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Challenges and opportunities for integrative data analysis

A challenge in integrative analyses is the lack of common 
coordinate systems and pragmatic annotations

High quality bulk reference maps may anchor downstream 
analyses and provide scaffolds for complementary assay data
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Towards comprehensively annotated maps
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A common coordinate system of DHSs
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Complex DHS patterning across cell types and states

Although generally quite cell type/state selective,
DHSs are often shared between broader cellular contexts
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3.5+ million DHSs

chromatin accessible
not accessible

T-cells
Blood

Muscle

Fibroblasts
/ epithelium

Fibroblasts
/ epithelium

Lung

Brain

~all datasets

Complex
cross-dataset
patterning

Fetal Lung

Fibroblasts

Fibroblasts

Epidermis / 
Keratinocytes

Kidney cancer
Epithelium

Skeletal muscle
Smooth muscle

Epithelium
Glioblastoma

Trophoblast
Trophoblast
fPlacenta
Trophoblast
fPlacenta
fPlacenta
fPlacenta
fPlacenta
fPlacenta
fPlacenta
fPlacenta
Trophoblast
Trophoblast
fPlacenta
fPlacenta
Trophoblast
Trophoblast
fPlacenta
Dendritic_cells_C190
CD4
CD4
Oci_Ly_7
Karpas_422
Namalwa + Sendai virus_2h
Namalwa_0
Namalwa + Sendai virus_2h
Jurkat
Jurkat
RPMI_8226
RPMI_8226
hTH2
CD20
CD19
MM_1S
hTR
fSpleen
Karpas_422
fLiver
fThymus
Oci_Ly_7
GM12865
CD8
hTH2
GM06990
iTH1
hTH1
hTH1
CD4
CD4
GM12864
hTH17
GM12878
GM12878
hTH1
GM12865
fThymus
fThymus
CD8
GM06990
CD8
CD3
CD56
fThymus
fThymus
fThymus
CD3
iTH2
CD20
CD3
CD19
CD8
CD4
CD19
CD4
fThymus
CD3
fThymus
CD56
CD4pos_N
Dendritic_cells_C51
CD14
CD14
CD34_T18
KBM7
KBM7
CD34
CD34
CD34
CD34
CMK
CD34_T0
CD34_T17
CD34_T17
CD34_T15
CD34
CD34
CD34
CD34
NB4
CD34
CD34
HL60
HL60
CD34
CD34
NB4
CD34_T0
CD34
CD34
CD34
CD34
CD34_T6
CD34_T6
CD34_T8
CD34_T8
CD34_T8
K562
K562
K562
K562
CD14
CD14
CD34
K562
CD34_T4
CD34_T4
fLeftVentricle
fLeftVentricle
fHeart
fLeftVentricle
fRightVentricle
fHeart
fUmbilical_cord
fHeart
fHeart
fHeart
fAdrenal
fAdrenal
fHeart
fHeart
RuES2_cms
H7_hESC_T14
RuES2_cms
H7_hESC_T14
Heart
fHeart
fHeart
fTestes
fLeftAtrium
fHeart
fHeart
fHeart
fHeart
fHeart
fHeart
fHeart
fHeart
fHeart
fMuscle_arm
fMuscle_lower_limb
fMuscle_back
fMuscle_trunk
fMuscle_back
fBone_arm_right
fBone_arm_left
fTongue
fTongue
fMuscle_trunk
fMuscle_leg
SJCRH30
SJCRH30
fTongue
fMuscle_back
Psoas_Muscle
fMuscle_back
fMuscle_leg
fMuscle_back
fMuscle_arm
fMuscle_upper_limb_sk
fMuscle_arm
fMuscle_leg
fMuscle_arm
fBone_femur
fBone_leg_right
fBone_leg_left
fMuscle_back
fMuscle_leg
fMuscle_arm
fMuscle_leg
fMuscle_back
fMuscle_arm
fMuscle_leg
fMuscle_back
fMuscle_leg
fMuscle_back
fMuscle_arm
fMuscle_arm
fMuscle_leg
fMuscle_upper_back
fMuscle_leg
fMuscle_back
fMuscle_leg
fMuscle_arm
fMuscle_arm
fMuscle_arm
fMuscle_back
fMuscle_arm
fMuscle_arm
fMuscle_leg
fMuscle_back
fMuscle_leg
fMuscle_back
fMuscle_arm
fMuscle_leg
fMuscle_arm
fMuscle_back
fMuscle_arm
fMuscle_trunk
fMuscle_arm
HMVEC_LLy
fAdrenal
HMVEC_dBlNeo
Skin_Melanocytes
fAdrenal
HRGEC
HRGEC
HUVEC
HMVEC_LBl
HMVEC_dBlAd
HMVEC_dBlNeo
HMVEC_dLyNeo
HMVEC_dAd
HMVEC_dNeo
HPAEC
HMVEC_dBlAd
HMVEC_LBl
SK_MEL_5
SK_MEL_5
HMVEC_dLyNeo
HUVEC
HMVEC_dLyAd
HMVEC_dLyAd
HMVEC_LLy
HMVEC_dNeo
ISL1
ELF_1
Mesendoderm
ELF_1
H9_AzL_S
G401
G401
H9_KO2_late
H9_AzL_S
H9_DN3_early
H9_AzH_G2M
PGP1_iPSC
H7_hESC_T5
H7_hESC_T9
DE
HAP1
HAP1
neuronal
neuronal
Mesendoderm
H7_hESC_T5
iPS_19_11
iPS_4_7
iPS_19_7
NT2_D1
NT2_D1
hESCT0
HESC
hESCT0
PGP1_iPSC
NPC
DE
H9_hESC
H9_hESC
iPS_6_9
Brain_Globus_Pallidus
Brain_Putamen
fSpinal_cord
Brain_hippocampus
Brain_Cerebellar_Cortex
BE2_C
BE2_C
Cerebellar_Cortex
SKNSH
SKNSH
fSpinal_cord
fSpinal_cord
Globus_Pallidus
A673
A673
bipolar_neuron
bipolar_neuron
SKNDZ
SKNDZ
SK-N-DZ+RA (3 days)
SK-N-DZ+RA (3 days)
WERI_Rb1
L1S8
L1S8
WERI_Rb1
fRetina
fBrain
fRetina
fRetina
fRetina
Brain_Mid_Frontal_Gyrus
fBrain
fBrain
fSpinal_cord
fBrain
fBrain
fBrain
fBrain
fBrain
fBrain
fBrain
fBrain
fEye
fEye
fBrain
fEye
fSpinal_cord
fRetina
fBrain
fSpinal_cord
fBrain
fBrain
fSpinal_cord
fBrain
fBrain
fBrain
CACO2
fStomach
Small_Intestine_Mucosa
fIntestine_Sm
fIntestine_Lg
fIntestine_Sm
fIntestine_Lg
fAdrenal
fStomach
HepG2
HepG2
CACO2
HepG2
HepG2
fStomach
fAdrenal
Pancreas
fIntestine_Lg
fIntestine_Lg
HT29
LoVo
HT29
HT29
HT29
Stomach_Mucosa
fStomach
fStomach
fStomach
fStomach
fIntestine_Lg
fStomach
fStomach
fStomach
fStomach
fStomach
fStomach
hepatocytes
fIntestine_Sm
fIntestine_Lg
fIntestine_Lg
fIntestine_Sm
fIntestine_Sm
fIntestine_Sm
fIntestine_Lg
fIntestine_Lg
fIntestine_Sm
fIntestine_Lg
fIntestine_Lg
fIntestine_Sm
fIntestine_Lg
fIntestine_Sm
fIntestine_Sm
fIntestine_Sm
fIntestine_Lg
fIntestine_Lg
AL
LHCN_M2_D4
HSMM_D
HFF_MyC
LHCN_M2_D4
MSC
fSkin_fibro_bicep_L
fSkin_fibro_bicep_L
fSkin_fibro_upper_back
fSkin_fibro_abdomen
NHDF_Ad
AG10803
SkMC
HSMM_D
HSMM
HFF
HPdLF
AG09319
AG09319
NHDF_Neo
HGF
HConF
HConF
BJ
HFF_MyC
HBVSMC
HBVSMC
HBVP
AoAF
Skin_Melanocytes
Skin_Melanocytes
MSC
SJSA1
HBMEC
HBMEC
WI_38_TAM
WI_38
WI_38
HPAF
HCF
HCPEpiC
SK_N_MC
SK_N_MC
Skin_Melanocytes
HAc
fAdrenal
HAEpiC
EH
Skin_Fibroblasts
HFF
fHeartFibroblasts
fSkin_fibro_back
MSC
fSkin_fibro_leg_L_quad
fSkin_fibro_leg_L_quad
fSkin_fibro_leg_R_quad
fSkin_fibro_bicep_R
fSkin_fibro_scalp
GM04504A
GM04503D
HSMM
HGF
Skin_Fibroblasts
Skin_Fibroblasts
IMR90
BJ
GM04504A
HAsp
CEC
CEC
HMF
HIPEpiC
AG09309
AG09309
SJSA1
HAh
HAc
HRPEpiC
HRPEpiC
EL
NHLF
A172
Daoy
RPMI_7951
M059J
HS27a
HNPCEpiC
NHA
HNPCEpiC
MG63
WI_38_TAM
PANC1
PANC1
HCFaa
ELR
H4
HT_1080
LHCN_M2
HS5
HVMF
AG04450
HPF
HCM
AG04450
IMR90
GM04503D
HAsp
AG04449
AG04449
IMR90
HPAF
HCF
HCFaa
EH
AL
fSkin_fibro_upper_back
fSkin_fibro_abdomen
HPdLF
NHDF_Ad
AG10803
NHDF_Neo
MSC
AoAF
IMR90
HCM
HCPEpiC
fSkin_fibro_scalp
EL
RPMI_7951
fSkin_fibro_bicep_R
fSkin_fibro_back
NHLF
NHA
PGP1_fibroblast
PGP1_fibroblast
LHCN_M2
Skin_Fibroblasts
HMF
HIPEpiC
HAEpiC
HVMF
HPF
fSkin_fibro_leg_R_quad
HK_2
HK_2
ACHN
ACHN
podocytes
renal_cell_carcinoma
Caki2
renal_cell_carcinoma
786_O
786_O
renal_cell_carcinoma
Caki2
RPTEC
RPTEC
HRCE
kidney_tubular
renal_cell_carcinoma
HRE
HRE
HAh
kidney_tubular
kidney_tubular
HRCE
A172
Daoy
M059J
glomeruli
kidney_tubular
T_47D
T_47D
PC9
PC9
HCT116
HCT116
RKO
SW_480
NCI_H460
NCI_H460
HeLaS3
MCF7_ER
MCF7
MCF7_ER
MCF7
MCF7
MCF7
SW_480
LNCap
LNCap
NHBE_RA
A549
HeLaS3
NHBE_RA
HeLaS3
Hela
NCI_H226
Skin_Keratinocytes
Skin_Keratinocytes
Skin_Keratinocytes
vHMEC
HMEC
HEEpiC
PrEC
PrEC
NHEK
NHEK
SAEC
HMEC
MCF10a_ER_SRC_24h_Tam
MG63
MCF10a_ER_SRC_6h_Tam/Washout 18 h
MCF10a_ER_SRC_control
Skin_Keratinocytes
PC3
ELR
vHMEC
SAEC
HEEpiC
RKO
HT_1080
A549
NCI_H226
PC3
fLung
fLung_R
fLung_L
fLung_L
fLung_R
fTestes
fLung
Ovary
fLung
fLung_R
fLung_L
fLung_L
fLung_L
fLung_L
fLung_R
fLung_R
fLung
fLung
fLung_L
fLung_R
fLung
fLung
fLung
fLung
fLung_R
fLung_L
fLung_L
fLung_R
fLung_L
fLung_L
fLung_R
fLung_L
fLung_R
fLung_L
fLung_R
fLung
fLung
fLung
fLung
fLung
fLung
fLung
fKidney_renal_pelvis
fUmbilical_cord
limb
fKidney
fKidney
fKidney
fKidney
fKidney
fOvary
fKidney_L
fKidney
fKidney
fKidney
fKidney_L
fKidney_renal_pelvis_R
fKidney_renal_cortex
fKidney_R
fKidney_L
fKidney
fKidney_renal_pelvis
fKidney_L
fKidney_L
fKidney_renal_pelvis
fKidney_renal_cortex
fKidney_renal_cortex
fKidney_R
fKidney_renal_cortex
fKidney_renal_cortex
fKidney_renal_pelvis
fKidney_L
fKidney_R
fKidney
fKidney
fKidney
fKidney_L
fKidney_R
fKidney_R
fKidney_R
fKidney_renal_cortex
fKidney
fKidney_renal_pelvis
fKidney_renal_cortex
fKidney_renal_pelvis
fKidney_renal_cortex
fKidney_renal_cortex
fKidney_renal_pelvis
fKidney_renal_cortex_L
fKidney_renal_cortex_R
fKidney_renal_pelvis_L
fKidney_renal_pelvis_R
fKidney_renal_pelvis_L
fKidney_renal_pelvis_R
fKidney_renal_cortex_L
fKidney_renal_cortex_R
fKidney_renal_pelvis_L
fKidney_renal_pelvis_R
fKidney_renal_cortex_L
fKidney_L
fKidney_R
fKidney_renal_pelvis
fKidney_renal_cortex
fKidney_renal_pelvis
fKidney_renal_cortex
fKidney
fKidney_renal_pelvis_L
fKidney_renal_cortex_L
fKidney_renal_cortex_R
fKidney
fKidney_renal_pelvis
fKidney
fKidney
fKidney_R
fKidney_L
fKidney
fKidney_R
H7_hESC_T2



73
3 

D
N

as
eI

 d
at

as
et

s

3.5+ million DHSs

chromatin accessible
not accessible

chr16:84517350-84518650 chr1:221713100-221714800

DUSP10

chr6:143140750-143142000

AIG1

chr1:67333000-67334000

IL12RB2

chr15:40357560-40358560

DISP2

DHS patterns can be decomposed into components

Non-Negative 
Matrix

Factorization

16
 c

om
po

ne
nt

s

Each DHS is described by 
a mixture of components



Datasets
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DHS Index and Vocabulary: a novel annotation of regulatory DNA
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The regulatory landscape of genes



Regions around genes show component-specific patterning
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Genes can be labeled based on their regulatory landscape
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Concentration of trait heritability



GWAS signal is strongly enriched in DHS components
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Estimate heritability enrichment 
per genome-wide annotation

DHS components show strong 
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GWAS signal is concentrated in component concordant genic DHSs

non-labelled gene+1kb -5kb-5kb Vocabulary-labelled gene +1kb

Component concordant (17%)
Gene landscape DHS types:

Component discordant (34%)
Genic control (18%)

Inter-genic control (35%)

-2 0 2 4 6
coefficient Z-score

p = 0.01



Transition from a discovery era to a detection era



Annotation of unseen datasets by embedding into existing space

Using DHS peak calls Peak call agnostic

Known-to-match biosample Compared to other biosamples

Each dot is 1 of 733 biosamples

Lymphoid



Take-home messages

We provide a high-resolution common coordinate system for 
regulatory DNA, along with a component-based annotation

These annotations enable:
• characterization of gene regulatory landscapes
• prioritization of disease-associated genetic signals
• integration of unseen datasets, agnostic of explicit peak calls
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