1HRK

POU5F1

PYGBLSM14AEEF1A2
VAMP2RP11-662M24 .2

KCNK3

PMEPA1

OPCML

PPP3R1

GUK1FUT1MDH2
RP11-378J18. 5

CTD-2619J13.1 7

NOS2

KAT6ATLN2

BAZ2B
BEGAIN

ZNF766

CRMP1

MFSD4

TIAM 1
ITPA

PFKM
THAP6

PA2G4
UNC5D

PRMT2NSDHL

ZNF501

SMOX

SLC30A3BCL9 HRH3

NCBP1

COQ10 APFKFB2PPP2R1Asept-1 1
PPFIA3

SMAP2

SRGAP3RP11-490H24. 5CADM3GPHNIMPAD1

RP4-791K14. 2
ACADM AP2M1

MACF1
SUV420H2

MYT1L

SLMO1
ATP6V0A1DDB1RP4-735C1 .4CADM1KIAA110 7BAIAP2CTB-58E17.5

SLC3A2

HS6ST3SPIN2B
LPXN

SDAD1P1RET

NCDN
HPRT1

DNM 1
FSD1LRP11-598 P20.3PROM1

POLR3C

ST8SIA5 RBL1

PTK2B
PLXNA4

GRIN2AFLOT2
KCNK12TMEM9

RP11-845C23 .3

KCNQ3

RFX5
RPL19CDH1 3TSHZ2ENTPD6

CTD-2525 I3.3
RP11-319I23. 3
PCYOX1

UNC119BLMCD1-AS 1

SNORD3B-1
SHROOM3RAB15PTRHD1

C14or f13 2

DLD
RP11-390B4. 5

ZNF563N4BP1 BPTFWNT2BERP44
TEFM

XBP1P1RP11-1069G10. 1
TAOK3

COPS5
RPIA
RABEP1
NDUFB7

GSK3BGRM5
DNAJA3

RPL27

OPA1NEFM

ALDH2SACM1L
RP11-148L24. 1

GNASCCDC12 5

ABHD11
STX17

RCVRN

AC011933 .1

CLPBRP5-994D16. 3

AC090602 .1

ADO
NNTMRPL37ITGAX

MFSD4HGSGAMTSH3BGRL3PHYHIPLATP6V1G2ATP9AATP5DMAP3K1 5TUBBP1

POLR3GLCTNNB1HP1BP3DYNLT1
SLC35F3

RAP2ARASIP1
SLC8A2

NGEFCEND1
FIBPYWHAB

MPV17L2
PABPC1L2BAL035252. 1PPP2CA

CASP2GBP1P1
SLC22A9TLN2

ZNRD1
SEH1L

POLR3KRASGRP4

PLK1

IMPA2

FRS2
RP11-571M6. 7

SNOR D115-3 5
IGLV5-5 2

GGT1EPB41L3

NEDD8
TOMM22

LMBRD2
C9orf17 2SNX30

NUDCD3

GBE1
GABBR1MUTFAM81 ASNRPD3

NIT1
NUDC

RPL31C1orf11 0RPL27A

STXBP4ACYP1

O3FAR1OR2AK2

UBE2MTUBG1ZNF613PRELPCYSLTR1
PPIFUBE2K

B3GALT1

TTN
SRMOR2L3

MYL6B
SORBS2
TIMM 13CHGAFAM114A 2RAB35GBP4

TMX4MAPK15TCP1
TSTLAMB2PTPRNASS1P10PDE1ATPM2COL4A2NEGR1GPR55

COX6A1HNMT

TPM1
MBLAC2MIR365 6MAP4
RP11-645C24 .2

RP11-413E6. 8
ILVBL

TXNDC1 2

ATP6V0C
LPP

CD99L 2NDRG3IL12 A

CADM2

MAP2K2
TAGLN2

PHPT1
NPIPL3

RMDN3
MMP9

RP11-468E2. 9

NECAB2C11orf5 8CNPY2
OSBPNRXN3

SMG1P1
EEF1E1KRAS

MYO18B
LMNB1

ISG15
PRKCSH

TPM3
COL4A1TGM2CPEB3MT-ATP 8
RPL26

A-575C2. 4

CALD1CAPN5NADK2
NIF3L161E3. 4

RP11-727A23. 4PTRFNDUFA3PSMD12
CTD-2049 J23.2

STIP1OGNAC079781 .8EIF1HTRA1HSD17B11NRXN1HAPLN1
SEC13LAMA5ARHGAP1PUM1BLOC1S5-TXNDC5PCSK1NKDM3A

SCAMP3

CAMK1D

GABRB1

NCANATP6V0D 2CDC42BPBTNS1
ANP32E

CTD-2547E10. 2

TIMM 50
WDR7SSX2IP

RP11-73M7. 9SAP25 MAP2K4MAP4ZNF438
UBQLN1

TRIB3

PNN
TGFBR1

ATP6V1C1

DDX5 8SDR39U1 INVSVDAC2SRSF4
TTLL13 FECH

PCF11
ZNF431

TCERG1L

CRKDPYSL4PARVA
TNFSF10EFHD2VPS51

PNMAL2

GRB2SATB2-AS1
RP11-67F24.1PEA15RRBP1

AP2M1

MYL12ACKAP4
AP2S1TAGLNBRCA2POLA2

MTMR1 2PCDH8RPS17LLINGO1 DDOSTRAB14
ASMTL-AS1

WDR63
AKR7L

RP11-77 I22.3RPL21
NISCH

RAD23B

ATP2B1INSR

RNF216P1

B4GALT6
PITRM1FABP3

IARS
PSTPIP1

SCFD1
FKBP4

TBC1D30TOMM40
CYB5R1

PCCASARSNCS1
GPRC5B

MAPT

MTCH2
FBXL18

RUNX2

CACYBPNAE1
ACTC1
CCT6A

CCT3VDAC3
OR2L5

MT-ND 5TOM1L 2CRKLTMEM35CMTM4LMAN2
MAPT

BGN
SERPINI1

RP11-379K22. 2
ERI3

KIAA103 3
CALUCASTCDH2

ALDH1B1TOLLIP
DYNC1LI1RP11-298 I3.5

SLC25A13
CYB5BPRKACGCCT7RPL24SLC6A11PSMD7
HSPA12B

FDPSHARS

MT-CO1MT-CO3

DR1UBR4
ATG4B

PFKPPCMT1
PDAP1

WDR44PI4K2A
SNORD3B-1

PPP1R1B

CXCR2CAND2ROS1
HOMER3

RGS3DUSP3
NRBP1
SFXN3C15orf6 0

KARSARL15
MYH1 1

HDDC3
CKMT1A

VAPA

PQLC3
CAV1

GNAZ

RP11-490D19 .6

NDUFA3

NLRP1

AC002398 .11

RP11-468E2. 5

SEPHS1P1DBHITGA2B
MAP2K1
GRPEL1

GNAI2ZNF321P

MGAM
HSPA4HK3

ZFYVE27C22orf3 2

RP11-564C4 .5RAPGEF4

SCAMP5
GRIA2

FLNA

OS9

ZNF846
SEC31A

GABARAPL1

NR2F6
KRASRP11-480I12. 5

MAPK1

PRNPFAM82B
MGAT2

IL18RAP

EIF4G2MATR3
MTMR2TMEM20 8

Y_RNA
MIR7-3H GTLDC1CCDC93NANP IGSF5MPZL1TPRG1L

NPR1
RP11-903H12. 3

NDUFV3
AC068831 .8COMMD9CYP26A1TINAGL1MOGSLAMC1COL18A1

STK39
CRIP1GNG10

ACTR2ZNF816-ZNF321 P

SAC3D1

61E3. 4
KHDRBS3

CTD-2623N2. 3
RABGAP1

CLIP2
RNU2- 2

TMEM24 1
RP11-539L10. 2

GIT1RP11-465L10 .10

PTGR2TMEM11SERINC1
PRDX3PSMB5SLC6A17
ACOT13MTPN

MYH1 1
IL17 DAFG3L2
GPRIN1LAMB3

UBA2SLC25A2 4THNSL1ACSS3PCCB
DRD5ATP6V1E1

RASA2-IT 1

GFRA2RAB8BDLATGPD1L
NT5CRNU7- 1

0HMGB3P7
BHLHE41

FXYD6
GSTT2BHRSP12

PLEKHB1
SYN1

RDH13EBP
SGTB

TEC

ATAD3 AEIF4A3RP11-362F19. 1AK7MINK1
SLC6A1

KRT17P2DIRAS2
PHB2

SCN2B

GARS

SUDS3P1ADI1
TMEM20 5

CLDN1 8

GPLD1TMED9
MDH2

CYCSSAMD9Y_RNAADCY10
TPPP3CAMK2DTRA2B

GOLPH3EPN1

HSPD1
INSRR

PTGIS
LEPRNECAP1RP11-212I21. 4COA6PRKAR2A

ERGIC3
CTPS1

YWHAG

DDO

PRDX5

CLDN1 6MS4A1 4 PIK3CG

HECTD4
BCLAF1

ADAM1 0

ATP5O

TNFRSF10AMRPS11UNC80
ZC2HC1AANLN

ME1

RP11-256L6 .3RBL2PAG1

RP11-705C15 .2
PABPC1
NANSATP5A1

PRKAR1A

NOVA1
PIRRPL21P44

RGCC

AL137059. 1MSL3 FHCRMP1PPP2R3BAC007956 .1
IRF5RP4-734P14. 4ANTXR2CAMK2D

CTC-241 F20.3
SUCLG2

MDH1

FLOT2

PIPOX
AP1B1SH3GL2CHP1

PBX3NFS1

ATP2B4PLIN3CSNK1G1
RP11-484D2. 3
SNAP91

LAMC2

RP11-274H2 .2UBE2V2
RP11-195C7 .1

ELP6

INF2

KIF5CTRHRGM2A
HEBP1

EIF3B

PGLSUSP14LINC0064 5FMN2BANF1

COPS7ACCDC47RP11-231C14 .3

DCLK2CUL3LINC0067 5
OAS2

ARHGDIA
LGALS3BP

DPP3
SYN3CDIPTCYP4F3PIH1D1
GCNT1PAWR

PCBD1DNAJC11DNM 3ALDH9A 1VCAN
sept-1 0MECP2

NID1

FZD7

RP11-973N13 .4 ZNF765IL20RAAP2A1
EPS8GS1-257G1. 1FNDC4

GNAI2
STK17BDGAT2

STXBP1ALOX15B

SLC35B1LPPAC010980 .2
MCM9
CYP2J2ZNF480

CTD-2154I11. 2

PI15

TEAD3 LPCAT2LONRF3BMPR1B
CCDC6ABRACLNR1H3

TGFBR3POLR1C
SERPINE2

PPP3CA
CADPS2EAF1-AS1

ALDH9A 1
sept-0 8

KIF3A

SLC35A2

HSPA2

GATM
RP11-423H2 .3

MAOA
AC074117 .10WASF3

ADAMTSL3
DTYMK

RHOG

PIP4K2A

FCRLBLASP1GNAO1UNGGALNT1

OR7A5

CYP11A1GPX7
RP11-129B22 .1

MYLKRP11-244N9. 6
CPT2

CDC14 A

EPHA2

MTDH
C10orf2 5ASAP1STX16PNPOCDK5C11orf4 9

TMEM15 6ADD 1
GSTT2BGCN1L1

TCEAL3CA2MLTK

PLAA
ELAVL3
IMMT

HNRNPUL2
EDNRA

ACADVL
NRG1-IT2

OSBPL1AMYL9ATPIF1
LTBP1

RASSF1

OAS1

RMND1GLSRPS20CTC-281B15. 1RNF114

ARPC5L
LYRM4THEM6

BAG5

HNRNPK
CD24 8ME2

PRDM6DIRAS1AC005944 .2LIPT1CYP1B1
STXBP6CD10 1MFSD6GNG3FBXO41C14or f18 2AK4GMFBLETM1MARK2AIMP1UFM1AC026150 .8CTPS1CD24 7

USP11

USP46BOLA2BFGGYEIF4A2SUN2
CLDN1

IFIH1

AGKSAMHD1SLC9A6
NAPRT1

C19orf7 0
IL15RA

NRCAM

SCO1

PPM1B
IL12RB1

GSTT2
GCSH

ASS1ELAVL1
HNRNPL

MAOATMOD2FLOT1
RP11-328N19 .1

HADHSFRP2
HAPLN2BAMBI

L34079. 3
HIST2H3PS2

GMPR2AC008280 .5SBF1
ZNF326

USP10

CRHR2

CHN1

RP11-752 G15.4

SEBOX
EPRS

RP11-727A23. 7

CCR1
RP11-438N16 .1

TRA2A
ERAP1RP1-239B22. 5

WWC2

CELF2
WDR37

NOS3
STAT1

GS1-211B7. 1ST8SIA4
KCNS1

ARPC1A

FNDC3B
Metazoa_SRP

AC015688 .3

CSRNP2

EIF4A3

KIAA155 1

MCAM
AL391421. 1

RP11-318A15. 7

CAMK1G

IFI44HEBP2DLGAP1DPP6

RGMBCTB-46E9. 1

ATP6V0D 1
CTD-3138B18 .6

DPP10

EPSTI1

WDR74

EIF4H

TTC9B
EIF6

GFPT1
RP11-718 G2.4

ADAM3 3

PKD2

TXN

ETS2

NDUFA9

LYN
ADSS

SMPD3
POC1B-GALNT4

RP5-1113E3. 3

PSMC4

PDPK1

ATP6V1A

FCGR3ARP11-961A15. 1ARAFPAK7MYO6

CCR6
PSMD11 CXCR6

NOL8RP11-73K9. 2
LMNA

HIBADH

THRB
POLD3

FOXO4

NMNAT 2
AC006160 .5

MGST1

VPS35
RP4-669L17 .8

CASP3

ENO1

ECHS1RP11-618 P17.4
JAM3

RP11-322F10. 3

NAT1 4
COPG2

KCNK10 SLC35G2

SPARCL1

SNORD112

CDK20NUDC
GAPDH

ZIM2

ACVR1B

C1GALT1C1

TGFBR2
CDKN1B

GNB4

SCP2
ZNF354CKCNH1

KHK

RHOBSCOC
RPA3

DBTLRRC59
FUNDC1COL4A6

CECR1NANS
ZMPSTE24ANPEPRPS6KA2

TTLL12
NCAM2

CORO1C

ENAH

CDC42

TXNL1
RAB23

HNRNPA2B1
PPP1R2

DNAJB6

TMOD1

MAPK3

sept-0 6
SNRPB

CARNS1

RRAS
UQCC1

CD4

PDE5A
AK5

PRICKLE2

KIAA159 8
IFT27ZNF859P

TET2

EXOSC5
AC034228 .2

SMPD2

DLG2PREPL
KCTD1 2SCAMP1TMSB10AK1
PLA2G5PRKAR2B

KIAA124 4PSMD13S100BLGALSLUBQLN2
RBBP9NAGASULT4A1

BLMHCLINT1SH3GLB1RALBTMED10
TPRIL21R

ZNF582DNAJA4MYH1 4
SEMA4D

PICK1CDCA8
PTPRN2VPS45PSMC5CCDC13 6

AKAP5
RBFOX2RP11-345J4. 8

CLVS2
UBE2N PGM3EHD2MYO1CAC107021 .1RP11-820L6 .1CTD-2341M24 .1

PLXNA1
RAB7A

RAPGEF2WDR37EIF4A1P8
HADHB

SATB2RP11-468E2. 6
PITPNBOLA1PLA2G7AARSD1

CCDC12 1
DONSON

NT5C1B-RDH1 4RP11-923I11. 4

ASPDH

PTGES3L
DCAF11

F12

FKBP14

AEBP1
HEXA

OR2W3

NNMT

CEL

TUBB6

NRBP2CSNK2A1PPCK2
RP11-486F17. 1NT5C1B
RP11-26J3 .1TPM3

ACOT2
SLC52A1

TPH2

UTRN
LRP6

NUDT1 6

GUSBKIAA031 7SPAG5
FAT4

IL13RA1KDSR
GMNNCDKN2D

CD5 8SMAD9

TJP1

TMEM55B
ALDOC

TTLL11
PDE2A

DNM1L

MIR93 7

ZNF577

AC007563 .5

LIFR

HIST1H4I

PLOD2

QSOX2

GNAI3HSD17B4RP11-815J4. 6
RFTN1

ZNF28

SETMAR
BCKDHA

RP11-192H23. 5DAPK1
OR2L13

RP11-712L6 .5
PTGES3L-AARSD1

AC005235 .1
SYNE2ETS1

GPR153
FLT4

ALDH1B1C20orf7 2
HRSP12

RNF25HSPG2
FBXO44GFPT2 HEBP2

LRRC66

IQCB1
DRD2

ATP2B3PRUNE2SYT1HCST
CMPK2

TRAPPC4

PVRL2
SV2B

CCR5
MESDC2STAT1

MCM6B3GALT2
AC008280 .3

KLRK1

RP11-504 P24.6OR2L2

ROGDIKCTD7NDUFAF2TUBAL3ACPT

ROCK2NIPAL2
STOML2

MGEA5 EIF3F
CASK

TINAGFAM227AMECR
TAMM4 1

RP1-269M15. 3
MTOR-AS1TGFBR3LTUBBMLC1

RP11-571M6 .15

SSH2

XPNPEP1RP3-414A15.1 0CMPK1
TARSCTD-3193O13. 1SIN3A

BCANSYTL2
RPL23AP79FAM111A

MT-ND 1
RAC1HDHD 3

AGL
ENPP1

LA16c-313D11 .11ACSL3EMID2
ADRBK1BRCC3

TMEM45A

GOT2
RP11-642N14 .1

JPXAC008937 .2

CTA-384D8 .20

HSPA9PAFAH1B3
IMPDH2ACY1AGMOUQCRFS1

AGPAT4

RAD9B

FXR2

ANK3PRKACA

S100A 6

AUH
KIF1A

SDCBP

CADPS

RP11-314 P15.2

RP11-543C4 .3
C7orf1 3

OLFML1
PRR19

RCBTB2
ACTR1B

EIF3I
LSM14B

RPS27L
INADL

OPTN

GUK1

AMPD2
MIR365 5GNB4

FUBP1
CHAMP1

CDKN2B-AS 1

HDHD 2RP11-685M7. 5RP11-447H19. 3SLC9A7P1NEO1
CAMSAP2

RP11-805J14. 5RP1-20B11. 2

C6orf21 1
L2HGDH
RPS12RPL23A
EIF3CSRSF2

TARDBPNIPSNAP3AC1QTNF2DST
RP13-143 G15.3

PPP2R5DAC017101 .10GLO1
MAGI1

RP11-128 P10.1AC018633 .4
AQP4

CHD8MGLL
ACAT1

RP5-912 I13.1
CHCHD6

IK

PTGES2
CTD-2276I23. 2RP11-261C10 .4CYTH2RP11-498J9. 4

ST3GAL3THOC7-AS 1

SLC1A6

SLC40A1

PCDH7
INPP1

ZNF821

AC004824 .1
FADD

AC138123 .2
NRG1

TUBB4A
RALA MAL2

UBE2V1

DNM 1

LMAN1CES1CNTNAP1RSU1
IDH3BCOL5A2COPS4

KRTAP5-2
AC006538 .4HSPA1BMIR1260 ASSH3

CEP170B
DLDCOL24A1

RP11-1112C15. 2
MTG1

CHST10ABHD14A-ACY 1

HERPUD1

RP11-860B13 .1

G6PDRP11-325K4. 3

C6orf10 6
GFOD2

HSPB6PIP4K2B

RFX8

NCOA3
RP11-703M24 .5

DDRGK1

RPL8

ACSF3
TWF2PPP5C
MON1 A

IDH1RALBP1

C12orf4 3

DHX3 0

LRTM2

MTORUPF3BBCAR1

CREB3L4

EPHA4

AC005003 .1

ATP2B3

OGDH

RNF165

IQGAP1MED27
EFNB3GRIA1

AC006116 .19COQ10B
CHEK2GLRXCSPG5EID3PPA2

RP11-78F17.3
BTN2A2

IGSF6

HNRNPMANKRD24

IDH3G

PAFAH1B3

CACNG3RP11-669N7. 3
USP22EPS15L1

U6
TMEM23 3GNG2

SNAP47
LRPPRCSTS

IL10RB
SYT6IDH3 A
FDPSP2

AC016717 .1

ACTB

UBE2Z
BCL11B

MAPK3TLR9THOP1
AC009113 .1PRKAR1BAC011322 .1RP11-746M1. 1

ACADSB

PTK2DDB1

PDCD5RUNDC3A
SSBP1ABCC6P1

CHRM1

ATCAYNPM1PTGR1RPLP1GNG13NLN
FAM207ARP3-449M8. 3

AP000438. 2PTGFRNRP11-78F17.1GAK
YIF1BBAGE2
C22orf3 9

KIAA019 6STRAPCARS

NDUFS6HEPACAM
PSMD9OR14I 1

LRRC47
RP11-3J10 .4RP11-386 G11.3

CTD-2147F2. 2RP11-32B11. 2

ABRMRPL10
AC011995 .1PHF11

PPP1R21PPME1PRKCA

SNNLYPD8MIR427 3

KCNA2
RP11-793H13. 9
CDK5RAP3XX-CR54 .2SLC9A3R2VPS18ACBD7

ARNT

CROCCSCAI
ARL13A

TSNAX
DARSEIF3A

CERKMIR55 5
TMEM200 C

ATP6V1DEIF4A1
PARVB

STAU1

RP11-280 F2.2CYP46A1
CYP4A22SRD5A1

USP15

NGEF

APMAP
PANK2

GYG1
H2AFYMIR394 0

CYC1MADD

EFR3B

SRI
AP003026. 1

INPP5A

EIF1B
GPHN

RTN4
SRSF3

PTPN11
RP11-60 I3.4

YDJC

RIIAD1

SH3GLB2SNRPA
HSP90B1

DKK3GET4

FAM98B
UBE2I

AGFG1
HIST2H2AB

PCDH18

PITPNAMFSD9
0BLNK

COL1A1
PYCARD

DAG1TXNDC1 7ADAP1
COX6C

FKBP2
AC010504 .2

ATAD 1GID8
LZTFL1DECR1FKBP8 RCN2PPP2CAAL589765. 1TUBA8

UCHL5TSC2TLR7PCNPRP11-45M22. 5

SHC3

OTUB1SERPINE2

CLASP2

0
SNX12AVL9

GLYR1

IDI1CTH

SLC35E4

KTN1
NDUFB1

SYK

PPP1R36
INPP4A

NFU1EEF2
HSPA5AIPETF1

RP11-718I15. 1

DPP6
PGAM2

UPP1

CTA-250D10.1 9FAM5B

CACNA1E

CTD-2265O21. 3ZNF169
SYN1

BRE
C1orf2 1

TTC30 APRDX1
SLC39A3

SCN3B
RP11-649A18. 7STX1A

KIAA100 9PLXNB1

CHCHD2P9

MAP1B

TYRO3IL20RB

GPR61

CALYE2F1
HK1PABPC1MESDC2PHYHIPRABAC1

NUP98PRMT8RNF113A

LINC0040 3
CA5B-AS 1PURA

CTD-2210 P15.1
RP11-1174L13 .2

PRDM4

PTAFR

AAK1

MTSS1L

KCNA3

LRRC55
TSR3ACOT7

AKR1B1

SSR1

RPH3A

RP1-257 A7.4PPP2R2D

MBNL3SHANK3

TIMM8 A
TLR9

SFT2D3

RP11-61L14 .6
GALNS

RP11-416 I2.1CSAD

ERAP2
PC

CALN1

ZNF350

VPS39
SNAP25KLC1

CASP9
GRIN2B

PRMT1RPL7L1P12

GALNT14

C21orf6 2
TUBB4AG6PD KCNF1AC011516 .2BDH1IQGAP1

YARS2 RP3-521E19. 2NAT8L PGM2L1
ITGA1 1AGMATSPG11

TMEM185 A
GNB5USP43NCL

ALOX12
SEZ6L

TTC9

RP11-374M1. 7ACTB
MLIP

DNAJC5

TADA2 A

RDH5

SDHC
MORN4TBC1D22B

AC007563 .3PDLIM5
PRPS1MAP3K1
CAMKK2NFASCSCN5ARP11-467K18. 2

SNX19
CPNE9TCEA3LYPLA1

MAGI3
DCAF12PDE7B

CTD-2105E13.1 4
ZNF385BRP11-578 F21.12

PDE1BDDX2 8
PRKCGABHD14 A

HSD17B8
AC132192 .1APC2

RPE65 CTA-363E6. 7SMG1

SYNJ2

PPP2R1BNNAT

PDIA5SIGLEC11
ASB13

UROS
CDKN2A

MYDGFPAFAH1B1GCNT2HAPLN4DDOST
IQCJ-SCHIP1-AS1

PRPF19DBNL
RUFY3SETD7

FKBP3

MESP1

DHRS7
C16orf7 0

STX12
TBK1 AHCY

RP11-545P7. 4
DMD

PDCD6MAF
EVI2B

RASL10APABPC4L
LARP4B

GMPPB
GUCY1B3

CIRBP
TRIM36- IT1

PDE1A NOC2LPYCR1
LYPLA2

CCM2CHD6

AL139396. 1
SHANK2

ADD3
KCNJ6

PSMB3

NEFLSRSF6

RP11-465L8 .1

MIR451 9

GABRA1
ACAD8PIM2

AC009245 .3SNRPFRP11-63M22. 1
MMP2INPP5DANK2KIAA1211 LDYNC1LI2

AC093677 .1AP001432 .14
QPRT

PSMB4 FBXO2PPM1EPAICSTESC

PCDH9
COL6A1PMPCA

PEX11BTCEB1
CKAP4

CX3CR1
PSMC6RPL23

SIRT5

MAT2B
EIF2S2

OR7D2

UQCR11KIF24GOSR2ALAS2DENR DCTN4 C1orf21 2ECHDC1
MTMR4

NT5DC 3
PLCB2TUBB

NUCB1-AS 1
AKNAD 1

PSMC2COL6A2UBA5PSMD1PEX5LCARM1
RPLP0
EGFR

FBXL160DDX18P5RPL9
RUNX3PFDN6SEC23ALMO7CPEB1CACNG8COX7CCYTH3EDF1STK32A

DHRS9PFKLCSF1R
MZT2 AKBTBD11CALR

KATNA 1
ATP2A3

EIF3L

ADRA1A

C8orf8 2
EIF5A

RP1-151 F17.1
PLCH2

RP11-138C24 .2PPM1F
PLCG2

KIAA092 2
TBC1D9B
KYNUPPP2R4RTF1RPL13ANUCB1FGD3

ALS2CR12CD6SFXN1TUBB4BWNT7BPGD
PROKR2PSMA7RP3-395M20. 3

PDIA4COX4I1RPS10-NUDT 3

WBP2RGAG1

SPIBHSPD1P11

PHLDB3PRKCB

SFN

NPHP3-AS1
AF146191 .4CMASGBASCAMK1

COMMD2CTC-338M12. 6
MARVELD3

CHRM4RGS6INA
LTA4HTRDNITGAL

DNPH1
CCRL2

AC012676 .1
RP11-519 G16.3

GIPC1ACADM
C14or f17 8EPHB3

RAB4BLIPG

GMPR2

CTC-457E21. 1

LINC0029 9

SLC29A4
ADCY1

KLHL35

RASGRF1
DNPEP

CRADD
HK2

NMNAT 1

TPD52L2C1orf12 3GPR158TRIM23LAMTOR3ANKFY1PDIA3
HMGN2ZNF792APBB1IP

TK1
PYGB SDHAF1

RP11-863 P13.6
BTKC8orf4 8

VPS53

DCAF12L 2
EXOSC1FZD9
TBXAS1

ZNF668OAZ3
MEF2A

RP11-586K2. 1
RP11-807 G9.2

SNORA61

AP003774. 4CAPN1RIPK2
RP4-668G5. 1

TNPO2TSTA3INSM1HEXBCOL14A1ECHS1

ESYT1ST13MLECRPL30ADKPRKAA1RBM10

NSFL1C
EIF4B TFAMPPP2R5CWDR26

RPS8
PRMT5PDPK1

SLC25A2 7
AC007405 .6

PALMCSF2RARP11-429A20. 4COPAREEP2
P4HBRP11-39E4. 1

RP11-120K24. 3
CYLD

FHL1
HNRNPR

ARHGEF2
USP7

SRCFAHD1RP11-290D2. 3

EWSR1C2CD4CCOL1A2SH3GL1

PNKD
DCTPP1AKR1C1RP11-420N3. 2

RP11-13L2. 4EEF2MAGED1

NR6A1CDK4

PLCB1

ALDH5A 1OPRL1RP11-28F1. 2FAF2
NOS1

IARS2 RPUSD4
DOCK2CXor f40AANKRD18DPTMED3SAT2

RP11-369K16. 1FOSB
STK24NPHP3ACE

AKR1C2

DTX4HIST1H3E
HSP90AB1AGBL5RP11-21M24. 2RP3-449O17. 1

NIPSNAP1TAB3
RP11-830 F9.7

ISOC2TAPBPL
RPRML

ALDH1A 3
SLC4A10MTHFD1

CCKBR
GLI1

MIR60 0
UNC13ANDUFB5

NME6

RP11-6 O2.4

RP11-455 F5.2KB-1107 E3.1AC005943 .5
RP1-184J9 .2

ATP11CPAK1

DAG1

AGL
PLCB3

TYMP

GBA2

UPF1
TPM1

FSBPNDUFA2

PPAP2C

ZBED6

ZBTB32

ADRBK1

KLHL18

CTC-273B12. 7

APBB1

DGKD

LINC0008 7

PIK3R5

INO80 C
ESCO1ZNF507

ATP2B2
VGF

RP11-325K4. 2

TGFB3
RP11-430H10. 4MECR

PURA

GS1-124K5.1 2

SLC12A5
APBA2

RNF187
CSNK2BGRAMD1B

AC068580 .6

SYT5

HLA-DOA
TAZ
AC018766 .5DHRS7B

MFN2

GNAZ
RP11-137H2 .4

C12orf6 8

SNX18P6

SPAG16

RB1

TKT

ATP2A2
PPP2R2C

NDRG4

PKIABCL2L13

ALDH3B1RP11-13 A1.1

GPD1
FKBP8SH3BP5

POLR2F

UBXN2BTMEM21 7

RPS6KA6

CAP2

PHKB
EGLN2

TMEM25RANGAP1

MAN1C1

RAD54L

LRRC73IRS1ZC3H12 C
SLITRK1

RP11-46 A10.6

GNS

CTD-2647L4 .3

SRSF2

U47924 .11RP11-197N18 .2

AKIRIN2
MBP

DLEU1CAMSAP1

ST3GAL2

KCTD2 1

KIAA195 8 RARS

CNTNAP1
UBN1

CTB-187M2. 2SMAP2COPG1

GMPR

RAF1

TENM2
THY1

RP11-603J24.1 7

GPR162 ACTN1

LY6E
PSMD3

ARHGAP5

CAPNS1
PTPRN

RPUSD2
ITPR1

SLC9A9
TUBA8RNF112

CLDN9

CDK5R1

BADPLXNA1

OLFM1

RP1-178 F15.3
LIN7B

PLA2G4B

NOD2
PSMD13CTD-2001E22. 2RP11-944L7 .4MKL2

RANBP1NAPA-AS 1

CHRNB2

PIP5K1B
WASF1

ATP2B4
CSNK2A2ATP1A3SHISA9FXYD6

RP11-843 P14.2

PNPT1

DLG4AKT2SLC17A7
RP11-728F11. 4

YPEL4

RP11-405A12. 2
BRSK1

AP2A1

ACTG1

GNB1ADRBK2

MANEAL

ACOT7
NMT 1

sept-0 3

SCAF11

ARPC4

RIMS3ENO3COX7A2
KLF7DDAH 2

PLCB1

HPGDS
RP11-85F14.5

FAM127A

RPP38
HNRNPH3

SEMA7A

WIPI2

MVD

TASP1

SPTAN1

CHRNB1GRASPWBSCR17SRGAP2

POLD1

PAFAH1B2IMP4
PPP2R5E

SLC16A1 0
SPHK2RP11-264L1 .4

RAC3
AHNAK2

RP11-66B24. 4

FMO4

HPCA

RASGRP1

NKAPL

PREP

RP11-229 P13.20CSRP1
TUBB3

MT-CO2KLF8
OTUD5

CTC-203 F4.1
GRB2

GOLT1A
QSOX1

RENBPINO80E
VAV1

HPSE2

RP11-110 I1.6

OFD1CLSTN2
CSF2RB

GDAP1L1

FAM58 A EHD3
DOC2A

FAM177B

HSPA4L
ARL16

TMUB2

PDHA1RP11-529K1. 4

C2CD4C

CPNE3
TWF2MIR3198- 2

PBXIP1
WBSCR22CLSTN3NOS1AP

NCK1

TMEM132 D
GPAA1

GCATNUMA1

NDUFV2

CTC-548K16. 5

TMEM15 8

JPH1
STXBP1

AC011738 .4
CA5B IGSF8

PISD

MYH1 0RP11-363J17. 1RP5-1160K1. 8
HIST1H2BN

FASN EIF4G3
LDOC1L

NEFMAC002116 .8

NSUN3

SNX17MCATCKMT1BADAM1 1UTS2PLA2G4A

PFN1

GABRQ

MCMBP

LPCAT1

GRM2

ARL4C

ARF1

PDHB MAPK8IP1GDA

PIK3R1
MAPRE3

RAC1

AC079790 .2

RP4-777D9. 2
AC008060 .7

ANK3

RP11-498D10 .5
FEM1AP2

C9orf1 6

BCS1L
CTC-459 F4.3

NFYA

BAIAP2-AS1CTSD
RP11-578F21. 2

PDE1CFAM131A

SRM

AC105247 .1AC007743 .1PIK3C2G
PRKCAAARS NAGK

PUS7

KIAA051 3
ANK2

SAP18
RP11-265N6. 2

AQP4-AS 1

ATP1B2

CKB

KIF17

ADCY5

ACHE

MSNSTXBP5Lmars-0 2
AC005758 .1

STOML1
C12orf5 2 CARD8
IDS

HOPX

EDA

PDZRN3

BAZ1A
SYNDIG1

ARHGDIA TSPAN7WNT10BPRKCD

VPS18FAM131B
PANK1

TOMM40
C6orf22 3

CORO2APAX7

B4GALT3

CAPS

GANABGOT1

CACNB1

HCLS1

HEXB

YWHAB
POP7

FAM213B

POMGNT1
ATP1A1

PYGM
MAFB

GNAS

IDH3B
AAMDCSLC6A17

C16orf5 8
SRRD

BTD
GALNT9

RP11-287D1. 3

ITGB5

GOT2
HMBOX1

MFSD11

SMC1A

DOK4
PRKAR1B

RP1-85F18. 6

RP11-197K6. 1

GNG3

LAMB1
ATCAY

FHOD3
SLC6A5

DNAJC30

GPD1L

LAMA1

PPP1R12C

SH2D5
CLSTN1

SCAMP5

TMEM59L

AKAP7
MEIS3

FABP5
MAPK10ALDOA

HSD17B12

ICA1
ACER3NXPH3PPP2R5DTMEM38A

LY96

EPHB6

AC006547 .15
ACVR1 ACYP1RAB2A PIN1CANT1

PRKCZ

TUBB2ASEZ6L2
CD9 7

ALKBH6 RBBP8ZNF572GSK3B
CTPS2

ZNF704
TM4SF2

GTF3C4
RP11-729L2 .2

SURF4
AC006946 .15RAB3AKCTD1 8

NEFH

FARP2

RP11-809N8. 4
PGAP3

PRIM2

ENTPD4

ACTL6BSHD

C2CD2

ARHGEF11

ARL6IP4

SLC2A9

CHRNE

ABCF3AL358781. 1
RP11-334E6.12

MRPS34

ABCC2

WHSC1KIF21A
ZNF471

SIRT3
ZNF737

PCBP1
TTC1TUBA4A

BECN1

NOB1
TMEM20 9
FCER1G

AC010170 .1
LGMNRAC2RNF144A-AS1

TGOLN2

CALM3

ARHGDIB

SMURF1
NDUFB10

NDUFA12
MSH3

CADPS

AP001625. 6

HYOU1

CDIPT

GFRA2TUBB3
NT5C3LCKMT1A

MAP1LC3AC1orf12 2NARS2PAK6

PRR5

CHCHD6
NUPL2SRPR

RP11-696P8. 2

RP5-1028L10. 1
YWHAZ

OGDHL PRICKLE1

CAMKMT

EFNA3

HERPUD2ARHGAP5-AS1

RUNX1T1
CYTH4

PLCL1ZKSCAN3
P4HA3

NFATC4
MIR600HGTUFM HMGB1P10

SHMT1
CCDC109B

ZMYND19SEMA4FGPN2
RP5-1029F21. 3DKFZP434E111 9

ASNSTRAP1TPK1

FAT1

COTL1CTD-2560E9. 5

AACS

GTF2F1

YWHAHMGAT3

PITHD1

CHAC1PRKAA1

PSPN

RP11-48 G14.2

GBA

F11RAGPAT1

CPT1C
PARVG

CREB3L2

ENO2

MAPK8IP3

NEDD1

ARHGAP44

KPNB1
LPCAT4

AC018737 .1

FTSJ1

FGD4

SMAD4

INTS10

SLC25A5 3CSNK1E
PRKD3

AHCY
KIF5B

POLR3A

PEMT
GPX4

RP11-206L10 .11
GFOD1-AS 1FAAH

PRKACA

NFKB1

RP3-388M5. 9KCNA6

PPP2R5B
GINM1

ELK3
AGPAT3TEX21P

ST3GAL6

ILK

ADPGK
PI4KA

UBXN7

OCA2

NDUFS1

CD4 4

HERC5

CYFIP2

DLG1

MGLLEPHA7

PRUNE

JUP

EZH1

C16orf7 0
CLIC4

MEGF10

ANXA1 1HSPB3
RP11-755F10. 1

MAD2L 1

STX1B

CNRIP1

BEX4

IKBKB
MSL1JAK3

DARS
ATP1A1OSNRP1

FUT10

CTTN
IMP3CARM1

ADRA1D

ASXL2
OCRL

MTA 3
NDUFA4NDUFA10

STAT4

CPLX2ARHGAP28

RP11-638 I2.2
RP11-102M11 .1

APP
RHBDD2 SYNJ1
STK32C

TMED10 IPPK PIP5K1C
PPP1R11

SHANK1EIF1B
SPI1

GSTA4TRUB2

ARFRP1

MAZ

CS

NDUFS4
IFT81

RP4-816N1. 1

AC018890 .6
CBX5

ALOX5

AC006486 .9
GDI1

ACTN2
ZNF853 RGL1
ACTN1

PRPS1

PYGL
B4GALT1U82695 .10

UTP18

IP6K1

TPM3ST3GAL1 ACO2SRFBP1
PIGN

PANK4EFTUD2PPP2R3A

RP3-415N12. 1

TGFB1

MAGEE1

C1orf8 6

AK2

STMN4

INPP4A

EBNA1BP2

SNRNP25

SFT2D2

PKP1

ATP6V0D 1RP11-321E2. 3

ZBTB37
FMR1CRLS1
GPC4FCGR2A

CD4 4AC112211 .2LEMD2
CP

SETD2

SS18
FBXL20KIF5A

RP11-226L15. 4

ANK2

NUP37

CASP1

IFI16

POLR3BWNT9A

HCK
NAPA

PHOSPHO1

PPP1R2P3INPPL1
AC005197 .2

PKM
NCR3LG1TMEM39A

SUV420H2

LAMB2

RASGRP2
sept-0 5

PA2G4
PLD3

TLR8
SCFD2

TCF7L2

GABBR2
PGAM4

AC004447 .2
HELQ

ANXA1 1RP11-761 I4.3

CPS1RASD1APC

AL162497. 1
SUV420H1

MAGI2-AS 3

AMPD2

PACSIN1

SENP6
LIMK1

ARHGEF1

PRKAB2PTS

EHMT1

JSRP1
PPARA

BAHD1ATP6V0E2

DNALI1CTB-167B5. 1
CCZ1BCTD-2659N19.1 0

PCNXL2CTNND1

NCOA1
MAP3K3

PRDX2

CNOT6

TMEM12 3
AC079767 .2ZNF45

JAKMIP2

PYGO1

CORO1CSGCG

YWHAE

KIDINS22 0

C1GALT1
PPP1R12A

GAB2
DPYD

NDUFB10
SMG6FH

RALB
SNCB

CUTA
DRD1ASNA1

SH3BP5LN4BP2

HAT1

SGCZ

ADCY9

ASTN1NRSN2
LUZP1

MYH7BZMYM4
PCMYH1 4PKN2

L1CAM
PDE4A NR4A1FBLL1

RGL2USP5

MAPK8CPOXSMC5
PAFAH2PKMYT1PCCA

FAM171A 1ZYX
ERBB2IPTBL1X

GNAI1

SLC9A1MAN1A 2RP11-395 I6.3

GRIK4
NAT9

PINK1-ASIGF1RSENP1

MYBPHL

ASB4
F2R

MARCH7PHAX

DGKE

SH2B2EIF3G

CFL1
MAP3K9TUBGCP4

CEP78

DLG4LRCH3ECSIT
IL13RA2

CACNA2D1

MEF2D
NDUFA6

ZNF701SDCCAG8RP11-57H14 .2

STAT5A

UBE2R2

NOL3
CDS1

WWOX

ITPKA

EPB41L1 EPM2A

WAS
PIK3R2

SNX18NDUFS2COL11A2FDX1L

MYL3

PI4KB

HECW1ADK

PEBP1
AP2S1PTPN5

IDH3G BCL11A
CYB561D 1

NEMFLDHA

USP4WIPF3
ATP6V0E2-AS 1RP11-415I12. 5ZFP3 VAV2CRTC1CTA-134P22. 2

LRRCC1

CTB-60E11.9TRADD
TRAF3

NUP88

MRAS
NTM

RP1-46 F2.3
GSS

PLA2G15SSTR3

CD3 4

TUBA4ATNFRSF21

PCSK2
ZNF398

TMEM17 3
ALX3

MAP3K4
YES1MLL2INPP5J ITPKB

TECR
C6orf11 8

CREBBP

PPP1R12A
ASB2

LRRC8A

ANK1PIK3C3

CARNS1

PPP1CA

CXXC4

CCDC13 8

IL1RL2
PPT1

GSPT1

EPHA1

SGMS2

SLC25A1 6

DAXX

MAP2K6ME2PIP4K2C

TM7SF2NT5C1 A

GNA12

MAPK12

NAB1

AOC2

RP11-966 I7.2

SDHA

ATF3

SPTLC2SLC41A1

RP11-361L15. 4
GRM1

PVRL1ARHGAP35
ANXA4

SOWAHC
QDPRDRAP1

TMEM10 7RPTOR

PPP3CC

XIAP

DDRGK1

C2CD2TEX9

TUBA1B
STK4

TAS2R5

PDHXSGK1
ABCC11

DNMT 1RP11-757 G1.6RPS6KA2

EXOC7

AP3B2
SH3BP2

JMJD7-PLA2G4B

CLTBAC000120 .7GNL3LP1MANSC1
MAPK13

FXYD1
ZFYVE9

CUEDC2

MAPK8IP2

DCAF4ZCCHC7

CCDC50

ENSARNU5E- 1LA16c-306 E5.3PPP2R4USP5
TACR3HNRNPDL

CDC25 A

RP11-415I12. 6

ACTN3
WNT8B
CCBL1

FOXJ1
GRM3

HNRNPABEIF3B

KCNE1
EPB41L3EIF6

DDX5

BCKDHB
ARL3OR9A2

GNAI1GUCY2DMAGOHFRMPD2P1TK2
PSMA4sept-0 2

PSIP1
SFPQLPGAT1SNORD97HSPB2-C11orf5 2 PSMC4

RP11-302B13 .1

ADAMTS8

ZCCHC11SCN1B
NCALD

EFR3BCTD-2050E21. 2CCDC18ZNF229

PDHA1

NIN

SEC24C

POMT1

SLC2A3
DLG3

STPG1

ZDHHC1 5

RRAS2

WRAP53

WI2-81516E3. 1

AAMP
AC011290 .5

TCTE1RP11-281A20. 1

DUSP22

RP11-265M18 .2

HNRNPA1

TCP11L2SHISA2
RP5-994D16. 9

TTLL11- IT1
IP6K3

RAD50 EFNA1
THOP1NUP160

AANAT

TAGLN3 ZMYM5
PTGES2

PPIP5K1

INPP5K
RP11-65L3. 1

PRKCQLIMCH1

NME3
PFDN2U2AF2
PICALM

RP11-482L11. 1PSMB7

PTMS
SNPHFUS RP11-15H20 .5

CHCHD3

SNTG2CYP21A2
TIFARP5-1109J22. 1

AC021224 .1
FGF13-AS 1HINT2
CNTNAP2GOLGA8NEEA1 HPS6SNRPELPIN1AGAP3AHCYL2

GK
ZWINT

RPL12
SLC1A3

NDRG2

MAPRE2

MRPS36

CTD-2119F7. 2

AMY2A
RPL5

RP11-475E11.2

NUDT1 6
RHOADAR

BCAP29
SLC30A9

SCGN
RP11-46 A10.5

PSMB1

PPP1R7

ATP2A1

RP11-272D12 .2

C15orf2 7ARMC3
INTS4

TMEM24 0

SLC24A2NACACSNK2B

AC096559 .1
FRMPD2P2KIAA145 6

MPV17SLC9A3R1

GMNC

ABETA
CTB-104H12. 6

CCDC28B EPB41L3ITSN1PARD6A PRPSAP1Z83851 .1TMEM80AC011897 .1

ASPHD1

EFNA5
CTD-2195M18 .1

GAS7

LY6H
DIXDC1

OR2D3
N4BP3

ORMDL2
CNDP1

RP11-405L18. 1

MGAT5

HOMER2

LIMA1
NUP153HSPB2LRRC20

HSPB1GABBR1PDE3B
DCLK1

TPP1
AURKAIP1
ITPK1

RGS7ZFC3H1TLR4
AC097721 .2UGT8

TUG1HMGCLL1

ACTR1B

EIF1

PCDHA14TDO2

ANKRD36B
ASIC2NGFR

URGCP
UCK2 RPP25

ERMP1

PCDH1

LRRIQ1

DHX1 5
TMEM64

CISD3
RASA2
ARMC6

RP11-770J1. 4

FZD8

CTD-2270N23 .1PLEKHG4PDIA2
PLEC

PELI3
NPM2

SYT12NPR2
LDHAL6B

RASGRP3

MAOB

RP11-509E16.1

RP11-227 G15.3
KCNJ2

PPP1R3F

WDR62

MAST3MATK

LRRC47

CPNE7RP11-24M17. 7

RP11-281A20. 2
MLST8

LRP2LINC0008 6
CLTAKIF3CSTAT5B

RP11-807H7 .1

MXI1
SHC2

KCNA2
DLG1

INPP5BSMCR7L
TUBA1BREV3L

C12orf5 5NT5C2STMN3
FZD1

CAMK2B

FGF12
CLDN1 1

CGREF110065282 0

GGCTCALM1NIT2RP11-40 A13.1
LMNB2SOAT1HIBADHNIT2S100A16CEP128ARPP19NAP1L1

DDX39BPSMB6HSD11B1

RP11-731I19. 1
RANBP1

CMBL
BAG3C14or f16 6

RPSA
METTL7A

XRCC5HSPA12A

SARS2
CLTCL1

ITGA2TUBB4B
KATNAL2

WFS1
UPB1IRGQ EIF3HHNRNPA1P10EPHB1

ZNF48MLLT4
PAIP1
FAIM2NOL3RP11-382J12. 1EPM2AIP1DPM2PTCHD1

ILF2HNRNPH1XRCC6
HNRNPCBLVRASEC14L2

HNRNPU
EPCAM
IGSF8
MAPRE3RP11-379 F4.1

UBXN1GNPDA2EEF1B2
RP11-20D14. 6

RPS27KHDRBS1

SRCIN1GABRB3GLG1
TRA2B

LRRC40NCLPANK4
LINC0061 0

RPS25
ALYREF

RRN3P2ILF3 AC025165 .8RUVBL1RHOARAB4B
LYPD5 B2MMED9RP11-21 G15.1AC007238 .1

ERCC5

ARHGEF25

PKD2L1
WDR1PIK3R1RP11-1079 K10.3EEF1A1

CLEC2L
RAD18

ACAA2RP11-203M5. 2
UCHL1GSR PFN2TMEM189-UBE2V 1

CTC-512J14. 5POU6F2ZNF676TUBB2BGGCTASUN MLK4
PPP1R1A

WDR61
HADHACHKA

SNCB
MBOAT1ALLCMED8

MCCC2
DNAI 1GATMTCEAL5CNTLNMXRA7RP11-37B2. 1AMY1B

RAP1GAPBSCL2
RASSF3AP001055. 6
CDH1 1

CTD-2301 A4.3
RP11-373N22 .3
FGFBP3

RP11-184 A2.3RSPH3
AARS

WDR91HMGN2P5GSTM5RP11-512M8. 3CUL4B HADHBROCK2SCG5CTSB
SERPINB6
RP11-544I20. 2

NCOA7
NOX4

HSDL2

SERPINB1

ST6GALNAC1
NDNF

RP11-458 I7.1

AMZ2

PSG11SKP1
GNMT LRRC57

QARSAC025262 .1DDX1

MTURN
NDUFB3

WNT16
PARK7

EZH2AMY1A
ZNF586

WNT5B
MAP2K5

GNG2

AMY2B

BZRAP1-AS1

NUP133
CCDC88AATP5H

VGFRP11-111 F5.8ALYREF

RP11-379C10 .4

LIAS
MAPK14

DCHS2RP11-482M8. 1
EWSR1

POLR1BCHST8
NMD 3UBE2IAKR1B1

NUP214
NDUFV1

COX7A1SPEN
RP11-379L18. 1

SGK3
GYG2

CASP16

TYMS

A2M-AS 1

LSM4 PTPN12
DCUN1D2 -AS1MLL

METTL4

ACOX3

RP11-537 P22.1PHKG1

EIF3I

GALNTL4

AP001372. 2

LIN9WNT5A ARVCF
PAPOLG

UNC79

RPS6KA3 ACADSB

TSC2

POLR2G
SND1 NT5C
CYP2D6

EFHA1

DNMT3 AMAP6MTHFRCAV3

FZR1

FECH
Metazoa_SRP

C4A
MAP2ADAMTS16RP11-210M15 .2ACP2NFATC3

AC005154 .9TPM4TMX3

OXSR1RPL35A
ESR2

CYTH1

OAZ1AMDHD 2

CHKBMALT1

RP11-30K9. 4

IMPDH1

SBF2NDRG4COL4A3WDR46ME3

RNF152

RP11-77K12. 8

IZUMO4
WASF1

DPYSL2

RP11-399 F4.4

FAM32 A
ARID4B

HIST2H2BB

ANGPTL7
LURAP1

DYSF

DPM1
NADK

RAB17

NFATC1

TRPC1

THRAIRF3 BRCA1RP11-33N16. 3

PFKFB4
SAMD14

P4HTM

XPO5

AD001527 .4CCK

ZNF81

NDUFA7ANKRD36BP2

ALDOA

MLL3

PRTG

GALNT2

CCBL2

NONOAL022476. 2

RP11-77K12. 7

CCDC96
ERVK13- 1

GRIN2DPPP1R1C

FAM90A11 P
TUSC2CARKDDEGS2PDXDC1 ANXA6GUCA1AVWA8

PTPRJ
ENTPD5

ISCULA16 c-306 A4.1BTAF1PROC

MGST3PPP2R2A
CTD-2012K14. 4

ALDOC

RP11-638 F5.1AC010335 .1
MORC4
OXSM

B3GALNT2
DDAH 1

ZAP70

AC226119 .4

RP11-110 G21.1UGGT1
BBC3

MCCC1

ATP9B
RP11-1B20. 1

ZNF503-AS 1

CAPGUBA1HIST2H3PS2ECM2
SDC1

EIF4G1FAM118B
C4A-AS 1RASSF9
CHGB
NDUFB11AC012358 .8
BDNFRP3-472M2. 2

RNF181
AC012066 .1

MRAPMAN2A 2
AC005592 .2GPT2

GFAP

DPYSL3
PDK1

AGXT2L2

PIK3CA

PVR NFAT5PTEN ARL2RP11-750H9 .5
PIP4K2A
FOXRED1

ST3GAL4
ADCY3

SHISA6

MGAT4A
PQLC1PAK4SPOCK1

SCLT1
WWP1

SOCS4
CCDC51

RAPGEF3

ACLY
RMND5ALAMC1

SKA2

PNPLA4

SHROOM1

MMP14

A2M

RP11-701B16 .3
ARRB2

PTK2

TIAL1

DGAT1

COX6CP1RP4-633 I8.2
PEBP1

GNAO1SRP14

CLDN2
U73167. 7RDH11

PPCDCRP11-464D20 .6GJB6PCBP1PDE6C
sept-0 3

ITGB7
RP11-364C11 .3

ATXN1 0GSTM5
BSN

PSG6PRKD1PPT1CPT2SIRT5

CUL5
NAP1L4RP11-2C24 .6

ENOPH1TBC1D24GALK1
GSTM2ABLIM2

SUV39H1
RP11-304F15. 4

MARK3AC007050 .17ALDH1A 1MAOBGSTM1WNT9B
PRKAB1

RP11-146D12 .6

OSBPL8EIF2S3
PIGP

AC114772 .1PALM PKP3
ZNF468
GCDHCDC25CRP11-552 F3.4SLC26A3

RTN3

RP11-16E12. 1

RP11-594C13 .1
SPDEF

CNDP2

CYP21A1P

B3GALT6

PLXNB2

ADIRF

EIF4E1B
GDI2

RP5-850O15. 3

TMSB4Y

NLGN4Y

DAPK2RP11-195F19. 5PPIA
PON2

CTC-462L7. 1NEB

PNMA6C

STK38

DGKB

NDUFB4

CAB39

POLE2
RP11-696N14 .1

ACAA1GMPR

UGGT1MSH5-SAPCD1

SAMD11P1 TKT

INTS4L2

ACO1BPIFB1HNRNPA1
LRLE1FARSBTALDO1

MINPP1
PEPDRP11-16N11. 2

UNC5C

MUC5B RCN1P2

AKR7A2

NTPCR

RP11-677M14 .3EPRSBRSK2CTC-265 F19.2RLIMP2

LGALS1
ATP1A3

RP11-583 F2.5AP000593. 7
FAM89 A

ZNF512 HSD3B7RP11-889L3 .1
PRKDCMAP7D1GLB1

Metazoa_SRP
ERICH2

MT1ESSR4LAMTOR5MAP1LC3BPSMA1

GUSBP1MSH5 CUL2
SPTAN1

DTNA
PNPLA3ZNF487P

LINC0057 1AC073657 .1FOXM1

TIMM 10AC005077 .12
THOC6

CDK18
RPS18PSMD11

GSTK1
SMAP1C12orf4 5

POLE

MFF
PSMC3NUP62TMED2

PACSIN2
FAM50B

DCTN3
RP11-85B7. 2CAMK2G

MIR118 2ATP1A2
RPS21

DCXR

ZNF300P1
SETD6

GART

HSPE1
MT2 ADNM 2

ANXA3AGRN

RASAL1

ALDH1L 1

RP11-667 F9.1
BUB1

RP11-139I14. 2

UBE2L3SGIP1
AASDHPPT
CLPTM1EXOC3

KIAA036 8

LAMP1SPEF1
METTL25CUTAINTS4L1RP11-31 I22.2
RP11-57 A1.1

RP11-815 I9.4
CCDC54

ATP5I

CALB2RP11-826N14 .2

PLA2G4C

VPS13CRWDD4P1

DNAJB4RP11-2C24 .4WDR13
MYLKPWWP2AP1
MTND1P2 1

MRPL45P2USP17L18RP11-118 G23.2SLC25A1AC004017 .1

ADAM2 2ZNF551 CSDE1

RP11-728 G15.1

RAB6AFAH
AGPS

NAMPTAC131571 .2

FUNDC2

CORO2BRPS4XKHDC1SLC1A2ITPKA

BPHL
EMD

TMCO6

JAK2
ALDH3A 2

ACTR3B

NDEL1

FAM133DPSNX2APOERP11-52J3 .2

RP5-1073O3. 7
CEACAM8

MFSD3

CALHM1CAP2P1
IFNA2

RP11-574K11. 5
ANKRD20A5P

ALAD
PPAP2APRSS48

ARHGEF38

TGFA

DNAJC6

PPP1R12B
PSME1CYB561

SH3BP1

HOMER1COASYITGB1
FIGN

EIF1AY
AKD1

AC007193 .8FAM134 CMYOZ3BTBD6
PLD1SUCLG1

MIF

ATP6V1B1
ATP1B1FUT4

GJA1

ASPA

RANGAP1

FADS6

DHX9GPR150
CLCC1

THOC5USP3

DMRTC1CEP135FOXO3
QTRTD1

RPL30P14MRPS6
CCDC90BDIAPH2

SETDB2PCYOX1LPLXNA4RP11-15H20 .7
TBCA PRSS55

RP1-40E16.1 1CLUNAPG

PELI1PDE11AABCB7SURF2RP11-321E8. 2RPSAP41

DHCR7

RP11-697E2. 7
PDXPAASS

UFL1
UBQLN4

FJX1
RP11-213 G2.3

RBMS3-AS2
ATP2B4

STX1B
GNG12SOCS6

AC159540 .1
GANCSNCG

WFIKKN1

CD3 8 RIT1
EIF4E

EIF2S1BPNT1

AP000318. 2

RP11-569 G13.2CORO1ASYNGR1
RP11-120M18 .2GCK

REEP5
GOLGA8M

EPB41L2

RP11-421 E14.2

POLG2 PCNA
RPLP2
RALY

EIF3H
KIF5B

PHKG2PLB1 ZNF354B

TRIP4
PQBP1

MAD2L 2TLK2P1
MPPED1

ZBTB22
RELL2

PDCD6IP

FZD5

KIRREL3-AS3UGP2CDANRGN

GTDC2CLPB
RP11-10J21. 3

CREB5

SEC23BIRF7

DAPK3
PIGHACSS2

MAPK8IP3

AK5

PRDM10

IFLTD1
MAP1A

PGS1
CSTB

KCNJ9

FAM153B

DMD

ST6GALNAC3WDFY3

UMPS
SCRN1EPHX1

ABHD14BNECAB3HSD11B1L

POSTNHSD17B3
GALNT6

WNT4SHC4CDKN1C DMTNGNB2

BCAP31
RP11-343C2 .3 U6

PDE8APIGCC10orf6 8
BARD1

TNFRSF11ARP11-62J1 .3RAB31AC090587 .4PNMA6D

CPT1BGDI1
ENO1
HPCAL1

ZC4H2ZSCAN30ALAD

CRYZL1
IQGAP3

AC011385 .1
TPI1MIR381HGRAB6BRPL29

ALG1L12P

ACTN4
TPP2

ZNF486
COASYENO2

uncharacterize d
SLC9A1

EIF3CL

EIF3C

SDHB

PPM1A

BCAT1
EIF2B5

SERF1B

VPS4AGRSF1

TXN2
RP11-44N21. 1RP11-454P7. 3

CALB1
TSPYL6SIGLEC15

FAM69B

TXNRD1
CCNY

CISD1

RNF215

MAPKAPK5-AS1
PFAS

BNIP3

GNA15FAM208B
PSMB1

RP11-15A1 .7
SARDH

PDS5APFDN6
LSS

DCC

AC087289 .1
KLHL13FAM95B1

CDC25B

SLCO3A1ITGB3

COX7A1THOC1
CTC-444N24.1 1KIAA024 0

RP1-99E18. 2

CBS

AFMID

USF1
RBMXL1

NXF1

BAIAP2

PLCE1
CALML4

MYADML2

CAPN2
POLR2I

EIF3K

MYH9
ENAH

FZD3

NR1D2
NAE1

GSTM2GNA11

ZNF706
PIKFYVE

ICK

MIR306 4

PIK3C2B
CTD-2007H13 .3

SETD1B
GPT

SAR1A

RBM12B-AS2

TMEM18 2RP5-1187J4.1 1AC094019 .4
WDR67P2RX6MAPK7

CREM
ACSL3ANKRD30BL

HMGN1P36

LHFPL3

IDUA
ICAM3TYW3

ETNK1

ERLIN2
NAALADL 2

RP11-311C24 .1
RICTOR

SPHK1

AL590710. 2DPH3
H6PDPDGFB

MUTKLHL23

RP11-264B17 .4
CDH2 4

AP006216 .12 GAS2PDE6D
SNRNP48

C19orf7 0
RYKMIR504 7
NIM1CPNE6

AC005484 .5
ACAD9ATF6B

CBL
SAMM50

OSGIN2

RP11-54K16. 2

PLA2G16

HSPH1FUT5

FAM173B

TMEM191 C

AC114546 .1LDHD AK1
AC009487 .6COBL

ACADS
GNG4

RP13-395E19.3
SSPN

SNX3NDUFB9NRAS

TMEM19 9

RBM12B
ABCB1

GCLM

TMEM151 A

NFKBIB

SUMO1

PAPD5

NBEAL1 MTMR14

NAV2-AS 4NDUFA11
SYT12

DUSP4 SPCS2
AC016735 .2 DUSP6

DPY30
RASGRF2

AL592284. 1NUDT5NIT1 GDAP1L1
EARS2

C9orf8 5VAPB DBN1
SST

CKB

CTC-459I6. 1
RP11-152L20. 3

COPS2
FAM86HP

SCG2RP6-24 A23.7
SPTBN2RP11-23J9 .7

CTD-2541 J13.1

MMAA
ACTC1

PRDX6

AC005795 .1

NDUFC2
CDYL

PLCB4
TMCO7DPP7
MFN2

ZNF747ACACA
PTPN21

PRKCI

PPID

FGFR1
C2orf8 8RP11-265D17 .2ELL

EIF2AK3

NDUFB6
RP11-841O20. 2NDUFA8NPTX2

OXR1
BDH1

INTS7AC007040 .11

MMGT1

DVL3AC007193 .9
NSD1

NPNT

BRSK1

RNF31

FOXN3-AS2ALDH1A 1

DOCK7

GSTM1

LATS1AC137723 .5
RP11-276H1 .3

ANKMY1
MTSS1

CEP95

CEP85L
MAP2K7 TAB1 RP11-20G6. 3

CRTC2 MCCC2

EPPK1

FAM117B

CYP17A1
FTCDDNAJB6IPMKCLDN1 2

APAF1

AHCTF1HSP90AB1

RP11-380 G5.2CHID1
PSMC3

SREBF1
ORC2

CTD-2192J16.2 1
ECHDC1MVK

TMC1NRIP2

RP11-283 G6.5
SMTNL1

CADFXNGRHPR

GNG5

PYCR2
SLC35E1P1

RNF130
MAN1B1
OTUD4METTL15P1 PFKLC19orf4 8

THAP2LINC0047 3
ACTG1LRRC69

TTLL6
CKAP5

MIR472 0CTD-2530H12 .8
DLX1AC007679 .3

CTD-2540B15 .8

ING2
CMBLANKRD45

C6orf20 1PDZD9
RP11-87N24. 2KATNAL2CYS1TMEM13 3

VANGL1DHRS12
RP11-1379J22. 3C7or f55-LUC7L 2

ABHD11RPL10ARPL7

IDH1
EVC2

CXCR5
PTK2B

RHEB

UCN
TXNRD1

RBBP9

IDH2

CA4PA2G4
XRRA1CNN3

RTP1
ARSK

GBP3

BCL2L14ZNF99
SPR

NT5C2
ABI2

SNRNP200PTGR2
PDE3A

AC010761 .13CYB5RL
EIF5A

PDE7A
PHKA2

C12orf 5

KIT
ABAT

ZNF410
NDUFA7

TMEM47C12orf7 5
RP11-182I10. 4NDUFS6

TBC1D10B
RP11-181C21 .4

IP6K2GALNT12
NUP85

HSD3B1
ATP5J2RASAL1RNF169

MLLT3

AC025335 .1

SRSF7
GLIPR2 PSMD6

SPATA1
BAG6APPL1PSMA6

ANP32A
RPS16

AHNAK
SLC22A5

NPEPPSCCDC14 6
RPL4

C11orf6 5MSANTD3 VPS16TAF11EIF3ELLGL1
GTF2A1L

CDH1

HNRNPA0RP11-110I1.1 1PTPRDRPS19

ACLYAPLP1F13A 1RP11-632K20. 7OSTF1ZSWIM5RPS9
MGARP

RNU6-2 5ECI2RP11-84 A14.5DUTGUCY2CRP11-654A16. 3GPIZNF839CTD-3092A11. 1UBXN2A PDE12HDGFRP3RABGGTA
RP5-855 F14.1

RAB11BSPG20
ANKMY2
RAP2BRPL34PARD6G

WRNIP1PGK1DCTN2
RP11-359H18. 2

CRTAC1SDPR
PURBANXA4RP1-266L20 .9

BRF2

HPCA RPL7A
VPS29

PTRHD1PRDX2
MYH1 0

CTD-2026D20 .2
HPGD

MCURP11-227J5. 3 TMOD3RANBP2HIBCHHSP90AA5P
SRGAP2C

ACTG1P1PAPOLA
TOB1

RPAIN
RP11-530N7. 2

PLA2G6
CRKLRBM44

PGAP2

ZBTB38
SF3B3DUTHSPA4CHORDC1

EZR-AS1

CRHR1 -IT1

POGLUT1

RP11-379B18 .5

QSER1
SLC2A12TAC1GJD2

RP4-559A3 .7CDR1

RCN1KCNAB2

DHCR24

DNAJA1

VN1R81PINO80D

PGM3
GNPDA2EIF4G2ARSAAK4

PEX11G

CFL1P5

PARS2
PPAT

DYNC1H1
USP49SRGAP3-AS2

RP11-124N2. 1

TMEM55AMAGI2

HSBP1

HINT1RAVER2
B4GAT1BMPR1A

DNA 2

STIP1

AC135050 .1RPL22PLCXD3RP11-431J24. 2
KPNA3

SUB1
ARF4

HYAL3
RP11-304M2. 5

AC074391 .1RP1-102 G20.4
RSPH9

PIGF

SORBS1
LA16c-360H6. 2WIPF2RPL11HNRNPA3RTCBRP4-816N1. 7MYADMSRSF4
PDP1
CEBPA-AS1COA3SEC22B

VPS33AUBA52P8DANCR

FASN
LYPLAL1

ARFGAP3
ZNF425PTBP2MPST

LRP1

RP11-460N11 .1
PRPSAP1

FKBP4

RBP1YKT6
SEC24C

LPA
ABHD14BHAS1

MRPL20RP11-381P6. 1

RPS14P2RX7GGT5RP11-127I20. 5RPL37A
CPPED1DPYSL5DCTN6GGA3XPO7

SIAH2

SESN2ACAT2
FAM86B3P

DDHD 2NEU1
C11orf4 8

RN7SKP9

DCTN1
SRSF1DCAKD

MEF2B
LDHBFAS

USP30
ST8SIA6

MRPS18BDIABLO
PLCD1 TEX35

ERP29

PNPLA7

INO8 0

CTNNBIP1
CTR9

COMTD1

MROH1NLRP3

YWHAE
FAM151B

AC009948 .5

ECI2
SPTAN1

DENND5B-AS 1

KREMEN2

AC007036 .6

RPL3

PDGFC
PPP1CA
WDR88P4HA2

S100A13

TRAIP

TEKCENPJSSBSNTB1
PGAM1RP11-298J20. 3

CES4A

AP000295. 7
TIMM17 B
C16orf9 1

ZNF117

KDM1B

GLA

IFNAR1
RP13-507I23. 1

ERBB4 FBXO24

GXYLT1
SLC22A18

PKMRP5-1021I20. 4

PHBP15EFCAB13
NQO2

INPP4B
PPP1R3E

SHFM1

SORBS1

TOPBP1CCDC13-AS 1
CBWD2

FNBP1LDAAM 2
NCOR1

PTPLAD1FASTKD1

FXR1SLC25A3

CXCL12

MAP3K7

SLC22A8

CD8A

NEBL

JAK1

CLSTN1
PLEKHA8

RASSF8

H3F3B

EXOC6BEIF2AK4CAPZB

CTBS
AC093616 .4

PAIP1

PTPLB MIR364 8

PPP1R9A
ARHGEF12

MIR472 0
PCYT1AGALNT3 MYL5

COX20
KDELC2
TP73

EXOC1

GLO1

EZR

ACTR3EFNB1

NDUFA13

PIP5K1A

CNOT4

NADKD1

C19ORF42

RP5-1142 A6.7

MED13
RP11-67L3. 5STK3

YOD1

RNF168

SGPP1

SLC35C2 CHL1

IL27RA
RP11-729I10. 2

SDIM1

DCK

RP11-314N13 .3MRPS18AMSRB3
RP11-292 F9.1TRAPPC5

MEF2BNB-MEF2BSCRN1

MARCKS

TRIM28

IMPA1H2BFS

RPS26
SH3GL3

PFDN5

RP11-324H6 .6

RP11-611O2. 3

LCP1ACSBG1RP11-64B16. 4

AC096753 .1GPX1OCLN

MIR464 7GNPDA1LARSANKRD37ALAS1PDK2HAUS7
FN1

VAC14
RP11-611O2. 5

TIMM 13

C6orf10 8sept-0 4NDUFAF4
COL28A1TEX26

ZNF761
CYP3A4

GABRG1
ASL

VCL
HIST1H4B

PROCR MAG
CYC1

SFTPD

BAK1P1
GABBR2

DNMT3BRP11-138H11. 1

SLC12A2
AC006547 .14

CBS

MGMT
GSTZ1

AK3

CYP2E1

CBR3PARP1FAM210B
RP11-689 P11.2RP11-160O5. 1
RP4-758J18. 2

TALDO1TICAM2

FGFR3

KDR

POLR1D

IMMT

RAD51B

PPP2R1A
CCDC17 6

RP11-471L13. 3

NUDT1 8GLYCTK-AS1
SDHA TIPRLRAB21

SPATA20BLOC1S1DHX5 8

OSGEPSH3BGRL
INHARP1-163G9. 1SLC25A10CAPN2MICAL3PLS3CLK1

AC009041 .2

MYLK3
C7orf5 0

CPNE6
PLK5MYO6

FOXO6
RPS27P16

ARHGDIB
RPS5

STOM

USP9X
CAMK2DDAAM 1

RCN1CHMP2A

CST3NAGKREEP6

RP11-90J7 .3

NUTF2PSMD3
CYP3A5

C15orf5 7

KPNA4GOLGA8BARF6

TMEM33TREX2

LAMA4

ESD

NTN3
PSD3TMED7-TICAM 2

CYB5R2XPO1

WIBG

BIN1
IPO7

ATP5L

GSPT1

TSNGORASP2AC007279 .2DEGS1ALDH7A 1
RAPGEF2

PLLP
DTD 1NUDT5SAMM50CDC37ISYNA1

APOD
SLC25A1 0C16orf8 5

APOO
GPM6BMRPL12

RPL35BAX
CFL2

APOA1BP

FAM49BACTR10PGLSEIF4EDCUN1D 1ALDH6A 1CCDC13 2YWHAH
GRIN2C

PCK1STK32C
ADH5

RP11-617F23. 1LPIN3
RIMBP3B

PTGS2

RP13-46H24 .1

S100A 1PPP1CCNARSCCND1

SYN2MOG

GOLGA8A
0

FAM162A

RP1-12G14. 7

ALDH1A 2
TBX3

CLIC2
SLC17A7SLC1A4

TSPAN7

CLIC4
IPO5
DPYSL3TFG

RP11-232C2 .3DAK
RP11-394B2. 4

LUM
PRODHNBEA

CYB5R3

IST1
SLC7A14MAPTCIAPIN1

ATAT 1

GSTZ1

ADAM2 3
SPP1YWHAQPPP1CBBTN3A2

ENTPD8ACOT8

RTN3VPS26BNEU4CADM4MDM 2 APP
ATG3HMGB1DIP2BAC103801 .2

BOLA2GPS1NFASCTBCBTPM4NMT 1RPL32NAPA
PPP1R14ARP11-644F5.1 0CLDND2ABHD17B

LGI3CYP3A43

MPICNKSR2
CPSF6GPC1

NPYMAPT

TXNL4A

AKAP12KRT8P26

AC007405 .4

PPIELSCRN2
ELAC2

RTL1

GNA11COPS7BASMTLTMEM10 9
PMVK

NUDT2 1

STRNCETN2
FAM90A20 PSLC6A7ATP1B2PPOX

TRAPPC5RALGAPB
RP11-770 G2.2MTTPGPX1ATOX1RP11-39K24.1 3

ALDH4A 1
OSGEPL1-AS1HS3ST5TXN DACT1RP11-756 P10.3SLC2A1-AS 1

CELF2RP1-63G5.7SLC7A5OR2H2ITSN1

RP11-191L9 .4RP11-195F19. 9CYBRD1NMNAT 3MSC CD5DCTDLINC0042 6RP11-728K20. 1EXOSC6ADSL
SRPK2

RP11-195 F19.30
COL21A1

SLC25A2 2

C12orf 5
SCG3

TXLNG

AC105461 .1
SOD2

RP11-433J8. 1
LDHARP1-156L9. 1GAPDHS

RP11-354 P17.15

GCDH
MPC1RP11-498D10 .6

HIP1R
DAO

FAM66E
GPX4

EPDR1RAB3GAP1ARHGAP17

WDR11

CTD-2194A8 .2
RP13-497K6. 1
TMEM126 AHDGFPRCP

DNAH 9

FAM49 A
POR
NUCB1

ACSM5
TIAM 2

PSMA3

NPL

MCRS1
FIBP

RP11-422N19 .3C4B-AS 1

GAL3ST1

CCR10LRRC6TNRC6B

EPN3
KIAA0895 L

RP11-769O8. 1

BCL2L1CLDN2 0
SHROOM2

MIPEP

ATP10D

LRPAP1BCMO1

PDE4D

LONP1

PFKFB3
CCDC7

RNF103

SLC25A25CAPN7RABEPKPTBP3PIF1
RP11-737 F9.1

ABHD12

MTR

CRTAC1EZR

AC022201 .5

PDHXTUBB2BTUBA1CLIMK2ZDHHC2 2 BTG2
RP11-124D2. 6

STAG3L4
PARVA

RP11-500 G10.5PRRT4

FGFR4

SLC16A9
ROCK1

SORCS3HIPK1 SMAD1GRIPAP1
LPIN2

FGD1
OGDH

PPIP5K2

WBP1L

BCAS4

UBXN6SYNRGATP1A1

MAGOHB
GAS6-AS1

EIF4G1

ENPP2

ASPHD2

MAGED2
TMEM13 0

GPSM2

RP11-335O13. 7

SETD1A FLNC

PTGES3CTD-2228K2 .7
NPY1R

RP11-323N12 .5

SGK2

CD2AP

PPAPDC3

NME4

CCAR2

GPAT2

SH3BP5-AS1
JAM3

AC099850 .1

POLR3G

RAPGEF1 MAD1L 1
POLG JUN

PNPLA6

CH25 H

CES2TBK1
TRMT112 PSAT1

RP11-98J23. 1

PRKAA2
ODC1

TICAM1

TSC1
HHIP

SLC35F5
UBN2

NCAPD3

ADCY8

CDK1

SYNGAP1CTCF

RARS2

RP9P

CHRDKIAA173 7PLXNB3
HECTD2

NBL1
CCDC58 PALM3

NADSYN1

TIMP2

ACTN4

RPRM

SWAP70
GNAO1

EML6GAB1
ZCCHC14

TRAF6
TEAD2

MRVI1

ERBB3

FNDC3A

ATPAF1
CRH

KCNN2

OPRK1

SDSLKRT8P42COCH AMTRAB27A
PLCXD2

IL6 SMAD7
APEHEEPD1

KRIT1

TMSB4XCTNNA3OGDHL

SSTR1

TUBA1A
NAA15GPD2

GYS1

PCNXL4

TBCB
SRSF10
FBXW9SMNDC1

MALAT 1

C21orf91-OT 1

NAGSRP11-74E24. 2PRKD2
ZNF490

RP11-791 G16.2CFL1
SUPT3H

ERC2ANAPC11
UNC13C

ALDH4A 1

RAPGEF5SMYD5AC073871 .2PIP5KL1
NPTXR

C4B
UQCRQNAT1 6RP11-627 G23.1RBM28C9orf10 6

sept-0 9GNB2

PROX1-AS1
B3GALT4
CXorf26PAQR7GLE1

NME2
POLDIP2

ALDH18A 1PIGLARAP3TMEM191 A DSTN
RAPGEF4GNB5AC093843 .1

RP1-186E20. 1

LRCH1FAM228B
TJP3

ALOX12B
AL590708. 1

AMPD3 DHRS4L2

SCG2SPRFAM184ASNX4
TRPC6

AC013449 .1
RIMS1PGP

RNA5SP187EXOSC8NDUFAF7

EHD3ZC3H11 A
LRRC3

IDH2

C4B

DTX2P1
PROX1TSFM

JHDM1D
ZMYM6

AC114765 .1
DCAF7RP1-34H18 .1RP11-552M14 .1

DUSP9
RB1CC1

AC008731 .1

ASAH2KIAA146 8
ZNF343

RP11-216N14 .9CBR1

C1orf12 3PFAS
VPS4APPP1R9B

UBE2M

MANBALGSR

SHC3

TOP1
RP11-351A11. 1PNMA3RP13-941N14 .1

PCSK4
RPS6KA4

FTSJD2

MFN1

GRIA3
NOVA2AFF4

CRK
THOC2MAP2K2

PPM1N

RP1-155D22. 2AKT1S1

ST6GAL2PDE6BATXN7
FARSAPSMA7CYCS

GSTK1

MAT2A
RHBDL1

RALGDS

CEP192
RASGEF1ASTAT2

HOMER1

DAKSBF2-AS1ERLIN1
MCCC1PPP2R2CNID2GRIN1

CEACAMP5
WDR83RP11-426 A6.9

ERH
SYT2

PIP4K2CRIMS2
GNB1

DENND2C
ST7-OT4

CYP27A1
PCLO
sept-0 7DHRS1

ASNA1
CD9 9

PSG10PGBP7PTPRSFYN
AC151961 .1KIAA104 5TIMM 9GVINP1

PDXK
RP13-977J11. 2

AC137934 .1NLGN2RAB3DCOPS8RP11-34P13. 7UBE2D3ARFGAP1HKDC1
LHPP

TTYH3GLOD4TPPP
EYS

AC005154 .8
STX4RPS23

PSMC1
OR10AD 1

ZNF311
CTSDRAPGEF6GLDCMARS

DHRS4

FMO2

CSE1L

GPR35
MPP6NOP58

AHNAK2
KIFAP3

MADCAM 1

NQO1ARF5AP000662. 4JUPZNF546IL7R
OCIAD1

TMEM10 0
CAV1FZD6

RP11-1016 B18.1

TCP11L1PDE2A
PAK2

RTCATRIM2
RBBP7

CMTM5

HIGD1A

TM9SF3

RPL13

CD30 2
RPL10

RAB10ACTR2FLYWCH2EPB41
PDCD6

LIMCH1COPB2PTGDS
RP11-34F20.5

MIFPTGES3

LAMA3

AOX1

GMPPANABP2
CRHR1

EXOC3FGFR2

SETP5

DOT1L RC3H1DCUN1D 2

PSMD4

SMO
CGN

PCCB

ASH1LMAN1A 1PBRM1 RUSC1-AS1

WHSC1L1
SDHB

TMF1
RNASEKCDH2

ARHGEF26-AS1POLR2J2

SV2A

PTCH2

AC079742 .4

PDZD11

A2ML 1

SOX6
RP11-452L6 .1

AC015933 .2RP11-255C15 .3
C5orf 4

UQCR10OR6A2
PTPLAD2GCSHP5GLUD2RP11-697H9 .2COQ4

FGD6
IVDDNAJC1PLOD3 RP11-612B6. 2EDF1NEDD8

GNG13

CRABP1NDRG1

FKBP1ASYNM
ZNF558

ZNF284
MED11ZNF804BGAPDH

AMER2HLA-F-AS1
UBE2V1

ADTRP

CYP2A6ZNF347FBLDDX1 7

B4GALT4RP11-33 A14.1
ATMC15orf5 6ZNF518B

SRSF3
THTPAC12orf1 0

PMS2CLGNA13
ZNF69RP11-98D18. 3

SHF
AC008746 .5

ANXA3

PPP1R26P1ADA

YLPM1

CTD-2600 O9.1

POM121L14 P
VTI1ASUMO4

ZBTB26MXRA7B3GNT4
COL22A1

TMEM57
PSMB6

PHF16

HSD17B7

PALLDMAPRE1
CTC-429C10 .4CAND1

TYW5RP11-72M17. 1

SOS1 LCA5
ABLIM3

DIO1

EHMT2

SSH1
AXIN2

SRD5A3

MBD5

SUFU

RP3-351K20. 4

FAM180B

ERCC3PRKG2
TMEM22 2FUT9SHMT2

ADCK1 DND 1LINC0062 2

ZBTB47

PAFAH1B2GAD2
PGAM2

SEC24A

AC005592 .1HNRNPU-AS1

RP11-159D12 .9

PLAG1SNX15

EIF2S2

RP11-386 G11.5

WAC
LCMT1

CALM1

KBTBD4

SEC24DRFXAPFLNB
MAPK1

PTPRZ1

SORT1
TBC1D5

S100B

SYNJ1
AC011526 .1ARL1ANGPTL6RFX7

ABCC9
B3GNT2

NDUFB11

PPP2R2A

CCDC71
NQO2 NAPBSPAG7

RP11-87F15.2
IGF1 RP11-138C9 .1

SEC24B

LRRC58
TWISTNB

IRAK4
GCOM2

ARHGAP42

FAM48 A
NR1H2

PI4K2B

IFNAR2

SSTR2

EIF5

ACSL4

CEPT1

PTPN13

LINC0063 8
DECR2GOLIM4

PMVKHIST1H2BMBRIP1EIF3J

AP000487. 6
GOLPH3L

MIR368 2

KIF22

DBF4RP11-669E14.6
GPC5

PPEF1

SLC44A1RP11-511H9 .3
TROVE2

FZD2
ST6GALNAC4PRPF8ATP5J2-PTCD1

ARPC3CHEK1
RPL15AIMP2

HDHD 1
AP3S1

GPX8RAB4A
RAB3CVCPMSANTD1

CAPZA2CAV2AGAP1-IT 1

CNTFR

VBP1RP11-356J5. 5
ARMC10PCTP

DLSTPSME2RNPEP

PPT2RAP1GDS1CD9
MAPK10

RIMKLBGABRG2MAP6D1FAM213B
RP11-111A22. 1

ASPA
MT-ATP 6COPS3

RP11-680A11. 5
RP11-384C4 .2RAB11FIP5GSTO2IFNW1

CA4
RASGRF1ATPBD4-AS 1ADSSAP1S1LY6G5BUPP2

RPS13NTM- IT 2WNT7ARGPD1

RP11-320N21 .1
FHITCSTF2CREB3L1MTFR1L

PNOC
GABPB1-AS1

RGPD2F3 CPLX1CTC-444N24. 6GPR116PDCL3P4
PRKRAHSD3B2EIF3MCTD-3110H11 .1GAS2L3

CACNB4
ASRGL1IL11RA

RP11-208N14 .4RPL14
POLR1ESLC16A4RPL18A

RPS11RP11-671M22 .1
GSTM4

CTD-2135D7. 2APMAP
HAGHCYSLTR2RPS3LIN7A

USO1
HRASNKX3- 1RNU7-87 P

CDADC1

RGPD8SCPEP1
FNTA

DAAM 1PAICSCTD-3214H19 .16
RELNRGPD3 TSG101TAC3CRIP2CPLX2MAT2AEDNRBCTD-2528L19 .6

ARX
BRAFRPS3A

RUVBL1BHMT2
CEBPGLANCL1AF127936 .7RDH16

RP5-1047A19. 4MPRIPRP11-227 G15.8RNA5SP44PDIA3RP1-92O14. 6
COPS6

SPECC1
RABL6

BMS1P3
LSM8

PYGMCREB3PROSC
MTX1NUCKS1AKR1A1SOD1MIR518 7AIFM1

AC009228 .1
BDH2AC006378 .2CBR3-AS1

RP11-39K24. 4COPB1RP11-767N6. 2MLF2TMSB4XCPT1AZNF891SUCLG2
DHX1 6CHDHZNF323GNG4

RPS15AP16
PSAPAL023807. 2
RPA2

RP5-956O18. 2NOSTRIN

TACO1SPTBN4
RP11-255H23. 4RP11-588H23. 3

MTHFD1LZW10
ATP5J2-PTCD1C22orf1 5CTB-96E2. 3ATF1GYS2

RP11-703H8 .7
RGPD4

RETSATRP4-724E13. 2
CORO1BTST

SYNGR3
G3BP2

HIBCH

TRAF3IP2-AS1NRN1NUDT9SIRT6NUDT2CLTB
CLTADIABLOGPX2

RP11-375B1. 3
WNT2 RPS2

RFTN1AK8 ANGPT1
GNAL

AC005789 .11ACCS

SNX5
RP11-151N17 .2LINC0061 2
RP11-119 F7.4

HIGD1BGPRIN3 AC005534 .9RARRES2 CANX TDRD6PLXDC2

AC004528 .5
PSMA3
PSMD14

RNU6-3 1

LGR4
VPS26A

RNU6ATAC
ACAD9

LHCGR

RP11-322M19 .2
RP11-163N6. 2

CAPRIN1RP11-752 G15.9

MRPL24RP11-85M11. 2
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of edge directionality in increasing the specificity of our networks’
predictions.

In the AD context, local KDs of interest are those predicted to
modulate components of the network enriched for gene and
protein AD DE signatures. Thus, to predict AD KDs, we
projected the DE signatures for each AD clinical and neuro-
pathological trait onto each of the three BNs. Each network
projection consisted of overlapping gene and protein nodes from
the DE signatures with all nodes in their respective BNs. We then
extracted all nodes in each network within a path length of 6
(layers) in this overlap, and identified the largest connected
subgraph in the network from this set of nodes and associated
edges. KDA was carried out on each subnetwork resulting from
these projections, resulting in a list of 499 unique KDs at FDR <
0.05 across the three networks (Fig. 1d, Supplementary Data 3).

To assess the importance of KD genes (versus genes not
predicted as KDs by our models) complementarily to perturba-
tions in experimental systems, we examined the tolerance to
genetic variations in KD versus non-KD genes. We hypothesized
that, given the causal regulatory role KD genes play, they would
be less tolerant to genetic variation, leading to functional changes.
We therefore asked whether KD genes were more intolerant to
loss-of-function (LoF) variation than other genes. Using the
probability of being LoF intolerant (pLI) score38, we found that
global KD genes identified in at least one of our discovery or
replication networks (Fig. 1e) had a significantly higher pLI score
than non-KD genes (one-sided Wilcoxon’s test p value= 2.73e−
113). We also observed that pLI score increased with the number
of times a gene was identified as a KD across all networks
(Fig. 4b). Thus, the number of times a gene is observed as a KD in
our models is an important metric for prioritizing KDs (Fig. 4b).

Given the large number of KDs identified, we sought to
prioritize KDs for further exploration. As stated above, the
number of networks in which KDs appear is significantly
associated with higher pLI score. Additionally, AD DE signatures
enable us to define centrality to AD processes. Finally, AD
discriminatory power of KDs allows one to directly assess
importance to disease. We therefore prioritized AD KDs
according to these metrics: their conservation across multiple
networks, the number of times they were identified as KD across
all networks and AD DE signatures, and their ability to
distinguish AD cases from controls.

We first characterized the distribution of the number of times a
gene or protein was identified as a KD across all projections (Figs.
1d and 4b). The multiscale network was of particular interest, as
it integrated gene- and protein-expression data in the MSBB
population (Fig. 4a). KDs identified from this single coherent
network structure are depicted in Fig. 4d. Only one KD, VGF, was
conserved across all three networks, supporting its potential
importance in AD. Other KDs that appeared in multiple
networks included genes known to be important for AD,
including GFAP, MAOB, and GSN (Supplementary Table 3)
serving as internal positive controls for our modeling approach.

To complement prioritizing KDs by their replication across
multiple networks, we rank ordered them by their influence in
classifying AD cases and controls (“Methods”). VGF was
consistently identified in the top-ranked KDs not previously
causally implicated in AD (gene network rank: 6, top KD KCNN2;
protein network rank: 2, top KD HSPB1; multiscale network rank:
2, top KD HSPB1) (Supplementary Data 3).

VGF was the only KD identified across all AD networks and
the top-ranked KD not previously causally associated with AD in
the AD classifiers (ranked second overall after HSPB139). We
therefore pursued VGF for extensive experimental validation
(Fig. 1g). Given the causal role of VGF in our AD-associated
networks, and given it was the top upregulated KD gene in

controls, our validation hypothesis was that overexpression of
VGF would not only significantly alter the state of AD associated
network components it was predicted to regulate, but that it
would protect against AD.

Replication and validation of VGF as a KD in AD. To validate
our prediction of VGF’s role as a KD of AD with protective
effects, we pursued three independent validation paths: (1)
replication of our results in different brain regions and inde-
pendent datasets; (2) association of human genetic variation
derived risk for AD with VGF expression; and (3) prospective
validation of VGF in an experimental model of AD.

VGF replicates across different brain regions and in indepen-
dent datasets. To further support VGF as a KD for AD and assess
its regulatory role across brain regions, we applied the same
analysis pipeline (Fig. 1a–d), allowing for slight variations
required for these data, to multiple brain regions in the AMP-
AD MSBB dataset. We identified VGF as a KD in two of the three
additional brain regions in the MSBB dataset, the superior
temporal gyrus (BM22, Supplementary Data 5) and the pars
opercularis (BM44, Supplementary Data 5). VGF did not
reproduce as a KD in the brain region most affected by the
disease (highest number of DE genes), the ectorhinal area (BM36,
Supplementary Data 5), potentially reflecting a complete disrup-
tion of regulatory networks in brain regions badly damaged by
AD. We applied this analysis pipeline (Fig. 1a–d) on an
independent dataset, the Religious Order Study and Memory
Aging Project (ROSMAP) dataset24,25, using DNA and RNA data
generated in the same brain region as our original result, the
dorsolateral prefrontal cortex (PFC). In the ROSMAP PFC
network that resulted, VGF was identified as a KD (ROSMAP,
Supplementary Data 5).

Genetic support for VGF association to AD. DNA variations in
and around VGF have not been associated with AD. As depicted
in Fig. 4b, KD genes like VGF are much less tolerant to genetic
variations leading to a functional change. Potentially related to
this, we did not identify any eQTL or pQTL for VGF,
although one strength of an integrative, causal network-based
approach is the ability to infer causality complementarily to
direct methods such as GWAS. We assessed the relationship
between VGF expression in BM10 and the genome-wide risk for
AD. We computed an AD polygenic risk score (PRS) for
the European subset of our cohort23 (N= 177) from 13,704
linkage disequilibrium (LD)-independent SNPs with a p value for
AD association below 0.0293 in I-GAP10 (optimal threshold
determined by PRSice240). These AD PRS were significantly
associated with VGF expression in a direction consistent
with our network model prediction: lower VGF expression
associated with higher AD PRS (p value= 1.9e− 4, Nagelkerke’s
R2= 0.076).

In vivo molecular and physiologic validation of VGF as an AD
KD. To validate the KD role of VGF in AD pathogenesis and
progression (Fig. 1f), we modulated VGF levels in the transgenic
5xFAD amyloidopathy mouse model (expressing human Pre-
senilin1 (PS1) and APP containing five FAD mutations)41.
5xFAD mice were crossbred to a VGF germline homozygous
knock-in mouse model (VGFΔ/Δ)14, in which insertion of a pgk-
neo selection cassette into the Vgf 3′-untranslated region (3′-
UTR) leads to a VGF messenger RNA (mRNA) truncation in the
3′-UTR region (Δ3′-UTR), resulting in increased protein trans-
lation and elevated VGF protein levels in mouse brain (Supple-
mentary Fig. 4a).
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Levels of VGF protein in VGFΔ/Δ hippocampus are
modulated in a similar “physiological range” (increased to
~150–200% control) as VGF protein levels are altered in male
mice following chronic social defeat stress (decreased to ~50%
control in the hippocampus and increased to ~140% control in
the nucleus accumbens). VGF mRNA levels are similarly
regulated in human control subjects and patients with
major depressive disorder (MDD), being reduced in the
hippocampus to ~50% control in male and female MDD

patients and increased in male MDD nucleus accumbens to
~150% control42.

Using VGFΔ/Δ mice to increase germline VGF expression in
this physiological range, we quantified Aβ deposition in brains of
10-month-old 5xFAD mouse by immunohistochemistry using
6E10 antibody. We found a dramatic decrease in 6E10-
immunoreactive plaques in both cortical and hippocampal
regions of 5xFAD,VGFΔ/Δ compared to 5xFAD, while total brain
transgenic APP protein levels remained unchanged (Fig. 5a,
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Fig. 5 Characterization of AD pathophysiology in wild-type, 5xFAD, and 5xFAD mice overexpressing VGF. a Immunohistochemical staining of Aβ
amyloid plaques and microglial cells in the male mouse cortex of 5xFAD mice overexpressing VGF in the germline. Left panel, green: Aβ (6E10), red: Iba-1,
blue: DAPI; right panel, quantification of percent area of Aβ and Iba-1 staining in male and female mice. Quantification of percent area of Aβ and Iba-1
staining in the cerebral cortex, hippocampal CA3, and hilus; data are presented as mean percentage ± SEM of the control group. One-way ANOVA with
Newman–Keuls post hoc analysis, cortex (anti-Aβ): F(3,86)= 30.84, p < 0.0001, CA3 (anti-Aβ): F(3,86)= 12.44, p < 0.0001, cortex (anti-Iba-1): F(3,56)=
7.307, p= 0.0003, n= 9, 8, 7, 6 mice per group, 2–3 slices analyzed per animal, *p < 0.05, **p < 0.01, ***p < 0.001; female: n= 7, 6 mice per group, two-
sided Student’s t test, p= 0.031 (Aβ), p= 0.0454 (Iba-1). b Doublecortin staining (DCX) of the subgranular zone (SGZ) in the dentate/hilus area of male
5xFAD brains. Upper panel, red: DCX, blue: DAPI; lower panel, average number of DCX-positive cells per subgranular zone. One-way ANOVA with
Newman–Keuls post hoc analysis, male: F(2, 21)= 6.652, p= 0.0058, n= 4, 4, 4 mice per group, 2 slices analyzed per animal; female: F(2, 21)= 7.008, p=
0.0047, n= 10, 9, 5 mice per group. **p < 0.01 c Reduced staining of phosphor-Tau and dystrophic neurite clusters in 5xFAD brains with germline VGF
overexpression. Upper panel: phosphor-Tau staining; lower panel: quantification results of dystrophic neurite clusters in the hippocampus and cortical area.
One-way ANOVA with Newman–Keuls post hoc analysis, cortex: F(2, 15)= 10.92, p= 0.0012, hippocampus: F(2, 15)= 5.549, p= 0.0157, n= 7, 7, 4 male
mice/per group. *p < 0.05, ***p < 0.001. d Barnes maze test. Mice were trained daily and WT mice learned the target quarter (TQ) of the hiding zone by
increased distance traveled in the TQ (left panel) and increased time spent in the TQ (right panel). 5xFAD mice showed impaired spatial learning on day 4,
while germline VGF overexpression (5xFAD,VGF+ /Δ) partially restored memory performance. N= 12–14 mice (male+ female) per group. Data were
analyzed by two-way repeated-measures ANOVA. % of distance spent in TQ: Days (F(3,108)= 3.215, p < 0.05) and Groups (F(2,36)= 8.77, p < 0.001), and
Days × Groups interaction (F(6,108)= 1.9, p= 0.0873). % time spent in TQ: Days (F(3,105)= 2.422, p= 0.07) and Groups (F(2,35)= 20.01, p < 0.0001), and
Days × Groups interaction (F(6,105)= 4.501, p < 0.001). Tukey’s post hoc test. #p < 0.05, **p < 0.01, ****p < 0.0001. All data in b–d are presented as mean
percentage ± SEM.
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Supplementary Fig. 4d). Microglial activation in AD patients43–46

and increased microglial number and sometimes activation in
5xFAD41,45,47 have been reported, suggesting a pathological
connection between amyloid deposition and neuroinflammation.
The number of Iba-1-positive cells, a microglial marker, was
significantly reduced in the cortex of 5xFAD,VGFΔ/Δ compared
to 5xFAD with normal levels of VGF (Fig. 5a). In addition, adult
hippocampal neurogenesis is impaired in human subjects with
AD48, and rapid and aggressive amyloid pathology in 5xFAD was
associated with reduced neuron numbers and neurogenesis in the
subgranular zone of the hippocampus49, which was fully rescued
by VGF germline overexpression in male and female 5xFAD
(Fig. 5b). Increased levels of Tau phosphorylation, observed in the
clusters formed by dystrophic neurites around amyloid plaques in
brains of human patients and mouse AD models50,51 including
5xFAD, were reduced by germline VGF overexpression in
5xFAD,VGFΔ/Δ mice (Fig. 5c), while reduced levels of post-
synaptic density (PSD)-associated protein PSD-95 in 5xFAD
hippocampus (CA1) were significantly increased (Supplementary
Fig. 5). Importantly, impaired spatial learning and memory of
5xFAD mice in the Barnes maze was partially restored by
germline VGF overexpression (Fig. 5d).

To examine whether VGF overexpression in adult 5xFAD
brain also reduces neuropathology resulting from Aβ over-
expression, adeno-associated virus (AAV)-VGF and AAV-GFP
(control) were injected into adult 5xFAD dorsal hippocampus
(dHC) mice at 2–3 months of age. We chose dHc because: (i)
VGF peptide administration to dHC of wild-type (WT) mice has
pro-cognitive efficacy14; (ii) local VGF ablation in mouse dHC
results in memory deficits14; (iii) dHc has proximity to the
ectorhinal area, which sustains the most damage in AD and
where VGF is significantly downregulated for multiple AD
features. Mice were sacrificed for histological analysis at 7 or
10 months of age following behavioral testing. Robust VGF
overexpression was transduced by AAV-VGF administration to
the 5xFAD dHC (Fig. 6a). Reduced 6E10-immunoreactive plaque
levels were found in the hippocampal dentate gyrus and nearby
cortical regions (Fig. 6a), while overall levels of transgenic APP
protein were not significantly different in AAV-VGF compared to
AAV-GFP-infused 5xFAD hippocampus (Supplementary Fig. 4c).
Similar to germline VGF overexpression, dHC AAV-VGF
administration also restored neurogenesis in 5xFAD hippocam-
pus to WT control levels, and significantly reduced the number of
dystrophic neurite clusters in the hippocampus (Fig. 6b, c). At
10 months of age, AAV-VGF-administered 5xFAD had sig-
nificantly improved spatial learning and memory performance in
the Barnes maze compared to those administered AAV-GFP,
while VGF overexpression in non-transgenic WT mice did not
enhance memory, indicating a critical role for VGF in the
pathological progression and behavioral impairment of the
5xFAD mouse model (Fig. 6d).

Impaired synaptic plasticity has been linked to hippocampus-
dependent spatial memory deficits in animal models of AD52–54.
We found that hippocampal slices from 5xFAD mice failed to
produce mGluR1/5-mediated long-term depression (mGluR-
LTD) (Fig. 6e, f). Importantly, hippocampal LTD has been
implicated in the consolidation of long-term spatial memory55,
and deficits in mGluR-LTD have been reported in the APP/PS1
mouse AD model54. Hippocampal AAV-VGF overexpression
partially rescued mGluR-LTD deficits in 5xFAD hippocampal
slices compared to AAV-GFP-injected mice, but had no effect on
WT slice mGluR-LTD (Fig. 6e, f), while baseline synaptic
function was not significantly affected (Supplementary Fig. 4f),
suggesting VGF-mediated restoration of mGluR1/5-dependent
synaptic plasticity may contribute to the partial rescue of spatial
memory deficits in AAV-VGF-infused 5xFAD mice.

VGF is processed into bioactive peptides, including the C-
terminal peptide TLQP-62 (named by the N-terminal 4 amino
acids and length)56. TLQP-62 has pro-cognitive and antidepres-
sant efficacy and regulates neurogenesis, both BDNF dependent
when the peptide is administered intracerebroventricular (i.c.v.)
or directly to rodent hippocampus14,15,17,42,57. We investigated
whether chronic 28-day i.c.v. administration of TLQP-62 to adult
3–4-month-old 5xFAD reduced neuropathology at ~4.5 months
of age. Significantly reduced levels of 6E10-immunoreactive
plaques and Iba-1 immunostaining were found in hippocampal
dentate gyrus and cortex from TLQP-62-treated male and female
5xFAD (Fig. 7a, b), accompanied by significantly reduced
numbers of Lamp1-immunoreactive dystrophic neurite clusters
in the hippocampus (Fig. 7c).

Pathophysiological validation of VGF establishes that it can
induce and protect against AD-related pathologies, as predicted
from our network models, but does not on its own confirm their
molecular regulatory architecture. The causal networks identify-
ing VGF provide a context that can aid in understanding
mechanisms of action for genes such as VGF. When identifying
subnetworks across all three MSBB AD BNs comprised of nodes
within a path length of 2 of VGF (Fig. 8a), we note that Aβ and
other AD genes, such as HSPB1, CLU,MAOB, RPH3A, FOSB, and
BDNF (Supplementary Tables 3 and 4), are either directly
connected to VGF or only one path length away. Additionally,
other AD GWAS genes were either further downstream of
VGF (PTK2B) or in its undirected vicinity (APOE, 3 path length
away)13. To validate the molecular network, the brain gene
expression signature induced by directly perturbing VGF in
5xFAD can be compared to that predicted by the network to
change (Supplementary Table 1). We sequenced RNA isolated
from the hippocampus of 45 mice with AAV-mediated VGF
overexpression and corresponding controls, and from the
prefrontal cortex of 89 mice with germline overexpression of
VGF and corresponding controls. We found that genes down-
stream of VGF in the gene BN (predicted perturbation) were
enriched for the AAV-mediated VGF overexpression DE
signature (Supplementary Data 6) at a threshold of FDR < 0.05
(Fig. 8b, c, one-sided Fisher’s exact test odds ratio (OR)= 14.1,
p value= 3.1e− 6). We also found that while the germline VGF
overexpression DE signature (Supplementary Data 6) did not
achieve significance at FDR < 0.05, DE genes at p value < 0.1 were
enriched downstream of VGF in the gene BN (Supplementary
Fig. 8, one-sided Fisher’s exact test OR= 3.9, p value= 2.6e− 3).
Lastly, because BDNF is directly connected to VGF in our causal
network, we assessed the impact of VGF overexpression on
BDNF signaling. VGF overexpression increased BDNF receptor
activation (pTrkB levels) and rescued decreased levels of pTrkB in
5xFAD brain, finding increased pTrkB levels in VGFΔ/Δ mice
(Supplementary Fig. 4a) and in AAV-VGF-infused 5xFAD
(Supplementary Fig. 4c), compared to WT or AAV-GFP-
infused 5xFAD mice, respectively. Taken together, these results
validate the molecular structure of the subnetwork around VGF.

Discussion
Our primary aim was to discover novel critical genes and path-
ways central to AD that could be pursued as therapeutic
targets. To this end, we applied a multiscale causal network
modeling approach on the AMP-AD dataset in BM10
that enabled distinguishing simple DE genes from their master
regulators, whose expression changes are predicted to be
causal to regulatory changes, impacting susceptibility to or
protection against AD. We identified VGF (chromosome 7:
100,805,790–100,808,874 (GRCh37/hg19)), as a novel KD of AD.
VGF was the most significantly downregulated gene in the protein
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(DE FDR= 3.4e− 15) and gene (DE FDR= 5.0e− 4) expression
data in cases versus controls, and it was the only gene identified as
KD across all three Bayesian causal networks constructed. Fur-
ther, VGF ranked as the top KD having the most explanatory

power in distinguishing between AD cases and controls. We
replicated VGF as a KD in an independent dataset and in two
additional brain regions, demonstrated genetic support with the
association of AD PRS to the levels of expression of VGF, and
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Fig. 6 Characterization of AD pathophysiology in 5xFAD mice with and without AAV5-VGF-driven overexpression of VGF. a Immunohistochemical
staining of Aβ amyloid plaques and VGF in the 5xFAD mouse brain 4 months after AAV5-VGF or AAV5-GFP infusion into the dorsal hippocampus. Left
panel, red: VGF, cyan: Aβ, green: GFP; right panel, quantification of percent area of Aβ amyloid plaque in different brain areas. N= 4, 5 male mice per group.
Data are presented as mean percentage ± SEM (of the control group, two-sided Student’s t test. **p= 0.004, *p= 0.0121. b Doublecortin staining (DCX) in
the dentate/hilus area. Upper panel, red: DCX, blue: DAPI; lower panel, average number of DCX-positive cells per subgranular zone. N= 4–5 male mice per
group. Data were analyzed by one-way ANOVA with Newman–Keuls post hoc analysis, F(2, 23)= 6.574, p= 0.0055, n= 4, 4, 5 male mice per group,
2 slices analyzed per animal. *p < 0.05, **p < 0.01. c Reduced staining of phosphor-Tau and reduction of dystrophic neurite cluster number and diameter in
5xFAD brains with AAV5-VGF overexpression. Upper panel, phosphor-Tau staining; lower panel, quantification results of dystrophic neurite cluster
number and diameter in the dorsal hippocampus. N= 4, 5 male mice per group. Data were analyzed by two-sided Student’s t test. *p= 0.0162, **p=
0.0021. d Barnes maze test. Mice were trained daily and on Day 4 WT mice learned the target quarter (TQ) of the hiding zone, as revealed by increased
distance traveled in the TQ (left panel), and increased time spent in the TQ (right panel). 5xFAD mice with AAV5-GFP showed impaired spatial learning on
day 4, while in 5xFAD with AAV5-VGF overexpression, memory performance was significantly rescued. N= 12, 9, 10, 7 mice (male+ female) per group.
Data were analyzed by two-way repeated-measures ANOVA. % of distance spent in TQ: Days (F(3,102)= 5.000, p < 0.01) and Groups (F(3,34)= 5.997,
p < 0.01), and Days × Groups interaction (F(9,102)= 2.371, p < 0.05). % time spent in TQ: Days (F(3,102)= 11.39, p < 0.0001) and Groups (F(3,34)= 13.62,
p < 0.0001), and Days × Groups interaction (F(9,102)= 3.824, p < 0.001). Tukey’s post hoc test. #p < 0.05, **p < 0.01, $$$p < 0.001, ****,$$$$p < 0.0001.
e Impaired DHPG-mediated long-term depression (LTD) in 5xFAD mice is partially restored by AAV-VGF expression in the dHc. N: WT (AAV-GFP)=
8 slices from seven mice; 5xFAD (AAV-GFP)= 12 slices from six mice; WT (AAV-VGF)= 8 slices from six mice; 5xFAD (AAV-VGF)= 9 slices from five
mice. f Summary graph of data from e indicating the average fEPSP slope [mV/ms (% of baseline)] during the last 5 min of recording. Data were analyzed
by two-way ANOVA. Slope mV/ms (% of baseline): Genotype (F(1,34)= 9.396, p < 0.001) and Groups (AAV-VGF and AAV-GFP) (F(1,34)= 0.3282, p=
0.5705) and Genotype × Groups interaction (F(1,34)= 5.045, p < 0.01). Newman–Keuls post hoc test. *p < 0.01, **p < 0.001. All data in b–f are presented as
mean ± SEM.
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Fig. 7 Chronic i.c.v. administration of TLQP-62 peptide ameliorated pathophysiological changes in the 5xFAD mouse brain. a Immunohistochemical
staining of Aβ amyloid plaques and microglial cells in the male 5xFAD mouse cortex and dentate gyrus after 28-day i.c.v. administration of TLQP-62
peptide or vehicle control (aCSF). Red: Aβ (6E10), green: Iba-1. b Quantification of percent area of Aβ and Iba-1 staining in both peptide-treated male and
female 5xFAD mouse brains. Data are presented as mean percentage ± SEM. Results of Aβ(6E10) staining were analyzed by two-sided Student’s t test.
Male: cortex, p= 0.0015; DG p= 0.0316; female: cortex, p= 0.0101; CA1, p= 0.022. Iba-1 staining were analyzed by one-way ANOVA with
Newman–Keuls post hoc analysis, male cortex: F(2,36)= 8.449, p= 0.001, n= 4, 5, 4 mice per group, 3 slices analyzed per animal; female cortex: F(2,14)=
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validated Vgf in vivo at the physiologic and molecular levels as a
KD of AD.

The biological coherence of protein expression compared to
gene expression data, with respect to association with AD clinical
features, was noteworthy, suggesting proteomic data may be a
more informative measure for identifying important dysregulated
pathways. Aβ, a hallmark of AD6, was consistently the protein
with the highest expression in cases relative to controls, whereas
VGF was the most downregulated. DE proteins are annotated for
energy metabolism and immune and nervous system-related
processes, all previously implicated in AD8,58–62; our co-
expression network analyses based, in part, on these DE protein
studies have further identified novel, potentially druggable targets
within these pathways.

Modeling AD using BN and KDA assumes that complex
genetic diseases result from dysregulated molecular networks

where central hubs modulate the overall state. Here, we showed
molecular validation of a large proportion of subnetworks in our
models from a wide range of previously published single-gene
perturbation experiments, demonstrated the added predictive
value of KD nodes, and delineated the importance of edge
directionality to prediction specificity. Strikingly, KDs in our
networks were associated with higher intolerance to LoF variants,
supporting this analytical framework for identifying molecular
processes important to the health. This intolerance increased as a
KD was present in more networks, emphasizing the utility of
integrating multiple omics and datasets to prioritize hypotheses.
These results are consistent with the recently put forth omnigenic
model63,64, which could be tested by adapting our analytical
framework and proposes that risk loci for polygenic traits con-
verge on the regulatory networks of “core” genes. While this
modeling approach enables organization of large-scale molecular
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data into meaningful models that can inform on disease, one
limitation is that our data may not identify genes that are well
known to be involved in AD (e.g., APOE13).

The VGF (vgf) gene we identified and validated is NGF and
BDNF inducible and expressed in neurons in many different
brain regions, encoding a 615-amino-acid (617 in mouse) pre-
cursor polypeptide that is processed into several bioactive pep-
tides, regulating neuronal activity and survival, neurogenesis,
energy balance and lipolysis, and behavior14,15,56,65–68. VGF is
robustly regulated in the hippocampus by voluntary exercise69

and by BDNF/TrkB signaling70, and in our studies, VGF over-
expression rescued cognitive deficits and neurogenesis in 5xFAD
mice (Figs. 5 and 6). The VGF-derived peptide TLQP-62 reg-
ulates neuronal activity, neural progenitor proliferation, memory
formation, and depression-like behavior14–17,42, via mechanisms
largely dependent on BDNF/TrkB signaling14,15,68,71, and was
never previously shown to be causal to AD. In addition, TLQP-
21, a sub-peptide of TLQP-62, activates the complement 3a
receptor (C3aR1)66; C3a activation of C3aR1 on microglia reg-
ulates amyloid uptake and microglial migration in primary
microglia and/or mouse AD models72. Consistent with a role for
these VGF-derived peptides in regulation of hippocampal neu-
ronal plasticity and potentially AD pathogenesis, VGF C-terminal
peptides TLQP-62 and/or TLQP-21 regulate hippocampal den-
dritic length and branching, synapse number, and synaptic pro-
tein levels, in vitro and/or in vivo14,16,42,73,74. Lastly, the VGF1–617
proprotein, and secretogranin 2, identified in VGF gene and
protein networks, function in dense core vesicle (DCV) biogenesis
and exocytosis75.

Trait studies have found VGF levels reduced in CSF of patients
with AD18–22,76, decreasing with disease progression, in agree-
ment with our findings that VGF is the gene and protein product
with the lowest expression in cases relative to controls. Interest-
ingly, reduced VGF levels were detected prospectively in CSF
from patients with mild cognitive impairment, selectively in those
who develop AD20,22. Although CSF levels of VGF, a neuronal
and neurosecretory protein, might be anticipated to decrease
coincident with neuronal loss as AD progresses, CSF levels of
several related neurosecretory and synaptic proteins, including
chromogranin A, secretogranin II, 7B2, proSAAS, clusterin,
neurexins 1, 2, and 3, and neuropentraxin 1, were either increased
or unchanged in patients with AD compared to controls, while
VGF levels were consistently reduced18,20. While CSF biomarkers
including VGF have utility in the diagnosis of AD, comparison of
serum or plasma VGF levels in AD and control subjects has less
diagnostic specificity, as plasma VGF levels are reduced in Par-
kinson’s disease, amyotrophic lateral sclerosis (ALS), and MDD,
and are regulated by obesity and type 2 diabetes (Supplementary
Table 3).

Notably, many of the genes in the VGF RNA network (Fig. 8),
including VGF and BDNF, are CREB regulated77, and the
encoded proteins modulate neuronal activity, synaptic function,
and memory, are neuroprotective, and levels are reduced in AD
brains (Supplementary Table 4). Moreover, VGF-derived peptide
TLQP-62 activates the CREB signaling pathway, supporting
VGF’s role as a KD of these CREB-responsive network genes14,71.
Nodes within the VGF-driven protein network regulate axonal
and dendritic structure, plasticity, and the trafficking and release
of synaptic and DCVs, reinforcing an important homeostatic role
for VGF levels in maintaining neuronal integrity (Supplementary
Table 3). Relevant to our analysis, protein crosslinking studies
identified a VGF interaction with amyloid precursor-like protein
178, which could impact VGF or β-amyloid function in AD.

AAV-mediated VGF overexpression in 5xFAD dHc increased
expression of three VGF network genes (BDNF, MSK1, and
GNG4 (G protein subunit gamma 4), Fig. 8c) as our network

model predicted, all shown to play potential roles in AD21. BDNF
in combination with increased adult hippocampal neurogenesis
and exercise79 improves cognition in 5xFAD mice, while the
BDNF Val66Met SNP modulates neuropathology and cognitive
decline in subjects with AD80. Exercise plays a preventative role
in AD and increases neurogenesis in 5xFAD79,81,82, and VGF and
BDNF levels are upregulated by exercise in mouse models69,79.
Consistent with these studies and our network, VGF over-
expression increased levels of activated BDNF receptor (pTrkB)
and adult hippocampal neurogenesis, increased levels of the
BDNF/TrkB regulated postsynaptic protein PSD-9583–85, and
improved cognition in 5xFAD (Figs. 5 and 6, Supplementary
Figs. 5 and 6). Rescue of PSD-95 expression in 5xFAD would be
anticipated to restore BDNF-induced TrkB/PSD-95 complex
formation and TrkB signaling86. Also in the VGF network,
mitogen- and stress-activated kinase (MSK1 or RPS6KA5) reg-
ulates BDNF signaling to CREB, hippocampal neurogenesis,
synaptic plasticity, and cognition (Supplementary Table 4). Lastly,
GNG4 has been implicated in cognitive decline during aging and
is downregulated in aged 5xFAD mice compared to age-matched
WT (Supplementary Table 4). Taken together, these studies
validate the contributions of several VGF network genes to AD,
and further suggest that a VGF/TLQP-62/BDNF/TrkB auto-
regulatory loop could function to slow or reverse neurodegen-
eration, much as it functions in cognition and depression14,42,68.

Constructing and validating AD models, which serve as inte-
grated and comprehensive repositories of the regulatory frame-
works of AD, provide a more informative and accessible path for
others to leverage extensive sets of data from which they can
validate links between known disease targets, generate hypotheses
around novel targets, and derive mechanistic insights furthering
our understanding of AD. The focus of our work was to construct
a predictive model of AD and validate the top master regulator
identified by the networks. Indeed, the data presented here are
consistent with causal roles for TLQP-62 and the VGF proprotein
in AD pathogenesis and progression, but do not rule out con-
tributions of other VGF-derived peptides including TLQP-21, an
activator of the C3aR1 complement receptor66. Of note, we and
others have recently shown that TLQP-21 reduces neuropathol-
ogy in male 5xFAD mice and increases amyloid uptake in
transformed BV2 mouse microglia and in primary cultured
mouse microglia via a C3aR1-dependent pathway87–89, consistent
with the previous identification of a critical complement network
module in AD5.

Methods
Methods references. All references for the “Methods” can be found in Supple-
mentary Table 1.

Data description. All MSBB discovery and replication datasets were previously
described in Wang et al.23. These consists of gene and protein expression and
whole-exosome sequencing (WES) for a cohort of individuals across the entire
spectrum of AD in the Mount Sinai Brain Bank. Four brain regions were assessed:
the anterior prefrontal cortex (BM10), the superior temporal gyrus (BM22), the
perirhinal cortex (BM36), and the pars opercularis (BM44). RNA-seq was per-
formed for 1096 samples from 315 individuals across all four brain regions, and
MS/MS for 266 samples from 266 individuals in BM10 to measure protein
expression. WES was performed for 309 individuals. All human research was
carried out in accordance with the policies and procedures of the Icahn School of
Medicine at Mount Sinai and its Institutional Review Board. For validation
experiments, RNA-seq was performed for 89 5xFAD mice with and without
germline overexpression of VGF and 45 5xFAD mice with and without AAV-VGF
injection. Sequencing was completed following the same procedure as the human
data (Wang et al.23) to achieve a mean coverage of 23 million reads using Illumina
HiSeq 2500 System with 100 nucleotide single end reads, according to the standard
manufacturer’s protocol (Illumina, San Diego, CA). The RNA for all samples was
treated with Ribo-Zero (Human/Mouse/Rat) (Illumina, San Diego, CA) to remove
ribosomal RNA (rRNA) and retain other transcripts. The disease was categorized
in six different ways, each representing different aspects of AD: CDR, clinical
neuropathology (Path Dx), CERAD neuropath criteria, neuropathology category
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(NP-1), mean neocortical plaque density (PlaqueMean, number of plaques/mm2),
and bbscore. The ROSMAP24,25 validation set consists of gene expression from the
dorsolateral prefrontal cortex of 724 subjects and whole-genome sequencing
(WGS) data from 1200 subjects. The ROSMAP RNA-seq count matrix and asso-
ciated quality measurements were downloaded from https://www.synapse.org/#!
Synapse:syn9702085, where their generation is described. The ROSMAP WGS data
variant call format (VCF) file was downloaded from https://www.synapse.org/#!
Synapse:syn10901595, where its generation and quality control are described.

All data are available at https://www.synapse.org/#!Synapse:syn2580853/wiki/
409853.

RNA-seq processing. To ensure a reliable set of samples and genes for all analyses
in the MSBB datasets, we performed QC processing and filtering for lowly
expressed genes on the whole dataset across all four brain regions. Starting with the
raw RNA-seq reads, we aligned (using STAR alignment) to GRCh37 and counted
the reads mapping to each gene (featureCounts) as well as created QC matrices and
called variants (using GATK) on the RNA-seq with the RAPiD pipeline27. For
RNA-seq samples sequenced multiple times, we selected the fastq file (raw reads),
which had the largest number of mapped reads and <5% rRNA mapped reads. We
then ran STAR alignment and featureCounts to generate a raw count matrix and
called RNA-seq variants using GATK. We also called variants on the WES using
GATK. We next imputed sex information for each sample using RNA expression
and variants from the WES data. By comparing the heterozygous variants from the
RNA-seq data to the variants in the WES data, we were able to assign each RNA-
seq sample to its corresponding DNA sequence. Using these multiple layers of
information, we corrected any mislabeling, when necessary. For RNA-seq samples
with documented matching WES, if the discordance rate between said sample and
its best corresponding exome sequence was >10%, they were removed from further
analyses. This left 958 RNA-seq samples in the MSBB dataset. In the ROSMAP
gene expression data, we found one sample were gender was mislabeled and
removed it from further analyses.

In the MSBB data, to filter out low expressed genes, we removed all genes that
did not have at least 1 count per million (c.p.m.) in at least 10% of the samples. We
normalized the raw counts using the voom function from the limma R package.
After exploration of the main drivers of variance using principal component (PC)
analyses and using linear mixed models (variancePartition), we adjusted the
normalized counts for batch effects using linear mixed models. The corrected
residuals were further adjusted with the lmFit function of the limma package for
postmortem interval (PMI), race, sex, RNA integrity number (RIN), and exonic
mapping rate. Sex was included as a covariate in all modeling procedures to ensure
that sex-specific differences in AD were accounted for. Outlier samples further than
3 standard deviations (std) from the centroid of PC1 and PC2 were removed from
downstream analyses. Samples with RIN < 4 were removed from further analyses.
The raw counts of the 886 samples remaining were then subjected to the exact
same protocol, to get normalized and adjusted gene expression for 24,865 genes.

From the processed MSBB data, we identified 18 samples for which variants
from RNA-seq and WES data did not achieve the level of concordance expected for
samples derived from the same donor. In addition, for six samples the sex inferred
by DNA and RNA data did not match the sex reported for the corresponding
participant in the clinical report, and 13 of the RNA-seq samples mapped to more
than one WES sample (discordance rate with best matching sample >10%). We
removed from all further analyses 16 of these samples that could not be
unambiguously corrected (Supplementary Fig. 9a, b, Supplementary Data 1).
Finally, we removed all RNA-seq measurements with RIN <4, leaving 246 samples
in BM10 for detailed analyses.

To assess integrity of these data and identify covariates that could impact our
analyses, we carried out variance partition and PC analyses, and identified exonic
mapping rate (fraction of reads mapping to exonic regions), RIN, and sequencing
batch as covariates explaining the greatest variation in gene expression across
samples (Supplementary Fig. 9c–h). To minimize the impact of these covariates on
detecting our primary signal of interest (association of molecular traits to AD), we
adjusted the normalized RNA-seq count data for these main drivers of technical
variation, in addition to race, sex, and PMI (Supplementary Fig. 9d–h) using linear
mixed models. Protein-expression data were processed in a similar fashion and
corrected for batch, PMI, race, and sex to minimize unwanted variation.

In the ROSMAP dataset, we followed a similar protocol removing all genes that
did not have at least 1 c.p.m. in at least 10% of the samples, normalized using the
voom function and after exploration of the main drivers of variance, adjusted the
normalized counts for batch, sex, race, PMI, RIN, median 5′ to 3′ bias, strand
balance, and percent of intronic bases using the lmFit function. The RIN values in
this dataset were from 5.0 to 9.9 (mean= 7.06, std= 0.99). The output was a
matrix of normalized and adjusted counts of 19,452 genes for 633 samples.

The mouse RNA-seq data was aligned to the mouse genome (GRCm38),
version M10 (Ensembl 85) following the same procedure as described for the
human data above. For both overexpression models (AAV-VGF and VGFΔ/Δ), no
covariates were found to drive variance of the data, and normalized counts were
directly used for DE analyses.

Protein-expression processing and correction for other covariates. The
protein-expression data was taken through similar procedures to ensure that

technical variation was accounted for. After correction for batch on the protein-
expression data for 266 samples, we further adjusted for PMI, race, and sex using
the lmFit function of the limma package. The remaining 2692 protein-expression
residuals were used for downstream analyses.

DE analyses. The DE analyses were performed for both gene and protein
expression using the limma package after the adjustment for covariates described
earlier. To capture all aspects of the disease, the DE was performed for each AD
trait. In addition, to capture signal corresponding to the entire spectrum of AD, DE
analyses were performed in two ways: controls against any sample that had any
level of cognitive impairment (and in the case of PlaqueMean using its quantitative
level as a response), and definite controls against definite AD as defined by each
trait (Supplementary Table 2). Validation of DE was done with gene set enrichment
analyses R packages GOtest and msigdb. The public DE sets were assembled from
the literature derived significantly differentially expressed genes and proteins. The
GWAS set is comprised of the genes associated to AD in the latest AD GWAS13

and the GWAS in TAD set is comprised of all the genes within topologically
associated domains containing a significant locus (defined as the lead SNP and the
SNPs with R2 > 0.5 with them). P values were adjusted for multi-testing using
Bonferroni correction.

QTL analyses. All QTL analyses were run using the fastQTL package. Using
plink2, we removed markers with >5% missing rate, <1% major allele frequency,
and Hardy–Weinberg p value <10−6 from the WES (MSBB) or WGS (ROSMAP)
variants. Following standard practices, only European individuals were used to find
QTLs. Non-European samples were identified through PCA analyses using
smartPCA and mapping in PC space to the 1000 Genomes Project consortium.
VCF liftover was used to lift over the ROSMAP WGS from hg19 to hg38. The
residuals described above were used for QTL analyses for both gene and protein
expression after further correction for PEER surrogate (latent) variables (SVs) as
follows: (i) BM10 gene expression: 19 SVs; (ii) BM10 protein expression: 9 SVs; (iii)
BM22 gene expression: 20 SVs; (iv) BM36 gene expression: 17 SVs; (v) BM44 gene
expression: 17 SVs; (vi) ROSMAP gene expression: 25 SVs. We also included in the
model the first 5 PCs of the genotype data to remove further population-specific
structures. The analyses looked for cis-eQTLs as defined 1Mb of the transcription
start site of each gene and protein corresponding gene. FDR were computed fol-
lowing Benjamini–Hochberg procedure. The causal inference testing was per-
formed with the R package citpp (https://bitbucket.org/account/signin/?next=/
multiscale/citpp).

Co-expression analyses. Three WGCNA co-expression networks were built on
the adjusted data, one for the gene expression, one for the protein expression, and
one for both gene and protein expression (multiscale), using the coexpp R package.
To identify modules of interest in the context of AD, we projected the union of all
DE genes or proteins on the corresponding co-expression network. We calculated
enrichment statistics using Fisher’s exact test, and corrected for multi-testing fol-
lowing the Bonferroni procedure.

Seeding gene list construction. Making the assumption that DE genes are
important for AD, and that therefore these genes need to be included in the model,
we added the union of all DE genes to the seeding gene list. To include other
important genes that covary with these DE genes, but that may not reach sig-
nificance in the DE analyses, we included all genes in co-expression modules
enriched for DE genes. Finally, for the discovery gene expression set only (BM10),
to maximize the chances to not miss important genes, we used PEXA34 to add
other genes known to be connected to our current gene list in the literature to the
gene list of DE genes and modules of interest. To build the extended network,
PEXA used KEGG pathways, and to trim it, used a PPI network from CPDB. We
used the outputted discovery seeding gene list of 5714 genes for which we have
gene expression for Bayesian causal network construction. For the replication sets,
the seeding gene lists were comprised of only the DE genes and the co-expression
modules enriched for the DE genes, and consisted of 10,585 genes for BM22,
16,578 genes for BM36, 8086 genes for BM44, and 9682 genes for ROSMAP. For
BM44, due to the small number of DE genes and to increase the number of genes in
the AD DE gene set with genes related to DE genes and find co-expression module
enrichments, we added the top 10 correlated genes to each of the DE genes before
module enrichments.

Bayesian causal networks. BNs were built using RIMBANET using gene
expression, protein expression, and both gene and protein expression (multiscale)
for the discovery datasets, and using gene expression for the replication datasets.
In each case, QTLs were used as priors (eQTLs for gene networks, pQTLs for
the protein network, and both for the multiscale network), which both reduce the
search space size and enhance causal inference among nodes31,33. To reduce the
search space and increase the likelihood to reach a global maximum of the fit of
the network, we reduced the gene space from entire expressed transcriptome
(24,865 genes) to the seeding gene list described earlier for the gene-only and the
multiscale networks. Since there was protein expression for only 2692 proteins, we
included all the proteins in both the protein and the multiscale networks. To
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account for the central dogma of biology where RNA is translated into corre-
sponding proteins and the results of the CIT analysis described earlier, we included
weak edge priors (increasing the likelihood for that edge to be searched) to the
multiscale network from the parent gene to its corresponding protein product.
While including such guiding structure priors can result in more accurate net-
works, such priors are not absolute, and any such edge must ultimately be sup-
ported by the data (an important feature given our finding from causal mediation
analyses that did not always support causal relationships between gene- and
protein-expression traits).

Representation of networks and subnetworks was achieved using the Cytoscape
software version 3.5.1.

Key driver analyses. For both the discovery and the replication datasets, KDA was
performed using the R package KDA. This package defines a background sub-
network by looking for a neighborhood K-steps away from each node in the target
gene list in the network. Stemming from each node in this subnetwork, it assesses
the enrichment in its k-step (k varies from 1 to K) downstream neighborhood for
the target gene list. In this analysis, we used K= 6. KD analyses were performed by
projecting multiple seeding target lists of interest on the networks: The DE lists of
the corresponding omics for each disease trait to find KDs of the diseases. In the
discovery dataset, KDs were then prioritized by first how many networks they
appear in (replication) and then how many times they appear across networks
(importance). In the replication datasets, we looked for presence of VGF as a KD of
the networks.

Validation of KD predictive power with Enrichr signatures. A matrix of dis-
tances between every node in our discovery BN models was computed with the
distances function of the igraph R package. Subnetworks around each node in
the networks were defined both in an undirected and downstream fashion. For
each node with a perturbation in the CNS or the immune system, enrichment for
signatures in subnetworks from path length 1 to 6 were computed with the R base
function fisher.test and adjusted for multi-testing using the FDR setting of the p.
adjust function. The proportion of nodes with significant enrichment was defined
at each path length as the proportion of nodes with existing perturbation and FDR
< 0.05 divided by the total number of nodes with existing perturbation. The ratio of
KDs to non-KDs with significant enrichment was defined as the proportion of KDs
with significant enrichments divided by the proportion of non-KDs with significant
enrichments.

Ranking of KDs using machine learning. For each classifier we performed a
random split of the data, stratified by class, into 75% training set and 25% vali-
dation set. The training set was subjected to SMOTE to resolve any class imbalance
for training the random forest (RF) classifier (python sklearn package). Classifier
performance was evaluated against the validation set and quantified using area
under the curve (AUC) of the receiver operating characteristic (ROC) curve. RF
randomly subsets the features into decision trees, selecting a feature from each
subset that best separates the data into classes. Therefore, the choice of a feature to
be included in the forest is an indication of the performance and stability of that
feature. Features were ranked by importance, as based on information gain score.
This process was performed 500 times to estimate the distribution of feature
information gain across classifiers. Features were then organized into a meta-rank
by a weighted z-score method across the 500 iterations per classifier. There, a z-
score was established from the features rank per iteration of the information gain
and weighted by a factor accounting for stability of features and performance of the
classifier. The weight is the product of two components: (i) the ratio of the number
of iterations each feature appeared in to the mean number of all features’ iteration
appearances, both across the 500 forests; (ii) the absolute value of the ROC AUC
score of each classifier centered at 0, minimizing the impact of random classifiers.

The classifiers were run independently, after normalization and adjustment for
covariates, on each scale of expression data: the gene expression data, the protein-
expression data and the gene and protein-expression data together. In each case,
the 11 AD traits were used as classes to train and test the classifiers, and a meta-
rank for each feature across the 11 traits was computed using the weighted z-score
approach across all 5500 classifiers. To further prioritize the network KDs, all KDs
were ordered according to the meta-rank of features across traits for their
corresponding scale of data (Supplementary Data 3).

PRS analyses. We assessed the relationship between VGF expression and genome-
wide risk for AD. WGS was performed as described previously23. SNPs with data
missing in >2% of the sample, minor allele frequency <1%, or deviation from
Hardy–Weinberg equilibrium (p < 5 × 10−5) were removed using Plink2. After
these initial QC checks, SNPs were pruned based on linkage disequilibrium
(window size= 100, window shift= 50 SNPs, VIF threshold= 2), and multi-
dimensional scaling (MDS) analysis on the N ×N matrix of genome-wide IBS
pairwise distances (performed using Plink). The first five MDS components were
utilized as ancestry covariates. Only individuals of European descent were included
in this analysis, as described above in the QTL analysis section. Only SNPs present
in the HRC (Haplotype Reference Consortium) reference set were considered.
Using I-GAP AD GWAS summary statistics10 as discovery, AD PRS were

calculated for AMP-AD individuals using PRSice2, with VGF expression as the
response phenotype.

Other statistical analyses. R version 3.3.1 was used for statistical analyses, unless
specified otherwise. GO annotations enrichment was tested with the R packages
goseq, topGO, and org.Hs.eg.db. To test MSigDB pathway enrichment, the R
packages HTSanalyzeR, GSEABase, and gage were used. Figures where generated
using the R packages ggplot2, scales, reshape2 (http://www.jstatsoft.org/v21/i12/),
and grid. UpsetR plots were generated with the UpSetR R package. Heatmaps were
produced with the function heatmap.2 of the R package gplots. Venn diagram was
drawn using the VennDiagram R package. Circos (circular) plot of DE enrichments
in modules were plotted using the NetWeaver R package. Canonical correlation
analyses were performed with the canCorPairs function of the variancePartition
R package and canonical correlation p-values were computed with the p.perm
function of the CCP R package with 10,000 random sampling of the labels. Large
tables were read-in and written using the R package data.table.

Animal models and stereotaxic surgery. The generation of 5xFAD mice was
described previously41. These transgenic mice overexpress both human APP (695)
harboring the Swedish (K670N, M671L), Florida (I716V), and London (V717I)
FAD mutations and PS1 harboring the two FAD mutations M146L and L286V.
Expression of both trans genes is regulated by neuronal-specific elements of the
mouse Thy1 promoter. The 5xFAD strain (B6/SJL genetic background) was
maintained by crossing hemizygous transgenic mice with B6/SJL F1 breeders. The
floxed VGF mouse line was generated as recently described65. Homozygous floxed
VGF mice that overexpress VGF mRNA and protein by virtue of the placement of
the pgk-neo cassette in the 3′-UTR region of the Vgf gene. This leads to premature
mRNA termination and polyadenylation utilizing a cryptic poly-A addition site in
the inverted pgk-neo cassette, truncating part of the 3′-UTR sequence, and
resulting in increased CNS expression of VGF (Supplementary Fig. 4). All mouse
studies were conducted in accordance with the US National Institutes of Health
Guidelines for the Care and Use of Experimental Animals, using protocols
approved by the Institutional Animal Care and Use Committee of the Icahn School
of Medicine at Mount Sinai.

Mice at 2–3 months of age were anesthetized with a mixture of ketamine (100
mg/kg) and xylazine (10 mg/kg). Thirty-three gauge syringe needles (Hamilton,
Reno, NV) were used to bilaterally infuse 1.0 μl of AAV virus into mouse dHc
(anterior-posterior (AP)=−2.0, medial-lateral (ML)= ± 1.5, and dorsoventral
(DV)=−2.0 from Bregma (mm)) at a rate of 0.2 μl per min and the needle
remained in place for 5 min before removal to prevent backflow. AAV5-GFP and
AAV5-VGF (mouse VGF complementary DNA (cDNA)) were prepared by the
Vector Core at the University of North Carolina at Chapel Hill. AAV-injected mice
were used at 7–8 months of age for immunohistochemical analysis or at 10 months
of age for behavioral analysis. Additional mice at 3 months of age were anesthetized
with ketamine/xylazine and a cannula was implanted in the lateral ventricle (AP=
− 0.1, ML= ± 1.0 and DV:− 3.0 from bregma (mm)). TLQP-62 (2.5 mg/ml)
dissolved in artificial cerebrospinal fluid (aCSF) or aCSF alone was delivered i.c.v.
by microosmotic pump (Alzet delivering 0.25 µl/h or 15 µg per day) for 28 days.
Mice were used for immunohistochemical analysis at 4.5 months of age.

Immunohistochemical and biochemical analysis. Immunohistochemical and
biochemical characterization were performed as previously described. For bio-
chemical analysis, to prepare total homogenate, mouse brain tissues were homo-
genized in ice-cold protein lysis buffer containing 50 mM Tris-HCl (pH 7.5), 140
mM NaCl, 1% Triton X-100, 0.5% Na deoxycholate, 0.1% sodium dodecyl sulfate,
and 2 mM EDTA with 1× Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific, Waltham, MA). For immunohistochemistry, 50-μm-
thick sagittal sections were incubated with the following antibodies: rabbit anti-Iba-
1 (1:500; Wako, Richmond, VA), mouse anti-6E10 (1:1000; Covance, Princeton,
NJ), rabbit anti-doublecortin (1:500, Cell signaling Technology, MA), rabbit anti-
PSD-95 (1:500, Cell signaling Technology, MA). Sections were then incubated with
appropriate secondary antibodies: anti-mouse Alexa Fluor 488 (1:500; Invitrogen,
Carlsbad, CA) and anti-rabbit Alexa Fluor 594 (1:500; Invitrogen, Carlsbad, CA).
For nonfluorescent immunostaining, endogenous peroxidase was quenched with
phosphate-buffered saline containing 3% hydrogen peroxide, followed by ampli-
fication using the ABC system (VECTASTAIN Elite ABC HRP Kit, Vector
Laboratories, Burlingame, CA). Horseradish peroxidase conjugate and 3,3′-dia-
minobenzidine were then used according to the manufacturer’s manual (Vector
DAB, Vector Laboratories, Burlingame, CA). ThioflavinS (Sigma-Aldrich, T1892,
1% w/v stock solution) was used for labeling amyloid deposits. For immunoblot-
ting, membranes were incubated with either anti-VGF C terminal (1:1000; rabbit
polyclonal), anti-6E10 antibody (1:1000; Covance, Princeton, NJ), rabbit anti-PSD-
95 (1:500, Cell signaling Technology, MA), and anti-actin (1:1000; Sigma-Aldrich)
antibodies. The membranes were washed, incubated with a secondary horseradish
peroxidase-labeled donkey anti-rabbit or donkey anti-mouse antibody (1/6000; GE
Healthcare) for 1 h, washed again, and incubated with ECL detection reagents
(Millipore). Densitometric analysis was performed using the ImageJ software.
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RNA extraction and real-time reverse transcription quantitative PCR analysis.
RNA from mouse tissue specimens, obtained by dissection of the prefrontal cortex,
was extracted using miRNeasy Mini Kit (Qiagen) according to the manufacturer’s
protocol, and 0.25 µg was reverse transcribed using iScript reverse transcription
supermix for RT-qPCR Kit (Bio-Rad, Hercules, CA). One nanogram of first-strand
cDNA was subjected to PCR amplification using a SYBR green real-time reverse
transcription PCR master mix (PerfeCTa SYBR Green FastMix, Quanta Bios-
ciences). ΔΔCt method was used to quantify relative gene expression and nor-
malized to glyceraldehyde 3-phosphate dehydrogenase.

Behavioral testing and analysis. The Barnes maze test was performed using a
standard apparatus. Ten-month-old mice were transported from their cage to the
center of the platform via a closed starting chamber where they remained for 10 s
prior to exploring the maze for 3 min. Mice failing to enter the escape box within
3 min were guided to the escape box by the experimenter, and the latency was
recorded as 180 s. Mice were allowed to remain in the escape box for 1 min before
the next trial. Two trials per day during 4 consecutive days were performed. The
platform and the escape box were wiped with 70% ethanol after each trial to
eliminate the use of olfactory cues to locate the target hole. All trials were recorded
by video camera and analyzed with ANY-maze video tracking software (Stoelting
Co., Wood Dale, USA).

Field electrophysiology. Coronal brain slices containing the hippocampal for-
mation were prepared as previously described. Animals were anesthetized with
isoflurane and brains were rapidly removed from the skull and placed in an ice-
cold modified aCSF solution containing: 215 mM sucrose, 2.5 mM KCl, 1.6 mM
NaH2PO4, 4 mM MgSO4, 1 mM CaCl2, 4 mM MgCl2, 20 mM glucose, 26 mM
NaHCO3 (pH= 7.4, equilibrated with 95% O2 and 5% CO2). Coronal brain slices
(400 µm thick) were prepared with a Vibratome VT1000S (Leica Microsystems,
Germany) and then incubated at room temperature for ≥2 h in a physiologic aCSF,
containing: 120 mM NaCl, 3.3 mM KCl, 1.2 mM Na2HPO4, 26 mM NaHCO3, 1.3
mM MgSO4, 1.8 mM CaCl2, and 11 mM gucose (pH= 7.4 equilibrated with 95%
O2 and 5% CO2). The hemi-slices were transferred to a recording chamber per-
fused with aCSF at a flow rate of ~2 ml/min using a peristaltic pump; experiments
were performed at 28.0 ± 0.1 °C. Recordings were acquired with a GeneClamp 500B
amplifier (Axon Instruments) and Digidata 1440 A (Molecular Devices). All signals
were low pass filtered at 2 kHz and digitized at 10 kHz. For extracellular field
recordings (field excitatory postsynaptic potential (fEPSP) recordings), a patch-
type pipette was fabricated on a micropipette puller (Sutter Instruments, Novato,
CA, USA), filled with aCSF, and placed in the middle third of stratum radiatum in
area CA1. fEPSPs were evoked by activating Shaffers collaterals with a Concentric
Bipolar Electrode stimulator (FHC 1201 Main St, Bowdoin, ME, USA) placed in
the middle third of stratum radiatum 150–200 µm away from the recording pipette.
Square-wave current pulses (60 ms pulse width) were delivered through a stimulus
isolator (Isoflex, AMPI). Input–output curves were generated by a series of stimuli
in 0.1 mA steps. LTD was induced by treating the slices with (RS)-dihydrox-
yphenylglycine (DHPG), a selective mGluR1/5 agonist, at 100 µM concentration
for 5 min after 20 min of stable baseline recordings. fEPSP responses were collected
for at least 60 min during DHPG washout. Analysis of the average slope (mV/ms)
during the final 5 min of LTD recording was used for statistical analysis.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data, methods, and materials are available either in the main text, Methods, or
Supplementary information, or via the AD Knowledge Portal (https://
adknowledgeportal.synapse.org). The Mount Sinai Brain Bank (MSBB) study data is
available at (https://adknowledgeportal.synapse.org/Explore/Studies/DetailsPage?
Study=syn3159438) via the AD Knowledge Portal (https://adknowledgeportal.synapse.
org). The Religious Orders Study and Memory and Aging Project (ROSMAP) study data
is available at (https://adknowledgeportal.synapse.org/Explore/Studies/DetailsPage?
Study=syn3219045) via the AD Knowledge Portal (https://adknowledgeportal.synapse.
org). The AD Knowledge Portal is a platform for accessing data, analyses, and tools
generated by the Accelerating Medicines Partnership (AMP-AD) Target Discovery
Program and other National Institute on Aging (NIA)-supported programs to enable
open-science practices and accelerate translational learning. Data is available for general
research use according to the following requirements for data access and data attribution
(https://adknowledgeportal.synapse.org/#/DataAccess/Instructions). Source data are
provided with this paper.

Code availability
Only standard published tools were used for the analyses presented in this manuscript.
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