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ABSTRACT

Thousands of human disease-associated single nu-
cleotide polymorphisms (SNPs) lie in the non-
coding genome, but only a handful have been
demonstrated to affect gene expression and hu-
man biology. We computationally identified risk-
associated SNPs in deeply conserved non-exonic
elements (CNEs) potentially contributing to 45 hu-
man diseases. We further demonstrated that human
CNE1/rs17421627 associated with retinal vascula-
ture defects showed transcriptional activity in the ze-
brafish retina, while introducing the risk-associated
allele completely abolished CNE1 enhancer activity.
Furthermore, deletion of CNE1 led to retinal vas-
culature defects and to a specific downregulation
of microRNA-9, rather than MEF2C as predicted by
the original genome-wide association studies. Con-
sistent with these results, miR-9 depletion affects
retinal vasculature formation, demonstrating MIR-
9-2 as a critical gene underpinning the associated
trait. Importantly, we validated that other CNEs act
as transcriptional enhancers that can be disrupted
by conserved non-coding SNPs. This study uncov-
ers disease-associated non-coding mutations that
are deeply conserved, providing a path for in vivo
testing to reveal their cis-regulated genes and bio-
logical roles.

INTRODUCTION

Since the availability of the human genome sequence
in 2000, widespread genome-wide association studies

(GWAS) brought new hope for understanding the genetic
basis of human diseases. The most common type of hu-
man genetic variation is a single nucleotide polymorphism
(SNP), where two alternative bases occur at appreciable fre-
quency in the human population. SNPs located in protein
coding regions have been shown to change susceptibility to
diseases by losing or changing protein function (1,2). An
unexpected finding of the GWAS era was the prevalence
of disease-associated SNPs located outside of protein cod-
ing transcripts (>90%), making the genetic contribution to
these disorders much more difficult to understand (3-5).
GWAS-SNPs located in non-exonic regions of the genome
are thought to highlight disease-associated modifications
to gene regulatory elements (6), but reported SNPs may
not be the causal mutation and may gain their association
from linkage with the actual causal mutation (7,8). Several
elegant studies have uncovered the impact of non-coding
SNPs. To our knowledge, the first reported example was
a base substitution in a promoter element of the B-globin
gene in patients suffering of B-thalassemia (9). Other stud-
ies showed that when present in the promoter region, SNPs
can alter or even create transcription factor binding sites or
affect promoter methylation and have substantial effects on
both gene transcription and protein levels (10-12). When
present in the 3’ UTR region, SNPs can affect mRNA sta-
bility by changing binding affinity of microRNA (13).
Deciphering how SNPs located in intronic or intergenic
regions alter human disease susceptibility remains a signif-
icant challenge, due to our incomplete understanding of
regulatory codes. Moreover, the genes they regulate, which
could give us clues to their function, can be located tens or
hundreds of kilobase-pairs away and mingled among other
genes, making the discovery of the actual cis-regulated gene
a tremendous challenge. To date, very few intronic or inter-
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genic GWAS-SNPs have been functionally validated in vivo
as likely causal mutations in human phenotypes. These rare
studies (seven to the best of our knowledge) have demon-
strated the role of non-coding variants in human disorders
such as cancers, pigmentation, scoliosis and restless legs
syndrome (RLS) (14-20). For example, rs12469063 (RLS)
and rs2168101 (neuroblastoma) reduce the transcriptional
activity of enhancers regulating MEISI and LMOI, re-
spectively (16,19), whereas rs339331 (prostate cancer) and
rs11190870 (scoliosis) increase the activity of enhancers reg-
ulating the transcription of RFX6 and LBXI, respectively
(17,18). These reports highlight the importance of investi-
gating the putative regulatory activity of non-coding SNPs
identified by GWAS to determine their biological functions.
The characterization of these regulatory SNPs not only re-
vealed new enhancers, but also the genes and molecular and
biological processes disrupted in human pathologies.

In this study, we developed an extremely sensitive method
for detecting GWAS-SNPs that fall in evolutionarily con-
served genomic regions which are likely functional cis-
regulatory elements (conserved non-exonic DNA elements,
CNEs) by focusing on the identification of non-coding
SNPs deeply conserved across vertebrate genomes (21-24)
that also preserve gene synteny (25-27). The intersection
of conserved GWAS-SNPs with deep non-coding sequence
conservation likely selects elements of functional relevance,
and has the added benefit of providing an immediate path
for in vivo testing in vertebrate animal models; we used ze-
brafish for the present study. This novel approach allowed
us to identify a set of 45 non-coding SNPs located in deeply
conserved CNEgs, indicating a potential functional role. One
of the non-coding regulatory mutations mentioned above,
rs11190870, is located in CNE15 close to LBX1 which was
previously demonstrated as responsible for scoliosis (17),
suggesting the value of our set. We performed an in-depth
investigation in vivo of our first SNP rs17421627/CNE]1 pair
associated with retinal vasculature defects in two related
GWAS studies, and was predicted to regulate the neighbor-
ing gene MEF2C (28,29). Here, we showed that CNE]1 acts
as a specific enhancer in the retina regulating micro RNA-
9-2, but not MEF2C, expression. Importantly, we found
that rs17421627 risk nucleotide abolishes CNEI activity
demonstrating its mutagenic capacity. In addition, deletion
of CNE1 (ACNE1) in the zebrafish genome and downregu-
lation of miR-9 expression led to retinal vasculature defects.
Thus, our evidence not only demonstrated that rs17421627
is a functional mutation, but we also unmasked the gene
affected in the biological process, providing an entry point
for future treatment strategies. Furthermore, for 11 of the
human pathologies, such as artery calcification, nasopha-
ryngeal carcinoma or macular degeneration, the associated
CNE/SNP pair preserves synteny with a single gene across
multiple species, significantly simplifying and improving the
accuracy of predicting the cis-regulated gene contributing
to the human phenotype. Finally, we confirmed the regu-
latory function of other CNE/SNPs pairs in our list, pro-
viding an avenue for understanding the biological processes
underpinning other human medical conditions.

MATERIALS AND METHODS

Identification of zebrafish conserved non-coding GWAS
SNPs

The NHGRI-EBI GWAS catalog (https://www.ebi.ac.uk/
gwas/) was most recently downloaded on 4 November 2017
from the UCSC Genome Browser (30). Each SNP was
padded with 100 bp on each side, creating a local sequence
context to be used when querying the zebrafish genome.
Those elements overlapping any (coding or non-coding)
Ensembl exon (Ensembl release 75) (31), padded by 50 bp,
were excluded to avoid all coding and splicing related events
(while non-coding intronic sequences were not removed).

For each element, the corresponding alignment blocks
from a varying number of species were extracted from
the UCSC 46-way multiple alignment (30). Sequences that
had been soft-masked in the UCSC alignment were hard-
masked to prevent alignments between repetitive sequences.
A profile hidden Markov model (HMM) was constructed
from the alignment corresponding to each element using
the hmmbuild utility from the HMMER package (version
3.1bl) (32). This model was used to query the zebrafish
Zv9 assembly (danRer7) using nhmmer (version 3.1bl)
with default parameters. All alignments were retained. The
human and zebrafish matches were then realigned using
LASTZ (version 1.02.00; —seed = match4 —hspthresh = 500
—gappedthresh = 500; HoxD55 scoring matrix; http://www.
bx.psu.edu/~rsharris/lastz/). Only pairs scoring above 2000
were retained.

GWAS-SNPs embedded specifically in gene regulatory
regions conserved to zebrafish are expected to lie next to
the orthologous gene(s) in both human and zebrafish. This
property is known as synteny. Ensembl gene transcripts
and ortholog mappings (Ensembl release 75) (31) were used
to identify syntenic alignments. The top-scoring zebrafish
alignment for each human query was labeled as syntenic if
there exists an Ensembl gene transcript within 500 kb of
the hgl9 SNP, as well as an Ensembl gene transcript cor-
responding to a human gene ortholog within 500kb of the
zebrafish alignment.

This entire process was repeated for the chicken galGal4
assembly with a false discovery rate (FDR) of 0.

Transcription factor binding site prediction

We have curated an extensive library of monomer and dimer
transcription factor binding motifs, each represented as a
position weight matrix, from the UniPROBE (33), JASPAR
(34) and TransFac (35) databases, secondary UniPROBE
motifs, motifs from published ChIP-seq datasets and from
other primary literature as described previously (36). Se-
quences with a MATCH (37) score of at least 0.8 to a po-
sition weight matrix (PWM) were overlapped with GWAS
SNPs.

CRISPR/Cas-9 deletion of CNEL1 in the zebrafish genome

To delete CNEI1, we took advantage of the previously de-
scribed genome editing protocol (38). We used two gRNA
targeting the CNEI1 locus (5-CCCGGCGTCCCCCTT
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CCT-3 and 5-AGGAAGGGGGACGCCGGG-3'). Co-
injection of these gRNAs with the Cas9 mRNA resulted
in a deletion of 770 bp removing CNEI1 most conserved
core including SNP position. F1 clutches from FO in-
jected embryos were genotyped by polymerase chain re-
action (PCR) to identify FO fish carrying the CNEI1 dele-
tion in the germline. F1 adult fish from FO positive car-
riers were genotyped individually by PCR (with primers
upstream/forward: 5-CAGACTCTACCTTTCCTGCAA
C-3" and downstream/reverse: 5'-CCTTACATTTGCATG
CCTAAC-3 of the CNEI1 sequence) to identify F1 posi-
tive heterozygous carriers for the CNEI deletion (validated
by sequencing of the PCR product). F1 carriers were out-
cross with kdrl:mcherry transgenic fish. F2 heterozygous
fish were identified by genotyping and intercross to gener-
ate F3 homozygous CNEI mutants and siblings controls.
F3 homozygous mutant larvae were identified by genotyp-
ing of the tail (the heads were individually keep to collect
the retina) with a forward primer inside the CNEI1 region
5-GGACCAGGAAGCAGTAATGG-3' (CNE1 was not
amplified by PCR in the homozygous mutants).

Fish lines and developmental conditions

Embryos were raised and staged according to stan-
dard protocols (39) and in accordance with Stanford
University animal care guidelines. The following trans-
genic lines were used: Tg(kdrl:ras-mCherry) (40) and
Tg(olig2:dsred?) (41). Embryos were fixed overnight at 4°C
in 4% paraformaldehyde/1 x phosphate-buffered saline, af-
ter which they were dehydrated through an ethanol series
and stored at —20°C until use.

Plasmid construction and transgenic line establishment

For the generation of Tg(CNEx:egfp) and
Tg(CNExSNP:egfp), transgenic lines were made by
PCR amplification of human genomic DNA. PCR prod-
ucts were directionally cloned into the Xhol and Bglll
sites of the pTol2-E1b:EGFP vector (42). Plasmids were
injected into one-cell stage embryos with the Tol2 mRNA
transposase (43). F1 clutches from FO injected embryos
were genotyped by PCR to identify FO fish carrying the
transgene in the germline. F1 adult fish from FO positive
carriers were genotyped individually by PCR to identify
F1 positive carriers for the transgene. F2 embryos from F1
positive fish were analyzed to determine the activity of the
enhancer. For each stable line, at least three independent
integrations were identified by genotyping (PCR on the
egfp sequence) and used to determine the transcriptional
activity with the protective or the risk allele. For example,
for the Tg(CNEI:egfp), four independent integrations
with an identical EGFP expression pattern were identified.
For the Tg(CNEISNP:egfp), Tg(CNESSNP:egfp) and
Tg(CNEISSNP:egfp), nine, five and four independent
integrations with no detectable EGFP expression were
isolated by genotyping and analyzed respectively. Of note,
for Tg(CNEISSNP:egfp), we identified five independent
integrations. For one of these integrations, we observed
EGFP expression in the spine at 24 hpf. At 48 hpf, this
expression was gone and contrary to the three independent
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lines carrying the protective allele, but identically to the
other four stable lines carrying the risk allele, the expression
was not detected in muscle or retina. This expression was
likely ectopic and due to the position of the integration
in the zebrafish genome and does not reflect the intrinsic
activity of the enhancer carrying the SNP mutation.

In situ hybridization and Immunostaining

In situ hybridizations (ISHs) were performed as previously
described (44). meis2a and sox6 ORFs were cloned in a
pCS2+ vector using zebrafish cDNA and antisense DIG la-
beled probes were transcribed using the linearized pCS2+
plasmid containing the ORF. For miR-9 ISH, the previ-
ously described miRCURY detection probe (LNA) hsa—
miR-9 (Exiqon) was used (45). Probes for pri-miR-9-5s were
amplified by PCR on genomic DNA to target the previ-
ously described regions in the miR-9-5 pri-precursors (46).
For pre-miR-9-5 ISH, a miRCURY LNA probe (dre-mir-
9-5; TATGAAGTGCAAAATACTC) was specifically de-
signed by Exiqon. ISHs were revealed using either BCIP
and NBT (Roche) or Fast Red (Roche) as substrates.
Immunohistochemical stainings were performed as previ-
ously described (47), using either anti-GFP (1/1000, Tor-
rey Pines Biolabs), anti-HuC/D (1/500, Molecular Probes),
anti-glutamine synthetase (1/500, Millipore) or anti-DsRed
(1/500, Clontech) as primary antibodies and Alexa 488 or
Alexa 555-conjugated goat anti-rabbit IgG or goat anti-
mouse IgG (1/1000) as secondary antibodies (Molecular
Probes). FITC-dextran 2000 kDa (Sigma) was used to vi-
sualize the vasculature after injection in the cardinal vein.

Antisense morpholino injection

For morpholino knockdowns, we used the previously de-
scribed miR-9 MO (TCATACAGCTAGATAACCAAAG
A) and the control MO (CACCAAACCATATAGAAGTG
ATA) (45). Many studies previously reported and validated
the efficiency and specificity of the miR-9 MO (45,48-51).
Embryos were injected at the one-cell stage with 2 pmole of
the miR-9 or control MO.

Image acquisition and blood vessels branching quantification

Confocal acquisitions were carried out using a Leica SP5
confocal microscope (Stanford cell science imaging facility).
Images were prepared using Photoshop software (Adobe).
For quantification of blood vessels number and branching
in the retina, images were analyzed using Imagel software
with Skeletonize and AnalyzeSkeleton plugins. Statistical
analyses associated with each figure are reported in the fig-
ure legends.

RESULTS

Computational identification of non-coding GWAS SNPs
conserved in evolution

We began by extracting nearly 40 000 references SNP clus-
ter ID (rsID) entries from the NHGRI-EBI GWAS catalog.
We padded each SNP with 100 bp on either side, creating
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Conserved non-coding Trait or disease Variant rsID Syntenic genes
For each NHGRI element
GWAS SNP CNE1 Retinal vascular caliber 117421627  MIR9-5, MEF2C, TMEM161B
| CNE2 Hippocampal volume rs17178006 MSRB3, LEMD3, WIF1, HMGA2
CNE3 Migraine 4759042 RDH16, SDR9C7, HSD17B6
Embed in CNE4 Migraine 154880487 ADARB2, WDR37, IDI1, IDI2
2x100 bp
CNE5 Restless legs syndrome rs12593813 SKOR1, C150rf61, IQCH, PIAS1, AAGAB
human locus
CNE6 Attention deficit hyperactivity disorder 2842643 TFEB, MDFI, FOXP4
I CNE7 Response to amphetamines rs564148 PHC2
. CNE8 Response to antipsychotic treatment s1568679 MEIS2, C150rf41
Retain only :
intronic or CNE9 Response to statin therapy rs6588480 GLIS1
intergenic loci CNE10 Obesity-related traits 1512431307 SPRY2
CNE11 Coronary artery calcification 1s7246657 ZNF850
I CNE12 Age-related macular degeneration 13095226 COL8A1
Construct CNE13 Myopia (severe) 1513382811 ZEB2
multi-species CNE14 Corneal structure 152307121 ADAMTSS6, PPWD1, TRIM23, CWC27
profile HMM CNE15 Scoliosis 111190870 LBX1, TLX1, FBXW4
| CNE16 Ankylosing spondylitis rs4333130 ANTXR2, PRDM8, FGF5, C4orf22
CNE17 Nasopharyngeal carcinoma 6774494 MECOM
Query zebrafish CNE18 Capecitabine sensitivity 1516932455 SOX6
mmune reponse to smallpox (secrete - 1513414 i i 1, 1B,
genome CNE19 I lpox (: d TNF- 3414205 CAMKMT, PREPL, SLC3A1, PPM1B, LRPPRC
alpha)
I CNE20 Polycystic ovary syndrome 2272046 HMGA2, TMBIM4, MSRB3, IRAK3, HELB
Require / CNE21 Freckling r$2153271 BNC2, CNTLN
human - zebrafish CNE22 Hair morphology 157349332 WNT10A, WNT6, CDKSR2, FEV, CRYBA2,
gene synteny MIR375
Human (GRCh37) Human (GRCh37)
B 1 kbf————————————| hg19 C 500 Kb} Ihg19
Tested Human Enhancer Genes
TMEM1618B Hkl< LINC00461 k<44 iefi<—ffe<<<ii MEF2C
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Figure 1. Identification of GWAS SNPs embedded in deeply conserved non-coding elements. (A) Methodology used to perform the screen and first
list of regulatory GWAS SNPs conserved between human and zebrafish, and their conserved syntenic genes (see Supplementary Table S1 for the full
list of 45 conserved CNE/SNPs). (B) The rs17421627 protective allele and its immediate sequence neighborhood have been conserved across dozens of
species and hundreds of millions of years of evolution, including in human CNEI1 (948 bp; hg19.chr5:87,847,186-87,848,133) and zebrafish CNE1 (860
bp; danRer7.chr5:49,927,812-49,928,671). (C) The human and zebrafish gene neighborhoods surrounding CNE1 /rs17421627 contain three orthologous
and conserved genes: TMEM161B, MEF2C and MIR9-2. The CNE1/SNP pair is marked by H3K4mel and DNase signals in both human fetal brain and
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a local sequence context to be used when querying the ze-
brafish genome. We then removed all regions overlapping or
in close proximity to any exon to avoid coding and splicing
related mutations. For each human element, we extracted a
multiple species alignment block aligned to the region, con-
structed a DNA profile HMM, and used nhmmer (32) to
sensitively query the zebrafish genome. To specifically iden-
tify gene regulatory homologies we then applied a gene syn-
teny filter, requiring that the human GWAS-SNP embed-
ding region and its top zebrafish alignment are found near
orthologous genes in human and zebrafish (Figure 1 and
‘Materials and Methods’ section). This resulted in a list of
45 human GWAS-SNPs embedded in non-coding elements
conserved down to zebrafish next to orthologous genes
(Figure 1A and Supplementary Table S1 for the full list).
The list includes SNPs associated with traits and diseases
ranging from psychiatric, metabolic to developmental dis-
orders. To estimate the FDR, we used the same set of mod-
els to query the reversed but not complemented zebrafish
genome, and this resulted in zero false positive matches. We
overlapped our CNE/SNP pairs with chromatin states from
the Roadmap Epigenomics Project (52) and found that 38 of
our CNEs overlap enhancers from the core 15-state model
integrating 5 epigenetic marks for 127 epigenomes (Supple-
mentary Table S2), suggesting functional contexts for the
majority of our CNEs. In addition, for 11 of the CNE/SNP
pairs, we identified a single syntenic gene, suggesting the
identity of the gene cis-regulated by the CNE containing
the GWAS-SNP and potentially contributing to the human
trait (Supplementary Table S1). Finally, all the CNEs iden-
tified in this analysis are strongly conserved during 450 mil-
lion years of evolution since the teleost radiation, suggest-
ing that they are functional cis-regulators (Figure 1B for an
example).

Validation of deeply conserved CNEs as functional enhancers
in vivo

To determine whether the conserved CNE/SNP pairs dis-
covered by our screen act as cis-regulatory elements in vivo,
we decided to establish stable CNE#:EGFP lines for a rep-
resentative subset of our list. Based on our scientific inter-
est and associated diseases, we picked 6 CNE/SNP pairs
(#1, 8, 10, 15, 16, 18) and tested the transcriptional activ-
ity of these CNEs during early zebrafish development. We
fused the human CNE regions to a basal promoter driv-
ing EGFP expression in at least three independent zebrafish
lines per transgene to dismiss putative genome position ef-
fects (Figure 2A; integrations were identified by genotyp-
ing at least three independent integrations with identical ex-
pression patterns for each these CNEs, see ‘Materials and
Methods’ section for details). We validated the transcrip-
tional enhancer function for five of these conserved non-
coding elements (CNE1/rs17421627; CNE8/rs1568679; CN
E10/rs12431307; CNE15/rs11190870; CNE18/rs16932455;
Figure 2B). The lack of activity observed for one of them
(CNE16/1s4333130) could be attributed to the developmen-
tal stage we assayed, e.g. the associated disease arthritis
affects elderly, or potentially to their identity as repressor
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or insulator elements. The CNEs with validated enhancer
function drove restricted EGFP expression in a variety a cell
types (neurons, glial cells, muscles and notochord), demon-
strating their specific transcriptional activity (Figure 2 and
Supplementary Figure S1). This result demonstrates the
transcriptional role of these non-coding elements indicating
that sequence conservation highlights functional conserva-
tion.

The human risk alleles abolish enhancer functions in vivo

We next tested the functionality of the human risk allele
for three of our five positive CNE lines, CNE1/rs17421627,
CNE8/rs1568679 and CNE18/rs16932455 by introducing
the 1 bp change into the 948, 849 and 832 bp long hu-
man enhancers, respectively. Strikingly, in these three en-
hancers, the risk allele abolished the transcriptional activity
completely in all independent integrations that we identi-
fied (Figure 2A—E). To confirm that the lack of expression
was due to the risk mutation and not a genome integra-
tion effect, we used genotyping to identify at least 4 inde-
pendent integrations for each CNE/SNP carrying the risk
allele (see ‘Materials and Methods’ section for details). In
addition, we performed EGFP immunostaining and ISH
to compare CNE-dependent expression with the associated
syntenic genes. We identified the likely cis-regulated gene
for CNE1 (MIR9-2), CNES8 (MEIS2) and CNEI1S8 (SOX6)
(Supplementary Figure S1), as indicated by the coexpres-
sion of EGFP with the endogenous microRNA or mR-
NAs. Importantly, while the P-value for rs17421627 and
rs1568679 are highly significant with the common standards
used in GWAS (P < 5 x 107®), this is not the case for
516932455 (P = 2 x 107%). Despite this fact, rs16932455
is a functional mutation abolishing most of the EGFP ex-
pression in the known domains of sox6 expression (brain,
retina and muscle), indicating that sequence conservation
is a useful criterion for identifying functional non-coding
mutations potentially contributing to human phenotypes.
In addition to these three findings, a recent report indepen-
dently supports our predictions that GWAS-SNPs embed-
ded in conserved CNEs are regulatory mutations by demon-
strating that rs11190870, associated with scoliosis, is a gain
of function mutation in an enhancer (our CNE15 element)
regulating LBXI activity (17). Overexpression of human
LBXI or zebrafish /bx genes caused scoliosis (17). Together,
these results validate in vivo our in silico predictions and
demonstrate the approach effectively identifies functional
CNE/SNP pairs likely contributing to human traits as sug-
gested by GWAS.

CNEI1 enhancer deletion leads to retinal vasculature defects
in vivo

We showed above that our human CNE/SNP pair test-
ing in a vertebrate model organism allows us (i) to reveal
the specific enhancer activity of a CNE, (ii)) to demon-
strate the mutagenic effect of risk SNP on this activity and
(ii1) to unmask the cis-regulated gene likely underpinning
the human disease. We next wanted to test whether we
could phenocopy/model aspects of human defects caused
by CNE dysregulation in zebrafish, and further investigated
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EGFP reporter transgene in zebrafish with Human CNE

CNE:egfp e w— e CNESNP:egfp + -

risk allele

spinal cord

3 dpf|Brain =, 3 dpf|Trunk 1 dpf Trunk 3 dpfJRetina
\ ) : fi ;, ;
o

notochord

c CNE1 rs174;1627

GG
AG
GG
GG
GC

Human
Mouse
Lizard
Frog
Zebrafish

rs1568679

Human

CNES8

Zebrafish -

Lizard
Frog

CNES8SNP:egfp

Consensus GGGACCCAAC TAGC+GAGAAA
E CNE18 rs16932455

Human
Mouse
Lizard
Frog
Zebrafish

> H A a3

CNE18SNP:egfp

Consensus TTATACACTTATTGGCTATATC

Figure 2. Functional validation of conserved CNEs enhancer activity and demonstration that the associated SNP can be a regulatory mutation.
(A) Schematic of the transgenes carrying the protective and the risk alleles. (B) Confocal projections of EGFP immunolabeling in Tg( CNE1:egfp),
Tg(CNES:egfp), Tg(CNEIL0:egfp), Tg(CNEIL5:egfp) and Tg( CNEIS:egfp), demonstrating the specific enhancer activity of these human CNEs in ze-
brafish. (C-E) The sequence surrounding rs17421627, rs1568679 and rs16932455 are conserved during evolution. (C) Confocal sections of EGFP im-
munolabeling in Tg( CNEI:egfp) containing the protective allele or Tg( CNEISNP:egfp) containing the risk allele (rs17421627) in the adult retina im-
munolabeled with glutamine synthetase (GS). (D) Confocal projections of EGFP immunolabeling in Tg( CNES:egfp) containing the protective allele or
Tg(CNESSNP:egfp) containing the risk allele (rs1568679) in the brain of olig2:dsred2 transgenic larvae at 72 hpf. (E) Confocal projections of EGFP im-
munolabeling in Tg( CNEIS8:egfp) containing the protective allele or Tg( CNEISSNP:egfp) containing the risk allele (rs16932455) in retina immunolabeled
with HuC/D at 48 hpf. Dorsal view of the brain with anterior up. Lateral view of the retina. Scale bars: 100 pm.
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CNEI1/rs17421627, associated to human retinal vasculature
defects. To completely remove the transcriptional compo-
nent due CNEI1 enhancer activity and investigate its impact
in retinal blood vessel formation, we deleted CNEI in the
zebrafish genome. Taking advantage of the CRISPR /Cas-
9 system (38), we deleted most of the CNEI1 enhancer
(ACNEI1: 770 bp, Figure 3A), including the deeply con-
served region containing the human SNP position (Figure
1B). We next generated ACNE1 homozygous mutants and
siblings to examine potential phenotypes in the eye. During
the first days of development, ACNE1 mutants are indis-
tinguishable from their wild-type siblings and display nor-
mal eye morphology (Figure 3B). However, when we used
FITC-dextran as a tracer to check for vascular network
integrity, micro-angiography of homozygous ACNEI lar-
vae revealed a disrupted blood vessel network and vascu-
lar defects in the retina (Figure 3C). We further charac-
terized and quantified this phenotype using a kdrl (vegfr2)
reporter line labeling the vasculature (40). Consistent with
the human phenotype, we observed a reduction of ~40%
in the number of vessels and branching points and abnor-
mal vascular caliber in homozygous ACNEI mutants com-
pared to their control siblings (Figure 3D and E). These re-
sults demonstrate that CNELI is functionally associated with
blood vessel development in the retina and support that
SNP rs17421627 is a functional mutation affecting CNEI
activity and potentially involved in retinal vascular pheno-
type in humans.

CNEI1 enhancer regulates MIR-9-2 /miR-9-5 expression

CNEI1/rs17421627 occupies open chromatin in human fe-
tal brain cells and is associated with brain expression in
human by the GTEx project (53) (Figure 1C and Sup-
plementary Table S2), suggesting that it is an active en-
hancer and regulates a syntenically-conserved neighboring
gene in the central nervous system. Consistent with this
observation, the human CNEI1 (948 bp) used to establish
CNEI:egfp transgenic zebrafish drove EGFP expression
in the brain and retina (Figure 4B; Supplementary Figure
S1b and c). The SNP is located ~283 and ~352 kb away
from the closest neighboring protein-coding genes in the hu-
man genome, TMEMI161B and MEF2C respectively (Fig-
ure 4A). In both GWAS studies that replicated rs17421627
(28,29), the authors hypothesized MEF2C to be the af-
fected target gene because of its role in cardiovascular de-
velopment (54). However, the CNEI:egfp expression pro-
file matched neither the tmemi161b nor mef2ch mRNA ex-
pression patterns revealed by whole mount ISH at the same
stage (Figure 4C). Our own in silico predictions, which in-
cluded both coding and non-coding gene synteny checks,
suggested a third candidate target gene of CNEI1, the MIR-
9-2 microRNA (Figure 1A). This microRNA was originally
not well annotated, which may explain its absence in the
original GWAS reports. MIR-9-2 is located ~147 kb away
from CNE]1 in the human genome and is in fact closer to
CNEI]1 than both MEF2C and TMEM161B (Figure 4A).
miR-9-5, the zebrafish ortholog of the human MIR-9-2, is
also the closest conserved adjacent gene to CNE] in the ze-
brafish genome (Figures 1C and 4A). We next performed
ISH against miR-9 in zebrafish larvae and adults, and we
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found that miR-9 is expressed in the brain and retina in a
pattern very similar to CNEI -egfp (Figure 4B-D and Sup-
plementary Figure Sla—c). Importantly, miR-9 colocalized
with EGFP in the CNEI:egfp+ cells in the brain and retina
(Figure 4D; Supplementary Figure S1b and c), supporting
that MIR-9-2/miR-9-5 could be a cis-regulatory target of
CNEI. Consistent with a role in human retina vascular dis-
ease, miR-9 expression has been reported in human retina
extracts (55). As expected, we found that miR-9 genes ex-
pression is also conserved in the inner nuclear layer of both
the zebrafish and mouse retina (Figure 4E).

We next tested whether CNE] is an actual cis-regulator
of MIR-9-2/miR-9-5 by examining miR-9-5 expression in
ACNE1 homozygous mutant larvae. In both human and
zebrafish, MIR-9-2/miR-9-5 is part of long non-coding
precursor RNAs (pri-miRNAs) (56,57), LINC00461 and
si:ch211-202¢12.3 respectively (Figures 1C and 5A). In both
species CNE] is intronic to these pri-miRNA genes (Fig-
ures 1C and 5A), suggesting that CNEI1 could act as an en-
hancer regulating these precursors. In zebrafish, it was re-
cently shown that miR-9-5 comes from the processing of
the long host pri-miRNA (si:ch211-202¢12.3) but also from
an alternative intronic promoter located 1.1 kb upstream
of the pre-miR-9-5 sequence (46). Nepal et al. showed that
transcripts from the host and intronic promoters have the
same onset of expression (14 somite stage) and the same
spatial distribution in the CNS, suggesting transcriptional
co-regulation. Using similar riboprobes, we found a reduc-
tion in the expression of both miR-9-5 precursors in the ho-
mozygous ACNE] mutant compared to their control sib-
lings (Figure 5B and C), suggesting that CNEI acts as an
enhancer shared by both the host and intronic promoters.
We then confirmed that the downregulation of miR-9-5 pri-
precursors in ACNE] led to a specific reduction of pre-miR-
9-5 by using a LNA probe that specifically distinguished
pre-miR-9-5 from the other mature miR-9 sequences (Fig-
ure 5D). Most importantly, we showed that at this stage,
CNE]1 likely acts as a specific enhancer of MIR-9-2/miR-9-
5, as tmem161b and mef2ch expression patterns were unaf-
fected in ACNE1 mutants (Figure 5E and F). Thus, these
data suggest that a downregulation of MIR-9-2 expression
can contribute to human retinal vasculature defects associ-
ated to the rs17421627 mutation.

miR-9 depletion leads to retinal vasculature formation defects

To fully establish the functional role of miR-9 in the reti-
nal vascular phenotype, we first analyzed the expression of
the pre-miR-9-5 in the retina of homozygous ACNE] mu-
tant larvae. We found that miR-9-5 expression was absent or
strongly reduced in 88% of the homozygous mutant retinas
(n = 43), while unaffected in their control siblings (Figure
6A). Then, to directly support the role of miR-9 in retinal
angiogenesis in vivo, we used the previously described and
extensively validated miR-9 morpholino (45,48-51) to de-
plete its expression in kdrl:mCherry fish revealing the entire
eye vasculature (40). miR-9 depleted larvae displayed nor-
mal brain and eye morphology (Figure 6B), but the hyaloid
vasculature in the retina was strongly reduced with abnor-
mal vascular caliber (Figure 6C), similarly to the human
phenotype. We further quantified this reduction in blood

202 11dy GZ U0 1s9nB Aq 6552261/ 15E/2/9v/9191ME/IBU/WO00"dNO"dlWapede//:sdny WOy papeojumoq



3524 Nucleic Acids Research, 2018, Vol. 46, No. 7

A Human genomic context

']
L] .

Zebrafish genomic context

. CNE1
> <

9gRNA 5’ gRNA 3’

CRISPR/Cas-9
deletion of CNE1
(770bp)

C FITC-DextranjD  kdrl:mcherry

- . 260
80 ° 2
£ ‘oo 2
gl 5 - 2
(7] —

© 60 e 4 3 40
3 o0 g
o c

> 0i® =

® 40 . 3]
£ <
it

o N g 20
Y 4 Y

0 20 [<]

i S
3 3

£ £

S o S L
[ 0 c 0

wtsibling ACNE1 wtsibling  ACNE1
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of the brain with anterior up. Lateral view of the retina. Scale bars: 10 pwm. Error bars represent s.d. *P < 0.05, **P < 0.001, ***P < 0.0005, determined
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20z 1udy Gz uo 1senb Aq 6GZZ6Y/L L GE/L/9F/0191e IBU/WO N0 OIWapEede//:SdlY Wolj papeojumoq



3526 Nucleic Acids Research, 2018, Vol. 46, No. 7

A Long non-coding RNA: si:ch211-202e12.3 (~65kb)
host host intronic
TSS1 TSS2 TSS

I'> ﬁ pre-miR-9-5

B pri-miR-9-5 C pri-miR-9-5 D pre-miR-9-5
LNA probe

host TSS intronicTSS

wt sibling

ACNE1

—

E mef2ch F tmem161b

Figure 5. CNEI1 regulates MIR-9-2/miR-9-5 expression. (A) Schematic of the zebrafish genomic region containing pre-miR-9-5 and CNEI. pre-miR-
9-5 and CNE] are intronic in si:ch211-202¢12.3, a long non-coding RNA. Three transcription starts (TSS, green arrows), host and intronic, are used
for pri-miR-9-5 transcription (46). (B-F) Whole-mount ISH against host and intronic pri-miR-9-5s (probe 1 and 2, respectively), pre-miR-9-5 (probe 3),
tmeml161b or mef2c¢ in control and ACNE] larvae at 72 hpf. The expression of pri- and pre-miR-9-5, but not tmem161b and mef2c, is reduced in the brain
of homozygous ACNEI mutants. Dorsal view of the brain with anterior up. Scale bars: 100 pm.

vessel branching complexity and observed a decrease of
~50% in the number of retinal vessels and branching points
(Figure 6D), indicating that the vascular network organi-
zation is affected in the retina in absence of miR-9. This
observation is consistent with a cis-regulation of miR-9 by
CNEI1 and with the ACNEI phenotype. Altogether these
results indicate that miR-9 expression is required for the
normal development of the retinal vasculature and that its
downregulation due to the abolition of CNEI1 activity by
the rs17421627 mutation is potentially a genetic factor con-
tributed to retinal blood vessel defects in humans.

DISCUSSION

rs17421627 is a functional mutation likely regulating MIR-
9-2 and retinal vasculature formation in human

In this study, we computationally identified 45 non-coding
CNE/SNP pairs deeply conserved across vertebrate evo-
lution and associated with human traits by GWAS. This
screen pinpoints high-confidence candidates for functional
non-coding mutations and provides strong clues unmask-
ing the cis-regulated, syntenic genes that may be involved in
different human diseases. While the large evolutionary dis-
tance between human and zebrafish produces a small, al-
though tractable, number of candidates for further exper-
imentation, we expect the deep conservation to identify a
high proportion of functional non-coding cis-regulatory se-
quences. By comparison, the evolutionary distance of 300
million years between human and chicken (versus 450 mil-
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lion years with zebrafish) led to the identification of 558
conserved CNE/SNPs pairs (Supplementary Table S3 and
Methods). We experimentally validated the regulatory ac-
tivity of some of these polymorphisms, and more impor-
tantly, provided evidence in vivo for the biological role of
rs17421627 in the associated phenotype, retinal vascula-
ture defects in human (28,29). Previously, the function of
this SNP and the cis-regulated gene involved in this bio-
logical process were unknown. Here, we demonstrated that
rs17421627 abolishes the enhancer activity of a deeply con-
served non-coding element (CNE1) cis-regulating MIR-9-2
in human. In addition, the deletion of CNE1 and the deple-
tion of miR-9 lead to a similar phenotype, suggesting that
the downregulation of MIR-9-2 expression is responsible
of the retinal vascular defects observed in patient carriers
of the rs17421627 risk allele. Our work illustrates how the
combination of human and model organism genetics can
reveal the biological function of non-coding GWAS-SNPs,
which represent a major challenge for the future of biomed-
ical research.

The activity of the CNE1 enhancer during development
in zebrafish and human fetal brain, as indicated by epige-
netic marks, suggest that developmental defects could be
responsible for the retinal vascular phenotype observed in
older carriers of the rs17421627 risk allele. Because changes
in retinal vascular caliber have been linked with increased
cardiovascular risk and are predictive of global vascular
pathology (58,59), and because aging is a strong risk factor
for developing vascular disorders, it is possible that early
developmental conditions associated with rs17421627 in-
crease the probability of developing a vascular pathology
in the retina later in life, but also in the rest of the central
nervous system, where CNE] is also active.

Our study illustrates the necessity of working with an
animal model system, in addition to cell culture, to reveal
the biological effect of GWAS-SNPs at the whole organism
level. Our experiments revealed numerous insights into the
functional impact of these non-coding variants. First, a hu-
man CNE of only several hundred bases can drive a very
precise expression pattern in space and time during devel-
opment, demonstrating the specificity of the enhancer. Sec-
ond, the mutagenic potential of risk polymorphisms can
be directly tested in fish allowing us to identify functional
mutations. Third, by comparing the enhancer reporter ex-
pression with the mRNA distribution of the neighboring
genes and by deleting the CNE in the zebrafish genome, we
identified the actual cis-regulated gene. Finally, our findings
suggest that the vasculature defect studied in the GWAS
is likely the result of MIR-9-2 expression downregulation
in neural cells and uncover a non-cell autonomous func-

fects in the brain and eye morphogenesis compared to the control MO. (C)
Confocal projections of mCherry immunolabeling in Tg(kdrl:mCherry)
retina at 72 hpf showing hyaloid vasculature formation in control MO and
miR-9 MO injected larvae. (D) Quantification of the hyaloid vasculature
network organization observed in the control MO or the miR-9 MO at 72
hpf. A minimum of 24 retinas was analyzed for each context. Dorsal view
of the brain with anterior up. Lateral view of the retina. Scale bars: 100
pm (A) or 10 wm (C). Error bars represent s.d. *P < 0.05, **P < 0.001,
*#% P < 0.0005, determined by z-test, two-tailed.
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tion for miR-9 during physiological angiogenesis in vivo.
In contrast to its role during angiogenesis, miR-9 is a well-
known regulator of neurogenesis (60). /n vivo, miR-9 has
been shown to control the proliferation and differentiation
of neural stem cells and its inhibition transiently increases
their proliferation, ultimately resulting in an increased num-
ber of late-differentiating neurons (49,50,61). Because miR-
9is expressed in neural stem cells and regulates the neuronal
differentiation (60,62), we hypothesize that it may control
the development of the retinal vasculature by modulating
neural stem cells fate and/or the formation of neurons, that
are involved in blood vessels development (62-66).

Deeply conserved SNPs are functional variants underlying
the human phenotype

The overwhelming majority of the GWAS-SNPs identified
occupy non-genic portions of the genome that do not re-
sult in an obvious disruption in coding sequence, making
them challenging to interpret. Furthermore, GWAS studies
report tag SNPs that may be merely co-segregating markers
with the causal mutation (7,8). The evolutionary distance
between human and zebrafish can reveal functional non-
coding SNPs of importance for gene cis-regulation (21).
A hallmark of cis-regulatory sequence conservation is that
it persists alongside the gene or genes it regulates, even in
species as diverged as human and zebrafish (26), a property
which we exploited in our computational screen. By identi-
fying aligning non-coding regions adjacent to orthologous
genes, we predicted the putative target genes whose expres-
sion may be modulated by the regulatory SNPs. In some
cases, our predicted target genes (but not our CNEs) have
already been implicated in the GWAS phenotype itself. For
example, the predicted target gene of CNE12/rs13095226,
associated with macular degeneration, is COL8 A1, in which
mutations are known to cause cornea abnormalities (67).
Likewise, we link severe myopia CNE13/rs13382811 to
ZEB?2, in which mutations are known to deform lens mor-
phology (68).

In addition to CNE1/rs17421627, we validated the spe-
cific regulatory function of GWAS-SNPs, embedded in
other conserved CNEs. CNE18/rs16932455 drives EGFP
expression in retinal ganglion cells of the retina and in
muscles of the trunk, where sox6 mRNA is also expressed
and is critical during development (69). CNE10 activity is
observed in the notochord, and spry2, the predicted cis-
regulated gene, is known to be involved in the formation
of this structure (70). Furthermore, rs1568679 is associated
to antipsychotic response, and the EGFP driven by CNES8
co-localizes with oligodendrocytes in the zebrafish brain.
Finally, a recent study demonstrated that rs11190870 (em-
bedded in CNE15) regulates LBX/ and is likely involved
in the associated scoliosis disease (17). While a CNE/SNP
pair can potentially regulate transcription at very long dis-
tances, it appears that the CNE/SNP pairs validated in
this study control the expression of the nearest adjacent
gene (CNE1/MIR9-2, CNE8/MEIS2 CNE15/LBXI and
CNEI18/S0X6). While many human traits are likely multi-
factorial and are dependent of a combination of mutations
affecting the activity of different regulatory elements, we ob-
served that in the case of rs17421627 and rs11190870 reg-

ulating MIR-9-2 and LBXI respectively, these non-coding
mutations are likely one of the genetic components under-
pinning a biological process associated with the human dis-
ease.

Because polymorphisms identified as susceptibility loci
in GWASs can affect the binding of particular transcrip-
tion factors, we computationally predicted the transcrip-
tion factors that bind to the conserved CNEs (Supplemen-
tary Table S4). As many of our CNEs are deeply conserved
across vertebrates with a high-sequence identity, conserved
binding site methods that rely on transcription factor bind-
ing sites being more conserved than the surrounding ge-
nomic neighborhood (71) offer little assistance. For this rea-
son, we are limited to single sequence (human) binding site
prediction. In the case of rs2168101, which is associated
with sporadic neuroblastoma, our top prediction suggested
a GATA transcription factor family binding site, and it was
recently demonstrated that the rs2168101 reduces GATA3
binding to the LMO1 super-enhancer (19). In the case of
CNE1/rs17421627, we predicted an homeodomain tran-
scription factor binding site containing the polymorphism,
but we were not able to experimentally validate the activ-
ity of TGIF1, PKNOX2, MEIS2 or SIX3 on this binding
site by gain of function. This observation indicates either
that the computational prediction is wrong for this specific
CNE/SNP pair or that additional factors are required in
combination with the homeodomain transcription factor
to bind and/or activate CNE1. Further functional inves-
tigations are needed to reveal the mechanisms of these 45
CNE/SNP pairs relevant for human health.

While our approach cannot comprehensively address the
problem of interpreting all non-genic GWAS-SNPs, it pro-
vides a tractable approach for functionally studying a sub-
set of them in zebrafish. The 45 non-coding GWAS-SNPs
revealed here are associated with a wide variety of human
phenotypes and diseases, which range from developmental
defects to psychiatric disorders. The value of experimentally
testing each one of them to reveal the molecular mecha-
nisms underlying the associated disease is immense. Study-
ing these polymorphic sites in zebrafish or other amenable
animal models provides an attractive first step in decipher-
ing the biological mechanisms underpinning the human
traits, allowing us to identify new molecular targets and
treatment strategies in the future.
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