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Highlights

In situ fragmentation overcomes biases produced by ChIP-Seq.

Heterochromatic regions of the genome are lost to the insoluble pellet during ChlP-Seq.
CUT&Tag allows for mapping chromatin features at young repetitive elements.

Euchromatin-associated regulatory factors co-purify with insoluble heterochromatin.
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Summary

Determining the genomic localization of chromatin features is an essential aspect of investigating gene
expression control, and ChIP-Seq has long been the gold standard technique for interrogating chromatin
landscapes. Recently, the development of alternative methods, such as CUT&Tag, have provided
researchers with alternative strategies that eliminate the need for chromatin purification, and allow for
in situ investigation of histone modifications and chromatin bound factors. Mindful of technical
differences, we set out to investigate whether distinct chromatin modifications were equally compatible
with these different chromatin interrogation techniques. We found that ChIP-Seq and CUT&Tag
performed similarly for modifications known to reside at gene regulatory regions, such as promoters
and enhancers, but major differences were observed when we assessed enrichment over
heterochromatin-associated loci. Unlike ChIP-Seq, CUT&Tag detects robust levels of H3K9me3 at a
substantial number of repetitive elements, with especially high sensitivity over evolutionarily young
retrotransposons. IAPEz-int elements for example, exhibited underrepresentation in mouse ChIP-Seq
datasets but strong enrichment using CUT&Tag. Additionally, we identified several euchromatin-
associated proteins that co-purify with repetitive loci and are similarly depleted when applying ChlP-
based methods. This study reveals that our current knowledge of chromatin states across the
heterochromatin portions of the mammalian genome is extensively incomplete, largely due to
limitations of ChIP-Seq. We also demonstrate that newer in situ chromatin fragmentation-based
techniques, such as CUT&Tag and CUT&RUN, are more suitable for studying chromatin modifications
over repetitive elements and retrotransposons.
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Introduction

Epigenetic marks and chromatin modifications influence chromatin packaging and regulate gene
expression’2. Many of these features are known to play crucial roles in organismal development, and
mis-regulation has been associated with a variety of diseases®>. CUT&Tag is a relatively new genomics
technique that utilizes a Tn5 transposase to map the genomic location of chromatin modifications®. Tn5
allows users to specifically cleave DNA at target genomic locations that are marked by a certain
chromatin feature, without the need for crosslinking or sonication’. Prior studies have demonstrated
that CUT&Tag offers increased specificity, increased signal to noise ratios, requires fewer cells as input,
and can be more cost effective than ChIP-Seq®, making it an attractive alternative in many situations.
While both CUT&Tag and ChIP-Seq are capable of mapping most epigenetic marks, prior studies have
uncovered inherent biases caused by the application of ChIP-Seq, potentially limiting investigation of
certain chromatin features®°. For example, input material for ChIP-Seq has been found to be biased for
open and accessible regions of the genome, and against condensed loci, potentially due to differences in
DNA sensitivity to sonication or cross-linking'®!!. Whether CUT&Tag or CUT&RUN can overcome such
biases remains undetermined.

Many heterochromatic regions of the genome contain repetitive elements or retrotransposons, which
remain transcriptionally silent in most tissues to prevent spreading of mobile DNA elements throughout
the genome, which can cause mutations and DNA damage?*!3. With recent advances in technology and
release of the T2T-CHM13 human genome assembly'*!®, a renewed emphasis has been placed on the
investigation of non-coding DNA sequences, including retrotransposons. Various prior studies have
demonstrated that certain retrotransposons play important roles in diverse biological processes,
including development, immune response, and neurological function®™8, Additionally, aberrant
expression of repetitive elements has recently been linked with disease states, including cancer®®. Thus,
establishing a deeper understanding of chromatin states at repetitive elements and retrotransposons is
central for advancing biological research across a wide range of fields. Accurately interrogating
chromatin states over heterochromatic is essential to facilitate forthcoming research into repetitive
element function.

Chromatin features, including post-translational modifications to histones and histone variants, are
known to be involved in regulating chromatin packaging and gene expression patterns in countless
biological systems'2. Certain modifications and variants have been associated with condensed
chromatin and transcriptional repression, while others have been associated with accessible regions of
the genome that are actively expressed. H3K9me3 (Histone H3 Lysine 9 trimethylation), for example, is
one of the most well studied marks known to reside at constitutive heterochromatin (regions of silent
highly compacted DNA), while H3K27me3 (Histone H3 Lysine 27 trimethylation) is primarily found at
facultative heterochromatin (regions selectively silenced in specific cell types or developmental
stages)?>?l, The majority of repetitive genomic regions are marked by these repressive modifications in
differentiated somatic cells, whereas activating histone modifications can occur when repetitive
elements become expressed!®!®. Activating chromatin features, including H3K27ac (Histone H3 Lysine
27 acetylation) and the histone H2A variant H2A.Z, are typically found over actively expressed
euchromatic regions of the genome, such as promoters and enhancers?2. While some features have
been observed both at euchromatin and heterochromatin loci, whether they have roles in both
activation and silencing remains largely unknown, particularly at repetitive loci®?24,
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Cognizant of the established limitations of ChIP-Seq® !, we wondered whether newer chromatin
profiling methods, such as CUT&Tag, might be more effective for investigating heterochromatic loci and
repetitive elements. To investigate this possibility, we began by analyzing equivalent ChIP-Seq and
CUT&Tag datasets, measuring the enrichment and genomic localization patterns of four separate
chromatin modifications, H2A.Z, H3K27ac, H3K27me3, and H3K9me3. We found similar enrichment
profiles were present when comparing analogous ChlP-Seq and CUT&Tag datasets measuring H2A.Z,
H3K27ac, H3K27me3, but this was not the case for H3K9me3. Across several distinct mouse and human
cell types, measurements of H3K9me3 enrichment were more robust in datasets generated by CUT&Tag
than those generated by ChIP-Seq, which facilitated in-depth analysis of repetitive element chromatin
states. These initial studies led us to investigate sources of biases in ChIP-based strategies, and to assess
whether in situ chromatin fragmentation methods could overcome these shortcomings. Our results
reveal that the current understanding of chromatin regulation is severely limited due to deficiencies in
ChlP-based methods and provide a straightforward route for improved future investigation.
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98  Results
99 ChlIP-Seq is Biased in Favor of Gene Promoters and Against Intergenic Regions

100 Toidentify genomic loci which might be preferentially enriched in ChIP-Seq datasets, as explored by

101 others previously!®, we randomly sub-sampled the genome (100,000 1Kb randomly selected regions)
102 and partitioned regions into quartiles based on normalized enrichment scores (RPKM) from publicly

103 available ChIP-Seq data, generated from input samples (soluble sonicated chromatin extracted prior to
104  immunoprecipitation) (GEO Accession GSE181069)% purified from mouse embryonic fibroblasts (MEFs).
105 Using standard peak-calling strategies for identifying enriched regions (see methods), we partitioned the
106  top 20,000 genomic regions possessing the highest ChIP-Seq input enrichment scores, termed ‘Top

107 Input’, and assessed overall genomic context. Loci with high relative input scores (putative ChIP-Seq

108 false positives) (Quartile 4 and Top Input regions) were located in closer proximity to gene transcription
109  startsites (TSSs) than regions with lower enrichment scores (Quartile 1) (Fig 1A), and these regions

110 included a relatively large number of gene promoters (Fig 1B). They also possessed differing levels of
111 CpG density (Supp Fig 1A) and had highly accessible chromatin, as measured by ATAC-Seq?® (GEO

112  Accession GSE145705) (Fig 1C). In agreement with these observations, enrichment values for ChIP-Seq
113 input were highly correlated with chromatin accessibility measurements at gene promoters (R=0.76) (Fig
114 1D, 1E, & Supp Fig 1B). Taken together, these results align with prior studies which report biases from
115 ChlP, with potential artifacts caused by a preferential selection of euchromatin at the expense of

116  heterochromatic loci'°.

117
118 ChIP-Seq and CUT&Tag Display Similar Enrichment Patterns for Activating Chromatin Marks

119 Because in situ chromatin profiling methods, such as CUT&Tag, are methodologically distinct from

120 immunoprecipitation-based techniques, we next wondered whether enrichment profiles generated by
121  CUT&Tag differed from profiles generated by ChIP-Seq. Despite the potential biases of ChIP-Seq,

122 effective enrichment scores could be attained by comparing DNA isolated from immunoprecipitated
123 material with DNA isolated from input samples (scored as -logio p-values from a Poisson distribution).
124 Using this approach, we compared separate enrichment profiles, and began by investigating the

125  activating chromatin modifications H2A.Z?” (GEO Accession GSE51579) and H3K27ac?® (GEO Accession
126  GSE72239). CUT&Tag replicates were consistent for chromatin features (Supp Fig 2A), and similar

127 enrichment patterns were observed over gene promoters and highly enriched regions (peaks) regardless
128  of technique (Fig. 2A & 2B). Likewise, the most highly enriched regions of the genome for both H2A.Z
129 and H3K27ac tended to occur in close proximity to gene transcription start sites (Fig. 2C), and these
130 features were found to be preferentially located within gene regulatory regions such as promoters (Fig.
131  2D). Finally, to directly compare enrichment profiles for ChlP-Seq with profiles from CUT&Tag (and

132 overcome potential differences in data processing), we rank normalized and assessed the degree of
133 correlation between datasets. As anticipated, rank scores over highly enriched loci and gene promoters
134  were found to be well correlated (Fig. 2E & Supp Fig 2B). These results demonstrate that ChIP-Seq and
135 CUT&Tag perform similarly for the activating chromatin marks H2A.Z and H3K27ac, which are known to
136 preferentially reside over gene promoters and transcriptionally active gene regulatory regions %2>%3,

137
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ChIP-Seq and CUT&Tag Display Dissimilar Enrichment Patterns for the Repressive Chromatin
Mark H3K9me3

Considering the preferential enrichment we observed over gene promoters for ChIP-Seq input samples
(Fig 1) and our putative ability to overcome these biases (by comparing immunoprecipitated DNA and
input DNA) (Fig 2), we next reasoned that chromatin features located outside of gene promoters, within
intergenic regions, may be inadvertently excluded from ChIP-Seq studies. To investigate this possibility,
we focused our analysis on chromatin modifications that are located primarily within facultative and
constitutive heterochromatin, H3K27me328 (GEO Accession GSE72239) and H3K9me3 (GEO Accession
GSE181069), respectively. As with our prior comparisons, individual CUT&Tag replicates were highly
similar for H3K27me3 and H3K9me3 (Supp Fig 3A), and highly enriched H3K27me3 sites (top 10,000)
were identified by both techniques (Fig 3A-3B & Supp Fig 3B). These highly enriched H3K27me3 sites
tended to occur in close proximity to gene transcription start sites, and similar types of genomic
locations were enriched regardless of technique (Fig 3C & 3D). However, regions highly enriched for
H3K9me3 (top 30,000) were largely distinct when comparing between ChIP-Seq and CUT&Tag (Fig 3A &
3B). Although both techniques identified a similar subset of genomic locations, regions identified as
enriched using ChiIP-Seq were located in closer proximity to gene transcription start sites than analogous
regions identified by CUT&Tag (Fig 3C & 3D). To assess correlation between data from separate
methods, we again performed rank normalization and found H3K27me3 scores to be moderately
correlated (Fig 3E & Supp Fig 3C). In contrast, H3K9me3 scores displayed particularly low correlations at
the most highly enriched CUT&Tag and ChlP-Seq sites (R=0.128 and 0.152 respectively). Similar to the
activating marks, the highest correlation values for H3K27me3 were observed over gene promoter
regions, while there was an inverse correlation over promoters for H3K9me3 (R=-0.241). These results
indicate that CUT&Tag and ChlIP-Seq perform similarly well for the repressive H3K27me3 modification,
but the two techniques produce very different enrichment profiles for the repressive H3K9me3
modification, which is typically found at silent heterochromatic loci.

Crosslinking and Sonication Create an Over-Representation of Euchromatin and an Under-
Representation of Intergenic Heterochromatin

Potential biases in ChIP-Seq might arise through increased sensitivity to sonication at euchromatic loci,
by a resistance to sonication at heterochromatic loci, or a combination of both factors. To investigate
these possibilities, we performed a mock ChIP-Seq experiment on wild-type primary MEFs, sonicating
chromatin to varying degrees and isolating DNA from the soluble fraction, which is commonly used for
ChIP experiments, and the insoluble fraction, which is typically discarded. We then compared the DNA
purified from each mock ChIP-Seq sample. DNA fragments from insoluble pellet samples (from cross-
linked minimally sonicated chromatin) exhibited a much larger size (higher molecular weight) than DNA
from soluble supernatant fractions (Fig 4A). To establish whether distinct portions of the genome reside
within these separate fractions (potentially underlying biases in ChIP-Seq), we performed Illlumina
sequencing on isolated DNA, including the minimally sonicated soluble chromatin (Cross-linked
Sonicated Supernatant 1 — S1), thoroughly sonicated soluble chromatin (Cross-linked Sonicated
Supernatant 3 — S3), and insoluble chromatin (Cross-linked Sonicated Pellet 1 — P1). Similar to our
observations from ChlIP-Seq input sample measurements, DNA isolated from minimally (51) and
thoroughly (S3) sonicated soluble chromatin was found to be enriched over euchromatic gene
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180  promoters, while DNA from the insoluble pellet (P1) was more enriched over intergenic regions (Fig 4B).
181  Additionally, highly enriched minimally sonicated supernatant DNA (S1) tended to localize in close

182  proximity to gene TSSs (Fig 4C), and enriched regions from both supernatant samples (S1 and S3) had
183 high CpG densities (Fig 4D). Higher levels of enrichment were also detected over gene promoters when
184  comparing between the supernatant and insoluble pellet samples (Fig 4E), as well as regions previously
185 identified in Figure 1 as enriched in ChIP-Seq input datasets (Fig 4F).

186  We next classified genomic loci based on whether they were purified from the soluble or insoluble pellet
187  samples (termed S1-specific or P1-specific, respectively) (see methods). In support of our prior

188  observations (Fig 1), we found that the activating histone modification H3K27ac was enriched at S1-

189 specific loci, whereas the repressive histone modification H3K9me3 was enriched at P1-specific loci (Fig
190 4G -4l). The most highly enriched sites from the soluble chromatin samples were also enriched for

191 H3K27ac, while the most highly enriched sites from the insoluble pellet were enriched for H3K9me3

192  (Supp Fig 4A). Notably, enrichment scores from samples generated by micrococcal nuclease (MNase)-
193 based genomic fragmentation?® (GEO Accession GSE153939), which is commonly utilized in native ChIP-
194  Seq’?° and CUT&RUN?3! experiments, were statistically significant but only moderately different in

195 magnitude (median RPKM = 3.113 and 3.468 respectively) comparing between S1 and P1-specific

196 regions, suggesting that MNase-based methods do not suffer from the same biases as standard ChIP-Seq
197 approaches (Supp Figs 4B & 4C). Together these results indicate that biases in our mock ChIP-Seq

198 experiment arose due to the combination of open/accessible genomic loci being over-represented in the
199 soluble fraction and inaccessible/heterochromatic loci being over-represented in the insoluble pellet
200 fraction.

201
202  CUT&Tag Identifies H3K9me3 at Young Repetitive Elements that are Undetectable by ChIP-Seq

203 Our mock ChIP experiments indicated that inaccessible intergenic loci tend to be preferentially excluded
204  from ChIP-Seq assays (Fig 4), potentially explaining the dramatic differences we observed when

205 comparing H3K9me3 patterns obtained from ChIP-Seq with results obtained from CUT&Tag (Fig 3). We
206 next speculated that specific genomic loci might be particularly sensitive to these biases, rendering them
207 undetectable by ChIP-Seq and only detectible by CUT&Tag. To identify such regions, we performed k-
208 means clustering on a combined set of regions identified as enriched in either CUT&Tag or ChIP-Seq. We
209 identified three discrete clusters, including two with higher H3K9me3 enrichment levels from CUT&Tag
210  (Clusters 1and 2 — C1 & C2) and one with higher H3K9me3 levels from ChIP-Seq (Cluster 3 — C3) (Fig 5A).
211 No such differences were observed when we applied an analogous clustering strategy to analyze

212 H3K27ac, H2A.Z, or H3K27me3, reinforcing our earlier results (Supp Fig 5A). Prior studies have

213 demonstrated that intergenic repetitive elements and retrotransposons are commonly marked by

214  H3K9me31 1320 |nterestingly, both C1 and C2 clusters in our H3K9me3 comparisons (regions with high
215  enrichment levels in CUT&Tag) possessed a high abundance of LTR family retrotransposons (Fig 5B). To
216  gaininsight into which specific LTR transposons might be impacted by ChIP biases, we next performed
217 rank scoring of all uniquely named repetitive elements in the mouse genome, and then subtracted ChlP-
218 Seq rank scores from CUT&Tag rank scores, resulting in a single value for each uniquely named

219 repetitive element. Elements receiving a strong negative score possessed high levels of H3K9me3

220  specifically in ChIP-Seq datasets, whereas regions with a strong positive score possessed high levels of
221 H3K9me3 specifically in CUT&Tag. We also assessed the evolutionary age of each repetitive element
222 types through the use of milliDiv scoring (base mismatches from the consensus repeat sequence in parts

8
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223 per thousand), with lower scores indicating younger elements®32, Strikingly, we found that the majority
224  of young LTR class repetitive elements exhibited very high levels of H3K9me3 specifically in CUT&Tag,
225 including IAPEz-int, RLTR6-int, and RLTR6B elements. Although many LINEs, such as LIMd_F2,

226 possessed higher ChIP-Seq rank scores, they exhibited a lack of H3K9me3 enrichment in both ChIP-Seq
227  and CUT&Tag (Fig 5C & 5D). These results indicate that CUT&Tag is capable of identifying H3K9me3 at
228 specific classes of young repetitive elements that have traditionally been underrepresented in ChIP-Seq
229 datasets.

230

231 CUT&Tag Identifies H3K9me3 and H2A.Z at Young Repetitive Elements in Various Mouse and Human
232 Cell Lines

233  To establish additional support for our findings (Fig 5), we repeated our prior analyses using an

234  additional MEF H3K9me3 ChlIP-Seq dataset®* (GEO Accession GSE53939), as well as CUT&Tag3* (GEO
235  Accession GSE213350) and ChIP-Seq (ENCODE ENCSRO00APZ) data generated from human H1 stem

236 cells. In all cases, we found young LTR class transposons possessed higher levels of H3K9me3 in

237 CUT&Tag datasets than in ChIP-Seq (Fig 6A & Supp Figs 6A-6D). We next compared H3K9me3 CUT&Tag
238 data from MEFs with H3K9me3 CUT&Tag data from mouse embryonic stem cells (mESCs) and H3K9me3
239 CUT&RUN data from MEFs. Here again, specific classes of evolutionarily young repetitive elements,
240 particularly LTRs, were more highly enriched for H3K9me3 than many of the evolutionarily older

241 elements (Fig 6B & 6C). As in our prior results, enrichment for H3K9me3 over IAPEz-int and RLTR6-int
242 elements was particularly highly in the MEF and mESC CUT&Tag datasets, as well as the MEF CUT&RUN
243 dataset. Taken together, these results indicate that in situ fragmentation-based methods (such as

244  CUT&Tag or CUT&RUN) can efficiently map many repetitive elements across a variety of cell types, and
245 deficiencies from ChIP-Seq can be effectively overcome with these more recently developed techniques.
246  While discrepancies between ChlP-Seq and CUT&Tag methods were initially identified through

247 measurements of H3K9me3, the possibility remained that additional chromatin features may be present
248 over repetitive elements, such as young LTR transposons, but they have been largely unexplored due to
249 biases of ChIP-Seq. To investigate this possibility, we returned to our prior measurements of H3K27ac,
250 H2A.Z, and H3K27me3. Remarkably, we found that IAPEz-int possessed moderate levels of H2A.Z in

251 CUT&Tag datasets (Fig 6D & 6E). Taken together, these results provide compelling evidence that

252 heterochromatic loci and repetitive elements are restricted to the insoluble chromatin fraction during
253 standard ChlIP-Seq experiments, that chromatin profiling methods which utilize in situ chromatin

254  fragmentation are able to overcome these biases, and that our current knowledge of DNA binding

255 proteins or chromatin modifications localized within heterochromatin regions (such as LTR elements) is
256 decidedly incomplete.

257
258 Many Factors Traditionally Thought to Bind Euchromatin Co-Purify with Insoluble Heterochromatin

259 Having demonstrated a clear under-representation of heterochromatic repetitive elements within ChlP-
260 based assays (Fig 6), we next speculated that proteins bound at heterochromatin loci might be

261 unknowingly excluded from downstream analyses. To investigate this possibility, we prepared

262 crosslinked and sonicated chromatin in a manner similar to the aforementioned mock ChIP-Seq

263 experiments, but rather than investigating the DNA portion of supernatant and pellet fractions, we

264 performed mass spectrometry and identified enriched proteins. Here, we identified 834 soluble proteins

9
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265  significantly enriched in the supernatant (p-value < 0.05, Log2FC > 0.5) and 1509 protein significantly
266  enriched in the insoluble pellet (Fig 7A). Intriguingly, gene ontology (GO) analysis revealed an

267 enrichment for proteins involved in nucleic acid binding and chromatin modification in the pellet-

268 enriched fraction, while transmembrane and transporter-associated proteins tended to be enriched in
269  the supernatant (Fig 7B and Supp Tables 1 & 2). Further inspection revealed several proteins with

270 known function in the centromere or nucleolus to be enriched within the pellet fraction (Fig 7C & 7D),
271 likely due to the highly compact nature of these separate nuclear compartments/structures®>¢. Several
272 zinc-finger family proteins, which are known to function in heterochromatin binding and repetitive

273 element silencing, were also enriched within pellet samples (Fig 7E)*”-*%. In addition to these somewhat
274  expected results, we identified many enriched factors involved in epigenetic silencing or transcriptional
275 activation within the pellet fraction. These included well established silencing factors, such as ATRX,
276 DNMT1, DNMT3A, SIRT6, and UHRF13%%, 3s well as several factors typically thought to function in gene
277 activation and reside within euchromatin, such as BRD4, JMJD6, KAT2B, and NSD1/2 (Fig 7F)**™3.

278 Perhaps most surprisingly, many well-studied transcription factors with known binding capacity at gene
279 regulatory regions were found to be significantly enriched in the pellet (Fig 7G), including ELF1, YY1,
280  RUNX4, and ETV6*%, Taken together, these results indicate that several commonly studied proteins,
281 including several epigenetic components and transcription factors that are traditionally studied in the
282 context of genic euchromatin, are depleted from ChlP-based assays and may have unknown auxiliary
283  functions within heterochromatic portions of the genome.

284

10
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285 Discussion

286  Asproposed in prior studies!®!!, we find ChIP-based strategies to be biased towards accessible regions

287 of the genome. Since we did not observe such biases in datasets generated by CUT&Tag and CUT&RUN,
288  which utilize in situ enzymatic methods to fragment chromatin, it is plausible that the shortcomings of
289 ChIP are due to chromatin purification, crosslinking, and sonication steps®3!. It is noteworthy that biases
290  of ChIP-Seq seem to be marginal (and/or mitigated by input normalization) when interrogating

291 activating chromatin modifications, such as H3K27ac, which exhibited similar enrichment patterns for
292 both CUT&Tag and ChIP-Seq datasets in our analyses. Unlike open and accessible genomic regions, the
293  vast majority of loci enriched for H3K9me3 exhibited highly dissimilar enrichment patterns when we
294  compared data generated from ChIP-Seq with CUT&Tag. Since we found that chromatin within the

295 discarded pellet of ChIP samples tended to have higher levels of H3K9me3, as measured by CUT&Tag,
296  we find it likely that many repetitive elements and retrotransposons are missed in many published ChIP-
297 Seq studies, potentially because repetitive loci are more compacted, and thus less sensitive to

298 sonication. These inferences align with previous reports that genomic regions containing H3K9me3 are
299  somewhat resistant to sonication®!.

300  While most repetitive elements in the genome are bound by silencing factors, preventing their

301 expression and subsequent spread throughout the genome, at particular times during development a
302 subset of elements, including evolutionarily young retrotransposons, can function as transcriptional
303 regulatory elements and potentially influence proximal gene expression patterns %1°, Here, we

304 demonstrate that CUT&Tag overcomes biases of ChIP-Seq strategies and allows for the investigation of
305 chromatin modifications at what would otherwise be undetectable repetitive regions. These results
306 indicate that our current understanding of chromatin regulation at repetitive elements, or even

307 repetitive element function, may be severely limited. Our measurements of ChIP enrichment

308 discrepancies focused mainly on the repressive mark H3K9me3, which is typically present at silent
309 repetitive elements, but we also observed the presence of H2A.Z at IAPEz-int elements. Whether
310 additional chromatin features that are typically associated with euchromatin (such as H2A.Z) are also
311 bound at repetitive loci remains an intriguing and unexplored possibility. Prior studies have indicated
312  that chromatin modifications such as H3K27ac and H3K4me3 can function in the activation of certain
313 repetitive loci 1%, but it remains unknown how widespread or common this type of regulation takes
314 place. Subsequent research studies are necessary to address this unknown.

315  Asascientific community, our current understanding of repetitive element regulation and function, as
316  well as protein binding with heterochromatin, has been largely gleaned from decades of ChIP-based
317 studies. With further adoption of in situ chromatin fragmentation methods, we now have the

318 opportunity to expand the knowledge base from which new hypotheses, mechanisms, and models are
319 formulated. We find our mass spectrometry results to be particularly interesting in this regard. While
320 we did identify several proteins with known heterochromatic function within the pellet fraction of our
321 experiment, such as DNMT1 and SIRT6, we also uncovered numerous factors that are not known to bind
322 heterochromatin or influence its transcription, including KAT2B, BRD4, and RUNXA4. It is quite possible
323  that many of the proteins we identified within the pellet fraction are depleted from ChlP studies,

324  especially when bound to insoluble portions of the genome. Thus, the function of these seemingly

325 euchromatic factors within heterochromatin has remained unknown — due to technical limitations. It is
326 our hope that future researchers take note of the ChIP biases we uncovered and revisit the function of
327 proteins that were previously considered to function exclusively within euchromatin loci.
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328 For the vast majority of prior studies which investigated genomic patterns of chromatin features, ChlP-
329 Seq has been the preferred method. Consequently, our results suggest that much of what we know

330 about chromatin regulation over repetitive elements is incomplete, and many unknown factors could be
331 involved in repetitive element or heterochromatin regulation. In addition to extending our knowledge of
332 basic mechanisms, further investigation of repetitive loci using in situ methods could have translational
333 impacts, in the context of both development and disease. For example, abnormal H3K9me3 levels have
334 been observed in several cancer types, but the inability to adequately map the landscape of healthy and
335 diseased tissues has made it difficult to precisely determine the role of H3K9me3 in disease®*%,

336 Moreover, the use of CUT&Tag and CUT&RUN should enable the research community to achieve a more
337 complete understanding of repetitive element function, and potentially better target chromatin

338 machinery therapeutically. In addition to expanding the assayable portion of the genome, our study
339 offers an approach that could allow forthcoming researchers to investigate the role of what would

340  otherwise be considered euchromatic proteins within more compacted gene-poor genomic loci. With
341 emerging technologies like CUT&Tag, along with recent efforts to assemble more complete

342  genomes'*!, we foresee an impending “golden age” of repetitive element research, which will

343 undoubtedly reveal novel roles for proteins and repetitive elements in a wide range of critical biological
344 processes.

345

346
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347 Methods
348 Cell Culture

349 Primary MEFs for all CUT&Tag and CUT&RUN experiments were obtained from embryonic day 13.5
350 mouse embryos and grown in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. Cells
351  were cultured at 37°C.

352 Antibodies

353  The following antibodies were used for CUT&Tag experiments: Active Motif #39113 (H2A.Z), Active
354  Motif #39133 (H3K27ac), Active Motif #39155 (H3K27me3), and Active Motif #39161 (H3K9me3).

355 Invitrogen #A6455 was used to target GFP in the Cas-CUT&Tag experiments. Active Motif #39161 was
356 used to target H3K9me3 in the CUT&RUN experiments. Novus Biologicals #NBP 1-72763 was used as
357  the anti-rabbit secondary antibody in all experiments.

358  pA-Tn5 Purification and Adaptor Loading
359 pA-Tn5 was purified and loaded with sequencing adaptors as previously described®.
360 CUT&Tag

361 Aliquots of cells were centrifuged at 600xg for 3 minutes at room temperature. Supernatant was

362  decanted, and cellular pellets were resuspended in 400 pL of Nuclear Extraction Buffer (20 mM HEPES-
363 KOH pH 7.9; 10 mM KCI; 0.5 mM spermidine; 0.1% Triton X-100; 20% glycerol; 1x Protease Inhibitor

364  (Pierce #A32963); in autoclaved dH,0). Samples were left on ice for 10 minutes and then centrifuged at
365 1300xg for 4 minutes at 4°C. Supernatant was decanted, and cellular pellets were resuspended in 400 pL
366 of PBS. Samples were centrifuged at 1300xg for 4 minutes at 4°C. Supernatant was decanted, and

367  cellular pellets were resuspended in 1 mL of Wash Buffer (20 mM HEPES-KOH pH 7.5; 150 mM NacCl; 0.5
368 mM spermidine; 1x Protease Inhibitor (Pierce #A32963); in autoclaved dH,0) + 10% DMSO. Samples
369  were placedin a Cryo 1°C Freezing Container (Nalgene #5100-0001) and stored at -80°C until use.

370  Samples were removed from the -80°C freezer and allowed to thaw to room temperature. BioMag Plus
371 Concanavalin A coated magnetic beads (Bangs Laboratories #BP531) were prepared by mixing 10 pL of
372  beads (per sample) with 100 pL of Bead Binding Buffer (20 mM HEPES-KOH pH 7.9; 10 mM KCI; 1 mM
373 CaCly; 1 mM MnCly; in autoclaved dH,0). Beads were then placed on a magnetic rack, and supernatant
374  was removed and discarded. Beads were then resuspended in another 1.5 mL of Binding Buffer, then
375 placed on a magnetic rack, and supernatant was removed and discarded. Beads were then resuspended
376  in 10 pL (per sample) of Binding Buffer and held at room temperature until ready to mix with thawed
377 samples. 10 pL of activated beads were added per CUT&Tag sample and incubated at room

378  temperature for 10 min on an end-over-end rotator. Samples were placed on a magnetic rack and

379 supernatant was removed and discarded. Samples were resuspended in 50 pL of Antibody Binding

380  Buffer (Wash Buffer + 0.05% digitonin; 2 mM EDTA; 0.1% BSA) with 1 pL of primary antibody (H2A.Z =
381 Active Motif Cat# 39113; H3K27ac = Active Motif Cat# 39133; H3K27me3 = Active Motif Cat# 39155;
382 H3K9me3 = Active Motif Cat## 39161). Samples were incubated on a nutator overnight at 4°C. Samples
383  were placed on a magnetic rack and supernatant was removed and discarded. Samples were

384  resuspended in 100 pL of Dig-Wash Buffer (Wash Buffer + 0.05% Digitonin) with 1 L of secondary

385 antibody (Novus Biologicals Cat# NBP1-72763) and incubated on a nutator for 1 hour at room

386  temperature. Samples were placed on a magnetic rack and supernatant was removed and discarded.
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387  While still on the magnetic rack, samples were washed 3 times with 800 uL Dig-Wash Buffer. After 3

388  washes, supernatant was removed, and samples were resuspended in 100 pL of Dig300 Buffer with 1 pL
389 of pA-Tn5 (157 pg/mL) loaded with sequencing adaptors. Samples were incubated on a nutator for 1
390 hour at room temperature. Samples were placed on a magnetic rack and supernatant was removed and
391 discarded. While still on the magnetic rack, samples were washed 3 times with 800 L of Dig300 Buffer
392  (Wash Buffer + 150 mM NaCl; 0.01% Digitonin). After 3 washes, supernatant was removed, and samples
393  were resuspended in 300 pL of Tagmentation Buffer (Dig300 Buffer + 10 mM MgCl,). Samples were

394 incubated for 1 hour at 37°C. 10 pL of 0.5M EDTA + 2.5 pL Proteinase K (>600 U/mL, ~20 mg/mL,

395  Thermo Scientific #£00491) + 3 L of 10% SDS were directly added to each sample and mixed by full

396 speed vortexing for 2 seconds. Samples were incubated for 1 hour at 50°C. 300 pL of phenol-

397 chloroform was added to each sample and mixed by full speed vortexing for 2 seconds. Samples were
398  centrifuged at 16,000xg for 3 minutes at room temperature. 300 uL of chloroform was added to each
399 sample and mixed by inverting 10 times. Samples were centrifuged at 16,000xg for 3 minutes at room
400 temperature. The top aqueous layer of each sample was transferred to new Eppendorf tubes containing
401 750 plL of 100% ethanol + 1 pL of GlycoBlue Coprecipitant (Invitrogen #AM9515, 15 mg/mL) and pipetted
402  up and down to mix. Each sample was chilled on ice for 3 minutes before centrifuging at 16,000xg for 15
403 minutes at 4°C. Supernatant was decanted and the remaining pellet was washed in 1 mL of 100%

404  ethanol. Samples were centrifuged at 16,000xg for 1 minute at 4°C. Supernatant was removed with a
405 pipette and samples were allowed to air dry completely (approximately 5 minutes). Each pellet was

406  resuspended in 25 plL of RNase Solution (400 pL of autoclaved dH,0 + 1 pL of RNase A (20 mg/mL,

407 PurelLink #12091-021)) and incubated for 10 minutes at 37°C. Purified DNA samples were then stored at
408  -20°C until PCR amplification and sequencing.

409 CUT&RUN

410 CUT&RUN experiments were conducted using the Epicypher protocol, as previously described at
411  (https://www.epicypher.com/content/documents/protocols/cutana-cut&run-protocol-2.1.pdf).

412 Preparing Sonicated MEFs for Sequencing

413 MEFs were grown to confluency in a 10 cm plate. Media was removed and cells were washed with 5 mL
414  of PBS. To crosslink, cells were treated with 1% paraformaldehyde (Pierce #28906) in PBS for 10 minutes
415 at room temperature. To stop crosslinking, 125 mM glycine was added to each plate. Cells were

416 harvested with a cell scraper and washed with 5 mL of PBS. Cells were suspended in 2 mL of 1% SDS
417 Lysis Buffer (83 mM Tris-HCI; 167 mM NaCl; 1.1% Triton X-100; 0.05% SDS; 1x Protease Inhibitor (Pierce
418  #A32963); in autoclaved dH,0) and allowed to incubate at room temperature for 10 minutes. Cells from
419 each confluent plate were then equally divided into 4 Eppendorf tubes. Samples were then sonicated
420 for0, 1, 2, or 3 cycles (pulse = 10s; rest = 20s; amplitude = 30%; 5 min on), keeping tubes on ice between
421 cycles. Samples were centrifuged at 3,000xg for 10 minutes at room temperature and then separated
422 into supernatant and pellet fractions. 5 pL of Proteinase K (>600 U/mL, ~20 mg/mL, Thermo Scientific
423  #EOO0491) + 20 mM EDTA was added to each supernatant sample, and each pellet was resuspended in
424 500 pL of 1% SDS Lysis Buffer + 5 uL of Proteinase K (>600 U/mL, ~20 mg/mL, Thermo Scientific

425  H#EOO0491) + 20 mM EDTA. Pellet samples were then broken up with a 20-gauge syringe. All supernatant
426 and pellet samples were vortexed to mix and incubated for 1 hour at 50°C. 1% SDS was added to each
427 sample, and the pellet samples were again broken up with a 20-gauge syringe. All samples were

428 incubated overnight at 65°C. 300 pL of phenol-chloroform was added to each sample and mixed by full
429 speed vortexing for 30 seconds. Samples were centrifuged at 16,000xg for 3 minutes at room
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430  temperature. 300 pl of chloroform was added to each sample and mixed by full speed vortexing for 30
431 seconds. Samples were centrifuged at 16,000xg for 3 minutes at room temperature. The top aqueous
432  layer of each sample was transferred to new Eppendorf tubes containing 750 uL of ice cold 100%

433 isopropanol + 1 pL of GlycoBlue Coprecipitant (Invitrogen #AM9515) and pipetted up and down to mix.
434  Each sample was chilled on ice for 3 minutes before centrifuging at 16,000xg for 15 minutes at 4°C.
435 Supernatant was decanted and the remaining pellet was washed in 1 mL of 100% ice cold ethanol.

436 Samples were centrifuged at 16,000xg for 5 minutes at 4°C. Supernatant was removed with a pipette
437 and samples were allowed to air dry completely (approximately 5 minutes). Each pellet was

438  resuspended in 25 plL of RNase Solution (400 pL of autoclaved dH,0 + 1 pL of RNase A (20 mg/mL,

439 PurelLink #12091-021)) and incubated for 30 minutes at 37°C. Tubes were briefly flicked to mix the
440  samples and then incubated for another for 30 minutes in a heat block set to 37°C. Purified DNA

441 samples were then stored at -20°C until sequencing adaptors were added.

442  Adding Sequencing Adaptors to X-Linked Supernatant Samples

443 In a PCR strip tube, 10 ng of purified supernatant DNA was mixed with dH,0 up to 25 pL. 3.5 pL of

444  NEBNext Ultra Il End Prep Reaction Buffer and 1.5 pL of NEBNext Ultra Il End Prep Enzyme Mix were
445 added to each tube and pipetted to mix (NEBNext Multiplex Oligos for lllumina #E7600S). Samples were
446  placed in a thermocycler to amplify DNA (Lid = 60°C; 20°C for 30 minutes; 65°C for 30 minutes; hold at
447  4°C). 15 pL of NEBNext Ultra Il Ligation Master Mix and 0.5 pL of NEBNext Ligation Enhancer were

448  added to each sample. 1.25 plL of NEBNext i5 and i7 Adaptors (diluted 1:10 in dH20) were added to

449 each sample and immediately pipetted to mix. Tubes were incubated in a thermocycler for 15 minutes
450  at 20°C (heated lid off). 1.5 pL of USER enzyme was added to each sample (NEB #£7602A). Samples

451  were mixed well and incubated in a thermocycler for 15 minutes at 37°C (lid = 47°C). SPRIselect beads
452 (Beckman Coulter Inc #823317) were used to clean up samples using the manufacturer’s protocol (1.0x
453  volume) and the final volume (~13 pL) was transferred to a new clean tube. 15 pL of NEBNext Ultra Il Q5
454 Master Mix was added to each tube, and DNA was amplified using i5 and i7 PCR primersin a

455  thermocycler (98°C for 45 seconds; 14 cycles of 98°C for 15 seconds + 60°C for 10 seconds; 72°C for 1
456 minute). DNA samples were again cleaned up with SPRIselect beads (Beckman Coulter Inc #823317)
457  using the manufacturer’s protocol (1.0x volume) and the final volume (~13 plL) was transferred to a new
458 clean tube. Samples were stored at -20°C until sequencing.

459  Adding Sequencing Adaptors to X-Linked Pellet Samples

460  All purified pellet DNA was combined with 25 plL of 2X Tagmentation Buffer (20 mM Tris; 10 mM MgCly;
461 5% dimethylformamide; 66% PBS; 0.2% Tween20; in autoclaved dH,0) + 1 uL Tn5 + autoclaved dH,0 up
462  to 50 pL. Samples were incubated at 37°C for 30 minutes at 1000 RPM. 0.2% SDS was added to each
463  tube and samples were incubated at room temperature for 5 minutes. Samples were cleaned up with
464  SPRIselect beads (Beckman Coulter Inc #B823317) using the manufacturer’s protocol (1.1x volume) and
465  the final volume (~24 uL) was transferred to a new clean tube. 21 pL of purified pellet DNA was mixed
466  with 25 plL of NEBNext High-Fidelity 2X PCR Mastermix (NEB #M0541S), and DNA was amplified using i5
467  andi7 PCR primers in a thermocycler (72°C for 5 minutes; 98°C for 30 seconds; 13 cycles of 98°C for 10
468 seconds + 63°C for 15 seconds; 72°C for 1 minute; hold at 4°C). Samples were cleaned up with

469  SPRIselect beads using the manufacturer’s protocol (1.1x volume) and the final volume (~24 uL) was
470  transferred to a new clean tube. Samples were stored at -20°C until sequencing.

471 Library Preparation and Sequencing Data
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472  To amplify the CUT&Tag libraries from various cell lines and ChlIP input libraries from sonicated MEFs,
473 21 pL of purified DNA was mixed with 25 uL NEBNext HiFi 2x PCR Master mix, and 2 pL of unique i5 and
474 i7 barcoded primers, giving a different barcode to each sample. CUT&Tag and ChIP input samples were
475 pooled and sequenced either by NovoGene or the UR-Genomics Research Center, using short-read
476 [llumina next generation sequencing platforms. Raw and processed sequencing data generated in this
477  study can be found at NCBI GEO with the accession number (GSE...).

478 Mass Spectrometry

479 MEFs were grown to confluency in a 10 cm plate. Media was removed and cells were washed with 5 mL
480  of PBS. To crosslink, cells were treated with 1% paraformaldehyde (Pierce #28906) in PBS for 10 minutes
481 at room temperature. To stop crosslinking, 125 mM glycine was added to each plate. Cells were

482 harvested with a cell scraper and washed with 5 mL of PBS. Cells were suspended in 2 mL of 1% SDS
483 Lysis Buffer (83 mM Tris-HCI; 167 mM NaCl; 1.1% Triton X-100; 0.05% SDS; 1x Protease Inhibitor (Pierce
484  #A32963); in autoclaved dH,0) and allowed to incubate at room temperature for 10 minutes. Cells from
485 each confluent plate were then equally divided into 4 Eppendorf tubes. Samples were then sonicated
486  for 2 cycles (pulse = 10s; rest = 20s; amplitude = 30%; 5 min on), keeping tubes on ice between cycles.
487 Samples were centrifuged at 3,000xg for 10 minutes at room temperature and then separated into

488 supernatant and pellet fractions. 20 mM EDTA was added to each supernatant sample, and each pellet
489  was resuspended in 500 pL of 1% SDS Lysis Buffer + 20 mM EDTA. Pellet samples were then broken up
490  with a 20-gauge syringe. All supernatant and pellet samples were vortexed to mix and incubated for 1
491 hour at 50°C. 1% SDS was added to each sample, and the pellet samples were again broken up with a
492 20-gauge syringe. 200 uM NaCl was added to all samples to reverse crosslinks, and all samples were
493 incubated overnight at 65°C. Pellet samples were again broken up with a 20-gauge syringe.

494  Samples were concentrated by adding 6x volumes of ice-cold acetone and incubating for 30 minutes.
495 Samples were centrifuged at 15,000xg for 5 minutes. Supernatant was discarded and samples were air
496 dried for 5 minutes. Samples were then solubilized and run on a 4-12% SDS-PAGE gel. The gel was

497 stained with SimplyBlue SafeStain (Invitrogen) and washed overnight. Gel slices were excised, cut into
498 1mm cubes, and destained. The destained gel slices were reduced with DTT (Sigma) and alkylated with
499 IAA (Sigma), and then dehydrated with acetonitrile. Trypsin (Promega) was diluted to 10 ng/uL in 50
500 mM ammonium bicarbonate and used to cover the dehydrated gel slices. The slices were incubated in
501 the trypsin for 30 minutes at room temperature. Additional ammonium bicarbonate was added until
502  the gel pieces were completely submerged, and the gel pieces were then incubated overnight at 37°C.
503  The next day, peptides were extracted from the gel slices by adding 50% acetonitrile and 0.1% TFA, and
504  thendried using a CentriVap concentrator (Labconco). Desalting was performed with homemade C18
505 spin columns, followed by drying, and reconstitution in 0.1% TFA. A fluorometric peptide assay (Thermo
506 Fisher) was used to determine the final peptide concentrations.

507 The extracted peptides were then used for mass spectrometry experiments. Peptides were injected

508 onto a 75 um x 2 cm trap column (Thermo Fisher) and then refocused on an Aurora Elite 75 pum x 15 cm
509  C18 column (lonOpticks) using a Vanquish Neo UHPLC (Thermo Fisher) attached to an Orbitrap Astral
510 mass spectrometer (Thermo Fisher). Solvent A used for these experiments was 0.1% formic acid in

511 water, and solvent B was 0.1% formic acid in 80% acetonitrile. lons were added to the mass

512 spectrometer with an Easy-Spray source operating at 2 kV. The solvent gradient started at 1% solvent B
513 and increased to 5% solvent B over 0.1 minutes. The solvent gradient further increased to 30% solvent B
514 in 12.1 minutes, 40% solvent B in 0.7 minutes, and finally 99% solvent B in 0.1 minutes. The gradient
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515  was held at 99% solvent B for 2 minutes to wash the column (total runtime 15 minutes). The column
516  was re-equilibrated with 1% solvent B between each mass spectrometry run. The Orbitrap Astral was
517 used in data-independent acquisition (DIA) mode, and MS1 scans were acquired in the Orbitrap at a

518 resolution of 240,000. The maximum injection time was 5 ms covering a range of 380-980 m/z. DIA
519 MS2 scans were acquired in the Astral mass analyzer using a 6 ms maximum injection time with variable
520  windowing (4 Da from 380-750 m/z and 6 Da from 750-980 m/z). The HCD collision energy was 28%,
521 and the normalized AGC was 500%. Fragment ions were acquired from 150-2000 m/z with a cycle time
522  of 0.6 seconds.

523 Bioinformatic Analysis

524 Raw mass spectrometry data were processed using DIA-NN version 1.8.1

525  (https://github.com/vdemichev/DIA-NN) using library-free analysis mode*°. The Mus musculus UniProt
526  ‘one protein sequence per gene’ database (UPO00000589 10009, downloaded 4/7/2021) was used to
527 annotate the dataset while enabling ‘deep learning-based spectra and RT prediction’. Precursor ion

528  generation settings included a maximum of 1 missed cleavages, a maximum of 1 variable modifications
529  for Ox(M), a peptide length range of 7-30, a precursor charge range of 2-4, a precursor m/z range of
530 380-980, and a fragment m/z range of 150-2000. Quantification was performed with ‘Robust LC (high
531  precision)’ mode, using RT-dependent normalization, MBR enabled, protein inferences set to ‘Genes’,
532  and ‘Heuristic protein inference’ turned off. Mass tolerances and scan window sizes were automatically
533 determined by the software. Precursors were filtered at a library precursor g-value of 1%, a library

534 protein group g-value of 1%, and a posterior error probability of 50%. Protein quantification was

535  performed using the MaxLFQ algorithm in the DIA-NN R package (https://github.com/vdemichev/diann-
536 rpackage). The number of peptides in each protein group was counted with the DiannReportGenerator
537  Package (https://github.com/URMC-MSRL/DiannReportGenerator)*°.

538 Publicly available datasets were downloaded from ENA. CutAdapt was used to trim the adaptor

539 sequences from CUT&Tag datasets with parameters -m 1 -a CTGTCTCTTATA -A CTGTCTCTTATA. Fasta
540 files were aligned to the mouse (mm10) and human (hg38) genomes with Bowtie2. PICARD

541 MergeSamFiles was used to convert .sam files to .bam files with parameters SO= coordinate

542 CREATE_INDEX=true. PICARD MarkDuplicates was used to remove duplicate reads from all .bam files
543  with parameters REMOVE_DUPLICATES=true CREATE_INDEX=true. Deeptools BAMcoverage was used
544  to convert .bam files to .bw files with parameters --normalizeUsing RPKM --binSize 10 --extendReads
545 100. UCSC bigwigtobedgraph was used to convert .bw files to .bedgraph files. UCSC bigWigMerge was
546 used to merge all replicates from each experiment MACS2 bdgcmp was used to calculate ChIP-Seq

547 enrichment scores above background input levels with parameters -m ppois. MACS2 bdgcmp was also
548 used to calculate enrichment scores of pellet and supernatant samples over one another with

549 parameters -m logFE -p 10. MACS2 bdgpeakcall was used to call peaks on all datasets with parameters -g
550 100 -1 100. Various -c values were used with MACS2 bdgpeakcall to generate roughly 10k or 30k peaks,
551 and the resulting peak sets were trimmed to exactly the top 10k or 30k locations in R based on RPKM or
552 ppois enrichment scores. For S1-specific and P1-specific peaksets, MACS2 bdgpeakcall was used with
553 parameters -g 100 -1 100 and c = 0.4 on the S1/P1 and P1/S1 bdgcmp files. Genome browser enrichment
554 profiles were generated with IGV. HOMER annotatePeaks was used to determine genomic annotations
555  for the most highly enriched regions in each dataset, as well as distance to nearest TSS and CpG density
556 using parameters -CpG and mm10 or hg38 genomes downloaded from HOMER. Deeptools

557 multiBigwigSummary was used with parameters BED-file and --outRawCounts to calculate enrichment
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558 scores that were then assigned a rank, and ranks were used along with the pHeatmap R package to

559  generate rank-normalized heatmaps with the parameters cluster_rows= FALSE, cluster_cols = FALSE, col
560 = colorRampPalette(c("lightblue", "darkblue"))(256). Deeptools multiBigwigSummary was also used with
561 parameters BED-file and --outRawCounts to calculate enrichment scores that were used in making

562 scatter plots and RPKM boxplots in R. Scatter plots were made using the R packages ggplot2 and

563  ggpointdensity with the parameters geom_pointdensity(alpha=0.1, size = 3) +

564  scale_color_gradient(low="#041370", high="#FFFF00") + theme_bw() + theme(panel.grid.major =

565 element_blank(), panel.grid.minor = element_blank(). Deeptools plotHeatmap was used to generate
566 standard heatmaps using parameters --missingDataColor white --colorList "white,red,maroon,purple" --
567  yMin 0, as well as desired -yMax and —zMax values. Bedtools intersect was used to determine

568 overlapping regions of datasets with parameters -wa | uniq. The dplyr and scales R packages were used
569 tofilter datasets by repeat name, as well as calculate number of repeats, average milliDiv score, and
570  average ranks for each repeat family using parameters filter, group_by, and summarise. plot was used
571 in Rto generate rank score difference scatter plots with parameters pch=16, col=rgb(0,0,0,0.2),

572 cex=AdjN. Adjusted N values were calculated based on number of repeats calculated by dplyr, with n <
573 10 = 0.1, 10<n<200 = n/100, and n<200 = 2. LTRs were labeled with points in R using parameters

574 pch=16, col=rgb(0,0,1,0.6), cex=AdjN. LINEs were labeled with points in R using parameters pch=16,
575 col=alpha("darkorange", 0.6), cex=AdjN. HOMER analyzeRepeats was used with parameters mm10 -
576 count exons -condenseGenes to calculate scores in Supp Fig 5B. Scores were then given a rank, and

577 normalized to copy # and repeat length before being plotted in R with parameters pch=16,

578 col=rgb(0,0,0,0.2), cex= 0.45. featureCounts in the Rsubread package was used to generate the counts
579  for the average milliDiv vs log10(Average Reads per Copy) plots using the parameters -O -p and -a

580 (RepeatMasker), and then adding a pseudocount of 1. Gene ontology analysis was conducted using

581  Gene IDs for proteins that were significantly (p.value < 0.05) enriched in the pellet or supernatant

582  fractions (log2 fold change > 0.5). Analysis was conducted in R using the clusterProfiler package, with
583  parameters OrgDb = "org.Hs.eg.db", ont = "MF", readable = TRUE, fun = enrichGO, gvalueCutoff = 0.05.
584  Gene ontology plots were produced in R with the ggplot2 package with parameters aes(Count,

585  fct_reorder(Description, Count))) + facet_grid("~Cluster") +

586 geom_segment(aes(xend=0,yend=Description)) + geom_point(aes(color=p.adjust, size=GeneRatio*100))
587  +scale_color_gradientn(colours=c("#f7ca64", "#46bac2", "#7e62a3"), trans="log10", guide =

588  guide_colorbar(reverse = TRUE, order = 1)) + theme(panel.border = element_blank(), panel.grid.major =
589 element_line(linetype = 'dotted’, colour = '#808080'), panel.grid.major.y = element_blank(),

590 panel.grid.minor = element_blank(), axis.line.x = element_line()) + scale_size_continuous(range=c(1,5)) +
591  guides(size = guide_legend(override.aes = list(shape=1))).

592

18


https://doi.org/10.1101/2025.02.03.636299
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.03.636299; this version posted February 5, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

593  Acknowledgements

594  This work was funded by grants from the National Institute of Health, R35GM137833 (PJM) and
595  R35GM133462 (MRO).

596 Author Contributions

597 CUT&Tag datasets were generated by KC, SH, KM, and MA. CUT&RUN datasets were generated by EC.
598 Mock ChIP-Seq input pellet and supernatant datasets were generated by BP and RL. Data analysis was
599 done by BP. PV provided conceptual guidance throughout the project. The initial manuscript was

600  drafted by BP. Edits to the manuscript were made by PJM and MRO. The entire project was jointly
601 supervised by PJM and MRO.

602 Declaration of interests

603  The authors declare no competing interests.
604

605

606

607

608

609

610

611

19


https://doi.org/10.1101/2025.02.03.636299
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.03.636299; this version posted February 5, 2025. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

612

613
614

615
616

617
618

619
620

621
622

623
624
625

626
627

628
629
630

631
632
633

634
635
636

637
638
639

640
641
642
643

644
645
646
647

available under aCC-BY-NC 4.0 International license.

References

1. Allis, C.D., and Jenuwein, T. (2016). The molecular hallmarks of epigenetic control. Nat. Rev.
Genet. 17, 487-500. https://doi.org/10.1038/nrg.2016.59.

2. Henikoff, S., and Smith, M.M. (2015). Histone Variants and Epigenetics. Cold Spring Harb.
Perspect. Biol. 7, a019364. https://doi.org/10.1101/cshperspect.a019364.

3. Zoghbi, H.Y., and Beaudet, A.L. (2016). Epigenetics and Human Disease. Cold Spring Harb.
Perspect. Biol. 8, a019497. https://doi.org/10.1101/cshperspect.a019497.

4, Audia, J.E., and Campbell, R.M. (2016). Histone Modifications and Cancer. Cold Spring Harb.
Perspect. Biol. 8, a019521. https://doi.org/10.1101/cshperspect.a019521.

5. Gopinathan, G., and Diekwisch, T.G.H. (2022). Epigenetics and Early Development. J. Dev. Biol.
10, 26. https://doi.org/10.3390/jdb10020026.

6. Kaya-Okur, H.S., Wu, S.J., Codomo, C.A., Pledger, E.S., Bryson, T.D., Henikoff, J.G., Ahmad, K.,
and Henikoff, S. (2019). CUT&Tag for efficient epigenomic profiling of small samples and single cells. Nat.
Commun. 10, 1930. https://doi.org/10.1038/s41467-019-09982-5.

7. Policastro, R.A., and Zentner, G.E. (2018). Enzymatic methods for genome-wide profiling of
protein binding sites. Brief. Funct. Genomics 17, 138-145. https://doi.org/10.1093/bfgp/elx030.

8. Beneke, S., Meyer, K., Holtz, A., Hittner, K., and Birkle, A. (2012). Chromatin Composition Is
Changed by Poly(ADP-ribosyl)ation during Chromatin Immunoprecipitation. PLoS ONE 7, e32914.
https://doi.org/10.1371/journal.pone.0032914.

9, Baranello, L., Kouzine, F., Sanford, S., and Levens, D. (2016). ChIP bias as a function of cross-
linking time. Chromosome Res. Int. J. Mol. Supramol. Evol. Asp. Chromosome Biol. 24, 175-181.
https://doi.org/10.1007/s10577-015-9509-1.

10. Teytelman, L., Ozaydin, B., Zill, O., Lefrancois, P., Snyder, M., Rine, J., and Eisen, M.B. (2009).
Impact of Chromatin Structures on DNA Processing for Genomic Analyses. PLoS ONE 4, e6700.
https://doi.org/10.1371/journal.pone.0006700.

11. Becker, J.S., McCarthy, R.L., Sidoli, S., Donahue, G., Kaeding, K.E., He, Z., Lin, S., Garcia, B.A., and
Zaret, K.S. (2017). Genomic and Proteomic Resolution of Heterochromatin and its Restriction of
Alternate Fate Genes. Mol. Cell 68, 1023-1037.e15. https://doi.org/10.1016/j.molcel.2017.11.030.

12. McCarthy, R.L., Kaeding, K.E., Keller, S.H., Zhong, Y., Xu, L., Hsieh, A., Hou, Y., Donahue, G.,
Becker, J.S., Alberto, O., et al. (2021). Diverse heterochromatin-associated proteins repress distinct
classes of genes and repetitive elements. Nat. Cell Biol. 23, 905-914. https://doi.org/10.1038/s41556-
021-00725-7.

13. Bulut-Karslioglu, A., De La Rosa-Veldzquez, I.A., Ramirez, F., Barenboim, M., Onishi-Seebacher,
M., Arand, J., Galan, C., Winter, G.E., Engist, B., Gerle, B., et al. (2014). Suv39h-Dependent H3K9me3
Marks Intact Retrotransposons and Silences LINE Elements in Mouse Embryonic Stem Cells. Mol. Cell 55,
277-290. https://doi.org/10.1016/j.molcel.2014.05.029.

20


https://doi.org/10.1101/2025.02.03.636299
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.03.636299; this version posted February 5, 2025. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

648
649
650

651
652
653

654
655
656

657
658

659
660

661
662

663
664

665
666

667
668

669
670

671
672
673

674
675

676
677
678

679
680
681

682
683
684

available under aCC-BY-NC 4.0 International license.

14. Mao, Y., and Zhang, G. (2022). A complete, telomere-to-telomere human genome sequence
presents new opportunities for evolutionary genomics. Nat. Methods 19, 635-638.
https://doi.org/10.1038/s41592-022-01512-4.

15. Nurk, S., Koren, S., Rhie, A., Rautiainen, M., Bzikadze, A.V., Mikheenko, A., Vollger, M.R.,
Altemose, N., Uralsky, L., Gershman, A., et al. (2022). The complete sequence of a human genome.
Science 376, 44-53. https://doi.org/10.1126/science.abj6987.

16. Xiang, Y., and Liang, H. (2021). The Regulation and Functions of Endogenous Retrovirus in
Embryo Development and Stem Cell Differentiation. Stem Cells Int. 2021, 6660936.
https://doi.org/10.1155/2021/6660936.

17. Kassiotis, G., and Stoye, J.P. (2016). Immune responses to endogenous retroelements: taking the
bad with the good. Nat. Rev. Immunol. 16, 207-219. https://doi.org/10.1038/nri.2016.27.

18. Ferrari, R., Grandi, N., Tramontano, E., and Dieci, G. (2021). Retrotransposons as Drivers of
Mammalian Brain Evolution. Life 11, 376. https://doi.org/10.3390/life11050376.

19. Tam, P.L.F.,, and Leung, D. (2023). The Molecular Impacts of Retrotransposons in Development
and Diseases. Int. J. Mol. Sci. 24, 16418. https://doi.org/10.3390/ijms242216418.

20. Becker, J.S., Nicetto, D., and Zaret, K.S. (2016). H3K9me3-Dependent Heterochromatin: Barrier
to Cell Fate Changes. Trends Genet. TIG 32, 29-41. https://doi.org/10.1016/j.tig.2015.11.001.

21. Wiles, E.T., and Selker, E.U. (2017). H3K27 methylation: a promiscuous repressive chromatin
mark. Curr. Opin. Genet. Dev. 43, 31-37. https://doi.org/10.1016/j.gde.2016.11.001.

22. Calo, E., and Wysocka, J. (2013). Modification of Enhancer Chromatin: What, How, and Why?
Mol. Cell 49, 825-837. https://doi.org/10.1016/j.molcel.2013.01.038.

23. Colino-Sanguino, Y., Clark, S.J., and Valdes-Mora, F. (2022). The H2A.Z-nucleosome code in
mammals: emerging functions. Trends Genet. 38, 273-289. https://doi.org/10.1016/j.tig.2021.10.003.

24. Giaimo, B.D., Ferrante, F., Herchenrother, A., Hake, S.B., and Borggrefe, T. (2019). The histone
variant H2A.Z in gene regulation. Epigenetics Chromatin 12, 37. https://doi.org/10.1186/s13072-019-
0274-9.

25. Ghimire, S., and Kim, J. (2021). PEG3 controls lipogenesis through ACLY. PLOS ONE 16,
€0252354. https://doi.org/10.1371/journal.pone.0252354.

26. Murphy, K.E., Meng, F.W., Makowski, C.E., and Murphy, P.J. (2020). Genome-wide chromatin
accessibility is restricted by ANP32E. Nat. Commun. 11, 5063. https://doi.org/10.1038/s41467-020-
18821-x.

27. Obri, A., Ouararhni, K., Papin, C., Diebold, M.-L., Padmanabhan, K., Marek, M., Stoll, I., Roy, L.,
Reilly, P.T., Mak, T.W., et al. (2014). ANP32E is a histone chaperone that removes H2A.Z from chromatin.
Nature 505, 648—653. https://doi.org/10.1038/nature12922.

28. Xie, W., Nagarajan, S., Baumgart, S.J., Kosinsky, R.L., Najafova, Z., Kari, V., Hennion, M.,
Indenbirken, D., Bonn, S., Grundhoff, A., et al. (2017). RNF40 regulates gene expression in an epigenetic
context-dependent manner. Genome Biol. 18, 32. https://doi.org/10.1186/s13059-017-1159-5.

21


https://doi.org/10.1101/2025.02.03.636299
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.03.636299; this version posted February 5, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

685 29. Tartour, K., Andriani, F., Folco, E.G., Letkova, D., Schneider, R., Saidi, I., Sato, T., Welz, P.-S.,

686 Benitah, S.A., Allier, C., et al. (2022). Mammalian PERIOD2 regulates H2A.Z incorporation in chromatin to
687 orchestrate circadian negative feedback. Nat. Struct. Mol. Biol. 29, 549-562.

688 https://doi.org/10.1038/s41594-022-00777-9.

689 30. Thorne, A.W., Myers, F.A., and Hebbes, T.R. (2004). Native Chromatin Immunoprecipitation. In
690  Epigenetics Protocols, T. O. Tollefsbol, ed. (Humana Press), pp. 21-44. https://doi.org/10.1385/1-59259-
691  828-5:021.

692 31. Skene, P.J., and Henikoff, S. An efficient targeted nuclease strategy for high-resolution mapping
693 of DNA binding sites. elLife 6, e21856. https://doi.org/10.7554/elife.21856.

694 32. Rémer, C., Singh, M., Hurst, L.D., and Izsvak, Z. (2017). How to tame an endogenous retrovirus:
695 HERVH and the evolution of human pluripotency. Curr. Opin. Virol. 25, 49-58.
696 https://doi.org/10.1016/j.coviro.2017.07.001.

697 33. Pedersen, M.T., Agger, K., Laugesen, A., Johansen, J.V., Cloos, P.A.C., Christensen, J., and Helin,
698 K. (2014). The Demethylase JMJD2C Localizes to H3K4me3-Positive Transcription Start Sites and Is

699 Dispensable for Embryonic Development. Mol. Cell. Biol. 34, 1031-1045.

700 https://doi.org/10.1128/MCB.00864-13.

701 34, Wang, G., Wang, Y., Lyu, Y., He, H,, Liuyang, S., Wang, J., Sun, S., Cheng, L., Fu, Y., Zhu, J., et al.
702 (2023). Chemical-induced epigenome resetting for regeneration program activation in human cells. Cell
703 Rep. 42, 112547. https://doi.org/10.1016/j.celrep.2023.112547.

704 35, Pluta, A.F., Mackay, A.M., Ainsztein, A.M., Goldberg, |.G., and Earnshaw, W.C. (1995). The
705 Centromere: Hub of Chromosomal Activities. Science 270, 1591-1594.
706 https://doi.org/10.1126/science.270.5242.1591.

707  36. Pederson, T. (2010). “Compact” nuclear domains: Reconsidering the nucleolus. Nucleus 1, 444—
708 445, https://doi.org/10.4161/nucl.1.5.13056.

709 37. Wells, J.N., Chang, N.-C., McCormick, J., Coleman, C., Ramos, N., Jin, B., and Feschotte, C. (2023).
710 Transposable elements drive the evolution of metazoan zinc finger genes. Genome Res. 33, 1325-1339.
711 https://doi.org/10.1101/gr.277966.123.

712 38. Li, X., Han, M., Zhang, H., Liu, F., Pan, Y., Zhu, J., Liao, Z., Chen, X., and Zhang, B. (2022).
713 Structures and biological functions of zinc finger proteins and their roles in hepatocellular carcinoma.
714 Biomark. Res. 10, 2. https://doi.org/10.1186/s40364-021-00345-1.

715  39. Lyko, F. (2018). The DNA methyltransferase family: a versatile toolkit for epigenetic regulation.
716 Nat. Rev. Genet. 19, 81-92. https://doi.org/10.1038/nrg.2017.80.

717 40. Khan, R.l., Nirzhor, S.S.R., and Akter, R. (2018). A Review of the Recent Advances Made with
718 SIRT6 and its Implications on Aging Related Processes, Major Human Diseases, and Possible Therapeutic
719  Targets. Biomolecules 8, 44. https://doi.org/10.3390/biom8030044.

720 41, Fujisawa, T., and Filippakopoulos, P. (2017). Functions of bromodomain-containing proteins and
721 their roles in homeostasis and cancer. Nat. Rev. Mol. Cell Biol. 18, 246-262.
722 https://doi.org/10.1038/nrm.2016.143.

22


https://doi.org/10.1101/2025.02.03.636299
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.03.636299; this version posted February 5, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

723 42. Wang, K., Yang, C,, Li, H., Liu, X., Zheng, M., Xuan, Z., Mei, Z., and Wang, H. (2022). Role of the
724 Epigenetic Modifier IMJD6 in Tumor Development and Regulation of Immune Response. Front.
725 Immunol. 13, 859893. https://doi.org/10.3389/fimmu.2022.859893.

726  43. He, L., Cao, Y., and Sun, L. (2024). NSD family proteins: Rising stars as therapeutic targets. Cell
727 Insight 3, 100151. https://doi.org/10.1016/j.cellin.2024.100151.

728 44, Seifert, L.L., Si, C., Saha, D., Sadic, M., de Vries, M., Ballentine, S., Briley, A., Wang, G., Valero-
729  lJimenez, A.M., Mohamed, A,, et al. (2019). The ETS transcription factor ELF1 regulates a broadly antiviral
730 program distinct from the type | interferon response. PLoS Pathog. 15, e1007634.

731  https://doi.org/10.1371/journal.ppat.1007634.

732 45, Weintraub, A.S., Li, C.H., Zamudio, A.V., Sigova, A.A., Hannett, N.M., Day, D.S., Abraham, B.J.,
733 Cohen, M.A,, Nabet, B., Buckley, D.L., et al. (2017). YY1 Is a Structural Regulator of Enhancer-Promoter
734 Loops. Cell 171, 1573-1588.e28. https://doi.org/10.1016/j.cell.2017.11.008.

735  46. Ito, Y., Bae, S.-C., and Chuang, L.S.H. (2015). The RUNX family: developmental regulators in
736 cancer. Nat. Rev. Cancer 15, 81-95. https://doi.org/10.1038/nrc3877.

737  47. Hollenhorst, P.C., MclIntosh, L.P., and Graves, B.J. (2011). Genomic and Biochemical Insights into
738 the Specificity of ETS Transcription Factors. Annu. Rev. Biochem. 80, 437-471.
739 https://doi.org/10.1146/annurev.biochem.79.081507.103945.

740 48. Monaghan, L., Massett, M.E., Bunschoten, R.P., Hoose, A., Pirvan, P.-A., Liskamp, R.M.J.,
741  Jgrgensen, H.G., and Huang, X. (2019). The Emerging Role of H3K9me3 as a Potential Therapeutic Target
742 in Acute Myeloid Leukemia. Front. Oncol. 9, 705. https://doi.org/10.3389/fonc.2019.00705.

743 49, Demicheyv, V., Messner, C.B., Vernardis, S.1., Lilley, K.S., and Ralser, M. (2020). DIA-NN: neural
744 networks and interference correction enable deep proteome coverage in high throughput. Nat.
745 Methods 17, 41-44. https://doi.org/10.1038/s41592-019-0638-x.

746 50. Cox, J., Hein, M.Y., Luber, C.A., Paron, |., Nagaraj, N., and Mann, M. (2014). Accurate Proteome-
747  wide Label-free Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed
748 MaxLFQ*. Mol. Cell. Proteomics 13, 2513-2526. https://doi.org/10.1074/mcp.M113.031591.

749
750

751

23


https://doi.org/10.1101/2025.02.03.636299
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv giRprint dOiW'ﬂ& thisje&rsion posted February 5, 2025. The copyright holder for this preprint
(which was Not ceytified by_peer resiew) is the author/funder, who has Gfanted biojRxiy & liegngeip displaygthe, pregyint in perpetuity. It is made
g3l le under aCC-BY-NC 4%01
2 e @© E 80 ] Promoter
3 1 ﬁ M Intergenic
SH = 60 M Intron
B S S 40 —EX
289 8 TTS
o —_ w5 2 [ Other
3 Heoe *
o — . > & ) )
o S &
S ¥ RN &
K & S &
N & & & &
Ky & &
@ @
ChIP-Seq ChIP-Seq
C Input ATAC D Input ATAC E
30 150 30 A 150 oo
10 %0 10 (50 81,250 Kb 81,390 Kb
-25Kb_2.5Kb -25Kb_2.5Kb 0-78 ’
3 ChIP-Seq Input
ainp M_Muwmmkummhulm m
ATAC-Seq * 0% | | ' n
) T N
2 ] HHW - eI — B HE - HH B S -
5 Q Tjp3 Cactin Dohh
j=2)
E el
5 ol Chr16
£ ko) 130 Kb
o o
® g 17,440 Kb 17,540 Kb
d o ChiP-Seq Input
5 % -seq inpu .llliél.éaéuJhnu.luhhuJMLMu.WMuu,.,llma.llﬁnhnM..uhm.hw
o =
S = ATAC-S
s = @ L SOOI N
S = i P L R R
e Y Crkl Lztr1
-25Kb 2.5Kb -25Kb 2.5Kb
0 60 O 300 6 60 6 330

Figure 1 ChIP-Seq Input Samples are Enriched for Promoters and Open Chromatin

(A) Distance to nearest gene transcription start site (TSS) for ChIP-Seq input (100k random 1Kb regions divided into quartiles

based on input enrichment levels), top 20k ChIP-Seq input sites, or 100k random 1Kb sites.

(B) Genomic annotation for ChIP-Seq input (100k random 1Kb regions divided into quartiles based on input enrichment

levels), top 20k ChIP-Seq input sites, or 100k random 1Kb sites. Percentages indicate % of promoter regions.

(C) Heatmaps and profile plots of enrichment scores (RPKM) for ChIP-Seq input and ATAC-Seq datasets over top 20k input sites.

(D) Heatmaps of enrichment scores (RPKM) for ChIP-Seq input and ATAC-Seq datasets over all annotated mouse promoters.

(E) Genome browser enrichment profiles of ChIP-Seq input and ATAC-Seq showing overlap between the methods.
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Figure 2 ChIP-Seq and CUT&Tag Produce Similar H2A.Z and H3K27ac Chromatin Landscapes

(A) Heatmaps and profile plots of enrichment scores from H2A.Z and H3K27ac CUT&Tag and ChlIP-Seq datasets. H2A.Z datasets
were plotted over the top 30k H2A.Z CUT&Tag and ChIP-Seq sites, and H3K27ac datasets were plotted over the top 30k H3K27ac
CUT&Tag and ChlP-Seq sites.

(B) Genome browser enrichment profiles of H2A.Z and H3K27ac CUT&Tag and ChIP-Seq datasets showing overlap between the
methods for both chromatin marks.

(C) Distance to nearest gene transcription start site for 30k most highly enriched H2A.Z CUT&Tag sites, 30k most highly enriched
H2A.Z ChIP-Seq sites, 30k most highly enriched H3K27ac CUT&Tag sites, 30k most highly enriched H3K27ac ChIP-Seq sites, or 100k
random 1Kb sites.

(D) Genomic annotation for 30k most highly enriched H2A.Z CUT&Tag sites, 30k most highly enriched H2A.Z ChIP-Seq sites, 30k
most highly enriched H3K27ac CUT&Tag sites, 30k most highly enriched H3K27ac ChIP-Seq sites, or 100k random 1Kb sites.

(E) Heatmaps of rank normalized enrichment scores for H2A.Z and H3K27ac CUT&Tag and ChlP-Seq datasets. H2A.Z datasets were
plotted over the top 30k H2A.Z CUT&Tag sites, the top 30k H2A.Z ChlIP-Seq sites, and 100k random 1Kb regions. H3K27ac datasets

were plotted over the top 30k H3K27ac CUT&Tag sites, the top 30k H3K27ac ChIP-Seq sites, and 100k random 1Kb regions.
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(A) Heatmaps and profile plots of enrichment scores from H3K27me3 and H3K9me3 CUT&Tag and ChlP-Seq datasets. H3K27me3
datasets were plotted over the top 10k H3K27me3CUT&Tag and ChIP-Seq sites, and H3K9me3 datasets were plotted over the top 30k
H3K9me3 CUT&Tag and ChlP-Seq sites.
(B) Genome browser enrichment profiles of H3K27me3 and H3K9me3 CUT&Tag and ChIP-Seq datasets showing overlap between the
methods for H3K27me3, but not H3K9me3.
(C) Distance to nearest gene transcription start site for 30k most highly enriched H3K27me3 CUT&Tag sites, 30k most highly enriched
H3K27me3ChlP-Seq sites, 30k most highly enriched H3K9me3 CUT&Tag sites, 30k most highly enriched H3K9me3 ChIP-Seq sites, or
100k random 1Kb sites.
(D) Genomic annotation for 30k most highly enriched H3K27me3 CUT&Tag sites, 30k most highly enriched H3K27me3ChIP-Seq sites,
30k most highly enriched H3K9me3 CUT&Tag sites, 30k most highly enriched H3K9me3 ChIP-Seq sites, or 100k random 1Kb sites.
(E) Heatmaps of rank normalized enrichment scores for H3K27me3 and H3K9me3 CUT&Tag and ChIP-Seq datasets. H3K27me3 datasets
were plotted over the top 10k H3K27me3CUT&Tag sites, the top 10k H3K27me3 ChIP-Seq sites, and 100k random 1Kb regions.
H3K9me3 datasets were plotted over the top 30k H3K9me3 CUT&Tag sites, the top 30k H3K9me3 ChlIP-Seq sites, and 100k random

1Kb regions.
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(A) Agarose gel showing DNA extracted from supernatant or cellular debris pellet after a mock ChlP-Seq input experiment.
Samples were crosslinked or left as non-crosslinked controls, and sonicated for 0-3 cycles.

(B) Genomic annotation of the top 30k most highly enriched P1, S1, or S3 sites, and 100k random 1Kb regions.

(C) Distance to the nearest gene transcription start site of the top 30k most highly enriched P1, S1, or S3 sites, and 100k
random 1Kb regions.

(D) CpG density of the top 30k most highly enriched P1, S1, or S3 sites, and 100k random 1Kb regions.

(E) Heatmaps of P1, S1, and S3 datasets over all the annotated mouse promoters.

(F) Heatmaps of P1, S1, and S3 datasets over the top 20k ChIP-Seq input sites identified in Figure 1.

(G) Heatmaps and profile plots of H3K27ac and H3K9me3 CUT&Tag signal over the most highly enriched P1-specific and
S1-specific regions.

(H) Enrichment scores of H3K27ac and H3K9me3 CUT&Tag signal over the most highly enriched P1-specific sites, the most
highly enriched S1-specific sites, and 100k random 1Kb regions.

(1) Genome browser enrichment profiles of P1, S1, and S3 datasets with H3K27ac CUT&Tag, H3K27ac ChIP-Seq, H3K9me3

CUT&Tag, H3K9me3 ChIP-Seq, and ATAC-Seq.
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Figure 5 CUT&Tag Identifies H3K9me3 at Evolutionarily Young LTRs

(A) Heatmaps and profile plots of H3K9me3 CUT&Tag and ChIP-Seq datasets over a union file of all the most highly enriched
CUT&Tag and ChIP-Seq H3K9me3 sites, sorted by k-means clustering (C1-C3).

(B) Genomic annotation of the repetitive elements enriched in each cluster (C1-C3).

(C) Rank score plot depicting enrichment of various repetitive element families in H3K9me3 CUT&Tag and ChIP-Seq. LTR class
elements are labeled in blue, and LINE class elements are labeled in orange. Number of repetitive elements identified in either
H3K9me3 dataset are depicted with various sized points based on their abundance in these datasets.

(D) Profile plots of H3K9me3 CUT&Tag and ChlIP-Seq datasets over all RLTR6B, RLTR6-int, IAPEz-int, and L1Md_F2 elements.
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(A) Rank score plots depicting enrichment of various repetitive element families in MEF H3K9me3 CUT&Tag (alternate dataset

from Pederson et al.) and ChIP-Seq, as well as H3K9me3 CUT&Tag and ChlP-Seq datasets from human H1 cells. LTR class elements
are labeled in blue, and LINE class elements are labeled in orange. Number of repetitive elements identified in either H3K9me3
dataset are depicted with various sized points based on their abundance in these datasets.

(B) Scatter plots comparing average milliDiv scores with average enrichment scores for repetitive elements marked in H3K9me3
datasets from MEF CUT&Tag, MEF CUT&RUN, and mESC CUT&Tag. Number of repetitive elements throughout the entire genome
are depicted with various sized points.

(C) Profile plots of H3K9me3 MEF CUT&RUN and H3K9me3 mESC CUT&Tag datasets over all RLTR6B, RLTR6-int, IAPEz-int, and
L1Md_F2 elements.

(D) Profile plots of H2A.Z, H3K27ac, and H3K27me3 CUT&Tag datasets over all RLTR6B, RLTR6-int, IAPEz-int, and LIMd_F2 elements.
(E) Genome browser enrichment profile of H2A.Z MEF CUT&Tag, H2A.Z MEF ChIP-Seq, H3K9me3 MEF CUT&Tag, H3K9me3 MEF

ChIP-Seq, H3K9me3 MEF CUT&RUN, and H3K9me3 mESC CUT&Tag.
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Figure 7 Pelleted Fraction from Crosslinked and Sonicated Samples Contains Well Known Euchromatic Factors

(A) Scatter plot showing significant pellet-enriched (red) and supernatant-enriched (blue) proteins from a mass spectrometry

experiment.

(B) Gene ontology analysis of the annotated and significant pellet-enriched and supernatant-enriched proteins.

(C) Scatter plot showing centromere associated proteins (yellow) that were significantly enriched in the pellet fraction.

(D) Scatter plot showing ribosomal and nucleolus associated proteins (purple) that were significantly enriched in the pellet

fraction.

(E) Scatter plot showing zinc finger proteins (orange) that were significantly enriched in the pellet fraction.
(F) Scatter plot showing epigenetic factors (green) that were significantly enriched in the pellet fraction.

(G) Scatter plot showing transcription factors (cyan) that were significantly enriched in the pellet fraction.
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