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S1 Illustration of concatenated model training vs. stacked model training

S2 Mark and tissue group distribution of the input data tracks

S3 Evaluation of full-stack model’s number of states

S4 Emission probabilities of 80 datasets chosen to summarize the full-stack model

SS Full-stack states emission probabilities, averaged by chromatin marks

S6 Full-stack states transition probabilities

S7 Statistically significant tissue— group specificity in full-stack states

S8 Full-stack states maximum-enrichments with annotated concatenated-model chromatin states in 127
reference epigenomes

S9 Estimated probabilities of concatenated-model chromatin states overlapping with full-stack states.

S10 Full-stack states’ average gene expression in different cell types.

S11 Full-stack states’ average gene expression as a function of distance from TSS

S12 Positional enrichments of full-stack states around annotated transcription start sites and transcription
end sites.

S13 Top GO terms for states in promoter-associated states.

S14 Full-stack states enrichments with CTCF associated chromatin states.

S15 Full-stack states’ average DNA methylation in different cell types.

S16 Full-stack states enrichments with Polycomb Repressive protein complexes PRC1 and PRC2.

S17 Enrichments of selected full-stack states with PRC1 and PRC2.

S18 Comparison of hg19 and hg38 full-stack states enrichments with annotated genomic contexts

S19 ROC comparison of full-stack model annotations and the 18-state concatenated model annotations for
predicting various external genomic annotations

S20 AUROC comparison of the full- stacked and the concatenated and independent chromatin state
annotations at predicting various external genomics annotations.

S21 ROC comparison of full-stack model annotations and the 100-state independent model annotations for
predicting various external genomic annotations.

S22 AUROC comparison of the full-stack and concatenated and independent chromatin state annotations
at predicting CTCF-specific chromatin states.

S23 Coefficient of variations of emission probabilities across different cell groups.

S24 Illustration of the full-stack annotations at two distinct loci.

S25 Illustration of full-stack cell-type-specific enhancer states.

S26 Illustration of full-stack heterochromatin state HET9.

S27 Illustration of full-stack flanking promoter state PromFS5.

S28 Full stack states enrichments with RepeatMasker classes of repeats, low-complexity repeats and GC
content, simple repeats.

S29 AUROC comparison of the full-stack, concatenated and independent chromatin state annotations at
predicting different classes of repeat elements.

S30 Full-stack states and maximum enriched ConsHMM state.

S31 Full-stack states enrichments with different subsets of ZNF genes.

S32 Full-stack states enrichments with structural variants.

S33 Comparison of full-stack model annotations and the 100-state independent model annotations in
predicting structural variants of type deletions and duplications.

S34 Comparison of full-stack model annotations and 18-state concatenated model annotations in predicting
structural variants of type deletions and duplications.

S35 Comparison of full-stack states vs. state-specific annotations in predicting structural variants of types
deletions and duplications.

S36 Enrichment of selected full-stack states with prioritized variants, non-coding genome.

S37 Enrichment of all full-stack states for top 1% bases prioritized by variant prioritization scores.

S38 Enrichment of all full-stack states for top 5% bases prioritized by variant prioritization scores.

S39 Enrichment of all full-stack states for top 10% bases prioritized by variant prioritization scores.

S40 Enrichment of selected full-stack states with prioritized variants, whole genome.




S41 Comparison of the full-stack model annotations against the concatenated and independent model
annotations at predicting top 1% non-coding bases prioritized by various variant prioritization scores.

S42 Full-stack states enrichments with variants from GNOMAD stratified by minor allele frequencies,
common variants and CpG dinucleotides.

S43 Full-stack states enrichments with GWAS catalog variants and sex chromosomes.

S44 Full-stack states enrichment values for fine-mapped variants at phenotype associated loci.

S45 Comparison of full-stack model annotations and the 100-state annotations from independent models in
predicting fine-mapped variants.

S46 Comparison of full-stack model annotations and the 18-state annotations from a concatenated model
in predicting fine-mapped variants.

S47 Full-stack states enrichments with cancer-associated somatic mutations in the non-coding genome.

S48 Comparison of full-stack model annotation and the 100-state independent annotations in predicting
somatic mutations associated with four cancer types from COSMIC database

S49 Comparison of full-stack model annotation and the 18-state concatenated annotations in predicting
somatic mutations associated with four cancer types from COSMIC database

S50 Full-stack states enrichments of bases that were not lifted over from hg19 to hg38.

Note: We included references to previous publications in the legends to some supplementary figures. The full list of these
references is included at the end of this document, and all of these references are already listed in the references list in the
main text.
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Figure S1: Illustration of concatenated model training vs. stacked model training. The top of the figure illustrates the
concatenated modeling approach where a chromatin state annotation is produced for each cell type based on the data in that
cell type using a common set of chromatin state definitions. In contrast, the stacked modeling approach produces a single
chromatin annotation of the genome based on all the data.
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Figure S2: Mark and tissue group distribution of the input data tracks. (A) Counts of input tracks associated with
different chromatin marks. There are five marks that were profiled in all 127 reference epigenomes, while some marks,
largely acetylation marks, were profiled in few reference epigenomes. In total there were 1032 input tracks, including 53
DNase-seq datasets and 979 ChiP-seq datasets. (B) Count of input tracks associated with different tissue groups previously
defined (Kundaje et al., 2015).
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Max correlations of emission parameters associated with H3K4me1 with indicators of cell groups
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Figure S3: Evaluation of full-stack model’s number of states. (A) AUCs of full-stack models with varying number of
states in recovering external genomic annotations. The figure shows the AUC of full-stack models with 20, 40, 60, 80,
100, and 120 states at predicting the genomic locations of multiple different external genomic annotations (CpG Islands,
lamina associated domains (laminB1lads), Exon, Gene body, TES, TSS, and TSS2kb regions) (Methods). As the number
of chromatin states increases, the AUC increases, but the level of the AUC increases diminishes. (B) The estimated AIC-
BIC curves for models with the number of states ranging from 10 to 120 (5 states apart). We calculated the AIC and BIC
based on ChromHMM’s output reporting the log-likelihood of observed data for 300 1-Mb regions. Neg2_log_llh: -2 *
negative log likelihood of observed data. (C) Maximum correlations of emission parameters between each state in the
100-state model and any state for each other model. This is output from ChromHMM’s CompareModels command. Rows
correspond to the states of the 100-state model. Columns correspond to models with varying numbers of states. Values are
the maximum correlation of any state from the model in the column (with varying number of states) with the state from
the 100-state in the row. The 100-state model is boxed. This analysis can be effective at establishing some biologically
motivated lower bounds on the number of states. For example, state EnhA20, a HUVEC specific enhancer state, is not
captured in models with fewer than 100 states. (D) Maximum correlations of emission parameters associated with
H3K4mel (an enhancer mark available in all cell types) and the binary vector indicating whether the cell type associated
with an emission parameter is in a tissue group (1) or not (0). The rows correspond to different tissue groups from
Roadmap Epigenomics Consortium (Kundaje et al., 2015). The columns correspond to different models with varying
numbers of states. The values show the maximum correlations mentioned above across all states within a model. The 100-
state model is boxed. The last column shows the maximum correlations observed for each tissue type (each row) across all
the models.



Emission matrix of 80 representative experiments used to summarize the states
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Figure S4: Emission probabilities of 80 datasets chosen to summarize the full-stack model. Each row in the heatmap
corresponds to a full-stack state. Each of the 80 columns corresponds to an dataset that has been chosen to represent the
space of 1032 datasets. These datasets were chosen through a greedy search of features that optimize prediction of the full-
stack annotation using Naive Bayes with the selected features (Methods, Additional File 8). For each state and each dataset,
the heatmap gives the probability within the state of observing a binary present call for the dataset’s signal. States are
displayed in 16 groups as in Fig. 2A. Color legends for the emission values, the state groups, chromatin mark, and tissue
group are shown at the bottom.
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Figure S5: Full-stack states emission probabilities, averaged by chromatin marks. Each column corresponds to an
individual chromatin mark or the group of acetylation marks. The heatmap shows for each state the average emission
probabilities of datasets associated with each chromatin mark or with the group of acetylations. Color legends for the
emission values, the state groups, and chromatin mark are shown at the bottom.




Full-stack states’ transition probabilities
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Figure S6: Full-stack states transition probabilities. Each row and each column correspond to a full-stack state, ordered
based on their associated state group. The heatmap shows for each state assigned at a current genomic position (rows) the
probabilities of transitioning to another state (columns) at the subsequent genomic position. Color legends for the emission
values, the state groups are shown at the bottom.



Tissue-group statistically significantly more highly emitted in full-stack states
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Figure S7: Statistically significant tissue—group specificity in full-stack states. The columns correspond to the eight
most frequently profiled chromatin marks (H3K9me3, H3K4mel, H3K4me3, H3K36me3, H3K27me3, H3K27ac, H3K9ac,
and DNase I hypersensitivity). The rows correspond to states that for at least one chromatin mark show statistically
significant higher emission probabilities for one tissue group compared to others (Methods). Statistical significance is based
on one-sided Mann-Whitney tests at a Bonferroni-corrected p-value threshold of 3.5e-6. The entries in the grid shows the
tissue groups reaching significance for each chromatin mark-full-stack state combination.
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Figure S8: Full-stack states maximum-enrichments with annotated concatenated-model chromatin states in 127
reference epigenomes. Each row corresponds to one of 127 reference epigenomes from the Roadmap Epigenomics
Consortium (Methods). Each column corresponds to a state of the full-stack model. Each color entry corresponds to a
reference epigenome- full-stack state combination. The color corresponds to the chromatin state from the 25-state model
annotating the respective reference epigenome that is most enriched with the respective full-stack state. The figure
highlights how some full-stack states are maximally enriched with the same concatenated-model chromatin states across all
the reference epigenomes; for example, states znfl and znf2 are maximally enriched with ZNF Gene state in all 127
reference epigenomes’ 25-state concatenated annotation. At the same time, other full-stack states are enriched for distinct
concatenated states, for example state EnhAS8-- characterized as a blood enhancer state based on emission probabilities-- is
most enriched with activate/flanking enhancer in cell types of the groups Blood&Tcell, HSC&B-cell, while being most
enriched with poised promoter and weak enhancer states in other cell types. Detailed description of each full-stack state
enrichment patterns with concatenated states can be found in Additional File 5.



Per-cell-type 25-state in different cell groups

e

Full-stack state:

Cell groups
(25t column)

ENCODE2012

Concatenated
states

TxReg

TXEnh5p

TxEnh3p

TXEnhW

EnhAl

EnhA2

EnhAF

EnhW1

Enhw2

EnhAc

DNase




Figure S9: Estimated probabilities of concatenated-model chromatin states overlapping with full-stack states. The
figure shows estimated probabilities of concatenated chromatin state assignments overlapping with full-stack state
annotations conditioned on the cell group of the concatenated annotations. This figure is also provided as an excel file in
Additional File 5 where it is accompanied with detailed comments about each full-stack state. The figure is based on a 25-
state per-cell type chromatin state model (Ernst & Kellis, 2015), and 19-previously defined tissue groups for the 127
reference epigenomes (Kundaje et al., 2015). Each row corresponds to a combination of per-cell type state (among 25 states)
and tissue group, as denoted in the first two columns and legend. Rows corresponding to the same concatenated-model state
are grouped together. The first two columns show the colors of tissue groups and concatenated-model state, respectively, as
indicated in legends on the right, and matching with the colors in Fig. S8, except we changed concatenated-model quiescent
25-state from white to blue for better visibility. The 100 following columns correspond to 100 full-stack states. Values in
the heatmap correspond to the estimated probability a genomic position annotated as a full-stack state (column) is also
annotated as a concatenated-model state in a cell type from the corresponding tissue group (row) (Methods). The last two
columns show the minimum and maximum probabilities observed for each per-cell type state for any combination of tissue
group and full-stack state. The heatmap colors correspond to the 25-state’s colors and are scaled such that the maximum
probability values in each block are colored darkest (as seen in the right most column). The figure complements Fig. S8 in
providing information on how each full-stack state can correspond to different 25-per-cell type states in different groups of
cells, hence stratifying full-stack states’ characteristics in more details. For example, full-stack state ReprPC8 shows high
probabilities of overlapping ReprPC state in ESC-related cell groups (ESC, iPSC, and ES-derived), and quiescent state in
other cell groups.



Full-stack states’ average gene expression in 56 cell types
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Figure S10: Full-stack states’ average gene expression in different cell types. Each row corresponds to one of the 100
full-stack states grouped into state groups as indicated by the legend at the bottom. Each column corresponds to one of 56
cell types whose gene expression data were available from Roadmap Epigenomics (Kundaje et al., 2015). The columns are
grouped based on their associated tissue group as indicated by the legend at the bottom. Each column shows the average
expression of genes in the respective cell type that overlap with each full-stack state, weighted by the extent of the overlap
and the gene length (Methods). The figure highlights how states in the transcription and exon group show consistently high
gene expression across all cell types, while cell-type-specific enhancer states tend to show higher gene expression in the
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Figure S11: Full-stack states’ average gene expression as a function of distance from TSS. Each row corresponds to a
full-stack state. Each column corresponds to a 200-bp bin within 25kb relative to annotated TSS, such that TSS is at position
0. Positions downstream of TSS in the direction of transcription have positive coordinate values, and those upstream have
negative values. The heatmap shows for each state and position relative to the TSS, the average expression, across 56 cell
types, of genes that have the state annotation at such position relative to the TSS (Methods). The figure highlights that states
in the transcription group tend to have higher gene expression compared to other states, and the average gene expression is
usually larger toward the downstream of genes. The figure also shows that for TSS and flanking promoter states, the average
gene expression is relatively higher around the TSS compared to other positions.
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Figure S12: Positional enrichments of full-stack states around annotated transcription start sites and transcription
end sites. The figure shows positional fold enrichments for positions within 2kb of annotated (a) transcription start sites
(TSS) and (b) transcription end sites (TES). Each column corresponds to one 200bp window as indicated at bottom. Positive
coordinate values represent the number of bases downstream in the 5’ to 3’ direction of transcription, while negative values
represent the number of bases upstream. Enrichments are calculated based on a genome-wide background. Color scale of
enrichments is indicated at right for each panel. State groups’ color legends are shown at right.
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Top gene ontology enrichment terms for TSS states
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Figure S13: Top GO terms for states in promoter-associated states. Each subpanel corresponds to a full-stack state
(state names are shown in the plot title). In each subpanel, the top 5 most significantly enriched GO Biological Process
and GO Molecular Function terms are shown on the y-axis (showing a total of 10 GO terms). The length of horizontal
bars show the negative log10 (p value) of the GO enrichment, based on the Binomial Test and outputted by GREAT
(McLean et al., 2010). The equivalent plots for all full-stack states are available in Additional File 2.
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Figure S14: Full-stack states enrichments with CTCF associated chromatin states. (A) The heatmap shows enrichment
values for the full-stack states (rows) and a chromatin state that corresponds to CTCF with open chromatin and limited
histone modification signal from concatenated annotations in six different cell types (columns). CTCF signals were included
as input for training these concatenated chromatin state models (Methods). Coloring of enrichments is column specific. (B)
Similar to (A), except showing enrichments for a state associated with CTCF datasets with limited open chromatin and
limited histone modification signals.



Average DNA methylation in different cell types

GROUP

GapAitit
GapArf2
GapAri3

Quiest

ReprPCY

Acett

Acels

EnhWkt
EnnwWkz
EnhWi3
EnhWks
EnhWKS
EnhWKs
EnhwKT
Enhks

EnhA1
EnnA2
EnhA3
EnhAd
EnnAS
EnhAG
EnhAT
EnnAs
EnhAg
EnnAT0
EnhA11
EnnAT2
EnhA13
EnnAT4
EnnA1S
EnnATe
EnnATT
EnnATe
EnhAte
EnnAZ0

O =I5z 1oz o o5 oz T oz [ oz ] oz ] o5 J o5 ] o5 ] o5 J o5 ] o5 ] o5 Juosn] o5 J o5 [ o5 ] oz | oz | oz | oz ] o5 ] oz J o5 [ os ] oz J o3 [ 05 ] oz ] oz | 0z | 0z | 0z [ 65] ONaset

= BivPromz

Il To o Te oo Te o o T o o Jor Jor T Jor [ o T ev Jor Jor T er J o Jor T or Jor J o o J o Jer Jor ] oi ] or ] o] o] ar] siveromt
X BT TS 5z oz | o [ oz Y I TS 20z 1oz | o | oz | o | o [ o | oz > 1oz [ o2 | oz | oz [0z | o oz | oz
BivProm3

BivPromé

PromF1

[
5505 | o5 | 05 | o5 | oz | o5 | o5 | oz [N CEN R o3 XN 5N S N CEN CER P 5 PromFe

5 5

[ . o T o1
oo e teel o Tor o Lo ol

T

o Tl o1 | IO O S )

(o T =1 [ I SN N N R S e e )
oo T o Tos T v ol or [ or o [ or o [or 1o

I I
oo 1 or o ] or | orl o | or ] or [ or Jor] tss2

| I | I
Tor T

o0
103
603
veo3
ss03

g g
£ b3

5003
1003
o3
203
£103

B B

9103
+203
s03
se03
es03
+s03
9903
o603
1603
o603
cia
w3

0013

m W 0 T o3 |04 {05 | ot o G5 [ o5 |00 o PromF2
P I N XN I T Y XN N BTN 738 Y Y8 TS B A 7 X S ST T N X I BETIN CY X X EXI AE CE C X r e e [
T el st ol ol el ol s lololol ol olololololololol ol ol ol ol olol ol ololol ol ol ol ol ool o]Promka
D T {3 YO YT ICYE YT Y Y Y BT B ECYE X D 7 I Y Y Y Y | ¥ Y N Y Y )

£ H

b

3

Cell groups | ENCODE2012 | ]

State groups

Assembl
v N N weak transcribed exon &
Gaps quiescent acetylations enhancers o
N enhancers & enhancer transcription
& artifacts

Figure S15: Full-stack states’ average DNA methylation in different cell types. Each row corresponds to one of the
100 full-stack states grouped into state groups as indicated by the legend at the bottom. Each column corresponds to

one cell type whose DNA methylation data were available from Roadmap Epigenomics. The columns are grouped based
on their associated tissue group as indicated by the legend at the bottom. Each column shows the average DNA
methylation level in the respective cell type that overlaps with each full-stack state (Methods). Among promoters-
associated states, those most enriched with CpG islands also show lowest average DNA methylation levels (Fig. 3A),
consistent with expectation (Jones & Takai, 2001; Weber et al., 2007). The lower DNAme levels of IMR90 compared to
other cell types might be related to a technical batch effect since it was one of two original WGBS datasets collected
(Lister et al., 2009).
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Figure S16: Full-stack states
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enrichments with Polycomb Repressive protein complexes PRC1 (green column

headers) and PRC2 (orange column headers). The heatmap shows enrichment values for the full-stack states (rows) and
the binding sites of subunits of PRC1 and PRC?2 in different cell types (columns) that were available from ENCODE project
(Methods). Coloring of enrichments is column specific with highest and lowest enrichment values in each column are
colored red and white, respectively. The first two columns show state names, and their percentage of genome coverage. The
last row shows the percentage of genome coverage for each type of PRCs.



Top enriched states with PRC1 and PRC2
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State rank

Neighborhood enrichments with PRC1 and PRC2: ranked states by descending enrichments

Figure S17: Enrichments of selected full-stack states with PRC1 and PRC2. (A) A subset of Fig. S16 showing fold
enrichment of full-stack states for binding sites of polycomb repressive protein complexes in different cell types from
ENCODE (Methods). The column names highlighted in green (PRC1) and orange (PRC2) show the subunits of PRCs
(BMI1, RING1 and RNF2 in PRC1, and EZH2, SUZ12, EED in PRC?2) and the cell types where the PRCs were profiled in
the second and first rows of column names, respectively. Each corresponding row corresponds to a state, and only states
that were among the top three with greatest enrichments for at least one category of PRC complexes are shown. Top
enrichment values are colored red based on the rank of the state for each score as indicated in the color legend at the bottom.



Some states that show strong consensus across cell types in enrichments with PRC1 and PRC2 include ReprPC1, BivProm1-
2, PromF4-5, TSS1-2. ReprPC1 and BivProm1-2 all show strong signals of H3K27me3. (B) Neighborhood enrichments of
full-stack states with binding sites of PRC1 and PRC2 complexes. In each subpanel, each column corresponds to a 200-bp
bin across the 20,000-bp regions overlapping and surrounding annotated PRC1&2 subunit complexes. Within each column,
the top 10 states most enriched at the corresponding 200-bp position (within the 20,000bp window) are shown, in descending
order of enrichments, and colored based on the state groups as presented throughout the paper. Additional File 4
accompanies this figure to show full state names and rankings.
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Figure S18: Comparison of hgl9 and hg38 full-stack states enrichments with annotated genomic contexts. The
heatmaps show enrichment values for the full-stack states (rows) and different external genome annotations from Fig. 3A
(columns) in hg19 (A) and hg38 (B) (Methods). Panel (A) is similar to Fig. 3A, but we present it here for better comparison
with the hg38 enrichment heatmap. Results in (B) are based on (1) lifting over the full-stack annotation from hg19 to hg38
(Methods), and (2) doing enrichment analysis with annotated genome contexts derived from various databases in hg38
(Methods). In each heatmap, coloring of enrichments is column specific with highest and lowest enrichment values in each
column are colored red and white, respectively. The first two columns of each heatmap show state labels and their percentage
of genome coverage. The last row of each heatmap shows the percentage of genome coverage for each type of genome
contexts. Below the heatmap in (B) is the correlation of the enrichments across states based on hg19 and hg38 for each
corresponding annotation column as well as the average of them.



A clean_assembly_gap_hg19 B CpGlsland C laminB1lads

160 100. 100
full_auc - 0.9767775 full_auc - 0.7561418
o7s 075 o
o5 5.
g £
3 3
025 028 0z
oo om. oo
B3 B3 % o7 03 o B3 o%s o o B3 ko 03 £
D e E a8 e
phastConsElements100way pseudogene_v30iift37 F RefSeqExon
100 120 10
full_auc = 0.6925264 full_auc = 0.6383499 full_auc - 0.8345721
ors ors:

%0
ful_false_pos

I RefSeqTSS

full_aue = 07767094 full_aue = 0.7494425 full_aue = 08990299

o7

$ 050 8 00
H E
3 EH
025 025 025
s om0 oco:
B3 B3 0% o7 o ot B3 ok o7 3 o B3 ko 03 o
fullfalse_pos oll_false_pos ol false_pos.
2nf_genes_no_overlap sk

full_aue - 07802264 full_aue - 06863251

075

._pos

Sos:
<
3
025 025:
o000 000
0% B3 ofs % ot0 23 o7 B3 o0 B3 o7 By

%0 0% 0%
full_false_pos ull_false_pos full_false_pos.

CDS_hg19_no_overlap

%0
ful_false_pos



Figure S19: ROC comparison of full-stack model annotations and the 18-state concatenated model annotations for
predicting various external genomic annotations. Each panel shows the ROC curves from using the full-stack model
annotations and 98 chromatin state annotations from a concatenated model to predict different external genomic annotations
(Methods). The concatenated annotations are from a previously learned 18-state concatenated model (Kundaje et al., 2015).
The full-stack annotations’ ROC curves are in black, and 98 concatenated annotations’ ROCs are in red. The respective
genomic contexts for panels A-M are assembly gaps, CpG Islands, lamina associated domains (laminB 1lads), phastCons
elements, pseudogenes, exons, gene bodies, transcription end sites (TES), transcription start sites (TSS), 2kb regions
surrounding transcription start sites (TSS2kb), ZNF genes, repeat elements in UCSC Genome Browser’s repeatMasker track
and coding sequences.
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Figure S20: AUROC comparison of the full- stacked and the concatenated and independent chromatin state
annotations at predicting various external genomics annotations. (A) AUROC values for ROC curves in Fig. S19. The
x-axis represents different genomic contexts. The box-plots show AUROC of the 127 100-state annotations based on models
learned independently in 127 cell types at predicting locations of the external annotations. The blue dots show the AUROC
for the full-stack chromatin state annotations. (B) Similar to (A), but showing AUROC values for ROC curves in Fig. S21.
but the boxplots show the AUROC values for 98 18-state annotations based on concatenated models in 98 cell types. The
red dots show the AUROC for the full-stack chromatin state annotations.
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Figure S21: ROC comparison of full-stack model annotations and the 100-state independent model annotations for
predicting various external genomic annotations. Each panel shows the ROC curves from using the full-stack model
annotations and the 127 independent model chromatin state annotations to predict different external genomic annotations
(Methods). The independent models were 100 state models learned separately using all available data from each cell type.
The full-stack annotations’ ROC curves are in black, and independent annotations’ ROCs are in blue. The respective
genomic contexts for panels A-M are assembly gaps, CpG Islands, lamina associated domains (laminB1lads), PhastCons
elements, pseudogenes, exons, gene bodies, transcription end sites (TES), transcription start sites (TSS), 2kb regions
surrounding transcription start sites (TSS2kb), ZNF genes, repeat elements from all classes and families in UCSC Genome
Browser’s repeatMasker track and coding sequences.
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Figure S22: AUROC comparison of the full-stack and concatenated and independent chromatin state annotations at
predicting CTCF-specific chromatin states. Box-plots show AUROC of (A) 127 100-state independent and (B) 98 18-
state concatenated model annotations, which did not include CTCF, at predicting bases in sets of CTCF-associated
chromatin states. In both panels, the x-axis represents sets of chromatin states associated with CTCF signal and limited
histone modification signal in one of six cell types from a previously published chromatin state model that included CTCF
(Hoffman et al., 2013) (Methods). CtcfO corresponds to a state that also had open chromatin signals, while state Ctcf lacked

those signals. The dots colored (A) blue and (B) red show the AUROC for the full-stack chromatin state annotations, which
were not trained using CTCF signals data.
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Figure S23: Coefficient of variations of emission probabilities across different cell groups. Average coefficient of
variations for the five enhancer and promoter state groups of full-stack states (rows) and six chromatin marks that are
associated with enhancer and promoter activities. For a mark and state group combination, the coefficient of variation for
the mark emission was computed separately for each state and then averaged among states in the group. The enhancer and
weak enhancer group showed greater than two-fold higher coefficient of variations compared to the promoter group.
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Figure S24: Illustration of the full-stack annotations at two distinct loci. Two loci representing regions that are in
transcribed and active promoter states across cell types (left), and in an enhancer state specifically in brain (right). The loci
correspond to those presented in Fig. 1. The top track shows the full-stack state annotations. The following tracks show
concatenated annotations from 18-state models based on observed data (Kundaje et al., 2015). The cell types are ordered
based on their associated cell groups. A color legend for the states is shown along the bottom.
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Figure S25: Illustration of full-stack cell-type-specific enhancer states. (A-C) The first track in each panel demonstrates
the full-stack state annotation. Each of the following tracks show chromatin state annotations from a 18-state concatenated
model (Kundaje et al., 2015). The individual reference epigenomes IDs and their tissue groups are labeled on left. The
chromatin state coloring is labeled on right. (A) A genomic region (chr5:157340200-157342000) annotated to an active
enhancer state in digestive cells in the full-stack model (EnhA14). (B) A genomic region (chr5:156679900-156686500)
annotated to blood enhancer states in the full-stack model (EnhWk6 and EnhA8S). (C) A genomic region (chr5:156227000-
156231000) annotated as an ESC/iPSC-specific enhancer state in the full-stack model (state EnhA18).
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Figure S26: Illustration of full-stack heterochromatin state HET9. The figure captures the concatenated chromatin state
maps for various reference epigenomes, and the corresponding full-stack chromatin state maps at region chr17:21772099-
21791900. The first 66 tracks show chromatin state annotations from a 25-state concatenated model for 66 reference
epigenomes (equivalently, in this paper, cell types) (Ernst & Kellis, 2015). The individual reference epigenomes IDs and
their tissue groups are labeled on the left. The chromatin state colors are explained on the right. The last track, shown in full
mode to display all state labels on the right, corresponds to the full-stack chromatin state map at this region. State HET9 is
characterized, based on our analysis, as an ESC-group-related heterochromatin state (Fig. 2C, Fig. S8-9, Additional File
3, 5). Detailed characterizations of all full-stack states are in Additional File 3.



Demonstration of the state transitions for full-stack state PromF5
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Figure S27: Illustration of full-stack flanking promoter state PromF5. The figure captures the concatenated chromatin
state maps for various reference epigenomes, and the corresponding full-stack chromatin state maps at region
¢chr10:33621649-33627350. The first 66 tracks show chromatin state annotations from a 25-state concatenated model for 66
reference epigenomes (equivalently, in this paper, cell types) (Ernst & Kellis, 2015). The individual reference epigenomes
IDs and their tissue groups are labeled on the left. The chromatin state coloring is labeled on the right. The last track, shown
in full mode to display all state labels on the left, corresponds to the full-stack chromatin state map at this region. State
PromF?5 is characterized, based on our various analyses as state frequently found at flanking promoter regions with some
upstream bias, and sometimes, this state overlaps with regions of bivalent promoters in Blood-related and ESC-related
groups (Blood & T cells, HSC & B cells, ESC, iPSC and ES-deriv) ( Fig. S 8-9, Additional File 3, 5). Detailed
characterization of all full-stack states are in Additional File 3-5.



Enrichments with different classes of repeats
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Figure S28: Full stack states enrichments with RepeatMasker classes of repeats (A), low-complexity repeats and
GC content (B), simple repeats (C). This is an extended version of Fig. 4C. In each panel, the rows correspond to full-
stack states. The second column reports the percentage of the genome that each full-stack state occupies. In (A), columns
3-21 correspond to different repeat classes. In (B), columns 3-7 correspond to Sbp windows in the genome are stratified




by the number of G/C bases in them, columns 8-10 correspond to regions enriched with C-rich, G-rich, and GC-rich low
complexity sequences, respectively, and column 11 shows enrichments for all low complexity sequences from
RepeatMasker. States TSS1-2 are most enriched with Low complexity repeat class, which is consistent with these states
having a high enrichment (19-20 fold) for windows in which all bases are a G or C. In (C), columns 3-4 correspond to
simple repeats of repeated (CA) and (TG) sequences, and column 5 shows enrichments for all simple repeats. State Acetl
is most enriched with simple repeats and this enrichment is mostly driven by enrichments with repeated CA and TG
dinucleotides. In each panel, the values in all columns except the first and second columns correspond to fold enrichment
for different repeat contexts in the full-stack states. Values are colored on a column-specific color scale. The last row
gives the percentage of the genome that each repeat class occupies.
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Figure S29: AUROC comparison of the full-stack, concatenated and independent chromatin state annotations at
predicting different classes of repeat elements. Box-plots showing AUROC of the (A) 127 100-state annotations from
independent models and (B) 98 18-state annotations from a concatenated model at predicting bases in different repeat classes
labeled on the x-axis. The dots colored (A) blue and (B) red show the AUROC for the full-stack chromatin state annotations.
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Figure S30: Full-stack states enrichments with conservation states. (A) The first column gives the label of the full-stack
states. The second column shows the maximum fold enrichment for each full-stack state for any ConsHMM state defined
to annotate nucleotides based on sequence conservation patterns (Arneson & Ernst, 2019) (Methods). The third column
shows the ConsHMM state that had the highest fold-enrichment in each full-stack state. One notable ConsHMM state is
state 1 (1-AM_allVert), representing regions with high probabilities of aligning and matching the human reference genome
for all vertebrates and the most enriched for exons. Full-stack states in the transcription-exon group (TXEx) are all maximally
enriched with ConsHMM state 1. Another notable ConsHMM state, state 28 (28-AM_SMam), was the ConsHMM most
strongly enriched for overlapping annotated TSS. Consistent with this, this state is also the maximum-enriched ConsHMM
state in many full-stack states in TSS and Promoter flanking groups. (B) Characterizations of notable ConsHMM states. (C)
Enrichments of full-stack states for each ConsHMM state from a 100-state model based on a 100-way vertebrate alignment
(Arneson & Ernst, 2019). Rows (vertical) correspond to different full-stack states. The header row gives the ConsHMM
state labels, where ConsHMM states are placed in groups previously defined based on their patterns of sequence alignment
with other vertebrates (Arneson & Ernst, 2019), colored as in (A). The second column (horizontal) shows the percentage of
the genome that each full-stack state falls into. Each of the remaining columns (horizontal) corresponds to one ConsHMM
state. Values in the columns are colored on a column specific coloring scale. The last row (vertical) in the heatmap gives
the percentage of the genome that is covered by each ConsHMM state. The corresponding excel file for this figure is
provided in Additional File 7.



Enrichment of full-stack states major ZNF gene states
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Figure S31: Full-stack states enrichments with different subsets of ZNF genes. The rows correspond to full-stack states.
The first column presents the state labels, the second presents the percentage of the genome that each state occupies, and
the remaining three columns enrichments for different subsets of zinc finger genes. The first of these is all genes with a ZNF
symbol. The second is the subset of ZNF genes also annotated as C2H2 genes and the third those that are not C2H2 genes.
The values correspond to the full-stack states’ fold enrichment for the ZNF gene families. Values are colored on a column-
specific color scale. The last row gives the percentage of the genome that each type of ZNF gene family occupies



Enrichment of full-stack states with structural variants
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Figure S32: Full-stack states enrichments with structural variants. The rows correspond to full-stack states. The first
column presents the state labels, the second presents the percentage of the genome in hg38 that each state occupies, and the
last two columns correspond to two different types of structural variants: deletions and duplications. The values correspond
to the full-stack states’ fold enrichment for the structural variant type. Values are colored on a column-specific color scale.
The last row gives the percentage of the genome that each type of structural variants occupies.




A ROC curves in predicting deletions B ROC curves in predicting duplications
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Figure S33: Comparison of full-stack model annotations and the 100-state independent model annotations in
predicting structural variants of type deletions and duplications. (A) ROC curves for the full-stack model and the 127
100-state independent models’ chromatin state annotations at predicting bases covered by deletions (Methods). The full-
stack model’s annotation ROC curve is in black and the 127 100-state independent models’ annotation ROCs are shown in
blue. (B) Similar plot as (A), but for duplications. (C) Comparison of the AUROC in predicting structural variants. The x-
axis represents different types of structural variants. The box-plots show AUROC for 127 100-state independent models’ in
predicting deletions and duplications. The blue dots show the AUROC of the full-stack chromatin state annotation.
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Figure S34: Comparison of full-stack model annotations and 18-state concatenated model annotations in predicting
structural variants of type deletions and duplications. (A) ROC curves for the full-stack model and 98 concatenated
models’ chromatin state annotations at predicting bases covered by deletion (Methods). The full-stack model’s annotation
ROC curve is in black and the 98 18-state annotations from concatenated models ROCs are shown in red. (B) Similar plot
as (A), but for duplications. (C) Comparison of the AUROC in predicting structural variants. The x-axis represents different
types of structural variants. The box-plots show AUROC of 98 18-state concatenated models’ in predicting deletions and

duplications. The red dots show the AUROC of the full-stack chromatin state annotations in predicting bases in each type
of structural variant.



A ROC curves in predicting deletions B ROC curves in predicting duplications
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Figure S35: Comparison of full-stack states vs. state-specific annotations in predicting structural variants of types
deletions and duplications. We followed the procedure outlined in (Abel et al., 2020) to compute the enrichments between
annotations associated with one chromatin state and structural variants. In particular, we utilized 15-state chromatin state
annotation for 127 reference epigenomes from Roadmap Epigenomics Consortium. Then, for each of the 15 states, we
stratified genomic positions based on the number of cell types in which the state is present (ranging from O to 127), resulting
in 15 state-specific models’ annotations (Methods). (A) ROC curves for the full-stack model and 15 state-specific models’
annotations at predicting bases covered by deletions (Methods) The full-stack model’s ROC curve is in black, and state-
specific models’ ROCs are shown in blue. (B) Similar plot as (A), but for duplications. (C) Comparison of the AUROC in
predicting structural variants. The x-axis represents different types of structural variants. The box-plots show AUROC of
15 state-specific models’ annotation in predicting deletions and duplications. The blue dots show the AUROC of the full-
stack chromatin state annotations in predicting respective types of structural variants.
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Figure S36: Enrichment of selected full-stack states with prioritized variants, non-coding genome. Extended version
of figure Fig. 5C showing fold enrichment of full-stack states for genomic bases prioritized in the (A) top 10% (B) top 5%,
and (C) top 1% among non-coding bases by 14-different variant prioritization scores previously curated in (Ameson &
Ernst, 2019) (Methods). Only states that were among the top five with greatest enrichments for at least one score are shown.
Top enrichment values are colored red based on the rank of the state for each score as indicated in the color legend at the
bottom. Depletions are shown in yellow.
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Figure S37: Enrichment of all full-stack states for top 1% bases prioritized by variant prioritization scores. Extended
version of figure Fig. 5C showing the enrichment values of all full-stack states for genomic bases prioritized in the top 1%
prioritized bases (A) in non-coding genome, and (B) genome-wide, by various variant prioritization scores. Coloring of
enrichments is column specific. The second column in each heatmap, to the right of the state labels, shows the percentage
of the background region (non-coding genome in (A) and whole genome in (B)) that each full-stack state covers. The last
line in both heatmaps gives the actual percentage of the background region that is covered by each set of prioritized variants,
which can differ from 1% exactly because of how ties of prioritization scores among bases were handled.
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Figure S38: Enrichment of all full-stack states for top 5% bases prioritized by variant prioritization scores.
Analogous to Fig. S37, but for top 5% prioritized bases.
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Figure S39: Enrichment of all full-stack states for top 10% bases prioritized by variant prioritization scores.
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Analogous to Fig. S37 and Fig. S38, but for top 10% prioritized bases.
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Figure S40: Enrichment of selected full-stack states with prioritized variants, whole genome. A similar figure to Fig.
S36, except showing the top enriched states for prioritized variants from the whole genome not restricted to non-coding
regions. Fold enrichment of full-stack states for genomic bases prioritized in the (A) top 10% (B) top 5%, and (C) top 1%
bases by 12-different variant prioritization scores (Methods). Only states that were among the five with greatest enrichment
for at least one score are shown. Top enrichment values are colored red based on the rank of the state for the score as
indicated in the color legend at the bottom. Depletions are shown in yellow.
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Figure S41: Comparison of the full-stack model annotations against the concatenated and independent model
annotations at predicting top 1% non-coding bases prioritized by various variant prioritization scores. The box-plots
show AUROC of the (A) 127 100-state annotations from independent models and (B) 98 18-state annotations from
concatenated models at predicting locations of the top 1% non-coding prioritized variants. In both panels, the x-axis
represents different groups of top 1% non-coding bases prioritized variants previously curated in (Arneson & Ernst, 2019),
based on 14-different variant-prioritization scores (Methods). The (A) blue and (B) red dots show the AUROC for the full-
stack chromatin state annotations.
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Figure S42: Full-stack states enrichments with variants from GNOMAD stratified by minor allele frequencies,
common variants (A) and CpG dinucleotides (B). In each subpanel, each row corresponds to a full-stack state. The first
column gives the state labels, the second gives the percent of the genome that each state covers. The heatmap colors are
on a column specific coloring scale. The last row shows the percentage of the genome that each group of variants occupy.
(A) The last column shows the enrichment of full-stack states with common variants from UCSC Genome Browser’
snpl51 track (Methods). Other columns show fold enrichments of full-stack states for GNOMAD variants with the
specified ranges of MAF, which are ordered in increasing MAF (Karczewski et al., 2020). (B) The last column shows
fold enrichment of full-stack states with CpG dinucleotides. The three states showing highest enrichment if variants of
lowest MAF (0 < MAF <= 0.0001) (TSS1-2, PromF4) are also the states most enriched states with CpG dinucleotide sites,
likely reflecting the higher mutation rates associated with CpG dinucleotide sites (Karczewski et al., 2020). We note the
distinction between this panel, which shows the enrichments of states with CpG dinucleotide sites, and Fig. S28B, which
highlights the relative higher enrichments of TSS-associated states with regions that are rich with G, C or both nucleotides
and hence with low-complexity repeat class.
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Figure S43: Full-stack states enrichments with GWAS catalog variants (Welter et al., 2014) and sex chromosomes.
Each row corresponds to a full-stack state. The first column gives the state labels and the second column shows the
percentage in the genome that each full-stack state occupies. The third column shows the fold enrichments of full-stack
states with GWAS catalog variants against the whole-genome. The fourth column shows the percentage of the background
context (UCSC snp151 common variants) that each full-stack state occupies. The fifth column shows fold enrichments with
GWAS catalog variants against the background of common variants (Methods). The sixth, seventh and eight columns report
the autosomal, chrX, and chrY fold enrichments, respectively. Columns are colored on a column specific coloring scale.
The last row reports the percent of the background context (whole genome and set of common variants) that each annotation
category covers.
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Figure S44: Full-stack states enrichment values for fine-mapped variants at phenotype associated loci. At phenotype
associated loci, causal variants were fine-mapped by two methods, CAVIAR and Finemap (Benner et al., 2016; Tate et al.,
2019). A set of lead fine-mapped variants in 1MB loci across the genome were identified (Methods). The figure shows the
full-stack states’ enrichment values for these fine-mapped variants calculated against a background of common variants.
The rows correspond to full-stack states. The first column gives the state labels, the second column the percent of the genome
that each state covers, followed by columns with the fold enrichment for fine-mapped variants by CAVIAR and Finemap.
The heatmap colors are on a column specific coloring scale. The last row shows the percentage of the background set of
variants that the sets of lead fine-mapped variants occupy.
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Figure S45: Comparison of full-stack model annotations and the 100-state annotations from independent models in
predicting fine-mapped variants. (A) ROC curves for the full-stack model and the 127 100-state independent models’
chromatin state annotations at predicting variants that show highest probabilities of being causal according to fine-mapping
method FINEMAP (Benner et al., 2016) against the background of common variants (Methods). The full-stack annotation
model’s ROC curve is in black and the 127 100-state annotations from independent models’ ROCs are shown in blue. (B)
Similar plot as (A), but for variants evaluated by fine-mapping method CAVIAR (Chen et al., 2015). (C) Comparison of
the AUROC in predicting fine-mapped variants from a background of common variants. The x-axis represents two different
fine-mapping methods used to evaluate variants’ potential for causing diseases. The box-plots show AUROC of 127 100
annotations from independent models in predicting these variants. The blue dots show the AUROC of the full-stack
chromatin state annotations.
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Figure S46: Comparison of full-stack model annotations and the 18-state annotations from a concatenated model in
predicting fine-mapped variants. (A) ROC curves for the full-stack model and the 98 18-state annotations from
concatenated models’ chromatin state annotations at predicting variants that show highest probabilities of being causal
according to fine-mapping method FINEMAP (Benner et al., 2016) against the background of common variants (Methods).
The full-stack model annotation’s ROC curve is in black and the 98 18-state annotations from a concatenated model ROCs
are shown in red. (B) Similar plot as (A), but for variants evaluated by fine-mapping method CAVIAR (Chen et al., 2015).
(C) Comparison of the AUROC in predicting fine-mapped variants from a background of common variants. The x-axis
represents two different fine-mapping methods used to evaluate variants’ potential for causing diseases. The box-plots show

AUROC of 98 18-state annotations from concatenated models in predicting these variants. The red dots show the AUROC
of the full-stack chromatin state annotations.
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Figure S47: Full-stack states enrichments with cancer-associated somatic mutations in the non-coding genome. Each
row corresponds to a full-stack state. The first column gives the state labels and the second column shows the percentage in
the background genome context that each full-stack state occupies. For this analysis, the background context is the non-
coding genome (Methods). The following columns correspond to one of four cancer types with the most number of
mutations in the COSMIC database (Tate et al., 2019). These columns give the enrichments of full-stack states for mutations
that appear at least once in the database for the cancer types. The heatmap colors are on a column specific coloring scale.
The last row shows the percentage of the genome that mutations associated with each cancer type occupy.
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Figure S48: Comparison of full-stack model annotation and the 100-state independent annotations in predicting
somatic mutations associated with four cancer types from COSMIC database (Tate et al., 2019). (A) ROC curves for
the full-stack model’s annotations and the 127 100-state annotations from independent models at predicting somatic
mutations associated with breast cancer against the background of non-coding genome (Methods). The full-stack model
annotation’s ROC curve is in black and the 127 100-state independent model annotations’ ROCs are shown in blue. (B-D)
Similar plot as (A), but for mutations associated with (B) haematopoietic and lymphoid tissue (HLT) cancer, (C) liver cancer
and (D) pancreas cancer, respectively. (E) Comparison of the AUROC in predicting cancer-associated somatic mutations
from a background of non-coding genome. The x-axis represents four different cancer types that we considered in this
analysis. The box-plots show AUROC of 127 100-state independent models’ in predicting these mutations. The blue dots
show the AUROC of the full-stack chromatin state annotations.
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Figure S49: Comparison of full-stack model annotation and the 18-state concatenated annotations in predicting
somatic mutations associated with four cancer types from COSMIC database (Tate et al., 2019). (A) ROC curves for
the full-stack model and the 98 18-state concatenatedmodels’ chromatin state annotations at predicting somatic mutations
associated with breast cancer against the background of non-coding genome (Methods). The full-stack model’s ROC curve
is in black and the 98 18-state annotations from a concatenated model ROCs are shown in blue. (B-D) Similar plot as (A),
but for mutations associated with haematopoietic and lymphoid tissue (HLT) cancer, liver cancer and pancreas cancer,
respectively. (C) Comparison of the AUROC in predicting cancer-associated somatic mutations from a background of non-
coding genome. The x-axis represents four different cancer types that we considered in this analysis. The box-plots show
AUROC of 98 18-state annotations from a concatenated model in predicting these mutations. The blue dots show the
AUROC of the full-stack chromatin state annotations.
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Figure S50: Full-stack states enrichments of bases that were not lifted over from hg19 to hg38. (A) The heatmap shows
enrichment values for the full-stack states (rows) of genomic bases that were unmapped when lifting the state annotation
from hg19 to hg38 (Methods). The first column shows the state label and the second column shows the percentage of the
genome that each state covers. The third column shows enrichment values, colored such that highest enrichment values are
colored red and lowest ones are colored white. The fourth column shows the percentage of the unmapped regions (from
hg19 to hg38) in each state. (B) Table showing details of numbers of bases involved in liftOver procedure, highlighting the
overlap between the unmapped and unannotated regions with assembly gaps. As part of the liftOver procedure, bases in

hg38 that are mapped to from multiple bases in hg19 are left unannotated to any state in hg38 (Methods). All results are
reported in chromosomes 1-22, X, Y.
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