An embryonic stem cell-specific heterochromatin state
promotes core histone exchange in the absence of DNA
accessibility
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Supplementary Figure 1
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Supplementary Figure 1 - related to Figure 1a, b - Additional examples and controls of
H3.3 enrichment at active regions and interstitial heterochromatin.

a Genome tracks example of time-ChIP data (H3.3-SNAP and H3.1-SNAP timepoints Oh
throughout 12h) in mouse embryonic stem cells (ESC), together with H3.3-HA pulse data "2,
H3K27ac and H3K9me3 ** H3.3-SNAP and H3K27ac enriched regions show overlap with
active and primed enhancers. H3.3-SNAP and H3K9me3 coincide with IAP ERV (see also
genome-wide analysis in Supplementary Figure 3). H3.1-SNAP and Input controls show no
particular enrichment. All tracks were normalized to Reads Per Genomic Content (RPGC). b
Genome tracks example showing time-ChlP H3.3 data in both mouse embryonic stem cells
(ESC) and neural stem cells (NSC), together with H3K9me3 ChIP ® and RNA Polymerase |l
ChlIP ® at Hist1 histone gene cluster. H3.3 enrichment and turnover at IAP elements is observed
in ESC but not NSC, whereas H3.3 enrichment and turnover at the housekeeping genes is
maintained in NSC. ¢ Density heatmaps and average profiles (RPGC) of time-ChlP H3.3-SNAP
in embryonic stem cells (ESC) and neural stem cells (NSC) and H3.1-SNAP at timepoint Oh in
ESC over endogenous H3.3 peaks in ESC coinciding (H3.3+H3K9me3) or not (H3.3-only) with
H3K9me3 peaks °. Overlap with 15-State ChromHMM annotation ’ states, IAP ERV elements
(IAPEz-int and flanking LTRs from mm9 RepeatMasker track), and H3.3-SNAP peaks called in
ESC and NSC is shown. Additionally, ESC and NSC input data is also shown. d H3.3 and
H3K9me3 profiles along a reprogramming time-course from mouse embryonic fibroblasts (MEF)
8, Early reprogramming intermediate (48h after expression of reprogramming factors Oct4,
Nanog, KIf4, Myc) and late reprogramming intermediate stable cell line (pre-iPSC) are
compared to MEF and ESC. All tracks are plotted on the same scale as RPGC. H3K9me3 is
first enriched at IAP ERV at the pre-iPSC intermediate and further increases in ESC. H3.3 is
exclusively acquired at IAP ERVs in ESC, while nearby housekeeping gene Rps12 is enriched

consistently in all cell types.
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Supplementary Figure 2
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Supplementary Figure 2 - related to Figure 1d - Annotation of H3.3 peaks using 15-State
ChromHMM model

Barplot showing relative overlap of H3.3-only and H3.3+H3K9me3 peak sets ° with 15 State
ChromHMM annotation, grouped by coincidence with H3K9me3 peaks. Each peak is assigned
the ChromHMM15 state that overlaps with it the most. Amounts are shown as a percentage of
the total peak set. H3.3-only peaks overlap the most with strong enhancers and transcription
elongation states, whereas H3.3+H3K9me3 peaks overlap with heterochromatin states 12-14,

defined by absence of H3K4me3, H3K4me1, H3K27ac, H3K36me3 and RNAP2 marks.
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Supplementary Figure 3

Genome-wide analysis in ~545k 5kb bins (Log2 fold-enrichment over input)
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Supplementary Figure 3 - related to Figure 1e - Genome-wide correlation of H3.3 and
H3K9me3 is shaped by a subset of ERV families

Scatter plot showing relationship between H3.3 and H3K9me3 signal assessed over 5kb bins
genome-wide. Genome was partitioned in 5kb bins and coverage enrichment was calculated as
log2 fold change of each signal over their corresponding input. Color of each tile represents
point density of all the bins with similar H3K9me3 and H3.3 values (on a tile-resolution of 0.1).
RepMasker annotation was intersected with 5kb bins for major repeat families. Bins that overlap
with the corresponding repeat type are shown in black. In the rare case where more than one
element overlapped with the same bin, the repeat type that overlapped the most was

adjudicated.



Supplementary Figure 4
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Supplementary Figure 4 - related to Figure 1e - ETn but not IAP ERV families contain a
small number of active elements in the annotated genome. a Heatmap showing RNA
Polymerase Il and H3K9me3 signal *° over unique 5kb flanking regions of ETn and MusD
repeat elements. Among the annotated ETn elements, a small subset (marked with a blue
arrow) show high RNA Polymerase Il signal at their 3’ flanking region together with absence of
H3K9me3 , which suggests that these individual elements are transcribed at high levels,
whereas the remaining elements are in a repressed or inactive state. b Scatterplot showing
enrichment of RNA Pol Il CTD Serine 2 phosphorylation versus H3K9me3 ° over ETn elements
and 1kb flanking regions, using only uniquely mappable reads. H3.3 enrichment is overlaid as
colorscale. ~10 elements appear actively transcribed and lack H3K9me3, enrichment of histone
H3.3 in these cases may stem from transcription associated nucleosome turnover. ¢ Heatmap
showing RNA Polymerase Il and H3K9me3 signal over 5kb flanking regions of annotated IAP
elements. No actively transcribed IAP ERVs are discernable by RNA Polymerase Il signal. d
Scatterplot showing enrichment of RNA Pol Il CTD Serine 2 phosphorylation versus H3K9me3
3% over IAP elements and 1kb flanking regions, using only uniquely mappable reads. H3.3
enrichment is overlaid as colorscale. e Violin plot of RNA-Seq transcript levels for genes and
selected repeat elements. RNA-Seq read counts were mapped to mm9 and read counts were
extracted over RefSeq genes and RepMasker annotation. Read counts were normalized to the
total base pairs covered by each gene or repeat instance (RPK, reads per kilobase) and scaled

to transcripts per kilobase million (TPM) and plotted as in log scale.
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Supplementary Figure 5
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Supplementary Figure 5 - related to Figure 2a-e - Analysis of additional H3.3 pulsing
datasets. a Peak Density Heatmaps and average profiles of H3.3 pulse or chase data from
three different studies in mouse ESC "*'° at H3.3-only and H3.3+H3K9me3 peak sets °. b Mean
read density heatmap showing enrichments of H3.3-SNAP time-ChIP (log2 fold-change over
input) over 15 ChromHMM states as well as H3K9me3 and H3.3+H3K9me3 enriched regions °.

Same as Figure 2d but with additional replicates 2

. ¢ Average coverage of H3.3-SNAP
time-ChlP uniquely mappable reads over 2640 shared IAP ERVs. Fragments defined by
paired-end reads were piled up and normalized by 1x Genome coverage (Fragments Per

Genomic Content, FPGC)
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Supplementary Figure 6
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Supplementary Figure 6 - related to Figure 2d - Analysis of repetitive element families

a Mean read density heatmaps of time-ChIP H3.3-SNAP data at a major repetitive elements
from RepeatMasker annotation (filtered for elements larger than 200bp). Each category
enrichment is calculated as log2 fold change of mean coverage over input. IAPLTR1a shows
the highest enrichment at time point Oh and turnover. Most IAP LTRs and internal sequences,

as well as ETn and MusD elements show both enrichment and H3.3 turnover.



Extended Data Figure 7

ATAC-Seq signal

285 DBO4N 15¢ 103 077 142 649 214  &71 ESCH:GKOAT;’C'
=

@
2
~
S
~

a7

128

140

H3.3 WT

212 ESC H33WT ATAC

074 140 645 196

110

47

1

783

g
B

8
o
S
"

128 300 466 866

136

H3.3 KO

17 H3K9 H33 Heterc

16 H3K8 Hetero

15 Insulator

14 Heterochrom

13 Heterochrom

12 Heterochrom

11 Repressed

10 Poised Promoter

9 Strong Enhancer

8 Strong Enhancer

7 Active Promoter

6 Strong Enhancer

5 Active Promoler

4 Poised Enhancer

3 Txn Transition

2 Weak Txn

1 Txn Elongation

15 State ChromHMM

ATAC-Seq

121

o ...

120

ATAC-Seq H3.3 WT s

0HHd 2b0|

ATAC-Seq H3.3 KO | ==

RLTR6.int

RLTR6

RLTR4 Mm

RLTR4 MM.int

MusD

MuLV.int

MMETn.int

MMERVK10C.int

MMERGLN.int

MERVL.int

LiMd T

L1Md F3

L1Md F2

LiIMd F

L1Md A

IAPLTR4 |

IAPLTR4 I

IAPLTR3.int

IAPLTR3

IAPLTR2b

IAPLTR2a

IAPLTR2 Mm

IAPLTR1a

IAPLTR1

IAPEz.int

080 07

134

006 003

025

181

127

ESC H3.3-SNAP 0Oh

250 224 277 308

305

mm9 RepeatMasker annotation (>200bp elements)

Genome-wide 5kb bins

d

Genome-wide 5kb bins signal

o 0 o

09dd eldH

1M/OM 2B0] beg-Ov1v

ATAC-Seq H3.3 KO vs H3.3 WT

[t o 0 =}

(indui 1810 Juswyouus gboj) momemx

0.0 25

ATAC log2 KO/WT

-2.5

H3.3 Oh (log2 enrichment over input)

T

B

50 75

0.0

o

5.01-

(DHdH) OM €'€H VLV

2.5

ATAC H3.3 WT (RPGC)



Supplementary Figure 7 - related to Figure 3a, d - Genome-wide maintenance of
accessibility in the absence of H3.3KO cells independent of active or inactive chromatin
state, and selective gain in accessibility at H3K9me3-H3.3 co-enriched regions.

a Mean read density heatmap of ATAC-seq data of H3.3 wildtype and knockout cells *. Both WT
and KO show very similar genome-wide read density levels across all 15 ChromHMM States.
While H3K9me3-only regions remain inaccessible, a striking ~3-fold increase in ATAC-Seq
signal is found at H3.3 + H3K9me3 regions in H3.3KO cells. b Mean read density heatmap of
ATAC-seq data of H3.3 wildtype and knockout by repeat family. Increase in accessibility is
observed for those repeat families that are enriched in H3.3 in wildtype cells. ¢ Tile-plot showing
relationship between H3.3 and H3K9me3 signal assessed over 5kb bins genome-wide. Each tile
color shows log2 fold enrichment of average ATAC-seq signal for H3.3 KO over WT of all the
bins with similar H3K9me3 and H3.3 values (on a tile-resolution of 0.1). A majority of zero
values show ATAC-seq signal is very similar genome-wide, with H3.3 KO showing highest
enrichment over WT on regions both H3.3- and H3K9me3-enriched. d Scatter plot of 5kb bins,
showing HP1a occupancy "' versus log2-fold change in ATAC-Seq signal upon H3.3 knockout.
Bins overlapping with IAP ERVs are drawn in green. e Scatter plot showing uniquely mappable
ATAC-Seq reads (RPGC) in H3.3 KO versus WT cell lines, at 2640 shared IAP ERVs and 1kb

flanking regions. H3.3-SNAP Oh density by unique reads is overlaid as color scale.
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Supplementary Figure 8 - related to Figure 3a - Loss of H3.3 does not lead to an increase
in histone acetylations at H3.3+H3K9me3 regions.

a Density Heatmaps and average profiles of H3K18ac, H3K27ac, H3K64ac and H3K122ac
marks for H3.3 WT and KO samples * at H3.3-only and H3.3+H3K9me3 peak sets. As
previously described, histone acetylation, present at a subset of H3.3 peaks, is reduced in the

absence of H3.3 4, but basal levels at H3.3+H3K9m3 regions are not changed.
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Supplementary Figure 9
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Supplementary Figure 9 - related to Figure 3f - Uniquely mappable reads show
widespread increase in DNA accessibility over individual IAP ERV elements. Density
heatmap of uniquely mappable paired-end reads within and adjacent to 2640 shared IAP ERVs
for H3K9me3, H3.3 KO and WT ATAC-seq, and Time-ChIP H3.3-SNAP at timepoint Oh. Top
row shows average profiles. Uniquely mapped reads at flanking regions allow to distinguish
among individual instances of repetitive elements, showing that the observed effect is pervasive
across such repeat elements. Lower row shows the corresponding unfiltered signal including
multi-mappable reads for the same datasets at the same IAP ERVs set. Multimappable reads
were assigned randomly to one of the ambiguous matches. On the rightmost column, a 100bp
mappability track that flanking regions and some internal sections of IAP ERVs are uniquely

mappable.
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Supplementary Figure 10
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Supplementary Figure 10 - related to Fig 4c, d - ATAC-Seq signal at IAP ERVs and unique
genomic regions. a Average coverage of ATAC-Seq signal from uniquely mappable fragments
over 2640 shared IAP ERVs including data from Martire et. al. *, and this study. Fragments
defined by paired-end reads were piled up and normalized to 1x Genome coverage (Fragments
Per Genomic Content, FPGC). ATAC-Seq coverage in H3.3 KO is compared with H3.3 WT, and
H3.3 KO complemented with wildtype H3.3, H3.2 or H3.3"*** b Control for a) where IAP ERV
genomic intervals were randomly shuffled across the mm9 genome, creating a control group of

the same number and length.
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Supplementary Figure 11

a ATAC-Seq

Smarcad1 peaks




Supplementary Figure 11 - related to Fig 5d - ATAC-Seq signal at Smarcad1 binding sites.
ATAC-Seq and ChlIP-Seq read density heatmaps and average profiles over 2670 Smarcad1
peaks. ATAC-Seq coverage in H3.3 KO cells and H3.3 KO cells complemented with wildtype

H3.3, H3.2 or H3.3LI>AA from this study is shown next to ATAC-Seq from H3.3 WT and the

same H3.3 KO cells from Martire et. al. *.
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Supplementary Figure 12
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Supplementary Figure 12 - related to Figure 5e,f,g - Replicate ATAC-Seq experiment with

additional knockdown of ATRX and additional cell lines

e Western blot showing Smarcad1 and Atrx siRNA treatment of H3.3 WT and H3.3 KO cell
lines, as well as H3.3KO cell line rescued with H3.3 (see Figure 4a). b Boxplots showing H3.3
and ATAC-Seq signal for the conditions above at 2640 shared IAP ERVs (top) or 2640
randomized control regions (bottom). Tukey-style center (median), box (first and third
quartiles) and whiskers (the maximal 1.5x IQR range). Two-sided Paired T test p value and
Cohen’s effect size d are given for each pairwise comparison. Data shown from n=1 biological
replicate. Source data are provided as a Source Data file. ¢ ATAC-Seq average coverage
(FPRC) over 2640 shared IAP ERVs for H3.3 KO cell line untreated or treated with Smarcad1
siRNA. d ATAC-Seq average coverage (FPRC) over 2640 shared IAP ERVs for H3.3 WT and
H3.3 KO +H3.3 rescue cell line untreated or treated with Smarcad1 siRNA. e ATAC-Seq
average coverage (FPRC) over 2640 shared IAP ERVs for H3.3 WT cell line untreated or
treated with Smarcad1 or ATRX siRNA (top). ATAC-Seq average coverage (FPRC) over 2640
random control regions for H3.3 WT cell line untreated or treated with Smarcad1 or ATRX

siRNA (bottom).
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Supplementary Figure 13
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Supplementary Figure 13 - related to Figure 6b,d,e - Smarcad1 knockdown reduces

heterochromatic H3.3 enrichment

a Density heatmaps and average profiles of H3.3, H3K9me3 and Smarcad1-FLAG '? ChIP-Seq
signal over 2640 shared IAP ERVs and flanking regions, in H3.3 WT cells with or without
Smarcad1 knockdown. b ChIP-Seq density heatmaps and average profiles of H3.3 and
H3K9me3 in H3.3 WT mESC with or without 48h Smarcad1 knockdown over H3.3-only (same
as Figure 6d), H3K9me3-only and H3.3+H3K9me3 peaks ®. ¢ Mean ChIP-Seq read density
heatmap showing enrichments of Smarcad1-FLAG "2, H3K9me3 and H3.3 over major ERV and
LINE repeat families as annotated by RepeatMasker. Only instances larger than 200bp were
included in each analysis and the log2-fold enrichment of each ChIP over its respective Input
are given. Further, the pairwise log2fold ratio between WT and Smarcad1 KD for H3.3 and

H3K9me3 were plotted (middle). Source data are provided as a Source Data file.
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Supplementary Figure 14
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Supplementary Figure 14 - related to Figures 5a and 6d - Example of dynamic

non-repetitive interstitial heterochromatin at Ezr locus

Genome tracks of ATAC-Seq, H3K9me3, H3.3, Smarcad1 '? ChIP-Seq in indicated conditions.

All tracks were normalized to Reads Per Genomic Content (RPGC).
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Supplementary Figure 15
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Supplementary Figure 15 - Consensus IAP ERV elements shared across datasets from
different mouse strains. Venn diagram showing overlap between the datasets used to collect
evidence from shared IAP ERV elements on a per-locus basis. Since evidence was based on
paired-end reads anchored in the unique flanking region (see Methods), we could only include
paired-end datasets in the census. For each individual study, a IAP ERV element was retained if
it showed evidence on any of the datasets. From a total set of 3046 full-length IAP ERVs
obtained from UCSC RepMasker track, a curated consensus final dataset of 2640 loci was

obtained.

16



Supplementary Table 1: Oligonucleotides

Oligonucleotides were ordered desalted from IDT. Sequences are given below.

Name

Sequence

Tn5ME-A (lllumina

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

FC-121-1030)

Tn5ME-B (lllumina

FC-121-1031) GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
Tn5MErev pCTGTCTCTTATACACATCT

v2_Ad1.1_TAGATCGC

AATGATACGGCGACCACCGAGATCTACACTAGATCGCTCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.2_CTCTCTAT

AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.3_TATCCTCT

AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.4_AGAGTAGA

AATGATACGGCGACCACCGAGATCTACACAGAGTAGATCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.5_GTAAGGAG

AATGATACGGCGACCACCGAGATCTACACGTAAGGAGTCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.6_ACTGCATA

AATGATACGGCGACCACCGAGATCTACACACTGCATATCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.7_AAGGAGTA

AATGATACGGCGACCACCGAGATCTACACAAGGAGTATCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.8_CTAAGCCT

AATGATACGGCGACCACCGAGATCTACACCTAAGCCTTCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.9 TGGAAATC

AATGATACGGCGACCACCGAGATCTACACTGGAAATCTCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.10_AACATGAT

AATGATACGGCGACCACCGAGATCTACACAACATGATTCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.11_TGATGAAA

AATGATACGGCGACCACCGAGATCTACACTGATGAAATCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad1.12_GTCGGACT

AATGATACGGCGACCACCGAGATCTACACGTCGGACTTCGTC
GGCAGCGTCAGATGTGTAT

v2_Ad2.1_TAAGGCGA

CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGG
CTCGGAGATGTG

v2_Ad2.2_ CGTACTAG

CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGG
CTCGGAGATGTG
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v2_Ad2.3_AGGCAGAA

CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGG
CTCGGAGATGTG

v2_Ad2.4 TCCTGAGC

CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGG
GCTCGGAGATGTG

v2_Ad2.5_GGACTCCT

CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGG
GCTCGGAGATGTG

v2_Ad2.6_TAGGCATG

CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGG
CTCGGAGATGTG

v2_Ad2.7_CTCTCTAC

CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGG
GCTCGGAGATGTG

v2_Ad2.8_CAGAGAGG

CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGG
CTCGGAGATGTG

v2_Ad2.9 GCTACGCT

CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGG
GCTCGGAGATGTG

v2_Ad2.10_CGAGGCTG

CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGG
GCTCGGAGATGTG

v2_Ad2.11_AAGAGGCA

CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGG
CTCGGAGATGTG

v2_Ad2.12_GTAGAGGA

CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGG
CTCGGAGATGTG
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Uncropped gel images Figure 5e
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